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1 SYNTHESIS

Infectious immunity has an outstanding importance today. Vaccination remains one of
the safest and most effective interventions available in public health for the primary prevention
of infectious diseases, resulting in both direct and indirect (herd immunity) immunity in
individuals vaccinated (1-3). Even though in Europe a safe and effective two-dose
measles/MMR vaccination schedule has been made available since the 1960s, the maintenance
of high vaccine coverage is still difficult (4—7). Despite the fact that in Hungary the measles
(nowadays MMR) vaccine is mandatory since 1969, and consequently the vaccine coverage is
estimated at 99% (WHO), vaccination-group specific immunization gaps may exist (8—15).
Suboptimal vaccine effectiveness in certain vaccination -or age- groups has a negative impact
also on overall vaccination coverage. The small-scale ‘measles outbreak of Maké and Szeged’
(2017) confirmed that certain measles vaccines - applied during the early phases of the
Hungarian vaccination history —, failed to elicit the desired immunological response. The
resulting immunization gap(s) raise the concern of potential further outbreaks (10,15).
Screening for immunity and effectiveness of vaccination against infectious diseases has
increasing importance in the design of preventive public health strategies, especially today,
when prompt testing is also emphasized by the ongoing COVID-19 pandemic. Measles has been
already an issue worldwide, yet being aggravated by disrupted immunization protocols due to
the COVID-19 burden (4-6,16). Immunity gaps arising from suspended immunization activities
are an ominous precursor to a measles resurgence (4). Measles is extremely communicable with
the basic reproduction number (Ro) estimated at 12-18 (compared to 2.9-3.4 of COVID-19, for
example). Accordingly, we have developed a robust, time-saving, cost-effective and
standardized ‘triple’ immunoserological assay for simultaneous detection of anti-measles, -
mumps, and -rubella IgG antibodies in human sera. Since our test has been optimized for the
screening of suboptimal antibody titers, it is able to operate reliably in the low measurement
range, therefore can be readily used to delineate susceptible individuals and gaps of

immunological protection.



In addition to the practical benefit, the present study also has a theoretical importance;
comparison of adaptive antibody levels with natural (auto)antibody (nAAb) levels that for a long
time have been thought to lack the capacity of dynamic adaptation. We intended to find
guantitative data for a new approach in vaccination; natural autoantibodies may play a role in
efficient vaccination (95), and the unforeseen benefit of immunization may lie in the potential
enhancement of natural antibody pool (17). For this reason, we compared vaccine- (or
pathogen-) induced antibody levels (elicited by the historical measles/MMR vaccine, with >99%
of current vaccination coverage, strengthened by epidemics in the early decades of vaccination)
with nAAbs (anti-citrate synthase [anti-CS]), anti-DNA topoisomerase | F4 fragment [anti-F4])
and double stranded DNA [anti-dsDNA], of patients with systemic autoimmune diseases (SAIDs)
as SLE, RA and SSc. Simultaneously, we also investigated the potentially impaired memory B cell
functions in autoimmune diseases by comparing the population-level anti-measles IgG antibody

titers to that of patients with SAIDs.



2 BACKGROUND

2.1 Resurgence of measles cases

Despite the existence of an effective measles vaccine, resurgence in measles cases in the United
States and across Europe has occurred, including in individuals vaccinated with two doses of the
vaccine (18). Regarding EU/EEA countries, ECDC states that a large pool of measles susceptible
individuals may be present, owing to low historical and current vaccination coverage. Among
this group, there are unvaccinated children and teenagers born in the EU/EEA after 1999. A high
burden of measles is seen among infants and adults. Almost half (45%) of all measles deaths
were reported in infants. The continued potential of importations, which can worsen existing
outbreaks or start new ones in communities where immunity gaps persist (19). ECDC
emphasizes that the most important intervention is to ensure a high quality routine
immunization program, reaching 95% vaccination coverage at subnational level. It is also
important to increase the opportunities for checking vaccination status and offer vaccination as
appropriate, and to offer supplementary immunization activities to close immunity gaps in older

populations (20).

Despite the fact that in Hungary the MMR vaccine is mandatory and consequently the
vaccine coverage is estimated to be at 99%, from literature data and from historical
epidemiological reports it presumable that vaccination —group specific immunization gaps
may exist in the Hungarian population (8—13). Moreover, suboptimal protection levels are
supposed to be prevalent in vaccination-groups that represent a significant portion of active
manpower of the country; e.g. health care workers (7). Questionable vaccine effectiveness in
certain clusters of the population has a negative impact on overall vaccination coverage.
Small-scale outbreaks confirm that certain measles vaccines - applied during the early phases
of the Hungarian vaccination history — failed to elicit the desired immunological response.

The resulting immunization gap(s) raise the concern of potential further outbreaks (10,15).

Between January 2017 and May 2019 there were 76 reported measles cases in Hungary (21),
of which 54 cases were reported between 21 February and 22 March 2017 (22). Because of

recent outbreaks worldwide, not only of measles, but also mumps and rubella (MMR)



infections, and because of waning of immunity over time after vaccination (23-26), the

importance of continuous MMR sero-epidemiological screening is evident.

2.2 Waning immunity
Vaccine-preventable diseases (VPD) including measles and mumps have been re-emerging in

countries with sustained high vaccine coverage. For mumps, waning immunity has been
recognized as a major contributor to recent outbreaks (27). Measles outbreaks in countries
with high vaccine coverage are mainly due to failure to vaccinate and importation; however,
cases in immunized individuals exist and raise questions about suboptimal measles vaccine-
induced humoral immunity and/or waning immunity (28). Cumulated serological and
epidemiological evidence suggests that natural immunity induced by infection may be more
durable compared to vaccine-induced immunity. As the proportion of population immunity
via vaccination gradually increases and boosting through natural exposures becomes rare,

risk of outbreaks may increase (27-29).

2.3 The MMR (measles, mumps, rubella) vaccine
Currently in Hungary the PRIORIX (GSK), PRIORIX-TETRA (GSK), ProQuad (MERCK) and the M-M-

RVAXPRO (MSD Pharma) vaccines are used for vaccination of children (at age 15 months and 11

years) and adults (30). The vaccines contain live attenuated viruses.

Regarding immunocompromised individuals and children with contraindications, in Hungary
also immunocompromised persons complete the recommended immunization series against
vaccine preventable diseases (VPD), whenever possible. The vaccination practice follows
international guidelines (2013 IDSA), and contemporaneously an individualized patient
approach is also applied. This implies the involvement of a vaccination expert who performs
case-to-case risk evaluation. As a general rule, live viral vaccines (e.g. polio, MMR, varicella) that
may induce severe systemic reactions in immunocompromised individuals should not be
administered to patients with severe immunosuppression and/or immune
deficiency/autoimmunity. Nevertheless, important exceptions exist: certain live vaccines can be

administered in some immune system disorders or when the benefit of the vaccine outweighs



the side effects, or major risk arising from the epidemiological environment (personal

information from Dr. Andrea Kulcsar, Hungary, Vaccination Counseling expertise).

2.4 ELISA assays — Correlates or surrogates of protection?
According to the WHOQO’s ‘Guidelines on clinical evaluation of vaccines: regulatory expectations’

the immunological correlates of protection (ICPs) are based on humoral immune response
parameters that measure functional or total IgG antibody (31). According to Stanley A. Plotkin,
regarding the four live vaccines commonly given in infancy (measles, mumps, rubella, and
varicella) antibodies are certainly relevant to protection, especially in case of measles, where
the role of antibodies in protection against is indisputable (however, there may be several other
factors to take into account). However, if we talk about correlates of protection, probably
plaque reduction neutralization test (PRNT) shows the best a correlation (32—34). As far as
Plotkin’s definitions are considered normative, indirect ELISA assays for anti-measles, -mumps
and —rubella IgG titer detection are to be considered rather a good surrogate; a comparable,
objective, well- quantified and standardized (based on international WHO standards) measure
of immune response that substitutes for the true immunologic ‘direct correlate’ of protection

(see Tablel).

Table 1. Definitions of terms used by S.A. Plotkin as ‘correlates of protection induced by vaccination’(35)

TERM DEFINITION

Correlate An immune response that is responsible for and statistically interrelated with
protection
Absolute correlate A specific level of response highly correlated with protection; a threshold

Relative correlate A level of response variably correlated with protection

Co-correlate  One of two or more factors that correlate with protection in alternative,
additive, or synergistic ways

Surrogate Animmune response that substitutes for the true immunologic correlate of
protection, which may be unknown or not easily measurable

Although virus-neutralizing antibody remains the primary protection correlate (35,36) (and also
the measurement of cell-mediated immune responses after vaccination may provide additional

useful data (37)), in scientific literature it is commonly accepted to publish sero-epidemiological

10



results and sero-prevalence data using ELISA/EIA assays (38)(38—43). ELISA /EIA assays have the
indisputable advantage of being easily available and easy-to-perform, do not imply the handling
of living virus cultures, lack the inherent subjectivity of human-eye based result evaluation, and
give quantified (unit or ratio expressed) data about the total humoral antigen load formed
against a pathogen of interest. Despite all the analytical advantages, it must be mentioned that
although a great effort has been devoted to achieve harmonization and comparability of
ELISA/EIA tests, large differences in unitage between test kits may exist, despite standardization

against an international or local standards (38)(39).

2.5 ELISA assays — standardization
Since different laboratories have their own favored assay platforms/SOPs and new assays are

continually being developed, the widespread adoption of a standardized assay(s) is unlikely.
Nevertheless, in order for serological test results to be compared among laboratories reference
standards, especially reference antisera, are needed. To assist in this endeavor, the World
Health Organization (WHO) maintains an Expert Committee on Biological Standardization as the
scientific body responsible for establishing WHO reference standards. The WHO International
Standard (IS) is recognized as the highest reference standard in which antibodies are assigned
potencies in International Units (IU). The IS allows for comparison of assays from different

laboratories, thereby helping to establish protective antibody levels after vaccination (13,36,37).

2.6 Assay development and optimization
When we would like to screen for insufficient antibody levels in order to point out individuals

that might require revaccination, the elimination of false positivity from the assay is crucial.

Inherent errors of the ELISA technique may interfere with seronegativity screening.

An ELISA has two major components. 1) Antigen —antibody reaction. This reaction is crucial and
must be optimized in order for the assay to be reliable. 2) The surface to which antigens and
antibodies are immobilized. The surface is an integral component of any assay due to its effect
on biomolecules as they attach or do not attach to the matrix. Biomolecules attach to surfaces
via a variety of mechanisms. This attachment phenomenon is controlled by the chemical
properties of the surface, but can be influenced by (i) the physical properties of the containment
vessel (96-well microplate) and (ii) other factors such as pH and temperature (38).

11



2.7 Hinges
Ideally, the capture, the detection reagents and the analyte of interest bind and only bind to

each other without cross-reacting with any additional compound(s). In reality, endogenous
matrix interferences can specifically or nonspecifically bind to capture/detection reagents or the
analyte of interest and lead to an increase or decrease of the signal generated (39-42). For
biomarker assays, specific matrix effects can be caused by endogenous molecules with similar
structure to the target analyte or their natural ligands and ligand analogs (43). Typically, the
potential interference compounds are not available in well-characterized forms and often the
nature of the interference is not known, which makes it impossible to test of all of the
interferences (42). To assay serum antibodies by indirect ELISA, it is critical to eliminate a variety
of false positive and negative reactions attributed to the principle. These include 1) the
background (BG) noise reaction caused by hydrophobic binding of immunoglobulin components
in sample specimens to solid surfaces, 2) false positive reaction caused by non-specific binding
of immunoglobulins to target-antigens by protein-protein interactions, and 3) other false

positive and negative reactions caused by buffer components (38—42).

2.8 The role of immunization in the development of natural autoantibodies

It is proved (by animal studies) that immunization enhances the natural autoantibody (nAAb)
repertoire (17,44—46). While the role of immunization in the production of antibodies directed
against immunogens is widely studied, the role of immunization in the development of natural
(auto)antibodies (in humans) has not been so deeply investigated (17,47). Potential associations
among levels of vaccine (or wild-type infection) induced antibodies and natural (auto)antibodies
- especially of 1gG isotype-, are not yet in focus of research works of this field, therefore we

were interested if we can find such relationships between the abovementioned antibodies.

We performed studies in serum sample groups of systemic autoimmune patients (SLE, SSc and
RA), focusing on associations among levels of vaccine (or infection-induced) antibodies and
naturally occurring autoantibodies. Serum levels of anti-measles IgG antibodies were compared
with SLE-associated autoantibodies (natural and pathological anti-dsDNA IgG and IgM), and
nAADbs (anti-citrate synthase [anti-CS]), anti-dsDNA topoisomerase | F4 fragment [anti-F4]),

aiming to find an immuno-serological proof for the co-existence of IgG isotype pathogen or

12



disease -related antibodies and nAAbs. Secondly, we wanted to evidence the simultaneous
presence of the known protective anti-dsDNA IgM autoantibodies and IgM isotype of anti-CS

and anti- F4 in SLE patients; confirming their potential regulatory and beneficial role (47).
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3 AIMS

Assay development: optimization of an efficient tool for the screening of suboptimal

measles/MMR humoral antibody levels

Sero-epidemiology: large-scale screening of MMR antibodies at population level

Comparative study for the assessment of potentially impaired immune-regulatory
functions in systemic autoimmune diseases: analysis of the potential link between

naturally occurring (auto)antibodies, and vaccine —or infection— induced antibodies

14



4 MATERIALS AND METHODS

4.1 Assay development

4.1.1 Establishment of anti-measles, -mumps and -rubella IgG Indirect ELISA operational
protocol (OP)
Development of the ‘combined’ or ‘three-in-one’ ELISA assay protocol was based on the former

‘only’ anti-measles IgG Indirect ELISA operational protocol, detailed thoroughly in our previous
paper (15). For simplicity reasons, herein we detail only the improved operational protocol (OP),

used for the latter MMR ELISA.

Table 2. Summary of major steps of the MMR indirect ELISA protocol

Bio-Rad PIP013

. Bio-Rad PIP014
Measles virus,

Mumps virus, Enders

Bio-Rad PIP044

COATING ANTIGEN Rubella virus, HPV-77

Edmonston . .
. strain strain
strain
CONCENTRATION OF THE
COATING ANTIGEN USED ON 2.8 pg/mL 3 pg/mL 0.4 pg/mL

MICROPLATES

Antigens are dissolved in ELISA Coating Buffer (Bio-Rad BUF030), overnight at 4-6°C.
Blocking > 2 hours, RT with our in-house purely synthetic blocking buffer.

3rd WHO Anti-Rubella

STANDARD /QUALITY CONTROL
REAGENT (S1-S5)

STARTING CONCENTRATION
OF THE STANDARD /QUALITY
CONTROL REAGENT

NEGATIVE CONTROL (NC)

POSITIVE CONTROL (PC)
INCUBATION

COLOR DETECTION

ADDITIONAL REAGENTS

AUTOMATION AND READING

International
Standard for

Anti-Mumps Quality
Control Reagent

Anti-Measles Sample 1 (NIBSC code:
(NIBSC code: 15/B664)
97/648)

~ 1000 "Mumps Assay
~5000 mIU/mL  Unit’/mL, arbitrarily

assigned

Immunoglobulin 1st
WHO International
Standard Human
(NIBSC code: RUBI-1-
94)

1600 International
Units per ampoule

A sample found to be negative in a previous run

A sample found to be positive in a previous run

3 x 15 minutes, 37°C

Polyclonal anti-human IgG HRP-conjugated (Dako polyclonal rabbit

anti-human IgG or equivalent) + TMB

Washing Buffer (WB), used also for sample dilution in combination
with the IgM Reducing Assay Diluent (Bio-Rad BUF038), as previously

described (Borécz et al. 2019)

Siemens BEP 2000 Advance System, A = 450/620 nm
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4.1.2 Plate and coating buffer selection

In order to choose the optimal surface, we tested the following plates (using standards and
serum samples as analytes): Nunc MaxisorpTM ELISA 96-well high-binding plates (442404
Sigma-Aldrich/Merck), 3D NHS and 3D Epoxy with covalent binding capacity, 705070 and
762070 with medium binding capacity, 705071 and 762071 with high binding capacity (Greiner
Bio-One). Using these plates, we also tested different types of coating buffers: ELISA Coating
Buffer (BUF030 Bio-Rad), PBS (pH 8.5), and for the Greiner Bio-One covalent binding plates; N-
morpholino ethane-sulfonic acid (MES) buffer (25 mM, pH 6.0). After coating of plates with
antigen, the results for different plates were compared to each other, as well as to Siemens
Enzygnost kit (Siemens/Dade Behring, Marburg, Germany), known as the gold standard for

measles ELISA assays.

4.1.3 Testing for potential coating-related interferences
For coating purity testing of the ‘only’ anti-measles IgG ELISA we used a recombinant
nucleocapsid monoclonal antibody based sandwich ELISA, as a control system detailed in our

previous paper (15).

For coating purity testing of the improved, combined ‘three-in-one’ MMR ELISA, we compared
the ‘conventional’ assay system (of cell-culture derived, total virus antigen repertoire containing
antigen coatings), to recombinant antigen based control system(s) (15). Accordingly, for the
‘target’ or ‘conventional’ assay we used purified, inactivated native virus preparations, derived
from disrupted cells; measles Edmonston strain cultured in Vero cells (PIP013 Bio-Rad), mumps
Enders strain cultured in BSC-1 cells (PIPO14 Bio-Rad), rubella HPV-77 strain cultured in Vero
cells (PIP044 Bio-Rad). Antigen preparations were sonicated before use, as per manufacturer’s
instruction. ELISA 96-well Maxisorp plates (Nunc) were divided vertically into three equal parts
and each third was incubated overnight at 4-6 °C with measles, mumps and rubella antigens

(100 pL/well), respectively (Figure 1, Table 2).
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s1
52
3
54
5
NC
PC
BL

4 x4 <

Measles Mumps Rubella

Figure 1. Abbreviations: S1—S5: Standards, PC: Positive control, NC: Negative control, BL:Blank (sample diluent). Color coding
of antigen coatings: white: Measles virus, Edmonston strain, grey: Mumps virus, Enders strain, anthracit: (Rubella virus, HPV-

77 strain)

Results obtained using the above represented setting were compared to purified recombinant
viral capsid protein antigen based assays. To demonstrate the lack of interference when using
the total antigen repertoire based coatings, plate-to-plate comparisons to purified, recombinant
antigen based coatings were run. ‘Control’ microplates were coated with series of doubling, 4-
point dilutions of recombinant antigens; measles virus Priorix, Schwarz strain nucleocapsid
protein (Abcam ab74559, source: Saccharomyces cerevisiae) 1.66 - 0.207 pg/mL, mumps virus
wild-type, Gloucester strain, nucleocapsid protein (Abcam ab74560, source: Saccharomyces
cerevisiae) 0.832 - 0.104 pg/mL, recombinant rubella virus capsid protein (Abcam ab43034,
source: E. coli) 2 - 0.25 pg/mL. Results of negative and low positive sample pools, international
measles and rubella standards (3rd WHO International Standard for Anti-Measles, NIBSC code
97/648, Anti Rubella Immunoglobulin 1st WHO International Standard Human, NIBSC code
RUBI-1-94), and the mumps quality control reagent (Anti-Mumps Quality Control Reagent
Samplel) were applied in both ‘target’ and ‘control’ assay systems. Parallelism was tested to
ascertain that the binding characteristic of the analyte (high and low antigen-titred sample
pools) was the same, independent of the type of coating. For graphical representation, optical
density (OD) values were linearized; dilution series of analytes were depicted as a function of

common logarithm of both relative dilutions and OD values. Coating combinations with
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sufficiently high R2 values of the linear fittings (with the same slope) were selected for further

analysis of correlation between ‘target’ and ‘control’ assays, using Bland-Altman plots.

4.1.4 Blocking and diluent optimization
The basics of blocking and diluent use were set directly for the earlier ‘only’ anti-measles IgG
ELISA, and were kept in the same way throughout the large-scale measurements, also when

applying the latter MMR test.

The following assay diluents were tested: Hispec Assay Diluent (BUF049 Bio-Rad), ELISA
Neptune Assay Diluent (BUF039 Bio-Rad), Block ACE (BUF029 Bio-Rad), ELISA General Assay
Diluent (BUF037 Bio-Rad), ELISA IgM Reducing Assay Diluent applied without dilution, 2-fold, 4-
fold, 8-fold dilutions (BUF038 Bio-Rad), and our own washing buffer (NaH2P0O4 xH20 0.345 g +
Na2HPO4x12 H20 2.68 g + NaCl 28.675 g + Tween-20 1 mL for 1L, made in distilled water).
Various blockers were also tested: Block ACE (BUF029 Bio-Rad), gelatin blocker (made from
bovine skin), ELISA SynBlock (BUF034 Bio-Rad) and our purely synthetic PVA solution. Results

were analyzed to obtain an optimal signal-to-noise ratio.

4.1.5 Calibration curve and serum antibody quantification

Milli-International Unit (mIU) content of samples was calculated based on absorbance
measurements at 450 nm (620 nm reference) using a calibration curves prepared using the
following reagents (Table 3). Extinction values (OD) were converted to quantified results (mIU)

using 4-parameter logistic fitting to the generated sigmoid calibration curves (14,15).

Table 3. WHO standards and quality control reagent (for mumps). *Stocks of the 66/202 standard were exhausted and
collaborative study was run in 2005/06 to establish a replacement. The 3rd International Standard was established by ECBS in
2006 and is available from NIBSC.

VIRUS WHO NAME NIBSC CODE

Anti-Measles Serum, Human and Anti-Poliovirus
MEASLES 66/202
serum Types 1,2 and 3

MEASLES* 3rd International Standard for Anti-Measles* 97/648*

MUMPS QCRMUMPSQC1 - Anti-Mumps Quality Control 15/B664
Reagent Sample 1

RUBELLA Anti-Rubella Immunoglobulin, Human RUBI-1-94
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4.1.6 Optimal dilution of samples
High- and low-titer groups of samples were established based on preliminary measurements

using well-established commercial kits. Low-titer sera were diluted 25-fold, while high-titer sera
were diluted 50-fold in order to ensure that the OD values of these stock solutions fell within
optimal range. These stock solutions were subsequently diluted in two-fold steps (9 times) until
the absorbance values became indistinguishable from the background. The main criterion for
selecting the dilution level of the sample was the ability to tell the difference between positive
and negative samples, while staying in the optimal absorbance range (with acceptable signal-to-
noise ratio) and using the lowest amount of standard stock solution for cost effectiveness. Using
the same experimental setting, linearity and parallelism of dilution were also investigated

(14,15).

4.1.7 Determination of cut-off values
For the earlier established high throughput ‘only measles ELISA’, the cut-off was determined as

follows (based on arbitrary statistical method): intersection defined by the constant line
(calculated by adding 3 SD to the mean OD values of negative samples), and the 4-parameter
logistic curve (fitted to the dilution points of IS 66/202) was projected onto the X axis, denoting

the concentration (14,15).

For the extended ‘three-in-one’ MMR ELISA, the determination of cut-off values was based on
(a) Cohen’s kappa statistics (k), as an index of agreement between our assay and commercially
available kits, (b) Area Under the Curve Receiver Operating Characteristics (AUROC) analysis
(combined with Youden’s J equation) - which in this case was used for comparing the

performance of diagnostic tests -, and (c) the ‘empirical approach’ (already detailed above) (48).

In equivocal cases (and also to periodically check the assay performance), borderline and
negative samples were measured using indirect immunofluorescence assays, using measles,
mumps and rubella virus infected cells, IIF (IgG) (Euroimmun). In case of commercial assays,
calculation of qualitative results was performed according to default thresholds specified by the
manufacturers. AUROC results were analysed using Youden’s formula (J = sensitivity + specificity
-1), and the highest OD values were selected and transformed into units based on the standards
(3rd WHO International Standard for Anti-Measles, Anti-Mumps Quality Control Reagent Sample
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1, 1st WHO International Standard Human). For these transformations, sigmoid dose-response

curves were fitted onto the dilution points of the standards (15).

4.1.8 Instrumentation platform

Measurements were performed on automated Siemens BEP 2000 Advance® platform (Siemens
AG, Germany), using our self-developed ELISA assays validated by well-established commercial
kits, as previously described. (14,15).Indirect immunofluorescent microscopy was used a
reference (Euroimmun, Germany). Human sera were stored in the accredited laboratory of the
Department of Immunology and Biotechnology (University of Pécs, Medical School, Pécs,

Hungary) according to quality assurance criteria (ISO 17025) (7).

4.1.9 Software, statistical data evaluation

Microsoft Excel, XLSTAT, MedCalc (MedCalc Software BVBA), Origin Pro (OriginLab), and SPSS
were used for data evaluation. AUROC analysis, Youden’s J equation, confidence interval
comparison at 95% confidence level (prop test), and Bland-Altman plot were used as statistical

methods.

4.1.10 Assay cost, and execution time

We compared our manufacturing costs to commercially available ‘off the shelf’ kit prices, in
order to examine the cost-effectiveness of our system. Our self-developed ELSIAs are targeted
for even larger dimension measurements (e.g. anti-measles IgG antibody screening of
healthcare workers), therefore we had to assess if it is worth to transform these fine-tuned
operational protocols to products. For the same reason we also compared the assay execution

times (15).
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4.2 Sero-epidemiology

4.2.1 Samples

A serum bank consisting of anonymous patient sera was established from routine laboratory
samples at the University of Pécs, Clinical Centre (Ethical License number 2015/5726). We would
like to note that the serum bank establishment and the assay development were synchronous
tasks, therefore samples used for the earlier detailed trials of the new assays were selected
from the serum samples detailed in this paragraph. For the high-throughput ‘only measles
ELISA” we used N= 1985 sera (14). Later on, since the trend of the results did not change with
the addition of new measurements of new samples, these results were fused with subsequent
measurements, and thus cumulated data were reported. Accordingly, the following sample
numbers; N total measles = 3523 measles, N mumps = 1736 mumps, and N rubella = 1736 were
used for result analysis in the subsequent report, describing the extended ‘three-in-one’” MMR
ELISA assay (15). Our most recent sero-epidemiological study (7) was based on the following
sample numbers: N total measles = 3919 measles, N mumps = 2132 mumps, and N rubella =
2132. The samples were considered representative, as clinical residual samples were randomly
selected (with the exclusion of seriously immunocompromised patients) from the Department
of Laboratory Medicine, University of Pécs, Medical School, which serves three counties
(Baranya, Somogy, and Tolna, with a population of ~¥887 000), and receives laboratory

examination requests from all over Hungary (7,14,15).

4.2.2 Categorization

Serum samples were from all age-groups (beginning from the era before the implementation of
measles vaccine, through several different vaccine types, manufacturers and vaccination
schedules, up to present), and were categorized based on past changes introduced in measles
and MMR immunization schedules (Table 4). The vaccination- (or age-) group based division of
serum samples was based on the landmarks of the Hungarian history of measles/MMR
vaccination. Given the anonymous nature of samples, the only known data was the date of birth
of the patients. Considering that we were interested in the differences between the various
vaccination periods, dates of vaccination (instead of dates of birth) were chosen to define

cluster boundaries. By knowing the dates of birth and the important milestones of the
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Hungarian vaccination history (e.g. the first measles vaccine was introduced in Hungary in 1969,
in 1990 the measles-rubella bivalent vaccines were introduced, and in 1991 the measles-
mumps-rubella trivalent vaccine was introduced; for further details, (Table 4)), establishment of
the vaccination based age-group matrix became feasible. Neonates and children under the age
of vaccination were excluded from our study. As mentioned above, seriously
immunocompromised patients were also excluded, however, patients with mild
immunocompromised conditions may have been included (14,15).

(see Table 4.)

4.2.3

Population level antibody-titer assessment was performed in relation to the concept of herd
immunity threshold (HIT) values (HIT Measles = 92-95%, HIT Mumps = 85-90%, HIT Rubella =
83-86). Considering that our sero-epidemiological study rely on entire virus antigen repertoire-
based indirect ELISA method, it must be considered rather a good surrogate than an absolute

correlate marker for immunity (35,49,50).
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Table 4. Age-group categorization based on the Hungarian history of measles/MMR vaccination

Age-groups Explanation, rationale

Vaccination groups were defined by adding the number of months indicated for the first childhood
vaccine (e.g. 15 months of age) to the dates of birth. For example, a person born in February 1990

was assigned to age-group “Patients vaccinated between 1991- 1995”, since this individual received
the first measles (MMR) vaccine in May 1991.

Patients born before Unvaccinated patients, wild-type infections. 1969: introduction of measles vaccine in Hungary (live,
1969 attenuated Leningrad-16 strain produced in the Soviet Union).

Patients vaccinated From 1969 to 1974, a single dose of measles vaccine was administered in mass campaigns to
AN R RSB persons 9-27 months of age. The recommended age for vaccination was 10 months until 1978,
when it was changed to 14 months. After the 1980-81 epidemics, persons born between 1973 and
1977, who would have received vaccine when the recommended age was 10 months, were
revaccinated. After 1989, children were re-vaccinated at the age of 11 years with monovalent
measles vaccine in a scheduled manner. Consequently, the first individuals who received a reminder
vaccine at the age of 11 were born in 1978. Thus, the cluster of 1969-77 was the last that did not
receive a reminder vaccine at the age of 11 as a part of the official vaccine schedule.

Patients vaccinated These are the first individuals who benefited from the reminder monovalent measles vaccine at the
AT RV EEREREY A age of 11. In 1999 the administration of trivalent vaccine was started in Hungary, consequently who
received the first trivalent vaccine in 1999 were born in 1988.

Patients vaccinated In 1989 the rubella vaccine was introduced, and the monovalent measles reminder vaccine at age
between 1988 - 1990 EuERVEISEIRioH

1990: Introduction of measles-rubella bivalent vaccines.

Patients vaccinated The administration of the first vaccine at age 14 months lasted from 1978 to 1991.

AT REEEEREEEEE 1991 Measles-mumps-rubella trivalent vaccine

1992: MMR vaccine at age 15 months

1996: Introduction of MERCK MMR Il - Enders' Edmonston strain (live, attenuated)

Patients born 1996: Introduction of MERCK MMR Il - Enders' Edmonston strain (live, attenuated)

AT BRI LR 1999: Measles-mumps-rubella re-vaccination (reminder shot) instead of monovalent measles
vaccine

1999: Introduction of GSK PLUSERIX - Measles Schwarz Strain

Patients vaccinated 1999: Introduction of GSK PLUSERIX - Measles Schwarz Strain

AN REEE RS LPEE 2003: Introduction of the GSK PRIORIX vaccine

Patients vaccinated 2003: Introduction of the GSK PRIORIX vaccine - attenuated Schwarz Measles

in 2003

Patients vaccinated 2004-2005: Administration of the MERCK MMR I

in 2004 - 2005

Patients vaccinated 2006-2010 (5-year tender): GSK PRIORIX - attenuated Schwarz Measles

between 2006 - 2010

Patients vaccinated Beginning from 2011 we use a Sanofi-MSD product; MMRvaxPro (Measles virus Enders' Edmonston
after 2011 strain, live, attenuated) for vaccination and re-vaccination of children; GSK PRIORIX is still on the
market, commonly used for vaccination in adulthood.
Epidemics:

1973-74: large epidemics, affecting primarily unvaccinated 6-9-years-old children(11)

1980-81: another significant epidemic, affecting primarily 7-10-years old children (11)

1988-89: epidemic with high age-specific attack rates of 17-21 years old individuals , who had been vaccinated during the
first years of the vaccination program in Hungary (11)

2017-18: Smaller epidemics with few connected and sporadic cases, derived mainly from virus importation (11)
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4.3 A potential link between natural (auto)antibodies and vaccine —or infection— induced
antibodies
4.3.1 Samples
Serum samples of patients suffering from different systemic autoimmune diseases (SAIDs) were
obtained from the serum bank of the University of Pécs, Clinical Center, Department of
Rheumatology and Immunology. The samples were stored and analyzed anonymously in the
laboratories of the Department of Immunology and Biotechnology according to quality assurance
criteria (ISO 17025) (Ethical License: 2015/5726 by the Regional Research Ethics Committee, at
the University of Pécs, Hungary). The number of sera derived from different systemic
autoimmune patients was the following: systemic sclerosis (SSc) n=157, systemic lupus
erythematosus (SLE) n =92, rheumatoid arthritis (RA) n=73, other=52 (total n=374). Mean age
(rounded values; years) within sample groups was the following: SSc: 56, SLE: 44, RA: 59,
53(overall: 52) (47).

4.3.2 Comparative ELISA measurements

In order to investigate potential associations; vaccine-(or infection-) induced antibodies (anti-
measles 1gG), systemic lupus erythematosus (SLE)-related autoantibodies (anti-dsDNA IgG/M)
and natural (auto)antibodies (anti-DNA topoisomerase-| [or anti-Scl-70] fragment F4 [anti-F4]
IgG/M, anti-citrate synthase [anti-CS] IgG/M), were measured. For this purpose, we used the
earlier published (51-53) self-developed anti-CS and anti-F4 indirect ELISA tests, with slight
modifications in order to harmonize with the automated platform (47), and commercially
available anti-dsDNA ELISA kits (ORG604G and ORG604M by Orgentec Diagnostika GmbH). ELISAs
were executed on automated platform (Siemens BEP 2000 Advance® System, Siemens AG,

Germany.

4.3.3 Statistical analysis

Statistical analysis was carried out in the undivided serum bank of SAD, and also in the
individual SAD subgroups that had sufficient sample numbers to yield representative data (SSc,
SLE, and RA). Statistical evaluation was performed using SPSS version 25.0 statistics package
(IBM, Armonk, NY, USA). Spearman's correlation analysis, Mann—Whitney U and Kruskal-Wallis-
tests were used as appropriate, p values < 0.05 were considered significant.
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5 RESULTS | — ASSAY DEVELOPMENT

5.1 ELISA plate surface optimization

The ability of the surface to interact with proteins and other biomolecules is essential, however,
non-specific binding (NSB) of other proteins or biomolecules to unoccupied spaces on the
surface during subsequent steps of the assay can be detrimental to the specificity and sensitivity
of the assay results. Therefore, the here presented results are to be interpreted in the context
blocking ad diluent optimization trials. Of the below listed solid surfaces, Nunc Maxisorp high-
binding plate was selected, because of negligible backgrounds, well-fitting (R?) and adequately
high standard curves (Figure 2), as well as successful parallelism test (represented as a

supplementary figure of our paper (15)).

Standard curves
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relative concentration relative concentration relative concentration

Fitting (Adjusted R?) (Sigmoidal dose response fit)

Nunc Maxisorp 0.99 1 0.99
Greiner 3D Epoxy 0.96 0.98 1

Greiner 762071 0.96 0.89 0.99
Greiner 762070 0.93 0.9 0.99
Greiner 705070 0.98 1 0.97
Greiner 705071 1 0.82 0.99

Figure 2. Plates used for the comparison: Nunc MaxiSorp™ high-binding, Greiner Bio-One 762071 high -binding, Greiner Bio-
One 762070 medium-binding, Greiner 96 well 1 x 8 strip plates 705071 high-binding, Greiner 96 well 1 x 8 strip plates 705071
medium-binding, Greiner Epoxy 3D - covalent binding. Analytes used for the comparison: 3rd International Standard for Anti-
Measles (97/648), QCRMUMPSQC1 Anti-Mumps Quality Control Reagent Sample 1 (15/B664), anti-rubella Immunoglobulin
(RUBI-1-94)

5.2 Antigen coating purity testing

Considering the ‘three-in-one” MMR ELISA; total virus antigen repertoire based anti-measles, -
mumps and —rubella IgG indirect ELISAs were considered as ‘target’, while recombinant,
nucleocapsid based ELISAs (of the same viruses) were considered as ‘control’ tests. Assays were

contrasted to check whether the cell culture derived, entire virus based coatings contain off-
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target molecules that may lead to unwanted interference and consequent false-positive results.
Based on the parallelism tests described in our paper (15), the following recombinant viral
nucleocapsid antigen coatings were selected for further analysis: measles 0.83 pug/mL, mumps
0.416 pg/mL and rubella 1.0 pg/mL (R? standards > 0.97, R2 samples > 0.93). Bland-Altman plots
were then generated; ratios of the results from the two techniques (‘target’ versus ‘control’
assay) were plotted against the averages. As shown in Figure 3, we obtained data points that fell
within the range + 1.96 SD (confidence interval 95%), with no observable trends, suggesting that
the two methods are in agreement, thus demonstrating the adequate purity of the entire virus

based coating system used in the ‘target’ assay (15).

(A) Measles (B) Mumps (C) Rubella
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Mean o Recombisase sna Tota sntigea Haan of Recombins and Total_antigen Mean of Recombinant and Total antigen

RECOMBINANT Measles virus Priorix, Mumps virus wild-type, . .

ANTIGEN BASED . . Recombinant Rubella virus
Schwarz strain Gloucester strain ) )

COATING . . . . nucleoapsid protein
nucleocapsid protein nucleocapsid protein

SELECTED

RECOMBINANT

ANTIGEN 0.83 pg/mL 0.416 pg/mL 1.0 ug/mL

CONCENTRATION

INACTIVATED

PATHOGEN-

BASED COATING  2-8 Hg/mL 3.0 pg/mL 0.4 pg/mL

CONCENTRATION

SAMPLE N=28 (Duplicates of the dilution series of positive and negative sample pools and

NUMBER (N) quadruplicates of the dilution series of standards )

Figure 3. Comparison of cell-culture grown, entire virus antigen repertoire based coatings and recombinant, antigen-specific
ELISA coatings. Bland-Altman graphs display scatter diagrams of the ratios plotted against the averages of the two types of
measurements. Sample number = 28 (duplicates of the dilution series of positive and negative sample pools and
quadruplicates of the dilution series of standards). Limits of agreement (LoA) are defined as the mean difference + 1.96 SD
(95% confidence interval). Since data points do not exceed the maximum allowed difference between methods (dotted
brown lines), and no pronounced trend is observable, the two methods (target: total antigen repertoire based coating versus
control: recombinant antigen based coating) are in agreement and can be used interchangeably.
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5.3 Blocking and diluent optimization

As described in our article (14), blocking solutions (protein-containing and protein-free) were
tested on plates that had not been coated with antigen; only blocking solutions only were
applied to ‘coat’ plates (overnight at 4-6 °C), than analytes were tested as per OP. Figure 4
shows the results when the IS 66/202 anti-measles serum was used at five different dilutions
(range 10 mlUnit/mL - 2.5 mlUnit/mL). Results demonstrated that using Block ACE and bovine
skin gelatin, the absorbance values reflect the increasing concentration of the standard, which
suggests non-specific interactions. Such non-specific reactions were not observed in the case of
SynBlock and our polyvinyl alcohol (PVA) based synthetic blocking solution, used as a cost-
effective alternative of SynBlock. Therefore, for our subsequent experiments we used the PVA

based synthetic blocking solution (14).
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Figure 4. Effect of protein-free blocking

5.4 Background reduction
In a serological assay that is targeted for the detection of low, or suboptimal results, it is crucial

to get rid of as many interference (and subsequent false-positivity) inducing factors, as possible.
In the light of this principle we used the so called IgM reducing buffer (IgM RB) that resulted
efficient not only in the elimination of IgM, but also in the reduction of unwanted uncategorized
bindings. We observed a high background when using undiluted IgM reducing buffer (IgM RB)
for diluting the serum samples without centrifugation. Using a two-step dilution process as
described in the Materials and methods, a 2-fold and 4-fold final dilution of IgM RB the

treatment was effective. Control experiments using 4-fold diluted IgM RB alone (without sera)
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showed low levels of background (N=16 wells on 3 separate plates; OD mean +/-SD = 0.0384 +/-
0.0088). IgM RB treatments resulted in little or no change in absorbance of standards, applied at
concentrations used for calibration curves. Using 2-fold diluted IgM RB, the absorbance values
of patient sera decreased to 30% (70% decrease from the original value), while at 4-fold dilution
of IgM RB the absorbance values to 40% of the original value (60% decrease) (Figure 5). The
differences between the means of absorbance of the 2-fold and the 4-fold dilutions of IgM RB
were statistically significant (P = 0.012, Student’s t-test). Standard deviations were equal (P =
0.305, Levine’s test/ F-test) suggesting that the less concentrated IgM RB was also effective at
removing non-specific reactions. We also verified the effectiveness of IgM RB treatment on 10
randomly selected samples (of varying antibody titers) by adding polyclonal rabbit anti-human
HRP-conjugated IgG and IgM (on two separate plates with the same layout) to the samples. The
plate with IgM secondary antibody resulted in close to zero absorbance values. However, when
using secondary anti-human IgG, the signal decreased, but it fell well within detectable range

(Figure 5) (14).
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Figure 5. Effect of IgM reduction on absorbance values of serum samples used for anti-measles IgG detection. (A) Effect of
IgM reduction with anti-IgG secondary antibody. (B) Effect of IgM reduction with anti-lgM secondary antibody.
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5.5 Cut-off determination and assay precision

Although for the ‘only’ anti-measles IgG ELSIA the cut-off the value has been already set (14),
the combined ‘three-in-one’ assay required correction, because three different antigens
(measles, mumps, rubella) were bound on the same surface, while assay conditions (buffers,
incubation times and temperatures) had to be uniform in order to enable a user-friendly, plain
automated test execution. The combined setting inevitably implied slight modifications in the
already detailed anti-measles ELISA OP, therefore all three (measles, mumps and rubella) cut-off

values had to be (re)calculated (15).

Cohen’s Kappa ‘plate-to-plate k statistics’ gave ‘substantial’ to ‘near perfect’ agreement; 0.64 <
kK £0.92. AUROC Areas were 2 0.92, for all three antigens (Figure 6). Based on the AUROC
analysis, with the help of Youden’s equation, the following sensitivity-specificity pairs were

selected 0.985 —0.975, 0.935 —0.911, 0.989 — 0.946 for measles, mumps and rubella,

respectively (15).
(A) Measles (B) Mumps (C) Rubella
ROC Curve ROC Curve
1o ROC Curve ) ) ) " — ) ! "
E« 06 é 08
‘ ‘ 1‘-Speciﬁci‘ty ‘ ‘ ‘ . 1‘.Speciﬁci‘ty ‘ ‘ ‘ ‘ ‘I‘-Speciﬂcit‘y ‘ ‘
AREA 0.92 0.95 0.99
CUT-OFF (OD) 0.28 (~0.3) 0.36 (~0.35) 0.33 (~0.35)
(N =474 samples from unselected diverse age-groups)

Figure 6. Determination of cut-off values using ROC analysis. The data obtained by our ‘three-in-one’ ELISA showed high
agreement with the averaged qualitative results of commercially-available kits, used as reference (or the base of the binary

classifier system) for AUROC calculations.
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According to the ‘empirical approach’ -already detailed in our earlier paper (14)-, cut-off values
were set for all antigen types (measles, mumps, rubella) based on mean observed OD values
belonging to diagnostically seronegative samples (3x15 samples, OD negative sample < 0.28,
0.37, 0.34 for measles, mumps, and rubella, respectively; data not shown). Cut-off values
calculated based on empirical results were concordant with the statistically computed values.
Typical dose-response curves obtained for measles, mumps and rubella standards are shown in
Figure 7. Analytical values, such as lower limit of detection (LOD) and limit of quantification

(LOQ) are also represented in Figure 7 (14,15).

(A) Measles (B) Mumps (C) Rubella
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Cutoff (y - 0.30)

Relative dilution Relative dilution

MODEL Dose-response curve

EQUATION y = Al + (A2-A1)/(1 + 107((LOGx0-x)*p))

ADJUSTED RZ 0.97 0.97 0.99
MEASUREMENT 0.025-12.5 mlU/mL 0.02-10.0 arbitrary U/mL 2.0-265 muU/mL
RANGE

CUT-OFF 0.15 mliU/mL 0.15 arbitrary U/mL 9.5 miU/mL
LOD

(MEAN + 10SD) 0.08 0.10 0.08

LoQ

(MEAN +10 SD) 0.20 0.23 0.20

Figure 7. Typical standard curves of MMR assay. Sigmoid dose-response curves of the dilution series of the standards were
generated with optimal data fitting (R2 2 0.97). Absorbance values are plotted in function of relative dilution (1/ dilution).
These curves serve as the base for the conversion of OD values to units/mL. Rectangles show the optimal serum dilutions
(200-fold) used in the final assay format.

5.6 Optimal dilution of samples

The optimal dilution of samples was found to be 200-fold (0.005 relative concentration),

performed in two steps, combined with IgM reducing assay diluent (14). This method yielded an

30



acceptable signal and reproducible difference between positive and negative samples, with

minimal use of stock solutions (14,15).

5.7 Parallelism testing

The measured absorbance (OD) of samples plotted versus relative concentration resulted in
saturation curves similar to the calibration curve, thus 4-parameter logistic curves were fitted.
Dilution curves of two, typical low-titer samples and two high-titer samples were linearized by
taking the common logarithm of the dilution and the calculated concentration, as shown in Figure
8. Linear fit was performed with slope -1 (determined from previous assays) for each data set. R-
square values were close to 1 (0.91-0.99), which suggested that the binding characteristic of the
analyte (serum antibodies) to the antigen were co-measurable to the standard. A better linear fit
was observed for higher titer samples, because of the better signal-to-noise ratio of the

spectrophotometric method in the measured OD range (14).

1,04 |

0,5 1

Log of calculated concentration (mlU/mL)

001 aN\ o X N
e Y. >0.5miu/mL |
0,5 e 3 N
E v
& N
@ <05miUMmML N
. o N\
[ )
T T T T T
2,0 2,5 3,0 3,5 4,0

Log of standard and sample dilution

Figure 8. Linearity and parallelism testing for the high-throughput ‘only measles’ ELISA. Linearized dilutions of high and low
titre samples with slope -1. Symbols m, ®, A, ¥:samples, I: IS 66/202 (standard).

Similar analysis was performed also for the extended ‘three-in-one” MMR assay. In this setting,
dilution series of samples were also analyzed between entire virus antigen repertoire based
coatings and purified recombinant viral capsid protein based coatings. This way, the parallelism
testing could be also used to assess comparability of different coatings, and therefore to
examine coating purity of the entire virus antigen repertoire based coatings. For linearization of
logistic curves, the already described method was used; natural logarithm of the measured

extinction results was plotted against the natural logarithm of the relative concentrations.
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Linear fitting with the same slope (per viral antigen) was applied. This comparison of immune-
reactivity between calibrators (WHO standards of known concentrations) to sample pools (of
estimated concentrations) was successful; antibody-binding characteristics between standards
and samples proved to be similar enough to allow the determination of analyte levels in the

diluted samples (15).

5.8 Agreement between tests

In addition to the already detailed comparisons (also used for coating-purity testing) between
the cell-culture derived, entire virus antigen repertoire based anti-measles IgG indirect ELISA
and recombinant technology based control ELISAs (monoclonal nucleocapsid antibody based
sandwich ELISA and nucleocapsid antigen based indirect ELISA)(14,15), comparability to
commercially available kits was also investigated. Plate-to-plate Cohen’s Kappa ‘K’ statistics gave

‘substantial’ to ‘near perfect’ agreement; 0.64 < k <0.92 (15).

5.9 Assay characteristics: cost, ease, and time
An important feature of our ‘three-in-one’ MMR ELISA assay is affordability; it costs only a

fraction of the price of commercially available assays (Figure 9 A, B) (15).
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Figure 9. (A) Comparison of assay prices (commercial kits) and costs (our test) expressed in Euros, (B) Ratios of assay prices:
“average price” commercial kits versus our test expressed in percentages. The average price of commercial kits was
calculated based on the Hungarian distributor prices (VAT included), and included only those assays that we applied during
the optimization and the test-to-test comparisons (Materials and methods). Siemens Enzygnost assays — belonging to a higher
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price-range — were excluded from the calculation.

Another important feature is the reduced assay duration time; compared tothe ~1.5/2.5

hours of timeframe of commercially available tests (used for parallel and justificatory

measurements) our test can be performed within 1 hour (Figure 10).

Figure 10. Comparison of incubation times of our test (3-in-1 MMR) to different commercial kits. (me = measles, mu = mumps,

rub = rubella)
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6 RESULTS Il — SERO-EPIDEMIOLOGY

6.1 Vaccination history timeline

Changes and historical data regarding epidemics in the Hungarian measles/MMR vaccination
schedule (8,54,55) were plotted on a timeline, in order to evaluate sero-epidemiological data
accordingly. Figure 11 shows changes in measles and MMR vaccination schedules in Hungary,
since the introduction of the vaccine (1969). High age specific attack rates characterizing major
epidemics (1980-81 and 1988-89) along with 93% - 99% of vaccine coverage evidence

insufficiencies of the early vaccination program (8)(11).
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Figure 11. Measles and MMR vaccination schedules in Hungary (7)

(a) Vaccination against measles was introduced in Hungary in 1969. (b) From 1969 to 1974, a single dose of measles vaccine
was administered in mass campaigns to persons 9-27 months of age. (c) After vaccination was implemented, the incidence
rate decreased until 1973-74, when large epidemics occurred primarily in unvaccinated 6-9-year-olds. (d) The recommended
age for vaccination was 10 months until 1978, when it was changed to 14 months. (e) After the 1980-81 epidemic, persons
born between 1973 and 1977, who would have received vaccine when the recommended age was 10 months, were
revaccinated. (f) The 1988-89 epidemic mainly affected persons 17-21 years of age, who had been targeted to receive vaccine
during mass campaigns in the first years of the vaccination program in Hungary. After 1989, children were re-vaccinated at
the age of 11 years with monovalent measles vaccine in a scheduled manner. Also in 1989 the rubella vaccine was
introduced. (g) In 1990 measles-rubella bivalent vaccines were introduced. (h) The administration of the first vaccine at age
14 months lasted from 1978 to 1991. Also in 1991 the measles-mumps-rubella trivalent vaccine was introduced. (i) In 1992
the administration of the first MMR vaccine was shifted to 15 months of age. (j) In 1996 the MERCK MMR Il vaccine (Enders'
Edmonston strain, live attenuated) was introduced. (k) In 1999 measles-mumps-rubella re-vaccination replaced the
monovalent measles vaccine. Also in 1999 the GSK PLUSERIX vaccine (Measles Schwarz Strain) was introduced. (I) In 2003 the
GSK PRIORIX vaccine was introduced. (m) Between 2004 and 2005 the MERCK MMR Il vaccine was used. (n) Between 2006
and 2010 the GSK PRIORIX vaccine in use. (0) Beginning from 2011 we use a Sanofi-MSD product; MMRvaxPro (Measles virus
Enders' Edmonston strain, live, attenuated) for vaccination and re-vaccination of children. GSK PRIORIX is still on the market,
commonly used for vaccination in adulthood. (p) Between January 2017 and December 2019 there were 76 reported measles
cases in Hungary (according to ECDC Surveillance reports).

(Source of information: MMWR Weekly October 06, 1989 / 38(39); 665-668, International Notes Measles — Hungary,
http://www.vacsatc.hu, https://www.ecdc.europa.eu)
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6.2 Determination of age-groups with highest frequencies of seronegativity

Considering the relative herd immunity threshold (HIT) values (HIT Measles = 92-95%, HIT
Mumps = 75-86%, HIT Rubella = 83—86), anti- measles IgG seropositvity ratios proved to be
inadequate in certain clusters of the population (Figure 12,13). The lowest seropositvity ratios
(N total measles = 3523 serum samples) were detected in clusters ‘Vaccinated between 1978
and 1987’ (~80% of seropositvity) and ‘Vaccinated between 1969-77’ (~90% of seropositvity).
Analyzing the vaccination period-dependent confidence intervals of seronegativity; the group
‘Vaccinated between 1978 and 1987’ showed significant differences from the flanking age-
groups; ‘Vaccinated between 1969-1977 and 1988-1990’ (p = 0.00004 and p = 0.0015,
respectively). In the case of rubella (N = 1736 serum samples), the least protected groups were
vaccinated during 1969-1977 (~85% of seropositvity) and 1988-1990 (~85% of seropositvity).
Significant differences were observed between the group born before 1969 (not vaccinated) and
vaccinated during 1969-1977 (p = 0.00008), and between groups 1988-1990 and 1991-1995 (p =
0.009). (Figure 12).

(a) Measles (b) Mumps (c) Rubella
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Figure 12. Measles, mumps and rubella seropositivity ratios according to vaccination groups. N measles = 3523, N mumps,
rubella = 1736 serum samples. Age / vaccination groups: (1) Individuals born before 1969. (l1) Individuals vaccinated between
1969 - 1977. (Ill) Individuals vaccinated between 1978 — 1987. (IV) Individuals vaccinated between 1988 — 1990. (V)
Individuals vaccinated between 1991 — 1995. (V1) Individuals vaccinated between 1996 — 1998. (VII) Individuals vaccinated
between 1999 — 2002. (VIII) Individuals vaccinated in 2003. (I1X) Individuals vaccinated in 2004 — 2005. (X) Individuals
vaccinated between 2006 — 2010 (XI) Individuals vaccinated after 2011. The lowest seropositivity ratio (78.48%) was observed
in the anti-measles antibody titers (IgG) in group ‘Vaccinated between 1978 — 1987’ (7)

35



(A) Measles

% %
x [ | Born before 1969 (no vaccine)
(!
0,254
Il Vaccinated between 1969-77
0,20
Il Vaccinated between 1978-87
0,154
010 IV Vaccinated between 1988-90
0054 ‘ V  Vaccinated between 1991-95
0,00 —— — VI Vaccinated between 1996-98
I 0] 11} v Vv VI vIE vl X X Xl
VIl Vaccinated between 1999-2002
(B) Mumps i _
VIl Vaccinated in 2003
0,25
IX Vaccinated between 2004-2005
0,20 4
015 X Vaccinated between 2006-2010
0,104 Xl Vaccinated between 2011-2015
0,054 ‘
0,00 T T T T T T T T T T T ]
| 1] 1 v vV VvI VI vl IX X Xl
(C) Rubella
0,25 H#
#mM
0,204 [_]
0,154
0,104
0,05 ‘ ‘
0,00 T T T T T T T T T T 1
I 1 11} v \% VI VIl v IX X Xl
Statistically significant differences between adjacent age- (or vaccination-) groups
Age-groups p-value
* Measles; Vaccinated between 1969-77 and 1978-87 0.00003841
SR Measles; Vaccinated between 1978-1987 and 1988-90 0.0015
# Rubella; born before 1969 (not vaccinated) and vaccinated during 1969-1977 | 0.00008437
## Rubella; Vaccinated between 1988-90 and 1991-95 0.008532

36




Figure 13. Relative frequencies of measles-, mumps- and rubella-specific seronegativity dependent on the period of
vaccination. N measles = 3523, N mumps, rubella = 1736 serum samples.Vertical lines indicate 95% confidence intervals.
Significant differences between the antibody levels of the critical age-groups and their flanking age-groups are marked with *
and #.

In case of measles, mumps and rubella cumulative results, the seropositvity ratios were 89.97%,
91.60% and 92.58%, respectively, as shown in Figure 14. In practical terms, it means that in case
of measles, due to cluster-specific inadequacy of I1gG levels, also the overall seropositivity ratio
(measles = 89.97%) failed to reach the herd immunity threshold (HIT Measles = 92—-95%).
Considering mumps and rubella, herd immunity —in terms of humoral antibodies —was reached.

(Figure 14) (7).

(a) Measles (b) Mumps (c) Rubella
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Figure 14. Overall seropositivity and seronegativity ratios. N measles = 3919; N mumps, rubella = 2132. In case of measles,
mumps and rubella cumulative results the seropositvity ratios were 89.97%, 91.60% and 92.58%, respectively. The overall
ratio of seropositive samples was lowest in the ‘measles’ group, where it remained under the threshold value (15).
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7 RESULTS Il - A POTENTIAL LINK BETWEEN NATURAL (AUTO)ANTIBODIES AND
VACCINE —OR INFECTION- INDUCED ANTIBODIES

7.1 Vaccine- (or infection—) induced anti-measles IgG seropositvity ratios in systemic
autoimmune diseases

Anti-measles 1gG levels in samples obtained from all SAD patients (total n=374) were measured,
then seronegativity ratios were also evaluated. As it is already described in epidemiological
literature, and in accordance with our previously published findings (8,11,14,15,54); measles
seronegativity ratios showed significant correlation with age (p<0.001 correlation coefficient;
0.323), which is a general phenomenon, not linked to autoimmunity. Considering the
seronegativity ratios; between the earlier detailed population-level ‘overall’ anti-measles (IgG)
result (10.03% of seronegativity) and the current autoimmune disease focused sample multitude

(8.82% of seronegativity) we found no remarkable difference (Figure 16).

SEROPOSITIVITY RATIOS
ANTI-MEASLES IGG

89,97
91,18

(%)

OVERALL'" RESULTS - POPULATION- OVERALL' RESULTS - PATIENTS WITH
LEVEL SEROSURVEY AUTOIMMUNE DISEASES

Figure 16. Comparison of cumulative anti-measles (IgG) seropositivity ratios of the population-representative sero-
epidemiological survey (N = 3919) and the autoimmune disease focused study (N = 374)

7.2 Comparison of natural autoantibody and vaccine- or infection— induced antibody levels
Based on previous findings nAAbs (IgG/M) against the mitochondrial inner membrane enzyme
citrate synthase and topo | F4 could be detected in sera of healthy individuals and patients with
SSc, SLE and in other autoimmune rheumatic diseases (51). When analyizing the undivided

totatlity of SAD samples, the same trend was observed as in case of the three accentuated
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disease groups (SSc, SLE, RA). Considering all SAD samples together (total n=374); significantly
higher anti-CS IgG titers were detected in the anti-measles IgG seropositive patient group

(p=0.011) compared to the anti-measles IgG seronegative individuals (Figure 17) (47).
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Figure 17. Relationship between anti-measles IgG and anti-CS 1gG antibody titers in the undivided serum bank of systemic
autoimmune diseases (SAD) serum samples. (n SAD=374=n ga 73 + N 5. 92 + n ssc 157 + n owner 52] Qualitative (positive,
negative) anti-measles IgG results were compared to quantitative anti-citrate synthase IgG results (expressed in arbitrary
units, based on our in-house standard), using Mann-Whitney U analysis. Significantly higher anti-CS IgG titers were detected
in the anti-measles IgG seropositive compared to seronegative SAD patients. Boxes show interquartile ranges (IQR), whiskers
indicate lowest and highest values, horizontal lines represent medians.

Analyzing the association between vaccine or virus- -induced (anti-measles IgG) and natural
(anti-CS 1gG) antibody titers in the individual autoimmune diseases (RA, SLE and SSc), the same
trend described above was observable; in all three groups the anti-measles IgG seropositive
samples showed significantly higher anti-CS IgG titers (Figure 18). Similar, but statistically not

significant trend was observed in case of anti-F4 IgG nAAbs (figure not shown) (47).
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Figure 18. Relationship between anti-measles IgG and anti-CS IgG natural autoantibody titers in SSc, SLE and RA disease
groups. (nRA=73; nSLE=92; nSSc=157) Qualitative (positive, negative) anti-measles IgG results were compared to quantitative
anti-citrate synthase (anti-CS) IgG results (expressed in arbitrary units, based on our in-house standard), using Mann—-Whitney
U analysis. Significantly higher levels of natural anti-CS IgG were detected in anti-measles I1gG seropositive compared to
seronegative samples in rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), systemic sclerosis (SSc). Boxes show
interquartile ranges (IQR), whiskers indicate lowest and highest values, horizontal lines represent medians.

7.3 Relationship between IgG natural autoantibody levels and anti-dsDNA IgG in SLE
patients
In order to investigate the association between autoimmune disease-specific pathological
autoantibodies and IgG isotype nAAbs, anti-dsDNA IgG measurement was chosen, as anti-
dsDNA IgG is a highly specific disease marker in SLE. In those SLE patient samples that proved to
be positive for the disease specific marker; anti-dsDNA IgG, significantly higher levels of anti-F4
IgG (p=0.001) and anti-CS IgG (p<0.001) nAAbs were measured, as shown in Figure 19. Anti-
dsDNA IgG and nAAbs levels also showed significant correlation (p / correlation coefficient:

0.006 / 0.321 and 0.000 / 0.510 for anti-F4 IgG and anti-CS IgG, respectively) (47).
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Figure 19. Relationship between disease-specific anti-dsDNA IgG autoantibody levels and natural anti-F4 and anti-CS 1gG
natural autoantibody titers in SLE patients. (n SLE=92) Qualitative (positive, negative) anti-dsDNA IgG results were compared
to quantitative anti-DNA topoisomerase | F4 fragment (anti-F4) IgG and anti-citrate synthase (anti-CS) IgG results (expressed
in arbitrary units, based on our in-house standard), using Mann-Whitney U analysis. The level of anti-F4 and anti-CS IgG
antibodies were significantly increased in anti-dsDNA IgG positive compared to anti-dsDNA IgG negative SLE patients. Boxes
show interquartile ranges (IQR), whiskers indicate lowest and highest values, horizontal lines represent medians.

7.4 Anti-dsDNA IgM and natural IgM autoantibody levels showed association in SLE

Previous reports proposed that anti-dsDNA IgM antibodies may play a protective role in lupus
nephritis (56-58). Herein we compared anti-dsDNA IgM levels with nAAb titers in SLE patients.
Figure 20 shows that in anti-dsDNA IgM positive SLE patient samples significantly higher levels of
anti-F4 1gM and anti-CS IgM nAAbs were detectable (p=0.002 and 0.016, respectively) as shown
in Figure 4. Anti-dsDNA IgM titers and nAAb levels also showed significant correlation (p/
correlation coefficient: 0.002 / 0.344 and 0.018 / 0.252 for anti-F4 IgM and anti-CS IgM,
respectively) (47).
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Figure 20. Relationship between anti-dsDNA IgM autoantibody levels and anti-F4, anti-CS IgM natural autoantibody titers in
SLE patients. (n SLE =92) Qualitative (positive, negative) anti-dsDNA IgM results were compared to quantitative anti-DNA
topoisomerase | F4 fragment (anti-F4) IgM and anti-citrate synthase (anti-CS) IgM results (expressed in arbitrary units, based
on our in-house standard), using Mann—Whitney U analysis. The level of anti-F4 and anti-CS IgM natural antibodies were
significantly elevated in anti-dsDNA IgM positive compared to anti-dsDNA IgM negative SLE patients. Boxes show
interquartile ranges (IQR), whiskers indicate lowest and highest values, horizontal lines represent medians.
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8 DISCUSSION

8.1 Assay development and optimization

8.1.1 Background reduction and blocking

As it was mentioned in the introduction, the elimination of false positivity inducing reactions —
that might be considered as ‘innate errors’ of the ELISA method —is a key question, especially

when the aim is the detection of negative or suboptimal antibody levels.

Substances that alter the measurable concentration of the analyte or alter antibody binding can
potentially result in immunoassay interference. Interfering, endogenous substances that are
natural, polyreactive antibodies or autoantibodies (heterophiles), or human anti-animal
antibodies together with other unsuspected binding proteins that are unique to the individual,
can interfere with the reaction between analyte and reagent antibodies in immunoassay.
Lipemia, cross-reactivity, and exogenous interferences due to pre-analytical variation, matrix
and equipment reaction also affect immunoassay. Interfering substances may lead to falsely
elevated or falsely low analyte concentration. The prevalence of interference is generally low in
assays containing blocking agents that neutralize or inhibit the interference but is often higher
in new, untested immunoassays (38,40,43,59).Interference may be grouped as: a) background
noise, due to hydrophobic binding of immunoglobulin components in sample specimens to solid
surfaces, b) the false positive reaction caused by non-specific binding of immunoglobulins to
target-antigens by protein-protein interactions, c) non-specific binding of secondary antibody to
off-target molecules, and d) uncategorized positive and negative reactions caused by buffer

components.(40,43).

No current blocking agents can perfectly eliminate these reactions, therefore antibody assay
results vary significantly depending on the buffer system used (60). To address these
fundamental problems, we used a combination of washing, blocking and sample pre-treatment
methods and buffers, in order to minimize unspecific biomolecule binding, and optimize the
signal-to-noise ratio. In case of our ELISA - that was targeted for the detection of suboptimal or
‘under the threshold’ antibody levels - blocking was a key factor to prevent non-specific binding

antibodies. On high binding polystyrene surfaces using a simple non-ionic detergent, such as
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Tween-20 or Triton-X, is not enough and a protein blocking step is required. Usually a diluted
solution of bovine serum albumin (BSA) or skimmed milk can be applied, but especially in case
of human sera these may give a substantial inhomogeneous background due to cross-reactions
with patient sera and/or with the secondary antibody. In assays where the antibodies of interest
are likely to interact with these agents, use of a synthetic blocker is necessary (38). BSA cannot
be an efficient blocking agent for samples of human sera due to the high background caused by
the immunoglobulins present in BSA (60). Polyvinylpyrrolidone (Povidone, PVP), polyethylene
glycol (PEG) or polyvinyl alcohol (PVA) are typically recommended synthetic blockers, although it
was proven that the latter is preferable. We developed our PVA-containing synthetic blocker
(Figure 4) based on ELISA tests using SynBlock buffer (Bio-Rad) in preliminary experiments.
Thompson et al. found that wells blocked with PVA gave comparable results to a commercially
available premium synthetic blocker in ELLA (Enzyme-Linked Lectin Assay) experiments (61). Our
PVA based blocker contained 5 g/L PVA dissolved in PBS buffer. PVA of MW 124-186 kDa has
been recommended (62), although some investigators used PVA-50 (MW 50 kDa) or PEG-360
(MW 360 kDa) (63). Our synthetic blocker contained PVA of different molecular weight (MW
~72 000 kDa). Conditions of preparation, such as temperature and stirring, may also affect the
effectiveness of the blocker as PVA shown poor solubility in water. To prevent degradation of

the blocker a preservative was added (14).

8.1.2 Elimination of interfering antibodies

With regard of background reduction, another important step in the elimination of nonspecific
binding of proteins was the introduction of sample pre-treatment with IgM Reducing Assay
Diluent (BioRad). It is well known that serum IgM antibodies can decrease specificity because
both pathogen- specific and natural (low affinity, multi-specific) IgM antibodies are present in
human serum. Autoantibodies present in patients with autoimmune disease can potentially
interfere with the results. Cross reaction caused by rheumatoid factor and heterophilic
antibodies can also occur (64—66). To solve these problems, interference reducing methods
have been suggested in the literature, such as pre-incubation of sera with animal serum or

immunoglobulin (66,67). We used IgM Reducing Assay Diluent, a buffer enriched by mammalian
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proteins and recommended for matrix equalization to eliminate “sticky” or non-specific IgM

from assays (68) (Figure 5).

8.1.3 Parallelism
Parallelism experiments help to understand assay relative accuracy. Testing of dilution effects

on the quantitation of endogenous analyte(s) in matrix, selectivity, matrix effects, minimum
required dilution are crucial to establish a precise test (42). Ligand-binding assays (LBA)
guantitate macromolecules by comparing immune-reactivity of calibrators of known
concentrations to the samples of unknown concentration. For a well-developed LBA with an
appropriate logistic regression approach, the calibration curve should be parallel to support the
assumption that the antibody-binding characteristics are similar enough to allow the
determination of analyte levels in the diluted samples (42). As suggested by the literature
(42)(69-71), a ‘relative quantitative approach’ was used for the development of the current
assay (anti-measles indirect ELISA); WHO standard(s) were available and were adequately
characterized (specially the 66/202 anti-measles serum), and blank matrices free of analyte
were substituted with low (or close to zero) titer samples, obtained from children (of ~0.5-1
year of age) that fell in the gap ‘already without maternal antibodies, but not yet immunized’.
The experiment was based on the principle that if standard curves and samples are prepared
under the same circumstances, matrix effects are normally similar between standards and
samples. In bioanalysis it is known and accepted that in case of LBAs, the correlation between
signal and concentration/dilution normally is not linear. Hence, linear plotting cannot accurately
reflect the parallelism among samples. Four or five parameter logistic (4PL or 5PL) regression
with or without weighting is suggested to achieve the best curve fit with the least variance.
Log/log plot provides good linearity for the low to medium range of the concentrations (The
higher end of the range tends to lose linearity) (70,72). Examples for LBA parallelism assessment
are provided in our articles discussing the ‘only measles’ and the upgraded, ‘three-in-one’ MMR
ELISA assays (14,15). We plotted the natural logarithm of the measured extinction results
against the natural logarithm of the relative concentrations. Linear fitting with the same slope

(per viral antigen) were applied (Figure 8).
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8.2 Sero-epidemiology

8.2.1 \Vaccination-group specific immunity gaps

In 1969 the measles vaccine was introduced in Hungary in the form of live, attenuated
Leningrad-16 strain vaccine, produced in the former Soviet Union. Between 1969 and 1974, a
single dose of vaccine was administered in campaigns to individuals of 9-27 months (11). After
vaccination had been implemented, the incidence rate decreased until 1973-1974, when large
epidemics occurred primarily in unvaccinated 6-9-year-olds (11), questioning the effectiveness
of the early vaccination programme. Regarding post-vaccination humoral immune response,
heterogeneous data are available in the literature. It is generally accepted that the success of
vaccination in children is dependent on the presence (or absence) of inhibitory maternal
antibodies and the immunologic maturity of the recipient, as well as on the dose and vaccine
strain. It is also recognized that the age of 212 months is a milestone in the development of an

efficient immune response (15).

According to our sero-epidemiological data (7,14,15,47), the most susceptible clusters are
those of individuals vaccinated between ‘1978-1987’ (>20% of seronegativity) and ‘1969-1977’
(>10% of seronegativity). These finding are in agreement with a similar report from our
colleagues; analyzing the results of screening more than 2000 healthcare workers (10).The gap
detected in herd immunity is also supported by the already known insufficiencies during the
initial vaccination era (8,11). These individuals were vaccinated during the early 1970s, when
the optimal age of vaccination was not well defined, and the thermolability of the reconstituted
vaccine was not fully characterized (11). These relatively high measles seronegativity ratios may
have been a consequence of vaccine inefficiency, which seems to be supported by historical
data: after the starting of the immunization campaign in 1969, a decade later, in 1978 the
recommended age for vaccination was changed from 10 to 15 months. The 1988-1989
epidemics affected individuals (16-22 years of age), who were vaccinated in the early era with a
singular measles vaccine. Following the 1988-89 epidemics, persons born between 1973 and
1977 were revaccinated (8,11). Even though a significant portion of individuals belonging the
‘problematic’ group (vaccinated between 1978-87) have been re-vaccinated and/or have

contracted the wild-type measles infection, in this cluster we found the highest ratio of
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seronegativity. This finding supports the ineffectiveness of the early vaccination system.
Additional verification for this hypothesis is the high age-specific attack rate during the 1988-
1989 outbreak that affected the population with 2 93% vaccine coverage. After the introduction
of the trivalent MMR vaccine (1991), we detected a statistically significant improvement in the
anti-measles seropositvity ratios (Figure 13). The group “Vaccinated between 1988-1990” has
significantly better humoral response compared to the group “Vaccinated between 1978-1987”,
reflecting the effectiveness of the trivalent reminder vaccine at age 11. Nowadays, in Hungary
the MMR vaccination coverage is ideal, due to the mandatory administration of safe and
modern trivalent vaccines. Nevertheless, dubious immunization practices in some of our
neighboring countries, aggravated by the detrimental effect of the COVID-19 pandemic and
subsequent suspension of measles vaccination campaigns, may facilitate the occurrence of
smaller importation-related MeV outbreaks in susceptible cohorts. A smaller measles outbreak
during 2017 (‘outbreak of Maké and Szeged)’ (73,74), which started from imported cases, has
made it obvious that despite of a good vaccination coverage, latent immunization gaps are in

fact, present in the Hungarian population (7).
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8.3 A potential link between natural (auto)antibodies and vaccine —or infection— induced;
pathological antibodies
The presence of specific natural antibodies both in healthy individuals and in patients with SAIDs
has been widely described (52,53,75—-77). The majority of these antibodies was thought to be of
IgM isotype, but nowadays it is known that also IgG and IgA are abundant, and play an
important role (78). Today it is well-known that natural IgM autoantibodies convey protection
from pathologic autoimmune reactions (56,58,79—-84), and their impaired anti-apoptotic
function of may lead to insufficient elimination of dying cells and the consequent maintenance
of autoinflammation (79,85,86). Since its discovery, the role of natural IgG, which pre-exists in
neonates and uninfected individuals, has remained unclear due to the common view that
natural antibodies lack affinity for pathogens (87) . Because of their weak interactions with self-
antigens, IgG type NAbs have often been neglected as the so-called background serum
antibodies without significant relevance (88,89).The potential role of natural IgGs in controlling
inflammation has been demonstrated (90,91). Many autoimmune diseases are initiated by the
appearance of IgG autoantibodies to specific cellular and tissue components (92—-94), for
instance, by the presence of pathological anti-dsDNA IgG antibodies in SLE . Moreover, these
were found to play a role in transplantation related complications, such as graft-injury (95)
which further confirms their adaptive immune system—derived nature and role in pathological

conditions (47).

We found significant associations between infection- or vaccine-induced anti-measles IgG and
anti-CS IgG natural autoantibodies in the undivided sample multitude of SAID samples, and also
in the individual autoimmune disease groups (SLE, SSc, RA). The concomitance of pathogen- or
vaccine-associated and natural antibodies is also verified by literature; enhancement of natural
antibody repertoire by immunization has been already described in animal models (17,96),
moreover, a significant correlation between levels of naturally occurring autoantibodies and

response to vaccination in elderly, physically active individuals has been also reported (97).

Based on our immunoserological findings (supported by cumulative scientific data), it can be

hypothesized that natural autoantibodies play a role in efficient vaccination and in the
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subsequent formation of long lasting immunological memory (89), and vice versa; vaccination

may also broaden the natural antibody repertoire (17,44-46).

The connection between disease-specific anti-dsDNA 1gG and the Ig isotypes of antibodies of
natural origin in SLE samples may support the notion regarding the adaptive nature of the IgG
isotype nAAbs. According to previous findings, titers of anti-CS antibodies with IgG isotype are
fluctuating over time, consequently the presence of these antibodies can be a result of an
adaptive-like immune response (52,77). Recent publications suggest that IgM autoantibodies may
play a protective role in SLE (56-58,83,98,99). As we expected, IgM isotypes of natural anti-F4
and anti-CS autoantibody levels showed correlation with anti-dsDNA IgM titers, supporting the

hypothesis that these IgM autoantibodies are part of the natural immune repertoire in SLE.

The herein presented serological investigations harmonize with literature data
(100,101)(51,52,77)(51,52,77), regarding the mechanisms that underlie the secretion of Nabs.
Accordingly, NAb B-cell is pre-existing and secretes IgM NAb in steady state conditions, but it is
also able to differentiate into IgG (or IgA) secreting plasma cells after repeated antigenic
stimulation (77). This view is supported by the finding that IgG NAb against citrate synthase in
the pericardial fluid (PF) correlated with antibody titers against pathogens associated with
cardiovascular diseases, whereas anti-CS IgM NAb were not (77). This also implies that only IgM
antibodies could be defined as ‘conventional, protective’ NAbs according to the classical
definition. The current immunoserological data shows associations between IgG isotype nAbs and
antigen specific (infectious) humoral antibodies. This finding may corroborate the notion that
natural antibodies do not only play an important role in the first-line of defense of the immune
system, but also contribute to an effective adaptive response (100,102,103) against pathogens
(or vaccines). Consequently, nAbs can in fact, act as a mediator between the innate-like and the
adaptive arms of the natural immune system and they are able to modify effectiveness of

vaccination (52,90,100).
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9 CONCLUSION

We have developed a high throughput, time-saving, cost-effective immunoserological assay
that relies on international standards, for simultaneous detection of anti-measles, -mumps, and
-rubella I1gG antibodies in human sera. This test —to the difference of many commercially
available immunoserological kits — has been optimized with the pronounced purpose of
maximal background and interference removal, in order to enable reliable detection of
suboptimal antibody titers. Our ‘triple’ or ‘three-in-one’ assay uses the same reagent load with
uniform, short incubation times and equally pre-treated samples, enabling the three-parametric
screening of 24 samples per plate within one hour, manually, or in an automated platform. In
high throughput automated settings, separate testing of the three antigen types is also feasible,

thus allowing the measurement of 80 samples per run.

We conclude that the importance of sero-epidemiological surveys is confirmed by recent
outbreaks of measles, mumps, and rubella infections in several countries (23,25,26,104-109).
Vaccine effectiveness monitoring is especially important nowadays, when the already dubious
immunization practices in some of our neighboring countries aggravated by the detrimental
effect of the COVID-19 pandemic, and the subsequent suspension of measles vaccination
campaigns may facilitate the occurrence of smaller importation-related MeV outbreaks in
susceptible cohorts (4—6,16). We analyzed serum samples (N total measles = 3919 measles, N
mumps = 2132 mumps, and N rubella = 2132). Considering the HIT values, suboptimal anti-
measles seropositivity ratios were detected in certain clusters of the early vaccination era (=80
% of sufficient anti-measles I1gG antibody titers among individuals vaccinated between ‘1978 and
1987’). This finding — in accordance with recent publication (10) and previous literature data
(11) - suggests the existence of age-specific immunization gaps in the Hungarian population. For
mumps and rubella, our data shows satisfactory immunity levels. We would like to emphasize
that today in our country, the MMR vaccination coverage is ideal, due to the mandatory
administration of safe and modern trivalent vaccines. The revealed gaps at population-level
humoral immunity (IgG) are attributable to early vaccination periods, and are not a general

phenomenon relative to current immunization practices (7,14,15).
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Regarding nAAbs, our results — supported by literature data (59,90,60,98) -, suggest that
the natural antibody pool, which was thought to be constant over time, is in fact capable of a
certain degree of dynamic adaptation, which also implies the recognition of evolutionarily fixed
epitopes not only of self, but also of foreign antigens (87,100). Today it is supposed that natural
antibody repertoire is inherently linked to the host biome (17,110). It may explain, how
vaccination - one of the main pillars of modern medicine-, induces not only the formation of
memory B-cells and antibodies that confer immunity to disease causing pathogens, but also has
an unintended impact on the natural antibody repertoire (17,97). The unforeseen benefit of
vaccination; the enhancement of natural antibody networks, has been also reported (17). Our
measurements demonstrate that there is a significant positive connection between IgG isotypes
of vaccine- (or pathogen-) induced antibody levels and natural antibody levels, hence may serve

as a confirmation of this theorem.

Considering nAAbs, still many paradox findings are described by literature. These may be, at
least, partly explained by the many diverse approaches, each focusing on different research
targets. The long-term vaccine effectiveness monitoring - using historical, well-established
vaccines, as objects - may serve as a tool to resolve these contradictions. By pragmatic means;
using immunoserology -based comparisons of vaccine- (or pathogen-) induced ‘adaptive’ IgG
levels to nAAD titers, we can answer yet debated questions regarding the natural human IgG
antibody repertoire (e.g. life-long stability of reactivity towards self-antigens in contrast with

age-dependent diversification of reactivity against foreign antigens (111)).

The dogma that high-affinity 1gG response is the major goal of immunization and low-affinity
Abs should be avoided, has positively contributed to the lack of information regarding the role
of nAbs in vaccination (100). However, it has been recently proposed that nAbs may serve as

potential screening targets to predict the strength of antigen-induced immune response (89).
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10 SUMMARY OF NOVEL RESULTS

1.

We have developed a high throughput, time-saving, cost-effective and standardized
‘triple’” immunoserological assay for simultaneous detection of anti-measles, -mumps,
and -rubella IgG antibodies in human sera. Since our test has been optimized for the
screening of suboptimal antibody titers, it can be readily used to delineate susceptible
individuals and potential gaps of immunological protection.

The methodology we have developed has also gained a secondary benefit in the
meantime; it can be used as a base for a similar assay development in the respect of
COVID-19 vaccine assessment, and in the screening for suboptimal antibody titers and
non-responder vaccinees.

Our ‘triple’ or ‘three-in-one’ assay uses the same reagent load with uniform, short
incubation times and equally pre-treated samples, enabling the three-parametric
screening of 24 samples per plate within one hour, manually, or in an automated
platform.

Using our self-developed assay(s) (verified by well-established commercially available
kits), we have specified the potentially susceptible cohorts (who have received the
measles vaccine during the early times of vaccination; between 1969-77 and between
1979-87) in the Hungarian population.

We have demonstrated - using the historical, widely used measles vaccine —induced
immunological memory as a ‘tool’- that there is a significant positive connection
between IgG isotypes of vaccine- (or pathogen-) induced antibody levels and natural
antibody levels, giving a functional evidence to the theory regarding the adaptive nature
of IgG isotype natural antibodies.

We found a quantifiable, numerical (measurable antibody levels) proof demonstrating
that the natural antibody pool, which was thought to be constant over time, is in fact
capable of a certain degree of dynamic adaptation

Our assay — applied for post-vaccination follow-up studies - can be used as a functional
test of potentially impaired memory B cell functions in patients with autoimmune

diseases
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8. We found an easily feasible, cheap serological method to answer yet debated questions
regarding the natural human IgG antibody repertoire (e.g. life-long stability of reactivity
towards self-antigens in contrast) with age-dependent diversification of reactivity

against foreign antigens
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Infection or vaccine-induced T cell-dependent immune response and the
subsequent high-affinity neutralizing antibody production have been ex-
tensively studied, while the connection between natural autoantibodies
(nAAbs) and disease-specific antibodies has not been thoroughly investi-
gated. Our goal was to find the relationship between immunoglobulin (Ig)
M and IgG isotype nAAbs and infection or vaccine-induced and disease-
related autoantibody levels in systemic autoimmune diseases (SAD). A
previously described indirect enzyme-linked immunosorbent assay (ELISA)
test was used for detection of IgM/IgG nAAbs against citrate synthase
(anti-CS) and F4 fragment (anti-F4) of DNA topoisomerase I in 374 SAD
samples, with a special focus on systemic lupus erythematosus (SLE)
(n = 92), rheumatoid arthritis (n = 73) and systemic sclerosis (n = 157)
disease groups. Anti-measles IgG and anti-dsDNA IgG/IgM autoantibodies
were measured using commercial and in-house indirect ELISA tests. In
all SAD groups the anti-measles IgG-seropositive cases showed significantly
higher anti-CS IgG titers (P = 0-011). In anti-dsDNA IgG-positive SLE
patients, we detected significantly higher levels of anti-CS and anti-F4 IgG
nAAbs (P = 0-001 and < 0-001, respectively). Additionally, we found in-
creased levels of IgM isotypes of anti-CS and anti-F4 nAAbs in anti-dsDNA
IgM-positive SLE patients (P = 0-002 and 0-016, respectively). The associa-
tion between IgG isotypes of pathogen- or autoimmune disease-related
antibodies and the IgG nAAbs may underscore the immune response-
inducible nature of the diseases investigated. The relationship between
protective anti-dsDNA IgM and the IgM isotype of anti-F4 and anti-CS
may provide immunoserological evidence for the beneficial roles of nAAbs
in SLE patients.
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Introduction with systemic autoimmune disease has already been
demonstrated in our previous study. The majority of
these antibodies proved to be of IgM isotype. Their
presence in infants and their unaltered serum level dur-

ing > 5 years in adults indicates that these antibodies

Since the discovery of natural autoantibodies, a great
effort has been devoted to describing their generation,
regulation and function [1]. It has been determined that

natural immunoglobulin (Ig)M antibodies are present
prior to antigen stimulation, and that their reactivity
profiles are highly conserved between individuals [2].
The presence of natural antibodies recognizing citrate
synthase (CS) both in healthy individuals and in patients

belong to the natural autoantibody (nAAb) repertoire
established early in postnatal life [3]. Natural IgM autoan-
tibodies have been also proposed to convey protection
from pathological autoimmune reactions [4-8]. The
impaired anti-apoptotic function of natural IgM
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autoantibodies, may, leading to their pathological elimi-
nation of dying cells and subsequent maintenance of
autoinflammation [5]. Natural IgM antibodies are pro-
duced by the relatively class-restricted B1 cells, while
IgG antibodies are known to be produced via the T
cell-dependent interactions of follicular B2 cells [2,9].
Although natural and pathological antibodies of IgG
isotype may show mutual characteristics, it is important
to differentiate between them. Since its discovery, the
role of natural IgG, which pre-exists in neonates and
uninfected individuals, has remained unclear due to the
common view that natural antibodies lack affinity for
pathogens [10]. Although it is already known that one
of the most prevalent functions of nAAbs is the ability
to provide protection against bacterial, viral and fungal
infections, the connection between immunization and
nAAbs has not yet been thoroughly investigated.

The potential role of natural IgGs in controlling inflam-
mation has been also demonstrated [11,12]. Many autoim-
mune diseases are initiated by the appearance of IgG
autoantibodies to specific cellular and tissue components
[13-15]; for instance, by the presence of pathological anti-
dsDNA IgG antibodies in systemic lupus erythematosus
(SLE). Like those of pathological origin, levels of IgG
isotype nAAbs have been proved to fluctuate over time
[3,16], and are reported to be abundant and ubiquitous
in human sera. Their levels are influenced by age, gender
and disease [2,3,17]. Moreover, they were found to play
a role in transplantation-related complications, such as
graft injury [18], which further confirms their adaptive
immune system-derived nature and role in pathological
conditions.

Herein we describe our investigations in SLE, systemic
sclerosis (SSc) and rheumatoid arthritis (RA) sample groups,
focusing on associations among levels of vaccine- or
infection-induced antibodies [pathological; anti-measles
IgG, SLE-associated autoantibodies (naturally and patho-
logical; anti-dsDNA IgG and IgM) and nAAbs (anti-CS),
anti-dsDNA topoisomerase I F4 fragment (anti-F4)] aiming
to find an immunoserological proof for the co-existence
of IgG isotype pathogen- or disease-related antibodies and
nAAbs. Secondly, we wanted to evidence the simultaneous
presence of the known protective anti-dsDNA IgM autoan-
tibodies and IgM isotype of anti-CS and anti-F4 in SLE
patients, confirming their potential regulatory and beneficial
role.

Materials And Methods

Samples

Serum samples of patients suffering from different systemic
autoimmune diseases (SAD) were obtained from the serum

Natural autoantibodies in SLE, SSc and RA

bank of the Department of Rheumatology and Immunology,
University of Pécs (Hungary). The samples were stored
and analyzed anonymously in the laboratories of the
Department of Immunology and Biotechnology (University
of Pécs Medical School) according to quality assurance
criteria (ISO 17025) (Ethical License: 2015/5726 by the
Regional Research Ethics Committee at the University of
Pécs). The number of sera derived from different systemic
autoimmune patients comprised the following: SSc n = 157,
SLE n = 92, RA n = 73, other = 52 (total n = 374). Mean
age (rounded values; years) within sample groups was the
following: SSc, 56; SLE, 44; RA, 59, 53 (overall, 52).

Methods

In order to investigate associations among vaccine-
induced antibodies (anti-measles IgG), SLE-related
autoantibodies (anti-dsDNA IgG/M) and natural (auto)
antibodies [anti-DNA topoisomerase-I (or anti-Scl-70)
fragment F4 (anti-F4) IgG/M, anti-CS IgG/M] indirect
enzyme-linked immunosorbent assay (ELISA) tests were
performed using manual sample dilution followed by
programmed assay execution on automated Siemens BEP
2000 Advance  platform (Siemens AG, Frankfurt,
Germany).

Anti-F4 IgG/M ELISA

We used the recombinant fragment-4 (F4) of topoisomerase
I [amino acid (AA) 450-600] as antigen for detection of
IgG and IgM nAAbs. Similarly, as described earlier [3,19],
96-well polystyrene plates (Nunc, Roskilde, Denmark) were
coated with recombinant topo I F4 fragment or with
maltose-binding protein (MBP) on the other half of the
plate at 2.5 upg/ml in ELISA coating buffer (Bio-Rad
BUF030) (50 pl/well, 4-6°C, overnight; Biorad, Hercules,
CA, USA). Plates were washed with washing buffer (WB)
[100 mM phosphate-buffered saline (PBS), pH 7.4 + 1 ml/1
Tween 20, (350 pl/well] and blocked with 0-5 m/m%
polyvinyl alcohol (PVA) (~72 000 Mw, 300 ul/well, room
temperature, > 2 h). Serum samples were incubated in
100-fold dilution in WB (IgG: 50 pl/well, 37°C, 35 min/
IgM: 50 pl/well, 37°C, 35 min). Standards, blanks (wells
containing only WB), high and low controls (positive and
negative samples identified in a previous run) were pro-
cessed as patient sera, and were also automatically assigned
to both plate halves. Subsequently, plates were incubated
with horseradish peroxidase (HRP)-conjugated anti-
human-IgG or anti-human IgM secondary antibody (Dako,
Glostrup, Denmark) for 30 min at 37°C. Color reaction
was developed using 3,3°,5,5"-tetramethylbenzidine (TMB)
(Bio-Rad BUF056A); finally, 0-18 M H,SO, stop solution
was applied (50 pl/well). Reading was performed at
A = 450/620 nm.

© 2020 The Authors. Clinical & Experimental Inmunology published by John Wiley & Sons Ltd on behalf of British Society 33

for Immunology, Clinical and Experimental Immunology, 203: 32-40



K. Borocz et al.

To achieve a better comparability between vast num-
bers of results, the formerly used operational protocol
was optimized to the automated setting. The former
extinction [optical density (OD)]-based result evaluation
was replaced by the conversion of optical densities into
quantitative results, using an in-house anti-F4 standard
made of pooled known positive sera. Doubling, five-point
dilution series of standard points were applied in trip-
licate (starting dilution point: 50-fold). For the calculation
of the standard curve, a four-point sigmoid fit was
applied.

As described by Simon et al. [19], the F4 fragment of
DNA topoisomerase I (topo I) was expressed as recom-
binant maltose-binding protein (MBP) fusion protein.
Consequently, results obtained for the MBP antigen coating
were used to measure the potential background. The final
result calculation in terms of absorbance (OD) was per-
formed as follows:

OD sample (anti-topo I F4 fragment) = OD sample
F4 well-OD sample MBP well.

Anti-CS IgG/M ELISA

Anti-CS (IgG/M) indirect ELISA measurements were also
performed as described earlier [3,16,17,19] with the
already detailed slight modifications, due to high sample
numbers and the need of signal-to-noise ratio optimiza-
tion required by the automated setting. Nunc MaxiSorp™
ELISA plates were coated with CS from porcine heart
(Sigma-Merck C3260) at a concentration of 2-25 ug/ml
in coating buffer (Bio-Rad BUF030) (50 pl/well, 4-6°C,
overnight). Plates were washed and blocked as described
above. Serum samples were incubated in 100-fold dilu-
tion in WB for 35 min at room temperature (RT).
Standards, blanks, high and low controls were processed
as patient sera. After three washing steps, anti-human
IgM or IgG secondary antibody (Dako) was incubated
for 30 min followed by TMB substrate for 15 min and
H,SO, stop solution (50 ul/well). Automation and reading
was performed as described earlier. A five-point dilution
series of our in-house anti-CS standard was used for
result quantitation, with subsequent four-point sigmoid
curve fitting.

Anti-measles IgG ELISA

Anti-measles antibody (IgG)-level data were considered an
adequate model for pathogen-derived (or infection-induced)
antibodies that are present in the great majority of the
Hungarian population. Based on our previous findings [20,21]
and in accordance with data of other Hungarian colleagues
[22,23], the overall ratio of the Hungarian population in
possession of sufficient anti-measles IgG antibody levels is
~90%, with a well-characterized, more susceptible cluster

being responsible for the lagging =10%. Age group catego-
rization based on historical changes in the measles, mumps
and rubella (MMR) immunization schedule, recurring epi-
demics, subsequent revaccination protocols and shifts between
vaccine valency (mono-, bi- or trivalent) and manufacturers
have been thoroughly detailed previously [20,21,24].
Considering that we already had a population-level result
[more-fold verified by multiple measurement techniques
(ELISA, IIF)] and independent research groups] [20,21,23,25]
focusing on anti-measles IgG antibody titers, it was obvious
to use anti-measles data as one of the means of our com-
parisons. Anti-measles antibody (IgG) measurements were
performed using our self-developed ELISA assays validated
by well-established commercial kits (Novalisa, Immunolab,
Euroimmun, Sekisui-Virotech, Serion, Siemens Enzygnost),
as previously reported [20,21]. For the anti-measles (IgG)
in-house ELISA, Nunc MaxiSorp™ plates were coated with
measles virus Edmonston strain (Bio-Rad PIP013) as antigen
at a concentration of 2-8 pg/ml in coating buffer (Bio-Rad
BUF030) at 4-6°C overnight. After three washing steps,
plates were blocked with PVA at RT overnight. After pre-
treatment of sera with IgM reducing assay diluent (Bio-Rad
BUF038) and subsequent centrifugation, 25 pl of supernatant
was transferred to a microplate prefilled with 75 pl of WB,
resulting in a further fourfold dilution. The Third WHO
International Standard for Anti-Measles (NIBSC code:
97/648) was used in five-point doubling dilutions (starting
concentration: ~5000 mIU/ml). Standards, blanks, high and
low controls were processed as patient sera, and were auto-
matically assigned to plates. Primary and secondary antibodies
(analytes and the Dako, rabbit anti-human HRP-conjugated
polyclonal IgG) were incubated for 20-20 min (100 pl/well,
37°C). Color reaction development and stopping were car-
ried out as detailed above. Automation and reading were
performed using the Siemens BEP 2000 Advance System,
A = 450/620 nm. For the qualitative evaluation, cut-off values
were based on area under the receiver operating charac-
teristic (AUROC) analysis, as described earlier [21].

Anti-dsDNA IgG/M ELISA

Anti-dsDNA IgG/M measurements were performed using
commercial anti-dsDNA ELISA kits (ORG604 and ORG604M;
Orgentec Diagnostika GmbH, Mainz, Germany). In the test,
human recombinant double-stranded DNA (dsDNA) is bound
to microwells. Quantitative anti-dsDNA antibody titer evalu-
ation was performed as per the manufacturer’s instructions;
optical density values were read at 450 nm (reference
600 690 nm). Qualitative (positive/negative) evaluation of
anti-dsDNA IgM results was carried out as per the kit manual.
For the anti-dsDNA IgG qualitative result evaluation a cor-
rected cut-off was used (30 IU/ml) that had been optimized
based on the past 5 years' clinical-practical feedbacks.
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Statistical analysis

Statistical analysis was carried out in the undivided serum
bank of SAD, and also in the individual SAD subgroups
who had sufficient sample numbers to yield representative
data (SSc, SLE and RA). Statistical evaluation was per-
formed using spss version 25.0 statistics package (IBM,
Armonk, NY, USA). Spearman’s correlation analysis, Mann-
Whitney U and Kruskal-Wallis tests were used as appro-
priate; P-values < 0-05 were considered significant.

The data that support the findings of this study are
available from the corresponding author (S.D.) upon rea-
sonable request

Results

Infection- or vaccine-induced anti-measles antibody
levels in systemic autoimmune diseases

In our previous studies [20,21] we investigated the immu-
nological protection against measles infection at population-
level in healthy individuals categorized into age or
vaccination groups, based on changes introduced in measles
immunization schedules and in vaccine components since
the introduction of the first measles vaccine in Hungary.
In the current study, in order to explore relationships
between infection- or vaccine-induced antibodies and
natural antibodies of IgG isotype, anti-measles IgG levels
in samples obtained from SAD patients (total n = 374)
were measured. Anti-measles IgG seronegativity ratios in
different SAD groups are listed in Table 1. As already
described in the epidemiological literature, and in accord-
ance with our previously published findings [20-22,24,26],
measles seronegativity ratios showed significant correlation
with age (P < 0-001 correlation coefficient; 0-323).
Accordingly, enhanced seronegativity ratios were detected
in patient groups with mean ages connected to the early
vaccination era, which was characterized by an incomplete
measless MMR immunization routine and vaccine ineffi-
ciency. The highest seronegativity ratio was found in SLE
patients, with a mean age of 44 years.

Natural autoantibodies in SLE, SSc and RA

Comparison of natural autoantibody and infection-
induced antibody levels

Based on previous findings nAAbs (IgG/M) against the
mitochondrial inner membrane, enzyme CS and topo I
F4 could be detected in sera of healthy individuals and
patients with SSc, SLE and in other autoimmune rheumatic
diseases [19]. Natural autoantibodies form a network in
healthy individuals, but at the same time can also recog-
nize other antigens (nucleosome) in systemic autoimmune
patients [3]. When analyzing the undivided totality of SAD
samples, the same trend was observed as in the case of
the three accentuated disease groups (SSc, SLE, RA).
Considering all SAD samples together (total n = 374),
significantly higher anti-CS IgG titers were detected in
the anti-measles IgG-seropositive patient group (P = 0-011)
compared to the anti-measles IgG seronegative individuals
(Fig. 1). Analyzing the association between virus- or
vaccine-induced (anti-measles IgG) and natural (anti-CS
IgG) antibody titers in the singularly investigated autoim-
mune diseases (RA, SLE and SSc), the same trend described
above was observable; in all three groups the anti-measles
IgG-seropositive samples showed significantly higher anti-
CS IgG titers (Fig. 2). A similar, but statistically non-
significant, trend was observed in the case of anti-F4 IgG
nAAbs. No association was found between infection- or
vaccine-induced IgG and IgM isotype nAAbs.

Relationship between IgG natural autoantibody levels
and anti-dsDNA IgG in SLE patients

In order to investigate the association between autoimmune
disease-specific pathological autoantibodies and IgG isotype
nAAbs, anti-dsDNA IgG measurement was chosen, as anti-
dsDNA IgG is a highly specific disease marker in SLE.
In those SLE patient samples that proved to be positive
for the disease-specific marker anti-dsDNA IgG, significantly
higher levels of anti-F4 IgG (P = 0-001) and anti-CS IgG
(P < 0-001) nAAbs were measured, as shown in Fig. 3.
Anti-dsDNA IgG and nAAbs levels also showed significant
correlation  (P/correlation coefficient: 0-006/0-321 and

Table 1. Age division and ratio of anti-measles (IgG)-seronegative samples in systemic autoimmune disease groups

SAD No. of sera Mean age (rounded years) No. of anti-measles IgG seronegative sera Ratio (%)
SSc 157 56 13 8-28
SLE 92 44 13 14-13
RA 73 59 3 4-10
Other* 52 53 7-69
Total 374 52 33 8-82

*Other = myositis, non-differentiated collagen disease, arthritis psoriatica, mixed connective tissue disease, morphea, primary Raynaud syndrome,

secondry Raynaud syndrome, Sjogren’s syndrome.

Ig = immunoglobulin; SAD = systemic autoimmune diseases; SLE = systemic lupus erythematosus; SSc = systemic sclerosis; RA = rheumatoid

arthritis.
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Fig. 1. Relationship between anti-measles immunoglobulin (Ig)G and anti-citrate synthase (CS) IgG antibody titers in the undivided serum bank of
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IgG results were compared to quantitative anti-CS IgG results (expressed in arbitrary units, based on our in-house standard), using Mann-Whitney U
analysis. Significantly higher anti-CS IgG titers were detected in the anti-measles IgG-seropositive compared to -seronegative SAD patients. Boxes
show interquartile ranges (IQR); whiskers indicate lowest and highest values; horizontal lines represent medians.

systemic autoimmune diseases (SAD) serum samples ( 52). Qualitative (positive, negative) anti-measles

other

(@) RA (b) SLE (c) SSc
" p =0.035 7 p = 0.041 7 p =0.039
E 10+ X E 10 E 10+
=) =) =)
G 8 G 8- ‘6 8 -|—
=g o o
w81 A 6 A 6
@)
=R T g . ius “
c C c
< | < 2 . << .
]
d_ - B _ ] —
negative positive negative positive negative positive

<Anti-measles IgG >

Fig. 2. Relationship between anti-measles immunoglobulin (Ig)G and anti-citrate synthase (CS) IgG natural autoantibody titers [in systemic sclerosis
(SSc), systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) disease groups (1, = 73; ng;, = 92; ng, = 157]. Qualitative (positive, negative)
anti-measles IgG results were compared to quantitative anti-CS IgG results (expressed in arbitrary units, based on our in-house standard), using
Mann-Whitney U analysis. Significantly higher levels of natural anti-CS IgG were detected in anti-measles IgG-seropositive compared to seronegative
samples in RA, SLE and SSc. Boxes show interquartile ranges (IQR); whiskers indicate lowest and highest values; horizontal lines represent medians.

0-000/0-510 for anti-F4 IgG and anti-CS IgG, respectively). Herein we compared anti-dsDNA IgM levels with nAAb
No correlation was found between IgM nAAbs and disease- titers in SLE patients. Significantly higher levels of anti-F4
specific anti-dsDNA IgG autoantibody levels. IgM and anti-CS IgM nAAbs were detectable (P = 0-002

and 0-016, respectively) in anti-dsDNA IgM-positive SLE
patient samples, as shown in Fig. 4. Anti-dsDNA IgM titers
and nAAb levels also showed significant correlation (P/

Anti-dsDNA IgM and natural IgM autoantibody levels
showed association in SLE

Previous reports have proposed that anti-dsDNA IgM anti- correlation coefficient: 0-002/0-344 and 0-018/0-252 for anti-
bodies may play a protective role in lupus nephritis [7,8,27]. F4 IgM and anti-CS IgM, respectively).
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Fig. 3. Relationship between disease-specific anti-dsDNA immunoglobulin (Ig)G autoantibody levels and natural anti-F4 and anti-citrate synthase

(CS) IgG natural autoantibody titers in systemic lupus erythematosus (SLE) patients (ng, = 92). Qualitative (positive, negative) anti-dsDNA IgG

results were compared to quantitative anti-DNA topoisomerase I F4 fragment (anti-F4) IgG and anti-CS IgG results (expressed in arbitrary units,

based on our in-house standard), using Mann-Whitney U analysis. The levels of anti-F4 and anti-CS IgG antibodies were significantly increased in
anti-dsDNA IgG-positive compared to anti-dsDNA IgG-negative SLE patients. Boxes show interquartile ranges (IQR); whiskers indicate lowest and

highest values; horizontal lines represent medians.
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Fig. 4. Relationship between anti-dsDNA immunoglobulin (Ig)M autoantibody levels and anti-F4, anti-citrate synthase (CS) IgM natural autoantibody

titers in systemic lupus erythematosus (SLE) patients (ng, , = 92). Qualitative (positive, negative) anti-dsDNA IgM results were compared to

quantitative anti-DNA topoisomerase I F4 fragment (anti-F4) IgM and anti-CS IgM results (expressed in arbitrary units, based on our in-house

standard), using Mann-Whitney U analysis. The levels of anti-F4 and anti-CS IgM natural antibodies were significantly elevated in anti-dsDNA

IgM-positive compared to anti-dsDNA IgM-negative SLE patients. Boxes show interquartile ranges (IQR); whiskers indicate lowest and highest values;

horizontal lines represent medians.

Discussion

Regarding the evaluation of anti-measles antibody titers, we
would like to note that all examined samples belonged to
individuals who were aged a minimum of 15 years [the age
range of the undivided serum bank (n = 374) was from
15 to 81 years]. Since 1992, the MMR trivalent vaccine has

been administered in Hungary at age 15 months, and the
reminder vaccine is given at age 11 years. Consequently, the
problem of questionable sero-epidemiological data due to
inadequate seroconversion as a consequence of an immature
immune response or a scarce time interval between the
measles (or MMR) vaccination and the measurement of the
antibody titers can be excluded.
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According to known epidemiological data, the early mea-
sles/MMR vaccination era was characterized by poorly defined
age at vaccination. Moreover, disregarded thermolability of
the inoculum and the lack of suitable adjuvants may have
also contributed to vaccine inefficiency [22,24]. Based on
our previous findings [21], and in accordance with recent
publication data [25], immunization gaps have been formed
in the age group of individuals vaccinated between 1978
and 1987 (=20% of seronegativity) [21]. To this potentially
susceptible cluster belong todays 35-42-year-old adults,
explaining the high ratio of samples with low anti-measles
antibody (IgG) titers. SLE typically affects young or middle-
aged individuals; the mean age of SLE patients in our serum
bank was 44 years, justifying the higher anti-measles seron-
egativity ratio in this patient group. We found a significant
association between infection- or vaccine-induced anti-
measles IgG and anti-CS IgG natural autoantibodies in the
undivided sample multitude of SAD samples and also in
the distinct autoimmune disease groups. The concomitance
of pathogen- or vaccine-associated and natural antibodies
is also verified by the literature. A recent study reported
the enhancement of natural antibody repertoire by immu-
nization [28] in laboratory rats. The study suggested that
immunization-induced natural antibodies may also contribute
to wound repair and tumor surveillance [28]. Another animal
study performed on cod juveniles reports an increased natural
antibody response of vaccinated compared to unvaccinated
fish (against Vibrio anguillarum) [29]. Scientific data also
describe a significant correlation between levels of natural
autoantibodies and response to vaccination in elderly, physi-
cally active individuals [30]. Based on our serological find-
ings, supported by cumulative scientific data, it can be
hypothesized that natural autoantibodies may play a role
in efficient vaccination and the subsequent formation of
long-lasting immunological memory.

The connection between disease-specific anti-dsDNA
IgG and the IgG isotypes of antibodies of natural origin
in SLE samples may support the notion regarding the
disease-associated nature of the IgG isotype nAAbs.
According to our previous findings, titers of anti-CS anti-
bodies with IgG isotype fluctuate over time; consequently,
the presence of these antibodies can be a result of an
adaptive-like immune response [3,16]. Natural IgG autoan-
tibodies are reported to be abundant and ubiquitous in
human sera, and their number is influenced by age, gender
and disease [2].

Anti-topoisomerase-I (anti-Scl-70) autoantibodies are
considered highly specific for SSc, although they have been
found occasionally in a small number of patients with
SLE [31,32]. In our previous study [19], fragment F4 of
topo I was recognized by all SSc and SLE patients’ sera
which were positive for anti-topo I IgG antibodies by a

conventional ELISA kit used for the detection of anti-
Scl-70 autoantibodies. The serum level of anti-F4 IgG
antibodies was significantly higher in SLE and SSc patients
than in healthy individuals. Anti-F4 IgM was found in
both SAD and healthy controls [19].

Recent publications suggest that IgM autoantibodies
may also play a protective role in SLE [7,8,33-35].
According to literature data, secretory IgM deficiency
in mice showed a connection with increased susceptibil-
ity to autoimmunity [36]; in human studies, a reduction
in IgM levels was also associated with SLE [27]. The
impaired function of natural IgM in clearance of dying
cells can result in the accumulation of apoptotic rem-
nants and fragments of necrotic cells, which aids their
pathological elimination and thus contributes to the
maintenance of autoinflammation [5]. Protective IgM
autoantibodies in SLE are of particular interest. It has
been reported that increased levels of IgM are negatively
associated with the prevalence of atherosclerotic plaques
in patients with SLE [37]. Beneficial clinical associations
between natural IgM and autoimmunity, as well as
opportunities for potential therapeutic implications, are
widely studied [4]. IgM antibodies against dsDNA are
frequent in SLE [35]. Additionally, highly significant
negative correlation between IgM anti-dsDNA antibodies
and glomerulonephritis was observed in mice and in
humans [7]. The clearance of pathogenic immune com-
plexes may be improved by IgM, therefore IgM antibodies
against dsDNA certainly appear to be protective, and
may be a new treatment modality of lupus nephritis in
humans [8]. As expected, IgM isotypes of natural anti-
F4 and anti-CS autoantibody levels showed correlation
with anti-dsDNA IgM titers, supporting the hypothesis
that these IgM autoantibodies are part of the natural
immune repertoire in SLE.

The current immunoserological data - supported by
recent scientific literature [38] - shows associations
between IgG isotype natural antibodies (nAbs) and spe-
cific humoral antibodies. This finding may corroborate
the notion that nAbS not only play an important role
in the first line of defense of the immune system, but
also contribute to an effective adaptive response through
the maintenance of immune homeostasis [38-40] and
priming of the adaptive immune functions. Consequently,
nAbs can act as a mediator between the innate-like and
the adaptive arms of the immune system [3,12,38]. The
dogma that high-affinity IgG response is the major goal
of immunization and low-affinity antibodies should be
avoided has positively contributed to the dearth of infor-
mation regarding the role of nAbs in vaccination [38].
However, it has been recently proposed that nAbs may
serve as potential screening targets to predict the strength
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Abstract

In Hungary, between February 2017 and July 2019, 70 confirmed measles cases were reported,
raising questions about the adequacy of population-level immunity. Although the assumed
vaccination coverage is >99%, in a recent study, we detected potential gaps in the anti-measles
humoral immunity. In Hungary, according to a decree by the Ministry of Public Welfare,
beginning from 2021, the healthcare provider should conduct a serosurvey of anti-measles
protection levels of healthcare professionals. To facilitate the compliance with this require-
ment, we developed a quick ‘three-in-one’ or ‘triple’ MMR (measles, mumps and rubella)
indirect ELISA (IgG); an assay format that is currently not available commercially. High
throughput applicability of the ‘three-in-one’ ELISA was verified using 1736 sera from routine
laboratory residual samples, using an automated platform (Siemens BEP 2000 Advance).
Assay verification was performed by comparing the full antigen repertoire-based ‘target’
assay with in-house ‘control’ assays using recombinant viral antigen coatings, and by validated
commercially available kits. Indirect immunofluorescence was used as an independent refer-
ence method. Data were analysed using OriginLab, IBM SPSS, RStudio and MedCalc. In case
of measles, we combined our current results with previously published data (Niota1 measies =
3523). Evaluation of anti-mumps and anti-rubella humoral antibody levels was based on
the measurement of 1736 samples. The lowest anti-measles seropositivity (79.3%) was
detected in sera of individuals vaccinated between 1978 and 1987. Considering the antigen-
specific seropositivity ratios of all samples measured, anti-measles, -mumps and -rubella
IgG antibody titres were adequate in 89.84%, 91.82% and 92.28%, respectively. Based on
the virus-specific herd immunity threshold (HIT) values (HITyjeagtes = 92-95%, HITpumps =
75-86%, HITRypena = 83-86), it can be stated that regarding anti-measles immunity, certain
age clusters of the population may have inadequate levels of humoral immunity. Despite the
potential gaps in herd immunity, the use of MMR vaccine remains an effective and low-cost
approach for the prevention of measles, mumps and rubella infections.

Introduction

Despite the existence of effective measles (M) and measles-containing vaccines (MCV), resur-
gence of measles cases in the USA and across Europe has occurred, including individuals vac-
cinated with two doses of the vaccine [1]. In Europe, a safe and effective two-dose vaccination
schedule has been made available since the 1960s. The introduction of the trivalent measles,
mumps, rubella (MMR) vaccines started in the 1970s [2] (in Hungary in 1991, Fig.1), and it is
still in practice, in the form of modern and safe tri- and tetravalent (measles, mumps, rubella
and varicella; MMRV) vaccines. However, the risk of continued widespread circulation of mea-
sles in EU/EEA still exists, since significant immunity gaps persist, due to suboptimal historical
and current vaccination coverage [3]. Despite regional outbreaks of measles infections, in 2016,
globally fewer than 1 00 000 individuals died from measles, as a result of recent improvements
of national immunisation programmes. In the WHO European Region (WHO EUR), between
2009 and 2017, the estimated regional coverage was 93-95% for the first dose of measles-
containing vaccines (MCV1), and increased from 73% to 90% for the second dose (MCV2)
[4]. In spite of the improving vaccine coverage tendencies, measles incidence increased
again to 89.5 per 1 million population in 2018 in the EU region [4]. From 1 July 2018 to
30 June 2019, 30 EU/EEA Member States reported 13 102 cases of measles, also including
fatalities [5]. According to WHO reports, the largest outbreaks occur in countries with low
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measles vaccination coverage. However, outbreaks occurred even
in countries with high national vaccination rates [6]. Lately, an
alarming surge of measles cases was experienced in countries
neighbouring Hungary. From 2017 to 2018, Ukraine had the lar-
gest increase in measles cases worldwide [7, 8]. In 2018, Ukraine
reported >54 000 measles cases; more than the entire EU. The
total estimated number of measles cases for the first 5 months
of 2019 was 52 034, including 17 deaths [9, 10]. Romania also
bears a high burden of the disease; between the first outbreak
(late 2016) and May 2019, Romania has reported 16627 cases
and 63 deaths. Ninety-four per cent of the reported cases were
unvaccinated individuals, and 4% received only one of the
two-shot vaccination series. Regarding parotitis epidemica
(mumps), the last accessible ECDC surveillance report is from
2016; 28 EU/EEA countries reported 14 795 cases of mumps, of
which the Czech Republic, Poland, Spain and the UK were
responsible for 77% of these cases. The mumps childhood
vaccination coverage in Hungary is >99% (MCV1 and MCV2
are equivalent to MMR1 and MMR2 in Supplementary Fig. S1.
Supplementary materials are available on the Cambridge
Core website), consequently, the risk of infection is predomin-
antly by virus importation [11]. In Hungary, the rubella vaccine
was introduced in 1990 in the form of measles-rubella (MR)
bivalent vaccine. A year later, in 1991, it was replaced by the
MMR trivalent vaccine that is still in use today. From 1 July
2018 to 30 June 2019, EU/EEA Member States reported
483 cases of rubella. The highest number of cases was reported
by Poland (372), Germany (57), Italy (24), Spain (12) and
Romania (4) [5]. For Hungary, between 2007 and 2018, WHO
reports only 10 cases [12]. Measles, mumps and rubella statistics
(cases per year) based on WHO measles and rubella ‘elimination
country profile for Hungary’ data (ie. the number of reported
infections of the last decades) are shown in Supplementary
Figure S2. WHO-UNICEF estimates of national immunisation
coverage show that only four EU/EEA countries, including
Hungary, Portugal, Slovakia and Sweden, reported at least 95%
coverage for both doses of MCV in 2017 [13]. Despite the esti-
mated 99% measles vaccination coverage in Hungary [12, 14]
(Supplementary Fig. S1), from February 2017 to July 2019, 70
measles cases were laboratory confirmed according to the
European Centre for Disease Prevention and Control (ECDC)
reports.

These data raise the question concerning the reliability of the
Hungarian population’s herd immunity. Because of recent out-
breaks worldwide, not only of measles, but also mumps and
rubella (MMR) infections [15-19], and because of waning of
immunity over time after vaccination [20-23], there is an urgent
need for reliable and affordable laboratory tests for monitoring
anti-MMR antibody (IgG) titres. For this purpose, we developed
a new, ‘three-in-one’ immunoassay for quick measurement of
all three anti-viral antibodies within a single run. To our knowl-
edge, this triple format of MMR ELISA is currently not available
on the market. The ELISA protocol described herein incorporates
our previous method [24] that has been further improved to
enable the use of the same assay conditions for all three anti-viral
antibodies. We demonstrate the high-throughput applicability of
this assay using 1736 serum samples from patients of diverse
age groups, and provide an estimation of the population-level
MMR seropositivity. We present and discuss our results in the
context of both assay development and immunosurvey evaluation
in relation to the history of M/MMR vaccination in Hungary from
1969 to present.

K Borocz et al.

Materials and methods
Samples

A serum bank consisting of anonymous patient sera was estab-
lished (Niotal meastes =3523 measles, Npymps =1736 mumps and
Nigbella = 1736)  from routine laboratory samples at the
University of Pécs, Clinical Centre (Ethical License number
2015/5726). The samples are considered representative, as clinical
residual samples were randomly selected (with the exclusion of
seriously immunocompromised patients) from the Department
of Laboratory Medicine, University of Pécs, Medical School,
which serves three counties (Baranya, Somogy and Tolna, with
a population of ~887000), and receives laboratory examination
requests from all over Hungary. In case of measles serosurvey,
in order to give a more accurate estimate at population level, we
combined our recently published data with the results of current
measurements (previously we tested 1985 serum samples for
measles [24], of which the data of 1787 samples have been
pooled together with the current data; ‘cumulative’ data for mea-
sles, Niotal meastes = 3523). Serum samples were from all age groups
(beginning from the era before the implementation of measles
vaccine, through several different vaccine types, manufacturers
and vaccination schedules, up to present), and were categorised
based on past changes introduced in measles and MMR immun-
isation schedules (Table 1). The age group determination in our
current study has been based on the landmarks in the history
of measles and MMR vaccination schedules in Hungary, as
detailed in Table 1.

Given the anonymous nature of samples, the only known data
were the date of birth of the patients. Considering that we were
interested in the differences between the various vaccination per-
iods, dates of vaccination (instead of dates of birth) were chosen
to define age group boundaries. By knowing the dates of birth
and the important milestones of the Hungarian vaccination his-
tory (e.g. the first measles vaccine was introduced in Hungary
in 1969; in 1990, the MR bivalent vaccines were introduced;
and in 1991, the MMR trivalent vaccine was introduced; for fur-
ther details, see Table 1), establishment of the vaccination-based
age group matrix became feasible. Neonates and children under
the age of vaccination were excluded from our study. As men-
tioned above, seriously immunocompromised patients were also
excluded; however, patients with mild immunocompromised con-
ditions may have been included.

Antigen coating

For our ‘target’ assay, we used purified, inactivated native virus
preparations, derived from disrupted cells; measles Edmonston
strain cultured in Vero cells (PIP013 Bio-Rad), mumps Enders
strain cultured in BSC-1 cells (PIP014 Bio-Rad), rubella
HPV-77 strain cultured in Vero cells (PIP044 Bio-Rad).
Antigen preparations were sonicated before use, as per manufac-
turer’s instruction. ELISA 96 well MicroWell™ MaxiSorp™flat-
bottom 44-2404 plates (Nunc) were divided vertically into three
equal parts and each third was incubated overnight at 4-6 °C
with measles, mumps and rubella antigens (100 pl/well), respect-
ively (Fig. 2, Table 2). Testing of blocking reagents was performed
using bovine gelatine, milk powder, Block ACE (Bio-Rad) and our
in-house polyvinyl alcohol (PVA)-based purely synthetic blocking
buffer. Details of sample pre-treatment and assay preparation
steps have been described earlier [24].
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Table 1. Age group categorization

Age groups

Explanation, rationale

Vaccination groups were defined by adding the number of months indicated for the first childhood vaccine (e.g. 15
months of age) to the dates of birth. For example, a person born in February 1990 was assigned to age-group ‘Patients
vaccinated between 1991-1995’, since this individual received the first measles (MMR) vaccine in May 1991

Patients born before 1969

Unvaccinated patients, wild-type infections. 1969: introduction of measles vaccine in Hungary (live, attenuated
Leningrad-16 strain produced in the Soviet Union)

Patients vaccinated between 1969
and 1977

From 1969 to 1974, a single dose of measles vaccine was administered in mass campaigns to persons 9-27 months of
age. The recommended age for vaccination was 10 months until 1978, when it was changed to 14 months. After the
1980-1981 epidemics, persons born between 1973 and 1977, who would have received vaccine when the
recommended age was 10 months, were revaccinated. After 1989, children were re-vaccinated at the age of 11 years
with monovalent measles vaccine in a scheduled manner. Consequently, the first individuals who received a reminder
vaccine at the age of 11 were born in 1978. Thus, the cluster of 1969-1977 was the last that did not receive a reminder
vaccine at the age of 11 as a part of the official vaccine schedule

Patients vaccinated between 1978
and 1987

These are the first individuals who benefited from the reminder monovalent measles vaccine at the age of 11. In 1999
the administration of trivalent vaccine was started in Hungary, consequently who received the first trivalent vaccine in
1999 were born in 1988

Patients vaccinated between 1988
and 1990

In 1989 the rubella vaccine was introduced, and the monovalent measles reminder vaccine at age 11 was started
1990: Introduction of measles-rubella bivalent vaccines

Patients vaccinated between 1991
and 1995

The administration of the first vaccine at age 14 months lasted from 1978 to 1991
1991: Measles-mumps-rubella trivalent vaccine

1992: MMR vaccine at age 15 months

1996: Introduction of MERCK MMR Il - Enders’ Edmonston strain (live, attenuated)

Patients born between 1996 and

1996: Introduction of MERCK MMR Il - Enders’ Edmonston strain (live, attenuated)

1998 1999: Measles-mumps-rubella re-vaccination (reminder shot) instead of monovalent measles vaccine
1999: Introduction of GSK PLUSERIX - Measles Schwarz Strain

Patients vaccinated between 1999 1999: Introduction of GSK PLUSERIX - Measles Schwarz Strain
and 2002 2003: Introduction of the GSK PRIORIX vaccine
Patients vaccinated in 2003 2003: Introduction of the GSK PRIORIX vaccine - attenuated Schwarz Measles

Patients vaccinated in 2004-2005

2004-2005: Administration of the MERCK MMR I

Patients vaccinated between 2006
and 2010

2006-2010 (5-year tender): GSK PRIORIX - attenuated Schwarz Measles

Patients vaccinated after 2011

Beginning from 2011 we use a Sanofi-MSD product; MMRvaxPro (Measles virus Enders’ Edmonston strain, live,

attenuated) for vaccination and re-vaccination of children; GSK PRIORIX is still on the market, commonly used for

vaccination in adulthood

Epidemics:

1973-74: Large epidemics, affecting primarily unvaccinated 6-9 years old children
1980-81: Another significant epidemic, affecting primarily 7-10 years old children
1988-89: Epidemic with high age-specific attack rates of 17-21 years old individuals, who had been vaccinated during the first years of the vaccination

programme in Hungary

2017-18: Smaller epidemics with few connected and sporadic cases, derived mainly from virus importation

To demonstrate the lack of interference when using cell culture-
derived antigen coatings, we compared our ‘target” assay to purified
recombinant viral capsid protein antigen-based assays. Purity of cell
culture-derived, native virus-based coatings was verified by
plate-to-plate comparisons to recombinant antigen-based coatings,
as described below: ‘control’ microplates were coated with a series
of doubling, four-point dilutions of recombinant antigens; measles
virus Priorix, Schwarz strain nucleocapsid protein (Abcam ab74559,
source: Saccharomyces cerevisiae) 1.66-0.207 pug/ml, mumps virus
wild-type, Gloucester strain, nucleocapsid protein (Abcam
ab74560, source: S. cerevisiae) 0.832-0.104 pg/ml, recombinant
rubella virus capsid protein (Abcam ab43034, source: Escherichia
coli) 2-0.25 pg/ml. To confirm the lack of interference by off-target
molecules in whole virus-based assays, results of negative and low
positive sample pools, international measles and rubella standards
(3rd WHO International Standard for Anti-Measles, NIBSC code
97/648, Anti Rubella Immunoglobulin 1st WHO International
Standard Human, NIBSC code RUBI-1-94), and the mumps quality

control reagent (Anti-Mumps Quality Control Reagent Samplel)
obtained for native virus-derived coatings were compared to the
results obtained for different coating concentrations of recombinant
antigens. Parallelism was tested to ascertain that the binding char-
acteristic of the analyte (high and low antigen-titred sample
pools) was the same, independent of the type of coating. For graph-
ical representation, optical density (OD) values were linearised; dilu-
tion series of analytes were depicted as a function of common
logarithm of both relative dilutions and OD values. Coating combi-
nations with sufficiently high R* values of the linear fittings (with
the same slope) were selected for further analysis of correlation
between ‘target’ and ‘control’ assays, using Bland-Altman plots.

Cut-off

Determination of cut-off values was based on (a) Cohen’s x sta-
tistics, as an index of agreement between our assay and commer-
cially available kits, (b) Area Under the Curve Receiver Operating
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(introduction of reminder vaccines, changes
between mono-, bi- and trivalent inoculum).
Further details are described in Table 1.

Characteristics (AUROC) analysis (combined with Youden’s ] equa-
tion) — which in this case was used for comparing the performance
of diagnostic tests [25] and (c) the ‘experimental approack’. The lat-
ter one was based on the mean OD and IU-transformed values
yielded by our tests, belonging to selected serum samples that had
been previously found negative by validated commercial kits. For
assay testing, optimisation and comparisons, the following validated
kits were used: measles IgG: Novalisa, Immunolab, Euroimmun,
Sekisui-Virotech, Serion, Siemens Enzygnost; mumps IgG:
Novalisa, Immunolab, Euroimmun, Sekisui-Virotech, Vircell;
rubella IgG: Novatec, Immunolab, Euroimmun, DiaPro, Vircell.

Because our samples were anonymous (and consequently lacked
clinical background), for the generation of AUROC curves, the
establishment of the binary classifier system was based on averaged
qualitative (positive, negative) results of commercial ELISAs.

In equivocal cases (and also to periodically check the assay
performance), borderline and negative samples were measured
using indirect immunofluorescence assays, using measles,
mumps and rubella virus-infected cells, ITF (IgG) (Euroimmun).
In case of commercial assays, calculation of qualitative results
was performed according to default thresholds specified by the
manufacturers. AUROC results were analysed using Youden’s for-
mula (J = sensitivity + specificity — 1), and the highest OD values
were selected and transformed into units based on the standards
(3rd  WHO International Standard for Anti-Measles,
Anti-Mumps Quality Control Reagent Sample 1, 1st WHO
International Standard Human). For these transformations, sig-
moid dose-response curves were fitted onto the dilution points
of the standards.

Analytical values, assay precision and specific assay
characteristics

Analytical values such as lower limit of detection (LOD) and limit
of quantification (LOQ) were determined by the mean and

© & A> 4o A 5 P S
R AR A S A g KPS

Year of vaccination

standard deviation of blank sample absorbance values; LOD was
defined as mean + 3 s.0. and LOQ as mean + 10 s.p. (absorbance
values), as suggested by the IUPAC Compendium of Chemical
Terminology Gold Book. Sensitivity, specificity, positive and
negative predictive values were also evaluated using validated
commercial kits (Table 3).

Statistical analysis

AUROC analysis, Youden’s J equation, confidence interval com-
parison at 95% confidence level (prop test) and Bland-Altman
plot were used as statistical methods.

Results
Testing of antigen coating

To check whether the entire virus-based coatings (derived from
cell cultures) contain off-target molecules, we compared our
assays to purified recombinant viral capsid protein antigen-based
(in-house) assays. Based on the linearity tests, the following
recombinant viral nucleocapsid antigen coatings were selected:
measles 0.83 pg/ml, mumps 0.416 pug/ml and rubella 1.0 pg/ml
(R* standards >0.97, R*> samples >0.93) (Supplementary
Fig. S3). Bland-Altman plots were then generated; ratios of the
results from the two techniques (‘target’ vs. ‘control’ assay) were
plotted against the averages. As shown in Figure 3, we obtained
data points that fell within the range +1.96 s.p. (confidence inter-
val 95%), with no observable trends, suggesting that the two
methods are in agreement, thus demonstrating the adequate pur-
ity of the entire virus-based coating system used in the ‘target’
assay.

Cut-off determination and assay precision

Cohen’s x analysis was performed; plate-to-plate x statistics
(using tests described in the Materials and methods section)
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Fig. 2. Schematic representation of the plate layout
used for the ‘three-in-one’ ELISA. ELISA 96-well
plates were divided lengthwise into three equal
parts and each third was coated with the appropri-
ate antigen. Assay parameters were optimised to
enable equal conditions and common reagents for
each antigen type. Abbreviations: (S1-S5)
Standards; (PC) positive control;(NC) negative con-
trol; (BL) blank. (1) Measles antigen coating (measles
virus, Edmonston strain); () Mumps antigen coat-
ing (mumps virus, Enders strain); (lll) Rubella anti-
gen coating (rubella virus, HPV-77 strain).

Table 2. Summary of major steps of the MMR indirect ELISA protocol

Bio-Rad PIP013 Measles virus,
Edmonston strain

Bio-Rad PIP014 Mumps virus,

Coating antigen Enders strain Bio-Rad PIP044 Rubella virus, HPV-77 strain

Concentration of the coating
antigen used on microplates

2.8 pg/ml 3 pg/ml 0.4 pg/ml

Antigens are dissolved in ELISA Coating Buffer (Bio-Rad BUF030), overnight at 4-6 °C. Blocking >2 h, RT with our in-house purely synthetic blocking buffer

3rd WHO International Standard
for Anti-Measles (NIBSC code:
97/648)

Standard/quality control
reagent (S1-S5)

Anti-Mumps Quality Control
Reagent Sample 1 (NIBSC code:
15/B664)

Anti-Rubella Immunoglobulin 1st WHO
International Standard Human (NIBSC
code: RUBI-1-94)

Starting concentration of the
standard/quality control
reagent

~5000 mIU/ml ~1000 ‘Mumps Assay Unit’/ml,

arbitrarily assigned

1600 International Units per ampoule

Negative control (NC) A sample found to be negative in a previous run

Positive control (PC) A sample found to be positive in a previous run

Incubation 3x 15 min, 37 °C

Colour detection Polyclonal anti-human IgG HRP-conjugated (Dako polyclonal rabbit anti-human IgG or equivalent) + TMB

Additional reagents Washing Buffer (WB), used also for sample dilution in combination with the IgM Reducing Assay Diluent (Bio-Rad

BUF038), as previously described (Borocz et al. [24])

Automation and reading Siemens BEP 2000 Advance System, A =450/620 nm

gave ‘substantial’ to ‘near-perfect’ agreement; 0.64 <k <0.92
(Fig. 4). AUROC areas were >0.92, for all three antigens
(Supplementary Fig. S4). Based on the AUROC analysis, with
the help of Youden’s equation, the following sensitivity-specifi-
city pairs were selected 0.985-0.975, 0.935-0.911, 0.989-0.946
for measles, mumps and rubella, respectively. According to
the ‘experimental approach’, cut-off values were set for all anti-
gen types (measles, mumps, rubella) based on mean observed
OD values belonging to diagnostically seronegative samples
(3 x 15 samples, ODyegative sample < 0.28, 0.37, 0.34 for measles,

mumps and rubella, respectively; data not shown). Cut-off
values calculated based on empirical results were concordant
with the statistically computed values. Typical dose-response
curves obtained for measles, mumps and rubella standards
are shown in Figure 5. Analytical values, such as lower LOD
and LOQ are also represented in Figure 5. Sensitivity, specifi-
city, positive and negative predictive values are shown in
Table 3. We selected randomly chosen negative samples from
the measles, mumps and rubella groups (30 each) that were
verified using indirect immunofluorescent microscopy. We
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Table 3. Assay precision and specific assay characteristics®

Specific assay characteristics
(N=474 from diverse age

groups) Measles Mumps Rubella

TPF = True Positive Fraction 0.99 0.99 0.99

(sensitivity) = TP/(TP + FN)

FNF = False Negative Fraction 0.01 0.01 0.01

(1-sensitivity) = FN/(TP + FN)

TNF =True Negative Fraction 0.93 0.94 0.88

(specificity) = TN/(TN + FP)

FPF = False Positive Fraction 0.07 0.06 0.12

(1-specificity) = FP/(TN + FP)

PPV = Positive Predicted 0.99 0.99 0.99

Value=TP/(TP +FP)

NPV = Negative Predicted 0.87 0.89 0.88

Value =TN/(TN +FN)

Intra-assay variability (CV%)°
Positive sample 1 0.37 2.68 0.30
Positive sample 2 1.51 3.20 3.00
Positive sample 3 0.89 1.07 2.19
Negative sample 1 3.68 6.06 7.49
Negative sample 2 7.50 3.75 8.27
Negative sample 3 8.52 7.50 8.39

Inter-assay variability (CV%)®
Positive sample 1 5.52 2.83 6.32
Positive sample 2 8.63 4.75 8.81
Positive sample 3 7.26 8.05 9.90
Negative sample 1 3.88 7.65 10.68
Negative sample 2 7.50 9.31 10.54
Negative sample 3 6.53 7.76 9.14

Specific assay characteristics have been determined by comparing our assay to
commercially available validated assays.

bReproducibility, assay precision: intra-assay precision (coefficient of variation, CV%) was
calculated for each of the three samples from the results of 12 determinations in a single
run. Results for precision-within-assay are shown in the table above. Inter-assay precision
(coefficient of variation, CV%) was calculated for each of the three samples from the results
of three determinations in five different runs. Results for run-to-run precision are shown in
the table above.

found 93%, 90% and 96% correspondence for measles, mumps
and rubella, respectively (data not shown).

Assay characteristics: cost, ease and time requirement

An important feature of our three-in-one MMR ELISA assay is
affordability; it costs only a fraction of the commercially available
assays (Fig. 6a, b). An important component for improving the
signal-to-noise ratio (background reduction) is a self-developed,
low-cost reagent, a protein-free PVA-based blocking buffer
(Supplementary Fig. S5). Another important feature is the
reduced assay duration time; compared to the ~1.5/2.5 h of time-
frame of commercially available tests (used for parallel and justi-
ficatory measurements), our test can be performed within 1h
(Fig. 7).

K Borocz et al.

Determination of age groups with highest frequencies of
seronegativity

Considering the antigen-specific seropositivity ratios of all sam-
ples measured, anti-measles, -mumps and -rubella IgG antibody
titres were adequate in 89.84%, 91.82% and 92.28%, respectively
(Fig. 8). Taking the following herd immunity threshold (HIT)
values as a base; HITyeasies = 92-95%, HITyumps = 75-86%,
HIT rubela = 83-86, it can be stated that regarding measles, levels
of humoral immunity may be inadequate in certain age clusters
of the population. Regarding anti-measles antibodies, cumulative
data (Notal meastes = 3523 serum samples) show that the lowest
seropositivity (79.3%) was detected in individuals vaccinated
between 1978 and 1987 (Figs 9 and 10), with significant differ-
ences from the flanking age groups vaccinated between 1969-
1977 and 1988-1990 (P =0.00004 and P=0.0015, respectively)
(Fig. 10). For mumps (N=1736 serum samples), the least pro-
tected groups were vaccinated during 1978-1987 (11.9%) and
1988-1990 (10.1%); however, these were not statistically different
from the adjacent age groups. In the case of rubella (N=1736
serum samples), the least protected groups were vaccinated during
1969-1977 (14.4%) and 1978-1987 (14.5%). Significant differ-
ences were observed between the group born before 1969 (not
vaccinated) and vaccinated during 1969-1977 (P =0.00008), and
between groups 1988-1990 and 1991-1995 (P = 0.009).

Discussion

Regarding assay optimisation, an important requirement was the
equalisation of incubation times used in the three-in-one MMR
ELISA. The establishment of a combined test system using iden-
tical serum dilutions, reagent volumes and incubation times that
enable the measurement of 24 samples for all three antigens
within a single run was only feasible with the maximal reduction
of potentially interfering factors. An important step was the
reduction of non-specific signal by using an IgM reducing assay
diluent (Bio-Rad). The second important step was the use of
our in-house PVA-based synthetic blocking buffer that enabled
an optimal signal-to-noise ratio at a minimal cost. These steps
made it possible to use a high concentration of antigen coatings,
which in turn allowed relatively short incubation times and high
performance of our assay.

As mentioned in the Introduction section, in Hungary,
between February 2017 and July 2019, 70 measles cases were
laboratory confirmed according to ECDC reports [5]. During
the epidemics of 2017, there have been 36 measles cases in
Hungary (five imported, 26 import-related, four unknown/not
reported and one endemic). Regarding the infections by age
group and vaccination status for 2017, according to WHO data,
among the individuals 20-29 years of age, ~35% had not been
vaccinated, and ~65% received two or more doses of vaccine.
Of individuals older than 30 years, ~18% had not been vacci-
nated, ~24% received one dose, ~26% received two or more
doses of vaccine and ~32% were of unknown vaccination status.
Based on these data, it can be hypothesised that in the case of vac-
cinated adults (>20 years of age), who had received two or more
doses of vaccine, vaccine insufficiency may have underlaid the
infections [12]. The last case of parotitis epidemica reported in
Hungary was a non-vaccinated 35-year-old man, who became
infected during the summer of 2018. Between 2012 and 2016,
Hungary reported 21 mumps cases [12, 26]. In the 2007 local
mumps outbreak, the epidemic started from an individual who
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Fig. 3. Comparison of whole virus vs. recombinant viral antigen-based ELISA coatings. Bland-Altman graphs display scatter diagrams of the ratios plotted against
the averages of the two types of measurements. Sample number =28 (duplicates of the dilution series of positive and negative sample pools and quadruplicates of
the dilution series of standards). Limits of agreement (LoA) are defined as the mean difference + 1.96 s.0. (95% confidence interval). Since data points do not exceed
the maximum allowed difference between methods (dotted brown lines), and no pronounced trend is observable, the two methods (target: total antigen
repertoire-based coating vs. control: recombinant antigen-based coating) are in agreement and can be used interchangeably. Recombinant antigen coatings:
Measles virus Priorix, Schwarz strain nucleocapsid protein, Mumps virus wild-type, Gloucester strain nucleocapsid protein, Recombinant Rubella virus nucleocapsid
protein. Optimal recombinant antigen- based concentrations: 0.83 pg/mL, 0.416 pg/mL, 1.0 pg/mL for measles, mumps and rubella, respectively. Optimal inacti-
vated pathogen-based coating concentrations: 2.8 pg/mL, 3.0 pg/mL, 0.4 pg/mL for measles, mumps and rubella, respectively. Sample number (n): N=28 (Samples

were used in duplicates, standards were used in quadruplicates).
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returned home from Ukraine in December 2007. Soon after his
case, individuals from his personal connections became affected
(later all nine cases were laboratory confirmed). Previously, in
2003, comparably small outbreaks were reported in close commu-
nities of unvaccinated people (student houses, schools) [11].
Considering rubella in Hungary, between 2007 and 2018, WHO
reported only 10 known cases [12]. This is a significant develop-
ment compared to the end of 1990s and beginning of 2000s, when
~100 rubella cases per year were reported (WHO statistics). By
2006, this number decreased by 80% (22 reported cases in year
2006). Measles, mumps and rubella statistics (cases per year)
are shown in Supplementary Figure S2.

In 1969, the measles vaccine was introduced in Hungary in the
form of live, attenuated Leningrad-16 strain vaccine, produced in
the former Soviet Union. Between 1969 and 1974, a single dose of
vaccine was administered in campaigns to individuals of 9-27
months [5]. After vaccination was implemented, the incidence
rate decreased until 1973-1974, when large epidemics occurred

primarily in unvaccinated 6-9 years old [5], questioning the
effectiveness of the early vaccination programme. Regarding post-
vaccination humoral immune response, heterogeneous data are
available in the literature. It is generally accepted that the success
of vaccination in children is dependent on the presence (or
absence) of inhibitory maternal antibodies and the immunologic
maturity of the recipient, as well as on the dose and vaccine strain.
It is also recognised that the age of >12 months is a milestone in
the development of an efficient immune response. A 2015 meta-
analysis based on WHO study published the following serocon-
version rates: 50% (95% CI 29-71%) at age 4 months, 67%
(95% CI 51-81%) at 5 months, 76% (95% CI 71-82%) at 6
months, 72% (95% CI 56-87%) at 7 months and 85% (69-97%)
at 8 months. Interestingly, the likelihood of seroconversion in
children depends not only on the child’s age, but also on the
age of the mother; older children generally respond better than
younger children, and children of younger mothers have the ten-
dency to respond better than children of older mothers.
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Fig. 6. (a) Comparison of assay prices (commercial kits) and costs (our test)
expressed in Euros. (b) Ratios of assay prices: ‘average price’ commercial kits vs.
our test expressed in percentages. The average price of commercial kits was calcu-
lated based on the Hungarian distributor prices (VAT included), and included only
those assays that we applied during the optimization and the test-to-test compari-
sons (Materials and methods section). Siemens Enzygnost assays - belonging to a
higher price-range - were excluded from the calculation.

Moreover, the ‘source’ of the mother’s immunity (disease- or
vaccination-induced) also plays a role as a surrogate factor [27].
The current Advisory Committee on Immunization Practices
(ACIP 2012) also recommends age >12 months for the first
MMR vaccination. As a general rule, the optimal vaccination

age should be defined by the dynamics of the age-dependent pro-
gress in seroconversion, balanced by the level of the epidemio-
logical risk [28, 29]. According to the Hungarian vaccination
practice, the MMR vaccine is given twice; at 15 months and
11 years of age.

Regarding immunocompromised individuals and children
with contraindications, we would like to note that in Hungary,
immunocompromised persons also complete the recommended
immunisation series against vaccine preventable diseases, when-
ever possible. The vaccination practice follows international
guidelines (2013 IDSA), and an individualised patient approach
is applied. This implies the involvement of a vaccination expert
who performs case-to-case risk evaluation. As a general rule,
live viral vaccines (e.g. polio, MMR, varicella) that may induce
severe systemic reactions in immunocompromised individuals
should not be administered to patients with severe immunosup-
pression and/or immune deficiency. Nevertheless, important
exceptions exist: certain live vaccines can be administered in
some immune system disorders or when the benefit of the vaccine
outweighs the side effects, or major risk arising from the epi-
demiological environment [30, 31].

Our current serological data are in agreement with our previ-
ous report [24] where the estimated seropositivity for cluster
1978-1987" was ~74.6%, followed by cluster ‘1969-1977" with
~84.6%. A recent publication by Hungarian colleagues has
reported 86.2% seropositivity for the 41-45 years old individuals
[32], a cluster partially overlapping with the two abovementioned
age groups of our classification. The potential gap detected in
herd immunity is also supported by the already known insuffi-
ciencies during the initial vaccination era [33]. These individuals
were vaccinated during the early 1970s, when the optimal age of
vaccination was not well defined, and the thermolability of the
reconstituted vaccine was not fully characterised [5]. These rela-
tively high measles seronegativity ratios may have been a conse-
quence of vaccine inefficiency, which seems to be supported by
historical data: after the starting of the immunisation campaign
in 1969, a decade later, in 1978, the recommended age for vaccin-
ation was changed from 10 to 15 months. The 1988-1989 epi-
demics affected individuals (16-22 years old) who were
vaccinated in the early era with a singular measles vaccine.
Following the 1988-1989 epidemics, persons born between 1973
and 1977 were revaccinated [33]. Even though a significant por-
tion of the age groups indicated with ** in Figure 9 later were
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Fig. 8. Vaccination period-independent summary of results. Considering the age-independent totality of samples, the anti-measles, mumps and rubella IgG anti-
body titres were inadequate in 10.16%, 8.18% and 7.72%, respectively. Considering HIT values, population-level seropositivity ratio of anti-measles antibodies failed
to reach the criteria for herd immunity (seropositivity >95%). The red arrow shows the vaccination group with highest seronegativity in terms of anti-measles
antibody titers.
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Fig. 10. Vaccination period-dependent confidence intervals of seronegativ-
ity. Relative frequencies of measles-, mumps- and rubella-specific sero-
negativity dependent on the period of vaccination. Vertical lines indicate
95% confidence intervals. Significant differences between the antibody
levels of the critical age groups and their flanking age groups are marked
with asterisks.

re-vaccinated or contracted wild-type measles infection (and thus
mounted high IgG antibody response), in this cluster, we found
the lowest cumulative anti-measles antibody titres (i.e. high
ratio of seronegativity), which suggests the ineffectiveness of the
early vaccination system. Additional support for this hypothesis
is the high age-specific attack rates during the 1988-1989 out-
break that affected the population with >93% vaccine coverage.
After the introduction of the trivalent MMR vaccine (1991), we
detected a statistically significant improvement in the anti-measles
antibody titres (Fig. 10). The group ‘Vaccinated between 1988-
1990 has significantly better humoral response compared to the
group ‘Vaccinated between 1978-1987, reflecting the effectiveness
of the trivalent reminder vaccine at age 11.

Population-level result evaluation was performed in relation to
the concept of herd immunity. The term ‘herd immunity’ is
widely used, but diversely interpreted. We used it in the sense
of ‘a threshold proportion of immune individuals’ [34], strictly
limited to humoral antibody titres. This threshold denoting the
arrest of disease spread is different for every disease and is affected
by many factors; key epidemiological parameters, such as the age-
specific force of infection and the basic reproduction number (Ry)

Rubella

HIT Measles = 92 — 95%
HIT Mumps = 75 — 86%
HIT Rubella = 83 — 86%

B inadequate
I adequate

are estimated from case notification or serological data [35].
Imperfect immunity (due to individual differences of responders),
heterogeneous populations with potential non-random mixing
and non-random vaccination schedules may also need to be con-
sidered [34]. Ry is defined as the average number of secondary
cases that result from an individual infection in a susceptible
population [36]. Estimates of R, depend on underlying mixing
assumptions. For the virus-specific Ry values shown below, the
model of ‘likely mixing patterns’ was used [35]. The R, estimates
are highest for measles, intermediate for mumps and generally
lowest for rubella [35]. For measles, R, is often cited as 12-18,
which implies the need for ~95% herd immunity. This means
that each person with measles can infect 12-18 other individuals
in a completely susceptible population. For this reason, the
achievement of >95% of immunity across all age groups (optimal
immune response followed by efficient seroconversion on population
level) is the official target for measles elimination. In the literature, Ry
and HIT values are generally estimated as follows: Ry peasies = 12-18,
HITyteages = 92-95%,  Ronumps =4-12,  HITyumps = 75-86%,
Rorubella = 5-7, HITrypera = 83-86% [35]. Often used models for
population-level estimation are the HIT (I); I. = 1 —(1/R,), and
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the critical vaccination coverage (V.); V. = I/E, where E is vaccine
effectiveness [34-37]. Despite the remarkable theoretical knowl-
edge, public health practice aims at 100% coverage, with all the
doses recommended, bearing in mind that - because of the diver-
sity of individual immune responses — 100% is never achievable.

Limitations

We would like to note that our ‘three-in-one’ assay and the
results described in our paper may have certain limitations. As
specified in the WHO Manual for the Laboratory-based
Surveillance of Measles, Rubella, and Congenital Rubella
Syndrome, EIA/ELISA testing may be used for the detection of
the presence (or absence) of anti-viral IgG antibodies of indivi-
duals, as well as to perform population-level immunity estima-
tions. In case of population-based seroprevalence studies,
ELISA/EIA results can help characterise the immune profile of
target populations; however, there are important limitations.
When applying commercial assays, we used cut-offs and calcula-
tion methods as per kit manual, without changing or reinterpret-
ing default thresholds. Each commercially available kit (listed in
Materials and methods section) specified one particular method
for quantitative (and qualitative) result calculation, with no dis-
tinction between periods with or without epidemics, or samples
collected with the purpose of clinical diagnosis or population-
level survey. However, according to the literature, thresholds
for commercial IgG ELISAs/EIAs were determined with the pur-
pose of individual patient management, rather than with
population-level antibody prevalence calculations [38, 39]. A
positive result of virus-specific IgG clearly demonstrates an
immune response, in contrast, given that commercial immu-
noassays are capable only of humoral antibody detection, a nega-
tive or equivocal result cannot be considered as an absolute
proof for lack of immunity [40, 41]. The functional characteris-
tics and the ‘quantity’ of antibodies may be highly correlated
with protection or synergistic with other functions (e.g. with cel-
lular immunity). The correlates of vaccine-induced immunity
are often a matter of debates; for some vaccines, we have no
true correlates, but only useful surrogates [42, 43]. As far as
Plotkin’s definitions are considered normative [44], entire anti-
gen repertoire-based ELISA/EIA methods of measles, mumps
and rubella IgG antibody detection are considered rather than
a good surrogate marker for immunity. This is especially true
for our test, since our cut-off calibration was based on multiple
measurements with independent, commercially available assays,
and with indirect immunofluorescent microscopy. The diagnos-
tic ability of our test is calculated based on the results obtained
by kits capable of humoral antibody detection, and not on neu-
tralising antibody titres that could serve as an absolute correlate
of protection.

Additionally, considering age-specific susceptibility estimates
at population level, the phenomenon of vaccination-induced
lower antibody levels, compared to those elicited by natural
infection, is also to be taken into account [45, 46].
Consequently, low (negative or equivocal) IgG results are to be
interpreted with caution, when assessing immunity in popula-
tions with effective immunisation programmes [38]. The evalu-
ation of immune status may require additional testing of
specimens with results in the equivocal range (we used IIF for
this purpose). We also would like to note that the actual level
of any immunological marker is a snapshot in time, which
needs to be interpreted in the light of the kinetics of the marker.
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Although the half-lives of antibodies against measles, mumps
and rubella are relatively long, unexpected responses cannot be
excluded, whereby vaccinees can mount sufficient responses rap-
idly from a low (even close to zero) background of humoral anti-
body level [44].

Conclusions

Here we describe the development of a time-saving, cost-effective
and standardised immunoserological assay for simultaneous
detection of anti-measles, -mumps and -rubella IgG antibodies
in human sera. The importance of the ‘three-in-one’ assay is high-
lighted by recent outbreaks of measles, mumps and rubella infec-
tions in several countries. This triple assay is based on an
operation protocol that uses the same reagent load with uniform,
short incubation times and equally pre-treated samples, enabling
the three-parametric screening of 24 samples per plate within 1 h.
In high-throughput automated settings, separate testing of the
three antigen types is also feasible, thus allowing the measurement
of 80 samples per run. Considering the HIT values, anti-measles
seropositivity (79.3%) of the 1978-1987" vaccination group sug-
gests the existence of potential gaps in anti-measles immunity
of the population. For mumps and rubella, our preliminary data
suggest satisfactory immunity levels. The potential gaps in anti-
measles immunity warrant further large-scale serological
screening.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/50950268819002280.
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ARTICLE INFO ABSTRACT

Keywords: Because of measles outbreaks there is a need for continuous monitoring of immunological protection against
Measles infection at population level. For such monitoring to be feasible, a cost-effective, reliable and high-throughput
Immunity assay is necessary. Herein we describe an ELISA protocol for assessment of anti-measles antibody levels in human
iagL(I;SA serum samples that fulfills the above criteria and is easily adaptable by various laboratories. A serum bank of

anonymous patient sera was established (N > 3000 samples). Sera were grouped based on measles im-
munization schedules and/or changes in vaccine components since the introduction of the first measles vaccine
in Hungary in 1969. Newly designed ELISA was performed by using Siemens BEP 2000 Advance System and data
were confirmed using commercially available kits. Our indirect ELISA was compared to indirect immun-
fluoresence and to anti-measles nucleocapsid (N) monoclonal antibody-based sandwich ELISA. The results ob-
tained are in high agreement with the confirmatory methods, and reflect measles vaccination history in Hungary
ranging from pre-vaccination era, through the initial period of measles vaccination, to present. Based on mea-
surement of 1985 sera, the highest ratio of low/questionable antibody level samples was detected in cluster
‘1978-1987’ (~25.4%), followed by cluster ‘1969-1977’ (~15.4%).Our assay is suitable for assessment of anti-
measles immunity in a large cohort of subjects. The assay is cost-effective, allows high-throughput screening and
has superior signal-to-noise ratio. This assay can serve as a first step in assessment of the effectiveness of all three
components of the MMR vaccine.

Assay development

1. Introduction

There is an urgent need for revision of immunological protection
against measles infection at population level. This is underscored by the
spread of measles virus that has emerged as a new public health risk in
several European countries (Ahmed and Lambert, 2014; ECDC Report,
2018; Grammens et al., 2017; Haralambieva et al., 2015; Moss, 2017;
Zachariah and Stockwell, 2016). In this paper we report the develop-
ment of a straightforward, standardized and automatable anti-measles
IgG indirect ELISA protocol. The assay is adaptable by research, diag-
nostics and public health laboratories, and allows performance of large-
scale, high-throughput and cost-effective measurements. We would like
to note that our current assay focuses on the first level screening of the
general population, and in case of certain chronic diseases additional
methods, e.g. cytokine-based cellular assays might be required. We

describe key steps of assay optimization, together with practical testing
of the newly assembled anti-measles antibody detection assay using
1985 human sera. Additional impetus for our current research has been
that vaccine-induced protection against measles may not provide life-
long protection (Kang et al., 2017; Kontio et al., 2012; Zachariah and
Stockwell, 2016). For this reason the actual protection status of the
population needs to be closely monitored to ensure flock immunity (for
which > 95% vaccination coverage is required), and our assay may be
an effective tool in this effort.

2. Materials and methods
2.1. Samples

A serum bank consisting of anonymous patient sera was established
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(N > 3000 serum samples) from routine laboratory residual samples at
University of Pécs, Clinical Centre (Ethical License number 2015/
5726). As the Clinical Centre is responsible for serving patients from
three counties in southern Hungary, we had a random sampling from
approximately 1,000,000 inhabitants. Sera were collected from all age
groups, and were categorized based on changes introduced in measles
immunization schedules and/or in vaccine components since the in-
troduction of the first measles vaccine in Hungary in 1969. Patients
with known serious immunocompromised state (e.g. acquired and in-
herited immunodeficiency, transplant patients, chronic im-
munosuppressive treatment) were excluded from the study. Samples
were distributed between age groups weighted by the number of years
covering a specific age group.

2.2. Overall experimental design

The newly designed, parameter-optimized enzyme-linked im-
munosorbent assay (ELISA) was performed by using Siemens BEP 2000
Advance System (Siemens/Dade Behring, Marburg, Germany). Assay
protocol files for the robotics were created using Siemens BEP 2000
software, version 1.23. Results obtained by self-developed tests were
compared with multiple commercially available assays, such as
Virotech Measles IgG ELISA test (Sekisui Virotech GmbH), Immunolab
Measles IgG ELISA test (Immunolab GmbH), Enzygnost® Anti-measles
Virus/IgG (Siemens Laboratories), EUROIMMUN Anti-Measles Virus
ELISA (EUROIMMUN Schweiz AG), Anti-Measles Virus IgG 24 Alegria®
Test Strips (ORGENTEC Diagnostika). Indirect immunofluorescence
(IIF) EUROIMMUN Measles virus IgG (EUROIMMUN Schweiz AG) was
used as a reference. Results obtained by our new indirect ELISA were
compared to those obtained by anti-measles nucleocapsid (N) mono-
clonal antibody-based sandwich ELISA, which correlates well with the
presence of anti-measles protective antibodies. Commercial tests were
performed according to manufacturer's instructions.

2.3. Anti-measles IgG Indirect ELISA

ELISA 96-well Maxisorp plates (Nunc) were coated overnight at
4-6°C with 100 uL/well of 2pug/mL of native measles virus antigen
(Bio-Rad PIP013), sonicated according to manufacturer's instruction,
and dissolved in appropriately diluted coating buffer (5x ELISA
Coating Buffer, Bio-Rad BUF030). After coating and subsequent three
washes with 350 ul/well of washing buffer (WB) (NaH,PO, X H>O
0.345g + Na,HPO, x 12 H,O 2.68g + NaCl 28.675g + Tween-20
1 mL for 1 L made in distilled water) saturation was done using our self-
developed, purely synthetic blocking buffer containing polyvinyl al-
cohol (PVA) dissolved in PBS. Blocking buffer was applied to plates at
37°C for 4h.

Sample pretreatment steps can be performed in deep-well dilution
plates (Nunc™ 1.0 and 2.0 mL DeepWell™ plates or equivalent) or in
tubes (5mL 75 X 12 mm, Polypropylene, Sarstedt or equivalent). We
detail the dilution-tube based method: IgM reduction (IgM Reducing
Assay Diluent, Bio-Rad BUF038) starts with the incubation of samples
in IgM reducing buffer (IgM RB) (50-fold dilution of samples in un-
diluted IgM reducing buffer) at room temperature (RT) for 15 minutes.
After centrifugation at 2330 xg for 5min at RT, 1 unit from each su-
pernatant was transferred to a new set of dilution tubes containing
3 units of WB, resulting in final 4-fold dilution of IgM RB and 200-fold
diluted samples.

Blank (WB), high and low controls (positive and negative samples
identified in a previous run, and processed similarly as the patient sera),
WHO International Standard (Anti-Measles Serum, Human and Anti-
Poliovirus serum Types 1, 2 and 3 NIBSC code: 66/202, 5IU anti-
measles activity) in seven-point serial dilution, and patient sera were
applied in duplicates. Primary and secondary antibodies were in-
cubated at 37°C for 30 min. As secondary antibody we used Dako
polyclonal rabbit anti-human IgG horseradish peroxidase (HRP)-
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conjugated, diluted 6000-fold, according to manufacturer's instructions
(five washes between each relevant step were done using 350 uL/well
of WB in aspiration mode). The color reaction using 3,3’,5,5’-tetra-
methylbenzidine (TMB) (Sigma, USA) was performed at 37 °C for
15 min in dark. The reaction was stopped by adding 100 uL/well of 4 M
H,S0,4. Result quantification took place based on absorbance mea-
surements at 450 nm (620 nm reference) using a 7-point calibration
curve.

2.4. Anti-measles nucleocapsid monoclonal antibody-based sandwich
ELISA

ELISA 96-well Maxisorp plates (Nunc) were coated overnight at
4-6 °C with 100 puL/well of 5000-fold diluted anti-measles nucleopro-
tein antibody (mouse monoclonal to measles nucleoprotein, [2F3]
(ab106292) Abcam) dissolved in appropriately diluted coating buffer
(5% ELISA Coating Buffer Bio-Rad BUF030). The first saturation step
(after 5 washes as described above for the indirect ELISA) was per-
formed using 350 uL/well of our self-developed synthetic blocking
buffer (detailed above) at 37 °C for 3h. After 5 washes, the antigen
coating was performed at 37 °C for 2.5 h using 3 pg/mL (100 pL/well) of
native measles virus antigen (PIPO13 Bio-Rad) dissolved in diluted
coating buffer. After incubation and 5 washes, a second saturation step
was done using the self-developed purely synthetic PVA-based blocking
buffer for 90 min at 37 °C. After final 5 washes, the standard indirect
ELISA operational protocol was followed starting from the IgM redu-
cing pretreatment of sera to reading the absorbance at 450 nm (using
620 nm as reference). The only change compared to the standard
method was that the secondary antibody (Dako polyclonal rabbit anti-
human HRP-conjugated IgG), was diluted 6000-fold, in 0.5% (v/v)
naive mouse serum (sterile, heat inactivated, lot number: SM30-
25991HI, Gentaur Europe). Nonspecific immunological complexes were
removed by centrifugation (2330 xg, 5 min at RT), then the supernatant
was applied onto ELISA plate (100 puL/well).

2.5. Blocking and diluent optimization

The following assay diluents were tested: Hispec Assay Diluent
(BUF049 Bio-Rad), ELISA Neptune Assay Diluent (BUF039 Bio-Rad),
Block ACE (BUF029 Bio-Rad), ELISA General Assay Diluent (BUF037
Bio-Rad), ELISA IgM Reducing Assay Diluent applied without dilution,
2-fold, 4-fold, 8-fold dilutions (BUF038 Bio-Rad), and our own washing
buffer (NaH,PO,4 X H,0 0.345 g + Na,HPO,4 x 12 H,0 2.68 g 4+ NaCl
28.675g + Tween-20 1 mL for 1L, made in distilled water). Various
blockers were also tested: Block ACE (BUF029 Bio-Rad), gelatin blocker
(made from bovine skin), ELISA SynBlock (BUF034 Bio-Rad) and our
purely synthetic PVA solution. Results were analyzed to obtain an op-
timal signal-to-noise ratio.

2.6. Plate and coating buffer selection

We tested the following plates: Nunc Maxisorp™ ELISA 96-well high-
binding plates (442,404 Sigma-Aldrich/Merck), 3D NHS and 3D Epoxy
with covalent binding capacity, 705,070 and 762,070 with medium
binding capacity, 705,071 and 762,071 with high binding capacity
(Greiner Bio-One). Using these plates, we tested different types of
coating buffers: diluted 5x ELISA Coating Buffer (BUF030 Bio-Rad),
PBS (pH 8.5), and 2-(N-morpholino) ethane-sulfonic acid (MES) buffer,
25mM, pH6.0. After coating of plates with antigen, the results for
different plates were compared to each other, as well as to Siemens
Enzygnost kit (Siemens/Dade Behring, Marburg, Germany), known as
the gold standard for measles ELISA assays (Tischer et al., 2007).

2.7. Calibration curve and serum antibody quantification

Milli-International Unit (mIU) content of samples was calculated



K. Borocz et al.

based on absorbance measurements at 450 nm (620 nm reference) using
a 7-point calibration curve (500 to 15,000-fold dilutions) of the WHO
International Standard Anti-Measles Serum, Human and Anti-Poliovirus
serum Types 1,2 and 3 (NIBSC code: IS 66/202). The generated cali-
bration curve was of sigmoid type, onto which a 4-parameter logistic
function was fitted.

2.8. Determination of cut-off values

For the cut-off determination the arbitrary statistical method based
on adding three standard deviations to the mean of negative samples
was used in the following way: Low-titer sera (obtained from children
10-15 months of age, who were likely lacking maternal immunity and
were not vaccinated (Guerra et al., 2018)) that had been clearly proven
to be negative by multiple tests, were tested according to our newly
developed protocol and were compared to blanks and high-level
(15000-20,000-fold) dilution of IS 66/202.

For identification of negative samples, we performed multiple
measurements of ~100 anonymous clinical samples. The criteria of
sample negativity were low values obtained by tests using two accepted
commercial kits and also the age of infants at which anti-measles an-
tibodies derived from the mother were below detectability and the child
had not been vaccinated against measles. Accordingly, the cut-off value
was determined as follows: the intersection defined by the constant line
(calculated by adding 3 SD to the mean OD values of negative samples),
and the 4-parameter logistic curve (fitted to the dilution points of IS 66/
202) was projected onto the X axis, denoting the concentration.

2.9. Optimal dilution of samples

High- and low-titer groups of samples were established based on
preliminary measurements using two well-established commercial kits.
Low-titer sera were diluted 25-fold, while high-titer sera were diluted
50-fold in order to ensure that the OD values of these stock solutions fell
within optimal range. These stock solutions were subsequently diluted
in two-fold steps (9 times) until the absorbance values became indis-
tinguishable from the background. The main criterion for selecting the
dilution level of the sample was the ability to tell the difference be-
tween positive and negative samples, while staying in the optimal ab-
sorbance range (with acceptable signal-to-noise ratio) and using the
lowest amount of standard stock solution for cost effectiveness. On the
same experimental setting of samples the linearity and parallelism of
dilution were also investigated.

2.10. Laboratory and statistical parameters

SD and CV% values were calculated based on quantitative results
based on analysis of 20 samples (applied in triplicates onto three plates
with identical sample layouts; antibody levels ranged from low to high).
Analytical values such as lower limit of detection (LOD) and limit of
quantification (LOQ) were determined by the mean and standard de-
viation of blank sample absorbance values; LOD was defined as
mean + 3 SD and LOQ as mean + 10 SD (absorbance values), as sug-
gested by the IUPAC Compendium of Chemical Terminology Gold Book.
Analytical sensitivity was defined as the ratio of optical signal change
and concentration change, as suggested in the literature (lupac, 2014;
MacDougall et al., 1980; Ridge and Vizard, 1993) Linearity and par-
allelism were defined as described by Cambron et al.

2.11. Instrumentation platform

Measurements and the entire assay development were performed on
MSZ EN ISO 15189:2013 platform in our laboratory, which is accre-
dited by National Accreditation Agency of Hungary (1-1552/2016).
Results were compared for overall vaccine efficacy evaluation and
subsequently for age-group based comparison.
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Fig. 1. Effect of protein-free blocking.

2.12. Software used for statistical data evaluation

Microsoft Excel, XLSTAT, MedCalc (MedCalc Software BVBA),
Origin Pro (OriginLab), and SPSS were used for data evaluation.

3. Results
3.1. Blocking and diluent optimization

Blocking solutions (protein-containing and protein-free) were tested
on plates that had not been coated with antigen; blocking solutions only
were applied to plates and incubated overnight at 4-6 °C. Fig. 1 shows
the results when the IS 66/202 anti-measles serum was used at five
different dilutions (range 10 mIUnit/mL-2.5 mIUnit/mL). Results
showed that using Block ACE and bovine skin gelatin saturation the
absorbance values reflected the increasing concentration of the stan-
dard, which suggests non-specific reactions. Such non-specific reactions
were not observed in the case of SynBlock and our PVA-based synthetic
blocking solution. Therefore, for our subsequent experiments we used
the PVA-based synthetic blocking solution.

3.2. Removal of IgM antibodies from samples

We observed a high background when using undiluted IgM reducing
buffer (IgM RB) for diluting the serum samples without centrifugation.
Using a two-step dilution process as described in the Materials and
methods, a 2-fold and 4-fold final dilution of IgM RB the treatment was
effective. Control experiments using 4-fold diluted IgM RB alone
(without sera) showed low levels of background (N = 16 wells on 3
separate plates; OD jean +/-SD = 0.0384 +/— 0.0088). IgM RB
treatments resulted in little or no change in absorbance of standards,
applied at concentrations used for calibration curves. Using 2-fold di-
luted IgM RB, the absorbance values of patient sera decreased to 30%
(70% decrease from the original value), while at 4-fold dilution of IgM
RB the absorbance values to 40% of the original value (60% decrease)
(Fig. 2). The differences between the means of absorbance of the 2-fold
and the 4-fold dilutions of IgM RB were statistically significant
(P =0.012, Student's ttest). Standard deviations were equal
(P = 0.305, Levine's test/ F-test) suggesting that the less concentrated
IgM RB was also effective at removing non-specific reactions.

We also verified the effectiveness of IgM RB treatment on 10 ran-
domly selected samples (of varying antibody titers) by adding poly-
clonal rabbit anti-human HRP-conjugated IgG and IgM (on two separate
plates with the same layout) to the samples. The plate with IgM
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Fig. 2. Effect of IgM reduction expressed as percent decrease in absorbance of
samples (N = 25 serum samples).

secondary antibody resulted in close to zero absorbance values.
However, when using secondary anti-human IgG, the signal decreased,
but it fell well within detectable range (Fig. 3).

3.3. Calibration curve, LOD, LOQ and cut-off determination

4-parameter logistic curve was fitted on the absorbance values given
by serial dilution points of the IS 66/202 (Fig. 4). Concentration (as
variable x) was expressed from the formula, and this equation was used
for determination of analyte concentrations. Cut-off value was set at 0.5
mlIU/mL ( = 10%) on empirical basis calculated from the mean values
and the relative standard deviations of negative samples. As described
in Materials and methods, LOD and LOQ values were determined. LOD
was 0.298 mIU/mL, while LOQ was 0.473 mIU/mL. A plate-specific
representation of the LOD and LOQ values is shown in Fig. 4.

3.4. Optimal dilution of samples

Optimal dilution of samples was 200-fold (0.005 relative con-
centration), since this yielded an acceptable signal and reproducible
difference between positive and negative samples, with minimal use of
stock solutions (Fig. 5).
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3.5. Analytical sensitivity

Analytical sensitivity can be defined as the ratio of optical signal
change and concentration change (Brian and Eggins, 1996.) In case of a
straight calibration curve the slope of the fitted linear function de-
scribes the sensitivity of the method (Iupac, 2014). Although the en-
zymatic assay used in our experiments showed a non-linear response, a
linear section was found in the 0.5-2 mIU/mL range, where the sensi-
tivity of the method was 0.162 mIU/mL (not shown).

3.6. Linearity and parallelism

The measured absorbance (OD) of samples plotted versus relative
concentration resulted in saturation curves similar to the calibration
curve, thus 4-parameter logistic curves were fitted. Dilution curves of
two, typical low-titer samples (samples 1 and 4) and two high-titer
samples (samples 7 and 8) were linearized by taking the common
logarithm of the dilution and the calculated concentration (Fig. 6).
Linear fit was performed with slope —1 (determined from previous
assays) for each data set. R-square values were close to 1 (0.91-0.99),
which suggested that the binding characteristic of the analyte (serum
antibodies) to the antigen were co-measurable to the standard. A better
linear fit was observed for higher titer samples, because of the better
signal-to-noise ratio of the spectrophotometric method in the measured
OD range.

3.7. Intra- and inter-plate variation

Intra-plate SD values varied in range 0.01-0.14, and the coefficient
of variation was under 13% (Fig. 7). In case of inter-plate variation, the
SD values ranged from 0.046 to 0.192 (0.095 mean value), while the
coefficient of variation ranged from 4.800% to 18.708% (10.129 mean
value).

3.8. Correlation of our indirect ELISA with our anti-measles nucleocapsid-
based sandwich ELISA and commercially available IIF slides

Our self-developed indirect ELISA (Reference range; Negative
sample < 0.45mIU/mL, Grey zone/Questionable sample = 0.45 mIU/
mL and < 0.55mIU/mlL, Positive sample = 0.55 mIU/mL) was com-
pared to anti-measles nucleocapsid monoclonal antibody-based sand-
wich ELISA (Reference range; Negative sample < 4.5mIU/mL, Grey
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zone/Questionable sample = 4.5 mIU/mL and < 5.5 mIU/mL, Positive
sample = 5.5mIU/mL) and to IIF-based reference assay; i.e. (slides
with measles antigen transfected cells). IIF slides were evaluated vi-
sually by an independent, experienced investigator. N = 40 sera for
each assay type. Correspondence analysis revealed high overlap of data
obtained by our indirect ELISA and by both independent verification
method. In both comparisons the computed P-values were lower than
the significance level alpha (0.05), showing that there was a strong link
between the compared parameters of the contingency tables (Fig. 8 A,
B).

3.9. Population level screening and confidence interval analysis

Based on the measurement of > 2000 sera; the highest ratio of low
and questionable antibody level samples was detected in the cluster of
‘1978-1987’ (~25.4%), followed by cluster ‘1969-1977’ (~15.4%)
(clusters were defined based on vaccine type and strain, and age at
vaccination) (Fig. 9A,B). Confidence interval analysis of ratios of sam-
ples with questionable antibody titers revealed that between the initial
vaccination period (1969-1988) and the later period (after 1988) sig-
nificant differences were detected: the relative frequency of the
1978-1987 cluster (95% confidence limit) is disjunctive from other
clusters ranging from 1988 to 2010, while between different phases of
the modern vaccination era no significant differences were detected
(Fig. 9B). We would like to note that for the period 2011-2015 we
excluded from the analysis samples from infants who may have lacked
maternal anti-measles antibodies, but had not been vaccinated yet.

3.10. Comparison of our assay with commercially available assays

We measured selected samples using different assays (Virotech,
Immunolab Siemens Enzygnost, Euroimmun, Orgentec Alegria).
Preselected samples (N = 86) were tested, including sera with equi-
vocal or low antibody titers. Preselection was based on our earlier ex-
perimental data, which defined the age-groups that contained the
highest ratio of samples with questionable/low anti-measles antibody
titers. As shown in Suppl. Fig. 1A, the majority of samples (80.23%)
showed data that were concordant in our ELISA and five commercially
available ELISA tests. Suppl. Fig. 1B depicts discordant results. We
found that our assay was comparable to the well-established commer-
cial kits; the number of data points that were standing alone, i.e. dis-
cordant with all other assays, was not higher than in the case of other
assays.

4. Discussion

Despite the availability of various serological assays for assessment
of anti-measles immunity, there is a need for an assay that has superior
signal-to-noise ratio, allows high-throughput screening and is cost-ef-
fective (Suppl. Fig. 2). Herein we describe the most important steps
towards achieving this goal.

4.1. Importance of blocking

In case of ELISA methods blocking plays a key role to prevent non-
specific binding antibodies. On high binding polystyrene surfaces using
a simple non-ionic detergent, such as Tween-20 or Triton-X, is not en-
ough and a protein blocking step is required. Usually a diluted solution
of bovine serum albumin (BSA) or skimmed milk can be applied, but in
assays where the antibodies of interest are likely to interact with these
agents, use of a synthetic blocker is necessary. BSA cannot be an effi-
cient blocking agent for samples of human sera due to the high back-
ground caused by the immunoglobulins present in BSA (Waritani et al.,
2017). Polyvinylpyrrolidone (Povidone, PVP), polyethylene glycol
(PEG) or polyvinyl alcohol (PVA) are typically recommended synthetic
blockers, although it was proven that the latter is preferable. We
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developed our PVA-containing synthetic blocker based on ELISA tests
using SynBlock buffer (Bio-Rad) in preliminary experiments. Thompson
et al. found that wells blocked with PVA gave comparable results to a
commercially available premium synthetic blocker in ELLA (Enzyme-
Linked Lectin Assay) experiments (Thompson et al., 2011) Our PVA-
based blocker contained 5 g/L PVA dissolved in PBS buffer. PVA of MW
124-186 kDa has been recommended (Rodda and Yamazaki, 1994),
although some investigators used PVA-50 (MW 50kDa) or PEG-360
(MW 360kDa) (Studentsov et al., 2002). Our synthetic blocker con-
tained PVA of different molecular weight. Conditions of preparation,
such as temperature and stirring, may also affect the effectiveness of the
blocker as PVA shown poor solubility in water. To prevent degradation
of the blocker a preservative was added.

4.2. Elimination of interfering antibodies

Specificity and sensitivity are basic criteria of immunological assay
development. Nonspecific binding of proteins, e.g. serum IgM anti-
bodies can decrease specificity because both pathogen specific and
natural (low affinity, multi-specific) IgM antibodies are present in
human serum. Autoantibodies present in patients with autoimmune
disease can potentially interfere with the results Cross reaction caused
by rheumatoid factor and heterophilic antibodies can often occur.
(Ahmed and Lambert, 2014; Bolstad et al., 2013; Haller-Kikkatalo et al.,
2017; Kaplan and Levinson, 1999; Loeffler and Klaver, 2017; Tate and
Ward, 2004) To solve these problems, interference reducing methods
have been suggested in the literature, such as pre-incubation of sera
with animal serum or immunoglobulin (Kragstrup et al., 2013; Sturgeon
and Viljoen, 2011). We used IgM Reducing Assay Diluent, a buffer
enriched by mammalian proteins and recommended for matrix equal-
ization to eliminate “sticky” or non-specific IgM from assays (Datasheet:
BUFO038A Description, 2018).

4.3. Confirmatory experiments

Comparison with anti-nucleocapsid monoclonal antibody-based
sandwich ELISA.

In confirmatory experiments we used anti-nucleocapsid monoclonal
antibody-based sandwich ELISA, although haemagglutinin (H) and fu-
sion (F) protein could be used for correlate studies, their measurement
is difficult and uncommon in high-throughput screening (Moss and
Johns Hopkins, 2009) (Brinckmann et al., 1991; Cohen et al., 2006;
Sheshberadaran et al., 1985). The most abundant antibodies are formed
against the viral nucleoprotein (N), and their absence is the most ac-
curate indicator of the lack of antibodies to measles virus, explaining
why these antibodies are most frequent antigen targets used in com-
mercial assays. Therefore, we compared our self-developed whole virus
antigen repertoire-based indirect ELISA with the anti-measles nucleo-
capsid monoclonal antibody-based sandwich ELISA with (Fig. 8A).
Since for plate coating we used the entire gamma-irradiated measles
virus of the Edmonston strain, we wanted to examine how it is related to
the specific anti-nucleocapsid antibody measurement. For comparison
we selected samples that contained low measles antibody levels
(Thompson et al., 2011), when measured by our assay and by com-
mercial kits (we also included positive samples in our measurements).
Qualitative results (judged as positive or negative) were obtained from
indirect ELISA and anti-N sandwich ELISA tests using (IS 66/202). The
comparison between the two ELISA tests showed high correlation
(Fig. 8A).

We used IIF as a reference method (de Ory et al., 2015) to confirm
our indirect ELISA results (Bayer and Hiibl, 2001; Tonutti et al., 2004;
Waner et al., 2000). For independent evaluation of IIF slides, we asked
the help of an expert from the National Public Health Institute, Buda-
pest, Hungary. Despite difficulties of paralleling two such techniques
the correspondence proved to be good, thus supporting the compar-
ability of our assay to an independent method (Fig. 8B).
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4.4. Waning of immunity

Fig. 9 shows the percentages of samples with low levels of anti-
measles antibodies depending on the time period of vaccination. The
samples were grouped according to the years of vaccination and
changes introduced in the Hungarian vaccination schedule. Two groups
showed the highest percentages where little or no protection was ob-
served (clusters ‘Vaccinated between 1969- 77’ and ‘Vaccinated be-
tween 1978- 87’; marked with arrows). Waning or lack of anti-measles
protection in these groups might be due to multiple factors (Guerra
et al., 2018;Kang et al., 2017;Kontio et al., 2012) including primary
vaccine failure, poor vaccine handling, or suboptimal vaccination age.

5. Conclusion

Our findings are in agreement with data from literature: we found
low antibody levels in age-groups that included individuals who were
immunized during the initial vaccination periods when the age at
vaccination, the composition and/or handling of vaccines were poorly
defined (Fig. 9) (Contemporary data can be found online at https://
www.cdc.gov/mmwr/preview/mmwrhtml/00001472.htm). The group
that had the highest level of anti-measles antibodies included persons
born before 1969 that were likely exposed wild-type virus and thus
acquired life-long protection.

In summary, we have developed a new ELISA assay for assessment
of immunological protection status against measles infection. The assay
is cost-effective, allows high-throughput screening and has superior
signal-to-noise ratio. We believe that our new protocol may be applic-
able in the population-level surveillance of immunity against measles.
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Abstract

Introduction: In Hungary, where MMR vaccine coverage is 99%, in 2017, @ minor measles epidemic
started from imported cases due to two major factors - latent susceptible cohorts among the
domestic population and the vicinity of measles-endemic countries. Suspended immunization
activities due to the COVID-19 surge are an ominous precursor to a measles resurgence. This
epidemiological demonstration is aimed at promoting a better public understanding of
epidemiological data.

Materials and Methods: Our previous MMR sero-epidemiological measurements (N of total measles
cases = 3919, N of mumps cases = 2132, and N of rubella cases = 2132) were analyzed using open-
source epidemiological data (ANTSZ) of a small-scale measles epidemic outbreak (2017, Hungary).
A simplified SEIR model was applied in the analysis.

Results: In case of measles, due to a cluster-specific inadequacy of IgG levels, the cumulative
seropositivity ratios (measles = 89.97%) failed to reach the herd immunity threshold (HIT Measles -
92-95%). Despite the fact that 90% of overall vaccination coverage is just slightly below the HIT,
unprotected individuals may pose an elevated epidemiological risk. According to the SEIR model,
274% of susceptible individuals are expected to get infected. Estimations based on the input data of
a local epidemic may suggest an even lower effective coverage rate (80%) in certain clusters of the
population.

Conclusion: Serological survey-based, historical and model-computed results are in agreement. A
practical demonstration of epidemiological events of the past and present may promote a higher
awareness of infectious diseases. Because of the high RO value of measles, continuous large-scale
monitoring of humoral immunity levels is important.

(Bérocz K, Markovics A, Csizmadia Z, Najbauer J, Berki T, Németh P. Imported Infections Versus Herd
Immunity Gaps; A Didactic Demonstration of Compartment Models Through the Example of a Minor
Measles Outbreak in Hungary. SEEMEDJ 2021, 5(1); 1-16)
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Introduction

Testing of acquired immunity and effectiveness
of vaccination against infectious diseases has
been increasingly important in the design of
preventive public health strategies. Resurgence
in measles cases in the United States and across
Europe has occurred, including in individuals
vaccinated with two doses of the vaccine (1).
According to the Centers for Disease Control
and  Prevention (CDC), World Health
Organization (WHO) and United Nations
International  Children's Emergency Fund
(UNICEF), measles has already been a global
issue and now it has been aggravated by
disrupted immunization protocols due to the
COVID-19 pandemic (2-5). All six WHO regions
have reported disrupted immunization activities,
with  major adverse effects on routine
immunization and mass vaccination campaigns
(4). According to CDC reports, in 2020, more than
117 million children were at the risk of missing
out on measles vaccines as a consequence of
the COVID-19 surge (2). Measles immunity gaps
resulting from  suspended immunization
activities are an ominous precursor to a measles
resurgence (4). In Ukraine, one of Hungary's
neighboring countries that was already endemic
for measles, vaccination has been interrupted in
many regions (3). Regarding Europe, ECDC
surveillance data  have indicated an
exceptionally high number of measles cases in
2018, 2019 and 2020 in EU/EEA countries.

Vaccination remains one of the safest and most
effective interventions available in public health
for the primary prevention of infectious diseases,
resulting in both direct and indirect immunity in
individuals vaccinated (herd immunity) (6-8).
Even though a safe and effective two-dose
measles/MMR vaccination schedule has been
available in Europe since the 1960s, maintaining
high vaccine coverage is still difficult, despite
the fact that in Hungary, the MMR vaccine is
mandatory and consequently the vaccine
coverage is estimated to be at 98-99%.
According to our previous publications (9,10) and
in agreement with the results obtained by our
colleagues (11), there are latent immunization
gaps in certain age (or immunization) clusters of
2

the Hungarian population, with predominance of
the ~35-45-year-old adults. These are
individuals who form a significant portion of the
active labor force of the country, for instance
health care workers (HCWs).

Between January 2017 and May 2019, there were
76 reported measles cases in Hungary (12), 54 of
which were reported between 21 February and
22 March 2017 (13). Because of the recent
outbreaks worldwide, not only of measles, but
also mumps and rubella (MMR) infections, and
because of waning of immunity over time after
vaccination (14-17), the importance of
continuous MMR seroepidemiological screening
is evident.

Suboptimal vaccine effectiveness in certain
clusters of the population has a negative impact
on overall vaccination coverage. Small-scale
outbreaks suggest that certain measles
vaccines - applied during the early phases of the
Hungarian vaccination history - failed to elicit
the desired immunological response. The
resulting immunization gap(s) raise the concern
of potential further outbreaks (9,11). The 2020
COVID-19 outbreak called attention to the
importance of mathematical modelling of
epidemics (18). Based on a reliable model, the
timescale and economic impact of the disease
can be predicted and preventive
countermeasures can be taken (19). Through the
example of the measles epidemic in Mako (2017,
southeast Hungary), we demonstrated that, in
possession of key epidemiological data (e.g. RO
value, estimated vaccination coverage of a given
population, number of infected and recovered
individuals and duration of the epidemic), a
simple open-source mathematical model can
give a good approximation of the course of an
infection and may provide better general
compliance with protective measures.

Materials and Methods
Experimental work

In this seroepidemiological survey, we
combined the data from our previous findings
with recent measurements, including anti-

Southeastern European Medical Journal, 2021; 5(1)
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measles, -mumps and -rubella antibody level
(IgG) determination. Measurements were
performed on the automated Siemens BEP 2000
Advance® platform (Siemens AG, Germany),
using our self-developed ELISA assays
validated by well-established commercial kits,
as previously described (9,10). Indirect
immunofluorescent microscopy was used a
reference (Euroimmun, Germany).

In case of large-scale seroepidemiological
measurements, a serum bank consisting of
anonymous patient sera was used (N of total
measles cases = 3919, N of mumps cases = 2132,
and N of rubella cases = 2132) (Ethical License
number 2015/5726). Nationally representative
samples included randomly selected clinical
residual samples, with the exclusion criteria of
neonates, children under the vaccination age
and severely immunocompromised patients.
Samples were collected from the Department of
Laboratory Medicine (University of Pécs, Clinical
Centre). Serum samples were from all listed age
groups participating in this study and they were
categorized based on past changes introduced
in measles and MMR immunization schedules.
Age group determination was based on the
landmarks in the history of measles and MMR
vaccination schedules in Hungary (Figure 1).
Human sera were stored in the accredited
laboratory of the Department of Immunology
and Biotechnology (University of Pécs, Medical
School, Pécs, Hungary) according to quality
assurance criteria (ISO 17025).

Population-level  result  evaluation  and
seropositivity ratio assessment was performed
in relation to the concept of herd immunity
threshold (HIT) values (HIT Measles = 92-95%,
HIT Mumps = 85-90%, HIT Rubella = 83-86). The
study relies on the full virus antigen repertoire-
based indirect ELISA method. Therefore, it must
be considered a good surrogate, rather than an
absolute correlate marker for immunity - as far
as Plotkin's nomenclature is considered
normative (20-22). We examined vaccination
group-related infection- and vaccine-induced
antibody titres using the following software:
SPSS, Origin Pro, Excel.

3

SEIR model example and input data

A small-scale measles outbreak in Hungary in
2017 raised questions about the vaccination
coverage rate in the country. Experimental
results supported the theory of ineffective
vaccines, as previously mentioned (9). In spite of
its limitations, it seemed reasonable to set up a
SEIR model calculation in order to see whether
a few percent decrease in effective vaccination
could result in a local epidemic. To demonstrate
the disease spread in a well-immunized
population where latent immunity gaps may be
present, input data were based on the data of
the 2017 measles outbreak in Mako, southeast
Hungary. The following parameters were used
to perform the calculations:

Population (N): The epidemic was linked to the
small-town hospital. During that year, 65
physicians were responsible for medical
attendance of the estimated 30,000 inhabitants
of Makd and the surrounding villages. In our
model, a population of N = 400-1,000 people
was assumed, including patients, health-care
workers and family members.

Number of infected individuals (I): A total of 29
cases were reported.

Incubation time and contagious period: The
incubation time for measles ranges from 10 to 12
days on average, an infected person can be
contagious even 1-2 days before the first
characteristic symptoms are visible, up to 4 days
after the rashes appear. In our model, the
incubation time (Tinc) was assumed to be 10
days, whereas the contagious period (Tcont)
was 6 days. Based on these values, and
parameters were determined by equations (5)
and (6).

Reproduction rate ranging from 12 to 18 can be
found in the literature and both values were
tested. The higher value is applicable to
communities where no social distancing is
present and the ratio of vaccinated or
immunized inhabitants is low. In Central Europe,
the use of the lower value seems more rational,
although this specific epidemic was kept mainly
in a hospital, where circumstances promote the
spread of the infection. In this case, the start of

Southeastern European Medical Journal, 2021; 5(1)
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the outbreak was defined as the possible first
day of the first patient's infection, while the
model was set to stop after the recovery of the
last infected person. When it comes to large-
scale epidemics, a different approach is used. If
no new cases are found after a certain period,
the outbreak is over. This time period is usually

performed using Microsoft Excel Visual Basic
Application (VBA), but the graphs were plotted in
Origin. VBA is a built-in feature of the Microsoft
Office Suite with several limitations, but its
prevalence and the user-friendly computer
language makes it suitable for educational
purposes.

determined by the incubation time, with a

calculation method suggested by the WHO. Results

Based on the ELISA antibody measurements, it
can be assumed that only ~90% of the Hungarian
population has effective immunization, which is
under the theoretical 92-94% of HIT. In the
model, 90% of seroprevalence was assumed,
but lower values were also tested subsequently.
No additional vaccinated (V) compartment was
created and immunized individuals were treated
as recovered. Vital dynamics was disregarded
due to the short period of the epidemic. Death
rate was not taken into consideration either, as

Changes and  historical data regarding
epidemics in the Hungarian measles/MMR
vaccination schedule (23-25) have been plotted
on a timeline in order to evaluate
seroepidemiological data accordingly. Figure 1
shows changes in measles and MMR vaccination
schedules in Hungary since the introduction of
the vaccine (1969). High age-specific attack rates
characterizing major epidemics (1980-81 and
1088-89) along with 93%-99% of vaccine
coverage evidence insufficiencies of the early

no fatlalltles were observed ldurmg the vaccination program.
Hungarian  outbreak.  Calculations  were
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Figure 1. Measles and MMR vaccination schedules in Hungary

(a) Vaccination against measles was introduced in Hungary in 1969. (b) From 1969 to 1974, a single dose of measles
vaccine was administered in mass campaigns to persons aged 9-27 months. (c) After vaccination was
implemented, the incidence rate decreased until 1973-74, when large epidemics occurred primarily in
unvaccinated 6-9-year-olds. (d) The recommended age for vaccination was 10 months until 1978, when it was
changed to 14 months. (e) After the 1980-81 epidemic, persons born between 1973 and 1977, who received vaccine
when the recommended age was 10 months, were revaccinated. (f) The 1988-89 epidemic mainly affected persons
aged 17-21, who had been targeted to receive vaccine during mass campaigns in the first years of the vaccination
program in Hungary. After 1989, children were re-vaccinated at the age of 11 with a monovalent measles vaccine
in a scheduled manner. Also, in 1989, the rubella vaccine was introduced. (g) In 1990, measles-rubella bivalent
vaccines were introduced. (h) The administration of the first vaccine at the age of 14 months lasted from 1978 to
1991. Also, in 1991, the measles-mumps-rubella trivalent vaccine was introduced. (i) In 1992, the administration of
the first MMR vaccine was shifted to 15 months of age. (j) In 1996, the MERCK MMR Il vaccine (Enders' Edmonston
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strain, live attenuated) was introduced. (k) In 1999, measles-mumps-rubella revaccination replaced the monovalent
measles vaccine. Also, in 1999, the GSK PLUSERIX vaccine (Measles Schwarz Strain) was introduced. (1) In 2003, the
GSK PRIORIX vaccine was introduced. (m) Between 2004 and 2005, the MERCK MMR Il vaccine was used. (n)
Between 2006 and 2010, the GSK PRIORIX vaccine was in use. (o) Starting from 2011, we have been using a Sanofi-
MSD product, MMRvaxPro (Measles virus Enders' Edmonston strain, live, attenuated), for vaccination and
revaccination of children. GSK PRIORIX is still on the market, commonly used for vaccination in adulthood. (p)
Between January 2017 and December 2019, there were 76 reported measles cases in Hungary (according to ECDC
Surveillance reports). (Source of information: MMWR Weekly October 06, 1989 / 38(39); 665-668, International
Notes Measles - Hungary, http:.//www.vacsatc.hu, https://www.ecdc.europa.eu)

Figure 2 shows the age or vaccination group-
specific seropositivity and seronegativity ratios
for measles, mumps and rubella. The lowest
seropositivity ratios in terms of anti-measles
antibody titres (IgG) were observed in the groups
‘Vaccinated between 1969-1977' (87.56%) and
‘Vaccinated between 1978-1987' (78.48%). These
results are further confirmed by the

(a) Measles
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abovementioned vaccine insufficiencies of the
relative periods, described in Figure 1. Regarding
the mumps and rubella seroepidemiological
survey, in terms of humoral antibody levels, all
vaccination groups satisfied the requirements
necessary for the achievement of herd
immunity.
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Figure 2. Measles, mumps and rubella
seropositivity ratios according to vaccination
groups

Age / vaccination groups: (1) Individuals born before
1969. (1) Individuals vaccinated between 1969 and 1977.
(1) Individuals vaccinated between 1978 and 1987. (IV)
Individuals vaccinated between 1988 and 1990. (V)
Individuals vaccinated between 1991 and 1995. (Vi)
Individuals vaccinated between 1996 and 1998. (Vi)
Individuals vaccinated between 1999 and 2002. (ViIl)
Individuals vaccinated in 2003 (IX) Individuals
vaccinated between 2004 and 2005. (X) Individuals
vaccinated between 2006 and 2010 (XI) Individuals
vaccinated after 2011. The lowest seropositivity ratio
(78.48%) was observed in the anti-measles antibody
titres (IgG) in the group 'Vaccinated between 1978 and
1987’

In case of measles, mumps and rubella
cumulative results, the seropositivity ratios were
80.97%, 91.60% and 92.58%, respectively, as
shown in Figure 3. Due to previously detailed
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cluster-specific inadequacy of humoral antibody
levels, the cumulative anti-measles

seropositivity ratios also failed to reach the herd
immunity threshold (HIT Measles = 92-95%).

Measles Mumps Rubella

10% 8% 7%

4 /

4

B Overall seropositivity ratio
M  Overall seronegativity ratio

X (negative + equivocal samples) 100
*

Seropositvity ratio = Total number of samples —
Total number of samples
HIT Rubella = 83-86%

HIT Measles = 92-95% HIT Mumps = 85-90%

Figure 3. Overall seropositivity and seronegativity ratios

N measles = 3,919; N mumps, rubella = 2,132. In case of measles, mumps and rubella cumulative results, the
seropositivity ratios were 89.97%, 91.60% and 92.58%, respectively. The overall ratio of seropositive samples was the
lowest in the ‘measles’ group, where it remained under the threshold value. Seropositivity ratios were calculated as
follows:

Using the seronegativity ratio of 89.97% (= 90%)
obtained by the cumulative data representation
of anti-measles (IgG) antibody levels, the model
of possible outcomes of a measles outbreak in a
hospital as a function of the vaccination
coverage rate was investigated. The results of
the VBA-based SEIR model of the 2017 epidemic

in Hungary are summarized in Table 1. Three
parameters — population of the sample, ratio of
immunized individuals and reproduction rate of
the virus - were set to different values. The
effect of these adjustments was investigated
and changes in the number of measles cases
and timescale of the epidemic were observed.

Table 1. SEIR model results for the 2017 measles epidemic in Maké, Hungary

Population of the Ratio of immunised Total number of Duration of epidemic
sample (N) (%) measles cases
Ry, =18
1000 Q0 73 6 months
400 Q0 29 4 months
400 80 78 3 months
150 80 29 2.5 months
Ry =12
1000 Q0 2 6 days
400 Q0 2 6 days
400 80 70 4 months
150 80 26 3 months
Empirical values
? Q0 29 2 months
6 Southeastern European Medical Journal, 2021; 5(1)
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At R_0-=18 and N = 1000, assuming 90% effective
vaccination, 100 susceptible individuals can be
found in the population. The model estimates a
total number of infected persons at 74 and the
duration of the epidemic at half a year, which is
more than double of the real values. By setting
the population at N = 400, 30 infected individuals
and 4 months were given by the model. This way
the number of infected persons corresponds to
the actual clinical data, but the duration is still
longer compared to empirical findings.

Timescale of the epidemic can be compressed
by increasing the proportion of susceptible
people. If the vaccination coverage rate is
changed from 90% to 80%, the duration of the
epidemic is reduced to 3 months, but the total
number of infected individuals becomes higher.
Based on this anomaly, it can be presumed that
the total humber of involved population might
be even lower than 400. Unfortunately, the
results of the contact tracing procedure were
not available for a better approximation.

An acceptable correspondence between the
model calculations and the clinical data was
observed by assuming N = 150 and 80% of
vaccination coverage as input parameters.

The results - 30 infections in a two-month period
- are close to the official values. For a better
comparison, modelling with R_0=12 was also
performed. The less contagious the virus, the
fewer cases are found. Using this lower
reproduction rate, only isolated cases can occur
at 90% of vaccination coverage (which is a value
that resembles the HIT). By decreasing the
vaccination rate, the number of cases increases
and the timescale is shortened, similarly to
previous test examples.

Discussion

MMR vaccination in Hungary

In Hungary, MMR vaccine is mandatory. A single-
dose, live-virus combined measles-mumps-
rubella (MMR) vaccine is used to vaccinate
infants of 215 months of age. A reminder vaccine
is given to sixth year primary school students (~11
years of age). PRIORIX (GSK), PRIORIX-TETRA
(GSK), ProQuad (MERCK) and the M-M-
RVAXPRO (MSD Pharma) vaccines are currently
used in Hungary for vaccination of children (at 15
months and 11 years of age) and for adults (62).
The vaccines contain live attenuated viruses (26).
Regarding insufficient cumulative anti-measles
seropositivity levels, we would like to emphasize
that potential gaps in the population-level
humoral immunity (IgG) are attributable to early
vaccination periods and are not a general
phenomenon  relative to the  current
immunization practices. The susceptibility of
certain cohorts is likely attributable to the
thermal instability of the historical Leningrad-16
vaccine, inefficient seroconversion owing to
vaccination at a premature age (e.g. 9 months of
age) and the questionable efficiency of the
inoculum itself (9, 11, 25, 29, 30, 31). The 2017
measles outbreak in Makd was provoked by
imported cases. Some of our bordering
countries are still endemic for measles (27-30).
Supplementary Figure 1 shows the European
measles cases in the time period relative to the
epidemics in Mako and Szeged. COVID-19 is
increasing the risk of measles outbreaks.
According to CDC Global Measles Outbreak
reports of January 2021, 41 countries may
postpone their measles campaigns for 2020 or
2021 due to the COVID-19 pandemic. This
increases the risk of bigger outbreaks around
the world (32).
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Measles cases by notification rate (ECDC)
(December 2016 - November 2017; cumulated results)
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Supplementary Figure 1. European measles cases in the time period relative to the epidemics in

Mako and Szeged (ecdc.europa.eu)

Between December 2016 and November 2017, numerous measles cases occurred in Europe, most of which were
reported by Romania, one of Hungary's neighbouring countries. Source of data: https.//www.ecdc.europa.eu/

2017 measles epidemic in Hungary

In 2017, according to the data of the national
authorities, a total of 76 persons were infected
with measles (corrected to 73 laboratory
confirmed cases by ECDC Surveillance reports).
The outbreak in the hospital of the small town of
Mako involved 29 individuals and lasted from
January 2017 to March 2017 (32,33). In order to
demonstrate the spread of virus in a well-
immunized population, where despite good
vaccination coverage, latent immunization gaps
(unprotected, seronegative cohorts) are present,
8

we used an open-source epidemiological report
of the Hungarian National Public Health and
Medical Officer Service (ANTSZ) (17 March 2017):
‘At the peak of the Hungarian measles
epidemics during the spring of 2017, 52 cases
with measles-specific symptoms were reported.
Of these, 15 laboratory confirmed cases
(National Reference Laboratory for Measles and
Rubella, National Public Health Institute,
Budapest, Hungary) were registered by 16
March. Of these patients, 12 were health care
workers (HCWs) and two were hospitalized
patients. One of them was a foreigner, while the
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other one was a patient living in the vicinity of a
HCW. The epidemic affected two health care
institutions, the Hospital of Mako and the clinics
of the University of Szeged. The first measles
case was imported in mid-February 2017 to the
Hospital of Maké. The epidemic affected the
hospital staff and their contacts. By 17 March, a
measles infection was confirmed in case of a
patient who was presumed to be the original
importer of the virus, in case of 11 HCWs and in
case of one of the HCW's contacts. At the time
of this report, additional 11 cases (of which seven
HCWs and three patients’ contacts) were still
under investigation. At the clinics of the
University of Szeged, two persons - a HCW and
a patient - fell ill with measles. Another 11
persons (six patients and five HCWs) were also
suspected at the time of the report. Following
the appearance of the abovementioned
measles cases, in Csongrad County, a total of
391 people were vaccinated against measles,
mumps and rubella (MMR). As the first cases of
this period had been revealed, the National Chief
Physician ordered strict monitoring and
reporting of suspected measles virus infections.
Thus, another 15 suspected cases were
registered in several other counties. At the time
of the report, laboratory testing was still ongoing
(12).

The second group of imported cases was
detected at the end of July 2017 in Nyiregyhaza,
Szabolcs-Szatmar-Bereg County, Hungary (11).
Six unvaccinated Romanian children were
hospitalised with clinical symptoms of measles.
These cases were later laboratory confirmed
(National Reference Laboratory for Measles and
Rubella, National Public Health Institute,
Budapest, Hungary). The subsequent disease
spread among two additional HCWs (also
laboratory confirmed) supports the
susceptibility of certain clusters in the Hungarian
population (11).

Epidemiological model- a didactic representation

In this section, we explain the spreading
mechanism of infectious diseases for those who
are not familiar with the computational
background of modelling. To understand the
basics of epidemic models, a simplified
mathematical interpretation can be used. The
spread of a disease can be described by S-
shaped sigmoid mathematical functions, similar
to the well-known pH titration curve, or
haemoglobin saturation curves. As infectious
diseases spread from human to human, the
number of susceptible persons is decreasing
over time and it influences the propagation of
the pathogenic agent. In the beginning of the
outbreak, the damping effect of recovered
patients is minimal; the curve is very close to
exponential and the number of new cases
increases rapidly. At a certain time, a kind of
equilibrium follows, daily recoveries can balance
new infections and the curve reaches its
inflection point. Afterwards, in the saturation
phase, the epidemic slows down and at the end,
no new cases are found and the vast majority of
the population has recovered (Figure 4). The
curves represented in Figure 4 are a graphic
interpretation of a commonly used method for
epidemic modelling - the compartment model.
In this model, the population is divided into
compartments - well-defined categories based
on their epidemiological properties. In a
compartment, all individuals behave exactly the
same, e.g. they are all infected, all vaccinated, all
exposed, etc. The simplest among these
compartment models is the SIR model, where
the letters of the acronym stand for susceptible,
infectious and recovered.
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Figure 4. SIR model curves of a hypothetical
epidemic

As the disease spreads, the number of susceptible
individuals decreases. First they get infected (I), but
later on they will progress to the recovered
compartment (R). Approximately 6% of the population
managed to avoid contact with infected individuals.
The peak of infections could be observed almost three
months after the first case was recorded, affecting 8%
of the population at the same time.

The progression of an individual in this model is
easy to follow, each member of the population
progresses from susceptible to infectious to
recovered.

sE1Lrw

Transition between compartments is described
by transition rates. Infection rate () represents the
probability of transmitting the disease between
a susceptible and an infectious person. In other
words, the value of shows the number of
individuals to whom an infectious person can
pass the disease per day (18,39,40) For example,
if the infection rate is 0.2, it will take five days on
average to infect someone. If we assume that
the patient is contagious for 10 days, two new
infections are expected in this case.

The overall efficacy of the epidemic can be
described by the number of these secondary
infections originated from the primary infection,
our first patient. This important parameter is the

10

basic reproduction number (R0). Each virus has
its own average RO value - 12-18 for measles
and 3.3-57 for COVID-19, according to the
literature.

The recovery rate ( describes the probability of
transition into the recovered compartment. For
instance, if this rate is 0.1, the contagious period
will last for 10 days.

From a mathematical perspective, the
transitions can be described by the following
differential equations, where S, | and R are the
number of individuals in the corresponding
compartments, while N is the whole population.

ds _  BIs
T N (2)

ai_ Bs _
TN (k)

dR

i yl(4)
Mathematical methods (such as the Runge-
Kutta method) are available for solving similar
equations, but there is a simpler option. Using
the built-in features of Microsoft Excel (or any
equivalent spreadsheet application), it s
possible to make calculations using an iterative
method. Instead of solving the equations, the
computer performs calculations that follow the
daily changes in different compartments.

For modelling, and RO have to be defined. Based
on the definition of the transition rates, it can be
seen that the recovery rate can be determined
by the number of contagious days (T _cont).

1

y = (5)

TCOTLt

The basic reproduction number can be given as
follows:

Let us assume that in a certain population
measles can be transmitted from a single person
to 12 others (R_0=12) and they stay contagious for
6 days (T_cont=6). In this case:
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Incubation time plays an important role in the
spread of a disease. In a more sophisticated
model (SEIR model), this can also be taken into
consideration. A new compartment for the
exposed part of the population can be
generated. The susceptible person first gets
exposed and will progress to the infectious state
only after a certain time.

sEEL LR

The parameter 'a’ is a new transition rate,
which can be determined by the incubation time
(T_inc), similarly to vy:

1
Tinc

a =

New compartments can be added to the model
anytime, such as the compartment M for
individuals with maternal immunity or the
compartment E for exposed individuals, who are
already infected, but not infectious. Based on the
characteristics of certain infectious diseases,
further models have been developed, such as
the SIS, MSIR, SEIR, SEIS, MSEIR and MSEIRS
models. The second 'S’ in the acronym indicates
that after the infection, no permanent immunity
can be reached and the individuals step to the S
compartment again. In other models, the ratio of
hospitalization, the ratio of mild and severe
cases and epidemiological interventions can be
included, with a more complex mathematical
background.

In the examples described above some
important parameters are simply disregarded,
although it is possible to perform a more
detailed computation. Vital dynamics, the
natural dynamics of birth and death, can be
included by adding two further parameters.

It is necessary to mention that compartment
models have their well-known limitations and
shortcomings. For instance, all individuals in the
population are assumed to have an equal
probability of coming in contact with others,
11

although society is inhomogeneous from the
perspective of social distancing. Another
drawback is that the traditional compartment
model cannot handle uncertainty in model
parameters. Working with a smaller set of data
increases this uncertainty, making predictions
unreliable. To overcome this problem, it is usual
to calculate the SIR model over a few possible
values for each parameter. A more complex
solution is to use distribution functions instead of
single numbers and if real-time data is available
(e.g. we are in the middle of a pandemic), a
clinical dataset can be utilized to adjust these
parameters (36-38).

Regarding the SEIR model resembling the 2017
measles outbreak in Mako (Figure 4), we would
like to note that both the simplified
mathematical method and the input data were
unreliable. With more sophisticated models,
many different parameters can be taken into
consideration (37,39). Despite that fact, the
calculated values correspond in order of
magnitude to the available data on the epidemic
and support the experimental results describing
the vaccination gap.

Model curves using a lower percentage of the
population-level anti-measles protection rate
are more fitting. This finding may indicate an
even lower percentage of effectively vaccinated
population than it was found previously (~90%).

It is concluded that the importance of
seroepidemiological surveys is confirmed by the
recent outbreaks of measles, mumps and
rubella infections in  several countries
(14,16,17,40-45). Considering the HIT values,
suboptimal anti-measles seropositivity ratios
were detected in certain clusters of the early
vaccination era (7848% of sufficient anti-
measles IgG antibody titres among individuals
vaccinated between 1978 and 1987). This finding,
which is in accordance with a recent study
published by our colleagues (11) and historical
literature data (46), suggests the existence of
age-specific  immunization gaps in the
Hungarian population. For mumps and rubella,
our preliminary data shows satisfactory
immunity levels. Nowadays, in our country, the
MMR vaccination coverage is ideal due to the
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mandatory administration of safe and modern
trivalent vaccines. Nevertheless, dubious
immunization practices in some of our
neighboring countries, aggravated by the
detrimental effect of the COVID-19 pandemic
and subsequent suspension of measles
vaccination campaigns, may facilitate the
occurrence of minor importation-related MeV
outbreaks in susceptible cohorts. Using the
example of the 2017 measles outbreak in Mako,
it has been demonstrated that in possession of
key epidemiological parameters (e.g. RO value,
estimated vaccination coverage of a given
population, number of infected and recovered
individuals, duration, etc), a simple SEIR model
can give a good approximation regarding the
course of an infection.

We believe that awareness may significantly
reduce the extent of an epidemic (38,47). In the
light of current disquieting epidemiological
circumstances, we suggest the introduction of
open-access mathematical and epidemiological
models into modern natural science education
of students. Today, online epidemic models are
easily available for the public (35,36). Practical
introduction to these plain calculation models
could help students understand the rationale
behind epidemiological data. We believe that a
practical demonstration of epidemiological
events can promote a better understanding of
countermeasures and also allow for an easier
adaptation to the current epidemiological
regulations.

Limitations of experimental work

The diagnostic ability of our assay was
calculated based on the results obtained by
well-established kits capable of humoral
antibody detection, rather than on neutralizing
antibody titres that could serve as an absolute
correlate of protection (48-50). It is important to
emphasize that immunity to measles is a
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