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Abstract: Introduction: Comprehensive evaluation of measles-specific humoral immunity
after vaccination is important for determining new and/or additional correlates of vaccine
immunogenicity and efficacy. Methods: We used a novel proteome microarray technology
and statistical modeling to identify factors and models associated with measles-specific
functional protective immunity in 150 measles vaccine recipients representing the extremes
of neutralizing antibody response after two vaccine doses. Results: Our findings
demonstrate a high seroprevalence of antibodies directed to the measles virus (MV)
phosphoprotein (P), nucleoprotein (N), as well as antibodies to the large polymerase (L)
protein (fragment 1234 to 1900 AA). Antibodies to these proteins, in addition to anti-F
antibodies (and, to a lesser extent, anti-H antibodies), were correlated with neutralizing
antibody titer and/or were associated with and predictive of neutralizing antibody response.
Conclusion: Our results identify antibodies to specific measles virus proteins and statistical
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models for monitoring and assessment of measles-specific functional protective immunity
in vaccinated individuals.

Keywords: measles; measles-mumps-rubella vaccine; measles virus; viral vaccines;
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1. Introduction

Despite the availability of an effective vaccine, measles outbreaks continue to be a major global public
health concern [1]. Over 20 million measles infections occur annually; 122,000 deaths due to measles
occurred worldwide in 2012 [1]. Insufficient vaccine coverage [1,2], along with primary and secondary
vaccine failure [3—8] and early waning immunity [9], are contributors to the sustained occurrence of measles
in developing countries and the resurgence of measles cases in developed countries [3,10,11]. In the first six
months of 2014, the US reported more measles cases (397 cases) than it has reported annually since
2000 [12]. Many of the measles cases in the recent outbreaks have been due to failure to vaccinate, but
primary and secondary vaccine failure also play a role in measles susceptibility and outbreaks[12—15].
Various reports from the literature estimate 2%—10% of vaccinated individuals (with two measles-mumps-
rubella/MMR doses) fail to develop a protective measles antibody response, which can result in infection
upon exposure [13,16-22]. Thus, vaccine failure and waning immunity are major concerns, and further
studies of the measles vaccine’s immunogenicity and correlates of protection are necessary. In addition, an
accurate and feasible method for monitoring measles vaccine-induced protective immunity (e.g., functional
neutralizing antibodies relevant to protection and/or other correlates of protection) is crucial for achieving
measles eradication [23].

The current gold standard in measles serology is the measurement of neutralizing antibodies
directed against the two measles virus (MV) surface glycoproteins—the hemagglutinin (H) and
fusion (F) proteins—by the standard plaque reduction neutralization (PRN) test, or its modified
high-throughput version—the fluorescence-based plaque reduction microneutralization (PRMN)
assay [16,24]. MV fusion to, and entry into, cells is the result of concerted efforts of the H and F
proteins [25-27]. Depletion of H- and F-specific antibodies from the serum of vaccinated individuals resulted
in the abrogation of virus neutralizing activity, as demonstrated by de Swart et al. [28,29]. Depletion of only
H-specific antibodies almost completely abrogated neutralizing activity, while depletion of only F-specific
antibodies had a minimal effect on virus neutralization titers [28]. This suggests that H-specific antibodies
are the main correlate of MV neutralization.

Although the H and F neutralizing antibodies are currently the most studied and used correlates of MV
protection, their measurement is labor intensive, costly, and/or requires special equipment and trained
personnel [24]. Other MV proteins include: The nucleocapsid (N) protein, the phosphoprotein (P), and the
matrix (M) and polymerase (L) proteins [30]. In addition, the non-structural C and V proteins are expressed
upon transcription of the virus in infected cells and are implicated as immune evasion factors associated with
increased MV virulence [30-35]. Clearly, there are several alternate humoral immune markers that could
potentially serve as additional correlates of protection, but in-depth information is lacking with regard to the
levels of antibodies against these proteins after MMR vaccination.
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Comprehensive evaluation of measles-specific humoral immunity after vaccination is important for
determining new and/or additional correlates of vaccine immunogenicity and efficacy, and for acquiring new
insights into the immune effector mechanisms related to long-term protection after immunization. In this
study, we performed proteomic profiling of IgG measles-specific humoral immune responses in 150 vaccine
recipients (after two MMR vaccine doses) representing the extremes of the measles-specific neutralizing
antibody response (75 high antibody responders and 75 low antibody responders) using proteome microarray
technology (examining the entire measles virus proteome) and modeled antibody response to identify a
model predicting neutralizing antibody titer [36-38]. This information has the potential to lead to
the development of more effective and feasible methods for evaluating protective immunity after

measles vaccination.
2. Materials and Methods

The methods described herein are similar or identical to those we have previously published [16,39—46].
2.1. Study Subjects

The recruitment of a large, population-based, age-stratified random sample of 764 healthy children and
young adults, immunized with two doses of MMR-II vaccine (Merck, containing the Edmonston strain of
MYV) was previously reported [16,44,45]. Briefly, this study cohort comprised a combined sample of 764
eligible subjects from two independent age-stratified random subcohorts of healthy schoolchildren and young
adults from all socioeconomic strata in Olmsted County, MN. The first subcohort consisted of 440 healthy
children, age 11 to 19 years, enrolled between December 2006 and August 2007, from which 388 children
were eligible to participate in the study; and the second subcohort consisted of 383 additional healthy children
and young adults, age 11 to 22 years, enrolled between November 2008 and September 2009, from which
376 met the eligibility criteria for inclusion in the study. For each subcohort, using a procedure approved by
the Mayo Clinic Institutional Review Board (IRB) and the local school district, the subjects were recruited
using a random selection of individuals eligible by age and documented vaccine status on the school registry
rolls, as previously described [47]. All subjects provided medical records demonstrating they received two
doses of MMR vaccine, the first dose at 12 months of age or later, and the second dose following at least one
month after the first dose. One hundred fifty study participants representing the extremes of the humoral
neutralizing antibody responses to measles vaccine in this cohort (75 high antibody responders with a median
titer of 3730 mIU/mL, and 75 low responders with a median titer of 168 mIU/mL) were selected for detailed
profiling of measles-specific humoral immunity in the current study. No known circulating wild-type measles
virus was observed in the community since the earliest year of birth for any study subject. Travel history
(such as travel to regions of the world where measles is endemic) for the subjects enrolled in our study was
not available, but all study participants were born and raised in Minnesota. The IRB of the Mayo Clinic
approved the study, and written informed consent was obtained from the parents of all children who
participated in the study, as well as written assent from age-appropriate children.
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2.2. Proteome Microarray

Proteome microarray chips were developed by Antigen Discovery, Inc. (Irvine, CA, USA) by PCR
amplification of cDNA for all MV (MV Edmonston, Genbank AF266288) proteins, as previously
described [36-38]. The amplicons were inserted into pXi T7-based expression vectors, expressed in coupled
in vitro transcription-translation (IVTT) reactions, and printed onto microarray slides. Serum samples were
diluted 1:100 in Protein Array Blocking Buffer (Whatman, Inc.; Sanford, ME, USA) supplemented with 10%
DHS5-a Escherichia coli lysate (Antigen Discovery, Inc.), incubated for 30 min, and probed on arrays
overnight at 4 °C. The next day, microarray slides were incubated in Fcy-specific Biotin-SP-Conjugated
Affini-Pure Goat Anti-Human IgG secondary antibody (Jackson ImmunoResearch, Inc.; West Grove, PA,
USA). Bound antibodies were detected by incubation with streptavidin-conjugated SureLight® P3 (Columbia
Biosciences; Columbia, MD, USA). The array slides were scanned using a GenePix® 4300 Microarray
Scanner (Molecular Devices; San Diego, CA, USA) and quantified using GenePix® Pro 7 Microarray
Acquisition and Analysis Software (Molecular Devices) with spot-specific background correction. Due to
the gene (protein) length, the MV RNA-dependent RNA polymerase (L) protein was expressed/printed on
the microarray chip as four spots of overlapping polypeptides/fragments: L-s1 from 1 to 667 amino acid
(AA); L-s2 from 617 to 1283 AA; L-s3 from 1234 to 1900 AA; and L-s4 from 1851 to 2183 AA.

2.3. Plaque Reduction Microneutralization Assay (PRMN)

Measles-specific neutralizing antibody levels were quantified using a high-throughput, fluorescence-
based PRMN, using a recombinant, GFP-expressing measles virus, as previously described [16,24]. Briefly,
test sera were heat-inactivated (56 °C, 30 min) and assayed in 96-well flat-bottom plates. Serum samples
were diluted four-fold from 1:4 to 1:4096 (6 dilutions; 6 replicates for each dilution) in Opti-MEM I (Gibco
Invitrogen Corporation; Carlsbad, CA) except for the 3rd WHO international anti-measles standards (3 IU,
NIBSC code no. 97/648; WHO International Laboratory for Biological Standards, National Institute for
Biological Standards and Control—NIBSC, Potters Bar, Hertfordshire, UK), which was diluted four-fold
from 1:16 to 1:16,384. Diluted sera were mixed with an equal volume of low passage challenge virus MV-
GFP (final dilutions 1:8 to 1:8192 for all sera, and 1:32 to 1:32,768 for the 3rd WHO standard) and incubated
for 1 h at 37 °C. A standard inoculum of challenge virus was used in Opti-MEM at a dilution adjusted to
yield 20-60 plaque-forming units (PFU) per well in the control wells (virus without serum). Serum/virus
mixtures (50 uL) were transferred to a new 96-well plate and mixed with an equal volume of Vero cell
suspension (1.5 x 10* cells/well) in DMEM (Gibco Invitrogen Corporation; Carlsbad, CA, USA), containing
10% fetal bovine serum (FBS, HyClone; Logan, UT, USA). The plates were incubated for 43 h at 37 °C
under 5% COx. The brightly fluorescent green plaques (syncytia) were scanned and counted on an automated
Olympus IX71 Fluorescent microscope using the Image-Pro Plus Software Version 6.3 (MediaCybernetics).
The 50% end-point titer (Neutralizing Doze, NDso) was calculated using Karber’s formula. The use of the
3rd WHO international anti-measles antibody standard enabled quantitative NDso values to be transformed
into mIU/mL, as described previously [16,24]. The test limit in terms of mIU/mL was determined for each
assay. Test sera with reactivity greater than the test limit (corresponding PRMN value of 8) were considered
PRMN positive. The variability of the PRMN assay, calculated as a coefficient of variation (CV) based on
the log-transformed NDso values of the third WHO standard, was 5.7% [16,24].
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2.4. Measles-Specific IFNy ELISPOT Assay

Human IFNy ELISPOT kits (R&D Systems; Minneapolis, MN) were used to measure the number of
IFNy-producing cells, as previously described [16,44,45], following the manufacturer’s protocol. We
stimulated subjects’ PBMC:s (or, alternatively, left them unstimulated) in triplicate with the Edmonston strain
of MV (multiplicity of infection, MOI = 0.5), and developed the reaction after 42 h incubation at 37 °C,
in 5% COz. PHA (5 pg/mL) was used as a positive control. All plates were scanned and analyzed using the
same counting parameters on an ImmunoSpot® S4 Pro Analyzer (Cellular Technology Ltd.; Cleveland, OH,
USA) using ImmunoSpot® version 4.0 software (Cellular Technology Ltd.). The ELISPOT response is
presented in spot-forming units (SFUs) per 2 x 10° cells (median MV-specific stimulated response from
triplicate measurements, minus median unstimulated response from triplicate measurements).

2.5. Measles-Specific Secreted Cytokines

Seven secreted Thl, Th2, and innate/inflammatory cytokines were quantified in PBMC cultures
after in vitro stimulation with live MV (stimulated and unstimulated in five replicate measurements)
using pre-optimized conditions for MOI and incubation time for each cytokine, as previously
described [16,41,44,45]. The different cytokines were measured using the following conditions: IFNo and
TNFa MOI = 1.0, 24 h; IL-2 and IL-10 MOI = 0.5, 48 h; IL-6, [FNy and IFNA1 MOI = 1.0, 72 h. Secreted
cytokine levels in pg/mL were measured by ELISA with commercial kits according to the manufacturer’s
recommendations (R&D Systems, Minneapolis, MN, for IFN A1; Mabtech, Cincinnati, OH, for IFNa;
and BD Biosciences Pharmingen, San Diego, CA for the rest of the cytokines).

2.6. Statistical Analyses

Results for proteome microarray reactivity and the immune outcomes are presented as medians with
interquartile ranges (IQR). Normalization of the proteome microarray reactivity was done by dividing the
median antibody reactivity (signal intensity) for each protein by the median intensity of the “no DNA”
controls. Normalized results are presented on the log> scale, and all analyses are done using the log: of the
normalized values. The Wilcoxon rank sum test was used to test for differences between the high and low
antibody responder groups for each of the proteome microarray antibody measurements, Spearman’s
correlation was used to test for significant relationships between the proteome microarray antibody
measurements (reactivities) and other measles-specific immune outcomes. Logistic regression was used to
model the high neutralizing antibody responders relative to the low responders for each proteome microarray
antibody measurement (reactivity measure). To allow for comparability, results are presented as the odds
ratios for a protein-specific antibody measurement at the 75th percentile relative to the 25th percentile of that
protein antibody measurement. Multivariable logistic regression models were constructed using the elastic
net regression (o = 0.9) with ten-fold cross validation; the coefficients for the model were selected from the
model with the minimal misclassification error [48]. A receiver operating characteristic (ROC) curve was
calculated using the predicted values from the multivariable logistic regression model, and C-statistic was
calculated as the area under the ROC curve. Supplementary Figure 1 plots the sensitivity vs. specificity from
the elastic net model. Coefficients from this model were standardized to represent a one standard deviation
change in the variables selected for the model. All analyses were performed using R Version 3.0.2 [49].
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3. Results
3.1. Characterization of the Study Cohort

The demographics of the study population and the immune response summaries are shown in Table 1.
The study subjects were primarily non-Hispanic Caucasians with equal and/or similar gender and racial
distribution (for the high and the low antibody responder groups) and similar vaccination history. The median
age at enrollment was 15.5 years (IQR 13, 17) and the median time since the second/last measles vaccination
to enrollment (blood draw) was 7.2 years (IQR 5.2, 9.5) (Table 1). The immune characteristics of the study
cohort (representing the extremes of the neutralizing antibody response to measles vaccine out of 764
subjects) were similar (with the exception of neutralizing antibody titers) to the ones previously reported for
the whole cohort [16,39,42,44,45]. The median antibody titer for the high antibody responders was 3730
IU/mL (IQR 3,114; 4333) and the median antibody titer for the low antibody responders was 168 IU/mL
(IQR 115; 191). All subjects from the low antibody responder group had antibody titers less than the
protective threshold of 210 mIU/mL (corresponding to PRMN titer of 120, suggesting protection against
symptomatic disease) [16,50]. The differences among all other immune measures were not statistically
significant (Table 1).

Table 1. Demographics and clinical/immune variables of the study cohort.

High Ab Low Ab Responders

Overall (N = 150) p-Value®
Responders (N = 75) (N=175)
Median age at enrollment, years (IQR °) 15.5(13.0-17.0) 15.0 (13.0-17.0) 16.0 (14.0-17.0) 0.28
Median age at first measles immunization,
15.0 (15.0-18.0) 15.0 (15.0-18.0) 15.0 (15.0-21.0) 0.89
months (IQR)
Median age at second measles
6.0 (5.0-12.0) 5.0 (4.0-12.0) 7.0 (5.0-11.0) 0.75
immunization, years (IQR)
Median time from second measles
7.2 (5.2-9.5) 7.3(5.2-9.1) 7.1 (4.9-10.5) 0.61
immunization to enrollment, years, (IQR)
Gender, N(%)
Male 84 (56.0%) 42 (56.0%) 42 (56.0%) N/A
Female 66 (44.0%) 33 (44.0%) 33 (44.0%)
Race, N(%) 0.32
White 110 (73.3%) 57 (76.0%) 53 (70.7%)
African-Americans 31 (20.7%) 13 (17.3%) 18 (24.0%)
Other 9 (6.0%) 5(6.7%) 4 (5.3%)
Ethnicity, N(%) 0.04
Not Hispanic or Latino 146 (97.3%) 71 (94.7%) 75 (100.0%)
Hispanic or Latino 2 (1.3%) 2 (2.7%) 0 (0.0%)
Don’t Know/Other 2 (1.3%) 2 (2.7%) 0 (0.0%)
IFNa ¢ (IQR, pg/mL) 547 (275-912) 512 (235-839) 589 (374-945) 0.07
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Table 1. Cont.

High Ab Low Ab Responders

Overall (N = 150) p-Value?
Responders (N = 75) (N=175)
IFNy ¢ (IQR, pg/mL) 62 (31-123) 64 (34-150) 60 (26-95) 0.20
IFNAL ¢(IQR, pg/mL) 32 (12-65) 29 (5-65) 36 (17-64) 0.18
IL-10 € (IQR, pg/mL) 19 (11-28) 20 (11-29) 19 (11-24) 0.48
IL-2 ¢ (IQR, pg/mL) 35 (18-59) 42 (26-73) 32 (17-54) 0.08
IL-6 ¢ (IQR, pg/mL) 359 (263-472) 335 (253-422) 376 (286-515) 0.07
TNFa ¢ (IQR, pg/mL) 13 (8-18) 14 (9-18) 13 (8-20) 0.61
IFNy ELISPOT °© (IQR, SFUs per 2 x 10° cells) 32 (12-62) 30 (16-50) 38 (10-72) 0.72
PRMN antibody titer ¢ IQR, mIU/mL) 1546 (168-3730) 3730 (3114-4333) 168 (115-191) <0.0001

4 IQR, 25% and 75% inter-quartile range; ° p-values are calculated using Wilcoxon Rank Sum test; ¢ The

immune response variables are presented as medians with 25% and 75% IQR.

3.2. Proteomic Profiling of Measles-Specific Antibody Responses (Measures/Summaries for All
MYV Proteins)

Using high-throughput microarray technology we detected antibodies to all MV proteins with the
exception of the M, C and L-s2 (617 to 1283 AA fragment) proteins. As expected, we found a statistically
significant difference (p-value = 1.1E-06) between the reactivity (signal intensity values) of the sera of high
responders against whole MV (17,863 with IQR 13,669; 23,185) compared to low responders (11,308, with
IQR 6742; 17,691). The antibody reactivity (reported as log> normalized value) against all MV proteins is
presented in Table 2, Figure 1 and Supplementary Figure 2 (heatmap). When comparing the median antibody
reactivity in high responders compared with that of low responders, five measles virus proteins (P, N, L-s3,
F and H) had statistically significant differences (p-value = 1.5E-11 for anti-P antibodies; p-value = 2.7E-11
for anti-N antibodies; p-value = 6.6E-09 for anti-L-s3 antibodies; p-value = 9.0E-04 for anti-F antibodies;
and p-value = 0.002 for anti-H antibodies, Table 2, Figure 1). Figure 1 shows the box-and-whisker plots for
the log2 normalized signal intensity values (for reactivity against five MV proteins) in the high and low
neutralizing antibody response groups. The median signal intensities for reactivity against the P, N, L-s3,
F and H protein, respectively, were 17,893 (with IQR 11,984; 21,276), 14,913 (with IQR 12,996; 19,178),
2,731 (with IQR 1904; 3688), 7724 (with IQR 5599; 10,430) and 3,190 (with IQR 2,278; 4,212) in the
high-responder group, and 6,052 (with IQR 3929; 10,660), 7,435 (with IQR 5808; 9527), 2,072 (with IQR
1520; 2892), 5666 (with IQR 3948; 7975) and 2463 (with IQR 1872; 3855) in the low-responder group.
Interestingly, we found a difference in antibody reactivity (between high- and low-responder groups) only
for the L-s3 portion of the L protein, comprising amino acids/AA 1234 to 1900. Three proteins, M, C and
L-s2, displayed antibody reactivities (signal intensity values) with 75th percentile < 0 (i.e., no antibodies
were detected against these proteins in our study cohort), and were excluded from further analysis.
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Table 2. Proteome array characterization of the measles-specific humoral immune response

in the study cohort.

Immune Measure Response Category (PRMN) Median (IQR) * Median Difference®  p-Value °
Lowest 168 (115-191)
Neut. antibody mIU/mL Highest 3730 (3114-4333) 3562 N/A 4
Whole Cohort 1546 (168-3730)
Lowest 0.30 (0.16, 0.49)
Anti-H microarray reactivity Highest 0.48 (0.3,0.74) 0.18 0.002
Whole Cohort 0.40 (0.21, 0.67)
Lowest —0.51 (=0.74, 0.05)
Anti-F microarray reactivity Highest —0.09 (-0.53, 0.35) 0.42 9E-04
Whole Cohort —0.30 (-0.67, 0.15)
Lowest —-0.13 (-0.52, 0.36)
Anti-N microarray reactivity Highest 0.91(0.42, 1.7) 1.04 2.7E-11
Whole Cohort 0.41 (-0.18, 1.11)
Lowest 1.74 (1.22,2.37)
Anti-P microarray reactivity Highest 2.96 (2.44,3.57) 1.23 1.5E-11
Whole Cohort 2.41(1.53,3.19)
Lowest —0.22 (0.67, 0.57)
Anti-V microarray reactivity Highest —0.21 (-0.71, 0.38) 0.01 0.62
Whole Cohort —0.21 (0.7, 0.46)
Lowest —1.20 (-1.48,-0.92)
Anti-C microarray reactivity ° Highest -1.25(-1.52,-0.98) —-0.05 0.77
Whole Cohort —1.24 (-1.5,-0.93)
Lowest —0.79 (-0.97,-0.57)
Anti-M microarray reactivity © Highest —0.80 (-0.93, -0.57) —0.008 0.95
Whole Cohort —0.80 (—0.97,-0.57)
Lowest —0.34 (-0.67, 0.08)
Anti-L-s1 microarray reactivity Highest —0.44 (-0.82, 0.05) -0.10 0.49
Whole Cohort —0.39 (-0.72, 0.07)
Lowest —0.92 (-1.1, —0.66)
Anti-L-s2 microarray reactivity ° Highest —-0.95 (-1.12, —0.49) —0.02 0.92
Whole Cohort —0.94 (-1.12,-0.54)
Lowest 0.14 (0.06, 0.22)
Anti-L-s3 microarray reactivity Highest 0.33 (0.2, 0.53) 0.19 6.6E-09
Whole Cohort 0.22(0.11, 0.39)
Lowest —0.29 (-0.52, 0.22)
Anti-L-s4 microarray reactivity Highest —0.33 (-0.57,0.22) —-0.03 0.79
Whole Cohort —0.32 (-0.55, 0.23)

2 Represents the median intensity measurement (log, of normalized value) for antibody reactivity against each

MYV protein with IQR, the 25% and 75% inter-quartile ranges (the median signal intensities/IQR without log

transformation are presented in the Results Section 3.2). ® Represents the median difference between the

antibody reactivity/median intensity measurement/log, value (for a specific MV protein) in the high responder

group and the low responder group. © p-value using Wilcoxon rank sum test. p-values < 0.05 are bolded. ¢ Not

applicable, groups were selected based on PRMN neutralizing antibody response. ¢ Antibody reactivity (for

specific proteins) with 75th percentiles of measurements (log, values) of <0 (removed from further analysis).
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Figure 1. Normalized proteome microarray antibody reactivity against different measles
virus proteins in 150 study subjects after two doses of MMR vaccine. (A); (B); (C); (D) and
(E): Box-and-whisker plots of antibody reactivity, presented as logz normalized signal
intensity value on the vertical axis, for P, N, L-s3, F and H protein, respectively, in the high
and low immune response groups (selected based on neutralizing antibody titers). The top
(bottom) of the box indicates the 75th (25th) percentiles, respectively, while the bold line
within the box indicates the median. The “whiskers” extend up to 1.5 times the interquartile
range above or below the 75th or 25th percentiles, respectively. Beyond that point, individual
points are plotted.
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3.3. Correlations between Proteome Microarray Antibody Reactivities and Other MV Immune

Response Outcomes

We tested for correlations between proteome microarray antibody reactivities and nine other
measles-specific humoral and cellular immune response outcomes after vaccination (neutralizing antibody
titer, measles-specific IFNy ELISPOT response, and measles-specific secreted IFNa, IFNA1, TNFa, IFNy,
IL-2, IL-6 and IL-10). We observed weak to moderate positive correlations (» = 0.28 to 0.53, Figure 2)
between five microarray antibody measurements and neutralizing antibody titer (p-value for
anti-P  reactivity = 8.54E-11; p-value for anti-N reactivity = 4.22E-12; p-value for anti-L-s3
reactivity = 3.51E-10; p-value for anti-F reactivity = 4.27E-05; and p-value for anti-H reactivity = 4E-04).
We also observed a weak negative correlation between anti-N proteome microarray reactivity and secreted
measles-specific IFN Al (r = —0.18, p-value = 0.03, data not shown), as well as between anti-N microarray
reactivity (= —0.18, p-value = 0.03), anti-P microarray reactivity (r = —0.17, p-value = 0.04) and anti-L-s3
microarray reactivity (» = —0.24, p-value = 0.003) and secreted I1L-6 (data not shown).
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Figure 2. Correlation between proteome microarray antibody measurements and
neutralizing antibody response. Panels (A), (B), (C), (D) and (E) illustrate the positive
correlations between microarray measurements against MV-P, MV-N, MV-L-s3, MV-F and
MV-H proteins, respectively (presented as log> normalized signal intensity values), on the
y-axis and neutralizing antibody response (presented as logz value of the PRMN mIU/mL
titer). “rs” indicates Spearman’s correlation coefficient.

3.4. Proteomic Modeling of Antibody Responses after Measles Vaccination

We used a univariable logistic regression model to assess the relationship between proteome microarray
antibody measurements and neutralizing antibody response. In this model, antibody reactivities (high
microarray antibody responses) to four individual MV proteins (i.e., P, N, L-s3 and F) demonstrated high
odds ratios (2.1 to 8.9, Figure 3a) of association with neutralizing antibody response (p-value range
0.002-7.5E-9, Figure 3a). The anti-H antibody reactivity (high microarray antibody response) was marginally
associated with neutralizing antibody response (p-value = 0.07, odds ratio = 1.38, Figure 3a). Lastly, we used
a multivariable logistic penalized regression model for modeling neutralizing antibody response and
identified a model predicting neutralizing antibody titer with a misclassification error rate of 0.13 and
C-statistic = 0.92. The components of this model are illustrated in Figure 3b. Collectively, high microarray
antibody reactivities to three MV proteins (i.e., MV-P, MV-N and MV-F) and lack of antibody reactivity to
three MV proteins (i.e., MV-L-s1/s4 and MV-V) were associated with high neutralizing antibody response,
with the highest contribution to the model prediction coming from the anti-N (standardized coefficient = 1.4)
and anti-P (standardized coefficient = 0.87) microarray measurements (antibody reactivities).
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Figure 3. Logistic regression model results for measles neutralizing antibody response.
(A) Univariable logistic regression model results for neutralizing antibody response for each
protein antibody measurement. Forest plot displaying the odds ratios and the corresponding
confidence intervals and p-values, for the variables (proteome microarray measurements) as
predictors for high relative to low neutralizing antibody response from logistic regression
models. Odds ratios represent the odds of a subject having a high neutralizing antibody
response relative to low when the corresponding protein microarray reactivity measurement
changes from the 25th percentile to the 75th percentile. The vertical dashed line corresponds
to an odds ratio of 1.0. (B) Multivariable logistic penalized regression model results for
neutralizing antibody for all protein measurements. Results from the elastic net logistic
regression models for the association of the microarray antibody reactivities (to MV
proteins) with neutralizing antibody response. The standardized logistic regression
coefficients (1.4 for anti-N microarray reactivity, 0.87 for anti-P microarray reactivity, 0.13
for anti-F microarray, —0.58 for anti-V microarray reactivity, —0.6 for anti-L-s1 microarray
reactivity, and —0.06 for anti-L-s4 microarray reactivity) presented are for the microarray
measurements that were selected from the model with the validated minimum
misclassification error rate (misclassification error = 0.13, C-statistic = 0.92).
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4. Discussion

We and others have discussed the use of the classical PRN assay and its high-throughput alternative, the
PRMN assay, as “gold standard” assays to monitor neutralizing antibody response and protective functional
immunity after measles vaccination and/or infection [16,24,50-59]. Unlike the quick and accessible enzyme
immunoassays (EIA), including EIAs, which detect anti-N antibodies (the antibodies formed most
abundantly in response to infection and immunization) [24,53,58,60], PRN/PRMN assays assess the
neutralizing anti-H and anti-F antibodies that prevent a cytopathic effect and plaque formation on cell
monolayers by measuring the serum dilution capable of preventing 50% of plaque formation by MV (50%
Neutralizing dose /NDso, PRN titer). Despite the differences in the antibodies of detection, relatively good
correlation between EIA and PRN/PRMN assays has been reported [24,53,60-62]. Although the
neutralization assays tend to have a higher specificity, they are slow, labor-intensive and/or require highly
trained personnel and specialized instrumentation [16,24,51], so seroprevalence studies often resort to EIA
for convenience.

Global profiling of humoral immune response using unbiased chip technology could materially assist
high-throughput vaccine monitoring through the generation of comprehensive high-resolution snapshots of
the antigen-specific immunoproteome (antibodies) and the identification of new and/or additional biomarkers
for vaccine response.

The ultimate goal of our study was to use unbiased proteome microarray data in order to identify humoral
factors/components and/or models that can be used to predict and/or discriminate among vaccine-induced
phenotypes (protected vs. non-protected phenotype based on neutralizing antibody response) and that could
serve as potential correlates of protection and biomarkers of vaccine immunogenicity and/or efficacy.

High-throughput proteome microarray technology has been successfully used to probe humoral immunity
to different microorganisms, including viruses (e.g., vaccinia virus, human papillomaviruses, herpes simplex
virus 1 and 2) [36-38,63—65]. As expected, using this relatively new proteome approach, we were able to
detect antibodies to most of the structural MV proteins, as well as the non-structural V protein (no antibodies
were detected against M, C and L-s2 proteins in our study cohort). The microarray antibody reactivity
measured against the MV surface glycoproteins H and F, as well as against other MV structural proteins
(N, P and L-s3 comprising the 1234 to 1900 AA fragment of the MV L protein), was significantly different
between the studied vaccine-induced immune phenotypes (high vs. low measles-specific neutralizing
antibody phenotype) and positively correlated with the neutralizing antibody titer, but there was no,
or limited, correlation with other immune response outcomes (cytokine secretion and IFNy ELISPOT
response), similar to other studies [16,39]. These data indicate that the proteome microarray does not capture
the same measure of functional antibody activity as the neutralization assays.

As reviewed by Bouche et al. [58], the neutralizing B cell response to measles virus has been mapped
solely to the H and F proteins, in particular to the H protein conformational epitopes and, to a lesser extent,
to the F protein [28,58,66—69]. Antibodies to other proteins (N, P and M) were not systematically studied in
larger cohorts, and the significance and contribution of anti-L, anti-V and anti-C antibodies (if any) to the
measles-specific immunoproteome is unclear. It is possible that antibodies with these specificities participate
in the antibody-dependent cell-mediated cytotoxicity/ADCC; alternatively, they may not be involved in
immune protection.
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Our study findings provide interesting insight into the global measles-specific humoral immune response
in study subjects who represent the extremes of the neutralizing antibody response to measles vaccine years
after the second MMR vaccination (median 7.2 years). The study demonstrates that both membrane and non-
membrane viral proteins were antigenic, and elicited sustained and stable antibody response years after
immunization (including the non-structural V protein in part of the study subjects). Of note, antibodies to
neutralizing conformational H/F epitopes and to conformational epitopes on other MV proteins were likely
underrated or not detected (although antibodies to other epitopes on these antigens were readily detected
using the microarray technology) due to the E. coli-based IVTT cell-free expression system used for
protein/antigen expression, which poses an important limitation to the interpretation of our results. With that
in mind, we observed the highest seroprevalence of antibodies directed to the MV phosphoprotein (P) and
nucleoprotein (N). Both proteins are highly expressed in infected cells and the high correlation with
neutralizing antibody response may reflect more efficient measles vaccine virus replication in some
individuals compared to others. Interestingly, antibodies to the large polymerase (L) MV protein
(in particular, antibodies to the L-s3 portion, comprising the 1234 to 1900 AA fragment, including the second
flexible hinge/H2 region (1695-1717AA) of the L protein), in addition to anti-N, anti-P and anti-F (and, to a
lesser extent, anti-H) antibodies were also prevalent and correlated with neutralizing antibody response
and/or were associated with—and predictive of—neutralizing antibody response in a univariable logistic
regression model. The measles virus L protein harbors important functions (some in conjunction with the P
protein), such as P binding, genome replication and viral mRNA synthesis (RNA capping, methylation,
polyadenylation, phosphodiester bond formation) [70,71], that are associated with distinct functional
domains; however, information about human antibody response to this protein is missing or limited.
Similarly, the literature contains only a modicum of data on the seroprevalence of human antibodies
directed to MV P protein (an essential polymerase cofactor and immune evasion factor) in vaccinated
individuals [58]. It is possible that antibodies directed against N, P or other MV proteins are integral part of
the MV-specific antibody-dependent cellular cytotoxicity (ADCC) and thus have a functional role in the host
defense and protection [72—74].

We analyzed the seroprevalence of antibodies to all MV proteins using a novel high-throughput proteome
technology and statistical modeling, and identified diverse antibody target recognition and different
serological patterns, distinguishing high from low neutralizing antibody response. In particular, we identified
a multivariable logistic regression model, predictive of neutralizing antibody response, that correctly
classified the vaccine-induced immunophenotypes (high or low neutralizing antibody response) 87% of the
time. Collectively, high microarray antibody reactivities to MV-P, MV-N and MV-F and lack of antibody
reactivity to MV-L-s1/s4 and MV-V were predictive of high neutralizing antibody response. While we have
not compared the microarray profiling of antibodies to conventional EIAs, we have correlated this technology
with the gold standard in measles serology for measurement of functional antibodies relevant to protection
(PRN/PRMN assays). Based on our results, we can speculate that some conventional EIA assays (e.g., those
using purified N or P proteins) may correlate well with the neutralizing antibody response. The benefits of
the microarray technology include the high sensitivity in antibody detection (for antibodies covering the
entire measles virus proteome), the quick turn-around time and feasibility for large population-based studies.
Our study was designed to identify which antibodies/models best discriminate between the high and the low
ends of the neutralizing antibody distribution with the goal of identifying subjects who may not respond to
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the measles vaccine (non-responders or low responders). This data will inform future research aimed at
predicting primary and/or secondary vaccine failures after measles vaccination.

The strengths of our study include the well-characterized study cohort that includes subjects who represent
the extremes (high and low) of the neutralizing antibody response after vaccination, the comprehensive
immunophenotyping data and known vaccine history for our cohort (two doses of MMR vaccine) in a
geographic location with no known circulating wild type virus, and the standardized QA/QC laboratory
procedures and statistical modeling approach.

The limitations of our study include the constraints of the microarray technology and the
antigen-expression system used limiting the detection of antibodies to conformational epitopes. While this
technology is able to detect antibodies directed against epitopes based on the primary sequence (i.e., primary
and secondary structure), antibodies to conformational epitopes dependent on disulfide bonds and/or other
post-translational modification are not detected. Methods based on H and F proteins with preserved
conformational epitopes (e.g., viable transfected human cells expressing H or F proteins) are attractive, but
not practical for larger studies [28,29]. Another limitation is the exclusion of individuals with intermediate
levels of neutralizing antibodies from the study (by excluding the values that are closest to the center of the
distribution, i.e., those with the “least weight”, the reported correlations may be higher than they would have
been if these values were included). Our study design with high/low immune response groups was chosen to
maximize the biological difference and to have a better power to detect differences with this sample size.

In summary, our study findings further the understanding of immune responses and long-term humoral
proteome patterns to the measles component of the MMR vaccine following live viral vaccination. While the
identified factors may not directly reflect the neutralization capacity of human sera, the models presented
herein can be potentially used to predict neutralizing antibody response and functional protective immunity
to measles vaccine and/or lay the foundations (perhaps in conjunction with markers of cellular immunity in
the models) for the discovery of new/additional biomarkers of vaccine response.
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