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CD46 Measles Virus Receptor Polymorphisms Influence Receptor
Protein Expression and Primary Measles Vaccine Responses in Naive
Australian Children
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Despite the availability of measles vaccines, infants continue to die from measles. Measles vaccine responses vary between indi-
viduals, and poor immunogenicity is likely to preclude protection against measles. CD46 is a ubiquitously expressed specific re-
ceptor for vaccine strains of measles virus. CD46 polymorphisms have not been functionally investigated but may affect CD46
protein expression, which in turn may mediate primary measles antibody responses in infants. In a cohort of children aged 12 to
14 months from Perth, Australia (n = 137), after their first dose of measles-mumps-rubella (MMR) vaccine, CD46 polymor-
phisms were genotyped, and postvaccination measles IgG and CD46 protein expression before and after measles lysate stimula-
tion of cells were measured. Three CD46 variants (rs7144, rs11118580, and rs2724384) were significantly associated with measles
virus-specific IgG levels (P = 0.008, P = 0.026, and P = 0.018, respectively). There were significant differences between CD46
rs7144 genotypes and CD46 protein expression on T cells, as well as the downregulation of CD46 and T-cell frequency after mea-

sles lysate stimulation. We show that CD46 polymorphisms were associated with primary measles antibody responses in naive
infants. We also report the first association of a measles virus receptor polymorphism with functional effects on the receptor,
suggesting a possible mechanism through which antibody responses are altered. Flucidating all of the interconnecting genetic
factors that alter primary measles vaccine responses may be important for identifying children at risk of poor immunogenicity
or vaccine failure and for the future design of vaccine strategies to help these children.

Measles virus (MV) is one of the most highly transmissible
pathogens in humans, infecting 30 to 40 million individuals
and causing up to 164,000 deaths globally each year (2, 32). Mea-
sles vaccine is administered as two doses of a combination mea-
sles-mumps-rubella (MMR) vaccine beginning at 12 months in
industrialized countries. Despite the targeted increase in vaccine
coverage worldwide, measles outbreaks continue to occur and
measles has not yet been eradicated.

This may be due in part to vaccine failure, where an individual
does not mount a specific antibody response despite vaccination
(13). As many as 10% of children do not produce a sufficiently
protective response following MMR vaccination at 12 months (1).
The infant immune system is immature compared to adults and
older children, with an impaired ability to produce immune re-
sponses against infection and vaccination (11, 29), so it is impor-
tant to determine the factors influencing primary vaccine re-
sponses in the vulnerable infant population.

Host immunogenetics is likely to be a critical factor in the
modulation of vaccine responses (22), with measles vaccine anti-
body responses in particular shown to have high heritability (18,
28). In previously primed school children and adults, associations
have been identified with human leukocyte antigen (HLA) alleles
(19), cytokine and cytokine receptor genes (6), MV receptor genes
(7), and Toll-like receptors (8). However, the influence of genetic
variants on measles vaccine responses in naive infants immedi-
ately following their first vaccination has not been previously elu-
cidated.

The measles cellular receptor CD46 specifically recognizes and
binds to vaccine strains of the measles virus to aid its entry into the
host cell (17), as well as produce an antiviral response against MV
(14, 23). CD46 genetic variants may affect the interaction between
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CD46 and MYV, leading to differences in antibody response to
vaccines and possible vaccine failure and susceptibility to measles
infection (5). A number of single-nucleotide polymorphisms
(SNPs) have been identified in the CD46 gene; however, it is not
known whether these SNPs are functional.

We sought to investigate associations between CD46 polymor-
phisms and measles IgG levels in a population of naive infants
from Perth, Australia after their first measles vaccination. Further-
more, we investigated the associations of the CD46 polymor-
phisms with functional effects on receptor protein expression to
perhaps suggest a mechanistic link between genetic variants and
measles antibody responses.

MATERIALS AND METHODS

Study population. Healthy unselected 12- to 14-month-old children (n =
150) were recruited at Princess Margaret Hospital for Children in Perth,
Western Australia (34). All subjects received a single dose of MMR (Pri-
orix; GlaxoSmithKline, Belgium), with (n = 48) or without (n = 102)
concomitant varicella vaccine (Varilrix; GlaxoSmithKline). Prevaccina-
tion and 42 to 56 days postvaccination blood samples were taken. The data
from all groups were pooled (n = 137 with both DNA and antibody data).

Genotyping and antibody assays. DNA was extracted from whole
blood by salt precipitation (16). The polymorphisms chosen to study had
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TABLE 1 Demographics of study population from Perth, Australia

Demographic Data

Median age at vaccination (range) 1.05 yr (10 mo to 2 yr)

Gender (no. [%])

Males 66 (44)
Females 84 (56)
No. (%) of subjects seronegative for MV 14 (10.2)

a minor allele frequency >10% and were in regions with the potential to
alter receptor expression (i.e., 3" untranslated region [3'UTR]) or have
shown previous associations with measles responses. No exonic SNPs of
sufficient frequency are found in the MV-binding areas of the CD46 pro-
tein. Two CD46 SNPs (rs7144 and rs2724384) were genotyped using PCR-
restriction fragment length polymorphism (RFLP). The primers used
were as follows (with underlined bases denoting deliberate mismatches to
incorporate RE recognition sites): rs7144 forward (ATGGTGCGAAGTG
AACACTGTAGTCTTGA) and reverse (TCTTTATTTAA GGAGGGAG
AGAAAAACACAT) and rs2724384 forward (GCAAGTCCCATTTCCTC
CAG) and reverse (CCATGGACTGTGGTCTGGCA). A random 10% of
the samples were sequenced for confirmation of genotyping using the ABI
Prism BigDye Terminator v3.1 cycle sequencing kit (PE Biosystems, Fos-
ter City, CA). The remaining polymorphisms (rs11118580, rs14374, and
1s2796270) were genotyped using an iPLEX assay on a MALDI-TOF
MassARRAY platform (Sequenom, Inc., San Diego, CA). Haplotypes
were inferred using PHASE (27). MV- and mumps virus-specific IgG
titers were measured in plasma using Enzygnost immunoassay kits (Dade
Behring, Marburg, Germany). Rubella virus IgG was measured using the
AXSYM Rubella IgG kit (Abbott, New South Wales, Australia). Seroneg-
ative cutoffs were determined according to the manufacturer’s instruc-
tions. The sensitivity and specificity of the measles immunoassay kit as
reported by the manufacturers were 99.6 and 100%, respectively.

Cell culture and flow cytometry. Peripheral blood mononuclear cells
(PBMCs) were cryopreserved and cultured as previously described (24).
PBMC:s were resuspended in RPMI 1640 supplemented with 5% pooled
human AB serum (Cambrex, East Rutherford, NJ) for measles lysate (ML)
cultures or AIM-V serum-free medium supplemented with 4 X 10™> mol
of 2-mercaptoethanol (Sigma-Aldrich, New South Wales, Australia)/liter
for cultures with phytohemagglutinin (PHA). The cells were incubated
with UV-inactivated ML from MV Edmonston strain-infected rhesus
monkey kidney (RMK) cells (4 X 10° PFU/ml, kindly provided by Steven
Wesselingh, Macfarlane Burnet Institute for Medical Research, Mel-
bourne, Australia [12]) or control RMK cell lysate alone, for 24 h as pre-
viously described (25), or with PHA (1 pg/ml; Murex Biotech, Kent,
United Kingdom) for 48 h. To measure the CD46 expression (mean flu-
orescence intensity [MFI]) on seven cell types, the cells (0 h and har-
vested) were washed in phosphate-buffered saline supplemented with
0.1% sodium azide and 1% normal human serum and then incubated for
20 min on ice with one of three staining protocols containing the mono-
clonal antibodies anti-CD46-FITC (and isotype control mouse 1gG2a),
anti-CD3-PerCP (to identify T cells), anti-CD4-PE (for T-helper [Th]
cells), anti-CD8-APC (for T-cytotoxic [Tc] cells), anti-CD14-PerCP (for
monocytes) (BD Biosciences, NSW, Australia), anti-CD1¢-PE (for my-
eloid dendritic cells [mDCs]), and anti-CD303-APC (for plasmacytoid
DCs [pDCs]) (Miltenyi Biotec, North Ryde, New South Wales, Australia).
The data were acquired using a FACSCalibur flow cytometer and analyzed
by using CellQuest (BD Biosciences) and Flow]Jo software (Tree Star, Ash-
land, OR). The percent CD46 downregulation after ML or PHA stimula-
tion was calculated using the method of Sakurai et al. (26).

Statistical analyses. Chi-squared tests were used to determine the
Hardy-Weinberg equilibrium. Antibody levels and receptor expression
were analyzed by using Kruskal-Wallis tests since the levels were not nor-
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mally distributed after log transformation. Wilcoxon signed-rank tests
were used to compare receptor expression before and after stimulation.
Analyses were performed using SPSS version 11.0 (SPSS Inc., Chicago,
IL), and statistical significance was defined as P < 0.05.

RESULTS

Study demographics and genotyping. Demographics are detailed
in Table 1. Genotype frequencies for the five CD46 SNPs were in
Hardy-Weinberg equilibrium, and minor allele frequencies were
similar to those reported previously for Caucasian populations
(Utah residents with European ancestry) by the HapMap project
(http://www.hapmap.org).

Associations between CD46 polymorphisms and measles an-
tibody response. Measles antibody titers below 324 mIU/ml were
considered seronegative. Fourteen subjects (10.2%) were serone-
gative for measles IgG postvaccination. Of these, three subjects
were rs7144TT, nine were rs7144TC, and two were rs7144CC
(P = 0.499). Seronegative children were also not clustered within
a particular CD46 rs11118580 or rs2724384 genotype (P > 0.05).
The median measles postvaccination IgG titer was 1071 mIU/ml
(interquartile range [IQR], 417 to 1842). Three of the four CD46
polymorphisms investigated in the present study were signifi-
cantly associated with measles IgG levels (Fig. 1). CD46 rs7144 CC
and CT had significantly lower measles IgG levels compared to TT
(P = 0.008) (it may also be suggested that the TT genotype is a
“high responder,” i.e., those with TT had higher IgG levels com-
pared to the other genotypes). CD46 rs11118580 and rs2724384
were also associated with measles antibody levels with the CC and
GG genotypes, respectively, associated with lower measles 1gG lev-
els (P =0.026 and P = 0.018, respectively) (Fig. 1). CD46 rs14374
was not associated with measles IgG (P = 0.801), although the CC
frequency was low (n = 1). The CD46 SNPs that were associated
with measles antibody response were not associated with mumps
or rubella IgG levels (Fig. 2). Two CD46 haplotypes, ATTT and
GCCT (in the order rs2724384, rs11118580, rs7144, and rs14374)
were also significantly associated with measles IgG levels (Table 2).

In summary, significant associations were found between
CD46 SNPs and haplotypes and measles IgG antibody levels.

CD46 receptor protein expression. When assessing CD46 ex-
pression on PBMC:s, all cells studied expressed CD46 as expected
(14), with the highest expression at 0 h found on monocytes (Fig.
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FIG 1 Associations between CD46 polymorphisms and measles IgG antibody
levels in the Perth cohort. The data are presented as median values and inter-
quartile ranges. P values were obtained by using Kruskal-Wallis tests.
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FIG 2 CD46 polymorphisms and mumps and rubella IgG levels. (A and B)
Mumps (A)- and rubella (B)-specific IgG levels. The data are presented as
median values and interquartile ranges. P values are all >0.05 (obtained by
using Kruskal-Wallis tests).

3). CD46 expression in antigen-presenting cells (APCs) was influ-
enced by ML stimulation, with large decreases in expression in B
cells (P < 0.0001) and monocytes (P < 0.0001) and a large up-
regulation of CD46 expression in mDCs (P = 0.0005) compared
to expression at 0 h (and expression in mock-treated controls was
comparable to expression at 0 h [P > 0.05]). CD46 expression on
T cells was less affected by ML stimulation, with only a slight
downregulation of expression in CD4™ T cells (compared to 0 h,
P = 0.020) (Fig. 3). CD46 expression was increased after PHA
stimulation in most cell types, particularly mDCs (P < 0.0001)
(Fig. 3). The change in CD46 expression after ML stimulation
compared to after PHA stimulation was significantly different in

TABLE 2 CD46 haplotypes and measles IgG levels in the Perth
population

CD46 haplotype® No. of
(% frequency in copiesof No.of  Median MV IgG levels
Perth cohort) haplotype  subjects in mIU/ml (IQR) P
ATTT (54.4) 0 31 1,096 (468-1,778) 0.005
1 60 700 (324-1,613)
2 44 1,531 (660-2,427)
GCCT (18.6) 0 88 1,350 (432-2,066) 0.019
1 41 1,023 (395-1,534)
2 6 385 (221-550)

@ Both haplotype sequences are indicated in the order: CD46 rs2724384, rs11118580,
rs7144, and rs14374.
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FIG 3 Cell surface protein expression of CD46 before and after measles lysate
and PHA stimulation in all cell types. CD46 expression (i.e., the mean fluores-
cence intensity [MFI]) after stimulation with ML or PHA compared toat 0 hin
T cells (A) and APCs (B) is depicted. Horizontal lines represent median values.

all cell types (P << 0.05 for T-cell subsets and P < 0.0001 for B cells
and DCs).

We then assessed the proportion of different cell types within
the PBMC population before and after ML stimulation. The pro-
portion of subpopulations of T cells, B cells, monocytes, mDCs,
and pDCs was significantly altered after measles lysate stimulation
compared to 0 h. The percentages of CD3™, CD4", and CD8" T
cells were decreased after ML stimulation (all P < 0.0001),
whereas the opposite was found in APCs (due to the ratio) (Fig. 4).

CD46 rs7144 was significantly associated with CD46 expres-
sion at 0 h, with those with the C allele having a higher level of
expression in CD3™ (P = 0.017), CD4™ (P = 0.033), and CD8*
(P =10.020) T cells (Fig. 5A). CD46 rs7144 genotypes were signif-
icantly associated with the downregulation of CD46 expression
after ML stimulation in T cells, with those with the CC genotype
having more downregulation (i.e., less expression after stimula-
tion) compared to CT and TT (P = 0.021, P = 0.027, and P =
0.016 for CD3™,CD4 ™, and CD8™ T cells, respectively) (Fig. 5A).
In contrast, CD46 expression in the APC subsets (B cells, mono-
cytes, and DCs) were not significantly different between the CD46
rs7144 genotypes at 0 h or after ML stimulation (Fig. 5B). The
other CD46 SNPs were not associated with CD46 expression.

After ML stimulation, the percentage of CD3™ T cells was sig-
nificantly lower in cells of the rs7144CC genotype compared to the
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FIG 4 Proportion of cells before and after ML stimulation in each cell type. The proportions of cells (% of total cells) at 0 h ((J) and after ML stimulation (H)
are shown. Monocytes and DCs have a smaller y axis compared to other cell types. **, P < 0.0001; *, P = 0.0009.

other genotypes (P = 0.035), with a similar trend for CD4™" T cells
(P =0.061) and CD8™ T cells (P = 0.078) (and opposite propor-
tions in APCs). Within each genotype, the change in cell percent-
ages before and after ML stimulation was consistently significantly
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different, decreased in T cells and increased in APCs (due to the
ratio) (Fig. 6).

In summary, CD46 receptor expression was altered after stim-
ulation with MV, particularly in B cells and monocytes. The per-

rs7144
® TT(=10)

P=0.027 P=0.016 @ rc(mio

I 1 I 1 W cc =10

H

—e1—i

All P>0.05

itd

IIE.I

[ 1 [ 1

g

20,

FIG 5 Associations between CD46 rs7144 genotypes and CD46 receptor protein expression at baseline and CD46 downregulation after ML stimulation in T cells
and APCs. CD46 expression (i.e., the mean fluorescence intensity [MFI]) at 0 h (left) and the percent CD46 downregulation after ML stimulation (right) in T cells
(A) and APCs (B) is depicted. The data are presented as median values and interquartile ranges. The CD46 rs7144 genotypes included TT (circles), CT
(diamonds), and TT (squares). The percent CD46 downregulation after ML stimulation was calculated according to the method by Sakurai et al. (26).
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(percentage of total cells) in T cells (A) and APCs (B) at 0 h and after ML stimulation are given. Horizontal lines represent means.

centage of T cells (but not APCs) was decreased after MV stimu-
lation. CD46 rs7144CC had higher levels of CD46 expressionin T
cells at baseline and, after MV stimulation, greater downregula-
tion of CD46 expression and a lower percentage of T cells com-
pared to other genotypes.

DISCUSSION

Poor immunogenicity and vaccine failure in young children con-
tribute to the ongoing burden of measles. The immunogenetic
determinants of measles responses and vaccine efficacy in children
are not yet well characterized. We aimed to identify whether ge-
netic variation in the MV receptor gene CD46 contributed toward
measles-specific antibody responses in an Australian cohort of
infants immediately following their first contact with measles vac-
cine. We also aimed to investigate whether CD46 polymorphisms
were associated with functional effects on the CD46 receptor in
order to determine a possible mechanism through which the ge-
netic variant acts on antibody responses. We demonstrated for the
first time that CD46 polymorphisms are associated with cell-spe-
cific differences in receptor expression and with primary measles
IgG antibody responses.

Three CD46 polymorphisms were associated with measles IgG
levels (rs7144, rs11118580, and rs2724384), supporting the hy-
pothesis that CD46 plays an important role in how a child re-
sponds to measles vaccine. Associations between CD46 and mea-
sles antibody levels have been identified in previously vaccinated
American school-aged children and adults (7). The associations
with rs11118580 and rs2724384 in our naive infants agree with
those found in the older children and adults (7), with the same
alleles (C and G, respectively) associated with the lower measles
antibody levels. However, in contrast to the results of Dhiman et
al. (7), we have identified, for the first time, a significant associa-
tion between CD46 rs7144 and measles antibody levels. Genetic
differences may have a different impact upon the naive immature
immune system of infants than they would have on older children
and adults once their immune systems have matured. Our results
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showed that CD46 variants may be involved in determining pri-
mary measles antibody responses in naive young children.

CD46 genotypes were significantly associated with measles an-
tibody levels; however, they did not seem to determine whether or
nota child was protected against measles (however, with only 10%
seronegative children in this cohort, there was insufficient power
to assess this properly). Regardless, measles antibody levels are
known to wane over time (20), so children with a lower primary
antibody response (even above the protective level) are more
likely to fall below the protective level and become vulnerable to
measles in a shorter period of time. These children may also pro-
duce lower levels of memory B cells (which would be interesting in
future studies) which may affect their responses to their second
dose of measles vaccine. Although our results showed associations
with altered antibody levels in certain CD46 genotypes, this has
unclear clinical relevance at this stage, and therefore further stud-
ies would need to determine whether lower antibody levels trans-
late to poor immunogenicity and/or vaccine failure.

We have shown that genetic variation in the CD46 gene was
associated with measles antibody responses, but it is not known
what the mechanistic link is between these two variables. No
known functional effects of CD46 polymorphisms have been pub-
lished. We hypothesized that the CD46 SNPs that associate with
measles 1gG would functionally alter the expression of the CD46
receptor. We have reported, to our knowledge, the first data on the
associations of a polymorphism in a measles receptor gene and
receptor protein expression. A variant allele of a CD46 3'UTR
polymorphism (rs7144) was associated with lower measles anti-
body levels in our Perth cohort. The 3"UTRs of genes can contrib-
ute to the regulation of mRNA translation and stability and thus
protein expression (31). This polymorphism therefore has the po-
tential to alter the expression of CD46 on the cell surface, thereby
modulating the amount of receptor able to bind to MV, leading to
a decrease in the immune response against measles.

We found that the highest CD46 expression was in monocytes,
which follows previous in vivo studies that demonstrated that
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TABLE 3 Summary of results regarding CD46 rs7144 polymorphism

CD46 rs7144
polymorphism?

Outcome

Baseline CD46 receptor expression Callele T expression
on T cells

CC 1 downregulation
(i.e., | expression
after ML)

CC | T-cell proportion

Callele | IgG

“ Information is indicated compared to the alternative genotype/allele; ML, measles

lysate stimulation of PBMCs.

CD46 receptor downregulation after
ML stimulation

Cell proportion after ML stimulation
Postvaccination measles IgG

monocytes are the cell type predominantly infected by MV (10).
After interaction with MV hemagglutinin, CD46 is internalized
and downregulated from the cell surface (4, 17). We found CD46
expression was downregulated after measles lysate (ML) stimula-
tion of PBMCs, dramatically in B cells and monocytes, with a
smaller change in CD4™ T cells. Expression in mDCs, however,
increased 3-fold after ML stimulation. It appears that the T-cell
expression of CD46 is not activation induced, but the expression
in APCs is considerably altered after contact with measles.

CD46 expression in T cells was not overly induced by ML stim-
ulation, but it was significantly associated with the CD46 rs7144
SNP. Children with the rs7144CC genotype had significantly
more CD46 expression at baseline in T cells but not in APCs.
There was also a distinct difference between the genotypes in the
regulation of CD46 expression in T cells; those with the CC geno-
type showed higher downregulation of the receptor after ML stim-
ulation. This downregulation may affect CD46 signaling and an-
tigen presentation (30, 33), as well as increase the probability of
cell lysis (15). Children with rs7144CC also showed a decreased
frequency of T cells after ML stimulation, perhaps reflecting this
T-cell lysis.

Our results showing this CD46 rs7144 SNP associated with
receptor expression and T-cell frequency suggest a possible
mechanism that links genetic variation and altered measles an-
tibody response (Table 3). Those with rs7144CC had a higher
density of receptor on the T-cell surface, higher downregula-
tion of receptor from the surface after measles (higher rate of
MYV binding and hence infection of the cell), and possible in-
creased T-cell lysis (which is supported by our results that
showed a decrease in T-cell frequency). This may lead to de-
creased T-cell help for measles-specific B cells and hence im-
paired measles antibody responses and, in fact, we showed that
those with this same genotype had lower levels of measles IgG.
It would be important to test this hypothesis of the mechanisms
underlying how receptor expression affects antibody responses
in additional functional studies.

CD46 1511118580 and rs2724384, although showing signifi-
cant associations with measles IgG levels, did not show any rela-
tionships with CD46 protein expression. Unlike 3"UTR SNPs
such as rs7144 and polymorphisms in the promoter region, the
intronic CD46 1511118580 and rs2724384 variants are likely to
functionally affect CD46 protein in an alternative way, perhaps
affecting structure, trafficking, or localization of the protein,
rather than the amount of expression. It would be important to
investigate the functionality of these SNPs in future studies.

The limitations of the present study should be noted. First, the
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size of the Perth cohort was small, and therefore the study was not
powered to detect the effect of the SNPs on the proportion of
seronegative children. However, our sample size is comparable to
other published studies in this area (7). Although it would be
interesting to compare these initial responses with second dose
responses, this cohort was not followed up at 4 years, and there-
fore comparisons could not be made. Corrections for multiple
testing were not performed in the present study, since only a lim-
ited number of tests were performed, with the analyses based on
specifically defined a priori hypotheses, and all of the tests that
were performed were described (21). Although we showed a de-
crease in T-cell frequency following ML stimulation, we have not
specifically quantified cell lysis; therefore, this is only a possible
theory and should be followed up in future studies. It is possible
these SNPs are in linkage disequilibrium with another functional
polymorphism in CD46 or in another gene responsible for the
association with measles antibody response. Alternative host ge-
netic factors may also have an effect, such as genes of the HLA
system (19) and cytokine and cytokine receptor genes (6) that
have been shown to influence measles vaccine responses in adults.
In addition, receptors such as the other measles-specific receptor,
signaling lymphocyte activation molecule (SLAM), are likely to
have effects on measles responses (7, 9). We have, however, re-
cently shown that SLAM polymorphisms are not associated with
measles antibody responses in this cohort (3). Regardless, it is
biologically plausible and likely that CD46 plays an important role
in specific responses to measles virus and vaccine.

In conclusion, we report significant associations with genetic
variants in measles receptor CD46 and primary IgG antibody re-
sponses to measles vaccine in a population of Australian infants
after their first vaccine dose. We also demonstrate the first findings
of an association with an MV receptor polymorphism and func-
tional effects on receptor protein expression, a possible explana-
tion for the link between genetic variation and altered measles
vaccine responses. In the future, the combination of genetic fac-
tors that reliably predict poor immunogenicity or vaccine failure
need to be elucidated. Knowledge in this area may help in the
identification of children at risk of poor immunogenicity and vac-
cine failure, which may lead to the development of different strat-
egies for vaccinating these children and contribute to the control
of MV infections worldwide.
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