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bstract

Although the outcome of the immune response to measles–mumps–rubella (MMR) vaccination depends on multiple factors, elucidation of
pecific host genetic markers, such as HLA supertypes based on a shared sequence motif in the peptide-binding pockets of HLA molecules, is
ssential. We studied the association between measures of humoral and cellular immune responses and HLA supertypes among 346 children

reviously immunized with two doses of MMR. We found that HLA supertypes, such as A3, B7, B44, B58, B62, and DR may play a role in
odulating immune responses to the measles and mumps components of MMR vaccine. This information may be of significant value in the

ngineering of potential epitope-based vaccines that are recognized by T cells restricted by human HLA supertype alleles.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

The immune response to the measles–mumps–rubella
MMR) vaccine depends upon the development of effec-
ive humoral and cell-mediated immune responses [1,2].
lthough the outcome of the immune response to MMR
accination depends on multiple factors, elucidation of spe-
ific host genetic markers, such as human leukocyte antigen
HLA) supertypes based on a shared sequence motif in the
eptide-binding pockets of HLA molecules, would be advan-
ageous for the engineering a potential new vaccine. We
reviously reported an association between HLA haplotypes

nd MMR vaccine-induced immunity [3]. However, the rela-
ionship between HLA supertypes and measures of MMR
mmune response is less well established.
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Studies have demonstrated that the majority of HLA class
and class II molecules can be grouped in broad supertypes
haracterized by overlapping peptide-binding motifs and
epertoires [4–6]. Although HLA molecules are highly poly-
orphic, there are shared epitopes with substantial overlap in

eptide-binding capacity within groups of genetically related
LA alleles. Based on the structural similarities of these
roups of HLA alleles and analysis of their peptide-binding
pecificity, the following class I supertype molecules have
een proposed; HLA-A1, A2, A3, A24, B7, B27, B44, B58,
nd B62 supertype groups [7-9]. In the case of class II HLA
olecules, Southwood et al. [6] identified a large set of HLA-
R molecules, which includes DRB1*0101, DRB1*0401,
RB1*0701, DRB5*0101, DRB1*0901, DRB1*1302, and
RB1*1501; characterized by overlapping peptide-binding

epertoires. In addition, Ou et al. [10] described a novel cate-

orization of HLA-DR alleles on the basis of function. Thus,
LA-DR molecules were grouped into functional categories
n the basis of their ability to bind and present antigenic
eptides to T cells, and to shape T cell repertoires and

mailto:poland.gregory@mayo.edu
dx.doi.org/10.1016/j.vaccine.2007.01.020
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heir association with susceptibility or resistance to various
iseases [10]. The particular supertype (supermotif) within
ocket 4 of HLA-DR includes DRB1*0301, DRB1*0401,
RB1*0402, DRB1*0404, DRB1*0405, DRB1*1101,
RB1*1201, DRB5*0101, and DRB1*1501 alleles [10].
Applying the concept of HLA supertypes to a novel MMR

accine is attractive as HLA supertypes would narrow the
earch for antigenic peptides that will bind HLA alleles of a
arge proportion of the population (so-called “promiscuous
eptides”). For our purposes, an important question arises.
re common class I and class II HLA supertypes associ-

ted with variations in MMR vaccine-induced immunity in
ealthy individuals? To answer this question, we sought to
etermine whether associations exist between HLA super-
ypes and the humoral and cellular immune status following
wo doses of MMR for each of the three vaccines, measles,

umps, and rubella. Further, we sought to assess associations
etween HLA supertypes and measles virus-specific IFN-�
nd IL-4 cytokine levels in healthy individuals after two doses
f the MMR vaccine.

. Materials and methods

.1. Study participants

Details of our study methods and subject identification
ave been published elsewhere [11]. Overall, we recruited a
otal of 346 children 12–18 years of age in Olmsted County,

innesota. Study subjects (161 girls and 185 boys) had medi-
al record documentation of receiving two doses of the MMR
accine containing the Edmonston strain of measles virus (tis-
ue culture infective dose TCID50 ≥ 1000), the Jeryl Lynn
-strain of mump virus (≥20,000 TCID50), and the Wis-

ar RA 27/3-strain of rubella virus (≥1000 TCID50) (Merck,
est Point, PA, USA) at or after the age of 12 months. HLA

nd measles-specific cytokine data were available on 339 sub-
ects. Mayo Clinic’s Institutional Review Board approved
he study. All study subjects or guardians provided written
nformed consent according to the guidelines of the Institu-
ional Review Board of the Mayo Clinic. Younger subjects
lso provided written assent.

.2. Antibody measurement

Quantitative levels of measles, mumps, and rubella
gG antibody titers for all serum specimens were
etermined by the Enzygnost (Dade Behring, Marburg,
ermany) anti-measles-virus/IgG enzyme immunoassay

EIA) (sensitivity = 99.6%; specificity = 100%), anti-mumps-
irus/IgG EIA (sensitivity = 95.4%; specificity = 93.7%),
nd anti-rubella-virus/IgG EIA (sensitivity = 100%; speci-

city = 98.5%), respectively, according to the manufacturer’s

nstructions. The coefficients of variation in our laboratory for
he measles, mumps and rubella assays were 3.8%, 4.1%, and
.0%, respectively.
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.3. Lymphoproliferation assays

Peripheral blood mononuclear cells (PBMC) were sep-
rated on Ficoll-Hypaque (Sigma, St. Louis, MO, USA)
ensity gradients and resuspended in RPMI 1640 freez-
ng media (Celox Laboratories Inc., St. Paul, MN, USA)
ontaining 10% dimethyl sulfoxide (Sigma) and 20% heat-
nactivated fetal calf serum (FCS), frozen at −80 ◦C, and
tored in liquid nitrogen until cultured. The cellular immune
tatus to MMR viruses was assessed using an in vitro [3H]-
hymidine incorporation assay as described [2,12]. Individual
accine virus-specific T cell responses were measured by
roliferation of PBMC (2 × 105 cells/well) incubated in the
resence of live attenuated measles, mumps or rubella virus
accine (Merck, 75 pfu/well of each vaccine virus). Results
ere expressed as antigen-specific stimulation indices (SI),
efined as the ratio of the median counts per minute (cpm)
f antigen-stimulated wells to the median cpm of unstimu-
ated wells. An SI of three or higher was considered to be an
ndicator of a positive lymphoproliferarative response [13].

.4. HLA typing

Details of HLA typing have been published elsewhere
11]. High molecular weight DNA was extracted from blood
amples using the Puregene extraction kit (Gentra Systems
nc., Minneapolis, MN, USA) and used for polymerase chain
eaction (PCR)—based high resolution HLA genotyping
Dynal Biotech, Brown Deer, WI, USA). Class I and class
I four-digit molecular typing was performed for supertype
lassification. Specifics for HLA class I and class II DR
upertypes classification based on a shared sequence motif
n peptide-binding pockets of HLA molecules, have been
escribed in detail elsewhere [5–7,10].

.5. In vitro IFN-γ and IL-4 measles-specific cytokine
ssays

In vitro cytokine responses to measles virus were mea-
ured as previously described [14]. Briefly, for IFN-�
etermination, PBMC were cultured for 6 days at a concentra-
ion of 2 × 105 cells/well with either medium or measles virus
t a multiplicity of infection (moi) of 0.5 (the Edmonston B
accine strain of measles virus stock at 1 × 107 plaque form-
ng units [pfu]/ml). For IL-4 determination, the PBMC were
ultured at a concentration of 4 × 105 cells/well. Cells were
ultured in the presence of 2 �g/ml of monoclonal IL-4 recep-
or antibody (mAb) (R&D Systems, Minneapolis, MN, USA)
ith or without measles virus diluted in RPMI 1640 supple-
ented with 1% normal human sera (NHS) at a moi of 0.1 as

reviously described [15]. The secretion of IFN-� and IL-4
as evaluated by a standard ELISA (OptiEIA Human IFN-�
nd IL-4; PharMingen, San Diego, CA). Median background
evels of IFN-� and IL-4 cytokine production in cultures not
timulated with measles virus was subtracted from the median
easles-induced responses to produce corrected secretion
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alues. The levels of sensitivity for the IFN-� and IL-4 assays
ere 4.7 pg/ml and 7.8 pg/ml, respectively.

.6. Statistical analysis

Eight outcomes were of primary interest: measles, mumps
nd rubella antibody titers (measured as IU/ml); measles,
umps and rubella lymphoproliferation (measured as SI);

nd IFN-� and IL-4 supernatant cytokine responses to
easles virus (measured as pg/ml). Data were descriptively

ummarized using frequencies and percentages for all cat-
gorical variables, and medians and interquartile ranges
IQRs) for all continuous variables. Associations of immune
esponse with demographic and clinical variables of inter-
st were assessed using analysis of variance methods. Due to
ata skewness, all p-values were calculated using transformed
mmune response values. We used simple log transformations
or antibody and lymphoproliferation levels. Such transfor-
ations could not be used for cytokine secretion levels due

o the possibility of zero or negative values (caused when
nstimulated secretion levels equaled or exceeded stimulated
ecretion levels); for these variables rank transformations
ere used.
Measures of immune response associated with HLA

oci were summarized on a supertype allele level. Each
erson contributed two observations to this descriptive
nalysis—one for each allele. Alleles were grouped for each
ocus by allele supertype and summarized using medians and
nterquartile ranges. Following the descriptive comparisons,
ssociations were formally evaluated using linear regression
nalyses. In contrast to the descriptive comparisons, each
ubject contributed one observation to the regression anal-
sis based on the individual genotype. Regression variables
ere created for each supertype allele and were coded as 0,
, or 2, according to the number of copies of the allele that
subject carried. As mentioned above, transformed version
f the original response values for each of the outcomes of
nterest were used as the dependent variables in these regres-
ion models. Global differences in immune response among
ll alleles of a given locus were carried out by simultaneously
ncluding all but one of the allele variables in a multivariate
inear regression model.

Following these global tests, we examined individual
upertype allele effects on immune response. This latter series
f tests was performed in the spirit of Fisher’s Protected
east Significant Difference test; individual allele associ-
tions were not considered statistically significant in the
bsence of global significance. In these follow-up analyses,
ach supertype allele variable was included in separate linear
egression analyses, effectively comparing degree to which
he immune response variable was associated with genotypic
osage of the allele of interest.
All global and allelic analyses described above were
djusted for potential confounding variables associated with
mmune response. The following set of variables was
ncluded in all models: age at enrollment, race, gender, age

w
b
w
o

e 25 (2007) 3090–3100

t 1st MMR, and age at 2nd MMR. All p-values less than
.05 were considered significant; however, p-values between
.05 and 0.10 were considered marginally significant and are
eported as worthy of further investigation. All statistical tests
ere two-sided, and all analyses were carried out using the
AS software system (SAS Institute Inc., Cary, NC, USA).

. Results

.1. HLA supertypes in study subjects previously
mmunized with MMR

Table 1 lists the alleles confirmed to be part of the HLA
lass I and class II (DR) supertypes and their estimated fre-
uencies in our study group. The majority of subjects were
hite (94%), and the median ages at first and second immu-
ization were 15.6 months and 12.1 years, respectively. The
ost prevalent alleles in the study population were expressed

n frequencies similar to the HLA subtype frequencies pub-
ished elsewhere [6,7]. Molecular HLA typing of 346 study
ubjects yielded 104 HLA-A2 individuals (30.2%), reflecting
2 supertype expression in a largely white population [7]. In

ddition, the A3 supertype alleles were found in 29.5% of
tudy subjects. It was noted that the most prevalent HLA-B
upertype in this study population were B7 and B62, which
ere expressed in 28.2% and 25.7% of individuals, respec-

ively. In regard to class II, approximately 47% of our study
ubjects carried common alleles of the main HLA-DR super-
ype (Table 1).

.2. HLA supertypes and measles vaccine immune
esponses

Separate analyses were performed for each measure of
umoral and cellular immunity. Median values for measles
ntibody levels and SI were 1556.0 IU/ml and 3.6, respec-
ively (Table 2). The two global tests for association failed
o show a statistically significant association between class
A supertypes and measles antibody levels and lympho-

yte proliferation (p-value of 0.10 and 0.73, respectively).
he global tests did, however, reveal a significant associa-

ion between humoral immune responses to measles virus
nd class I B supertypes (p-value of 0.01). In particular,
7 supertype (median 1848 IU/ml; p = 0.01) was associated
ith higher measles-specific antibody levels. In contrast, the

upertypes with the strongest associations with lower measles
ntibody levels included B44 (median 1337 IU/ml; p = 0.03)
nd B58 (median 1079 IU/ml; p = 0.06). No association was
ound with class I B supertypes and cellular immunity (global
-value = 0.41).

For the main (Southwood) class II HLA-DR supertype,

hich was initially characterized by overlapping peptide-
inding repertoires (Southwood’s et al. classification) [6],
e found no associations with either the measles antibody
r lymphoproliferation levels (global p-values of 0.29 and
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Table 1
Frequency of the HLA supertypes in 346 study subjectsa

HLA supertypeb Allele(s) Number
of alleles

% Allele Frequency
(total %)

A1 23.98
*0101 111 16.04
*0102 1 0.14
*2501 16 2.31
*2601 16 2.31
*3201 22 3.18

A2 30.18
*0201 199 28.76
*0202 1 0.14
*0205 3 0.43
*0206 1 0.14
*0207 1 0.14
*6802 3 0.43
*6901 1 0.14

A3 29.49
*0301 108 15.61
*1101 30 4.34
*3101 19 2.75
*3301 4 0.58
*6801 43 6.21

A24 11.99
*2301 12 1.73
*2402 60 8.67
*2403 1 0.14
*3001 6 0.87
*3002 4 0.58

B7 28.17
*0702 83 11.99
*0704 2 0.29
*0705 1 0.14
*3501 38 5.49
*3502 3 0.43
*3503 18 2.6
*5101 31 4.48
*5301 2 0.29
*5501 15 2.17
*5601 2 0.29

B27 10.54
*1401 3 0.43
*1402 7 1.01
*1503 2 0.29
*1510 2 0.29
*1518 1 0.14
*2702 2 0.29
*2705 28 4.05
*3801 16 2.31
*3901 8 1.16
*3902 1 0.14
*4801 2 0.29
*7301 1 0.14

B44 25.86
*3701 5 0.72
*4001 44 6.36
*4101 1 0.14
*4402 73 10.55
*4403 27 3.9
*4501 7 1.01
*4901 15 2.17
*5001 7 1.01

Table 1 (Continued )

HLA supertypeb Allele(s) Number
of alleles

% Allele Frequency
(total %)

B58 4.03
*1516 1 0.14
*1517 2 0.29
*5701 20 2.89
*5702 1 0.14
*5801 3 0.43
*5802 1 0.14

B62 11.99
*1301 2 0.29
*1302 17 2.46
*1501 52 7.51
*1502 1 0.14
*1506 2 0.29
*4601 3 0.43
*5201 6 0.87

DRB1 (Southwood et
al. [6] classification)

46.97

*0101 55 7.95
*0401 62 8.96
*0701 73 10.55
*0901 11 1.59
*1302 36 5.2
*1501 88 12.72

DRB1 (Ou et al. [10]
classification)

47.70

*0301 93 13.44
*0401 62 8.96
*0402 6 0.87
*0404 28 4.05
*0405 5 0.72
*1101 28 4.05
*1201 20 2.89

0
a
a
w
e
t
i
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c
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s
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p

*1501 88 12.72
a Each subject represented twice—once for each allele.
b Sette and Sidney [5,8], Southwood et al. [6], and Ou et al. [10].

.57, respectively). However, global tests revealed significant
ssociations between humoral immunity to measles and the
lternate (Ou) class II HLA-DR supertype (p-value of 0.02),
hich was primarily characterized on a functional basis (Ou’s

t al. classification) [10]. Indeed, this alternate DR super-
ype was associated with higher measles-induced humoral
mmune responses (median 1713 IU/ml; p = 0.02). We found
o association with the Ou et al. [10] DR classification and
ellular immunity (global p-value = 0.27).

.3. HLA supertypes and mumps vaccine immune
esponses

The association between HLA supertypes and mumps-
pecific immune response profile following two doses of

MR immunization was also examined and the results are
ummarized in Table 3. Median values for mumps anti-

ody levels and SI were 728.6 IU/ml and 4.8, respectively.
he global tests for association failed to show a statistically
ignificant association between mumps antibody and lym-
hoproliferation levels and class I A supertypes (p-value
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Table 2
HLA supertype association with measles vaccine virus-induced humoral and cellular immunity

HLA locus HLA
supertype

Number
of alleles

Measles virus antibody level Measles virus-specific lymphoproliferation

Median, Ab
value (IU/ml)

Lower
quartile, Q1

Upper
quartile, Q3

p-valuea Median,
SI value

Lower
quartile, Q1

Upper
quartile, Q3

p-valuea

Overall 692 1556 746 2677 3.63 2.13 6.17
Class IA 0.10 0.73

A1 166 1504.0 684.68 2555.4 0.77 3.24 1.81 6.32 0.16
A2 209 1670.1 834.49 2401.9 0.57 3.75 2.27 6.15 0.66
A3 204 1658.4 836.90 3063.9 0.12 3.67 2.08 6.00 0.63
A24 83 1201.0 701.39 2419.7 0.14 3.87 2.49 6.45 0.62
Otherb 30 838.7 379.42 2421.1 0.05 3.80 3.21 6.17 0.96

Class IB 0.01 0.41
B7 195 1848.4 971.29 2986.8 0.01 3.79 2.13 6.45 0.35
B27 73 1395.2 659.77 2335.4 0.33 3.87 2.53 6.43 0.50
B44 179 1337.2 680.61 2389.5 0.03 3.45 2.03 5.80 0.10
B58 28 1079.9 508.91 2273.5 0.06 3.36 2.53 6.42 0.86
B62 83 1563.1 675.30 2952.6 0.98 4.03 2.17 7.12 0.21
Otherb 134 1583.7 784.51 2917.6 0.39 3.25 1.83 5.64 0.31

Class II DR (Southwood et
al. [6] classification)

0.29 0.57

Main DR 325 1602.1 765.09 2719.3 0.29 3.49 2.07 6.32 0.57
Otherb 367 1481.9 737.27 2633.1 0.29 3.73 2.13 6.11 0.57

Class II DR (Ou et al. [10]
classification)

0.02 0.27

Main DR 330 1713.6 765.09 2969.8 0.02 3.49 2.04 5.80 0.27
Otherb 362 1420.4 745.81 2389.5 0.02 3.79 2.34 6.45 0.27

Q1 and Q3 represent the first and third quartiles, respectively; suggestive findings (p ≤ 0.10) are shown in bold; abbreviation: SI, stimulation indices.
a Linear regression analysis. Due to data skewness, p-values were based on log-transformed data. Analyses adjust for age at blood draw, gender, race, age at first MMR, and age at second MMR.
b “Other” includes the following HLA-A alleles: *0302, *2608, *2901, *2902, *3206, *6601, *6803; HLA-B alleles: *0706, *0714, *0801, *1522, *1525, *1801, *1803, *3504, * 3508, *3523, *3906, *4002,

*4102, *4201, *4404, *4405, *4701, *4803; HLA-DRB1 (Southwood et al. classification) *0102, 0103, *0301, *0302, *0402, *0403, *0404, *0405, *0407, *0408, *0801, *0802, *0803, *0804, *1001, *1101,
*1102, *1103, *1104, *1106, *1111, *1119,*1201, *1202, *1208, *1301, *1303, *1304, *1305, *1310, *1315, *1401, *1405, *1406, *1410, *1424, *1502, *1503, *1601, *1602; and HLA-DRB1 (Ou et al.
classification) *0101, *0102, *0103, *0302, *0403, *0407, *0408, *0701, *0801, *0802, *0803, *0804, *0901, *1001, *1102, *1103, *1104, *1106, *1111, *1119, *1202, *1208, *1301, *1302, *1303, *1304,
*1305, *1310, *1315, *1401, *1405, *1406, *1410, *1424, *1502, *1503, *1601,*1602, respectively.
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Table 3
HLA supertype association with mumps vaccine virus-induced humoral and cellular immunity

HLA locus HLA
supertype

Number
of alleles

Mumps virus antibody level Mumps virus-specific lymphoproliferation

Median, Ab
value (IU/ml)

Lower
quartile, Q1

Upper
quartile, Q3

p-valuea Median,
SI value

Lower
quartile, Q1

Upper
quartile, Q3

p-valuea

Overall 692 728.64 410.91 1286.20 4.84 2.43 9.23
Class IA 0.15 0.43

A1 166 684.34 395.43 1222.0 0.35 4.51 2.00 9.26 0.50
A2 209 696.93 396.95 1263.8 0.79 4.73 2.31 8.75 0.22
A3 204 854.18 419.73 1484.0 0.07 4.87 2.57 8.85 0.42
A24 83 684.25 478.38 1459.5 0.86 5.78 2.93 10.44 0.15
Otherb 30 492.35 342.47 1082.7 0.06 4.61 2.29 10.57 0.97

Class IB 0.61 0.08
B7 195 822.09 436.93 1386.7 0.16 4.88 2.62 8.50 0.71
B27 73 734.35 385.31 1597.3 0.55 4.97 2.92 9.56 0.36
B44 179 711.25 396.95 1226.7 0.16 4.73 2.28 9.11 0.34
B58 28 782.09 361.49 1458.6 0.85 4.76 3.50 8.39 0.32
B62 83 608.21 395.38 1395.4 1.00 6.08 3.46 12.84 0.02
Otherb 134 652.78 414.23 1282.7 0.50 3.65 1.98 8.73 0.07

Class II DR (Southwood et
al. [6] classification)

0.12 0.14

Main DR 325 684.44 363.52 1188.8 0.12 5.42 2.80 9.32 0.14
Otherb 367 774.60 447.57 1413.2 0.12 4.20 2.26 8.73 0.14

Class II DR (Ou et al. [10]
classification)

0.13 <0.001

Main DR 330 773.04 446.84 0.13 4.21 2.19 7.85 <0.001
Otherb 362 697.77 390.95 0.13 5.18 2.69 11.35 <0.001

Q1 and Q3 represent the first and third quartiles, respectively; suggestive findings (p ≤ 0.10) are shown in bold; abbreviation: SI: stimulation indices.
a Linear regression analysis. Due to data skewness, p-values were based on log-transformed data. Analyses adjust for age at blood draw, gender, race, age at first MMR, and age at second MMR.
b “Other” includes the following HLA-A alleles: *0302, *2608, *2901, *2902, *3206, *6601, *6803; HLA-B alleles: *0706, *0714, *0801, *1522, *1525, *1801, *1803, *3504, * 3508, *3523, *3906, *4002,

*4102, *4201, *4404, *4405, *4701, *4803; HLA-DRB1 (Southwood et al. classification) *0102, 0103, *0301, *0302, *0402, *0403, *0404, *0405, *0407, *0408, *0801, *0802, *0803, *0804, *1001, *1101,
*1102, *1103, *1104, *1106, *1111, *1119,*1201, *1202, *1208, *1301, *1303, *1304, *1305, *1310, *1315, *1401, *1405, *1406, *1410, *1424, *1502, *1503, *1601, *1602; and HLA-DRB1 (Ou et al.
classification) *0101, *0102, *0103, *0302, *0403, *0407, *0408, *0701, *0801, *0802, *0803, *0804, *0901, *1001, *1102, *1103, *1104, *1106, *1111, *1119, *1202, *1208, *1301, *1302, *1303, *1304,
*1305, *1310, *1315, *1401, *1405, *1406, *1410, *1424, *1502, *1503, *1601,*1602, respectively.
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f 0.15 and 0.43, respectively). However, when examin-
ng class I A supertypes individually, the A3 supertype
median 854.2 IU/ml; p = 0.07) approached statistical signif-
cance with higher mumps antibody levels.

Further, the global tests for association failed to demon-
trate a statistically significant association between mumps
ntibodies and the class I B supertypes (p-value of 0.61).
owever, the global tests revealed a marginally significant

ssociation between cellular immune responses to mumps
irus and class I B supertype (p-value of 0.08). In particular,
he B62 supertype (SI 6.1; p = 0.02) was marginally associ-
ted with higher mumps-specific lymphoproliferation after
ccounting for the global p-value.

We found no associations with the class II DR supertype
ased on the Southwood et al. [6] classification, and mumps
ntibody and lymphoproliferation levels (global p-value of
.12 and 0.14, respectively). Interestingly, the class II DR
upertype, based on the Ou et al. [10] classification (global
-value of <0.001), was associated with significantly lower
umps-specific lymphoproliferation (SI 4.2; p < 0.001).

.4. HLA supertypes and rubella vaccine immune
esponses

Associations between HLA supertypes and measures of
umoral and cellular immune responses to rubella virus are
resented in Table 4. Median values for rubella antibody lev-
ls and SI were 38.6 IU/ml and 2.3, respectively. We found no
ssociations with any of the HLA-A, B or DR supertypes and
ither rubella antibody or cellular immune status. This sug-
ests that HLA supertypes may have limited associations with
umoral and cellular immune responses to rubella vaccine.

.5. HLA supertypes and measles vaccine IFN-γ and
L-4 cytokine immune responses

The association between HLA supertypes and measles-
pecific cytokine Th1/Th2 immune response profile follow-
ng two doses of live viral MMR immunization was also
xamined and the results are summarized in Table 5. Median
alues for measles virus-specific IFN-� and IL-4 cytokines
ere 40.7 pg/ml (IQR 8.1 pg/ml–176.7 pg/ml) and 9.7 pg/ml

IQR 2.8 pg/ml–24.3 pg/ml), respectively. The global tests
evealed a marginally significant association between IFN-
secretion and class I A and B supertypes (p-values of 0.10

nd 0.11, respectively). Supertypes A3 (median 53.8 pg/ml;
= 0.01), B7 (median 49.9 pg/ml; n = 0.09) and B62 (median
1.6 pg/ml; p = 0.07) were marginally associated with higher
easles-virus induced IFN-� secretion levels, whereas B44

median 28.6 pg/ml; p = 0.06) was marginally associated
ith lower IFN-� levels. The global tests for association

ailed to show a statistically significant association between

easles IL-4 secretion levels and class I A and B supertypes

p-value of 0.34 and 0.68, respectively). When examining
lass I A supertypes individually, the A3 supertype (median
4.1 pg/ml; p = 0.04) appeared to be marginally associated

r
i
a
t

e 25 (2007) 3090–3100

ith higher measles-specific IL-4 responses. Finally, we
ound no associations with any of the DR supertypes (by
ither Southwood et al. or Ou et al. classifications) [6,10]
nd either measles virus-induced IFN-� or IL-4 production.

. Discussion

The present study is an effort to describe HLA association
ith MMR-induced humoral and cellular immune responses
n the basis of shared sequence specificity (motif) in the
eptide-binding pockets of HLA molecules. Whereas our
revious studies described associations of individual HLA
lleles with antibody and lymphoproliferation levels follow-
ng MMR vaccine [3,11,16], this study showed that HLA
upertypes were also associated with immune responses to
easles and mumps viruses following two doses of MMR

accine.
Our findings demonstrate that among our study sub-

ects, the supertype B44 is strongly associated with lower
easles vaccine-specific antibodies. Furthermore, the least

requent HLA supertype, B58, was also associated with
ower measles-induced antibodies. These two observations
re important as both point towards prospective mechanistic
pproaches to understanding poor immune responses fol-
owing measles vaccine in otherwise healthy individuals.
he most common HLA supertypes, B7 and DR (Ou et
l. classification), were associated with higher measles anti-
ody response in our cohort. Indeed, HLA-DR molecules
re known to be the main restriction determinants for
ntigen-specific T cell recognition and are predominant alle-
es worldwide in the human population. In the case of
he B7 supertype, it has been shown that approximately
0% of the super-motif bearing peptides are cross-reactive
eptides [17]. Thus, these B7, B44, and B58 supertype
olecules could be considered important immune response
LA supertypes to the measles virus component of the
MR vaccine. In regards to mumps vaccine, we found

hat the B62 supertype was suggestive of association with
umps-specific higher lymphoproliferation; however, the
R supertype (Ou et al. classification) was significantly asso-

iated with lower mumps-specific cellular immune responses
fter MMR vaccine. In contrast, genetic associations between
ubella vaccine immune responses and HLA supertypes were
ot as strong as those observed for measles and mumps,
uggesting that HLA molecules may be less effective in
he presentation of rubella cross-reactive peptides than for

easles and mump. Finally, the A3, B7, B44 and B62 super-
ypes demonstrated suggestive association with variations
n measles-induced IFN-� immune responses, confirming
ur previous observations that HLA polymorphisms play
crucial role in modulating humoral and cellular immune
esponses to measles virus. This information will be helpful
n developing potential epitope-based MMR vaccines that
re recognized by T cells restricted by human HLA super-
ype alleles. “Just as pharmacogenetics has suggested ways



I.G
.O

vsyannikova
etal./Vaccine

25
(2007)

3090–3100
3097

Table 4
HLA supertype association with rubella vaccine-induced humoral and cellular immunity

HLA locus HLA
supertype

Number
of alleles

Rubella virus antibody level Rubella virus-specific lymphoproliferation

Median, Ab
value (IU/ml)

Lower
quartile, Q1

Upper
quartile, Q3

p-valuea Median,
SI value

Lower
quartile, Q1

Upper
quartile, Q3

p-valuea

Overall 692 38.63 21.81 61.11 2.29 1.53 3.63
Class IA 0.63 0.84

A1 166 41.62 21.68 61.80 0.52 2.04 1.30 3.67 0.25
A2 209 39.47 23.21 65.72 0.28 2.27 1.52 3.69 0.93
A3 204 35.02 21.40 57.14 0.18 2.37 1.58 3.63 0.53
A24 83 37.49 19.83 65.72 0.69 2.69 1.79 3.60 0.70
Otherb 30 35.98 22.96 51.17 0.90 2.24 1.85 3.44 0.91

Class IB 0.72 0.76
B7 195 36.11 22.59 60.89 0.57 2.46 1.58 3.86 0.16
B27 73 35.26 19.86 60.48 0.18 2.08 1.53 3.52 0.75
B44 179 39.19 23.25 61.80 0.38 2.04 1.33 3.53 0.26
B58 28 40.30 19.67 69.93 0.72 2.54 1.46 3.59 0.83
B62 83 39.65 18.73 60.30 0.47 2.56 1.68 3.70 0.83
Otherb 134 42.61 20.23 60.89 0.91 2.27 1.40 3.51 0.63

Class II DR (Southwood et
al. [6] classification)

0.64 0.12

Main DR 325 38.18 22.19 60.30 0.64 2.16 1.49 3.52 0.12
Otherb 367 38.97 21.40 61.77 0.64 2.41 1.53 3.74 0.12

Class II DR (Ou et al. [10]
classification)

0.57 0.24

Main DR 330 40.72 20.86 62.29 0.57 2.26 1.53 3.44 0.24
Otherb 362 36.38 22.19 58.94 0.57 2.32 1.53 3.90 0.24

Q1 and Q3 represent the first and third quartiles, respectively; suggestive findings (p ≤ 0.10) are shown in bold; abbreviation: SI: stimulation indices.
a Linear regression analysis. Due to data skewness, p-values were based on log-transformed data. Analyses adjust for age at blood draw, gender, race, age at first MMR, and age at second MMR.
b “Other” includes the following HLA-A alleles: *0302, *2608, *2901, *2902, *3206, *6601, *6803; HLA-B alleles: *0706, *0714, *0801, *1522, *1525, *1801, *1803, *3504, * 3508, *3523, *3906, *4002,

*4102, *4201, *4404, *4405, *4701, *4803; HLA-DRB1 (Southwood et al. classification) *0102, 0103, *0301, *0302, *0402, *0403, *0404, *0405, *0407, *0408, *0801, *0802, *0803, *0804, *1001, *1101,
*1102, *1103, *1104, *1106, *1111, *1119,*1201, *1202, *1208, *1301, *1303, *1304, *1305, *1310, *1315, *1401, *1405, *1406, *1410, *1424, *1502, *1503, *1601, *1602; and HLA-DRB1 (Ou et al.
classification) *0101, *0102, *0103, *0302, *0403, *0407, *0408, *0701, *0801, *0802, *0803, *0804, *0901, *1001, *1102, *1103, *1104, *1106, *1111, *1119, *1202, *1208, *1301, *1302, *1303, *1304,
*1305, *1310, *1315, *1401, *1405, *1406, *1410, *1424, *1502, *1503, *1601,*1602, respectively.
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Table 5
HLA supertype association with measles vaccine-induced IFN-� and IL-4 cytokine immune responses

HLA locus HLA
supertype

Number
of alleles

Measles virus-specific IFN-� secretiona Measles virus-specific IL-4 secretiona

Median secretion
value (pg/ml)

Lower quartile,
Q1 (pg/ml)

Upper quartile
Q3 (pg/ml)

p-valueb Median secretion
value (pg/ml)

Lower quartile,
Q1 (pg/ml)

Upper quartile
Q3 (pg/ml)

p-valueb

Overall 678 40.73 8.11 176.68 9.71 2.77 24.30
Class IA 0.10 0.34

A1 163 34.30 5.66 133.48 0.30 8.92 4.29 22.00 0.76
A2 205 35.79 6.63 132.65 0.18 9.10 1.50 24.91 0.13
A3 198 53.80 12.44 226.80 0.01 14.06 4.64 25.63 0.04
A24 82 38.54 8.41 230.20 0.69 9.10 1.83 24.30 0.84
Otherc 30 25.86 9.64 97.13 0.31 8.36 1.87 21.46 0.83

Class IB 0.11 0.68
B7 190 49.86 12.84 176.68 0.09 10.82 2.05 25.95 0.83
B27 73 36.30 9.84 230.20 0.92 13.86 2.30 30.34 0.30
B44 175 28.62 5.80 148.81 0.06 8.56 1.87 20.01 0.24
B58 26 38.13 10.80 195.79 0.57 13.77 3.54 25.66 0.72
B62 81 61.65 14.44 244.03 0.07 7.29 1.83 26.69 0.41
Otherc 133 33.25 3.37 154.13 0.20 10.48 4.91 22.56 0.46

Class II DR (Southwood et
al. [6] classification)

0.69 0.18

Main DR 316 42.57 8.02 167.68 0.69 9.59 1.87 22.75 0.18
Otherc 362 37.77 8.41 195.79 0.69 9.96 3.83 25.95 0.18

Class II DR (Ou et al. [10]
classification)

0.48 0.47

Main DR 324 43.51 8.00 197.08 0.48 9.98 4.44 23.09 0.47
Otherc 354 39.32 8.41 168.24 0.48 9.29 1.50 25.34 0.47

Q1 and Q3 represent the first and third quartiles, respectively; suggestive findings (p ≤ 0.10) are shown in bold.
a Mean value of measles virus stimulated cells minus value of control cells.
b Linear regression analysis. Due to data skewness, p-values were based on rank-transformed data. Analyses adjust for age at blood draw, gender, race, age at first MMR, and age at second MMR.
c “Other” includes the following HLA-A alleles: *0302, *2608, *2901, *2902, *3206, *6601, *6803; HLA-B alleles: *0706, *0714, *0801, *1522, *1525, *1801, *1803, *3504, * 3508, *3523, *3906, *4002,

*4102, *4201, *4404, *4405, *4701, *4803; HLA-DRB1 (Southwood et al. classification) *0102, 0103, *0301, *0302, *0402, *0403, *0404, *0405, *0407, *0408, *0801, *0802, *0803, *0804, *1001, *1101,
*1102, *1103, *1104, *1106, *1111, *1119,*1201, *1202, *1208, *1301, *1303, *1304, *1305, *1310, *1315, *1401, *1405, *1406, *1410, *1424, *1502, *1503, *1601, *1602; and HLA-DRB1 (Ou et al.
classification) *0101, *0102, *0103, *0302, *0403, *0407, *0408, *0701, *0801, *0802, *0803, *0804, *0901, *1001, *1102, *1103, *1104, *1106, *1111, *1119, *1202, *1208, *1301, *1302, *1303, *1304,
*1305, *1310, *1315, *1401, *1405, *1406, *1410, *1424, *1502, *1503, *1601,*1602, respectively.
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f designing drugs to minimize population variability, under-
tanding mechanisms of immunogenetic variation may lead
o new vaccines designed specifically to minimize immuno-
enetically based vaccine failure” [18].

We examined associations of four HLA supertype loci
ith each of eight different immune response outcomes,

esulting in a total of 32 global tests of significance; thus,
ultiple testing issues exist. It is noteworthy that among the

2 tests, we found six significant at the alpha = 0.10 level and
hree significant at the alpha = 0.05 level, in each case about
wice as many as that expected by chance alone. This further
einforces the existence of an HLA-based genetic component
o vaccine immunity.

Identification of alleles with overlapping peptide-binding
pecificities significantly facilitated epitope identification
nd epitope-based vaccine studies. These studies led to the
emonstration of the association of specific HLA supertypes
ith pathogen susceptibility, chronic viral disease progres-

ion and immunity [19–23]. However, the high degree of
LA polymorphism complicated an epitope-based approach

o novel vaccine development. In humans, there are more
han 1000 documented alleles encoding class I cell sur-
ace glycoprotein molecules that present peptides derived
rom intracellular protein processing [24–26]. Previous stud-
es have identified sets of HLA molecules or supertypes
ith similar specificities, and the peptide ligand specificity
f numerous class I A and class I B molecules has been
escribed as well [5,8,27,28]. It was shown that several
nrelated HLA molecules are also characterized by sim-
lar specificities in terms of the main anchor residues of
heir peptide ligands [17]. Indeed, 50–60% of all known
LA-A and HLA-B alleles can be classified in one of four
ajor HLA binding supertypes, such as A2, A3, B7, and
44 [27]. Sidney et al. [27] noted that “HLA binding super-

ypes and supermotifs demonstrate that MHC polymorphism
ay be functionally more limited than generally thought”.

n the case of class II HLA molecules, 50–80% of com-
on alleles can be classified in a single DR supertype,

epending on the ethnicities considered [6]. Thus, HLA
upertypes and supermotifs offer a practical classification for
he many different HLA alleles that overlap in their peptide-
inding specificities worldwide in the human population
19].

The association of HLA supertypes with variations in
mmune response to MMR vaccine has particular significance
ith respect to vaccine design, since, irrespective of ethnicity,

he frequency of some class I supertypes is as high as 35–55%
f the general population [27]. For example, Bertoni et al.
dentified highly conserved hepatitis B virus (HBV)-derived
eptides that bind with high affinity to various HLA class
alleles from the A2, A3, or B7 supertypes, and are rec-
gnized by cytotoxic T lymphocytes (CTL) in patients with

cute hepatitis [23]. This study indicated that a large fraction
f the patient population with HBV infection can be poten-
ially covered by a synthetic peptide vaccine with only a few
eptide specificities [23].

[
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The results presented here validate the notion of HLA
upertypes at the biological level by illustrating that the
resence of certain HLA supertype alleles with similar
eptide-binding motif may influence the outcome of the
mmune response to the measles and mumps components
f the MMR vaccine. In addition, the present study may have
ractical implications for new vaccine design strategies with
eptide-based vaccines. Viral MMR epitopes, which can be
aturally processed and presented by various alleles of an
LA supertype – especially if they are shown to play a role

n the immune response to vaccination – could form important
lements for the development of novel HLA-based vaccines
o be used in diverse ethnic populations.
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[2] Bautista-López N, Ward BJ, Mills E, McCormick D, Martel
N, Ratnam S. Development and durability of measles antigen-
specific lymphoproliferative response after MMR vaccination. Vaccine
2000;18:1393–401.

[3] Ovsyannikova IG, Pankratz SV, Vierkant R, Jacobson RM, Poland
GA. Human leukocyte antigen haplotypes in the genetic control of
immune response to measles-mumps-rubella vaccine. J Infect Dis
2006;193(5):655–63.

[4] Sidney J, del Guercio MF, Southwood S, Engelhard VH, Appella E,
Rammensee HJ, et al. Several HLA alleles share overlapping peptide
specificities. J Immunol 1995;154(1):247–59.

[5] Sette A, Sidney J. HLA supertypes and supermotifs: a functional per-
spective on HLA polymorphism. Curr Opin Immunol 1998;10:478–82.

[6] Southwood S, Sidney J, Kondo A, del Guercio MF, Appella E, Hoffman
S, et al. Several common HLA-DR types share largely overlapping
peptide binding repertoires. J Immunol 1998;160(7):3363–73.

[7] Sidney J, Southwood S, Mann DL, Fernandez-Vina MA, Newman
MJ, Sette A. Majority of peptides binding HLA-A*0201 with high
affinity crossreact with other A2-supertype molecules. Hum Immunol
2001;62(11):1200–16.

[8] Sette A, Sidney J. Nine major HLA class I supertypes account for the
vast preponderance of HLA-A and -B polymorphism. Immunogenetics
1999;50(3–4):201–12.

[9] Sette A, Sidney J, Livingston BD, Dzuris JL, Crimi C, Walker CM, et

al. Class I molecules with similar peptide-binding specificities are the
result of both common ancestry and convergent evolution. Immuno-
genetics 2003;54(12):830–41.

10] Ou D, Mitchell LA, Tingle AJ. A new categorization of HLA DR alleles
on a functional basis. Hum Immunol 1998;59:665–76.



3 / Vaccin

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

100 I.G. Ovsyannikova et al.

11] Ovsyannikova IG, Jacobson RM, Vierkant RA, Jacobsen SJ, Pankratz
VS, Poland GA. The contribution of HLA class I antigens in immune
status following two doses of rubella vaccination. Hum Immunol
2004;65:1506–15.

12] Ovsyannikova IG, Dhiman N, Jacobson RM, Vierkant RA, Poland GA.
Frequency of measles virus-specific CD4+ and CD8+ T cells in subjects
seronegative or highly seropositive for measles vaccine. Clin Diag Lab
Immunol 2003;10(3):411–6.

13] Gans HA, Maldonado Y, Yasukawa LL, Beeler J, Audet S, Rinki MM,
et al. IL-12, IFN�, and T cell proliferation to measles in immunized
infants. J Immunol 1999;162:5569–75.

14] Ovsyannikova IG, Jacobson RM, Ryan JE, Vierkant RA, Pankratz VS,
Poland GA. HLA class II alleles and measles virus-specific cytokine
immune response following two doses of measles vaccine. Immuno-
genetics 2005;56:798–807.

15] Dhiman N, Ovsyannikova IG, Howe RC, Ryan JE, Jacobson RM,
Poland GA. Interleukin-4 induced by measles virus and measles-
derived peptides as measured by IL-4 receptor-blocking ELISA. J
Immunol Methods 2004;287(1–2):217–25.

16] Ovsyannikova IG, Jacobson RM, Vierkant RA, Jacobsen SJ, Pankratz
VS, Poland GA. Human leukocyte antigen class II alleles and rubella-
specific humoral and cell-mediated immunity following measles-
mumps-rubella-II vaccination. J Infect Dis 2005;191(4):515–9.

17] Sidney J, Southwood S, del Guercio MF, Grey HM, Chesnut RW, Kubo
RT, et al. Specificity and degeneracy in peptide binding to HLA-B7-like
class I molecules. J Immunol 1996;157(8):3480–90.
18] Spielberg SP. Therapeutics and toxicology. Curr Opin Pediatr 1998;10:
201–2.

19] Trachtenberg E, Korber B, Sollars C, Kepler TB, Hraber PT, Hayes E,
et al. Advantage of rare HLA supertype in HIV disease progression.
Nat Med 2003;9(7):928–35.

[

[

e 25 (2007) 3090–3100

20] Doolan DL, Hoffman SL, Southwood S, Wentworth PA, Sidney J, Ches-
nut RW, et al. Degenerate cytotoxic T cell epitopes from P. falciparum
restricted by multiple HLA-A and HLA-B supertype alleles. Immunity
1997;7:97–112.

21] MacDonald KS, Kimani J, Dunand VA, Nagelkerke NJD, Ball TB,
Oyugi J, et al. Influence of HLA supertypes on susceptibility and resis-
tance to human immunodeficiency virus type 1 infection. J Infect Dis
2000;181(1581):1589.

22] Burrows SR, Elkington RA, Miles JJ, Green KJ, Walker S, Haryana
SM, et al. Promiscuous CTL recognition of viral epitopes on multiple
human leukocyte antigens: biological validation of the proposed HLA
A24 supertype. J Immunol 2003;171(3):1407–12.

23] Bertoni R, Sidney J, Fowler P, Chesnut RW, Chisari FV, Sette
A. Human histocompatibility leukocyte antigen-binding supermotifs
predict broadly cross-reactive cytotoxic T lymphocyte responses in
patients with acute hepatitis. J Clin Invest 1997;100(3):503–13.

24] Huczko EL, Bodnar WM, Benjamin D, Sakaguchi K, Zhu NZ,
Shabanowitz J, et al. Characteristics of endogenous peptides
eluted from the class I MHC molecule HLA-B7 determined by
mass spectrometry and computer modeling. J Immunol 1993;151:
2572–87.

25] Sidney J, Southwood S, Sette A. Classification of A1- and A24-
supertype molecules by analysis of their MHC-peptide binding
repertoires. Immunogenetics 2005;57(6):393–408.

26] Bodmer JG, Marsh SGE, Albert ED, et al. Nomenclature for factors of
the HLA system, 1995. Tissue Antigens 1995;46:1–18.
27] Sidney J, Grey HM, Kubo RT, Sette A. Practical, biochemical and
evolutionary implications of the discovery of HLA class I supermotifs.
Immunol Today 1996;17(6):261–6.

28] Rammensee H-G, Friede T, Stevanovic S. MHC ligands and peptide
motifs: first listing. Immunogenetics 1995;41:178–228.


	HLA supertypes and immune responses to measles-mumps-rubella viral vaccine: Findings and implications for vaccine design
	Introduction
	Materials and methods
	Study participants
	Antibody measurement
	Lymphoproliferation assays
	HLA typing
	In vitro IFN-gamma and IL-4 measles-specific cytokine assays
	Statistical analysis

	Results
	HLA supertypes in study subjects previously immunized with MMR
	HLA supertypes and measles vaccine immune responses
	HLA supertypes and mumps vaccine immune responses
	HLA supertypes and rubella vaccine immune responses
	HLA supertypes and measles vaccine IFN-gamma and IL-4 cytokine immune responses

	Discussion
	Acknowledgments
	References


