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Summary

GM (γ marker) allotypes, genetic variants of immunoglobulin γ chains, have
been reported to be associated strongly with susceptibility to lung cancer, but
the mechanism(s) underlying this association is not known. One mechanism
could involve their contribution to humoral immunity to lung tumour-
associated antigens. In this study, we aimed to determine whether particular
GM and KM (κ marker) allotypes were associated with antibody responsive-
ness to XAGE-1b, a highly immunogenic lung tumour-associated cancer-
testis antigen. Sera from 89 patients with non-small cell lung cancer
(NSCLC) were allotyped for eight GM and two KM determinants and char-
acterized for antibodies to a synthetic XAGE-1b protein. The distribution of
various GM phenotypes was significantly different between XAGE-1b
antibody-positive and -negative patients (P = 0·023), as well as in the sub-
group of XAGE-1b antigen-positive advanced NSCLC (P = 0·007). None of
the patients with the GM 1,17 21 phenotype was positive for the XAGE-1b
antibody. In patients with antigen-positive advanced disease, the prevalence
of GM 1,2,17 21 was significantly higher in the antibody-positive group than
in those who lacked the XAGE-1b antibody (P = 0·026). This phenotype also
interacted with a particular KM phenotype: subjects with GM 1,2,17 21 and
KM 3,3 phenotypes were almost four times (odds ratio = 3·8) as likely to be
positive for the XAGE-1b antibody as the subjects who lacked these pheno-
types. This is the first report presenting evidence for the involvement of
immunoglobulin allotypes in immunity to a cancer-testis antigen, which has
important implications for XAGE-1b-based immunotherapeutic interven-
tions in lung adenocarcinoma.
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Introduction

Genetic variants of immunoglobulin G (IgG) heavy chains
are called GM allotypes. They are encoded by three very
closely linked genes – immunoglobulin heavy chain G1
(IGHG1), IGHG2 and IGHG3 – on chromosome 14q32.
They are expressed on the constant regions of γ1, γ2 and γ3
chains. There are striking qualitative and quantitative differ-
ences in the distribution of GM allotypes among different
racial groups. In addition, there is almost complete linkage
disequilibrium between particular GM determinants within
a race, and every major racial group is characterized by a
distinct array of GM haplotypes [1,2]. Using hypothesis-

driven candidate gene approaches, several studies have
identified particular GM genes/genotypes as risk factors for
many malignant diseases [2–7]. In lung cancer, a highly sig-
nificant association was found between the GM 1,2
13,15,16,21 phenotype and susceptibility to this malignancy
in a Japanese population [8]. The mechanism(s) underlying
this association is not known.

One mechanism underlying the reported GM gene–lung
cancer association could involve the contribution of GM
determinants to humoral immunity to lung tumour-
associated antigens, as GM genes are known to influence
immunity to several self and non-self antigens, including
tumour-associated antigens mucin 1 and human epidermal
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growth factor receptor 2 [9–14]. In this investigation, we
aimed to determine whether GM allotypes are associated
with antibody responsiveness to XAGE-1b, a highly immu-
nogenic lung tumour-associated antigen that belongs to the
cancer-testis antigen gene families [15–17]. A recent com-
prehensive analysis of human gene expression has identified
the Ig κ constant (IGKC) gene as a strong prognostic
marker in human solid tumours, including lung cancer
[18]. Identification of tumour-infiltrating plasma cells as
the source of IGKC expression in this study strongly sug-
gests a role for humoral immunity in lung cancer and pro-
vides a compelling rationale for investigating the role of KM
alleles, genetic variants of IGKC, in humoral immunity to
lung tumour-associated antigens.

There is increasing evidence that genes do not act in iso-
lation, and that epistasis – modification of the action of a
gene by one or more other genes – plays a significant role in
human diseases. Genes expressed on the Ig heavy and light
chains are probably some of the most likely candidates for
gene–gene interactions in the human genome. Therefore,
the aim of the present investigation was to determine
whether GM and KM allotypes – individually or in particu-
lar epistatic combinations – contribute to antibody respon-
siveness to XAGE-1b in patients with non-small cell lung
cancer (NSCLC).

Materials and methods

Blood samples

The study population is described in detail elsewhere [17].
The Institutional Review Boards of the respective institu-
tions approved the study protocol. Blood samples from 89
Japanese patients with NSCLC were included in this investi-
gation. Of these, 80 patients were diagnosed histologically
examining available tumour specimens and nine were diag-
nosed cytologically using tumour cells in pleural effusion,
sputum or bronchoalveolar fluid (BALF) because tumour
tissue was not available.

Anti-XAGE-1b antibody determinations

These antibodies were measured by a previously described
enzyme-linked immunosorbent assay (ELISA) [16,17].
Briefly, synthetic XAGE-1b (GAGED2a) protein (1 μg/ml)
in coating buffer was adsorbed onto a 96-well ELISA plate
(Nunc, Roskilde, Denmark) and incubated overnight at
4°C. Plates were washed with phosphate-buffered saline
(PBS) and blocked with 5% fetal calf serum (FCS)/PBS
(200 μl/well) for 1 h at 37°C. After washing, 100 μl of seri-
ally diluted serum was added to each well and incubated for
2 h at 4°C; horseradish peroxidase (HRP)-conjugated goat
anti-human IgG (MBL) was then added to the wells, and
the plates were incubated for 1 h at 37°C. After washing and
development, absorbance [optical density (OD)] was read

at 490 nm. Sera with OD values exceeding 1·0 at a dilution
of 1:300 were considered positive for the XAGE-1b anti-
body, while those with OD values less than 0·2 were consid-
ered negative for this antibody. Patients who showed OD
values between 0·2 and 1·0 were excluded. Of the 89 NSCLC
patients, 29 were positive for the XAGE-1b antibody and 60
were negative.

Immunohistochemistry

Tumour specimens from 80 patients were also examined by
immunohistochemistry. Surgically resected tissues were
fixed with buffered formalin and embedded in paraffin.
Five-micrometre sections were deparaffinized with xylene
and ethanol. Antigen retrieval and inactivation of endog-
enous peroxidase have been described previously [16]. After
incubation with 0·1% Tween 20/5% FCS/PBS for 1 h, the
USO 9–13 monoclonal antibody (mAb) was placed at a
concentration of 2 μg/ml and incubated for 1 h at room
temperature. Immunofluorescence staining was performed
as described above. For intracellular localization,
rhodamine-conjugated wheat germ agglutinin (WGA)
(Vector Laboratories, Burlingame, CA, USA) and 4′,6-
diamidino-2-phenylindole (DAPI) (Vector Laboratories)
were used. The stained cells were visualized under a digital
high-definition microscopic system (model BZ-9000 for the
magnification of ×40; Keyence, Osaka, Japan).

Of 80 patients, 46 were XAGE-1b antigen-positive and 34
were antigen-negative. Detailed clinical information was
not available for three antigen-positive patients. Of the
remaining 43 antigen-positive patients, 26 were antibody-
positive and 17 were antibody-negative.

GM and KM allotyping

Serum samples were typed for G1M (1/a, 2/x, 3/f, 17/z),
G2M (23/n), G3M (5/b1, 13/b3, 21/g) and KM 1 and 3
allotypes by a standard haemagglutination-inhibition
method [19]. In brief, a mixture containing human blood
group O rhesus-positive (ORh+) erythrocytes coated with
anti-Rh antibodies of known GM/KM allotypes, the test
sera and monospecific anti-allotype antibodies were incu-
bated in a microtitre plate. Test sera containing IgG of the
particular allotype inhibited haemagglutination by the anti-
allotype antibody, whereas negative sera did not. The nota-
tion for GM allotypes follows the international system for
human gene nomenclature, in which haplotypes and phe-
notypes are written by grouping together the markers that
belong to each IgG subclass, by the numerical order of the
marker and of the subclass; markers belonging to different
subclasses are separated by a space, while allotypes within a
subclass are separated by commas.

Three alleles – KM 1, KM 1,2 and KM 3 – segregate at the
KM locus on chromosome 2p12. More than 98% of people
positive for KM 1 are also positive for KM 2. The KM 1
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allele, without KM 2, is extremely rare. Here, and in most
other investigations, positivity for KM 1 includes both KM
1 and KM 1,2 alleles.

Statistical analysis

The significance of the association between GM and KM
phenotypes and the prevalence of antibodies to XAGE-1b in
NSCLC patients was analysed using Fisher’s exact test and
Pearson’s χ2 test. Subjects with very unusual GM pheno-
types and those whose frequency was <4% were combined
as ‘other’, in order not to have a test with too many degrees
of freedom. Associations between the prevalence of anti-
bodies and GM phenotypes and patient survival were
assessed using a Cox regression model. Statistical signifi-
cance was defined as P < 0·05. All reported P-values are
two-sided.

Results

Table 1 presents the distribution of GM and KM pheno-
types in XAGE-1b antibody-positive and -negative patients
with lung adenocarcinoma. The majority of the subjects
possessed typical Japanese GM phenotypes, which can be
explained by postulating the segregation of four haplotypes
present in this population: GM 1,17 21, GM 1,2,17 21, GM

1,17 13 and GM 1,3 23 5,13. The frequency of KM pheno-
types observed was also typical of this population.

A global Fisher’s exact test, considering all GM pheno-
types, shows that there is a significant difference in the dis-
tribution of various phenotypes between the XAGE-1b
antibody-positive and -negative groups of patients
(P = 0·023). Further dissection of this association elucidates
that the discrepancy in the distribution of GM 1,17 21 and
GM 1,2,17 21 phenotypes contributed most to the total
variation. None of the subjects with the GM 1,17 21 pheno-
type was positive for the XAGE-1b antibody (P = 0·027).
The frequency of the GM 1,2,17 21 phenotype in the
antibody-positive group was higher than in the antibody-
negative group, but it did not reach statistical significance
(52 versus 32%; Pearson’s χ2 = 3·3; P = 0·06). However, in
subjects who were also homozygous for the KM 3 allele, this
GM phenotype contributed significantly to the antibody
responsiveness: subjects with GM 1,2,17 21 and KM 3,3
phenotypes were almost four times [odds ratio (OR) = 3·8]
as likely to be positive for the XAGE-1b antibody as the sub-
jects who lacked both these phenotypes (Table 2). No other
significant interactions were found. Also, none of the KM
phenotypes alone was associated with anti-XAGE-1b anti-
body responsiveness.

Subsequent analyses were restricted to patients with
XAGE-1b antigen-positive advanced (IIIB/IV) lung cancer.
The clinical and demographic characteristics of these
patients are presented in Table 3. The prevalence of anti-
XAGE-1b antibodies was higher in patients with less
advanced disease (P = 0·030). Other characteristics, except
age, were not significantly different in the two groups of
patients. A global Fisher’s exact test, considering all GM
phenotypes, shows that there is a significant difference in
the distribution of various phenotypes between the
XAGE-1b antibody-positive and -negative groups of
patients with XAGE-1b antigen-positive advanced lung
cancer (P = 0·007). There were only three patients with the
GM 1,17 21 phenotype in this group, and all were negative
for the XAGE-1b (P = 0·055, Table 4). The prevalence of
GM 1,2,17 21 was significantly higher in the antibody-
positive group than in those who lacked the XAGE-1b anti-
body (54 versus 18%; P = 0·026). The only allotype different
between the responder and non-responder phenotypes is
the γ1 determinant GM 2, prompting us to analyse the

Table 1. Distribution of GM* and KM phenotypes in the XAGE-1b

antibody-positive and -negative patients with lung adenocarcinoma

(n = 89).

Phenotype

XAGE-1b antibody

Positive

(n = 29) (%)

Negative

(n = 60) (%) P-value

GM 1,17 21 0 0 10 16·7 0·027

GM 1,2,17 21 15 51·7 19 31·7 0·06

GM 1,17 13,21 0 0 4 6·7 0·30

GM 1,2,17 13,21 1 3·4 8 13·3 0·26

GM 1,2,3,17 23 5,13,21 2 6·9 5 8·3 1·0

Other GM 11 37·9 14 23·3 0·21

KM 1 3 10·3 6 10·0 0·61

KM 1,3 8 27·6 26 43·3 0·15

KM 3 11 62·1 28 46·7 0·17

*Fisher’s exact test (6 × 2), P = 0·023.

Table 2. Distribution of combined GM 1,2,17 21 and KM 3,3 phenotypes in antibody-positive and -negative patients in relation to existence of

XAGE-1b antibody (n = 89).

Phenotype

XAGE-1b antibody

Positive n = 29 (%) Negative n = 60 (%) OR (95% CI) P-value

GM 1,2,17 21(+)/KM 3,3 (+) 11 (37·9) 9 (15·0) 3·8 (1·1–13·1) 0·04

GM 1,2,17 21(+)/KM 3,3 (−) 4 (13·8) 10 (16·7) 1·3 (0·3–5·3) 1·0

GM 1,2,17 21(−)/KM 3,3 (+) 7 (24·1) 19 (31·7) 1·2 (0·3–3·9) 1·0

GM 1,2,17 21(−)/KM 3,3 (−) 7 (24·1) 22 (36·7) 1·0

CI: confidence interval; OR: odds ratio.

J. P. Pandey et al.

80 © 2013 British Society for Immunology, Clinical and Experimental Immunology, 176: 78–83



interindividual variation in antibody responsiveness in rela-
tion to the GM 2 status of the subjects. No significant asso-
ciations were found in the whole group (P = 0·34) as well as
in the XAGE-1b antigen-positive group (P = 0·18). Thus, it
appears that the influence of GM 2 on antibody responsive-
ness is manifested only when it is in a complex with γ1
determinants GM 1 and 17 and the γ3 determinant GM 21.
Although a significant interactive effect of GM 1,2,17 21
with KM 3 homozygosity was observed (OR = 10; P = 0·04),
this association should be viewed with caution, as the
number of subjects in some categories was very small,
resulting in a wide confidence interval (data not shown).

Of the 43 patients with antigen-positive tumours, 17
were negative for the XAGE-1b antibody; however, only one
of these belonged to the clinical stage IIIB, the rest being
clinical stage IV. Therefore, survival curves were plotted
with the stage IV patients as well as with the combined
group of patients with clinical stages IIIB and IV. As shown
in Fig. 1, the anti-XAGE-1b antibody positivity was associ-
ated significantly with enhanced overall survival in both
groups of patients, the antibody-positive subjects surviving
more than twice as long as those who lacked this antibody
(stage IIIB/IV: 33 versus 14 months, P = 0·007; stage IV: 33
versus 13 months, P = 0·039). Although not statistically sig-
nificant (due possibly to the small sample size), stage
IIIB/IV subjects with the GM 1,2,17 21 phenotype, which
was associated with a higher prevalence of anti-XAGE-1b
antibodies, survived longer than those expressing the GM
1,17 21 phenotype, which was associated with the lack of
antibodies to XAGE-1b (31 versus 15 months, P = 0·29,
Fig. 2).

Discussion

The results presented here show that the Ig GM 1,2,17 21
phenotype is associated with the presence of naturally
occurring antibodies to the cancer-testis antigen XAGE-1b,
while the GM 1,17 21 phenotype is associated with the
lack of such antibodies. One mechanism underlying this
association could involve GM allotypes being part of the
recognition structures for the immunogenic epitopes of
the XAGE-1b protein. Perhaps membrane-bound IgG
(mIgG) molecules with GM 1,2,17 21 allotypes are more
efficient in the uptake, processing and subsequent presen-
tation of XAGE-1b epitopes to the collaborating T cells,
resulting in strong humoral immunity, whereas the mIgG
molecules with the GM 1,17 21 phenotype form a lower
affinity receptor for the critical epitopes of this protein.
Additionally – and contrary to the prevalent belief in
immunology – these constant-region determinants could
directly influence anti-XAGE-1b antibody specificity by
causing conformational changes in the antigen-binding site
in the Ig variable region. There is convincing evidence that
the Ig constant region can influence antibody affinity and
specificity [20]. Thus, constant regions expressing different
GM allotypes, even when combined with identical variable
region sequences, can generate new antibody molecules
with new functions. They could also influence the expres-
sion of idiotypes involved in XAGE-1b immunity. The
contribution of both variable and constant regions in the
formation of idiotypic determinants has been clearly docu-
mented for the T15 system in mice, and such isotype-
restricted idiotypes have been postulated to be involved in
the regulation of class-specific antibody responses [21].

We also found that subjects with GM 1,2,17 21 and KM
3,3 phenotypes were significantly more likely to generate
anti-XAGE-1b antibodies than subjects who lacked both
these phenotypes. The simultaneous involvement of both
GM and KM alleles on antibody responsiveness would

Table 3. Characteristics of the patients with XAGE-1b antigen-positive

advanced lung cancer (n = 43).

Characteristic

XAGE-1b antibody

Positive

(n = 26)

Negative

(n = 17) P- value

Sex, no. (%)

Male/female 13/13 (50·0) 13/4 (76·5) 0·11

Age, years

Mean 76·5 ± 7·6 69·8 ± 10·1 0·018

Smoking status, no. (%)

Never smoked 10 (38·5) 5 (29·4) 0·75

ECOG performance status score, no. (%)

0–1 21 (80·8) 11 (64·7) 0·30

Clinical stage, no. (%)

IIIB/IV 10/16 (38·5) 1/16 (5·9) 0·030

Brain metastasis, no. (%)

positive/negative 9/17 (34·6) 5/12 (29·4) 0·75

EGFR mutation, no. (%)

Positive/negative 13/13 (50·0) 4/13 (23·5) 0·12

ECOG: Eastern Cooperative Oncology Group; EGFR: epidermal

growth factor receptor.

Table 4. Distribution of GM* and KM phenotypes in the XAGE-1b

antibody-positive and -negative patients with XAGE-1b antigen-

positive advanced lung adenocarcinoma (n = 43).

Phenotype

XAGE-1b antibody

Positive

(n = 26) (%)

Negative

(n = 17) (%) P-value

GM 1,17 21 0 0 3 17·6 0·055

GM 1,2,17 21 14 53·8 3 17·6 0·026

GM 1,17 13,21 0 0 1 5·9 0·40

GM 1,2,17 13,21 1 3·8 4 23·5 0·07

GM 1,2,3,17 23 5,13,21 1 3·8 1 5·9 1·0

Other GM 10 38·5 5 29·4 0·75

KM 1 3 11·5 2 11·7 1·0

KM 1,3 8 30·8 7 41·2 0·53

KM 3 15 57·7 8 47·1 0·55

*Fisher’s exact test (6 × 2), P = 0·007.
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suggest that the association of γ and κ chains in IgG anti-
bodies directed against XAGE-1b might not be random.
Only γ and κ chains carrying specific GM and KM allotypes
might form a paratope with the necessary quaternary struc-
ture for an effective recognition of the XAGE-1b epitopes.
Non-random pairing of heavy and light chains has been
reported in experimental animals [22,23].

As mentioned previously, the XAGE-1b antigen is highly
immunogenic and, therefore, an excellent vaccine candidate
for active immunotherapy. In XAGE-1b antibody-positive
patients, specific T cell responses were also frequently
observed [17]. If the results presented here are confirmed in
an independent study, they could aid in identifying subjects
(GM 1,2,17 21) who are more likely to benefit from XAGE-
1b-based vaccines. For those with the non-responder (GM
1,17 21) phenotype, XAGE-1b could be fused with appro-
priate adjuvants, such as heat shock proteins or flagellin, to
overcome the allotypic restriction in immune responsive-

ness. It is relevant to note that antibody responses to certain
heat shock proteins as well as to flagellin are also influenced
by GM genotypes [24,25], making it conceivable to formu-
late a fusion XAGE-1b–heat shock protein/flagellin vaccine
that could potentially generate high antibody responses in
the majority of the population. Identification of the natural
responders/non-responders to XAGE-1b would also be
helpful in the proper evaluation of any future vaccine
efficacy trials.

Associations observed in this report can also be explained
by postulating as-yet unidentified immune response genes
for XAGE-1b whose alleles might be in linkage disequilib-
rium with those of GM and KM loci.

Although the results reported here are statistically signifi-
cant, they could also be the result of chance fluctuations, as
the P-values for the associations were not adjusted for mul-
tiple testing. Such adjustment is controversial [26], and in
the present investigation would be overly punitive, as the
multiple tests performed are not independent due to signifi-
cant linkage disequilibrium in the GM gene complex. This
is the first study of its kind, and needs to be replicated and
extended by independent investigations.

It is relevant to point out that the highly significant GM
phenotype–lung cancer association that was reported more
than three decades ago [8] has not been confirmed or
refuted by modern genome-wide association studies
(GWAS) of this malignancy [27]. One contributing factor
for this omission might be the absence of GM gene probes
in most genotyping platforms. GWAS are assumed to be
able to detect/tag all single nucleotide polymorphisms
(SNPs) in the genome whose frequency is at least 5%. This,
however, is not true. Most GM alleles are common within a
racial group (some with allele frequency >70%), but the
IGHG gene segments harbouring them are highly homolo-
gous and apparently not amenable to the high-throughput
genotyping technology used in GWAS. Because these genes
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were not typed in the HapMap or the 1000 Genomes pro-
jects, they cannot be imputed or tagged (through linkage
disequilibrium) by any SNPs that are included in the geno-
typing platforms. Therefore, a candidate gene approach
would be necessary to confirm/refute the findings reported
here.

It is hoped that these results, coupled with those identify-
ing the IGKC gene as a strong prognostic marker in human
solid tumours [18], would inspire large-scale studies to
determine conclusively the contribution of Ig GM and KM
alleles in humoral immunity to XAGE-1b. It would also be
of interest to investigate the role of these determinants in
immunity to NY-ESO-1, a prototype cancer-testis antigen.
Results from such investigations would be extremely valu-
able in devising novel immunotherapeutic interventions in
patients with lung adenocarcinoma.
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