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Cervical cancer is a complex disease with multiple environmental and genetic determinants. In this study, we
sought an association between polymorphisms in immune response genes and cervical cancer using both
single-locus and multi-locus analysis approaches. A total of 14 single nucleotide polymorphisms (SNPs) dis-
tributed in CD28, CTLA4, ICOS, PDCD1, FAS, TNFA, IL6, IFNG, TGFB1 and IL10 genes were determined in
patients and healthy individuals from three independent case/control sets. The first two sets comprised
White individuals (one group with 82 cases and 85 controls, the other with 83 cases and 85 controls) and
the third was constituted by non-white individuals (64 cases and 75 controls). The multi-locus analysis
revealed higher frequencies in cancer patients of three three-genotype combinations [CD28117(TT)/
IFNG1874(AA)/TNFA-308(GG), CD28117(TT)/IFN1847(AA)/PDCD117785(CT), and CD28 117(TT)/
IFNG1874(AA)/ICOS11564(TT)] (P < 0.01, Monte Carlo simulation). We hypothesized that this two-genotype
[CD28(TT) and IFNG(AA)] combination could have a major contribution to the observed association. To
address this question, we analyzed the frequency of the CD28(TT), IFNG(AA) genotype combination in the
three groups combined, and observed its increase in patients (P 5 0.0011 by Fisher’s exact test). The contri-
bution of a third polymorphism did not reach statistical significance (P 5 0.1). Further analysis suggested
that gene–gene interaction between CD28 and IFNG might contribute to susceptibility to cervical cancer.
Our results showed an epistatic effect between CD28 and IFNG genes in susceptibility to cervical cancer,
a finding that might be relevant for a better understanding of the disease pathogenesis. In addition, the
novel analytical approach herein proposed might be useful for increasing the statistical power of future
genome-wide multi-locus studies.

INTRODUCTION

There is overwhelming evidence that prolonged infection with
oncogenic human papillomavirus is the major factor associ-
ated with development of cervical cancer (1). It is conceivable
that other environmental and/or genetic factors play a role in
susceptibility, as only a relatively small proportion of infected
women develop cervical cancer (2). Since the immune

response has an important role in the defense against viruses
and tumors polymorphisms in genes that potentially affect
the immune response are candidates for influencing the sus-
ceptibility to cervical cancer.

A series of publications on polymorphisms of HLA class II
genes and cervical cancer and/or its precursor lesions, cervical
intraepithelial neoplasia (CIN), show that some HLA alleles
are associated with protection, while others are associated
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with susceptibility (3–10). These associations are probably
explained by the role of HLA II molecules in presenting
viral- or tumor-derived epitopes to T CD4þ cells. More
recently, interesting findings were reported concerning
resistance/susceptibility to cervical cancer mediated by
combinations of killer immunoglobulin-like receptor (KIR)
and their HLA class I ligands (11).

As polymorphisms in genes coding for cytokines, cytokine
receptors and co-stimulatory molecules may affect the
immune response (12–14), they are natural candidates to influ-
ence the susceptibility to various diseases, including cancer.

The majority of studies of association between immune
response genes and cervical cancer have analyzed SNPs in
genes coding for tumor necrosis factor alpha (TNF-a), interferon
gamma (IFN-g), interleukin 6 (IL-6), interleukin 10 (IL-10) and
transforming growth factor beta (TGF-b) (15–18). Though
some significant associations have been reported in some
studies, they were not consistently confirmed in other studies
(19–23).

Because molecules involved in the immune response do not
act in isolation, but rather form a complex network of interact-
ing proteins, the net immunological response is most likely the
product of variation in many polymorphic genes. It is therefore
of great importance to test the combination of polymorphisms
in different genes as a risk factor for diseases (24–28). Any
multi-locus approach, however, faces the problem that has
been referred to as the ‘curse of dimensionality’ because,
though the number of polymorphisms under study may not
be very large, the number of possible combinations between
them turns out to be extremely high. Some statistical
approaches for this problem were recently reviewed (29).

The purpose of this study was to investigate the association
between invasive cervical cancer and polymorphisms in genes
coding for the following immune response molecules: CD28,

CTLA-4 (cytotoxic T-lymphocyte-associated protein 4),
ICOS (inducible T cell co-stimulator), PDCD1 (programmed
cell death receptor-1, also called PD-1) FAS, TNFa, IL-6,
IFNg, TGFb1 and IL-10. In addition to analysis of the associ-
ation with each polymorphism, we searched for association
with two- and three-polymorphism combinations, utilizing a
new statistical approach.

RESULTS

No deviation from Hardy–Weinberg equilibrium was detected
regarding any SNP in patients or in controls. Linkage disequi-
librium (LD) was detected between three alleles of IL10
(21082 A, 2819 C and 2592 T) and between two alleles
of TGFB1 (þ869 T and þ915 G) in all patient and control
groups, confirming the previous findings (30–32). In addition,
LD was found between CD28 þ17 C and CTLA4 2319 T,
both in cases and in controls, confirming our previous
finding in healthy individuals (30). Considering the LD,
SNPs at positions CTLA4 2319, IL10 2592, IL10 2819
and TGFB1 þ915 were excluded from the analysis. Thus,
only 10 SNPs were included in the association analysis.

Among the 14 SNPs studied, we found no association
between any isolated SNP and cervical cancer risk after cor-
rection for multiple testing using false discovery rate (FDR).

The delete-d-jackknife method revealed three three-
genotype combinations with frequencies in patients higher
than in controls, in all three case–controls sets: [CD28(TT)/
IFNG(AA)/TNFA(GG), CD28(TT)/IFNG(AA)/PDCD1(CT)
and CD28(TT)/IFNG(AA)/ICOS(TT)] (Fig. 1). The estimated
probability of finding at least three of any three-genotype com-
binations by chance in the three study sets, according to the
Monte Carlo simulation, is ,0.01.

Figure 1. Revealing genotype combinations associated with cervical cancer in three case–control sets. Each circle represents the number of combinations of two
and three genotypes that passed the filtering criteria in each case–control set.
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Noticing that all three genotype combinations contained two
genotypes (CD28(TT)/IFNG(AA)) in common and a distinct
third genotype (TNFA(GG), ICOS(TT) or PDCD1(CT)), we
applied a second Monte Carlo simulation to estimate the
probability of finding, by chance, at least three three-genotype
combinations containing the first (CD28(TT)) and second
(IFNG(AA)) genotypes always present and any distinct third-
genotypes. The simulation showed that this probability was
0.1. We, therefore, excluded the TNFA, ICOS and PDCD1
SNPs from the interaction analysis.

Next, we calculated the overall frequency of CD28(TT)/
IFNG(AA) in patients and controls, considering all the indi-
viduals that were included in the study (229 patients and
193 controls) and observed a higher frequency of this geno-
type combination in patients (35%) than in controls (20%)
[Fisher’s exact test: P ¼ 0.0011; odds ratio (OR) ¼ 2.07,
95% CI: 1.32–3.24, Fig. 2].

Thereafter, to analyze the nature of the interaction effect
between CD28 and IFNG, we investigated the effect of
CD28(TT) in the population stratified according to the pre-
sence or absence of IFNG(AA) genotype (Fig. 3A). We
observed significantly higher frequencies of CD28(TT) in
cases than in controls in the presence of IFNG(AA) (OR ¼
2.84 95% CI ¼ 1.42–5.66, P ¼ 0.003), while no difference
(OR ¼ 1.35 95% CI ¼ 0.79–2.30, P ¼ 0.2815) was detected
in the absence of IFNG(AA). To be certain of the presence
of an interaction effect, we compared ORs in the presence
or absence of IFNG(AA), and observed higher OR when this
IFNG genotype was present (2.84 versus 1.35, P ¼ 0.05). As
expected, we observed a similar result analyzing frequencies
of IFNG(AA) in the presence or absence of CD28(TT)
(Fig. 3B). The penalized logistic regression also confirmed
the presence of the interaction between the two polymorph-
isms (P ¼ 0.02; see details in the Supplementary Material).

DISCUSSION

The aim of the present study was to search for association of
single and/or combined polymorphisms in 10 immune
response genes with cervical cancer.

In agreement with the majority of previous association
studies between cervical cancer and FAS, TNFA, IFNG and
IL10 polymorphisms (20,31–33), we found no association
between any of these polymorphisms and cervical cancer

risk. Also our study is the first investigation of CD28, ICOS,
PDCD1 or CTLA4 polymorphisms in cervical cancer patients.
Importantly, we have revealed that the CD28(TT)/IFNG(AA)
combination is associated with the disease.

In order to identify associations of two- or three-genotype
combinations with cervical cancer, we applied a new statistical
analysis comprising three steps: (i) use of a procedure
(delete-d-jackknife) for sorting out combinations of any two-
and/or three-marker combination that could be associated
with cervical cancer in each one of the three case–control
sets; (ii) selection of the combinations in common to all
three case–control sets; (iii) calculation of the probability of
finding the common combination pattern by chance (Monte
Carlo simulation). The major advantage of applying this
new approach is its ability to increase the searching capacity
(i.e. power) of the test (Step i), while keeping first type error
low by accepting only associations that appeared in all three
independent case–controls sets (Step ii).

Although the multi-locus analysis herein reported uses a com-
binatorial method based on multi-dimensional reduction (MDR)
method (34), the direct comparison of the efficiency of these two
procedures could not be performed in our dataset. The first
problem is that MDR does not accept missing values, and this
restriction decreases the number of individuals available for
analysis in our dataset. The main difference between MDR
and our analysis is that, while the first was devised for finding
the best combination in a single dataset, the second is based
on the consistency of findings in three separate datasets.
Additionally, we think the MDR method does not provide an
adequate solution for the multiple hypothesis problem.

Models that compare several genotype combinations generate
a series of hypotheses and, therefore, increase the number of
false discoveries. It is not clear how this problem can be
addressed using traditional statistical methods (e.g. FDR),
because those methods are applicable only in situations where
the hypotheses are independent. This is not the case for multi-
locus analysis, and there is no widely accepted analytical
solution for this problem. Thus, we employed an experimental
statistical approach to control for the falsely included genotype
combinations in the model. The results of our screening were
significant (Monte Carlo simulation, P , 0.01): CD28(TT)/
IFNG(AA)/TNFA(GG), CD28(TT)/IFNG(AA)/PDCD1(CT)
and CD28(TT)/IFNG(AA)/ICOS(TT) genotype combinations
are candidates to be associated with cervical cancer.

Figure 2. Characteristics of CD28(TT)/IFNG(AA) genotype association to cervical cancer in the three case–control sets. The X-axis represents the odds ratio
(OR) scale.
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Noticing that the CD28(TT)/IFNG(AA) genotype
combination was present in all the three three-genotype com-
binations, we wondered why this two-genotype combination
was not sorted out as significant by the delete-d-jackknife pro-
cedure. In order to better understand this issue, we examined
the frequencies of CD28(TT)/IFNG(AA) genotypes combi-
nation in all three case–control sets. We observed that,
although these frequencies were higher in cases than in con-
trols in all three sets (Fig. 2), this association was not sorted
out in case–control set 2, because the strength of the associ-
ation was lower (S ¼ 0.985) than the adopted cut-off (S .
0.990). A reasonable explanation is that the adopted cut-off
took into account the number of all hypotheses (405 and
3240 hypotheses for two- and three-genotype combinations,
respectively). Due to this high number of three-genotype com-
binations, the cut-off became very strict to allow for some
two-genotype combinations to be sorted out.

Although we excluded the TNFA(GG), ICOS(TT) or
PDCD1(CT) from the interaction analysis, the results
suggested (P ¼ 0.10) that there might exist some effect of
an additional genotype other than CD28(TT)/IFNG(AA).
However, sample size in the present study does not allow
the confident analysis of the effect of the third locus.

Because that CD28 þ17 T and CTLA4 2319 C alleles are
in LD, we excluded the CTLA4 2319 polymorphism from our
initial analysis. After observing the association of cervical
cancer with CD28(TT)/IFNG(AA), we substituted CD28
þ17 by CTLA4 2319 and performed a Fisher’s exact test in
the total case–control set. Though the association was, as
expected, significant (P ¼ 0.0398), it was weaker (OR ¼
1.54; 95% CI ¼ 1.025–2.325) than the association where
CD28 (TT) was present (OR ¼ 2.08; 95% CI ¼ 1.33–3.24,
P ¼ 0.0011). We therefore concluded that the CD28(TT)/
IFNG(AA) combination is a better marker than CTLA4(CC)/
IFNG(AA) for susceptibility to cervical cancer.

In order to examine the interaction effect between the
CD28(TT) and IFNG(AA) genotypes, we compared the

frequency of CD28(TT) between patients and controls
stratified for the presence of the IFNG(AA) genotype and
vice-versa (Fig. 3). This allows us to illustrate the interaction
and to perform statistical evaluation of the effect. When using
penalized logistic regression (35), we also observed the inter-
action of CD28 and IFNG, thus confirming our finding with
another method for interaction analysis.

The biological relationship between the CD28/IFNG inter-
action and cervical cancer may rely on multiple mechanisms.
The first potential mechanism is the effect of the product of
one gene on the product of the other gene. This possibility
is supported by several observations. Voigt et al. (36) reported
that, in CD28-deficient mice, IFN-g-producing CD8þ T cells
were not only reduced in number, but were also less potent in
lysing their respective target cells. It is also known that
regulation of the NFkB transcription family in T cells involves
signaling through CD28 (37). NFkB may not only regulate
the induction of IFN-g-induced genes, but also regulate the
antiviral and immunomodulatory activities of IFN-g (38).

A second potential mechanism is an independent functional
contribution of each one of the genotypes, with the presence of
both seemingly necessary to trigger the studied phenotype.
Indeed, there is an abundance of literature showing genetic
factors substantially influencing the production of cytokines,
and showing that the anti-inflammatory cytokine profile may
contribute to the disease process (39). The presence of allele
A on position þ874 intron 1 of the IFNG gene disables a puta-
tive NFkB binding site and can result in a lower level of IFN-g
production (40). Accordingly, several studies observed
decreased levels of IFNG mRNA or protein in persistent
HPV infection (41–43), or in invasive carcinoma (44,45).
El-Sherif et al. (46) demonstrated a decreased level of IFNG
mRNA in HPV-16-associated epithelium, and also decreased
sub-epithelial IFNG mRNA with the progression of lesions.
Although we did not find any study addressing the question
of the influence of CD28 þ17 T.C polymorphism in CD28
mRNA or protein expression, this SNP is located near the

Figure 3. CD28(TT) and IFNG(AA) polymorphisms are associated with cervical cancer only when both polymorphisms are present. (A), proportion of
CD28(TT) in cases and controls in the presence or absence of IFNG(AA). (B), proportion of IFNG (AA) in cases and controls in the presence or absence of
CD28(TT). The X-axis represents the odds ratio (OR) scale.
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splice acceptor site. It could therefore influence splicing events
which, in turn, could affect CD28 signaling and T cell acti-
vation. We did not find any study concerning CD28 expression
or polymorphisms in cervical cancer.

Another potential mechanism for interactions of these genes
involves direct physical contact between these two loci.
Although IFNG and CD28 genes are located on different
chromosomes (12q14 and 2q33, respectively), recent works
discovered the possibility of interchromosomal interactions
between two separate loci (47,48). The presence of the
IFNG and CD28 polymorphisms could promote an interaction
that changes expression of these genes.

A role for the interaction between CD28 and IFNG is bio-
logically highly plausible, but our study does not rule out
the possibility that the observed association is a result of LD
between studied polymorphisms and other genes. Such import-
ant immune players as IL-26 and IL-22, for example, are close
to IFNG gene and have a certain degree of LD with it (49).
Considering the correlation between cervical cancer and per-
sistent HPV infection (50,51), it is also important to note
that the design of our study does not discriminate genetic
association with cancer from association with persistent
HPV infection. Thus, there is a possibility that we observed
the association with persistent HPV infection that causes sub-
sequent development of cervical cancer.

In conclusion, our results showed an epistatic effect
between CD28 and IFNG genes in susceptibility to cervical
cancer, a finding that might be relevant for a better understand-
ing of the disease pathogenesis. In addition, the novel analyti-
cal approach herein proposed might be useful for increasing
the statistical power of future genome-wide multi-locus
studies.

MATERIALS AND METHODS

Patients and study design

The patients were Brazilian women with invasive squamous
cell carcinoma of the uterine cervix diagnosed at the Depart-
ment of Gynecology of São Paulo Hospital, São Paulo,
Brazil and Cancer Hospital of Uberlândia, Brazil. The controls
comprised ethnically matched Brazilian healthy unrelated
individuals.

Three independent case–control sets were constituted.
Case–control sets 1 (82 cases and 85 controls) and 2 (83
cases and 85 controls) comprised White individuals, while
set 3 (64 cases and 51 to 75 controls, depending on the
polymorphism) was constituted by non-Whites (Mulattos and
Blacks). The additional control group of 83 women was geno-
typed for polymorphisms of IFNG and CD28 (Supplementary
Material, Table S2). The ethnic classification was made by
external phenotypic characteristics, as described in a publi-
cation of our group describing the frequencies of CD28,
CTLA4 and ICOS polymorphisms in healthy individuals
from three Brazilian ethnic groups (30).

The Medical Ethics Committee from the Federal University
of São Paulo and the Federal University of Uberlândia
approved the study (#1208/01, #035/01), and written informed
consent was obtained from all participants.

Genotyping

Genomic DNA was extracted from EDTA-preserved
peripheral blood using the dodecyltrimethylammonium
bromide/hexadecyltrimethylammonium bromide (DTAB/
CTAB) method (52). Subjects were genotyped for 14 poly-
morphisms. PCR-RFLP was applied to detect the CD28
intron 3 (þ17 T.C), CTLA4 promoter (2319 C.T),
CTLA4 exon 1 (þ49 A.G), ICOS 30-UTR (þ1564 T.C),
PDCD1 exon 5 (þ7785 C.T) and FAS promoter (2670
G.A) SNPs. Each PCR reaction was carried out in 25 ml con-
taining Master Mix (Eppendorf, Hamburg, Germany), 0.1 mM

solution of each of the specific primers (Supplementary
Material, Table S1) and 100 ng of genomic DNA. The
cycling profile was: 958C for 45 s, annealing for 30 s at temp-
eratures shown in Supplementary Material, Table S1, 728C for
30 s, 40 cycles. The PCR products were then incubated with
the appropriate restriction enzymes at 378C, overnight. DNA
fragments were visualized on 2.5% agarose gels stained with
ethidium bromide. The assignments of SNP genotypes were
confirmed in 10% of randomly selected samples from each
genotype by direct sequencing in an Applied Biosystems
sequencer (ABI PRISMTM, Model 3100 Avant). TNFA promo-
ter (2308 G.A); IL6 promoter (2174 G.C); IFNG intron 1
(þ874 A.T); TGFB1 codon 10 (þ869 T.C), codon 25
(þ915 G.C); and IL10 promoter (21082 A.G), (2819
C.T), (2592 C.A) SNPs were determined by polymerase
chain reaction with sequence-specific primers (PCR-SSP)
using the ‘Cytokine Genotyping Tray’ (One Lambda, Inc.,
Canoga Park, CA, USA). PCR conditions were as indicated
by the manufacturer; the PCR products were then visualized
by eletrophoresis in 2.5% agarose gel.

Hardy–Weinberg equilibrium and linkage disequilibrium
testing

Goodness-of-fit test to Hardy–Weinberg equilibrium was per-
formed by calculating expected frequencies of each genotype
and comparing them with the observed values. The FDR
method (53) was used to correct the significance level of the
Hardy–Weinberg equilibrium testing. LD between two SNPs
was calculated by Arlequin software (54).

Statistics: single and multi-locus association analysis

Comparisons of single-allelic and single-genotype frequencies
(obtained by direct count) between cases and controls in each
one of the three study sets were performed by the Fisher’s
exact test and the x2 test, respectively. We performed an
adjustment for multiple testing using FDR.

In the multi-locus analysis, we used a new approach combin-
ing three independent case–control groups to decrease the prob-
ability of finding spurious association. We compared the
frequencies ( f ) of combination for two and three genotypes
between cases and controls. The first step consisted of the
selection of gene-combination candidates by filtering two- and
three-genotype combinations using the delete-d-jackknife
method (55) in each of the three study sets. Genotypes with
frequencies less than 10% among cases or controls were not
considered. This threshold was determined taking into
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account the smallest sample size included in our study
(n ¼ 48, in control group 3). The strength (S) of the association
for each genotype combination was calculated by S ¼ j
P(fcase 2 fcontrol , 0) 2 P(fcase 2 fcontrol . 0) j and all associ-
ations with S . 0.990 were filtered in each case–control set.
Among the combinations filtered, the ones common to all
three sets were selected.

We applied the Monte Carlo simulation for estimating the
probability of sorting the same or higher number of combi-
nations of any two and/or three genotypes in common to all
three sets (56). The construction of the simulated case and
control groups was performed as follows: (i) the experimental
case and control groups were merged into one group; (ii) the
frequencies of the genotypes were calculated in this group;
(iii) the genotypes of the simulated case and control groups
were randomly generated according to the frequencies of each
genotype in the merged group. Three simulated case–control
sets were constructed; (iv) the delete-d-jackknife method was
applied in all three simulated case and control sets, as describe
before; (v) steps 3 and 4 were repeated a thousand times.

To investigate the nature of SNP–SNP interaction, we pooled
all cases and all controls to generate a combined case–control
set. The OR and its 95% confidence interval (CI) were calcu-
lated (Fisher’s exact test) as a measure of the association
between genotypes, or genotype-combinations, and cervical
cancer risk. The comparison between ORs was performed
using Cochran’s Q-statistics (57). In addition, we used bootstrap
to estimate the value of Q-statistics using its bootstrapping mean
(55). The penalized logistic regression (35) also was applied in
this analysis (see Supplementary Material).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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