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Full results of the genome-wide scan which
localises a locus controlling the intensity of
infection by Schistosoma mansoni on

chromosome 5q31-g33

Sandrine Marquet', Laurent Abel®, Dominique Hillaire* and Alain Dessein®
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Three hundred million individuals are at risk of infection by schistosomes, and thousands die
each year of severe hepatic disease. Previous studies have shown that the intensity of infection
by Schistosoma mansoni in a Brazilian population is controlled by a major gene, denoted as
SM1. We report here the full results of a genome-wide search that was performed on this
population to localise SM1. Two hundred and forty-six microsatellites were used for the
primary map, and only one region in 59g31-q33 provided significant evidence of linkage. SM1
was subsequently mapped to this region, which contains several genes encoding cytokines or
cytokine receptors which are involved in protection against schistosomes. Three additional
regions, 1p22.2, 7936 and 21g22-22-qter, yielded promising, although not significant, lod-score
values. These regions contain candidate genes encoding cytokines or molecules relevant to

anti-schistosome immunity.
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Introduction

Schistosomiasis affects 300 million people throughout
the world, and is a major public health problem in many
developing countries." The disease is spreading with the
implementation of irrigation schemes in developing
areas, and is caused by eggs laid by schistosome worms
which live for years in the mesenteric and portal veins
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of their human host. Humans become infected when
they bathe in waters infested by free-swimming schisto-
some larvae released by the molluscan vector. Eggs
trigger an intense and chronic inflammatory reaction
which causes fibrotic disease. In certain individuals,
extended periportal fibrosis leads to severe portal
hypertension and these subjects may die of haemate-
mesis, co-infections or heart failure.

Severe clinical disease in schistosomiasis is often due
to long-standing severe infections. Infection levels were
shown to depend to a large extent on the resistance/
susceptibility status of exposed subjects, and epidemio-
logical studies performed in a Brazilian population
indicated that individuals with the highest susceptibility
were grouped within certain families, rather than



randomly distributed. These observations suggested
that human susceptibility/resistance to infection by S.
mansoni was genetically determined.”® To investigate
whether a major gene controls human levels of infec-
tion by S. mansoni, segregation analysis of infection
intensities, adjusted for water contact, age and sex was
performed on 20Brazilian pedigrees comprising 269
individuals,® and led to the detection of a co-dominant
major gene controlling the infection by S. mansoni. The
frequency of the allele predisposing to high infection
levels was 0.20-0.25, indicating that about 5% of the
population was predisposed to high infection, 60% was
resistant, and 35% had intermediate levels of resis-
tance. To confirm the existence of this gene and to
localise it, a genome-wide scan was performed on 142
Brazilian subjects belonging to 11 informative families.
The parametric linkage analysis indicated the existence
of this major locus and allowed us to map the gene to
chromosome 5.” This linkage analysis was the first
successful mapping of a gene involved in infectious
diseases using a genome-wide search strategy, and
demonstrates the feasibility of such an approach. For
this reason, we report here the full results of this
analysis indicating the other genetic regions of interest
in addition to the 5q31-q33 region which was published
previously in a short report.”

Materials and Methods

Study Area and Subjects

Study subjects live in a small village, Caatinga do Moura, in
the north-east of Brazil where S. mansoni is endemic. All
individuals in the population were infected because most
agricultural and domestic activities require contact with an
infested river. The measurements of individual exposure to
infection and the determination of the phenotypes measuring
susceptibility to S. mansoni infection have been extensively
described in previous papers.®? Infection intensities were
measured by individual foecal egg counts prior to any
treatment, expressed in eggs/gram and noted as E1 values.

Preparation of DNA

Blood samples were collected from 142 subjects either on
ethylenediaminetetra acetic acid (EDTA) or on Na-heparine
and frozen immediately at —-80°C. DNA was extracted from
human blood samples according to the following protocol:
6 ml of blood were thawed, and incubated for 30 min with
30ml of blood lysis buffer pH7.4 (7.75mm NH,CI, 0.5mm
KHCO; 0.05mm EDTA pH 7.4) at room temperature. Then
samples were centrifugated at 3000 rpm for 10min at 4°C,
pellets were washed three times with 30 ml of the same buffer,
and finally resuspended in 3ml of lysing buffer 10 mm Tris-
HCL, 400mm NaCl, 2mm Na, EDTA pH8.2, and 1% SDS
was added. Samples were then digested overnight with 100 ul
proteinase K (20 mg/ml) at 37°C. 1 ml of NaCl 6 m was added
followed by centrifugation at 3600rpm, 20min at room
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temperature. DNA was precipitated in the supernatant using
standard methods'® and kept at —20°C until use.

Genotyping using Microsatellites

Genomic DNA was diluted to a concentration of 4 ug/ml for
amplification. Microsatellites were amPIified by the PCR in
96-well Falcon flexi plates as described.™ PCR was performed
in 50 ul containing 40 ng of genomic DNA, 10 mm Tris-HCL,
pH 8.8, 50 mm KCI, 1.5mm MgClI,, 0.1% Triton, 1 um of each
primer, 31 um of each dNTP (Boehringer Mannheim, Meylan,
France) and 1U of Tag DNA polymerase (Perkin-Elmer).
Cycle conditions were 96°C for 5min, 94°C for 10 min ‘hot
start’, followed by 35cycles of 92°C for 40s, 55°C for 305,
72°C for 10s and finally 72°C for 10 min. The amplification
reaction products for 16 microsatellites were pooled and
aliquots were precipitated and resuspended in 5ul TE 10:1.
5ul of loading buffer (80% formamide, 20% bromophenol
and xylen blue) was added and samples were heated at 96°C
for 2min. A 4ul aliquot of each sample was separated on a
6% denaturing polyacrylamide gel. Gels were transferred by
capillary action to a nylon membrane overnight and hybri-
dised with peroxydase labelled specific primers (using ECL
direct nucleic acid labelling and detection systems RPN 3001
(Amersham, Les ulis, France) and added at a 15ng/ml
concentration.™* Separated PCR products were visualised by
autoradiography (Amersham RPN7 films). Genotypes were
determined by two independent observers for each
autoradiograph.

Eleven additional markers were analysed in the 5931-g33
region including 8 Généthon markers (Figure 1). The three
remaining markers were intragenic, using the following
primers (annealing temperatures in parentheses): interleukin-
4 (IL4-RP1) (Third intron), 5'- CTCAAAGTGCTGGGAT-
TAGC-3' and 5-AGCCATCTCGGTTGGATGGA-3'
(57°C);** interleukin-9 (I1L9) (fourth intron) 5'-AGGCTTT-
CTCTAATGCAGAG-3' and 5'-GGTGGTTGACCT-
CAAATTGG-3' (53°C):* colony stimulating factor 1 recep-
tor (CSF1R) (second intron) 5-TGTGTCCAGCCT-
TAGTGTGCA-3" and 5-TCATCACTTCCAGAATGTGC-
3" (53°C).*

Segregation Analysis

Evidence for the segregation of a major gene controlling S.
mansoni infection levels was obtained in this Brazilian
population in 1991;° in this study, phenotypes were adjusted
on the covariates before the segregation analysis. Since this
early publication, more information has been obtained on
familial relationships, and a refined segregation analysis was
performed by taking into account the covariates (water
contact, age, sex) that had a significant effect on infection
intensity, simultaneously with the major gene effect. Moreo-
ver, the phenotypes of the subjects with the lower water
contact exposure were considered as unknown, since a
significant proportion of these subjects did not have any
contact with the river and provided meaningless null E1
value.

Segregation analysis was performed using the regressive
models for continuous phenotypes developed by Bonney."
These regressive models are constructed by specifying a
regression relationship between the phenotype (logarithmic
transformation of E1 values noted as E2) and a major gene
effect, the phenotype of relatives and covariates. The parame-
ters of the major gene effect are g, the frequency of A, the
allele predisposing to high infection levels, and the three
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Figurel Map of chromosome 5 showing the relative order of and distance between the polymorphic genetic markers used and the
approximate location of the candidate genes. The order and distance (cM) between these genetic markers in 5q31-q33 region are based
on genetic map*®™® except for the intragenic markers interleukin-4 (1L4) and 1L9."® CSF1R was placed on the basis of our multipoint
analysis. Maximum two-point lod scores and recombination fractions (6) are indicated for each marker. The map includes the
following genes: 1L13, IL4, IL5, interferon regulatory factor-1 (IRF1), IL13, granulocyte-macrophage colony stimulating factor
(CSF2), IL9, IL12 and FMS gene which encodes a colony stimulating factor-1 receptor (CSF1R).

means of the phenotype adjusted for covariates, uAA, pAa
and paa, corresponding to the three genotypes, AA, Aa and
aa; given the genotype, the distribution of the phenotype is
assumed to be normal. The dependence on relative pheno-
types is expressed in terms of phenotypic correlations, and the
effects of covariates are parametrised using regression coeffi-
cients. The present analysis was performed using the program
REGRESS,'® which incorporates the regressive approach
into the LINKAGE package'” and allows simultaneously the
effect of covariates (water contact, age, sex) with the major
gene to be estimated.

Linkage Analysis
The linkage study strategy was a genome-wide search using
microsatellites markers. The genome-wide search was per-

formed on 142 subjects belonging to two large pedigrees
(pedigrees 1 and 8 comprising 50 and 20 individuals,
respectively), five smaller pedigrees (pedigrees 2, 3, 4, 5, and
7, including 12, 9, 14, 6 and 7 individuals, respectively), and
four nuclear families (families 30, 40, 120, and 131 with 7, 5, 6,
6 subjects, respectively). These families are shown in Figure 2.
The primary map consisted of 246 markers from the
Généthon panel®™ with an average interval spanned by
adjacent markers estimated to be 15cM; no interval was
greater than 35cM, and 5 intervals were between 25 and
35¢cM.

As segregation analysis provided evidence for a major gene
model in the control of S. mansoni infection levels, we used a
parametric lod-score approach to test for linkage.” For this
analysis, E2 values were adjusted on the basis of covariates



Pedigree 1

@ rME»2)
? ? © As(106<E323Y)
® (A-;.T;:.Bd,us)
O a@um
@ Unkuowa
? ? Y
0] u & 6111 126 79 35 73 ¢1J 23
Buave 0201| 7 2 [osa 0412 0360(-0162 1 |0d87 7 jole2 0.28; ? jozs0 7 |o229
O 06 bW O8 OO D 6 & O oo ewmOO UOOMHO &0 00T
257 0584 0.0 0127 7 107 0808 0974 0615 T 0654 0558 0980 0083 2343 0109 0476 0212 -1376 1417 0433 0549 0446 O7B2 0032 0563 D360 078 4319 09 0663 -1215 0541 1385 0036 -14M4 0594 075 0975 1042 0497
. Pedi 3 .
Pedigree 2 gree Pedigree 4
7 ? :
7 ?
35
040 i qr g 4 Y L agiss o
0.246 -0.268 -0471 0.045 0301 ? 0226 -0.162 k4 0.209 ? 1
m o0 g 6 o S B b B & O ] B o é& 6 & & 0 6 m
1 -0554 0685 -0671 2273 0884 0478 0800 1971 0901 0062 -0532 0413 038 Ligs -0.645 0144 0013 0680 -0.27 2204 1030 0415 0403 1439 7 1 0813 1375
Pedigree 8
7 ?
Family 5
u, - {7
1 ? 7 ®
7
3929 160 1287 5w 1301 03549 1480 0358 ©206 1221
73 u_é
0282 0157 | 0102 ?
2 & e o O )Ej‘;i"
0353 0417 3171 4352 1$1 1016 1538 ? ?
Family 30 Family 40 Family 120 Family 131 3 AT 06 a0 4
®
1 -0299 ? 2 059 |-0212 0219
g O O & O O G
0957  -1031 1099 0545 0680 -0367 -0.065 0843 049 7 0620 0511 - 0597 06%4  .0808

Figure2 Familial structure for two large pedigrees (numbers 1, 8), five smaller pedigrees (numbers 2, 3, 4, 5, 7) and four nuclear families (numbers 30, 40, 120,
131) used for linkage analysis. In the pedigree the number of the nuclear family is indicated in bold italic. For each subject the adjusted standardised infection
intensity (E3 value) is specified and a genotype is assigned when its probability is greater than 0.9 based on E3 values. Subjects with ? for E3 value and genotype
are classified as unknown, they correspond to subjects without E1 value expressed in eggs/gram or subjects with the lowest water contact level.
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that had a significant effect (sex, age and water contact) using
the regression coefficients obtained under the major gene
model of best fit; the standardised residuals were denoted as
E3. Two point lod-score analyses were computed by means of
the LINKAGE package'’ using the maximum likelihood
major gene parameters obtained from the segregation analy-
sis. The frequency of allele A predisposing to high E3 values
was 0.16, and the three E3 means were 3.96, 0.78 and -0.43,
for AA, Aa and aa individuals, respectively, with a residual
variance equal to 0.33. The marker allele frequencies were
assumed to be equal as some alleles found in this Brazilian
population were not typed in the CEPH reference families.
For the 5031-g33 markers, the analysis was also performed
considering allele frequencies estimated from our data.
Multipoint analysis in the 5931-q33 region was performed
using the VITESSE program.”*

Results

Segregation Analysis

Results confirmed the presence of a codominant major
gene controlling infection intensities with parameters
close to those of the previous analysis.® This gene,
referred to as SM1, accounted for 66% (50% in the first
study) of the infection intensity variance residual from
covariate effects. The frequency of the allele A predis-
posing to high infection was 0.16 (around 0.2 in the first
study). Then, under this genetic model, about 3% of the
study population were homozygous for the deleterious
allele and predisposed to high infections, 70% were
resistant, and 27% of the study population were
heterozygous and had an intermediate, although fairly
strong, level of resistance.

Linkage Analysis

The maximum lod-score values obtained with the
various microsatellites are presented in Figure3 for
each chromosome. Maximum lod scores greater than
0.1 were observed with 54 markers (Figure 4), and were
distributed on almost all chromosomes (Figure 3). Six
markers located in four regions on chromosomes 1, 5, 7,
21 yielded maximum lod scores greater than 0.83
(P < 0.025). It was striking that only two adjacent
microsatellites in region 5031-g33, D5S393 and
D5S410, gave a maximum lod score (Z,,,) above 3.0,
while all other markers produced Z., below 1.1
(Figure4). The 5g31-g33 chromosomal interval was
further analysed by genotyping 11 additional markers
(Figure1), and significant evidence of linkage (con-
sidered as a lod-score value above 3.3 according to
Lander and Kruglyak® in this context of genome-wide
search) was obtained with two closely linked markers:
D5S636 (Zynax =+ 474, 6=0.07) and CSFIR
(Znax = +4.52, 6 = 0.04) using estimated marker allele

frequencies.” For most of the markers the linkage
information came from the two large pedigrees num-
bered 1 and 8, and haplotype co-segregation with high
infection levels within these two pedigrees was given in
our first report.” Here we present the detailed two-
point lod-score results for D5S636 and CSF1R within
each family (Table 1). Multipoint linkage analysis con-
firmed the mapping to 5931-g33 with a multipoint lod-
score value above +5.5 and a most likely location of
SM1 in close proximity to CSF1R.’

Whereas significant linkage of SM1 was obtained
with only one region, four additional markers in three
other regions provided lod-score values above 0.83:
1p22.2 with D1S216 (Z,. = +0.91, 6 =0.20),
21g22-gter with D21S1259 (Z,.. = +1.09, 6 = 0.19),
and the two adjacent markers D7S5483 (Z.x = +0.91,
06 = 0.20) and D7S550 (Z . = +1.02, 6 = 0.22) in the
7036 region. These results could be due to the large
number of tests performed in a genome-wide search,
but it is interesting to note that some genes involved in
the immune response against schistosomes are located
in these regions. The beta T cell receptor (TCRp) is
assigned close to the 7g36 region,? and chromosome 21
includes the human interferon o receptor gene
(IFNaR) in 210g22.1** and the human interferon f
receptor gene (IFNAR) in 21¢22.2.% Finally, the inter-
leukin-12 receptor 2 chain was recently localised to
chromosome 1p31.3—-p31.2 by in situ hybridisation.?®

Discussion

The results presented here map the codominant major
gene controlling human susceptibility/resistance to S.
mansoni, SM1, and are the first example of a successful
genome-wide scan in the study of susceptibility/resis-
tance to infectious diseases. A new segregation analysis
allowed us to refine the model for SM1 which was used
in the parametric linkage analysis. With this parametric
approach, a single region on chromosome 5q31-g33
was found to be significantly linked to disease.
Recently, Miiller-Myhsok et al*®® confirmed this local-
isation by means of a nonparametric linkage method in
a Senegalese population infected with S. mansoni and
exposed for no longer than 7 years.*® These two studies
emphasise the importance of the locus SM1 which
influences the intensity of infection by S. mansoni.
The 5931-q33 region where SML1 is located contains
several candidate loci involved in the regulation of the
immune response to pathogens, in particular genes
coding for interleukin-4 (1L4),*%" 1L5,"*%" 1L12,%® the
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Figure3 Maximum lod scores (Z,,.) by chromosome for the genomic screen of infection levels by Schistosoma mansoni. Lod-score values for 246 markers

analysed are on the vertical axis; some of the markers used for the primary map are listed below the histogram.
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Table 1 Two-point lod scores for chromosome 5¢31-33
markers in families affected by schistosomiasis showing
evidence against linkage to SM1. These results were obtained
using estimated marker allele frequencies

Two-point lod scores at recombination

fractions of 0.00 and 0.05
D5S636 CSFI1R
Family 0.00 0.05 0.00 0.05
1 2.63 3.10 1.57 2.36
2 -0.44 0.04 0.98 0.78
3 0.20 0.17 0.17 0.14
4 0.06 0.08 -0.04 -0.04
5 -0.49 -0.33 -0.49 -0.33
7 -0.20 -0.14 0.16 0.14
8 2.09 1.90 1.83 1.58
30 -0.02 -0.01 -0.02 -0.01
40 0.07 0.06 0.07 0.06
120 -0.08 -0.06 -0.08 -0.06
131 -0.13 -0.10 -0.14 -0.11
Total 3.69 4,71 4.03 452

interferon regulatory factor 1 (IRF1)*" which encodes a
transcriptional activator of interferon-alpha (IFNa),
interferon-beta (IFNf) and other IFN-inducibles genes,
and finally CSF1R.*" Furthermore, this region has been
linked with loci related to IgE and/or eosinophilia
production, ie a locus regulating IgE levels,"**° a locus
controlling bronchial hyper-responsiveness in asthma,*
and a locus involved in familial hypereosinophilia.*
This localisation of SM1 is consistent with the immuno-
logical analyses carried out on both blood lymphocytes
and T-cell clones derived from susceptible (AA) sub-
jects and resistant (aa) subjects. The larval and worm-
specific T-lymphocytes from aa subjects produced
larger amounts of I1L4 and IL5 than T-cells from AA
subjects. In contrast T-lymphocytes from AA subjects
produced larger amounts of interferon-gamma (IFNy)
than T-cells from aa subjects. These results indicate that
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the parasite specific T-lymphocytes of resistant subjects
are Tho/2-like,** while susceptible subjects exhibit a
ThO/1-like response (Rodrigues V, Dessein A unpub-
lished data 1998), and are consistent with the previous
results indicating that resistance to infection by S.
mansoni is associated with a high parasite specific IgE
antibody response®*° that is dependent on IL4 and
downregulated by IFNy. The development of Thl or
Th2 cells is mainly regulated by certain cytokines,
especially 1L12 and IL4, when present during primary
T-cell activation. At this time, we cannot exclude any of
these candidate genes localised in the 5031-933
region.

Three other chromosomal regions, 1p22.2, 7936 and
21g22-qter provided lod-score values above 0.83.
Although these values are not significant in the context
of a genome-wide search, it is interesting to note that
some candidate genes are located within these regions.
The I1L12 receptor 2 chain is located close to the
1p22.2 region,”® and plays an important role in the
immune response, since the interaction between I1L12
and its receptor induces the secretion of IFNy and
stimulates differentiation of T helper 1 (Th1) cells. The
IL12 receptor (32 subunit is expressed on human Thl
but not Th2 clones, and is induced during differ-
entiation of human naive cells along Thl but not Th2
pathways.** Another potential region of interest is
21g22-qter, where the interferon-alpha receptor
(IFNaR) and interferon-beta receptor (IFNBR) are
located. It was recently demonstrated that the produc-
tion of the cytokines IL12 and IFNy is inhibited by
interferon a and B (IFNa/).*’ Finally the 736 region
contains the beta T cell receptor (TCRp), and T cells
were shown to play a central role in the development of
acquired immunity against schistosomes.

The main interest of the present genome-wide screen
strategy compared with a candidate gene approach is to
ensure that all major loci involved in the control of
infection by S. mansoni are identified, and to provide
the opportunity to discover new major genes, and
consequently physiopathological pathways, that were
not previously suspected of contributing to this control.
However, since we used a parametric linkage method
to localise SM1, it is possible that the major gene model
employed in the present analysis was not appropriate
for investigating the role of loci in addition to the one
identified in 59q31-q33. Therefore, the identification of
additional putative loci that could be involved in the
control of intensity of infection by S. mansoni will
require the use of nonparametric linkage methods
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which do not need to specify the major gene model. The
weighted pairwise correlation method,*** which is a
nonparametric linkage method for general pedigrees,
appears to be the method of choice for the Brazilian
population studied here, and we could use a recent two-
locus extension of this method*® which will allow us to
test for the presence of a second locus taking into
account the 5931-g33 locus. The role of these regions
will also be assessed by replication studies performed in
other populations.

In conclusion, these data present the first successful
genome-wide scan to map a major gene of susceptibil-
ity/resistance to infectious diseases. The full results
show that only one region on chromosome 5g31-g33
was significantly linked to schistosomiasis. Further
nonparametric two-locus linkage studies will assess the
role of additional putative genes.
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