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Abstract
Control of Salmonella enterica serovar Typhimurium (S. typhimurium) infection in the mouse
model of typhoid fever is critically dependent on the natural resistance-associated macrophage
protein 1, Nramp1. Here we examined the role of genetic polymorphisms in the human
homologue, NRAMP1, in resistance to typhoid fever in southern Vietnam. Patients with blood-
culture confirmed typhoid fever and healthy controls were genotyped for six polymorphic markers
within and near NRAMP1 on chromosome 2q35. Four single base pair polymorphisms (274 C/T,
469+14 G/C, 1465-85 G/A, D543N), a (GT)n repeat in the promoter region of NRAMP1 and
D2S1471, a microsatellite marker approximately 130 kb downstream of NRAMP1, were
examined. The allelic and genotypic frequencies for each polymorphism were compared in cases
and controls. No allelic association was identified between the NRAMP1 alleles and typhoid fever
susceptibility. In addition, neither homozygotes or heterozygotes for any of the NRAMP1 variants
were at increased risk of typhoid fever.

Introduction
The Nramp1 gene represents one of the most extensively characterised mouse host
resistance loci. Initially it was observed that certain inbred mouse strains were innately
susceptible to infection with the intracellular pathogens, S. typhimurium, Leishmania
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donovani and Mycobacterium bovis (bacille Calmette-Guerin) (for a recent review see [1]).
This susceptibility was known to be under the control of a gene at the Ity/Bcg/Lsh locus on
proximal chromosome 1, which was later positionally cloned and designated Nramp1 [2]. A
single non-conservative amino acid substitution of glycine to aspartic acid at position 169
(G169D) within Nramp1 was found to be correlated with the susceptibility phenotype [2].
The causal relationship between Nramp1 and susceptibility to intracellular pathogens was
confirmed by the construction of (i) a Nramp1 knockout mouse and (ii) a susceptible mouse
(Nramp1D169) transgenic for the resistance allele (Nramp1G169). With S. typhimurium, mice
containing the Nramp1 susceptibility allele are unable to control infection with a low
number of organisms and die, whereas in resistant animals, S. typhimurium grow at a slower
rate which results in eventual clearance of the organisms [3]. Salmonella enterica serovar
Typhi (S. typhi), which is of the same species as S. typhimurium, is the causative agent of
typhoid fever in humans. The fact that these two microorganisms are so closely related, and
the extreme difference in phenotype observed in the mouse model of typhoid due to
Nramp1, suggests that the human homologue of Nramp1, NRAMP1 is an obvious candidate
when investigating host resistance genes to typhoid fever in human populations.

The macrophage is an integral cell in the defence against microbial agents and Nramp1
plays a significant role in the early innate phase of the macrophage-pathogen interaction.
Nramp1 influences many functions important to macrophage activation including the up-
regulation of chemokines (KC), cytokines [tumor necrosis factor α (TNF-α) and interleukin
1 β (IL1-β)], major histocompatibility complex (MHC) class II expression, respiratory burst
activity, release of nitric oxide (NO), antigen processing and apoptosis [4]. The direct
mechanism by which Nramp1 effects these macrophage functions is not clear. What is
known is that Nramp1 encodes an integral membrane protein, which is localised to the late
endosomal and lysosomal compartment of the macrophage. Nramp1 functions as a metal ion
transporter modulating cellular iron levels which suggests that it may restrict the replication
of intracellular pathogens by altering the phagolysosomal environment.

Despite the murine and human genes encoding NRAMP1 being highly conserved, the
mutation (G169D) responsible for the murine susceptibility to intracellular pathogens is not
present in the human homologue. However several other polymorphisms within human
NRAMP1 have been identified [5, 6]. Here we genotyped six polymorphic markers within
and near the NRAMP1 gene in typhoid fever patients and control individuals from Vietnam.
In the southern provinces of Vietnam typhoid fever is endemic, with the current annual
incidence rate in the Mekong Delta at 198/100,000 population [7] .

Subjects and Methods
Subjects

The samples genotyped were collected as part of larger epidemiological and treatment
studies performed in Dong Thap and Dong Nai provinces Vietnam and have previously been
described in Dunstan et al [8] and Luxemburger et al [9]. Blood was taken from patients
with culture positive typhoid fever admitted to either Dong Thap Provincial Hospital
(N=112) or Dong Nai Paediatric Centre (N=105). Healthy control samples were collected
from the community in Dong Thap (N=77) and from patients undergoing minor surgery in
Dong Nai (N=211). As age is a known risk factor for typhoid fever and some behaviour
(such as eating outside the home) may be gender-related, samples were matched for age and
sex. Typhoid cases and control individuals were also matched for their residential location.
All typhoid patients and controls were unrelated and were of Vietnamese Kinh ethnicity.
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NRAMP1 single nucleotide polymorphism (SNP) genotyping
Four SNPs within NRAMP1 (274 C/T, 469+14 G/C, 1465-85 G/A and D543N) were
genotyped using the PCR primers, restriction enzymes and conditions described in Liu et al
[6] .

D2S1471 microsatellite and (GT)n genotyping
D2S1471 and the repeat in the promoter region of NRAMP1 (designated [GT]n) were PCR
amplified and the products generated were sized using an Applied Biosystems 377
automated sequencer. The fluorescent oligonucleotide primers and methods used have been
published previously [5, 10] .

Statistical Analysis
Pearson’s chi-squared (χ2) test was used to test associations between disease phenotypes
(typhoid cases or controls) and allele/genotype frequencies. Fisher’s exact test was used
when an expected value in the contingency table was less than 5. For contingency tables
larger than 2 × 2, which did not satisfy Cochran’s rule, the Fisher Freeman Halton test was
used and the exact P value was reported. For analysis of D2S1471 in table 1 Pearson’s χ2

was used and the Monte Carlo estimate of the P value was reported. Linkage disequilibrium
between loci within NRAMP1 in the Vietnamese control population was measured by
Cramer’s association measure for contingency tables. When Wn=1, strong linkage
disequilibrium is indicated; for Wn=0, there is no linkage disequilibrium. Overall allele
frequencies for each polymorphic loci tested were compared using the likelihood-ratio test.
The likelihood-ratio test was also used for testing haplotype associations with maximum-
likelihood estimates for haplotype frequencies obtained by the expectation-maximisation (E-
M) algorithm.

Results
Genotyping of polymorphisms in NRAMP1

The allelic and genotypic frequencies in typhoid patients and controls of five NRAMP1
polymorphisms, one within the promoter [(GT)n] and four SNPs within the NRAMP1 gene
are shown in table 1. The allelic frequencies of the four intragenic SNPs in the Vietnamese
controls were comparable to those in an Asian population reported by Lui et al [6]. The
allelic frequencies of the five SNPs in typhoid cases were not significantly different to the
frequencies in matched controls (P>0.05). In addition, genotypic frequencies of the four
intragenic SNPs were not significantly different between cases and controls. The allele
frequencies of the microsatellite marker D2S1471 are also presented in table 1. As the
NRAMP1 (GT)n promoter polymorphism and the D2S1471 microsatellite are more
polymorphic than the SNPs (3 and 18 alleles, respectively) a larger number of samples were
genotyped. The larger sample set consisted of samples from Dong Thap and Dong Nai
province. No allelic associations were detected with the D2S1471 microsatellite marker (χ2

11.16, df 16, P= 0.849).

Linkage disequilibrium and haplotyping
Linkage disequilibrium between loci within NRAMP1 in the Vietnamese control population
was measured. Markers in the 5′ region of NRAMP1 were in strong linkage disequilibrium
with each other [(GT)n and 274C/T (Wn=0.89, P=1.24e-26), (GT)n and 469+14G/C
(Wn=0.96, P =9.47e-31), 274C/T and 469+14G/C (Wn=0.85, P =1.55e-25)]. Evidence for
weaker linkage disequilibrium also occurs between markers within the 3′ region of
NRAMP1 [1465-85G/A and D543N (Wn=0.63, P=4.1e-15)], with even weaker linkage
disequilibrium between 5′ and 3′ markers [e.g. (GT)n and D543N (Wn=0.43, P=7.87e-07);
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274C/T and D543N (Wn=0.14, P=0.07)]. Evidence for linkage disequilibrium between
D2S1471 and either 5′ [e.g. (GT)n and D2S1471 (Wn=0.29, P=9.84e-26)] or 3′ [e.g.
1465-85G/A and D2S1471 (Wn=0.61, P=9.6e-7); D543N and D2S1471 (Wn=0.31, P=0.42)]
NRAMP1 intragenic markers was variable depending on the marker, suggesting that there
may be some extended haplotypes across this ∼130kb region. Based on these observations,
we examined whether there was an association between particular 5′ versus 3′ NRAMP1
haplotypes and typhoid fever. Maximum-likelihood frequencies of the possible haplotypes
of 2, 3, 5 or 6 markers across the NRAMP1 region were estimated using the E-M algorithm
(data not shown). The χ2 data for maximum likelihood frequency comparisons between
cases and controls for each individual marker, and for 5′, 3′, and combined 5′-to-3′
haplotypes, are shown in figure 1. No significant haplotype associations with disease were
observed.

Discussion
Genetic linkage/association has been identified between NRAMP1 alleles and infections
caused by the intra-macrophage pathogens Mycobacterium tuberculosis [11] and
Mycobacterium leprae [12]. However, in this sample of Vietnamese, no association was
detected between any of six NRAMP1 polymorphisms and typhoid fever, a disease caused
by infection with the intra-macrophage pathogen S. typhi. The sample we employed did
have power to detect allelic association between HLA and acute typhoid fever in our earlier
study [8]. Hence, one interpretation of our data is that NRAMP1 plays no role in
susceptibility to typhoid fever. However, it is possible that a larger sample size might detect
a weaker influence of NRAMP1 on disease. Other interpretations of our data are: (i)
NRAMP1 plays no role in typhoid fever susceptibility in this population but may in other
populations; and/or (ii) NRAMP1 is not associated with acute culture-confirmed typhoid
fever, but may play a role in more serious sequelae of disease. The former is consistent with
previous observations that NRAMP1 is associated/linked with leprosy in Vietnam, but not in
French Polynesia or in Calcutta [12]. The effect of NRAMP1 may be more prominent on
some ethnic genetic backgrounds than others, as would be expected if disease susceptibility
were under polygenic control. This observation is also consistent with multifactorial disease
control, where local environmental or microbial factors may modify the effect of specific
susceptibility loci in different populations.

Bellamy et al [11] found a significant association between four intragenic NRAMP1
polymorphisms and susceptibility to tuberculosis in the Gambia. They reported that two
polymorphic markers in the 5′ region of the gene [(CA)n and INT4 (termed 469+14G/C
here)] were in strong linkage disequilibrium, as were two markers in the 3′ region (D543N
and 3′UTR). However markers in the 5′ region were not in linkage disequilibrium with the
markers in the 3′ region. Hence they concluded that separate polymorphisms in the 5′ and
3′ regions of the gene acted independently to control susceptibility to tuberculosis [11]. As
in The Gambia, markers in the 5′ and 3′ regions of NRAMP1 were in strong linkage
disequilibrium with each other in the Vietnamese, with some evidence for extended
haplotypes across NRAMP1 and the ∼130kb region spanning the most 5′ to 3′ markers used
in this study. Nevertheless, the potential increase in information content for regions of the
NRAMP1 locus obtained by haplotype analysis did not provide any further evidence for an
association between NRAMP1 and typhoid. Bellamy et al [11] also reported that
heterozygosity of INT4 (5′ marker) and 3′UTR (3′ marker) had an additive effect and was
associated with the highest risk of tuberculosis. Heterozygosity at 469+14G/C (INT4, 5′
marker), D543N (3′ marker), or combined heterozygosity, was not associated with typhoid
fever in the Vietnamese (data not shown).
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Recently we reported significant allelic associations between genes of the major
histocompatibility complex (HLA-DR, HLA-DQ and TNFA) and typhoid fever in these
samples from the southern provinces of Vietnam [8]. A previous study [13] suggested that
the NRAMP1 (GT)n promoter polymorphism was associated with disease susceptibility in a
subset of rheumatoid arthritis patients who did not possess certain HLA susceptibility
alleles. We investigated this in our sample set by removing all individuals that were positive
for HLA-DRB1*04 (typhoid resistance allele) or HLA-DRB1*0301 (typhoid susceptibility
allele), and re-testing for an association between the NRAMP1 (GT)n promoter
polymorphism, the microsatellite marker D2S1471 and typhoid fever. In the subset of
typhoid patients (N=206) and controls (N=239) lacking HLA-DRB1*04 individuals, no
association between typhoid and the NRAMP1 (GT)n promoter polymorphism (χ2 1.61, df
2, P= 0.48) or D2S1471 (χ2 15.29, df 17, P= 0.862) was detected. Likewise, in the subset of
typhoid patients (N=180) and controls (N=262) lacking HLA-DRB1*0301 individuals, no
association between typhoid and the NRAMP1 (GT)n promoter polymorphism (χ2 3.82, df
2, P=0.166) or D2S1471 (χ2 13.716, df 17, P=0.9) was detected. This suggests that HLA
susceptibility or resistance alleles are not “masking” an association of NRAMP1
polymorphisms with typhoid fever in these subsets of patients.

NRAMP1 may not only contribute to the risk of infection, but also may modulate the risk of
disease development. A role for NRAMP1 in determining disease severity following S.
typhi infection could be tested by comparing patients with complicated (e.g. intestinal
perforations) versus acute disease. This hypothesis is attractive given that, in addition to its
effects on acute susceptibility to virulent S. typhimurium infection, Nramp1 has a strong
influence on T helper 1:T helper 2 bias as demonstrated in Nramp1 wildtype versus mutant
mice infected with less virulent S. typhimurium [14]. The hypothesis is also of interest given
the recent observation [15] that NRAMP1 is linked to development of acquired
antimycobacterial immune responses in Vietnam. Specifically, NRAMP1 was linked to the
Mitsuda reaction, a skin reaction that measures a granulomatous response to intradermally
injected heat killed leprosy bacilli. These findings are consistent with the suggestion that
NRAMP1 may influence Th1/Th2 differentiation. Although unknown, it has been suggested
that intestinal perforations due to typhoid fever are immune mediated. Hence, although we
have not shown an association between NRAMP1 and acute typhoid fever in this region of
Vietnam, it remains of interest to investigate the role of NRAMP1 in the development of the
acquired T cell-mediated immunity in S. typhi infection.
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Figure 1.
Typhoid patients and controls were genotyped for six polymorphisms within and near
NRAMP1. This schematic representation shows the location of the polymorphisms
genotyped. Four intragenic NRAMP1 polymorhisms (274C/T, 469+14G/C, 1465-85G/A
and D543N), one polymorphism in the promoter region of NRAMP1 ([GT]n) and the
microsatellite marker D2S1471 were genotyped. The overall allele frequencies of the six
individual markers in typhoid cases and controls were compared by the likelihood ratio test.
Maximum likelihood frequencies of the possible haplotypes of the 5′ markers, the 3′
markers and all markers across the gene region were estimated using the E-M algorithm.
Below the tests for the individual markers are bars that represent the various 2, 3, 5 and 6
loci haplotypes tested. The overall frequencies of the estimated haplotypes were compared
in typhoid cases and controls. Empirical P values are stated.
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