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Relatively little is known about the human genetics of suscepti-
bility to common diseases caused by bacterial pathogens. Tuber-
culosis, caused by Mycobacterium tuberculosis, is a major cause of
morbidity and mortality worldwide. So far, genetic studies of
tuberculosis susceptibility have largely been focused on adult
patients despite the fact that tuberculosis is highly prevalent
among children. To study the host genetic component of pediatric
tuberculosis susceptibility, we enrolled 184 ethnically diverse fam-
ilies from the Greater Houston area with at least one child affected
by pediatric tuberculosis disease. Using a family-based control
design, we found allelic variants of the natural resistance-associ-
ated macrophage protein gene 1 (NRAMP1) (alias SLC11A1) signif-
icantly associated with tuberculosis disease in this pediatric patient
population [P � 0.01; odds ratio � 1.75 (95% confidence interval,
1.10–2.77)]. The association of NRAMP1 with pediatric tuberculosis
disease was significantly heterogeneous (P � 0.01) between sim-
plex [P <0.0008; odds ratio � 3.13 (1.54–6.25)] and multiplex
families (P � 1), suggesting an interplay between mechanisms of
genetic control and exposure intensities. In striking contrast to
previous studies in the adult population, we observed that the
common alleles of NRAMP1 polymorphisms were risk factors for
pediatric tuberculosis disease. To explain the different direction of
allelic association between adult and pediatric disease, we hypoth-
esize that NRAMP1 influences the speed of progression from
infection to tuberculosis disease.

complex traits � host genetics � mycobacterial diseases

The human pathogenic bacterium Mycobacterium tuberculosis,
the causative agent of tuberculosis, infects an estimated

one-third of the world’s population, resulting in �8 million
tuberculosis cases and 2 million deaths each year (1). The rate
of progression from infection to disease is highly variable, and
�90% of infected individuals never develop clinical disease. Of
the 10% of M. tuberculosis-infected persons who do develop
clinically overt disease, approximately half will be diagnosed
within �2 years of infection and are considered to be fast
progressors of tuberculosis disease. This so-called primary tu-
berculosis disease is particularly common among children, and
the majority of pediatric cases present with primary tuberculosis
disease. Tuberculosis patients who progress more slowly from
infection to tuberculosis disease and develop clinical disease �2
years after infection are referred to as ‘‘reactivation’’ cases. Little
is known about the mechanisms that influence the rate of
progression from infection to disease. For example, it is un-
known whether different mechanisms of pathogenesis operate in
individuals who progress at different rates from infection with
M. tuberculosis to clinical tuberculosis disease.

Many lines of evidence support an important role of host
genetic variation in tuberculosis susceptibility, including animal
models of the disease (2–6), ethnic clustering of tuberculosis
cases (7), increased concordance rates of tuberculosis among
monozygotic vs. dizygotic twins (8, 9), evidence that certain gene

variants are associated or linked with increased risk of tubercu-
losis (10, 11), and the demonstration that patients with Mende-
lian disorders of the interleukin 12-IFN-� axis are hypersuscep-
tible to M. tuberculosis (11, 12). However, the great majority of
genetic studies have investigated adult pulmonary tuberculosis
cases, whereas few have focused on pediatric tuberculosis disease
(13). The exclusion from more intense study of primary tuber-
culosis disease is surprising, because approximately half of all
tuberculosis patients are thought to represent primary disease
(14). Moreover, contrasting the results of primary and reactiva-
tional disease studies will provide a better understanding of the
mechanisms that govern progression from infection to disease in
two distinct stages of tuberculosis.

The natural resistance-associated macrophage protein gene 1
(NRAMP1, alias SLC11A1) is the human homologue of the
mouse Nramp1 gene that has been shown to be a critical element
in the regulation of intracellular membrane vesicle trafficking of
macrophages, a principal cell type expressing Nramp1 (15). In
the mouse, it has been shown that absence of mature Nramp1
protein is the result of a G169D polymorphism that causes
increased susceptibility to several intracellular macrophage
pathogens, including Mycobacterium bovis (bacillus Calmette–
Guérin), Salmonella typhimurium, and Leishmania donovani
(16). In phagocytosing macrophages Nramp1 is rapidly recruited
to the membrane of late endosomal–phagosomal vesicles (17,
18). At the phagosome membrane, Nramp1 functions as a
divalent cation pump (19, 20), and Nramp1-altered cation fluxes
are thought to abrogate pathogen-induced blockage of phago-
some maturation (21–23). The mechanism of NRAMP1 action
in human macrophages is not known but is thought to follow
similar mechanisms.

Polymorphisms in the NRAMP1 gene have been found in a
number of genetic studies to be risk factors for the development
of tuberculosis among adult populations (24). However, except
for the study of a tuberculosis outbreak in a Canadian commu-
nity (25), no distinction was made between primary and reacti-
vational tuberculosis for the patients enrolled in these previous
studies. Such a study design might miss or underestimate genetic
control mechanisms that differ in the development of primary
and reactivational tuberculosis. Hence, we focused our genetic
analysis on pediatric cases where patients present with primary
tuberculosis disease. We here report strong association between
NRAMP1 alleles and pediatric tuberculosis disease specifically
among individuals that are likely to lack previous exposure to
M. tuberculosis. We also note an inverse association of NRAMP1
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polymorphisms among adult and pediatric tuberculosis disease
patients. These results shed light on the role of NRAMP1 in
susceptibility to tuberculosis disease and provide a plausible
explanation for NRAMP1 genetic heterogeneity in tuberculosis
susceptibility.

Materials and Methods
Families. The diagnostic criteria for pediatric cases were culture
confirmation of tuberculosis (78 patients) or clear clinical cri-
teria of disease (26, 27). All parental cases were culture-positive.
Information regarding bacillus Calmette–Guérin vaccination
and previous tuberculosis disease was obtained by interview or
by visual inspection of skin scars. Ethnicity was self-reported.
Mantoux status of family members was determined as part of
routine patient care and contact tracing. Blood (2–10 ml) was
obtained by venipuncture and used for extraction of genomic
DNA with the Nucleon extraction kit (Amersham Pharmacia).
Written informed consent was obtained from all study partici-
pants. The study was approved by the Institutional Review Board
at Baylor College of Medicine and the Ethics Committee at the
Research Institute of the McGill University Health Centre.

Genotyping. The intragenic NRAMP1 polymorphisms 274C�T,
469 � 14G�C, D543N, and 1729 � 55del4 were determined as
described (28). The 3� UTR (N10) insertion�deletion polymor-
phism was amplified with the 32P-labeled forward primer re-
ported by Buu et al. (29) by using 5�-TCAAGCTCCAGTTTG-
GAGCCT-3� as reverse primer and resolved as length variants
on 6% polyacrylamide gels. The same conditions were used to
genotype the promoter (GT)n (N01) polymorphism except prim-
ers 5�-GACATGAAGACTCGCATTAG-3� and 5�-TAC-
CCCATGACCACACCC-3� were used as described by Marquet
et al. (30).

Markers D543N and 1729 � 55del4 (N09) were also genotyped
with Taqman assays. The primers and probes used in the assays
were designed by using the software PRIMER3 (http:��
frodo.wi.mit.edu�cgi-bin�primer3�primer3�www.cgi). The fol-
lowing primers were synthesized: (c.D543N), 5�-CCACCAC-
CACTTCCTGTATG-3� and 5�-CACGTCATACATGCC-
ACTCC-3�; (c.1729�del4), 5�-GGGAGTGGCATGTAT-
GACG-3� and 5�-TCTATCCTGCTGCCTGCAC-3�. The fol-
lowing probes were synthesized and labeled with fluorescent
dyes: (D543N), 5�-FAM-CCCTTTCTGGTCCTCTTCAA-
GGA-TAMRA; 5�-TET-CCCTTTCTGGTTCTCTTCAAG-
GAGC-TAMRA; (c.1729�del4), 5�-FAM-TGGCCTGC-
TGGATGTGGAGTAMRA, 5�-TET-TGACTGGCCTGCTG-
GAGAGG-TAMRA. PCR reactions were performed in a vol-
ume of 45 �l containing 5 �l of 10 � PCR buffer (Invitrogen);
5 �l of MgCl2 (50 mM) (Invitrogen); 1 �l of dNTPs (10 mM)
(Invitrogen); 0.75 �l of forward primer (20 mM), 0.75 �l of
reverse primer (20 mM), and 0.60 �l of FAM probe (2 M)
(Research Genetics, Huntsville, AL); 0.60 �l of TET probe (2
M) (Research Genetics); 0.1 �l of Platinum Taq polymerase
(Invitrogen); and 5 �l of DNA (10 ng��l). Three nontemplate
controls were included on each plate. All PCRs were carried out
in transparent 96-well plates with caps (Applied Biosystems).
DNAs were amplified in MJ PT-100 machines (MJ Research,
Cambridge, MA) under the following conditions: (i) 96°C for 10
min, (ii) 96°C for 25 sec, (iii) 60°C for 1 min, (iv) repeat steps ii–iii
39 times, (v) 72°C for 5 min, and (vi) 10°C ambient time. PCR
products were analyzed with an Applied Biosystems 7700 Se-
quence Detector spectrophotometer equipped with SEQUENCE
DETECTOR, Ver. 1.7 software. Fluorescence readings were ex-
ported to a spreadsheet and graphed as a scatter plot.

Markers rs2292555, rs1017698, and rs9076 were genotyped by
PCR-RFLP under identical conditions. The PCR reaction mix-
ture included 100 ng of genomic DNA, 1� Buffer (Invitrogen),
2.5 mM MgCl2, 0.09 mM dNTPs, 0.2 �M of each primer

(rs2292555: 5�-AGCCAGGGTAGGCAGGATAC-3�; GGCAT-
TCACGATTGCTTTTC-3�; rs1017698: 5�-CCACCATAGC-
CAAACCATTC-3�, 5�-GGGATGTGATACCCTTCCAG;
rs9076: 5�-GTTTTATCCGCAGCCCTTTT-3�, 5�-CCAGTC-
GGAAGAAACAGCAT-3�), and 1 unit of Taq polymerase.
Cycling conditions included an initial denaturation at 95°C for 3
min, followed by 25 cycles of 95°C for 50 sec, 50°C for 50 sec, then
72°C for 50 sec, and a final extension at 72°C for 10 min. For
marker rs2292555, a total of 5 �l of PCR product was added to
5 �l of digestion mix, which contained 1 � Buffer 4 (NEB,
Beverly, MA) and 0.3 units of DdeI, followed by incubation at
37°C for 4 h. Conditions for DNA restriction were identical for
markers rs1017698 and rs9076, except that 0.4 units of BtsI were
used for marker rs1017698 and 0.1 units of BsgI and 1� were
used for marker rs9076. All banding patterns were resolved on
a 2% agarose gel stained with ethidium bromide. Markers
rs2104615, rs4324314, and rs4674297 were genotyped on the
Orchid Biosciences (Princeton, NJ) UHT genotyping platform
(31), as described in detail (32).

Statistical Analysis. The association study was mainly performed
by the family-based method implemented in the Family Based
Association Test (FBAT program (33). The FBAT statistic com-
bines the three different methods described in the text [Trans-
mission Disequilibrium Test (TDT), Reconstruction-Combined
TDT (RC-TDT), and SIB-TDT] and allows the use of an empirical
variance–covariance estimator for the statistic that is consistent
when sib marker genotypes are correlated (e.g., when the
analysis include multiplex families) (34). In addition, empirical
P values (Pempirical) can be computed by permutation. Exact P
values also were computed by using the RC-TDT software (35).
Finally, alleles with evidence for association also were analyzed
by conditional logistic regression as described (36), assuming a
multiplicative effect of alleles on the disease relative risk. This
analysis allowed us to provide odds ratio (OR) estimates and to
test for differences in the regression coefficients associated with
selected polymorphisms according to five binary criteria de-
scribed in the text.

To test for heterogeneity of the sample according to a binary
criterion (e.g., simplex�multiplex), the analysis was performed
on the whole sample (184 families) and separately on the two
subsamples (143 simplex and 41 multiplex families). Under the
hypothesis of homogeneity, twice the difference between the
likelihood of the whole sample and the summed likelihoods of
the two subsamples is distributed as a �2 with one degree of
freedom.

The Hardy–Weinberg Equilibrium (HWE) was tested at each
SNP for the subset of all parents across ethnicities and for the
groups of black and Hispanic parents independently. No signif-
icant deviations from HWE were observed. The strength of
linkage disequilibrium (LD) between pairs of SNPs was mea-
sured as D� (37) by using HAPLOVIEW (www.broad.mit.edu�mpg�
haploview). LD blocks were inferred from the definition pro-
posed by Gabriel et al. (38), as implemented in HAPLOVIEW with
D� confidence bounds of 0.7–0.92.

Results
Description of Patients and Their Families. All families enrolled in
the study were from greater Houston. The Houston metropol-
itan area historically has had a high rate of pediatric tuberculosis
cases and is ethnically very diverse (26). To avoid possible
confounding of gene–phenotype associations due to inappropri-
ately chosen controls or population substructures, we conducted
a family-based association study. This design is particularly
robust in an ethnically and racially mixed community like that of
the greater Houston area. We enrolled 184 nuclear families with
at least one child with pediatric tuberculosis (Table 1). The
majority of families (n � 143) were composed of only a single
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tuberculosis case (simplex families), whereas more than one case
was diagnosed in 41 families (multiplex families). In 73 of the 184
families in our sample, one parent was not available for analysis.
With regard to ethnicity, we enrolled 136 Hispanic, 69 black, 13
Asian, 7 white, and 9 tuberculosis patients of mixed ethnic origin.
Of these 234 tuberculosis cases, 28 were adult cases, and 206 were
children. The disease manifestation was classified as pulmonary
in 51.3%, extrapulmonary in 37.5%, and mixed pulmonary and
extrapulmonary in 11.2% of all pediatric cases. There were no
statistically significant differences in the proportion of simplex
vs. multiplex families and in pulmonary vs. extrapulmonary
involvement across ethnic groups (data not shown).

NRAMP1 Is Associated with Pediatric Tuberculosis Disease. Over all
families, the common C allele of the NRAMP1 N02 polymor-
phism was significantly associated with increased risk of pediatric
tuberculosis disease (P � 0.01; Fig. 1). Under a multiplicative
genetic model, the OR of tuberculosis for C�C homozygotes vs.
C�T heterozygotes was equal to the OR of C�T heterozygotes vs.
T�T homozygotes and corresponded to 1.75 (95% confidence
interval, 1.10–2.77). In addition, there was weaker evidence

(0.043 � P � 0.075) in favor of a positive association between the
NRAMP1 N01 promoter polymorphism and tuberculosis (Fig.
1). There was no significant association between the NRAMP1
polymorphisms located in the 3� region of the gene and pediatric
tuberculosis disease.

LD Among Markers in the NRAMP1 Genome Region. To better define
the observed association of NRAMP1 alleles with pediatric
tuberculosis disease, we computed LD, measured as D�, among
the five tested markers in the group of Hispanic parents, the
largest ethnic group among the enrolled families. We found that
the three 5� markers (N01–N03) were in strong LD among them
but observed only weak to moderate LD with markers N09 and
N10 in the 3� NRAMP1 region. To better delimit the LD pattern
of the tuberculosis-associated markers N01–N03, we genotyped
seven additional markers flanking the 5� NRAMP1 region. Five
of these SNPs were used to tag the MGC5081 ORF (rs4674297
and rs4324314) and the MR-1 gene (rs9076, rs2014615, and
rs1017698), the two closest neighbors located 15 and 65 kb
upstream of NRAMP1, respectively. The two remaining SNPs
were located in intron 6 (rs2290708) and exon 15 (NRAMP1

Table 1. Characteristics of 184 nuclear tuberculosis families comprising 737 individuals
enrolled for the present study

Subjects Total

Tuberculosis-affected patients

All patients Children
Mean age (years) at

diagnosis (�SD) Parents
Mean age (years) at

diagnosis (�SD)

Females 353 118 100 5.3 � 5.7 18 25.4 � 6.8
Males 384 116 106 6.2 � 5.4 10 29.2 � 6.3
Combined 737 234 206 5.7 � 5.6 28 28.8 � 6.6

Fig. 1. Schematic presentation of the NRAMP1 candidate gene and intragenic location of gene polymorphisms. The genomic distance spanned by NRAMP1
in kilobase pairs (kb), the exon numbers, the translational initiation (ATG), and termination sequences (Stop) and the location of distinct gene polymorphisms
with respect to the exon–intron organization are given on the left side of the diagram. Designation of gene polymorphisms either adopted names already
established in the literature or followed standard nomenclature rules (51). The type of polymorphism–microsatellite repeat, SNP, insertion�deletion polymor-
phism (INS�DEL), together with a simple polymorphism alias as well as the identity and frequency of the common allele, are also indicated. Finally, the number
of families comprising at least one parent heterozygous for the polymorphisms, i.e., a parent for which preferential allele transmission can be monitored, is given.
P values indicating evidence for distortion of allele transmissions are given for the Family Based Association Test (FBAT) (33) and the Reconstruction-Combined
TDT (RC-TDT) (35) analytical procedures.
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D543N) of the NRAMP1 gene. Over the entire interval of �80
kb, we were able to identify four haplotype blocks (Fig. 2).
Although clearly not part of the same haplotype blocks, there
was substantial LD between pairs of SNPs among 5� NRAMP1
markers, the two MGC5081 tag SNPs and, to a lesser degree, the
MR-1 located SNPs (Fig. 2). None of the additional markers
showed significant evidence for association with pediatric tu-
berculosis disease and all pediatric tuberculosis-associated SNPs
localized to the 5-kb haplotype block 3 (Fig. 2). The variable
strength of association with tuberculosis among those markers is
likely explained by the fact that LD is not complete between
markers of block 3 and by the differences in allele frequencies
(especially between N02 and N03). A similar pattern of pairwise
D� values was also observed for the parents of the black families.

However, due to the reduced number of informative chromo-
somes, confidence intervals were too large to allow for the
definition of haplotype block structures (data not shown).

NRAMP1 Alleles and Association with Pediatric Tuberculosis Disease.
To test whether the association observed between the NRAMP1
N02 polymorphism and tuberculosis was influenced by family or
case characteristics, we performed heterogeneity tests in the
conditional logistic regression analysis framework (36). Specif-
ically, we tested for differences in the regression coefficient
associated with each of the two polymorphisms according to five
binary criteria: family structure (simplex�multiplex), ethnicity of
family (Hispanic�other), sex of affected child (male�female),
anatomic site of tuberculosis (pulmonary�extrapulmonary), and
age of onset (�5years��5 years). Because of small numbers,
Asian and white families could not be tested independently for
NRAMP1 N02 association heterogeneity. Only the sex of the
pediatric patient and the family structure were found to have
significant effects. The association of the NRAMP1 N02 poly-
morphism and tuberculosis disease was stronger in males [OR
for C�C vs. C�T � 2.82 (1.44–5.61)]. The difference in trans-
mission between male and female patients also was significant
(P � 0.04).

Next, the association of NRAMP1 with tuberculosis disease
was analyzed separately in simplex and multiplex families. In-
dependent of the mode of analysis, there was a highly significant
distortion (P � 0.0008) of the NRAMP1 N02 polymorphism
transmission in simplex families [OR for C�C vs. C�T and C�T
vs. T�T � 3.13 (1.54–6.25)] that was not detected in multiplex
families (Table 2). Formal testing of variable strength of asso-
ciation between N02 and pediatric tuberculosis in simplex vs.
multiplex families clearly revealed a significant heterogeneity
(P � 0.01). This result argues that difference in NRAMP1 N02
transmission to tuberculosis-affected children in simplex and
multiplex families represents a true effect and is not simply a
reflection of the different numbers of informative simplex and
multiplex families leading to loss of significance in the less
numerous multiplex families. When focusing only on the 17
informative simplex families with male pediatric patients, the
effect of N02 on tuberculosis risk was very highly significant (P �
0.00004) with an estimated OR for C�C vs. C�T of 20.0 (2.69–
148). Those 17 families of diverse ethnicity include 20 heterozy-
gous C�T parents who transmitted the C allele to their affected
child 19 times.

Family Exposure to M. tuberculosis and Strength of Association of
NRAMP1 with Pediatric Tuberculosis Disease. To follow up on the
restriction of NRAMP1 tuberculosis association, we investigated
the heterogeneity of family structure in NRAMP1-mediated risk
on pediatric tuberculosis disease (Table 2). The majority (26�41)

Fig. 2. LD pattern in the Hispanic population between pairs of SNPs spanning
the NRAMP1 gene and its upstream genomic region. The NRAMP1 3� region
is located on the right end of the schematic chromosome line indicated on top
of the graph. Consequently, the NRAMP1 gene orientation is in the 3� to 5�
orientation from right to left. The telomere of chromosome 2q is located
toward the right. Names of polymorphisms used for the LD matrix of pairs of
markers are given, and their chromosomal locations are indicated by solid
lines. Haplotype blocks according to Gabriel et al. (38) are indicated, and
names of markers that are part of haplotype blocks are indicated in bold. Each
square represents the magnitude of pairwise LD. Each pairwise D� measure is
shown as D� � 102 within the corresponding square. Squares without D�
written on them represent D�of 1.0. Black squares indicate pairwise LD that is
strong [lower confidence interval (CI), 0.7, upper CI �0.92], light-gray squares
represent intermediate strength LD, and white squares represent weak LD.

Table 2. Association between susceptibility to pediatric tuberculosis disease and NRAMP1 alleles stratified by
family structure

Gene Polymorphism

Simplex families Multiplex families

Informative
families

P value

Informative
families

P value

FBAT RC-TDT

Conditional
logistic

regression FBAT* RC-TDT†

Conditional‡

logistic
regression

NRAMP1 N01 39 0.020 0.048 ND 22 0.594 0.697 ND
N02 36 0.00045 0.00059 0.00080 19 1.000 1.000 ND
N03 37 0.014 0.021 ND 17 0.7546 0.876 ND

*FBAT, Family Based Association Test (33).
†RC-TDT, Reconstruction-Combined TDT (35).
‡ND, not done.
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of multiplex families in our family collection included adult
infectious cases. Children living in close proximity to adult cases
are expected to have increased exposure to M. tuberculosis.
Hence, we used purified protein derivative (PPD) skin-test
conversion among all unaffected cosibs as a measure of exposure
intensity in individual families and found a substantially higher
proportion of cosibs tested PPD� in multiplex families with at
least one affected parent (62.5%) as compared with simplex
families (36.5%). Because pediatric cases generally have a low
infectious potential, there was no significant difference in the
proportion of PPD� cosibs among multiplex families without
adult cases (31%) and simplex families.

To test the resulting hypothesis that NRAMP1 effects on
tuberculosis disease risk are most readily detectable under
conditions of low M. tuberculosis transmission, we selected all
simplex families comprising at least one child in addition to the
affected sib. Of the available 71 families, 32 included at least one
additional PPD� cosib (‘‘high-exposure families’’), whereas
among 39 families, no PPD� cosib was identified (‘‘low-
exposure families’’). Family size was not a confounding factor for
classification into high- and low-exposure families (P � 0.9;
Table 3). Among the entire subsample of 71 simplex families with
at least one additional cosib, there was strong evidence for an
association of NRAMP1 N02 alleles with pediatric tuberculosis
disease (Pempirical � 0.006). When separated into high- and
low-exposure families, there was less evidence of significant
distortion of NRAMP1 N02 allele transmission among high-
exposure families (Pempirical � 0.21) as compared with low-
exposure families (Pempirical � 0.011). Because �10% of cases
had been vaccinated with bacillus Calmette–Guérin, these find-
ings strongly suggest that NRAMP1 alleles have their highest
impact on risk of tuberculosis disease under conditions of low
transmission�exposure of M. tuberculosis.

Discussion
The human NRAMP1 gene has been implicated in increased risk
of tuberculosis disease by a number of studies. For example,
polymorphisms in the 5� and 3� regions of NRAMP1 have been
linked or associated with tuberculosis disease susceptibility in
Guinea Conakry (39), Japan (40), Korea (41), The Gambia (42,
43), Canada (25), Texas (44), Cambodia (45), Denmark (46), and
South Africa (24), but not in Taiwan (47) or Morocco (48). The
focus of most studies was on susceptibility to smear-positive
tuberculosis disease among adult populations. The design of our
study was different from previous investigations, because we
analyzed the effect of NRAMP1 alleles on risk of primary
tuberculosis disease in a cohort of pediatric tuberculosis disease
families. We observed that the NRAMP1 gene, previously im-
plicated in the genetic control of adult tuberculosis, also influ-
ences the risk of pediatric tuberculosis disease. Unexpectedly, we
discovered the direction of NRAMP1 allele association with
pediatric tuberculosis disease to be inverted compared with
previous studies in adult pulmonary tuberculosis. Although
among adult patients the common 5� NRAMP1 alleles had been

found associated with protection, i.e., depleted among cases, we
found that the common alleles are risk factors, i.e., enriched
among pediatric tuberculosis disease patients. Consequently, the
significant enrichment of the common N02 C allele and, to a
lesser degree, the N01 and N03 common alleles in early onset
cases and the corresponding depletion of the same allele in late
onset patients strongly suggests that the N02 C allele promotes
rapid progression from infection to disease.

Importantly, the suggestion that common NRAMP1 alleles are
risk factors for early-onset tuberculosis agrees with the results of
a previous genetic analysis of tuberculosis in a large Canadian
Aboriginal family that experienced a tuberculosis outbreak (25).
In this outbreak, individuals had limited prior exposure to
mycobacteria, and all tuberculosis cases were diagnosed within
a maximum time of 2 years from the index case. The majority of
cases occurred within 6–9 months after diagnosis of the index
case (49). Consequently, all patients with clinical tuberculosis
could be classified as fast progressors or primary tuberculosis
disease cases. Segregation analysis revealed that the common
NRAMP1 alleles were preferentially transmitted to tuberculosis
patients (25). Considering that only �10% of individuals in-
fected with M. tuberculosis advance to clinical forms of tuber-
culosis, the involvement of genes controlling the rate of pro-
gression rather than bona fide susceptibility to tuberculosis may
offer an effective genetic control of disease risk. Whether the
N02 polymorphism is itself the cause of more rapid progression
to tuberculosis disease, or whether N02 is in LD with the
causative variant is presently not known. However, recent results
from our laboratory directly correlated reduced NRAMP1
functional activity with the high-risk C allele of N02 (unpub-
lished work).

Among pediatric tuberculosis disease cases, NRAMP1 alleles
have different strength of association among different patient
subgroups. The observation that NRAMP1 association with
tuberculosis disease is more readily detected among male than
female pediatric cases is interesting in light of the known
gender-specific differences in frequencies among adult tubercu-
losis cases. However, because evidence for such a gender-specific
effect of NRAMP1 alleles on pediatric disease was significant but
weak in our sample, additional studies are required to confirm
this observation. By contrast, our data suggest that gene–
environment interactions are critical for the appropriate selec-
tion of efficient host responses and hence genetic control
mechanisms. This is illustrated by our observation that genetic
control of tuberculosis disease by NRAMP1 was most easily
detected in families that experienced low exposure intensities to
M. tuberculosis. Under conditions of increased exposure, the
NRAMP1 effect became less strong, suggesting that mechanisms
independent of the NRAMP1 gene (e.g., pathogen factors or
different sets of genes) are more prominent in this instance.

In the study families, the NRAMP1 gene clearly is a strong risk
factor for pediatric tuberculosis disease under conditions of low
exposure to M. tuberculosis. Specifically, among simplex families,
the population-attributable risk of the NRAMP1 N02 C risk
allele is estimated to be 85% (49–96%). Assuming the N02
polymorphism is the only cause of increased tuberculosis in this
area, this means that the incidence of pediatric tuberculosis
would be 85% lower if the M. tuberculosis-infected Houston
population were monomorphic for the protective N02 T allele.
Although the actual impact of the N02 polymorphism depends
on other risk factors not yet identified, the combination of a
relatively strong genetic effect (OR � 3.13) of a risk allele
present at high frequency (�0.76), as described for type II
diabetes (50), is expected to make a substantial contribution to
the occurrence of pediatric tuberculosis in the Houston area.

The present study is one of an increasing number of positive-
association reports between risk of tuberculosis disease and
NRAMP1 alleles in populations of vastly different ethnic

Table 3. Family sibship size and proportion of families with at
least one unaffected cosib (UCS)

Number of
families

Number
of UCS

Number of families
with UCS-PPD� �1

Number of families
with only UCS-PPD	

38 1 14 24
24 2 12 12
6 3 4 2
3 4 2 1

UCS-PPD�, unaffected cosibs that are PPD-positive. UCS-PPD	, unaffected
cosibs that are PPD-negative.
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background. Results obtained in the present investigation
provide an important complement for a better understanding
of the setting in which NRAMP1 exerts its inf luence on
tuberculosis susceptibility. Specifically, our results suggest that
NRAMP1 effects are most pronounced in the absence of prior
exposure to mycobacteria, and that NRAMP1 is a modulator
of the speed of progression from infection with M. tuberculosis
to tuberculosis disease. The detailed molecular events that
prevent rapid progression to clinically defined disease are
presently unknown. However, a protein that limits multiplica-
tion of ingested M. tuberculosis bacilli by antagonizing patho-
gen-triggered blockage of phagosome maturation offers a

reasonable mechanism for containing the spread but not the
initial infection by the bacterium.
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