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Abstract

We have studied the genetics of susceptibility to
infection by Streptococcus pneumoniae in mice.
Linkage analysis of the F, generation from a cross
between resistant BALB/cOlaHsd and susceptible
CBA/CaOlaHsd strains allowed us to map a major
locus controlling the development of bacteremia and
survival after intranasal infection.

Introduction

Infections caused by the pneumococcus, Strepto-
coccus pneumoniae, have accounted historically for
more morbidity and mortality than any other bac-
terium. The pneumococcus is responsible for the
majority of cases of community-acquired pneumonia
and is also a significant cause of meningitis, bacter-
emia, and otitis media in children (Mufson 1981).
Antibiotics are the standard therapy for pneumo-
coccal disease, but antibiotic resistance is increas-
ingly common in pneumococcal strains and has
epidemic potential (Nuorti et al. 1998). Vaccination
can offer protection against a spectrum of pneumo-
coccal serotypes, but there are various problems
with current vaccination strategies, and horizontal
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gene transfer may further reduce the effectiveness of
both vaccines and antibiotics (Tuomanen 1999).
These factors make it clear that a better under-
standing of the host response to this bacterium is
essential for improved preventative and therapeutic
treatments.

There is a highly significant genetic contribution
to susceptibility to infectious disease in humans
(Sorensen et al. 1988; Cooke & Hill 2001). Allelic
associations of candidate genes with pneumococcal
disease have been detected in case-control studies
(Roy et al. 2002a, 2002b), but the limited number of
case-confirmed pedigrees or sibling pairs preclude
genome-wide linkage analysis. In order to circum-
vent this problem and allow us to identify host fac-
tors controlling susceptibility to pneumococcal
infection, we chose to use the laboratory mouse as a
model genetic organism. The mouse is the most
frequently used animal model for pneumococcal
disease. In susceptible strains, a very reproducible
pattern of bronchopneumonia with bacteremia fol-
lows intranasal infection, and the resulting pathol-
ogy is very similar to that observed in the disease in
humans. One precedent for the power of mouse ge-
netics to aid in studies of human infectious disease
is the identification of the NRAMP1 gene (now
known as SLC11A1). Natural allelic variants of this
gene are associated with differences in susceptibility
to infection by leishmania, mycobacteria and sal-
monella in mice (Blackwell 2001) and tuberculosis
in humans (Cervino et al. 2000). We have previously
shown marked differences in susceptibility to
pneumococcal infection between inbred mouse
strains (Gingles et al. 2001) and have exploited this
to allow mapping of a major locus controlling sur-
vival after infection.
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Materials and methods F; hybrid mice used in this study, BALB/cOlaHsd

(abbreviated to BALB/c), CBA/CaOlaHsd (=CBA/
Mice. All experiments described in this study had  Ca), and (BALB/c x CBA/Ca)F;, were obtained from
local ethics committee approval and were done un-  Harlan-Olac, Bicester, UK. The CCBA F, generation
der an appropriate Home Office license. Inbred and  mice were bred in the Division of Biomedical Ser-
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vices, University of Leicester, by using a panel of 8
male and 16 female CCBA F, mice. Progeny were
weaned 20 days after birth and then caged separately.
Eight groups generated 254 CCBA F, mice.

Phenotyping. Mice were obtained at 7 weeks old
and infected when more than 9 weeks old. After ar-
rival, all animals were kept for a minimum of 2 weeks
toacclimatize. Followinginfection, mice were housed
in an isolator. Mice were screened for pre-existing
antibody to pneumococcal capsule by using ELISA
(Ginglesetal.2001). No antibodies were detected. The
type 2 S. pneumoniae strain used was D39 (NCTC
7466) from the National Collection of Type Cultures,
Central Public Health Laboratory, London, UK. Before
use in infection experiments, pneumococci were
passaged through mice, and a frozen standard inocu-
lum was prepared as described before (Gingles et al.
2001). Bacterial culture and the intranasal adminis-
tration of the bacterial challenge to mice were as de-
scribed (Gingles et al. 2001). Briefly, for challenge,
mice were lightly anesthetized with fluothane over
oxygen and challenged with 10° colony-forming units
(CFU) of type 2 S. pneumoniae administered into the
nostrils. Following infection, mice were closely
monitored for the visual development of symptoms as
described before (Morton and Griffiths 1985). Mice
were monitored for 7 days, and mice alive at that time
were considered to have survived the infection. The
end point of the assay was moribund. The time of be-
coming moribund was recorded, and the animal was
killed by cervical dislocation. In experiments to de-
termine pneumococcal growth in the blood, 100 ul of
blood was taken from the tail vein at 24 h post-infec-
tion, and CFU was determined by serial dilution and
plating as described before (Gingles et al. 2001).

Genotyping. Genomic DNA was prepared from
tail clips following challenge, using a salting out
method (Miller et al. 1988). All microsatellite
markers used in the initial genome scan were taken
from the Whitehead/MIT database (Dietrich et al.
1996) except for tumor necrosis factor (Tnf) (MGD-
MRK-28090, Mouse Genome Database: http://
www.informatics.jax.org/). The genome scan was
performed in two stages: on an initial set of 92 F,
generation animals, and then on a further 92 ani-
mals, with 137 markers distributed across the auto-
somes. Markers had an average spacing of ~12 cM,
with the largest interval being about 32 ¢cM. Poly-
merase chain reaction (PCR) amplification was car-
ried out by using incorporation of fluorescently
labeled-dCTP from Applied Biosystems (AB), based
on a high-throughput method (Rhodes et al. 1998).
Genotyping marker panels were organized taking

into account PCR product size, allelic variation, and
the three different fluorophores. Maximum number
of markers per set was 12, with most sets containing
between 6 and 9 markers. A 1:200 dilution of geno-
mic DNA was used for PCR amplification in Hot-
StarTaq PCR buffer with 1.5 mm magnesium
chloride (Qiagen), 200 uM of each unlabeled dNTP
(Amersham Pharmacia), 1.3 um of each primer (Re-
search Genetics; Mouse MapPairs, or custom syn-
thesized by MWG or Genset), 0.2U HotStarTaq
(Qiagen), and one of either 1 pm RG6, 0.5 pm R110, or
8 uM Tamra-labeled dCTP (AB). Between 1 and 15 ul
of PCR products from the marker panel for each in-
dividual, predetermined, were pooled and co-
precipitated by a standard ethanol/ammonium ace-
tate method; pellets were resuspended in 8 ul sterile
deionized water. Excess labeled dCTPs were
removed with mini Sephadex G50 fine columns, 1 pl
of prepared products was run on a 6% wt/vol acryl-
amide gel, by using 12-cm well-to-read plates at 750
Volts for 2.5 h. Raw gel data were analyzed with the
AB Genescan software version 3.1.2; allelic differ-
ences were analyzed with the AB software package
Genotyper version 1.1, and data were stored in Mi-
crosoft Excel spreadsheets for further analysis.

Data analysis. Marker order was assessed with
MAPMAKER/EXP version 3.0b (Lander et al. 1987).
Linkage analysis was performed by using a non-
parametric approach, similar to that described
(Kruglyak and Lander 1995), but using an extension
of the Kruskal-Wallis statistic (Sokal and Rohlf
1995). This statistic deserves some explanation. The
Kruskal-Wallis test is a nonparametric statistical
test, based on ranks, for comparing the averages of
more than two samples. (In the case of an intercross,
we are interested in comparing the average pheno-
types in the three groups defined by the genotypes of
the mice at a particular locus.)

Let n denote the number of mice and R; denote
the rank (or average rank, in the case of ties) of the
phenotype of individual i. Consider a particular po-
sition in the genome, the location of a putative QTL.
In most cases, the precise QTL genotype for a mouse
will be unknown, but we may calculate the proba-
bility that mouse i has QTL genotype j, given mul-
tipoint marker data. Let this probability be denoted
pij- Our extension of the Kruskal-Wallis statistic is
the following:

12 ) (=) ipi)*

H =
n(n+ 1) 5 n S 03— ()
{M,H lr
Zipi/' 2
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In the case of ties among the phenotypes, let t; de-
note the number of values in the kth group of ties. In
place of the statistic H (defined above), we use H/D,
where D = 1-3; (£-t;)/(n®*-n). In the case of com-
plete genotype data at the putative QTL (i.e., at a
genetic marker for which all mice were genotyped),
the probabilities p;;, are either O or 1, and the above
statistic reduces to the usual Kruskal-Wallis statis-
tic. We converted the statistic H/D into an approxi-
mate LOD score by dividing by 2 In 10 = 4.61.
Statistical significance was determined by permuta-
tion tests (Churchill and Doerge 1994); 10,000 per-
mutation replicates were used.

Results

Genetic cross. Our previous work showed that
BALB/cOlaHsd and CBA/CaOlaHsd are resistant
and susceptible to infection by S. pneumoniae, re-
spectively (Gingles et al. 2001). We therefore crossed
these strains to produce (BALB/cOlaHsd x CBA/
CaOlaHsd)F; hybrids (=CCBAF1) and then inter-
crossed hybrid mice to produce the (BALB/cOlaHsd
x CBA/CaOlaHsd)F, (CCBAF2) generation, to allow
us to follow the inheritance of susceptibility. We
chose to follow two traits, survival time and the
development of invasive pneumococcal bacteremia,
as measured by the numbers of bacteria in the blood.
Mice were infected by nasal instillation of pneu-
mococci, and bacteremia was measured 24 h later
(Gingles et al. 2001). The course of disease symp-
toms was subsequently followed for a period of 168 h
after infection, and the time that animals became
moribund was recorded. Animals alive at 168 h were
considered to have survived the infectious challenge
(see Materials and methods).

The CCBAF, generation is susceptible to infec-
tion, based on survival time and development of
bacteremia, but clearly less so than the CBA/
CaOlaHsd parent (Fig. 1). Male and female CCBAF1
hybrids exhibited no differences in bacteremia or
survival time (data not shown). A complex pheno-
typic distribution was seen in the CCBAF,
generation, with many animals surviving the full
length of the experiment, and others succumbing to
infection early on, in a way similar to the CBA/
CaOlaHsd parent (Fig. 1). Many CCBAF, animals
also failed to develop significant bacteremia, and
there is good, but not complete, inverse correlation
between bacteremia level and survival time (corre-
lation coefficient=—0.7).

Linkage analysis. Classical quantitative trait
locus (QTL) mapping methods assume that a trait
follows a ““normal”’ distribution, clearly not the case

A Survival

LOD score

Map position (cM)

B Bacteremia

LOD score

Map position (cM)

Fig. 2. LOD curves for Chr 7 for the survival (A) and bac-
teremia (B) phenotypes. The dashed, dotted, and solid
curves correspond to the results for males, females, and the
two sexes combined, respectively. Genome- wide sig-
nificance of this linkage was P = 0.0001.

for our traits. We therefore used a non-parametric
statistical analysis (see Materials and methods). In
an initial genome scan performed on a group of 92
CCBAF, animals using a set of polymorphic markers
(Dietrich et al. 1996; Rhodes et al. 1998), a single,
suggestive (LOD = 3) linkage with survival was seen
on proximal Chr 7 near D7Mit77 (data not shown).
We genotyped a further 92 CCBAF, animals, and the
evidence of linkage in the combined data became
highly significant (LOD=6.34; P < 0.001) (Fig. 2A).
The same region showed significant linkage with
bacteremia (LOD=4.62; P < 0.01) (Fig. 2B). No other
suggestive loci were detected (above LOD=2.3; data
not shown).

It is known that there is a predisposition to
pneumococcal infection in male humans (Aszkenasy
et al. 1995), so we reanalyzed our data after dividing
by sex. The evidence for linkage, for each phenotype,
comes largely from the male mice (see Fig. 2).
However, the sexes do not show a significant dif-
ference in the effect of the QTL. For example, the
proportions of surviving mice by genotype at
D7Mit77 (Table 1) do not show a significant sex
difference. For each sex, approximately half of the
BALB/c homozygotes survive, while very few of the
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Table 1. Proportion of CCBAF, mice surviving experiment by genotype at D7Mit77

Genotype
Cc/C C/CBA CBA/CBA Any genotype
Males 13/23 (57) 20/39 (51) 0/24 (0) 33/86 (38)
Females 10/19 (53) 21/54 (39) 4/25 (16) 35/98 (36)
Overall 23/42 (55) 41/93 (44) 4/49 (8) 68/184 (37)

Numbers in parentheses are percentages.
P = 0.09 that there is a difference between sexes in CCBAF,.
C = BALB/cOlaHsd allele; CBA=CBA/CaOlaHsd allele.

CBA/Ca homozygotes survive. Regardless of sex, the
BALB/c allele at the QTL behaves as a dominant,
with reduced penetrance, conferring infection resis-
tance or survival.

Discussion

We have detected a major quantitative trait locus
conferring susceptibility to infection by S. pneumo-
niae in mice. This locus influences the development
of invasive disease and survival after infection. No
other loci reached even a suggestive LOD threshold,
but this is not sufficient to conclude that the Chr 7
locus is the only locus segregating in the cross.

The BALB/c and CBA/Ca strains are almost com-
pletely resistant and susceptible, respectively, to in-
fection by S. pneumoniae (Gingles et al. 2001). Hybrid
CCBAF; mice are intermediate in susceptibility be-
tween the parental strains, indicating partial domi-
nance of the susceptible phenotype. If we consider
only the genotype at D7Mit77 in the CCBAF, gener-
ation, few of the CBA/Ca homozygotes survive to the
end of the experiment (Table 1), suggesting that the
CBA/Ca allele confers susceptibility (and that the
BALB/c allele confers resistance).

A complex series of processes lead from inhala-
tion of pneumococci to invasive infection and ulti-
mately death (McCullers and Tuomanen 2001).
Cellular and molecular studies of the BALB/c and
CBA/Ca strains suggest that defects in the innate
immune system are responsible for the differences in
susceptibility to infection. Lungs of infected, sus-
ceptible mice (CBA/Ca) are deficient in neutrophils
(Gingles et al. 2001) and mast cells (Kerr et al. 2001),
by comparison with the resistant strain (BALB/c).
Several genes encoding molecules involved in in-
flammation or innate immunity—for example, Ty-
robp, Hcst, and Zfp36—Ilie in the genetic interval
between D7Mit341 and D7Mit247 that is most
likely to encompass the QTL (Fig. 3). However, this
interval is 11 Mb and contains at least 250 genes
(http://www.ensembl.org/Mus_musculus). We are,
therefore, following a number of approaches in order

to reduce the interval containing the QTL to a size
amenable to complete sequencing in both parental
strains. High-resolution mapping of interval-specific
congenic strains (Darvasi 1997; Lyons et al. 2000)
should allow us to eliminate many candidate genes,
and microarray expression profiling (Aitman et al.
1999) may provide support for some of the remaining
genes. It will, however, still be necessary to dem-
onstrate a function for any putative mutation by
using transgenic complementation or mutagenesis

I 1TcM
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Fig. 3. Genetic map of proximal Chr 7 showing the most
likely location of the survival QTL. The —1.5 LOD support
interval (dashed line) spans about 7 cM, between
D7Mit341 and D7Mit247, with the peak LOD score close
to D7Mit77. This region shows complete conservation of
synteny with human Chr 19q13.1-q13.3.
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tests (Nadeau and Frankel 2000). Identification of the
etiological mutation will allow better understanding
of the molecular basis of pneumococcal infection
susceptibility and perhaps lead to improved ap-
proaches to prevention or therapy in humans.
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