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Elicited macrophages from 129sv mice with a functional deletion of the natural-resistance-associated
macrophage protein 1 gene (Nramp1) were shown to be as susceptible as wild-type mice to infection with the
Chlamydia trachomatis mouse pneumonitis and L3 serovars and to Chlamydia pneumoniae. Furthermore, the
two groups of mice were shown to be similarly susceptible to an intranasal infection with these microorganisms.
In conclusion, the Nramp1 gene does not appear to play a major role in the regulation of the susceptibility of
mice to a chlamydial infection.

Some intracellular pathogens, including Chlamydia, Myco-
bacterium tuberculosis, Mycobacterium avium, Legionella pneu-
mophila, Salmonella enterica serovar Typhimurium, and Toxo-
plasma gondii, grow in host cells inside vacuolar compartments
that do not mature into phagolysosomes (3). Based on work
with inbred strains of mice, natural resistance to infection with
S. enterica serovar Typhimurium, Mycobacterium bovis (strain
bacillus Calmette-Guérin [BCG]), Mycobacterium leprae-
murium, and Leishmania donovani was shown to be controlled
by the Bcg locus (11, 15). Subsequently, the natural-resistance-
associated macrophage protein 1 gene (Nramp1) was identified
by Vidal et al. (16) as the candidate for the Bcg mutation.
Nramp1 is an integral membrane phosphoglycoprotein located
in the endosome/lysosome compartment of resting macro-
phages and is recruited to the maturing phagosomal mem-
brane, where it can control the growth and viability of intra-
cellular parasites by altering the intravacuolar environment
(5). In humans, a gene with a high degree of homology to the
mouse Nramp1 gene has been identified and found to be ex-
pressed mainly in peripheral blood leukocytes and the lungs
(2).

Chlamydiae are obligate intracellular bacteria with a unique
growth cycle (8). Two morphologically and metabolically dis-
tinct forms have been identified. The elementary body (EB)
measures approximately 300 nm in diameter and, although
metabolically inactive, is the infectious form of this organism.
The EB infects host cells by forming an inclusion using the
plasma membrane of the host cell and chlamydia-specific pro-
teins, and 2 to 6 h after penetration it initiates a transformation
that leads to the formation of reticulate bodies (RB) (14). RB
measure 1,000 to 1,500 nm, are metabolically active, and rep-
licate by binary fission inside the inclusion for periods ranging
from 20 to 72 h, depending on the species and strain of Chla-
mydia. After completion of the replication stage the RB ma-
ture again into EBs that go on to infect other cells following
the rupture of the inclusion and the eukaryotic host cell mem-
branes. The mechanisms underlying the susceptibility of cer-
tain cells to a chlamydial infection are not understood. Epi-
thelial cells appear to be the primary targets for infection by
Chlamydia pneumoniae and the Chlamydia trachomatis mouse
pneumonitis (MoPn) biovar, although macrophages are also
infected (6). On the other hand, isolates of the C. trachomatis

lymphogranuloma venereum biovar preferentially infect cells
of the reticuloendothelial system, including macrophages (6).
Here, we tested the role that Nramp1 may play in chlamydial
infections using mice with a deletion of that gene.

C. trachomatis serovars L3 and MoPn were purchased from
the American Type Culture Collection (Manassas, Va.), and C.
pneumoniae strain TW-183 was purchased from the Washing-
ton Research Foundation (University of Washington, Seattle).
All three chlamydiae were grown and their titers were deter-
mined as previously described (10). Two pairs each of homozy-
gous Nramp1 deletion (Nramp1d) and wild-type 129sv mice, a
generous gift from P. Gross (McGill University), were bred at
the University of California, Irvine, following an approved
Institutional Animal Care and Use Committee protocol. To
collect macrophages, mice were inoculated intraperitoneally
with 0.5 ml of thioglycolate broth, and the cells were harvested
4 days later (17). The macrophages were counted and seeded
at a density of 2.5 3 105/ml in 1-dram shell vials and incubated
overnight at 37°C. The next day the medium was changed and
the cells again were incubated overnight. After 24 h the me-
dium was removed and the macrophages were infected with
Chlamydia by centrifugation in parallel with control HeLa-229
and McCoy cells. The yield of inclusion-forming units (IFU)
from infected macrophages and HeLa-229 and McCoy cells
was assessed in McCoy cells at different times postinfection
(p.i.) following sonication of the macrophages (17). For in vivo
susceptibility testing, mice were infected by intranasal (i.n.)
inoculation, and their weight was measured daily. Mice were
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FIG. 1. Change in body weight of 7- to 9-week-old Nramp1d and wild-type
129sv mice infected i.n. with 500 IFU of C. trachomatis MoPn.
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euthanatized, and their lungs and spleens were harvested and
processed to determine the number of chlamydial IFU (18).
Mice were matched for age and sex between the Nramp1d and
wild-type strains, and the experiments were done in duplicate
with three to five animals per group.

Elicited peritoneal macrophages were infected in vitro at
multiplicities of infection (MOI) of 1 and 10 with the C. tra-
chomatis L3 or MoPn serovar or C. pneumoniae, and the yield
of IFU was determined at different times p.i. As shown in
Table 1, the number of C. trachomatis MoPn IFU detected at
5, 24, 48 and 72 h p.i. from the macrophages of the Nramp1d

mice that were infected at an MOI of 1 was not significantly
different from the yield of IFU from the chlamydia-infected
macrophages of the wild-type animals. The number of IFU was
low at 5 h p.i., most likely reflecting the transformation of EB
to RB, and subsequently the number of IFU increased. Similar
results were obtained when macrophages were infected at an
MOI of 10 with MoPn or when the L3 serovar or C. pneu-
moniae was tested (data not shown). As expected, the yields of
chlamydial IFU from macrophages were lower than those from
the infected control HeLa-229 and McCoy cells.

The weights of the 7- to 9-week-old mice infected i.n. with
500 IFU of C. trachomatis MoPn are shown in Fig. 1A. Overall,
the decreases in body weight were similar in the Nramp1d and
wild-type mice. By day 10 p.i., both groups had lost approxi-
mately 15 to 20% of their initial body weight. Lungs and
spleens harvested from both groups of animals were cultured,
and the number of IFU per gram of tissue was calculated.
Figure 2A and B show that there were no statistically signifi-
cant differences between the numbers of IFU recovered from
the lungs or spleens of Nramp1d and wild-type mice, although
overall fewer chlamydiae were recovered from the wild-type

animals. Similar results were obtained when mice were chal-
lenged i.n. with 104 IFU of C. trachomatis MoPn. Groups of
Nramp1d and wild-type mice were also infected i.n. with 105

IFU of C. pneumoniae. The mice were euthanatized at 5 days
p.i. and the number of IFU per gram of lung tissue was deter-
mined (Fig. 2C). Overall, although the number of IFU recov-
ered from the control group was less than the number recov-
ered from the Nramp1d group, the difference was not
statistically significant (Fig. 2C). As shown in Fig. 3, there was
a positive correlation between weight loss and yield of C. tra-
chomatis IFU from the lungs in both groups of mice. Animals
that had lost more weight at the end of the 10 days of obser-
vation had a more severe infection, as shown by the higher
number of C. trachomatis IFU recovered from their lungs.

In this group of experiments we have shown an apparent
lack of significant effect of the Nramp1 deletion on the suscep-
tibility of 129sv mice to a chlamydial respiratory infection.
These results were supported by the finding that peritoneal
macrophages elicited from Nramp1d and wild-type mice
yielded similar numbers of chlamydial IFU following infection.
The fact that the Nramp1d mice with a 129sv background are
not significantly more susceptible to chlamydial infection than
control mice does not mean that in other strains of mice the
results will be the same. It is possible that another gene(s) may
mask the effect of the Nramp1 gene in 129sv mice but not in
other strains. However, the fact that C3H/He, a strain of mice
that has the resistant Nramp gene, is generally more suscepti-
ble to chlamydial infection than the BALB/c and C57BL/6
strains of mice, which carry the susceptible gene, appears to
substantiate our results (7). We tested several MOI in vitro and
challenged the mice with different quantities of chlamydial
IFU since in other experimental models variations in the in-

FIG. 2. (A and B) Number of IFU recovered at 10 days p.i. from the spleens and lungs of 7- to 9-week-old Nramp1d and wild-type 129sv mice infected i.n. with
500 IFU of C. trachomatis MoPn. (C) Number of IFU recovered at 5 days p.i. from the lungs of mice infected with 105 IFU of C. pneumoniae.

TABLE 1. Yield of chlamydial IFU from macrophages infected at an MOI of 1

Time p.i. (h)

Yield of chlamydiae (mean log 10 IFU 6 1 SD)

C. trachomatis L3 C. trachomatis MoPn

Nramp1d mice Wild-type mice HeLa cells Nramp1d mice Wild-type mice McCoy cells

0a 4.69 6 0.10 4.69 6 0.10 4.69 6 0.10 5.28 6 0 5.28 6 0 5.28 6 0
5 3.58 6 0.25 3.43 6 0.40 2.80 6 0 2.46 6 0.09 2.60 6 0.2 2.93 6 0

24 4.01 6 0.08 4.02 6 0.26 7.68 6 0.5 5.87 6 0.02 6.36 6 0.08 6.14 6 0
48 5.73 6 0.14 5.64 6 0.23 8.71 6 0.05 6.34 6 0.06 6.28 6 0.09 8.12 6 0
72 5.69 6 0.17 5.06 6 0.05 8.55 6 0.07 6.71 6 0.29 6.49 6 0.09 6.63 6 0

a For 0 h, values are numbers of C. trachomatis IFU used to infect the macrophages.
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fectious dose have uncovered different susceptibilities to infec-
tion in Nramp1d and wild-type strains of mice (4, 13). However,
within the limited range that we tested we could not find
differences. Also, North et al. (9) recently have reported that
the Nramp1 gene is of limited importance in susceptibility to
M. tuberculosis in 129sv mice. On the other hand, differences in
susceptibility to the BCG strain of M. bovis are well established
(4). It is then possible, for example, that the infectivity of
Chlamydia psittaci could be more affected by the Nramp1 gene
than the infectivities of isolates of C. trachomatis or C. pneu-
moniae.

The role that the Nramp1 gene plays in susceptibility or
resistance to certain infections in the human population is still
controversial. For instance, in a study performed in West Af-
rica, individuals with a polymorphism in the Nramp1 gene were
overrepresented in the group with M. tuberculosis infection (1).
On the other hand, a study carried out in Brazil failed to
confirm this association (12). Thus, more data are needed to
determine the role that the Nramp1 gene may play in intracel-
lular infections in humans. In the case of chlamydial infections
we are not aware of any studies that have addressed this issue
in the human population. Although our investigation using a
mouse model did not show a significant association between
the Nramp1 gene and susceptibility to chlamydial infection,
that should not deter studies with humans.
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FIG. 3. Correlation between weight loss and yield of C. trachomatis IFU from
the lungs at 10 days p.i.
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