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Inbred strains of mice vary in their susceptibility to Coccidioides immitis. We infected resistant DBA/2 (D2)
mice and three susceptible strains of mice (C57BL/6 [B6], BALB/c, and CAST/Ei) by intraperitoneal injection
of arthroconidia and determined the severity of infection based on colony counts of fungus in the spleens and
lungs 14 days after infection. We used quantitative reverse transcription-PCR to measure the amounts of
cytokines made in the spleens and lungs of infected mice. Susceptible mice made 1,000-fold more interleukin-10
(IL-10) than resistant D2 mice and about 10-fold more IL-4. In contrast, D2 mice had more IL-12 p40 in their
lungs than did B6 mice. Resistant and susceptible mice made equivalent amounts of gamma interferon, IL-6,
and IL-2. In order to determine whether IL-10 adversely affected the response to C. immitis, we infected
IL-10-deficient mice, and they were found to be as resistant as D2 mice. This result indicates that IL-10 plays
a crucial role in determining susceptibility to C. immitis in inbred mice. Because IL-4 mRNA levels were higher
in most strains of susceptible mice, we also infected IL-4-deficient B6 mice. They were more resistant than B6
controls but not as resistant as IL-10-deficient mice. Thus, both IL-10 and IL-4 adversely affect the ability of
C57BL mice to resist infection with C. immitis, but IL-10 has a larger effect and is the cytokine that is

consistently associated with susceptibility in all strains of inbred mice.

Coccidioidomycosis is endemic in the southwestern United
States in areas where Coccidioides immitis, the etiologic agent,
grows in the desert soil. It is estimated that 75% of long-term
residents in the area where the disease is highly endemic are
infected (13). The vast majority of those infections are either
asymptomatic or self-limited, but between 5 and 10% of infec-
tions result in progressive pulmonary or disseminated disease
(5). People who have self-limited infections make little or no
antibody to the fungus, but they develop delayed hypersensi-
tivity as manifested by a positive skin test reaction to fungal
antigens. The more antibody patients make, the worse their
prognosis (33). This suggests that susceptibility to C. immitis is
associated with a Th2 immune response to infection.

Not all people infected have the same risk of dissemination;
progressive infection is about 100-fold more likely in Filipinos
and African Americans than in Caucasians, implying that there
is a genetic basis for susceptibility in people (reviewed in ref-
erence 8). We found a similar variation in susceptibility to
C. immitis infection among inbred strains of mice (17), a find-
ing that was confirmed by Cox et al. (3). DBA/2 (D2) is the
most resistant mouse strain, and resistance is the dominant
phenotype. Analysis of a backcross between D2 and BALB/c
mice suggested that a single gene accounted for the difference
in resistance (18).

We undertook this study in order to determine whether
there was a correlation between resistance to C. immitis and
the type of cytokine response that was made. In this study, we
found that susceptible strains (BALB/c, C57BL/6 [B6], and
CAST/Ei) made more interleukin-10 (IL-10) and IL-4 mRNA
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than did resistant strains. Mice with a mutated IL-10 gene were
highly resistant to C. immitis, and IL-4-deficient B6 mice were
moderately resistant compared to susceptible B6 controls.

MATERIALS AND METHODS

Mice. All mice were purchased from Jackson Laboratory, Bar Harbor, Maine,
including breeding pairs of the IL-10 knockout (KO) mice, which were fifth
generation bred onto a C57BL/10 background (21). The IL-10 KO mice were
bred in our own facilities under pathogen-free conditions. IL-4 KO mice were
ninth generation backcrossed onto B6 (19). Only female mice were infected
because male mice are more susceptible to C. immitis (7a). Mice were allowed
free access to food and water and were housed in a HEPA-filtered isolation unit
after they were infected.

Infection. The RS strain of C. immitis was used in all experiments (17). The
fungus was grown at room temperature on Mycophil agar (BBL, Cockeysville,
Md.) to full maturity, and then the mold was washed with saline to release
arthroconidia. The hyphal suspension was gently disrupted with glass beads until
almost entirely individual arthroconidia were obtained, and the suspension was
stored at 4°C. Mice were injected intraperitoneally (i.p.) with 500 to 1,000
arthroconidia in 0.2 ml of saline. The inoculum size was confirmed by culture.

At necropsy, the spleen and right lung were removed and homogenized as
previously described (6). The spleen was divided in half before homogenization.
Serial dilutions of the homogenized organs were plated on Mycosel agar (BBL)
and incubated at room temperature. Colonies of mold were counted before they
sporulated. The lower limit of detection was 5 X 10" CFU/spleen and 1 X 10>
CFU/lung. We assigned dead mice the value of 5 X 10° CFU/lung, the mean
value found in moribund mice.

mRNA quantification. Organs were removed expeditiously, and the left lung
and a portion of the spleen were immediately frozen in liquid nitrogen for later
processing. Frozen tissue was homogenized in Ultraspec RNA reagent (Biotex
Laboratories Inc., Houston, Tex.). Following homogenization, RNA was ex-
tracted according to the manufacturer’s instructions (Biotex bulletin 27). The
pellets of RNA were resuspended in RNase-free Tris-buffered (10 mM) EDTA
(1 mM) at pH 8.0, extracted once with an equal volume of acid phenol (pH 4.3),
reprecipitated, and resuspended in RNase-free water. Extracted RNA was intact
as assessed by agarose gel electrophoresis and ethidium bromide staining. The
amount of cytokine-specific mRNA in the extracted RNA was determined by
quantitative reverse transcription-PCR (RT-PCR) as previously reported (6).
mRNA for B-actin was also amplified to control for the efficiency of extraction of
RNA from different mouse strains. Equal amounts of RNA from three or four
mice in each group were pooled to obtain mean values.
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FIG. 1. Comparison of the cytokine mRNA levels and colony counts in the
lungs of B6 and D2 mice infected i.p. with C. immitis. Four mice from each strain
were sacrificed on days 7 and 14 after infection. On day 7, only one of four mice
in each group had detectable amounts of fungus in their lungs (>10> CFU). We
pooled equal amounts of RNA from the four infected mice in each experimental
group to assay the cytokine mRNA levels. Thus, the values shown are the means
for four mice. Closed circles, D2; open squares, B6.

IL-10 measurement. Spleens and lungs were removed from mice 14 days after
i.p. infection. Single-cell suspensions were prepared and placed in Costar wells at
a density of 2 X 107/ml for spleen cells and 1 X 107/ml for lung cells in 0.5 ml of
RPMI with 5% fetal calf serum added. After 6 h of incubation at 37°C, the
supernatants were removed and stored at —70°C for later use. IL-4 and IL-10 in
the supernatants were measured by a capture enzyme-linked immunosorbent
assay with a sensitivity of 20 pg/ml (R&D, Minneapolis, Minn.).

Statistical analysis. Differences between groups of mice were compared by the
Mann-Whitney two-tailed U test and considered significantly different at P =
0.05. Analysis was performed with SPSS version 7.5.1 software.

RESULTS

We first determined the time course of infection and com-
pared it to the time course of cytokine induction in B6 and D2
mice. Mice were infected i.p. with arthroconidia and sacrificed
7 and 14 days later. On day 7 after infection, all the mice had
normal-appearing lungs and only one of four mice of each
strain had detectable fungus in their lungs (>10* CFU). As
shown in Fig. 1, on day 14 B6 mice had a mean of 1.6 X 10°
CFU/lung, whereas D2 mice had a mean of only 3.6 X 10*
CFU/lung. On day 7, infection was detectable in the spleens of
all four B6 mice and two of four D2 mice, but the numbers of
CFU were very low in all mice (<10® CFU/spleen) and there
was not a significant difference between the two mouse strains
(data not shown). On day 14, the geometric mean number of
CFU in spleens of B6 mice was 6.7 X 10°, but the value for D2
mice was only 3 X 10° (Fig. 2).

We measured mRNA levels in the lungs on days 7 and 14
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after infection (Fig. 1). On day 7, when the gross appearance of
the lungs was normal, there was very little increase over back-
ground in the amount of mRNA for IL-10, IL-4, or IL-12
p40 in either mouse strain. There was a small increase in the
amounts of gamma interferon (IFN-y) and tumor necrosis
factor alpha (TNF-a) mRNAs in both strains of mice, but
levels were nearly identical in the two strains. On day 14,
however, there were striking differences between the cytokine
responses in the resistant and susceptible strains. Susceptible
B6 mice had approximately 1,000 times more IL-10 and 10
times more IL-4 mRNA than D2 mice. For both those cyto-
kines, the day 14 levels in B6 mice were at least 100 times
higher than they were on day 7. In D2 mice, the IL-10 mRNA
level increased only about 3-fold and the IL-4 mRNA level
increased about 20-fold from day 7 to day 14. Levels of IL-12
p40 mRNA were about five times higher in D2 mice than in B6
mice on day 14, but the disparity between the IL-12 p40 levels
in the two strains was due primarily to a decrease from baseline
levels in B6 mice; on day 14, IL-12 p40 levels were 10-fold
lower than they were in uninfected lungs. The strains had
equivalent amounts of TNF-a and IFN-y. There was no dif-
ference in the amounts of B-actin mRNA from the two strains
(data not shown). In the spleen, an organ that is also infected
hematogenously, B6 mice had 10 times more IL-10 mRNA
than D2 mice on day 14. However, there was no more than a
twofold difference in the amounts of IL-2, IL-4, IL-6, IFN-y, or
TNF-o in the spleens of the two strains (Fig. 2). We also
measured the amount of IL-10 and IL-4 that was secreted by
lung and spleen cells from infected mice, using a sensitive
capture enzyme-linked immunosorbent assay. As shown in Fig.
3, we found more IL-10 to be made by spleen and lungs cells
from B6 mice than by cells from D2 mice; IL-4 was not de-
tected from cells of either strain.

In order to be sure that the association between high levels
of IL-10 and IL-4 and susceptibility to infection was not unique
to B6 mice, we infected two additional susceptible strains
(BALB/c and CAST/Ei) (Table 1). The BALB/c mice had
approximately the same 2-week mortality, and survivors had
numbers of CFU per lung that were similar to those for B6
mice, while the CAST/Ei strain was even more susceptible than
the B6 strain (9 of 12 deaths versus 2 of 8 deaths in B6 mice by
day 14). We did not obtain exact numbers of CFU per lung
from the three surviving CAST/Ei mice because we did not
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FIG. 2. Comparison of cytokine-specific mRNA levels and colony counts
from spleens of B6 and D2 mice infected 14 days before with C. immitis. The
CFU in spleens are the geometric means for 10 mice. The cytokine levels were
determined from a mixture of equal amounts of RNA from four mice in each
group. The mice that were selected all had approximately the same severity of
infection (CFU differed by * 1 standard deviation from the geometric mean for
the group). Shaded bars, D2; open bars, B6.
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FIG. 3. Comparison of amounts of IL-10 made by B6 and D2 mice. The spleen and one lung were removed from mice 14 days after infection and made into
single-cell suspensions. Lung cells (1 X 107) and spleen cells (2 X 107) were placed in 12- and 24-well Costar plates, respectively, and incubated at 37°C for 6 h in RPMI
3containing 5% endotoxin-free fetal calf serum. Supernatants were frozen at —70°C until assayed with a kit from R&D Systems.

make enough dilutions to reach an end point, but we can say
they had >2 X 10° CFU/lung. As shown in Table 1, all the
susceptible strains also had 20 to 100 times more IL-10 and 4
to 20 times more IL-4 than the D2 mice. However, while all
three susceptible strains had >10 times the level of IL-10
mRNA that D2 mice had, for IL-4 mRNA that degree of
disparity was found only in the BALB/c strain, which was not
the most susceptible strain. The CAST/Ei strain was the most
susceptible strain, and these mice had only four times as much
IL-4 mRNA relative to D2 mice. In this experiment there was
no significant difference in the amounts of I1L-6, IL-12 p40, or
IFN-y mRNAs made by the different strains.

We then infected C57BL mice that had a KO mutation in
either the IL-10 or the IL-4 gene, which renders them IL-10 or
IL-4 deficient (19, 21). Although both B6 and B10 mice are
highly susceptible to C. immitis (17), the IL-10 KO mice were
highly resistant and the IL-4 KO mice were moderately resis-
tant to infection. The control B6 mice had extensive pneumo-
nia, and in this experiment 5 of 14 (36%) died before day 14.
In contrast, 0 of 17 IL-10 KO mice died and 3 of 10 IL-4 KO
mice died. The differences in mortality were also reflected in
the extent of the pneumonia in surviving mice (Fig. 4). There
was a mean of 1.0 X 107 CFU/lung in B6 mice compared to
2.3 X 10° CFU/lung in IL-4 KO mice and only 1.0 X 10*
CFU/lung in the IL-10 KO mice. The numbers of CFU per
lung in the IL-10 KO mice were significantly lower than levels
for both the B6 and IL-4 KO groups and not significantly
different from those for the D2 mice (Fig. 4). The lung CFU
counts in the IL-4 KO mice were significantly lower than those
in the B6 mice but also higher than those in the D2 mice. The
differences in spleen CFU counts between the groups were
similar to what was found with lung CFU counts, except that
the IL KO spleen CFU were not significantly lower than the
CFU in the B6 mice (P = 0.5).

Of interest, the cytokine mRNA levels in the IL-10 KO mice
were also different from the levels in B6 mice (Fig. 5). The

IL-10 KO mice had 40 times as much IL-12 p40 and 5 times as
much IFN-v in their lungs as the B6 controls. In their spleens
they had 10 times the amount of IL-12 p40 but approximately
the same amount of IFN-y (twofold more). Interestingly, there
was almost no difference in the amounts of IL-4 made by the
two strains. Because IL-10 KO mice develop inflammatory
colitis as they age (21), which could have changed their base-
line levels of cytokine production, we analyzed the mRNA
levels in uninfected mice and found no significant difference
from levels in uninfected B6 mice (data not shown).

DISCUSSION

In this paper, we show that there was a direct correlation
between susceptibility to C. immitis and increased levels of
IL-10 and IL-4 mRNAs in the lungs of inbred mice 14 days
after infection (Fig. 1 and Table 1). Furthermore, we show that

TABLE 1. Cytokine mRNA levels in the lungs of four strains of
inbred mice 14 days after infection with C. immitis®

Value” for mouse strain:

Cytokine

D2 B6 BALB/c CAST/Ei
IL-10 5.2 X 103 42 x 10° 1.1 X 10° 1.9 X 10°
IL-4 1.7 x 10* 6.2 x 10* 3.5 % 10° 9.0 X 10*
IL-6 1.6 X 10° 32 % 10° ND*¢ ND
IL-2 5.0 X 10° 4.0 x 10* ND ND
IL-12 p40 6.0 x 10* 1.4 x 10* 5% 10* 6.2 X 10*
IFN-y 1.7 X 10° 1.1 x 10° 9.0 X 10° 8.5 % 10°
TNF-a 1.5 X 10° 1.0 X 10° 5.6 X 10° 6.4 X 10°

% CFU in lungs were as follows: D2, 8.6 X 10%; B6, 2 X 10°% BALB/c, 8.1 X 10°,
CAST/Ei, >2 X 10°. Values are geometric means for surviving mice; there were
10 mice in each group initially.

® Number of mRNA molecules per microgram of RNA from four mice.

¢ ND, not determined.
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FIG. 4. Colony counts in spleens and lungs of B6, D2, and IL-4 and IL-10 KO mice. Each datum point represents the CFU from an individual mouse. The geometric
means are shown as bars. The values for the IL-4 KO mice are from the seven surviving animals. The values shown for the B6 mice include those for the one survivor
(699 CFU/lung and 5.58 CFU/spleen); the others are based on mean values for moribund B6 mice. The P values shown were determined with the two-tailed
Mann-Whitney U test (see Materials and Methods). N.S., not significant; DBA, D2 mice.

IL-10 KO mice were highly resistant to C. immitis (Fig. 4).
Surviving IL-4 KO mice had less severe pneumonia than sur-
viving B6 mice, but they had higher numbers of CFU in their
lungs and spleens than did the IL-10 KO mice. These findings
show that high levels of IL-10 are the principle reason that
CS57BL mice are susceptible to C. immitis, though IL-4 also has
an adverse affect on resistance. Because all groups of mice
were infected with the same inoculum of arthroconidia, we are
able to conclude that the high levels of IL-10 and IL-4 are not
simply the consequence of a severe infection in a susceptible

animal and that these cytokines are somehow responsible for
susceptibility to infection.

We have not yet established how IL-10 affects resistance to
C. immitis in these mice. IL-10 was originally described as a
T-cell product that was one of the prototypic cytokines of the
Th2 response (25). However, it is now known that IL-10 is also
made by macrophages, CD8" T cells, B cells, and epithelial
cells (7, 15). Furthermore, since IL-10-deficient mice (21) de-
velop inflammatory colitis, it is clear that IL-10 plays an im-
portant role in down-regulating inflammation (28). IL-10 also
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FIG. 5. Comparison of cytokine-specific mRNA levels and colony counts in the lungs and spleens of normal B6 and IL-10-deficient B6 mice 14 days after infection.

Cytokine levels were assayed as described in the legend to Fig. 2. OJ, B6 lung; B, B6 spleen; §, IL-10-deficient lung; ¥, IL-10-deficient spleen.
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down-regulates proinflammatory cytokines made by polymor-
phonuclear leukocytes (1) and macrophages and stimulates
synthesis of IL-1ra (reviewed in reference 25). In our system,
IL-10 may be preventing macrophage activation by IFN-y or
down-regulating synthesis of IFN-y or IL-12 (10), as in the
absence of IL-10, infected mice had higher levels of IL-12 p40
mRNA and IFN-y mRNA in their lungs and spleens (Fig. 5).
Since IL-12 is needed to up-regulate IFN-y secretion from
both T cells and NK cells (31) and IFN-y is a counterregulatory
cytokine for IL-4, the end result of excessive IL-10 production
would be to shut off the Thl pathway, which would allow the
Th2 (IL-4-driven) pathway to predominate. IL-10 also down-
regulates major histocompatibility complex class II and B7
expression on macrophages (9) and inhibits IL-12 secretion by
dendritic cells, thereby preventing the development of antigen-
specific IFN-y-secreting T cells (4).

The effects of IL-10 were seen early in infection and prob-
ably reflect the response of the innate immune system, rather
than the acquired immune response which involves CD4" T
cells. However, this early IL-10 response may direct CD4"
cells into the Th2 pathway in susceptible strains of mice (25).
The importance of IL-12 and IFN-y in resistance to C. immitis
was demonstrated by Magee and Cox, who administered these
cytokines to susceptible BALB/c mice and showed some im-
provement in outcome (22, 23). We did not observe IL-10 KO
mice past day 15, and so we cannot say with certainty whether
they would continue to do well or eventually would succumb to
infection or be unable to shut off their immune response and
become ill from that.

Of great interest are the recent reports that for two diseases,
leishmaniasis and leprosy, the extent of the IL-10 response in
humans is directly proportional to the severity of the infection.
Three groups have shown that patients with progressive leish-
maniasis make more IL-10 than patients with asymptomatic,
self-limited infection (14, 16, 24). Also, Yamamura et al. found
higher levels of IL-10 in skin lesions of patients with leproma-
tous leprosy than in patients with tuberculoid leprosy (34), and
anti-IL-10 increases the proliferative response of peripheral
blood mononuclear cells (PBMC) stimulated with Mycobacte-
rium leprae (32). This suggests that in humans as well as mice,
too much IL-10 can direct the immune response toward the
Th2 type.

High levels of IL-4 may also contribute to susceptibility to
C. immitis, as originally reported by Magee and Cox (23). They
studied BALB/c mice, and in our experiments this was the
strain with the highest level of IL-4 among three susceptible
strains (Table 1). IL-4 is made by CD4™ Th2 lymphocytes, and
it plays a crucial role in the differentiation of CD4" ThO cells
to Th2 cells (20). Magee and Cox (23) first reported that cells
from infected BALB/c mice secreted more IL-4 than cells from
D2 mice. They proposed that this drove the mice toward a Th2
response. They attempted to make BALB/c mice more resis-
tant by treating them with a neutralizing monoclonal antibody
to IL-4, but that resulted in only a modest decrease in lung
CFU and no difference in CFU in the spleen. We found that
IL-4 KO B6 mice were even more resistant than BALB/c mice
treated with antibody to IL-4. Although Magee and Cox in-
fected mice by the intranasal route and we used the i.p. route,
our experiments confirm their findings. We conclude that
IL-10 plays a more important role than IL-4 because (i) IL-10
levels in the lungs and spleens were more highly associated
with susceptibility than IL-4 levels in several mouse strains; (ii)
IL-10 mRNA levels increased more than IL-4 levels in B6
mice; (iii) IL-10 KO mice were more resistant than IL-4 KO
mice; and (iv) IL-4 levels were not lower in IL-10 KO mice,
even though those mice were highly resistant to C. immitis.
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There are several murine models of genetic susceptibility to
infection due to excessive production of either IL-4 or IL-10 by
the susceptible strains. The best-studied example is the adverse
effect of IL-4 on the response to Leishmania major infection
(12, 26, 30). In contrast, IL-10 appears to be responsible for the
susceptibility of BALB/c mice to Chlamydia trachomatis pneu-
monia, and neutralizing antibody to IL-10 reduces chlamydia
titers in the lung by about 1 log unit and elevates IFN-y levels
(35). There is also good evidence for genetic susceptibility of
inbred mice to Candida albicans, and this too is due to IL-10
secretion by susceptible mice (29). In that system, D2 mice are
susceptible and B6 mice are resistant, the converse of what we
find with C. immitis, even though for both fungal pathogens a
high level of IL-10 is deleterious. This clearly illustrates that in
inbred mice, the cytokine response to infection is driven by the
specific pathogen and does not reflect a global regulatory de-
fect in the host.

Very little is known about the pattern of cytokines made by
people with coccidioidomycosis. Recently Corry et al. stimu-
lated PBMC from patients with disseminated infection (with
coccidioidal antigen), and they made significantly less IFN-y
than did PBMC from healthy infected controls (2). However,
there was no difference in IL-4 or IL-10 levels. There are
several possible reasons why the results obtained by Corry et
al. differ from ours; others have found that circulating CD4* T
cells in humans are largely ThO rather than either Th1 or Th2
and that ThO cells make both types of cytokines (11). CD4™"
cells in lymph nodes are more likely to be differentiated into
Thl or Th2 types (27). We studied cytokine response in in-
fected organs, which we believe is more likely to represent the
relevant response. It is also possible that the relevant cytokine
responses occur acutely during the primary infection, and
Corry et al. studied patients at various times after infection.
Studies of patients with acute coccidioidomycosis would be of
interest.
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