IL-10 Gene Knockout Mice Show Enhanced Thl-Like
Protective Immunity and Absent Granuloma Formation
Following Chlamydia trachomatis_ung Infection®
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We previously reported that higher IL-10 production is correlated with lower IFN- y production, weaker delayed hypersensitivity
(DTH), and slower organism clearance following chlamydial infection in mice. To assess more directly the role of IL-10, we
examined protective immunity and pathological reaction in C57BL/6 IL-10 gene knockout (KO) and wild-type mice. The results
showed that in the absence of endogenous IL-10, mice had significantly accelerated chlamydial clearance and developed signifi-
cantly stronger DTH responses, which could be inhibited by local delivery of rIL-10. Consistent with the enhancement of DTH
responses, IL-10 KO mice showed stronger and more persistent CD4 T cell-dependent IFNproduction and significant elevation

of IL-12 and TNF- « production. Additionally, wild-type, but not IL-10 KO, mice showed granuloma formation that was correlated
with higher levels of Th2 cytokine (IL-5) production at the later stages of infection. Moreover, chlamydial infection, unlike
parasitic protozoan infection, did not induce significant acute toxicity in IL-10 KO mice, which may be due to the low (undetect-
able) levels of systemic release of proinflammatory cytokines. These results suggest that IL-10 inhibits the priming and expansion
of Thl-like T cell responses and that IL-10 plays a role in the fibrotic reaction seen with chlamydial infection. The Journal of
Immunology, 1999, 162: 1010-1017.

by complex interactions between immunocompetent cellsoverproduction of proinflammatory cytokines. To date, however,

and soluble factors, including cytokines (1-4). IL-10, a no data are available regarding the alteration of protective and
cytokine produced by Th2-like CD4 T cells, macrophages, and Bpathological immune responses to intracellular bacterial infection
cells, is a potent component in the regulating mechanism (5, 6). Iin IL-10 KO mice.
vitro studies initially demonstrated that IL-10 suppresses both the Chlamydia trachomatiss an obligate intracellular bacterium
proliferative response and IFMproduction in Thl CD4 T clones that causes a variety of human and animal diseases, affecting prin-
and mixed spleen cells (7—10). This suppression is correlated witbipally mucosal epithelial surfaces in the eye and genital tract.
the inhibitory effect of IL-10 on cytokine production and costimu- Persistent or multiple reinfection that induces immunopathological
latory molecule expression on APCs. IL-10 has also been shown teeactions sometimes results in chronic inflammation with dense
inhibit the antimicrobial activity of macrophages, possibly throughlymphocytic and plasma cell infiltration, occasional granuloma
altering TNFe production (11-13). The recent development of formation, and fibrotic scarring of the mucosa, ultimately leading
IL-10 knockout (KO§ mice has provided a powerful tool for to blindness and fallopian tubal obstruction (19—-21). Recent stud-
studying the role of IL-10 in vivo (14, 15). Several studies usingies in both the mouse and human have shown thatyfeduc-
various protozoan infection models have shown that IL-10 playsion and Thi-like T cell responses, including delayed-type hyper-
an important role in balancing the protective and pathological im-sensitivity (DTH), are highly correlated with host resistance to
mune responses during intracellular parasitic infection (16-18). Irchlamydial infection (20—33). Paradoxically, immunopathological
particular, these studies have demonstrated that while IL-10 inhibresponses (mucosal scarring) are also thought to be mediated by
its protective immune responses to parasitic infection, the absenggTH responses, as suggested by studies using local delivery of
of endogenous IL-10 due to targeted gene disruption paradoxicall¥oluble chlamydial Ags in guinea pig and monkey models (34, 35).

Using a murine model o€. trachomatismouse pneumonitis

(MoPn) lung infection, we recently found that differences in IL-10
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sucrose phosphate glutamic acid buffer; IFU, inclusion-forming units. KO mice. We also examined the immune responses and cytoklne

T he immune response to microbial infection is determinedresults in lethal pathological reactions, characterized by systemic
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production in IL-10 KO mice during chlamydial infection and 7
tested the effect of supplemental exogenous riL-10 on the immune
responses and cytokine production in the gene-targeted mice. Our 6 -
data show that IL-10 KO mice mount strong and persistent Thl- &
like T cell responses (IFN-production and DTH) and produce E” 5 - "
significantly lower Th2-like (IL-5) cytokine. The alteration of im- ";
mune responses and cytokine patterns was correlated with a faster§ 4 *
clearance of organisms and the absence of granuloma formation?
following chlamydial infection. Moreover, chlamydial infection, ~—
unlike parasitic protozoan infection, did not induce significant 31
acute toxicity in the absence of endogenous IL-10. )
: 1 7 12 20
Materials and Methods Days postinfection

Mice
) FIGURE 1. Faster clearance of chlamydial infection (MoPn) by IL-10
Female homozygous IL-10 KO mice (IL-10"; C57BL/6-1110tm1Cgn) KO mice compared with wild-type mice. Wild-typEJ) and IL-10 KO @)

were purchased from The Jackson Laboratories (Bar Harbor, ME). AQepice \yere intranasally infected with MoPn (2000 IFU) and sacrificed on

and sex-matched wild-type C57BL/6 mice were purchased from Charles _ . - . . R
River Canada (St. Constant, Canada). Animals were maintained in the cey2/ous days postinfection. The lung tissues were analyzed for in vivo
tral animal facilities of the University of Manitoba (Manitoba, Canada). chlamydial growth as described Materials and MethodsEach point
IL-10 KO mice were kept in a specific pathogen-free facility with filtered represents the mean SD of IFU (log10) for five or six micex, p < 0.05

air flow and autoclaved cage, food, and water. Mice of 8—12 wk of age

were used for the study.

Organism and infection heat-inactivated MoPn EB or SPG only (control) injection. All tissues were

fixed in 10% neutral buffered formalin, and the footpads were decalcified

in 10% formic acid for 5-8 h. Tissues were embedded in paraffin. Five-

‘micron sections were cut, stained with hematoxylin and eosin, and exam-
ined by light microscopy. The examination was blinded as to which sam-

z;)Ies were derived from IL-10 KO and wild-type mice.

The mouse pneumonitis biovar &f. trachomatis(MoPn) was grown in
HelLa 229 cells and purified by discontinuous density gradient centrifuga
tion. Infectivity of the purified chlamydial elementary bodies (EBs) was
titrated by infection of HeLa cell monolayers for 48 h followed by meth-
anol fixation of cells and enumeration of inclusions that were stained by
genus-specific mAb conjugated with horseradish peroxidase. The proc&spleen cell culture and cytokine detection

dure of MoPn purification and infectivity determination was previously

described (33). Mice were inoculated intranasally with various doses ofSpleen cells were cultured as previously described (33). Mice were sacri-
MoPn in a volume of 4Qul. The mice were monitored daily for body ficed at various days following infection, and spleen cells were cultured at
weight changes and, as defined in particular experiments, were sacrificeti5 X 10° cells/ml with heat-inactivated MoPn EBs (1 10° IFU/ml) in

on selected days after infection. To determine the in vivo growth of thethe presence or the absence of anti-CD4 (YTS-191) mAb (provided by Dr.
organism, the lungs from each mouse were aseptically isolated and hdAaldmann, University of Oxford, Oxford, U.K.) at/sg/ml or with rIL-10
mogenized in 4 ml of sucrose phosphate glutamic acid (SPG) buffer. Tissu€2.5 ng/ml). Culture supernatants were harvested at 72 and 96 h for cyto-
homogenates were spun down at 580g for 10 min at 4°C, and the kine determination. IL-12 (p70) was measured using InterTest-12x, an
supernatants were divided into aliquots (1 ml/vial) and kept &b°C until ELISA kit purchased from Genzyme (Cambridge, MA). The kit can detect
tested. All samples from the same experiment were tested in the samié-12 at =10 pg/ml. The determination of other cytokines was performed
titration assay, and the leftover thawed samples were not used again faising ELISA as previously described (33). Purified capture and biotinyl-
testing of chlamydial infectivity. Repeated tests always used a fresh aliquoated detection Abs were purchased from PharMingen (San Diego, CA).

of the lung sample. IFN-vy levels in 72-h culture supernatants were tested by a two-mAb sand-
. wich ELISA (XMG1.2 for capture and R4—6A2 for detection). IL-5 levels
Serum Ab analysis in 96-h culture supernatants were tested using mAb TRFK as capture Ab

and mAb TRFK4 as detector Ab. The TNF{72-h supernatants) assay
sed mAb MP6-XT22 as the capture Ab and biotinylated rabbit anti-mouse
NF-a as the detector Ab. Recombinant cytokine proteins (PharMingen)

Serum IgM, 1gG1, IgG2a, and IgA Abs to MoPn EBs were determined by
ELISA as previously described (33). Results are expressed as ELISA titer:
at 60 min using the end point (cutoff at Qf3, 0.5) of the titration curves.
The results represent the meanSEM of the titers of all the sera in the
same mouse group.

Determination of DTH responses 1
MoPn-specific DTH was measured as previously described (33). Mice __ 04
were injected in the hind footpad with 28 of heat-inactivated MoPn EBs g

(5 X 10* inclusion-forming units (IFU)) in one side and the same volume &,

of SPG buffer in the other side. The difference in thickness between the two 5 17

footpads at 24, 48, and 72 h was used as a measure of the DTH responses

No measurable difference was found between the two footpads injected 2 7
with heat-inactivated EBs or SPG buffer in uninfected control mice. In &
experiments examining the effect of local delivery of riL-10 on DTH re- % -3
sponses, heat-inactivated MoPn EBs were injected into footpads in one sided

with rIL-10 (5 ng/ml) and in the other side without rIL-10. The thicknesses @& -4 -
of the footpads were measured before and after MoPn injection. The dif-
ference in thickness of each footpad before (0 h) and after (24, 48, and 5
72 h) heat-inactivated EB (in the presence or the absence of rIL-10) in-

jection was used as a measure of DTH responses.

0 2 4 6 8 10 12 14 16

Histopathological analysis Days postinfection

The lung and footpad injection sites (for DTH analysis) of MoPn-infected 'GURE 2. Less loss and faster recovery of body weight following
mice were examined histopathologically. Lungs were collected on varioughlamydial infection in IL-10 KO mice®) compared with wild-typel)
days following MoPn infection. One lung was used to prepared lung ho-mice. Mice were intranasally infected with MoPn (2000 IFU) and were
mogenate, and the other was used for histopathological analysis. Footpddonitored daily for body weight change. Each point represents the mean
injection sites were collected by amputation of the foot at 72 h following SD of five mice.
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FIGURE 3. Consolidation and granuloma formation in the lung of wild-type, but not IL-10, KO mice following MoPn infection. Photomicrographs of
hematoxylin- and eosin-stained sections show the histopathology of MoPn-infected lungs in IL-10 KO and wild-typk anidB, IL-10 KO mice, day
7 postinfection.C and D, Wild-type mice, day 7 postinfection. The arrow indicates an airway filled with neutrofthésdF, IL-10 KO mice, day 20

postinfection.G andH, Wild-type mice, day 20 postinfection. The arrows indicate a giant cell in an area of granulomatous inflam@ptad plasma
cells H).

were used as standards in all the assays. Cytokines in the lung homogenatsalysis of in vivo growth of the organism. As shown in Fig. 1,
were also tested using these ELISA. although it was similar between these two groups shortly postin-
Statistics fection (day 1), chlamydial growth in the lung was about 20-fold
DTH responses and cytokine production were analyzed by Studeegs (day 7) and 100-fold (day 12) lower in IL-10 KO mice than in
The IFUpof MoPn in tfe infecF:ed lungs and serurXAb tit)t/ars were trans_Wild-type controls at later stages. Notably, unlike the observations

formed to base 10 logarithms and analyzed by Studenst. of intracellular protozoan infections in which IL-10 KO mice
showed more severe disease and higher mortality than wild-type
Results mice (16-18), the fast clearance of MoPn lung infection in IL-10
IL-10 KO mice show accelerated clearance of MoPn lung KO mice was associated with milder disease than that in wild-type
infection, reduced morbidity, and absence of pulmonary mice and without mortality. The body weight loss (an indicator of
granuloma formation morbidity) in IL-10 KO mice was less, and weight recovery was

To examine their susceptibility to chlamydial infection, IL-10 KO faster than those in wild-type mice (Fig. 2). The general condition
and wild-type mice were intranasally infected with a sublethalof IL-10 KO mice (fur rufiling, dehydration, and activity) was also
dose (2x 10® IFU) of MoPn and sacrificed at various times for better than that of wild-type controls.
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Histopathologic examination of the lung from both wild-type 100
and IL-10 KO mice was performed on days 7 and 20 postinfection.
On day 7, all IL-10 KO mice demonstrated patchy peribronchial 8041 A
cellular infiltrates composed mainly of mononuclear cells (Fig. 3,
A andB). Infiltrates were still present on day 20 in 60% of the mice 60
examined (Fig. 3E and F). The infiltrates were similar in both bl -
character and distribution to those in day 7 group. The remaining N;‘ 40 * H_%
40% showed a lung architecture that was almost completely nor- e ’j—%
mal, with only a few small perivascular infiltrates still present. e 204

The histologic appearance of the lung in chlamydia-infected E
wild-type mice considerably different from that in IL-10 KO mice. 0
On day 7, all the mice showed broad areas of consolidation (Fig.
3C). Unlike the infiltrates in infected IL-10 KO mice, polymorphs 2 100 - ok o
were especially numerous, and bronchi were often seen filled with g B
an inflammatory exudate rich in neutrophils (Fig2)3On day 20, u;) 80 *ok
the consolidation had resolved, arnd60% of wild-type mice ®
showed granuloma formation (FigG} and infiltration by plasma % 60 -
cells (Fig. 3), typical of the immunopathological reactions ob- o 40 -
served in human chlamydial diseases. Impressively, none of the
IL-10 KO mice showed similar immunopathology. In aggregate, 20 -
the data indicate that clearance of chlamydial infection in IL-10
KO mice was significantly accelerated compared with that in wild- 0
type mice, suggesting that IL-10 may play a role in chlamydia- 24 48 72
induced granuloma formation. Hours postchallenge
IL-10 KO mice acquire rapid and strong DTH responses FIGURE 4. Earlier mounting and stronger DTH responses in IL-10 KO
following MoPn infection mice ) compared with wild-type micel({]) as demonstrated by footpad

. . syvelling. Mice (five or six mice per group) were challenged with heat-
To examine whether the accelerated clearance of chlamydia ar]#;ctivated MoPn in the footpad at A)or 15 @) days postinfection.

th,e lack of Qra”‘?'o,ma formation in IL-10 KO mice were correlated Footpad reaction was measured at 24, 48, and 72 h following MoPn in-
with alterations in immune responses, we tested humoral and celjaction (seeviaterials and Methods Data show the mean SD of footpad
mediated (DTH) responses in these mice following MoPn infec-swelling in each group of mice. One of two experiments with similar re-
tion. MoPn-specific serum IgM, IgG1, 1gG2a, and IgA Ab re- sults is shown::x, p < 0.01.
sponses in IL-10 KO mice were not significantly different from
those in wild-type mice, although a trend for slightly lower Ab
responses was observed in IL-10 KO mice (data not shown). Iigher than that of wild-type mice. Notably, the differences in
contrast, DTH responses demonstrated by footpad swelling fol!FN-vy levels between wild-type and IL-10 KO mice were more
lowing heat-inactivated EB challenge in IL-10 KO mice appeareddramatic in the later stages (10- to 20-fold difference on days 18—
earlier and were significantly stronger than those in wild-type mice20) than in the early stage (5-fold difference on day 7) of infection.
(Fig. 4, A andB). Strong DTH responses in IL-10 KO mice were CD4 T cells appeared to be the major source of H;Nsecause
readily measured on day 7 postinfection, when wild-type miceaddition of anti-CD4 mAb in cell culture blocked most of the
showed marginal reaction (FigAt On day 15 postinfection (Fig. IFN-y production &80%; data not shown). The results suggest
4B), DTH responses were apparent in both IL-10 KO and wild-that IL-10 plays an inhibitory role in both the initiation and ex-
type mice, but they were significantly stronger in IL-10 KO than in pansion stages of Thl-like responses to chlamydial infection, and
wild-type mice. its role is more significant for inhibiting Thl-like T cell expansion.
Histopathologic analysis of footpad reactions at 72 h after foot-On the other hand, in the early stage of infection (day 7), IL-5
pad EB injection on day 15 postinfection showed that MoPn-in-production in IL-10 KO mice was comparable to that in wild-type
fected IL-10 KO mice had a heavy, mixed inflammatory cell in- mice, while in the late stage of infection (day 20) it was signifi-
filtrate involving s.c. connective tissue, skeletal muscle,cantly lower inIL-10 KO mice than that in wild-type controls (Fig.
periosteum, and sometimes epidermis. Wild-type mice, however§). The data suggest that IL-10 is not essential for Th2-like T cell
showed a much less extensive infiltrate that was limited to s.cactivation; rather, it may play a role in Th2-like CD4 T cell ex-
connective tissue and was composed almost exclusively of mongeansion in vivo, possibly via inhibition of Thl-like responses
nuclear cells (data not shown). The data demonstrate that knocko(#=N-y production).
of the IL-10 gene dramatically enhanced DTH responses against ) . .
chlamydial infection, indicating an inhibitory role played by IL-10 ncréase in proinflammatory cytokine (IL-12 and T
in T cell-mediated immune responses in vivo. production in IL-10 KO mice
The elevated IFNy production and DTH responses in IL-10 KO
mice could imply that these proinflammatory cytokines (TF-
and IL-12) may also be altered due to the absence of endogenous
To directly examine the organism-specific CD4 T cell cytokine- IL-10. We therefore examined IL-12 and TNFproduction by
producing patterns underlining the enhancement of cell-mediatedpleen cells collected from MoPn-infected IL-10 KO and wild-
immune responses, we examined the Thl (FHNend Th2 (IL-4  type mice. As shown in Fig.A, TNF-a production by spleen cells
and IL-5) cytokine production by splenic CD4 T cells collected was fourfold higher in IL-10 KO than in wild-type mice at the
from IL-10 KO and wild-type mice. As shown in Fig. 5, IFiN-  early stage (day 7) of infection. At the later stages of infection
production by spleen cells of IL-10 KO mice was significantly (days 18—-20), TNFx production was readily detectable in IL-10

CD4 T cells from IL-10 KO mice show increased Th1, but
decreased Th2, cytokine production
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FIGURE 6. Decreased Th2 cytokine (IL-5) production by CD4 T cells

in IL-10 KO mice. Chlamydiaderived production of IL-5 in the 96-h su-
pernatants of spleen cell culture of the experiment described in Fig. 6 was
measured by ELISA. Mice were sacrificed on dayAj ¢r day 20 B)
ostinfection. Data are shown as the mea8D. One of three experiments

FIGURE 5. Elevation of IFN<y production by CD4 T cells in IL-10 KO
mice. Wild-type and IL-10 KO mice were infected intranasally with MoPn
(2000 IFU), and spleen cells were cultured on dayAy ¢r day 20 B)
postinfection. IFNy production by spleen cells (72-h supernatants) after
organism-specific stimulation was measured by ELISA. Data are shown aRostintec i
the meanx SD in each group of mice. One of three experiments with with similar results is showny, p < 0.05.
similar results is showns*, p < 0.01

mice in cytokine levels in the lung homogenates were not as dramatic
KO mice, although the absolute levels decreased (100—250 pg/ml s those determined by organism-specific stimqlation of spleen cells.
while its production in wild-type mice decreased to undetectable evertheless, the data .d.emonstrat.e that both mtrapqlmonaryylFN-
levels (<40 pg/ml). Similarly, high levels of IL-12 production by Preduction and Ag-specific production of IFfby splenic lympho-
spleen cells collected from IL-10 KO mice were also observed,Cytes were significantly hlgher_ln IL-10 KO t_han n wﬂd-type mice,
especially at the early stage of infection (day 7; FiB).Notably, suggesting an enhanced Thi-like response in IL-10 KO mice follow-
no detectable IL-12 production by spleen cells was found in9 chlamydial infection.
_l'\f'r?Pg'TfECtEd Wt”?k;t)ﬁi rlnoice Upok?blff(l’fqzi” Vgrgwslg{m‘élation- Exogenous IL-10 inhibits IFN-and proinflammatory cytokine

e data suggest that IL-10 can inhibit IL-12 an oduc- i
tion, thereby suppressing Thl-like responses following chIamydialorOdUCtIon and DTH responses
infection.

Since systemic production of proinflammatory cytokines, espe
cially TNF-«, can result in systemic toxicity, we examined serum
TNF-a and IL-12 production. The results showed that virtually no
measurable IL-12<10 pg/ml) or TNFe (<40 pg/ml) production
was present in the sera of either MoPn-infected IL-10 KO or wil
type mice at any of the time points tested (days 1, 3, 7, 12, 18, an
20 postinfection). The data suggest tRattrachomatisinfection,
unlike intracellular protozoan infection, does not induce significan
systemic cytokine production.

To further confirm the inhibitory role of IL-10 in Thl-like re-
sponses during chlamydial infection, we tested the effect of rIL-10
on IFN-y and proinflammatory cytokine (TNE&-and IL-12) pro-
duction by primed spleen cells and on MoPn-specific DTH re-
sponses. Addition of rIL-10 significantly decreased IFfN¢dfoduc-
d-tion by spleen cells collected from MoPn-infected IL-10 KO mice
ig. 94). Exogenous IL-10 also decreased TNKFig. 9B) and
IL-12 production (Fig. €). Moreover, injection of rIL-10 into the
fmouse footpads suppressed the DTH responses in the MoPn-in-
fected IL-10 KO mice, as demonstrated by the significantly milder
footpad swelling in the side injected with MoPn plus rIL-10 (5
Elevation of local (lung) IFNy and TNF« production in 1L-10 ng/ml) compared with that in the side injected with MoPn alone
KO mice (Fig. 10). Overall, the data demonstrate that IL-10 inhibits

In line with the elevated IFNy production by their splenic CD4 T ”:N_Y an_d promf_lam_matory cytolgne p_roductlon, suppressing
both in vivo and in vitro cell-mediated immune responses, de-

cells, IFN-y levels in the lung homogenates of the IL-10 KO mice ) ) . . :
. N : . . lays chlamydial clearance, and is associated with local tissue
were also higher than those in wild-type mice (Fig. 8). The difference
munopathology.

was more obvious in the later stages of infection (day 20). Margina'm
levels of IL-5 were detected at a marginal level in the lung homog- . .
enates, and no significant difference was observed between IL-10 KQ ISCussion

and wild-type mice (data not shown). Local (lung) TNHevels in ~ Our previous studies have demonstrated that C57BL/6 and
IL-10 KO mice were significantly higher than those in wild-type mice BALB/c mice are different with respect to IL-10 production and
(Fig. 8). In general, the differences between IL-10 KO and wild-typeresistance to chlamydial infection, with BALB/c mice showing
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FIGURE 7. Elevation of promﬂammatory cytokine (IL-12 and. TNB- FiGURE 8. Higher IFN-y and TNFe levels in the lung homogenates in

production in ”‘-;0 KO mice. _TNFO‘ (A) and I!_-12 @) p.roducuon by IL-10 KO (N) mice compared with wild-type () mice. Mice were intra-

spleen. cell foIIowmg_ heat-inactivated MoPn stimulation in IL-10 K& (_ nasally infected with MoPn (2000 IFU) and were sacrificed on days 7 and

and Wl_ld-typ_e ) mice were measured at3, 7, and‘ 20 days following 20 postinfection. The lung homogenates were prepared using SPG (4 ml/

MoPn infection (three to six mice per group at each time point). Data aremouse) as described Materials and MethodsIFN-y and TNFe levels

shown as the meam SD of each groups+, p < 0.01;*, p < 0.05. were measured using ELISA. Data are shown as the me&D. One of
three experiments with similar results is shown, p < 0.01;%*, p < 0.05.

higher organism-specific production of IL-10 and a greater sus-

ceptibility to infection. Logically, IL-10 KO mice with a BALB/c

background would be a better candidate for examining the role oshould be noted that besides its manipulating effect on cytokine
IL-10 than those with a C57BL/6 background. However, at leastresponses noted in the study, IL-10 may enhance chlamydial in-
two factors limit their suitability for these studies. Firstly, they are fection directly. Obviously, the question cannot be directly ad-
commercially unavailable. Second and more importantly, IL-10dressed using this gene knockout model because the lack of IL-10
KO BALB/c mice spontaneously develop severe inflammatory co-and the increase in the Thl-like response were both present in
litis at young ages, which obviates their use in infection modelthese mice in the process of chlamydial infection. The fact that
systems (36). IL-10 KO C57BL/6 mice do not develop inflamma- IL-10 KO and wild-type mice had similar levels of chlamydial
tory bowel diseases when kept under specific pathogen-free cogrowth on day 1 postinfection (Fig. 1) suggest that mice can be
ditions (37). This mouse strain is therefore more promising for ininfected equally by chlamydia with or without the presence of
vivo study of microbial immunobiology following. trachomatis  IL-10 in vivo. Moreover, although its level was remarkably less
infection. Moreover, although MoPn-infected C57BL/6 mice pro- than that in IL-10 KO mice, IFNy production in wild-type mice
duce significantly lower levels of IL-10 than similarly infected was also readily measurable (Figh)5This may be why wild-type
BALB/c mice, our previous data show that neutralization of en-mice also resolved chlamydial infection eventually. IL-12 (p70)
dogenous IL-10 in the spleen cell culture of C57BL/6 mice dra-production was not measurable at the time of determination in
matically increases IFNproduction (33), suggesting that IL-10 wild-type mice. This may suggest that IL-12 was either more tran-
plays a crucial role in regulating immune responses in C57BL/6siently expressed or was too low to be detected in wild-type mice.
mice. In our present study using IL-10 KO mice, we demonstratedrhe data may also suggest that IL-12, although capable of enhanc-
that IL-10 is inhibitory for Th1-like immune responses induced by ing Thl-like responses and thereby accelerating organism clear-
chlamydial infection at both the initiation and expansion stages ofance, is not necessary for resolution of chlamydial infection.
organism-specific CD4 T cells, possibly via inhibition of IL-12 and A novel and unexpected finding in the present study is the dif-
TNF-a production. The inhibitory effect of systemically delivered ference in the immunopathologic responses (granuloma formation,
rlL-10 on cell-mediated responses has been shown in severglasma cell infiltration, and tissue fibrosis) between wild-type and
model systems using soluble Ags (38, 39). By local delivery ofIL-10 KO mice. In the later stages of infection (day 20), when
rlL-10, we now directly demonstrate that IL-10 can inhibit cell- most organisms have been cleared in both wild-type and IL-10 KO
mediated immune responses (DTH) following an intracellular bac-mice, wild-type, but not IL-10 KO, mice showed plasma cell in-
teria, chlamydial infection. The combination of results obtainedfiltration and granuloma formation. Although classically described
using in vivo and in vitro approaches clearly demonstrates the rolas a DTH response associated with Th1l cytokine, granuloma for-
of IL-10 in inhibiting cell-mediated immunity to chlamydial in- mation is currently suggested to be due to Th2-related cytokine
fection, and the absence of an inhibitory effect appears beneficiaksponses (40—-42) and can be suppressed by Thl-related cyto-
for host resistance to chlamydial infection. On the other hand, ikines (43, 44). Moreover, vaccination with schistosome eggs and
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FIGURE 10. Local delivery of rIL-10 inhibited DTH responses in IL-10

KO mice. Mice were intranasally infected with MoPn (2000 IFU), and
DTH responses were measured on day 14 postinfection. Heat-inactivated
MoPn EBs were injected to footpads in one side with rIL-X) énd on the
other side without rIL-10[(J). The thickness of each footpad were mea-
sured before and after MoPn injection. The difference in the thickness of

TNFalpha (pg/ml)

30 each footpad before (0 h) and after (24, 48, and 72 h) MoPn injection was
25 | used as a measure of DTH. Data represent the me&D. *, p < 0.05.
= C
T 20+
£
k= 15 pathogenesis among these infections and in the immunoregulating
~ <10 mechanism(s) involved in the pathogenesis. For example, it has
'=.'_ 10 P9 been shown thatoxoplasma gondijpossesses a superantigen that

7 can expand a large percentage of T cells (50), and IL-10 has been
////4 shown .to play a critical rol_e in |nh|_b|t|ng superantlgen-l_nduce_d T
cell activation (51). There is no evidence that chlamydia carries a
MoPn MoPn+riL-10 superantigen. Moreover, intranasal inoculation of MoPn, unlike
FIGURE 9. Exogenous IL-10 inhibited Thi-related cytokine (IFN- Intracellular protozoan infections, causes mainly local (respiratory)
and TNFe) production in IL-10 KO mice. IL-10 KO mice were intrana- Cchlamydial growth and inflammatory reaction. Thus, VIrtualIy_ no
sally infected with MoPn (2000 IFU) and were sacrificed on day 10 postin-detectable €£10—-40 pg/ml) IL-12 and TNFe were measured in
fection. Spleen cells were cultured in the presence of heat-inactivatethe sera of wild-type and IL-10 KO mice following chlamydial
MoPn with or without rIL-10 (2500 pg/ml). IFN¢ (A) and TNF« (B) infection. Indeed, although IL-12 and TNEproduction in spleen
production in 72-h culture supernatants was measured by ELISA. Datgel|ls from IL-10 KO mice was increased in the early stage of
represent the mean SD. *, p < 0.05. chlamydial infection (day 7; Fig. 8), IL-12 and TN&production
in IL-10 KO mice was transient (decrease to marginal levels on

IL-12 inhibits both granuloma formation and tissue fibrosis in- day 20) and was not detectable in the serum above the testing
duced by naturaBchistosoma mansoitifection (44, 45). Since ~ Sensitivity level (10 pg/ml). This difference in systemic cytokine
the IL-10 KO mice produce significantly higher levels of IL-12 production may be critical in explaining the difference in the out-
and IFN+y than wild-type mice and are deficient in granuloma come (death or survival) of IL-10 KO mice following intracellular
formation, we hypothesize that the increased levels of IL-12 and’rotozoan and chlamydial infection. This point was particularly
IFN-y of these cytokines may be involved in the prevention of Supported by the finding that the earlier mortality of IL-10 KO
immunopathologic (granulomatous) reaction. mice following Trypanosoma cru4il8) was associated with over-
The alteration in IL-5 production in IL-10 KO mice suggests that Whelming systemic (serum) release of IL-12 and Ti&nd that
IL-10 may also promote Th2 cytokine production. Variable resultsit was reversed by neutralizing endogenous IL-12 or TdNWith
have been reported regarding the role of IL-10 in influencing Th2-likeanti-IL-12 or anti-TNFe Abs.
cell differentiation (46—49). One study showed that IL-10, similar to  Finally, although no significant acute toxicity has been found in
IL-4, promoted Th2-like cell differentiation in TCR transgenic mice the MoPn-infected IL-10 KO mice, this does not mean that the
(46), while another study showed that IL-10 had little effect on skew-inhibitory effect of IL-10 on Th1-like responses is not relevant to
ing Thi- or Th2-like cell diferentiation (47). We found that IL-5 host homeostasis during chlamydial infection. In fact, one inter-
production in IL-10 KO and wild-type mice was comparable at theesting finding in this study was that the difference in If\bro-
early stage (day 7) of infection, but was different in the later stagesguction between wild-type and IL-10 KO mice (persistently higher
with lower IL-5 levels in IL-10 KO mice. We speculate that the de- IFN-vy levels in IL-10 KO mice) was more dramatic at the later
crease in IL-5 production in the later, but not the early, stages oftages of chlamydial infection when IFilevels had significantly
infection in IL-10 KO mice may reflect an indirect effect mediated by decreased in wild-type mice (Fig. 6). The long term effect of the
persistent elevation of IFN-and/or other Thl-promoting cytokines persistent elevation of IFN-was not examined in the present
that are inhibitory for the development of Th2-like cells due to thestudy. Since IL-10 KO mice showed elevated IFNsroduction
absence of immunoregulating amounts of IL-10. and an absence of granuloma formation, which is relevant to the
The data in the present study are in striking contrast to thossequelae (blindness and infertility) induced by chlamydial infec-
obtained from intracellular protozoan infection models in terms oftion, the results suggests that modulation of IL-10 production
acute toxicity. Although the reason for the difference remains un-could be an approach to prevent sequelae of chlamydial infection.
clear, we speculate that it may reflect the differences in the naturaDbviously, further studies, especially those dealing with the
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long term effects of the absence of endogenous IL-10, are re27
quired for rational development of chlamydial immunoprophy-
lactic approaches. 28
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