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  Neonatal  Chlamydia trachomatis  pneumonia has been associated with respiratory sequelae in later life. We 
recently established a mouse model of neonatal pulmonary  Chlamydia muridaum  infection and found an impor-
tant contribution of IFN-γ to protective immunity. In this study, we further characterized the role of Th1-type 
cytokines; IL-12, IFN-γ, and IFN-γ signaling using mice genetically defi cient in IL-12, IFN-γ, or IFN-γ receptor 1. 
All 3 knockout (KO) mice challenged intranasally with  C. muridarum  1 day after birth exhibited 100% mortality 
by day 17 post-challenge whereas wild-type (WT) animals survived the monitoring period of 1 month. The KO 
mice exhibited greater lung bacterial burdens and enhanced dissemination to the liver, compared to WT ani-
mals. The infl ammatory cellular infi ltration in  C. muridarum -challenged KO animals was signifi cantly reduced 
in the lungs, but markedly enhanced in the livers of the KO mice compared to similarly challenged WT mice. It 
was also found that a defi ciency in IL-12 or IFN-γ resulted in correspondingly reduced IFN-γ or IL-12 produc-
tion, respectively, suggesting an intricate interdependence in the induction of these cytokines. Collectively, these 
results suggest that the IL-12/ IFN-γ axis induces pulmonary cellular infi ltration, induces bacterial clearance 
from the lung, reduces dissemination to other organs, and promotes the survival of the host during neonatal 
pulmonary chlamydial infection.       

  Introduction 

  CHLAMYDIA TRACHOMATIS , a gram-negative obligate intra-
cellular bacterium acquired perinatally by human neo-

nates, causes pulmonary infection ( Beem and Saxon 1977 ) 
manifesting as acute broncho- and/or interstitial pneumo-
nia ( Darville 2005 ). Effi cacious antimicrobial therapy has 
been shown to be effective in treatment of the acute pneumo-
nia ( Beem and others 1979 ). However, several reports have 
suggested an association between abnormal respiratory 
function in children and a history of neonatal  C. trachoma-
tis  pneumonia ( Weiss and others 1986 ). This underscores a 
need to better understand the pathogenesis of neonatal pul-
monary chlamydial infection to uncover the mechanisms of 
development of subsequent respiratory sequelae. 

 We recently developed a mouse model of neonatal pul-
monary chlamydial infection and showed that mice genet-
ically defi cient in IFN-γ production (IFN-γ −/−  mice), but 
not the corresponding WT animals, succumb to infection 

following challenge with 100 IFU of  Chlamydia muridarum  
( Jupelli and others 2008 ). The importance of IFN-γ in clear-
ance of chlamydial infections in the adult mouse has been 
suggested previously by several reports (Williams and oth-
ers 1988;  Zhong and others 1989 ).  IFN-γ was shown initially 
to reduce growth of  C. trachomatis in vitro  ( Byrne and oth-
ers 1988 ) and IFN-γ −/−  mice were shown to display subop-
timal clearance of  C. muridarum  from the lung ( Wang and 
others 1999 ) and genital tract ( Cotter and others 1997 ), and 
increased dissemination to other organs, compared to WT 
animals. However, the extent and underlying mechanisms 
of clearance mediated by IFN-γ during chlamydial infec-
tion are less well understood. Recent reports have suggested 
that  Chlamydia  utilizes host-specifi c IFN-γ evasion mecha-
nisms for survival ( Nelson and others 2005 ). Specifi cally, 
 C. trachomatis  can utilize indole to synthesize tryptophan 
to abrogate the IFN-γ-induced tryptophan depletion and 
growth restriction in human cells ( Roshick and others 2006 ). 

        The Contribution of Interleukin-12/Interferon-γ Axis 
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  Intranasal chlamydial challenge 

 We utilized a neonatal mouse model of pulmonary 
chlamydial infection, previously established in our labo-
ratory ( Jupelli and others 2008 ) for these studies. In brief, 
groups of 1-day-old BALB/c, IFN-γ −/− , C57BL/6, IFN-γR −/− , 
or IL-12p35 −/−  mice were challenged intranasally (i.n.) with 
100 IFU ( Jupelli and others 2008 ) of  C. muridarum  in 5 μL of 
sterile PBS, while mock-challenged mice received sterile PBS 
alone. All mice were monitored daily for survival. Given that 
knockout (KO)-infected animals demonstrated signifi cant 
morbidity at day 10 and beyond, animals were euthanized 
at days 4, 7, and 9 for various analyses.  

  Chlamydial burden in tissues 

 Following neonatal bacterial challenge, the lungs and 
livers were collected at indicated time periods. The tissues 
were homogenized, centrifuged (250 g  for 5 min), and the 
supernatants incubated for 24 h with HeLa cell monolayers 
grown on culture coverslips in 24-well plates, followed by 
staining for chlamydial inclusions as described previously 
( Murthy and others 2006 ). In brief, the infected HeLa cells 
were fi xed with 2% paraformaldehyde, permeabilized with 
1% saponin, and blocked with 10% FBS for 1 h to prevent 
nonspecifi c binding. The cells were then incubated with 
polyclonal rabbit anti- Chlamydia  genus-specifi c Ab ( Murthy 
and others 2006 ) for 1 h, and then incubated for an addi-
tional 1 h with goat anti-rabbit Ig conjugated to FITC (Sigma 
Aldrich, St. Louis, MO) plus Hoechst nuclear stain. The cov-
erslips were then mounted onto microscope slides using 
Fluorsave reagent (Calbiochem, La Jolla, CA). Chlamydial 
inclusions were enumerated using a Zeiss Axioskop 2 Plus 
research microscope at 40× magnifi cation and expressed as 
mean ± SD per group.  

  Hematoxylin and eosin (H&E) staining 

 Tissue sections were stained using hematoxylin and eosin 
(H&E) as described previously ( Murthy and others 2004 ). 
Following i.n. challenge of 1-day-old mice with  C. muridarum  
or PBS (mock), lungs and livers were collected at indicated 
time intervals, as described previously ( Murthy and others 
2004 ). In brief, the lungs were intratracheally instilled with 
10% neutral formalin and fi xed overnight in 10% neutral 
formalin. Livers were collected and also fi xed overnight 
in 10% neutral formalin. The fi xed lungs and livers were 
embedded in paraffi n and serial horizontal sections (5-μm 
thick) were prepared and mounted onto silane-coated slides 
(VWR International, West Chester, PA). The tissue sections 
were stained with H&E, visualized using a Zeiss Axioskop 
2 Plus research microscope, and images acquired using an 
Axiocam digital camera (Zeiss, Thornwood, NY). A scoring 
scheme previously established by our lab ( Jupelli and oth-
ers 2008 ) was used to score pulmonary pathology. In brief, 
0, no infl ammation; 1, dispersed cellular infi ltration; 2, rim 
of peribronchiolar infi ltration; 3, 1–2 foci (≤200 μm) of peri-
bronchiolar infi ltration; 4, >2 foci (≤200 μm) of peribron-
chiolar infi ltration; 5, 1–2 foci (≥200 μm) of peribronchiolar 
infi ltration; 6, >2 foci (≥200 μm) of peribronchiolar infi ltra-
tion; 7, one partially consolidated lobe of the lung; 8, one 
fully consolidated lobe of the lung; 9, >1 partially consoli-
dated lobe of the lung; 10, >1 fully consolidated lobe of the 

 C. muridarum  also has been shown to signifi cantly overcome 
IFN-γ-induced growth restriction in mouse cells ( Roshick 
and others 2006 ), although mechanisms other than trypto-
phan depletion may be involved in the mouse ( Nelson and 
others 2005 ). Moreover, initial clearance of genital  C. muri-
darum  infection in the mouse was comparable in the pres-
ence or absence of endogenous IFN-γ production ( Perry 
and others 1997 ) suggesting that mechanisms other than 
IFN-γ may be instrumental in chlamydial clearance. To this 
end, impaired clearance of  C. muridarum  during the fi rst 
2 weeks after genital challenge was observed in interleu-
kin-12 (IL-12)-depleted mice ( Perry and others 1997 ). IL-12 
is an inducer of IFN-γ production ( Kobayashi and others 
1989 ) and is crucial for the development of Th1-type cellu-
lar responses ( Trinchieri and others 1992 ). Collectively, IL-12 
and IFN-γ are 2 Th1-type cytokines with pleiotropic effects, 
inducing the activation of various cell types and production 
of several cytokines ( Pearlman and others 1997 ;  Dixon and 
others 2000 ), and thus may be important in bacterial clear-
ance and protection against neonatal pulmonary chlamyd-
ial infection and subsequent respiratory sequelae. 

 In this study, we further evaluated the role of Th1-type 
immune responses, including IL-12 and IFN-γ in infl uenc-
ing disease progression following neonatal pulmonary 
chlamydial challenge. We used mice genetically defi cient 
in the production of: (a) IL-12 (disrupted p35 subunit gene; 
IL-12p35 −/−  mice), (b) IFN-γ (disrupted IFN-γ gene, IFN-γ −/−  
mice), or (c) mice incapable of responding to IFN-γ (dis-
rupted IFN-γ receptor 1 gene; IFN-γR −/−  mice). We found 
that IL-12 and IFN-γ, acting in an interdependent fashion, 
induce infl ammatory cellular recruitment into the lungs, 
reduce dissemination of the bacterium to other organs, and 
promote survival of the host following neonatal pulmonary 
chlamydial challenge.  

  Materials and Methods 

  Bacteria 

  C. muridarum  was grown in HeLa cell monolayers and 
purifi ed as described previously ( Zhong and others 1990 ; 
 Murthy and others 2004 ). In brief, chlamydial elementary 
bodies (EBs) were harvested by lysing the infected HeLa 
cells using a sonicator (Fisher, Pittsburgh, PA) and the EBs 
were purifi ed on renograffi n gradients. Titered aliquots of 
bacteria were stored at −70°C in sucrose phosphate gluta-
mine (SPG) buffer until further use.  

  Mice 

 All mice were purchased from Jackson Laboratory (Bar 
Harbor, ME), housed, and bred at the University of Texas 
at San Antonio Animal Care Facility. Six-to-eight-week-old 
BALB/c and BALB/c IFN-γ defi cient (IFN-γ −/−  mice; back-
crossed to BALB/c for 6 generations), C57BL/6 and C57BL/6 
IL-12p35 defi cient (IL-12p35 −/−  mice; backcrossed to C57BL/6 
for 11 generations), and C57BL/6 IFN-γ receptor 1 defi cient 
(IFN-γR −/−  mice; backcrossed to C57BL/6 for 10 generations). 
Mice were provided food and water  ad libitum , and 1-day-old 
pups were used for all experiments. Animal care and ex-
perimental procedures were performed in compliance with 
the Institutional Animal Care and Use Committee (IACUC) 
guidelines.  
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similarly challenged WT BALB/c mice. Signifi cantly greater 
lung bacterial burdens also were observed with  C. muri-
darum -challenged IFN-γR −/−  and IL-12p35 −/−  mice from day 
7 through day 9 post-challenge compared to WT C57BL/6 
mice ( Fig. 2B ). These results demonstrate an important role 
for IL-12, IFN-γ, and IFN-γ signaling in controlling lung 
chlamydial burden.  

lung. A score of 2 was added if luminal cellular plugs were 
detected in >2 bronchioles. Similarly, livers were scored in a 
blinded fashion with images acquired at 25× magnifi cation 
using a cumulative scoring scheme as follows: an individ-
ual score of 1 was given for the presence of infl ammation 
at either of the subcapsular, periportal, sinusoidal, lobular, 
or central venule regions and a score of 2 was given for the 
presence of necrotic areas in the liver. The score reported is 
the sum of all these values.  

  Cytokine responses in lung and liver 

 One-day-old  C. muridarum  or PBS (mock)-challenged mice 
were euthanized at the indicated time periods and the lungs 
and liver were removed and cytokine profi les measured as 
described previously ( Murthy and others 2006 , 2007).  In 
brief, the collected tissues were homogenized in sterile SPG 
buffer with protease inhibitors, centrifuged (250 g  for 5 min), 
normalized, and analyzed by ELISA for induction of IL-1β, 
IL-12, TNF-α, or IFN-γ using BD OptEIA kits according to 
the manufacturer’s (BD Pharmingen, San Diego, CA) instruc-
tions. The limits of detection of the ELISA’s performed were 
31.25, 31.25, 15.63, or 31.25 pg/mL for IL-1β, TNF-α, IL-12, and 
IFN-γ, respectively.  

  Statistics 

 Sigma Stat (Systat Software Inc., San Jose, CA) was used to 
perform all tests of signifi cance. The Kaplan–Meier test was 
used to determine differences between groups in mean time 
to death. Student’s  t -test was used for comparisons between 
2 groups. Differences were considered statistically signifi -
cant if  P  values were <0.05. All data are representative of 
at least 2–3 independent experiments and each experiment 
was analyzed independently.   

  Results 

  Susceptibility of neonatal IFN-γ −/− , IFN-γR −/− , and 
IL-12p35 −/−  mice to pulmonary chlamydial infection 

 IFN-γ −/− , IFN-γR −/− , and IL-12p35 −/−  and the correspond-
ing WT mice were challenged on day 1 after birth with 
100 IFU of  C. muridarum  and monitored daily for survival. 
As shown in  Figure 1A , some (66%) IFN-γ −/−  mice ( n  = 9) 
exhibited mortality as early as day 9, and all (100%) infected 
mice succumbed to the infection by day 17 post-challenge. 
Greater susceptibility also was observed in challenged 
IFN-γR −/−  ( n  = 10) and IL-12p35 −/−  ( n  = 9) animals with mor-
tality as early as day 10 in 70% of IFN-γR −/−  and day 7 in 
33% of IL-12p35 −/−  mice. All (100%) IFN-γR −/−  and IL-12p35 −/−  
mice succumbed to the infection by days 14 and 12 post-chal-
lenge, respectively ( Fig. 1B and 1C ). All (100%) of similarly 
challenged WT (IFN-γ +/+ , IFN-γR +/+ , and IL-12p35 +/+ ) mice 
survived the challenge dose throughout the 30-day monitor-
ing period of the experiment. These results demonstrate the 
important roles of IL-12, IFN-γ, and IFN-γ signaling in pro-
tection against neonatal pulmonary chlamydial infection. 

 The lung bacterial burdens in the challenged KO and 
corresponding WT mice ( n  = 4) also were measured at the 
indicated time periods. As shown in  Figure 2A ,  C. muri-
darum -challenged IFN-γ −/−  mice exhibited signifi cantly 
greater bacterial burden in the lungs on day 7 compared to 
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  FIG. 1.     Susceptibility of neonatal IFN-γ −/− , IFN-γR −/− , and 
IL-12p35 −/−  mice following i.n.  C. muridarum  challenge. 
Groups of 1-day-old IFN-γ −/−  ( n  = 9) or IFN-γR −/−  ( n  = 10) 
or IL-12p35 −/−  ( n  = 9) mice were challenged i.n. with 100 
IFU of  C. muridarum  or treated with PBS (mock) and were 
monitored for survival. ( A ) IFN-γ −/−  and IFN-γ +/+  animals. 
( B ) IFN-γR −/−  and IFN-γR +/+  animals. ( C ) IL-12p35 −/−  and 
IL-12p35 +/+  animals. * P  ≤ 0.05 (Kaplan–Meier test). All results 
are representative of 2 independent experiments.    
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 The lung sections from infected WT, IFN-γ −/− , IFN-γR −/− , 
and IL-12p35 −/−  mice were scored on a quantitative cellu-
lar infi ltration scale at different time intervals in a blinded 
fashion as described ( Jupelli and others 2008 ). As shown in 
 Figure 3B , WT BALB/c and C57BL/6 ( Fig. 3C ) mice exhibited 
a progressively increasing trend in pulmonary infl amma-
tion with highest scores on day 9 post-challenge. However, 
the lung sections from IL-12p35 −/−  and IFN-γ −/−  mice demon-
strated signifi cantly less pulmonary cellular recruitment on 
days 7 and 9 post-challenge compared to corresponding WT 
animals. Infl ammatory cellular infi ltration in IFN-γR −/−  mice 
was similar on days 4 and 7, but signifi cantly reduced by day 
9 post-challenge, when compared to WT mice. Collectively 
these results demonstrate that IL-12, IFN-γ, and IFN-γ sig-
naling are important for cellular recruitment into the lungs 
of the  Chlamydia -infected neonatal mice.  

  Bacterial burden in livers of IFN-γ −/− , IFN-γR −/− , and 
IL-12p35 −/−  mice following i.n. chlamydial challenge 

 The dissemination of  Chlamydia  to secondary organs in 
the absence of endogenous IFN-γ production ( Cotter and 
others 1997 ;  Jupelli and others 2008 ) has been described 
previously. Therefore, we examined the chlamydial burden 
in livers of the different groups of animals at the indicated 
time periods. As shown in  Figure 4A ,  C. muridarum -challenged 
IFN-γ −/−  mice exhibited signifi cantly greater chlamydial 
burden in the liver on day 9 compared to WT BALB/c mice. 
Signifi cantly greater bacterial burdens also were observed 
in the livers of  C. muridarum -challenged IFN-γR −/−  and 
IL-12p35 −/−  mice compared to challenged WT C57BL/6 mice 
( Fig. 4B ). Together, these results indicate signifi cantly in-
creased dissemination of  Chlamydia  to the liver in the KO 
animals, supporting a role for IL-12, IFN-γ, and IFN-γ sig-
naling in control of chlamydial dissemination.  

  The role of IL-12 and IFN-γ in infl ammatory 
cellular infi ltration into the liver 

 Given the paucity of infl ammatory responses in the KO 
mouse lungs, and the greater dissemination of  Chlamydia  
into livers, we evaluated the infl ammatory cellular infi l-
tration into the liver ( Fig. 5A ). As shown in  Figure 5A , the 
H&E-stained liver sections from  C. muridarum -infected WT 
BALB/c and C57BL/6 mice exhibited minimal infl ammatory 
responses throughout the liver on day 4 post-challenge. By 
day 7 ( Fig. 5Ab and h ), both the challenged WT mice dem-
onstrated minimal cellular recruitment with scattered foci 
of infl ammatory responses along sinusoidal and periportal 
regions of the liver, predominantly composed of PMNs (ob-
served at 100× magnifi cation). However, unlike the lung, 
the infl ammatory responses in the liver of these challenged 
WT mice decreased by day 9 post-challenge ( Fig. 5Ac and i ), 
and resembled that of mock (PBS)-treated mice (data not 
shown). In contrast, liver sections from challenged IFN-γ −/− , 
IFN-γR −/− , and IL-12p35 −/−  mice displayed progressively in-
creasing cellular infl ammatory infi ltration, with few infl am-
matory foci on day 4 and considerable numbers on day 7 
around the lobular and periportal regions, with minimal 
infl ammation along the subcapsular regions ( Fig. 5Ae, k, 
and n ). The infl ammatory cells at this stage were composed 
largely of PMNs and some mononuclear cells (observed at 
100× magnifi cation). On day 9, infl ammatory abscesses and 

  The role of IL-12 and IFN-γ in infl ammatory 
cellular infi ltration into the lung 

 Given that leukocytes play an important role in control of 
chlamydial infection ( Barteneva and others 1996 ), the infl am-
matory cellular recruitment was evaluated in H&E stained 
lung sections from  C. muridarum -infected IFN-γ −/− , IFN-γR −/− , 
IL-12p35 −/− , and corresponding WT mice at the indicated 
time periods ( Fig. 3 ). The H&E-stained lung sections from  C. 
muridarum -infected WT BALB/c ( Fig. 3Aa–c ) or C57BL/6 ( Fig. 
3Ag–i ) mice displayed diffuse cellular infi ltration with few 
infl ammatory cells dispersed along the alveolar/peribron-
chiolar region on day 4 post-challenge ( Fig. 3Aa and g ). By 
day 7 ( Fig. 3Ab and h ), both the WT mice displayed bilateral 
peribronchiolar and perivascular infl ammatory cellular infi l-
trates that were predominantly composed of polymorphonu-
clear leukocytes (PMNs) (observed at 100× magnifi cation). 
The infl ammatory responses in these mice progressively 
increased with partial consolidation of one or more lobes of 
the lung by day 9 ( Fig. 3Ac and i ). Lung sections from chal-
lenged IFN-γ −/−  ( Fig. 3Ad–f ) or IL-12p35 −/−  ( Fig. 3Am–o ) mice 
exhibited minimal cellular recruitment throughout the mon-
itored period of challenge compared to corresponding WT 
animals. The lung sections from these challenged KO mice 
resembled those of mock (PBS)-treated mice (data not shown). 
IFN-γR −/−  mice exhibited comparable cellular infi ltration to 
WT mice on day 4 ( Fig. 3Aj ) and day 7 ( Fig. 3Ak ), but signifi -
cant reductions by day 9 after challenge ( Fig. 3Al ). 
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  FIG. 2.     Chlamydial burden in the lungs of neonatal IFN-γ −/− , 
IFN-γR −/− , and IL-12p35 −/−  mice following i.n.  C. muridarum  
challenge. Groups ( n  = 4) of 1-day-old IFN-γ −/−  or IFN-γR −/−  
or IL-12p35 −/−  mice were challenged i.n. with 100 IFU of  C . 
 muridarum  or treated with PBS (mock). The tissues were har-
vested at the indicated days after challenge and chlamydial 
burden was quantitated. ( A ) BALB/c IFN-γ +/+  and IFN-γ −/−  
mice. * P  ≤ 0.05 (Student’s  t -test). ( B ) C57BL/6, IFN-γR −/− , and 
IL-12p35 −/−  animals. * P  ≤ 0.05 between  C. muridarum -chal-
lenged C57BL/6 and IFN-γR −/−  or C57BL/6 and IL-12p35 −/−  
mice (Student’s  t -test). The results are expressed as the mean 
± SD of chlamydial IFU per group and are representative of 
2 independent experiments.    
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 Liver sections from challenged WT and KO mice also 
were scored in a blinded fashion using a quantitative scale 
at different time periods. WT BALB/c ( Fig. 5B ) and C57BL/6 
( Fig. 5C ) exhibited signifi cantly less infl ammation compared 
to challenged KO animals that displayed a progressively 
increasing trend of infl ammatory cellular infi ltration, with 
the highest score on day 9 post-challenge. Together, these 
results reveal enhanced cellular recruitment into the livers 

necrosis in periportal areas and hepatic parenchyma were 
apparent, along with cell debris around the central venules 
( Fig. 5Af, l, and o ). 
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  FIG. 3.     Pulmonary infl ammatory cellular infi ltration in neonatal IFN-γ −/− , IFN-γR −/− , and IL-12p35 −/−  mice following i.n.  C. 
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IL-12p35 −/−  ( m–o ) mice were challenged i.n. with 100 IFU of  C. muridarum . The mice were euthanized on the indicated days 
after challenge. The lungs were removed, embedded in paraffi n, and serial horizontal sections prepared and stained with 
H&E. Total magnifi cation 25× (b—bronchiole). The lungs were further scored quantitatively for pulmonary pathology. ( B ) 
IFN-γ −/−  and wild-type (WT); ( C ) IFN-γR −/− , IL-12p35 −/− , and WT control mice. Results are expressed as the score of individ-
ual mice and the mean ± SD of the scores in each group. Results are representative of 2 independent experiments. * P  ≤ 0.05 
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 C. muridarum  challenge. Groups ( n  = 3–4) of 1-day-old 
IFN-γ −/− , IFN-γR −/− , and IL-12p35 −/−  mice were challenged 
i.n. with 100 IFU of  C. muridarum  or treated with PBS (mock). 
The tissues were harvested at the indicated days after chal-
lenge and chlamydial burden was quantitated. ( A ) BALB/c 
and IFN-γ −/−  animals. * P  ≤ 0.05 between  C. muridarum -
challenged BALB/c and IFN-γ −/−  animals. ( B ) C57BL/6 
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 JUPELLI ET AL. 412

of both IL-12 ( Fig. 6B ) and IFN-γ ( Fig. 6D ) in IL-12p35 −/−  mice 
at the corresponding time intervals. IFN-γR −/−  mice exhibited 
comparable IL-12 induction at early time points, but signifi -
cantly reduced levels on day 9 compared to WT mice. IFN-γ 
levels were signifi cantly elevated throughout the course of 
the infection in these IFN-γR −/−  mice compared to the cor-
responding WT animals, as reported previously ( Geng and 
others 2000 ). These results suggest an interdependence of 
IL-12 and IFN-γ production on the induction of each other 
during neonatal chlamydial infection. Moreover, IFN-γ sig-
naling appears to be required for sustained IL-12 production, 
and for negative feedback regulation of IFN-γ production. 
The trends of IL-12 and IFN-γ production observed in the 
lungs also were refl ective of the trends in the liver after neo-
natal chlamydial challenge (data not shown).   

  Discussion 

 In this study, we examined the role of IL-12 and IFN-γ in 
neonatal pulmonary chlamydial infection. All 3 KO (IL-12 −/− , 

of  Chlamydia -challenged neonatal mice in the absence of 
IL-12, IFN-γ, and IFN-γ signaling.  

  The induction of IL-12 and IFN-γ following neonatal 
pulmonary  C. muridarum  challenge 

 Since IL-12 and IFN-γ have been reported to be impor-
tant in recruitment of infl ammatory cells to sites of infection 
( Pearlman and others 1997 ;  Sun and others 2007 ), we eval-
uated the induction of the 2 cytokines in the lungs and liv-
ers following neonatal pulmonary chlamydial challenge. 
As shown in  Figure 6A–D , both WT BALB/c and C57BL/6 
mice showed a signifi cant induction of both IL-12 and 
IFN-γ throughout the course of the infection. Similar anal-
yses of IL-12 or IFN-γ induction in the lungs of IFN-γ −/−  or 
IL-12p35 −/−  mice revealed abrogation of both cytokines com-
pared to the corresponding WT animals. As shown in  Figure 
6A , IFN-γ −/−  mice exhibited signifi cantly less induction of 
IL-12 and IFN-γ ( Fig. 6C ) compared to the corresponding 
WT animals. There also was signifi cantly reduced induction 
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  FIG. 5.     Liver pathology of neonatal IFN-γ −/− , IFN-γR −/− , and IL-12p35 −/−  mice following i.n.  C. muridarum  challenge. Groups 
( n  = 3–4) of 1-day-old ( A ) BALB/c ( a–c ); or IFN-γ −/−  ( d–f ); or C57BL/6 ( g–i ); or IFN-γR −/−  ( j–l ); or IL-12p35 −/−  ( m–o ) mice were 
challenged i.n. with 100 IFU of  C. muridarum . The mice were euthanized on the indicated days after challenge. The livers 
were removed, embedded in paraffi n, serial horizontal sections cut and stained with H&E. Total magnifi cation 25×. Arrows 
point toward foci of infl ammation. The livers were further scored quantitatively for pathology: ( B ) IFN-γ −/−  and WT; ( C ) 
IFN-γR −/− , IL-12p35 −/− , and wild-type (WT) animals. Results are expressed as the mean ± SD of the scores in each group. 
* P  ≤ 0.05 between  C. muridarum -challenged BALB/c and IFN-γ −/−  mice, C57BL/6 and IFN-γR −/− , or C57BL/6 and IL-12p35 −/−  
mice. Results are representative of 2 independent experiments.    
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levels of IFN-γ production in IFN-γR −/−  mice corroborates 
previous reports demonstrating the elevated production of 
this cytokine in the absence of a negative feedback regula-
tion loop via the IFN-γR ( Swihart and others 1995 ;  Dai and 
others 1997 ). Collectively, these results suggest an intricate 
interdependence in the induction of these cytokines and an 
important role for the IL-12/IFN-γ axis in neonatal pulmo-
nary chlamydial clearance. 

 Additionally, our results are also broadly comparable to 
those of  Geng and others (2000)  demonstrating the contribu-
tion of IL-12 and IFN-γ to pulmonary cellular recruitment 
following  Chlamydia pneumoniae  challenge in adult mice. 
Geng and others also suggested that IL-12, more than IFN-γ, 
contributes to cellular infi ltration. They utilized IL-12-
depleting monoclonal antibodies and B6/129 IFN-γR −/−  mice 
and found that levels of IL-12 production (by  in situ  immu-
nohistochemistry) and cellular infi ltration in the IFN-γR −/−  
mice were comparable to that in WT 129 mice ( Geng and 
others 2000 ). We found comparable IL-12 production (cyto-
kine ELISA) and cellular infi ltration scores in C57BL/6 
IFN-γR −/−  and WT mice at early time points, but signifi cant 
reductions in both parameters in the IFN-γR −/−  mice on day 9 
after challenge. Such reductions in IL-12 production at later 
time points may be due to a requirement of signaling via 
the IFN-γ receptor to sustain IL-12 induction in the lungs 
( Trinchieri 1995 ). Thus IL-12 may contribute directly to cel-
lular infi ltration, whereas IFN-γ and downstream signaling 
via the IFN-γR may act indirectly via the maintenance of 
IL-12 production in the lung. 

 The site of infection also may play an important role in 
the contribution of these cytokines. Specifi cally, cellular 
infi ltration into the lungs of  C. muridarum -challenged KO 

IFN-γ −/− , and IFN-γR −/− ) mice, when challenged i.n. with 
 Chlamydia  exhibited 100% mortality by day 17 post-chal-
lenge, with greater bacterial burdens in the lungs and dis-
semination to the liver compared to challenged WT animals. 
However, challenged KO mice exhibited signifi cantly less 
pulmonary infl ammatory cellular infi ltration compared to 
challenged WT animals. In contrast to these observations in 
the lung, the livers of all the KO mice exhibited signifi cantly 
greater levels of infl ammatory responses than WT animals. 
Taken together, our results suggest that IL-12 and IFN-γ play 
an important role in recruitment of infl ammatory cells and 
containment of the infection within the lung, and bacterial 
clearance, thus promoting survival of the neonatal host. 

 Our results corroborate previous reports suggesting 
an important contribution of these Th1-type cytokines to 
pulmonary cellular infi ltration and chlamydial clearance 
( Wang and others 1999 ;  Jupelli and others 2008 ).  Perry and 
others (1997)  previously reported the contributions of IL-12 
and IFN-γ in  C. muridarum  infection of the adult mouse gen-
ital tract and suggested that the organism is largely resis-
tant to the effects of mouse IFN-γ and that early chlamydial 
clearance occurs in an IL-12-dependent, IFN-γ-independent 
fashion ( Perry and others 1997 ). We found signifi cant 
impairment of chlamydial clearance in the KOs compared 
to WT mice, but did not fi nd signifi cant differences between 
IFN-γ −/− , IFN-γR −/− , and IL-12 −/−  mice. Additionally, IFN-γ 
production in IL-12 −/−  mice, and IL-12 production in IFN-γ −/−  
mice, was reduced in  C. muridarum -challenged lungs, when 
compared to corresponding WT animals. IL-12 production 
in IFN-γR −/−  mice was comparable to WT mice at early time 
periods, but signifi cantly reduced at day 9 following neo-
natal  C. muridarum  challenge. The signifi cantly elevated 
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  FIG. 6.     Induction of IL-12 or IFN-γ in the lungs of neonatal IFN-γ −/− , or IFN-γR −/−  and IL-12p35 −/−  mice following i.n.  C. 
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Th1-type responses and the importance of such responses 
for protection of the host against bacterial infections.           
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