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Mycoplasma pneumoniae is a leading cause of pneumonia and is associated with asthma. Evidence links M.
pneumoniae respiratory disease severity with interleukin-12 (IL-12) concentrations in respiratory secretions.
We evaluated the effects of IL-12 therapy on microbiologic, inflammatory, and pulmonary function indices of
M. pneumoniae pneumonia in mice. BALB/c mice were inoculated with M. pneumoniae or SP4 broth. Mice were
treated with intranasal IL-12 or placebo daily for 8 days, starting on day 1 after inoculation. Mice were
evaluated at baseline and on days 1, 3, 6, and 8 after therapy. Outcome variables included quantitative
bronchoalveolar lavage (BAL) M. pneumoniae culture, lung histopathologic score (HPS), BAL cytokine con-
centrations determined by enzyme-linked immunosorbent assay (tumor necrosis factor alpha [TNF-a], gamma
interferon [IFN-vy], IL-1b, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, and granulocyte-macrophage colony-stimulating
factor), and plethysmography, both before and after methacholine treatment. M. prneumoniae-infected mice
treated with IL-12 (MpIL12 mice) were found to have significantly higher BAL M. pneumoniae concentrations
than those of M. pneumoniae-infected mice treated with placebo (MpP mice) (P < 0.001). MpIL12 mice had
higher BAL concentrations of IL-12, IFN-y, TNF-«, and IL-6, with differences in IL-12 and IFN-y concentra-
tions reaching statistical significance (P < 0.001). Airway obstruction was statistically elevated in MpIL12 mice
compared to that in MpP mice (P = 0.048), while airway hyperreactivity was also elevated in MpIL12 mice but
did not reach statistical significance (P = 0.081). Lung parenchymal pneumonia subscores were significantly
higher in MpIL12 mice (P < 0.001), but no difference was found for overall HPS, even though a strong trend
was noticed (P = 0.051). Treatment of experimental M. pneumoniae pneumonia with intranasal IL-12 was
associated with more severe pulmonary disease and less rapid microbiologic and histological resolution.

Interleukin-12 (IL-12) is a heterodimeric cytokine composed
of two subunits (p40 and p35) that is produced by antigen-
presenting cells (phagocytes, dendritic cells, and Langerhans
cells). IL-12 has a regulatory effect on the innate and adaptive
immune responses targeting natural killer and T cells inducing
the production of cytokines, most importantly gamma inter-
feron (IFN-v; the Thl effector cytokine) (16, 24, 39). Recent
studies indicate that IL-12 has an important role in increasing
mucosa-associated immune defenses, and it has been investi-
gated therapeutically in mice for the treatment of infection
with various respiratory pathogens, such as Klebsiella pneu-
moniae, Francisella tularensis, and Mycobacterium avium. The
therapeutic use of cytokines alone or in combination with an-
timicrobials for infectious disease has shown promising results
by promoting the clearance of the involved pathogen and in-
creasing survival, especially for intracellular microorganisms
(10, 11, 15, 32, 33, 37). Immunologic treatment strategies that
directly target the respiratory mucosa may improve and poten-
tiate the host response.

Mycoplasma pneumoniae is an atypical bacterium that lacks
a cell wall and is recognized as an important etiologic agent of
acute lower respiratory infection in children and adults; ap-
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proximately 20 to 30% of community-acquired pneumonia
cases in the general population are due to M. pneumoniae (2,
7, 29, 47). In the last decades, M. pneumoniae respiratory
infection has drawn increasing attention for its association with
reactive airway disease and asthma (25-27). However, the in-
volved microbial, immunologic, and pathogenic pathways have
yet to be defined clearly for respiratory infection with M. pneu-
moniae. Murine model studies have shown that M. pneumoniae
infection induces a Thl cytokine response in the lungs, mani-
fested by elevated concentrations of IL-12 and IFN-y with
associated airway obstruction (AQ), airway hyperreactivity
(AHR), and lung histologic inflammation (12, 18). In a recent
study utilizing IL-12 (p35) knockout (KO) mice in our estab-
lished murine model of M. pneumoniae respiratory infection,
we demonstrated, somewhat surprisingly, that the absence of
IL-12 significantly reduced disease severity, as assessed by pul-
monary histopathology, airway function, and quantitative cul-
tures (36).

To further study the role of IL-12, we evaluated the effect of
intranasal IL-12 treatment on airway dysfunction and inflam-
mation in our established murine model of M. pneumoniae
pneumonia (12, 13, 18, 19).

MATERIALS AND METHODS

Organism and growth conditions. M. pneumoniae (ATCC 29342) was recon-
stituted in SP4 broth and subcultured after 24 to 48 h in a flask containing 20 ml
of SP4 medium at 37°C. Approximately 72 h later, the broth turned an orange
hue, the supernatant was decanted, and 2 ml of fresh SP4 broth was added to the
flask. A cell scraper was used to harvest the adherent mycoplasmas from the
bottom of the flask. This achieved an M. pneumoniae concentration in the range
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FIG. 1. Quantitative M. pneumoniae (Mp) cultures of BAL fluid
samples of BALB/c mice inoculated with M. pneumoniae and treated
with intranasal IL-12 (MpIL12) and BALB/c mice inoculated with M.
pneumoniae and treated with intranasal PBS-NMS (MpP). Values
shown are means = standard deviations (error bars). Data represent
results from two separate experiments with four to eight mice in each
group per time point. *, P < 0.001 between MpIL12 and MpP mice by
two-way ANOVA.

of 10% to 10° CFU/ml (determined by plating dilutions on SP4 agar). Aliquots
were stored at —80°C. SP4 medium contained nystatin (50 units/ml) and ampi-
cillin (1.0 mg/ml) to inhibit the growth of potential contaminants.

Animals and inoculation. Animal guidelines were followed in accordance with
the Institutional Animal Care and Research Advisory Committee. BALB/c mice
were obtained from Charles River Laboratories, who confirmed their mycoplasma-
and murine virus-free status. Mice were housed in the animal care facility of our
institution in filter-top cages and allowed to acclimate to their new environment
for 1 week. Isofluorane, an inhaled anesthetic, was used for sedation during
inoculation. Two-month-old female BALB/c mice were inoculated intranasally to
achieve aspiration once (day 0) with 107 CFU of M. pneumoniae in 50 pl SP4
broth. Control BALB/c mice were inoculated with sterile SP4 broth. All mice
were housed in the same animal room and received identical daily care for the
duration of the experiment.

Experimental design and sample collection. Starting 1 day after M. pneu-
moniae or SP4 inoculation, isofluorane-anesthetized mice were treated intrana-
sally to achieve aspiration once daily for 8 days with 100 ng of active recombinant
murine IL-12 (p70) (endotoxin level of <1.0 endotoxin unit per 1 pg of cytokine,
as determined by the Limulus amebocyte lysate method; R&D Systems, Inc.,
MN) in sterile phosphate-buffered saline (PBS) containing 1% normal BALB/c
mouse serum (PBS-NMS) or, in the case of control mice, with PBS-NMS only.
The intranasal route of IL-12 delivery was chosen to attain an increased local
concentration of IL-12 at the site of infection compared with systemic adminis-
tration. Groups of mice were evaluated 1, 3, 6, and 8 days after inoculation.
Samples were obtained from four to eight mice per group (four groups, as
follows: infected BALB/c mice treated with PBS-NMS, infected BALB/c mice
treated with IL-12-PBS-NMS, SP4-inoculated BALB/c mice treated with PBS-
NMS, and SP4-inoculated BALB/c mice treated with IL-12-PBS-NMS) at each
time point; in addition, whole-body, unrestrained, nonsedated plethysmography
was performed at each time point just prior to euthanizing the mice for sample
collection. Results represent aggregate data from two separate experiments
performed in identical fashion, as detailed above.

Mice were euthanized for sample collection by cardiac puncture after being
anesthetized with an intraperitoneal injection of 75 mg of ketamine per kg of
body weight and 5 mg of acepromazine per kg. Bronchoalveolar lavage (BAL)
specimens were obtained by infusing 500 pl of SP4 broth through a 25-gauge
needle into the lungs, via the trachea, followed by aspiration of this fluid into a
syringe. Whole-lung specimens (including the trachea and both lungs) were
collected and fixed with a 10% buffered formalin solution for histologic evalua-
tion.

Visual inspection. Simple, nonquantitative visual inspection was performed
daily on mice that were not anesthetized.
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FIG. 2. Lung HPS (A) and pneumonia subscores (B) of BALB/c
mice inoculated with M. pneumoniae (Mp) or sterile SP4 broth (con-
trols) and then treated with IL-12 or PBS-NMS. Values shown are
means * standard deviations (error bars). Data represent results from
two separate experiments with four to eight mice in each group per
time point. +, P < 0.001 between BALB/c mice inoculated with SP4
and treated with IL-12 or PBS-NMS (controls), by two-way ANOVA;
*, P < 0.001 for pneumonia subscore between BALB/c mice inocu-
lated with M. pneumoniae and treated with intranasal IL-12 or PBS-
NMS (controls), by two-way ANOVA. All uninfected mice had a
pneumonia subscore of zero.

Culture. Twenty-five microliters of undiluted BAL sample and serial 10-fold
dilutions of BAL fluid in SP4 broth (50 pl of undiluted BAL sample in 450 pl SP4
broth was used for the initial dilution; subsequent dilutions were done in a
similar fashion) were immediately cultured on SP4 agar plates at 37°C, while the
remaining undiluted BAL fluid specimens were stored at —80°C. Quantification
was performed by counting colonies on plated specimens, and data were ex-
pressed as log,, CFU per milliliter.

Histopathology. Lung tissue was fixed in buffered formalin, and whole-mount
sections of paraffin-embedded lungs were stained with hematoxylin and eosin.
The histopathologic score (HPS) was determined by a single pathologist who was
unaware of the infection status of the animals from which specimens were taken.
The HPS was based on individual grading of peribronchiolar/bronchial infiltrate
(percentage of sites and quality), bronchiolar/bronchial luminal exudate, perivas-
cular infiltrate (percentage of sites), and parenchymal pneumonia (neutrophilic
alveolar infiltrate); after each of these was graded, the subscores were compiled
for the HPS. This HPS system assigns values from 0 to 26: the higher the score,
the greater the inflammatory changes in the lung (8). The parenchymal pneu-
monia subscore was based on grading of the neutrophilic alveolar infiltrate (0, no
parenchymal pneumonia; 3, patchy parenchymal pneumonia; and 5, patchy and
confluent parenchymal pneumonia).
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FIG. 3. Comparative histopathological appearance of the lungs of uninfected control BALB/c mice treated with PBS-NMS (a) (HPS = 0) or

intranasal IL-12 (b) (HPS = 1) and of M. pneumoniae-infected BALB/c mice treated with PBS-NMS (c) (HPS = 6) or intranasal IL-12 (d) (HPS =
15) on day 6 of treatment. Magnification, X20.

Plethysmography. Whole-body, unrestrained, nonsedated plethysmography
(Buxco Electronics, Wilmington, NC) was used to monitor the respiratory dy-
namics of mice in a quantitative manner at baseline (AO) and after methacholine
exposure (AHR). Prior to methacholine exposure, mice were allowed to accli-
mate to the chamber, and then plethysmography readings were recorded to
establish baseline values. Next, the mice were exposed to aerosolized methacho-
line (100 mg/ml); after exposure, plethysmography readings were recorded again.
Enhanced pause (P.,;,) is a dimensionless value that represents a function of the
ratio of peak expiratory flow to peak inspiratory flow and a function of the timing
of expiration. P, correlates with pulmonary airflow resistance or obstruction.
P.,, measured by plethysmography has previously been validated with animal
models of AHR (14, 17, 38, 42). AO and AHR were measured in four to eight
mice per group 1, 3, 6, and 8 days after inoculation.
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Measurement of cytokines in BAL fluid. Concentrations of cytokines in BAL
specimens were assessed using multiplex bead immunoassays (BioSource Inter-
national, Camarillo, CA) in conjunction with a Luminex LabMAP system, fol-
lowing the manufacturer’s instructions. The cytokines examined and the levels of
sensitivity of the assays were as follows: tumor necrosis factor alpha (TNF-a), 5
pg/ml; IFN-y, 1 pg/ml; IL-1B, 10 pg/ml; IL-2, 15 pg/ml; IL-4, 5 pg/ml; IL-5, 10
pg/ml; IL-6, 10 pg/ml; IL-10, 15 pg/ml; IL-12, 15 pg/ml; and granulocyte-mac-
rophage colony-stimulating factor, 10 pg/ml.

Statistics. For all statistical analysis, Sigma Stat 2003 software (SPSS Science,
San Rafael, CA) was used. Two-way analysis of variance (ANOVA) was used to
compare values for the different groups of animals over 1, 3, 6, and 8 days if the
data were normally distributed. A comparison was considered statistically signif-
icant if the P value was <0.05.
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RESULTS

Visual inspection. By simple visual inspection, BALB/c mice
inoculated with M. pneumoniae and treated with IL-12
(MpIL12 mice) had more ruffled fur than did infected BALB/c
mice treated with PBS-NMS (MpP mice) for the first 2 to 3
days after inoculation. They were also slightly less active. There
was no other visible difference among the groups.

BAL culture. BAL cultures were positive for all mice in-
fected with M. pneumoniae. MpIL12 mice had significantly
higher BAL M. pneumoniae concentrations than did MpP mice
(P < 0.001) (Fig. 1). All control mice had negative BAL cul-
tures.

Histopathology. MpIL12 mice had higher lung HPS, which
was not statistically significant but showed a strong trend (P =
0.051) compared with MpP mice (Fig. 2). The parenchymal
pneumonia subscore (neutrophilic alveolar infiltrate) of the
overall HPS was statistically higher for MpIL12 mice than for
MpP mice (P < 0.001) (Fig. 2). Other subscores of the overall
HPS were not significantly different for the infected mice.
Uninfected mice treated with IL-12 displayed significantly
higher HPS than did uninfected mice treated with PBS-NMS
(P < 0.001), but there was no difference in the parenchymal
pneumonia subscore. Figure 3 shows the histopathologic ap-
pearance of a representative mouse lung inoculated with SP4
broth (treated with intranasal PBS-NMS or IL-12) compared
with that of a representative mouse lung inoculated with M.
pneumoniae (treated with intranasal PBS-NMS or IL-12) on
day 6 of treatment.

Plethysmography. AO, measured by baseline P, was sig-
nificantly higher in MpIL12 mice than in MpP mice (P =
0.048) (Fig. 4A). P, values after standardized methacholine
challenge (AHR) were not statistically different between
MpIL12 and MpP mice, even though a trend was demon-
strated (P = 0.081). No difference in AO was seen between
uninfected mice treated with IL-12 and uninfected mice
treated with PBS-NMS. In contrast, uninfected mice treated
with IL-12 displayed significantly higher AHR than did unin-
fected mice treated with PBS-NMS (P < 0.001) (Fig. 4B).

BAL cytokines. MpIL12 mice had significantly greater BAL
concentrations of IL-12 and IFN-y than did MpP mice. TNF-a
and IL-6 concentrations in BAL samples tended to be higher
for the MpIL12 mice than the MpP mice; however, no statis-
tically significant difference was found between the two groups
(P = 0.06 and 0.098, respectively) (Fig. 5). No significant dif-
ferences in the BAL concentrations of IL-1p3, IL-2, IL-4, IL-5,
IL-10, and granulocyte-macrophage colony-stimulating factor
were found in the MpIL12 mice compared with the MpP mice.
IL-12 and IFN-vy levels were significantly higher in uninfected
mice treated with IL-12 than in uninfected mice treated with
PBS-NMS (P < 0.001 for both cytokines) (Fig. 5).

DISCUSSION

This investigation shows that the administration of exoge-
nous IL-12 during M. pneumoniae lower respiratory tract in-
fection significantly increases disease severity by both microbi-
ologic and pulmonary parameters. In the last decade, several
studies have shown that Th1l cytokines have a pivotal role in
the pathogenic mechanisms of M. pneumoniae infection (12,
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FIG. 4. AO (A) and AHR (B) were assessed by whole-body pleth-
ysmography by measuring P, in BALB/c mice inoculated with M.
pneumoniae (Mp) or sterile SP4 broth (controls) and then treated with
IL-12 or PBS-NMS. Values shown are means * standard deviations
(error bars). Data represent results from two separate experiments
with four to eight mice in each group per time point. *, P = 0.048
between BALB/c mice inoculated with M. pneumoniae and treated
with IL-12 or PBS-NMS, by two-way ANOVA; +, P < 0.001 between
BALB/c mice inoculated with SP4 and treated with IL-12 or PBS-NMS
(controls), by two-way ANOVA.

18, 36, 43, 44). The Thl host immune response, in particular
IL-12 production, is considered an essential prerequisite for
protection against intracellular organisms (35, 41). After infec-
tion occurs, IL-12, through the activation of NK and T cells,
stimulates the production of IFN-y, among other cytokines,
which activates macrophage activity and promotes the produc-
tion of cytotoxic CD8" and T-helper CD4™" lymphocytes (40).
In mice and humans, the deficiency of IL-12 or its receptor
increases susceptibility to intracellular pathogens, denoting the
protective effect of IL-12 (1, 9, 28, 45, 46).

The role of innate and adaptive immunity in Mycoplasma
respiratory infection has been explored (6, 12, 22); however,
the immunopathogenic mechanisms of action involved in M.
pneumoniae respiratory tract infection remain to be defined
completely (6, 20, 22). In a previous investigation of M. pneu-
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FIG. 5. Cytokine concentrations in BAL fluid specimens from BALB/c mice inoculated with M. pneumoniae (Mp) or sterile SP4 broth
(controls) and then treated with IL-12 or PBS-NMS. Values shown are means * standard deviations (error bars). Data represent results from two
separate experiments with four to eight mice in each group per time point. *, P < 0.001 between BALB/c mice inoculated with M. pneumoniae
and treated with IL-12 or PBS-NMS, by two-way ANOVA; +, P < 0.001 between BALB/c mice inoculated with SP4 and treated with IL-12 or

PBS-NMS (controls), by two-way ANOVA.

moniae pulmonary infection, we showed that IL-12 (p35) KO
mice infected with M. pneumoniae had a significantly better
outcome than did infected wild-type mice. The IL-12 (p35) KO
mice demonstrated improved bacterial clearance, decreased
pulmonary histological inflammation, particularly in the neu-
trophilic alveolar infiltrates, and decreased AO (36). These
findings were counterintuitive to most prior IL-12 investiga-
tions. The purpose of the current study was to evaluate
whether the administration of IL-12 would produce opposite
results to those seen when IL-12 (p35) KO mice were infected
with M. pneumoniae.

We observed significantly higher concentrations of M. pneu-
moniae in quantitative BAL cultures from MpIL12 mice than
in those from MpP mice. This may indicate that IL-12 de-
creases the ability of the immune system to efficiently clear M.
pneumoniae infection. A similar finding was noted by Carter et
al. for a murine model infected with Bordetella pertussis and
treated with escalating doses of intraperitoneal IL-12. They
found that higher IL-12 doses were associated with an increase

in bacterial colonization of the lungs (5). The mechanism by
which IL-12 decreases Bordetella pertussis and Mycoplasma
pneumoniae clearance is unclear; a hypothesis that could ex-
plain the decreased bacterial clearance derives from oncologic
reports that evidence a paradoxical transient immunosuppres-
sion induced by higher doses of IL-12, in particular for CD8"
T cells, and this immunosuppression could explain the reduced
ability to clear the infection (3, 31). Another possibility may be
that IL-12 promotes the production of Thl cytokines and, in
our model, also the proinflammatory cytokines TNF-a and
IL-6, which results in increased inflammation in the lungs and
could result in decreased bacterial clearance.

In addition, we were able to demonstrate that MpIL12 mice
had greater pulmonary histologic inflammation, particularly in
neutrophilic alveolar infiltrates; interestingly, in the control
mice treated with IL-12, the overall lung histologic inflamma-
tion was also significantly elevated without a specific effect on
neutrophilic alveolar infiltrates. This may be explained by the
finding that IL-12 significantly induced pulmonary cytokine
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production. As expected, the BAL concentrations of IFN-vy in
IL-12-treated mice were significantly elevated, attesting to the
validity of our therapeutic strategy; however, a strong trend for
increased concentrations of the proinflammatory cytokines
TNF-a and IL-6 was seen only for the infected mice. In pre-
vious studies, TNF-a has been associated directly with M.
pneumoniae disease severity (12, 13, 18). Consistent with the
increased inflammation, we found significantly higher AO in
MpIL12 mice. While AHR was also higher in MpIL12 mice,
this finding did not reach significance (P = 0.081). Again of
note is the fact that uninfected mice treated with IL-12 had
AHR that was significantly greater than that of the untreated
mice.

Our demonstration of worsening of M. pneumoniae disease
with the administration of IL-12 is in sharp contrast with what
has been shown for many other infectious diseases, especially
with intracellular organisms, such as Mycobacterium tuberculo-
sis, Mycobacterium avium (10, 32), Brucella spp. (37), Fran-
cisella tularensis (11), and viruses such as coxsackieviruses (34).
In particular, Duckett et al. investigated the survival rates of
mice pretreated with intranasal IL-12 and then infected with
Francisella tularensis and found that all of the untreated mice
succumbed to the infection, while mice who received 1L-12
therapy survived, demonstrating that IL-12 provides protection
against lethal respiratory tularemia (11). In general, IL-12
therapy has been found to decrease the severity of infections.
Notable exceptions include Bordetella pertussis, as discussed
earlier, and now M. pneumoniae infections. Interestingly, Bor-
detella pertussis is an atypical respiratory pathogen that at-
taches to respiratory epithelium and possesses an ADP-ribo-
sylating toxin similarly to M. pneumoniae (23, 30).

The different mechanisms by which M. pneumoniae interacts
with the host in this regard are not completely clear; perhaps
the fact that M. pneumoniae acts as an extracellular pathogen
in the acute stages of infection differentiates its immunopatho-
genesis from that of these intracellular pathogens. IL-12 seems
to potentiate the immunopathogenic mechanisms of M. pneu-
moniae. Another explanation for our results may be that IL-12
has a narrow window for therapeutic concentrations because of
the induction of potentially toxic levels of IFN-y; our results
could represent side effects of IL-12. In other studies, mice
treated with IL-12 developed pulmonary congestion and he-
patic dysfunction after long-term use of high doses of IL-12,
but similar findings were not found when the same mice in-
fected with Mycobacterium tuberculosis were treated with 11.-12
in a similar manner for just 1 week (4, 32). However, in these
studies, IL-12 was administered parenterally, and this method
of delivery could increase systemic side effects. The dose and
length of therapy used in our experiment were significantly
lower and shorter, respectively, than those of the above-men-
tioned studies, and we did not notice any pulmonary conges-
tion in either group of mice, infected or controls, treated with
intranasal IL-12. Moreover, the mirror opposite results ob-
tained with our prior IL-12 KO mouse investigation sustain the
validity of an immunopathogenic action of IL-12 in M. pneu-
moniae respiratory infection. The data obtained in the current
study suggest that for M. pneumoniae respiratory infection,
intranasal IL-12 therapy is not only nonprotective but may
exacerbate the course of the disease. Possibly, IL-12 therapy
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potentiates the innate host response and directly contributes to
the pulmonary disease of M. prneumoniae (6, 18, 21, 36).
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