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Mast cell TNF receptors regulate responses to Mycoplasma
pneumoniae in surfactant protein A (SP-A)2/2 mice

Bethany J. Hsia, PhD,a* Julie G. Ledford, PhD,a,b* Erin N. Potts-Kant, BS,b Vinayak S. Nikam, BS,a Njira L. Lugogo, MD,b

W. Michael Foster, PhD,b Monica Kraft, MD,b Soman N. Abraham, PhD,c and Jo Rae Wright, PhDa� Durham, NC
Background: Mycoplasma pneumoniae (Mp) frequently
colonizes the airways of patients with chronic asthma and likely
contributes to asthma exacerbations. We previously reported
that mice lacking surfactant protein A (SP-A) have increased
airway hyperresponsiveness (AHR) during M pneumoniae
infection versus wild-type mice mediated by TNF-a. Mast cells
(MCs) have been implicated in AHR in asthma models and
produce and respond to TNF-a.
Objective: Determine the contribution ofMC/TNF interactions to
AHR in airways lacking functional SP-A during Mp infection.
Methods: Bronchoalveolar lavage fluid was collected from
healthy and asthmatic subjects to examine TNF-a levels and M
pneumoniae positivity. To determine how SP-A interactions with
MCs regulate airway homeostasis, we generated mice lacking
both SP-A and MCs (SP-A2/2KitW-sh/W-sh) and infected them
with M pneumoniae.
Results: Our findings indicate that high TNF-a levels correlate
with M pneumoniae positivity in human asthmatic patients and
that human SP-A inhibits M pneumoniae–stimulated
transcription and release of TNF-a by MCs, implicating a
protective role for SP-A.MCnumbers increase inMpneumoniae–
infected lungs, and airway reactivity is dramatically attenuated
whenMCs are absent. Using SP-A2/2KitW-sh/W-sh mice engrafted
with TNF-a2/2 or TNF receptor (TNF-R)2/2MCs, we found that
TNF-a activation of MCs through the TNF-R, but not MC-
derived TNF-a, leads to augmented AHR during M pneumoniae
infection when SP-A is absent. Additionally, M pneumoniae–
infected SP-A2/2KitW-sh/W-sh mice engrafted with TNF-a2/2 or
TNF-R2/2 MCs have decreased mucus production compared
with that seen in mice engrafted with wild-type MCs, whereas
burden was unaffected.
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Conclusion: Our data highlight a previously unappreciated but
vital role for MCs as secondary responders to TNF-a during the
host response to pathogen infection. (J Allergy Clin Immunol
2012;nnn:nnn-nnn.)
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Mycoplasma pneumoniae is well established as a human path-
ogen, adheres tenaciously to the airway epithelia,1,2 and infects
approximately 2 million persons annually with M pneumoniae–
induced respiratory tract infections. Although asthma can be
caused by a myriad of triggering stimuli, such as air pollutants
and allergens, symptoms are often exacerbated by colonization
withM pneumoniae. Several studies have examined the relation-
ship between M pneumoniae and asthma and suggest as many as
50% of patients with stable asthma might be colonized with
M pneumoniae.3-5 Bronchoscopic biopsy samples from asthmatic
patients with positive test results forM pneumoniae airway colo-
nization show significant increases in mast cell (MC) numbers
compared with those seen in patients with negative test results
for M pneumoniae burden.5

MCs are highly granular immune cells that reside in all tissues
exposed to the environment, are intricately involved in allergic
responses, and more recently have been described as sentinels of
the innate immune system during bacterial infections.6 Depend-
ing on the type and strength of stimulus,MCs are able to discharge
very specific mediators, including a variety of cytokines and che-
mokines, only minutes after the initial encounter. In addition to
being newly synthesized in the ensuing hours after stimulation,
some specificmediators, such as TNF-a, are stored in a preformed
manner and can be immediately released from granular stores on
activation of MCs. MCs also express receptors for a variety of cy-
tokines and chemokines and can therefore respond to intrinsic sig-
nals during infection.7 Engagement of these receptors leads to the
release of inflammatory mediators commonly associated with
asthma, such as histamine, tryptases, and leukotrienes, and can
also alter the response of MCs to degranulation stimuli.8-11

Primary pulmonary defense is supplied by the pulmonary
innate immune system, which is comprised of phagocytes and
natural killer cells, as well as soluble mediators, such as surfactant
proteins. A major protein constituent of surfactant is surfactant
protein A (SP-A). SP-A has well-established roles in modulating
innate immunity in the lung.12-14 SP-A binding moieties have
been identified on M pneumoniae, and SP-A inhibits M pneumo-
niae growth in vitro.15,16 We have previously shown thatM pneu-
moniae–infected SP-A2/2 mice have significantly augmented
airway hyperresponsiveness (AHR), mucus production, and
cellular inflammation compared with wild-type (WT) mice.17
1
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Abbreviations used
AHR: A
irway hyperresponsiveness
BAL: B
ronchoalveolar lavage
MC: M
ast cell
PAS: P
eriodic acid–Schiff
PMN: P
olymorphonuclear leukocyte-neutrophil
RT: P
ulmonary resistance
SP-A: S
urfactant protein A
TNF-R: T
NF receptor
WT: W
ild-type
Inhibition of TNF-a by a transcriptional inhibitor protected
SP-A2/2 mice from M pneumoniae–induced phenotypes, but
the cell type responsible for the TNF-a–mediated response during
M pneumoniae infection was not elucidated.

Previously,we demonstrated that SP-Abinds toMCs,18which led
to our current hypothesis that MCs might be critical to
SP-A–mediated regulation of airway reactivity and inflammation.
Here we report novel information on a key role played by airway
MCs in modulation of AHR in SP-A2/2 mice infected with
M pneumoniae. Using mice deficient in SP-A and MCs
(SP-A2/2KitW-sh/W-sh mice) engrafted with either TNF-a2/2 or
TNF receptor (TNF-R)2/2 MCs, we found that augmented airway
responses duringMpneumoniae infection is a result of TNF-a inter-
actions with MCs through the TNF-R and not MC-derived TNF-a.
Thereforewe describe a previously overlooked contribution ofMCs
as secondary responders to TNF-a duringMpneumoniae infection.

METHODS

M pneumonia preparation
M pneumoniae from American Type Culture Collection (catalog no.

15531) was prepared as described previously.17

Mice
An inbred strain of SP-A2/2 mice was generated, as previously de-

scribed.19 Please see the Methods section in this article’s Online Repository

at www.jacionline.org for additional information. All protocolswere approved

by the Institutional Animal Use and Care Committee at Duke University.

M pneumoniae inoculations
Mice 8 to 12 weeks of age were anesthetized by means of intraperitoneal

injection of 10 mL/g body weight of a 12% ketamine (100 mg/mL) and 5%

xylazine (20 mg/mL) mix and were infected with either 50mL of sterile saline

or 50 mL of 1 3 108 M pneumoniae units in sterile saline by means of intra-

nasal instillation.

Airway physiology
Direct measurements of respiratory mechanics in response to methacholine

were made by using the Flexivent system (SCIREQ, Montreal, Quebec,

Canada) and reported as total pulmonary resistance (RT) in centimeters of H2O

per milliliter per second, as described previously.17 See theMethods section in

this article’s Online Repository for more information.

Isolation and analysis of bronchoalveolar lavage

fluid from mice
Mice were euthanized and the lungs lavaged either 12 or 72 hours post Mp

infection. For more information on isolation and analysis of bronchoalveolar

lavage (BAL) fluid from mice, please see the Methods section in this article’s

Online Repository.
Isolation of BAL fluid from human subjects
Fiberoptic bronchoscopy was performed on subjects after achievement of

conscious sedation, as previously described.20Asthma subjectsmet theNational

Asthma Education and Prevention Program criteria for asthma.21 Please see the

Methods section in this article’s Online Repository for complete descriptions.

MC culture and reconstitution
Bonemarrowwas collected fromC57BL/6, TNF-a2/2, or TNF-R2/2mice

and cultured in the presence of 5 ng/mL recombinant IL-3 and 5 ng/mL recom-

binant stem cell factor (R&D Systems, Minneapolis, Minn), as previously de-

scribed.22 Please see the Methods section in this article’s Online Repository

for complete descriptions.

M pneumoniae quantitation
RT-PCR was performed with primers for the M pneumoniae–specific P-1

adhesion gene, as previously described,17 to assess theMpneumoniae burden.

Please see theMethods section in this article’s Online Repository for complete

descriptions.

Gravity fixation and immunohistochemistry

methods
For more information on gravity fixation and immunohistochemistry

methods, please see the Methods section in this article’s Online Repository.

In vitro MC assays
WT MCs were plated on a 24-well plate, and human SP-A, isolated as

previously described,12 was added at a concentration of 10 to 40 mg/mL for

1 hour at 378C. M pneumoniae was added at a multiplicity of infection of

100:1. Please see the Methods section in this article’s Online Repository for

complete descriptions.

RESULTS

Association between asthmatic patients displaying

high TNF-a levels in BAL fluid and M pneumoniae
infection

Our previous observations showed that M pneumoniae–
infected SP-A2/2 mice have enhanced M pneumoniae coloniza-
tion, increased levels of TNF-a, and significantly increased
AHR compared with WT mice.17 Because some asthmatic pa-
tients have positive test results for M pneumoniae in the airway,
we determined whether M pneumoniae positivity associated
with increased TNF-a levels in BAL samples from human asth-
matic patients. Lavage samples were assessed for TNF-a levels,
and based on the results, before assessingM pneumoniae positiv-
ity, the samples from asthmatic subjects were grouped into a low
TNF-a–producing group (defined as less than 15-fold over the
average TNF-a levels in healthy subjects) and a high TNF-a–
producing group (defined as greater than 45-fold over the average
TNF-a levels in healthy subjects). Therewere significantly higher
TNF-a levels in both the ‘‘low asthmatic’’ and the ‘‘high asth-
matic’’ groups compared with those seen in the healthy subjects
(Fig 1, A), and there was also a significant difference between
the 2 groups of asthmatic subjects. Cells from the lavage samples
of each subject were then analyzed forM pneumoniae positivity;
the investigator was blinded to the TNF-a levels. None of the
healthy subjects had positive results for M pneumoniae, whereas
approximately 10% of asthmatic subjects with low TNF-a levels
versus about 50% of asthmatic subjects with high TNF-a levels
had positive test results forM pneumoniae (Fig 1, B). In addition,
we performed the reverse analysis comparing TNF-a levels in

http://www.jacionline.org
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FIG 1. Mycoplasma pneumoniae (Mp) positivity and TNF-a levels in asth-

matic samples. A, TNF-a in human BAL fluid (fold over healthy subjects).

**P < .01, asthmatic patients (high) versus asthmatic patients (low) and

both asthma groups versus healthy subjects. B, RT-PCR for M pneumo-
niae–specific P1 adhesin and dilution of samples into SP-4 broth to verify

Mpneumoniae positivity in subjects. *P < .05, asthmatic patients (high) ver-
sus healthy subjects and asthmatic patients (low). C, TNF values inMpneu-
moniae–positive and M pneumoniae–negative samples. **P < .01.
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M pneumoniae–positive versus M pneumoniae–negative BAL
samples and found that the presence of M pneumoniae was asso-
ciated with significantly increased TNF-a levels (Fig 1, C). Al-
though previous studies have shown that a subset of asthmatic
patients are colonized with M pneumoniae and that certain asth-
matic subjects have increased TNF-a levels in BAL fluid, ours
is the first to establish a temporal link between these 2
phenotypes.3,4,23,24

Recruitment of MCs into the lungs of M
pneumoniae–infected mice

The above data show that TNF-a levels increase during M
pneumoniae infection, and an association betweenMpneumoniae
infection and the number of MCs in airway biopsy specimens
from human asthmatic patients has been shown.4 Because MCs
are potent reservoirs of TNF-a, we sought to determine the con-
tribution of MCs in our model of M pneumoniae infection. MCs
were localized to the subepithelial layer of the large airways
and trachea in uninfected WT mice, as previously reported,6,25

and were comparable between uninfected lungs of WT and
SP-A2/2mice (Fig 2, A and F). The number of MCs per lung sec-
tion increased significantly inWTand SP-A2/2mice 72 hours af-
ter M pneumoniae infection (Fig 2, B and F). MCs are often
adjacent to the basement membrane of the airway epithelium in
M pneumoniae–infected mice (Fig 2, C), and positively stained
granules, which are consistent with MC degranulation, were de-
tected in M pneumoniae–infected lungs (Fig 2, D); no granules
were detected in saline-treated lungs. MCs were detected in the
lung parenchyma in close proximity to alveolar type II cells,
which are known to produce and secrete SP-A (Fig 2, E). We
found no significant effect of the lack of SP-A on the number or
localization of MCs during M pneumoniae infection.
MCs promote increased AHR and inflammation in

M pneumoniae–infected SP-A2/2 mice
Our previous findings suggested that duringM pneumoniae in-

fection, SP-A plays an important role in maintaining airway ho-
meostasis by limiting an overzealous TNF-a response. Because
MCs play key roles in asthma, we sought to determine the role
ofMCs in airway reactivity duringMpneumoniae infection. Sim-
ilar to published reports in other models, KitW-sh/W-sh mice had re-
duced AHR compared with that seen inWTmice, although it was
significantly increased over that seen in saline-treated KitW-sh/W-sh

control animals (Fig 3, A). To determine whether MCs play a role
in increased AHR when SP-A is absent, we developed a mouse
deficient in bothMCs and SP-A (SP-A2/2KitW-sh/W-sh). Aswe pre-
viously reported, SP-A2/2 mice treated withM pneumoniae have
significantly greater AHR than WT mice.17 We found that by re-
moving the MCs from the SP-A2/2 mice (SP-A2/2KitW-sh/W-sh),
AHR was reduced to baseline levels (Fig 3, B). These data indi-
cate that MCs play a key role in the enhanced AHR observed in
SP-A2/2 mice.

Examination of BAL fluid cells from M pneumoniae–infected
mice revealed an increase in the number of polymorphonuclear
leukocytes-neutrophils (PMNs), the main responder to M pneu-
moniae infection,23 in SP-A2/2 and SP-A2/2KitW-sh/W-sh mice
compared with that seen in WT mice 12 hours after infection
(Fig 3,C). By 72 hours, the majority of BAL fluid cells were mac-
rophages. SP-A2/2KitW-sh/W-sh mice had significantly fewer mac-
rophages compared with SP-A2/2 mice but similar levels of
neutrophils (Fig 3, D).

As a general indicator of lung injury, we measured total protein
levels in the BAL fluid of the mice 72 hours afterM pneumoniae
infection. There were no differences between the groups, indicat-
ing that the changes in AHR are not associated with changes in
total protein levels in the BAL fluid (Fig 3, E).
Recovery of AHR in SP-A2/2KitW-sh/W-sh mice

reconstituted with WT MCs
To assess further the role of MCs in the increased AHR

observed in M pneumoniae–infected SP-A2/2 mice, we per-
formed a series of reconstitution experiments. Retro-orbital



FIG 2. MCs in Mycoplasma pneumoniae (Mp)–infected lung tissue. Mice were instilled with saline (A) or M
pneumoniae (B-E) and lungs were analyzed by means of immunohistochemistry 3 days after infection for

MCs. Fig 2, C, MCs adjacent to the large airway. Fig 2, D, Extracellular MC granules (arrow). Fig 2, E, MCs

in the lung parenchyma. F, Total number of tissue MCs assessed in WT versus SP-A2/2 lungs (n 5 5

each). *P < .05.
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injection of bone marrow–derived MCs results in engraftment of
the lung with significant numbers of MCs.22 We repeated the M
pneumoniae infection in MC-engrafted mice and assessed
AHR. Engraftment of SP-A2/2KitW-sh/W-sh mice with MCs was
verified by means of immunohistochemistry throughout the
lung tissue (Fig 4, A and B). Engraftment of SP-A2/2KitW-sh/W-sh

mice with WTMCs restored high levels of AHR to methacholine
challenge, as expected inMpneumoniae–infectedmice (Fig 4,C).
These data indicate that the loss of MCs contributed to the de-
crease in AHR observed in SP-A

2/2

KitW-sh/W-sh mice compared
with that seen in mice lacking only SP-A. TNF-a levels in BAL
fluid weremeasured 12 hours after infection, and as previously re-
ported, SP-A2/2 mice had a significant increase in TNF-a levels
compared with levels seen in WT mice.17 However, there was no
difference in TNF-a levels observed in the SP-A2/2 mice with
MCs (SP-A2/2 and SP-A2/2KitW-sh/W-sh mice engrafted with
WT MCs) or without MCs (SP-A2/2KitW-sh/W-sh), and all were
significantly increased over levels seen in WT infected mice
(Fig 4, D).
SP-A negatively regulates MC TNF-a responses to

M pneumoniae
Purified bone marrow–derived MCs were stimulated with M

pneumoniae to determine whether SP-A plays a role in limiting
M pneumoniae–induced MC release of TNF-a. TNF-a released
by theMCs stimulated withM pneumoniae peaked 12 to 14 hours
after stimulation, and addition of exogenous human SP-A signif-
icantly inhibited this release (Fig 5, A). Analysis of MC RNA
extracted after 1 hour of M pneumoniae stimulation indicated
that exogenous SP-A added at a physiologic concentration (10
mg/mL) inhibited M pneumoniae–stimulated transcription of
TNF-a (Fig 5, B). These findings suggest that SP-A can regulate
the release and production of TNF-a in response to M pneumo-
niae infection.
Recovery of AHR in SP-A2/2KitW-sh/W-sh mice

reconstituted with TNF-a2/2 but not TNF-R2/2

bone marrow–derived MCs
The above data revealed a key role for MCs in the increased

AHR seen in SP-A2/2 mice, and as previously published, inhibi-
tion of TNF-a can attenuate this response.17 High levels of TNF-a
were measured in mice lacking MCs, suggesting that although
MCs might be important in the augmented responses, MC-
derived TNF-a might not be the key contributor to the increased
levels ofTNF-a. Tobetter understand the contributionofTNF-adur-
ing M pneumoniae infection, we engrafted SP-A2/2KitW-sh/W-sh

mice with TNF-a2/2 and TNF-R2/2 MCs. Mice reconstituted
with TNF-a2/2 MCs and infected with M pneumoniae demon-
strated an enhancement in reactivity to methacholine that was
comparable with the responsiveness observed in mice reconsti-
tuted with WTMCs (Fig 6, A). In contrast, SP-A–sufficient mice
(KitW-sh/W-sh) engrafted with TNF-a2/2 MCs continued to have
attenuated AHR during M pneumoniae infection compared with
that seen in mice engrafted with WT MCs (see Fig E1 in this ar-
ticle’s Online Repository at www.jacionline.org). However, M
pneumoniae–infected SP-A2/2KitW-sh/W-sh mice receiving

http://www.jacionline.org


FIG 3. Contribution of MCs to AHR and inflammation. A and B, Three days after Mycoplasma pneumoniae
(Mp), AHR to methacholine challenge was measured by using the Flexivent system. Mean percentage over

baseline for highest methacholine dose is shown in parentheses. **P < .01 and ^P < .01, 3 independent

experiments per graph. C and D, Cells in BAL fluid 12 hours (Fig 3, C) or 72 hours (Fig 3, D) after infection.
*P < .05 versus WT M pneumoniae unless otherwise noted. E, Total protein in BAL fluid, n >_ 12 mice

per group.
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FIG 4. AHR in WT bone marrow–derived MC–reconstituted infected mice. A, Engraftment of MCs (arrows)
verified by means of immunohistochemistry in lung tissue 1 month after injection. B, Quantification of en-

graftment. C, AHR to methacholine challenge was measured by using the Flexivent system. Mean percent-

age over baseline for highest methacholine dose is shown in parentheses. **P < .01, #P < .01, and ^P < 0.05,

3 independent experiments per graph. D, TNF-a in BAL fluid 12 hours after infection. *P < .05 versus WT

Mycoplasma pneumoniae group, n >_ 12 mice per group. Mp, Mycoplasma pneumoniae.
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TNF-R2/2 MCs had a significantly reduced response to metha-
choline compared with that seen in mice reconstituted with
either WT or TNF-a2/2 MCs. These data indicate that MC-
derived TNF-a is a contributing factor in SP-A–sufficient
mice but not the factor contributing to the high AHR in
SP-A2/2 mice infected with M pneumoniae. TNF-a acting on
MCs through the TNF-R is critical in regulating AHR during
M pneumoniae infection in SP-A2/2 mice.



FIG 5. TNF-a production from Mycoplasma pneumoniae (Mp)–stimulated

MCs. Nonstimulated (NS) or M pneumoniae–stimulated (multiplicity of in-

fection, 100:1) bone marrow–derived MCs with and without SP-A (40 mg/

mL) were analyzed over 14 hours (A) or 1 hour (B). Supernatants were an-

alyzed for TNF-a release by means of ELISA; cell pellets were assessed by

using RT-PCR for TNF-a transcription. *P < .05. Data are representative of

3 independent experiments.
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Mucus production in M pneumoniae–infected
SP-A2/2 lungs is dependent on the MC TNF-a axis

We sought to determine the effect of MCs on production of
mucus in SP-A2/2 mice. As has been previously reported,17 WT
infected mice have little mucus production in their large airways,
whereas SP-A2/2 mice demonstrate increases in airway periodic
acid–Schiff staining (PAS; Fig 6,B). In SP-A2/2KitW-sh/W-sh mice
PAS staining was barely detectable in the large airways, mimick-
ing what was seen in the WT mice and suggesting a role for MCs
in mucus production duringM pneumoniae infection in SP-A2/2

mice. Engraftment withWTMCs resulted in dramatic mucus pro-
duction, although there was less detectable airway staining for
PAS in mice that had been engrafted with either TNF-a2/2 or
TNF-R2/2 MCs (Fig 6, C).

MCs contribute to the reduction of M pneumoniae
burden in lung tissue

To assess the role of MCs in controllingM pneumoniae burden
in the lung, we used RT-PCR to measure the levels ofM pneumo-
niae P1 adhesin in the lung tissue 72 hours after M pneumoniae
infection. Aswe reported previously, SP-A2/2mice have a signif-
icant increase in M pneumoniae burden compared with that seen
in WT mice.17 In SP-A2/2KitW-sh/W-sh mice we found an even
greater increase in M pneumoniae burden in the lungs. When
these mice were engrafted with MCs, the M pneumoniae burden
levels were reduced to those of the SP-A2/2mice (Fig 7), indicat-
ing that MCs are essential in controlling the M pneumoniae bur-
den within the lung tissue.

DISCUSSION
Not only do the findings presented here further the understand-

ing of how the lung responds to M pneumoniae infection, they
also suggest a novel role of the TNF-R on MCs in mediating re-
sponses to pathogens in the absence of SP-A or when SP-A is dys-
functional. In support of clinical data, we found increased MC
numbers in the lung during M pneumoniae infection in mice.4

In addition, MCs are required for the enhanced AHR and mucus
production observed in the SP-A2/2 M pneumoniae–infected
mice. SP-A2/2KitW-sh/W-sh mice continue to have high levels of
TNF-a in their BAL fluid yet have lower AHR compared with
SP-A2/2 mice, indicating a pivotal role for MC products in me-
diating airway reactivity that is not dependent on MC TNF-a.
When these mice (SP-A2/2KitW-sh/W-sh) are reconstituted with ei-
ther WT or TNF-a2/2 MCs, AHR levels are increased during
methacholine challenge; however, an AHR phenotype is not re-
established when TNF-R2/2 MCs are engrafted. This strongly
suggests that the M pneumoniae–induced increase in AHR ob-
served in the SP-A2/2 mouse is critically and specifically depen-
dent on stimulation of MC TNF-a receptors.

Our data support a model in which SP-A has a profound effect
on TNF-a and show that in the absence of SP-A, TNF-a acts on
MCs through the TNF-R to induce increased mucus production
and AHR (Fig 8). It has been previously reported by our labora-
tory and others that SP-A directly affects the production of
TNF-a by macrophages stimulated with Toll-like receptor 4 ago-
nists, and we show here that SP-A inhibits M pneumoniae–in-
duced TNF-a production by MCs in vitro.14,26,27 It is also
possible that SP-A affects TNF-a production by airway epithelial
cells or PMNs.We speculate that the increased TNF-a that occurs
in the absence of SP-A interacts in the submucosawith the TNF-R
on MCs, causing release of a myriad of prestored and newly syn-
thesized mediators. Many mediators from degranulatingMCs, in-
cluding cytokines, chemokines, lipid mediators, and histamine,
might play a key role in the pathophysiology of the asthmatic
lung (reviewed by Reuter et al28). Additionally, MC proteases
stimulate tissue remodeling and enhance mucus secretion.29 We
hypothesize that it is one of these mediators, or several working
in concert, that causes AHR andmucus production in the presence
of a robust TNF-a response during M pneumoniae infection.

Although the link between MC degranulation and mucus
production has been shown (reviewed by Hart29), the direct con-
tribution of MC-derived TNF-a in the regulation of mucus hyper-
secretion remains incompletely defined. Here we show novel
findings that although engraftment ofWTMCs results in dramatic
increases in PAS-positive airway cells, engraftment of either
TNF-a2/2 MCs or with TNF-R2/2 MCs resulted in significantly
fewer PAS-positive cells. These findings suggest a critical role for
the TNF-mediated pathway in MCs for the increased presence of
mucopolysaccharides in airway epithelium duringMpneumoniae
infection, which can contribute to the exacerbations experienced
by a subset of asthmatic patients who become colonized with
M pneumoniae.

The importance of MC-derived TNF-a in lung pathophysiol-
ogy has been described by several laboratories. Using the well-
established ovalbumin model of asthma, Nakae et al30 found that
engraftment of KitW-sh/W-sh mice with TNF-a2/2MCs resulted in
decreased lymphocyte recruitment and TH2 cytokine production
compared with that seen in KitW-sh/W-sh mice engrafted with
WT MCs.30,31 In a footpad model of Escherichia coli infection,
MC-derived TNF-a was shown to be important for lymph node
hypertrophy.32 On the basis of these studies, we anticipated that
TNF-a produced by MCs in the lung would be pivotal in mediat-
ing the host response to M pneumoniae. Indeed, SP-A–sufficient



FIG 6. Contribution of MC TNF-R to AHR and mucus. Mice were engrafted with TNF-a2/2 or TNF-R2/2 bone

marrow–derived MCs. A, AHR to methacholine challenge was measured by using the Flexivent system.

Mean percentage over baseline for highest methacholine dose is shown in parentheses. **, ^, #, $P <

.01, 3 independent experiments per graph, n >_ 12 mice per group. B and C, PAS-stained airways in infected

mice (original magnification 310) were scored. ***P < .001, **P < .01, and *P < .05; n 5 7-12 sections per

group. Mp, Mycoplasma pneumoniae.
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KitW-sh/W-sh mice engrafted with TNF-a2/2 MCs had attenuated
AHR compared with those engrafted with WT MCs. However,
SP-A2/2KitW-sh/W-sh mice engrafted with TNF-a2/2 MCs main-
tained a high level of increased AHR. The differing role of
MC-derived TNF-a in SP-A–sufficient versus SP-A–deficient
lung environments is likely attributed to a compensatory
mechanism that might be partially explainedby increased PMNre-
cruitment in the TNF-a2/2 MC–engrafted SP-A2/2KitW-sh/W-sh



FIG 7. Contribution of MCs toMycoplasma pneumoniae (Mp) clearance.M
pneumoniae burden in lung tissue at day 3 was measured by using RT-PCR

for the M pneumoniae–specific P1 adhesin gene relative to b-actin and is

expressed as fold over WT M pneumoniae–infected mice. *P < .05, n >_ 12

mice per group.

FIG 8. Protective role of SP-A against Mycoplasma pneumoniae (Mp)–in-
duced AHR. SP-A binds M pneumoniae in the large airway and prevents

overcolonization. If SP-A is dysfunctional, more M pneumoniae burden re-

sults in TNF-a overproduction from epithelial cells, alveolar macrophage-

s(AMs), and/or neutrophils (PMNs). TNF-a encounters tissue MCs in the

submucosa, which are stimulated through the TNF-R to release mediators

that contribute to high levels of AHR.
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mice compared with that seen in WT MC–engrafted SP-A2/2

KitW-sh/W-sh mice. This additional increase in PMN recruitment
could lead to heightened TNF-a production, therefore masking
the importance of MC-derived TNF-a. Our data are interesting
in that they show that TNF-a acting through the TNF-R on MCs
is critical in modulating the host response to M pneumoniae
when SP-A is absent.

Previous murine and clinical studies indicated a key role for
MCs inMycoplasma species infections.33,34 We tested the ability
of MCs to kill M pneumoniae directly using in vitro techniques,
and although we found that MCs were unable to kill M pneumo-
niae in samples directly (data not shown), our findings in vivo fur-
ther strongly support the involvement of MCs in the resolution of
M pneumoniae infection, albeit through indirect mechanisms.
When MCs were reconstituted into the MC-deficient mice, the
M pneumoniae burden was decreased nearly to the level detected
in MC-sufficient mice. Interestingly, we found no difference in
burden between mice engrafted with WT, TNF-a2/2, or
TNF-R2/2 MCs, indicating that neither signaling through the
MC TNF-R nor MC-derived TNF-a is necessary for M pneumo-
niae resolution.

The current understanding of MCs and TNF-a interactions in
asthmatic patients is not complete, in part because of the
complexity of the multiple phenotypes that encompass human
asthma. Researchers have delved into the aspect of how
MC-derived TNF-a affects the lung and asthmatic phenotypes,
although to the best of our knowledge, no studies have examined
the effect of TNF-a acting on MCs to initiate degranulation and
activation of newly synthesized mediators in vivo. In addition, a
recent report byWang et al35 concluded that asthmatic SP-A binds
less toM pneumoniaemembranes and is unable to protect airway
epithelial cells fromMpneumoniae stimulation in vitro. Although
anti-TNF treatment has met with mixed results,24,36-39 our results
suggest that targeting MCs might prove to be a safer and more ef-
fective way of reducing symptoms in asthmatic patients, who
might have dysfunctional surfactant, with M pneumoniae infec-
tions. Historically, during microbial infections and asthma, the
contributions of MCs to the inflammatory response have been
primarily attributed to their ability to directly interact with aller-
gens, pathogens, or both and respond by releasing a panoply of
prestored and recently synthesized mediators. Our findings
provide evidence that MCs can also respond to locally produced
cytokines, such as TNF-a, and therefore serve as secondary re-
sponders, bolstering responses initiated by activated epithelial
cells, other inflammatory cells, or both.

We thank Dr Laura Hale and Paula Greer for the generous gift of

GFP:TNF2/2 mice, Kathy Evans for human SP-A isolation and preparation,

andMicheleKislan for technical assistance.We also thankDrs Cong Jin, Chris

Shelburne, and David Jacoby for helpful discussions about the manuscript.

Key messages

d High TNF-a levels associate with M pneumoniae positiv-
ity in asthmatic patients, and human SP-A inhibits M
pneumoniae–stimulated transcription and release of
TNF-a by MCs.

d MC numbers increase in M pneumoniae–infected lungs,
and airway reactivity is dramatically attenuated when
MCs are absent from SP-A2/2 mice.

d Using SP-A2/2KitW-sh/W-sh mice engrafted with TNF-a2/2

or TNF-R2/2 MCs, we find that TNF-a activation of
MCs through the TNF-R and not MC-derived TNF-a
leads to augmented AHR during M pneumoniae infection
in SP-A2/2 mice.
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METHODS

Mice
SP-A2/2mice on the C57BL/6 background were crossed with KitW-sh/W-sh

MC–deficient mice (005051; Jackson Laboratory, Bar Harbor, Me), also on a

C57BL/6 background, to create SP-A2/2KitW-sh/W-sh double-knockout mice.

WT C57BL/6 mice were bred in house to account for environmental condi-

tions. TNF-a2/2 (005540) and TNF-R2/2 (003242)micewere also purchased

from the Jackson Laboratory. All mice used in airway physiology experiments

were age (8-12 weeks) and sex (male) matched, and a mixture of sex-matched

male and female mice were used for measure of other indices.

Airway physiology
Direct measurements of respiratorymechanics in response to methacholine

weremade by using the Flexivent system (SCIREQ) and reported as total RT in

centimeters of H2O per milliliter per second. Anesthesia was achieved with 60

mg/kg sodium pentobarbital injected intraperitoneally, and mice were venti-

lated with a computer-controlled small-animal ventilator with a tidal volume

of 7.5 mL/kg and a positive end-expiratory pressure of 3 cm H2O. The mice

were then given a neuromuscular blockade (0.8 mL/kg pancuronium bro-

mide). The forced oscillation technique of respiratory mechanics was used

for measurements. The response to aerosolized methacholine (0, 10, 25, and

100 mg/mL) was determined based on the results of resistance measurements

every 30 seconds for 5 minutes, ensuring the parameters calculated had

peaked. Lungs were inflated to an estimated total lung capacity after each

dose to maintain airway patency. The resistance measurements were then av-

eraged at each dose per sample group and graphed (as RT in centimeters of

H2O per milliliter per second), along with the initial baseline measurement be-

fore methacholine challenge.

Isolation and analysis of BAL fluid from mice
Mice were euthanized with a lethal dose of pentobarbital. Animals were

subjected to BAL with 6 mL of 378C PBS (0.1 mmol/L EDTA) to quantify

cells in lungs of saline- and M pneumoniae–infected mice. Cells collected

from BAL fluid were placed in pellets and resuspended in RBC lysis buffer

(BioLegend, San Diego, Calif) and incubated on ice for 10 minutes. Cells

were then resuspended in buffer (Hanks balanced salt solution, -Ca/-Mg, 10

mmol/L EDTA, and 5% FCS) and counted with a hemocytometer. The first

milliliter of BAL fluid obtained from experimental micewas analyzed for total

protein levels by using the bicinchoninic acid assay (Thermo Fisher Scientific,

Waltham, Mass) and for levels of TNF-a by using ELISA (BD Biosciences,

San Jose, Calif), according to the manufacturer’s instructions. Aliquots of la-

vage samples were spun onto slides and stained with hematoxylin and eosin to

identify and determine the amount of each respective cell population.

Isolation of BAL fluid from human subjects
BAL was performed with 300 mL of warm saline in either the right middle

lobe or lingula. BAL fluidwas immediately stored on ice after the addition of an

equivalent amount of diethylene triamine pentaacetic acid (DTPA). All

asthmatic subjects received albuterol after bronchoscopy and were observed

until spirometric values returned to 90% of their prebronchoscopic postbron-

chodilator baseline values. The protocol was approved by the Duke University

Institutional Review Board, and written informed consent was obtained from

each participant. Subjects were recruited from the Research Triangle Park

community in the greater Durham area. Subjects using inhaled corticosteroids

within 4 weeks of the study; leukotriene modifiers, theophylline, and MC

stabilizers within 2 weeks of the study; and long-acting b-agonists within 48

hours of study were excluded. BAL samples were centrifuged at 10,000 rpm for

20 minutes, and cell-free lavage fluid was analyzed by Luminex (Austin, Tex)

for TNF-a levels. Groups were sorted into subjects with low levels of TNF-a

(defined as less than 15-fold over the average TNF-a levels in healthy subjects)

and those with high levels of TNF-a (>45-fold over the average of TNF-a for

healthy subject) beforeM pneumoniae analysis.
MC culture and reconstitution
Bone marrow from murine femurs was cultured for 4 to 6 weeks, at which

point cell populations consisted of greater than 95%MCs, as assessed by using

Toluidine blue staining of cytospin preparations or by using expression of

c-Kit and FcεRI on the cell surface with fluorescence-activated cell sorting

analysis. Ten million bone marrow–derived MCs in 200 mL of PBS were

injected retro-orbitally into 4- to 6-week-old C57BL/6 SP-A2/2KitW2sh/W2sh

mice. Mice were analyzed approximately 1 month after injection.

M pneumoniae quantitation
After lungs underwent lavage, RNAwas isolated from lung tissue by using

Trizol Reagent (Invitrogen, Carlsbad, Calif). Complimentary DNAwas made

from the extracted RNA (3 mg) by using random primers and the M-MLV

Reverse Transcriptase Kit (Invitrogen). Real-time PCR data were collected on

the CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Her-

cules, Calif). Data were analyzed with Bio-Rad CFXManager Software based

on the fold change of normalized target gene expression: M pneumoniae P-1

adhesin relative to the housekeeper gene b-actin or cyclophilin. TheM pneu-

moniae burden was assessed for treated and nontreated mice; however, no ex-

pressionwas detected in saline-treated or nontreatedmice.Mpneumoniaewas

assessed in humanBAL samples after centrifugation at 10,000 rpm for 20min-

utes by using RT-PCR for P1 adhesin (same primers as above), and results

were verified by culturing in SP-4 broth for 2 to 3 weeks at 358C with no CO2.

Gravity fixation and immunohistochemical

methods
Lungs were inflated with a 10% solution of neutral buffered formalin and

inflated by means of gravity fixation, paraffin embedded, cut at approximately

10mm thickness, and mounted on slides in the Surgical Pathology department

at the DukeUniversityMedical Center, and 1 set of eachwas stainedwith PAS.

PAS-stained airways in infected mice were scored at 310 magnification in a

blinded manner by using a scale of 0 (no mucus) through 4 (mucus in all large

airways and mucus plugs in bronchioles).

Basic protocols for immunohistochemistry were followed, and sections

were first blocked with 10% donkey serum. MC granules were stained with

Avidin-FITC (BioLegend), airway cilia were stained with anti-acetylated

tubulin (Sigma, St Louis, Mo) and visualized with preabsorbed conjugated

rhodamine donkey anti-mouse IgG (Jackson ImmunoResearch Laborato-

ries), and cellular nuclei were stained with 1 mol/L 49-6-diamidino-

2-phenylindole dihydrochloride. Slides were viewed at either 310 or 340

magnification on a Nikon Eclipse 50i light microscope (Nikon, Tokyo,

Japan). Images were captured with a Nikon Infinity 2 camera. MCs per

whole lung section were blindly counted at 340 magnification to verify

nuclei or presumptive MCs.

In vitro MC assays
Cell-free supernatant from cultured bone marrow–derived MCs was

collected after 2, 5, and 14 hours of incubation at 378C, and TNF-a levels

were assessed by means of ELISA (BD Biosciences). For analysis of RNA

transcript abundance, cell pellets were collected after 1 hour, and real-time

PCR was performed as described above with primers for TNF-a (forward, 59
CAT CTT CTC AAA ATT CGAGTG ACA A 39; reverse, 59 TGG GAG TAG

ACA AGG TAC AAC CC 39) and b-actin.

Statistical analysis
All data measurements were analyzed with PRISM software (GraphPad

Software, Inc, La Jolla, Calif) first to determine whether data were normally

distribute, followed by t tests or Fisher tests, depending on data analyses to de-

termine significance. Datasets with significant variance between groups were

analyzed by using t tests with theWelch correction, as assessed in PRISM soft-

ware. All murine experiments were conducted a minimum of 3 times with at

least 12 mice per group.



FIG E1. AHR in KitW-sh/W-sh–engrafted mice. Mice were engrafted with MCs

for 1 month. AHR to methacholine challenge was assessed by using the

Flexivent system. **P < .01. Mp, Mycoplasma pneumoniae.
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