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Abstract
Hypersensitivity pneumonitis is an interstitial lung disease that is characterized by alveolitis,
granuloma formation, and in some patients, fibrosis. Using the Saccharopolyspora rectivirgula
animal model of Farmer’s lung disease, our laboratory has demonstrated that neutrophils play a
critical role in IFN-γ production during the acute phase of the disease. As IFN-γ is necessary for
granuloma formation, it is important to identify the factors that lead to neutrophil recruitment during
disease. To begin to identify the pattern recognition receptors (PRRs) that initiate chemokine
production, leading to neutrophil recruitment following S. rectivirgula exposure, we examined the
role of MyD88 and TLR2. Our results demonstrate that neutrophil recruitment, as measured by flow
cytometry and the myeloperoxidase assay, was abolished in the absence of MyD88 following S.
rectivirgula exposure. The decrease in neutrophil recruitment was likely a result of a significant
decrease in production of neutrophil chemokines MIP-2 and keratinocyte-derived chemokine. These
results suggest that S. rectivirgula interacts with PRRs that are upstream of the MyD88 pathway to
initiate cytokine and chemokine production. In vitro studies suggest that S. rectivirgula can interact
with TLR2, and stimulation of adherent cells from TLR2 knockout (KO) mice with S. rectivirgula
resulted in a significant decrease in MIP-2 production. However, TLR2 KO mice did not have a
reduction in neutrophil recruitment compared with wild-type mice following S. rectivirgula
exposure. The results from our studies suggest that one or more PRR(s) upstream of MyD88 are
necessary for neutrophil recruitment following S. rectivirgul a exposure.
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INTRODUCTION
Hypersensitivity pneumonitis (HP), or extrinsic allergic alveolitis, is an interstitial lung disease
that develops following repeated exposure to inhaled environmental antigens [1–5]. The
disease is characterized by alveolitis and granuloma formation, and with continued exposure
to the inciting agent, some patients develop chronic, irreversible fibrosis [1,3]. Once a patient
progresses to the chronic form of the disease, the long-term prognosis is poor. The
environmental antigens that induce HP include organic dusts, vapors, fungi, bacteria, and molds
as well as simple chemical compounds [6,7]. Exposure to these airborne antigens may occur
in occupational and residential settings, and the different types of HP are frequently named
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after the occupation or activity that results in exposure to the inciting agent. Farmer’s lung
disease is one of the most common types of HP and is caused by repeated inhalation of the
thermophile Saccharopolyspora rectivirgula, which is commonly found in moldy hay [3].

One of the animal models used to study HP is the well-characterized S. rectivirgula mouse
model [8,9]. Mice intranasally inoculated with S. rectivirgula for 3 days/week for 3 weeks
develop an alveolitis that is initially neutrophilic but becomes more lymphocytic in the days
following exposure. By the 3rd week of S. rectivirgula exposures, mice develop granulomas
composed of macrophages and T cells surrounded by fibroblasts. The development of
granulomas in HP is dependent on the Th1 cytokine IFN-γ; IFN-γ knockout (KO) mice exposed
to S. rectivirgula develop alveolitis but not granuloma formation [10,11]. Our previous studies
demonstrated that innate immune cell IFN-γ production is sufficient for granuloma formation
following exposure to S. rectivirgula. Additionally, neutrophils were identified as a source of
IFN-γ, and depletion of neutrophils in mice prior to S. rectivirgula exposure resulted in a
significant decrease in the level of IFN-γ produced in the lungs [12]. These results suggest that
neutrophils play a critical role in the development of HP, and therefore, it is important to
identify the mechanisms that lead to neutrophil recruitment into the lung following S.
rectivirgula exposure.

Regulation of neutrophil recruitment is mediated by the expression of proinflammatory
cytokines, adhesion molecules, and chemokines. Within the chemokine family, the Arg-Leu-
Glu+ CXC subfamily contains members responsible for neutrophil migration [13]. Members
of this subfamily include IL-8/CXCL8 and growth-related oncogene α,β (GRO-α,β) in humans
and MIP-2 (functional homologue of human IL-8), kertainocyte-derived chemokine (KC;
murine homologue of GRO-α), and LPS-induced CXC chemokine in mice. These chemokines
act by binding to their cognate receptors CXCR1 or CXCR2 on the surface of neutrophils in
humans; until recently, only CXCR2 had been identified in mice [14]. Numerous models have
demonstrated that the production of these chemokines is necessary for neutrophil recruitment
into inflamed tissues.

The expression of these chemokines, as well as other cytokines involved in inflammation, can
be induced by stimulation through pattern recognition receptors (PRRs), which make up a
family of signaling receptors that recognize pathogen-associated molecular patterns (PAMPs),
conserved structures found almost exclusively on microbes. Activation of PRRs by microbial
products is key to activation of the innate and adaptive immune systems (reviewed in ref.
[15]). The best-known family of PRRs is the TLRs, which are Type I transmembrane proteins
containing amino-terminal leucine-rich repeats (LRR) that are responsible for binding to
PAMPs and a carboxy-terminal Toll/IL-1R domain that is responsible for signaling. There
have been 13 TLRs identified to date in mice and 10 in humans. TLR1, -2, -4, -5, and -6 are
expressed on the cell surface, whereas TLR3, -7, -8, and -9 are found intracellularly in
endosomes [16–19]. Binding of PAMPs to TLRs leads to the recruitment of adaptor proteins
to the receptor complex and induction of a signaling cascade that results in the activation of
numerous proinflammatory genes. Of the five adaptor proteins used by TLRs to transduce
signals, MyD88 is the most commonly used adaptor protein; only TLR3 and -4 are not
completely dependent on it. Stimulation of the MyD88 pathway leads to activation of the
MAPK and NF-κB signaling pathways leading to production of proinflammatory cytokines
such as TNF-α, IL-1β, IL-12, IL-6, and IL-8. The importance of MyD88 in cytokine gene
expression is highlighted by studies using mice deficient in MyD88, and MyD88 KO mice are
highly susceptible to infection with Staphylococcus aureus, Pseudomonas aeruginosa, and
Toxoplasma gondii [20–22]. These mice exhibit deficient neutrophil recruitment following
infection and significantly increased bacterial loads compared with wild-type (WT) littermate
controls. The decrease in neutrophil recruitment in the infected MyD88 KO mice correlated
with a decrease in the levels of IL-1β, KC, and MIP-2, suggesting that MyD88 is necessary
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for induction of these cytokines. The receptors upstream of MyD88 that predominantly
recognize bacterial components include TLR2, -4, -5, and -9. TLR2 plays a critical role in
recognizing pathogens; it can bind to a variety of ligands, such as peptidoglycan (PGN) from
gram-positive bacteria and lipotechoic acids and lipoproteins from gram-positive and gram-
negative bacteria, mycobacteria, and yeast zymosan [23,24]. The broad ligand specificity of
TLR2 is likely a result of its ability to form heterodimers with other receptors such as TLR1
and TLR6 [25]. The heterodimer TLR2/TLR1 recognizes triacetylated bacterial lipoproteins
produced mainly by gram-negative bacteria, and TLR2/TLR6 recognizes diacetylated
lipoproteins produced mainly by gram-positive bacteria [26]. S. rectivirgula, although
originally classified as a fungus, is a gram-positive member of the actinomycetes family
containing many of the ligands that can potentially interact with TLR2, and therefore, it is
reasonable to suggest that TLR2 may play a role in the disease. The importance of TLR2 in
host defense against other gram-positive bacteria has been demonstrated using TLR2 gene-
deficient (TLR2 KO) mice, which are susceptible to infection with S. aureus or Streptococcus
pneumoniae, demonstrating increased bacterial growth and reduced inflammatory responses
[20,27].

In the present study, we examine the kinetics of chemokine induction following exposure to
S. rectivirgula and determine the role of MyD88 and TLR2 in chemokine induction and
neutrophil recruitment during HP.

MATERIALS AND METHODS
Animals and S. rectivirgula exposure protocol

C57BL/6 female mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA) at
6 weeks of age. MyD88 gene-deficient mice were bred at University of Tennessee Health
Science Center (Memphis, TN, USA) and were in the sixth and seventh generation of backcross
to C57BL/6 mice. TLR2 gene-deficient mice were obtained from Jackson Laboratories and
were in the ninth generation backcross to C57BL/6 mice. All animals were housed in sterile
micro-isolator cages with sterile food and water ad libitum and were maintained by the Division
of Comparative Medicine at the University of Tennessee Health Science Center according to
the guidelines of the Animal Welfare Act. The S. rectivirgula (strain designation A1313—
ATCC) preparation was grown at 55°C in trypticase soy broth. The bacterial preparation was
washed in endotoxin-free distilled water three times, followed by sonication and lyophilization.
The lyophilized preparation was reconstituted with endotoxin-free saline at a concentration of
5 mg/ml and inoculated intranasally at the indicated amounts [11]. Although the preparation
is sonicated, it is likely that there are still viable bacteria in the preparation. S. rectivirgula is
a gram-positive thermophile and to our knowledge, has not been shown to possess LPS. The
S. rectivirgula preparations used throughout these studies were tested in the Limulus amebocyte
lysate assay (Cambrex, Walkersville, MD, USA) and found to have less than 0.1 EU/ml LPS.

Bronchoalveolar lavage (BAL) and lung cell isolation
Mice were anesthetized with isoflurane and intranasally inoculated with the indicated amount
of S. rectivirgula. At 6 or 24 h post-exposure, the mice were killed and BAL performed by
intratracheal injection of 1 ml PBS into the lungs with immediate vacuum aspiration. The
amount of fluid recovered was routinely around 70%. Cells were recovered from BAL fluid
(BALF) by centrifugation and counted using trypan blue dye exclusion. Protease inhibitors
were added to the BALF, which was frozen at -80°C until used in a bead-based ELISA assay
for cytokine and chemokine measurement. Lungs were perfused with PBS to remove blood
and both lobes removed. Lung tissue was digested with collagenase (20 U/ml) and DNase I
(40 μg/ml) for 60 min at 37°C. Cells were freed by disruption in a Stomacher tissue processor
(Seward, UK) and then isolated by centrifugation on a discontinuous Percoll gradient.

Nance et al. Page 3

J Leukoc Biol. Author manuscript; available in PMC 2009 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Mononuclear cells were isolated at the 40/80% interface following density gradient
centrifugation and used in flow cytometry.

Flow cytometry
Flow cytometry was performed on isolated BAL and lung cells using fluorochrome-conjugated
antibodies to Gr-1, Ly6G, CD11b, F4/80, CD45 (BD Biosciences, San Jose, CA, USA), and
CXCR2 (R&D Systems Inc., Minneapolis, MN, USA). A minimum of 50,000 events/sample
was collected on BD LSRII (BD Biosciences) using a live gate based on 4′,6-diamidino-2-
phenylindole (DAPI) dye exclusion and analyzed using FACSDiva or FLoJo software.

Multiplex sandwich immunoassay
Chemokines present in unconcentrated BALF were measured using a MIP-2 ELISA
(Biosource, Camarillo, CA, USA) or a multiplex sandwich immunoassay (BD Biosciences),
per the manufacturer’s instructions. Fluorescence was measured using the Bio-Plex array
reader (Bio-Rad Laboratories, Hercules, CA, USA) Cytokine standards ranging from 5 to
20,000 pg/ml were prepared to determine the concentration of cytokine in the samples. For
data analysis, a curve fit was applied to the standards and the sample concentrations
extrapolated from the standard curve using the Logistic 5PL model in the BioPlex Manager
3.0 software (Bio-Rad Laboratories).

Measurement of myeloperoxidase (MPO) activity
MPO activity was measured using the method of Koike et al. [28]. Lung tissue was removed
from mice and homogenized at a final concentration of 50 mg/ml in hexadecyl
trimethylammonium bromide buffer. The samples were centrifuged at 16,000 g for 20 min.
The supernatants were mixed with 50 mmol phosphate buffer containing O-dianisidine
hydrochloride and H2O2. The plates were read spectrophotometrically at 460 nm for 1–20 min
on a Spectra Max 340 microplate reader (Molecular Devices, Sunnyvale, CA, USA).

Luciferase assay
HeLa cells were transfected to stably express TLR2 or TLR4/myeloid differentiation protein
2 (MD-2), or parental HeLa cells were transiently transfected with 0.6 μg TLR5 or TLR7 in
24-well plates. Transfections were done according to the manufacturer’s instructions with
Effectene reagent (Qiagen, Valencia, CA, USA). In addition to transfection with individual
TLRs, cells were cotransfected with 0.4 μg endothelial leukocyte cell-adhesion molecule
(ELAM)-luciferase reporter vector, 0.2 μg pcDNA-CD14, and 0.1 μg CMV-β-galactosidase
(β-Gal). Forty-eight hours after transfection, cells were stimulated for 6 h with individual TLR
agonists, palmitoyl-3-cysteine-serinelysine-4 (Pam3CSK4; synthetic triacylated lipopeptide,
TLR2 agonist, Invivo-Gen, San Diego, CA, USA), LPS (Escherichia coli K12 LCD25, TLR4
agonist, List Biological Laboratories, Campbell, CA, USA), flagellin (from Listeria
monocytogenes TLR5 agonist), R-848 (resiquimod, TLR7 agonist, GLSynthesis, Worcester,
MA, USA), and varying amounts of heat-killed S. rectivirgula. A luciferase assay was
performed using Promega (Madison, WI, USA) reagents according to the manufacturer’s
recommendations. Efficiency of transfection was normalized by measuring β-Gal activities in
same cell lysates.

Statistical analysis
Results are expressed as mean ± SD. Data were analyzed using One-way ANOVA using
GraphPad Prism statistical software (GraphPad Software, San Diego, CA, USA). Differences
were considered significant at P values of less than 0.05.
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RESULTS
Neutrophil chemoattractants are produced in vivo during S. rectivirgula exposures

To determine the kinetics of neutrophil migration into the lungs following S. rectivirgula
exposure, mice were intranasally exposed to S. rectivirgula and then analyzed at 6, 12, or 24
h post-exposure (Fig. 1A). Flow cytometry was used to determine the percentage of neutrophils
and macrophages in the BALF; we defined neutrophils as Gr-1hi/CD11b+/F4/80-, and
macrophages were defined as F4/80+/Gr-1-/CD11b+. As expected, BAL cells isolated from
saline-exposed mice consisted predominantly of macrophages (70%) with ∼4% neutrophils.
By 6 h post-exposure, there was a significant increase in total BAL cell number (alveolitis),
which was comprised predominantly of neutrophils (88%) with a corresponding decrease in
macrophages (7%). The alveolitis continues to increase and peaks at 24 h post-exposure;
neutrophils were again the predominant cell type recovered from the BALF. By 48 h post-
exposure, the BAL cell number has returned to levels similar to saline-exposed controls, and
the predominant cell type is macrophages with few neutrophils.

To determine whether neutrophil chemoattractants were produced following S. rectivirgula
exposure, BALF was isolated from individual mice and then analyzed using a multiplex
sandwich immunoassay for MCP-1 and KC and by ELISA for MIP-2 (Fig. 1, B—D). Our
results demonstrate that the neutro-phil chemokines MIP-2 and KC were increased
significantly within 6 h of S. rectivirgula exposure and declined to baseline levels by 24 h.
MCP-1, a monocyte and T cell chemokine, increased only at 24 h post-exposure, suggesting
that its production is dependent on cells recruited into the lung. The increase in MIP-2 and KC
correlates with the increase in neutrophils isolated from the BALF. GM-CSF, which promotes
neutrophil survival, was not detected at any time-point tested (data not shown).

MIP-2 and KC recruit neutrophils via binding to their cog-nate receptor CXCR2 on the surface
of the neutrophil. Flow cytometric analysis of neutrophils recovered from BALF of mice
exposed to S. rectivirgula demonstrated that 88 ± 7% of Gr-1+ neutrophils express CXCR2 on
the surface (data not shown). In addition, neutrophils isolated from the lungs of mice exposed
to S. rectivirgula migrated in a dose-dependent manner to MIP-2 using a standard chemotaxis
assay (data not shown). Taken together, these results demonstrate that neutro-phil
chemoattractants MIP-2 and KC are rapidly and transiently produced in the lungs of mice
following S. rectivirgula exposure and may play an important role in neutrophil recruitment
during HP.

S. rectivirgula stimulates luciferase activity in a cell line transfected with TLR2
Chemokines such as MIP-2 and KC can be induced following stimulation of TLRs by microbial
products. To identify the TLRs that may interact with S. rectivirgula, HeLa cells were
cotransfected with TLR2, TLR4/MD-2 (MD-2 is a coreceptor for LPS), TLR5, or TLR7
expression vectors and a NF-κB-responsive luciferase reporter vector (ELAM—luciferase
reporter vector). The transfected cells were stimulated with media, S. rectivirgula, LPS (TLR4
agonist), flagellin (TLR5 agonist), R848 (TLR7 agonist), or Pam3CSK4 (TLR2 agonist). As
shown in Figure 2, the cells transfected with TLR2 were stimulated in a dose-dependent manner
by S. rectivirgula. In contrast, S. rectivirgula did not stimulate luciferase activity in HeLa cells
expressing TLR4/MD-2, TLR5, or TLR7. These results suggest that chemokine production
and subsequently, neutrophil recruitment in mice exposed to S. rectivirgula may be mediated
by TLR2.
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TLR2 KO mice exhibit neutrophil recruitment into the lung following exposure to S.
rectivirgula

To begin to examine the role of TLR2 in neutrophil recruitment, we exposed TLR2 KO mice
to S. rectivirgula and measured the level of neutrophil influx at 6 or 24 h post-exposure. As it
is possible that S. rectivirgula may interact with more than one TLR, we exposed the mice to
a low dose of S. rectivirgula (30 μg) to increase the chances of identifying a role for TLR2. As
shown in Table 1, TLR2 KO mice exposed to S. rectivirgula developed alveolitis at 6 and 24
h post-exposure, similarly to WT mice. The alveolitis that developed in the TLR2 KO mice
following exposure was neutrophilic, and there was no significant difference in the total number
of neutrophils isolated from the BALF of the TLR2 KO mice compared with WT mice exposed
to S. rectivirgula (Table 1). As an indirect measure of neutrophil infiltration, MPO activity was
measured in TRL2 KO and WT mice following S. rectivirgula exposure (Fig. 3). WT mice
exposed to S. rectivirgula exhibited an increase in MPO activity compared with saline-exposed
mice at 6 h post-exposure. However, TLR2 KO mice exposed to S. rectivirgula also exhibited
an increase in MPO activity that was reduced but not significantly different from the WT mice.
Similar results were seen at 24 h post-exposure (data not shown). These results suggest that
TLR2 is dispensable for neutrophil recruitment into the lung following S. rectivirgula exposure.

TLR2 is not required for cytokine production following S. rectivirgula exposure
To determine whether TLR2 was necessary for cytokine production following S.
rectivirgula exposure, ELISAs were performed on BALF from individual mice at 6 and 24 h
post-exposure (Fig. 4, A—C). The results demonstrated that there was no decrease in KC or
TNF-α production at 6 h post-exposure in the TLR2 KO mice compared with the WT mice.
However, there was a significant decrease in MIP-2 production in the TLR2 KO mice compared
with the WT mice exposed to S. rectivirgula. These results suggest that TLR2 may play a role
in MIP-2 production; however, it is not necessary for KC or TNF-α production following S.
rectivirgula exposure in vivo. Additional in vitro studies were performed to determine whether
TLR2 plays a role in production of the neutrophil chemokines MIP-2 or KC (Fig. 4, D and E).
Adherent cells were prepared from spleens of WT or TLR 2KO mice and stimulated overnight
with S. rectivirgula. Culture supernatants were harvested and analyzed by ELISA for MIP-2
and KC production. The results demonstrate that cells from WT mice stimulated with S.
rectivirgula produced large amounts of MIP-2, whereas there was a significant decrease in
MIP-2 production by TLR2-deficient cells stimulated with S. rectivirgula. In contrast, there
was no significant difference in KC production between WT and TLR2 KO cells following S.
rectivirgula stimulation. These results suggest that TLR2 plays a role in MIP-2 production but
is dispensable for KC and TNF-α production and that additional PRRs might contribute to the
production of these cytokines following S. rectivirgula stimulation.

MyD88 is necessary for neutrophil recruitment following S. rectivirgula exposure
To identify individual PRRs that play a role in neutrophil recruitment following S.
rectivirgula exposure, it was necessary to identify which family of PRRs is involved. Unlike
with most TLR family members, other PRRs, such as neuronal apoptosis inhibitory protein,
MHC class II transcription activator, incompatibility locus protein from Podospora
anserina, and telomerase-associated protein-LRR (NLR) family members, nucleotide-binding
oligomerization domain 1 (NOD1) and NOD2, do not use MyD88 [29]. Therefore, to determine
whether MyD88-dependent TLRs or other PRR families are required for cytokine production
and neutrophil recruitment in HP, we exposed MyD88 KO mice to S. rectivirgula. MyD88 KO
mice and WT littermates were exposed once/day for 2 days to S. rectivirgula and analyzed 24
h after the last exposure. Mice were exposed to S. rectivirgula two times to exaggerate any
low-level activation of a MyD88-independent pathway. We chose to examine neutrophil
recruitment 24 h following the last S. rectivirgula exposure, as it is the peak of neutrophil influx
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into the lungs. If a deficiency in MyD88 only delayed the kinetics of neutrophil recruitment,
we should be able to detect it by this time-point. As shown in Table 2, WT mice exposed to
S. rectivirgula developed alveolitis compared with MyD88 KO mice, which did not exhibit
alveolitis; the number of cells recovered from the BALF of S. rectivirgula exposed MyD88
KO mice was similar to saline controls. The alveolitis that developed in WT littermates was
composed mainly of neutrophils compared with MyD88 KO mice that did not have an increase
in the number of neutrophils in the BALF following S. rectivirgula exposure (Table 2). As an
indirect measure of neutrophil infiltration, MPO activity was measured in MyD88 KO and WT
littermate controls following S. rectivirgula exposure (Fig. 5A). The results demonstrated that
WT mice exposed to S. rectivirgula exhibited an increase in MPO activity following S.
rectivirgula exposure, whereas there was no increase in MPO activity in lungs from MyD88
KO mice exposed to S. rectivirgula. To determine whether there was a low level of neutrophil
recruitment into MyD88 KO mice immediately following S. rectivirgula exposure, which may
be gone by 24 h post-exposure, pilot studies were performed at 6 h post-exposure. Results from
these studies revealed that at 6 h post-exposure, MyD88 KO mice had levels of alveolitis similar
to saline and significantly decreased from WT mice exposed to S. rectivirgula (WT/
saline=0.1×106±0.02 cells; WT/S. rectivirgula=3.4×106±2.3 cells; MyD88 KO/S.
rectivirgula=0.12×106±0.05 cells; n=4/group). The results from these studies suggest that the
adaptor protein MyD88 is necessary for neutrophil recruitment into the lung following S.
rectivirgula exposure.

MyD88 is necessary for cytokine production following S. rectivirgula exposure
To determine whether the decrease in neutrophil recruitment in MyD88 KO mice following
S. rectivirgula exposure correlated with a decrease in MIP-2 production, an ELISA was
performed using BALF from individual mice (Fig. 5B). WT mice exposed to S. rectivirgula
had an increase in MIP-2 in the BALF; however, there was no increase in MIP-2 in BALF
from S. rectivirgula-exposed MyD88 KO mice. At 24 h post-exposure, the level of cytokines
such as TNF-α and IL-1β, which may play an indirect role in neutrophil recruitment, is difficult
to detect in the BALF using ELISA. Therefore, we analyzed the production of these cytokines
in the lung tissue by the more sensitive RT-PCR (Fig. 5C). The results demonstrate that WT
mice exposed to S. rectivirgula have an increase in mRNA for TNF-α and IL-1β compared
with saline control mice. However, there was no increase in mRNA for these cytokines in the
MyD88 KO mice exposed to S. rectivirgula. We could not detect KC mRNA at this time-point
in our samples (data not shown). Additional in vitro studies have shown that macrophages
isolated from WT mice produce MIP-2 and KC in response to in vitro S. rectivirgula
stimulation; in contrast, macrophages from MyD88 KO mice produced significantly less MIP-2
and KC following S. rectivirgula stimulation (Fig. 6). Taken together, these results suggest
that MyD88 is necessary for neutrophil recruitment following S. rectivirgula exposure, and the
decrease in neutrophil recruitment in MyD88-deficient mice is a result of decreased cytokine/
chemokine production. It is likely that the combined lack of MIP-2 as well as TNF-α and
IL-1β contributes to the decrease in neutrophil recruitment, as TNF-α and IL-1β are important
for adhesion molecule expression. In addition, these results suggest that MyD88-dependent
TLRs likely play a role in stimulating neutrophil recruitment following S. rectivirgula
exposure.

DISCUSSION
The results from our studies reveal the importance of MyD88 in neutrophil recruitment
following S. rectivirgula exposure.

The number of cells in the BALF was increased by 6 h post-S. rectivirgula exposure, continued
to increase through 24 h, and then returned to normal levels by 48 h post-S. rectivirgula
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exposure. The influx was predominantly composed of neutrophils; ∼88% of the BALF was
neutrophils throughout the 6-, 12-, and 24-h time-points. However, whenever the BAL cell
counts returned to normal levels, the cellular composition was similar to saline controls
consisting predominantly of macrophages with few neutrophils detected. The increase in
neutrophil recruitment into the lung was accompanied by an increase in chemokines and
cytokines that play a direct or indirect role in neutrophil recruitment. The neutrophil
chemokines MIP-2 and KC were increased in the BALF by 6 h post-exposure and returned to
baseline levels by 24 h post-exposure. Additionally, TNF-α, which indirectly plays a role in
neutrophil recruitment via stimulation of adhesion molecule expression and chemokine
production, was also increased in the BALF at 6 h post-exposure. Conversely, the monocyte
chemoattractant MCP-1 did not increase until 24 h post-S. rectivirgula exposure. As
neutrophils are a source of MCP-1, the early influx of neutrophils may be important for the
production of chemokines that help to recruit other cell types into the lung. The chemokines
MIP-2 and KC act by binding to their cognate receptor CXCR2 expressed on neutrophils and
other cell types. In our studies, CXCR2 was expressed on 75–98% of neutrophils isolated from
the BALF of mice that had been exposed to S. rectivirgula. Although there was some variability
in the percentage of neutrophils expressing CXCR2, this may be a result of down-regulation
of the receptor by a number of factors such as TNF-α, fMLP, a tripeptide found often in bacteria,
MCP-1, and prolonged KC stimulation [30]. In addition to neutrophils, CXCR2 has been found
on some macrophages, endothelial, epithelial, and skeletal muscle cells [31–34]. Our studies
revealed that CXCR2 was also expressed by Ly6G- cells; as these cells were CD45+/
CD11b+, they may have been monocytes or dendritic cells. Therefore, MIP-2 and KC may also
play important roles in recruitment of cells other than neutrophils into the lung.

The results from our studies with MyD88 KO mice demonstrated that MyD88 was necessary
for neutrophil recruitment following exposure to S. rectivirgula. MyD88 KO mice exposed to
S. rectivirgula did not develop alveolitis and did not exhibit a neutrophil influx into the lungs,
as measured by flow cytometry and the MPO assay compared with the WT mice exposed to
S. rectivirgula. As there is no intrinsic defect in neutrophil migration in MyD88 KO mice, the
lack of neutrophil recruitment is likely a result of a lack of cytokines and/or chemokines that
are important in neutrophil recruitment [35]. Following S. rectivirgula exposure, there was no
increase in MIP-2 in the BALF of MyD88 KO mice compared with WT mice, suggesting that
MyD88 is necessary for MIP-2 production. The cytokines TNF-α and IL-1β also play an
indirect role in neutrophil recruitment, and our results demonstrated that MyD88 KO mice did
not increase expression of mRNA for TNF-α or IL-1β following S. rectivirgula exposure. These
results suggest that MyD88 is necessary for production of proinflammatory cytokine
production following S. rectivirgula exposure in vivo, although we cannot rule out that S.
rectivirgula interacts with some of the intracellular receptors such as the NOD-like receptors
(NLRs) that recognize bacterial molecules present in the cytosol. Members of the NLRs play
a critical role in activation of caspase-1 necessary for processing of IL-1β and IL-18 [36]. As
the IL-1Rβ uses the MyD88 adaptor protein, IL-1R signaling would also be abrogated in these
mice. As production of cytokines and chemokines decreases by 24 h after the last exposure to
S. rectivirgula in vivo, we examined the role of MyD88 in chemokine production using in vitro
S. rectivirgula stimulation of adherent cells. Direct stimulation of splenic adherent cells from
WT mice with S. rectivirgula results in the production of MIP-2 and KC; however, S.
rectivirgula stimulation of cells from MyD88 KO mice resulted in a significant decrease in
MIP-2 and KC production. These results suggest that MyD88 plays a direct role in induction
of MIP-2 and KC by S. rectivirgula stimulation, and the lack of neutrophil recruitment in vivo
is a result of decreased production of cytokines and chemokines necessary for neutrophil
recruitment. Our previous studies demonstrated that neutrophils were a source of IFN-γ
following S. rectivirgula exposure. Therefore, a decrease in neutrophil recruitment in the
MyD88 KO mice would be expected to result in decreased IFN-γ gene expression, as IFN-γ is
necessary for granuloma formation, and fibrosis in HP factors that modulate neutrophil
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recruitment may impact on the severity of the disease. Studies are currently in progress to
identify the cytokines and signaling pathway(s) that stimulate neutrophil IFN-γ production
following S. rectivirgula exposure.

As MyD88 is necessary for neutrophil recruitment following S. rectivirgula exposure, it is
likely that PRRs upstream of MyD88 interact with S. rectivirgula. Our in vitro studies using
cells transfected with various TLRs demonstrated that S. rectivirgula is capable of stimulating
TLR2 in a dose-dependent manner; there was no stimulation of TLR4, -5, or -7. As S.
rectivirgula is a gram-positive bacteria containing the ligands for TLR2, these results suggest
that S. rectivirgula may be interacting with TLR2 in vivo. Additionally, PGN has been shown
to stimulate MIP-2 production in a TLR2-dependent manner, suggesting that TLR2 may be
important in chemokine production necessary for neutrophil recruitment [37]. However, the
results from the TLR2 KO mice exposed to S. rectivirgula revealed that TLR2 was dispensable
for neutrophil recruitment at 6 or 24 h post-exposure. The influx of neutrophils as measured
by flow cytometry and MPO assays showed no significant differences in the percentage of
neutrophils and macrophages in the airways or interstitial lung tissue between WT and TLR2
KO mice. Additionally, KC and TNF-α levels in the BALF were not decreased significantly
in the TLR2 KO mice compared with the WT mice, suggesting that TLR2 is not necessary for
their induction in vivo. In contrast, there was a significant decrease in the amount of MIP-2
produced in TLR2 KO mice compared with WT at the 6-h time-point, suggesting that TLR2
may play a role in MIP-2 production. The involvement of TLR2 in S. rectivirgula-induced
MIP-2 production was confirmed using in vitro studies. Stimulation of cells from TLR2 KO
mice with S. rectivirgula resulted in significantly less MIP-2 production than WT cells
stimulated with S. rectivirgula. Despite the decrease in MIP-2 production in the TLR2 KO
mice following S. rectivirgula exposure, neutrophil recruitment is similar to WT mice,
demonstrating that other cytokines/chemokines compensate for the lack of MIP-2. These
results are similar to other studies using gram-positive organisms. Miller et.al. [38] found that
MyD88 was necessary for neutrophil recruitment following infection with S. aureus, whereas
TLR2 was not required. Although TLR2 did not play a role in neutrophil recruitment, TLR2
KO mice did exhibit increased susceptibility to S. aureus infection, albeit not to the level of
MyD88 KO mice. Our studies only examined a role for TLR2 in neutrophil recruitment, and
it is possible that TLR2 may be playing another role in the disease process. Studies have shown
that activation of TLR2 causes changes in neutrophil respiratory burst, IL-8 expression, and
an overall increase in neutrophil activation. Using an animal model of Aspergillosis, signaling
through TLR2 led to an increase in neutrophil activity, as assessed by oxidative function,
granule content release, and increased cytokine production [39,40]. Other studies revealed that
signaling through TLR2 leads to an increased responsiveness of neutrophils to the effects of
IL-8 [41]. Our studies did not measure lifespan or activation status of the infiltrating cells, so
although there is no difference in the number of neutrophils recruited, there could be a
difference in disease outcome in TLR2 KO mice following S. rectivirgula exposure.

As neutrophil recruitment following S. rectivirgula exposure depends on MyD88, the results
from the TLR2 KO mice reveal that there must be some other MyD88-dependent PRR involved
in neutrophil recruitment. S. rectivirgula is a gram-positive organism and to our knowledge,
does not possess LPS, suggesting that TLR4 (LPS ligand) would not be involved in neutrophil
recruitment. Accordingly, S. rectivirgula stimulation of cells cotransfected with TLR4/MD-2
and a reporter gene did not result in an increase in luciferase activity. However, additional
studies using TLR4 KO mice will demonstrate conclusively whether TLR4 is necessary for
neutrophil recruitment and/or chemokine production following S. rectivirgula exposure.
Another MyD88-dependent TLR that may be stimulated by S. rectivirgula is TLR9, an
intracellular TLR found in endosomes that interacts with unmethylated CpG DNA found in
bacteria and viruses [42]. Several studies have demonstrated that TLR9 plays a role in cytokine
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production following infection with live bacteria, including intracellular and extracellular
pathogens [43,44].

Alternatively, our results may suggest that a combination of TLRs is responsible for neutrophil
recruitment following S. rectivirgula exposure. S. rectivirgula is a complex organism that
potentially contains many different PAMPs that can activate multiple MyD88-dependent
TLRs. Studies with Mycobacterium tuberculosis or Trypanosoma cruzi infections using TLR2/
TLR9 double-KO mice reveal that these two TLRs cooperate in the control of infection [45,
46]. TLR2/TLR9 double-KO mice have an enhanced susceptibility to these infections with
decreased production of cytokines compared with infected TLR2-single KO, TLR9-single KO,
or WT mice alone. As a result of the complexity of the organism and the redundancy in the
TLR system, it is likely that multiple MyD88-dependent TLRs act in a cooperative manner to
induce neutrophil recruitment following S. rectivirgula exposure. The results of our studies
have demonstrated that MyD88 is necessary for neutrophil recruitment following S.
rectivirgula exposure, and therefore, TLRs that are dependent on MyD88 are involved in
initiating the cytokine and chemokine cascade that results in neutrophil recruitment. Our
previous studies have suggested that neutrophils play a pivotal role in IFN-γ production, which
is required for granuloma formation [12]. Identifying the factors that lead to neutrophil
recruitment into the lung may lead to the development of therapeutics to treat the disease. In
addition, although a large number of individuals are exposed to the environmental antigens
that cause HP, only a small proportion of these individuals develops disease. The host cofactor
(s) that play a role in determining whether an individual is susceptible to disease are unknown.
Several of the TLRs (TLR2, TLR4) have polymorphisms that change their responsiveness to
their ligands [47,48]. For example, two gene polymorphisms in human TLR2 (Arg753 Gln and
Arg677 Trp mutation) have decreased responsiveness to bacterial lipoproteins, which are TLR2
ligands [49]. The Arg677 Trp mutation has been reported to be associated with lepromatous
leprosy in a Korean population, whereas the Arg753 Gln mutation was associated with
tuberculosis [50]. There have been no studies to determine whether TLR or MyD88
polymorphisms correlate with S. rectivirgula-induced HP; however, identification of the TLRs
involved in recognition of S. rectivirgula will lead to future studies to determine whether TLR
polymorphisms contribute to disease susceptibility.
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Fig. 1.
Neutrophil chemokines are present in BALF following S. rectivirgula exposure. Mice (five/
group) were intranasally exposed to S. rectivirgula (50 μg) or saline and BALF collected from
individual mice at 6 and 24 h post-exposure. A multiplex sandwich immunoassay was used to
measure production of KC and MCP-1 in the BALF, and an ELISA was used to measure MIP-2
levels. The cells recovered from the BALF were counted, stained with antibody to CD45,
CD11b, Gr-1, and F4/80, and run on a BD LSRII flow cytometer to determine the percent of
neutrophils and macrophages in individual samples. The data were analyzed using FACSDiva
software, and the percent of Gr-1+ or F4/80+ cells was determined using gates set on live cells
(using DAPI as an exclusion dye) and CD45+ cells. *, P < 0.05, WT mice exposed to S.
rectivirgula compared with saline-exposed mice.
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Fig. 2.
S. rectivirgula stimulates TLR2 but not TLR4, TLR5, or TLR7 in vitro. HeLa cell lines
expressing the indicated constructs were transiently transfected with ELAM-luciferase reporter
construct, CMV-CD14, CMV-β-Gal (for normalization), and stimulated for 6 h with S.
rectivirgula or the indicated TLR agonists used at the following concentrations: LPS (1 ng/
ml), Pam3CSK4 (2 μg/ml), flagellin (10 μg/ml), R848 (1 μg/ml), heat-killed S. rectivirgula
(5.0, 1.0, or 0.2 ug/ml used for HeLa-TLR2 stimulation; 5.0 μg/ml used for all other cell lines).
NF-κB activity was measured by luciferase activity present in cell lysates. Data are expressed
as mean ± SD (TLR5 or -7, n=3; TLR2 or -4, n=10).
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Fig. 3.
TLR2 is not required for neutrophil recruitment following S. rectivirgula stimulation. TLR2
KO (n=4 mice/group) or WT mice (n=9 mice/group) were intranasally exposed to S.
rectivirgula (30 μg) one time and neutrophil recruitment analyzed at 6 h post-exposure. One
lung lobe from individual mice was homogenized, and MPO activity was measured as
described in Materials and Methods. There was no statistically significant difference between
TLR2 KO and WT mice exposed to S. rectivirgula at any of the time-points measured.
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Fig. 4.
TLR2 is not necessary for cytokine production following S. rectivirgula exposure. (A—C)
TLR2 KO or WT mice were intranasally exposed to S. rectivirgula (30 μg) one time, and
cytokine production was analyzed at 6 or 24 h post-exposure. TNF-α, MIP-2, and KC were
measured in unconcentrated BALF recovered from individual mice by ELISA and are
expressed as pg/ml. (D and E) Splenic adherent cells were purified from WT or TLR2 KO mice
and stimulated overnight with heat-killed S. rectivirgula, PGN (a TLR2 agonist), or media
alone. Culture supernatants were collected and analyzed by ELISA for MIP-2 or KC.
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Fig. 5.
MyD88 KO is required for neutrophil recruitment into the airways following S. rectivirgula
exposure. WT and MyD88 KO (n=4 mice/group) were exposed to saline or S. rectivirgula (60
μg) once/day for 2 days and analyzed for neutrophil recruitment 24 h after the last exposure.
(A) One lung lobe from individual mice was homogenized, and MPO activity was measured
as described in Materials and Methods. (B) MIP-2 was measured in BALF recovered from
individual mice by ELISA. (C) RT-PCR was performed on RNA isolated from one lung lobe
from individual WT or MyD88 KO mice exposed to saline or S. rectivirgula using primers
specific for TNF-α and IL-1β. The housekeeping gene β-actin was used as an internal control.
*, P < 0.05, MyD88 KO exposed to S. rectivirgula compared with WT mice exposed to S.
rectivirgula.
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Fig. 6.
MyD88 is necessary for MIP-2 and KC production following S. rectivirgula stimulation in
vitro. Adherent cell populations were prepared from MyD88 KO or WT spleens. Cells were
stimulated with S. rectivirgula (10 μg) or media alone, and supernatants were collected at 24
h. The amounts of MIP-2 and KC present in the supernatants were measured by ELISA and
are expressed as pg/ml.
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