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Abstract

Objective and design—To determine whether Finegoldia magna protein L (PL) causes lung
inflammation and, if so, whether the response is dependent on its Ig-binding B cell superantigenic

property.

Material—Pulmonary inflammatory reactions were analyzed at varying time points after
intratracheal administration of PL to various strains of mice.

Results—PL caused peribronchial and perivascular inflammation that peaked at 18-24 hours.
Polymorphonuclear cells (PMNSs) began to accumulate in bronchoalveolar lavage fluid (BALF) of
PL-challenged mice by 4 hours and accounted for >90% of leukocytes by 18-24 hours.
Inflammation was marked by the appearance of MIP-2, KC, TNF-q, and IL-6 in the BALF with
peak levels attained 4 hours after PL administration. PL-induced pulmonary inflammation was
associated with increased airway hyperreactivity following inhalation of methacholine. The
inflammatory reaction was unabated in mice lacking B cells and Igs. By contrast, PL-induced
inflammation was abrogated in MyD88- deficient mice. PL-induced responses required alveolar
macrophages.

Conclusions—These results strongly suggest that PL-induced lung inflammation is dependent
on an innate MyD88 dependent pathway rather than the 1g-binding properties of this microbial B
cell superantigen. We propose that this pulmonary inflammatory reaction is caused by the
interaction of PL with a Toll-like receptor expressed on alveolar macrophages.

Introduction

B cell superantigens (SAgs) are defined by their ability to: 1) stimulate a high frequency of
B cells, 2) target B cells that express a particular family of Vi or V| -family gene products,
and 3) bind to framework domains of Vi or V|_expressing immunoglobulins (Igs) outside
their complementarity determining regions (CDRs) [reviewed in 1, 2]. A B cell SAg can
react with potentially large amounts of soluble antigen receptor molecules, i.e.,
immunoglobulins, in the serum, even if the host has not previously encountered the B cell
SAg. Binding to a large amount of 1g molecules endows these unconventional antigens with
an array of potentially dangerous biologic properties.
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We previously documented that the interaction of Staphylococcus aureus protein A (SpA),
the first B cell SAg to be defined, with human IgM molecules in vitro leads to activation of
the classical complement cascade [3]. We subsequently reported that the interaction of SpA
with human 1gG in a rabbit cutaneous Arthus model leads to tissue injury characterized by
features of immune complex-mediated inflammation [4]. Our studies suggested that these
outcomes were imparted by the superantigenic VH3 Ig binding rather than the Fcy binding
property of this microbial protein. Given the novelty and the potential clinical relevance of B
cell SAg-induced immune complex injury, we sought to elucidate cellular and molecular
events initiated by the deposition of these unconventional immune complexes. Using an
adaptation of a mouse peritonitis model, we identified a number of factors that contribute to
this B cell SAg/IgG complex driven inflammatory process. These include mast cells,
complement components, Fc,RIII, TNF-a and the chemokines MIP-2 and KC [5].

In the current studies, we sought to determine the possible consequences of B cell SAg-
elicited inflammation in a tissue compartment that is more relevant to human diseases,
namely the lungs. The lower respiratory tree represents a compartment to which B cell SAgs
might gain easy access. We used protein L (PL) as the B cell SAg rather than SpA. This
product of Finegoldia magna (previously named Peptostreptococcus magnus), is a 76 to
106-kDa protein containing four or five highly homologous, consecutive extracellular Ig-
binding domains [6]. It binds to the variable region framework domains [7] of human Ig k-
chains belonging to the VI, VI, and V¢IV-gene families regardless of the H-chain
isotypes of the Igs. Since 60% of human Igs have x-type L chains and the V., IlI, and IV
families account for the majority of them, PL has the potential to interact with a significant
proportion of human Igs. PL also binds avidly to mouse Ig [8]. Greater than 40% of murine
peripheral IgV,.* B cells bind this microbial protein [9, Lars Bjorck, Lund, Sweden, personal
communication). Unlike SpA, PL possesses no Fcy binding activity. Therefore, we
presumed it would allow us to directly assess whether elicited pathology was caused solely
by the variable region framework binding activity of this B cell SAg.

In the studies reported herein, we observed that PL does indeed cause pulmonary
inflammation with many histopathological features of immune complex mediated tissue
injury. However, to our great surprise, we discovered that inflammation elicited by PL was
not dependent on B cells or immunoglobulin. Rather the observed inflammatory reaction
was dependent on an innate MyD88-dependent pathway, which we believe was likely
triggered by the interaction of PL with a Toll-like receptor (TLR) expressed on alveolar
macrophages.

Materials and Methods

Animals

Female C57BL/6, C3H/HeJ (TLR-4 deficient), C3H/Ouj (C3H/HelJ controls), and JHT (B
cell and immunoglobulin deficient mice were purchased from the Jackson Laboratory (Bar
Harbor, ME). Myeloid differentiating factor deficient (MyD88—/—) mice were provided by
S. Akira (Osaka University, Osaka, Japan). All mouse strains were used at 8-10 weeks of
age. The mice were maintained under specific-pathogen free conditions at the University of
Pennsylvania. The experimental protocols were approved by the University of Pennsylvania
Animal Care and Use Committee (IACUC).

PL-induced lung inflammation

Mice were anesthetized with ketamine and xylazine, the trachea was exposed, and 200 pg of
PL (Actigen, Oslo, Norway) was administered via intratracheal (i.t.) injection; control
animals received BSA (Fraction V, Fatty Acid-Poor, Endotoxin Free) (Calbiochem, La Jolla,
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CA). The recombinant PL preparation was assayed by LAL test (Associates of Cape Cod,
East Falmouth MA) and found to contain <0.7 ng/mg endotoxin. Mice were sacrificed at
various time points (1-48 hours) after PL treatment and bronchoalveolar fluid (BALF) was
analyzed for Polymorphonuclear cell (PMN) accumulation, and production of MIP-2, KC,
TNF-a, IL-6 and IL-1p. Lung tissues obtained after lavage were processed for histological
examination and stained with hematoxylin and eosin according to conventional procedures.

BALF collection and quantitation of PMN accumulation

Lungs were lavaged with 1 ml PBS two times at 4° after canulation of the trachea. The
volume of the collected fluid was measured in each sample and the total cell count was
assessed in a hemacytometer. For quantification of PMN accumulation, differential cell
counts were performed on cytospins (3 min at 33 x g) and stained with HEMA 3 Solution
(Fisher Scientific, Pittsburgh, PA).

ELISA determination of inflammatory cytokines/chemokines

Immunoreactive MIP-2, KC, IL6, IL-1p and TNF-a concentrations in BALFs were
quantified by the proinflammatory molecule Searchlight Multiplex assay according to the
manufacturer's protocol (Thermo Fisher Scientific, Needham MA) or by ELISA kits (R & D
Systems, Minneapolis, MN), according to the manufacturer's instructions.

Measurements of airway hyperresponsiveness to methacholine (MCh)

In order to assess the function of the lower airways, mice were anesthetized and their
tracheas were canulated and connected to a ventilator. The animals then were injected with
intramuscular pancuronium bromide (3.0 mg/kg). The mice were mechanically ventilated
(Harvard Apparatus Model 687) at a respiratory rate of 140 beats/min with 0.25 ml of tidal
volume. Lung resistance was calculated from the measurements that were recorded by a
computerized online system (Flexivent). Airway responsiveness was assessed following
inhalation of nebulized saline and then increasing concentrations of MCh (3, 6, 12.5, 25 mg/
ml). Groups were compared by calculating the Area Under Curve and using the Mann
Whitney U test (GraphPad Prism 5.01).

Depletion of Alveolar Macrophages (AMs)

Results

In AM depletion experiments, mice were pretreated intratracheally with liposome-
encapsulated dichloromethylene diphosphonate (Lipo-clod) as previously described [10, 11].
Initial studies indicated a single dose of 100ul was sufficient to deplete macrophages by 70—
80% within 24 hours. Intratracheal delivery of PBS-liposomes (lipo-PBS) did not show
depletion effects and served as the control. Mice were treated with Lipo-clod or Lipo-PBS
24 hours prior to administration of PL.

Kinetics of PL-mediated lung inflammation

The lung inflammatory response was determined by analyzing the kinetics of appearance of
inflammatory cells in the lung tissue and BALF. Histological analysis of lungs obtained 1-
48 hours following i.t. administration of C57BL/6 mice with PL revealed an inflammatory
response characterized by a peribronchial and perivascular infiltrate of inflammatory cells
(Figure 1). The inflammatory cell influx developed within the first 4 hours after PL
instillation at which time PMNs represented the majority of the infiltrating cells. The
reaction was most prominent from 18 to 24 hours with a subsequent decline by 48 hours, as
assessed by hematoxylin/eosin staining of the lung tissue. The lungs of mice that received
BSA i.t. did not show evidence of inflammation.
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Inflammatory cells appearing in the BALF of C57BL/6 mice treated with PL were markedly
enriched for PMNs. Accumulation of PMNSs was not apparent until 4 h with numbers
peaking between 18-24 hours (Figure 2). PMNs consistently accounted for >90% of the
leukocytes recovered from the BALF during this time period. PMN recruitment was not
observed in the BALF of mice treated with BSA.

The results indicate that PL elicits an inflammatory response in the lungs characterized by a
peribronchial and perivascular inflammatory cell infiltrate along with accumulation of
PMNS in the BALF. The latter observation indicates that the inflammation elicited by PL
induced a rapid chemotaxis of PMNs which are typically not present in this pulmonary
compartment.

Kinetics of Cytokine/CXC Chemokine Production

To further dissect mechanisms responsible for the PL-induced inflammatory response, we
analyzed the recovered BALF for TNF-a, MIP-2, KC, IL6 and IL1p (Figure 3). Local
production of these factors has previously been associated with other causes of neutrophil-
enriched inflammatory reactions in the lung [12]. MIP-2 and KC, two functionally related
CXC chemokines that are homologues of human IL-8, accounted for the highest
concentrations of analytes with peaks observed at 4 hours post challenge, falloff by eight
hours and return to baseline by 24 hours. Peak levels of TNF-o and IL-6 were observed
between 4-8 hours post challenge. IL-1p was not detected. BSA treated control mice
showed <10pg/ml for all analytes tested (data not shown). Taken together, these data
indicate that PL-elicited lung inflammation results in enhanced production of TNF-a,
MIP-2, KC, and IL-6 but not IL-1p.

PL-induced airway hyperreactivity

Given the elicitation of peribronchial inflammation by PL, we sought to determine if this
pathologic picture is accompanied by functional changes. Airway hyperresponsiveness was
assessed in a group of mice at the height of the inflammatory response, 24 hours after
intratracheal treatment, and prior to performing the bronchoalveolar lavage. We measured
airway resistance to inhaled MCh in PL treated and control animals using the Flexivent
system as previously described in our laboratory [13]. Figure 4 shows that PL-treated mice
(n=6) had an enhanced airway resistance to inhaled MCh (3-25.0 mg/ml) at 24 hours
compared to BSA controls (n=4; p<0.05, Area Under Curve, compared with the Mann-
Whitney U test).

Lack of role for B cells and Ig in the PL —induced Inflammatory Reaction

In order to determine whether the PL-mediated inflammatory response is due to the B cell
superantigenic Ig-binding property of PL, we administered it to JHT mice (kindly provided
by Dr. Robert Eisenberg, University of Pennsylvania). These mice lack peripheral B cells
and serum Igs due to a targeted lesion in the J,, locus [14]). Surprisingly, we observed no
diminution in the intensity of the inflammatory response as gauged by histopathology
(Figure 5a and 5b). These results excluded Ig-binding as a mechanism accounting for PL-
induced inflammation.

Dependence of PL-induced inflammatory reaction on MyD88

The above findings indicated that the PL-induced inflammatory lung reaction was not
dependent upon the Ig binding activity of PL. We therefore focused on two innate immune
mechanisms that would not require binding of PL to Igs and presensitization of the recipient
mice. Initial studies conducted in C3 deficient mice (kindly provided by Dr. John Lambris,
University of Pennsylvania) excluded the involvement of complement pathway activation,
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since lung histology was not altered when PL was administered to the mice i.t. (data not
shown). Since many microbial proteins possess pathogen associated molecular patterns that
stimulate TLRs [15], we addressed the involvement of these innate immunity receptors by
conducting studies in MyD88—/— knockout mice. MyD88 is an adaptor protein necessary for
signaling of most TLRs [15] as well as IL-1p, IL-18 [16, 17] and IL-33 receptors [17, 18].
MyD88 knockout mice demonstrated an absence of the histopathological abnormalities seen
in wild-type controls (Figure 5c¢ and 5d, representative of three mice), a marked reduction in
BALF PMNS (Figure 6a; n=5; p<0.005, Students t-test) vs wild-type mice and markedly
reduced cytokines/chemokines in BALF vs. wild-type mice (Figure 6b; n=5; p<0.001,
Student's t-test).at 18, 18, and 4 hours after i.t. administration of PL.

To begin to address the possibility that MyD88 was recruited following the interaction of PL
with a TLR, we repeated our studies in TLR-4 deficient C3H/HeJ mice and C3H/OUj
control mice. The PL-induced histopathological and BALF PMN responses were intact in
the C3H/HeJ mice (Figure 7a, b).

Cellular basis of PL-induced lung inflammation: interrogation of AMs

Having obtained data suggesting TLRs mediate PL-induced-inflammation in the lungs, we
turned our attention to a resident effector cell population that expresses these innate immune
receptors, namely AMs. The AM is known to promote the migration of neutrophils into this
compartment by producing a variety of mediators, including TNF-a, MIP-2, and KC [12].
Therefore, we investigated the involvement of AMs in the PL-induced inflammatory lung
reaction in mice depleted of these cells by treatment with Lipo-clod [10,11] prior to i.t.
challenge with PL. Lipo-clod treatment resulted in approximately 80% AM depletion within
24 hours compared to control mice receiving Lipo-PBS (data not shown). PL-induced PMN
influx was significantly lower in Lipo-clod treated mice than in Lipo-PBS control animals
(Figure 8a; n=3; P<0.001 Student's t test) and the histopathological alterations at 24 hours
were much less apparent (Figure 8b, representative of 3 experiments).

Discussion

These studies were originally intended to extend our previous studies of B cell SAg
mediated immune complex inflammation [3-5]. We turned our attention to PL because we
believed it to be a “cleaner” B cell SAg than SpA since it possessed V-region binding
activity outside the CDRs but lacked the Fcy binding activity of SpA. Moreover, the B cell
superantigenic Ig-binding properties of PL are thought to be an important virulence factor of
the F. magna strains that produce it [19, 20].

The results of the studies reported herein indicate that the PL cell wall component of F.
magna induces an inflammatory reaction characterized by the rapid accumulation of PMNs
in the BALF and a peribronchial and perivascular infiltrate of inflammatory cells peaking
between 18 and 24 hours. The cellular changes were associated with the appearance of
elevated levels of MIP-2, KC, TNF-a, and IL6 in BALF, peaking at 4-8 hours, but not
IL-1B. The temporal pattern of appearance of these mediators suggests that one or more may
contribute to the PMN infiltration. Although our studies do not allow for a conclusion to be
drawn about which of these mediators is responsible for the attraction of PMNs, the CXC
chemokines MIP-2 and KC are likely to be involved given their robust chemoattractant
properties. Of note, the same profile of BALF chemokines and cytokines we observed in the
PL-induced reaction was observed in models of lung inflammation caused by the deposition
of conventional immune complexes (12) Thus, our findings were consistent with the
hypothesis that PL-induced inflammation was elicited by PL/IgG containing immune
complexes. Such a mechanism would not be expected to require sensitization of the mice to
PL, since reactive Ig Vk-binding molecules would be present in the endogenous murine Ig
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repertoire [8, 9]. Indeed, the kinetics of the PL-induced pulmonary changes in the naive
mice were consistent with this supposition. Our findings are physiologically relevant since
they were associated with a significant airway hyperresponsiveness to MCh 24 hours after
PL exposure of the mice. Further, the kinetics of the PL-induced airway changes in the naive
mice strongly suggest that PL activated the innate, rather than the adaptive immune response
in the lung.

Our results are highlighted by the finding that the Ig-binding property of PL is not
responsible for its proinflammatory action in the lung. This unexpected result was revealed
in studies of the JHT mice, which lack both B cells and Ig molecules [13]. We therefore
shifted our focus to potential innate immune mechanisms that would not require binding of
PL to Igs and presensitization of the recipient mice. The preservation of lung inflammation
in C3 deficient mice ruled out the recruitment of two potent complement pathway activation
by-products, C3a and C5a. However, the abrogation of all components of the inflammatory
responses in MyD88 knockout mice suggested a requirement for one or more TLRs, IL-1p,
IL-18 or I1L-33 since all signal through a MyD88-dependent pathway. We think that binding
of PL to a TLR is the most likely explanation for the elicitation of the observed
inflammatory reactions. It is unlikely that IL-1p is an important contributor to the pulmonary
inflammation since it was not detected in the BALF of PL-challenged animals. Although we
did not measure 1L-18 or IL-33 levels in BALF, we think these IL-1 family cytokines are not
key players since they tend to elicit TH2-cytokines and typically are not associated with
PMN-rich inflammatory responses when linked to either innate or adaptive immune
pathway-induced airway hyperreactivity [17, 18, 21-23].

To date, thirteen types of TLRs have been described in mammals and all but TLR-3 have
been associated with MyD88 signaling [reviewed in 15]. We can exclude TLR-4 as a PL
target. since the pulmonary reactions were unaltered in the TLR-4 defective C3H/HeJ mouse
strain. In addition, the latter observation implies that the PL-induced effects cannot be
caused by the negligible amount of endotoxin in the recombinant PL preparation under study
since endotoxin signals via TLR-4. Studies are currently underway in mouse strains
deficient in other TLRs to indentify the putative PL-binding receptor.

Having obtained data strongly suggesting that TLR mediates PL-induced-inflammation in
the lungs, we turned our attention to a resident effector cell population that expresses these
innate immune receptors, namely AMs. The PL-induced reactions were markedly
diminished in AM-depleted mice, suggesting an important role for AMs in their
pathogenesis. However, the responses were not completely abrogated. This finding suggests
that the macrophages that escaped depletion or perhaps another cell type that expresses
TLRs, e.g., epithelial cells, dendritic cells and/or mast cells, accounted for the residual
response.

The interaction of PL with another component of the innate immune system has recently
been reported [24]. PL was demonstrated to bind to the antibacterial proteins SI00A8/A9
via a site not involved with Ig binding. It was suggested that this interaction protected PL-
secreting strains from the bactericidal actions of these antibacterial proteins and thereby
promoted inflammation.

In summary, our results reveal a novel pro-inflammatory mechanism initiated by a microbial
protein with known B cell superantigenic properties. Whereas the virulence of F. magna has
been formerly associated with the superantigenic 1g binding property of PL, our findings
indicate that this property does not account for PL-induced pulmonary inflammation. Rather,
the experimental results strongly suggest pulmonary inflammation is mediated by a MyD88-
dependent activity of this microbial protein, which we believe is most likely initiated by its
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binding to a TLR expressed by pulmonary macrophages. Accordingly, our results add to the
growing list of mechanisms by which this bacterial protein may exploit components of the

ad

aptive and innate immune system to elicit inflammation.
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Figure 1. PL-induced lung histopathology in C57BL/6 mice

Representative hematoxalin and eosin-stained sections of lavaged and paraffin-embedded
lung tissue from C57BL/6 mice at 1-48 hours post PL challenge (n>5 at each time point)
and 24 hours post BSA challenge (bottom left). PL induced peribronchial and perivascular
inflammation. Original magnification, x 100; insets magnification x 400. The peak
inflammatory response occurred 18-24 hours after i.t. administration of PL. Solid arrows
indicate peribronchial inflammation.
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Figure 2. Kinetics of PMN infiltration in BALF

C57BL/6 mice (n>5) were administered PL i.t. At varying time points thereafter, animals
were sacrificed and their lungs were lavaged. The total number of PMNs was determined
and expressed as means + SD. PMNs began to appear in the BALF of PL-treated animals at
4 hours, peaking at 18-24 hrs.
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Figure 3. BALF Cytokine/Chemokine Assay

Concentrations of MIP-2, KC, TNF, IL-6 and IL-1 were analyzed in the BALF of PL-
challenged C57BL/6 mice (n>4 per group) and expressed as means + SD. Peak levels of
analytes were apparent at 4—-8 hours with obvious falloff at 24 hours. MIP-2 and KC levels
were significantly higher at 4 hours vs. 8 hours P=0.010 and 0.007 (respectively); Student's
t-test. Levels of each analyte were < 10 pg/ml in BSA treated animals.
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Figure 4. PL-induced airway hyperreactivity

Lung function measurements were performed on a subset of PL-treated (n=6) and BSA-
treated mice (n=4) 24 hours after treatment. Lung resistance was assessed using the
Flexivent system in anesthetized, canulated and ventilated mice following inhalation of
increasing doses of MCh as indicated. Data are expressed as the percent change over
baseline. The baseline values for the PL-treated and BSA-treated groups were 0.97+0.08 and
0.96+0.09 cmH,0.s/min. The Area Under Curve values (expressed as means = SD) were
significantly different between the PL and BSA-treated groups (p<0.05; Mann-Whitney U
test).
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Figure 5. PL-induced lung response in JHT and MyD88—/— mice

Eighteen hours following i.t. administration of PL to JHT (a) and MyD88—/— (c) mice and
their respective wild-type controls, lungs were examined for histopathology. Shown are
representative (n=3) hematoxalin and eosin stained lung sections (100x magnification)
revealing the presence of an intact pulmonary inflammatory reaction in JHT mice (a)
compared to similarly stained sections from PL-challenged wild-type mice (b). By contrast,
histopathological abnormalities are markedly attenuated in MyD88—/— (c) vs (d) wild-type
control mice. Solid arrows indicate peribronchial inflammation and stippled arrow indicates
perivascular inflammation..
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Figure 6. PL-induced responses in MyD88 —/— mice

PL-treated MyD88—/— mice demonstrated a marked reduction in BALF PMN numbers vs.
wild-type mice (a; n=3; P<0.005, Students t-test) and markedly reduced cytokines/
chemokines in BALF vs. wild-type mice in the BALF at 4 hours (b; n=5; p<0.001, Student's
t-test). Data are expressed as means + SD.
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Figure 7. PL-induced histopathology in C3H/Hej (TLR-4 deficient) mice)

Representative hematoxalin and eosin-stained sections of lavaged and paraffin-embedded
lung tissue from TLR-4 deficient C3H/Hej mice (a) and their respective wild-type controls
(b) prepared 18 hours after PL challenge. Original magnification x 100. Arrows indicate
peribronchial inflammation.
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Figures 8. Role of alveolar macrophages in PL-induced inflammatory reactions

C57BL/6 mice were treated i.t. with CI2MDP-encapsulated liposomes (Lipo-clod) or Lipo-
PBS as a control; PL was administered i.t. 24 hours later and BALF PMN numbers (a) and
histopathological reactions (b) were then assessed 24 hours thereafter as described in the
standard protocol. AM depletion by Lipo-clod decreased PL-induced BALF PMN numbers
expressed as means = SD (n=3 Lipo-PBS/PL and 4 Lipo-clod/PL-treated mice; P<0.001,
Student's t-test) and histopathological reactions (representative experiment).
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