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ABSTRACT Pneumonia is a major public health concern, causing significant morbid-
ity and mortality annually despite the broad use of antimicrobial agents. Underlying
many of the severe sequelae of acute lung infections is dysfunction of the immune
response, which remains incompletely understood yet is an attractive target of
adjunct therapy in pneumonia. Here, we investigate the role of oncostatin M (OSM),
a pleiotropic cytokine of the interleukin-6 (IL-6) family, and how its signaling modu-
lates multiple innate immune pathways during pneumonia. Previously, we showed
that OSM is necessary for neutrophil recruitment to the lungs during pneumonia by
stimulating STAT3-driven CXCL5 expression. In this study, transcriptional profiling of
whole-lung pneumonia with OSM neutralization revealed 241 differentially expressed
genes following only 6 h of infection. Many downregulated genes are associated
with STAT1, STAT3, and interferon signaling, suggesting these pathways are induced
by OSM early in pneumonia. Interestingly, STAT1 and STAT3 activation was subse-
quently upregulated with OSM neutralization by 24 h, suggesting that OSM interrup-
tion dysregulates these central signaling pathways. When we investigated the source
of OSM in pneumonia, neutrophils and, to a lesser extent, macrophages appear to be
primary sources, suggesting a positive feedback loop of OSM production by neutrophils.
From these studies, we conclude that OSM produced by recruited neutrophils tunes
early innate immune signaling pathways, improving pneumonia outcomes.
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Pneumonia remains a leading cause of death, morbidity, and loss of productive life-
years both in the United States and worldwide (1, 2), despite vaccinations, early anti-

biotics, lung protective ventilatory strategies, and improved supportive care. The causative
agents in pneumonia range from bacterial to viral and, occasionally, fungal pathogens (3).
Despite differences in microbial pathogenesis, most infections can lead to clinically similar
pneumonias, the acute respiratory distress syndrome (ARDS), and sepsis (4). The immune
dysfunction underlying pneumonia outcome remains incompletely understood, such that
immune-modulating therapies have not yet come to fruition.

Oncostatin M (OSM) is an interleukin-6 (IL-6) family cytokine with established effects
on lung fibrosis, malignancy, and acute and chronic inflammation. In human studies, it
is upregulated in several acute and chronic inflammatory processes, including but not lim-
ited to sepsis (5–7), ARDS (8), allergic rhinitis (9), inflammatory bowel disease (10), and
systemic sclerosis (11). Furthermore, OSM is intimately involved in pulmonary
inflammatory processes, as elevated OSM is seen in the bronchoalveolar lavage
fluid (BALF) of patients with acute lung injury from pneumonia (8). Although there
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is a strong association between OSM and these processes, the specific effects of
OSM during acute pulmonary infections in humans remain unclear and remain a
major knowledge gap.

In a murine model of Gram-negative pneumonia, we demonstrated that OSM is
induced rapidly after pathogen introduction (12) and is required for maximal neutrophil
recruitment (13). OSM exerts this action by inducing the production of the neutrophil che-
mokine CXCL5 by lung epithelial cells in a STAT3-dependent manner. Although OSM can
enhance the recruitment of neutrophils, it appears to do this without significant alterations
in bacterial clearance or lung injury, as measured by BALF protein (13). Despite the abun-
dance of data suggesting that OSM plays a central role in pulmonary inflammatory proc-
esses, intrapulmonary signals controlled by OSM have not yet been fully elucidated. In the
following studies, we sought to identify the biologic pathways that are modulated by the
presence or absence of OSM during acute pulmonary infection, along with its cellular sour-
ces. Ultimately, it is our hope that by understanding how OSM shapes the immunological
environment in the lung during pneumonia, this knowledge could be effectively used to
potentiate beneficial outcomes in human pneumonia.

RESULTS
OSM impacts survival and the lung transcriptional landscape during pneumonia.

Our prior studies showed that neutralization of OSM during pneumonia leads to a
defect in neutrophil recruitment but no changes in lung injury (edema) or bacterial
clearance (as measured by colony forming units, CFU, in whole lung or peripheral
blood), which left the physiological significance of OSM uncertain (13). To determine
whether OSM influenced the outcome of pneumonia, we examined survival in our
pneumonia model. Mice with OSM blockade began dying within a day of infection and

FIG 1 Neutralization of OSM has widespread effects in pneumonia. All experiments were performed
over two separate days. Mice were infected with E. coli in the presence of anti-OSM or IgG control. (A)
Kaplan-Meier survival curve. *, P, 0.05 by log-rank (Mantel-Cox) test. IgG, n=12; anti-OSM, n=13. For
microarray studies, lungs were harvested after 6h of E. coli pneumonia, n=3 in each group. (B) Volcano
plot of log10(FDR) versus log2(fold change) in control versus anti-OSM-treated mice. Blue and red dots
represent genes with a fold change decrease or increase greater than 1, respectively (vertical dashed
lines). Darker colors represent genes with FDR of,0.05, and lighter shade indicates FDRof ,0.1
(horizontal dashed lines). (C) Principal component analysis (PCA) was performed using all genes (21,187)
across all samples (3 control IgG, 3 anti-OSM). The plot shows principal component 1 versus 2, and the
dash-dot line represents a PC1 of zero. Each dot is labeled with the respective sample name.
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nearly all succumbed, whereas most infected mice with intact OSM signaling survived
(Fig. 1A). This clear evidence for the physiological significance of OSM signaling in the
infected lung prompted us to examine its dynamic effects on pulmonary responses to
infection using unbiased approaches.

To determine additional pathways affected by OSM, we investigated transcriptional
changes resulting from OSM neutralization during pneumonia. Mice were infected
with Escherichia coli plus anti-OSM antibody or control IgG for 6 h. RNA was isolated
from the involved left lobe, and microarray analysis was performed. Of the 21,187
genes evaluated, neutralization of OSM resulted in 858 differentially expressed genes
(DEG; false discovery rate [FDR] of,0.1). Transcripts are represented in a volcano plot
(Fig. 1B), where colored dots represent the 125 DEG with a log2(fold change) greater
than 1 or less than 21 and darker shades represent DEG with an FDR of ,0.05. These
highly significant DEG [FDR, 0.05 and log2(fold change) . 1 or , 21] are listed in
Table 1. Principle component analysis (PCA) was performed across all genes repre-
sented on the array, with principal component 1 (PC1) accounting for 40% of the var-
iance in gene expression across the two experimental conditions (Fig. 1C).

We next utilized the Ingenuity Pathway Analysis (IPA) suite for further analysis of
our array data. Using the IPA Ingenuity Knowledge Base (14), we determined which of
our DEG (FDR, 0.1) were also part of their curated set of genes shown to be affected
by OSM. OSM-related DEG are presented in Table 2, and genes that are present in both
Table 1 (highly significant DEG) and Table 2 (OSM-related genes) are boldfaced in each
table. Of the 48 DEG predicted by IPA to be regulated by OSM, 41 are changed in con-
gruence with prediction (e.g., genes predicted to be upregulated by OSM are
decreased with OSM neutralization), with an overall z-score of25.298 and an overlap P
value of 7.85� 1028. Among the DEG in our array that are known to be regulated by
OSM are cytokines (Il6, Il17a, and Csf2), chemokines (Ccl2, Ccl11, and Cxcl10), interferon-
regulated genes (Irf1, Irf7, Irf9, and others), pattern recognition receptors (Tlr2 and Tlr3),
and extracellular matrix-modifying proteins (Adamts4 and Timp1). In addition, we have
previously shown that OSM induces the production of the chemokine Cxcl5 (13), which
is not on the curated list but is on the list of highly significant DEG. Other DEG not on
the IPA list of OSM-associated genes include the chemokine Cxcl9, many interferon-
regulated genes (Ifit1, Ifit2, Ifit3, and several interferon-responsive genes), and extracel-
lular matrix-modifying proteins (Ptx3, Adamts15, and Mmp25). Finally, among DEG are
genes representing functions separate from what was seen in the OSM-associated list,
including leukocyte activation markers (Cd69 and Cd274/Pdl1), cytokine receptors
(Il18rap and Il2ra), and the proinflammatory microRNA miR155. Interestingly, many of
the DEG are regulated by the same relatively small number of upstream regulators and
pathways. Overall, these data show that OSM affects a broad range of early immune
responses in lung infections and may do so by modulating upstream regulators.

Using our set of DEG (FDR, 0.1) and the IPA suite, we determined which canonical
pathways were associated with OSM neutralization (Fig. 2A). Affected pathways were
enriched for innate and adaptive immune pathways (interferon signaling, IL-17 signal-
ing, pattern recognition receptors, and NF-κB signaling), all of which had a neutral or
negative z-score, indicating downregulation with neutralization of OSM. We next uti-
lized IPA to determine potential upstream regulators affected by OSM neutralization.
We again used DEG (FDR, 0.1) to generate a list of potential upstream regulators (Fig.
2B depicts the top 40 by P value of overlap), filtered for genes, RNAs, and proteins. In
addition to downregulation of pathways known to be associated with OSM (STAT3 [13]
and STAT1 [15]), there was significant downregulation of interferon pathways (alpha,
beta, gamma, and lambda interferon as well as IRF3 and IRF7) and other regulators of
innate immune responses (NF-κB, tumor necrosis factor alpha, IL-1b , and pathogen
recognition receptors). Interestingly, repressors of inflammation (SOCS1, IL10RA, and
IL1RN) had divergence of their z-score and gene expression, with a positive z-score
and a negative change in gene expression. This suggests that OSM inhibition leads to
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TABLE 1 Top downregulated and upregulated DEGa

Abbreviation Name Log2(FC) 2Log10(FDR)
Ptx3 Pentraxin-related gene 22.33 1.46
Mx2 Myxovirus (influenza virus) resistance 2 22.19 1.44
5430427O19Rik RIKEN cDNA 5430427O19 gene 22.06 1.48
Ifit3 Interferon-induced protein with tetratricopeptide repeats 3 21.97 1.56
Csf3 Colony stimulating factor 3 (granulocyte) 21.96 1.56
Ifit1 Interferon-induced protein with tetratricopeptide repeats 1 21.96 1.56
Ifit2 Interferon-induced protein with tetratricopeptide repeats 2 21.93 1.56
Rsad2 Radical S-adenosyl methionine domain containing 2 21.92 1.56
Saa1 Serum amyloid A 1 21.90 1.46
Gbp5 Guanylate binding protein 5 21.90 1.33
I830012O16Rik RIKEN cDNA I830012O16 gene 21.79 1.56
Cxcl9 Chemokine (C-X-C motif) ligand 9 21.75 1.44
Mx1 Myxovirus (influenza virus) resistance 1 21.66 1.44
Pydc4 Pyrin domain containing 4 21.64 1.56
Cd69 CD69 antigen 21.63 1.37
Olfr56 Olfactory receptor 56 21.62 1.56
Ifi204 Interferon activated gene 204 21.55 1.56
Tfpi2 Tissue factor pathway inhibitor 2 21.54 1.56
Irgm1 Immunity-related GTPase family M member 1 21.53 1.56
Selp Selectin, platelet 21.50 1.34
Gbp3 Guanylate binding protein 3 21.48 1.44
Gm4951 Predicted gene 4951 21.45 1.50
Il18rap Interleukin 18 receptor accessory protein 21.45 1.32
Egln3 EGL nine homolog 3 (C. elegans) 21.40 1.56
Igtp Interferon gamma induced GTPase 21.40 1.56
Ceacam10 Carcinoembryonic antigen-related cell adhesion molecule 10 21.39 1.47
Rnd1 Rho family GTPase 1 21.39 1.39
Mmp25 Matrix metallopeptidase 25 21.37 1.31
Gm12250 Predicted gene 12250 21.37 1.31
Gapt Grb2-binding adaptor, transmembrane 21.36 1.31
Slc26a4 Solute carrier family 26, member 4 21.35 1.42
Usp18 Ubiquitin specific peptidase 18 21.35 1.56
Tgm1 Transglutaminase 1, K polypeptide 21.34 1.50
Fgf23 Fibroblast growth factor 23 21.32 1.39
Ifi203 Interferon activated gene 203 21.31 1.56
Cd274 CD274 antigen 21.31 1.44
Endou Endonuclease, poly(U) specific 21.30 1.33
Cxcl5 Chemokine (C-X-C motif) ligand 5 21.29 1.52
Parp14 Poly(ADP-ribose) polymerase family, member 14 21.29 1.56
Inhba Inhibin beta-A 21.29 1.56
Cmpk2 Cytidine monophosphate (UMP-CMP) kinase 2, mitochondrial 21.28 1.56
Dhx58 DEXH (Asp-Glu-X-His) box polypeptide 58 21.27 1.56
Ifi47 Interferon gamma inducible protein 47 21.24 1.44
Plaur Plasminogen activator, urokinase receptor 21.24 1.33
Rtp4 Receptor transporter protein 4 21.23 1.33
Slfn9 Schlafen 9 21.20 1.56
Ccl11 Chemokine (C-C motif) ligand 11 21.20 1.50
Mnda Myeloid cell nuclear differentiation antigen 21.19 1.50
Gbp2 Guanylate binding protein 2 21.18 1.36
Adamts4 ADAMTS type 1 motif, 4 21.17 1.33
Il2ra Interleukin 2 receptor, alpha chain 21.17 1.56
D14Ertd668e DNA segment, Chr 14, ERATO Doi 668, expressed 21.16 1.56
Tnfaip6 Tumor necrosis factor alpha induced protein 6 21.15 1.46
Rnf213 Ring finger protein 213 21.14 1.56
Slfn8 Schlafen 8 21.14 1.44
Amica1 Adhesion molecule, interacts with CXADR antigen 1 21.13 1.44
Oas1g 2'-5' Oligoadenylate synthetase 1G 21.13 1.44
Tslp Thymic stromal lymphopoietin 21.13 1.44
Mir155 MicroRNA 155 21.11 1.46
Pydc3 Pyrin domain containing 3 21.11 1.56
Tap1 Transporter 1, ATP-binding cassette, subfamily B (MDR/TAP) 21.08 1.56
Mcoln2 Mucolipin 2 21.08 1.33

(Continued on next page)
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a dysregulated immune state and that while there is induction of inflammatory
repressors, their action is not sufficient to overcome other signaling pathways.

To confirm these findings using a complementary in silico method, we analyzed the
data using Gene Set Enrichment Analysis (GSEA) (16, 17). All genes on the Mouse Gene
1.0 ST array were ranked by moderated t statistic for anti-OSM versus control IgG. This
list was compared with a collection of gene sets from the Molecular Signatures
Database (version 4.0) to determine whether members of a given gene set were dis-
tributed nonrandomly within the ranked list. Results in Table 3 indicate the top 20
gene sets upregulated and downregulated (by normalized enrichment score, or NES).
Again, we see that there is a strong representation of pathways associated with inter-
feron signaling and innate immunity downregulated with OSM neutralization.
Interestingly, by this analysis there is also a significant upregulation of pathways asso-
ciated with metabolism.

Exogenous OSM directly stimulates multiple inflammatory pathways in the
lungs. Acute bacterial pneumonia has been shown to activate multiple redundant
innate immune signaling pathways in the lungs (4), and teasing apart the effect of
changing a single cytokine in this setting can be difficult. To examine the effect of
OSM on the lung using a more direct approach, we investigated the effect of recombi-
nant mouse OSM (rmOSM) stimulation on transcription factor activation. Mice were
intratracheally (i.t.) instilled with 2.5mg rmOSM and harvested for total protein after
1 h, and immunoblotting was performed (whole-blot images are available in Fig. S1 in
the supplemental material). We first examined the impact of exogenous OSM on the
transcription factors STAT1 and STAT3, as they are known to be induced by OSM sig-
naling in multiple disease models (12, 18–21) and were strongly predicted by our bio-
informatics results described above. Stimulation with rmOSM resulted in the activation
of STAT1 and STAT3 (Fig. 3), as evidenced by an increase in phosphoprotein (Fig. 3A
and D) and phosphoprotein to total protein ratio (Fig. 3C and F). Interestingly, IRF3,
which is an interferon-regulated transcription factor strongly predicted by our array to
be decreased (Fig. 1D), was not activated by exogenous rmOSM (Fig. 3J and Fig. S1).
We next looked at the upstream regulator AKT, which has been shown in other models
to be affected by OSM in the lungs (22–26). Interestingly, there was a trend toward
diminished phospho-AKT (Fig. 3G), and a significant decrease in the ratio of phosphopro-
tein to total protein (Fig. 3I), without changes in total AKT (Fig. 3H). This suggests that AKT
is regulated differently from STAT1 and STAT3 by rmOSM in our model. Taken together,
these data suggest that OSM directly modulates multiple immune signaling pathways in
the lungs, which is consistent with the results from our transcriptomic studies.

We next determined whether OSM alone was sufficient to elicit gene expression
changes implicated by differentially expressed transcripts (Fig. 1 and 2 and Tables 1
and 2) following anti-OSM during pneumonia. Mice were treated with an i.t. instillation
of rmOSM for 4 h, and mRNA induction was measured for select transcripts using quan-
titative reverse transcription-PCR (qRT-PCR) (Fig. 4). We first evaluated Csf3, Saa1, Selp,

TABLE 1 (Continued)

Abbreviation Name Log2(FC) 2Log10(FDR)
Hcn4 Hyperpolarization-activated, cyclic nucleotide-gated K1 4 21.06 1.33
Gm12185 Predicted gene 12185 21.04 1.33
Eif2ak2 Eukaryotic translation initiation factor 2-alpha kinase 2 21.04 1.56
Ifi44 Interferon-induced protein 44 21.03 1.50
Gyk Glycerol kinase 21.03 1.44
Parp9 Poly (ADP-ribose) polymerase family, member 9 21.01 1.56
Ifi205 Interferon activated gene 205 21.01 1.53
Gata2 GATA binding protein 2 1.02 1.46
Atp7b ATPase, Cu21 transporting, beta polypeptide 1.09 1.56
Anpep Alanyl (membrane) aminopeptidase 1.12 1.56
Adamts15 ADAMTS type 1 motif, 15 1.72 1.56
Etv5 ETS variant gene 5 1.77 1.56
aLog2(FC). 1.0 and,21, FDR, 0.05. Genes in boldface are present in both Tables 1 and 2.
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and Adamts4, as they were all listed as OSM-related genes in the IPA Knowledge Base
and were highly significant. Saa1 and Adamts4 were both strongly induced by rmOSM,
while Csf3 and Selp only trended toward a modest increase. We next looked at several
interferon-related DEG (Ifit1-3 and Cxcl9) that were highly significant yet not listed as
being downstream of OSM. In contrast to what was predicted by our array data, Ifit2
and Ifit3 were significantly decreased with rmOSM treatment, while Ifit1 trended lower.
Cxcl9 only trended modestly up after rmOSM treatment. Among genes induced by
OSM neutralization, we examined Etv5, Anpep, and Gata2, all of which were highly sig-
nificant though not previously shown to be OSM associated. After rmOSM treatment,
there was a significant decrease in Etv5 and Gata2 and a trend toward decrease with
Anpep, all of which is consistent with the predictions. These results demonstrate that

TABLE 2 DEG predicted to be downstream of OSM

Genesa Name Log2(FC) 2Log10(FDR) Predicted regulation
Csf3 Colony stimulating factor 3 (granulocyte) 21.96 1.56 Up
Il6 Interleukin 6 21.94 1.02 Up
Saa1 Serum amyloid A 1 21.90 1.46 Up
Selp Selectin, platelet 21.50 1.34 Up
Ccl2 Chemokine (C-C motif) ligand 2 21.31 1.11 Up
Sele Selectin, endothelial cell 21.25 1.11 Up
Ccl11 Chemokine (C-C motif) ligand 11 21.20 1.50 Up
Cxcl10 Chemokine (C-X-C motif) ligand 10 21.20 1.05 Up
Gbp2 Guanylate binding protein 2 21.18 1.36 Up
Adamts4 ADAMTS type 1 motif, 4 21.17 1.33 Regulates
Irf7 Interferon regulatory factor 7 21.13 1.22 Up
Oas1g 2'-5' Oligoadenylate synthetase 1G 21.13 1.44 Up
Tap1 Transporter 1, ATP-binding cassette, subfamily B (MDR/TAP) 21.08 1.56 Up
Timp1 Tissue inhibitor of metalloproteinase 1 20.92 1.29 Up
Sbno2 Strawberry notch homolog 2 (Drosophila) 20.84 1.56 Up
Tlr2 Toll-like receptor 2 20.80 1.09 Up
Casp4 Caspase 4, apoptosis-related cysteine peptidase 20.79 1.05 Up
Irf9 Interferon regulatory factor 9 20.78 1.06 Up
Ch25h Cholesterol 25-hydroxylase 20.77 1.41 Up
Socs1 Suppressor of cytokine signaling 1 20.72 1.33 Up
Zc3hav1 Zinc finger CCCH type, antiviral 1 20.71 1.19 Up
Hif1a Hypoxia-inducible factor 1, alpha subunit 20.68 1.27 Up
Ptges Prostaglandin E synthase 20.66 1.22 Up
Il17a Interleukin 17A 20.65 1.02 Down
Myd88 Myeloid differentiation primary response gene 88 20.61 1.05 Up
Irf1 Interferon regulatory factor 1 20.60 1.02 Up
Znf263 Zinc finger protein 263 20.58 1.16 Up
Ifi35 Interferon-induced protein 35 20.52 1.32 Up
Pdzk1ip1 PDZK1-interacting protein 1 20.51 1.22 Up
Pfkfb3 6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 20.49 1.10 Up
Crp C-reactive protein, pentraxin-related 20.48 1.01 Regulates
Dhrs7 Dehydrogenase/reductase (SDR family) member 7 20.43 1.06 Up
Tlr3 Toll-like receptor 3 20.42 1.05 Up
Hla-a Histocompatibility 2, Q region locus 6 20.40 1.12 Up
Il4r Interleukin 4 receptor, alpha 20.39 1.09 Up
Col8a1 Collagen, type VIII, alpha 1 20.37 1.00 Up
Zhx2 Zinc fingers and homeoboxes 2 20.37 1.00 Up
Stk25 Serine/threonine kinase 25 (yeast) 0.33 1.00 Down
Rnase4 Ribonuclease, RNase A family 4 0.40 1.11 Down
Prdx2 Peroxiredoxin 2 0.42 1.18 Down
Rora RAR-related orphan receptor alpha 0.46 1.09 Down
Ryk Receptor-like tyrosine kinase 0.47 1.28 Up
Irs1 Insulin receptor substrate 1 0.53 1.31 Down
Gab1 Growth factor receptor bound protein 2-associated protein 1 0.58 1.10 Up
Dapk1 Death associated protein kinase 1 0.59 1.11 Up
Znf266 Zinc finger protein 266 0.73 1.09 Up
Erbb3 v-erb-b2 erythroblastic leukemia viral oncogene homolog 3 0.81 1.56 Down
Dhrs3 Dehydrogenase/reductase (SDR family) member 3 0.97 1.44 Down
aGenes in boldface are present in both Tables 1 and 2.
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not all genes significantly changed by OSM neutralization during pneumonia are
changed as predicted with OSM stimulation (without pneumonia). Especially notable
are the Ifit genes, which change opposite to what was predicted by the array results. In
this case, while OSM may be capable of suppressing these genes in the absence of infec-
tion, the combination of circumstances secondary to the impact of OSM neutralization
during pneumonia overwhelm the direct effects of OSM observable for select transcripts.
For the other genes investigated, OSM is independently sufficient to induce gene expres-
sion programs that are reduced following OSM blockade during pneumonia.

Neutralization of OSM leads to a rebalancing of late inflammatory signaling. As
the studies described above address OSM-dependent pathways in the initial 1 to 6 h of
infection, we next determined the impact of OSM blockade on transcription factor ac-
tivity at 24 h, a time by which we previously reported changes in immune function (12,
13, 27). To do this, we infected mice for 24 h with E. coli in the presence of IgG or neu-
tralizing anti-OSM antibody, isolated total lung protein, and performed immunoblot-
ting (whole-blot images of blots available in Fig. S2). Interestingly, and in contrast to
exogenous OSM after 1 h, neutralization of OSM during pneumonia increased activated
phospho-STAT1 (Fig. 5A) and the ratio of pSTAT1/STAT1 (Fig. 5C). On the other hand,
the fraction of active phospho-STAT3 (Fig. 5D and F) became elevated due largely to a
decrease in total STAT3 (Fig. 5E). Taken together, these data suggest that neutralization
of OSM leads to alteration in the typical balance of STAT1 and -3 activity seen in

FIG 2 Predicted pathways and upstream regulators affected by OSM blockade. (A) Canonical
pathways as predicted by Ingenuity Pathway Analysis (IPA). Bars colored based on z-score (dark blue,
,21; light blue, between 21 and 0; white, 0; and red, .1 [no z-score between 0 and 1]).
Significance was determined by Benjamini Hochberg multiple testing correction of P value; vertical
dotted line represents 2log10(adjusted P value) of 1.3. (B) Top 40 upstream regulators affected by
OSM neutralization, as predicted by IPA. Each regulator is presented with the z-score (black bar,
bottom axis) and the log2(fold change) of expression of the gene (gray bar, top axis). Regulators are
organized by function and in decreasing order of z-score. For the presented regulators, P values of
overlap ranged from 4.87� 10237 to 5.80� 10213.
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pneumonia, yet this disruption is distinct from what was predicted by gene changes in
the transcriptomic data at 6 h. We observed an increase in both phospho-AKT (Fig. 5G)
and total AKT (Fig. 5H) with OSM neutralization, yet their relative ratio was unchanged
(Fig. 5I). OSM blockade had no effect on IRF3 (Fig. 5J). Overall, this suggests that neu-
tralization of OSM leads to activation of known proinflammatory signaling pathways in
the lungs. While this seemingly opposes changes predicted based on data collected at
earlier time points (Fig. 1 and 3), exaggerated activity of these transcription factors at
24 h may be secondary to outcomes directly altered by OSM blockade in the initial
hours of infection.

OSM RNA is produced by neutrophils and macrophages. To better understand
the origins of lung OSM accumulation during pneumonia, we investigated its cellular
sources. We performed flow cytometry-assisted cell sorting (FACS) to isolate lung cell
types and measured OSM RNA produced in each cell type with and without infection.
We previously demonstrated that in the absence of infection, OSM protein is undetect-
able in the alveolar lining fluid but is rapidly upregulated by 6 h of E. coli pneumonia
(13). While neutrophils have been identified by others as an OSM source in different

TABLE 3 GSEA most up- and downregulated gene sets

Gene set name Gene set sizea NES 2Log10(FDR) Group
Interferon alpha beta signaling 42 23.09 .4.05 Reactome pathway
Interferon signaling 117 23.01 .4.05 Reactome pathway
Interferon gamma signaling 48 23.00 .4.05 Reactome pathway
Cytokine signaling in immune system 221 22.81 .4.05 Reactome pathway
Olfactory signaling pathway 230 22.74 .4.05 Reactome pathway
Olfactory transduction 286 22.68 .4.05 KEGG pathway
Defense response 218 22.67 .4.05 GO biological process
Cytokine production 65 22.54 .4.05 GO biological process
Cytokine-cytokine receptor interaction 215 22.50 .4.05 KEGG pathway
Interleukin binding 24 22.46 .4.05 GO molecular function
Class a1 rhodopsin like receptors 270 22.44 .4.05 Reactome pathway
Inflammatory response 116 22.41 .4.05 GO biological process
Immune response 203 22.40 .4.05 GO biological process
JAK STAT signaling pathway 132 22.37 .4.05 KEGG pathway
Defense response to bacterium 19 22.37 .4.05 GO biological process
Cytokine activity 81 22.32 3.95 GO molecular function
Detection of stimulus 45 22.32 3.97 GO biological process
Response to bacterium 24 22.32 4.00 GO biological process
Cytokine metabolic process 40 22.32 4.02 GO biological process
IL-22bp pathway 16 22.32 4.04 BioCarta pathway
Valine leucine and isoleucine degradation 42 2.44 .4.05 KEGG pathway
ACTAYRNNNCCCR unknown 425 2.31 .4.05 TF Motif
Activation of chaperone genes by xbp1s 43 2.31 .4.05 Reactome pathway
Propanoate metabolism 30 2.25 .4.05 KEGG pathway
Endoplasmic reticulum part 94 2.22 3.69 GO cellular component
Asparagine N-linked glycosylation 78 2.21 3.16 Reactome pathway
Mitochondrion 318 2.19 3.22 GO cellular component
Endoplasmic reticulum 275 2.18 3.19 GO cellular component
Isomerase activity 34 2.14 2.89 GO molecular function
Major histocompatibility complex class II antigen presentation 81 2.13 2.87 Reactome pathway
Endoplasmic reticulummembrane 83 2.12 2.79 GO cellular component
Fatty acid metabolism 38 2.10 2.70 KEGG pathway
N glycan biosynthesis 44 2.10 2.68 KEGG pathway
Nuclear envelope endoplasmic reticulum network 92 2.09 2.64 GO cellular component
Golgi apparatus part 97 2.06 2.42 GO cellular component
Mitochondrial part 128 2.04 2.34 GO cellular component
Nucleotide excision repair 46 2.04 2.35 Reactome pathway
Lysosome 114 2.04 2.31 KEGG pathway
Unfolded protein response 74 2.03 2.29 Reactome pathway
Endomembrane system 213 2.02 2.26 GO cellular component
aNumber of genes in the gene set that overlap with the genes in the ranked list.
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inflammatory settings (8, 28–30), we predicted alternative sources given our previous
finding that OSM is an upstream requirement for the recruitment of neutrophils (13).
We focused our initial sorting strategy on myeloid lineage cells and epithelium (sorting
strategy is depicted in Fig. S3), as these cell types are first in contact with E. coli. Mice
were treated with E. coli or saline control for 6 h, and peripheral blood (Fig. 6A), bron-
choalveolar lavage fluid (BALF) (Fig. 6B), or whole-lung single-cell suspensions (Fig. 6C)
were harvested. Cell suspensions were subjected to FACS, RNA isolation, and OSM RNA
detection. Data were normalized to uninfected, whole-lung OSM RNA to relate fold

FIG 3 OSM activates multiple signaling pathways in the lungs. Mice were treated with PBS (circle,
n=4) or 2.5mg rmOSM (diamond, n= 5) for 1 h. Protein from left lung lobes was isolated, and
immunoblotting was performed for the indicated targets. Phosphoprotein (A, D, and G), total target
protein (B, E, and H), and the ratio of phospho- to total protein (C, F, and I) are presented for each
target. Targets are STAT1 (A to C), STAT3 (D to F), and panAKT (G to I). Immunoblots are displayed in
panel J, and full blots are shown in Fig. S1. Targets were quantified using Empiria Studio, and
fluorescence intensity was normalized to total protein in each lane as measured by Revert total
protein stain. Values presented are fold change versus PBS control for each target or ratio of fold
changes. Bars represent means, and error bars are SEM. Experiments were performed over two
separate days. Equivalence of variance was checked with an F test. In sample sets with equivalent
variance, significance was calculated with unpaired t test (STAT1, pSTAT3, pSTAT3/STAT3, and all AKT
data). In sample sets with significantly different variance, significance was calculated with a Mann-
Whitney test (pSTAT1, pSTAT1/STAT1, and STAT3). *, P, 0.05.
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induction values across cell types. Compared to whole-lung tissue from uninfected
mice, neutrophils had high levels of OSM production, both in the peripheral blood
(4,2326 761, fold change mean6 standard errors of the means [SEM]) and whole-lung
single-cell suspension (4,4526 954). Lung suspension macrophages (1,1016 384) and
other leukocytes (6846 77) produced moderate amounts of OSM at baseline.
Peripheral blood monocytes (1656 35) and BALF macrophages (956 7) had lower lev-
els, and lung suspension epithelial cells (26 1) had the lowest level of cells measured.
Note that BALF neutrophils are rare in the absence of infection and, therefore, could
not be evaluated in its absence. During infection, however, neutrophils isolated from
BALF exhibited the highest OSM mRNA levels of all cell types tested (60,9316 18,863),
while the high levels of OSM in peripheral blood (7,7706 2,486) and whole-lung digest
(3,0046 735) neutrophils did not change significantly with infection. OSM mRNA levels

FIG 4 rmOSM alters transcription of several differentially expressed genes (DEG) from the array. Mice
were treated with 50 ng rmOSM (diamond, n= 5 to 6) or PBS control (circle, n=4) for 4 h. RNA was
isolated from left lobes, and qRT-PCR was performed on the following transcripts: (A) Gcsf, (B) Saa1,
(C) Adamts4, (D) Selp, (E) Cxcl9, (F) Ifit1, (G) Ifit2, (H) Ifit3, (I) Etv5, (J) Anpep, and (K) Gata2. Values
presented are fold changes of transcript compared with PBS-treated control mice. Bars represent
means, and error bars are SEM. Experiments were performed over two separate days. Equivalence of
variance was checked with an F test. In sample sets with equivalent variance, significance was
calculated with unpaired t test (Csf2, Saa1, Selp, Ifit1, Ifit3, Cxcl9, Anpep, and Gata2). In sample sets
with significantly different variance, significance was calculated with Mann-Whitney test (Adamts4,
Ifit2, and Etv5). *, P, 0.05.
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in peripheral blood monocytes (2,7706 386) and BALF macrophages (1,2896 323)
were higher during infection than at baseline, although this did not reach statistical
significance. Macrophages (5856 68) and other leukocytes (5536 234) in the lung sus-
pension had slightly lower levels of OSM during infection than at baseline, but again
this did not reach significance. Finally, lung suspension epithelial cells (96 3) had the
lowest level measured during infection. These data suggest that neutrophils overall,
particularly in the alveolar space (BALF neutrophils), are the predominant source of

FIG 5 OSM neutralization leads to activation of STAT1. Mice were infected with E. coli and IgG
control (circle, n= 4) or anti-OSM (square, n= 4) for 24 h. Protein from left lung lobes was isolated,
and immunoblotting was performed for the indicated targets. Phosphoprotein (A, D, and G), total
target protein (B, E, and H), and the ratios of phospho- to total protein (C, F, and I) are shown for
each target. Targets are STAT1 (A to C), STAT3 (D to F), and panAKT (G to I). Immunoblots are
displayed in panel J, and full blots are shown in Fig. S2. Targets were quantified using Empiria Studio,
and fluorescence intensity was normalized to total protein in each lane. Values presented are fold
change versus PBS control for each target. Bars represent means, and error bars are SEM. Experiments
were performed over two separate days. Equivalence of variance was checked with an F test, and all
sets had equivalent variance. Significance was calculated with unpaired t test. *, P, 0.05.
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OSM RNA at baseline, with infections with macrophages, monocytes, and other leuko-
cytes serving as potential secondary sources.

Macrophages and neutrophils produce OSM protein in the lungs. We next
looked at OSM protein production at baseline and following 6 h of lung infection.
Figure 7A demonstrates that F4-80 colocalizes with OSM staining, both at baseline and
with infection, revealing macrophages as a source of OSM protein, with more promi-
nent staining detected during infection. Figure 7B shows that Ly6G also colocalizes
with OSM at baseline and during pneumonia. The neutrophils at baseline appear to be
largely confined to the circulation in the alveolar septa. During infection, there are
more neutrophils, found both in the septa as well as the alveolar space, suggesting
neutrophils as a recruited source of OSM complementing an additional response from
resident macrophages. Overall, our findings support neutrophils and macrophages as
major OSM sources in the lungs.

Macrophages are sufficient but not necessary for OSM production. In our model
system, neutrophil recruitment to the alveolar space requires alveolar OSM (13), as
neutralization of alveolar OSM during pneumonia limits neutrophil recruitment. In an
uninfected state, there are few to no neutrophils in the alveolar space, suggesting
another cell type is involved in early OSM signaling. We hypothesized that an early sig-
naling cell is the alveolar macrophage, which functions as a sentinel cell in the alveolus
(4). We investigated whether alveolar macrophages were able to rapidly produce OSM
by treating mice with E. coli for 2 h. We confirmed by differential staining of cytospin
slides that cells harvested from the BALF of mice at 2 h were comprised of greater than
99% alveolar macrophages (Fig. 8A). We next harvested RNA from these cells and

FIG 6 OSM is produced by neutrophils, monocytes, and macrophages. Mice were i.t. instilled with
either saline control (circles, n= 4 to 6) or E. coli (inverted triangles, n= 4 to 6). After 6 h, BALF cells
(A), peripheral blood cells (B), or whole-lung single-suspension cells (C) were isolated. FACS was
performed to isolate alveolar or whole-lung macrophages (MAC; A and C), alveolar, peripheral blood,
or whole-lung neutrophils (PMN; A to C), peripheral blood monocytes (Mono; B), whole-lung
epithelial cells (Epi; C), or whole-lung nonmacrophage, nonneutrophil leukocytes (Other; C). RNA was
harvested from sorted cells, and OSM RNA was determined. Values presented are fold induction of
OSM compared to uninfected, whole lung. Bars represent means, and error bars are SEM. For panel A,
significance was determined by Kruskal-Wallis one-way analysis of variance (ANOVA), with Dunn
correction for multiple testing. #, P, 0.05. For panels B and C, significance was determined by two-
way ANOVA with Sidak correction for multiple testing. *, P, 0.05 for effect of cell type. Of note, there
was no significant effect of infection in any cell type.

Traber et al. Infection and Immunity

April 2021 Volume 89 Issue 4 e00655-20 iai.asm.org 12

https://iai.asm.org


evaluated OSM production. Compared to cells from uninfected mice, those collected
after 2 h of E. coli infection exhibited substantial OSM induction (Fig. 8B). This suggests
alveolar macrophages as an early source of OSM.

To determine whether early mRNA induction in alveolar macrophages is required
for the total lung OSM response, we depleted airspace macrophages by pretreating
mice with clodronate-encapsulated liposomes, which resulted in approximately 75%
reduction in BALF macrophages (samples collected in reference 31). When these mice
were infected for 6 or 24h with E. coli, there was no significant decrease in OSM produc-

FIG 8 Macrophages are sufficient but not necessary to produce OSM. (A and B) Mice were i.t. instilled with E.
coli, and BALF cells were harvested at baseline (circles, n= 7) or after 2 h of infection (inverted triangle, n= 8),
and differential cell counts (MAC macrophage and PMN neutrophils) (A) and OSM RNA levels (B) were
determined. For panel A, significance was determined by two-way ANOVA with Sidak correction for multiple
testing. †, P, 0.05 for effect of infection; *, P, 0.05 for effect of cell type. For panel B, significance was
determined by Mann-Whitney test, as variance was significantly different between sets. *, P, 0.05. For panels
C to E, mice were treated with clodronate liposomes (open circles) or control PBS liposomes (closed circles) for
72 h, and then mice were i.t. infected with E. coli for 6 or 24 h. (C) Left lobe was harvested to measure RNA
OSM. BALF was collected to measure OSM protein (D) or total neutrophil counts (C). Significance was tested
with two-way ANOVA with Sidak correction for multiple comparisons. *, P , 0.05.

FIG 7 Macrophage and neutrophil staining colocalizes with OSM staining during pneumonia. Mice
were i.t. instilled with E. coli, and involved left lobes were harvested at baseline (0 hpi) or after 6 h (6
hpi). Frozen sections were obtained and stained for OSM (green) plus either F4/80 (A) or Ly6G (red)
(B). Micrographs are representative images; magnification, �400. White scale bars represent 75mm.
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tion at either the RNA (Fig. 8C) or protein (Fig. 8D) level. In fact, there was a significant
increase in OSM RNA production at 6h in the clodronate-treated mice, perhaps secondary
to other altered pneumonia outcomes following macrophage depletion. Furthermore,
there was no change in neutrophil recruitment with clodronate treatment (Fig. 8E). These
data suggest that while macrophages produce OSM quite early in response to infection, al-
ternative cell types, such as neutrophils, are the early source of OSM prior to the arrival of
additional (OSM-dependent) neutrophils into the alveolar space.

DISCUSSION

We have shown that OSM plays an important role in pneumonia, regulating several
aspects of early innate immune signaling. This modulation appears to be quite com-
plex. Direct OSM stimulation results in the induction of proinflammatory signaling, but
in the absence of OSM, there is also a rebalancing of inflammatory signaling pathways
associated with increased mortality. While there have been several studies examining
pulmonary OSM in fibrotic models of lung disease, this study is the first to examine
how OSM affects localized inflammatory signaling pathways during pneumonia.
Furthermore, we have confirmed neutrophils and macrophages, particularly the for-
mer, as important producers of pulmonary OSM.

While we are the first group to examine the effect of OSM neutralization on mortal-
ity during pneumonia, we are not the first to evaluate this outcome in mouse models
of infection. Others have shown that OSM blockade reduces mortality in a cecal liga-
tion and puncture model of sepsis, whereas the opposite result occurred following ex-
ogenous OSM administration (7). However, others have shown that OSMr2/2 mice
(OSM receptor-null mice) have decreased survival after intestinal ischemia-reperfusion
injury, likely secondary to intestinal sepsis (32). Thus, the influence of OSM in inflamma-
tory settings appears to be complex and context dependent. These two studies
unequivocally reveal the functional relevance of OSM, but they also highlight the diffi-
culty of using mortality as an endpoint, as does our own report. An important distinc-
tion of our approach with pneumonia models is our strategy for localized OSM neutral-
ization in the airspaces, which confines the setting in which its contributions are being
interrogated.

Using microarray analysis after only 6 h of infection, we identified several signaling
pathways that are predicted to be affected by OSM during pneumonia, including
STAT1, STAT3, type I and II interferon, and TH17. While we could demonstrate direct
effects of exogenous OSM on some of these factors following 1 h of stimulation
(namely, STAT1 and STAT3), we did not see a significant decrease in their activation af-
ter OSM neutralization following 24 h of pneumonia. In fact, STAT1 and STAT3 were
both induced with OSM neutralization. A possible explanation for these results is that
many of the innate immune signaling pathways in the lungs are redundant, and neu-
tralization of a single cytokine results in compensatory activation of other pathways.
However, this compensation may not be quite as effective as the original cytokine,
resulting in an overabundant immune response. Additionally, increases in STAT1 and
STAT3 may reflect the manifestation of other complications following OSM deficiency.
Indeed, such complications are severe enough to result in early mortality (Fig. 1A), sug-
gesting that immune alterations observed by 24 h (e.g., elevated STAT1/3) could be
secondary to earlier damaging events. An alternate hypothesis is that the neutralizing
ability of our anti-OSM antibody wanes over time, making way for a later wave of OSM
production (along with changes to other STAT1/3-activating factors) to elicit an even
stronger STAT1/3 response downstream of OSM blockade. However, we previously
measured OSM in BALF in a similar anti-OSM E. colimodel (13) and observed significant
blockade of OSM detection in the airspaces through at least 48 h of infection. As dis-
cussed below, however, it is possible that cells produce OSM outside the alveolar
space, which could contribute to STAT1/3 activation (detected in lung tissue homoge-
nates) later during an infection. In aggregate, it is clear that maintenance and regula-
tion of STAT1 and STAT3 are influenced by OSM during pneumonia. This possibility is
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consistent with others’ findings from more sustained, long-term lung fibrosis models
(11, 33, 34).

Interferon-related pathways were prominently represented in our transcriptional
profiling data as those affected by OSM, but the degree to which these responses are
mechanistically linked to OSM-mediated outcomes is presently unclear. OSM manipu-
lation modified the activation status of STAT1, which is a critical intermediate for IFN-
dependent gene expression (35). However, changes in these pathways could be sec-
ondarily related to changes in lung cellularity, particularly neutrophils, following OSM
blockade. Counter to this hypothesis is that we have previously shown similar neutro-
phil counts in anti-OSM-treated mice at the time point selected for our transcriptional
profiling studies (6 h) (13). Another possibility is that potential roles of IFN-related path-
ways are more consequential in the setting of viral pneumonia, paving the way for
newly developing work in our laboratory distinguishing effects of OSM modulation in
response to influenza. Others have shown that OSM and interferon potentiate down-
stream activation of STAT1 and STAT3 in liver cells (18), but whether OSM directly
impacts interferon signaling in that model or in the lungs is unclear.

Another major goal of our present study was to determine prominent cellular sour-
ces of pneumonia-induced OSM in the lungs. Previous studies have shown that OSM
can be made by a variety of stimulated cells, including lymphocytes (36), monocyte/
macrophages (37), antigen-presenting cells (10), neutrophils (8), smooth muscle cells
(38), and endothelial cells (39). However, in human studies of acute and chronic inflam-
matory conditions, neutrophils appear to be a primary source of OSM (28–30). Here,
we show that both neutrophils and macrophages can produce OSM in the lungs. We
initially hypothesized that macrophages are a very early source of OSM, which was sup-
ported by data showing alveolar macrophages upregulated OSM RNA at 2 h of infec-
tion (Fig. 8B). However, clodronate-induced macrophage depletion failed to reduce
total OSM accumulation and did not affect neutrophil recruitment kinetics, suggesting
greater contributions from neutrophils and/or alternative macrophage populations (i.
e., recruited or interstitial, which are protected from clodronate depletion), at least at
the selected time points of 6 and 24 h. In the case of neutrophils, this finding introdu-
ces an interesting feedback circuit in which recruited cells produce OSM to facilitate
and maintain further neutrophil accumulation, as evidenced by diminished alveolar
neutrophilia following OSM blockade (13). It is plausible that an initial wave of OSM-in-
dependent neutrophil recruitment precedes an increase in alveolar OSM concentra-
tions followed by a subsequent OSM-mediated neutrophil response. Alternatively,
OSM production by the marginated pool of blood neutrophils in the lungs may facili-
tate neutrophil emigration immediately after the onset of infection. This is less likely
given the involvement of CXCL5, which is triggered by OSM in epithelial cells on the
apical surface of the lung (13, 40). However, basolateral roles for neutrophil-derived
OSM in the blood would not be unprecedented based on a recent report from Setaidi
et al. (41), in which OSM from neutrophils enhanced adhesion to endothelial cells
through modulation of p-selectin. Our data partially support this hypothesis in that p-
selectin mRNA (SELP) was decreased in our transcriptional profiling experiment follow-
ing OSM neutralization (Table 1). Furthermore, it is unclear whether selectin-mediated
adhesion is a central pathway for neutrophil extravasation during pneumonia (42).
However, investigation of how neutrophil-mediated OSM signaling affects neutrophil
recruitment in the lungs is under active investigation.

Here, we have identified potential sources of OSM during pneumonia, along with
the scope of its biological activity in the lungs, that are necessary for survival. Further
studies are needed to elucidate precise mechanisms of OSM-driven signaling and pro-
tection in pneumonia. Given the complexity of the model system, it is likely that multi-
ple distinct cell types and parallel signaling events are involved, perhaps revealing the
identity of targetable pathways for clinical interventions, particularly those associated
with neutrophil and immune dysfunction.
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MATERIALS ANDMETHODS
Experimental mice. Murine experiments were carried out in C57BL/6J mice, purchased from

Jackson Laboratory (Bar Harbor, ME). All experimental mice were cohoused at Boston University’s animal
facility, and all animal protocols were approved by the Boston University Institutional Animal Care and
Use Committee (IACUC PROTO201800710). Mice were between 6 and 12 weeks old, with equal combina-
tions of male and female mice used. All experiments had a minimum of n= 3 per experimental group,
and experiments were repeated over 2 days, performed at the same time of day. The specific numbers
of mice used in each experimental group are indicated in the figures.

i.t. instillations and pneumonia model. Prior to intratracheal (i.t.) instillation, mice were anesthe-
tized via intraperitoneal (i.p.) injection of ketamine (50mg/kg of body weight) and xylazine (5mg/kg).
The trachea was surgically exposed, and a 24-guage angiocatheter was inserted into the trachea and
advanced to the left bronchus to direct instillations to the left lobe of the lung. All instillations were
introduced in a total volume of 50ml. Additional details on specific agents instilled are below. Instillates
included Escherichia coli, anti-OSM neutralizing antibody (anti-OSM), IgG control, recombinant mouse
OSM (rmOSM), or vehicle only. For all experiments, mice with weight loss of.20% of initial body weight
or that became moribund were euthanized.

In vivo reagents. Pneumonia was induced by the instillation of approximately 1� 106 to 2� 106

CFU E. coli (serotype 06:K2:H1; American Type Culture Collection [ATCC] no. 19138) in saline or phos-
phate-buffered saline (PBS) vehicle. We chose E. coli as the experimental pathogen for two main reasons.
First, E. coli and other enteric Gram-negative bacilli are important causes of community- and health care-
associated pneumonia (3, 43–45). Second, in several studies, including studies related to OSM function,
we have shown that our murine model of E. coli pneumonia results in significant inflammation without
overly high rates of mortality (12, 13, 27, 31, 40, 46, 47). For OSM neutralization experiments, E. coli was
coinstilled with either a polyclonal goat anti-OSM neutralizing antibody (AF-495, 10 ng; anti-OSM; R&D
Systems) or goat IgG control (AB-108-C, 10 ng; R&D Systems). We have previously shown that this dose
of anti-OSM can block OSM-induced STAT3 activation in mouse lungs (13). For OSM supplementation
experiments, rmOSM (2.5mg or 50 ng; R&D Systems) or vehicle only (PBS) was instilled.

Microarray analysis. RNA was extracted from whole-lung homogenates as described below. RNA
concentration and purity were determined using an Agilent Bioanalyzer (Agilent, Santa Clara, CA). Only
samples with and RNA integrity number (RIN) of .8.0 were used. Microarray analysis was performed on
an Affymetrix GeneChip platform with GeneChip Mouse Gene 1.0 (Affymetrix, Santa Clara, CA). To mini-
mize potential batch effects, all 6 microarrays were processed together. Affymetrix GeneChip Mouse
Gene 1.0 ST CEL files were normalized to produce gene-level expression values using the implementa-
tion of the Robust Multiarray Average (RMA) (48) in the affy package (version 1.36.1) (49) included within
the Bioconductor software suite (version 2.11) (50) and an Entrez Gene-specific probe set mapping (ver-
sion 17.0.0) from the Molecular and Behavioral Neuroscience Institute (Brainarray) at the University of
Michigan (51) (http://brainarray.mbni.med.umich.edu/Brainarray/Database/CustomCDF). Array quality
was assessed by computing relative log expression (RLE) and normalized unscaled standard error (NUSE)
using the affyPLM Bioconductor package (version 1.34.0) (52). Principal component analysis (PCA) was
performed using the prcomp R function with expression values that had been normalized across all sam-
ples to a mean of zero and a standard deviation of one. Review of the PCA revealed an effect of the date
the experiment was performed and the sex of the animal. However, since only 22% of the experimental
variance was due to this effect, correction for batch effect was not performed. Pairwise differential
expression was assessed using the moderated (empirical Bayesian) t test implemented in the limma
package (version 3.14.4) (i.e., creating simple linear models with lmFit, followed by empirical Bayesian
adjustment with eBayes). Correction for multiple comparisons was accomplished using the Benjamini-
Hochberg false discovery rate (FDR) (53). All statistical analyses were performed using the R environment
for statistical computing (version 2.15.1).

IPA. Ingenuity Pathway Analysis (IPA; version 01-16; Qiagen, Hilden, Germany) (14) was used to iden-
tify canonical pathways and upstream regulators predicted by differentially expressed genes (DEG) in
our microarray data set. A data set containing gene identifiers, fold change, and FDR-corrected P values
(q values) was uploaded, and a q value of ,0.1 was set to identify molecules whose expression was sig-
nificantly changed between treatment groups. Canonical pathway analysis identified the pathways from
the IPA library that were significant to the data set, as determined using a right-tailed Fisher’s exact test to
calculate a P value and Benjamini-Hochberg multiple testing correction (53). Upstream regulator analysis was
used to determine upstream regulators potentially affected by OSM neutralization. Changes in DEG were
compared with effects derived in the literature complied in the Ingenuity Knowledge Base, comparing the
direction of change to expectations from the literature. Significance was calculated using a right/tailed
Fisher’s exact test P value calculation. For both canonical pathway and upstream regulator analysis, z-scores
were calculated based on the consistency of the pattern match of up- and downregulated genes in the data
set and the expected activation and inhibition pattern downstream of a given regulator.

GSEA. Gene Set Enrichment Analysis (GSEA) (version 2.0.13) (16) was used to identify biological
terms, pathways, and processes that were coordinately up- or downregulated with respect to anti-OSM
treatment. The Entrez Gene identifiers of the human homologs of the genes interrogated by the array
were ranked according to the moderated t statistic computed for the anti-OSM versus control IgG com-
parison. Mouse genes without a human homolog were removed, and the t statistics for multiple mouse
genes with the same human homolog were averaged prior to ranking. This ranked list was then used to
perform a preranked GSEA (default parameters with random seed 1234) using the Entrez Gene versions
of the Biocarta, KEGG, Reactome, Gene Ontology (GO), and transcription factor and microRNA motif
gene sets obtained from the Molecular Signatures Database (MSigDB), version 4.0 (17).
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Tissue collection. Mice were euthanized at the time indicated in the text and figure legends. For
bronchoalveolar lavage (BAL), the heart-lung block was surgically harvested, suspended by the trachea
attached to a blunt catheter, and serially lavaged with 1ml ice-cold PBS for a total volume of 10ml. The
first 1ml BALF had cells removed by centrifugation (300 relative centrifugal force [RCF], 5 min) and fluid
frozen at 280°C for total protein and cytokine assays. Cells from all washes were combined after centrif-
ugation and used for total and differential cell counts. Cells were then frozen for RNA analysis. Left lungs
postlavage were snap-frozen in liquid nitrogen and stored at –80°C for future RNA or protein analysis.

RNA isolation and qRT-PCR. For whole-lobe RNA, frozen tissue was homogenized in RLT buffer
(Qiagen) using a Bullet Blender (Next Advance, Troy, NY) per the manufacturer’s instructions, and RNA
was isolated from homogenates using the RNeasy minikit (Qiagen) by following the manufacturer’s pro-
tocol. For sorted cells, RNA was isolated using the RNeasy micro kit (Qiagen) by following the manufac-
turer’s protocol. RNA concentrations were determined using a NanoDrop spectrophotometer (Thermo
Scientific, Waltham, MA). Specific RNA transcripts were quantified using a TaqMan RNA-to-CT 1-step kit
and the QuantStudio 3 real-time PCR system (Thermo Scientific). All threshold cycle (CT) values were nor-
malized to 18S rRNA. Expression values are presented as fold inductions after normalization. Primers and
probes for specific gene targets are listed in Table S1 in the supplemental material.

Immunoblotting. Total protein was extracted from frozen left lungs as previously described (12),
with tissues homogenized in a Bullet Blender (Next Advance) according to the manufacturer’s instruc-
tions. Total protein concentrations were determined using a bicinchoninic acid assay as described by
the manufacturer (Millipore Sigma). Immunoblotting was performed using a NuPAGE 4 to 12% Bis-Tris
gel (Thermo Fisher) and transferred onto nitrocellulose membranes (LI-COR, Lincoln, NE) via an X-Cell
Blot II system (Thermo Fisher). Total protein per lane was visualized using Revert 700 total protein stain
(LI-COR) according to the manufacturer’s protocol and visualized using an Odyssey CLx imaging system
(LI-COR). After destaining, membranes were blocked and incubated with primary and then secondary
antibody (diluted to working concentrations as indicated in Table S2) and visualized by the Odyssey CLx
imaging system. Digital images were annotated using Image Studio Lite (LI-COR) and quantified using
Empiria Studio software (LI-COR). The normalized target signal for each sample was calculated for each
lane based on densitometry of target signal per total protein. Fold change was calculated for each target
by comparing the normalized signal for each sample to the average normalized signal of the control
samples (either PBS or IgG control). Finally, for each transcription factor, the ratio of phosphoprotein to
total protein was calculated. Significance was determined using Student's t test. All original immuno-
blots are depicted in Fig. S1 and S2 in the supplemental material.

Lung digest, single-cell suspension, and flow cytometry. Single-cell suspensions were generated
from involved left lung lobes as previously described (40). Fluorescence-activated cell sorting (FACS) was
performed on a FACSAria II (BD Biosciences, Franklin Lakes, NJ). For whole-lung digests, single-cell sus-
pensions were sorted into epithelial cells (7AAD2/CD452/EpCam1), neutrophils (7AAD2/CD451/
EpCam2/Ly6G1/F4-802), macrophages (7AAD2/CD452/EpCam1/Ly6G2/F4-801), and “other” leukocytes
(7AAD2/CD451/EpCam2/Ly6G2/F4-802). For BALF, resuspended cells were sorted into neutrophils
(7AAD2/CD451/Ly6G1/F4-802) and macrophages (7AAD2/CD451/Ly6G2/F4-801). Peripheral blood was
collected in a heparinized syringe from the inferior vena cava. Red blood cells were lysed with FACS lys-
ing buffer (BD Biosciences) before neutrophils (7AAD2/CD451/CD11b1/Ly6G1) and monocytes (7AAD2/
CD451/CD11b1/CD1151) were isolated. Example flow plots depicting this strategy are in Fig. S3. Flow
cytometry antibodies are listed in Table S3. Cells from lung digests were sorted into PBS with 1% bovine
serum albumin (BSA), centrifuged for 5 min at 300 RCF, resuspended in RNAprotect (Qiagen), and stored
at 220°C for RNA isolation. Cells from BALF, peripheral blood, and epithelial subsets were sorted directly
into RNAprotect (Qiagen) and stored.

Cell counts and differential. Cells from BALF were pooled, and total BAL cells were counted on a
Luna FL fluorescence cell counter (Logos Biosystems, Annandale, VA) according to the manufacturer’s
instructions. For differential cell counts, approximately 1� 105 cells in 100ml were loaded onto cytocen-
trifuge funnels and cytocentrifuged onto microscopes slides at 800 � g for 3 min (Cytospin 4; Thermo
Scientific). Slides were then stained with a Camco Stain Pak (Thermo Fisher). The percentages of neutro-
phils and macrophages were determined by visual inspection of a minimum of 100 cells per sample and
used to calculate total neutrophil and macrophage counts in BALF.

Immunofluorescence. Mouse lungs were inflated by i.t. instillation of OCT compound (Thermo
Fisher) followed by embedding and flash freezing in OCT. Lung blocks were then cut into 8-mm thin sec-
tions and stained with the primary antibodies anti-mouse F4/80, anti-mouse Ly6G, and anti-mouse OSM,
followed by staining with Alexa 488 donkey anti-goat secondary antibody (1:1,000) and Alexa 594 don-
key anti-rat secondary antibody (1:1,000), both from Jackson Immunoresearch. Details of antibodies
used are in Table S3. Slides were imaged with a Leica DM4 microscope and Leica DFC 7000T camera and
were acquired with Leica LAS X software. Images were captured using a 40� objective. All images were
processed in FIJI using identical look-up table settings for all images of the same magnification.

In vivo depletion of alveolar macrophages. Alveolar macrophages were depleted using clodronate
liposomes as previously described (31). Briefly, 3 days prior to the planned E. coli infection, mice were
intratracheally instilled with 50 ml vehicle containing 0.25mg of either clodronate liposomes or control
PBS liposomes (Liposoma, Amsterdam, The Netherlands; www.clodronateliposomes.com). Mice were eu-
thanized for baseline cell counts or infected with E. coli for 6 or 24 h. BALF was collected for cell count
determination, and left lobes were snap-frozen for RNA analysis.

ELISA. OSM cytokine levels were measured in BALF using an OSM DuoSet enzyme-linked immuno-
sorbent assay (ELISA; R&D Systems, Minneapolis, MN) by following the manufacturer’s instruction. Plates
were read using a Synergy LX plate reader (BioTek, Winooski, VT).
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Statistical analysis. For experiments not involving microarray data, statistical analysis was performed
using GraphPad Prism (version 9; GraphPad, La Jolla, CA). Data are presented as a scatterplot with a bar rep-
resenting the means and error bars denoting SEM. For all experiments, equivalence of variance was checked
with an F test. Data with a significantly different variance were analyzed using a nonparametric test when
possible or log transformed prior to statistical analysis. Statistical significance was defined as a Pvalue of
,0.05. Additional details regarding specific tests used and sample sizes are in the relevant figure legend.

Data availability. All data were submitted archived in the Gene Expression Omnibus (GEO series ID
GSE155283).
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