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ABSTRACT

In preterm infants, soluble inflammatory mediators target lung mesenchymal cells,
disrupting airway and alveolar morphogenesis. However, how mesenchymal cells
respond directly to microbial stimuli remains poorly characterized. Our objective was to
measure the genome-wide innate immune response in fetal lung mesenchymal cells
exposed to the bacterial endotoxin lipopolysaccharide (LPS). Using Affymetrix MoGene
1.0st arrays, we showed that LPS induced expression of unique innate immune transcripts
heavily weighted toward CC and CXC family chemokines. The transcriptional response
was different between cells from E11, E15, and E18 mouse lungs. In all cells tested, LPS
inhibited expression of a small core group of genes including the VEGF receptor Vegfr2.
While best characterized in vascular endothelial populations, we demonstrated here that
fetal mouse lung mesenchymal cells express Vegfr2 and respond to VEGF-A stimulation.
In mesenchymal cells, VEGF-A increased cell migration, activated the ERK/AKT
pathway, and promoted FOXO3A nuclear exclusion. Using an experimental co-culture
model of epithelial-mesenchymal interactions, we also showed that VEGFR2 inhibition
prevented formation of 3-dimensional structures. Both LPS and tyrosine kinase inhibition
reduced 3-dimensional structure formation. Our data suggest a novel mechanism for
inflammation-mediated defects in lung development involving reduced VEGF signaling

in lung mesenchyme.
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INTRODUCTION

Lung mesenchymal cells play key roles in development and repair. During airway
branching morphogenesis, mesenchymal growth factors signal adjacent airway epithelia
and stimulate airway elongation and expansion (27, 47, 58). Coordinated paracrine
feedback mechanisms regulate the temporal and spatial dynamics during lung branching.
Fetal lung mesenchyme also guides formation of the pulmonary circulation (64). In
addition to their roles in lung morphogenesis, fetal lung mesenchymal cells have
multipotent properties. Similar to mesenchymal stem cells or stromal cells in other fetal
and adult tissues, lung mesenchymal cells can differentiate into multiple cell types,
including vascular endothelium, smooth muscle, cartilage, and a diverse set of fibroblast
populations (3, 18, 34, 36, 39, 40, 46, 66). While lung branching morphogenesis
completes during fetal life, ongoing mesenchymal cell differentiation, vascular

development, and alveolar formation occur well after birth (17, 49).

Lung mesenchymal cells also play a central role in regulating inflammation, preventing
injury, and mediating repair. In many of the most preterm patients, injury and
inflammation causes abnormal lung development, giving rise to the chronic
developmental disease termed bronchopulmonary dysplasia (BPD, (65)). BPD
pathogenesis likely involves failure of appropriate development and repair following
injury (4, 32). Among the many exposures thought to play a role in BPD pathogenesis,
infection and inflammation appear to be the major environmental factors that inhibit
normal development and cause disease (42). In the lung, macrophages and airway

epithelial cells are the first responders to inhaled pathogens. Mesenchymal cells then
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appear to regulate the inflammatory response and mediate repair. While many reports
have described the anti-inflammatory and trophic functions of lung mesenchymal cells
and mesenchymal stromal cells, how these mesenchymal cell populations respond to
microbial signals remains unclear. Given their role in lung morphogenesis and repair,
better understanding of how lung mesenchymal cells, and particularly cells from the
developing lung, respond to innate immune stimuli is key to developing new strategies

aimed at reducing lung injury and facilitating normal recovery.

Studying the unique biological behaviors of lung mesenchymal cells is complicated by
standard cell culture techniques. When passaged for multiple generations, cultures of
lung mesenchymal cells begin to resemble more homogeneous lung fibroblast cell lines.
To overcome this potential loss of biological complexity, we previously isolated and

58 .
048 mice

characterized fetal mouse lung mesenchymal cell lines from transgenic SV4
(Immortomice (33)). Mesenchymal cell lines from these mice universally expressed o-
smooth muscle actin (SMA) under standard culture conditions but displayed multipotent
properties when cultured with specific growth factors (33). Interestingly, these lung
mesenchymal cells expressed basal levels of Vegfr2 mRNA and low levels of VEGFR2
protein. Treating cells with VEGF and FGF-2 increased VEGFR2 protein expression to

more detectable levels and promoted endothelial differentiation.

Here we use these cells to test the fetal lung mesenchymal transcriptional response to the
TLR4 agonist lipopolysaccharide (LPS) to better understand how inflammation might

affect global gene expression. Using conditionally immortalized cell lines allowed us to
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maintain cell viability and heterogeneity during expansion. Using cells isolated from
different stages of lung development also provided a broader assessment of how these
cells respond to innate immune stimuli. Interestingly, LPS inhibited mesenchymal Vegfr2
expression and disrupted the mesenchymal response to VEGF. These data shed new
insight into how inflammation alters mesenchymal gene expression and therefore

potentially influences cell biology.



115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

MATERIALS AND METHODS

Animal studies, cell culture, and reagents

All animal procedures were performed with approval of the Institutional Animal Care and
Use Committees at the University of California San Diego and Vanderbilt University.
Fetal lung mesenchymal cell lines isolated from E11, E15, and E18 Immortomice
(Charles River) expressing the temperature sensitive early region SV40 mutant tsA58
allele were maintained at 33°C in DMEM with 10% FBS with penicillin/streptomycin
supplemented with IFN-y. All cells were moved to 37 °C and passaged at least once
before plating for RNA isolation. Cells were seeded at equal density on 6 separate 100
mm dishes. Once the cells reached 80-90% confluency, they were switched to serum-free
DMEM for 4 h. 3 plates were then treated with 250 ng/ml E. coli LPS (strain O55:B5,
Sigma, L6529). The other 3 plates remained in serum free DMEM. At 4 h, 24 h, and 48 h
after treatment, a pair of plates (1 control and 1 LPS-treated) was harvested using TRIzol
(Thermo Fisher). RNA was isolated using standard techniques and DNAse treatment. For
replicates, serial passages of each cell line were used. The entire experiment was
conducted three separate times for each condition and time point, generating 54 RNA
samples for microarray analysis. For gene silencing experiments, cells were transfected
with pre-designed siRNAs targeting Vegfrl, Vegfr2, or luciferase using the Nter system

(Sigma)(25). Wound closure assays were performed 48 hours following transfection.

E15 primary lung mesenchymal cells from C57BL/6 mice (Harlan) were isolated from

minced lung tissue via outgrowth onto plastic dishes in DMEM with 10% FBS and
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penicillin/streptomycin(5-7, 21). When the cells grew to confluence, the lung tissue was
removed under a dissecting microscope, leaving mesenchymal cells behind. Cells were
then passaged once prior to using in experiments. A549 human epithelial cells were
obtained from ATCC and cultured in DMEM with 10% FBS and penicillin/streptomycin.
For co-culture experiments, primary fetal lung mesenchymal cells were plated at high
density (3.125 x 10° cells/cm?) and grown to confluence. A549 cells were then overlaid at
similar cell density to encourage complete coverage of the underlying mesenchyme.
Following overnight attachment, non-adherent cells were washed extensively. Co-
cultures were then maintained in DMEM with 10% FBS for 3 d prior to analysis. Peak
number was quantified by counting discrete, visible 3-dimensional peaks by dark-field
microscopy. To measure peak height, co-cultures were first immunostained using
antibodies against a-smooth muscle actin and E-cadherin. 3-dimensional laser scanning

confocal microscopy was used to measure the height of discrete peaks.

Antibodies

Cy3-labeled mouse anti-alpha smooth muscle actin (C6198) was purchased from Sigma.
AZD2171 (S1017) and MGCD265 (S1361) were purchased from Selleckchem. Rabbit
anti-Vegfr2 (2479), rabbit anti-phospho-Vegfr2 (4991), rabbit anti-phospho-Erk1/2
(4277), rabbit anti Akt (4685), rabbit anti-phospho-Akt (2965), rabbit anti-Erk1 (4372),
rabbit anti-Erk2 (9108), and rabbit anti FOXO3A (12829) were purchased from Cell
Signaling Technology. Rat anti-E-cadherin (ECCD-2), peroxidase-conjugated goat anti-
rabbit and Alexa488-conjugated goat anti-rabbit antibodies were purchased from

Thermo-Fisher.
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RNA isolation, microarray hybridization, and real-time PCR

Total RNA was isolated using TRIzol Reagent and quantified by spectroscopy; RNA
quality was determined using a Bioanalyzer 2100 (Aglient Technologies). Samples with
high RIN scores (> 7) were prepared for microarray analysis using standard Affymetrix
protocols in the Vanderbilt Technologies for Advanced Genomics Shared Resource.
Samples were hybridized to Affymetrix Mouse Gene 1.0 ST arrays, washed, stained, and

scanned using a GeneTitan Multichannel Instrument.

cDNA for real-time PCR was generated using a modified MMLYV reverse transcriptase
(SuperScript I1I; Life Technologies, 18080-051) and oligo dT primers. Gene specific
TagMan primer sets (Life Technologies) were used to quantitate Gapdh, Ccl2, Vegfrl,
and Vegfr2 in biological triplicates as well as technical triplicates, reactions were run
using with IQ Supermix (Bio-Rad, 170-8862) on a CFX96 Touch system (Bio-Rad).
Expression of each gene was compared with Gapdh and expressed as a fold change using
the 2 method (41). Differences in expression between groups were compared by one-

way ANOVA, all values were presented as the mean + SEM.

Microarray analysis
Affymetrix CEL images were imported directly into Bioconductor (version 3.0) within R

(version 3.1.1, http://www.r-project.org). All the datasets were preprocessed and

background corrected using the MAS method, constant normalization, PM-only probe

specific correction and expression summarized using the Li Wong method. Differential
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gene expression analysis was performed using a linear model and empirical Bayes
methods within the limma package (54, 61). Translation from gene list of differentially
expressed genes to gene ontologies (GO) was performed using the functional annotation
tool in DAVID (30, 31). Visualization of summarized GO terms was performed using the
web server REVIGO’s treemap analysis (62). Unsupervised hierarchical clustering was
performed using ArrayStudio (OmicSoft) complete linkage analysis to determine

euclidean distance.

Boolean gene correlation

For Boolean gene correlation, the web based BooleanNet was used to query publically
available microarray data sets using the Human U133 Plus 2.0 platform. VEGFR2
expression was queried and compared to expression of CDH5 and PECAM1. Samples

including “mesenchyme” or “mesenchymal” in their descriptions were highlighted.

Wound closure assay

E15 mesenchymal cells from Immortomice were passaged once at 37°C before being
plated at 80% confluence. Cells were recovered overnight, serum starved for 6 hours, and
pretreated with LPS. Wounds were then inflicted to the monolayer using a P200 pipet tip
drawn down the center of the well. Nonadherent cells were then gently washed away with
PBS. Serum free media containing heparin alone (50 pg/ml), recombinant VEGF-A with
heparin (10 ng/mL), or recombinant PDGF-BB with heparin (20 ng/mL) was then added.

Images were obtained immediately after wounding and then following 30 hours of
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culture. Percentage of wound area that was covered by cells at 30 h was measured using

ImageJ (NIH) and the MRI Wound Healing Tool.

Western blotting

Cell lysates were prepared as described previously and separated by SDS/PAGE (66).
Membranes were blocked in 5% milk in TRIS-buffered saline containing 0.05% Tween-
20 (TBST). Primary antibodies (1:1000 in TBST) were incubated with blocked
membranes overnight at 4°C and developed by enhanced chemiluminescence using

peroxidase-conjugated secondary antibodies.

Immunostaining

Cells were cultured on coverslips, fixed, permeabilized, blocked, and then labeled with
anti-FOXO3A antibodies. Staining was visualized using an Alexa488-conjugated
secondary antibody. Nuclei were labeled with Draq5. Cells were then imaged using a
Leica SPE inverted laser scanning confocal microscope. To measure nuclear FOXO3A
localization, mean pixel intensity in the 488 nm channel was quantified within Draq5

labeled nuclear structures. 29 different cells were measured for each condition.
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RESULTS

Inflammatory mediators target fetal lung mesenchymal cells, disrupt developmental gene
expression, and inhibit airway morphogenesis (5-7, 52). However, how mesenchymal
cells directly respond to innate immune stimuli at the molecular and genomic levels
remains unclear. Figure 1 A,B demonstrates that LPS-treated fetal lung mesenchymal
cells are more elongated and spindle-shaped, suggesting LPS can at least induce
morphological changes in lung mesenchymal cells. To measure the lung mesenchymal
innate immune response and test how it might change during development, we treated
fetal lung mesenchymal cell lines from E11, E15, and E18 SV40"*® mice with LPS for 4
h, 24 h, and 48 h. RNA from control and LPS-treated cells was profiled using Affymetrix
Mouse Gene 1.0 ST microarrays. Principal component analysis (PCA) demonstrated that
transcriptional profiles clustered based on developmental time point from which the cell
lines were isolated (Figure 1C). To identify differentially expressed genes, we used the
l[imma linear model approach (54, 61) that uses a Bayesian framework to compare gene-
wise variances across large datasets (p < 0.01). An independent unsupervised hierarchical
clustering analysis was performed on all samples clustering both arrays and genes (Figure
1D). LPS increased the expression of more genes than were repressed. Across all time
points, 775 genes were differentially expressed following LPS treatment, with 490 genes

increased and 285 decreased (Figure 1E) (55).

We next focused on the early innate immune response in lung mesenchymal cells by
analyzing changes in gene expression following 4 h of LPS treatment. Unsupervised

hierarchical clustering demonstrated that most of the 4 h LPS response involved
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increased gene expression with a smaller number of down regulated genes (Figure 2A).
Samples were then further clustered by the embryonic stage from which the cell lines
were isolated. The changes in gene expression following 4 h of LPS treatment were
relatively unique in each embryonic stage tested (Figure 2B,C). However, there were a
few common genes similarly regulated across each developmental stage. Interestingly,
E18 lung mesenchymal cells had a reduced LPS response compared to E11 and E15 cells.
Gene Ontology (GO) composition of the gene list of differential expressed genes at 4
hours was processed by treemap analysis (REVIGO). The categories of genes regulated
by LPS in fetal lung mesenchymal cells were consistent with a predominantly pro-
inflammatory innate immune response (Figure 2D)(62). These data showed that fetal lung
mesenchymal cells indeed mount an early inflammatory response to LPS. However the
genome-wide response could vary depending on the developmental time point from

which the cells were isolated.

The differences in the LPS response that we measured in cells from different embryonic
stages could result from changes in the innate immune cellular machinery. Within our
mesenchymal cell dataset, we specifically analyzed expression of pattern recognition
receptors, innate immune signaling components, transcription factors implicated in
inflammation-mediated changes in gene expression, and soluble inflammatory mediators.
Figure 3 shows some of the different repertoires of microbial product receptors in each
cell line. The LPS receptor TIr4 was most highly expressed in E15 cells. LPS induced
expression of multiple receptors including Tlr2 and TIr3 in E11 and E15 cells, but not in

E18 cells. TIr6 expression was highest in E11 cells. Interestingly, Clec2e, TIr5, and
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Nalp2 were each enriched in E18 cells. Under control conditions, E18 mesenchymal cells
had more abundant expression of Irak2, Traf5, Aktl, Atf5, Prkcd, Chuk (Ikk-alpha), and
Map2k4. Additionally, the LPS induction of Nfkb1, Myd88, Ikbke, Map3k8, 1kbkap,
Cepbd, and Nfkbia, was lower in E18 cells. Genes from the CC and CXC family of
chemokines were highly induced by LPS treatment. Interestingly, Ccl5, Cxcl5, Cxcl 16,
and Cxcl10 were not as increased following LPS treatment in E18 cells compared to E11

and E15 samples.

To better understand how longer exposure to inflammation might affect lung
mesenchymal cell function, we next investigated time-dependent changes in gene
expression (Figure 4). Analyzing the data from E15 cells, we found fewer numbers of
genes increased by 24 h and 48 h of LPS treatment compared to the early 4 h response
(Figure 4A,B). Slightly fewer genes were still downregulated at 48 h of LPS treatment
(Figure 4C). Interestingly, analysis of the differentially expressed genes following 48 h of
treatment generated a different set of ontologies compared to early response genes
(Figure 4D). These data suggested that later changes in mesenchymal cell gene
expression could be less related to microbial sensing and more consistent with broader
alterations in biological function. The differences measured in genes along the innate
immune response pathway at different stages of development were relatively stable over
time following LPS treatment (Figure 5). Similar to the patterns measured 4 h following
LPS treatment, E18 mesenchymal cells expressed a unique pattern of innate immune
receptors, signaling components, and soluble mediators both under control conditions and

up to 48 h following LPS exposure.
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Inflammatory signals disrupt expression of multiple genes in fetal lung mesenchymal
cells. These changes could represent a global phenotypic shift in mesenchymal cells
exposed to inflammation. To identify transcriptional targets in the lung mesenchyme
altered by more prolonged inflammatory exposure, we focused on genes inhibited by 48 h
of LPS exposure. LPS inhibited expression of nine genes in each of the lines tested
(Figure 6A). Expression of these genes correlated with each other, as illustrated in
Figures 6B-D. The patterns of expression suggest these genes may be part of an overall
LPS-sensitive transcriptional program within lung mesenchymal cells. We particularly
noted that LPS inhibited expression of the VEGF receptor Vegfr2, also known as Kdr or
Flk-1. While VEGF signaling is known to be critical for normal lung vascular formation
and structural alveolar development, the potential role of VEGF signaling in

mesenchymal cells is less well understood.

We confirmed the LPS effect on Vegfr2 expression in E18 primary lung mesenchymal
cells from C57BL/6 mice (Figure 7A,B). In these cells, LPS induced expression of Ccl2
(included as a positive control) and inhibited expression of Vegfr2 (but did not
significantly affect expression of the alternative VEGF receptor Vegfrl. We then
compared the changes in Vegfr2 expression in fetal lung mesenchymal cell lines isolated
at different developmental stages (Figure 7B). LPS increased Ccl20 expression in each
cell line tested, had no effect on Vegfr1, but consistently decreased Vegfr2 expression.
Vegfr2 has primarily been characterized within vascular endothelia in respect to its role in

mediating angiogenesis. To assess potential Vegfr2 expression in mesenchymal cell



317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

15

populations, we queried publically available human microarray data sets using the
BooleanNet tool (57). We specifically interrogated datasets measuring VEGFR2 and the
endothelial-specific genes CDHS5 (VE-cadherin) and PECAM-1 (CD31). Most samples
with VEGFR2 expression also expressed CDHS5 (Figure 7C). However, a subset of
samples expressed VEGFR2 with only background levels of CDH5 (expanded in
rectangle). Samples indicated in red were from mesenchymal cells or mesenchymal
stromal cells. Similar results were obtained when comparing PECAM-1 and VEGFR2
expression across the same data sets. The majority of samples expressing VEGFR2 also
expressed PECAM-1, however a small subset of samples that included mesenchymal cells
expressed VEGFR2 without PECAM-1. To obtain a better understanding of what genes
might be co-expressed with Vegfr2 in fetal lung mesenchyme, we interrogated our
original gene expression dataset to identify genes whose expression was most highly
correlated with Vegfr2, independent of cell line or LPS treatment (Figure 7D). In addition
to Ahr and Csdc2 identified in Figure 6, we also identified Smad6 and Smad9, both
inhibitors of BMP signaling (48, 63). The tumor suppressor gene Pdgfrl (26, 35) had the
highest correlation with Vegfr2 expression. These genes may comprise a global

expression program in fetal lung mesenchymal cells that includes Vegfr2.

In vascular endothelial cells, VEGF signaling through VEGFR2 stimulates angiogenesis
by increasing directed cell migration and proliferation. To test if LPS-mediated reduction
in Vegfr2 expression led to functional changes in fetal lung mesenchymal cells, we
performed in vitro wound-healing assays. Closure of artificially induced “wounds” using

serum-free media with growth factor addition typically involves collective cell migration
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with potential contribution by proliferation (Figure 8A). LPS reduced the area of wound
closure when measured after 30 h (Figure 8B). Knockdown of either Vegfr1 or Vegfr2
using RNAi demonstrated that Vegfr2 knockdown (but not Vegfrl) reduced the wound
closure response to recombinant VEGF-A (Figure 8C). Therefore both LPS and Vegfr2

knockdown reduced mesenchymal cell wound healing in vitro.

We next measured the effect of LPS on phosphorylation events downstream of VEGFR2.
LPS reduced the phosphorylation of VEGFR2, ERK1/2, and AKT following VEGF-A
treatment (Figure 9A,B). After AKT activation, the transcriptional response to VEGF is
associated with FOXO3A exclusion from the nucleus (1, 14, 60). While VEGF-A
treatment of fetal lung mesenchymal cells stimulated FOXO3A exclusion (Figure 9C),
FOXO3A appeared to remain localized to the nucleus when cells were first treated with
LPS prior to VEGF-A exposure. To quantify this process, we measured the fluorescence
intensity of FOXO3A within cell nuclei. Cells pretreated with LPS had increased nuclear
FOXO3A following VEGF-A treatment compared to control cells (*p < 0.001; n = 29).
LPS had no effect on FOXO3A nuclear exclusion following PDGF treatment.
Collectively, these data show that fetal lung mesenchymal cells do respond to VEGF-A
and that LPS can inhibit this response at least in part by reducing Vegfr2 expression and

subsequent signaling.

Because lung epithelial cells express VEGF (13, 24, 37), we hypothesized that changes in
mesenchymal VEGFR?2 activity could affect epithelial-mesenchymal interactions

important for alveolar development. To test this hypothesis, we used an epithelial-
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mesenchymal co-culture model with non-immortalized E15 fetal mouse lung
mesenchyme and A549 epithelial cells. We had previously developed this in vitro model
to study the cell signaling mechanisms and dynamics leading to 3-dimensional structures
during alveolar septa formation (24). Neither A549 cells cultured alone (Figure 10B) nor
E15 fetal lung mesenchymal cells cultured with recombinant VEGFA (Figure 10C)
formed 3-dimensional structures visible by dark field microscopy. Under control
conditions, epithelial-mesenchymal co-cultures form visible 3-dimensional peaks and
ridges (Figure 10D). LPS reduced both the formation of peaks and their height (Figure
10E). Similar results were measured when mesenchymal cell cultures were pre-treated
with the inhibitors AZD1217 and MGCD265, both of which inhibit the tyrosine kinase
activity of VEGFR2 (Figure 10F-K). As A549 cells constitutively express VEGF-A (13),
these experiments are consistent with VEGFR2 signaling mediating 3-dimensional

epithelial-mesenchymal peak formation.
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DISCUSSION

Within the developing lung, mesenchymal cells contribute to alveolar development,
wound healing, perivascular regulation, and structural support (43, 44). Abnormal
mesenchymal cell differentiation and/or function may contribute to bronchopulmonary
dysplasia and other chronic pediatric lung diseases (2, 16). While infection and
inflammation likely play a key role in BPD pathogenesis, how mesenchymal cell
populations participate in the immune response has been unclear. Our data presented here
characterize the fetal lung mesenchymal cell transcriptional response to the bacterial
TLR4 ligand LPS. Members of the CC and CXC chemokine families were notably
represented in the group of soluble mediator genes increased by LPS exposure. These
results provide a detailed transcriptional dataset through which the unique features of the

lung mesenchymal innate immune response might be compared to other cell populations.

Identifying the molecular response to inflammation within mesenchymal cells may be
key for understanding their role in lung disease. In response to inhaled pathogens, lung
macrophages, eosinophils, and neutrophils likely generate the initial inflammatory
response and injury (56). Similarly, lymphocytes and dendritic cells likely play key roles
in allergic lung disease and asthma (22). However, mesenchymal cell populations may
regulate the immune response and promote wound healing. In the immature and
developing lung, mesenchymal cells have many of the same properties as mesenchymal
stromal cells that have been explored for their various therapeutic possibilities (51). The
anti-inflammatory and regenerative properties of mesenchymal stromal cells may be due

to the production and release of anti-inflammatory soluble mediators (29). However, we
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show here that developing lung mesenchymal cells do mount an innate immune response
to LPS. Many of the genes increased by LPS in fetal lung mesenchymal cells are
commonly induced as part of the innate immune response. However the overall response
profile is weighted toward a subset of chemokines and antimicrobial genes. Importantly,
our studies here were focused on defining the innate immune response specifically in
fetal lung mesenchymal cells. The in vitro models and cells tested do not take into
account how additional cell populations in the lung could affect how mesenchymal cells

respond to microbial stimuli and inflammatory mediators in vivo.

Microbial products and inflammatory mediators can disrupt expression of multiple genes
critical for lung development. While macrophages in the fetal and neonatal lung appear to
be the major cellular site of inflammatory activation and cytokine release, macrophage-
derived soluble mediators target the other cell populations in the lung (10). In ovine
studies, LPS inhibited Shh expression and disrupted normal expression of Wnt1, Wht4,
and Wht7b (20, 38). Prolonged exposure of developing lambs to either LPS or
Ureaplasma led to reduced TGF[ signaling, which plays a significant role in lung
morphogenesis (19). In experimental mouse models, inflammatory signaling inhibited
expression of 1tga8, Fgf10, Bmp4, and Bmpr1a, each critical for normal lung
development (5-7). The observations that inflammation inhibits multiple genes important
for lung development suggest inflammatory signaling could have global effects on
developmental transcription within the immature lung. Interestingly, the transcriptional
profile was different in the cell lines isolated from different stages of fetal lung

development. As the cell lines tested are likely heterogeneous representations of
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mesenchymal cells in the lung at each stage, additional studies will need to characterize
how the immune response is developmentally regulated in the various cell populations

within the lung.

Our results begin to better characterize the connections between inflammation and
alterations in lung development. When considered separately, the molecular pathways
regulating lung development and the innate immune system are well detailed.
Understanding how inflammation can disrupt development requires dissecting how these
pathways intersect. In the fetal lung mesenchyme, inflammatory signaling alters
expression of genes critical for development. Our data here identify two genes important
for development, Vegfr2 and Hs6st1 (53), which are inhibited by LPS treatment. We have
previously shown that NF-kB-Sp3 interactions inhibit normal Fgf10 expression (5, 15),
leading to changes in other downstream genes including Bmp4 and Bmprla (7).
Inflammation also inhibits expression of the oigf; integrin, which is critical for normal
mesenchymal cell migration and membrane dynamics during lung formation (6). Recent
work has demonstrated that lung epithelial IKK[ activity can disrupt elastin synthesis and
organization at the alveolar level (8). The multiple developmental targets of inflammation
suggest that innate immune pathways may target global transcriptional programs within
specific cell populations. In addition, the mechanisms leading to inhibition of gene
expression may be more diverse and complex than transcriptional activation. The data

presented here may help better characterize these genome-wide effects.
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In endothelial cells, VEGF signaling through VEGFR2 promotes angiogenesis and
alveolar capillary formation (50). Our data show that fetal lung mesenchymal cells also
express VEGFR2. We do not yet know the relative contribution of changes in VEGFR2
expression to inflammation-mediated lung injury or abnormal lung development.
However, the data presented here suggest a role for VEGF signaling in non-endothelial
mesenchymal populations. As in vascular endothelia (1, 14, 60), VEGF signaling in
mesenchymal cells activates the ERK/AKT pathway, stimulates mesenchymal cell
migration, and stimulates changes in FOXO3A subcellular localization. Interestingly,
siRNA mediated Vegfr2 knockdown led to reduced migration following VEGF-A
administration (Figure 7). Because VEGFR1 can function as a high-affinity decoy
receptor, decreased VEGFR2 relative to VEGFR1 could lead to reduce cell migration
(23, 50). While the mesenchymal cells studied here potentially represent endothelial
precursor cells (66), they do not express other vascular endothelial markers under typical
culture conditions. In addition, our analyses of published human expression datasets
clearly show VEGFR2 expression in cells that do not express the endothelial markers
CDH5 or PECAM1. As many of these samples are from mesenchymal or mesenchymal
stromal cell populations, VEGFR2 may represent an important growth factor receptor in

mesenchymal cell populations in addition to its role in vascular biology.

As new alveolar capillaries form, vascular endothelial cells respond to VEGF released by
alveolar epithelial cells and migrate more closely to the epithelial basement membrane (9,
28). The intimate relationship of alveolar epithelia with capillary endothelial cells reduces

the potential spatial barrier to gas exchange. Mesenchymal-derived pericytes are also part
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of this complex multicellular unit, potentially providing structural support and
maintenance to the alveolar capillary unit (45, 59). VEGF signaling might guide parallel
migration of mesenchymal pericytes alongside vascular endothelial cells during capillary
development. Interestingly, PDGF signaling also targets mesenchymal cells in the
developing alveolus, driving alveolar myofibroblast differentiation and migration (11,
12). Our in vitro data show LPS inhibits the response to VEGF by reducing Vegfr2
expression while not affecting the response to PDGF. As both VEGF and PDGF are
required for normal alveolar formation, shifting the response toward PDGF while
reducing VEGF sensitivity could skew the normal alveolar architecture in premature

lungs exposed to inflammation.
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FIGURE LEGENDS

Figure 1. Analysis of effects of LPS on fetal lung mesenchymal cells. (A,B) Primary
fetal mouse lung mesenchymal cells from E15 embryos were treated with LPS (250
ng/ml) for 24 h. Phase contrast images (20X) show that LPS altered mesenchymal cell
morphology, giving rise to more spindle-shaped cells with longer cell processes. (C).
Mesenchymal cell lines from E13, E15, and E18 V408 mouse lungs were treated with
LPS (250 ng/ml) for 4 h, 24 h, and 48 h. Total RNA was then isolated and gene
expression was measured using Affymetrix Mouse Gene 1.0ST microarrays. Each
condition and time point was repeated in triplicate. Samples were not pooled. Principal
Component Analysis (PCA) of 54 microarray samples identified three groupings based
primarily on the gestational ages of mesenchymal cells studied. (D). Heat map showing
unsupervised hierarchical clustering analysis was done on both genes and individual
experimental time points and replicates using complete linkage analysis. Each vertical
column indicates a unique experimental replicate. Experiments clustered by LPS
treatment. (E). Differential gene expression analysis between control and LPS-treated
samples at all time points identified 490 genes up regulated and 285 genes down

regulated by LPS.

Figure 2. Analysis of early response genes following 4 h of LPS treatment. (A).
Unsupervised hierarchical clustering analysis of 182 genes differentially expressed after 4
hours of LPS treatment. Dendrograms are based on correlation values following complete
linkage analysis. Each vertical column indicates a unique experimental replicate. (B,C)

Venn diagrams show the number of genes found to be significantly up (B) or down (C)
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regulated at 4 hours of LPS treatment in E11, E15, and E18 samples. (D). Functional
annotation clustering of gene ontology (GO) analysis. Genes with significant changes
following 4 h of LPS treatment were categorized using DAVID with GO results

visualized using REVIGO TreeMap.

Figure 3. Developmental changes in innate immune response genes. Gene expression
data is shown for pattern recognition receptors, signaling components and transcription
factors, and soluble inflammatory mediators. Normalized control and 4 h LPS treatment
data are shown for each replicate using E11, E15, and E18 cells. Red indicates increased
relative gene expression and green/blue indicates decreased relative gene expression.
Genes with notable patterns are indicated at right. The LPS receptor TIr4 is indicated in

red.

Figure 4. Analysis of mesenchymal cell response to LPS over time. (A). Differential
gene expression was determined for E15 cells treated with or without LPS. Significant
genes were then used in an unsupervised hierarchical clustering analysis. Both genes and
arrays were submitted to complete linkage analysis and dendrograms were based on
correlation values. Arrays cluster based on treatment and then on treatment time.
Differential gene expression was determined using a linear model (p<0.01) considering
treatment and gestational age. (B,C). Venn diagrams show the number of genes found to
be significantly up (B) or down (C) regulated at 4, 24, and 48 hours of LPS treatment.

(D). Functional annotation clustering of gene ontology analysis of 150 differentially
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expressed genes following 48 hours of LPS treatment. GO categories were distinct from

those represented in analysis of early response genes.

Figure S. Developmental changes in innate immune response genes following extended
LPS treatment. Gene expression data is shown for pattern recognition receptors, signaling
components and transcription factors, and soluble inflammatory mediators. Normalized
control and 4 h, 24, and 48 h LPS treatment data are shown for each replicate using E11,
E15, and E18 cells. Red indicates increased relative gene expression and green/blue
indicates decreased relative gene expression. Genes with notable patterns are indicated at

right. The LPS receptor TIr4 is indicated in red.

Figure 6. LPS inhibits expression of a core set of mesenchymal genes. (A). Differential
gene expression was determined using a linear model (p <0.01) considering gestational
age and treatment. Venn diagram shows the number of genes significantly down
regulated in E11, E15, and E18 cells, with 9 commonly down regulated genes across all
samples. (B-D). Data plotted for pairs of genes down regulated by LPS demonstrate
relative expression across all samples. Control samples are indicated in red. LPS-treated
samples are indicated in cyan. Gene expression values represent |0g, of relative

expression units.

Figure 7. LPS inhibits Vegfr2 expression. (A). Measurement of Ccl2, Vegfrl, and Vegfr2
expression by real time PCR in E18 primary mouse lung mesenchymal cells (*p <

0.0001; n = 6-7). (B). LPS treatment reduced VEGFR2 protein levels in E18 primary
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mouse lung mesenchymal cells as measured by immunoblotting. Expression levels
relative to actin normalized to control values (*p < 0.05; n =4). (C). Box plots showing
expression of Ccl20, Vegfrl, and Vegfr2 in control (ctrl) and LPS treated E11, E15, and
E18 mesenchymal cell samples as measured by microarray across all time points tested.
(D). Boolean relationships between expression of CDH5 and PECAM1 with VEGFR2
from Affymetrix U133 Plus 2.0 human public datasets using BooleanNet. Correlation of
all experimental datasets shown in the left panels. Datasets with VEGFR2 expression but
low CDHS5 or PECAML1 expression are magnified and shown in right panels. Red crosses
indicate samples from mesenchymal cells. (E). All genes detected in the fetal mouse lung
mesenchymal dataset were analyzed based on how their expression levels correlated with
Vegfr2. Genes most highly correlating with Vegfr2 expression along with their respective

correlation coefficients are listed.

Figure 8. VEGF signaling through VEGFR2 stimulated mesenchymal cell migration.
(A,B) Artificial wounds were created in confluent monolayers of E15 fetal lung
mesenchymal cells. LPS (250 ng/ml) inhibited cell migration as measured by % of
closure by cells filling the wound after 30 h (*p < 0.005; n = 8). (C). Knockdown of
Vegfr2 expression by siRNA impaired wound healing when VEGF-A was included in the

media (*p < 0.005; n =4).

Figure 9. LPS inhibited VEGFR2-mediated signaling in fetal mouse lung mesenchymal
cells. E15 primary fetal lung mesenchymal cells were pretreated with LPS for 24 h prior

to stimulation with insulin or VEGF-A (10 ng/ml) for 5 min. (A). Lysates were analyzed
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by immunoblotting to detect phosphorylation of VEGFR2, ERK1/2, and AKT. (B)
Densitometery analysis measuring phosphorylated/total AKT ratios demonstrated that
AKT phosphorylation following VEGF-A treatment was lower in cells pretreated with
LPS (*p<0.05;n=4). (C) LPS reduced VEGF-mediated changes in FOXO3A
localization. E15 mesenchymal cells were cultured for 24 h in the absence or presence of
LPS (250 ng/ml) and then stimulated with either VEGF-A (10 ng/ml) or PDGF-BB (20
ng/ml) for 2 hours. Cells were then fixed, permeabilized, and immunostained for
FOXO3A localization. Nuclei were labeled with Draq5. Representative lower power
images are shown in the top row and higher magnification of individual cell nuclei are
shown below. Nuclear FOXO3a staining was measured and presented as mean nuclear

pixel intensity (*p < 0.001; n = 29 cells measured from three independent experiments).

Figure 10. LPS and VEGFR?2 inhibition disrupted epithelial-mesenchymal interactions.
Confluent monolayers of E15 primary fetal mouse lung mesenchymal cells were overlaid
with A549 epithelia to form epithelial-mesenchymal co-cultures (A). Following 24 h of
co-culture, peaks and ridges form, becoming visible by dark-field microscopy. (B,C).
Cultures of only A549 epithelia (A) or E15 mesenchyme treated with recombinant
VEGF-A (10 ng/ml) (C) fail to form 3-dimensional structures. (D,E). Seeding A549 cells
on confluent monolayers of lung mesenchyme stimulates formation of distinct ridges and
peaks. LPS inhibits both the number and height of these structures (E). (F-K). The
VEGFR?2 tyrosine kinase inhibitors AZD1217 (F,G) and MGCD265 (H,I) reduce both the

number ((J), *p < 0.05, n =4) and height ((K), *p < 0.05, n = 5) of peaks formed as
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