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ABSTRACT 39 
 40 
In preterm infants, soluble inflammatory mediators target lung mesenchymal cells, 41 

disrupting airway and alveolar morphogenesis. However, how mesenchymal cells 42 

respond directly to microbial stimuli remains poorly characterized. Our objective was to 43 

measure the genome-wide innate immune response in fetal lung mesenchymal cells 44 

exposed to the bacterial endotoxin lipopolysaccharide (LPS). Using Affymetrix MoGene 45 

1.0st arrays, we showed that LPS induced expression of unique innate immune transcripts 46 

heavily weighted toward CC and CXC family chemokines. The transcriptional response 47 

was different between cells from E11, E15, and E18 mouse lungs. In all cells tested, LPS 48 

inhibited expression of a small core group of genes including the VEGF receptor Vegfr2. 49 

While best characterized in vascular endothelial populations, we demonstrated here that 50 

fetal mouse lung mesenchymal cells express Vegfr2 and respond to VEGF-A stimulation. 51 

In mesenchymal cells, VEGF-A increased cell migration, activated the ERK/AKT 52 

pathway, and promoted FOXO3A nuclear exclusion. Using an experimental co-culture 53 

model of epithelial-mesenchymal interactions, we also showed that VEGFR2 inhibition 54 

prevented formation of 3-dimensional structures. Both LPS and tyrosine kinase inhibition 55 

reduced 3-dimensional structure formation. Our data suggest a novel mechanism for 56 

inflammation-mediated defects in lung development involving reduced VEGF signaling 57 

in lung mesenchyme.  58 

  59 
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INTRODUCTION 60 

 61 

Lung mesenchymal cells play key roles in development and repair. During airway 62 

branching morphogenesis, mesenchymal growth factors signal adjacent airway epithelia 63 

and stimulate airway elongation and expansion (27, 47, 58). Coordinated paracrine 64 

feedback mechanisms regulate the temporal and spatial dynamics during lung branching. 65 

Fetal lung mesenchyme also guides formation of the pulmonary circulation (64). In 66 

addition to their roles in lung morphogenesis, fetal lung mesenchymal cells have 67 

multipotent properties. Similar to mesenchymal stem cells or stromal cells in other fetal 68 

and adult tissues, lung mesenchymal cells can differentiate into multiple cell types, 69 

including vascular endothelium, smooth muscle, cartilage, and a diverse set of fibroblast 70 

populations (3, 18, 34, 36, 39, 40, 46, 66). While lung branching morphogenesis 71 

completes during fetal life, ongoing mesenchymal cell differentiation, vascular 72 

development, and alveolar formation occur well after birth (17, 49). 73 

 74 

Lung mesenchymal cells also play a central role in regulating inflammation, preventing 75 

injury, and mediating repair. In many of the most preterm patients, injury and 76 

inflammation causes abnormal lung development, giving rise to the chronic 77 

developmental disease termed bronchopulmonary dysplasia (BPD, (65)). BPD 78 

pathogenesis likely involves failure of appropriate development and repair following 79 

injury (4, 32). Among the many exposures thought to play a role in BPD pathogenesis, 80 

infection and inflammation appear to be the major environmental factors that inhibit 81 

normal development and cause disease (42). In the lung, macrophages and airway 82 

epithelial cells are the first responders to inhaled pathogens. Mesenchymal cells then 83 
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appear to regulate the inflammatory response and mediate repair. While many reports 84 

have described the anti-inflammatory and trophic functions of lung mesenchymal cells 85 

and mesenchymal stromal cells, how these mesenchymal cell populations respond to 86 

microbial signals remains unclear. Given their role in lung morphogenesis and repair, 87 

better understanding of how lung mesenchymal cells, and particularly cells from the 88 

developing lung, respond to innate immune stimuli is key to developing new strategies 89 

aimed at reducing lung injury and facilitating normal recovery. 90 

 91 

Studying the unique biological behaviors of lung mesenchymal cells is complicated by 92 

standard cell culture techniques. When passaged for multiple generations, cultures of 93 

lung mesenchymal cells begin to resemble more homogeneous lung fibroblast cell lines. 94 

To overcome this potential loss of biological complexity, we previously isolated and 95 

characterized fetal mouse lung mesenchymal cell lines from transgenic SV40tsA58 mice 96 

(Immortomice (33)). Mesenchymal cell lines from these mice universally expressed α-97 

smooth muscle actin (SMA) under standard culture conditions but displayed multipotent 98 

properties when cultured with specific growth factors (33). Interestingly, these lung 99 

mesenchymal cells expressed basal levels of Vegfr2 mRNA and low levels of VEGFR2 100 

protein. Treating cells with VEGF and FGF-2 increased VEGFR2 protein expression to 101 

more detectable levels and promoted endothelial differentiation.  102 

 103 

Here we use these cells to test the fetal lung mesenchymal transcriptional response to the 104 

TLR4 agonist lipopolysaccharide (LPS) to better understand how inflammation might 105 

affect global gene expression. Using conditionally immortalized cell lines allowed us to 106 
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maintain cell viability and heterogeneity during expansion. Using cells isolated from 107 

different stages of lung development also provided a broader assessment of how these 108 

cells respond to innate immune stimuli. Interestingly, LPS inhibited mesenchymal Vegfr2 109 

expression and disrupted the mesenchymal response to VEGF. These data shed new 110 

insight into how inflammation alters mesenchymal gene expression and therefore 111 

potentially influences cell biology. 112 

 113 

  114 
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MATERIALS AND METHODS 115 

 116 

Animal studies, cell culture, and reagents 117 

All animal procedures were performed with approval of the Institutional Animal Care and 118 

Use Committees at the University of California San Diego and Vanderbilt University. 119 

Fetal lung mesenchymal cell lines isolated from E11, E15, and E18 Immortomice 120 

(Charles River) expressing the temperature sensitive early region SV40 mutant tsA58 121 

allele were maintained at 33˚C in DMEM with 10% FBS with penicillin/streptomycin 122 

supplemented with IFN-γ. All cells were moved to 37 ˚C and passaged at least once 123 

before plating for RNA isolation. Cells were seeded at equal density on 6 separate 100 124 

mm dishes. Once the cells reached 80-90% confluency, they were switched to serum-free 125 

DMEM for 4 h. 3 plates were then treated with 250 ng/ml E. coli LPS (strain O55:B5, 126 

Sigma, L6529). The other 3 plates remained in serum free DMEM. At 4 h, 24 h, and 48 h 127 

after treatment, a pair of plates (1 control and 1 LPS-treated) was harvested using TRIzol 128 

(Thermo Fisher). RNA was isolated using standard techniques and DNAse treatment. For 129 

replicates, serial passages of each cell line were used. The entire experiment was 130 

conducted three separate times for each condition and time point, generating 54 RNA 131 

samples for microarray analysis. For gene silencing experiments, cells were transfected 132 

with pre-designed siRNAs targeting Vegfr1, Vegfr2, or luciferase using the Nter system 133 

(Sigma)(25). Wound closure assays were performed 48 hours following transfection.  134 

 135 

E15 primary lung mesenchymal cells from C57BL/6 mice (Harlan) were isolated from 136 

minced lung tissue via outgrowth onto plastic dishes in DMEM with 10% FBS and 137 
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penicillin/streptomycin(5-7, 21). When the cells grew to confluence, the lung tissue was 138 

removed under a dissecting microscope, leaving mesenchymal cells behind. Cells were 139 

then passaged once prior to using in experiments. A549 human epithelial cells were 140 

obtained from ATCC and cultured in DMEM with 10% FBS and penicillin/streptomycin. 141 

For co-culture experiments, primary fetal lung mesenchymal cells were plated at high 142 

density (3.125 x 105 cells/cm2) and grown to confluence. A549 cells were then overlaid at 143 

similar cell density to encourage complete coverage of the underlying mesenchyme. 144 

Following overnight attachment, non-adherent cells were washed extensively. Co-145 

cultures were then maintained in DMEM with 10% FBS for 3 d prior to analysis. Peak 146 

number was quantified by counting discrete, visible 3-dimensional peaks by dark-field 147 

microscopy. To measure peak height, co-cultures were first immunostained using 148 

antibodies against α-smooth muscle actin and E-cadherin. 3-dimensional laser scanning 149 

confocal microscopy was used to measure the height of discrete peaks. 150 

 151 

Antibodies 152 

Cy3-labeled mouse anti-alpha smooth muscle actin (C6198) was purchased from Sigma. 153 

AZD2171 (S1017) and MGCD265 (S1361) were purchased from Selleckchem. Rabbit 154 

anti-Vegfr2 (2479), rabbit anti-phospho-Vegfr2 (4991), rabbit anti-phospho-Erk1/2 155 

(4277), rabbit anti Akt (4685), rabbit anti-phospho-Akt (2965), rabbit anti-Erk1 (4372), 156 

rabbit anti-Erk2 (9108), and rabbit anti FOXO3A (12829) were purchased from Cell 157 

Signaling Technology. Rat anti-E-cadherin (ECCD-2), peroxidase-conjugated goat anti-158 

rabbit and Alexa488-conjugated goat anti-rabbit antibodies were purchased from 159 

Thermo-Fisher.  160 
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 161 

RNA isolation, microarray hybridization, and real-time PCR 162 

Total RNA was isolated using TRIzol Reagent and quantified by spectroscopy; RNA 163 

quality was determined using a Bioanalyzer 2100 (Aglient Technologies). Samples with 164 

high RIN scores (> 7) were prepared for microarray analysis using standard Affymetrix 165 

protocols in the Vanderbilt Technologies for Advanced Genomics Shared Resource. 166 

Samples were hybridized to Affymetrix Mouse Gene 1.0 ST arrays, washed, stained, and 167 

scanned using a GeneTitan Multichannel Instrument.  168 

 169 

cDNA for real-time PCR was generated using a modified MMLV reverse transcriptase 170 

(SuperScript III; Life Technologies, 18080-051) and oligo dT primers. Gene specific 171 

TaqMan primer sets (Life Technologies) were used to quantitate Gapdh, Ccl2, Vegfr1, 172 

and Vegfr2 in biological triplicates as well as technical triplicates, reactions were run 173 

using with IQ Supermix (Bio-Rad, 170-8862) on a CFX96 Touch system (Bio-Rad). 174 

Expression of each gene was compared with Gapdh and expressed as a fold change using 175 

the 2-ΔΔC
T method (41). Differences in expression between groups were compared by one-176 

way ANOVA, all values were presented as the mean + SEM.  177 

 178 

Microarray analysis 179 

Affymetrix CEL images were imported directly into Bioconductor (version 3.0) within R 180 

(version 3.1.1, http://www.r-project.org). All the datasets were preprocessed and 181 

background corrected using the MAS method, constant normalization, PM-only probe 182 

specific correction and expression summarized using the Li Wong method. Differential 183 
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gene expression analysis was performed using a linear model and empirical Bayes 184 

methods within the limma package (54, 61). Translation from gene list of differentially 185 

expressed genes to gene ontologies (GO) was performed using the functional annotation 186 

tool in DAVID (30, 31). Visualization of summarized GO terms was performed using the 187 

web server REVIGO’s treemap analysis (62). Unsupervised hierarchical clustering was 188 

performed using ArrayStudio (OmicSoft) complete linkage analysis to determine 189 

euclidean distance.  190 

 191 

Boolean gene correlation 192 

For Boolean gene correlation, the web based BooleanNet was used to query publically 193 

available microarray data sets using the Human U133 Plus 2.0 platform. VEGFR2 194 

expression was queried and compared to expression of CDH5 and PECAM1. Samples 195 

including “mesenchyme” or “mesenchymal” in their descriptions were highlighted.  196 

 197 

Wound closure assay 198 

E15 mesenchymal cells from Immortomice were passaged once at 37˚C before being 199 

plated at 80% confluence. Cells were recovered overnight, serum starved for 6 hours, and 200 

pretreated with LPS.  Wounds were then inflicted to the monolayer using a P200 pipet tip 201 

drawn down the center of the well. Nonadherent cells were then gently washed away with 202 

PBS. Serum free media containing heparin alone (50 μg/ml), recombinant VEGF-A with 203 

heparin (10 ng/mL), or recombinant PDGF-BB with heparin (20 ng/mL) was then added. 204 

Images were obtained immediately after wounding and then following 30 hours of 205 
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culture. Percentage of wound area that was covered by cells at 30 h was measured using 206 

ImageJ (NIH) and the MRI Wound Healing Tool.  207 

 208 

Western blotting 209 

Cell lysates were prepared as described previously and separated by SDS/PAGE (66). 210 

Membranes were blocked in 5% milk in TRIS-buffered saline containing 0.05% Tween-211 

20 (TBST). Primary antibodies (1:1000 in TBST) were incubated with blocked 212 

membranes overnight at 4˚C and developed by enhanced chemiluminescence using 213 

peroxidase-conjugated secondary antibodies. 214 

 215 

Immunostaining 216 

Cells were cultured on coverslips, fixed, permeabilized, blocked, and then labeled with 217 

anti-FOXO3A antibodies. Staining was visualized using an Alexa488-conjugated 218 

secondary antibody. Nuclei were labeled with Draq5. Cells were then imaged using a 219 

Leica SPE inverted laser scanning confocal microscope. To measure nuclear FOXO3A 220 

localization, mean pixel intensity in the 488 nm channel was quantified within Draq5 221 

labeled nuclear structures. 29 different cells were measured for each condition. 222 

 223 

  224 
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RESULTS 225 

Inflammatory mediators target fetal lung mesenchymal cells, disrupt developmental gene 226 

expression, and inhibit airway morphogenesis (5-7, 52). However, how mesenchymal 227 

cells directly respond to innate immune stimuli at the molecular and genomic levels 228 

remains unclear. Figure 1A,B demonstrates that LPS-treated fetal lung mesenchymal 229 

cells are more elongated and spindle-shaped, suggesting LPS can at least induce 230 

morphological changes in lung mesenchymal cells. To measure the lung mesenchymal 231 

innate immune response and test how it might change during development, we treated 232 

fetal lung mesenchymal cell lines from E11, E15, and E18 SV40tsA58 mice with LPS for 4 233 

h, 24 h, and 48 h. RNA from control and LPS-treated cells was profiled using Affymetrix 234 

Mouse Gene 1.0 ST microarrays. Principal component analysis (PCA) demonstrated that 235 

transcriptional profiles clustered based on developmental time point from which the cell 236 

lines were isolated (Figure 1C). To identify differentially expressed genes, we used the 237 

limma linear model approach (54, 61) that uses a Bayesian framework to compare gene-238 

wise variances across large datasets (p < 0.01). An independent unsupervised hierarchical 239 

clustering analysis was performed on all samples clustering both arrays and genes (Figure 240 

1D). LPS increased the expression of more genes than were repressed. Across all time 241 

points, 775 genes were differentially expressed following LPS treatment, with 490 genes 242 

increased and 285 decreased (Figure 1E) (55). 243 

 244 

We next focused on the early innate immune response in lung mesenchymal cells by 245 

analyzing changes in gene expression following 4 h of LPS treatment. Unsupervised 246 

hierarchical clustering demonstrated that most of the 4 h LPS response involved 247 
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increased gene expression with a smaller number of down regulated genes (Figure 2A). 248 

Samples were then further clustered by the embryonic stage from which the cell lines 249 

were isolated. The changes in gene expression following 4 h of LPS treatment were 250 

relatively unique in each embryonic stage tested (Figure 2B,C). However, there were a 251 

few common genes similarly regulated across each developmental stage. Interestingly, 252 

E18 lung mesenchymal cells had a reduced LPS response compared to E11 and E15 cells. 253 

Gene Ontology (GO) composition of the gene list of differential expressed genes at 4 254 

hours was processed by treemap analysis (REVIGO). The categories of genes regulated 255 

by LPS in fetal lung mesenchymal cells were consistent with a predominantly pro-256 

inflammatory innate immune response (Figure 2D)(62). These data showed that fetal lung 257 

mesenchymal cells indeed mount an early inflammatory response to LPS. However the 258 

genome-wide response could vary depending on the developmental time point from 259 

which the cells were isolated.  260 

 261 

The differences in the LPS response that we measured in cells from different embryonic 262 

stages could result from changes in the innate immune cellular machinery. Within our 263 

mesenchymal cell dataset, we specifically analyzed expression of pattern recognition 264 

receptors, innate immune signaling components, transcription factors implicated in 265 

inflammation-mediated changes in gene expression, and soluble inflammatory mediators. 266 

Figure 3 shows some of the different repertoires of microbial product receptors in each 267 

cell line. The LPS receptor Tlr4 was most highly expressed in E15 cells. LPS induced 268 

expression of multiple receptors including Tlr2 and Tlr3 in E11 and E15 cells, but not in 269 

E18 cells. Tlr6 expression was highest in E11 cells. Interestingly, Clec2e, Tlr5, and 270 
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Nalp2 were each enriched in E18 cells. Under control conditions, E18 mesenchymal cells 271 

had more abundant expression of Irak2, Traf5, Akt1, Atf5, Prkcd, Chuk (Ikk-alpha), and 272 

Map2k4. Additionally, the LPS induction of Nfkb1, Myd88, Ikbke, Map3k8, Ikbkap, 273 

Cepbd, and Nfkbia, was lower in E18 cells. Genes from the CC and CXC family of 274 

chemokines were highly induced by LPS treatment. Interestingly, Ccl5, Cxcl5, Cxcl16, 275 

and Cxcl10 were not as increased following LPS treatment in E18 cells compared to E11 276 

and E15 samples. 277 

 278 

To better understand how longer exposure to inflammation might affect lung 279 

mesenchymal cell function, we next investigated time-dependent changes in gene 280 

expression (Figure 4). Analyzing the data from E15 cells, we found fewer numbers of 281 

genes increased by 24 h and 48 h of LPS treatment compared to the early 4 h response 282 

(Figure 4A,B). Slightly fewer genes were still downregulated at 48 h of LPS treatment 283 

(Figure 4C). Interestingly, analysis of the differentially expressed genes following 48 h of 284 

treatment generated a different set of ontologies compared to early response genes 285 

(Figure 4D). These data suggested that later changes in mesenchymal cell gene 286 

expression could be less related to microbial sensing and more consistent with broader 287 

alterations in biological function. The differences measured in genes along the innate 288 

immune response pathway at different stages of development were relatively stable over 289 

time following LPS treatment (Figure 5). Similar to the patterns measured 4 h following 290 

LPS treatment, E18 mesenchymal cells expressed a unique pattern of innate immune 291 

receptors, signaling components, and soluble mediators both under control conditions and 292 

up to 48 h following LPS exposure. 293 
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 294 

Inflammatory signals disrupt expression of multiple genes in fetal lung mesenchymal 295 

cells. These changes could represent a global phenotypic shift in mesenchymal cells 296 

exposed to inflammation. To identify transcriptional targets in the lung mesenchyme 297 

altered by more prolonged inflammatory exposure, we focused on genes inhibited by 48 h 298 

of LPS exposure. LPS inhibited expression of nine genes in each of the lines tested 299 

(Figure 6A). Expression of these genes correlated with each other, as illustrated in 300 

Figures 6B-D. The patterns of expression suggest these genes may be part of an overall 301 

LPS-sensitive transcriptional program within lung mesenchymal cells. We particularly 302 

noted that LPS inhibited expression of the VEGF receptor Vegfr2, also known as Kdr or 303 

Flk-1. While VEGF signaling is known to be critical for normal lung vascular formation 304 

and structural alveolar development, the potential role of VEGF signaling in 305 

mesenchymal cells is less well understood.  306 

 307 

We confirmed the LPS effect on Vegfr2 expression in E18 primary lung mesenchymal 308 

cells from C57BL/6 mice (Figure 7A,B). In these cells, LPS induced expression of Ccl2 309 

(included as a positive control) and inhibited expression of Vegfr2 (but did not 310 

significantly affect expression of the alternative VEGF receptor Vegfr1. We then 311 

compared the changes in Vegfr2 expression in fetal lung mesenchymal cell lines isolated 312 

at different developmental stages (Figure 7B). LPS increased Ccl20 expression in each 313 

cell line tested, had no effect on Vegfr1, but consistently decreased Vegfr2 expression. 314 

Vegfr2 has primarily been characterized within vascular endothelia in respect to its role in 315 

mediating angiogenesis. To assess potential Vegfr2 expression in mesenchymal cell 316 
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populations, we queried publically available human microarray data sets using the 317 

BooleanNet tool (57). We specifically interrogated datasets measuring VEGFR2 and the 318 

endothelial-specific genes CDH5 (VE-cadherin) and PECAM-1 (CD31). Most samples 319 

with VEGFR2 expression also expressed CDH5 (Figure 7C).  However, a subset of 320 

samples expressed VEGFR2 with only background levels of CDH5 (expanded in 321 

rectangle). Samples indicated in red were from mesenchymal cells or mesenchymal 322 

stromal cells. Similar results were obtained when comparing PECAM-1 and VEGFR2 323 

expression across the same data sets. The majority of samples expressing VEGFR2 also 324 

expressed PECAM-1, however a small subset of samples that included mesenchymal cells 325 

expressed VEGFR2 without PECAM-1. To obtain a better understanding of what genes 326 

might be co-expressed with Vegfr2 in fetal lung mesenchyme, we interrogated our 327 

original gene expression dataset to identify genes whose expression was most highly 328 

correlated with Vegfr2, independent of cell line or LPS treatment (Figure 7D). In addition 329 

to Ahr and Csdc2 identified in Figure 6, we also identified Smad6 and Smad9, both 330 

inhibitors of BMP signaling (48, 63). The tumor suppressor gene Pdgfrl (26, 35) had the 331 

highest correlation with Vegfr2 expression. These genes may comprise a global 332 

expression program in fetal lung mesenchymal cells that includes Vegfr2. 333 

 334 

In vascular endothelial cells, VEGF signaling through VEGFR2 stimulates angiogenesis 335 

by increasing directed cell migration and proliferation. To test if LPS-mediated reduction 336 

in Vegfr2 expression led to functional changes in fetal lung mesenchymal cells, we 337 

performed in vitro wound-healing assays. Closure of artificially induced “wounds” using 338 

serum-free media with growth factor addition typically involves collective cell migration 339 



 16

with potential contribution by proliferation (Figure 8A). LPS reduced the area of wound 340 

closure when measured after 30 h (Figure 8B). Knockdown of either Vegfr1 or Vegfr2 341 

using RNAi demonstrated that Vegfr2 knockdown (but not Vegfr1) reduced the wound 342 

closure response to recombinant VEGF-A (Figure 8C). Therefore both LPS and Vegfr2 343 

knockdown reduced mesenchymal cell wound healing in vitro.  344 

 345 

We next measured the effect of LPS on phosphorylation events downstream of VEGFR2. 346 

LPS reduced the phosphorylation of VEGFR2, ERK1/2, and AKT following VEGF-A 347 

treatment (Figure 9A,B). After AKT activation, the transcriptional response to VEGF is 348 

associated with FOXO3A exclusion from the nucleus (1, 14, 60). While VEGF-A 349 

treatment of fetal lung mesenchymal cells stimulated FOXO3A exclusion (Figure 9C), 350 

FOXO3A appeared to remain localized to the nucleus when cells were first treated with 351 

LPS prior to VEGF-A exposure. To quantify this process, we measured the fluorescence 352 

intensity of FOXO3A within cell nuclei. Cells pretreated with LPS had increased nuclear 353 

FOXO3A following VEGF-A treatment compared to control cells (*p < 0.001; n = 29). 354 

LPS had no effect on FOXO3A nuclear exclusion following PDGF treatment. 355 

Collectively, these data show that fetal lung mesenchymal cells do respond to VEGF-A 356 

and that LPS can inhibit this response at least in part by reducing Vegfr2 expression and 357 

subsequent signaling. 358 

 359 

Because lung epithelial cells express VEGF (13, 24, 37), we hypothesized that changes in 360 

mesenchymal VEGFR2 activity could affect epithelial-mesenchymal interactions 361 

important for alveolar development. To test this hypothesis, we used an epithelial-362 
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mesenchymal co-culture model with non-immortalized E15 fetal mouse lung 363 

mesenchyme and A549 epithelial cells. We had previously developed this in vitro model 364 

to study the cell signaling mechanisms and dynamics leading to 3-dimensional structures 365 

during alveolar septa formation (24). Neither A549 cells cultured alone (Figure 10B) nor 366 

E15 fetal lung mesenchymal cells cultured with recombinant VEGFA (Figure 10C) 367 

formed 3-dimensional structures visible by dark field microscopy. Under control 368 

conditions, epithelial-mesenchymal co-cultures form visible 3-dimensional peaks and 369 

ridges (Figure 10D). LPS reduced both the formation of peaks and their height (Figure 370 

10E). Similar results were measured when mesenchymal cell cultures were pre-treated 371 

with the inhibitors AZD1217 and MGCD265, both of which inhibit the tyrosine kinase 372 

activity of VEGFR2 (Figure 10F-K). As A549 cells constitutively express VEGF-A (13), 373 

these experiments are consistent with VEGFR2 signaling mediating 3-dimensional 374 

epithelial-mesenchymal peak formation. 375 

 376 

  377 
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DISCUSSION 378 

Within the developing lung, mesenchymal cells contribute to alveolar development, 379 

wound healing, perivascular regulation, and structural support (43, 44). Abnormal 380 

mesenchymal cell differentiation and/or function may contribute to bronchopulmonary 381 

dysplasia and other chronic pediatric lung diseases (2, 16). While infection and 382 

inflammation likely play a key role in BPD pathogenesis, how mesenchymal cell 383 

populations participate in the immune response has been unclear. Our data presented here 384 

characterize the fetal lung mesenchymal cell transcriptional response to the bacterial 385 

TLR4 ligand LPS. Members of the CC and CXC chemokine families were notably 386 

represented in the group of soluble mediator genes increased by LPS exposure. These 387 

results provide a detailed transcriptional dataset through which the unique features of the 388 

lung mesenchymal innate immune response might be compared to other cell populations.  389 

 390 

Identifying the molecular response to inflammation within mesenchymal cells may be 391 

key for understanding their role in lung disease. In response to inhaled pathogens, lung 392 

macrophages, eosinophils, and neutrophils likely generate the initial inflammatory 393 

response and injury (56). Similarly, lymphocytes and dendritic cells likely play key roles 394 

in allergic lung disease and asthma (22). However, mesenchymal cell populations may 395 

regulate the immune response and promote wound healing. In the immature and 396 

developing lung, mesenchymal cells have many of the same properties as mesenchymal 397 

stromal cells that have been explored for their various therapeutic possibilities (51). The 398 

anti-inflammatory and regenerative properties of mesenchymal stromal cells may be due 399 

to the production and release of anti-inflammatory soluble mediators (29). However, we 400 
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show here that developing lung mesenchymal cells do mount an innate immune response 401 

to LPS. Many of the genes increased by LPS in fetal lung mesenchymal cells are 402 

commonly induced as part of the innate immune response. However the overall response 403 

profile is weighted toward a subset of chemokines and antimicrobial genes. Importantly, 404 

our studies here were focused on defining the innate immune response specifically in 405 

fetal lung mesenchymal cells. The in vitro models and cells tested do not take into 406 

account how additional cell populations in the lung could affect how mesenchymal cells 407 

respond to microbial stimuli and inflammatory mediators in vivo. 408 

 409 

Microbial products and inflammatory mediators can disrupt expression of multiple genes 410 

critical for lung development. While macrophages in the fetal and neonatal lung appear to 411 

be the major cellular site of inflammatory activation and cytokine release, macrophage-412 

derived soluble mediators target the other cell populations in the lung (10). In ovine 413 

studies, LPS inhibited Shh expression and disrupted normal expression of Wnt1, Wnt4, 414 

and Wnt7b (20, 38). Prolonged exposure of developing lambs to either LPS or 415 

Ureaplasma led to reduced TGFβ signaling, which plays a significant role in lung 416 

morphogenesis (19). In experimental mouse models, inflammatory signaling inhibited 417 

expression of Itga8, Fgf10, Bmp4, and Bmpr1a, each critical for normal lung 418 

development (5-7). The observations that inflammation inhibits multiple genes important 419 

for lung development suggest inflammatory signaling could have global effects on 420 

developmental transcription within the immature lung. Interestingly, the transcriptional 421 

profile was different in the cell lines isolated from different stages of fetal lung 422 

development. As the cell lines tested are likely heterogeneous representations of 423 
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mesenchymal cells in the lung at each stage, additional studies will need to characterize 424 

how the immune response is developmentally regulated in the various cell populations 425 

within the lung. 426 

 427 

Our results begin to better characterize the connections between inflammation and 428 

alterations in lung development. When considered separately, the molecular pathways 429 

regulating lung development and the innate immune system are well detailed.  430 

Understanding how inflammation can disrupt development requires dissecting how these 431 

pathways intersect. In the fetal lung mesenchyme, inflammatory signaling alters 432 

expression of genes critical for development. Our data here identify two genes important 433 

for development, Vegfr2 and Hs6st1 (53), which are inhibited by LPS treatment. We have 434 

previously shown that NF-κB-Sp3 interactions inhibit normal Fgf10 expression (5, 15), 435 

leading to changes in other downstream genes including Bmp4 and Bmpr1a (7). 436 

Inflammation also inhibits expression of the α8β1 integrin, which is critical for normal 437 

mesenchymal cell migration and membrane dynamics during lung formation (6). Recent 438 

work has demonstrated that lung epithelial IKKβ activity can disrupt elastin synthesis and 439 

organization at the alveolar level (8). The multiple developmental targets of inflammation 440 

suggest that innate immune pathways may target global transcriptional programs within 441 

specific cell populations. In addition, the mechanisms leading to inhibition of gene 442 

expression may be more diverse and complex than transcriptional activation. The data 443 

presented here may help better characterize these genome-wide effects.  444 

 445 
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In endothelial cells, VEGF signaling through VEGFR2 promotes angiogenesis and 446 

alveolar capillary formation (50). Our data show that fetal lung mesenchymal cells also 447 

express VEGFR2. We do not yet know the relative contribution of changes in VEGFR2 448 

expression to inflammation-mediated lung injury or abnormal lung development. 449 

However, the data presented here suggest a role for VEGF signaling in non-endothelial 450 

mesenchymal populations. As in vascular endothelia (1, 14, 60), VEGF signaling in 451 

mesenchymal cells activates the ERK/AKT pathway, stimulates mesenchymal cell 452 

migration, and stimulates changes in FOXO3A subcellular localization. Interestingly, 453 

siRNA mediated Vegfr2 knockdown led to reduced migration following VEGF-A 454 

administration (Figure 7). Because VEGFR1 can function as a high-affinity decoy 455 

receptor, decreased VEGFR2 relative to VEGFR1 could lead to reduce cell migration 456 

(23, 50). While the mesenchymal cells studied here potentially represent endothelial 457 

precursor cells (66), they do not express other vascular endothelial markers under typical 458 

culture conditions. In addition, our analyses of published human expression datasets 459 

clearly show VEGFR2 expression in cells that do not express the endothelial markers 460 

CDH5 or PECAM1. As many of these samples are from mesenchymal or mesenchymal 461 

stromal cell populations, VEGFR2 may represent an important growth factor receptor in 462 

mesenchymal cell populations in addition to its role in vascular biology.  463 

 464 

As new alveolar capillaries form, vascular endothelial cells respond to VEGF released by 465 

alveolar epithelial cells and migrate more closely to the epithelial basement membrane (9, 466 

28). The intimate relationship of alveolar epithelia with capillary endothelial cells reduces 467 

the potential spatial barrier to gas exchange. Mesenchymal-derived pericytes are also part 468 
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of this complex multicellular unit, potentially providing structural support and 469 

maintenance to the alveolar capillary unit (45, 59). VEGF signaling might guide parallel 470 

migration of mesenchymal pericytes alongside vascular endothelial cells during capillary 471 

development. Interestingly, PDGF signaling also targets mesenchymal cells in the 472 

developing alveolus, driving alveolar myofibroblast differentiation and migration (11, 473 

12). Our in vitro data show LPS inhibits the response to VEGF by reducing Vegfr2 474 

expression while not affecting the response to PDGF. As both VEGF and PDGF are 475 

required for normal alveolar formation, shifting the response toward PDGF while 476 

reducing VEGF sensitivity could skew the normal alveolar architecture in premature 477 

lungs exposed to inflammation.  478 
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FIGURE LEGENDS 686 

Figure 1. Analysis of effects of LPS on fetal lung mesenchymal cells. (A,B) Primary 687 

fetal mouse lung mesenchymal cells from E15 embryos were treated with LPS (250 688 

ng/ml) for 24 h. Phase contrast images (20X) show that LPS altered mesenchymal cell 689 

morphology, giving rise to more spindle-shaped cells with longer cell processes. (C). 690 

Mesenchymal cell lines from E13, E15, and E18 SV40tsA58 mouse lungs were treated with 691 

LPS (250 ng/ml) for 4 h, 24 h, and 48 h. Total RNA was then isolated and gene 692 

expression was measured using Affymetrix Mouse Gene 1.0ST microarrays. Each 693 

condition and time point was repeated in triplicate. Samples were not pooled. Principal 694 

Component Analysis (PCA) of 54 microarray samples identified three groupings based 695 

primarily on the gestational ages of mesenchymal cells studied. (D). Heat map showing 696 

unsupervised hierarchical clustering analysis was done on both genes and individual 697 

experimental time points and replicates using complete linkage analysis. Each vertical 698 

column indicates a unique experimental replicate. Experiments clustered by LPS 699 

treatment. (E). Differential gene expression analysis between control and LPS-treated 700 

samples at all time points identified 490 genes up regulated and 285 genes down 701 

regulated by LPS. 702 

 703 

Figure 2. Analysis of early response genes following 4 h of LPS treatment. (A). 704 

Unsupervised hierarchical clustering analysis of 182 genes differentially expressed after 4 705 

hours of LPS treatment. Dendrograms are based on correlation values following complete 706 

linkage analysis. Each vertical column indicates a unique experimental replicate. (B,C) 707 

Venn diagrams show the number of genes found to be significantly up (B) or down (C) 708 
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regulated at 4 hours of LPS treatment in E11, E15, and E18 samples. (D). Functional 709 

annotation clustering of gene ontology (GO) analysis. Genes with significant changes 710 

following 4 h of LPS treatment were categorized using DAVID with GO results 711 

visualized using REVIGO TreeMap.  712 

 713 

Figure 3. Developmental changes in innate immune response genes. Gene expression 714 

data is shown for pattern recognition receptors, signaling components and transcription 715 

factors, and soluble inflammatory mediators. Normalized control and 4 h LPS treatment 716 

data are shown for each replicate using E11, E15, and E18 cells. Red indicates increased 717 

relative gene expression and green/blue indicates decreased relative gene expression. 718 

Genes with notable patterns are indicated at right. The LPS receptor Tlr4 is indicated in 719 

red. 720 

 721 

Figure 4. Analysis of mesenchymal cell response to LPS over time. (A). Differential 722 

gene expression was determined for E15 cells treated with or without LPS. Significant 723 

genes were then used in an unsupervised hierarchical clustering analysis. Both genes and 724 

arrays were submitted to complete linkage analysis and dendrograms were based on 725 

correlation values. Arrays cluster based on treatment and then on treatment time. 726 

Differential gene expression was determined using a linear model (p<0.01) considering 727 

treatment and gestational age. (B,C). Venn diagrams show the number of genes found to 728 

be significantly up (B) or down (C) regulated at 4, 24, and 48 hours of LPS treatment. 729 

(D). Functional annotation clustering of gene ontology analysis of 150 differentially 730 



 35

expressed genes following 48 hours of LPS treatment. GO categories were distinct from 731 

those represented in analysis of early response genes. 732 

 733 

Figure 5. Developmental changes in innate immune response genes following extended 734 

LPS treatment. Gene expression data is shown for pattern recognition receptors, signaling 735 

components and transcription factors, and soluble inflammatory mediators. Normalized 736 

control and 4 h, 24, and 48 h LPS treatment data are shown for each replicate using E11, 737 

E15, and E18 cells. Red indicates increased relative gene expression and green/blue 738 

indicates decreased relative gene expression. Genes with notable patterns are indicated at 739 

right. The LPS receptor Tlr4 is indicated in red. 740 

 741 

Figure 6. LPS inhibits expression of a core set of mesenchymal genes. (A). Differential 742 

gene expression was determined using a linear model (p <0.01) considering gestational 743 

age and treatment. Venn diagram shows the number of genes significantly down 744 

regulated in E11, E15, and E18 cells, with 9 commonly down regulated genes across all 745 

samples. (B-D). Data plotted for pairs of genes down regulated by LPS demonstrate 746 

relative expression across all samples. Control samples are indicated in red. LPS-treated 747 

samples are indicated in cyan. Gene expression values represent log2 of relative 748 

expression units.  749 

 750 

Figure 7. LPS inhibits Vegfr2 expression. (A). Measurement of Ccl2, Vegfr1, and Vegfr2 751 

expression by real time PCR in E18 primary mouse lung mesenchymal cells (*p < 752 

0.0001; n = 6-7). (B). LPS treatment reduced VEGFR2 protein levels in E18 primary 753 
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mouse lung mesenchymal cells as measured by immunoblotting. Expression levels 754 

relative to actin normalized to control values (*p < 0.05; n = 4). (C). Box plots showing 755 

expression of Ccl20, Vegfr1, and Vegfr2 in control (ctrl) and LPS treated E11, E15, and 756 

E18 mesenchymal cell samples as measured by microarray across all time points tested. 757 

(D). Boolean relationships between expression of CDH5 and PECAM1 with VEGFR2 758 

from Affymetrix U133 Plus 2.0 human public datasets using BooleanNet. Correlation of 759 

all experimental datasets shown in the left panels. Datasets with VEGFR2 expression but 760 

low CDH5 or PECAM1 expression are magnified and shown in right panels. Red crosses 761 

indicate samples from mesenchymal cells. (E). All genes detected in the fetal mouse lung 762 

mesenchymal dataset were analyzed based on how their expression levels correlated with 763 

Vegfr2. Genes most highly correlating with Vegfr2 expression along with their respective 764 

correlation coefficients are listed. 765 

 766 

Figure 8. VEGF signaling through VEGFR2 stimulated mesenchymal cell migration. 767 

(A,B) Artificial wounds were created in confluent monolayers of E15 fetal lung 768 

mesenchymal cells. LPS (250 ng/ml) inhibited cell migration as measured by % of 769 

closure by cells filling the wound after 30 h (*p < 0.005; n = 8). (C). Knockdown of 770 

Vegfr2 expression by siRNA impaired wound healing when VEGF-A was included in the 771 

media (*p < 0.005; n = 4).  772 

 773 

Figure 9. LPS inhibited VEGFR2-mediated signaling in fetal mouse lung mesenchymal 774 

cells.  E15 primary fetal lung mesenchymal cells were pretreated with LPS for 24 h prior 775 

to stimulation with insulin or VEGF-A (10 ng/ml) for 5 min. (A). Lysates were analyzed 776 
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by immunoblotting to detect phosphorylation of VEGFR2, ERK1/2, and AKT. (B) 777 

Densitometery analysis measuring phosphorylated/total AKT ratios demonstrated that 778 

AKT phosphorylation following VEGF-A treatment was lower in cells pretreated with 779 

LPS  (*p < 0.05; n = 4). (C) LPS reduced VEGF-mediated changes in FOXO3A 780 

localization. E15 mesenchymal cells were cultured for 24 h in the absence or presence of 781 

LPS (250 ng/ml) and then stimulated with either VEGF-A (10 ng/ml) or PDGF-BB (20 782 

ng/ml) for 2 hours. Cells were then fixed, permeabilized, and immunostained for 783 

FOXO3A localization. Nuclei were labeled with Draq5. Representative lower power 784 

images are shown in the top row and higher magnification of individual cell nuclei are 785 

shown below. Nuclear FOXO3a staining was measured and presented as mean nuclear 786 

pixel intensity (*p < 0.001; n = 29 cells measured from three independent experiments). 787 

 788 

Figure 10. LPS and VEGFR2 inhibition disrupted epithelial-mesenchymal interactions. 789 

Confluent monolayers of E15 primary fetal mouse lung mesenchymal cells were overlaid 790 

with A549 epithelia to form epithelial-mesenchymal co-cultures (A). Following 24 h of 791 

co-culture, peaks and ridges form, becoming visible by dark-field microscopy. (B,C). 792 

Cultures of only A549 epithelia (A) or E15 mesenchyme treated with recombinant 793 

VEGF-A (10 ng/ml) (C) fail to form 3-dimensional structures. (D,E). Seeding A549 cells 794 

on confluent monolayers of lung mesenchyme stimulates formation of distinct ridges and 795 

peaks. LPS inhibits both the number and height of these structures (E). (F-K). The 796 

VEGFR2 tyrosine kinase inhibitors AZD1217 (F,G) and MGCD265 (H,I) reduce both the 797 

number ((J), *p < 0.05, n = 4) and height ((K), *p < 0.05, n = 5) of peaks formed as 798 



 38

measured by 3-dimensional laser scanning confocal microscopy. Representative dark-799 

field images shown (5X magnification). 800 

 801 
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