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Abstract

Mesenchymal stromal cells (MSCs) are released into the airways of preterm infants
following lung injury. These cells display a pro-inflammatory phenotype and are
associated with development of severe bronchopulmonary dysplasia (BPD). We
aimed to characterize the functional properties of MSCs obtained from tracheal
aspirates of 50 preterm infants who required invasive ventilation. Samples were
separated by disease severity. The increased proliferative capacity of MSCs was
associated with longer duration of mechanical ventilation and higher severity of BPD.
Augmented growth depended on nuclear accumulation of NFxBp65 and was
accompanied by reduced expression of cytosolic a-SMA. The central role of NFkB
signaling was confirmed by inhibition of IkBa phosphorylation. The combined score
of proliferative capacity, accumulation of NFKBp65, and expression of a-SMA were
used to predict the development of severe BPD with an area under the curve (AUC)
of 0.847. We mimicked the clinical situation in vitro, and stimulated MSCs with IL-13
and TNF-a. Both cytokines induced similar and persistent changes as was observed
in MSCs obtained from preterm infants with severe BPD. RNA interference was
employed to investigate the mechanistic link between NF«xBp65 accumulation and
alterations in phenotype. Our data indicate that determining the phenotype of
resident pulmonary MSCs represents a promising biomarker-based approach. The
persistent alterations in phenotype, observed in MSCs from preterm infants with
severe BPD, were induced by the pulmonary inflammatory response. NFkBp65
accumulation was identified as a central regulatory mechanism. Future preclinical
and clinical studies, aimed to prevent BPD, should focus on phenotype changes in

pulmonary MSCs.
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80 Introduction

81  Bronchopulmonary dysplasia (BPD) is caused by injury to the developing lung,

82 leading to life-long sequelae (14, 20). Histopathology of BPD shows simplified

83 alveolar structures and dysmorphic capillary configuration (7). The disturbance of

84 lung development and severity of BPD are caused by perinatal and postnatal factors,

85 including prematurity, genetic susceptibility, prenatal and postnatal infections,

86 mechanical ventilation, and oxygen toxicity. These factors cause a pulmonary

87 inflammatory response that is central to the pathogenesis of BPD. BPD is

88 characterized by an imbalance between pro- and anti-inflammatory cytokines,

89 downregulation of vascular and tissue growth factors, influx of inflammatory cells,

90 formation of reactive oxygen species and activation of proteases (17, 43).

91 The transcription factor NFxB is essential for normal lung development, but

92 excessive signaling during pulmonary inflammation is a critical mechanism in

93 abnormal lung development (15, 19, 27, 41). In line with this, the accumulation of pro-

94 inflammatory cytokines, such as IL-1p or TNF-a, which activate NFxB, perturbs

95 normal lung development. Conversely, mechanical ventilation in an oxygen-rich

96 environment can also lead to increased lung damage when NF«B signaling and

97 levels of TNF-a are reduced (4, 11). Therefore, therapeutic targeting of NF«B

98 signaling needs to be critically re-evaluated.

99 Inrecent years, pioneering studies have focused on MSCs obtained from the tracheal
100 aspirates of ventilated preterm infants. These cells fulfilled the classical criteria of
101  MSCs and displayed a lung-specific phenotype, which distinguished them from non-
102  resident MSCs (3, 8, 9, 16, 29, 39). Isolation of MSCs from tracheal aspirates of
103  ventilated preterm infants in these studies was particularly successful from tracheal
104  aspirates of infants who later developed BPD. This finding led to the conclusion that

105 the release of MSCs into the airway is the result of lung injury. These MSCs
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106 demonstrated substantial alterations in the pathways controlled by PDGF receptor a,
107 B-catenin, and TGF-B1, which regulate the differentiation of MSCs into
108  myofibroblasts. These alterations were associated with distortion of further septation
109  and interstitial fibrosis (16, 29, 33, 37, 38, 40).

110 We performed detailed descriptive, functional, and molecular studies on MSCs
111  obtained from the tracheal aspirates of preterm infants. We identified a combination
112 of new phenotypic characteristics predictive of a prolonged need for mechanical
113 ventilation and higher severity of BPD. Finally, we mimicked the effects of an
114  inflammatory milieu in vivo by exposing MSCs to pro-inflammatory cytokines in vitro.
115  This induced phenotype alterations similar to those observed in MSCs isolated from
116  preterm infants with severe BPD.

117
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118 Materials and Methods

119  For flow cytometry, the antibodies anti-CD45 (1:50, MHCD4518), anti-CD13 (1:50,
120 MHCD1301), anti-CD105 (1:50, MHCD10505), anti-CD34 (1:50, CD34-581-18), and
121  anti-CD14 (1:50, MHCD1427) were obtained from Caltag (Towcester, UK); anti-CD73
122 (1:50, 550257), anti-CD90 (1:50, 559869), anti-CD11b (1:50, 557743), and anti-
123 CXCR4 (1:50, 555974) were obtained from BD Biosciences (San Diego, CA, USA).
124  Isotype control antibodies were obtained from BD Biosciences. For western blotting,
125 the antibodies anti-Histone H1 (1:500, sc-10806), anti-Lamin A/C (1:1000, sc-6214),
126  and anti-NFkBp65 (1:500, sc-372) were obtained from Santa Cruz (Santa Cruz, CA,
127  USA); anti-a-SMA (1:1000, 113200) was obtained from Calbiochem (San Diego, CA,
128 USA), anti-p-IxBa (1:1000, 2859) and anti-lkBa (1:1000, 9242) were obtained from
129  Cell Signaling Technology (Danvers, MA), anti-GAPDH (1:2500, MA1-22670) and
130 fluorochrome-conjugated secondary antibodies were obtained from Thermo Fisher
131 (Waltham, MA). Cytokines were obtained from PeproTech (Hamburg, Germany). All
132 other reagents were obtained from Sigma-Aldrich (Munich, Germany). All antibodies
133 used in the manuscript can be found in SciCrunch database.

134

135  Study cohort, cell culture, and study parameters

136 A cohort of 112 preterm infants (<29 weeks of gestational age) from the PROTECT
137  (PROgress in the molecular understanding of The evolution of Chronic lung disease
138 in premature infants Trial) study was eligible for this study. Of these patients, five
139  were excluded because of fungal or bacterial cell culture contamination. No child was
140 excluded because of insufficient sampling. A total of 50 preterm infants met the
141  evaluation criteria of i) mechanical ventilation for =27 days and ii) routine suctioning
142  performed at least every other day until successful establishment of MSC cultures.

143  Chorioamnionitis was proven by histopathologic examination. All experiments were
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144  approved by the ethics committees of the Ludwig-Maximilians-University Munich
145  (#195-07) and the Justus-Liebig-University GieRen (#135/12). All MSC samples
146  subjected to cohort analyses were collected at the Munich site. No changes in the
147  ventilation strategies were introduced into the clinical routine during the study period.
148  All procedures involving human subjects were in accordance with the principles of the
149  Helsinki Declaration. Written informed consent was obtained from the parents of all
150 infants.

151

152  Preservation of primary samples, cell culture, transfection experiments, and
153  experimental readouts

154  Cell culture

155 Cell pellets from tracheal aspirates were resuspended in MesenCult medium
156  supplemented with 20% fetal calf serum (FCS; Stemcell Technologies, Vancouver,
157 Canada), 2 mM L-glutamine, 10 mM HEPES buffer solution, 50 U/ml penicillin, 50
158  pg/ml streptomycin, and 50 pg/ml gentamicin (Invitrogen, Carlsbad, CA, USA). MSCs
159  were allowed to grow to confluence. Established cultures were maintained under
160  constant growth. The purity of >95% of MSC cultures was determined by cell-surface
161 staining assay described below (3, 16, 33, 39). Experiments were conducted
162  between passages 2-6 in DMEM medium (PAN Biotech GmbH, Aidenbach,
163  Germany) without FCS. The area of the well, covered by cells at the start of
164  experiments, ranged between 10 and 25%.

165  Cell transfection

166  Transient transfection was performed with Lipofectamine 2000 (Life Technologies)
167 according to the manufacturer’'s instructions. SiRNA against NFxBp65 (5'-
168 GCCCUAUCCCUUUACGUCA -3' (MWG Biotech, Ebersberg, Germany) and AllStars

169  negative control sSiRNA (Qiagen, Hilden, Germany) was used at a concentration of 20
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170  nM. Experiments were started 24 hours after transfection. lkk2 inhibitor IV (Merck
171 KGaA) was used to inhibit the phosphorylation of IkBa.

172 Flow cytometry

173 The induction of apoptosis was determined using Nicoletti staining (32). For
174  multicolor flow cytometry, cells were washed in a buffer containing 2% glucose, 1%
175 BSA, 0.1% EDTA, and 0.1% sodium azide. Cells were resuspended and incubated
176  with fluorochrome-conjugated antibodies at a concentration of 1:50. We used four
177  different antibody panels: one containing CD13-FITC, CD73-PE, CD34-PerCP-Cy5.5,
178 and CD14-APC-Cy7; one containing CD105-PE, CD45-PerCP-Cy5.5, CD14-APC-
179 Cy7, and CD90-APC; one with CD45-PerCP-Cy5.5, CD90-APC, and CD14-APC-
180 Cy7; and one containing CD95-FITC, CXCR4-PE, and CD11b-PECy7. Propidium
181 iodide (1 pg/ml) was added to each panel to label and sort out dead cells. Negative
182  controls were stained with an isotype control panel. Flow cytometry was performed
183 using an LSR Il device. Facs Diva software version 6.1.3 (BD Biosciences) was used
184  for data acquisition, and FlowJo analysis-software version 8.8.6 (Tree Star Inc.,
185 Ashland, VA, USA) was used for analyses. Compensation was performed with
186 leftover cells and compensation beads (BD Biosciences).

187  Cell proliferation assays

188  For quantification of cell proliferation, cells were plated in a 96-well plate, with density
189  defined as 10 to 25% of the well area covered. The change in the well area covered
190 was observed over time using a Cellscreen device and data acquisition using PA
191 adhesion software (Innovatis AG, Bielefeld, Germany). Manual cell counts were
192  performed in a Neubauer chamber after the addition of trypan blue.

193

194 Western blot analysis
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195 Cytosolic extracts were obtained by cell lysis in 10 mM 4-(2-hydroxyethyl)-1-
196  piperazineethanesulfonic acid (HEPES, pH 7.0), 1 mM KCI, 1.5 mM MgCl,, and 0.5%
197  Triton-X supplemented with a proteinase inhibitor cocktail I (Merck KGaA). Nuclear
198  extracts were obtained after lysis of cell nuclei in 20 mM HEPES (pH 7.9), 400 mM
199 KCI, 0.1 mM EDTA, and 25% glycerin. Protein density was quantified using AIDA
200 imaging software version 2.50 (Raytest, Straubenhardt, Germany). An internal
201 standard deposited on each gel enabled the comparison between different gels.

202

203 Histological staining and immunofluorescence

204 Cells were incubated for 9-18 days in a medium containing dexamethasone (10
205  umol), isobutylmethylxanthine (100 pg/ml), indomethacin (50 pumol), and insulin (10
206 pg/ml, Sanofi-Aventis, Frankfurt, Germany) for adipocyte differentiation, and in a
207  medium containing dexamethasone (0.1 umol), B-glycerophosphate (10 mmol), and
208 L-ascorbic-acid (50 pg/ml) for osteoblast differentiation. Culture medium was
209 exchanged every third day. For myofibroblast differentiation, cells were incubated
210  with 1 ng/ml TGFB added to the medium for 48 hours (16, 36).

211  Histological detection of adipocytic and osteoblastic differentiation was conducted
212 with Oil Red O or Alizarin Red staining, respectively. Immunofluorescence was
213  performed using sterilized glass slides. Cells were fixed either in methanol or
214  acetone, permeabilized with Triton-X, rinsed in phosphate-buffered saline (PBS), and
215 stained with specific primary antibodies and fluorochrome-conjugated secondary
216  antibodies. Cells were then mounted on slides, and the nuclei were counterstained
217  using Vectashield mounting medium with DAPI (Vector Labs, Burlingame, CA, USA).
218 Images were acquired using a Zeiss Axiovert 200 M fluorescent microscope (Zeiss,
219  Jena, Germany) and OpenLab software version 3.0.8 (Improvision, Coventry, UK).

220
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221 Determination of cytokine levels in tracheal aspirates

222  Protein expression of IL-1B was measured in tracheal aspirates using the IL-10
223  Quantikine ELISA kit (R&D Systems, Minneapolis, MN) according to the
224  manufacturer’s instructions. Standardization to sIgA (Immunodiagnostik AG,
225 Bensheim, Germany) was performed to compensate for the dilution effects of the
226 suctioning procedures (11).

227

228  Statistical analysis

229  The proliferation index (PI) was calculated as the quotient of [well area covered at the
230 end of the experiment / well area covered at the start of the experiment].

231 Student’s t-test was used to test for statistically significant differences between two
232 independent groups. Multivariate analyses were performed using an analysis of
233 variance (ANOVA) test, and Bonferroni correction was used to adjust for multiple
234 comparisons. Association studies were analyzed with Spearman’s rank order
235 correlation coefficient, and regression analyses were performed with a standard
236 linear logistic model or a proportional odds model, depending on the type of the
237 response variable (metric/binary/ordinal). We used a linear mixed model with random
238 intercept to test for effects on batches of MSC cultures obtained from different
239  children. A child-specific random intercept was included to account for dependencies
240 between observations of the same child. Differences were considered statistically
241  significant at p-values <0.05.

242

243
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244  Results

245  We performed an observational study of a prospective cohort of 112 preterm infants
246 (<29 weeks of gestation), and determined the phenotype of MSCs isolated from the
247  tracheal aspirates of these infants. Patient characteristics are described in Table 1.
248

249  Presence and characterization of MSCs

250 MSCs were detected in the tracheal aspirates of every preterm infant ventilated for at
251 least the first 7 days of life (data not shown). Cells grew to confluence within 8-16
252 days. Standardized protocols (depicted in Figure 1A) were started at passage 2. Flow
253  cytometric analyses confirmed the specific phenotype of MSCs and the high purity of
254  cultured cells (9, 16, 33). MSCs were identified by flow cytometry. MSCs were
255  positive for MSC surface markers CD13, CD73, CD90, and CD105 and negative for
256 CD11b, CD14, CD34, CD45, and CXCR4; CD11b, CD14, CD34, CD45, and CXCR4
257 are markers of hematopoietic precursors, leukocytes, macrophages, dendritic cells,
258 fibrocytes, and endothelial cells and are not expressed on MSCs (Figure 1B) (9, 16,
259 26, 31, 34, 44). The characteristic pluripotency of MSCs was confirmed by adipocytic,
260 osteoblastic, and myofibroblastic differentiation (Figure 1C). Stability of cell
261 characteristics was assured until passage 6 by testing the relevant phenotypic
262  parameters (Figure 1D).

263 Because 49 of the 50 infants fulfilled the criteria for having BPD, we focused on the
264 degrees of BPD severity (Table 1) (21). Neither the day of first appearance nor the
265 duration of successful cultivation from tracheal aspirates was predictive for the
266  severity of BPD (Figure 2 and Table 2). As expected, children with high severity of
267 BPD needed prolonged ventilatory support. There was no difference in the

268 distribution of BPD severity between preterm infants with MSC present in tracheal
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269  aspirates within the first seven days of life and those with MSC present in tracheal
270  aspirates only after day 7 and before day 21 of life (Table 3).

271  These data are in agreement with previous observations showing that the presence
272 of MSCs is associated with the development of BPD (3, 16, 39). Therefore, we then
273  evaluated characteristics that could be used to discriminate among MSCs derived
274  from children with better and poorer pulmonary outcomes.

275

276  Proliferative capacity of MSCs as a predictor of the duration of mechanical
277  ventilation and severity of BPD

278 MSCs were grouped according to disease severity into mild, moderate, and severe
279 BPD. MSCs from the three groups did not differ in the density of surface receptor
280 expression and potential for adipogenic, osteogenic, or myofibroblastic differentiation
281 (data not shown). The duration for establishing a successful MSC culture at passage
282 0 varied highly among the cells obtained from different patients. This observation was
283  reproduced under standardized conditions in cell culture. Automated repetitive light
284  microscopy was used to determine the changes in well area covered over time
285  (Figure 3A). The proliferation index (PI) was introduced to compensate for differences
286 in the well area covered at the start of the experimental procedures (Figure 3B).
287  Automated repetitive light microscopy (Figure 3C) and manual cell counting (Figure
288  3D) yielded identical results in selected experiments and indicated that the increase
289 in the well area covered resulted from an increase in absolute cell numbers. Using
290 Nicoletti staining, we ruled out the notion that the difference in absolute cell numbers
291  was a consequence of variations in cell death (Figure 3E). When MSC samples were
292 separated by disease severity, statistically significant differences in the Pl were
293  observed between the groups (Figure 4A). Using a proportional odds model and

294 logistic regression, followed by inspection of the receiver operating characteristic
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295 (ROC) curve, the Pl was predictive of BPD-severity (Figure 4B and data not shown).
296 In agreement with this result, a higher Pl was associated with longer duration of
297  ventilatory support. The Pl was not impacted by early or late time points of first
298  establishing the MSC culture (Figure 4C and Tables 2 and 3).

299 Thus, the severity of BPD can be predicted from alterations in the proliferative
300 capacity of MSCs.

301

302 Proliferative capacity of MSCs is correlated with accumulation of NFkBp65 and
303 downregulation of a-SMA

304 The earliest changes, observed in the lungs of preterm infants who later developed
305 BPD, included the influx of inflammatory cells and an imbalance of inflammatory
306 cytokines and growth factors. Because NFkB is a central regulator of most
307 inflammatory processes and proliferation (15, 41), we focused on the contribution of
308 NFxB to heterogeneous growth characteristics. MSC samples that displayed a
309 particularly low or high Pl were selected and assayed for nuclear accumulation of
310 NFxBp65. Western blotting revealed clear differences in the levels of NFkBp65
311  (Figure 5A). Next, MSCs from the entire cohort were assayed for the expression of
312 NFxBp65 with the help of computer-based image quantification (Figure 5B).
313  Separating samples by disease severity revealed a significant difference in nuclear
314 accumulation of NFkBp65 among samples of MSCs from preterm infants with mild
315 and severe BPD (Figure 5C). Applying the proportional odds model revealed that
316  high levels of NFkBp65 were predictive for the development of severe BPD (Figure
317 5D). Biochemical inhibition of the phosphorylation of IkBa confirmed that NF«xB

318 signaling is important for controlling proliferation in MSCs (Figure 5E).
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319 Next, we studied additional intracellular markers to detect correlations with the
320 development of severe BPD. We assessed proteins typically expressed in
321  mesenchymal cells including a-SMA, Collagen la, myosin heavy chain, and PDGFR-
322 a. Only the levels of a-SMA differed among the three groups (Figure 6A). MSC
323 samples revealed an inverse cytosolic expression level of a-SMA and nuclear
324 NFxBp65 (Figure 6B). As observed for the expression of Pl and NFxBp65, the
325 expression level of a-SMA was distinctly correlated with the degree of BPD severity
326 (Figure 6C). A high expression level of a-SMA was predictive of a good pulmonary
327 outcome (Figure 6D). The combined analysis of the levels of Pl, NFkBp65, and a-
328 SMA revealed good accuracy of prediction for moderate or severe BPD when logistic
329 regression was used with an area under the curve (AUC) of 0.847 (Figure 6E).

330 Taken together, the parameters Pl, NFkBp65 accumulation, and expression of a-
331  SMA are useful markers to predict the pulmonary prognosis.

332

333 Regulation of proliferative capacity of MSCs and a-SMA expression by
334 NFkBp65

335 We used RNA interference against NFkBp65 to substantiate our findings on the
336 molecular level. The efficient delivery of siRNA against NFxBp65 inhibited
337 spontaneous proliferation and led to increased expression of a-SMA in MSCs from
338  preterm infants with moderate or severe BPD (Figure 7).

339 These data suggest that NFkBp65 is responsible for the regulation of proliferation
340 and expression of a-SMA in MSCs. Next, we focused on identifying the cause of the
341 accumulation of NFkBp65.

342

343  Alterations in MSCs characterized by pro-inflammatory cytokines
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344 The pulmonary inflammatory response in preterm infants is characterized by an
345 imbalance of pro-inflammatory cytokines and growth factors. IL-13 and TNF-a
346  represent important contributors to the inflammatory response in the preterm lung
347 (42, 43). Measurements of IL-1B in the supernatant of tracheal aspirates confirmed a
348  positive association between higher levels of IL-13 and an increased PI (Figure 8A).
349  Next, we mimicked the in vivo environment and stimulated MSCs with recombinant
350 IL-1p and TNF-a. Both cytokines consistently increased the Pl in a panel of cultured
351 MSCs (Figure 8B-D). Furthermore, both cytokines induced the accumulation of
352 NFxBp65 and reduced the expression of a-SMA (Figure 8B and C). The effect of
353 cytokine stimulation was accompanied by the nuclear translocation of NFxBp65
354 (Figure 8E). Dose-response analyses revealed gradual transition to an inflammatory
355 phenotype depending on the extent of the pro-inflammatory stimulus (Figure 8F). A
356 one-time cytokine stimulation was sufficient to induce persistent alterations in the
357 phenotype of MSCs (Figure 8G). These data agree with the previous observation
358 indicating that phenotypic alterations in MSCs from preterm infants with severe BPD
359  persisted for several passages under cell culture conditions.

360 Finally, RNA interference, used in the experimental setting shown in Figure 7, was
361  modified so that the baseline level of nuclear NFkBp65 was not affected. Subsequent
362  stimulation with IL-13 or TNF-a markedly reduced the nuclear accumulation of
363 NFxBp65 and the PI after cytokine stimulation (Figure 9A-D).

364
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365 Discussion

366 We identified a combination of phenotypic alterations in MSCs isolated from the
367 tracheal aspirates of preterm infants; these MSCs allow for the prediction of better or
368  worse pulmonary prognosis in these children. Surprisingly, we were able to clearly
369 separate children with good and poor pulmonary prognosis in the relatively small
370  patient cohort studied.

371  Molecular studies indicated a link between phosphorylation of IkBa, the nuclear
372 accumulation of NFkBp65, and the development of severe BPD. The accumulation of
373 NFxBp65, induced by IL-13 and TNF-a, was responsible for the increased
374  proliferative capacity of MSCs and was accompanied by the reduced expression of a-
375 SMA. Notably, a one-time in vitro stimulation led to persistent alterations in the MSC
376  phenotype lasting for days. These alterations were identical to those observed in
377 MSCs freshly isolated from preterm infants who later developed severe BPD. Taken
378 together, our data clearly indicate that alteration in the MSC phenotype is a critical
379  event in the development of BPD.

380 The data presented here support the dominant role of NFxB within the cellular
381 pulmonary inflammatory response; NFxB represents a central transcription factor
382  with respect to proliferation and inflammation in many inflammatory diseases (15, 18,
383 27). High expression levels of NFkB within the total cellular fraction of tracheal
384 aspirates are associated with later development of BPD, but the detailed analyses of
385  specific cellular fractions have not yet been conducted. Cellular fractions possess a
386 heterogeneous composition; hence, the predictive value was limited in previous
387 studies (2, 5). Because MSCs represent a very small cellular fraction (data not
388 shown), the determination of the expression level of NFkBp65 in MSCs was not

389 achievable in previous studies. Using cell sorting and single cell analyses to optimize
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390 the procedure described here will enable early determination of proliferative capacity
391 and expression of NFkB and a-SMA in the majority of patients as shown before (22,
392  48). Once this has been achieved, the determination of MSC phenotype may be a
393  promising biomarker for predicting pulmonary outcome and establishing a protocol for
394 early treatment decisions. The general applicability of this biomarker approach
395 requires validation in an independent cohort of patients (13).

396 Inflammation, infection, exposure to mechanical ventilation, and oxygen toxicity are
397 important risk factors in the pathogenesis of BPD. These factors induce excessive
398 and prolonged secretion of pro-inflammatory cytokines. Therefore, dysregulation of
399  cytokine and growth factor signaling is attributed to the development of BPD (13, 43).
400 Under physiological conditions, resident pulmonary mesenchymal cells undergo a
401 highly orchestrated process of myofibroblastic differentiation during lung development
402 (24, 28, 40). Previous studies demonstrated substantial alterations in the pathways
403  controlling the differentiation of MSCs into myofibroblasts; these pathways include
404 PDGEF receptor a, B catenin, and TGF-f1 signaling in BPD (33, 37, 38, 40). Here we
405  provide molecular evidence that exposure to pro-inflammatory cytokines leads to a
406  persistent aberrant phenotype, with reduced expression of a-SMA, in pulmonary
407 MSCs. This study was not designed to determine the precise origin of these cells
408 from the proximal or distal airways of the immature lung; however, these cells are of
409 pulmonary origin and display a lung-specific phenotype (3). It is possible that the
410 distortion of myofibroblastic differentiation by pulmonary inflammatory response
411  contributes to the distortion of septation and interstitial fibrosis (16, 29, 37, 38, 40).
412  Our results provide a better understanding of how accumulation of NFxBp65
413  misdirects the functions of MSCs.

414  Conversely, NFxB signaling is a key pathway and regulator in the regulation of

415  development, growth, and resolution of inflammation (15, 18, 25, 41). Members of the
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416  TNF family are an important class of activators of NFkB. The downstream effect of
417 TNF family members depends on specific intracellular signal transduction and
418 includes pro-survival functions (1, 10-12, 46). In accordance with this, animal studies
419  have clearly demonstrated that a balanced activation status is critical for normal lung
420 development, and that either overstimulation or inhibition of NFkB signaling leads to
421  distortion in normal lung development and a BPD-like phenotype (19, 27). A recent
422  study demonstrated a connection between NFxB signal transduction and the TGF-
423  pathway, which is another important signaling pathway involved in lung development
424  (11). Not surprisingly, any distortion in the balance of these signaling pathways can
425 lead to augmented lung injury, and can result in increased induction of apoptosis in
426  mesenchymal progenitor cells (11). Therefore, the direct targeting of NFkB can
427  further distort lung development (19). However, selective targeting of NFkB signaling
428 in MSCs, or identifying decisive downstream signaling pathway(s) that lead to
429  detrimental activity of NFkB, can yield new therapeutic options.

430 MSCs are readily obtainable from tracheal aspirates of ventilated preterm infants.
431  Studies on these cells can yield further valuable insights into the pathogenesis of
432  BPD (3, 16, 33). Thorough evaluation of the physiological functions of these MSCs
433 and their distortion in the injured lung is prerequisite for developing efficient
434  therapeutic interventions. Our results indicate that distorted proliferation, nuclear
435 accumulation of NFkBp65, and reduction in the a-SMA content of MSCs are early
436  key events associated with the development of severe BPD. This study shows that
437  future therapeutic approaches, aiming to prevent or reduce the burden of BPD,
438  should include studies on phenotypic alterations in pulmonary MSCs. The following
439 two scenarios should be considered: 1.) Reversal of the inflammatory MSC

440 phenotype as achieved using RNA interference in this study. 2.) Prophylactic
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441  prevention of phenotypic alterations in MSCs. In addition to the emerging beneficial
442 role of allograft MSCs (35), the crucial role of resident lung MSCs has been
443  discussed with respect to numerous pulmonary disease states of childhood and
444  adolescence. (6, 22, 23, 30, 45) Our results encourage future studies to further focus
445 on resident pulmonary MSCs and their role in inflammation and subsequent
446  development of BPD, and to further examine alterations in the MSC phenotype,

447  which account for disease severity.
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sss Titles and legends to figures

589  Figure 1. Characterization of MSCs

590 Isolated cells displayed a homogenous and stable MSC phenotype. A: Description of
591 the experimental procedure: MSCs were detected 1-4 days after cultivation of
592 tracheal aspirates. MSCs were allowed to grow to confluence within 10-16 days
593 before passaging. Experimental procedures were performed between passages 2
594 and 6. B: Using flow cytometry, cells expressed the surface receptors CD13, CD73,
595 CD90, CD 105 which are typically expressed on MSCs, while they were not
596 expressing markers of haematopoetic or myelopoetic cells (CD11b, CD14, CD34,
597 CD45, and CXCR4). C: Cell differentiation into adipogenic (upper panel), osteogenic
598 (center panel), and myofibroblastic (lower panel) cells was confirmed using Oil Red O
599  staining, alizarin red staining, or immunofluorescence labeling for a-smooth muscle
600 actin (a-SMA). D: Stability of cell characteristics was ensured until passage 6 for the
601  proliferation index in n=20 different MSC cultures (upper panel) and for the content of
602 a-SMA (lower panel). Statistical analysis was performed using an ANOVA and
603  Bonferroni post-hoc adjusted pairwise comparison (NS=not significant).

604

605  Figure 2. Emergence and duration of the presence of MSCs in tracheal
606 aspirates

607  The time point of first detection of MSCs and the duration of successful cultivation did
608 not differ between groups defined by disease severity. Tracheal aspirates were
609  cultured every other day during the entire period of invasive mechanical ventilation.
610 MSC outgrowth is indicated by bars.

611

612  Figure 3: Determination of proliferative capacity of MSCs and induction of cell
613 death
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614  Cell proliferation was determined using Cellscreen automated computer-based light
615 microscopy. Results were confirmed by complementary techniques. A: The
616  proliferative capacity of MSCs was determined over time using Cellscreen. Red lines
617 indicate the surface area covered by the cells, while blue lines indicate the uncovered
618 surface area excluded from the red marked area. B: The proliferation index was
619 introduced to standardize the well area covered at the start of experiments (right
620 panel) as cell density varied between samples (left panel). Cellscreen analysis (C)
621 and manual cell counts (D) yielded identical results in MSCs from different patients.
622 E: The fraction of dead cells did not differ between samples. The mean from n=3
623 independent measurements is shown. Statistical analysis was performed using
624  Student’s t-test. *p<0.05, which indicates statistically significant differences. NS = not
625  significant.

626

627 Figure 4. The proliferative capacity of MSCs as a predictor of the duration of
628 mechanical ventilation and severity of BPD

629 The proliferation index was significantly increased in MSCs from preterms with
630 severe BPD in the cohort from Table 1. (A) Statistical analysis was performed from
631 three independent experiments performed between p2 and p6 using one-way
632 ANOVA and post-hoc pairwise comparisons by means of t-tests with Bonferroni
633 adjustment. *p<0.05 indicates statistically significant differences. B: The predictive
634 value was verified using a proportional odds model. p=0.008 indicates statistically
635 significant differences. C: The association between the Pl and days of mechanical
636  ventilatory support was demonstrated using linear regression. p=0.025 indicates
637  statistically significant differences. The association remained statistically significant
638  when the two outlying values were omitted from the analysis.

639
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640 Figure5. The proliferative capacity of MSCs is correlated with the nuclear
641 accumulation of NFkBp65 and reduction in a-SMA expression

642  Nuclear accumulation of NFkBp65 was increased in MSCs with a higher PI. A:
643 Nuclear NFkBp65 was increased in MSCs (left panel) that were selected for their
644  high spontaneous proliferation (right panel). Lamin A served as loading control. The
645 order of samples from the identical blot was rearranged (central and lower blot) and
646 indicated by separating lines without any further manipulation. Student’s t-test was
647  used to test for differences between groups; p<0.001 indicates statistically significant
648 differences. B: Computer-based image quantification was introduced to compare
649  protein density between different gels as presented for nuclear NFkBp65. An internal
650 standard deposited on each gel enabled comparison of different gels (standardized
651 expression level). The relative NFkBp65 expression was calculated as NF«xBp65
652  quantification / Lamin A quantification; standardized quantification was calculated by
653  division by the internal standard. Different sections from identical gels (indicated by
654 separated lines) are presented without any further manipulation. C: The expression
655 level of NFkBp65 was significantly higher in preterms with severe BPD when the
656 technique described in Figure 5B was applied to evaluate the total cohort. Nuclear
657  extracts were available from n=42 patients. Statistical analysis was performed using
658 one-way ANOVA and post-hoc pairwise comparisons by means of t-tests with
659  Bonferroni adjustment. *p<0.05 indicates statistically significant differences. D: The
660 predictive accuracy of NFkBp65 was verified using the proportional odds model.
661 p=0.015 indicates statistically significant differences. E: Inhibition of IkBa
662  phosphorylation by Ikx2 inhibitor IV (10 uM) reduced proliferation in MSCs after 72
663 hours. Western blot analysis was performed after 48 hours. Statistical analysis was

664 performed using a post-hoc Bonferroni adjusted pairwise comparison. The mean
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665 from n=3 experiments is shown. *p<0.005 indicates statistically significant
666  differences.

667

668 Figure 6. Protein expression levels in MSCs correlate with BPD severity and
669 can serve as predictive markers for pulmonary outcome

670 Reduced expression of a-SMA together with an increased Pl and augmented nuclear
671 accumulation of NFkBp65 can serve to predict severe BPD. The expression level of
672 other proteins showed no differences between MSC cultures. A: Using
673 immunofluorescence, MSCs from 2 patients with mild or severe BPD did not differ in
674 the expression levels of PDGF receptor a (PDGFRa), Collagen la, myosin heavy
675 chain, while aa-SMA expression was reduced in MSCs obtained from the infant with
676  severe BPD. B: In Western Blot, a-SMA expression was reduced in cytosolic extracts
677  of selected MSCs from preterms with moderate or severe BPD. GAPDH served as
678 loading control. The order of samples in the blot was rearranged without any further
679  manipulation (indicated by separated lines). C: The expression level of a-SMA was
680  significantly reduced in preterms with severe BPD in the total cohort when the
681 technique from Figure 5B was applied to the total cohort. Cytosolic extracts were
682 available from n=36 patients. Statistical analysis was performed using one-way
683 ANOVA and post-hoc pairwise comparisons by means of t-tests with Bonferroni
684  adjustment. *p<0.05 indicates statistical significance. D: The predictive accuracy of a-
685 SMA was verified using the proportional odds model. p=0.018 indicates statistically
686  significant differences. E: The receiver operating characteristic curve (ROC) for
687 combining PIl, NFkBp65, and a-SMA data from Figures 4A, 5C, and 6C in a logistic
688  model predicted moderate/severe BPD with an area under the curve (AUC) of 0.847.

689
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690 Figure 7. Using RNA interference to confirm the central role of NFKBp65 in

691 alteration of the MSC phenotype

692 RNA interference against NFkBp65 reduced the proliferation of MSCs from n=15
693 randomly selected preterm infants with moderate or severe BPD. Cell growth was
694 assessed by Cellscreen analysis for 72 hours starting twenty-four hours after
695 transfection. Western blot analyses for NFkBp65 expression were performed 24
696  hours after transfection and for a-SMA after 72 hours. The calculated relative change
697 in the proliferation index (%) is presented as the mean and 95% confidence interval
698 compared with those of the untreated control group. Statistical significance was
699 tested using a post-hoc Bonferroni adjusted pairwise comparison. *p=0.014 indicates
700  statistically significant differences.

701

702 Figure 8. Increase in MSC proliferation and NFkBp65 accumulation mediated

703 by pro-inflammatory cytokines IL-18 and TNF-a

704  Pro-inflammatory cytokines induced the identical changes observed in MSCs from
705  preterm infants with unfavorable pulmonary outcome. A: IL-13 (ng/ml) standardized
706 to sIgA (U/ml) determined in tracheal aspirate supernatants correlated to the
707  proliferation index. Supernatants were available from n=29 infants. Statistical
708 analysis was performed using linear regression. *p<0.05 indicates statistically
709  significant differences. Stimulation of MSCs with IL-1p (B, 300 ng/ml) or TNF-a (C,
710 300 ng/ml) increased proliferation and nuclear NFkBp65 and reduced the content of
711 cytosolic a-SMA. Different sections from the gel (indicated by separated lines) are
712 presented without any further manipulation. Dots indicate the means of at least three
713  different measurements + SEM. D: Stimulation of n=12 randomly selected cell

714  cultures with IL-13 and TNF-a increased spontaneous proliferation. Statistical
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715  analysis was performed using a linear mixed model. * p<0.05 indicates a statistically
716  significant difference versus control. E: Nuclear translocation of NFkBp65 was
717 induced after stimulation with IL-13 (300 ng/ml) for the time periods indicated. F:
718 Increasing the dosage of IL-1B from 3 to 300 ng/ml increased cell proliferation in
719 MSCs. G: Separation of data from Figure 8F into 24-hour time intervals revealed a
720 persistent increase in proliferation and reduction in a-SMA content. Statistical
721 analysis was performed using Student’s t-test (NS, not statistically significant).

722

723  Figure 9. Stimulation of MSCs with pro-proliferative cytokines induces a
724 phenotype that is stable for at least 120 h

725  Modified RNA interference against NFkBp65 before stimulation with IL-1 (300 ng/ml;
726 A and C) or TNF-a (300 ng/ml; B and D) reduced the nuclear accumulation of
727  NFxBp65 and the PI. The order of western blot samples was rearranged as indicated
728 by separated lines without any further manipulation. Statistical analysis was

729  performed using ANOVA. *p<0.05 indicates statistically significant differences.
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Table 1. Patient characteristics of the study cohort

Complete study cohort

Preterm infants fulfilling
inclusion criteria

Number of children n=112 n=49

Gestational age (weeks) 26+0 (1+4) 25+6 (1+3)
Birth weight (g) 786 (241) 709 (279)
Male sex 70 (62.5%) 31 (63.3%)

Twin birth 46 (41.7%) 24 (48%)

Early onset infection 63 (56.3%) 31 (62%)

Antenatal steroids 103 (92%) 46 (92%)

Mechanical ventilatory 61 (28) 70 (22)
support (days)

Any BPD 106 (94.6%) 49 (100%)
No BPD 6 (5.4%) not included

Mild BPD 43 (38.4%) 19 (38%)

Moderate BPD 25 (22.3%) 16 (32%)

Severe BPD 24 (21.4%) 14 (28%)
Deceased 14 (12.5%) not included
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732 Table 2. Detection of mesenchymal stromal cells in tracheal aspirates -
733  separation by BPD severity scores

734
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BPD grade Mild Moderate Severe p-value

Number of infants 19 13 17 p>0.05

Gestational age 25+3 (7+3) 25+1 (0+6) 25+3 (1+5) p>0.05
(weeks)

Birth weight (g) 704 (145) 707 (137) 709 (165) p>0.05
Chorioamnionitis | 9/19 (47.4%) 2/13 (15.4%) 4/14 (28.6%) p>0.05
Day of first MSC 9 (5) 8 (4) 8 (4) p>0.05

isolation
Duration of 8 (7) 12 (8) 12 (7) p>0.05
presence of MSCs
(days)
Maximum peak 14 (6) 13 (2) 16 (4) p>0.05
inspiratory
pressure until
culture
establishment
Maximum FiO; (%) 29 (7) 33 (3) 40 (18) p>0.05
until culture
establishment
Mechanical 65 (13) 78 (13) 96 (33) p<0.05
ventilatory support
(days)
Proliferation index 2.04 (0.55) 2.7 (0.69) 2.87 (1.0) p<0.05
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Table 3. Detection of MSCs in tracheal aspirates — separation by time

33

point of first appearance

until culture

establishment

First appearance Day 0-7 Day 8-21 p-value
within
Number of infants 20 20
Day of first MSC 5(2) 11 (4) p<0.05
isolation
Gestational age 24+6 (7+2) 26+0 (7+2) p<0.05
(weeks)
Birth weight (g) 630 (98) 746 (143) p<0.05
Mild BPD 7 (35%) 8 (40%) p>0.05
Moderate BPD 5 (25%) 4 (20%) p>0.05
Severe BPD 8 (40%) 8 (40%) p>0.05
Maximum peak 14 (3) 16 (3) p>0.05
inspiratory
pressure until
culture
establishment
Maximum FiO; (%) 34 (17) 34 (7) p>0.05
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Mechanical 83 (33) 79 (15) p>0.05

ventilatory support

(days)

Proliferation index 2.6 (0.13) 2.24 (0.77) p>0.05

737
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738 Titles and legends for tables

739 Table 1

740 The relevant characteristics of the entire patient cohort of 112 preterm infants
741 (<29 weeks of gestational age) and of the subgroup of patients fulfilling study
742 inclusion criteria (see Materials and Methods for details) are presented.
743 Children who died during intensive care therapy as a result of sepsis or severe
744 intracranial bleeding before 36+0 weeks of gestational age were excluded
745 (n=4). The mean values and standard deviations, or the percentage of
746 children, are depicted. Higher order multiples were not present within the study
747 cohort. Early onset infection was diagnosed if the infants showed two typical
748 clinical signs of infection and a pathologic I/T ratio (= 0.2) and/or an increase in
749 CRP = 6 mg/l in the first 72 hours of life. A positive history of antenatal steroids
750 included the application of a complete course of betamethasone or
751 dexamethasone not longer than 7 days before birth. None of the children
752 within the “no antenatal steroids group” were born beyond 12 hours of the
753 initiation of the first course. The parameter “days of mechanical ventilatory
754 support” includes any form of mechanical ventilation or continuous positive
755 airway pressure (CPAP). The severity of BPD was classified according to the
756 definition established by Jobe and Bancalari (21).

757

758 Table 2

759 Tracheal aspirates from 49 preterm infants were cultured at least every 2" day
760 during the period of mechanical ventilation and screened for the presence of
761 MSCs. The mean values and standard deviations are presented. The number
762 of patients with proven chorioamnionitis on pathological examination is
763 presented in relation to the total number of patients. No pathological
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764 examination could be performed on the placenta of three patients with severe
765 BPD (two home births and one outborn child, where placenta was not sent for
766 workup). Statistical analysis was performed using ANOVA on ranks and Chi-
767 square to analyze for the presence of chorioamnionitis. PIP=peak inspiratory
768 pressure, Fi0,=fraction of oxygen in the breathing air.

769

770 Table 3

771 Preterm infants were separated by the time point of the first appearance of
772 MSCs. Parameters were analyzed as in Table 1 and 2. Statistical analysis was
773 performed using Student’s t-test.

774

775

776
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