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TGF-B
ECM
aSMA
MSC

Cell-surface profiling in human lung fibroblasts

transforming growth factor-beta
extracellular matrix
alpha-smooth muscle actin

mesenchymal stromal cells
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Abstract

Fibroblasts play an important role in lung homeostasis and disease. In lung fibrosis,
fibroblasts adopt a proliferative and migratory phenotype, with increased expression of a-
smooth muscle actin (aSMA) and enhanced secretion of extracellular matrix components.
Comprehensive profiling of fibroblast heterogeneity is limited, due to a lack of specific cell-
surface markers. We have previously profiled the surface proteome of primary human lung
fibroblasts.

Here, we sought to define and quantify a panel of cluster of differentiation markers in
primary human lung fibroblasts and IPF lung tissue, using immunofluorescence and FACS
analysis. Fibroblast function was assessed by analysis of replicative senescence.

We observed presence of distinct fibroblast phenotypes in vivo, characterized by various
combinations of Desmin, aSMA, CD36, or CD97 expression. Most markers demonstrated
stable expression over passages in vitro, but significant changes were observed for CD36,
CD54, CD82, CD106, and CD140a. Replicative senescence of fibroblasts was observed from
passage 10 onward. CD36- and CD97-positive, but aSMA-negative, cells were present in
remodeled areas of IPF lungs. Transforming growth factor-f3 treatment induced aSMA and
collagen | expression, but repressed CD36- and CD97 expression.

We identified a panel of stable surface markers in human lung fibroblasts, applicable for
positive cell isolation directly from lung tissue. TGF-B exposure represses CD36- and CD97
expression, while increasing aSMA expression; we therefore identified complex surface
protein changes during fibroblast-myofibroblast activation. Co-existence of quiescence and
activated fibroblast subtypes in the IPF lung suggests dynamic remodeling of fibroblast
activation upon subtle changes to growth factor exposure in local microenvironmental

niches.
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71 Introduction

72 Fibroblasts represent the main extracellular matrix (ECM)-producing cell type in the lung.
73  Several growth factors, such as transforming growth factor-f (TGF-B), Wnt-5A, and sonic
74  hedgehog, are known to activate fibroblasts into myofibroblasts - a highly proliferating and
75 migrating phenotype characterized by a-smooth muscle actin (aSMA) expression and
76  enhanced secretion of ECM components (8, 20, 25, 27, 28, 50, 52). Myofibroblasts
77  participate in wound healing, but are also associated with tissue fibrosis in several organs,
78 including the lung. A number of different cell types have been shown to give rise to
79  myofibroblasts, including fibrocytes, pericytes, mesenchymal stromal cells (MSC), alveolar
80 epithelial type Il cells, or endothelial cells (13, 20). This is also reflected in the expression of
81 fibroblast markers, e.g. aSMA, CD90/Thy-1, most of which are also expressed in other cell
82  types, e.g. smooth muscle cells, endothelial cells, epithelial cells, or mesenchymal stromal
83 cells (2, 14, 24). To date, specific cell-surface markers that identify a distinct population of
84  fibroblasts remain to be defined. The classical markers associated with fibroblasts in disease
85 are intracellular markers (e.g. aSMA) or secreted proteins (e.g. fibronectin, collagen type I),
86 and accordingly, are not suitable for cell-specific isolation by FACS. In addition, few studies
87 have analyzed surface marker expression in fibroblasts in different organs or species (1, 17,
88 31, 38, 47). CD9, CD90, CD106, CD166, or ITGA11 are expressed exclusively on fibroblasts
89 compared with MSC, fibrocytes, monocytes, or macrophages. In the mouse, Sca-1 and
90 CD49e seem to be differentially expressed between fibroblasts and myofibroblasts.
91 Therefore, the presence of fibroblast subtypes in healthy tissue, in particular in the lung,
92  their characteristic marker expression, as well as their contribution to disease, remains

93 unclear.

94  Fibroblasts play a crucial role in several chronic lung diseases. Idiopathic pulmonary fibrosis
95  (IPF) is characterized by excessive tissue remodeling and scaring, with increased ECM
96 deposition by activated fibroblasts. Many developmental pathways, such as Wnt and sonic
97 hedgehog (9, 34), are reactivated in IPF cells, due to the release of profibrotic mediators,
98 such as PDGF and CTGF, and by autocrine and paracrine mechanisms (22, 32, 52, 53). In
99 addition, several novel mediators of myofibroblast activation have recently been described,

100  such as FKBP10 or Sirtuin 7, both of which mediate expression of aSMA and collagens (57,

6
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101  65). Also, fibrotic myofibroblasts are more resistant to apoptosis due to Thy-1 interaction

102  with FAS and endothelin-1 induced expression of survivin (21, 36).

103  The standard technique for fibroblast isolation is by cell outgrowth from tissue pieces (56,
104 58, 59, 61). Primary fibroblasts can be kept in cell culture for several passages, still
105  susceptible for cytokine stimulation and other cellular treatments. Therefore, cultured
106  primary fibroblasts represent a common model to simulate fibrotic conditions in vitro and to
107  study fibroblasts and their cellular mechanisms taking part in lung fibrosis (15, 23, 32, 43, 49,
108  65). Their phenotype, functionality and potential expression changes of markers over time

109  under standardized culture conditions, however, has not been characterized in detail (5).

110 The aim of our study was to gain insight into potential fibroblast subtypes by analyzing
111 surface and intracellular protein expression in primary human lung fibroblasts, as well as
112  assess fibroblast protein expression and function over time using primary cultures from
113  passages 1 through 12. Based on our recently published surface proteome analysis of
114  primary human lung fibroblasts (19), in which we also identified proteins regulated by TGF-B,
115 we selected a panel of cluster of differentiation (CD) markers and determined their
116  expression, as well as those of the classical markers CD90/Thy-1, aSMA, fibronectin, collagen
117  type |, or Desmin. We further determined expression changes over time in culture, after
118  stimulation with TGF-B, and defined the onset of senescence in fibroblast cultures. We
119  determined the cellular localization and expression of the markers CD36, CD97, and Desmin
120  together with aSMA in IPF tissue versus control. Most of the analyzed markers are
121  consistently expressed over time in different passages, but a significant change of % positive
122 cells was observed for CD36, CD54, CD82, CD106, and PDGFRa (CD140a). Fibroblasts turned
123  senescent from passage 10 on, which correlated with highest number of positive cells for the
124  markers CD36 and CD82. Further, CD36 and CD97 were increasingly detectable in remodeled
125  regions of IPF tissue compared with control, but negative for aSMA. These data point to the
126  existence of (non-activated) fibroblast subtypes and will help to define and isolate distinct
127  subpopulations by their surface marker expression for further characterization in disease.
128  Further, we provide detailed information about the functionality and phenotypic
129  characteristics of primary human fibroblasts, which are widely used in the community as in

130  vitro models for mechanistic studies of cells in fibrosis.

131 7
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132  Materials and Methods
133 Cell culture and treatments

134  Primary human lung fibroblasts were isolated from human lung tissue derived from tumor-
135  free areas of lung resections, from tissue donors or from explants after transplantation, as
136  described in the respective legends. The study was approved by the local ethics committee
137  of the LMU Miinchen (333-10, removal-request 454-12). Diagnosis of IPF was made by
138  multidisciplinary consensus, based on the current criteria of the American Thoracic Society
139  and European Respiratory Society (48). Cells were isolated as described previously (57),
140  taken in culture and used for experiments in different passages as indicated. Cells were
141  cultured in Dulbecco’s modified Eagle medium/F12 supplemented with 20% fetal bovine
142 serum (FBS) and 100 U/ml Penicilline/Streptomycin and split with 0.25Trypsin/EDTA in a
143  ratio of 1:5 when confluency of 80% was reached, if not indicated different. Purity of
144  fibroblasts was determined by CD45-/CD31-negative and CD90-positive expression between
145  passage 1 and 7 using FACS and gPCR, and a pure population (negative for CD45 and CD31)
146  detected from passage 2 on (data not shown). TGF-B1 treatment was performed as

147  described previously (19).
148
149  Immunofluorescent stainings of primary fibroblasts

150 Cells were seeded in a 96-well plate (8000 cells per well) and incubated for 24 hours at 37°C
151  in an atmosphere of 5% CO,. Cells were washed with PBS, fixed with 4% PFA for 15 min at
152  RT, washed again, and blocked in 5% BSA for 30 min. For intracellular antibody staining, cells
153  were permeabilized with 0.25% Triton X-100 for 15 min. Primary and secondary antibody
154  incubation was performed in antibody diluent (Zytomed) for 60 and 45 min at room
155  temperature, respectively. Used antibodies are listed in Table 1. Cells were again washed,
156  fixed with 4% PFA for 15 min, washed and left in PBS at 4°C. Images were acquired using a
157  laser scanning confocal microscope (LSM) 710 (Zeiss) and Zen software. Quantification of
158  total cells was performed by using Imaris software. The number of positive cells was

159  assessed by independent counting of two scientists.
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160
161  Immunofluorescent stainings of paraffin embedded lung sections

162  Paraffin embedded lung sections of 200 um were deparaffinized as described previously
163  (57). Heat-mediated antigen retrieval was performed by using R-universal buffer and
164  Retriever 2100 (BioVendor, Germany). Sections were blocked in 5% BSA for 40 min and
165 stained with primary antibodies diluted in antibody diluent (Zytomed Systems, Germany)
166  overnight at 4°C. After washing, lung sections were incubated with fluorochrome conjugated
167  secondary antibodies for 1 hour, washed again and stained with DAPI for 7 min. Slides were
168 covered with Dako Fluorescence Mounting Medium (Agilent Technologies, Germany) and
169  stored at 4°C. Images were acquired using an Axio Imager M2 (Zeiss, Germany). For control
170  stainings, a secondary antibody staining alone was performed with same patient derived
171  lung sections and images acquired using the same exposure time and display settings (data

172 not shown).
173
174  FACS analysis

175  Surface staining was performed as described previously (19). Blocking was performed with
176  Human TruStain FcX™ (Biolegend). For intracellular stainings, cells were fixed and
177  permeabilized with Cytofix/Cytoperm, washed with 1 x Perm/Wash buffer
178  (Cytofix/Cytoperm™ Kit, BD) and stained with antibodies for 25 min at 4°. Cells were washed
179  twice with 1 x Perm/Wash buffer followed by an Alexa Fluor 488-conjugated secondary
180  antibody staining for 15 min at 4°, and again washed with 1 x Perm/Wash buffer. Stained
181  cells were fixed with 4% PFA for 15 min at RT, washed again and resuspended in FACS buffer.
182  All antibodies are listed in Table 1. Stained cells were measured with a FACS LSRII (BD). Data
183  were analyzed with FlowJo software version 9.6.4. Number of positive cells was determined
184  in comparison to isotype controls set as negative. Crossing point of population curves was
185 determined and the percentage of isotype subtracted. Fluorescence intensity was calculated
186 by total median values of positive staining minus total median values of corresponding

187  isotype controls.
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188  Cells from Figure 2 and 4 were simultaneously triggered with TGF-B, and these FACS data are

189  shownin figure 7.

190  SDS-PAGE and Western immunoblotting

191 Total protein lysates were extracted with RIPA-buffer (50 mM Tris-HCI, pH 7.6, 150 mM NacCl,
192 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS) supplemented with
193  CompleteTM protease inhibitor cocktail (Roche) and PhosSTOP phosphatase inhibitor
194  cocktail (Roche). Protein concentration was determined with a BCA assay (Pierce), and 25 ug
195  of whole cell lysate were loaded on 17% polyacrylamide gels, separated, and detected by

196  WB as previously described (39). Used antibodies are listed in Table 1.

197

198  Beta-galactosidase assay

199 40000 cells were seeded in 6-well plates. After 24 hours, medium was changed to medium
200  containing 5% FBS. After additional 72 hours cells were counted or stained for senescence-
201  associated (SA) -B-galactosidase (Senescence B-Galactosidase Staining Kit, Cell Signaling
202  Technology) according to manufacturer’s instructions. Images were acquired using a Zeiss
203  Axiovert 40C microscope (100x magnification). Counting of blue cells and total cells of three
204 independent areas of each well (a minimum of 60 cells) was performed to determine the

205  percentage of senescent cells.

206

207  Flow cytometry based detection of SA- beta-Galactosidase

208  Detection of SA-beta galactosidase by FACS was performed as described previously (11, 35).
209  Briefly, fibroblasts were seeded on 10 cm dishes in passage 9 or 10, grown confluent and
210  incubated with bafilomycin A1 (100 nm, Enzo Life Sciences) in 5 ml fresh medium for 1 h and
211 further C,FDG (33 uM) added for 2h. Cells were washed twice with PBS, trypsinized and

212 FACS staining of surface markers CD36 and CD97 performed as described above.

213
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214 IL-6 ELISA

215 40000 cells were seeded in 6-well plates. After 24 hours, medium was changed to medium
216  containing 5% FBS. After additional 72 hours supernatants were taken and centrifuged at
217 14000 g for 10 min at 4°C. Samples were stored at -80°C before being transferred to the
218  ELISA plate and the assay was performed according to the manufacturer’s instructions
219  (DY206-05; R&D, Minneapolis, Minnesota, USA). Values were normalized to respective cell

220 numbers after 72h.

221

222 Graphical data representation and statistical analysis

223  GraphPad Prism 5 was used for graphical representation of data and statistical analysis

224  (details indicated in figure legends).

225

11

Downloaded from www.physiology.org/journal/ajplung by ${individualUser.givenNames} ${individualUser.surname} (146.107.003.004) on July 4, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



Cell-surface profiling in human lung fibroblasts

226 Results

227  Mesenchymal marker expression in primary human lung fibroblasts. Several markers, such
228 as fibronectin (FN) or alpha-smooth muscle actin (aSMA), have been commonly used to
229  characterize a (myo)fibroblast phenotype. We first analyzed the expression pattern and the
230 number of positive cells for the markers collagen type | (Coll 1), FN, aSMA, Desmin and
231  CD90/Thy-1. Immunofluorescent stainings showed that the majority of cells expressed Coll |,
232 FN and CD90/Thy-1 (93 + 4%, 98 + 2.5%, 99 + 1.5%), whereas only single cells were stained
233  positive for aSMA and Desmin (3 + 2.2%, 5 + 0.02% ) (Fig. 1A,C). In double stainings, two
234 subtypes of Desmin- positive fibroblasts were detected, either single positive for Desmin or
235 also double-positive for aSMA (4.4 + 3.8% versus 3.5 + 3.8%) (Fig. 1B,D). Mesenchymal
236 marker expression was again analyzed and quantified by the unbiased technique of FACS
237  analysis (Fig. 2A,B) identifying all cells highly positive for CD90/Thy-1 (94 + 3.2%). The other
238  markers spread in the number of positive cells between patients, the majority, however, still

239  positive for Coll l and FN (66 + 12.9%, 53 + 15.8%) but less for Desmin (44 + 8.5%).
240

241  Surface marker detection in primary lung fibroblasts. In our recently described lung
242  fibroblast surface proteome (19), we identified proteins present on the surface of primary
243  lung fibroblasts, a subgroup to be regulated by TGF-B. Based on this dataset, we selected the
244  family of tetraspanins (CD9, CD63, CD81, CD82, CD151) for further analysis over extended
245  passages of lung fibroblasts. More than 85% of fibroblasts were positive for these markers,
246 whereas MFI values revealed CD63 to be most abundant on the fibroblast surface (Fig. 3).
247  Additional CD markers were categorized e.g. into the family of complement receptors (CD46,
248  CD55, CD59), or have been associated to be expressed on mesenchymal stromal cells (MSC),
249  such as CD44, CD73, and CD105. Among these, CD26, CD44, CD46, CD47, CD55, CD59, CD73,
250 and CD105 were detectable in the majority of fibroblasts (more than 80%), whereas
251  interestingly, CD36, CD54, CD97, and CD106 were just present in 7% (+6.9), 39% (+20.9), 22%
252 (+22.2), and 23% (+15.7) of the cells, respectively. The percentage of cells positive for CD54,
253 CD97 and CD106 spread widely between patients (Fig. 4A,B). Interestingly, CD26 and the
254  MSC markers CD44, CD73 and CD105 seemed to be more abundant on the surface of

255  fibroblasts than the other markers (Fig. 4C).
12

Downloaded from www.physiology.org/journal/ajplung by ${individualUser.givenNames} ${individualUser.surname} (146.107.003.004) on July 4, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



Cell-surface profiling in human lung fibroblasts

256

257  Changes of surface marker expression over time in culture. Next, we determined changes in
258 the number of positive cells between different passages (passage 1-7) of cultured fibroblasts
259  (Fig. 5). The markers CD9, CD44, CD46, CD55, CD59, CD63, CD73, CD81, CD90, CD105 and
260 CD151 showed a consistent expression in more than 80% of the cells with no changes
261  between early (p1) and late passages (p7) (Fig. 5B). Surface markers expressed in less than
262 80% and/or increasing/decreasing over time in culture are summarized in Figure 5C.
263  Interestingly, CD36, CD82 and CD140a (PDGFRa) showed a significant increase of positive
264  cells between passages, of which CD140a changed between passage 1 and 3 (11 £ 12.7% to
265 27 + 9.4%), CD82 between passage 1 and 5 (75 + 19.1% to 91 + 3.3%) and CD36 between
266  passage land 7 (5 £ 8.3% to 32 + 28.6%) (Fig. 5C). A strong decrease between passages was
267  observed for the markers CD54 and CD106, starting with 76% (+ 8.5) and 57% (+ 10.8)
268  positivity in passage 1, down to 25% (+ 14.3) and 3% (£ 4.4) in passage 7, respectively (Fig.
269 5C).

270

271  Functionality of fibroblasts in culture. First, we analyzed the time point of replicative
272  senescence, a typical phenomenon of primary cells in culture. The B-galactosidase assay
273  showed a significantly higher enzymatic activity from passage 10 onward (Fig. 6A,B),
274  together with an increase of IL-6 secretion (Fig. 6C). IL-6 is a member of the senescence-
275  associated secretory phenotype (SASP) and its secretion correlated with an increased
276  doubling time of growing fibroblasts in culture from passage 10 onward (Fig. 6D). Further,
277  the expression of the senescence associated cyclin-dependent kinase inhibitor P16 was
278  slightly enhanced from passage 5 onward and strongly detected in passage 11 (Fig. 6E).
279  Second, we activated fibroblasts by TGF-B stimulation to analyze the expression of selected
280  markers in differentiated myofibroblasts by FACS (Fig. 7A). We depicted the intracellular
281  mesenchymal reference markers collagen type |, fibronectin, and Desmin, and the surface
282  markers CD36 and CD97, as indicated subtype markers. Interestingly, TGF-B significantly
283  decreased the number of CD36- and CD97-positive cells, whereas fibronectin and collagen
284  type | cells increased. No significant change was observed for Desmin. Next, we analyzed the

285  senescent population, observed in higher passages, for CD36 and CD97 expression by FACS
13
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286  (Fig. 7B). In the presence of C1,FDG, 91% (+ 7.8) of total cells were determined senescent
287  (Fig. 7C). 15.1% (+ 9.3) and 22.3% (+ 23) of cells were stained positive for CD36 and CD97,

288  respectively, of which all intend to be part of the senescent population (Fig. 7D).
289

290  Subtype marker expression in human lung tissue. Next, we analyzed the in vivo relevance
291  for some of the minor expressed (below 30% of total in fibroblasts) subtype markers. To do
292  so, we stained human lung tissue sections of IPF and control with specific antibodies for
293 CD36, CD97 and Desmin, as well as fibronectin and collagen type | as reference staining’s.
294  We detected positive cells for Desmin in control and remodeled areas of IPF tissue. A strong
295  increase of positive cells for CD36 and especially CD97 was identified in remodeled IPF areas
296 compared to control (Fig. 8). Interestingly, no co-staining with aSMA was detected for the
297  markers CD36 or CD97, whereas single and double positive cells of Desmin were observed.
298  Fibronectin and collagen type |, known reference markers being expressed and secreted by
299  (myo)fibroblasts, mainly overlapped in expression with aSMA-positive cells, strongly

300 increased in areas of stromal connective IPF tissue (Fig. 8).

301
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302 Discussion

303 The lung fibroblast represents one of the most abundant cell types in the lung and
304 contributes to significant ECM changes underlying wound healing and chronic lung disease.
305 Primary fibroblasts have been isolated from lung tissue and used for in vitro studies
306  simulating fibrosis conditions for decades. Despite this wide use, we lack comprehensive
307 knowledge about their phenotypic characteristics, in vivo and in vitro heterogeneity, and
308  specific functional responses under in vitro conditions. Thus, we sought to perform a
309 comprehensive and detailed analysis of intracellular and surface marker heterogeneity of
310  primary human lung fibroblasts in vivo in the human lung and in vitro. We studied expression
311  changes during passaging in vitro and determined the time point of replicative senescence.
312 Our data provide evidence for significant fibroblast heterogeneity within the whole
313  population of lung fibroblasts, as defined by expression of aSMA, Desmin, CD36, CD97, or
314 CD106. Moreover, we identified a panel of stable surface markers highly expressed in a
315 number of fibroblasts from an early passage on, which can be used in future for marker-
316  specific direct isolation of fibroblasts from human lung tissue.

317

318 A specific phenotype termed myofibroblasts has been a major focus, since activated
319 fibroblasts turn into this aSMA-expressing and highly proliferative and migrating phenotype
320 in their role as ECM-producing cells (20). The existence of other fibroblast subtypes,
321  however, and their potential role in disease has not been clarified in sufficient detail in the
322 human lung (1, 7, 46). Further, the distribution of classical mesenchymal markers, such as
323  aSMA, fibronectin or collagen, in a population of fibroblasts has not been analyzed to date.
324 Interestingly, among the majority of collagen type | positive fibroblasts in culture we
325 observed two minor populations of cells, either single positive for Desmin or double positive
326 for Desmin and aSMA. Intracellular markers, such as aSMA or Desmin, however, are not
327 suitable for direct isolation by FACS, since this technique relies on cell surface proteins.
328  Although limited, some data exist, describing surface marker expression in fibroblasts. In line
329  with our results, CD44, CD73, CD90 and CD105 have been identified on fibroblasts. Their
330 specificity, however, seems limited since MSC are also highly positive for those markers (2,
331 17, 31). We therefore used a broader panel of surface markers to unequivocally analyze the

332  cell population present in the human fibroblast culture. Our study is confirmed by previous
15
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333  studies, describing the expression of CD54, CD44 or CD81 (38, 47). Only one study has
334 analyzed in detail lung fibroblasts, describing a panel of markers including CD44, CD73,
335 CD90, CD105, CD9, CD29, and CD166, most of which we analyzed and detected as well (17).
336 Our study exclusively gives a detailed insight in the expression patterns of primary lung
337 fibroblasts, and the data will enable future FACS strategies for direct isolation of fibroblasts
338  from human tissue.

339 It is feasible that the expression of specific markers in vitro might be the result of artificial
340 changes that occur upon passaging steps and adherence to artificial material, and therefore
341  may not reflect in vivo conditions. A study by Walmsley et al. compared surface marker
342  expression of directly isolated dermal mouse fibroblasts with cells cultured for two weeks.
343 They observed a shift in expression of several markers due to the culturing process, and
344  reported an increase for e.g. CD54, CD140a, and CD81 (60). Similar observations were made
345 by Halfon et al. The significant change in CD106, CD146, and CD9 expression in culture
346  between passages 2 and 6 resulted in a loss of discriminating markers between MSC and
347  fibroblasts derived from skin and lung (17). In our data, we confirmed an increase of CD140a
348 and a decrease of CD54 and CD106 from low to high passages in culture, whereas no
349  changes were detected for CD9 and CD81. One may, however, conclude from this data that
350 markers changing within culture might probably not be suitable for cell type-specific
351 isolation or phenotypic characterization in general. But these marker expression changes
352  over passages might also have a functional consequence and gives an idea about sensitive
353  markers potentially reflecting subcellular changes, e.g. cellular senescence. On the other
354  hand, it illustrates the importance of identifying a panel of stable fibroblast (subtype)
355 markers for FACS isolation from lung homogenate or in lower cell passages. This is
356  strengthened by the fact that isolation of fibroblasts by negative selection remains difficult
357 since main cell lineages of other mesenchymal cell types, such as smooth muscle cells,
358 resident MSC, pericytes, or lipofibroblasts cannot be fully excluded from the fibroblast pool.
359 In this study, we isolated cells by outgrowth from tissue, the most common and widely
360 accepted technique in the field. We cannot exclude that other cell types transdifferentiated
361 in culture into fibroblasts and contributed to the fibroblast pool analyzed. We will in future
362  studies analyze the role of fibroblast subtype populations, such as CD36 and CD97 in disease,

363 for which the origin of these cells must be clarified, but more in the context of identifying
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364  and characterizing the cell type giving rise to the fibroblast in disease. This is supported in
365 the literature by a number of recently published data studying mesenchymal populations
366  and progenitors by lineage tracing or single-cell RNA sequencing in murine models, although
367  future studies have to confirm the existence and relevance of such lineages in the human
368 lung (12, 18, 30, 33, 51, 66).

369 We also tested the functionality of primary fibroblasts in culture and determined the onset
370 of replicative senescence, a well-known effect occurring in primary cells in culture, and their
371  ability to respond to cytokine stimulation (29). Replicative senescence of primary cells was
372  detected from passage 8 to 10 onward. Therefore, it must be considered that phenotypic
373 changes and experimental observations obtained from primary fibroblasts from
374  approximately passage 8 onward might be due to replicative senescence of cells. We also
375 report that the number of cells positive for CD36 and CD82 significantly increased in high
376  passages. Both markers have been described to induce cellular senescence, thereby
377  supporting these observations (6, 26, 37, 67). Further, TGF-B stimulation of primary
378 fibroblasts led to a significant shift in surface marker expression. We detected increasing
379 numbers of collagen type I- and fibronectin- positive cells, but observed a decrease of CD36-
380 and CD97-positive cells.

381  We identified Desmin, aSMA, CD36, CD97, and CD106 to be expressed in a minor population
382  of fibroblasts. To our knowledge, this has not been analyzed or observed before in other
383  studies. Cells positive for these markers may present distinct subtypes of fibroblasts with
384  unknown function in lung homeostasis and disease. In immunofluorescent stainings of IPF
385 and control tissue, we observed few positive cells of potential mesenchymal background in
386  control tissue, but with a strong increase of CD36 and CD97 expression in remodeled areas
387 of IPF tissue, indicating a quiescent fibroblast background. In lung fibrosis, activated
388 fibroblasts represent a highly proliferative, contractile and aSMA positive phenotype,
389  accumulating in stromal connective tissue with increased secretion and deposition of ECM
390 components (25, 40). Interestingly, CD36 and CD97 were not stained positive for aSMA, and
391 thus are likely not activated fibroblasts. Further, TGF-3 stimulation decreased the amount of
392 CD36- and CD97-positive cells in vitro. Moreover, our in vitro data showed that all CD36 and
393 CD97 positive cells are part of the senescent population in high passaged cells. To our

394 knowledge, a potential role of CD97 in senescence has not been described before. We
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395 therefore assume that the CD36- and/or CD97-positive population in dense fibrotic tissue
396 does not represent a population of activated fibroblasts. The increase of this population in
397 IPF tissue considers a potential role in disease, probably activated by a different stimulus.
398 Senescence favors IPF and is associated with its pathology (3, 41, 55, 64). CD97 is a member
399  of the G-protein coupled receptor family, with adhesive properties, known to be expressed
400 on inflammatory, endothelial and smooth muscle cells, and bone marrow derived MSC.
401  Functionally, CD97 is known to play a role in angiogenesis, tumor differentiation and
402 invasion by interacting with its ligand CD55 (4, 42, 62). To our knowledge, no data exist
403  connecting CD97 with fibrosis or the fibroblast phenotype. CD36, a multifunctional
404  scavenger receptor is expressed on a variety of different cell types. Besides its potential role
405 in cellular senescence, as discussed above, few other publications have described CD36 as a
406  modulator of fibrotic processes in the lung (44, 45, 63). Silencing CD36 in macrophages in a
407  silicosis rat model and a bleomycin mouse model resulted in inhibition of L-TGF-B1 activation
408 and reduced numbers of aSMA-positive myofibroblasts, respectively. Future studies are
409 needed to further characterize the impact of CD36 and CD97 on cellular senescence and to
410 analyze the phenotype of fibroblast subtypes under physiological and pathophysiological
411  conditions.

412  Our data indicate that subpopulations can be defined by marker expression and that surface
413  markers may strongly be involved in cellular changes contributing to disease by multiple
414  mechanisms. Although there is still a limitation in these studies, published data exist, clearly
415 linking fibroblast surface proteins to fibrosis and as modulators of cell phenotypes.
416  CD90/Thy-1, e.g., suppresses myofibroblast differentiation in healthy cells, but its expression
417 is downregulated in IPF fibroblasts via an epigenetic mechanism of Thy-1 promotor
418  methylation (10, 16, 54). Further, loss of CD90/Thy-1 leads to a profibrotic phenotype by
419  TGF-B-induced MMP-9 expression (49). It is therefore important to further identify
420 mesenchymal/fibroblast cell (sub)type markers in the future and to analyze their expression
421  and function in the context of disease. Our detailed description of markers expressed in
422  early and late passages will enable to better control phenotypic changes in culture and to
423  identify the best time point for individually designed studies of fibroblast function in the

424  context of disease. Further, our data intend that at least some phenotypic specific-

18

Downloaded from www.physiology.org/journal/ajplung by ${individualUser.givenNames} ${individualUser.surname} (146.107.003.004) on July 4, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



Cell-surface profiling in human lung fibroblasts

425 information is reflected in low passages of fibroblasts in culture under standardized
426  conditions.

427  In sum, we identified a panel of stable surface markers in human lung fibroblasts, which can
428 be used for positive cell isolation directly from lung tissue. CD36- and CD97-positive
429  fibroblasts represent quiescent fibroblasts present in the control and IPF lung, which switch
430 to aSMA-positive fibroblasts upon TGF-beta exposure. Co-existence of both fibroblasts
431  subtypes in the IPF lung suggests dynamic remodeling of fibroblast activation upon subtle

432 changes to growth factor exposure in local microenvironmental niches.
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638  Figure Captions

639  Figure 1. Heterogeneous expression pattern of mesenchymal markers in primary lung
640 fibroblasts. A,B) For immunofluorescent stainings, primary human lung fibroblasts passage
641  4-5 were seeded in a 96-well Imagerplate, fixed the next day with 4% PFA and single (A) or
642 double stained (B) with primary antibodies as indicated and further incubated with
643  secondary antibodies conjugated to Alexa fluor-488 (green) or -568 (red). Nuclei were
644  stained by DAPI (blue). Shown is one representative experiment of 5-6 independent
645  experiments. Single positive cells in (B) are highlighted by a white arrow. Bar size: left picture
646 50 um, right picture (higher magnification) 40 um. C) The percentage of single positive cells
647  for each marker was assessed by counting of positive and total cells (total cell number was
648 determined by the software Imaris). Shown is a summary of 2-3 independent biological
649  experiments consisting of 2-5 technical replicates. D) Cells double stained for different
650 marker combinations as indicated in Fig. B were quantified by counting for marker
651  negativity, single positivity for each marker and double positivity. Summarized are 3-4
652  biological experiments consisting of 2-3 technical replicates. All data are represented as

653  *SEM. * refers to stress fiber positive presence only.

654

655  Figure 2. Mesenchymal marker expression quantified by FACS. The number of positive cells
656  for the indicated mesenchymal markers were determined by FACS. Dot blots and histograms
657 of one experiment are presented in (A), with isotype controls shown in red and the positive
658  population in blue. Summary of 11 independent FACS experiments *SD of primary
659 fibroblasts in passage 4 is provided in (B). One-way ANOVA followed by Tukey’s multiple

660 comparison test was performed to determine significant differences. ns = not significant.
661

662  Figure 3. Detection of tetraspanins on the surface of primary fibroblasts. Expression and
663  surface localization of tetraspanins (previously identified by a proteome analysis) on primary
664  lung fibroblasts (passage 4) was analyzed by FACS and one representative FACS experiment
665 is presented in dot blots and histograms with positive populations in blue and corresponding

666  isotype controls in red (A). The number of positive cells and the median fluorescence
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667 intensities (AMFI, by subtraction of isotype MFI values) of 5-13 independent biological FACS

668  experiments xSD is summarized in (B) and (C).
669

670  Figure 4. Surface marker expression and localization on primary lung fibroblasts.
671  Expression and surface localization of several surface markers (also previously identified by
672  the proteome analysis) on primary lung fibroblasts (passage 4-5) was determined by FACS.
673  Markers functionally and/or structurally belong to different groups of proteins and are not
674  further subcategorized. A representative FACS experiment is presented in dot blots and
675  histograms with positive populations in blue and corresponding isotype controls in red (A).
676  The number of positive cells and the median fluorescence intensities (AMFI, by subtraction
677  of isotype MFI values) of 5-13 independent biological FACS experiments +SD is summarized

678 in(B)and (C).
679

680  Figure 5. Surface marker expression over time in culture. Changes in the number of positive
681  cells for indicated markers between passage 1 and 7 were determined by FACS. Dot blots
682 and histograms of one representative experiment for passage 1 and 3 is provided in (A).
683  Positive populations of CD36, CD47, CD54, CD82, CD106 and CD140a are shown in blue with
684  corresponding isotype controls in red. A summary of 3-6 independent biological FACS
685 experiments +SD for all passages is shown in (B) and (C). For statistical analysis one-way
686  ANOVA followed by Bonferroni’s multiple comparison test (column comparison to passage

687 1) was performed. * p<0.05, ** p<0.01.
688

689  Figure 6. Replicative senescence in primary lung fibroblasts. For assessment of senescence,
690 cells in different passages were seeded in 6-well plates and analyzed after 96 hours (A-E).
691 Cells were stained for senescence associated B-Galactosidase activity and images were
692  acquired with a light microscope (magnification: 100x) (A). The percentage of senescent cells
693  was assessed by counting of positive and total cells (B). IL-6 ELISA of primary lung fibroblasts

694  supernatant (C). Total cell number was determined by counting of cells and population
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695 doubling times were calculated (D). Full blots of a representative Western Blot of 4 (p3-p11)
696 independent biological experiments of P16 and P21 protein levels in primary lung fibroblasts
697 in different passages is shown in (E); irrelevant lanes were cropped off the right side of the
698  blot. M = protein marker. Values of (B,C,D) are given as + SEM for an n of 3-9. Statistical
699  significance was determined by One-way ANOVA followed by Neuman-Keuls multiple

700  comparison test (*p<0.05; **p<0.01; ***p<0.001).
701

702  Figure 7. Subtype marker expression in differentiated myofibroblasts. A) To analyze the
703  expression of subtype markers in differentiated myofibroblasts, fibroblasts (passage 4-5)
704  were stimulated twice every 24 hours with 1 or 2 ng/ml TGF-B for 48 hours, stained with
705  fluorochrome conjugated antibodies and the number of positive cells determined for
706  indicated markers by FACS analysis. Shown are results of 5-11 independent biological FACS
707  experiments £SD. For statistical analysis a paired two-tailed t-test was performed. * p<0.05,
708  ** p<0.01, ns = not significant. B-D) To analyze if CD36 and CD97 positive cells represent a
709  senescent population of fibroblasts, cells (passage 9-10) were stimulated with bafilomycin
710 Al (100 nm) for 1 h, C;,FDG (33 uM; DMSO as control) added for further 2 h, and cells
711  stained with CD36-APC or CD97-APC for FACS analysis. Dot blots of one experiment in the
712  presence/absence of C1;FDG, read out by Alexa fluor 488, are presented in (B), with isotype
713 controls shown in red and the positive population in blue. A summary for the senescence of
714  cells of 7 independent FACS experiments £SD is provided in (C). The number of CD36 and
715  CD97 positive cells in the presence/absence of C1,FDG (n4-6) is summarized in (D). A paired

716  two-tailed t-test was performed for statistical analysis. *** p<0.001, ns = not significant.
717

718  Figure 8. Subtype marker expression in human lung tissue. For immunohistochemistry of
719  subtype markers in IPF and control, paraffin embedded lung sections of 200 um were
720 deparaffinized and after antigen retrieval stained with primary antibodies as indicated
721  together with aSMA and further incubated with secondary antibodies conjugated to Alexa
722 fluor-488 (green) or -568 (red). Nuclei were stained by DAPI (blue). Red cells indicate positive

723  subtype markers, green cells are stained positive for aSMA. Shown is one representative
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724  experiment of 3-4 independent biological experiments. A 2-fold magnification is shown for

725  representative areas indicated by a quadrangle. Bar size: 20 um.

726
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727  Tables

728  Table 1. Antibodies

Antibody Host/Isotype Application Company Catalog-no. Dilution
PDGFRa (CD140a)-PE mouse/lgG1 FACS Biolegend 323505 1:5
PDGFRp (CD140b)-PE mouse/lgG1 FACS Biolegend 323605 1:20
CD9-PE mouse/lgG1 FACS Biolegend 312105 1:100
CD26-APC mouse/lgG2a FACS Biolegend 302709 1:6
CD36-PE/APC mouse/lgG2a FACS Biolegend 336205/336207 | 1:10/1:10
CD36 rabbit/1gG IHC-P Abcam ab133625 1:100
CD34-PE mouse/IgG2a FACS Biolegend 343605 1:10
CD44-FITC rat/IgG2b FACS ebioscience 11-0441-82 1:100
CD45-V450 mouse/lgG1l FACS BD 560367 1:20
CD46-FITC mouse/IgG1 FACS Biolegend 315304 1:20
CD47-FITC mouse/IgG1 FACS Biolegend 323106 1:20
CD54-FITC mouse/IgG1 FACS Biolegend 353107 1:200
CD55-APC mouse/IgG1 FACS Biolegend 311311 1:1000
CD59-PE mouse/IgG2a FACS Biolegend 304707 1:500
CD63-PE mouse/IgG1 FACS Biolegend 353003 1:25
CD73-PerCP/Cy5.5 mouse/IgG1 FACS Biolegend 344013 1:100
CD81-FITC mouse/IgG1 FACS Biolegend 349503 1:20
CD82-PE mouse/IgG1 FACS Biolegend 342103 1:500
CD90/Thy-1-APC mouse/lgG1 FACS ebioscience 17-0909-42 1:200
CD97-PE/APC mouse/IgG1l FACS Biolegend/ 336307/ 1:10/1:10
eBioscience 17-6979-42
CD97 rabbit/1gG IHC-P Abcam ab108368 1:250
CD105-APC mouse/IgG1l FACS ebioscience 17-1057-41 1:25
CD106-APC mouse/IgG1l FACS Biolegend 305809 1:5
CD151 (PETA-3)-APC mouse/lgG1l FACS Biolegend 350405 1:100
Isotype mouse IgG1-APC | --- FACS Biolegend 400121 -
Isotype mouse IgG1-APC | --- FACS ebioscience 17-4714 ---
Isotype mouse IgG1-PE --- FACS Biolegend 400113 ---
Isotype mouse IgG1-FITC | --- FACS Biolegend 400109 ---
Isotype mouse IgG1- - FACS BD 560373 ---
V450
Isotype mouse IgG2a- --- FACS Biolegend 400221 --
APC
Isotype mouse 1gG2a-PE | --- FACS Biolegend 400211 -
Isotype mouse IgG1- --- FACS Biolegend 400149 -
PerCp/Cy5.5
Isotype rat 1IgG2b-FITC FACS ebioscience 11-4031-81
Desmin (Y-20) goat/IgG IF/IHC-P Santa Cruz sc-7559 1:200/1:200
CD90/Thy-1 mouse/lgG2a IF ebioscience 14-9090-82 1:500
Collagen type | rabbit/IgG IF/IHC-P Rockland 600-401-103- 1:1000/1:200
0.5
Fibronectin (H-300) rabbit/IgG IF/IHC-P Santa Cruz sc-9068 1:200/1:200
aSMA mouse IF/IHC-P Sigma-Aldrich | A5228 1:2000/1:5000
P16 (p16INK4a/CDKN2A) | goat/IgG WB R&D AF5779 1:1000
P21 mouse/IgG WB Chemicon MAB88058 1:1000
Beta-Actin HRP-conjugated | WB Sigma-Aldrich | A3854-200UL 1:25000
mouse
HRP linked mouse IgG --- WB GE Healthcare | NA931-1ml 1:25000
31
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HRP rabbit anti goat IgG | --- WB Invitrogen 61-1620 1:25000
Donkey-anti-rabbit Alexa | donkey IF/IHC-P Invitrogen A-21206/ 1:250/1:250
fluor 488/568 A10042

Donkey-anti-goat- donkey IF/IHC-P Invitrogen A-11055 1:250/1:250
Alexa fluor 488/568

Donkey-anti-mouse donkey IF/IHC-P Invitrogen A-21202 1:250

Alexa fluor 488

729

730 Table 2. IPF patient demographics and clinical information

IPF subjects 5
Age (years) 60 (£7)
Sex
Male 5 (100%)
Female 0 (0%)
Smoking status
Current 0 (0%)
Former 4 (80%)
Nonsmoker 0 (0%)

Dico % pred

19.5 (+4.9) (n2)

FVC % pred

39.8 (¥11.4)

731

732
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Figure 1. Heterogeneous expression pattern of mesenchymal markers in primary
lung fibroblasts.
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Figure 2. Mesenchymal marker expression quantified by FACS.
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Figure 3. Detection of tetraspanins on the surface of primary fibroblasts.
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Figure 4. Surface marker expression and localization on primary lung fibroblasts.
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Figure 5. Surface marker expression over time in culture.
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Figure 6. Replicative senescence in primary lung fibroblasts.
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Figure 7. Quantification of subtype marker expression in differentiated

myofibroblasts.
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Figure 8. Subtype marker expression in human lung tissue.
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