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Abstract

Idiopathic pulmonary fibrosis (IPF) is a progressive lung disease with few effective treatment 

options. We found a highly significant correlation between pregnancy-associated plasma protein 

(PAPP)-A expression in IPF lung tissue and disease severity as measured by various pulmonary 

and physical function tests. PAPP-A is a metalloproteinase that enhances local insulin-like growth 

factor (IGF) activity. We used primary cultures of normal adult human lung fibroblasts (NHLF) to 

test the hypothesis that PAPP-A plays an important role in the development of pulmonary fibrosis.

Treatment of NHLF with pro-fibrotic transforming growth factor (TGF)-β stimulated marked 

increases in IGF-I mRNA expression (> 20-fold) and measurable IGF-I levels in 72-hr conditioned 

medium (CM). TGF-β treatment also increased PAPP-A levels in CM 4-fold (P = 0.004) and 

proteolytic activity ~2-fold. There was an indirect effect of TGF-β to stimulate signaling through 

the PI3K/Akt pathway, which was significantly inhibited by both IGF-I-inactivating and PAPP-A 

inhibitory antibodies.

Induction of senescence in NHLF increased PAPP-A levels in CM 10-fold (P = 0.006) with 

attendant increased proteolytic activity. Thus, PAPP-A is a novel component of the senescent lung 

fibroblast secretome. In addition, NHLF secreted extracellular vehicles (EVs) with surface-bound 

active PAPP-A that were increased 5-fold with senescence.
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Regulation of PAPP-A and IGF signaling by TGF-β and cell senescence suggests an interactive 

cellular mechanism underlying the resistance to apoptosis and the progression of fibrosis 

in IPF. Furthermore, PAPP-A-associated EVs may be a means of pro-fibrotic, pro-senescent 

communication with other cells in the lung and, thus, a potential therapeutic target for IPF.

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is an age-related progressive lung disease of unknown 

etiology. There are no effective treatment options and patients with IPF have a median 

survival of less than 3 years (Raghu et al., 2011; Vancheri, 2010). Therefore, it is imperative 

to have a better understanding of the cellular mechanisms underlying IPF for development of 

novel therapeutic targets for this deadly disease.

Lung fibrosis is the result of repetitive alveolar epithelial cell injuries coupled with 

an unresolved process of wound healing (Vancheri et al., 2010; Venosa et al., 2020). 

Multiple microsites of ongoing epithelial injury induce migration and proliferation of 

fibroblasts and their transformation into myofibroblasts. Myofibroblasts are specialized 

fibroblasts expressing α-smooth muscle actin (α-SMA) and exhibit a contractile phenotype 

contributing to altered compliance of the lung (Phan, 2002; Scotton & Chambers, 2007). 

In fibroblast/myofibroblast foci there are persistent pro-survival signals and an increased 

response to fibrogenic factors. This results in exaggerated deposition of extracellular matrix 

(ECM) leading to irreversibly distorted lung architecture, respiratory failure and death 

(Thannickal & Horowitz, 2006).

Transforming growth factor-β1 (TGF-β) is a profibrogenic factor involved in myofibroblast 

differentiation and ECM production, which has been studied extensively in human IPF and 

mouse models of lung injury and fibrosis (Border & Noble, 1994; Broekelmann et al., 1991; 

Koli et al., 2008; Limper et al., 1991; Meng et al., 2016). However, clinical trials targeting 

TGF-β have been disappointing due, in large part, to its pleiotropic effects (Gyorfi et al., 

2018; Scotton & Chambers, 2007). TGF-β appears to work with other factors to direct and 

promote excessive fibrosis in IPF. An important factor implicated in the fibrotic process is 

the insulin-like growth factor (IGF) system.

The IGF system is complex with two ligands (IGF-I, IGF-II), two receptors [type I IGF 

receptor (IGF-IR), type II IGF/mannose-6-phosphate receptor], high affinity IGF binding 

proteins (IGFBP-1 through 6), and specific IGFBP proteases (Bach, 2018; Bunn & Fowlkes, 

2003; Conover, 1995; Hakuno & Takahashi, 2018). There are multiple studies linking the 

IGF system with normal and aberrant wound healing in several tissues, including lung. 

IGF-I stimulates proliferation of fibroblasts, protects myofibroblasts from apoptosis, and 

promotes ECM accumulation – all processes associated with fibrosis of the lung (Hung et 

al., 2013). IGF-I shows increased expression in lungs of patients with IPF, localizing to 

macrophages, alveolar epithelial cells, and interstitial fibroblastic cells (Uh et al., 1998). 

Therefore, IGF-I is in a key position to initiate and/or propagate lung fibrosis. Although 

limited in study, IGF-II expression was found to be increased in pulmonary fibroblastic 

foci and epithelial cells (Hsu & Feghali-Bostwick, 2008). Both IGFs bind to the IGF-IR 

and activate the phosphatidyl inositol-3 kinase (PI3K/Akt) and mitogen-activated protein 
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kinase (MAPK)/Erk1,2 pathways (Hakuno & Takahashi, 2018). The PI3K/Akt pathway is 

highly activated in apoptosis-resistant IPF myofibroblasts, and the pro-survival effect of IGF 

signaling through this pathway may be important in dysfunctional resolution of the repair 

process (Horowitz et al., 2004; Kennedy et al., 1997; Thannickal & Horowitz, 2006).

Horowitz et al. (Horowitz et al., 2004) hypothesized that activation of the pro-survival 

PI3K/Akt pathway by TGF-β in lung fibroblasts was mediated by a secondary, but 

unidentified, secreted growth factor. Recently, Hernandez et al. (Hernandez et al., 2020) 

documented upregulation of IGF-I via TGF-β in fetal lung fibroblasts, and found that 

increased IGF-I expression correlated with decreased pulmonary function in IPF. IGF-I has 

been shown to stimulate TGF-β expression in fibroblasts (Ghahary et al., 1998), suggesting 

the possibility of a positive feedback loop promoting the progression and limiting the 

resolution of fibrosis. In addition, it has been shown that acute treatment of cells with IGF-I 

stimulates proliferation, while prolonged treatment of cells with IGF-I promotes senescence 

in a variety of cell types (Bitto et al., 2010; Tran et al., 2014).

Cellular senescence is a complex response of a cell to various stressors that is characterized 

by stable cell cycle arrest, resistance to apoptosis, and expression of a senescence-associated 

secretory phenotype (SASP), which includes cytokines, chemokines, proteases, inhibitors, 

and growth factors (Childs et al., 2015; He & Sharpless, 2017; Tchkonia et al., 2010). 

Importantly, the effects of the SASP can spread to nearby non-senescent cells, amplifying 

an adverse influence on tissue and organ function (Nelson et al., 2012). Senescent cells 

accumulate in IPF lung and this correlates with severity of the disease (Alvarez et al., 2017; 

Meiners & Lehmann, 2020; Morty & Prakash, 2019; Schafer et al., 2017). Furthermore, 

senescent cells have recently been reported to generate extracellular vesicles (EVs) (Basisty 

et al., 2019; Takasugi, 2018). In the lung, SASP-EVs increase the potential for extracellular 

communication with other pulmonary cells (Bartel et al. 2020; Kadota et al., 2018). The 

cellular origin and regulation of lung-derived EVs in IPF are unknown.

Mechanistic details of regulated IGF expression and IGF signaling in pulmonary fibrosis 

are sorely lacking. In particular, extracellular components that can tightly control the 

bioactivity of IGF ligands need to be taken into account. These include antagonistic IGFBPs 

and agonistic proteolytic activity. Pregnancy-associated plasma protein-A (PAPP-A) is an 

established IGFBP proteinase. Secreted PAPP-A tethers to the surface of cells by binding 

proteoglycan and thus can activate IGF by cleaving inhibitory IGFBP-4 in the pericellular 

environment (Conover, 2012; Conover et al., 2004; Laursen et al., 2002). Cleavage of 

IGFBP-4 by PAPP-A causes dissociation of bound IGF and, hence, IGF-IR activation. 

PAPP-A-induced enhancement of local IGF-I action through limited proteolysis of IGFBP-4 

has been demonstrated in several in vitro and in vivo systems (Conover, 2012).

Based on previous studies of TGF-β, IGF-I, and senescence-related gene expression 

associated with human IPF (Hernandez et al., 2020; Schafer et al., 2017) and data 

presented herein on PAPP-A gene expression associated with human IPF, we hypothesized a 

mechanistic model of IPF involving coordinated interactions of TGF-β, IGF-I, PAPP-A and 

cell senescence, and tested it in primary cultures of normal adult human lung fibroblasts.
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MATERIAL AND METHODS

Microarray.

Microarray data and clinical parameters from control subjects and patients with IPF were 

obtained through the Lung Tissue Research Consortium (http://www.Ltrcpublic.com), as 

described previously (Schafer et al., 2017).

Materials.

Cell culture components were from Gibco Life Technologies (Grand Island, NY). Bovine 

serum albumin (BSA) and Sm1.2 anti-IGF-I antibody were from Sigma Millipore 

(Temecula, CA). Recombinant human TGF-β1 and Quantikine IGF-I ELISA kits were 

from R&D Systems (Minneapolis, MN). Etoposide was obtained from Enzo Life Sciences 

(Farmingdale, NY). Total IGFBP-4 ELISA kits and monoclonal antibody generated against a 

unique exosite in PAPP-A (mAb-1/41) (Mikkelsen et al., 2008; Mikkelsen et al., 2014) were 

obtained from Ansh Labs (Webster, TX).

Cells.

Normal adult human lung fibroblasts (NHLF) were purchased from Lonza (Walkersville, 

MD; Cat # CC-2512). Cells were grown in DMEM supplemented with penicillin (100 

IU/ml), streptomycin (100 μg/ml), and 10% fetal bovine serum (FBS). Experiments were 

performed in serum-free DMEM containing 0.1% BSA. Cells were used at passages 4–9.

For induction of senescence, NHLF were treated for 48 h with 25 μM etoposide in growth 

media. Etoposide was removed and replaced with fresh media every three days. After six 

days, the cells took on a senescent morphology, which was confirmed by β-galactosidase 

staining (Schafer et al., 2017). Senescent and non-senescent cells were changed to serum-

free media with experimental additions for the indicated number of hours (24 h for RT-qPCR 

and 72 h for conditioned medium).

RT-qPCR.

Total RNA was isolated from cultured cells by washing twice with cold phosphate buffered 

saline (PBS), lysing with 1 ml of Trizol (Ambion Life Technologies, Carlsbad, CA) and 

further processed as per manufacturer’s instruction. RNA (1 μg) was reversed transcribed 

with the SuperScript III Frist-Strand Synthesis System (Life Technologies) and evaluated by 

quantitative real-time PCR using the CFX Connect Real-Time System with iTAQ Universal 

SYBR Green Supermix (Bio-Rad, Hercules, CA). Amplification plots were analyzed using 

CFX Maestro Software version 4.1 (Bio-Rad). Primer pairs are presented in Supplemental 

Table 1. To create standard curves, designed primers were PCR’d with cDNA from 

known cell culture samples. Amplified PCR products were purified through QIAquick Gel 

Extraction Kit (Qiagen Hilden, Germany), quantified and serial diluted from 108 to 103 

molecules. Relative quantification and fold changes were based on the standard curve for 

each gene.
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ELISAs.

Determination of PAPP-A concentration in conditioned medium was carried out by ELISA 

essentially as previously described, using catching/detecting antibodies PA6/PA8 (Jepsen et 

al., 2015). In brief, 96-well MaxiSorp plates were coated with 5 μg/ml catching antibody 

(PA6) in PBS and incubated overnight at room temperature (RT). The wells were blocked 

with 2% BSA TBS (30 mm Tris-HCl, 300 mm NaCl, 2 mm CaCl2, pH 7.4) for 1 hour 

at RT. Samples were diluted 2x in 1% BSA TBS-T (30 mm Tris-HCl, 300 mm NaCl, 2 

mm CaCl2, 0.05% Tween-20, pH 7.4) and incubated in the wells for 1 hour at RT. Diluted 

recombinant PAPP-A (Overgaard et al., 2000) was applied as a standard with concentrations 

ranging from 100 ng/ml – 0.19 ng/ml. Following incubation and washing with TBS-T, 

the wells were incubated with 2 μg/ml biotinylated anti-PAPP-A (PA8) for 1 hour at RT. 

Following washing with TBS-T, the wells were incubated with avidin-conjugated peroxidase 

(Sigma) diluted 1:10,000 in 1% BSA TBS-T for 1 hour at RT. Detection was carried out by 

adding liquid substrate TMB (Sigma) to each well before adding stop solution 0.5 M H2SO4. 

Absorbance was measured at 450 nm on an EnSpire Multimode Plate Reader (PerkinElmer 

Life Sciences). Blank values were subtracted for all measurements and data was fitted using 

linear regression.

Quantikine IGF-I and IGFBP-4 ELISAs were performed according to manufacturers’ 

instructions.

IGFBP-4 cleavage assay.

PAPP-A activity was assessed by measuring the proteolytic cleavage of radiolabeled 

IGFBP-4 as previously described (Gyrup & Oxvig, 2007). Conditioned medium samples 

were diluted (NHFLs diluted 3 times; EVs diluted 1.25 times) in the reaction mixture which 

included 10 nM radiolabeled IGFBP-4 (Laursen et al., 2001), 100 nM IGF-I and assay buffer 

(50 mM TRIS, 100 mM NaCl,1 mM CaCl2, pH 7.4). Before sample addition, IGFBP-4 

and IGF-I were pre-incubated for 25 minutes at RT. Reaction mixtures were incubated at 

37°C for 1, 2, 4 and, 8 hours and stopped by adding 2x SDS loading buffer supplemented 

with 25 mM EDTA. Recombinant PAPP-A at 100 pM was included as control. Intact 

IGFBP-4 and the proteolytic fragments were separated by nonreducing 12% SDS-PAGE 

and visualized by autoradiography, using a storage phosphor screen and a Typhoon imaging 

system (GE Healthcare, Denmark). Band intensities were quantified using ImageQuant TL 7 

software (GE Healthcare) and the initial velocities were calculated (Gyrup & Oxvig, 2007). 

In some experiments, inhibitory PAPP-A mAb-1/41 (Mikkelsen et al., 2014) was added at a 

concentration of 40 nM.

Western blotting.

Cells were washed twice with cold PBS and lysed with 150 ul RIPA buffer containing 

protease and phosphatase inhibitors, as previously described (Conover et al., 2019). 

Briefly, cells were scraped into microfuge tubes, sonicated, centrifuged and the supernatant 

transferred to a new tube. Equal volumes were loaded on 12% mini-Protean TGX gels from 

Bio-Rad, transferred to PVDF, blocked with 3% BSA/TBS-T and incubated with primary 

antibodies overnight at 4°C. Next day the blots were washed, incubated with appropriate 

secondary antibody, treated with enhanced chemiluminescent substrate and imaged on a 
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LiCor Odyssey imager and Image Studio software (Lincoln, NE). The sources for antibodies 

are presented in Supplemental Table 2.

EV isolation.

The isolation procedure for EVs was taken from Barile et al. using serial ultracentrifugation 

(Barile et al., 2018). Conditioned medium from T75 flasks was centrifuged 3,000 × g for 15 

minutes at 4°C. The supernatant was moved to a new tube and centrifuged at 10,000 × g for 

15 minutes at 4°C. The supernatant was collected into a 10 ml conical bottom ultracentrifuge 

tube (Beckman Coulter, Brea, CA) and centrifuged 100,000 × g for 90 minutes in an L-70 

ultracentrifuge (Beckman) using an SW 41 swinging bucket. The supernatant was discarded 

and the pellet solubilized in either PBS or RIPA buffer. Total protein concentrations were 

determined by using Pierce BCA Protein Assay Kit (ThermoFisher Scientific) according to 

manufacturers’ instructions.

Statistical analyses.

For microarray comparisons, IPF subject data were stratified based on forced vital capacity 

(FVC) scores as follows: least severe (FVC > 80%), moderately severe (FVC 50–80%), 

most severe (FVC < 50%). PAPP-A expression values were standardized (mean = 0, 

sd = 1). Significance of differential expression was determined using linear regression 

via the functions ImFit and eBayes from the limma package (Smyth, 2004). Pearson 

correlation coefficients were used to summarize relationship between expression and 

patient characteristics. Except where indicated, data are expressed as mean ± SEM of 

three independent experiments. Binary variables, e.g., without and with TGF-β treatment, 

were compared using t-tests. For multiple comparisons, ANOVA with Tukey’s post-hoc 

comparison was used. Significance was set at P < 0.05

RESULTS

PAPP-A expression correlates with severity of IPF

Recent studies found that TGF-β upregulates IGF-I in IPF tissue (Hernandez et al., 2020) 

and that senescent biomarkers in lungs of IPF patients are increased (Schafer et al., 

2017). Along with traditional markers of fibrosis, marked up-regulation of the secreted 

metalloproteinase, PAPP-A, and to a lesser magnitude its substrate, IGFBP-4, was also 

observed in IPF by RNA-seq (Schafer et al., 2017). To test whether PAPP-A is associated 

with IPF disease severity, we interrogated microarray data for PAPP-A gene expression in 

control and in mild, moderate and severe IPF lung tissues (Schafer et al., 2017). PAPP-A 

expression negatively correlated with lung function as measured by forced vital capacity (P 
< 0.001, Fig. 1A) and CO diffusion capacity (P < 0.001, Fig. 1B), and with physical function 

as measured by 6-minute walk distance (P = 0.008, Supplemental Fig. 1A) and self-reported 

physical function (P < 0.001, Supplemental Fig. 1B). Thus, PAPP-A gene expression is 

up-regulated in IPF lung tissue along with upregulation of TGF-β, IGF-I, and markers of 

senescence.
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TGF-β increases IGF signaling in NHLF by multiple mechanisms

Based on these in vivo associations, we posited that regulatory interactions between TGF-β, 

IGF-I, PAPP-A, and cellular senescence drive fibrotic pathology, and tested this hypothesis 

using primary cultures of normal adult human lung fibroblasts (NHLF). NHLF were treated 

with TGF-β (10 ng/ml), which rapidly increased α-SMA (a marker of myofibroblasts; data 

not shown). For gene expression, RNA was isolated and RT-qPCR performed (Conover 

et al., 2010; Laursen et al., 2002) (Table 1). TGF-β treatment for 24 hours resulted in 

significantly increased expression of IGF-I mRNA (> 20-fold). There was no significant 

change in IGF-II, PAPP-A or IGFBP-4 gene expression. We next explored changes in 

secreted proteins in response to TGF-β treatment. NHLF were treated without and with 

TGF-β for 72 hours and conditioned medium was assessed by ELISAs. IGF-I increased 

from undetectable to 5 ± 3.2 ng/106 cells in 72-hr CM from cells treated with TGF-β. 

Although there was no significant increase in PAPP-A mRNA, TGF-β treatment increased 

PAPP-A protein levels in 72-hr CM 4-fold compared to control (155 ± 19.0 vs. 37 ± 3.4 

ng/106 cells, t-test P = 0.004). Furthermore, TGF-β treatment increased specific PAPP-A 

enzymatic activity ~2-fold, as evidenced by IGF-dependent cleavage of IGFBP-4 that is 

inhibited with a neutralizing monoclonal antibody specific to PAPP-A-mediated IGFBP-4 

proteolysis, mAb-1/41 (Mikkelsen et al., 2008; Mikkelsen et al., 2014), and measurement of 

initial velocity of the enzymatic activity (Fig. 2). Thus, TGF-β treatment of NHLF not only 

increases the synthesis of IGF-I but also components of the molecular machinery that allows 

it to become bioavailable and initiate IGF-IR signaling, i.e., PAPP-A.

We next tested whether TGF-β activates a pro-survival pathway, PI3K/Akt. IGFs stimulate 

phosphorylation/activation of the Akt pathway in a variety of cell types within minutes. 

On the other hand, Akt phosphorylation after TGF-β treatment of fetal lung fibroblasts 

was shown to be delayed, occurring ~16–24 hours later (Hernandez et al., 2020). Thus, we 

compared serum-free medium conditioned by TGF-β (10 ng/ml) or IGF-I (10 nM) treatment 

of NHLF for 72 hours to unconditioned serum-free medium spiked with similar amounts 

of TGF-β or IGF-I. These media samples were added to fresh NHLF for 15 minutes, 

and then the cells harvested for Western blotting of phosphorylated and total Akt. Figure 

3A indicates marked increases in phosphorylated Akt (pAkt) after treatment with IGF-I, 

either as spiked SFM (2.4-fold) or as 72-hr conditioned medium (CM, 2.3-fold). TGF-β 
was ineffective acutely but increased pAkt 2-fold when 72-hr CM from TGF-β treated 

cells was used. There was no effect of any treatment on total Akt. Addition of antibodies 

that interfere with IGF-I-stimulated IGF-IR activation (Sm1.2) significantly reduced 72-hr 

IGF-I CM- and 72-hr TGF-β CM-stimulated Akt phosphorylation by ~40%. Addition 

of antibodies that specifically inhibit PAPP-A-mediated IGFBP-4 proteolysis (mAb-1/41) 

significantly reduced the effect of 72-hr TGF-β CM-stimulated Akt phosphorylation by 

~40%, but had no significant effect on IGF-I CM (Fig. 3B,C). In these experiments, the 

MAPK/Erk1,2 pathway was not stimulated (data not shown). Thus, TGF-β stimulates the 

PI3K/Akt pathway in NHLF indirectly through enhanced IGF-I and PAPP-A secretion and 

bioactivity.
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Cellular senescence increases IGF activity independent of TGF-β

Cellular senescence was induced in NHLF by low dose etoposide (Schafer et al., 2017). 

An enlarged flattened morphology with many protrusions and β-galactosidase staining 

confirmed that the cells were in a senescent state six days following treatment (data not 

shown). TGF-β was added to senescent and non-senescent NHLF for 24 hours (mRNA) or 

72 hours (CM and cell number). RT-qPCR data are presented in Table 2. Senescence, per se, 

increased mRNA expression of PAPP-A (~3-fold) and IGFBP-4 (~2-fold) but had no effect 

on IGF-I or IGF-II expression. There was no hyper-response to TGF-β in senescent cells 

compared to non-senescent cells. However, TGF-β-induced increases in IGF-I and IGF-II 

were retained in senescent cells. Acute TGF-β treatment increased collagen (Col1A1) and 

fibronectin (FN1) gene expression ~3- to 4-fold in non-senescent cells, and this was not 

altered in the senescent state (Table 2).

The increased mRNA transcription observed after induction of cell senescence also resulted 

in a marked (10-fold) increase in PAPP-A levels in 72-hr CM compared to non-senescent 

CM and increased total IGFBP-4 levels ~4-fold (Table 3). This increased concentration 

of PAPP-A antigen correlated with increased PAPP-A activity. Senescence resulted in a 

4-fold increase in its proteolytic activity, although some variability was observed (Table 3). 

TGF-β treatment added little to the major influence of senescence on PAPP-A expression or 

activity. As in non-senescent NHLF, PAPP-A proteolytic activity was completely inhibited 

by mAb-1/41 in all samples in senescent NHLF (data not shown). Thus, cellular senescence 

has a marked effect on PAPP-A expression and proteolytic cleavage of IGFBP-4, which is 

independent of TGF-β.

Increased PAPP-A activity is present on extracellular vesicles from senescent lung 
fibroblasts

Non-senescent NHLF and senescent NHLF were incubated with serum-free medium without 

or with TGF-β (10 ng/ml) for 72 hours, and conditioned medium collected and processed for 

extracellular vesicles (EVs). EVs solubilized in RIPA buffer were assayed for both PAPP-

A protein and proteolytic activity. Non-senescent NHLF secreted low levels of PAPP-A 

associated with EVs. EV-PAPP-A expression was increased ~5-fold with senescence from 

51 ± 5 to 240 ± 40 ng/mg protein (t-test P = 0.006). EV-PAPP-A proteolytic activity was 

increased ~4-fold with senescence from 0.8 ± 0.01 to 2.9 ± 1.0 % initial velocity but did 

not reach statistical significance (P = 0.11). By assaying EVs in PBS, we could show that 

PAPP-A activity was associated with the surface membrane of intact EVs. We conclude that 

the EVs generated by senescent NHLF exhibit more PAPP-A and thus have an increased 

potential to stimulate IGF signaling in recipient cells.

DISCUSSION

Individually, TGF-β, IGF-I and senescent biomarkers have been shown to correlate with 

severity of IPF in human lung tissue (Hernandez et al., 2020; Schafer et al., 2017). Herein 

we show that PAPP-A, a metalloproteinase that enhances local IGF bioactivity, is highly 

significantly correlated with IPF disease severity as assessed by lung function and overall 

physical function tests in patients. Based on these in vivo data, we set out to develop an 
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interactive cellular model whereby normal human adult lung fibroblasts can be converted to 

IPF-like cells in vitro (Fig. 4). The major findings on which this model is built are: 1) TGF-β 
treatment significantly increases IGF-I and PAPP-A secretion and PAPP-A activity, which 

promotes IGF-IR signaling through the PI3K/Akt pathway; 2) Cellular senescence further 

increases PAPP-A expression (mRNA and protein) and proteolytic activity; 3) Senescent 

cells secrete EVs with active PAPP-A associated with the outer membrane.

TGF-β had a profound effect on IGF-I expression, with 20-fold or more increases in mRNA 

expression, similar to the findings of Hernandez et al. (Hernandez et al., 2020). In control 

cultures, there was virtually no IGF-I peptide expression whereas TGF-β treatment for 72 

hr resulted in detectable levels in the CM that could initiate IGF-IR signaling through the 

PI3K/Akt pathway. PI3K/Akt is considered an anti-apoptotic intracellular signaling pathway 

(Horowitz et al., 2004; Kennedy et al., 1997). TGF-β also stimulated PAPP-A expression in 

NHLF, with 4-fold increases in PAPP-A protein in 72-hr CM. This secreted PAPP-A was 

enzymatically active i.e., increased IGF-dependent IGFBP-4 proteolysis, which results in 

freed IGF for receptor activation. The actions of TGF-β are highly cell-specific and TGF-β 
stimulation of PAPP-A expression has been shown in human osteoblasts, but not in human 

dermal fibroblasts (Durham et al., 2003). Our data suggest that TGF-β enhances local IGF 

bioavailability in NHLF through direct effects on IGF-I and PAPP-A expression. In our 

working model, TGF-β modulation of IGF signaling in early stages of fibrosis promotes 

both cell proliferation and survival (Fig. 4A). Proliferation of fibroblasts increases the 

fibroblastic mass that could be converted to myofibroblasts by TGF-β. The anti-apoptotic 

effects of TGF-β-induced IGF-I signaling through the PI3K/Akt pathway acts to prevent the 

clearance of myofibroblasts, the major producer of ECM. In these studies, TGF-β directly 

stimulated collagen and fibronectin expression in NHLF but IGF-I did not (data not shown).

Accumulation of senescent cells with age appears to have adverse consequences on tissue 

and organ function, including lung (Alvarez et al., 2017; He & Sharpless, 2017; Meiners & 

Lehmann, 2020; Morty & Prakash, 2019; Nelson et al., 2012; Schafer et al., 2017). SASP 

can reinforce the senescent phenotype and spread senescence to non-senescent cells. Here 

we present data suggesting that PAPP-A is a newly recognized SASP component. A 10-fold 

increase in PAPP-A protein, 4-fold increase in IGFBP-4 substrate, and 4-fold increase in 

PAPP-A-mediated proteolytic activity was seen in CM from senescent versus non-senescent 

NHLF. It is interesting that the relative magnitude of the effect of cellular senescence on 

PAPP-A and IGFBP-4 expression in NHLF is similar to RNA-seq data of Schafer et al. in 

IPF lung tissue biopsies (Schafer et al., 2017). SASP PAPP-A may play a significant role in 

promoting the spread of cellular senescence to non-senescent cells in IPF through its ability 

to enhance IGF action. In non-proliferating senescent cells, TGF-β-induced expression of 

IGF-I and ECM was retained with treatment of senescent cells. Thus, TGF-β, IGFs, PAPP-A 

and senescence appear to interact to promote a pro-fibrotic, anti-apoptotic environment, 

which could contribute to unresolved pulmonary fibrosis in IPF (Phan, 2002; Scotton & 

Chambers, 2007) (Fig. 4B).

EVs appear to have a distinct role as regulatory mediators beyond that of traditional soluble 

factors that are generally considered the main players in SASP. EVs arise from the outward 

budding and fission of plasma membrane and reflect the membrane composition of the 
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donor cell. EV production increases in multiple cell types following a variety of senescent-

inducing stimuli, and EVs from senescent cells appear to play a role in pathogenesis of IPF 

(Bartel et al., 2020; Kadota et al., 2018). Thus, our finding of active PAPP-A associated with 

EVs that are produced by lung fibroblasts, especially senescent lung fibroblasts, and released 

into the surrounding environment would have the potential to participate in crosstalk with 

other cells involved in the wound healing response in the lung (Fig. 4B).

One proposed therapeutic approach for IPF is to target networks/pathways of anti-apoptosis 

regulation to promote resolution of the healing process. IGF-I is a potent pro-survival 

factor for cells (Kooijman, 2006; Kurmasheva & Houghton, 2006). Since PAPP-A can 

enhance IGF-I action, the results of these experiments provide rationale for potential PAPP-

A-targeted therapies. One such therapeutic approach would be to target PAPP-A’s ability to 

cleave IGFBP-4 with a novel neutralizing monoclonal antibody generated against a unique 

exosite in PAPP-A (mAb-1/41) (Mikkelsen et al., 2008; Mikkelsen et al., 2014). We have 

shown that mAb-1/41 works in vivo as well as in vitro (Conover, 2012; Conover et al., 2016; 

Kashyap et al., 2020; Mikkelsen et al., 2014). Advantages of targeting PAPP-A with this 

antibody is selectivity of context (high PAPP-A expression) and specificity (no effect on 

other enzymes and no secondary endocrine effects). We will need in vivo models of IPF to 

test the hypothesis built upon this cell model that SASP-PAPP-A may be an effective target 

for prevention or reversal of the fibrogenic state.
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Figure 1. 
Relationship between PAPP-A gene expression in lung tissue and severity measures of 

pulmonary function in IPF

(A) Forced Vital Capacity

(B) Carbon Monoxide Diffusion Capacity

PAPP-A expression levels in lung specimens from control and IPF subjects were measured 

by microarray (Schafer et al., 2017). Significance of differential expression was determined 

using linear regression via the functions ImFit and eBayes from the limma package (Smyth, 

2004). Pearson correlation coefficients were used to summarize relationship between 

expression and patient characteristics.

Pink ● Control subjects

Green ▲ Patients with mild IPF

Blue ■ Patients with moderate IPF

Purple + Patients with severe IPF
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Figure 2. 
PAPP-A-mediated IGF-dependent IGFBP-4 proteolysis

72-hr CM from NHLF treated without and with TGF-β was assessed for IGF-dependent 

IGFBP-4 proteolysis by Western blot with radiolabeled IGFBP-4. (A) Intact and fragmented 

IGFBP-4 are indicated. Inhibition by mAb-1/41 confirmed specificity of PAPP-A-mediated 

proteolysis. (B) Measurement of initial reaction velocity.

C, control; rPA, recombinant PAPP-A
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Figure 3. 
Effect of acute and chronic treatment of NHLF with TGF-β or IGF-I on Akt phosphorylation

(A) IGF-I (10 nM) and TGF-β (10 ng/ml) were incubated with NHLFs to generate 72-hr 

CM or directly added to unconditioned SFM. These samples were then incubated with fresh 

NHLF for 15 minutes and cells harvested for Western blotting of phosphorylated Akt (pAkt) 

and Total Akt (T-Akt).

(B) Representative Western blot of pAkt and T-Akt after treatment with 72-hr CM without or 

with (+) inhibitor to PAPP-A (mAb-1/41) or IGF-I (Sm1.2) added 30 minutes prior to NHLF 

stimulation

(C) Results (% of control) are mean ± SEM of three separate experiments. Dotted line 

indicates 100%, i.e., no inhibition.

*Significant effect of inhibitor by ANOVA, P < 0.05
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Figure 4. 
Interactive model of TGF-β, IGF, PAPP-A and cellular senescence in IPF

(A) TGF-β-induced IGF signaling in early stages of fibrosis through increases in IGF-I 

and PAPP-A expression promotes proliferation and survival of myofibroblasts, the major 

producer of ECM.

(B) Senescence markedly augments PAPP-A expression and activity in lung SASP while 

TGF-β-induced expression of IGF-I is retained. Thus, TGF-β, IGF, PAPP-A and senescence 

appear to interact to promote a pro-fibrotic, anti-apoptotic environment, which could 

contribute to unresolved pulmonary fibrosis in IPF. In addition, active PAPP-A associated 

with EVs that are produced by senescent lung fibroblasts and released into the surrounding 

environment has the potential to participate in crosstalk with other cells in the lung.
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Table 1.

Effect of TGF-β treatment of NHLF on IGF, PAPP-A, IGFBP-4 mRNA expression

mRNA Expression in Control Fold-change with TGF-β

IGF-I 1.3 × 102 26.0 ± 4.80*

IGF-II 4.4 × 103 1.9 ± 0.81

PAPP-A 3.0 × 103 1.4 ± 0.21

IGFBP-4 9.8 × 104 0.7 ± 0.07

NHLF were treated with SFM +/− TGF-β (10 ng/ml) for 24 hours. RNA was isolated and prepared for RT-qPCR. Results are mean ± SEM from 3 
separate experiments performed in duplicate.

*
Significant effect of TGF-β by t-test, P < 0.05
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Table 2.

Effect of Cell Senescence on IGF, PAPP-A, IGFBP, ECM mRNA expression Fold-change (relative to non-

senescent control)

Senescent TGF-β Senescent + TGF-β

IGF-I 0.8, 1.0 37.4, 32.3 20.7, 13.8

IGF-II 0.8, 0.8 2.0, 1.7 2.1, 1.9

PAPP-A 3.7, 2.6 1.4, 1.2 2.4, 2.6

IGFBP-4 2.4, 2.1 0.7, 0.5 2.1, 1.6

Col1A1 0.8, 1.0 3.8, 2.9 2.6, 1.8

FN1 0.8, 0.9 3.3, 5.6 2.8, 2.5

Non-senescent and senescent-induced NHLF were treated with SFM ± TGF-β (10ng/ml) for 24h. RNA was isolated and prepared for RT-qPCR. All 
samples for each gene were run together in the same assay (in duplicate) and expressed relative to non-senescent control = 1.0. Results presented 
are from two separate experiments and separated by a comma.

Col1A1 - collagen

FN1 - fibronectin
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Table 3.

Effect of cell senescence on PAPP-A protein expression and proteolytic activity in NHLF

PAPP-A
a

IGFBP-4
b

PAPP-A proteolytic activity
c

Non-senescent

 Control 23 ± 4.3 17.5 ± 1.98 3.1 ± 0.61

 TGF-β
49 ± 4.9

‡
11.1 ± 0.55

‡ 3.6 ± 0.28

Senescent

 Control 252 ± 42* 64.1 ± 9.48* 13.4 ± 9.0

 TGF-β 276 ± 53* 61.7 ± 7.40* 14.1 ± 9.7

Non-senescent and senescence-induced NHLF were treated with SFM ± TGF-β (10 ng/ml) for 72 h. CM was collected and assayed for PAPP-A 
protein, total IGFBP-4 protein, and PAPP-A-mediated proteolysis of IGFBP-4. Results are mean ± SEM from three separate experiments.

a
PAPP-A protein; ng/106 cells

b
Total IGFBP-4; ng/105 cells

c
PAPP-A mediated IGFBP-4 proteolysis; Initial velocity,

by ANOVA

*
Significant effect of senescence, P < 0.05

‡
Significant effect of TGF-β, P < 0.05
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