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SUMMARY
Accumulation of senescent cells contributes to age-related diseases including idiopathic pulmonary fibrosis
(IPF). Insulin-like growth factor binding proteins (IGFBPs) regulate many biological processes; however, the
functional contributions of IGFBP2 in lung fibrosis remain largely unclear. Here, we report that intranasal
delivery of recombinant IGFBP2 protects aged mice from weight loss and demonstrated antifibrotic effects
after bleomycin lung injury. Notably, aged human-Igfbp2 transgenic mice reveal reduced senescence and
senescent-associated secretory phenotype factors in alveolar epithelial type 2 (AEC2) cells and they amelio-
rated bleomycin-induced lung fibrosis. Finally, we demonstrate that IGFBP2 expression is significantly sup-
pressed in AEC2 cells isolated from fibrotic lung regions of patients with IPF and/or pulmonary hypertension
compared with patients with hypersensitivity pneumonitis and/or chronic obstructive pulmonary disease.
Altogether, our study provides insights into how IGFBP2 regulates AEC2-cell-specific senescence and
that restoring IGFBP2 levels in fibrotic lungs can prove effective for patients with IPF.
INTRODUCTION

Idiopathicpulmonaryfibrosis (IPF) is themostcommonandsevere

form of interstitial lung disease, affecting more than 5 million indi-

viduals worldwide.1 IPF is a heterogeneous disease often occur-

ring in the elderly, with amedian survival rate of less than 3 years.2

Furthermore, development of pulmonary arterial hypertension

(PAH) secondary to lung fibrosis is amajor factor of all-causemor-

tality in patients with IPF. PAHmay greatly reduce life expectancy

in patients with IPF to less than 1 year, and currently, no therapies

are approved for this disease.3,4 Advanced age is a significant risk

factor for IPF, and yet very little is known about how age contrib-

utes to the pathogenesis of IPF.5 Althoughmuch of the pathogen-

esis of IPF remains unclear, alveolar epithelium has emerged as a

principal site of injury in IPF. This disease is typically characterized

by aberrant alveolar epithelium that triggers exaggerated myofi-

broblast activation and excessive extracellularmatrix deposition.6

More specifically, chronic injury to alveolar epithelial type 2 (AEC2)

cells has been linked to the pathogenesis of IPF.7

Cellular senescence has recently been implicated as a critical

underpinning of age-related fibroproliferative diseases including

IPF.8Cellular senescence, a stress response associatedwith sta-

ble cell-cycle arrest, is accompanied by robust secretion of pro-

inflammatory mediators leading to senescence-associated

secretory phenotype (SASP).9 Mounting evidence suggests
Cell Re
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that P21 and phosphorylation of H2AX are two key molecular

markers in the senescence pathway10–12 and that accumulation

of P21 is typically observed during the process of senescence

development.13 Recent studies demonstrate that selective

removal of senescent cells can ameliorate a number of age-

related diseases.14,15 However, the underlying mechanisms

of cell senescence in alveolar epithelium remains poorly

understood.

The insulin-like growth factor (IGF) system consists of 6 IGF-

binding proteins (IGFBPs) with high affinity binding to IGF-I and

IGF-II but not insulin.16–18 IGFBPs are ubiquitously expressed in

most tissues, and their actions are complex and depend upon

the tissue and their ability to interact with proteins in the extracel-

lular matrix.19 Although the actions of IGFs are modulated by

IGFBPs, several studies suggest that cellular functions can also

be affected via IGF-independent mechanisms.20,21 Growing

evidence suggests that IGFBPs play an important role in senes-

cence and aging.22–24 In particular, IGFBP2 may play an impor-

tant role in lung function as IGFBP2 levels can predict the risk

of a rapid evolution of systemic sclerosis-induced interstitial

lung disease.25 More recent studies demonstrate that IGFBP2

undergoes epigenetic alterations in a tissue-specific manner,

contributing to the development of chronic diseases.26,27

In the current study, we investigated whether IGFBP2 regu-

lates cellular senescence and secretion of senescent factors
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specifically in AEC2 cells in the development of pulmonary

fibrosis. To this end, using several in vitro and in vivo models,

we explored the presence and functional contributions of

IGFBP2 in senescence-mediated lung fibrosis. Utilizing gene

silencing and overexpression approaches, we show that

IGFBP2 inhibits P21 and g-H2AX in murine lung epithelial cells

under fibrotic stimuli. We demonstrate that recombinant

IGFBP2 delivered locally reduced lung fibrosis and inhibited

senescence after bleomycin injury in aged mice. Importantly,

we report that transgenic expression of human Igfbp2 specif-

ically in AEC2 cells significantly reduced senescence, pro-in-

flammatory mediators, and extracellular matrix markers in

response to low-dose bleomycin-induced pulmonary fibrosis in

aged mice. Finally, we found significantly reduced expression

of PPARA and IGFBP2 in AEC2 cells of patients with IPF and/

or IPF-PAH. These findings may offer critical insights for future

therapeutic approaches that could prove beneficial for patients

with IPF and IPF-PAH.

RESULTS

Selective loss of IGFBP2 in AEC2 cells in non-resolving
lung fibrosis of aged mice model
Intratracheal administration of bleomycin is themost widely used

model for studying pulmonary fibrosis in mice.28 However,

several studies have utilized youngmice in an attempt to recapit-

ulate features of IPF. Since IPF is an age-associated chronic

disease, we intratracheally administered single low-dose bleo-

mycin (1 U/kg body weight) to aged mice (78–82 weeks old) after

intubation. Body weight was measured every week and was

significantly lower in bleomycin-treated mice compared with

normal saline at 7, 14, and 21 days (Figure 1A). To detect fibrosis,

lungs were evaluated for histological features. Both trichrome

and Sirius red staining increased after 28 and 50 days of bleomy-

cin exposure compared with relative controls (Figures 1B and

S1A). Total lung collagen content was significantly increased in

lungs at 28 days compared with saline controls, and that in-

crease was also significant in lungs at 50 days compared with

28 days of bleomycin injury, indicating non-resolving lung

fibrosis (Figures 1C and S1B). The protein levels of collagen-I,
Figure 1. Low-dose bleomycin induces irreversible pulmonary fibrosis

(A) Line plot showing body weights of aged wild-type (WT; C57BL/6J) mice 7, 14, a

bleomycin (1 U/kg body weight) (n = 8 WT saline; n = 8 WT bleomycin). ***p < 0.

(B) Representative images of Mason’s trichrome-stained lung sections of aged m

50 mm (top) and 1 mm (bottom) (n = 8 WT saline; n = 8 WT bleomycin).

(C) Hydroxyproline content (mg per mg of lung tissue) in the lungs of aged mice 28

***p < 0.001, *p < 0.05, one-way ANOVA with Tukey’s post-hoc test.

(D) Western blot for expression of IGFBP2, P21, collagen-1, fibronectin, and vime

challenge. b-actin served as the internal control. Note that same samples were r

(E) Igfbp2 mRNA expression in the lung homogenates of aged mice subjected to

(F) IGFBP2 protein expression was determined by ELISA in the serum samples of

(G) Igfbp2 mRNA expression in the primary AEC2 cells isolated from aged mic

obtained from 4 mice lungs (n = 3 WT saline; n = 3 WT bleomycin). NS, not signi

(H) Representative multicolor immunohistochemistry of lung sections from aged

indicates surfactant protein C (SPC) expression; brown color indicates P21 (top) a

and brown color localization. Black arrowheads highlight the double-positive AE

(I and J) Quantification of double-positive cells for P21 (left) and phospho-H2AX (

dose bleomycin after 28 and 50 days, respectively. Each data point represents p

*p < 0.05, one-way ANOVA with Tukey’s post-hoc test.
fibronectin, and vimentin were increased in the lung tissues

of aged mice subjected to low-dose intratracheal bleomycin

administration. In the total lung, bleomycin treatment decreased

Igfbp2 expression at both mRNA and protein levels but

increased P21 protein levels (senescence marker), concomitant

with the activation of extracellular matrix (ECM) proteins

(Figures 1D, 1E, and S1C). For the detection of IGFBP2 levels

in circulation, ELISA analysis revealed no significant difference

in the aged mice after 14 days of bleomycin injury (Figure 1F).

AEC2 cells are major facultative progenitor cells that play a crit-

ical role in the progression of lung fibrosis.29 In linewith this, gene

expression analysis revealed significantly decreased Igfbp2

mRNA levels in primary AEC2 cells after 14 days of bleomycin

injury (Figures 1G and S2). Consistent with the fibrotic changes,

multicolor immunohistological analyses revealed elevated P21

and g-H2AX staining, molecular markers for cellular senescence,

specifically in AEC2 cells after 28 and 50 days of bleomycin

challenge (Figures 1H–1J). Taken together, these data strongly

indicate that reduced expression of IGFBP2, specifically in

AEC2 cells, is associated with cellular senescence in aged mu-

rine model of bleomycin-induced persistent lung fibrosis.

IGFBP2 downregulation in adenoviral TGF-b1-induced
lung fibrosis in aged mice model
Next, we investigated the importance of IGFBP2 in an additional

model of lung fibrosis in aged mice. For the development of lung

fibrogenesis, we performed intratracheal delivery of adenovirus

(5 3 108 PFU) expressing transforming growth factor b1 (TGF-

b1) to aged (78–82 weeks older) mice. In this setting, aged

mice who received a single dose of adenovirus expressing

TGF-b1 developed lung fibrosis with increased Sirius red positiv-

ity and trichrome staining compared with mice who received

empty or null-adenovirus (Figure 2A). Total lung hydroxyproline

content was elevated in adenoviral TGF-b1-treated mice at

28 days (Figure 2B). Furthermore, multicolor immunohistological

analyses revealed significantly increased P21 and g-H2AX

staining in association with reduced IGFBP2 protein expression

specifically in AEC2 cells after 28 days of adenoviral TGF-b1-

mediated lung injury (Figures 2C and 2D). Together, these results

imply that decreased expression of IGFBP2 is associated with
in aged mice

nd 21 days after intratracheal administration of normal saline (equal volume) or

001, two-way ANOVA with Tukey’s post-hoc test.

ice 28 or 50 days after intratracheal administration of bleomycin. Scale bars,

or 50 days after intratracheal administration of bleomycin (1 U/kg body weight).

ntin in the lung homogenates of aged mice 14 days after low-dose bleomycin

un on different gels (n = 6 WT saline; n = 8 WT bleomycin).

low-dose bleomycin challenge after 14 days.

aged mice 14 days after bleomycin injury (n = 5WT saline; n = 6WT bleomycin).

e subjected to low-dose bleomycin challenge after 14 days. Each sample is

ficant, ****p < 0.0001, **p < 0.01, Student’s unpaired two-tailed t test.

WT mice subjected to low-dose bleomycin after 28 and 50 days. Green color

nd phospho-H2AX (bottom) expression. Insets: zoom-in images to show green

C2 cells. Scale bars, 10 mm.

right) expression in SPC + cells in the lungs of aged WT mice subjected to low-

er field image of a sample. Data are mean ± SEM. ****p < 0.0001, **p < 0.01,
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Figure 2. IGFBP2 downregulation in adenoviral TGF-b1-induced pulmonary fibrosis in aged mice

(A) Sirius red (top)- orMason’s trichrome (bottom)-stained lung sections of aged (78–82weeks old)WTmice 28 days after intratracheal administration of Ad-null or

Ad-TGF-b1 virus (5 3 108 PFU). Scale bars, 50 mm (n = 6 Ad-null; n = 6 Ad-TGF-b1).

(B) Hydroxyproline content (mg per mg of lung) in the lungs of 18-month-old mice 28 days after intratracheal administration of Ad-null or Ad-TGF-b1 virus (n = 6

Ad-null; n = 6 Ad-TGF-b1).

(C) Representative double-color immunohistochemistry lung images of aged WT mice challenged with Ad-Null or Ad-TGF-b1 virus. Green color indicates SPC

expression; brown color indicates IGFBP2 or P21 or phospho-H2AX expression. Black arrowheads indicate the double-positive AEC2 cells. Scale bars, 10 mm

(n = 6 Ad-null; n = 6 Ad-TGF-b1).

(D) Quantification of percentages of double-positive cells for IGFBP2, P21, and phospho-H2AX expression in SPC + cells, respectively. Data are mean ± SEM

**p < 0.01, and ***p < 0.001, Student’s unpaired two-tailed t test.
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markers of cellular senescence—P21 and g-H2AX, selectively in

AEC2 cells in the pathogenesis of adenoviral TGF-b1-induced

lung fibrosis.

IGFBP2 deficiency elevates senescent markers under
pro-fibrotic stimuli
To investigate the biological relevance of IGFBP2, mouse lung

epithelial (MLE-12) cellswere exposed to chronic or acute fibrotic

stimuli—atazanavir (20 mg/mL) + 0.1% hypoxia, cigarette smoke

extract (100 mg/mL), and bleomycin (10 mg/mL) as independent

models of alveolar epithelial cell injury. To reliably induce senes-

cence and to evaluate the chronic effects of IGFBP2, MLE-12

cells were exposed (long term) to atazanavir (senescence

inducer) and 0.1%hypoxia or a two-hit model of bleomycin treat-

ment. Both chronic in vitro models revealed decreased protein
4 Cell Reports Medicine 4, 100945, March 21, 2023
expression of IGFBP2 coupledwith increased protein expression

of P21 and phospho-H2AX compared with relative controls (Fig-

ures 3A, 3B, S3A, and S3B). These findings suggest that reduced

IGFBP2 is associated with increased expression of P21 and

phospho-H2AX under chronic pro-fibrotic stimuli.

Repetitive acute injuries are believed to cause chronic dis-

ease, and therefore we evaluated the acute effects of IGFBP2

in vitro. The protein levels of P21 were increased and IGFBP2

protein levels were decreased in MLE-12 cells exposed (short

term) to 0.1% hypoxia challenge (Figures 3C and S3C). Further-

more, IGFBP2 protein levels were decreased in the nuclear

fractions of MLE-12 cells challenged with hypoxia compared

with normoxia (Figures 3D and S3D). To analyze IGFBP2 expres-

sion in additional fibrosis-relevant systems, we next exposed

(short term) MLE-12 cells to cigarette smoke insult. To this



Figure 3. IGFBP2 deficiency increases P21 expression in response to fibrotic stimuli in vitro

(A)Western blot for the expression of IGFBP2, P21, and phospho-H2AX inMLE-12 cells pretreated with atazanavir (ATZ; 20 mg/mL) for 1 h and exposed to hypoxia

treatment for 72 h.

(B) Western blot for the expression of IGFBP2, P21, and phospho-H2AX in MLE-12 cells exposed to absence or presence of chronic exposure to bleomycin (two-

hit model; 10 mg/mL).

(C) Western blot for the expression of IGFBP2 and P21 in MLE-12 cells exposed to absence or presence of hypoxia treatment at 4 h. b-Actin served as an internal

control.

(D)Western blot for the expression of IGFBP2 and P21 in the cytosolic and nuclear fractions ofMLE-12 cells that were exposed to absence or presence of hypoxia

treatment. a-Tubulin and histone-3 served as internal controls.

(E) Western blot for the expression of IGFBP2 and P21 in MLE-12 cells exposed to absence or presence of cigarette smoke treatment (100 mg/mL).

(F) Non-targeting or Igfbp2 siRNA-transducedMLE-12 cells were exposed to absence or presence of hypoxia treatment at 4 h. Western blot for the expression of

IGFBP2 and P21.

(G) Non-targeting or Igfbp2 siRNA-transduced MLE-12 cells were challenged with absence or presence of bleomycin exposure (10 mg/mL). Western blot for the

expression of IGFBP2, P21, and phospho-H2AX in MLE-12 cells subjected to bleomycin exposure at 4 h. b-Actin served as an internal control. Data are

representative of minimum of 3 independent experiments.
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end, we observed reduced expression of IGFBP2, but P21

expression was not significantly altered after cigarette smoke

injury (Figures 3E and S3E).

Next, to evaluate the function of IGFBP2, we performed small

interfering RNA (siRNA) transfection in MLE-12 cells challenged

with either hypoxia or bleomycin insults. We showed increased

P21 protein levels in MLE-12 cells treated with Igfbp2

siRNA compared with non-targeting siRNA, and that increase

was also observed after hypoxia or bleomycin treatments

(Figures 3F, 3G, S3F, and S3G). Surprisingly, expression levels

of phospho-H2AX were not altered by Igfbp2 knockdown, indi-
cating that IGFBP2 deficiency does not directly control phos-

phorylation of H2AX following bleomycin challenge (Figures 3G

and S3G). Together, these observations indicate that IGFBP2

regulates P21 accumulation in response to acute pro-fibrotic

stimuli.

Lentiviral expression of IGFBP2 reduces senescent
markers and b-galactosidase activity
To determine the action of IGFBP2, we undertook a lentiviral

transduction approach in MLE-12 cells exposed to fibrotic

stimuli. Consistent with the results from Igfbp2 silencing,
Cell Reports Medicine 4, 100945, March 21, 2023 5
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lentivirus-mediated expression of Igfbp2 decreased P21 levels in

MLE-12 cells in response to hypoxia treatment when compared

with mock-virus-treated MLE-12 cells exposed to hypoxia

(Figures 4A and S4A). Furthermore, P21 tend to show decreased

levels in both cytosolic and nuclear fractions in Igfbp2 lentivirus-

transduced MLE-12 cells in response to hypoxia treatment

(Figures 4B andS4B). To further validate our findings,we analyzed

the role of IGFBP2 in response to cigarette smoke and bleomycin

stimuli. Conversely, lentiviral expression of Igfbp2 did not reduce

P21 expression inMLE-12 cells under cigarette smoke conditions

(Figures 4C and S4C). Interestingly, lentiviral expression of Igfbp2

decreased not only P21 expression but also phospho-H2AX in

MLE-12 cells exposed to bleomycin treatment, indicating an indi-

rect regulation between IGFBP2 and phospho-H2AX (Figures 4D

and S4D). Since senescence-associated (SA) b-galactosidase

(b-gal) activity is a widely used marker for senescence, we evalu-

ated its association on the endogenous function of IGFBP2 in

MLE-12 cells exposed to atazanavir (protease inhibitor) and hyp-

oxia as well as bleomycin treatments. Biochemical analysis

showed that SA b-gal activity significantly increased in MLE-12

cells after treatment with atazanavir and hypoxia (4 days) or bleo-

mycin (2 days). Importantly, Igfbp2 expressed through lentivirus

transduction significantly decreased SA b-gal activity in MLE-12

cells after treatment with atazanavir and hypoxia or bleomycin at

96or48h, respectively (Figures4Eand4F).Collectively, our results

indicate that elevated expression of IGFBP2 reduces b-gal activity

in mouse lung epithelial cells following hypoxia and bleomycin

pro-fibrotic stimuli.

PPARa regulates IGFBP2 expression in lung fibrosis
Peroxisome proliferator-activated receptor a (PPARa) plays a vi-

tal role in cellular metabolism and functions as a transcription

factor for Igfbp2, indicating its direct target.30,31 We therefore

examined whether Ppara activation is involved in the pathogen-

esis of pulmonary fibrosis through induction of Igfbp2. Consis-

tent with previous studies, we demonstrated decreased PPARa

expression in MLE-12 cells exposed to chronic bleomycin chal-

lenge and also in primary murine AEC2 cells after 14 days of

bleomycin injury. To evaluate the regulatory relationship be-

tween PPARa and IGFBP2, we performed siRNA transfection

in MLE-12 cells challenged with bleomycin. We showed

decreased Igfbp2 expression in Ppara siRNA-transfected MLE-

12 cells compared with non-targeting siRNA, and that decrease

was also observed after bleomycin injury (Figures 5A–5C and

S5A–S5C). Using immunohistological staining, we found that

PPARa expression was observed in AEC2 cells and that expres-

sion was significantly lower in bleomycin-treated lungs

compared with saline-treated lungs (Figures 5D and 5E).

Notably, gene expression analysis revealed that mRNA levels

of Ppara were significantly lower in primary AEC2 cells of pa-

tients with IPF compared with patients with chronic obstructive

pulmonary disease (COPD) but not in patients with hypersensi-

tivity pneumonitis (HP) (Figure 5F; Table S1). Using multicolor

immunohistochemical staining, we confirmed that AEC2 cells

in IPF lung sections had lower PPARa protein expression

compared with AEC2 cells from healthy donors (Figures 5G

and 5H; Table S2). Together, these data demonstrate that

PPARa regulates IGFBP2 expression in mouse lung epithelial
6 Cell Reports Medicine 4, 100945, March 21, 2023
cells after bleomycin injury and is significantly reduced in AEC2

cells of patients with IPF.

Recombinant IGFBP2 exhibits antifibrotic effects after
bleomycin lung injury
We next tested the antifibrotic potential of IGFBP2 in the context

of bleomycin-induced lung fibrosis. Current FDA-approved

drugs highlight the need for more effective treatments. There-

fore, we focused on IGFBP2 as a potential therapeutic target

for lung fibrosis. Aged mice were treated with intranasal delivery

of recombinant IGFBP2 protein (25 mg/kgwt), containing surfac-

tant (50 mg/kgwt), once every 3 days after bleomycin challenge,

and lung tissues were harvested after 14 and 28 days. Body

weight was assessed every 7 days, and weight loss was signifi-

cantly improved in the IGFBP2-treated group when compared

with the bleomycin and surfactant group (Figures 6A and 6B).

Histological staining revealed that collagen deposition was lower

in the lungs of IGFBP2-treated mice after bleomycin injury

relative to control mice (Figure 6C). In addition, hydroxyproline

content was significantly reduced in IGFBP2-treated mice

compared with vehicle-treated mice after 28 days of bleomycin

lung injury (Figure 6D). Interestingly, IGFBP2-treated mice

showed improved overall survival (Figure 6E). Using senescence

RT2 Profiler PCR array, we found that important fibrosis related

genes—Tgfb1, Vim, Nox4, and igf1—and the senescence gene

Cdkn1b were downregulated in AEC2 cells of IGFBP2-treated

mice after 14 days of bleomycin lung injury (Figures S6A and

S6B). Immunohistological analyses revealed decreased

levels of the ECM marker fibronectin in IGFBP2-treated mice

compared with vehicle-treated mice after 28 days of bleomycin

lung injury (Figure 6F). Furthermore, the protein levels of senes-

cence markers—P21 and phospho-H2AX—were decreased

in the lung tissues of IGFBP2-treated mice compared with

vehicle-treated mice after 14 days of bleomycin injury (Figures

6G and S6C). To provide more direct visualization, we performed

multicolor immunohistological analyses and found that P21

levels, specifically in AEC2 cells, were significantly reduced in

IGFBP2-treated mice compared with vehicle-treated mice after

14 days of bleomycin lung injury (Figures 6H and 6I). Overall,

these results suggest the therapeutic potential of IGFBP2 in

the development of lung fibrosis.

Senescence RT2 Profiler PCR array in AEC2 cells of
human Igfbp2 transgenic mice
To address whether IGFBP2 regulates cellular senescence in the

development of pulmonary fibrosis, we performed senescence

RT2 Profiler PCR array specifically in primary AEC2 cells in the

pathogenesis of bleomycin-induced lung fibrosis. To achieve

physiological relevance,weutilizedhuman Igfbp2-inducible trans-

genic (Igfbp2Tg) aged mice in which the human Igfbp2 gene was

genetically activated in AEC2 cells by combining human Igfbp2

floxed alleles with the tamoxifen-inducible SPC-CreERT2 knockin

allele (Figures S7A and S7B). Utilizing RT2 Profiler PCR array, first

we examined the expression of senescence genes in lung homog-

enates and in AEC2 cells of aged (36 weeks old) Igfbp2fl/fl litter-

mates exposed to bleomycin injury compared with normal saline.

We identified significant upregulation of important senescence

genes—Cdkn1a (P21), Cdkn2b, Pai-1, Igfbp7, and Sparc—along



Figure 4. Stable transduction with Igfbp2 lentivirus vector decreased P21 expression and b-galactosidase activity in vitro

(A) Mock-virus- and Igfbp2 lentivirus-transducedMLE-12 cells in the absence or presence of hypoxia treatment at 4 h. Western blot for the expression of IGFBP2

and P21. b-Actin served as internal control.

(B) Western blot for the expression of IGFBP2 and P21 in the cytosolic and nuclear fractions of Igfbp2 lentivirus-transduced MLE-12 cells in the absence or

presence of hypoxia treatment at 4 h. a-Tubulin and histone-3 served as internal controls.

(C) Western blot for the expression of IGFBP2, P21, and phosph-H2AX in Igfbp2 lentivirus-transduced MLE-12 cells in the absence or presence of cigarette

smoke treatment (100 mg/mL).

(D) Western blot for the expression of IGFBP2, P21, and phospho-H2AX in Igfbp2 lentivirus-transduced MLE-12 cells in the absence or presence of bleomycin

(10 mg/mL). b-Actin served as internal control.

(E) Bar graph showing the b-galactosidase activity of MLE-12 cells pretreated with ATZ for 1 h and subjected to hypoxia for 96 h.

(F) Bar graph showing the b-galactosidase activity of MLE-12 cells treated with bleomycin for 48 h. Data are representative of minimum of 3 independent ex-

periments. Data are mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001, one-way ANOVA with Tukey’s post-hoc test.
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Figure 5. Reduced PPARA expression in the AEC2 cells from fibrotic lung regions of patients with IPF

(A) Western blot for the expression of PPARa and b-actin in MLE-12 cells exposed to absence or presence of bleomycin at 4 h.

(B) Non-targeting or Ppara siRNA-transducedMLE-12 cells were exposed to absence or presence of bleomycin treatment at 4 h. Western blot for the expression

of PPARa and IGFBP2. b-Actin served as internal control. Data are representative of minimum of 3 independent experiments.

(C) Ppara mRNA expression in the primary AEC2 cells isolated from aged mice subjected to low-dose bleomycin challenge after 14 days. Eukaryotic 18S rRNA

was used as an endogenous control (n = 5 WT saline; n = 5 WT bleomycin).

(D) Representative multicolor color immunohistochemistry of lung sections from aged WT mice 28 days after bleomycin injury. Green color indicates SPC

expression; brown color indicates PPARa expression. Scale bars, 10 mm (n = 5 WT saline; n = 5 WT bleomycin).

(E) Quantification of percentages of double-positive cells for SPC and PPARa in the lungs of aged WT mice subjected to low-dose bleomycin after 28 days.

(F) Ppara mRNA expression was determined by qPCR in the primary AEC2 cells of patients with IPF (n = 21) compared with HP (n = 5) or COPD (n = 9).

(G) Representativemulticolor immunohistological staining of PPARA and SPC. Arrows indicate examples of SPC-positive and PPARA-positive cells. Staining was

performed with lung sections from 2 healthy controls and 2 patients with IPF.

(H) Quantification of percentages of double-positive cells for SPC and PPARA in the fibrotic lung regions of patients with IPF and donor (healthy) controls. Data are

mean ± SEM. NS, not significant; **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way ANOVA with Tukey’s post-hoc test (for multiple group comparisons) or

Student’s unpaired two-tailed t test (for two group comparisons).
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with 11 other senescent-related genes (Figures S8A, S8B, S9A,

andS9B).Next,weassessed the expressionof senescencegenes

specifically inAEC2cellsofaged (36weeksold) Igfbp2Tgmiceafter

14 days of bleomycin injury. qPCR array data analysis revealed 31

upregulated and 21 downregulated genes relevant to the cellular

senescence pathway. Primary AEC2 cells isolated from aged

Igfbp2Tg mice showed downregulation of important senescence
8 Cell Reports Medicine 4, 100945, March 21, 2023
genes, namely Cdkn1a (P21), Pai-1, Irf-5, Irf-7, and Tp53bp1 as

well as fibronectin compared with aged Igfbp2fl/fl littermates

exposed to bleomycin injury (Figures S9C and S9D). Collectively,

these data indicate that transgenic expression of Igfbp2

downregulatesCdkn1a (P21) andother senescence-relatedgenes

specifically in AEC2 cells in the pathogenesis of bleomycin-

induced lung fibrosis in aged mice.



Figure 6. Intranasal treatment of recombinant IGFBP2 alleviates bleomycin-induced pulmonary fibrosis in aged mice
(A) Schematic representation of the experimental approach. Aged WT mice were exposed to saline or bleomycin treated with or without recombinant IGFBP2

protein (25 mg/kgwt), containing Curosurf (50 mg/kgwt), by intranasal instillation and euthanized 14 and 28 days later.

(B) Body weights of IGFBP2-treated and vehicle-treatedmice were measured and represented as bar graph (n = 8 per group). ***p < 0.001 and *p < 0.05, two-way

ANOVA.

(legend continued on next page)
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Transgenic expression of human Igfbp2 reduces ECM
deposition, senescence-associated secretory
phenotype, and senescence
Wenext examined the in vivo effect of low-dose bleomycin expo-

sure in human Igfbp2 inducible transgenic (Igfbp2Tg) aged

(36 weeks old) mice. The Igfbp2Tg mice were first assessed for

weight loss at 7-day intervals after intratracheal instillation of

bleomycin injury. The Igfbp2Tg mice were significantly protected

from weight loss at days 7, 14, and 21 relative to aged Igfbp2fl/fl

littermates after bleomycin injury (Figure 7A). Both Sirius red

and trichrome staining and hydroxyproline contents were

significantly reduced in Igfbp2Tg mice relative to aged Igfbp2fl/fl

littermates after 28 days of bleomycin treatment (Figures 7B

and 7C). Similarly, compared with aged Igfbp2fl/fl littermates,

Igfbp2Tg mice showed decreased ECM markers—collagen-1,

fibronectin, and vimentin—together with decreased P21 expres-

sion in the lungs at 14 days after bleomycin injury (Figures 7D and

S10). Furthermore, quantitative RT-PCR analysis of AEC2 cells

from aged Igfbp2Tg mice showed downregulation of SASP

factors, namely Il-1b, Tnf-a, Mcp-1, Stat6, and Il-4, compared

with aged Igfbp2fl/fl littermates challenged with bleomycin treat-

ment, indicating abrogation of pulmonary fibrosis (Figure 7E).

Multicolor histological examination of aged Igfbp2Tg mice

revealed significantly decreased g-H2AX staining in AEC2 cells

after bleomycin injury (Figures 7F and 7G). Overall, these data

strongly suggest that senescence markers, SASP factors, and

ECM markers were substantially ameliorated in Igfbp2Tg mice

and demonstrate the functional importance of IGFBP2 in the

context of bleomycin-induced lung fibrosis.

Alveolar IGFBP2 expression was diminished in patients
with IPF and IPF-PAH
To decipher the role of IGFBP2 in the pathogenesis of IPF and

related subtypes, we performed transcriptomic expression

studies in primary AEC2 cells isolated from fibrotic lung regions

of patients with IPF and non-IPF (COPD or HP) patients

(Table S1). In this cohort (n = 43), the median (interquartile range)

age of patients with IPF was 66 years (ranged from 60 to 71.8

years), patients with COPD was 66 years (62.5–70.5 years),

and patients with HP was 60.5 years (57–71 years), respectively.

We found statistically significant differences of IGFBP2 expres-

sion in AEC2 cells between non-IPF (COPD or HP) patients

and patients with IPF (p < 0.01). Further analysis showed that

IGFBP2 expression is significantly lower in patients with IPF

compared with either patients with COPD (p < 0.05) or HP
(C) Representative images of Sirius red (top) andMason’s trichrome (middle) stain

trichrome (below) staining from lung sections at day 28. Scale bars, 50 mm (top a

(D) Total lung hydroxyproline content was quantitated 28 days after bleomycin t

ANOVA with Tukey’s post-hoc test.

(E) Survival of mice 28 days after intranasal treatment of IGFBP2 presented as lin

Meier analysis using log-rank test.

(F) Representative immunohistochemically stained lung images of fibronectin fro

50 mm (top and middle) and 1 mm (below).

(G) Western blot for the expression of P21 and fibronectin 14 days after bleomyc

(H) Representative multicolor immunohistochemistry-stained lung images of SPC

per group). Black arrowheads indicate the double-positive AEC2 cells. Scale bar

(I) Bar graph showing the percentages of double-positive P21 and SPC AEC2 cell

ANOVA with Tukey’s post-hoc test.
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(p < 0.01) (Figure 8A). Compared with patients with IPF with

non-smoking history, IGFBP2 mRNA expression was not

significantly altered in patients with IPF with smoking history

(Figure 8B). Pulmonary hypertension and type 2 diabetes are

common and significant comorbidities associated with IPF.32

Therefore, we examined the alveolar IGFBP2 relationship be-

tween patients with IPF and in combination with type 2 diabetes

or PAH. No statistical significance was observed in alveolar

IGFBP2 expression between patients with IPF alone compared

with those with IPF and coexisting with patients with type 2

diabetes (Figure 8C). In contrast, IGFBP2 mRNA expression in

AEC2 cells was significantly lowered in patients with IPF in

combination with PAH (IPF-PAH) compared with IPF alone

(Figures 8D and S11). Consistent with the mRNA levels of

IGFBP2 expression in AEC2 cells, multicolor immunohistochem-

ical analyses confirmed significantly decreased protein expres-

sion of IGFBP2 in AEC2 cells of fibrotic lung regions in patients

with IPF compared with healthy controls (Figures 8E and 8F;

Table S2). Overall, these results imply that the loss of IGFBP2

in AEC2 cells of patients with IPF compared with patients with

COPD or HP is associated with pulmonary hypertension.

DISCUSSION

Enhanced alveolar epithelial progenitor cell senescence has

been linked to age-related and end-stage IPF. However, the

mechanisms driving AEC2 senescence remain unclear. In this

study, we demonstrated that loss of IGFBP2 specifically in

AEC2 cells leads to P21 and phospho-H2AX-mediated senes-

cence and thus promotes persistent lung fibrosis. Our findings

provide evidence that inactivation of transcription factor PPARa

results in the loss of IGFBP2 expression in aged mice after low-

dose bleomycin lung injury. Moreover, intranasal treatment with

IGFBP2 recombinant protein attenuated bleomycin-induced

pulmonary fibrosis in aged mice. Transgenic aged mice that

express human Igfbp2 specifically in AEC2 cells showed

reduced senescence, SASP factors, and collagen deposition

and improved pulmonary fibrosis after bleomycin lung injury.

Notably, low transcript levels of IGFBP2 were found in the

AEC2 cells obtained from fibrotic lung lesions of patients with

IPF and IPF-PAH compared with non-IPF (COPD or HP) patients.

Dysregulated AEC2 cells have been intimately linked to the

pathogenesis of IPF.33 In a paracrine manner, injured AEC2 cells

are the prime signaling partners for the activation of fibroblasts.34

In addition, recent studies suggest a critical link between the IGF
ing from lung sections at day 28. Representative whole lung images of Mason’s

nd middle) and 1 mm (bottom).

reatment and represented as bar graph (n = 4 per group). *p < 0.05, one-way

e graph (n = 10 mice per group). Animal survival was assessed by the Kaplan-

m aged WT mice 28 days after bleomycin injury (n = 6 per group). Scale bars,

in injury (n = 4 per group). b-Actin served as internal control.

(red) and P21 (brown) from aged WTmice 14 days after bleomycin injury (n = 8

s, 50 mm.

s that were quantified. Data are mean ± SEM. *p < 0.05, ****p < 0.001, one way



Figure 7. Effects of aged human Igfbp2 transgenic mice challenged with bleomycin treatment

(A) Line plot showing the change in body weights of aged (36 weeks) WT and human Igfbp2 transgenic (Tg) mice subjected to intratracheal administration of

bleomycin treatment (0.75 U/kg bodyweight) (n = 7 Igfbp2 fx/fx; n = 7 Igfbp2 Tg). ***p < 0.001 and **p < 0.01, two-way ANOVA.

(B) Sirius red (top)- or Mason’s trichrome (middle)-stained lung sections and whole-lung images (trichrome; below) of aged Igfbp2 fx/fx and human Igfbp2 Tgmice

28 days after intratracheal administration of bleomycin treatment. Scale bars, 50 mm (top and middle) and 1 mm (below) (n = 8 Igfbp2 fx/fx; n = 8 Igfbp2 Tg).

(C) Total lung collagen content measured by hydroxyproline assay in aged Igfbp2 fx/fx and human Igfbp2 Tg mice 28 days after intratracheal administration of

bleomycin treatment (n = 4 Igfbp2 fx/fx; n = 8 Igfbp2 Tg). **p < 0.01 and *p < 0.05, one way ANOVA with Tukey’s post-hoc test.

(D) Western blot for the expression of IGFBP2, P21, collagen-I, fibronectin, and vimentin (n = 6 Igfbp2 fx/fx; n = 8 Igfbp2 Tg).

(E) qPCR analysis for mRNA expression of tumor necrosis factor a (TNF-a), IL-1b, MCP-1, IL-6, STAT3, STAT6, and IL-4 in aged WT and human Igfbp2 Tg mice

14 days after intratracheal administration of bleomycin. Each sample is obtained from 4mice lungs (n = 6 Igfbp2 fx/fx; n = 6 Igfbp2 Tg). ****p < 0.0001, ***p < 0.001,

**p < 0.01, and *p < 0.05. Student’s unpaired two-tailed t test.

(F) Representative double-color immunohistochemistry-stained lung images of SPC (green) and phospho-H2AX (brown) expression from aged Igfbp2 fx/fx and

Igfbp2 Tg mice 28 days after bleomycin injury. Black arrowheads indicate the double-positive AEC2 cells. Scale bars, 10 mm.

(G) Bar graph showing the percentages of double-positive p-H2AX and SPC AEC2 cells that were quantified. Data are mean ± SEM. NS, not significant;

****p < 0.001, one way ANOVA with Tukey’s post-hoc test.

(H) Schema represents molecular regulation of IGFBP2 signaling involving senescence in the AEC2 cells of the aged lung.
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system and pulmonary fibrosis.35 We and others have previously

highlighted the crucial role of IGFBP5 in the pathogenesis of

IPF.36,37 Present study findings demonstrate suppressed levels
of IGFBP2 expression in AEC2 cells both in aged mice and in

humans with lung fibrosis. Decreased expression of IGFBP2

specifically in AEC2 cells of aged fibrotic lungs may seem
Cell Reports Medicine 4, 100945, March 21, 2023 11



Figure 8. IGFBP2 expression was suppressed in the primary AEC2 cells of fibrotic lungs obtained from patients with IPF

(A) IGFBP2mRNA expression was determined by qPCR in the primary AEC2 cells isolated from fibrotic lung regions of patients with IPF (n = 27) compared with

patients with COPD (n = 9) or HP (n = 5). *p < 0.05 and **p < 0.01, one-way ANOVA with Tukey’s post-hoc test.

(B) IGFBP2 mRNA expression in primary AEC2 cells obtained from patients with IPF with smoking history (n = 19) compared with patients with IPF with non-

smoking history (n = 6).

(C) IGFBP2 mRNA expression in primary AEC2 cells obtained from patients with IPF with type 2 diabetes (n = 4) compared with patients with IPF with no type 2

diabetes (n = 7).

(D) IGFBP2mRNA expression determined by qPCR in the primary AEC2 cells obtained from patients with IPF with pulmonary hypertension (MPAPR 25 mmHg)

(n = 13) compared with patients with IPF with no pulmonary hypertension (n = 14). MPAP, mean pulmonary artery pressure.

(E) Representative multicolor immunohistological staining of SPC and IGFBP2. Arrows indicate examples of SPC-positive and IGFBP2-positive cells. Staining

was performed with lung sections from 2 healthy controls and 2 patients with IPF.

(F) Quantification of percentages of double-positive cells for SPC and IGFBP2 in the fibrotic lung regions of patients with IPF and donor (healthy) controls. Data are

expressed as mean ± SEM. NS, not significant; *p < 0.05, **p < 0.01, and ****p < 0.0001, Student’s unpaired two-tailed t test.
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counterintuitive to a recent report showing higher levels of circu-

lating IGFBP1 and IGFBP2 in the serum of patients with IPF.38

However, the elevated serum levels of IGFBP2 in patients with

IPF may be reasoned due to aberrant secretion by immune cells

eliciting an immune response or other comorbid factors such as

lung to liver interactions involving a systemic disease. A recent

single-cell RNA sequencing dataset from IPF cell atlas shows

higher transcript levels of IGFBP2 in AEC2 cells of patients

with IPF or interstitial lung disease (ILD). This discrepancy might

be due to AEC2 heterogeneity in distinct stages of fibrotic lungs

and limitations of single-cell RNA (scRNA) sequencing including

bias of transcript coverage.39,40 Alternatively, a recent study

demonstrating upregulation of IGF1 in the fibrotic lung tissue of

patients with IPF41 suggests that lower levels of IGFBPs may

be regulating IGF-dependent and -independent effects and is a

subject of further investigation.

Fibrosis has been strongly linked to senescence in the lung.8

Primarily, cellular senescence is an evolutionarily selected pro-

cess that counteracts early-life cancer.13 In the first instance,

senescence may act as a protective response by limiting

proliferation, but studies have shown that accumulation of

senescence is the key pathogenic mechanism that drives the
12 Cell Reports Medicine 4, 100945, March 21, 2023
development of pulmonary fibrosis.8,42 Advanced age is the

predominant risk factor for age-related pathologies and, impor-

tantly, for the development of pulmonary fibrosis.43 Recent

studies utilize aged mice as an improved model for IPF.44 In

line with this, we confirm that challenging aged mice with low-

dose bleomycin or Ad-TGF-b1 injury resulted in non-resolving

lung fibrosis.

Alveolar epithelial cell senescence is evident in IPF and in a

variety of experimental models of lung fibrosis.45 Development

of senescence biomarkers and senolytic drugs is an active

area of research for age-related diseases. New therapeutic tar-

gets directed toward AEC2 senescence are therefore urgently

needed. In this study, we show that silencing Igfbp2 in mouse

lung epithelial cells increased P21 levels in response to multiple

fibrotic stimuli. Similarly, lentiviral-mediated expression of Igfbp2

decreased both P21 and g-H2AX levels and reduced SA b-gal

activity in response to both hypoxia and bleomycin stimuli.

Consistently, recent reports demonstrated upregulation of P21

expression in human lungs with IPF compared with donor

lungs.45,46 In this study, we speculate that IGFBP2 controlling

P21 expression may involve a network of genes that include

Wnt/b-catenin signaling.47,48 Other studies show that IGFBP2
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is detected in the nuclei and that such nuclear translocation is

mediated by a functional nuclear localization signal sequence.49

In agreement with this, we show that upregulated IGFBP2

expression in the nuclear fraction is relative to the cytosolic frac-

tion in mouse lung epithelial cells and that IGFBP2 regulates P21

expression after hypoxia and bleomycin stimuli.

Transcription factor PPARawas reported to upregulate the pro-

moter activity of Igfbp2 in metformin-treated primary hepato-

cytes.30 In the current study, we demonstrated that PPARa was

not only associatedwith but also transcriptionally regulates Igfbp2

expression in the context of lung injury. Moreover, reduced levels

of Ppara were confirmed in AEC2 cells of patients with IPF. It is

possible that transcription factors other than PPARa may be

involved in the regulation of IGFBP2 expression and awaits further

investigation. Given the pleiotropic effects and diverse roles of

PPARa, its therapeutic potential needs to be elucidated in future

studies.

Previous studies have shown that AEC2 cells undergo senes-

cence and secrete pro-fibrotic mediators in bleomycin-induced

pulmonary fibrosis.50 In this study, we showed that intranasal

delivery of IGFBP2 suppressed important fibrotic genes—Tgfb1

and Nox4—and the senescence gene Cdkn1b, encoding P27

in AEC2 cells of aged mice after bleomycin lung injury. These

findings indicate potential regulation between IGFBP2, TGF-b1,

and NOX4 in lung fibrosis. We further observed downregulation

of senescent markers—Cdkn1a, encoding P21, Pai-1, Irf-5, Irf-7,

and Tp53bp1—in aged human Igfbp2 transgenic mice compared

with aged wild-type mice challenged with bleomycin treatment.

Interestingly, a recent report showed that interferon-regulated

members—IRF-5 and IRF-7—induce senescence in immortal

fibroblasts.51 Another report showed increased P53BP1-positive

foci in the development of radiation-induced lung injury.52 Impor-

tantly, emerging evidence suggests that DNA damage-induced

P21 expression increasing to stable levels allows the cell to

permanently exit the cell cycle and undergo senescence or

apoptosis.11,53 Cellular senescence is also accompanied by a

pro-inflammatory phenotype, termed SASP. Specifically, we

show significant downregulation of established SASP compo-

nents—Tnf-a, Il-1b, Mcp-1, and Stat6—in AEC2 cells expressing

human Igfbp2 in response to bleomycin injury. Although

interleukin-4 (IL-4) was upregulated, recent reports suggest that

IL-4 plays a dichotomous role in pulmonary fibrosis.54,55 These

data support the concept that IGFBP2 inhibits P21 and g-H2AX-

mediatedsenescenceandSASP factors inAEC2cells and thereby

prevents lung fibrogenesis (Figure 7H). In addition, the ability of re-

combinant IGFBP2 to reduce bleomycin-induced lung fibrosis in

aged mice provides important insights about the therapeutic po-

tency of IGFBP2 for patients with IPF.

To translate our in vitro and in vivo findings to human lung

disease, we determined that IGFBP2 mRNA levels were signifi-

cantly lower in AEC2 cells from patients with IPF compared

with patients with either COPD or HP. Furthermore, IGFBP2

mRNA expression was significantly lowered in AEC2 cells from

patients with both IPF and PAH compared with patients with

IPF alone. There are some limitations to this study. Patients

were studied from a single center with end-stage IPF. This

limited our ability to comprehend the earliest levels and functions

of IGFBP2 in the pathogenesis of IPF.
In conclusion, we identified an antifibrogenic role of IGFBP2

and demonstrated that the localized presence of IGFBP2 regu-

lates P21 and g-H2AX-mediated senescence in an AEC2-cell-

specific manner with implications for the treatment of IPF.

Limitations of the study
Our study demonstrated that loss of IGFBP2 specifically in AEC2

cells mediates senescence through PPARa and the P21 axis and

promotes persistent lung fibrosis. Furthermore, intranasal deliv-

ery of recombinant IGFBP2 protein attenuated lung fibrosis after

bleomycin injury in aged mice. However, there are limitations in

this study that readers should keep in mind. First, IGFBP2 as a

therapeutic agent to delineate late or established lung fibrosis

in an aged mice setup has not been addressed. Similarly, the

senescence super array used was a targeted array that might

not have covered all the relevant genes contributing to cellular

senescence, but this approach provides higher sensitivity and

reproducibility within the pathway of genes examined. Second,

patient samples used in our study were from a single center

cohort with end-stage IPF. Future studies need to preferentially

explore cellular interactions mediated by prolonged senescence

and its regulation by IGF signaling members in the pathogenesis

of lung fibrosis.
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human IGFBP2 recombinant protein R&D Systems Cat# 797-B2-025

Bleomycin EMD Millipore Cat# 203401

DMSO Sigma- Aldrich Cat# D8418

4% PFA Santa Cruz Cat# sc-281692

DMEM/F12 Gibco Cat# 11-320-033

Plasmocin invivogen Cat# ant-mpp

Collagenase type 1 Worthington Biochemical Cat# LS004197

Dispase Corning Cat# 354235

Green chromogen Leica Cat# DC9913

Bond polymer refine system Leica Cat# DS9800

BondTM Primary antibody diluent Leica Cat# AR9352

BOND Epitope Retrieval Solution 1 Leica Cat# AR9961

BOND Epitope Retrieval Solution 2 Leica Cat# AR9640

Wash solution 10X concentration Leica Cat# AR9590

BOND Universal Covertile Leica Cat# S21.4611

Tween-20 Sigma- Aldrich Cat# P9416

PVDF membrane EMD Millipore Cat# IPVH00010

SuperSignalTM Pico or Femto substrate Thermo Fisher Scientific Cat# 34095

RIPA buffer Thermo Fisher scientific Cat# 89901

Igfbp2 Life science technology Hs01040719_m1

18S rRNA Life science technology Hs99999901_s1

Ppara Life science technology Mm00440939_m1 and Hs00231882_m1

Igfbp2 siRNA Horizon Discovery L-062198-01-0005

Ppara siRNA Santa Cruz sc-36308

Critical commercial assays

High-Capacity RNA-to-cDNATM Kit Thermo Fisher scientific Cat# 4387406

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

TaqManTM Fast Advanced Master Mix Thermo Fisher scientific Cat# 44-445-56

Hydroxyproline assay Cell Biolab Cat# STA-675

Beta-galactosidase activity assay Biovision Cat# K821- 100

RT2 profiler PCR assay Qiagen Cat# PAMM-050ZC-6

IGFBP2 ELSA assay R&D systems Cat# DY797

BCA protein assay Thermo Fisher Scientific Cat# 23227

Experimental models: Cell lines

MLE-12 ATCC CRL-2110

Experimental models: Organisms/strains

Igfbp2flx/flxtransgenic mouse Leeds University

Sftpc-CreERT2 The Jackson Laboratory RRID#IMSR_JAX:028054

C57BL6/J The Jackson Laboratory RRID#IMSR_JAX:000664

Oligonucleotides

IL-1bCCH PrimerBank ID 6680415a1 50-GCAACTGTTCCTGAACTCAACT-30

and 50-ATCTTTTGGGGTCCGTCAACT-30

IL-4 PrimerBank ID 10946584a1 50- GGTCTCAACCCCCAGCTAGT-30

50- GCCGATGATCTCTCTCAAGTGAT-30

IL-6 PrimerBank ID 13624311a1 50-TAGTCCTTCC-30

50-TACCCCAATTTCC-30

MCP-1 PrimerBank ID 6755430a1 50- TTAAAAACCTGGATCGGAACCAA-30

50- GCATTAGCTTCAGATTTACGGGT-30

STAT-3 PrimerBank ID 13277852a1 50- CAATACCATTGACCTGCCGAT-30

50- GAGCGACTCAAACTGCCCT-30

STAT6 PrimerBank ID 6678155a1 50- CTCTGTGGGGCCTAATTTCCA-30

50- CATCTGAACCGACCAGGAACT-30

TNF-a PrimerBank ID 7305585a1 50- CCCTCACACTCAGATCATCTTCT-30

50- GCTACGACGTGGGCTACAG-30

Software and algorithms

ImageJ 1.53t FIJI https://imagej.nih.gov/ij/

Graphpad Prism 9.0 Graphpad software LLC https://www.graphpad.com
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Angara

Sureshbabu (suresh.angara@nortonthoracic.org).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human lung tissues
The study protocol was approved by the local ethics committee under the St. Joseph’s Hospital and Medical Center Institutional Re-

viewBoard. All enrolled patients have provided informed consent (IRB# PHX-21-500-138-73-18) and approval was obtained from the

respective local ethical committees for medical research.
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Individuals with IPF, ILD, COPD or HP were enrolled for lung transplantation procedure. The explant lung tissues were obtained

during the above surgery procedure. All individuals whowere enrolled for lung transplant surgery have respiratory illness andmajority

of them were undertaking generic medication for hypertension, diabetes or gastroesophageal reflex disease. Healthy control tissues

were obtained from excess donor lungs. For middle age purposes, individuals% 45 years of age were excluded from this study. The

details of patient demographics and clinical characteristics in each group were provided in Tables S1 and S2.

Cell culture
MLE-12 (mouse lung epithelial) cell line was obtained from A.T.C.C. (American Type Culture Collection, Rockville, Maryland, USA),

and cultured in DMEM/F12 medium (Gibco) enriched with 2% fetal bovine serum (Gibco) and 50 mg/ml plasmocin (Invivogen) in a

humidified atmosphere with 5% CO2 at 37
�C.

A corresponding Sftpc-cre mouse line was obtained from Jackson Laboratories (RRID#IMSR_JAX:028054). To induce homolo-

gous recombination byCreERT2, 5 consecutive intraperitoneal tamoxifen injections (0.45mg/kg bodyweight) were given at 36weeks

old male or female mice.

Animals
Aged 18-month-old (78 weeks old or greater) C57BL/6J (RRID#IMSR_JAX:000664) mice were obtained from the Jackson Labora-

tories (Bar Harbor, Maine, USA). Human-Igfbp2 tamoxifen inducible transgenicmicewere generated byDrs. Kearney andWheatcroft

(Leeds University, United Kingdom), and were purchased from Genoway (Lyon, France). Animals were housed under pathogen-free

conditions with food and water ad libitum. All experiments and procedures were approved by the Institutional Animal Care and Use

Committee at St. Joseph’s Hospital and Medical Center (Phoenix, Arizona).

METHOD DETAILS

Generation of SFTPC-cre-ERT2-human-Igfbp2 transgenic mice
Surfactant protein C (Sftpc)-cre hIgfbp2flox (human Igfbp2 knocked into the ROSA26 locus flanked by a floxed STOP codon) was

generated by crossing a mouse line expressing tamoxifen-inducible cre under control of the AEC2 cell-specific promoter Sftpc

with human-Igfbp2flox. The primer sequences for genotyping the Igfbp2Cre transgene were 50- ACACCGGCCTTATTCCAAG-30,
50- TGCTTCACAGGGTCGGTAG-30, 50-TGCTTCACAGGGTCGGTAG-30. The band was observed at 210 bp for the Sftpc-CreERT2

and 327 bp band for the wild type. Igfbp2LoxP allele was detected by amplifying a 245 bp for the homozygous Igfbp2 and a

778 bp band for the wild type (Figures S7A and S7B). The following primer sequences used for Igfbp2Loxp were

50-CTCCCAAAGTCGCTCTGAGTTGTTATCA-30, 50-CGATTTGTGGTGTATGTAACTAATCTGTCTGG-30 and 50- GCAGTGAGAAGA

GTACCACCATGAGTCC-30 respectively.

Bleomycin-induced pulmonary fibrosis
Aged (78–82weeks older) male and female C57BL/6Jmice received intratracheal bleomycin (1 U/kg bodyweight) (Catalog # 203401;

EMD Millipore, Burlington, Massachusetts, USA) or normal saline as previously described.56 To study the molecular signaling of

IGFBP2, aged (36 weeks or greater) human-Igfbp2 transgenic mice and corresponding littermates (flox) mice received intratracheal

instillation of bleomycin (0.75 U/kg body weight) or saline. After the instillation, the anesthetized mice were kept on a warm bed for

recovery. The experimental animals were monitored daily for adverse clinical signs, including body weight, appearance, hydration

status, and any behavioral changes.

Adenoviral TGFb1 induced pulmonary fibrosis
Aged (78–82 weeks older) male and female C57BL/6J mice received intratracheal null adenovirus (Catalog # 1240; Vector Biolabs) or

adenovirus-TGFb1 (Catalog # ADV-274099; Vector Biolabs) as previously described.57 Mice received 5.0 3 108 pfu of adenovirus-

TGFb1 or adenovirus-null and were sacrificed by day 28 under ketamine/xylazine anesthesia.

Intranasal instillation of recombinant IGFBP2 protein, in vivo

Single dose of normal saline or bleomycin was administered intratracheally to each group of aged mice. Following bleomycin injury,

recombinant IGFBP2 protein (Catalog# 797-B2-025; R&DSystems), containing surfactant (Curosurf�; Chiesi Farmaceutici, Italy) was

delivered intranasally every 3 days and euthanized 14 and 28 days later. Curosurf was used as a delivery vehicle to AEC2 cells in the

context of lung injury.58

Isolation of primary murine or human AEC2 cells
AEC2 cells were isolated from murine or human lungs as previously described with slight modifications.59 Briefly, Sftpc-Cre-ERT2-

human-IGFBP2flox transgenic mice and corresponding littermate’s mice were sacrificed after 14 days of bleomycin treatment, and

the lung was perfused with 30 ml of saline to remove the blood. Either murine or human lungs were digested using mixture of 1 mg/ml

of collagenase I and 5 U/ml of Dispase at 37�C for 25minutes. Lung cell suspensions were passed through 400 mmfilters (Pluriselect,

USA) and neutralized by equal volume of 20% FBS/DMEM (Invitrogen, USA) containing 200 U/mL DNase (Catalog # D-4527,
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Sigma-Aldrich). First, suspended cells were separated using CD45 MACS cell separation magnetic beads (Catalog # 130-052-301,

Miltenyi Biotec). Subsequent cell suspensions were sequentially filtered through 100-, 40-, 20 mmfilters (Pluriselect, USA). After filtra-

tion, cells were in MACS buffer and separated by EpCAM magnetic beads (catalog #130-105-958, Miltenyi Biotec). The resulting

CD45(-) EpCAM(+) population was enriched for AEC2 cells followed by flow cytometry and quantitative PCR analysis.

Short-term exposures of hypoxia and cigarette smoke treatment
Approximately 16 h before the exposure to hypoxia or cigarette smoke (CS) extract, 1 3 106 MLE-12 were seeded on to the 10 cm

dish. Subsequently, MLE-12 cells were transferred to the incubation chamber with 0.1% O2 and 5% of CO2 or cigarette smoke (CS)

extract (100 mg/ml) at regular incubation chamber for indicated time point exposures. After hypoxia or CS treatments, cells were

harvested for downstream experiments.

Long-term exposures of atazanavir and hypoxia treatment
Briefly, 13 106 MLE-12 were seeded on to the 10 cm dish. MLE-12 cells were pre-treated with Atazanavir (20 mM) for 1 h and trans-

ferred to incubation chamber with 0.1% O2 and 5% of CO2 for 72 h.

Short-term or long-term exposures of bleomycin treatment
Briefly, 1 3 106 MLE-12 cells were incubated with short (4 h) or chronic (6 day; 2 hit) bleomycin (10 mg/ml) exposures as previously

described.60 In chronic bleomycin exposure, cells were challenged to two, 24h exposures of low-dose bleomycin on days 1 and 4,

followed by 48 hr post-exposure incubation periods (6 days, two 24 h exposures on days 1 and 4). After short or chronic exposures,

MLE-12 cells were harvested for downstream experiments.

Cytosolic/ nuclear protein fractionation
1.0 3 107 MLE-12 cells in the 10 cm dish were exposed to the hypoxia condition for 4 and 24 hours, respectively. Cells were har-

vested, and resuspended with 1x cytosolic extraction buffer (10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl, 0.05% NP40 pH 7.9).

Then, cells were incubated on ice for 10 mins, and lysed with 25 ml Thermo ScientificTM RIPA Lysis and Extraction Buffer (Thermo

Fisher Scientific, catalog #89901) with protease and phosphatase inhibitor cocktails (Fisher Scientific, catalog #78445). The super-

natant was collected after centrifugation for 10 mins at 800xg. The pellet was washed twice with 1x cytosolic extraction buffer. The

pellet was lysed with 50 ml Thermo ScientificTM RIPA Lysis and Extraction Buffer and incubated on ice for 30 minutes by vortexing for

5-minute intervals. The nuclear fraction was collected from the supernatant after the centrifugation for 30 minutes at 14,000xg. The

cytosolic/nuclear fraction was detected by immunoblotting assay.

b-galactosidase activity assay
MLE-12 cells were seeded at 83105 cells per 10 cm dish at 37�C for overnight, and 20mM atazanavir (Sigma-Aldrich, catalog

#SML1796-5MG) was added two times at 24 h intervals. Simultaneously, MLE-12 cells were incubated in hypoxia (0.1%) for

96 h. Endogenous b-galactosidase activity was measured by the b-Gal Activity Assay Kit (BioVision, catalog# K821-100). Briefly,

MLE-12 cells were lysed using 100 ml ice cold b-Gal assay buffer for 15 min after atazanavir and hypoxia treatments for 96 h. Su-

pernatant was collected after centrifugation at 10,000 X g for 10 min at 4�C. About 10 ml of supernatant was used along with b-Gal

substrate and fluorescence was measured using Spectramax i3 fluorometer (Molecular Devices, Inc.) in kinetic mode for 5 –

60 min at 37 oC.

Lentivirus transduction
Briefly, 1x104 cells were mixed with mock or Igfbp2 lentivirus (catalog # MR204287L3V; OriGene Technologies) at MOI=80 in the

500 ml of 10 mg/ml polybrene/DMEM-F12. The mixture was plated on the 24-well plate and centrifuged at 900g for 2 hours at

25�C. After spinfection, the extra 500 mL of 2%FBS/DMEM-F12 were added dropwise onto the cells. The plate was incubated for

48 h at 37�C, and replaced themedium to 2% FBS/DMEM-F12. 0.5 mg/ml puromycin was used for the selection. The cells were lysed

and the IGFBP2 level was estimated by immunoblotting.

Senescence gene expression profiling
Cellular senescence gene expression profiling was performed using RT2 Profiler PCR Array (catalog #330231, Qiagen). AEC2 cells

were isolated from the lungs of normal saline or bleomycin treated mice. RNA was extracted as per the manufacturer instructions

described in RT2 first strand kit (catalog #330401, Qiagen). cDNA was combined with RT2 SYBR Green qPCR Master Mix (catalog

#330520, Qiagen), and DDCT was measured by StepOnePlusTM Real-Time PCR System (catalog #4376600, Thermo Fisher

Scientific). The further analysis and fold regulation were calculated based on the DDCT method using the GeneGlobe data analysis

web portal (www.qiagen.com/geneglobe) (Figures S8A, S8B, and S9A–S9D). The primers for senescence associated secretory

phenotype (SASP) genes were obtained from RealTime Primers (# OS1, realtime primers.com). The list of primer sequences for

the quantitative PCR for the SASP genes are listed in key resource table.
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Hydroxyproline assay
The collagen content was measured by hydroxyproline assay kit (catalog #STA-675, Cell Biolabs), and the experiment was

performed according to the manufacturer’s instructions. Briefly, mouse lung tissues were dried at 60�C overnight, and the dry

weights were recorded. The samples were hydrolysed by mixing the 6 N hydrochloric acid at 95�C for 24 hours. Then, a Chloramine

T mixture reagent is added to each sample and incubated for 30 minutes at room temperature. Finally, Ehrlich’s reagent is added to

each sample and the colorimetric 4-hydroxyproline absorbance was measured at 560 nm using BioTek plate reader (Agilent, United

States). Hydroxyproline content in each sample was calculated as ‘mg per mg lung tissue’.

Histology and multicolor immunohistochemistry
Murine lung samples were collected and fixed by using the standard protocols as previously described.61 Briefly, the paraffin-

embedded section was cut at 3mm thickness and both histological and immunohistochemical staining was performed by the Leica

Bond-Rx automated system (Leica, IL). The following antibodies, IGFBP2 (abcam ab188200, 1:2000), P21 (abcam ab188224, 1:200),

p-H2AX (CST 2577, 1:200), PPARa (LSBio LS-C312574, 1: 200) and proSPC (abcam ab211326, 1:2000) were used for immunohis-

tochemistry staining. The green chromogen (Leica DS9913) was used for prosurfactant protein C, while the bond polymer refine

system (Leica DS9800) was used for IGFBP2, P21, p-H2AX and PPARa protein expression. Images were acquired by the Nikon

Eclipse microscope coupled with NIS-Element imaging software.

Histological digital analyses
Fiji open source image processing software package v1.53c (http://fiji.sc) was used for the quantification of collagen (Sirius red and

Mason’s trichrome) measurements. Quantification of lung sections were performed in 10 different fields in a random fashion manner.

Immunoblotting
Total mouse lungs or MLE-12 Cells were lysed by RIPA Lysis Extraction Buffer (catalog #89901; Thermo Fisher Scientific) along with

protease and phosphatase inhibitors cocktail (catalog #78445; Thermo Fisher Scientific). Total protein concentrationwas determined

by Pierce BCAprotein assay reagent kit (catalog #23227; Thermo Fisher Scientific) according to themanufacturer’s protocol. 40 mg of

total protein was loaded and separated by SDS-polyacrylamide gel electrophoresis. The gel was transferred using a Mini Trans-Blot

cell (Biorad) to PVDF membrane (catalog #IPVH00010; EMD Millipore). Proteins were detected by mouse anti-IGFBP2 (R&D

Systems, catalog #MAB7971), anti-P21 (Abcam, catalog #ab188224), anti-b-actin (catalog #sc-47778HRP; Santa Cruz Biotech-

nology) and anti-histone H3 (catalog #4499; Cell Signaling Technology). Immunoblots were incubated with SuperSignalTM West

Pico or Femto Maximum Sensitivity Substrate (catalog #34095; Thermo Fisher Scientific).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical tests were analyzed using SPSS version 25.0 (IBM Corporation) or GraphPad Prism version 9.0 (GraphPad Software).

Statistical analysis was performed using 2-way ANOVA or 1-way ANOVA followed by Tukey’s post-hoc test for multi-group compar-

isons. Student’s unpaired two-tailed t-test was used to compare two groups. P value of less than 0.05 was considered statistically

significant.
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Supplementary Figures 

Figure S1 

 

  



S1. Related to Figure 1B. Low-dose bleomycin induces persistent lung fibrosis in aged mice. (A) Representative 

images of Sirius red stained lung sections of aged mice 28 or 50 days after intratracheal administration of bleomycin 

(1U/Kg body weight). Scale bars, 50 μm (top); 1 mm (bottom). (n = 8 WT saline; n = 8 WT bleomycin) (B) 

Quantification of Sirius red (left panel) and trichrome (right panel) staining positive areas (%) in aged mice after 

bleomycin challenge at 28 and 50 days. ****P < 0.001 one way ANOVA with Tukey post-hoc test. (C) Related to 

Figure 1C. Densitometric analysis of the Western blot images from Figure 1C. Quantification by densitometric 

analysis through normalization to β-actin, expressed as fold change relative to control. Data are shown as mean + 

s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s unpaired two-tailed t test. 

  



Figure S2 

 

 
  



S2. Related to Figure 1G. Flow cytometry staining for Surfactant protein-C (SPC) in primary murine AEC2 cells. 

(A) Total murine lung AEC2 cells were isolated using differential cell strainer (20 μm) and magnetic sorting 

(CD326/EpCAM) followed by staining with PE-SPC antibody. Live AEC2 cells were sorted based on their 

forward/side scatter profile. (B) Representative flow cytometric sorting of AEC2 cells based on single cell profile. 

(C) The expression level of SPC was revealed based on distinct fluorescence profiles of isotype control and PE-

stained AEC2 cells after overlay. Violet color indicates isotype control AEC2 cells; Green color indicates PE-SPC 

stained AEC2 cells. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  



Figure S3 

 

  



S3A – S3G. Related to Figure 3. Densitometric analysis of the Western blot images from Figures 3A – 3G. The 

quantification by densitometric analysis through normalization to β-actin or Tubulin or Histone H3, expressed as 

fold change relative to control. Data are shown as mean + s.e.m. NS, not significant; one-way ANOVA with Tukey 

post-hoc test (for multiple comparisons) or Student’s unpaired two-tailed t test (for two comparisons). *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001. 

  

  



Figure S4 

 

 



S4A – S4E. Related to Figure 4. Densitometric analysis of the Western blot images from Figures 4A – 4E. The 

quantification by densitometric analysis through normalization to β-actin or Tubulin or Histone H3, expressed as 

fold change relative to control. Data are shown as mean + s.e.m. NS, not significant; one-way ANOVA with Tukey 

post-hoc test (for multiple comparisons) or Student’s unpaired two-tailed t test (for two comparisons). *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001. 

  



Figure S5 

  
 
  



S5A – S5C. Related to Figure 5. Densitometric analysis of the Western blot images from Figures 5A – 5B. (A) 

Quantitative PCR analysis of Igfbp2 mRNA expression in MLE-12 cells treated with non-targeting or Ppara siRNA. 

(B - C) Densitometric analysis of the Western blot images from Figures 5A – 5B. The quantification by 

densitometric analysis through normalization to β-actin, expressed as fold change relative to control. Data are shown 

as mean + s.e.m. NS, not significant; one-way ANOVA with Tukey post-hoc test (for multiple comparisons) or 

Student’s unpaired two-tailed t test (for two comparisons). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 

  



Figure S6 

 

  



S6. Cellular senescence gene profiling in primary AEC2 cells of aged wild-type mice treated with recombinant 

IGFBP2 protein after bleomycin injury. (A) Scatter plot showing the RT2 Profiler PCR Array for 84 genes related to 

cellular senescence pathways performed in the primary AEC2 cells of aged WT mice exposed to bleomycin treated 

with or without recombinant IGFBP2, containing curosurf by intranasal instillation at 14 days. (B) Table showing 

the list of fold change upregulated and down regulated genes in the primary murine AEC2 cells. (n = 3 bleomycin; n 

= 3 bleomycin + IGFBP2) (C) Related to Figure 6. Densitometric analysis of the Western blot images from Figure 

6F. The quantification by densitometric analysis through normalization to β-actin, expressed as fold change relative 

to control. Data are shown as mean + s.e.m. *P < 0.05, ***P < 0.001, ****P < 0.0001, one-way ANOVA with 

Tukey post-hoc test. 

  



Figure S7 

 

  



S7. Related to Figure 7A – 7G. Validation of Igfbp2 transgenic mice. (A) Genotyping of Igfbp2 transgenic mice (B) 

Immunohistochemistry of lung sections from Igfbp2 fx/fx and Igfbp2 Tg mice showing IGFBP2 staining in AEC2 

cells after tamoxifen administration. Scale bars, 50 μm. Black arrowheads highlight IGFBP2 expression in AEC2 

cells. 

  



Figure S8 

 

 
  



S8. Related to Figure 7. Cellular senescence gene profiling in lungs of aged Igfbp2 floxed mice subjected to 

bleomycin injury. (A) Scatter plot showing the RT2 Profiler PCR Array for 84 genes related to cellular senescence 

pathways performed in the lungs of aged Igfbp2 floxed mice subjected to low-dose bleomycin injury. Red dots 

indicate upregulated genes; black dots indicate no change; blue dots indicate downregulated genes. (B) Table 

showing the list of fold upregulated and down regulated genes in the total lungs challenged with bleomycin 

compared to normal saline (n = 3 saline control; n = 3 bleomycin). 

  



Figure S9 

 

 

  



S9. Related to Figure 7. Cellular senescence gene profiling in primary AEC2 cells of aged wild-type and human-

Igfbp2 transgenic mice (A) Scatter plot showing the upregulated and downregulated genes relevant to senescence 

pathway in primary AEC2 cells from aged wild-type mice after 14 days of low-dose bleomycin treatment. (B) Table 

showing the list of relevant fold regulated genes with gene symbol. (C) Scatter plot showing the upregulated and 

downregulated genes relevant to senescence pathway in primary AEC2 cells from aged human-Igfbp2 transgenic 

mice after 14 days of low-dose bleomycin treatment. Yellow dots indicate upregulated genes; black dots indicate no 

change; blue dots indicate downregulated genes. (D) Table showing the list of fold regulated genes with gene 

symbol. + indicates upregulated genes; - indicates downregulated genes. (n = 3 Igfbp2 fx/fx; n = 3 Igfbp2 Tg) 

  



Figure S10 

 

  



S10. Related to Figure 7. Densitometric analysis of the Western blot images from Figure 7D. The quantification by 

densitometric analysis through normalization to β-actin, expressed as fold change relative to control. Data are shown 

as mean + s.e.m. **P < 0.01, ***P < 0.001, ****P < 0.0001, Student’s unpaired two-tailed t test. 

  



Figure S11 

 

 

  



S11. Related to Figure 8. IGFBP2 mRNA expression determined by qPCR in the primary AEC2 cells obtained from 

fibrotic lung regions of IPF patients with pulmonary hypertension (MPAP < 30 mmHg) as compared to IPF patients 

with pulmonary hypertension (MPAP > 30 mmHg). Data are shown as mean + s.e.m. **P < 0.01, Student’s unpaired 

two-tailed t test. 
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