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Idiopathic pulmonary fibrosis (IPF) is an age-associated lung disease of unknown etiology that is charac-
terized by exaggerated deposition of extracellular matrix (ECM), leading to distorted lung architecture,
respiratory failure, and death. There are no truly effective treatment options for IPF, thus highlighting
the importance of exploring new pathogenic mechanisms that underlie the development of fibrosis
and of identifying new therapeutic targets. Insulin-like growth factors (IGFs) are known to be pro-fibrotic.
However, the ubiquity and essentiality of IGF receptor signaling in normal physiology limit its potential as
a direct therapeutic target. In a recent study, we found a highly significant correlation between expression
of pregnancy-associated plasma protein (PAPP)-A in human IPF lung tissue and disease severity. PAPP-A is
a unique metalloprotease that enhances local IGF action. In vitro studies support a role for proteolytically
active PAPP-A in promoting a fibrotic phenotype in adult human lung fibroblasts. Here, we show that
PAPP-A is preferentially expressed in mouse lung fibroblasts and that inhibition of PAPP-A in vivo through
PAPP-A gene deletion or a specific neutralizing monoclonal antibody against PAPP-A markedly reduced
the progression of bleomycin-induced lung fibrosis, as measured by significantly decreased ECM expres-
sion and improved lung histology. Surrogate markers of local IGF receptor activity in the lung were also
significantly reduced, indicating indirect modulation of IGF signaling through PAPP-A. These results
establish a role for PAPP-A in pulmonary fibrosis and point to PAPP-A as a selective and pharmacologically

tractable target for IPF and possibly other fibrotic disorders.

Introduction

Pulmonary fibrosis is a component of many interstitial lung dis-
eases, including idiopathic pulmonary fibrosis (IPF). IPF is an irre-
versible, progressive lung disease of unknown etiology most
commonly seen in older adults. This debilitating fibrosis is the
result of repetitive alveolar epithelial cell injuries coupled with
an unresolved process of wound healing'%. Multiple microsites
of ongoing epithelial injury induce the migration and prolifera-
tion of fibroblasts and their transformation into myofibroblasts.
Myofibroblasts are specialized fibroblasts that exhibit a contrac-
tile phenotype, contributing to altered compliance of the lung>*.
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®. There are no truly effective treatment options,
and patients with IPF have a median survival of less than three
years from diagnosis'®®. Therefore, it is important to explore
new pathogenic mechanisms underlying the development of

fibrosis, and to identify potential therapeutic targets for this
deadly disease.

In a recent study, we found a highly significant correlation
between pregnancy-associated plasma protein (PAPP)-A expres-
sion levels in human IPF lung tissue and disease severity as mea-
sured by various pulmonary and physical function tests®. These
data suggested a newly identified role for PAPP-A in pulmonary
fibrosis. PAPP-A is a metalloproteinase that enhances local insu-
lin-like growth factor (IGF) activity through the cleavage of inhibi-
tory IGF-binding proteins, mainly IGFBP-4'°"3, There are multiple
studies linking the IGF system with normal and aberrant wound
healing in several tissues, including the lung. IGF-I stimulates pro-
liferation of fibroblasts, protects myofibroblasts from apoptosis,
and promotes ECM accumulation—all processes associated with
fibrosis of the lung'*°. Blockade of IGF-I receptor (IGF-IR) signal-
ing in vivo reduced bleomycin-induced lung injury'”-'%. However,
the ubiquity and essentiality of IGF-IR in normal physiology limit
its potential as a direct therapeutic target.

In this study, we used an in vivo model of lung injury—
bleomycin-induced lung injury in mice—an established model
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that produces many, but not all, aspects of human IPF'*%2, 1t is
widely used in mice to model pulmonary fibrosis for the study
of mechanisms involved in fibrogenesis. Herein, we present data
comparing the responses of wild-type (WT) and PAPP-A knockout
(KO) mice to intratracheal bleomycin administration. Inhibition
of PAPP-A expression represents an innovative approach to
decreasing IGF availability with moderate restraint of IGF-IR sig-
naling''. We have previously shown that inhibition of PAPP-A
through gene deletion in mice has many beneficial effects, includ-
ing a remarkable extension of lifespan by 30%-40% and suppres-
sion of atherosclerotic lesion progression®>**. Beneficial effects
were also seen when administering a monoclonal antibody in
vitro and in vivo that specifically inhibits PAPP-A-induced prote-
olysis of IGFBP-42>"2°_In this study, either PAPP-A gene deletion
or pharmacological inhibition of PAPP-A’s proteolytic activity
against IGFBP-4 significantly reduced bleomycin-induced lung
fibrosis in mice via reduced IGF signaling.

Material and Methods

Materials

Bleomycin was purchased from Meitheal Pharmaceuticals
(Chicago, IL). A preliminary dose-response study was performed
to determine a dose that induced fibrosis but did not result in
mortality.

Mice

All procedures were approved by the Institutional Animal Care
and Use Committee of the Mayo Clinic.

WT and PAPP-A KO mice were on a mixed C57BL/6 and
Sv129/E background. Heterozygous breeding and littermates
were used in experiments to minimize the potential impact of
different genetic backgrounds. Genotyping was performed at
weaning by PCR as described previously'®. Male and female
mice were studied at 4 and 12 to 15 months of age. Genotypes
were confirmed with tail-snip DNA collected at the end of the
experiment.

Bleomycin-induced lung injury

The standard chow diet was replaced by a breeder diet
(PicoLab, St. Louis, MO) starting two weeks prior to surgery in
order to increase body weight, and mice were maintained on this
diet for the duration of the experiment. Mice were anesthetized
with ketamine/xylazine before exposure to the trachea under
sterile conditions. Bleomycin (0.7 U/kg) or phosphate-buffered
saline (PBS; control) in 50 pl was administered intratracheally
while the mouse was hanging on a platform to aid in proper dis-
bursement to the lungs, as previously described®’. Mice were
monitored, weighed, and their body composition score (BCS)
recorded daily. Twenty-one days after bleomycin administration,
WT and PAPP-A KO mice were euthanized, lungs perfused with
PBS to remove any remaining blood, and the left lobe clamped
off with a ligation clip (Teleflex Medical, Morrisville, NC) to pre-
vent inflation of this lobe. A small nick was made between the tra-
cheal rings, and a cannula containing 10% buffered formalin was
inserted into the trachea. Once the lung was inflated, it was tied
off with 5-0 surgical silk. The lungs were then removed and
placed in a 50-ml conical tube containing 10% buffered formalin.
The left lobe was snap frozen in liquid nitrogen immediately after
the inflation of the right lobe. After 48 hours, fixed lung tissues
were transferred to 30% sucrose. After five days in sucrose, the
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lungs were embedded in an optimal cutting temperature (OCT)
compound and stored at —80 °C.

In a second strategy, aged WT mice were given weekly intraper-
itoneal (ip) injections (30 mg/kg) of a specific monoclonal
antibody that inhibits PAPP-A’s proteolytic activity against
IGFBP-4, mAb-PA1,/412>25, or isotype control (IgG2a, Bio X Cell).
mAb-PA1/41 was purified from serum-free culture medium using
a HiTrap Protein G column (Cytiva). The bound antibody was
eluted with 0.1 M glycine, pH 2.2, followed by immediate
neutralization with 1M Tris, pH 9. Further purification and buffer
exchange were performed on a Superdex TM 200 increase 10/300
GL column (Cytiva), equilibrated with endotoxin-free PBS
(137 mM NacCl, 10 mM Na,HPO,, 1.8 mM KH,PO,4, and 2.7 mM
KCl at pH 7.4). Treatment was started seven days after bleomycin
administration, and lungs were harvested as above at day 21.

Weight loss approaching 30% of the initial weight, a BCS of 1,
and/or signs of lethargy were clinical criteria for the euthanasia of
the mouse and the removal of their data from the study. Only two
male mice (1 WT, 1 KO) out of over 70 bleomycin-treated mice in
these studies reached the criteria for euthanasia before the day 21
endpoint. No PBS-treated control mice were lost.

Fluorescence-activated cell sorting

Lungs from sham or bleomycin-treated mice were enzymati-
cally digested for markers of epithelial cells, endothelial cells,
and fibroblasts, followed by RNA isolation and quantitative
real-time PCR (RT-qPCR) as previously described®’.

RT-qPCR

Total RNA was isolated from the pulverized left lobe of the lung,
lyzed with 1 ml of Trizol (Ambion Life Technologies, Carlsbad, CA),
and further processed as per the manufacturer’s instruction. It was
then reverse transcribed with the SuperScript Il First-Strand
Synthesis System (Life Technologies) and evaluated by RT-qPCR
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).
To create standard curves, designed primers were PCR’d with
c¢DNA from normal mouse tibia and quadriceps. Amplified PCR
products were purified through the QIAquick Gel Extraction Kit
(Qiagen Hilden, Germany), quantified, and serially diluted from
10® to 10° molecules. Relative quantification and fold changes
were based on the standard curve for each gene. Primers used
for mouse collagen (COL1al, COL3al), fibronectin (FN), IGFBP-5,
GAPDH, and TBP are listed in Table 1.

Western blot

Lung tissue was pulverized under liquid nitrogen temperatures,
and the powder was immediately placed in RIPA buffer with pro-
tease (complete mini tablet, Roche Diagnostics) and phosphatase
inhibitors (2 mM sodium orthovanadate, 10 mM sodium pyro-
phosphate, 40 mM beta-glycerolphosphate, and 10 mM sodium
fluoride). Samples were homogenized with a motorized tissue
grinder and pestle and sonicated for five seconds before centrifug-
ing to obtain supernatant, all at 4 °C. Samples were loaded on
7.5% TGX mini gels (BioRad), transferred to polyvinyl difluoride
filters membranes, blocked with 3% BSA/TBS-T, and placed in
primary antibody overnight at 4’C. Phosphorylated Akt (S473)
and total Akt (Cell Signaling Technology) were used at a
1:1000 dilution. Blots were washed with TBS-T, incubated with
goat anti-rabbit HRP conjugated secondary antibody at a



Table 1. Primers for quantitative real-time PCR.

Mus musculus collagen, type I, alpha 1 (m.Collal), NM_007742.4
Forward: cgatggattccegttcgagt
Reverse: cgatctcgttggatcectgg
197 bp
Mus musculus collagen, type III, alpha 1 (Col3al)
Forward: acgtagatgaattgggatgcag
Reverse: gggttggggeagtctagtg
154 bp

Mus musculus fibronectin 1 (Fnl), transcript variant X1 (m.EDA-FM),
XM_006495697.4

Forward: gaaggtttgcaacccactgt
Reverse: catcctcagggetegagtag
217 bp

Mus musculus insulin-like growth factor binding protein 5 (Igfbp5),
NM_010518.2

Forward: gaacactgcccaccccagag
Reverse: ccacgggagggcttacactg
195 bp

Mus musculus glyceraldehyde-3-phosphate dehydrogenase
(m.Gapdh), NM_008084.2

Forward: ttcaccaccatggagaagg
Reverse: ctegtggttcacacccate
111 bp
Mus musculus TATA box binding protein (m.TBP), NM_013684.3
Forward: ctcagttacaggtggcagca
Reverse: cagcacagagcaagcaactc

120 bp

1:5000 dilution (Jackson ImmunoResearch Laboratories, Inc.) for
one hour at room temperature, washed again, exposed to ECL
blotting substrate (Pierce/thermo scientific), imaged on an
Odyssey Fc imaging system, and bands quantified using
Empiria Studio Software (LI-COR).

Histology

OCT-embedded right lung lobes were sectioned to a thickness
of 8 um using an Epredia cryostat (model # HM525 NX) at
—26 °C. Slides were stained for H&E and Masson’s trichome
using reagents from Millipore-Sigma (St. Louis, MO) following
the manufacturer’s instructions. Analysis of the morphology
and histology was performed by a board-certified thoracic
pathologist (A.C.R.) who was blinded to the samples.
Quantitation employed an established scoring system to evalu-
ate the extent of fibrosis and staining in all four lobes®’. All
stained slides were systematically scanned at 100x magnifica-
tion, and successive 100x fields were scored. Scoring was based
on the following scales: 0 (no fibrosis), 1 (minimal interstitial
and/or peribronchiolar thickening due to fibrosis), 3 (moderate
thickening without obvious architectural distortion), 5
(increased fibrosis with the formation of fibrous bands and/or
small masses), and 7 (severe architectural distortion with large
areas of fibrosis with or without honeycomb changes). The pre-
dominant score for each field was recorded. The median score
for all fields (25-35 fields per lung) was calculated for
each mouse.
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Statistical analyses

Indicators of statistical significance were the unpaired
Student’s t-test and the Mann-Whiney nonparametric test, with
significance set at p < 0.05.

Results

PAPP-A expression in mouse lung cells

In a preliminary study, fluorescent-activated cell-sorted fibro-
blasts, epithelial cells, and endothelial cells were isolated from
the lung of mice following bleomycin administration®’. PAPP-A
was highly expressed in lung-derived fibroblasts, and this expres-
sion was increased approximately threefold with bleomycin
treatment. In comparison, there was little PAPP-A expressed in
lung-derived epithelial and endothelial cells even after bleomycin
treatment (Fig. 1). Thus, the data indicate that fibroblasts, consid-
ered the prime effectors of tissue scarring, are the main cell type
expressing PAPP-A in the mouse lung, and this expression is
increased with bleomycin-induced lung injury. We therefore
determined how the loss of PAPP-A expression or proteolytic
activity would influence lung fibrosis.

Effect of PAPP-A gene deletion in the response to
bleomycin-induced lung fibrosis

In an initial study, young (four-month-old) WT and PAPP-A KO
male and female mice were administered bleomycin or PBS
intratracheally. Lungs were evaluated 21 days after bleomycin
(Table 2), as detailed in the Material and Methods section.
Expression levels of type I collagen (COL1al) and FN showed con-
siderable variation, and the only significant effect of PAPP-A gene
deletion on the bleomycin response in these young mice was with
female FN. IPF predominantly affects middle-aged and elderly
adults, suggesting a mechanistic link between chronological
age and this disease. Aging is the driving force of IPF, and
bleomycin injury causes worse lung fibrosis in old mice than in
young mice®2, Furthermore, the use of aged mice more closely
models IPF in humans and is recommended by the Office of the
American Thoracic Society Workshop Report on the use of animal
models for preclinical assessment of potential therapies for
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Figure 1. Pregnancy-associated plasma protein (PAPP)-A expression in
presorted cell types from the lungs of mice without (sham) or with bleo-
mycin administration.
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Table 2. Relative mRNA expression in lungs from young wild-type (WT)
and pregnancy-associated plasma protein (PAPP)-A knockout (KO) mice.

Table 4. Relative mRNA expression in lungs from old wild-type (WT) and
pregnancy-associated plasma protein (PAPP)-A knockout (KO) mice.

WT PAPP-A KO p-Value WT PAPP-A KO (%) p-Value
COL1lal 1.1+0.34 0.6 +0.28 0.32 COL1lal 100+11 57+7 0.006
FN 2.9+0.32 2.0+0.32 0.08 COL3al 100 +2 50+5 0.004
Females FN 10010 56+7 0.007
COL1lal 1.1+0.14 0.8+0.23 0.09 IGFBP-5 100 +12 62+9 0.022
FN 1.2+0.14 0.6+0.10 0.006 Females
FN, fibronectin, COL1lal 100+8 68 +7 0.009
Results are relative expression, mean + SEM, n=7-11. COL3al 100+2 48 +8 0.008
ooy ey st Lo fom E b OTn P gy
mRNA analyses. IGFBP-5 100+8 73+5 0.016

GAPDH was used as an internal reference control. Similar results were obtained
using TBP.

pulmonary fibrosis®2. Thus, in the next studies, we used both male
and female mice at 12 to 15 months of age.

Bleomycin treatment had marked effects on the expression of
ECM components (Table 3; PBS vs. bleomycin), with significant
increases in COLlal, COL3al, and FN mRNA in the lungs of male
and female mice. Table 4 presents relative changes in WT versus
PAPP-A KO lungs with bleomycin treatment. There were signifi-
cant reductions in COL1al and COL3al expression (20%-50%) in
male and female PAPP-A KO mice compared to WT mice in
response to bleomycin. FN expression was significantly reduced
by 44% in male PAPP-A KO mice. The 22% reduction in FN
expression in female PAPP-A KO mice did not reach statistical sig-
nificance. Thus, molecular analyses suggest decreased expression
of major ECM components in PAPP-A KO mouse lungs in response
to injury. However, our numbers were insufficient to determine
any difference in baseline gene expression between WT and
PAPP-A KO mice.

IGFBP-5, an IGF-responsive gene, was used as a surrogate
marker for IGF activity in vivo (Table 4). IGFBP-5 mRNA levels
were significantly reduced in the lung in both male (38%) and
female (27%) PAPP-A KO mice compared to WT after bleomycin
administration. This fits with the concept that loss of PAPP-A
reduces local IGF-IR signaling, as shown in other studies®*3>-7,
The level of pAKT, another marker of IGF-IR activity through

Table 3. Relative mRNA expression of extracellular matrix components in

mouse lung—phosphate-buffered saline (PBS) versus bleomycin
treatment in wild-type mice.
PBS Bleomycin p-Value
Males
COL1lal 0.09 +0.007 0.63+0.071 <0.0001
COL3al 0.05 +0.005 0.20 +0.02 <0.0001
FN 0.04 +0.007 0.39+0.038 <0.0001
Females
COL1lal 0.05+0.061 1.68 +£0.269 0.0004
COL3al 0.07 +£0.016 0.59 +0.033 <0.0001
FN 0.04 +0.008 1.00 +0.207 0.0007

FN, fibronectin.
Results are relative expression, mean + SEM, n =6-13 per treatment group.
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FN, fibronectin.

Results (mean + SEM, n = 8-12) are presented as % of WT value set at 100.
Day 21 after bleomycin administration, lungs from 12- to 15-month-old WT and
PAPP-A KO mice were harvested and processed by quantitative real-time PCR
for mRNA analyses.

GAPDH was used as an internal reference control. Similar results were obtained
using TBP.

the phosphatidylinositol 3-kinase pathway>'®, was reduced by
44 +10% (n=4) in the lungs of PAPP-A KO mice compared to
WT mice. A representative Western blot is presented in Figure 2.

Lung fibrosis and architecture of WT and PAPP-A KO mice
were assessed on histological sections using an Ashcroft scoring
system>'. Representative Masson trichrome-stained sections are
shown in Figure 3, and calculated scores are shown in Figure 4.
Normal untreated lungs and lungs administered PBS at surgery
scored 0 (no fibrosis). Lungs of male WT mice 21 days after bleo-
mycin scored 4.6 +0.60 with many confluent fibrotic masses,
abundant collagen fibrils (blue staining), and damaged lung struc-
ture. Male PAPP-A KO mice 21 days after bleomycin scored 1.7 +
0.84 with minimal interstitial thickening due to fibrosis without
obvious architectural distortion. This 60% reduction of fibrosis in
male PAPP-A KO mice was highly significant (p =0.02). Similar
reductions in fibrosis, ~40% (p=0.02), were seen in female
PAPP-A KO mice (Fig. 4).

Effect of pharmacological inhibition of PAPP-A
activity in the response to bleomycin-induced lung
fibrosis

Inflammation is not a driving component in human IPF, but it is
an early phase of bleomycin-induced lung injury models, which
resolves in about seven days>®>°, It is recommended that the effi-
cacy of therapies in the bleomycin model is best determined after
the inflammatory phase®®*!. To limit the potential impact of this
phase on fibrosis and to take a more translational approach, we
administered bleomycin intratracheally to aged male and female
WT mice and then waited seven days before ip administration of a
monoclonal antibody inhibitor of PAPP-A’s proteolytic activity
against IGFBP-4 (mAb-PA1/41) or IgG2 isotype as a control.
Injections were repeated the following week, and lungs were har-
vested 21 days after bleomycin administration. As shown in
Table 5, COLlal and COL3al expression were significantly
reduced by 30%-60% with mAb-PA1/41 treatment in both male
and female mice. FN and IGFBP-5 mRNA expression were also
reduced with mAb-PA1/41 treatment (~60% and ~30%,



s

75

pAkt
50

75

Total Akt

Figure 2. Representative Western blot of phosphorylated and total Akt in the lungs of wild-type (WT) and PAPP-A knockout (KO) mice and in the lungs of
IgG- and mAb-PA1/41-treated mice.
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Figure 3. Masson’s trichrome staining of mouse lungs. Representative images of fibrosis in the lungs of aged WT and PAPP-A KO mice 21 days after
bleomycin or phosphate-buffered saline (control) administration. Ashcroft scores for each image are indicated in parentheses: 0 (no fibrosis), 3 (mod-
erate thickening without obvious architectural distortion), 5 (increased fibrosis with the formation of fibrous bands with large areas of fibrosis), and
7 (severe architectural distortion with large areas of fibrosis). White arrow indicates a mass of newly formed collagen fibrils. 5x magnification.
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Figure 4. Ashcroft score of stained lung sections from aged WT and PAPP-A KO mice 21 days after bleomycin administration. Each filled circle is a value
for an individual mouse. *P = 0.02, Mann-Whitney test.
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Table 5. Relative mRNA expression in lungs from old wild-type (WT) mice
treated with pregnancy-associated plasma protein-A neutralizing mAb or
isotype control (IgG).

IgG mAD (%) p-Value

COL1lal 100+11 63+9 0.030
COL3al 100 +2 31+3 0.002
FN 100 +35 37+8 0.047
IGFBP-5 100+10 67 +5 0.013
Females

COL1lal 100 +12 47 £10 0.007
COL3al 100+ 2 27 +3 0.002
FN 100 +45 41+9 0.097
IGFBP-5 10010 70+10 0.052

FN, fibronectin.

Results (mean + SEM, n=5-7) are presented as % of IgG value set at 100.
Weekly injections of mAb-PA1/41 or IgG were started seven days after
bleomycin administration to 12- to 15-month-old WT mice, and lungs
harvested 21 days after bleomycin treatment and processed by quantitative
real-time PCR for mRNA analyses.

GAPDH was used as an internal reference control. Similar results were obtained
using TBP.
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Figure 5. Ashcroft score of stained lung sections from WT mice treated
with PAPP-A neutralizing antibody (mAb-PA1/41) or IgG control started
seven days after bleomycin administration and was harvested at day 21.
Blue-filled circles are males; red-filled circles are females. *P =0.009,
Mann-Whitney test.

respectively). Bleomycin-induced lung fibrosis (Ashcroft score)
was significantly reduced by ~70% with mAb-PA1/41 treat-
ment (Fig. 5). IGF signaling, as assessed by pAkt, was reduced
by 60% + 20% (n = 4) in the lungs of mAb-PA1/41-treated mice
compared to IgG-treated mice (see, e.g., Fig. 2).

Discussion

IPF is an irreversible, progressive lung disease most commonly
seen in older adults. At present, there are no truly effective treat-
ment options for this deadly disease. A better understanding of
the mechanisms underlying the development of fibrosis has the
potential to lead to new therapeutic targets. Our studies present
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molecular, biochemical, and histological evidence that genetic
or pharmacological inhibition of PAPP-A reduces bleomycin-
induced lung fibrosis in aged male and female mice.

We saw little bleomycin-induced ECM changes in young mice,
even though many such studies have been done in mice 4-8 weeks
old. This could be due to the use of different background strains,
dosage of bleomycin, and animal size®2. It is clear from our and
others’ data that bleomycin injury produces worse lung fibrosis
in old mice than in young mice, and it has been suggested that
aged lungs manifest a pro-fibrotic phenotype with increased
COL1lal and FN expression that is more susceptible to injury*?.

Thus, we compared the fibrotic response in aged WT and
PAPP-A KO mice 21 days after intratracheal administration of
bleomycin. There was significantly reduced expression of type I
collagen and FN mRNA in the lungs of PAPP-A KO mice compared
to WT mice. Histological grading of lung sections and visual iden-
tification of collagen fibrils by Masson’s trichrome staining con-
firmed these findings. It is of note that PAPP-A KO mice are
born as proportional dwarfs and retain this phenotype through
life'®. They are long-lived, but dwarfism per se does not result
in a longevity phenotype, since normal-sized PAPP-A KO mice
retain a longevity phenotype*>**. Aging is a strong risk factor
for developing IPF*°, and both are associated with the accumula-
tion of senescent cells in the lung*%*®*”, PAPP-A/IGF-I signaling
is also associated with aging®® and senescence in the lung®>°. In

this study, PAPP-A KO mice and mice treated with PAPP-A
inhibitory antibody had reduced markers of IGF activity, that
is, IGFBP-5 gene expression and PI3K/Akt signaling. Thus,
PAPP-A is associated with major “hallmarks of aging”: intercel-
lular communication through IGF signaling and cellular senes-
cence*®. However, cellular senescence could not be established
in this study using whole lung tissue (data not shown), as could
be shown in isolated lung fibroblasts® 44647,

Although the use of genetically modified mice in the first study

may be suitable for discovery research, that is, the novel finding
that PAPP-A gene deletion reduces the fibrotic response in aged
mice, another approach using normal adult mice for preclinical
application of experimental findings is necessary. Therefore, the
second set of studies in aged WT male and female mice used a
weekly ip injection of an IgG isotype or a specific inhibitor of
PAPP-A-mediated IGFBP-4 proteolysis (mAb-PA1/41), which
has been shown to be effective in other studies®>2°. This inhibi-
tor of PAPP-A action was started seven days after intratracheal
bleomycin to distinguish between the effects of inflammation
and active fibrosis progression*'. The results at 21 days were sim-
ilar to PAPP-A gene deletion, with a significant reduction in ECM
expression and delayed development of lung fibrosis, suggesting
that inflammation is not a major contributor to the beneficial
effect of PAPP-A inhibition in this model. Indeed, pro-inflamma-
tory cytokines are known to increase PAPP-A expression and not
vice versa*®>°, Likewise, Huang et al.>' found that transgenic over-
expression of a natural inhibitor of PAPP-A, stanniocalcin-1°2,
protected against bleomycin-induced lung fibrosis. However, fur-
ther studies should look at inflammatory markers in chronic
fibrotic disease.

IGFBP-5 is an IGF-responsive gene used as an in vivo surrogate
for IGF-IR-mediated action®*~3’. We found decreased IGFBP-5
mRNA in PAPP-A KO versus WT lungs and in Ab-PA1/41-treated
mice versus control, indicating decreased IGF signaling. Also,
the PI3K/Akt anti-apoptotic pathway® was suppressed in
PAPP-A KO lungs. In Choi et al.'”, blocking IGF-IR activation



increased apoptosis, limited fibroblast migration, and reduced
bleomycin-induced fibrosis in mice. We speculate similar mech-
anisms are in play when the enhancing effect of PAPP-A on IGF
signaling is inhibited.

In conclusion, we have demonstrated that inhibition of PAPP-A
in adult mice has an anti-fibrotic effect in vivo. Therefore, selec-
tive inhibition of this enzyme with a neutralizing monoclonal
antibody, such as mAb-PA1/41, is a promising therapeutic
approach for IPF and perhaps other fibrotic diseases.
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