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Targeted inhibition of PI3 kinase/mTOR specifically 
in fibrotic lung fibroblasts suppresses pulmonary 
fibrosis in experimental models
Suraj U. Hettiarachchi1, Yen-Hsing Li1, Jyoti Roy1, Fenghua Zhang1, Estela Puchulu-Campanella1, 
Spencer D. Lindeman1, Madduri Srinivasarao1, Konstantin Tsoyi2,3, Xiaoliang Liang2,3,  
Ehab A. Ayaub2, Cheryl Nickerson-Nutter4, Ivan O. Rosas2,3, Philip S. Low1*

Idiopathic pulmonary fibrosis (IPF) is a lethal disease with an average life expectancy of 3 to 5 years. IPF is charac-
terized by progressive stiffening of the lung parenchyma due to excessive deposition of collagen, leading to gradual 
failure of gas exchange. Although two therapeutic agents have been approved from the FDA for IPF, they only 
slow disease progression with little impact on outcome. To develop a more effective therapy, we have exploited 
the fact that collagen-producing myofibroblasts express a membrane-spanning protein, fibroblast activation pro-
tein (FAP), that exhibits limited if any expression on other cell types. Because collagen-producing myofibroblasts 
are only found in fibrotic tissues, solid tumors, and healing wounds, FAP constitutes an excellent marker for targeted 
delivery of drugs to tissues undergoing pathologic fibrosis. We demonstrate here that a low–molecular weight 
FAP ligand can be used to deliver imaging and therapeutic agents selectively to FAP-expressing cells. Because 
induction of collagen synthesis is associated with phosphatidylinositol 3-kinase (PI3K) activation, we designed 
a FAP-targeted PI3K inhibitor that selectively targets FAP-expressing human IPF lung fibroblasts and potently 
inhibited collagen synthesis. Moreover, we showed that administration of the inhibitor in a mouse model of IPF 
inhibited PI3K activation in fibrotic lungs, suppressed production of hydroxyproline (major building block of 
collagen), reduced collagen deposition, and increased mouse survival. Collectively, these studies suggest that a 
FAP-targeted PI3K inhibitor might be promising for treating IPF.

INTRODUCTION
Pathologic fibrosis involves the excessive deposition of fibrous tissue, 
primarily collagen, leading to tissue remodeling that interferes with 
normal organ function and ultimately leads to organ failure (1). Al-
though virtually any tissue can experience pathologic fibrosis, the 
most commonly affected are the lungs, kidneys, liver, skin, heart, and 
bladder (2, 3). Because of the difficulty in diagnosing these diseases, 
their total incidences have not been accurately recorded; however, it 
has been estimated that 30 to 40% of morbidity in developed coun-
tries is caused by their collective occurrence (2–4).

Idiopathic pulmonary fibrosis (IPF) arises from progressive fi-
brosis of the lungs that occurs primarily in individuals over the age 
of 50 and commonly results in death within 3 to 5 years of diagnosis 
(5–7). In the United States, IPF kills ~40,000 people/year (as many 
as breast cancer), with most treatment options focused on manag-
ing patient lifestyle and/or supplementing oxygen supply. Although 
two drugs, pirfenidone and nintedanib, have been approved for 
treatment of IPF, both provide only limited and inconsistent efficacy, 
primarily retarding disease progression but not leading to resolu-
tion of the pathology (6, 8). Several kinase inhibitors have also been 
introduced into clinical trials; however, their inhibition of the tar-
geted enzymes in healthy tissues has raised concerns regarding 
possible systemic toxicities (6, 9, 10). Although lung transplanta-
tion remains a final treatment option, survival is still often limited 

and the cost of lung transplantation is high compared with medical 
therapies.

To design a more effective treatment for IPF, we have explored a 
strategy to suppress activation of fibroblasts that cause unwanted 
fibrosis. In response to stimulation by key fibrogenic mediators such 
as transforming growth factor–1 (TGF1), chemokine ligand 18 
(CCL18), platelet-derived growth factor (PDGF), and other growth 
factors, fibroblasts can differentiate into myofibroblasts that over-
synthesize collagen and other extracellular matrix proteins (11–14). 
These activated myofibroblasts can be distinguished from non-
pathogenic fibroblasts by their expression of fibroblast activation 
protein (FAP), a membrane-spanning protein that is critical for col-
lagen remodeling (15). Because FAP exhibits low to undetectable 
expression in most healthy cell types, with notable exceptions being 
cancer-associated fibroblasts and fibroblasts in tissues undergoing 
remodeling or repair (15–23), expression of FAP on myofibroblasts 
provides a molecular marker that can be exploited for the targeted 
delivery of drugs specifically to the subset of fibroblasts that causes 
fibrosis.

In this study, we describe the synthesis and use of a new FAP-specific 
targeting ligand for delivery of a phosphatidylinositol 3-kinase in-
hibitor (PI3Ki) to collagen-producing fibroblasts in fibrotic lung tis-
sues. We demonstrate that our FAP-targeted PI3Ki can inhibit PI3K 
activity in both normal lung fibroblasts activated with TGF1 and 
human IPF lung fibroblasts cultured in vitro. We further show that 
the FAP-targeted PI3Ki can suppress alpha smooth muscle actin 
(SMA) expression (a marker of fibroblast activation), hydroxypro-
line production (a building block of collagen), collagen deposition, and 
development of lung fibrosis in a mouse model of experimental lung 
fibrosis induced by bleomycin administration. We finally document 
that the FAP-targeted PI3Ki has beneficial effects in lung slices from 
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patients with IPF. Our results suggest that the FAP-targeted PI3Ki 
warrants further scrutiny as a potential therapy for IPF.

RESULTS
Binding and uptake of FAP-targeted fluorescein by  
FAP-expressing human lung fibroblasts
To deliver drugs specifically to activated IPF lung myofibroblasts, we 
searched for an IPF-specific receptor and an associated targeting 
ligand that could be exploited for selective delivery of antifibrotic 
drugs to activated profibrotic fibroblasts. On the basis of reports in 
the literature that FAP is up-regulated in human IPF lung fibroblasts 
(15) but largely absent from all other cell types except cancer-associated 
fibroblasts and fibroblasts in tissues undergoing repair or remodeling, 
we digested both healthy and IPF human lung tissue and examined 
the resulting cell suspensions for expression of FAP. As shown in 
fig. S1, FAP is only expressed on lung fibroblasts and is strongly up- 
regulated in fibrotic tissue. We therefore concluded that FAP could 
be a good marker for selective delivery of therapeutics to the activated 
subset of fibroblasts in IPF lungs and proceeded with a search for a 
targeting ligand that would bind selectively to FAP. For this purpose, 
we used a FAP-specific ligand that had been previously designed for 
delivery of drugs to cancer-associated fibroblasts found in most solid 
tumors (24). To test the ability of this ligand to target drugs to myo-
fibroblasts in fibrotic tissues, we linked the FAP targeting ligand 
(FAPL) to fluorescein (Fig. 1A, top structure) and examined its in-
teraction with a stable human lung fibroblast cell line with FAP ex-
pression (HLF-FAP). As shown in the confocal micrographs of Fig. 1B, 

the fluorescent conjugate (FAPL-fluorescein) was found to bind 
HLF-FAP cells and rapidly internalize into Rab7a-expressing endo-
somes, resulting in a 7 ± 0.8-fold increase in FAPL-fluorescein fluo-
rescence in Rab7a+ endosomes between 5 and 30 min after addition. 
As further revealed in fig. S2, the same fluorescein conjugate was 
demonstrated to bind FAP with high affinity (KD ~10 nM), and the 
binding could be largely prevented by coadministration of excess 
FAPL, confirming that binding was FAP specific. Last, as also re-
vealed in fig. S2, binding of FAPL-fluorescein to human lung fibro-
blast (HLF) cells not transfected with FAP was minimal, suggesting 
that induction of FAP expression was required for FAPL-fluorescein 
binding. Together, these data suggest that FAPL constitutes an at-
tractive candidate for specific targeting of drugs to myofibroblasts 
in fibrotic tissues.

To determine whether FAPL-mediated drug delivery can occur 
in a more IPF-relevant cell type, we next examined FAPL-fluorescein 
uptake by primary HLFs obtained from patients with IPF. As shown 
in Fig. 1C and fig. S3, FAPL-fluorescein binds 15 ± 1-fold greater 
than IPF lung fibroblasts (as confirmed by its colocalization with 
SMA), whereas little uptake is seen by control fibroblasts obtained 
from human lung explants. These data indicate that the FAPL might 
be used to deliver attached drugs to human IPF myofibroblasts.

Design and synthesis of a PI3Ki for inhibition of  
collagen synthesis
To determine whether FAPL might be exploited to deliver an at-
tached inhibitor of collagen synthesis into HLFs, we next scrutinized 
the literature for myofibroblast signaling pathways that have been 

Fig. 1. FAPL-fluorescein binds and is internalized by a FAP-expressing human lung fibroblast cell line (HLF-FAP) and fibroblasts from a patient with IPF. 
(A) Structures of FAP ligand–targeted fluorescein (FAPL-fluorescein), PI3 kinase inhibitor (FAPL-PI3Ki1), and NIR dye (FAPL-S0456). (B) Live cell images of FAPL-fluorescein 
binding and internalization. Confocal microscopy of HLF-FAP cells expressing the late endosomal marker Rab7a-RFP incubated with FAPL-fluorescein and imaged 5 min 
(a to c) and 30 min (d to f) after FAPL-fluorescein addition. FAPL-fluorescein staining is shown in green, whereas Rab7a-RFP is shown in red. DRAQ5 nuclei stain is shown 
in blue. Colocalization of FAPL-fluorescein with Rab7a-RFP is shown in (c) and (f) (indicated in yellow). (C) Comparison of FAPL-fluorescein uptake by non-IPF (upper row) 
and IPF (lower row) human lung fibroblast. Binding of FAPL-fluorescein and expression of alpha smooth muscle actin (SMA), a fibroblast activation marker, are shown in 
green and red, respectively. The merging of the two markers is shown in pink (right column).
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shown to be required for collagen production/secretion. On the basis 
of reports that TGF1 induction of collagen synthesis by IPF lung 
fibroblasts requires activation of PI3K (25, 26), we undertook to de-
sign a PI3Ki that could be readily delivered into myofibroblasts with 
FAPL. Although omipalisib, a PI3Ki recently introduced into IPF 
clinical trials (27), lacked a functional group for conjugation to FAPL 
(Fig. 2A), we thought of developing a molecule similar to omipalisib 
that would retain its inhibitory potency with the addition of a func-
tional group for conjugation to FAPL via a cleavable linker. The 
PI3Ki shown in Fig. 2B (PI3Ki1) contains the modified omipalisib, 
and the structure of its conjugate to FAPL is presented in Fig. 1A 
(middle structure). Figure 2C then shows how reduction of the di-
sulfide bond connecting FAPL to PI3Ki1 within an intracellular 
reducing environment can trigger self-immolative release of the un-
modified PI3Ki1 for inhibition of collagen synthesis. As shown in 
Fig. 2D (left), the difluorosulfonamide end of omipalisib is seen to 
fit well into the bottom of the catalytic site of PI3K, allowing the 
quinoline end of the inhibitor to protrude into the aqueous space. 
However, as noted above, because the aqueous-exposed pyridazine 
cannot be derivatized with FAPL, we converted it into a pyridine- 
hydroxymethyl substituent, which was readily conjugated to FAPL. 

This pyridine-hydroxymethyl modification not only did not obstruct 
binding of the inhibitor to PI3K but also actually enhanced the af-
finity of the modified inhibitor (PI3Ki1) for PI3K (table S1).

Evaluation of myofibroblast inactivation using targeted 
and nontargeted PI3Ki1 in vitro
To determine whether the nontargeted version of PI3Ki1 might enter 
HLFs and inhibit PI3K activity, we incubated HLF-FAP cells for 
24 hours with either omipalisib or our PI3Ki1 and then examined 
the impact on TGF1 stimulation, including phosphorylation of Akt, 
collagen synthesis, contraction of a collagen gel, and myofibroblasts 
apoptosis. As shown in the anti–phospho-Akt blots of Fig. 3A, non-
targeted PI3Ki1 inhibited phosphorylation of Akt at least as well as 
omipalisib, displaying a median inhibitory concentration (IC50) ~1 nM 
and achieving nearly complete inhibition of Akt phosphorylation 
on serine-473 (pAktS473) by 10 nM concentration (Fig. 3B). Moreover, 
nontargeted PI3Ki1 suppressed collagen synthesis with comparable 
potency to omipalisib, displaying an IC50 ~10 nM (Fig. 3C). Quan-
titation of the ability of PI3Ki1 to inhibit TGF1-stimulated fibro-
blast contraction of a collagen gel further confirmed the ability of 
PI3Ki1 to reduce TGF1-induced collagen remodeling (Fig. 3D). 

Last, analysis of the impact of nontargeted 
PI3Ki1 on fibroblast apoptosis (caspases 3 
and 7 activation) demonstrated that PI3Ki1 
only promoted fibroblast cell death at 
concentrations much higher than those 
required to prevent collagen synthesis 
(Fig. 3E). This weak induction of caspase 
activity at PI3Ki1 concentrations below 
100 nM suggests that a large therapeutic 
window might exist between PI3Ki1 con-
centrations required to suppress fibrotic 
activity and those that cause cell death.

Because many PI3K inhibitors (in-
cluding omipalisib) exhibit dose-limiting 
systemic toxicities in humans (28–32), it 
became important to determine whether 
inhibition of PI3K by the FAP-targeted 
PI3Ki1 conjugate (FAPL-PI3Ki1) might be 
restricted to FAPL-expressing cells, there-
by limiting its toxicity to FAP-expressing 
cells. We performed three independent 
experiments as summarized below. First, 
we stimulated primary lung fibroblasts 
from a patient with IPF for 24 hours 
with TGF1 (to activate them to a FAP- 
expressing state; fig. S3) and then incu-
bated the activated fibroblasts for 2 hours 
with increasing concentrations of FAPL- 
PI3Ki1, in the presence or absence of 
100-fold excess FAPL to block unoccu-
pied FAP sites. As shown in Fig. 4A and 
fig. S4, phosphorylation of Akt was sig-
nificantly (200 nM, P = 0.0074) inhibited 
by FAPL-PI3Ki1, and this inhibition was 
reversed upon coincubation with excess 
FAPL, demonstrating that FAPL-PI3Ki1 
entry into IPF fibroblasts requires an 
unoccupied FAP on the fibroblast cell 

Fig. 2. Design of a derivatizable PI3Ki for use in FAP-targeted delivery to IPF fibroblasts. (A) Structure of omi-
palisib, a potent PI3Ki in human clinical trials. (B) Structure of the derivatizable analog of omipalisib, PI3Ki, for use in 
conjugation via a releasable linker to FAPL. (C) Schematic showing the release of PI3Ki upon cell entry. The reductive 
environment of the endosome cleaves the disulfide bond, triggering a self-immolative release of the free PI3Ki1. 
(D) Schrödinger Maestro docking of the pan-PI3K/mTOR inhibitor (omipalisib; left), pyridine-hydroxymethyl derivative 
of omipalisib (PI3Ki1; middle), and overlay of the two inhibitors (right) in the active site of PI3K (PDB code: 3L08).

 at P
urdue U

niv Libraries on O
ctober 29, 2020

http://stm
.sciencem

ag.org/
D

ow
nloaded from

 

http://stm.sciencemag.org/


Hettiarachchi et al., Sci. Transl. Med. 12, eaay3724 (2020)     28 October 2020

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

4 of 13

surface. Second, we stimulated IPF lung fibroblasts with TGF1 and 
then incubated the cells for different durations with either FAPL-targeted 
or nontargeted PI3Ki1, followed by replacement of the culture me-
dia with inhibitor-free media (Fig. 4B and fig. S4B). Our anticipation 
was that FAP-targeted PI3Ki1 would be retained by FAP on FAP- 
expressing cells during short incubation times, whereas nontargeted 
PI3Ki1 would not be captured by FAP and would subsequently be 
washed away when the media were changed. As shown in Fig. 4B, 
FAPL-PI3Ki1 showed a time-dependent reduction in phosphoryl-
ated Akt (pAkt), whereas nontargeted PI3Ki1 showed no diminution 
in pAkt expression up to the longest (81 min) incubation period. 
Third, FAP involvement in binding and internalization of PI3Ki1 
was tested by knocking down FAP in IPF lung fibroblasts using 
short hairpin RNA (shFAP) and examining the subsequent inhibi-

tion of Akt phosphorylation by FAP- 
PI3Ki1. As seen in Fig. 4 (C and D), 
shFAP greatly suppresses FAP expres-
sion relative to shRNA control–treated 
IPF lung fibroblasts. Moreover, as shown 
in Fig. 4C, Akt phosphorylation is visi-
bly less at both 1 and 10 nM FAP-PI3Ki1 
in shFAP- treated than shRNA control–
treated IPF lung fibroblasts (shCTL). 
Together, these results suggest that FAP 
expression is required for uptake and 
FAPL-PI3Ki1–mediated suppression of 
TGF1-induced Akt activation in IPF 
fibroblasts.

Next, we sought to investigate whether 
our FAP-targeted PI3Ki might suppress 
collagen formation by human IPF fibro-
blasts. For this purpose, we incubated 
the TGF1-stimulated IPF lung fibro-
blasts for 2 hours with omipalisib, PI3Ki1, 
or FAPL-PI3Ki1, followed by replacement 
of the inhibitor-containing media with 
inhibitor-free growth media and con-
tinued incubation for 46 hours. As shown 
in the collagen-stained micrographs of 
Fig. 4E and their quantitation in Fig. 4F, 
incubation with TGF1 was required for 
stimulation of the biosynthesis of colla-
gen, and this biosynthesis was only mod-
erately inhibited by nontargeted PI3Ki, 
but strongly (P < 0.0001) inhibited by 
FAP-targeted PI3Ki1. Last, because many 
PI3Ki exhibit cross-inhibitory activity 
toward mammalian target of rapamycin 
(mTOR), we undertook to determine 
whether FAPL-PI3Ki1 might also sup-
press phosphorylation of an established 
substrate of mTOR, namely, 4E-BP1 (33). 
As shown in Fig. 4G, phosphorylation 
of 4E-BP1 is inhibited by FAPL-PI3Ki1, 
demonstrating that FAPL-PI3Ki1 inhib-
its mTOR as well as PI3K. This concurrent 
suppression of both mTOR and PI3K 
activity should be very beneficial to the 
desired therapy because collagen syn-

thesis associated with pathogenic fibrosis can be induced by both 
pathways (34, 35).

Evaluation of FAPL targeting of a fluorescent dye to fibrotic 
lung tissue in a mouse model of pulmonary fibrosis
With the promising in vitro results obtained using both an HLF cell 
line and primary HLFs from a patient with IPF, we sought to inves-
tigate the possibility of using FAP to deliver a therapeutic drug to lung 
myofibroblasts in vivo. For this purpose, we exploited the bleomycin- 
induced lung fibrosis model in the mouse, in which a single in-
tratracheal instillation of bleomycin (Bleo, 0.75 U/kg) induces 
pulmonary fibrosis (36), including excessive interstitial deposition 
of collagen, proliferation of several lung cell types, infiltration of im-
mune cells, and contraction of alveolar spaces (fig. S5). To establish 

Fig. 3. PI3Ki1 inhibits Akt phosphorylation, collagen synthesis, and collagen gel contraction in human lung 
fibroblasts (HLFs). (A) Confluent HLFs were stimulated with TGF1 (10 ng/ml) and treated with the indicated con-
centrations of either PI3Ki1 or omipalisib. Lysates were collected and analyzed for the indicated proteins by Western 
blotting. (B) Quantitation of the impact of increasing concentrations of PI3Ki1 or omipalisib on the ratio of phos-
phorylated Akt (pAkt) to Akt in the same TGF1-stimulated cells. (C) Quantitation of the effect of increasing concentra-
tions of PI3Ki1 or omipalisib on the synthesis of collagen 1 by TGF1-stimulated HLF cells. (D) Effect of 100 nM PI3Ki1 
or omipalisib on the ability of human lung fibroblast to induce contraction of a collagen gel (a characteristic of activated 
fibroblasts). Data were analyzed using one-way analysis of variance (ANOVA), followed by post hoc Tukey test (n = 3; 
***P < 0.001) (E) Effect of increasing concentrations of PI3Ki1 or omipalisib on caspase 3 and 7 activities of HLF cells 
as a measure of drug-induced apoptosis. The experiments in (A) to (E) have been reproduced three times, each with 
three independent samples, n = 3. No statistical significance was observed for the data presented in (B), (C), or (E).
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that this model also results in accumulation of FAP-expressing lung 
myofibroblasts, we treated Bleo-instilled mice via tail vein injection 
with 5 nmol of an FAPL-targeted near-infrared (NIR) dye (Fig. 1A, 
bottom structure; FAPL-S0456) and compared its uptake into af-
fected lungs in the presence and absence of excess FAPL. As shown 
in Fig. 5A and fig. S6, FAPL-S0456 accumulates specifically in the 
lungs of Bleo-treated mice, but not in the lungs of healthy mice. 
Moreover, uptake of FAPL-S0456 in the lungs of Bleo-treated mice 
can be blocked upon coadministration of excess FAPL, demonstrating 
that FAPL-S0456 uptake is dependent on both induction of fibrosis 
and the availability of unoccupied FAP receptors. Evidence that the 

severity of fibrosis was similar between Bleo-treated control and 
Bleo-treated competition groups was readily gleaned from data 
showing a similar amount of hydroxyproline accumulation in both 
treatment groups (fig. S7). Moreover, in agreement with the known 
spontaneous resolution of the pathology in this model after day 21 
(37, 38) and congruent with the micro computed tomography (micro- 
CT) data of Fig. 5B, uptake of FAPL-S0456 was absent in the lungs 
of healthy mice, moderate in the lungs of Bleo-treated mice at day 7 
after infusion, prominent in the same mice at day 14 after infusion, 
and then moderate again in the mice at 21 days after infusion 
(Fig. 5, C and D). On the basis of these data, we conclude that this 

Fig. 4. FAPL-PI3Ki1–induced suppression of TGF1-stimulated collagen production and phosphorylation of Akt in IPF fibroblasts requires participation of FAP. 
(A) Confluent human IPF fibroblasts were stimulated with TGF1 (10 ng/ml) and then treated with increasing concentrations of FAPL-PI3Ki1 with or without excess FAPL 
(100×) for 2 hours. After replacing the medium with inhibitor-free medium, the cells were cultured for an additional 22 hours, lysed with phosphatase inhibitor containing 
cell lysis solution, and analyzed for the indicated proteins by Western blotting (fig. S7A) (n = 3). (B) Confluent IPF fibroblasts were treated with FAPL-PI3Ki1 or nontargeted 
PI3Ki1 for 3, 9, 27, or 81 min, after which the media were replaced with TGF1 (10 ng/ml) containing media lacking PI3Ki. After an additional 24-hour incubation, cells were 
lysed and the indicated proteins were analyzed by Western blotting (fig. S7B) (n = 3). (C) Representative Western blots showing the impact of FAP knockdown with FAP 
shRNA (shFAP) on the efficiency of FAPL-PI3Ki1 suppression of Akt phosphorylation. Randomized shRNA (shCTL) served as a control (n = 2). (D) Representative Western 
blot showing the efficacy of FAP knockdown with FAP-specific and randomized control shRNA in IPF fibroblasts and the densitometric quantification of FAP knockdown 
in these blots (n = 3). (E and F) Collagen biosynthesis (green channel) was assayed using a molecular crowding assay (0.1% DMSO vehicle was constant for all experimen-
tal conditions). IPF fibroblasts were treated with 100 nM omipalisib, PI3Ki1, or FAPL-PI3Ki1 for 2 hours, after which the media were removed and the fibroblasts were 
further stimulated for 48 hours with media containing TGF1 (10 ng/ml). Cell counts were obtained from DAPI counterstaining (blue channel). (G) Confluent human IPF 
fibroblasts were stimulated with TGF1 (10 ng/ml) and treated with the indicated concentrations of FAPL-PI3Ki1. Lysates were collected and analyzed for the indicated 
proteins or phosphoproteins by Western blotting. Akt is a substrate of PI3K, 4E-BP1 is a substrate of mTOR, and S6 is a substrate of a kinase (S6 kinase) that is activated by 
mTOR. Data were analyzed using one-way ANOVA, followed by post hoc Tukey test (**P < 0.01, ***P < 0.001, ****P < 0.0001). ns, not significant.
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Bleo-induced fibrosis model in the mouse constitutes a valid system 
for testing the ability of an FAPL-targeted drug to treat a fibrotic 
lung disease in vivo.

Evaluation of myofibroblast inactivation after 
administration of FAP-targeted PI3Ki in vivo
To investigate the therapeutic potential of our fibrosis-targeted PI3Ki1 
in vivo, mice were treated with bleomycin as described above and 
allowed to develop fibrosis before initiation of therapy on day 10 
(Fig. 6A). Mice were then injected intravenously (tail vein) every 
other day with either saline or FAP-PI3Ki1 (2 mol/kg) and then 
euthanized on day 21 for analysis of fibrosis. As shown in Fig. 6B, 
Bleo-treated mice lost weight continuously from the moment of 
bleomycin instillation, presumably as a consequence of both bleo-
mycin toxicity and progressive fibrosis. In contrast, FAPL-PI3Ki1–
treated mice lost weight only until day 12 (until 2 days after initiation 
of therapy), after which they gained weight continuously. Moreover, 

all 10 mice that did not receive FAPL- 
PI3Ki1 died before euthanasia on day 21, 
whereas only 2 of 10 mice treated with 
FAPL-PI3Ki1 died before CO2 euthana-
sia on day 21 (Fig. 6C). These data suggest 
that FAPL-PI3Ki1 therapy might affect 
weight changes and mortality induced 
by bleomycin.

To obtain more mechanistic infor-
mation on the molecular basis of the 
improved survival of the FAPL-PI3Ki1–
treated mice, lungs from both saline- 
and FAPL-PI3Ki1–treated mice were 
removed and analyzed for hallmarks of 
lung fibrosis. As shown in Fig. 6D, 
quantitation of hydroxyproline, a major 
component of collagen (the dominant 
biopolymer in fibrosis), was significantly 
(P <0.0001) elevated in mice treated with 
saline, but this elevation is significantly 
(P < 0.0001) reduced in mice treated 
with FAPL-PI3Ki1. This difference in col-
lagen accumulation was confirmed by 
subjecting thin sections of the lungs to 
trichrome staining (a stain for collagen), 
which demonstrated clearly (P < 0.001) 
increased collagen deposition in saline- 
treated compared with FAPL-PI3Ki1–
treated groups (Fig. 6E). More detailed 
scrutiny of these same thin sections further 
revealed that the sizes and abundances 
of air sacs are markedly decreased in 
saline- treated compared with FAPL- 
PI3Ki1–exposed cohorts. As shown in 
Fig. 6 (F to H), evaluation of the lung 
homogenates from the different groups 
of mice showed significantly (P < 0.0112) 
reduced SMA (Fig. 6, F and G) and 
collagen 1A1 (Fig. 6H) in the FAPL-
PI3Ki– treated group. Together, these 
data demonstrate that administration of 
a FAP- targeted PI3Ki suppresses the 

major markers of fibrosis in Bleo-treated mice.
Next, to confirm that the mechanism of FAPL-PI3Ki1 action in-

volves inhibition of PI3K (a major signaling intermediate in the 
pathway for induction of collagen synthesis), we removed the lungs 
from Bleo-treated mice 2 hours after intravenous injection of either 
saline or FAPL-PI3Ki1 and immunoblotted their homogenates with 
antibodies to Akt and phospho-Akt. As shown in Fig. 6I, treatment 
with FAPL-PI3Ki1 had no obvious effect on the total amount of Akt 
(the immediate downstream substrate of PI3K) in the lung homog-
enates, confirming that the targeted drug is neither eliminating the 
fibroblasts nor promoting turnover of Akt. In contrast, treatment 
with FAPL-PI3Ki1 strongly reduced the ratio of pAkt/Akt, the index 
of protein activation (>95% reduction, P = 0.0001; Fig. 6J), confirming 
that the targeted therapy engages its intended target and thereby blocks 
the primary signaling pathway for activation of collagen synthesis.

When considered together, the data presented above demon-
strate that FAPL-PI3Ki1 suppresses fibrosis in Bleo-treated mice by 

Fig. 5. Optical imaging of bleomycin-induced experimental lung fibrosis in mice with an FAP-targeted NIR dye 
(FAPL-S0456). (A) Representative optical images of whole-body (top) and tissue biodistribution (bottom) of an 
FAPL-targeted near infrared fluorescent dye (FAPL-S0456) 3 hours after its intravenous administration into mice with 
Bleo-induced lung fibrosis. Note that little or no FAPL-S0456 is retained in any tissue except the fibrotic lungs, and 
this lung uptake is both blocked by excess FAPL (right) and absent from healthy mice (left), demonstrating the speci-
ficity of FAPL-S0456 for the fibrotic lung. The time course of fibrosis in this model is shown in (B) to (D). (B) Changes 
in lung tissue density and bronchiocentric scarring [see arrows in images on days 7 and 14 after intratracheal adminis-
tration of Bleo (0.75 U/kg)]. (C) Image of lung uptake of FAPL-S0456 over the same time course as in (B) and its 
quantitation in (D). n = 5 for all the groups studied. Data were analyzed using one-way ANOVA, followed by post hoc 
Tukey test (***P < 0.0005, ****P < 0.0001).
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Fig. 6. Evaluation of FAP-targeted PI3K inhibitor (FAPL-PI3Ki1) for treatment of Bleo-induced lung fibrosis in mice. (A) Schematic representation of the 
experimental protocol for induction, treatment, and therapeutic intervention in a bleomycin-induced lung fibrosis model in mice. (B) Change in body weight of 
healthy, FAPL-PI3Ki1–treated (green), and vehicle-treated (red) mice. The body weight changes between Bleo + vehicle group versus healthy group or Bleo + 
FAPL-PI3Ki1 versus healthy group were analyzed with two-way ANOVA followed by Tukey multiple comparison. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
(C) Survival of FAPL-PI3Ki1–treated and vehicle-treated mice relative to healthy controls. The survival between Bleo + vehicle group versus healthy group or Bleo + 
FAPL-PI3Ki1 versus healthy group were analyzed with log-rank (Mantel-Cox) test. ***P < 0.001. (D) Hydroxyproline content (microgram per right lung) on day 21 
of healthy and fibrotic mice after treatment with or without FAPL-PI3Ki1. Hydroxyproline data are displayed as box plots, with the band inside the box represent-
ing the mean, and the whiskers representing the minimum and maximum values. (E) Masson trichrome staining of excised lung sections from healthy mice and 
Bleo-treated mice obtained after treatment of FAP-PI3Ki1 or vehicle (control). The data were analyzed using unpaired t test comparison (**P < 0.01, ***P < 0.001, 
****P < 0.0001). (F and G) Western blot showing SMA expression in lungs of different group of mice and densitometric quantification of the SMA/-actin ratio. 
(H) Collagen 1A1 expression in lungs of different group of mice. (I) Western blot analysis of phosphorylated Akt and total Akt in the lung cell lysates from the 
contralateral lungs of the same mouse cohorts. (J) The ratio of pAkt to Akt in the two different treatment groups. For the pAkt Western blot study, n = 3 for the 
vehicle-treated group, and n = 4 for the FAPL-PI3Ki1–treated group. For the different groups in the therapy study, n = 5 for the healthy group, n = 10 for the FAPL- 
PI3Ki1 group, and n = 10 for the vehicle group. Data in (D), (G), and (H) were analyzed using one-way ANOVA, followed by post hoc Tukey test (*P < 0.05). For (J), 
the data were analyzed using t test (P < 0001).
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inhibiting induction of collagen synthesis via the targeted blockade 
of PI3K specifically in the fibrotic lungs of affected mice.

FAPL-PI3Ki1 mitigates the TGF1-induced profibrotic 
phenotype and collagen deposition in precision cut lung 
slices from patients with IPF
Last, to obtain an initial indication of the possible therapeutic benefit 
that might derive from treatment of human IPF patients with FAPL- 
PI3Ki1, we prepared precision cut lung slices (PCLS) from resected 
lungs of patients with IPF and examined the effect of incubation for 
72 hours in media containing or lacking 100 nM FAPL-PI3Ki1. As 
shown in Fig. 7A, incubation with the FAPL-PI3Ki1 strongly 
(P < 0.01) suppressed production of collagen. Moreover, when expres-
sion of collagen 1A1 (Fig. 7B) and other markers of fibrosis (fibronectin, 
Fig. 7C; SMA, Fig. 7D) was quantitated by quantitative polymerase 
chain reaction (qPCR), FAPL-PI3Ki1 treatment was confirmed to 
inhibit transcription of these other hallmarks of fibrosis. Collectively, 
these data argue that FAPL-PI3Ki1 reduced markers of fibrosis in 
human samples.

DISCUSSION
Although the causes of fibrosis can be multifarious (39), virtually all 
fibrotic processes seem to involve activation of fibroblasts to myofi-
broblasts and their subsequent overproduction of collagen (11, 40). On 
the basis of this commonality and the fact that myofibroblasts are 
only found in healing wounds (41), solid tumors (17, 18, 20, 21, 42), 

and fibrotic tissues (15, 16, 22, 23), it seemed prudent to (i) design a 
method that would target drugs specifically to myofibroblasts in vivo 
and then (ii) use the method to deliver collagen synthesis inhibitors 
selectively to the collagen-synthesizing myofibroblasts. Such a tar-
geted approach should be specific for fibrotic tissue, thereby avoiding 
any collateral toxicity that might arise when effective drugs are taken 
up by healthy tissues. Here, we have targeted FAP because this protein 
is up-regulated whenever a fibroblast is activated to become colla-
gen producing and in some epithelial cells undergoing an epithelial- 
to-mesenchymal transition (43, 44). We also chose to deliver a PI3Ki 
because PI3K is central to most pathways involved in induction of 
collagen synthesis and because a nontargeted PI3Ki is currently un-
dergoing human clinical trials for treatment of IPF (27). The fact 
that FAP-expressing myofibroblasts are critical to the development 
of IPF (15, 45), our FAPL binds human FAP with high specificity 
and affinity, and collagen production in primary human IPF lung 
fibroblasts is potently inhibited by FAPL-PI3Ki1 argue strongly that 
production of collagen by human myofibroblasts in patients with 
IPF can also be suppressed by FAPL-PI3Ki1.

Although a number of therapeutic warheads could have been se-
lected for delivery with FAPL, the question naturally arises why a 
pan PI3Ki was chosen in view of the prior toxicities associated with 
systemic administration of more isozyme-specific PI3K inhibitors 
(46). The PI3K/Akt/mTOR signaling pathway mediates a variety of 
critical cellular processes, including cell cycle progression, growth 
and proliferation, metabolic and synthetic pathways, and a number of 
inflammatory responses (25, 26, 46, 47). Although systemic suppres-

sion of these pathways would logically be 
expected to cause systemic toxicity, when 
a drug can be targeted to the pathological 
cell, concerns over systemic toxicities 
decline because the drug is supposed to 
specifically target the diseased cells and 
be excluded by the healthy cells. With 
this capability, use of a pan PI3Ki could 
become an advantage because it should 
avoid problems deriving from leak-
through collagen synthesis that arises 
when minor forms of PI3K become 
activated.

It has not escaped our notice that 
bladder fibrosis, cirrhosis of the liver, 
myelofibrosis, cardiac fibrosis, kidney 
fibrosis, scleroderma, and other forms 
of fibrotic disease are all thought to de-
rive from overactivated myofibroblasts 
that secret more collagen and extracel-
lular matrix proteins than are required 
for normal tissue repair (22, 23, 48). As-
suming that the myofibroblasts that ac-
cumulate in these tissues express FAP 
and rely on PI3K activation for induction 
of collagen synthesis (25), one might posit 
that a similar FAP-targeted PI3Ki should 
prove effective in treating these other 
forms of fibrosis also. In view of the 
morbidities and mortality associated with 
these other fibrotic diseases, it will be im-
portant to evaluate similar FAP-targeted 

Fig. 7. FAPL-PI3Ki1 reduces profibrotic phenotypes of IPF precision cut lung slices (PCLS). (A) Representative 
collagen (red) and DAPI (blue) staining of PCLS with/without prior treatment with FAPL-PI3Ki1 (100 nM). (B) The ef-
fect of FAPL-PI3Ki1 on SMA expression in IPF PCLS. (C and D) The effect of FAPL-PI3Ki1 on collagen 1A1 and fi-
bronectin expression in IPF PCLS. N = 6. *P < 0.05, **P < 0.01.
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fibrosis inhibitors in appropriate animal models to determine wheth-
er the same approach might have general applicability. It might also 
prove useful to develop additional targeting ligands that would en-
able delivery of drugs to other cells critical to the fibrotic process, 
such as IPF macrophages that overexpress the beta isoform of the 
folate receptor (49).

Last, although the above targeting strategy shows considerable 
promise in animal models and human IPF lung slices, one must 
remember that both murine models and human tissue slices only 
crudely simulate fibrotic lung conditions in living patients. The ef-
fect of FAP-PI3Ki1 on additional animal models and human tissue 
samples will therefore need to be compared both in the presence 
and absence of FAP-PI3Ki1 before the conjugate should be considered 
for preclinical development. It will also be important to perform 
well-designed pharmacokinetic and pharamacodynamic studies to 
assure that FAP-PI3Ki1 exhibits the drug-like properties required 
for the success of a ligand-targeted drug in the clinic.

MATERIALS AND METHODS
Study design
Although PI3K/mTOR inhibitors have been successfully used to in-
hibit fibrosis in preclinical animal models, no PI3K/mTOR inhibi-
tor has yet been approved for fibrotic applications in humans due to 
unacceptable off-target toxicities. To determine whether such tox-
icities could be mitigated by specific targeting of a PI3K/mTOR 
inhibitor to myofibroblasts (the cells that cause fibrosis), we de-
signed a myofibroblast-targeting ligand and then tested its ability to 
deliver attached drugs selectively to fibrotic lung myofibroblasts in 
a bleomycin-induced murine pulmonary fibrosis model. To validate 
the ability of this targeting ligand to concentrate attached drugs spe-
cifically in fibrotic tissue, we first examined its ability to localize a 
fluorescent dye in the lungs of mice with bleomycin-induced pulmo-
nary fibrosis. We then evaluated the ability of the same targeting 
ligand to deliver an attached PI3K/mTOR inhibitor to the myofibro-
blasts of these fibrotic lungs by quantitating the suppression of mul-
tiple fibrotic markers. Included among these markers were SMA 
(a myofibroblast-specific marker), collagen 1A1, hydroxyproline, 
fibronectin, the mRNA for SMA and the mRNA for collagen 1A1. 
In all cases, the changes in these markers were quantitated in both 
treated and untreated lungs of bleomycin-induced mice as well as in 
lungs from healthy mice. To assure statistical significance in all of 
these studies, preliminary experiments were performed to deter-
mine the number of mice per treatment group that would be re-
quired to achieve P < 0.05 in one-way analysis of variance (ANOVA) 
tests. These initial studies demonstrated that at least 10 mice per 
group were needed to achieve statistical significance. Moreover, 
to assure that the myofibroblast-targeted therapy would address all 
major symptoms of pulmonary fibrosis, multiple disease-related 
signal transduction intermediates were monitored to ensure that each 
major fibrosis pathway would be inhibited by FAP-PI3Ki1. These 
other fibrosis-related signaling intermediates included phospho- 
Akt, ribosomal protein S6, the transcription factor 4E-BP1, and 
SMAD2.

All in vitro experiments were performed in triplicate on separate 
days to ensure reproducibility. In the case of animal studies, mice 
were randomized according to their body weights before the start of 
treatments to eliminate any weight-related bias. No samples or ani-
mals were ever excluded from data analysis for any reason. In vivo 

experiments were terminated 21 days after instillation of bleomycin 
because bleomycin-induced fibrosis is known to begin to resolve 
spontaneously after that time point (37, 38). All statistical methods 
are described in the “Statistical analysis” section.

Cell culture and animal husbandry
IPF patient cell lines were obtained from subjects who provided in-
formed consent and underwent lung transplantation, control fibroblasts 
were obtained from donor organs. C57BL6/6-NCrl (strain code: 027) 
mice were purchased from Charles River and maintained on normal 
rodent chow. Mice were housed in a sterile environment on a standard 
12-hour light-and-dark cycle for the duration of the study. All ani-
mal procedures were approved by the Purdue Animal Care and Use 
Committee in accordance with the National Institutes of Health 
guidelines.

Flow cytometry analysis and staining of human lung 
tissue samples
Human lung tissue samples were obtained from Brigham and 
Women’s Hospital from patients diagnosed with terminal fibrotic 
lung disease/IPF and required to undergo lung transplants. Control 
lungs had no evidence of chronic lung disease and/or histological 
evidence of fibrosis. Tissue digests for flow cytometry were carefully 
selected by pulmonologists based on biopsy report and CT scans 
and demonstrated a clear manifestation of the disease of interest. 
Tissues were initially digested into single-cell suspensions and bio-
banked in the biorepository. At the time of flow cytometry, single- cell 
lung digests were thawed in media and placed in phosphate- buffered 
saline (PBS) containing deoxyribonuclease (DNase) I solution (0.1 mg/ml) 
(Stem Cell Technologies, catalog no. 07900) to digest DNA from 
dead cells and prevent cell clumping. Cells were then filtered to re-
move clumps/debris, counted, and 1 million to 2 million cells were 
prepared for flow cytometry staining and analysis. Cells were initially 
stained with a Zombie LIVE/DEAD Viability Dye (BioLegend, catalog 
no. 423101) in PBS for 30 min at room temperature. Samples were 
then washed with fluorescence-activated cell sorting (FACS) buffer 
(0.3% bovine serum albumin in PBS) and stained with Human 
TruStain FcX (BioLegend, catalog no. 422301) for 15 min to prevent 
unwanted staining of Fc receptors. Samples were subsequently 
stained with an antibody cocktail mix in FACS buffer containing 
anti-human CD45 (APC Fire 750, BioLegend, catalog no. 368518), 
anti-human CD90/Thy1 (APC, BioLegend, catalog no. 328114), anti- 
human FAP (PE, R&D Systems, catalog no. FAB3715P), anti-human 
CD326/EpCAM (PE Cy7, eBioscience, catalog no. 25-9326-42), and 
anti-human CD144/VE-Cad (BV421, BD Horizon, catalog no. 565671) 
for 30 min at 4C. Last, samples were washed twice, resuspended in 
FACS buffer, and examined using a BD LSRFortessa cell analyzer. 
Data were analyzed using FlowJo version 10.2.

Live cell imaging of FAPL-fluorescein internalization
HLF-hFAP cells were seeded in a glass-bottom dish and incubated 
overnight with endosome tracker (Rab7a-RFP, Thermo Fisher Sci-
entific). Cells were then incubated with FAPL-fluorescein (10 nM) 
for 1 hour at 4°C, followed by staining with 5 nM DRAQ5 nuclear 
dye (Thermo Fisher Scientific). After washing three times in PBS 
washes, spatial localization of FAPL-fluorescein was monitored at 
any given time under ambient temperature by confocal microscopy 
(FV 1000, Olympus). Confocal images were further processed using 
FV10-ASW Olympus software.
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Immunofluorescence of FAP and SMA expression 
in fibroblasts
HLF cells, primary human IPF fibroblasts, and non-IPF fibroblasts 
were cultured, fixed, and permeabilized on glass-bottom dishes for 
immunofluorescence staining. Primary antibodies against hFAP 
(1:200; R&D Systems, FAB3715R) or SMA (1:1000; Abcam, ab21027) 
were incubated overnight at 4°C. After PBS washes, samples were 
incubated with Alexa Fluor 488–labeled secondary anti-goat anti-
bodies (1:400; Abcam). Images were captured and analyzed by con-
focal microscopy.

Western blot analysis of cultured fibroblasts
Serum-starved confluent HLF cells were coincubated in medium 
containing TGF1 (10 ng/ml) with or without the indicated concen-
trations of PI3K inhibitors for 24 hours. Cells were harvested and 
lysed for Western blot analysis. After sodium dodecyl sulfate (SDS)– 
polyacrylamide gel electrophoresis and blocking, membranes were 
incubated with antibodies to detect pSMAD2Ser465/467 (Cell Signaling 
Technology, #3101) or pAktSer473 (Cell Signaling Technology, #4060), 
and signals were visualized with ECL Western Blot Detection Reagents 
(GE Healthcare). After stripping, membranes were blocked and 
reprobed with antibodies specific for total SMAD2 (Cell Signaling 
Technology, #3103) or total Akt (Cell Signaling Technology, #4060).

Molecular crowding assay for collagen
Confluent IPF fibroblasts (4000 cells per well) were cultured in 96-
well plates in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 0.4% fetal calf serum and ascorbic acid (100 M), and mixed 
Ficoll 70 and Ficoll 400 as molecular crowding agents (25). Fibro-
blasts were stimulated with TGF1 (10 ng/ml) and incubated with 
either vehicle [0.1% dimethyl sulfoxide (DMSO)] or 100 nM omi-
palisib, FAPL-PI3Ki1, or PI3Ki1 for 2 hours, followed by removal of 
media. Cells were then stimulated with inhibitor-free media con-
taining TGF1 (10 ng/ml) for 48 hours. Cells were fixed and stained 
with antibody specific for human collagen 1 and counterstained 
with fluorescent secondary antibody (Alex Fluor 488). Nuclei were 
counterstained with 4′,6-diamidino-2-phenylindole (DAPI) for cell 
counting on a high content system (Opera Phenix High Content 
Screening System, PerkinElmer).

Precision cut lung slides
All the procedures were performed under sterile conditions. Bron-
choalveolar lavage was performed twice to get rid of any blood co-
agulation. Prewarmed agarose (Sigma-Aldrich, A0701) was injected 
to lung explants through the trachea until full inflation. The inflated 
lung explants were placed on ice for 30 min to solidify the agarose. 
Tissue cylinder was made using a tissue punch biopsy needle of 10-mm 
diameter. Lung slides (350 M) were prepared with VF-300-0Z 
Vibratome (Precisionary Instruments). The slides were cryopre-
served in DMEM with 10% fetal bovine serum and 10% DMSO.

Collagen immunofluorescence staining
PCLSs were put into 24 wells and incubated with MAXblock Blocking 
Medium (Active Motif) for 1 hour at 37°C. Slides were washed with 
1× MAXwash Washing Medium (Active Motif) for 10 min on a ro-
tating platform twice. Primary anti-collagen antibody (Sigma-Aldrich, 
SAB4200678) was incubated with slides at 1:500 dilution for 1 hour 
at 37°C. Next, slides were washed with 1× MAXwash Washing Medium 
(Active Motif) for 10 min on a rotating platform for three times. 

Second antibody (Sigma-Aldrich, A28180) was diluted at 1:1000 
and incubated with slides for 1 hour at 37°C. Slides were washed 
with 1× MAXwash Washing Medium for 10 min on a rotating plat-
form for five times. Slides were transferred to glass slides and mounted 
with mounting medium (Sigma-Aldrich, P36934). Images were taken 
using FLUOVIEW FV10i (Olympus).

Quantitative PCR
RNA was extracted by using TRIzol based on the manufacturer’s 
specification (Invitrogen, 15596026). Extracted RNA was incubated 
with DNase I (Invitrogen, 18068-015) for 15 min at room tempera-
ture followed by DNase I deactivation. Complementary DNA (cDNA) 
was synthesized by using Superscript IV according to the manufac-
turer’s specification (Invitrogen, 18091050). SYBR Green Supermix 
was used to perform qPCR (Bio-Rad, 1725121). The primers are listed 
in the table S2.

Bleomycin-induced lung fibrosis model
Eight- to 10-week-old C57BL/6-NCrl (strain code: 027) male mice 
(Charles River) were anesthetized (mixture of xylazine/ketamine) 
and then injected intratracheally with freshly prepared bleomycin 
sulfate (0.75 U/kg) (Cayman Chemicals, catalog no. 13877) in sterile 
PBS (volume was varied between 88 and 108 ml depending on the 
body weight). Control mice were injected with 50 l of sterile PBS. 
Body weights were monitored throughout each study. To quantitate 
FAP expression and fibrosis during longitudinal studies, lungs were 
harvested at 7, 14, and 21 days after bleomycin instillation and as-
sayed as described below. For therapy studies, induction of IPF was 
initiated as described above, and drug (2 mol/kg) was intravenously 
injected every other day beginning on day 10. Lungs were harvested 
on day 21 and assayed as described below (day 0 was taken as the 
day of bleomycin administration).

Western blot analysis of lung tissue
Frozen lungs were lysed in 1 ml of lysis buffer containing a protease 
inhibitor cocktail using an ULTRA-THURRAX. Lysates were cleared 
by centrifugation before total protein determination using the BCA 
protein assay. SDS–polyacrylamide gel electrophoresis and Western 
blotting were performed following standard procedures. Membranes 
were blocked and then probed with antibodies directed against 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), pAkt, and 
total Akt. The membranes were then washed in tris-buffered saline/
Tween 20 followed by incubation with horseradish peroxidase (HRP)– 
conjugated secondary antibodies. Immunoreactive bands were de-
tected by addition of an enhanced chemiluminescence substrate.

Immunohistochemistry
Tissue samples were deparaffinized with three changes of xylene, 
rehydrated in a series of ethanol dilutions (100, 95, and then 70% ethanol) 
and rinsed well in running distilled water. Antigen retrieval was per-
formed in a pressure cooker for 20 min in Diva Decloaker buffer, 
and samples were allowed to cool at room temperature for 15 min 
before washing with distilled water. Slides containing sections were 
rinsed 2 × 2 min in buffer composed of 50 mM tris (pH 8.4) con-
taining 0.9% sodium chloride and 0.05% Tween 20 (TBST) and 
blocked with 5% milk in TBST for 60 min at room in a humidified 
chamber. Sections were rinsed 2 × 2 min in TBST and incubated over-
night in a humidified chamber at 4°C with unconjugated AffiniPure 
Fab fragments of donkey anti-mouse immunoglobulin G (IgG) to 
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block endogenous mouse IgG background. Sections were rinsed 2 × 
2 min in TBST and incubated with primary antibodies for 45 min at 
room temperature in a humidified chamber followed by 90 min at 
4°C. Sections were rinsed 3 × 2 min in TBST and incubated with 
3% H2O2 in TBST for 10 min to block endogenous peroxidase before 
another 3 × 2 min rinse in TBST. Slides were incubated with sec-
ondary antibody or streptavidin-conjugated HRP at a 1:500 dilution 
for 20 min at room temperature before a of 3 × 2 min rinse. Detec-
tion was carried out using a DAB peroxidase substrate kit following 
the manufacturer’s instructions. Sections were counterstained with 
Hematoxylin QS for 30 s and rinsed in tap water for 2 min. Samples 
were dehydrated through graded alcohols, cleared in three changes 
of xylene, and mounted with permanent mounting media. Sections 
were imaged and photographed using a Nikon microscope equipped 
with a DSFi2 camera and analyzed using NIS-Elements software.

Hydroxyproline assay
Total lung collagen was determined by the analysis of hydroxypro-
line as previously described (50). The right lung was consistently set 
aside for this assay. Briefly, harvested right lung was homogenized 
in PBS (pH 7.4), and digested with 12 N HCl at 120°C for 3 hours. 
Citrate/acetate buffer (pH 6.0) and chloramine-T solution were 
added at room temperature for 20 min, and the samples were incu-
bated with Ehrlich’s solution for 15 min at 65°C. Samples were 
cooled to room temperature and read at 550 nm. Hydroxyproline 
standards (Sigma-Aldrich) at concentrations between 0 and 400 g/ml 
were used to construct a standard curve.

Histopathological evaluation of pulmonary fibrosis
The left lung was inflated and fixed with 10% formalin solution 
(neutral buffered). Lung tissues were embedded in paraffin, and 10-m 
sections were prepared and stained using hematoxylin and eosin and  
trichrome stain. The severity of bleomycin-induced fibrosis was de-
termined by semiquantitative histopathological scoring at the indi-
cated dates after bleomycin administration (51).

In vivo fluorescence imaging
Mice were treated via tail vein injection with 5 nmol of FAP-targeted 
NIR dye conjugate (FAPL-S0456) and imaged for 2 hours after in-
jection using a Spectral AMI optical imaging system. For competition 
experiments, a 100-fold excess of the FAP ligand was coadministered 
with FAPL-S0456. The settings were as follows: object height, 1.5; 
excitation, 745 nm; emission, 790 nm; field of view (FOV), 25; bin-
ning, 2; f-stop, 2; acquisition time, 1 s. After whole-body imaging, 
animals were dissected, and selected organs were collected and im-
aged again for complete biodistribution analysis. The conditions 
remained the same as those used in the longitudinal imaging study, 
except the mice were imaged on days 7, 14, and 21 after bleomycin 
administration.

Micro-CT imaging
Micro-CT analysis of whole excised lung was performed on days 7, 
14, and 21 after bleomycin administration. Briefly, animals were 
anesthetized with isoflurane and fixed in prone position. Micro-CT 
images were acquired on a Quantum FX micro-CT system (Perkin 
Elmer) with cardiac gating (without respiratory gating), using the 
following parameters: 90 kV; 160 A; FOV, 60 × 60 × 60 mm; spa-
tial resolution, 0.11 mm, resulting in a total acquisition time of 
4 to 5 min.

Pharmacokinetic analysis
FAPL-PI3Ki1 (2 mol/kg) was intravenously injected into healthy 
C57BL/6-NCrl mice, and blood was collected at 5, 10, 15, 20, 25, 30, 
60, 120, 180, 240, and 300 min after injection. Samples were centri-
fuged at 1000g for 10 min, and plasma was collected and treated 
with acetonitrile [plasma/acetonitrile = 1/3 (v/v)]. After vortex-
ing and then centrifuging at 1000g for 5 min, the supernatant was 
collected and injected into an Agilent 6410 NanoLC QQQ liquid 
chromatography–mass spectrometry for quantitation of FAPL- 
PI3Ki1 concentration. Column: Agilent Eclipse Plus C18, 2.1 × 50 mm; 
SN: B17477. Eluent: A, water + 0.1% formic acid; B, acetonitrile + 
0.1% formic acid. The pharmacokinetic data are reported in fig. S9A.

Stability analysis
Ten microliters of 5 mM FAPL-PI3Ki1 was added to 100 l of plas-
ma obtained from healthy C57BL/6-NCrl mice and incubated at 
37°C for 3, 5, 10, 15, 20, 30, 40, 50, 60, 90, or 120 min. Samples were 
then extracted with acetonitrile and analyzed as described above. 
The concentration of FAPL-PI3Ki1 and PI3Ki1 as a function of 
time is shown in fig. S9B.

Cell viability assay
Cell viability was measured by MTT assay (fig. S9). Briefly, 
(3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide) 
(Sigma-Aldrich, M2003-1g) was dissolved in sterile PBS to make a 
stock solution at 5 mg/ml. To measure cell viability, MTT solution 
was added to cell culture medium and incubated with cell for 1 hour 
at 37°C. DMSO was used to dissolve the formazan and then mea-
sured at OD590 (optical density at 590 nM) using a BioTek EPOCH 
microplate reader.

Statistical analysis
Data are presented as mean ± SEM or ±SD as denoted in the figure 
legends. Statistical differences were assessed using t test with GraphPad 
Prism software. Kaplan-Meier survival curves were used to compare 
mortality, and log-rank testing was used to assess differences in sur-
vival. A one-way ANOVA followed by post hoc Tukey test was used 
for analyzing differences between treatment groups. Asterisks indi-
cate statistically significant differences (*P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001).

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/567/eaay3724/DC1
Fig. S1. Flow cytometric analysis of human lung tissue samples showing up-regulation of FAP 
on IPF lung fibroblasts.
Fig. S2. Binding of FAPL-fluorescein to HLF cells before (red dots) and after (blue dots) 
transfection with human FAP.
Fig. S3. TGF1 induced FAP and SMA expression in an HLF cell line.
Fig. S4. FAP-targeted PI3Ki (FAPL-PI3Ki1) suppresses phosphorylation of Akt in IPF fibroblasts.
Fig. S5. Characterization of the time course of development of pulmonary fibrosis after 
intratracheal administration of bleomycin (0.75 U/kg) to mice.
Fig. S6. Quantitative biodistribution of FAPL_S0456 in healthy and bleomycin-treated mice.
Fig. S7. Quantification of optical imaging of bleomycin-induced experimental lung fibrosis in 
mice with a FAP-targeted NIR dye (FAPL-S0456).
Fig. S8. Hydroxyproline content in the lungs of bleomycin-treated mice receiving 
FAPL-S0456 in either the presence or absence of excess FAPL (100×).
Fig. S9. Analysis of pharmacokinetics and stability of FAPL-PI3Ki1.
Fig. S10. Evaluation of HLF survival (MTT assay).
Table S1. Docking and docking glide-score for the compounds docked in the active site of 
PI3K (PDB code: 3L08) using Schrödinger Maestro software.
Table S2. Primer sequence.

 at P
urdue U

niv Libraries on O
ctober 29, 2020

http://stm
.sciencem

ag.org/
D

ow
nloaded from

 

http://stm.sciencemag.org/cgi/content/full/12/567/eaay3724/DC1
http://stm.sciencemag.org/


Hettiarachchi et al., Sci. Transl. Med. 12, eaay3724 (2020)     28 October 2020

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

12 of 13

Data file S1. Raw data.
Data file S2. Synthetic procedures and schemes.

View/request a protocol for this paper from Bio-protocol.
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The results suggest that FAP-targeting therapeutics could be effective for treating IPF.
reduce collagen production in human IPF lung fibroblasts and had therapeutic effects in a mouse model of IPF.
deliver therapeutics to fibrotic tissue. A FAP-targeted phosphatidylinositol 3-kinase (PI3K) inhibitor was shown to 

molecular weight FAP agonist that could be used to− took advantage of this property and developed a lowal.
etactivated myofibroblasts, cell type exclusively expressing fibroblast activation protein (FAP). Now, Hettiarachchi 

Idiopathic pulmonary fibrosis (IPF) is characterized by deposition of collagen in the lung parenchyma by
Mitigating collagen production
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