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Abstract

Pulmonary fibrosis is characterized by the accumulation of myofibroblasts in the lung and progressive tissue scarring. Fibroblasts
exist across a spectrum of states, from quiescence in health to activated myofibroblasts in the setting of injury. Highly activated
myofibroblasts have a critical role in the establishment of fibrosis as the predominant source of type 1 collagen and profibrotic
mediators. Myofibroblasts are also highly contractile cells and can alter lung biomechanical properties through tissue contraction.
Inhibiting signaling pathways involved in myofibroblast activation could therefore have significant therapeutic value. One of the
ways myofibroblast activation occurs is through activation of the Rho/myocardin-related transcription factor (MRTF)/serum
response factor (SRF) pathway, which signals through intracellular actin polymerization. However, concerns surrounding the plei-
otropic and ubiquitous nature of these signaling pathways have limited the translation of inhibitory drugs. Herein, we demon-
strate a novel therapeutic antifibrotic strategy using myofibroblast-targeted nanoparticles containing a MTRF/SRF pathway
inhibitor (CCG-1423), which has been shown to block myofibroblast activation in vitro. Myofibroblasts were preferentially targeted
via the angiotensin 2 receptor, which has been shown to be selectively upregulated in animal and human studies. These nano-
particles were nontoxic and accumulated in lung myofibroblasts in the bleomycin-induced mouse model of pulmonary fibrosis,
reducing the number of these activated cells and their production of profibrotic mediators. Ultimately, in a murine model of lung
fibrosis, a single injection of these drugs containing targeted nanoagents reduced fibrosis as compared with control mice. This
approach has the potential to deliver personalized therapy by precisely targeting signaling pathways in a cell-specific manner,
allowing increased efficacy with reduced deleterious off-target effects.

cell-specific targeting; fibrosis; myofibroblast; nanoparticles; nanotechnology

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a progressive, debili-
tating disease that causes significant morbidity and mortal-
ity in affected patients. IPF is believed to result from
dysregulated wound repair following lung injury (1). Central
to this process is the activation and recruitment of lung
fibroblasts to the alveolar structures. Once activated, fibro-
blasts transition into myofibroblasts which have a contract-
ile phenotype and produce large quantities of collagen and
other extracellular matrix proteins and fibrogenic mediators
that lead to architectural distortion and dysfunction of the
tissue. Prevention or reversal of the myofibroblast phenotype
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has the potential to halt the progression of pulmonary fibro-
sis or even reverse established fibrosis and is thus a potential
therapeutic approach in IPF.

Cytoskeletal signaling pathways have been implicated in
the activation of myofibroblasts and therefore have a role in
the development of fibrosis (2). One of the ways myofibro-
blast activation occurs is through activation of the Rho/myo-
cardin-related transcription factor (MRTF)/serum response
factor (SRF) pathway, which signals through intracellular
actin polymerization. Consistent with this, MRTF-A (mkl1)-
deficient mice are protected from bleomycin-induced pul-
monary fibrosis (3). In addition, pharmacological inhibitors
of MRTF have been shown to be protective in two different
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mouse models of lung fibrosis via an increase in myofibro-
blast apoptosis (4).

Although the RhoA/MRTF/SRF pathway in fibroblasts has
been shown to promote fibrosis, it is also an important
homeostatic signaling mechanism for many cells. Therefore,
global inhibition of this pathway may lead to impaired wound
healing and tissue integrity. Cell-specific targeting, therefore,
has appeal because it has the potential to target a profibrotic
pathogenic cell type with reduced collateral damage. Herein,
we describe the myofibroblast-specific localization of an in-
hibitor of MRTF (CCG-1423) via targeted nanoagents. To affect
cell-specific internalization of these drug-loaded particles, we
use a peptide-based ligand recognized by the angiotensin II
type 2 receptor (AGTR2, ATII), the expression of which has
been shown to be upregulated in IPF lung tissue and is
localized to myofibroblasts, making it an ideal target for pul-
monary fibrosis (5). These nanoagents demonstrate advanta-
geous targeting profiles in vivo in the bleomycin-induced
murine model of pulmonary fibrosis. Ultimately, the thera-
peutic efficacy of this strategy was investigated, demonstrat-
ing a reduction in collagen deposition with a single injection
of the nanoparticle-encapsulated inhibitor at a dose that
would otherwise be considered subtherapeutic.

MATERIALS AND METHODS

Generation of Fibroblast Targeted Nanoparticles

Details for the generation of the described nanoagents are
included in the supplement, including synthetic procedures
and compound characterization (Supplemental Figs. S1-S9;
all supplemental material is available at https://doi.org/
10.6084/m9.figshare.21339084.v1).

Bleomycin-Induced Pulmonary Fibrosis

C57BL/6 WT mice were purchased from Charles River
Laboratories in Massachusetts. All mice were maintained in a
specific pathogen-free (SPF) environment certified by the
American Association for Accreditation of Laboratory Animal
Care (AAALAC). All protocols performed were approved by the
Massachusetts General Hospital Institutional Animal Care and
Use Committee (IACUC). All experiments used male mice at 8 to
12 wk of age, C57BL/6 mice received standard dose intratracheal
(IT) bleomycin (0.8 units/kg) after anesthesia (6, 7). Animal
experiments were performed according to Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines.

Biodistribution of Generated Nanoagents

At 10 d after bleomycin instillation, the nanoagents (ATII-
targeted with drug, ATII-targeted without drug, or nontargeted
with drug) were injected at 30 mg particle/kg (3 mg CCG-1423/
kg) via the tail vein. Mice were euthanized 4 d later, and the
organs were removed for fluorescence-based examination of
biodistribution (Kodak ImageStation 4000, Carestream Health,
Inc., Rochester, NY, excitation/emission 630/700 nm). Images
were analyzed using ImageJ (v. 1.440, Bethesda, MD).

Cellular Distribution of the Nanoagents Within the
Injured Lung

At10 d after lung injury, mice were injected with the nano-
agents or respective controls at 30 mg particle/kg (3 mg CCG-

AJP-Lung Cell Mol Physiol - doi:10.1152/ajplung.00086.2022 - www.ajplung.org

1423/kg) via the tail vein. Four days later, the animals were
euthanized, and the lungs were removed and digested
with an enzyme mixture of Liberase and DNase to yield a
single-cell suspension. The suspension was stained with
antibodies for CD45 (FITC), CD31 (PE), Epcam (BV605),
and DAPI (PB), and subsequently subjected to flow sorting
to give nanoparticle positive (CyAl5.5") and negative cells
in the fibroblast gate, using a negative selection gating
strategy: CD45 CD31 Epcam cells.

Mouse Fibroblast Gene Expression

RNA was extracted from fluorescence-activated cell sort-
ing (FACS)-isolated fibroblasts on day 14 after IT bleomycin.
RT-PCR was performed to quantify profibrotic gene expres-
sion, including CTGF. Primers were obtained from the
Harvard/MGH PrimerBank.

Mouse Protein Expression

Protein was extracted from FACS-isolated fibroblasts on
day 14 after IT bleomycin. Proteins in whole lung lysates
were resolved by SDS-PAGE and then transferred to nitro-
cellulose membranes using the NuPAGE electrophoresis
and transfer systems (Life Technologies), under reducing
conditions. After blocking with 5% milk, membranes were
incubated with anti-CTGF antibody (1:2,000 dilution, rabbit
IgG polyclonal, Thermo Fisher) followed by goat anti-rabbit
secondary antibody (1:10,000 dilution, IRDye 800CW, Li-
Cor), and images were obtained with the Li-Cor Odyssey
CLx Imager. Membranes were then stripped and similarly
re-probed with anti-GAPDH antibody (1:5,000 dilution, rab-
bit IgG polyclonal, Cell Signaling) as a loading control fol-
lowed by goat anti-rabbit secondary antibody (1:10,000
dilution, IRDye 800CW, Li-Cor), and images were obtained
with the Li-Cor Odyssey CLx Imager. Densitometry of the
immunoblots was performed using Image J software
(National Institutes of Health).

Determination of Therapeutic Efficacy

Cohorts of mice were injured as described in Bleomycin-
Induced Pulmonary Fibrosis. At 10 d post-bleomycin, they
were injected with the nanoagents (ATII-targeted with drug,
ATII-targeted without drug, or nontargeted with drug) at 30
mg particle/kg (3 mg CCG-1423/kg), free CCG-1423 (3 mg/kg)
in PBS/DMSO/ethanol or vehicle. At 4 d post-injection, the
mice were euthanized, and the lungs were removed for the
analysis of hydroxyproline content (6). Additional cohorts
featuring the nanoagents were carried out to 28 d post-injury
to determine survival and body weight curves.

Mouse Lung Histology

Separate cohorts of mice were treated as described in
Biodistribution of Generated Nanoagents, for the biodistribu-
tion of generated nanoagents, with the lung tissue isolated for
histologic analysis. Prior to excision, the right ventricle of the
mouse and pulmonary vasculature were flushed with 10 mL
cold PBS. The lungs were subsequently inflated with 10% buf-
fered formalin at 25 cm H,O for 10 min, excised and fixed in
10% formalin for 24 h, and then embedded in paraffin.
Paraffin-embedded 5-um sections were stained with hematox-
ylin and eosin or Masson’s trichrome stains. For histological
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analysis of nanoparticles, to preserve fluorescence, mouse
lungs were freshly frozen in optimal cutting temperature
(OCT) fixation compound. a-Smooth muscle actin («SMA)
staining (1:100 dilution, clone 1A4 monoclonal antibody,
Sigma) was performed to visualize myofibroblasts in the lung
tissue. Images were obtained on a Zeiss Widefield Microscope
using Bright-field settings. Images were taken at x10 and x20
magnification.

Statistics

Descriptive analyses were conducted for the mice that
received targeted nanoparticles with or without CCG-1423,
and nontargeted nanoparticles with CCG-1423. Ranges and
distributions were compared using the Kruskal-Wallis test
to evaluate the differences of nanoparticles uptake by vari-
ous organs, lung parenchymal cells, fibroblasts, as well as
reduction in fibrosis and body weight at 28 days. We per-
formed pairwise comparisons between group levels to assess
which pairs of groups were different with Bonferroni correc-
tions to account for multiple testing. To compare overall
survival among groups of mice administered different nano-
particles, we used Kaplan—-Meier curves to estimate the sur-
vival probability over time, and the log-rank test to compare
the difference in survival functions across different groups.
All statistical tests were two-sided, and P < 0.05 was consid-
ered statistically significant. All analyses were performed
with RStudio software, v. 4.1.2.

RESULTS

Generation of Nanoagents for the Myofibroblast-
Specific Inhibition of MRTF

Polymeric nanomaterials, in particular, those based on
pegylated poly (lactic-co-glycolic acid) (PEG-PLGA) have
been used extensively in the delivery of hydrophobic small
molecule inhibitors. To enable their utility in the targeted
delivery of inhibitors for the prevention of pulmonary fi-
brosis, the surface of the particle must be decorated in
such a way to elicit uptake by the cell types of interest. To
accomplish uptake by myofibroblasts within the lung, we
conjugated a peptide-targeting ligand, RVYIHPI, to the
surface of the nanoparticle. This peptide had been previ-
ously used to target the myocardium in a mouse model of
myocardial infarction (8) and was found to co-localize well
with a-SMA-positive cells via binding to AGTR2. In addi-
tion to the modification of the particle surface with affinity
ligands, we also include a near-infrared fluorophore
(CyAlS.5) to enable the tracking of particle localization.

In this work, we use a water-in-oil emulsion technique to
generate nanoparticles ~100 nm in size, with and without
CCG-1423. For the targeted nanoagents, 10% of the polymer
used is targeting peptide-modified, while an additional 10%
is labeled with CyAl5.5. For the nontargeted particles, only
the 10% CyAlS5.5-1abeled polymer was used, in addition to
the base mPEG-PLGA. After centrifugal purification, the
nanomaterials were subject to dynamic light scattering to
determine hydrodynamic diameter (Fig. 1), whereas UV-vis
spectroscopy was used to determine drug loading and
release, with the particles demonstrating the inclusion of
10% drug, by mass. The drug release profile of CCG-1423
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from the particles is shown in Supplemental Fig. S10. The
drug-loaded materials exhibited an initial burst release of
28% during the first 24 h which can be attributed to the
drug molecules embedded within the outermost layers or
adsorbed onto the surface of the particle. After this initial
burst, a more sustained release is observed, resulting in a
55% depletion of CCG-1423 from the nanomaterial by the
fifth day. Mechanistically, encapsulated CCG-1423 release
can be attributed to diffusion, polymer matrix erosion,
swelling, and subsequent degradation of the PEG-PLGA
polymer.

Myofibroblast-Targeted Nanoparticles Localize to the
Fibrotic Lung after Bleomycin Challenge

To evaluate the targeting ability of nanoparticles in vivo,
we used the bleomycin-induced pulmonary fibrosis mouse
model. Intratracheal (IT) bleomycin was administered to
C57BL/6 mice on day 0 and then intravenous (IV) nanopat-
ticles were injected on day 10. On day 14, after IT bleomycin,
the liver, kidney, lung, heart, spleen, brain, and lymph nodes
were harvested and imaged ex vivo to evaluate for the distri-
bution of the nanoparticles (Fig. 2A). No significant uptake
was seen in any organs with the administration of nontar-
geted nanoparticles. The targeted nanoparticles, on the other
hand, clearly demonstrated excellent retention within the
damaged lung (Fig. 2, B and C). As expected, fluorescence is
also observed in the kidneys and the liver, which serve as the
main points of clearance for nanomaterials and their degra-
dation products.

Myofibroblast-Targeted Nanoparticles Are Specifically
Taken up by Lung Fibroblasts after Bleomycin Lung
Injury

To better define the cell-specificity of the nanoparticles,
we again injured the lungs of WT mice with bleomycin and
then injected nanoparticles IV on day 10, in the early stage
of fibrotic remodeling. At day 14, a time point when there
is established fibrosis, mouse lungs were harvested,
digested to a single cell suspension, and sorted and quanti-
fied by flow cytometry hematopoietic cells (CD45 "), endo-
thelial cells (CD31%"), epithelial cells (Epcam™), and
fibroblasts (CD45-CD31 Epcam™) (Fig. 3A). Given that the
nanoparticles are fluorescently labeled, particle positive
and negative populations can also be defined. In these
gated populations of lung cells, nanoparticles were only
found in the lungs of mice that received targeted nanopar-
ticles with or without CCG-1423 (Fig. 3, B-D). Among these
four groups of lung parenchymal cells, the highest per-
centage of nanoparticle uptake was in the gate containing
the fibroblast population with uptake in ~6% of the total
isolated cells.

Myofibroblast-Targeted Nanoparticles Reduce Fibrosis
in a Mouse Model of Disease

To test the therapeutic effects of fibroblast-targeted nano-
particles in vivo, we administered the nanoparticles to WT
mice on day 10 after IT bleomycin, and then monitored the
body weight and health status of the mice for 28 days (Fig.
4A). There was no difference in weight loss and mortality in
the mice that received nontargeted nanoparticles containing
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Figure 1. Characterization of myofibroblast-targeted nanoparticles. Schematics depicting the PEG-PLGA core (green) of each of the three nanoparticles
generated for these experiments. In the targeted particles with drug (T + D), the core is coated with AGTR2-targeted peptides (purple) and contain
CCG-1423 drug inside the shell (blue). In the targeted particles without drug (T — D), there is no CCG-1423 within the shell but the targeting peptide is
seen on the outer shell. In the nontargeting particle with drug (NT + D), CCG-1423 is present within the shell but no targeting peptide is visible. Size distri-

bution of the particles is shown below.

CCG-1423 compared with controls (Fig. 4B). We found a
nonsignificant protective trend of the targeted nanopar-
ticles containing CCG-1423 on survival compared with the
other groups (overall test of the difference in survival
probability across four groups P = 0.356, T + D vs. control
P=0.194,T + Dvs. T—-DP=0.136,T + Dvs. NT+ DP=
0.2.) (Fig. 4C). We also examined lung histology from WT
mice on day 14 after IT bleomycin and compared mice that
received targeted nanoparticles with or without CCG-1423,
and nontargeted nanoparticles with CCG-1423. H&E and
trichrome staining suggested a reduction in fibrosis in
mice that received IV myofibroblast-targeted nanopar-
ticles containing CCG-1423 as compared with those that
received targeted particles without CCG-1423 and those
that received nontargeted particles containing CCG-1423
(Fig. 4D). Pulmonary fibrosis was quantified by measuring
hydroxyproline content in the lungs of WT mice on day 14
after IT bleomycin (day 4 after IV nanoparticles). There
was a reduction in fibrosis in mice who received targeted
nanoparticles containing CCG-1423 as compared with
mice who received targeted nanoparticles without the
drug and those that received nontargeting nanoparticles
with CCG-1423 (Fig. 4E). IV administration of free drug
CCG-1423 at the same dose as loaded in the nanoparticles
was also administered on day 10 for comparison. This one-
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time IV administration of CCG-1423 did not have the same
effect on the reduction of pulmonary fibrosis as the drug-
containing targeted nanoparticles (Supplemental Fig. S11).

Myofibroblast-Targeted Nanoparticles Reduce aSMA
Staining in a Mouse Model of Disease

Mice that received nontargeted nanoparticles had mini-
mal fluorescent particles visible in the lungs at day 14, con-
sistent with the in vitro flow cytometry data demonstrating
less uptake with the nontargeted nanoparticles (Fig. 5A4). In
mice that received targeted nanoparticles without drug,
the particles co-localized with «SMA expressing regions of
the lung, consistent with fibrotic regions containing myo-
fibroblasts. In mice that received targeted nanoparticles
loaded with CCG-1423, we saw regions of the lung with
high concentrations of nanoparticle uptake and reduced
expression of oSMA, suggesting a possible local drug
effect, as CCG-1423 has been shown to induce fibroblast
apoptosis and reduce fibrosis (4). To test the effect of the
nanoparticles on gene expression, a fibroblast-enriched
population of cells was isolated by FACS through negative
selection gating (CD45-CD31 Epcam™ cells) from mice on
day 14 after IT bleomycin and IV nanoparticles (day 10).
Fibroblasts that stained positive for nanoparticle uptake
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Figure 2. Ex vivo characterization of myofibroblast targeted nanoparticles after IT bleomycin. A: schematic of experimental design. C57BL/6 mice were
injected with IT bleomycin (0.8 U/kg) on day O, IV nanoparticles were injected day 10, and mouse lungs were harvested on day 74. B: ex vivo biodistribu-
tion demonstrated uptake of targeted nanoparticles in the lungs, kidney, and liver. C: quantification was performed of fluorescence uptake of organs ex
vivo at day 74. n = 3 animals per group. NT + D, nontargeting nanoparticle with drug; T + D, targeting nanoparticle with drug; T — D, targeting nanopar-

ticle without drug. **P < 0.01, ***P < 0.001, ****P < 0.0001.

were sorted and collected. mRNA was extracted from the
fibroblasts containing nanoparticles and RT-PCR was per-
formed which demonstrated a reduction in the expression
of the profibrotic mediator CTGF in mice treated with tar-
geting particles containing drug as compared with those
from mice treated with targeting particles without drug
(Fig. 5B). Immunoblotting of mouse total lung homoge-
nates collected at day 14 after IT bleomycin and IV nano-
particles (day 10) demonstrated reduced CTGF protein
expression, consistent with a reduction in of the levels of
profibrotic mediators with cell-specific CCG-1423 adminis-
tration (Fig. 5C).

DISCUSSION

IPF is characterized by persistent, progressive pulmonary
fibrosis punctuated by episodes of acute exacerbations,
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which are associated with significant morbidity and mortal-
ity (1). Despite two FDA-approved therapies, IPF remains a
disease with a very poor prognosis and unpredictable clinical
course (1). The two approved therapies for IPF, Nintedinab
and Pirfenidone, only slow the rate of lung function decline
and are associated with significant side effects (9, 10). Thus,
there remains a critical need for novel therapies for IPF,
ideally with minimal side effects.

This study was designed to investigate whether the tar-
geted inhibition of MRTF specifically within activated myofi-
broblasts in the injured lung was sufficient to give an
antifibrotic therapeutic effect. We reasoned that we could
selectively target myofibroblasts using AGTR2, a receptor
highly expressed on myofibroblasts but not on quiescent
fibroblasts (5). This would allow normal fibroblasts to per-
form baseline homeostatic functions while targeting the
pathologically activated myofibroblast population. Previous
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Figure 3. Myofibroblast targeted nanoparticles are specifically taken up by taken up by lung fibroblasts after lung injury with bleomycin. A: flow cytome-
try was performed on single cell suspension of lung tissue generated at day 74 after IT bleomycin. Hematopoietic cells (CD45 "), epithelial cells
(Epcam ), endothelial cells (CD31"), and fibroblasts (CD45 Epcam CD31") were identified through the gating strategy shown. B: nanoparticles were
not well visualized in the lung fibroblasts by flow cytometry in mice who received IV nontargeting nanoparticles. In contrast, nanoparticles were well
visualized by flow cytometry in the mice who received targeting nanoparticles without CCG-1423 (C) and in those who received targeting nanoparticles
containing CCG-1423 (D). Representative images of n = 3 mice/group. E: nanoparticle containing cells were quantified for hematopoietic cells, endothe-
lial cells, epithelial cells, and fibroblasts. n = 3 samples/group. NT + D, nontargeting nanoparticle with drug; T + D, targeting nanoparticle with drug;

T — D, targeting nanoparticle without drug. **P < 0.01, ***P < 0.001.

studies using MRTF inhibitor CCG-203971, a chemically
modified derivative of CCG-1423, demonstrated that sys-
temic administration of the drug at 100 mg/kg administered
twice daily beginning on day 11 for 10 days after injury could
provide a 35% of reduction in fibrosis (4). In contrast, we
gave our model animals a single injection of CCG-1423 for-
mulated in our targeted nanoagents at a dose of 3 mg/kg on
day 10 after injury, an almost 700-fold overall reduction in
dose, which resulted in a 15% decrease in fibrosis. A compa-
rable 3 mg/kg dose of the free drug demonstrated no effect.
This strategy has the potential to limit off-target effects
and potential toxicity associated with the drug (11, 12), par-
ticularly through the reduced overall dosing and the cell-
targeted nature of the vehicle design. As well, the myofi-
broblast-specific targeting limits the exposure of other cell
types within the lung to the drug, mitigating the potential
to block important homeostatic signaling of the Rho/
MRTF/SRF pathway in other cell types such as epithelial
cells, endothelial cells, and immune cells.

It is thought that a critical component of the pathogene-
sis of IPF involves recurrent injury to the alveolar epithe-
lium accompanied by myofibroblast activation, leading to
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aberrant lung tissue repair and deposition of the extracellular
matrix (1). Therefore, the activation of myofibroblasts is a
rational target for antifibrotic therapeutics. Myofibroblasts are
characterized by increased proliferation, invasive capacity, re-
sistance to apoptosis, and persistent secretion of collagen and
other extracellular matrix proteins. In addition, myofibro-
blasts are highly contractile cells and can propagate mechani-
cal stress on neighboring tissues, which may further expand
profibrotic signals. Myofibroblasts do not play a significant
role in normal tissue homeostasis, therefore they may serve as
a therapeutic target to prevent further propagation of fibrosis
and allow resolution of established disease.

The activation of myofibroblasts can be triggered by a va-
riety of profibrotic mediators such as TGF-B and lysophos-
phatidic acid (LPA), both of which signal through the Rho/
MRTF/SRF pathway (6, 13, 14). These stimuli activate this
pathway through ligand binding of G-protein coupled recep-
tors (GPCRs) at the cell surface (14). Activation of Rho/ROCK
induces globular actin polymerization, which causes the
release of MRTFs from their actin-bound state, potentiating
translocation to the nucleus where they induce expression of
profibrotic genes through activation of SRF (15). Previous
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Figure 4. Myofibroblast targeted nanoparticles containing CCG-1423 attenuate bleomycin-induced pulmonary fibrosis. A: schematic of experimental
design. C57BL/6 mice were injected with IT bleomycin (0.8 U/kg) on day O, IV nanoparticles were injected on days 10, 13, 16, 20, 24 and mice were fol-
lowed for 28 days. B: mouse body weight was measured at multiple time points over 28 days. C: survival was monitored over 28 days after IT bleomycin
challenge. D: H&E staining was performed on mouse lung samples harvested on day 74 after IT bleomycin challenge. E: lung fibrosis was quantified by
hydroxyproline assay on day 14 after IT bleomycin. n = 8—11 mice/group. *P < 0.05. NT + D, nontargeting nanoparticle with drug; T + D, targeting nano-

particle with drug; T — D, targeting nanoparticle without drug. *P < 0.05.

studies have demonstrated that inhibition of the Rho/
MRTF/SRF signaling pathway prevents myofibroblast activa-
tion, promotes myofibroblast apoptosis, and limits the devel-
opment of pulmonary fibrosis (4, 7, 13). However, in these
previous studies, pathway inhibition was not cell specific,
and in both in vitro and in vivo models of intestinal fibrosis,
CCG-1423 demonstrated unacceptable cytotoxicity (12). In
our own previous work focused on the modulation of Rho Kki-
nase isoforms ROCK1 and ROCK2 in pulmonary fibrosis,
global deletion of either ROCK isoform in mice proved lethal,
thus only those haploinsufficient for either ROCK isoform
could be studied (16, 17). Mice haploinsufficient for either
ROCK1 or ROCK2 were protected from bleomycin-induced
pulmonary fibrosis (7). One of the mechanisms identified for
this protective effect was a reduction in myofibroblast acti-
vation in the lung after bleomycin injury, as demonstrated
by reduced «SMA staining of the lung tissue. In additional
experiments, selective SiRNA knockdown of ROCKI1 or
ROCK2 in human lung fibroblasts was also shown to reduce
TGF-B-induced myofibroblast activation (7).

In our studies, the targeted nanoagents exhibited specific
uptake in the injured lung, with secondary accumulation
within the liver and kidneys. This is entirely expected as a
clearance route for the materials retained within the tissue,
with the lower molecular weight degradation products clear-
ing through the renal system and the larger components
through the hepatic system as they are slowly hydrolyzed
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within the biological milieu and are removed from the lung.
Our fluorescence-based biodistribution study was accom-
plished 48 h after injection, at which point the nontargeted
particles have been cleared, demonstrating negligible signal
as compared with the tissues containing the targeted materi-
als. Within the lung, flow cytometry of single-cell suspen-
sions of the tissues isolated from bleomycin-treated mice
demonstrated that fibroblasts exhibited the largest percent
uptake of nanoparticles. We chose to treat mice on day 10 af-
ter bleomycin administration at a time when fibrosis has al-
ready started in the lung and inflammation has waned (18).
This may better reflect the therapeutic situation in patients
with existing fibrosis. Importantly, there was evidence for
reduction in myofibroblast activation with NP administra-
tion in these mice.

There are some apparent weaknesses in the methods used
in the study. There are no antibodies available that adequately
label mouse fibroblasts for identification and isolation via flow
sorting. Our fibroblast population was contained within a triple
negative gate, which is expected to encompass several stromal
cell types. In this population, nanoparticles were only found in
~6% of the total gated cell population, which is most likely not
indicative of their actual propensity to localize to the cells of in-
terest. We also only investigated the injection of our drug deliv-
ery vehicles at a single time point and dose. Shifting the timing
of injection to earlier or later time points may have profound
effects on the therapeutic efficacy. As well, giving multiple
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Figure 5. Myofibroblast-targeted nanoparticles containing CCG-1423 reduce myofibroblast activation. A: immunofluorescent staining was performed on
mouse lung samples harvested on day 74 after IT bleomycin challenge. Lung sections were stained for aSMA (green) and nanoparticles (red).
Representative images shown. B: RNA was isolated from mouse lung fibroblasts containing nanoparticles and isolated by FACS at day 14 after IT bleo-
mycin. gPCR was performed to compare CTGF expression in fibroblasts containing targeted nanoparticles containing CCG-1423 to fibroblasts from mice
containing targeted nanoparticles without CCG-1423. C: immunoblotting was performed on lung homogenates from mice treated with IV nanoparticles
on day 10 after IT bleomycin and probed for CTGF protein expression. n = 4 mice/group. NT + D, nontargeting nanoparticle with drug; T + D: targeting

nanoparticle with drug; T — D, targeting nanoparticle without drug. *P < 0.05.

injections or increasing the apparent dose of the drug may
increase the durability of the effect providing for an overall
greater reduction in fibrosis.

In summary, these studies show for the first time that
myofibroblast-targeted Rho/MRTF/SRF pathway inhibition
delivered through nanoparticles to the lung can reduce
bleomycin-induced pulmonary fibrosis with minimal side
effects. Broadly, these findings suggest that targeted NPs
may allow the safe delivery of drugs to specific pathogenic
cell types while limiting effects on normal cells. These
results expand the potential uses for drugs in development
which may have different and undesirable downstream
consequences in different cell types. Furthermore, the tech-
nology has the potential to facilitate the translation of
results from preclinical studies using cell-specific geneti-
cally altered mouse models into clinical trials. Given the
challenges of inhibiting important, fundamental signaling
pathways that are active in both pathologic and homeo-
static cells, cell-specific targeting is a potential solution to
the problem by maximizing the on-target effects, such as
reversing the myofibroblast phenotype, while limiting off-
target effects, such as toxicity on regenerating epithelium
or endothelium. Nanoparticles are already being used in
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other disease processes such as cancer therapeutics, and
thus could be used to target myofibroblasts and treat
fibrotic diseases such as IPF.
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