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APPLIED SCIENCES AND ENGINEERING

Enzyme-like nanoparticle-engineered mesenchymal
stem cell secreting HGF promotes visualized therapy for
idiopathic pulmonary fibrosis in vivo

Hongying Bao'?, Manxiang Wu', Jie Xing"?, Zihou Li', Yuenan Zhang'?, Aiguo Wu'**, Juan Li"%*
Stem cell therapy is being explored as a potential treatment for idiopathic pulmonary fibrosis (IPF), but its effec-

tiveness is hindered by factors like reactive oxygen species (ROS) and inflammation in fibrotic lungs. Moreover, the
distribution, migration, and survival of transplanted stem cells are still unclear, impeding the clinical advance-
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ment of stem cell therapy. To tackle these challenges, we fabricate AuPtCoPS trimetallic-based nanocarriers
(TBNCs), with enzyme-like activity and plasmid loading capabilities, aiming to efficiently eradicate ROS, facilitate
delivery of therapeutic genes, and ultimately improve the therapeutic efficacy. TBNCs also function as a computed
tomography contrast agent for tracking mesenchymal stem cells (MSCs) during therapy. Accordingly, we en-
hanced the antioxidant stress and anti-inflammatory capabilities of engineered MSCs and successfully visualized
their biological behavior in IPF mice in vivo. Overall, this study provides an efficient and forward-looking treat-
ment approach for IPF and establishes a framework for a stem cell-based therapeutic system aimed at addressing

lung disease.

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a highly prevalent and severe
form of interstitial lung disease, constituting approximately 40% of
all cases within this disease category and seriously affecting human
well-being (I). It is characterized by the alveolar epithelial cells
(AECs) injury, which is accompanied by the heightened activation/
stimulation of fibroblasts and myofibroblasts, leading to the buildup
of extracellular matrix (ECM) in the alveolar walls (2, 3). Nintedanib
and pirfenidone, both Food and Drug Administration-approved
therapeutic agents, can slow down the progression of this disease,
but they do not significantly extend the survival time of patients in
the clinic (4, 5). This deficiency might stem from the drug’s ineffec-
tiveness in repairing AEC injury and reducing ECM accumulation,
thereby impeding the process of lung tissue remodeling and the en-
hancement of pulmonary function (6, 7). Recently, mesenchymal
stem cells (MSCs) have emerged as a potential cell-based lung re-
generation therapy primarily due to their well-established safety
profile and remarkable paracrine effects. The effects are character-
ized by the secretion of a broad spectrum of anti-apoptotic and
angiogenic growth factors, which positions MSCs as promising can-
didates for clinical applications in the field of lung regeneration
therapy (8, 9). However, unlike promising outcomes observed in
preclinical models, recent meta-analyses have cast doubt on the
therapeutic potential of MSC treatment for IPE. While the clinical
trials have effectively showcased the feasibility and safety of MSC
treatment, the outcomes of these treatments have been deemed
unsatisfactory, with no notable improvement in median survival
time or lung function of patients (10-12). These results have led to
a consensus regarding the necessity of implementing innovative
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approaches to enhance the therapeutic efficacy of MSC treatment
in IPE

As a result, various strategies have been used to enhance the ther-
apeutic efficacy of MSCs in IPF therapy. For example, genetically en-
gineered MSCs that overexpress a variety of anti-apoptotic proteins,
growth factors, or pro-survival genes have been shown to enhance
the survival and retention of MSCs in vivo, ultimately leading to im-
proved pulmonary function in IPF (13-16). Hepatocyte growth fac-
tor (HGF) is a prominent paracrine factor that is secreted by MSCs,
exhibiting notable properties of anti-inflammatory, anti-apoptotic,
and pro-angiogenic nature, which can contribute to the facilitation of
AEC repair and the reduction of ECM deposition (16-18). Our pre-
vious studies have also substantiated that HGF plays a pivotal factor
in the therapeutic intervention of IPF by MSCs and observed that
MSCs with overexpressed HGF exhibit a more pronounced thera-
peutic effect on IPF (19, 20). However, IPF tissues exhibit an in-
creased generation of reactive oxygen species (ROS), leading to
impaired mitochondrial function and DNA damage in transplanted
MSCs, ultimately culminating in the demise of MSCs (21, 22). There-
fore, there is an urgent need to develop nanocarriers with enzyme-
like activity to enhance the resistance of HGF-overexpressing MSCs
to ROS-induced oxidative stress. Given the intricate nature of the fi-
brotic pulmonary microenvironment, which involves the coexis-
tence of multiple ROS, it is imperative for nanozymes to exhibit not
only robust catalytic activity but also remarkable catalytic diversity.
Multimetallic nanozymes demonstrate excellent catalytic activity
and selectivity owing to their efficient charge-transfer capability and
the potential synergistic effect arising from the coexistence of multi-
ple elements (23). Hence, the development of multimetallic-based
nanocarriers capable of delivering HGF genes and scavenging ROS
will greatly improve the antifibrotic and antioxidative stress capabili-
ties of transplanted MSCs.

In addition, the real-time visualization of the MSCs’ efficacy
in vivo is of great significance in optimizing the MSC-based treat-
ment strategy for IPE. Advanced imaging modalities, including com-
puted tomography (CT), bioluminescence imaging (BLI), magnetic
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resonance imaging, positron emission tomography, and fluores-
cence imaging, are presently used for monitoring the localization
and dynamics of MSCs after in vivo transplantation (24-26). In our
prior study, on the basis of the application of therapeutic visualiza-
tion, we specifically designed and developed a series of nanoprobes
for visualizing various disease therapies (27, 28). Because of the dis-
tinctive properties of lung tissue, such as its low hydrogen proton
density, CT imaging technology is widely regarded as a more appro-
priate approach for visualizing lung diseases in the clinic. Neverthe-
less, the incorporation of in vivo CT tracers for transplanted MSCs,
the delivery of the HGF gene, and mitigating ROS to enhance the
efficacy of MSCs in the treatment of IPF pose an unresolved
challenge.

Here, we successfully fabricated AuPtCoPS trimetallic-based
nanocarriers (TBNCs), through a facile method involving prot-
amine sulfate (PS) as the raw material, and the prepared TBNCs
exhibit exceptional characteristics in terms of plasmid DNA
(pDNA) loading capacity, enzyme-like activity, and CT imaging
performance. Positively charged PS can effectively interact with
negatively charged pDNA through electrostatic interaction and fa-
cilitate the efficient transportation of pDNA into the nucleus due
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to PS’s remarkable ability for membrane translocation and nuclear
localization (29). The noble metal gold (Au), renowned for its ex-
ceptional conductivity, can enhance electron transfer during cata-
Iytic processes, while the platinum (Pt) and cobalt (Co) have
inherent superoxide dismutase (SOD)-like and catalase (CAT)-
like properties, enabling them to effectively scavenge hydroxyl
radicals (¢HO) and hydrogen peroxide (H,0,) (30-32). In addi-
tion, Au and Pt, being high-order metals, exhibit robust x-ray at-
tenuation coeflicients, rendering them highly suitable as contrast
agents for CT imaging. On the basis of these remarkable proper-
ties, the engineered MSCs exhibit notable functions, such as the
effective clearance of ROS from fibrotic lungs and efficient expres-
sion of HGF at the lesion site, thereby improving the antioxidative
stress and antifibrosis capabilities of transplanted MSCs, ultimate-
ly prolonging in vivo survival time to an unprecedented 14 days of
transplanted MSCs and significantly improving the therapeutic
effect on IPE In addition, engineered MSCs are endowed with CT
imaging capability, which allows for the real-time monitoring of
the in vivo biological behavior of transplanted MSCs and facili-
tates the visualization of the efficacy of transplanted MSCs on IPF
(Fig. 1). Collectively, we anticipate that this study will provide a
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Fig. 1. Schematic illustration of the application of TBNCs@pDNA in gene delivery and dual-modal imaging to track hMSCs in the treatment of IPF. TBNCs loaded
with HGF pDNA (TBNCs@pDNA) were cocultured with human MSCs (hMSCs) that constitutively expressed the luciferase reporter gene to generate multifunctional hMSCs.
Subsequently, these multifunctional hMSCs were administered into the lungs of IPF mice via the trachea to facilitate the regeneration of damaged AECs and the reduction
of collagen accumulation in the lung interstitium, thereby enhancing the gas exchange function of the alveoli. In addition, CT/BL imaging modalities were used to moni-
tor the in vivo distribution, migration, and viability of the transplanted hMSCs in real time.
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promising perspective on the utilization of engineered MSC-based
therapy for the treatment of IPE.

RESULTS AND DISCUSSION

Fabrication and characterization of TBNCs@pDNA

The schematic representation of the synthesis process for TBNC:s is
depicted in Fig. 2A. This protocol, which is directed by proteins,
uses amino acid residues of the PS to facilitate interaction and regu-
late the formation of clusters composed of AuPtCoPS. A series of
TBNCs were fabricated by controlling the molar ratios of HAuCly,
H,PtClg, and CoCl, as 1:1:1, 2:1:2, 2:2:1, 1:2:2, 4:1:4, 4:4:1, and 1:4:4
(fig. S1A). Subsequently, the enzyme-like catalytic activities of
TBNCs were examined by SOD and CAT activity assay kits, respec-
tively. SOD 1is known for its ability to convert superoxide anion
(+O*7) into oxygen (O,) and H,0O,, whereas CAT can break down
H,0; into H,O and O,. The results indicate that the capacities for
scavenging «O”~ and H,0, differ among TBNCs with varying molar
ratios. TBNC:s cultured at a molar ratio of 2:1:2 exhibited the highest
SOD activity, followed by TBNC:s cultured at a molar ratio of 4:4:1
(fig. S1B). The highest CAT activity for TBNCs is achieved with the
1:4:4 molar ratio, followed by the 4:4:1 molar ratio (fig. S1C). Taken

collectively, the optimal SOD and CAT activities of TBNCs can be
achieved by maintaining a molar ratio of 4:4:1. Therefore, for subse-
quent experiments, the molar ratio of 4:4:1 was selected for the fab-
rication of TBNCs.

The morphology characterization of TBNCs was performed
by high-resolution transmission electron microscopy (HRTEM)
(Fig. 2, B to D), revealing a spherical shape with an average diame-
ter of ~3.1 nm (Fig. 2C). Furthermore, the elemental mapping im-
ages illustrate a homogeneously alloyed nature of TBNCs, with the
atomic fraction of Au, Pt, and Co being approximately 39:45:9
(fig. S2). Notably, the primary constituents of the PS compound
were identified as phosphorus (P) and sulfur (S), indicating the suc-
cessful formation of TBNCs within the protein matrix (Fig. 2D). In
addition, the elemental composition and surface bonding of TBNCs
were further investigated using x-ray photoelectron spectroscopy
(XPS). (Fig. 2, E to H). The Au 4f spectrum exhibits two peaks at
binding energies of approximately 83.4 and 87.1 eV, corresponding
to the Au 4f;/; and Au 4f5; spin states of zero-valent gold, respec-
tively (Fig. 2F). The Pt 4f spectrum displays two peaks at 70.41 and
73.91 eV, which are associated with Pt 4f;, and Pt 4f5,, respectively
(Fig. 2G). During the nucleation process of trimetallic nanoparti-
cles, PS attaches to metal nanoparticles via its cysteine residues,
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Fig. 2. Synthesis, morphology characterization, and elemental analysis of TBNCs. (A) Schematic illustration of the preparation of TBNCs. (B) Transmission electron
microscopy (TEM) images of TBNCs and (C) the granulometric distribution. (D) Energy-dispersive x-ray spectroscopy mapping of Au, Pt, Co, P, and S elements for TBNCs.
Scale bar, 5 nm. (E) X-ray photoelectron spectroscopy of TBNCs and the corresponding resolution spectrum for (F) Au 4f, (G) Pt 4f, and (H) Co 2p regions of TBNCs, respec-

tively.
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thereby imparting good stability to the nanoparticles (33). The de-
crease in binding energy values of Au 4f;/, from 84.0 to 83.4 eV and
Pt 4f7/, from 71 to 70.41 eV, in comparison to the standard binding
energy values of Au and Pt, further indicates a potential interaction
between Au, Pt, and PS (34). Given that Co is predominantly dis-
tributed within the interior of TBNCs as opposed to being present
on the surface, the XPS spectra for Co 2p do not exhibit a signifi-
cant peak within the range of 770.0 to 810.0 eV (Fig. 2H).

The spin trap 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as the
probe in the electron paramagnetic resonance experiments allowed
for the detection of oxygen-related radicals in the TBNCs reaction
system. DMPO can capture the transient and highly reactive «HO
and «O*” radicals, forming DMPO-+HO and DMPO-+0" spin ad-
ducts, which exhibit characteristic spectra with intensity ratios of
1:2:2:1 and 1:1:1:1, respectively. The introduction of Fe** and H,0,
led to the emergence of distinct spectral signals associated with
the presence of «HO. However, the addition of TBNCs (58 pg/ml)
effectively attenuated the spectral signal, thereby confirming the
efficient elimination performance of TBNCs in eliminating «HO
(Fig. 3B). Similarly, following the coincubation of xanthine with
xanthine oxidase, unique peaks indicative of the presence of «O*~

were observed. Upon the addition of TBNCs at a concentration of
19 pg/ml, a significantly attenuated characteristic peak became evi-
dent (Fig. 3C). All the results indicate that TBNCs exhibit remark-
able SOD and CAT activities, enabling them to efficiently eliminate
«HO and +O*” within the microenvironment (Fig. 3A). Hence, it is
anticipated that the modification of MSCs with TBNCs will enhance
their antioxidative stress capacity.

In addition to antioxidative stress capacity, the enhancement of
the therapeutic efficacy of MSCs poses a critical and challenging is-
sue in MSC-based therapy for IPE. Therefore, the delivery of HGF
pDNA into MSCs was proposed as a strategy to augment their anti-
fibrotic capabilities within the pathological IPF microenvironment.
To achieve this, the HGF pDNA was initially designed and ampli-
fied, as illustrated in fig. S3. The pDNA loading efficiency of TBNCs
was evaluated and optimized by agarose gel electrophoresis screen-
ing the ratio of TBNCs to pDNA (NPs:pDNA). The positive charges
of TBNC:s effectively counteracted the negative charges of pDNA,
resulting in the inhibition of pPDNA movement within the electric
field, while the free pDNA exhibited unrestricted migration along
the direction of the electric field within the gel. As evident from the
results, as the weight ratio of TBNCs to pDNA increases, the bands
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Fig. 3. Enzyme-like activity, pDNA loading capacity, and CT imaging performance of TBNCs. (A) Schematic illustration of enzyme-like activities of TBNCs. (B) Electron
spin resonance (ESR) spectra of :HO generated by Fenton reaction with or without TBNC addition. (C) ESR spectra of «0%~ generated by xanthine oxidase-xanthine system
with or without TBNCs addition. a.u., arbitrary units. (D) Agarose gel electrophoresis of TBNCs/pDNA composites at different mass ratios of TBNCs to pDNA. Naked pDNA
was taken as a control. (E) Electrophoretic band intensity at different mass ratios of TBNCs to pDNA. R.F.U,, relative fluorescence unit. (F) Zeta potentials and (G) hydrody-
namic diameters of TBNCs and TBNCs@pDNA, respectively. (H) Plot of Hounsfield unit (HU) values of TBNCs as a function of the concentration. (I) Transverse CT images of
TBNCs at different concentrations. The value is expressed as the means + SD, with a minimum sample size of 3.
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of pDNA become narrower and completely vanish when the mass
ratio of TBNCs to pDNA reaches 12:1, indicating that the opti-
mal loading capacity of TBNCs for pDNA is achieved when the
TBNCs:pDNA ratio is 12 (Fig. 3, D and E). The negatively charged
HGF pDNA could be effectively adsorbed onto the positively
charged surface of TBNCs, constructing a TBNCs@pDNA complex,
which reduced the surface charge from 47 to 22 mV (Fig. 3F) and
increased the hydrated particle size from 59 to 170 nm (Fig. 3G).
Next, a high-resolution micro-CT system was used to evaluate the
CT imaging performance of TBNCs@pDNA. With an increase in
the concentration of TBNCs@pDNA, the CT images exhibited a
progressive enhancement in luminosity, and the attenuation value
exhibited a linear correlation with the TBNCs@pDNA content (Fig. 3,
H and I), indicating that TBNCs@pDNA have a notable potential for
CT imaging.

TBNCs@pDNA-modified hMSCs exhibited favorable

cell viability

The capacity of TBNCs@pDNA to label human MSCs (hMSCs) was
investigated in the following experiment. To enhance the visualiza-
tion of TBNCs@pDNA-labeled hMSCs, rhodamine B isothiocya-
nate (RBITC) was incorporated onto its surface, resulting in the
creation of RB@TBNCs@pDNA. Subsequently, various concentra-
tions of RB@TBNCs@pDNA (10, 20, 50, 100 pg/ml) were used in
the incubation with hMSCs for 12 hours. The cellular labeling effi-
cacy was assessed using laser confocal microscopy and flow cytom-
etry. The results indicate that the intracellular fluorescence signal of
hMSCs exhibited a gradual increase as the concentration of RB@
TBNCs@pDNA incubation rose (Fig. 4A). The flow cytometry re-
sults also suggest that the fluorescence intensity of labeled cells
increased with higher concentrations, although there was no sub-
stantial change in fluorescence intensity between 50 and 100 pg/ml
(Fig. 4B). Then, hMSCs were coincubated with RB@TBNCs@pDNA
(50 pg/ml) for 1, 2, 4, and 8 hours to evaluate the effectiveness of cell
labeling with RB@ TBNCs@pDNA over different incubation peri-
ods. Figure S4A depicts a modest rise in fluorescence intensity in the
cytoplasm during the incubation period. The flow cytometry results
indicate that the fluorescence intensity of labeled cells increases with
longer incubation times, but the change becomes minimal after
4 hours (fig. S4B). In general, the optimal labeling concentration of
50 pg/ml and a duration of 4 hours can be distinctly chosen, leading
to a cell labeling efficiency of more than 99% under these specified
conditions (fig. S5). To enable the evaluation of the intracellular sta-
bility of TBNCs@pDNA, the RB@TBNCs@pDNA-labeled hMSCs
were seeded onto all-black 96-well plates, with the medium being
refreshed every 24 hours. The fluorescence intensity of the labeled
hMSCs was measured at 24, 48, and 72 hours after inoculation. The
results illustrated in fig. S6 indicate that there was no notable differ-
ence in fluorescence intensity observed between the 48-hour and
72-hour time points, indicating the stable presence of RB@ TBNCs@
pDNA within hMSCs cells.

The impact of TBNCs@pDNA on the functionality of hMSCs
was evaluated through the use of a LIVE/DEAD staining kit. Cal-
cein does not exhibit fluorescence in the presence of an obstructed
calcium-binding site. Upon penetration of the cellular membrane
and subsequent hydrolysis by metabolically active esterase in the cy-
toplasm, the compound exposes the calcium-binding site and estab-
lishes a bond with the calcium ion, leading to the manifestation of
intense green fluorescence. The deceased cells, due to their inactive
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esterase, do not display green fluorescence, but they are marked
with propidium iodide (PI) as a result of compromised membrane
selectivity, leading to red fluorescence. Consequently, the levels of
red and green fluorescences emitted by cells can serve as reliable
indicators of cell viability. As illustrated in Fig. 4C, the cells exhibit
intense green fluorescence and minimal red fluorescence, indicating
a high level of activity. During the initial phase of apoptosis, there is
a translocation of phosphatidylserine from the inner leaflet to the
outer leaflet of the lipid membrane (35). Annexin V exhibits a high
affinity for phosphatidylserine, interacts with it, and subsequently
binds to the cell membrane. This characteristic makes annexin V a
sensitive marker for the detection of early apoptosis. The utilization
of fluorescein isothiocyanate (FITC)-labeled annexin V as a fluores-
cent probe in conjunction with PI, a nucleic acid dye that is unable
to permeate intact cell membranes, distinguished early apoptotic
cells from late-stage and nonviable cells. The findings from flow
cytometry indicate that the cell viability remains at or above 90%
even when subjected to an incubation concentration of 100 pg/ml
(Fig. 4D). Next, the proliferation potential of the TBNCs@pDNA-
labeled cells was investigated. The results demonstrated that the rate
of cellular healing was approximately 13.67% on the initial day after
inoculation, and it increased to around 85.41% by the fourth day,
which indicated that the cells’ ability to proliferate was not substan-
tially affected and remained robust (fig. S7).

The stemness of hMSCs, that is, the ability to self-renew and dif-
ferentiate into multiple downstream cell types (36), forms the foun-
dation for treating IPF. We thus investigated the differentiation
potential of TBNCs@pDNA-labeled hMSCs into two downstream
cellular lines, namely, adipocytes and osteoblasts (37). TBNCs@
pDNA were coincubated with hMSCs, and once the cell healing de-
gree reached 75 to 80%, the cells were subsequently exposed to lipo-
genic and osteogenic induction differentiation medium for 14 and
28 days, respectively. Following solidification of the cells with 4%
paraformaldehyde, they underwent staining with Oil Red O dye and
alizarin red dye, leading to the observation of distinct lipid droplets
and calcium nodules indicating that the TBNCs@pDNA did not
exert a significant influence on the stemness of hMSCs (fig. S8,
A and B).

Gene delivery efficiency and in vitro CT imaging of the
labeled hMSCs

To assess the effectiveness of TBNCs@pDNA in delivering HGF
plasmid to cells, hMSCs were cultured in a serum-free environment
and coincubated with TBNCs@pDNA for 24 hours. The choice to
use serum-free culture was based on the propensity of serum to cre-
ate a protein layer on the surface of nanoparticles, which hinders
their cellular uptake (38, 39). The HGF pDNA primarily encom-
passes the genetic sequence for the enhanced green fluorescent pro-
tein (EGFP) and the HGE The utilization of laser confocal
microscopy allowed for the distinct observation of green fluores-
cence emitted by EGFP, indicating the effective internalization of
the HGF pDNA by cells and its subsequent integration into the nu-
cleus to facilitate gene expression. To further validate these findings,
the expression of HGF was specifically detected using immunofluo-
rescence techniques. The revealed results indicated a clear colocal-
ization of the red fluorescence signal of HGF and the green
fluorescence signal of EGFP, providing further confirmation of the
successful expression of HGF (Fig. 4E). In addition, the quantifica-
tion of HGF expression in TBNCs@pDNA-labeled hMSCs was
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Fig. 4. Cell labeling ability and gene delivery ability of TBNCs@pDNA and CT imaging performance of their labeled hMSCs. (A) Laser confocal microscopy images
of the hMSCs labeled with TBNCs@pDNA at different concentrations; blue and red fluorescences stand for the nucleus stained with 4',6-diamidino-2-phenylindole (DAPI)
and the TBNCs@pDNA-labeled hMSCs, respectively. (B) Flow cytometry analysis of the hMSCs labeled with TBNCs@pDNA at different concentrations. (C) Live/dead stain-
ing of hMSCs after being treated with TBNCs@pDNA at different concentrations. Red and green fluorescences stand for the dead hMSCs stained with propidium iodide
(P1) and alive hMSCs stained with calcein AM. (D) Flow cytometry analysis of the apoptosis of hMSCs with or without TBNCs@pDNA at different concentrations. (E) Im-
munofluorescence analysis of HGF expression in the hMSCs labeled with TBNCs@pDNA. Red: HGF, Green: EGFP, Blue: DAPI-stained nucleus. (F) Quantification of reverse
transcription quantitative polymerase chain reaction data of HGF expression in the hMSCs labeled with TBNCs@pDNA. (G) Calculated HU values as a function of the con-
centration of TBNCs@pDNA added for cell labeling, and (H) in vitro CT images of the hMSCs labeled with TBNCs@pDNA at different concentrations. The symbol **#* indi-
cates a statistically significant difference at P < 0.001. The value is expressed as the means + SD, with a minimum sample size of 3.
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conducted through reverse transcription polymerase chain reac-
tion. The level of HGF expression in labeled hMSCs was determined
to be 935 times greater than in unlabeled hMSCs (Fig. 4F). Trans-
fecting hMSCs is widely recognized as a challenging undertaking
(40). However, in this study, the efficient delivery and successful
expression of the HGF pDNA into the hMSCs were achieved, attrib-
uted to the remarkable cell membrane translocation and specific
nuclear-targeting capability of PS.

The in vitro CT imaging performance of hMSCs labeled with
TBNCs@pDNA is essential for enabling the effective real-time
tracking of labeled hMSCs in vivo, so the CT imaging potential of
labeled hMSCs was evaluated using micro-CT. Compared to unla-
beled hMSCs at 375.59 Hounsfield units (HU), hMSCs labeled with
TBNCs@pDNA exhibited a notable attenuation in attenuation on
micro-CT imaging. The cells labeled with concentrations of 6.25,
12.5,25,50, and 100 pg/ml exhibited 443.66, 489.44, 948.36, 2050.47,
and 3581.38 HU, respectively (Fig. 4H), showing a linear relation-
ship between the attenuation and the quantity of TBNCs@pDNA
added for labeling (Fig. 4G). The sensitivity of CT detection for
TBNCs@pDNA-labeled hMSCs was assessed. In our experiment,
hMSCs were initially labeled with TBNCs@pDNA (50 pg/ml). Sub-
sequently, they were suspended in 1% agarose at various cell num-
bers per tube (25 pl). As illustrated in fig. S9, the CT values were
determined as 643.94, 672.49, 720.28, 769.23, and 901.52 HU for
1.625 X 10°, 3.25 X 10°, 6.5 X 10°, 1.25 x 10°% and 2.5 x 10° cells,
respectively. In comparison to agarose alone (613.64 HU), the la-
beled hMSCs exhibited a prominent signal on CT imaging, with the
detection limit estimated to be approximately 3.25 x 10° cells.

TBNCs@pDNA protect hMSCs from intracellular

oxidative damage

The main factor to be considered in maintaining the viability of
hMSCs in fibrotic lung tissue is their ability to withstand the effects
of ROS following transplantation (21, 22). Subsequently, a cellular
model of H,O,-induced oxidative stress was used in vitro to evalu-
ate the efficacy of TBNCs in eliminating intracellular ROS. The fluo-
rescent probe 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA)
is used for the detection of ROS in a cellular model. DCFH-DA does
not exhibit inherent fluorescence and can permeate the cellular
membrane for intracellular esterase-mediated hydrolysis, resulting
in the production of DCFH. DCFH accumulates within the cell over
time due to its inability to permeate the cell membrane. Intracellular
ROS have the capacity to oxidize non-fluorescent DCFH, leading to
the generation of green fluorescent 2,7-dichlorofluorescein (DCF),
and the fluorescence intensity may serve as an indicator of the intra-
cellular ROS level (41). As illustrated in Fig. 5A, following H,0,
stimulation, the cytoplasm of hMSCs exhibits intense green fluores-
cence, whereas the cytoplasmic fluorescence of TBNC-labeled hM-
SCs is significantly reduced, indicating that TBNCs have a strong
capacity to eliminate ROS. Notably, the presence of ROS has had a
reduction in hMSC viability to 66%, while the successful removal of
ROS from TBNCs has led to an increase in cell viability to 90%
(Fig. 5B).

The mitochondria serve as the central hub for cellular life pro-
cesses, governing not only the cell’s respiratory chain and oxidative
phosphorylation but also the regulation of apoptosis. Following the
invasion of exogenous ROS in hMSCs, the mitochondria of hMSCs
will exhibit a stress response. Briefly, the ROS triggers the opening
of the mitochondrial permeability transition pore, leading to the
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liberation of calcium ions, cytochrome C, and apoptosis-inducing
factors. This process initiates the activation of caspase-9, which sub-
sequently induces the activation of caspase-3/6/7, leading to a de-
crease in adenine nucleoside triphosphate production and an
increase in the expression of pro-apoptotic proteins, ultimately dis-
integrating the outer membrane of mitochondria and apoptosis (42,
43). The mitochondrial morphology and structure of hMSCs after
ROS invasion were investigated using biological TEM. The results
revealed that the mitochondria of TBNCs@pDNA-labeled hMSCs
exhibited a similar rod-like or globular structure to that of normal
hMSCs, even when subjected to ROS attack. Conversely, after being
exposed to a ROS attack, there was an increase in the mitochondrial
volume of hMSCs, leading to a more rounded shape. In addition, the
mitochondrial matrix became faint or transparent, the mitochon-
drial ridge shortened or disappeared, and the interridge cavity ex-
panded (Fig. 5C). The aforementioned phenomenon suggests that
the mitochondria of unlabeled hMSCs experienced notable damage
following invasion by ROS, whereas the mitochondria of labeled
hMSCs remained comparatively undamaged. Next, the apoptosis of
hMSCs resulting from mitochondrial damage was monitored. Ac-
cording to the results of flow cytometry analysis, 20.6% of hMSCs
were in late apoptosis and 13.6% were in necrosis after ROS inva-
sion, while the proportions of hMSCs labeled with TBNCs@pDNA
in late apoptosis and necrosis decreased to 7.66 and 2.59%, respec-
tively (Fig. 5D). In short, the TBNCs@pDNA demonstrate the ca-
pacity to effectively enhance the resistance of hMSCs to oxidative
stress caused by ROS, thereby helping to prevent mitochondrial
structural damage, and ultimately are expected to improve the sur-
vival rate of hMSCs in fibrotic lung conditions.

The labeled hMSCs have therapeutic efficacy in vitro
During the early stages of IPF, there is an up-regulation in the pro-
duction of pulmonary inflammatory factors and the occurrence of
endoplasmic reticulum stress in AECs, leading to the impairment of
AECs and the degradation of the alveolar basement membrane (44).
As a result, enhancing the repair of AECs can effectively ameliorate
compromised alveolar function and impede the progression of
IPF. The repair effects of TBNCs@pDNA-labeled hMSCs on injured
AECs were evaluated in a wound-healing assay. Bronchial epitheli-
um transformed with Ad12-SV40 2B (BEAS 2B) cells with scratches
was cultured in normal medium (control group), hMSC-conditioned
medium (hMSC-CM group), and TBNCs@pDNA-labeled hMSC-
conditioned medium (labeled hMSC-CM group), respectively. The
process of wound healing was observed using an inverted micro-
scope, and the area of the scratch before and after repair was ana-
lyzed statistically. The results demonstrate that the healing degree of
BEAS 2B cells in the labeled hMSC-CM group was notably higher
than that in the other groups after 24 hours of culture, with the
hMSC-CM following closely (Fig. 6, A and C). The enhanced capac-
ity of BEAS 2B cells for repairing damage when exposed to labeled
hMSC-CM culture can be ascribed to the overexpression of HGF in
the labeled hMSCs, leading to the stimulation of proliferation and
migration in BEAS 2B cells, as well as the inhibition of apoptosis.
Upon experiencing recurrent injury, the AECs undergo a pheno-
typic transition to myofibroblasts in response to activating agents
like transforming growth factor p1 (TGF-p1), which further stimu-
lates the expression of fibrotic markers such as a-smooth muscle
actin (a-SMA), collagen I (Col I), and fibronectin (FN), a phenom-
enon referred to as epithelial-mesenchymal transformation (EMT)
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(45). In this study, TGF-p1 was used to prompt the differentiation of
BEAS 2B cells into myofibroblasts, mimicking the development of
pulmonary fibrosis in vivo. The BEAS-2B cells were subjected to ex-
posure to TGF-B1, hMSC-CM + TGF-p1, and labeled hMSC-
CM + TGF-p1 for a duration of 24 hours. Subsequently, the cellular
expressions of fibrosis markers a-SMA, FN, and Col I were detected
using the immunofluorescence technique, and the mean fluores-
cence intensity was quantitatively assessed using Image] software
(Fig. 6, B and D to F). The up-regulation of a-SMA, FN, and Col I
was significantly induced by TGF-f1, while hMSC-CM and labeled
hMSC-CM notably attenuated the expression of these three fi-
brosis markers, with labeled hMSC-CM demonstrating the most
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significant inhibition. These results further indicate that HGF sup-
presses the signaling of TGF-p1 and the transition of the AECs into
myofibroblasts. This phenomenon can be elucidated by the ability of
HGEF to stimulate the generation of TGF-P1 signaling inhibitors,
such as Smad7 expression, through a mechanism dependent on
mitogen-activated protein kinase, which is expected to hinder the
transformation of AECs into myofibroblasts, thereby impeding the
progression of pulmonary fibrosis (46).

Myofibroblasts are significantly involved in the pathogenesis of
IPF by secreting a substantial amount of ECM that accumulates in
the lung interstitium, leading to the collapse of alveolar structure
and impairing gas exchange function, and ultimately contributing
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to the mortality of patients with respiratory failure (47). Hence, the
induction of myofibroblast apoptosis, along with the reduction or
degradation of ECM accumulation in the lung interstitium, plays a
crucial role in inhibiting or potentially reversing the progression
of IPE Subsequently, the capacity of TBNCs@pDNA-engineered
hMSCs to stimulate apoptosis in myofibroblasts was assessed.
Myofibroblasts were cultured with normal medium, hMSC-CM,
and labeled hMSC-CM for 24 hours, respectively. The apoptosis of
myofibroblasts was assessed using the annexin V-FITC/PI staining
kit. Fluorescence microscope images revealed that the labeled
hMSC-CM led to a notable increase in myofibroblasts apoptosis, as
evidenced by the increased annexin V-FITC and PI-positive sig-
nals, in comparison to the hMSC-CM and normal medium groups.
While the hMSC-CM group also exhibited positive staining for an-
nexin V-FITC and PI, the signal intensity was significantly lower
compared to the labeled hMSC-CM group (fig. SI0A). The obtained
results were in line with those derived from flow cytometry analysis.
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Upon exposure to labeled hMSC-CM, the myofibroblasts exhibited
a mortality rate of 50.3%, which was three times greater than that of
the control group in normal medium (15.5%) and two times higher
than that of the group exposed to hMSC-CM (22.4%) (fig. S10B).
Previous studies have shown that matrix metalloproteinase 2
(MMP-2) and MMP-9 are capable of degrading a range of collagen,
gelatin, and basement membranes within the cellular interstitium.
Moreover, MMP-2 and MMP-9 have been observed to trigger apop-
tosis in myofibroblasts, indicating their potential as candidates for
antifibrotic interventions (48). The c-Met protein operates as a re-
ceptor tyrosine kinase and fulfills the role of a receptor for HGE,
thereby initiating the HGF/c-Met signal transduction pathway.
Upon activation, the signal transduction system has the capability to
up-regulate the expression of MMP-2 and MMP-9 in myofibro-
blasts, thereby initiating the apoptosis pathway of myofibroblasts
(49). Hence, we used the enzyme-linked immunosorbent assay to
measure the levels of MMP-2 and MMP-9 expression during the
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apoptosis of myofibroblasts triggered by labeled hMSC-CM, and the
results indicated that the labeled hMSC-CM resulted in elevated
levels of active MMP-2 and MMP-9 in the supernatants of myo-
fibroblasts. Notably, the augmentation of MMP-9 levels induced
by labeled hMSC-CM was more pronounced compared to the ef-
fect observed on MMP-2 levels (fig. S11).

Understanding the mechanisms of IPF is crucial for the develop-
ment of effective prevention and treatment strategies. Nevertheless,
the precise mechanism of IPF has not been completely elucidated.
The onset of IPF starts with the damage and aberrant regeneration
of AECs, culminating in the induction of EMT, which promotes the
transformation of AECs into myofibroblasts. Myofibroblasts are re-
sponsible for the secretion of a significant quantity of ECM, which
accumulates in the lung interstitium, ultimately resulting in the
collapse of the alveolar structure. The TBNCs@pDNA-engineered
hMSCs in this study exhibited the capacity to effectively regenerate
damaged AECs, suppress EMT, and induce apoptosis of myofi-
broblasts, which is expected to significantly hinder the progres-
sion of IPE.

In vivo dual-modal imaging tracking of the labeled hMSCs
To monitor the viability of transplanted hMSCs in vivo, we initially
established an hMSCs line (hMSCs uC) with a consistent expression
of the luciferase (Luc) reporter gene through lentiviral transfection
(fig. S12). Subsequently, TBNCs@pDNA were coincubated with
hMSCs" to obtain the labeled hMSCs". The biosafety of labeled
hMSCs'" was examined before their transplantation into IPF mice.
The results indicate that TBNCs@pDNA could be rapidly metabo-
lized by the metabolic system, and the Au amounts in the lung tissue
decreased from 55 to 13 pg after 45 days of transplantation (fig. S13).
Moreover, the labeled hMSCs"™ were injected in situ into normal
mice, and the major organs of the mice were subsequently removed
2 montbhs later for pathological analysis. The findings indicated that
the heart, liver, spleen, lungs, and kidneys of the experimental mice
did not exhibit any abnormal pathological alterations in comparison
to those of the control group (fig. S14). Next, bleomycin (BLM)
was administered directly into the lungs to induce the up-regulation
of fibrosis-related genes, activate associated pathways, and mimic
the process of fibrosis, thereby establishing a murine model of
IPF. Initially, the IPF mice underwent characterization through
micro-CT imaging. The findings from the two-dimensional (2D)
image analysis indicated that the lungs of IPF mice exhibited grid-
like alterations and irregular expansion of peripheral bronchial
branches. The density of the diseased tissue was evaluated through
the analysis of the alterations in the mean CT value, allowing for a
quantitative assessment of the scope and severity of pulmonary fi-
brosis. The 3D image analysis revealed a restricted quantity of func-
tional ventilation sites in IPF mice, accounting for only 16% of the
normal aeration zone, leading to the mice suffering from severe re-
spiratory failure (Fig. 7, A and B). Furthermore, the pathological
results of Masson’s trichrome staining and hematoxylin and eosin
staining reveal notable collagen accumulation in the lung intersti-
tium of IPF mice, along with severe impairment of the alveolar
structure (Fig. 7C). Thus, all results validated the successful estab-
lishment of a murine model for pulmonary fibrosis.

Following the transplantation of the labeled hMSCs™ trachea
into IPF mice, the in vivo viability of the transplanted hMSCs was
monitored in real time using the IVIS Lumina II system. On the
third day after transplantation, there was an increase in lung

luc
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bioluminescence (BL) intensity from 3.94 x 10° photons per second
(p/s) to 4.83 x 10° p/s, potentially indicating a rapid proliferation of
hMSCs within the initial 3-day period following transplantation.
From day 5 onward, there was a gradual decrease in the intensity of
the BL, accompanied by an accelerated rate of decline. This phe-
nomenon may be associated with a decreased rate of proliferation of
hMSCs in comparison to the rate of apoptosis, the latter of which
demonstrates a gradual increase. Moreover, it was noted that while
the overall BL intensity decreased on the seventh day, the peak BL
intensity surpassed that of the fifth day (41.79 x 10* p/s), reaching
48.22 x 107 p/s, which may be caused by the migration of hMSCs or
the specific stimulation of the injured site to facilitate hMSCs prolif-
eration. Compared with previous studies, we modified hMSCs with
TBNCs@pDNA to enhance their resilience to pulmonary oxidative
stress and significantly promoted the survival rate of hMSCs in mice
with IPE, effectively prolonging their survival from 7 to 14 days
(Fig. 7, D to F) (50-52). However, the survival of transplanted hMSCs
in the lungs of IPF mice is influenced not only by oxidative stress but
also by additional factors including hypoxia and inadequate nutri-
ent delivery. Hence, it is imperative to persist in optimizing the
strategy to tackle the challenge of the low lung survival rate of hM-
SCs in IPF mice.

The real-time visualization of the biological behavior, such as
distribution, migration, and homing of transplanted hMSCs in mice
with IPF, is advantageous for optimizing hMSC therapy and for
timely monitoring of its efficacy. However, the resolution of BL im-
aging is constrained, making it challenging to observe the distribu-
tion and migration of transplanted hMSCs in vivo. Consequently,
micro-CT imaging was used in vivo to observe the biological behav-
ior of transplanted hMSCs. After transplantations of labeled hMSCs
into IPF mice, the presence of hMSCs (yellow color) was detected in
the upper lung (red color) region (Fig. 8B). Real-time CT images
acquired from three horizontal layers indicate that the CT signals
from hMSCs are predominantly located in two areas, denoted by
yellow and red arrows, respectively. The three horizontal layers rep-
resent cross sections from the top to the bottom of the lung. As de-
picted in Fig. 8A, the CT signal area at the yellow arrow of layer 1
exhibited a gradual decrease over time until it nearly vanished, while
the CT value increased on the 5th and 10th day. This phenomenon
may be attributed to the migration of hMSCs to the fibrotic injury
site. Our previous study also substantiated the ability of hMSCs to
migrate to the fibrotic site (20). Furthermore, it is evident that there
was a substantial decrease in the CT signal intensity and area at the
red mark of layer 1 on the fifth day, while the CT signal area at the
red mark of layers 2 and 3 increased, indicating that hMSCs possibly
migrated from layer 1 to layers 2 and 3 on the fifth day. When com-
bined with 3D CT images, hMSCs exhibited proliferation on the
fifth day, with the signal area gradually decreasing over time. Conse-
quently, the comprehensive distribution, migration, and other bio-
logical activities of hMSCs in the management of pulmonary fibrosis
can be observed, allowing for real-time visualization of the effective-
ness of hMSCs in treating pulmonary fibrosis, which will facilitate
the technical optimization of hMSC-based therapy (Fig. 8, C to E).
While the BL imaging results indicated that transplanted hMSCs
survived for up to 14 days in IPF mice, a 45-day observation was
conducted to explore the long-term tracer ability of TBNCs@
pDNA. It was observed that the CT signal gradually diminished
over time, but the distribution of hMSCs remained clearly visible on
the 45th day (fig. S15). Therefore, it also established a basis for
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achieving the long-term tracking of transplanted hMSCs. To con-
firm whether the TBNCs still stayed in the labeled hMSCs after
transplantation, the lung tissue was taken out for sectioning 45 days
after transplantation. TBNCs@pDNA was pre-tagged with RBITC,
and the cytomembrane dye 3,3'-dioctadecyloxacarbocyanine per-
chlorate (DiO) was used to mark hMSCs before transplantation. The
laser confocal microscopy images displayed that the red fluores-
cence region (RB@TBNCs@pDNA) matched well with the green
fluorescence region (DiO-hMSCs), distinctly demonstrating the
presence of TBNCs in the labeled hMSCs. Consequently, it is clear
that the imaging signals were the true signals of the labeled cells
(fig. S16). Collectively, the hMSCs labeled with TBNCs@pDNA
could be tracked for 45 days via CT after transplantation in the lung.

The labeled hMSCs have therapeutic efficacy in vivo

Next, the therapeutic effect of labeled hMSCs on IPF in vivo was
evaluated. The study first involved the detection of HGF expression
levels in labeled hMSCs within fibrotic lungs using specific immu-
nofluorescence staining. As illustrated in Fig. 9A, labeled hMSCs
exhibit a pronounced expression of HGF in the lungs of mice with
IPE, with the level of expression significantly exceeding that of the
other experimental groups. In addition, it was also observed that
mice injected with BLM exhibited elevated expression of HGF in
their pulmonary tissue. Although the expression level was not
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higher than that of mice transplanted with hMSCs, it was notably
higher than that of the control group (Fig. 9B). This discovery is
consistent with our previous assertions: When exposed to BLM
stimulation, the interstitial cells of mice lungs exhibit a significant
increase in HGF expression, which aids in the restoration of dam-
aged AECs (19, 53, 54). Subsequently, the expression of a-SMA and
Col I, which serve as markers of pulmonary fibrosis was examined.
The results suggested that labeled hMSCs were capable of signifi-
cantly reducing the expression levels of both factors, exhibiting a
notably higher efficiency in down-regulation compared to unla-
beled hMSCs (Fig. 9, C to F). We speculate that the observed phe-
nomenon was linked to the heightened expression of HGF by
labeled hMSCs, which effectively facilitated the restoration of lung
epithelial cells, suppressed EMT, and stimulated the apoptosis of
myofibroblasts, thereby reducing the levels of a-SMA and Col I at
the site of action. The involvement of the NLRP3 inflammasome in
BLM-induced EMT suggests that evaluating the NLRP3 expression
level can offer valuable insights into the degree of inhibition of EMT
(55). Terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate nick end labeling (TUNEL) can be used to assess
the apoptosis of myofibroblasts. Hence, we examined the expression
levels of NLRP3 and a-SMA in lung tissues pre- and postlabeled
hMSCs transplantation through paraffin tissue immunohistochem-
istry. In addition, we assessed the apoptosis of myofibroblasts using
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Fig. 8. Visualization of biological behavior of TBNC-labeled hMSCs transplanted into IPF mice. (A) In vivo micro-CT images (indicated by yellow and red arrows) of
the labeled hMSCs at 1, 5, 10, 15, and 20 days after transplantation into the lung of IPF mice, respectively. (B) 3D in vivo CT images of the labeled hMSCs in IPF mice before
(left) and after (right) transplantation. (C) Graph illustrating the distribution area of CT signals from labeled hMSCs in relation to the duration of transplantation. (D) 3D CT
images depict the labeled hMSCs at 1, 5, 10, 15, and 20 days after transplantation into the lung of IPF mice. (E) CT values of the labeled hMSCs after transplantation into
the lung at different time points. The value is expressed as the means + SD, with a minimum sample size of 3.

TUNEL staining. The findings indicated that the transplantation of
labeled hMSCs markedly suppressed the expression of NLRP3
(fig. S17A), suggesting that labeled hMSCs have the potential to ef-
fectively impede EMT and hinder the advancement of pulmonary
fibrosis. Furthermore, the expression of a-SMA was decreased in
the group treated with transplanted labeled hMSCs (fig. S17B), and
there was a notable increase in the number of positive cells in the
TUNEL staining results of the transplanted labeled hMSCs treat-
ment group (fig. S17C), indicating that transplanted labeled hMSCs
have the potential to effectively induce apoptosis of myofibro-
blasts. This result is consistent with the outcomes of our in vitro
experiments.

Subsequent detection of structural alterations occurred in the
lung tissue of IPF mice both before and following the application of
labeled hMSCs therapy. Micro-CT imaging was used to identify
scarring in the lung tissue of mice in the BLM group, characterized
by an accumulation of excess fibrous connective tissue that com-
pressed the alveoli, leading to alveolar collapse and reducing oxygen
supply to the blood (Fig. 10A). It is postulated that the diminished
survival rate of transplanted hMSCs in the lungs of mice with IPF
may also be related to the reduced oxygen supply following fibrotic
lesions. In addition, pathological analysis of lung tissue revealed a
substantial deposition of collagen in the lung interstitium of the
BLM group, resulting in dense scars and honeycomb-like changes
due to alveolar collapse. Nevertheless, despite the presence of simi-
lar pathological changes in the labeled hMSCs group, the overall
preservation of lung tissue structure seemed to be superior in

Bao et al., Sci. Adv. 10, eadq0703 (2024) 21 August 2024

comparison to the other groups (Fig. 10B and fig. S18). In addition,
the 2D and 3D CT imaging results indicate a notable reduction in
the normal aeration area of the lung in the BLM group, which dem-
onstrates notable improvement after treatment with labeled hMSCs
(Fig. 10A). The degree of lung aeration in mice that were adminis-
tered labeled hMSCs was determined to be as high as 96%, a signifi-
cantly greater level compared to the unlabeled hMSCs group (75%)
and the BLM group (44%) (Fig. 10, C to E).

In general, hMSCs engineered with TBNCs@pDNA demon-
strate the ability to effectively withstand oxidative stress in fibrotic
lungs and notably enhance their in vivo survival rate. Simultane-
ously, engineered hMSCs exhibited a high level of HGF expression
at the fibrotic site, actively facilitating the repair of damaged lung
epithelial cells, reducing the expression of Col I and a-SMA, thereby
impeding the progression of pulmonary fibrosis and fostering the
structural reorganization of lung tissue.

In summary, TBNCs have been synthesized by a simple and reli-
able method, showcasing remarkable enzyme-like activity, effective
gene delivery, and exceptional potential for CT imaging. First,
TBNC:s effectively eradicate ROS in transplanted hMSCs, thereby
enhancing their viability and extending the lifespan of transplanted
hMSCs in vivo to 14 days. Second, TBNCs efficiently deliver HGF
pDNA into hMSCs, leading to a 935-fold increase in HGF expres-
sion and ultimately enhancing the antifibrotic potential of trans-
planted hMSCs. In addition, integration of the robust CT imaging
attributes of TBNCs with the bioluminescence capacities of hMSCs
that constitutively express luciferase enables the real-time monitoring

120f 16



SCIENCE ADVANCES | RESEARCH ARTICLE

A Labeled hMSC B _7s00
Control hMSC + BLM +BLM g
24500
%3000
Lé 1500
=
100 4m
c Labeled h(MSC D _.750
Control hMSC +BLM +BLM 2 6000 -
‘24500
%3000
Col I %1500
= o RCY\} A G
100 ym o 6\;\“50*3 o e‘\‘«“:\\
12,500
- Control hMsC+BLM 2085 mMSC ] o0
g 7500
< 5000
-SMA..-. E I
0

Fig. 9. Expression of HGF and fibrosis markers Col | and o-SMA in the lung of IPF mice.

O G\ W )
o 3\;\“\5 ox
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expression of HGF in the lung tissue of IPF mice treated with hMSC and labeled hMSC, respectlvely Laser confocal microscopy images and corresponding fluorescence
intensity of the expressions of (C and D) Col | and (E and F) a-SMA in the lung tissue of IPF mice treated with hMSC and labeled hMSC, respectively. The untreated and
BLM-treated mice were used as negative and positive controls, respectively. The symbols ** and *** indicate a statistically significant difference at P < 0.01 and P < 0.001,
respectively. The value is expressed as the means + SD, with a minimum sample size of 3.

of the in vivo distribution, migration, and viability of transplanted
hMSCs. This approach enhances comprehension of the mechanisms
by which transplanted MSCs for treating IPF and contributes to the
optimization of techniques in MSC-based therapy. Consequently,
this study presents a previously unidentified approach for engineer-
ing MSCs to endow therapeutic and imaging capabilities, to lay the
crucial technical groundwork for advancing clinical research and
streamlining the large-scale production of high-quality MSCs in the
realm of regenerative medicine.

MATERIALS AND METHODS

Study design

The purpose of this study was to use TBNCs loaded with HGF
pDNA to genetically engineer hMSCs to enhance their antioxidative
stress and antifibrosis capabilities. Simultaneously, the biological be-
haviors, including distribution, migration, and survival of trans-
planted hMSCs in vivo, were real-time visualized in CT/BL
dual-modal imaging. To achieve this objective, PS was initially used
as the template protein for the one-step synthesis of TBNCs. Next,
the activities of SOD and CAT enzymes, the pDNA loading capacity,
and the CT imaging performance of TBNCs were assessed and
optimized.

Bao et al., Sci. Adv. 10, eadq0703 (2024) 21 August 2024

Second, we examined the in vitro cell labeling, gene delivery, and
antioxidant stress capabilities of TBNCs@pDNA. TBNCs@pDNA-
labeled hMSCs have been shown to efficiently express HGF pDNA,
resulting in a 935-fold increase in expression level. In addition,
TBNCs@pDNA efficiently eliminate ROS in hMSCs and enhance
the survival rate to more than 90%. The antifibrotic potential of
TBNCs@pDNA-labeled hMSCs was assessed in vitro, with a focus
on their capacity to repair injured lung epithelial cells, inhibit
epithelial-mesenchymal transition, and induce apoptosis of myofi-
broblasts. Furthermore, it was also verified that the TBNCs@pDNA-
labeled hMSCs exhibited favorable performance in CT imaging
in vitro.

Third, the therapeutic effect of labeled hMSCs on IPF was inves-
tigated in vivo. Initially, BLM was administered to C57BL/6 mice to
induce pulmonary fibrosis and establish an IPF model. Simulta-
neously, the lentivirus transfection technique was used to estab-
lish constitutive hMSCs expressing the luciferase reporter gene
(hMSCsluc) to monitor the survival status of transplanted hMSCs
in vivo. Subsequently, TBNCs@pDNA-labeled hMSCs® were trans-
planted into the lungs of IPF mice via tracheal transplantation. The
distribution, migration, survival, and efficacy of the transplanted
hMSCs were visualized in vivo using CT imaging combined with BL
imaging. In addition, lung tissues were promptly extracted for
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Fig. 10. Efficacy of TBNC-labeled hMSCs in the treatment of pulmonary fibrosis in vivo. (A) Micro-CT images of the IPF mice treated with hMSC or labeled hMSC and
(B) Masson’s trichrome staining of the lung tissues from the IPF mice treated with hMSC or labeled hMSC. The untreated mouse served as the negative control, while the
BLM-treated mouse served as the positive control. (C) The normal aeration area and (D) the poor aeration area were compared between the hMSC- and labeled hMSC-
treated groups and the untreated groups. (E) The percentages of pulmonary CT ventilation ratio were compared between the hMSC- and labeled hMSC-treated groups
and the untreated groups. The symbol *#* denotes a statistically significant difference at a significance level of P < 0.001. The value is expressed as the means + SD, with

a minimum sample size of 3.

pathological examination and, in conjunction with the findings
from CT imaging and immunohistochemical staining, the effects of
transplanted hMSCs on the inhibition of fibrosis and the promotion
of lung tissue remodeling in IPF mice were assessed.

All animal experiments were carried out in compliance with the
approved protocol of the Regional Ethics Committee for Animal Ex-
periments of Ningbo University, China [permit no. (Zhe) 2019-
0005]. The determination of sample size is established through
reference to published literature to guarantee statistical significance.
Data files S1 and S2 contain comprehensive information regarding
the sample size, statistical analysis, and experimental design, along
with accompanying charts and legends.

Statistical analysis

All statistical data were shown as means + SEM. Correlation be-
tween groups was evaluated using Student’s ¢ test. Differences were
considered significant at *P < 0.05, **P < 0.01, and ***P < 0.001.
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