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ABSTRACT
Background: Idiopathic pulmonary fibrosis (IPF) is a lethal disease with an unknown etiology and complex pathophysiol-
ogy that are not fully understood. The disease involves intricate cellular interplay, particularly among various immune cells. 
Currently, there is no treatment capable of reversing the fibrotic process or aiding lung regeneration. Hepatocyte growth factor 
(HGF) has demonstrated antifibrotic properties, whereas the adoptive transfer of modified T cells is a well-established treatment 
for various malignancies. We aimed to understand the dynamics of T cells in the progression of lung fibrosis and to study the 
therapeutic benefit of adoptive T cell transfer in a bleomycin-injured mouse lung (BLM) model.
Methods: T cells were isolated from the spleen of naïve mice and transfected in vitro with mouse HGF plasmid and were admin-
istered intratracheally to the mice lungs 7 days post-bleomycin injury to the lung. Lung tissue and bronchoalveolar lavage were 
collected and analyzed using flow cytometry, histology, qRT-PCR, ELISA, and hydroxyproline assay.
Results: Our findings demonstrate the successful T cell therapy of bleomycin-induced lung injury through the adoptive transfer 
of HGF-transfected T cells in mice. This treatment resulted in decreased collagen deposition and a balancing of immune cell 
exhaustion and cytokine homeostasis compared with untreated controls. In vitro testing showed enhanced apoptosis in myofi-
broblasts induced by HGF-overexpressing T cells.
Conclusions: Taken together, our data highlight the great potential of adoptive T cell transfer as an emerging therapy to coun-
teract lung fibrosis.

1   |   Background

With a median survival of 3–5 years, idiopathic pulmonary fi-
brosis (IPF) is the deadliest and most aggressive form of lung 

fibrosis [1], and its prevalence is increasing worldwide [2, 3]. 
Although two drugs, pirfenidone and nintedanib, have been 
approved since 2014, the progression of this disease cannot be 
stopped, and one-third of patients show significant intolerance 
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to these drugs. It remains unclear how pirfenidone works [4]. 
The onset of IPF is associated with risk factors such as aging, 
air pollution, and smoking [5, 6]. The exact etiology and de-
tailed pathophysiology of IPF are still not fully understood. 
IPF is known to emerge from the failure of the alveolar epi-
thelium to heal in an orderly manner, triggering a cascade of 
proinflammatory and profibrotic mechanisms, activating var-
ious cell types, and releasing a plethora of cytokines. These 
processes wreak havoc within the alveolar compartment of 
the lung [7]. The roles of epithelial cells and fibroblasts in the 
course of IPF have been studied in depth, and several mecha-
nistic insights have been detailed. Moreover, many therapeu-
tic agents targeting molecular pathways related to these two 
cell types have been tested in clinical trials [8]. Unfortunately, 
no treatment has been established to halt or reverse the pro-
gression of IPF.

Immune cells, including macrophages, T cells, inflammatory 
monocytes, and neutrophils, play an important role in the 
complex cellular interactions. However, the precise relation-
ship between IPF and immune cell–mediated signaling is not 
fully understood [9]. Of the pulmonary immune cells, mac-
rophages have been studied in-depth, and their role in IPF 
has been investigated in detail [10]. However, studies about T 
cells and their subsets are very controversial [11–14]. In this 
study, our aim was to investigate the temporal dynamics of T 
cells using the model of bleomycin-injured mouse lung (BLM 
model) and to examine the roles of T cells and their specific 
subsets. It is widely accepted that progressive IPF is associ-
ated with a shift toward T helper cell 2 (Th2) responses, which 
facilitate disease progression [15–17]. The Th17/regulatory T 
cells (Treg) axis has also been investigated, but with contro-
versial conclusions [18–21].

Other crucial immune cells include dendritic cells (DC), which 
function as professional antigen-presenting cells (APCs) and 
activate cells of the adaptive immune system, such as naïve T 
cells, upon encountering potential pathogens entering the body 
[22–24]. DC appear to play different roles in human IPF lung 
when compared with the BLM-injured lung. Fibroblasts from 
human fibrotic lungs have been shown to attract immature DC 
and to induce a profibrotic environment [25], whereas accu-
mulation of immature DC is directly linked to a poor progno-
sis [18, 26]. Contrarily, it was demonstrated in the BLM model 
that depletion of specific subsets of DC mitigated fibrosis [27], 
making it difficult to confirm the role of these cell types in the 
pathophysiology of lung fibrosis.

Recently, CAR-T cells were employed to treat certain types of 
cancer with promising results [28]. Therefore, we aim to test if 
the adoptive transfer of T cells restores immune homeostasis and 
could be a potential therapy for lung fibrosis. Moreover, hepato-
cyte growth factor (HGF), with morphogenic, motogenic, and 
mitogenic capacities, shows suppression of apoptosis in epithe-
lial cells while inducing apoptosis in myofibroblasts [29]. HGF is 
a known antifibrotic agent and many antifibrotic mechanisms of 
HGF have been reported [30]. It is known to have a proliferative 
and a protective effect on epithelial cells; it induces DNA pro-
duction in alveolar epithelial type II cells. It induces apoptosis 
of the myofibroblasts and stops the differentiation of fibroblasts 
to myofibroblasts [31]. HGF also reduces collagen deposition by 

myofibroblasts and reduces TGF-β1 production by various cell 
types; it has also been shown to stop epithelial-mesenchymal 
transition (EMT) [5].

Focusing on T cells, in this study, we investigated the dynam-
ics of specific immune cell subsets dysregulation, following 
bleomycin administration to murine lungs in a time-dependent 
manner. Subsequently, we explored the restoration of immune 
homeostasis through adoptive T cell transfer and its impact on 
lung repair and regeneration. Our findings demonstrate that 
adoptive transfer of both T cells and HGF-CD3+ T cells promotes 
lung repair and regeneration in the BLM model, potentially by 
rebalancing pulmonary immune cells involved in homeostasis. 
This approach could form the basis for personalized therapies 
aimed at treating lung fibrotic diseases.

2   |   Materials and Methods

2.1   |   Ethical Approval

Animal experiments were approved by the Swiss Federal 
Veterinary Office and the Cantonal Ethical Committee for 
Animal Experiments (Amt für Landwirtschaft und Natur des 
Kantons Bern) under permission number BE 84/18. All mice 
received humane care in compliance with the “Principles of 
Laboratory Animal Care” formulated by the National Society 
for Medical Research and the “Guide for the Care and Use of 
Laboratory Animals” prepared by the Institute of Laboratory 
Animal Research. All experiments were performed in ac-
cordance with the standards of the European Convention of 
Animal Care.

2.2   |   Mice

Ten- to fifteen-week-old male C57BL/6jRJ mice (Janvier labs 
Le Genest Saint Isle Saint Berthevin, France) were used for the 
study. Mice were housed in a specific pathogen-free facility at 
the Department of BioMedical Research, University of Bern 
(Bern, Switzerland) in individual cages with food and water 
ad libitum in controlled temperature and light condition.

2.2.1   |   Study Design

The study was divided in two parts: the first part of the study 
was designed to evaluate effect of bleomycin induced lung 
injury on immune cell homeostasis. In the second part of 
the study, the effect of adoptive transfer of T cells or HGF-
transfected T cells on the BLM model was evaluated in the 
BLM model. The mice were randomly divided into six groups 
with n = 6–12 in each group. For analysis, tissue samples of 
two mice were pooled.

2.3   |   Anesthesia

For administration of bleomycin and adoptive T cell trans-
fer, an anesthetic cocktail solution of 1 mL was prepared as 
follows: 300-μL ketalar (50 mg/mL, Ketaminum, Pfizer AG), 
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200-μL Domitor (medetomidini hydrochloridum 1 mg/mL, 
Orion Pharma), 127-μL fentanyl (fentanyli citras, 0.05 mg/mL, 
Sintetica), and 373-μL saline 0.9% (Baxter) were mixed, 0.05 μL 
per mouse was injected intraperitoneally. Mice were kept on a 
heating mattress, and Bepanthen eye cream was applied to both 
eyes to prevent desiccation. For the reversal of anesthesia after 
the procedure, an anesthesia antagonist cocktail was injected. 
For 1 mL of antagonist solution, 100-μL Revertor (5 mg/mL, ati-
pamezoli hydrochloridum), 600 μL naloxone (0.4 mg/mL, nalox-
oni hydrochloridum, Orpha Swiss GmBH), and 300-μL saline 
0.9% (Baxter) were mixed. Mice received an intraperitoneal in-
jection of 0.05 μL and were kept on the heating mattress until 
full awakening. After procedure, mice were checked for weight 
and physical condition every day to observe and monitor any de-
cline in their health.

2.4   |   Euthanasia

Mice received an intraperitoneal injection of 100-μL Esconarkon 
(300 mg/mL, pentobarbitalum natricum, Streuli Pharma AG) 
before the collection of organs.

2.5   |   Bleomycin Administration to the Lung

On Day 1 of the protocol, mice were anesthetized as de-
scribed above, intubated with a 22-gauge intravenous catheter 
(REF:381212 and 381223BD, BD Insyte), and instilled intra-
tracheally with 1.52 U/mouse bleomycin (Cat. No: 2634B5012, 
Baxter, USA) in a volume of 50 μL of saline to both lungs; for 
equal distribution, a bolus of air was also instilled using the same 
syringe. The schematic representation of the experimental setup 
is elaborated in Figure 1. The selected bleomycin dosage (1.52 U) 
was chosen as it provided an optimal balance between efficacy 
and safety. This intermediate dose falls within the commonly 
used range of 1–2 U per mouse, ensuring sufficient lung injury 
to accurately model the disease while minimizing mortality and 
excessive inflammation. Importantly, higher doses would have 
resulted in excessive inflammation, which is not representative 
of human idiopathic pulmonary fibrosis (IPF) [32–34]. The con-
trol group was administrated 50 μL of saline. For the first part of 
the study to evaluate the role of immune cell homeostasis after 
intratracheal bleomycin administration, mice were sacrificed at 
7, 10, or 14 days after bleomycin or saline administration. For 
the second part of the study to evaluate the effect of adoptive 
transfer of T cells or HGF-overexpressing T cells, mice received 
5 × 105 CD3+ T cells that were either HGF-transfected or non-
treated CD3+ T cells 7 days after bleomycin instillation.

2.6   |   HGF Plasmid and HGF-Overexpressing CD3+ 
T Cells

Plasmid: Mouse HGF plasmid was obtained from Origene 
(MG226277). The plasmid purification was done employing 
the DNA purification kit (MACHEREY-NAGEL, Germany) 
following the included protocol. The plasmid was suspended in 
RNAse-free water for in vitro transfection. CD3+ T cells were 
isolated from murine spleen. Briefly, spleen was meshed on a 
70-μm strainer in ice-cold PBS. After centrifugation, total CD3+ 

T cells were isolated using the EasySep Mouse T Cell Isolation 
Kit (Stemcell Technologies, 19851). Mouse T cell nucleofector 
kit (Lonza, Switzerland, VPA-1006) was used following the sup-
plied protocol. After transfection, 5 × 105 of transfected cells sus-
pended in 60 μL of PBS were administered intratracheally to the 
lung. The control group was administered with nontransfected 
CD3+ T cells only. Transfection efficiency is shown in Figure S8.

2.7   |   Assessment

In the first part of the study, the mice were sacrificed at 7, 10, 
or 14 after BLM administration. In the second part of the study, 
adoptive transfer of HGF-overexpressing CD3+ T cells was per-
formed 7 days after BLM injury to the lung, and the animals 
were sacrificed 7 days after adoptive transfer of CD3+ T cells. 
The mice were euthanized by intraperitoneal injection of 100-μL 
phenobarbital sodium, and blood was collected by puncturing 
the heart with a 24G syringe before dissection. Lung, heart, and 
trachea were exposed by bilateral thoracotomy. Bronchoalveolar 
lavage fluid (BALF) was collected through a cut in the upper 
third part of the trachea in which a 24G cannula was introduced 
and 0.5 mL of ice-cold PBS was instilled into the lung and as-
pirated back again for further analysis (this step was repeated 
three times with fresh PBS for a total of 1.5 mL of collected 
BALF). Thereafter, the heart was perfused through the right 
ventricle with a minimum of 5 mL of ice-cold PBS, and organs 
were collected: lung parenchyma (LP), lung draining lymph 
nodes (LDLN), and peripheral lymph nodes (i.e., the axillary, 
brachial, and inguinal LN) (pLN).

2.8   |   Preparation of Single-Cell Suspensions 
for Flow Cytometry

Preparation of single-cell suspensions of LP, LDLN, and pLN 
was performed as described earlier [35]. Briefly, organs were 
collected in ice-cold GKN + 10% FBS and finely minced using a 
scalpel blade. The minced organs were incubated in a mixture of 
Collagenase IV (Worthington, USA) and DNAse I (Sigma Aldrich, 
USA) in GKN + 10% FBS for 90 min for LP and 30 min for LDLN 
and PLN in a shaking water bath at 37°C. Digested organs were 
filtered through a 70-μm mesh and centrifuged at 1640 rpm for 
8 min, and pellets were resuspended in ice-cold GKN + 5% FBS. 
Samples were kept on ice until further processing.

2.9   |   Flow Cytometry

Single-cell suspensions of LP, LDLN, PLN, and BALF were incu-
bated with FcR-block for 10 min on ice. The list of used antibod-
ies can be found in Table S1. Acquisition was performed using 
a LSRII SORP (upgraded) (BD Biosciences) flow cytometer, 
and data were analyzed with the software FlowJo X (Tree Star, 
Ashland, OR, USA). The gating strategy is shown in Figure S1.

2.10   |   Hydroxyproline Assay

Collagen content of the lung was analyzed as described previ-
ously [35]. Harvested lungs were weighed, snap frozen, and then 
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homogenized in phosphate buffered saline (PBS); 300 μL of the ho-
mogenate was treated with 10% trichloric acid (TCA) and then hy-
drolyzed with 6-M hydrochloric acid for 18 h at 110°C, and the pH 
was adjusted to 7. The oxidation process was started by a 20-min 
incubation with 1 mL of chloramine T reagent at RT and stopped 
by the addition of 500 μL of 3.15-M perchloric acid. Samples were 
then incubated in Ehrlich reagent (p-dimethylaminobenzaldehyde 
added to methyle cellusolve) for 20 min at 55°C–65°C. Finally, 
the absorbance of each sample was measured at 557 nm, and a 

standard curve was calculated using known concentrations of re-
agent grade hydroxyproline (Sigma) as described before.

2.11   |   Hematoxylin and Eosin (H&E) Staining 
and Assessment of Fibrosis

H&E staining was performed as a routine procedure on 
formalin-fixed and paraffin-embedded sections, and a 

FIGURE 1    |    Outline of BLM mouse model, histology, fibrosis scoring, and pulmonary collagen content in the course of fibrosis. (A) 
Mice were either instilled intratracheal with 50 μL of saline (control), or with BLM (1.52 U/kg) and sacrificed on Day 7, Day 10, and Day 14 following 
instillation. (B) H&E-stained lung sections of mice treated as outlined above. (C) Ashcroft's scoring done on H&E-stained lung sections. (D) Lung 
collagen content measured by hydroxyproline assay on lung homogenate. Mice treated as outlined under A. Data show mean ± SEM, n = 12 mice per 
group (one point represents two pooled mice).
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modified Ashcroft's score, ranging from 0 to 8, was used for 
a semiquantitative scoring of pathological lesions. Between 
20 and 30 fields of view per lung were randomly sampled and 
rated based on published criteria [36] by an observer blinded 
to the samples.

2.12   |   Enzyme-Linked Immunosorbent Assay

Murine BALF protein content was screened for HGF and 
TGF-β with an ELISA kit from R&D Systems (catalog numbers: 
DY2207 and DY1679-05). The assays were performed following 
manufacturer's instructions.

2.13   |   Real-Time Quantitative PCR (qPCR)

Total RNA was extracted from lung tissue with the kit 
Nucleospin RNA (Macherey Nagel, Germany). Reverse tran-
scription was done using Omniscript RT kit (Qiagen, Germany) 
according to the manufacturer's instructions. Quantitative 
RT-PCR was performed using the FastStart Universal SYBR 
Green Master (Rox) (Merck, Germany) using the Quanstudio 
6 Real-Time PCR machine (ThermoFisher Scientific). The 
relative mRNA expression was calculated using the –ΔΔCt 
method and the fold change was obtained through FC = 2−

ΔΔCt. Data were normalized to the housekeeping gene RPLP0. 
A list of qPCR primers is shown in Table S2.

2.14   |   Isolation of Murine Pulmonary Fibroblasts

Lung fibroblasts were isolated by sprouting as described earlier 
[37]. Briefly, lung was harvested as explained above and was cut 
into very small pieces of 1–2 mm in size with scissors and placed 
in a six-well plate, coated with 10% PureCol (Sigma) in milliQ H2O 
for at least 30 min; 1 mL of DMEM with 10% FBS was added at the 
bottom of each well to stabilize the pieces, which were kept in cul-
ture for 3–5 days. Pieces were finally removed, and new media was 
added every 2 days until sufficient growth of murine fibroblasts 
was observed.

2.15   |   Co-Culture of TGF-β–Treated Fibroblasts 
and T Cells

Six-well plates were coated with 10% Purecol (Sigma) for 60 min 
at 37°C. Following rinsing with ice-cold PBS, 25,000 fibroblasts 
per well were seeded in 2-mL DMEM 10% FBS 1% penicillin 
streptomycin (Gibco); 8 ng/μL of TGF-β per well was added for 
24 h to stimulate the fibroblasts. Twenty-four hours later, 50,000 
CD3+ T cells, either HGF+-transfected or nontransfected CD3+ 
T cells, were added on top of stimulated fibroblasts. Co-cultures 
were kept for 24 h before further analysis.

2.16   |   Incucyte-S3 Live Cell Analysis 
of TGF-β–Treated Fibroblasts and T Cells

Cells and co-cultures were prepared as described above. 
Fibroblasts and T cells were stained using Vybrant Multicolor 

Cell-labelling kit (REF: V22889, Molecular probes by Life 
Technologies). Five microliters of dye were added to 1 × 106 cells/
mL of PBS. Each cell type was incubated for 20 min at 37°C and 
washed two times using PBS and plated in six-well plates. The 
plates were put in the Incucyte-S3 Live Cell Analysis System 
(ThermoFisher Scientific), and images were taken every 10 min 
for 24 h and then once per hour for 72 h.

2.17   |   Precision-Cut Lung Slices (PCLS)

The murine PCLS were prepared following the protocol from 
Lyons-Cohen et  al. [38] and adapted to our needs. Briefly, the 
mice were euthanized as described above and then maintained 
on a small polystyrene base. The abdominal cavity was opened, 
and the inferior vena cava was sectioned to remove blood from the 
lungs. Then, a tracheotomy was performed by carefully opening 
the upper area and removing the salivary glands. One incision was 
made in the upper part of the trachea in order to be able to insert 
a 22G needle. Then, with a 1-mL syringe, approximately 0.8–1 mL 
of 40°C 2% low-melting-point agarose (Sigma) was carefully 
instilled in the lungs. The syringe was taped to the polystyrene 
base to ensure the correct agarose maintenance within the lungs. 
The whole mouse on the base still bearing the inserted syringe in 
the trachea was placed for at least 10 min in a refrigerator. When 
cold, the lungs were removed and placed in ice-cold PBS. PCLS 
of 150 μm were cut using the Compresstome VF-310-0Z Vibrating 
Microtome (Precisionary, USA). Once sliced, the cuts were placed 
in ice-cold PBS, and the remaining agarose was removed with for-
ceps. Slices were incubated at least 2 h at 37°C, 5% CO2 before any 
analysis.

2.18   |   Staining of PCLS

Staining was done according to protocol adapted from published 
work [39]. Briefly, sections of PCLS were frozen in 10% DMSO / 
90% FBS and then fixed for 3 h in 2% PFA followed by 2 h incu-
bation in 40% sucrose at 4°C. PCLS were washed with PBS and 
blocked with PBS-0.2% Triton plus 1% goat serum. Primary anti-
bodies were incubated overnight in PBS-0.2% Triton plus 1% goat 
serum and washed the next morning with PBS-0.1%. Secondary 
antibodies were incubated for 3 h in PBS-0.2% Triton plus 1% goat 
serum, washed, and mounted on slides before imaging on with a 
confocal microscope (LSM980, Zeiss, Feldbach, Switzerland).

2.19   |   Statistics

Statistical analysis was performed with GraphPad Prism 
8.4.0 (GraphPad Software Inc., La Jolla, California, USA). A 
one-way ANOVA followed by Dunnett's multiple compari-
sons test with a single pooled variance was performed. Data 
with p values of p < 0.01(*), p < 0.001(**), p < 0.0001(***), and 
p < 0.00001(****) were considered as significantly different. 
Each point value represents two pooled mice that received the 
same treatment, with organs harvested at the same time and 
processed in the same manner in order to reduce variability 
induced by bleomycin administration between mice. All end-
points were evaluated with at least six animals (n = 6) for Days 
7 and 14 after bleomycin administration, nine animals (n = 9) 
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were done for the Day 10, and 12 animals were done for the 
control group (instillation with saline).

3   |   Results

3.1   |   Administration of Bleomycin (BLM) 
Dysregulates Pulmonary Immune Cell Homeostasis 
in Different Compartments of the Murine 
Respiratory Tract

Mice were administered 1.52 U/kg of BLM intratracheally (i.t.) 
in 50-μL volume, on Day 0 and sacrificed 7, 10, and 14 days fol-
lowing instillation (Figure  1A). Control mice received 50 μL 
of saline i.t. Mice showed interstitial infiltration on Days 7, 
10, and 14 after BLM instillation (Days 7, 10, and 14), whereas 
controls did not show any infiltrate (Figure 1B). Fibrosis scor-
ing done on representative histologic sections confirmed an 
increase in fibrotic area on Days 10 and 14 in comparison to 
control mice (Figure 1C). In accordance, the total lung colla-
gen content showed an increasing trend on Day 7 and a sig-
nificant increase compared with controls on Days 10 and 14 
as measured by hydroxyproline assay (Figure 1D). In order to 
visualize the collagen deposition at the different time points 
post-BLM exposure, we performed a Sirius Red staining where 
the red showed the collagen (Figure S3A–D). The red staining 
confirms an accumulation of collagen by Day 14 post-BLM ex-
posure in the mouse lung.

We analyzed frequencies of immune cells by flow cytometry 
in order to obtain an overview on the dynamics occurring over 
time after BLM assault (Figure 2, Table 1). The frequency of 
the various immune cells studied was observed within the 
total CD45+ population. CD45 molecules are expressed on all 
leukocytes and are important molecules in signal transduction 
on the cell membrane. They are involved in the development, 
maturation, function regulation, and signal transmission of 
lymphocytes, and their distribution can be used as a classi-
fication marker for certain T cell subgroups [40]. In the lung, 
CD4+ T cells (Figure  2A) showed a nonsignificant trend in 
decreasing frequency on Day 7 in comparison with control 
mice. This trend became significant on Day 14. In contrast, 
frequency of CD8+ T cells was not affected by BLM treatment 
(Figure  2A). With no significant change on Days 7 and 10, 
CD4+CD25+FoxP3+ Treg showed a significant decrease on 
Day 14. However, in BALF, CD4+ T cells showed a significant 
increase on Day 14 whereas no change was observed in the 
Treg subset (Figure 2C).

Other immune cell subsets analyzed in the lung showed vary-
ing trends after BLM injury: Total DC (CD11chighMHCIIhigh) 
as well as CD11blow and CD11bhigh subsets showed a signifi-
cant decrease on Day 14 in comparison to the control group 
(Figure 2B). In contrast, in BALF, total DC showed a signifi-
cant increase on Days 7 and 14. The CD11bhigh subset showed 
a significant increase on Day 7, whereas the CD11blow subset 
was increasing in frequency on Day 14 (Figure 2D). Cell fre-
quencies are detailed in Table 1.

3.2   |   Adoptive Transfer of HGF-CD3+ T Cells 
Restores the Immune Cell Homeostasis in the BLM 
Mouse Model

We wanted to investigate a potential beneficial effect induced by 
HGF-overexpressing T cells (HGF-CD3+ T cells) on the fibrotic 
lesions in comparison to adoptive transfer of CD3+ T cells only. 
Mice were treated with 50 μL of BLM i.t. on Day 0 and treated with 
5 × 105 HGF-CD3+ T cells or CD3+ T cells on Day 7. On Day 14 
(7 days post treatment), mice were sacrificed and organs collected 
(Figure 3A). As reported before, mice showed interstitial infiltra-
tion after BLM administration in comparison to control mice. A 
significant reduction in inflammatory infiltration was observed 
in mice treated with HGF-CD3+ T cells compared with BLM-
injured mice (Figure  3B). Fibrosis scoring, done on representa-
tive histologic sections, confirmed improved histology and lung 
architecture after treatment with HGF-CD3+ T cell compared 
with the BLM group. Interestingly, the nontransfected CD3+ T cell 
treatment group showed a significant decrease of fibrosis scoring 
(Figure  3C). The increase of total collagen content in the lung, 
observed 14 days post-BLM treatment, was significantly reduced 
after treatment with HGF-CD3+ T cells, whereas nontransfected 
CD3+ T cells did not have any effect (Figure 3E). Sirius red stain-
ing was conducted in both treatment groups. The results indicated 
a reduction in collagen deposition following HGF-CD3+ T cell 
treatment compared with both the BLM Day 14 group and the non-
transfected CD3+ T cell treatment group (Figure S3D–F). Finally, 
we assessed total HGF concentration in BALF by ELISA and ob-
served, as expected, a significant increase of HGF concentration 
following instillation of HGF-CD3+ T cells in comparison to the 
control group (Figure 3D). Immunofluorescence staining in PCLS 
confirmed the presence of instilled HGF-CD3+ T cells in the BLM-
injured lung parenchyma 24 h after instillation, whereas confocal 
laser scanning imaging revealed localization of HGF-CD3+ cells 
within the alveolar walls (Figure 4).

In order to elucidate potential effects of HGF-CD3+ T cells and 
CD3+ T cells on local pulmonary immune cell subsets, single-
cell suspensions of lung tissue were analyzed by flow cytometry. 
As previously shown, frequency of CD4+ T cells decreased in 
the BLM group in comparison to the control group (Figure 2A). 
This decrease was not abrogated after treatment either with 
HGF-CD3+ T cells or nontransfected CD3+ T cells (Figure 5A). 
Treg also showed a significant decrease in frequency in the 
nontreated BLM group in comparison to the control. Treatment 
with HGF-CD3+ T cells and nontransfected CD3+ T cells in-
duced a significant increase in frequency of Treg in comparison 
to the nontreated BLM group. Fourteen days after BLM admin-
istration, CD8+ T cells were not decreased; however, HGF-CD3+ 
T cells showed a significant increase in frequency in comparison 
to nontreated BLM and the control groups (Figure 5A). Total DC 
(MHCIIhighCD11chigh) and both subsets CD11bhigh and CD11blow 
DC showed a significant increase in frequency following treat-
ment with both HGF-CD3+ T cells in comparison to the non-
treated BLM group (Figure 5B). BALF CD4+ T cells and Treg 
showed a similar pattern as observed in the lung with an in-
crease in frequency after treatment with HGF-CD3+ T cells in 
comparison to the BLM group or negative control (Figure 5C). 
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FIGURE 2    |    Frequencies of T cell and DC subsets in lung and BALF following BLM instillation. (A) Frequency of lung CD4+, Treg 
(CD4+CD25+FoxP3+), and CD8+ T cells within total CD45+ cells. Mice were either instilled intratracheal with BLM (1.52 U/kg) or with 50 μL of sa-
line (control) and sacrificed on Day 7, Day 10, and Day 14 following instillation. (B) Frequency of total lung DC and CD11bhigh and CD11blow subsets. 
(C) BALF CD4+ and Treg (CD4+CD25+FoxP3+). (D) BALF total DC (CD11C+MHCIIhigh) and CD11bhigh and CD11blow subsets relative to total CD45+ 
cells. All Groups received treatment as outlined under A. Data show mean ± SEM. Statistical significance was determined by a one-way ANOVA 
followed by Tukey's multiple comparison post-test. Values were considered significantly different comparing treatments with the control group, and 
significances reported as p < 0.05 (*), p < 0.05 (**), p < 0.005 (***), and p < 0.0005 (****), n = 12 mice per group (one point represents two pooled mice).
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Total DC and the CD11blow subset were shown to increase in 
the nontreated BLM group, as described above (Figure  5D). 
Compared with the BLM group, treatment with nontransfected 
CD3+ T cells showed a decrease in total DC while no such de-
crease was observed following instillation of HGF-CD3+ T cells. 

The CD11bhigh subset showed an increase after treatment with 
HGF-CD3+ T cells, whereas there was no change in this subset 
in the BLM group and after treatment with nontransfected CD3+ 
T cells. It is interesting to mention that immunofluorescence 
staining in the treated rat lung showed less α-smooth muscle cell 

TABLE 1    |    Summary of frequencies of T cell subsets shown by flow cytometry at different time points after bleomycin instillation.

% of CD45+ cells Control BLM Day 7 BLM Day 10 BLM Day 14 BLM Day 21

CD4+ T cells 4771 ± 0.705 5477 ± 0.573 4192 ± 0.738 2100 ± 1967 1720 ± 0.294

CD8+ T cells 0.719 ± 0.456 4168 ± 0.428 0.582 ± 0.306 0.521 ± 0.474 1032 ± 0.239

Treg 0.097 ± 0.018 0.1033 ± 0.027 0.093 ± 0.056 0.020 ± 0.017 0.048 ± 0.016

FIGURE 3    |    Treatment approach employing nontransfected CD3+ T cells with resulting histology and pulmonary collagen content. 
(A) Timeline of treatment employing HGF-CD3+ T cells. Mice were either administered intratracheal with BLM (1.52 U/kg) or with 50 μL of saline 
(control), and on Day 7, mice were treated either with HGF-CD3+ T cells or nontransfected CD3+ T cells and sacrificed 7 days later (BLM group = Day 
14). (B) Histologic changes in lung tissue following treatment with HGF-transfected or nontransfected CD3+ T cells in comparison to the BLM group 
and control were analyzed with H&E staining (C) Ashcroft's scoring done on H&E-stained mouse lung sections (D) Level of hepatocyte growth fac-
tor (HGF) measured in lung tissue by ELISA. (E) Total collagen content in the lung measured by hydroxyproline assay. Control = grey, BLM (Day 
14) = light blue, nontransfected CD3+ T cell treatment = green. Data show mean and SEM, n = 8–12 mice per group, ****p < 0.00005, ***p < 0.0005, 
**p < 0.005, *p < 0.05.
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actin (αSMA)—a keymarker for myofibroblasts—staining after 
HGF-CD3+ T cell treatment in comparison to nontransfected 
CD3+ T cell treatment and BLM group (Figure S4).

3.3   |   Adoptive Transfer of HGF-CD3+ T Cells 
Increases Relative Gene Expression of Antifibrotic 
Mediators in the BLM Mouse Model

In a next step, we investigated specific gene expression in lung 
tissue homogenates to investigate the mechanism behind BLM 
driven injury and fibrosis, and the protective effect by adop-
tive transfer of HGF-CD3+ T cells (Figure  6). Relative mRNA 
levels of HGF (Figure  6A), prostaglandin E synthase gene 
(PTGES) (Figure 6C), IL-10 (Figure 6D), IL-13 (Figure 6E), and 
IL-17 (Figure  6F) were significantly increased after treatment 
following treatment with HGF-CD3+ T in comparison to the 
BLM group and mice treated with nontransfected CD3+ T cells, 
whereas TGF-β gene expression was decreased in both treat-
ment groups compared with the BLM group (Figure 6B).

3.4   |   HGF-CD3+ T Cells Increase Apoptosis 
of TGF-β–Activated Fibroblasts In Vitro

To further investigate the potential antifibrotic mechanisms 
of adoptive transfer of HGF-CD3+ T cells in the lungs of BLM 
treated mice, we established an in vitro co-culture model of 
primary murine fibroblasts and T cells. Prior to co-culture, 
the fibroblasts were stimulated with TGF-β for 24 h, in order 
to activate and differentiate them into myofibroblast-like cells 
[41]. The TGF-β–treated fibroblasts were cultured with either 
HGF-CD3+ T cells or nontransfected CD3+ T cells for 24 h 
and then, labeled for αSMA, Desmin, CD140α, Collagen1α 
and Caspase 3 to be further analyzed by flow cytometry (see 
gating strategy in Figure  S7). Double positive Desmin and 
collagen1α fibroblasts were significantly decreased after treat-
ment with different T cells, i.e., nontransfected CD3+ T cells 

and HGF-CD3+ T cells in co-culture with TGF-β–treated fi-
broblasts (Figure  7A). We observed a significant decrease of 
αSMA+ cells after any T cell treatment (Figure 7B). Mean flu-
orescence intensity (MFI) was measured for Caspase 3 and in 
double positive Desmin+ Col1α+ cells. Caspase 3 MFI showed 
an increase after HGF-CD3+ T cell incubation in comparison 
to control TGF-β fibroblasts (Figure  7C), whereas nontrans-
fected did not induce apoptosis in TGF-β–treated fibroblasts. In 
our co-culture setting, we could observe a significant decrease 
of Col1α+Desmin+CD140α+ after adding HGF-CD3+ T cells in 
comparison to TGF-β–treated fibroblasts alone and the other T 
cell treatments (Figure 7D). Col1α+Desmin+CD140α+αSMA+ 
cells were also decreased in TGF-β–treated fibroblasts 
after all T cell treatments (Figure  7E). MFI of caspase 3 in 
Col1α+Desmin+CD140α+αSMA+ cells was significantly in-
creased after HGF-CD3+ T cells in TGF-β–treated fibroblasts 
(Figure 7F).

4   |   Discussion

Our data strongly indicate that BLM-induced lung injury and 
fibrosis disrupts immune homeostasis, resulting in reduced pop-
ulations of CD4+ T cells and Tregs, alongside increased CD8+ T 
cells within the injured mouse lung. These changes progress in a 
time-dependent manner, with the most pronounced alterations 
observed 14 days post-BLM injury. Furthermore, our study un-
derscores that adoptive transfer of T cells 7 days after bleomycin 
injury successfully restores pulmonary homeostasis of CD4+ 
T cells, Tregs, and DC, leading to reduced collagen deposition 
and improved lung architecture compared with untreated mice. 
Moreover, our innovative HGF-CD3+ T cell therapy demon-
strates a significant antifibrotic effect by increasing levels of 
antifibrotic cytokines in vivo and inducing caspase 3–mediated 
apoptosis of TGF-β–treated fibroblasts in vitro and ex vivo. In 
conclusion, our findings strongly support the potential of T cell 
therapy as a highly effective and innovative treatment for lung 
fibrosis.

FIGURE 4    |    Immunofluorescence staining in precision-cut lung slices (PCLS) from BLM-treated mice instilled with HGF-CD3+ T 
cells imaged with confocal laser scanning microscopy. Mice were treated with BLM. Seven days after BLM treatment, DiO-labeled HGF-CD3+ 
T cells were instilled intratracheal, and mice were sacrificed 24 h later. Each image shows confocal optical sections of the xy-projection (large up-
per image), the xz-projection (small lower image), and the yz-projection (small right image). Blue: actin+ filaments, red: CD3+ T cells (arrowheads), 
green: DiO-stained HGF-CD3+ T cells (squares), yellow: co-localization DiO dye and CD3+ cells (asterisks), A = alveolus. PCLS were scanned with a 
confocal microscope (Zeiss, LSM 980).
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It is important to mention that in the BLM-injured mouse lung 
model, fibrosis induced by a single intratracheal bleomycin in-
stillation begins to regress around Day 21 and is minimal by 

Day 28, necessitating multiple-dose regimens to sustain fibro-
sis [42]. Our study investigated the role of immune cells, par-
ticularly T cells, in bleomycin-induced lung injury, selecting 

FIGURE 5    |     Legend on next page.
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key time points based on dose-optimization experiments. 
HGF was administered on Day 7, when fibrosis is established, 
and evaluated on Day 14, the peak fibrosis stage in control an-
imals, to determine whether early immune modulation could 
alter disease progression. Because fibrosis naturally resolves 
by Day 28, administering HGF at Day 21 was not pursued, but 
we recognize the importance of later time points and plan to 
explore multiple-dose models and treatment refinements in 
future studies.

Our current study sheds light on the crucial aspect of T cell 
exhaustion, which is a well-known characteristic of IPF [43], 
an age-related disease associated with various pathophysi-
ological changes. Our research unveils notable trends in T 
cell exhaustion dynamics in the BLM model. There is a time-
dependent reduction in the frequency of CD4+, CD8+ T cells, 
and CD4+CD25+FoxP3+ Tregs, beginning on Day 10 post-
BLM administration and significantly declining on Day 14 
when fibrosis is well established. Interestingly, this decline 

is absent in the BALF from the BLM-injured mouse lung, 
contrasting observations in IPF patients, where the CD4+ 
and CD8+ T cell ratio in the BALF mirrors that in the lung 
interstitium [44]. This discrepancy may be attributed to the 
high degree of inflammation in the mouse lung after BLM ad-
ministration in the early stages of injury [45]. Moreover, this 
could also point toward the possible recruitment of circulating 
helper T cell populations to aid in the recovery from fibrosis in 
the BLM mouse model [46, 47]. No major change in T lympho-
cyte subsets was observed in the lung draining lymph nodes 
(LDLN), pointing even more toward the possibility of recruit-
ment from the circulatory system to the lung after BLM injury 
(Figure S2).

DC, as professional APC, prime lymphocytes in the LDLN upon 
encountering potential pathogens in the lung [48]. It has been re-
ported that different DC subsets may show different involvement 
depending on the specific stage in the fibrotic process [49]. As 
reported earlier, the CD103+CD11blowDC subset cross-presents 

FIGURE 5    |    Frequencies of T cell and DC subsets in the lung and BALF of BLM treated mice following treatment with HGF-CD3+ 
T and nontransfected CD3+ T cells. (A) Frequency of CD4+, Treg (CD4+CD25+FoxP3+), and CD8+ T cells within total CD45+ of lung parenchy-
ma. On Day 0, mice were either instilled intratracheal with BLM (1.52 U/kg) or with 50 μL of saline (control). Seven days after BLM administration, 
mice were treated with either HGF-CD3+ T cells or nontransfected CD3+ T cells or left nontreated and sacrificed 7 days later (BLM Day 14). (B-D) 
Frequency of total lung DC (CD11C+MHCIIhigh), CD11bhigh and CD11blow subsets (B), total BALF CD4+ T cells, and Treg (CD4+CD25+FoxP3+) (C) 
and total BALF DC (CD11C+MHCIIhigh), CD11bhigh and CD11blow subsets (D). Data show mean and SEM, n = 8–12 mice per group, ****p < 0.00005, 
***p < 0.0005, **p < 0.005, *p < 0.05.

FIGURE 6    |    Relative mRNA expression of key inflammatory and regulatory markers, following treatment with T cells in the course 
of BLM-induced lung injury. Relative mRNA expression levels measured by real-time qPCR in lung tissue homogenates relative to nontreated 
control group. Relative mRNA expression of (A) HGF, (B) TGF-β, (C) PTGES, (D) IL-10, (E) IL-13, and (F) IL-17 in lung tissue normalized to the 
nontreated control group (i.t. instillation of 50-μL saline) using housekeeping gene RPLP0. Data show mean and SEM, n = 4–6 mice per group, 
****p < 0.00005, ***p < 0.0005, **p < 0.005, *p < 0.05.
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antigen to CD8+ T cells to promote mucosal tolerance [50]. Our 
results are also in accordance, as we observed a higher frequency 
of CD11blow DC in the LDLN on BLM Day 7 in comparison to the 
control group, correlating with a significant increase of CD8+ T 
cells in the lung on BLM Day 7 (Figure S2). CD11bhigh DC are 
known to drive the priming of CD4+ T cells [51]. We observed 
a decreasing trend in the frequency of the CD11bhigh subset in 
LDLN on Day 14 in comparison to the control, correlating with 
a decrease of CD4+ T cells and Treg in the lung.

Observing a decrease in CD4+ T cells in BLM model lungs, we 
hypothesized that replenishing T cells could restore immune 
balance, initiating repair and reducing fibrosis. Seven days 
post-BLM injury, we administered CD3+ T cells intratracheally, 
resulting in nonsignificant decrease of lung collagen and im-
proved histology by BLM Day 14, accompanied by marginal in-
creases in CD4+, Tregs, and CD8+ T cells. Lung DC showed no 
changes. However, BAL analysis revealed a significant decrease 
in DC population postadoptive transfer of CD3+ T cells, with 
CD11bhigh and CD11blow subsets returning to levels similar in 
healthy mice.

With recent advances, T cell–based therapies (CAR-T cells) for 
treating particular cancers are now routinely employed [52, 53]. 
Building on this approach, we aimed to modify T cells to increase 

their efficacy following adoptive transfer in the BLM model with 
the goal to find a novel therapeutic strategy for treatment of lung 
fibrosis. HGF plays a crucial role in organogenesis [54], exhibiting 
antifibrotic and regenerative effects in  vitro and preclinical set-
tings, suggesting its significance in lung repair and regeneration 
[55–60]. However, the poor half-life of HGF is a major obstacle 
[61]. In our previous study, we utilized HGF-overexpressing bone 
marrow mesenchymal cells (MSCs) to demonstrate antifibrotic 
effect in bleomycin-injured rat lung model [62]. Clinical transla-
tion faced hurdles because of age-related loss of MSCs plasticity, 
as reported [63], and marginal effects observed in the AETHER 
clinical trial for IPF patients [64]. To address the limitations of 
HGF-transfected MSCs, we explored T cells as modified cells 
overexpressing HGF for the treatment of pulmonary fibrosis. 
Murine CD3+ T cells transfected with HGF were administered 
7 days post-BLM injury, resulting in improved lung architecture, 
reduced total collagen content, and increased HGF concentration 
in the lung and BALF compared with control mice. However, 
mice treated with T cells alone also showed a significant decrease 
of fibrosis scoring and collagen content. One of the main markers 
of myofibroblasts is αSMA. In our study, we observed an increase 
in αSMA staining at every time point after BLM treatment. In the 
second part of this project, although αSMA staining remained 
detectable following HGF-CD3+ T cell treatment, it appeared less 
intense compared with mice treated with nontransfected CD3+ T 

FIGURE 7    |    Effect of HGF-transfected and nontransfected T cells on TGF-β–treated fibroblasts in vitro. (A) Frequency of total 
Collagen1α+Desmin+ cells; (B) frequency of total Collagen1α+Desmin+αSMA+ cells; (C) frequency of total Collagen1α+Desmin+αSMA+Caspase3+ 
cells; (D) frequency of total Collagen1α+Desmin+CD140α+ cells; (E) frequency of total Collagen1α+Desmin+CD140α+αSMA cells; (F) frequency of 
total Collagen1α+Desmin+CD140α+Caspase3+ cells. Twenty-five thousand primary murine fibroblasts were seeded per well and treated with 8 ng/
μL of TGF-β for 24 h. Fifty thousand of nontransfected, HGF-transfected or nontransfected CD3+ T cells were added for another 24 h before flow cy-
tometry analysis. Control = TGF-β–treated fibroblasts. Data show mean + SEM, n = 4–5, *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.00005.
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cells (Figure S4). Another important point of the T cell treatment 
is to ensure where the cells are migrating after transfer in the an-
imals. Analyzing mouse PCLS, HGF-CD3+ T cells were still pres-
ent in the alveolar septa 24 h post-transfer in BLM-treated mice 
(Figure 4). Further research is necessary to ascertain the duration 
of their retention in the lungs post-transfer and their subsequent 
migration pathways. Based on our previous data where we admin-
istered mesenchymal stem cells in the bleomycin-injured lung, we 
speculate that the T cells should also stay in the injured lung for at 
least 7–10 days post-administration [65]. However, a study to eval-
uate the long-term effect of adoptive transfer is warranted.

HGF regulates PGE, inhibiting EMT, a profibrotic process [66]. 
Adoptive transfer in our study restores PTGES synthesis, sug-
gesting an antifibrotic mechanisms. Also, increased IL-13 and 
IL-17 transcription levels were observed. IL-13, a type 2 cyto-
kine, may have reparative effects, whereas IL-17, implicated in 
epithelial cell homeostasis, needs further investigation in the 
context of HGF [67, 68]. An attempt to target the IL-13/IL-4 axis 
as a treatment for IPF did not show any promising outcomes. 
IL-13 is involved in effective repair after acute lung injury, and 
in the context of acute lung damage, it is suggested that IL-13 
has tissue-protective functions and regulates epithelial cell re-
sponses during type 2 immunity [69]. In our study, the elevated 
IL-13 expression may indicate a reparative effect, but the direct 
impact of HGF on the regulation of IL-13 requires additional 
investigation. IL-17 is a pleiotropic cytokine and has shown 
both beneficial and detrimental effects in the respiratory tract. 
In the context of lung function, IL-17 and IL-22 play a role in 
maintaining epithelial cell homeostasis and facilitating repair/
regeneration after inflammation [69]. Although the detailed re-
lationship between HGF and IL-17 remains unexplored, IL-17 
has been found to enhance HGF-induced growth of vascular ep-
ithelial cells. These findings necessitate further investigation to 
unravel the specific pathways connecting HGF, IL-17, and IL-13 
[70]. Importantly, nontransfected CD3+ T cell treatments did 
not lead to significant increases in HGF, IL-10, IL-13, and IL-17. 
TGF-β levels were reduced in all treatment groups compared 
with untreated mice.

Although HGF-CD3+ T cells did not fully restore local immune 
cell homeostasis 14 days after BLM exposure, they reversed a 
considerable amount of pulmonary dysregulation induced by 
BLM treatment. CAR-T cells are commonly produced by virus 
transduction [71], but we have used the nonviral method of 
in vitro electroporation to transfect HGF with good efficiency, 
suggesting that this as a valid alternative for T cell modification 
(Figures  S5 and S6). These preliminary data demonstrate the 
significant reduction of lung fibrosis and improved architec-
ture by adoptive transfer of T cells, especially when combined 
with HGF treatment. Together, these findings propose a highly 
effective approach for treating lung fibrosis and promoting re-
pair through a combination of adoptive T cell transfer and HGF 
treatment.

In vitro studies have demonstrated the ability of HGF to pro-
mote epithelial regeneration [55, 58, 72, 73], especially in set-
tings where fibroblasts from IPF patients exhibit defective HGF 
secretion [74]. PDGF receptor-α (CD140α) increases expression 
in pulmonary fibrogenesis, and its inactivation has led to allevi-
ated fibrosis in a BLM model [75]. Moreover, it was also observed 

that blocking PDGF receptor-α and -β could help alleviate fibro-
sis in a BLM model [76]. To assess the impact of HGF-CD3+ T 
cells on fibroblasts, we cultured murine pulmonary fibroblasts 
treated with TGF-β, to induce differentiation to a myofibroblast-
like phenotype [77] (Figure S7). Co-culture of fibroblasts with 
HGF-CD3+ T cells or nontransfected CD3+ T cells reduced the 
frequency of αSMA+ cells and collagen production. In our co-
culture experiment, HGF induced myofibroblasts apoptosis, 
confirmed by increased Caspase 3 activity. We also observed 
reduced collagen production in TGF-β–treated fibroblasts 
co-cultured with HGF-CD3+ T cells. To verify this phenome-
non in our treatment, we analyzed the expression of Caspase 
3 and observed increased Caspase 3 activity in co-cultures of 
TGF-β–treated fibroblasts and HGF-CD3+ T cells. Live cell im-
aging on co-cultures demonstrated affinity of HGF-CD3+ T cells 
toward TGF-β–treated fibroblasts, and close contact between 
both cell types was observed. Our findings suggest a decrease 
in the frequency of αSMA+ cells, as well as a reduction in colla-
gen deposition in co-cultures of HGF-CD3+ T cells and TGF-β–
treated fibroblasts. This outcome likely results from enhanced 
myofibroblasts apoptosis in the presence of transfected T cells. 
Fibroblast–T cell interaction, crucial in tissue remodeling, oc-
curs in a contact-dependent manner and regulates immune 
responses. Activated T cells decrease collagen production, 
whereas CD8+ T cells induce myofibroblasts apoptosis in renal 
fibrosis [70].

Our study has some limitations, particularly the electroporation 
method, which was shown to activate T cells. Ex vivo FACS ex-
periments revealed increased activation of the different T cell 
subsets, indicated by elevated mean fluorescence intensity of 
CD25 and CD69, post-electroporation (with or without plasmid), 
but not in nonelectroporated CD3+ T cells (Figure S9). This sug-
gests that electroporation alone can induce T cell activation, 
warranting further investigation. This could explain why fibro-
sis scoring was decreased following treatment with nontrans-
fected CD3+ T cells, as these cells were not activated, having 
bypassed the electroporation process. In contrast, HGF-CD3+ 
T cell treatment, which likely involved cell activation through 
electroporation, may have diminished the beneficial effects of 
HGF release on fibrosis because of the high activation levels in 
the T cells. Testing a viral vector for T cell activation would also 
be valuable. We initially transferred the whole pool of CD3+ 
T cells because of difficulty in acquiring sufficient number of 
Tregs to see if HGF-transfected CD3+ T cells could alleviate fi-
brosis in the BLM model. Investigating a later treatment time 
point may also benefit fibrosis reversal. Given that IPF primar-
ily affects older individuals, using aged mice to test our refined 
treatment approach would be interesting. Additionally, experi-
ments are needed to identify which cells are targeted by the re-
leased HGF and determine how long T cells remain in the lungs 
post-transfer. This is crucial because the main receptor for HGF, 
c-Met, is involved in many cancerous processes. Careful investi-
gation of T cell retention in the lungs is needed to avoid activat-
ing c-Met signaling throughout the body.

4.1   |   Perspectives and Significance

Our feasibility study demonstrates that adoptive transfer of 
HGF-CD3+ T cells is a promising therapy for reversing established 
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lung fibrosis in a murine model of bleomycin-induced lung in-
jury. Despite limitations such as the short experiment duration 
and the use of total CD3+ T cells instead of a subset of Treg, 
we anticipate refining T cell transfection techniques, identify-
ing more efficient T cell subsets, and exploring additional anti-
fibrotic mediators beyond HGF in follow-up experiments. These 
findings will offer insights for enhancing antifibrotic therapeu-
tics and exploring novel cell-based treatments for IPF.
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