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Intrapleural delivery of mesenchymal stem cells: a
novel potential treatment for pleural diseases
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Aim: To develop a method to deliver mesenchymal stem cells (MSCs) into the pleural cavity for the treatment of pleural diseases.
Methods: MSCs were isolated from rat bone marrow of rats and labeled with 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) or
green fluorescent protein (GFP) using a lentiviral vector. Eighteen Sprague-Dawley (SD) rats were inoculated intrapleurally with 1x10°
MSCs-DAPI. The distribution of the fluorescent cells was observed using fluorescent microscopy for the following 30 d. Another 12 rats
inoculated intrapleurally with 1x10° MSCs-GFP were observed for 14 d.

Results: The isolated cells were typical MSC phenotypes and could differentiate into adipocytes, osteoblasts, and chondroblasts in
vitro. Microscopic analysis revealed that the labeled cells adhered to the surface of the pleural cavity. The highest number of the
labeled cells was found to be adhered to all specimens from the mediastinal pleura, but no labeled cells were detected in the lung
parenchyma or other tissues/organs, such as the liver, kidney, spleen, and mesenterium. Incidentally, stomas were found in the medi-
astinal pleura. The recovered MSCs-GFP from the pleural cavity retained their ability to adhere and proliferate.

Conclusion: We have established a novel method for intrapleural delivery of MSCs. The distribution of intrapleurally delivered MSCs
was found to be limited to the pleurae and the pleural cavity, thereby providing us with a new approach to further investigation of the

therapeutic roles of MSCs in pleural diseases.
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Introduction
Primary and secondary pleural diseases such as malignant
pleural mesothelioma, pleural metastasis of lung cancer, pneu-
mothorax, pleurisy and pleural effusions are common chest
diseases involving the pleura. Despite advancement in dif-
ferent diagnostic tools and in the array of treatment options
available today, effective treatment of pleural diseases such as
malignant pleural mesothelioma, malignant pleural effusion
and recurrent pneumothorax still remains challenging.
Recent studies, including one of our previous studies, have
demonstrated that intravenous (iv) or intratracheal (it) deliv-
ery of bone marrow-derived mesenchymal stem cells (MSCs)
participates in the improvement of various experimental
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models of lung injury, thus demonstrating that MSCs play
an important role in the treatment of animals with acute lung
injury®,

Because the pleural cavity is a tightly closed compartment,
we hypothesized whether intrapleurally delivered MSCs could
survive and adhere to the host pleura, and whether these
cells could help to modulate the repair process of the injured
pleura, thus intrapleural MSCs could become a new cell-based
therapeutic strategy for pleural diseases. In the current study,
we observed the dynamic distribution of intrapleurally deliv-
ered MSCs with the aim of validating this new route for the
delivery of MSCs as a potential treatment method for pleural
diseases.

Materials and methods

Animal care

The animals used in this study were specific-pathogen-free
male Sprague-Dawley rats (6-8 weeks old; Slac Laboratory
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Animal Co Ltd, Shanghai, China). The rats received humane
care in compliance with the NIH principles of laboratory ani-
mal care and the Chinese national regulations for experimental
animal care. All protocols were approved by the Animal Care
and Use Committee of Fudan University.

Isolation, purification, and expansion of MSCs
MSCs were isolated from rat bone marrow as described in

1. In brief, whole marrow was flushed from

previous studies®®
the tibias and femurs of Sprague-Dawley rats (4-weeks old,
male) with ice-cold Dulbecco’s modified Eagle’s medium/F12
(DMEM/F12; Gibco, Carlsbad, CA, USA). The cells were
washed and plated in plastic flasks at 2x10° cells/mL in
DMEM/F12 containing 10% fetal bovine serum (FBS), 100
units/mL penicillin, and 100 pg/mL streptomycin (Gibco,
Carlsbad, CA, USA). The cell suspension was incubated at
37 °C with 5% CO,; nonadherent cells were discarded 48 h
later. For routine maintenance, the medium was replaced
twice weekly and cells were subcultured at a one-to-three
split ratio by trypsinization (0.25% trypsin/1 mmol/L EDTA;
Gibco, Carlsbad, CA, USA). Cells were further purified by
passages.

FACS analysis of MSCs

MSCs were analyzed by FACS using antibodies for cell surface
markers CD11b, CD45, CD29, CD73, and CD90, as described
previously™. Briefly, MSCs from passage 3 were trypsinized
and counted after rinsing in PBS (pH 7.2). Aliquots of 5x10°
cells were incubated for 30 min with PE/FITC labeled mono-
clonal antibodies against rat CD11b, rat CD45, rat CD29, rat
CD90 (BioLegend, San Diego, CA, USA), purified mouse anti-
CD?73 (BD Pharmingen™, San Diego, CA, USA), donkey anti-
mouse IgG-FITC (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), and isotype-matched FITC- and PE-conjugated negative
controls (IgG1-FITC/IgG1-PE, 1Q products, CA, USA) accord-
ing to the manufacturer’s recommendations. After being
washed with PBS, the stained cells were analyzed on a flow
cytometer (Beckman Coulter Epics XL, USA) to identify the
phenotypes of MSCs.

Differentiation assays

Passage 2 MSCs cultured with DMEM/F12 containing 10%
FBS were used for the differentiation assay!. Adipogenic
differentiation was induced by seeding the MSCs for 21 d
in DMEM/F12 containing 10% FBS supplemented with 1
pmol/L dexamethasone (Sigma-Aldrich, USA), 10 pg/mL
insulin (Sigma-Aldrich, USA), 200 umol/L indomethacin,
and 0.5 mmol/L IBMX. The cells containing droplets of fat
were identified by staining the culture with 3.75% Oil Red.
Osteogenic differentiation was induced by cultivating the
MSCs in DMEM/F12 containing 10% FBS and supplemented
with 10 mmol/L B-glycerol phosphate, 50 pmol/L ascorbic
acid, and 0.1 pmol/L dexamethasone for 14 to 21 d. Alka-
line phosphatase (AKP) levels were investigated by staining
cells using AKP kits at d 14. The calcium-containing precipi-
tates were visualized after staining with 2% Alizarin Red S
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(Sigma-Aldrich, USA) adjusted to a pH of 4.2 with ammo-
nium hydroxide at d 21. Chondroblast differentiation was
induced by cultivation of the MSC in DMEM/F12 containing
0.25% FBS supplemented with 0.1 pmol/L dexamethasone, 50
pg/mL ascorbic acid, 10 ng/mL transforming growth factor
beta 1 (TGF-P1), and 1% ITS (Sigma-Aldrich, USA). Toluidine
blue staining was used to demonstrate chondroblast differen-
tiation.

DAPI labeling of MSCs and growth characteristics assays

MSCs were labeled with 4’,6-diamidino-2-phenylindole dihy-
drochloride (DAPI; cell culture tested by Sigma, St Louis,
MO, USA) in vitro prior to in vivo inoculation into the pleural
cavity. For labeling, MSCs were incubated for 4 h in DMEM/
F12 medium containing 50 pg/mL DAPI. Cells were washed
6 times with PBS and then dissociated into a single cell sus-
pension with 0.25% trypsin/1 mmol/L EDTA for further
analysis®.

Growth curves were generated to ascertain whether DAPI
labeling would affect the growth characteristics of MSCs.
Passage 2 MSCs labeled or not labeled with DAPI were
typsinized, counted, seeded in 6-well plates, and cultured with
DMEM/F12 containing 10% FBS. MSCs or MSCs-DAPI were
seeded at the same cell density (3x10*/well) in a total of 12 cell
culture plates. For the next 12 d, the cells were counted using
a microscope and a hemocytometer on a daily basis. The aver-
age cell number of three wells for each time point was calcu-
lated to plot the cell growth curve.

Green fluorescent protein (GFP) labeling of MSCs

Because GFP is expressed by the labeled cell itself, its fluores-
cent signal does not attenuate with cell division, and its fluo-
rescent signal is more stable than that of DAPI. To compare
with and validate the experimental results of the DAPI label-
ing method, GFP labeling of MSCs was also used in this study.
MSCs (1x10°) were incubated for 8 h with pGC FU-GFP-
Lentivirus (Shanghai GeneChem Co, Ltd, China) at a multi-
plicity of infection (MOI) of 10 and 5 pg/mL of polybrene.
The supernatant was then discarded, and the transfected cells
were cultured and passaged in DMEM/F12 medium contain-
ing 10% FBS by trypsinization followed by splitting at a 1:3
ratio. The presence of MSCs-GFP cells and the intensity of
GFP fluorescence were observed by fluorescent microscopy.
MSCs labeled with GFP were dissociated into a single cell
suspension using 0.25% trypsin/1 mmol/L EDTA for further
intrapleural administration.

Inoculation of MSCs-DAPI or MSCs-GFP into the pleural cavity

Six-to-eight week-old rats were anesthetized using diethyl
ether inhalation. A 5-mm incision was made on the right chest
through the skin and the subcutaneous soft tissues. MSCs-
DAPI (1x10° cells in 750 pL. DMEM/F12) were injected into
the pleural cavity using a 20 pL plastic pipette tip, instead of
a needle, connected to a 1 mL syringe so as to avoid possible
pneumothorax or lung injury that could have been caused by a
needle. After cell transplantation, the skin incision was closed
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with sutures.

A total of 20 naive rats were inoculated into the right pleural
cavity with MSCs-DAPI; fluorescent cells were traced in 16 rats
at four different time points over a period of 30 d (n=4;d 1, 4,
14, and 30). The remaining 4 rats (1 rat for each time point)
were used to recover the viable MSCs-DAPI in vivo from their
pleural cavity to see whether the normal features of these cells
had been changed when cultured in vitro again. Fifteen rats
were used for MSC-GFP inoculation, 12 of which were used to
trace the fluorescent cells over a period of 14 d (n=3;d 1, 4, 7,
and 14), and 3 rats were used to recover the viable MSCs-GFP
in vivo from the pleural cavity at d 1 only. The d 7 time point
was added and d 30 was omitted to better trace the fluorescent
cells in the early days.

Sample collection
Rats were anesthetized using diethyl ether inhalation and the
peritoneal cavity was opened. Animals were then sacrificed
by incision of the abdominal aorta. After collection of the
liver, kidney, spleen and mesenterium samples, both the right
and the left pleural cavities were fixed for 15 min by injec-
tion of 2 mL 4% paraformaldehyde into each side through the
diaphragm. Specimens from both the right and the left thorax
were collected for further analysis, including pleural fixative
fluid; whole lungs; mediastinal pleura, including the pleura
on the left and right sides of the right lung accessory lobe;
pericardium located at the left and right sides of heart; whole
diaphragms; parts of chest walls; the thymuses; and the heart.
It is necessary to point out that, different from humans, rats
have an additional lobe in the right lung, the right accessory
lobe. Located either at its left or right side is a free membrane
that belongs to the mediastinal pleura. The term “visceral
pleura” only refers to the pleura on the surface of the lung,
while “parietal pleura” refers to the pleura on the surface of
the pleural cavity, except the visceral pleura. The mediastinal
pleura, including the pericardium, the pleurae on the surfaces
of the diaphragms, and the inner side of chest walls and thy-
muses, are all parietal pleurae. However, the epicardium,
which is located on the surface of heart, does not belong to
either the visceral or the parietal pleura.

Histological analysis

The mediastinal pleura, mesenterium and translucent dia-
phragms collected from the animals were mounted on
glass slides and visualized under a florescence microscope.
Paraformaldehyde-fixed pleural cavity fluid and translucent
thymus were also examined directly under a fluorescence
microscope. Other solid organs or tissues, including the
lungs, heart, liver, kidney, spleen, and chest wall, could not be
observed directly under a microscope, so the surfaces of these
organs and the inner sides of the chest wall were carefully
sliced into very thin sections with a sharp razor blade. With
the upper sides of the sections attached closely to the surfaces
of slides, the presence of fluorescence was visualized under a
fluorescence microscope.

Harvest of cells from the pleural cavity

Into each pleural cavity 0.25% trypsin/1 mmol/L EDTA
(3 mL) was injected through the diaphragm. After 6 min,
digested cells were collected with a needle connected to a 10
mL syringe inserted into the cavity through the lower part
of the diaphragm. Using this method, more than 90% of the
digestive solution was recovered. Then trypsinization was
terminated with DMEM/F12 medium containing 10% FBS,
and the recovered cell suspension was centrifuged. Cells were
resuspended and cultured in DMEM/F12 containing 10% FBS
for further analysis.

Exchange of fluids and cells between the left and right pleural
cavities

Any diffusion of pleural fluid and injected MSCs between the
left and right pleural cavity was determined by injection of
methylene blue dye and DAPI-labeled MSCs, respectively.
Briefly, five animals were anesthetized by diethyl ether inhala-
tion and exsanguinated by incision of the abdominal aorta. A
small opening was made on the right chest wall, and the left
pleural cavity was carefully exposed, without damaging the
mediastinal pleura. Methylene blue dye (3 mL, 10 mg/mL)
or DAPI-labeled MSCs (1x10° cells in 3 mL PBS) were then
injected into the right pleural cavity through the small open-
ing. At the same time, we observed whether the injected flu-
ids and cells penetrated through the mediastinal pleura to the
left side.

Microscopic observation for channels between the left and right
pleural cavities

Both normal and DAPI-stained mediastinal pleurae were visu-
alized under light and fluorescence microscopes to investigate
the presence of channels that could be responsible for the
exchange of fluid and cells. Rats were anesthetized by diethyl
ether inhalation, and mediastinal pleurae were stained for 4 h
by injecting 2 mL DMEM/F12 medium containing 50 pg/mL
DAPI into the right pleural cavity. The rats were then reanes-
thetized and the pleural cavities were fixed with 4% paraform-
aldehyde for 15 min. The rats were finally sacrificed, and the
DAPI-stained mediastinal pleurae were collected for further
microscopic observation. In addition, normal mediastinal
pleurae were also collected in a similar way and observed
under a light microscope.

Statistical analysis
Statistical analysis was done using chi-square test. A P value
of <0.05 was considered statistically significant.

Results

Identification of MSC phenotypes

Various cell-specific markers of MSCs were analyzed by FACS
to determine the cell phenotypes present in our experiments.
Consistent with previous studies" ', our results revealed
that the majority of MSCs were CD29, CD73, and CD90 posi-

tive. However, only a small proportion of isolated cells were
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positive for hemopoietic cell surface makers CD11b/c and
CD45 (Figure 1). The results of isotype-matched FITC- and
PE-conjugated negative controls are shown in Figure S1. A
differentiation assay demonstrated that the cells could differ-
entiate into adipocytes, osteoblasts, and chondroblasts under
standard in vitro differentiating conditions, which means that
the cells have multipotent differentiation potential (Figure 2).
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Figure 1. Characterization of MSC phenotype. Flow cytometry of MSCs
demonstrated that majority of MSCs were CD9O0 (A, 95.84%; B, 98.31%),
CD29 (C, 99.7%) and CD73 (D, 89.5%) positive. In contrast, only a small
portion of isolated cells were positive for hemopoietic cell surface makers,
CD11b/c (A, 1.86%) and CD45 (B, 1.59%).

Influence of DAPI labeling on growth of MSCs and stability of
GFP expression

After incubation in DAPI (50 pg/mL) for 4 h, an intensive
fluorescent signal was found in the nuclei of the MSCs (Figure
3A-3C). In addition, strong fluorescent signal was present
in the labeled cells even after 10 d (Figure 3D-3F), indicating
that DAPI can be used to label MSCs effectively for at least 10
d. Growth curves of unlabeled MSCs vs DAPI-labeled MSCs
showed that the DAPI-labeling method decreased the prolif-
eration rate of MSCs by a longer lag phase and longer popu-
lation doubling time (Figure S2). This result confirmed that
DAPI was toxic to MSCs. After transfection with pGC FU-
GFP-Lentivirus, MSCs were found to be expressing GFP even
after 29 d (Figure 3I). The efficiency of MSCs-GFP transfection
was nearly 100% (Figure 3G-3I).

Distribution of MSCs in the plurae of rats
Microscopic analysis revealed the presence of DAPI-labeled
MSCs in various tissues, including the visceral pleura and the
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Figure 2. MSCs demonstrated multipotent property under standard in

vitro differentiating condition. Differentiation into adipocytes (Oil Red
staining, red) (A), osteoblasts (AKP staining, orange) (B) and (Alizarin
staining, red) (C), and chondroblasts (Toluidin blue staining, blue) (D) was
seen.

parietal pleura, as well as on the surface of epicardium (Figure
4, 5). While DAPI-labeled cells were found in all 64 medi-
astinal pleura specimens, including the cardiac pericardium
(100%), and in all 32 pleural fixative solutions (100%), they
were found less frequently in tissues such as the epicardium,
the parietal pleura of both the left and the right chest wall,
and both the left and the right diaphragm (Figure 4). Here,
the mediastinal pleura specimens included the pleura located
in both the left and the right sides of the right lung accessory
lobe and the pericardium located in both the left and the right
sides of the heart. Therefore, 4 mediastinal pleura specimens
were collected for each rat. A total of 16 rats were used in the
DAPI-labeling method, so the total specimen number was 64.
No labeled cells were detected in the other tissues/organs,
including the liver, kidney, spleen and the mesenterium (only
the kidney is shown in Figure 5L). The labeled cells formed
aggregates on the tissue surface and could be removed by
scraping with a needle under a fluorescence microscope.
Therefore, it seemed that inoculated MSCs adhered only to
surfaces of these tissues. Overall, the number of adhered
MSCs appeared to decrease with time because they could be
less easily visualized in the same area of the microscopic field.
A large number of labeled MSCs was also found in all 32 pleu-
ral fixative fluid specimens retrieved from each side of the
pleural cavities, indicating that a significant portion of injected
MSCs were in suspension rather than adhered to different
surfaces during the observed period (Figure 5K). Interestingly,
MSCs inoculated into the right pleural cavity were found to
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be present in the left pleural cavity (Figure 4, 5), although the
number of positive samples was less when compared to the
right side (Figure 4). Figure 5 shows that MSCs adhered in the
form of either cell aggregates or scattered cells. In the early
phase (d 1, 4), cell aggregates were more common than scat-
tered cells. MSCs also showed a trend to adhere near small
blood vessels (Figure 5A, 5C, 5D, Figure 6L).

It was also noted that the DAPI fluorescent signal of MSCs,
although becoming weaker, was still strong enough to be
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Figure 3. MSCs labeled with DAPI and GFP.
MSCs stained with DAPI for 4 h, fluorescence
microscopy (A), phase contrast (B) and
merge (C). MSCs nuclei were stained and the
fluorescent signal was high. MSCs harvested
from above cells were cultured in vitro for 4 h
(D, merge), 4 d (E, merge), and 10 d (F, merge,
2 d after passaged once). Relatively strong
fluorescent signal was present in the cells
even after 10 d post-labeling. Fluorescence
microscopy of MSCs after transfection with
pGC FU-GFP-Lentivirus for 7 d (G), 19 d (H, 9
d after passaged once), and 29 d (I, 2 d after
passaged twice). (A-F), x200; (G-I), x100.

Figure 4. The MSCs-DAPI positive number of different tissues within
two pleural cavities and pleural fixative solutions collected from total 16
experimental rats. For each bar, the maximum number was 16, since the
tissue it represents was collected from 16 rats. While DAPI-labeled cells
were found in all 64 mediastinal pleura specimens including the cardiac
pericardium (100%) and in all 32 pleural fixative solutions (100%), they
were found less frequently in other tissues like the epicardium (3/16=19%),
the parietal pleura of both left and right chest wall (10/32=31%) and
both left and right diaphragm (11/32=34%). In this figure, the column
of mediastinal pleura represents only pleura located at both sides of
right lung accessory lobe, while pericardium, which also belongs to
the mediastinal pleura, was shown in a separate column. Right or
Left, specimens collected from the right or left side of pleural cavities.
°P<0.05, °P<0.01, compared with the mediastinal pleura including the
pericardium.

detected even 30 d after MSC inoculation into the pleural
cavity (Figure 5I-5K), implying that the fluorescent signal of
DAPI in MSCs can be traced in vivo for a long time.

Tracking of MSCs-GFP showed similar results as DAPI
labeling. MSCs-GFP were easily found in mediastinal pleura
specimens at all four time points and in the translucent thy-
mus at d 1 (Figure 6). As GFP is expressed in the cytoplasm,
the shape of the cells is clearly shown (Figure 6K). “Halos”
around MSCs-GFP and MSCs-DAPI aggregates on the medi-
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astinal pleurae were often visualized (Figure 6C, Figure S3)
on d 1 but not at any of the following time points. MSCs-GFP
were rarely found in pleural fixative fluids. Furthermore, no
MSCs-GFP were found in the remaining specimens, including
surfaces of the lungs, the heart, the chest wall, and the dia-
phragm.

Channels exist for MSCs to traverse between the right and left
pleural cavities

An unexpected finding from our study was the migration of
MSCs from the right pleural cavity to the left one and adher-
ence to the surface in the left pleural cavity (Figure 4, 5). This
observation suggests that a channel exists in the mediastinal
pleura that allows MSCs to penetrate to the other side. To
further confirm this possibility, we injected methylene blue
dye or a DAPI-labeled MSC suspension into the right pleural
cavity and observed whether the dye or labeled cells could be
found in the left pleural cavity. We found that the methylene
blue dye was present in the non-injected left cavity just a few
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Figure 5. Destination of MSCs-DAPI after being
inoculated into right pleural cavity in healthy rats.
All were merged images. Images from d 1: the
right cardiac pericardium (A) and the surface of
right lung (B). Images from d 4: the mediastinal
pleura located at the right side of the right lung
accessory lobe (C), the membranous part of
right diaphragm (D), the left cardiac pericardium
(E), and inner surface of the right chest wall (F).
Images from d 14: the mediastinal pleura located
at the right side of the right lung accessory lobe
(G), and the surface of epicardium (H). Images
from d 30: the mediastinal pleura located at
the left side of the right lung accessory lobe (1),
the surface of the left thymus (J), the pleural
fixative solution from the left thorax (K), and the
surface of kidney (L). Of all microphotographs,
(B-E) and (G), x100; (A), (F), (H), and (J-L),
x200; and (), x400. This figure showed that
the cells can adhere only to the surfaces of two
pleural cavities (ie left and right), including on
the surface of the epicardium. MSCs adhered
in the form of either cell mass of different shape
or scattered cells, and found to be proned to
adhere near small blood vessels (white arrows in
A, C, D). No DAPI labeled cell was found on the
surface of kidney.

seconds after dye injection into the right pleural cavity (Fig-
ure 7A). Importantly, labeled MSCs inoculated into the right
pleural cavity quickly migrated into the left pleural cavity
along with the fluid (Figure 7B). Further microscopic observa-
tion of normal and DAPI-stained mediastinal pleura revealed
that there were many oval stomas of different sizes in the cell
monolayer of the mediastinal pleura (Figure 7C-7D), indicat-
ing that these stomas may be the channels mentioned above.

Growth characteristics of inoculated MSCs recovered from the
pleural cavity

Mixed with many non-fluorescent native cells from the pleural
cavity, a large number of viable MSCs-DAPI were visualized
by fluorescence microscopy in the digestive solution recovered
from the pleural cavity, even 30 d after inoculation (Figure
8D-8F). When cultured in vitro again, the recovered MSCs-
DAPI from all four time points still exhibited a capacity to
adhere to plastic (Figure 8A-8F; only d 14 and d 30 are shown
here). However, especially when passaged, the recovered
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Figure 6. Destination of MSCs-GFP
after being inoculated into right pleural
cavity in healthy rats. Images from d 1:
the mediastinal pleura (A-F), the right
thymus (G-1); d 4: the mediastinal
pleura (J); d 7: the mediastinal pleura
(K); d 14: the mediastinal pleura (L).
“Halo” around MSCs-GFP aggregate
was seen in image C (white arrows),
indicating that interactions between
MSCs and the pleural constituent cells
occurred during adhesion. MSCs-GFP
aggregate localized in a net of small
blood vessels was shown in image
(L). (A, D, G), fluorescence. (B, E, H),
phase contrast. (C, F, I), merge. (J, K),
fluorescence microscopy. (L), merge.
(A-C, G-1, J, L), x100; (K), x200; (D-F),
x400.

Figure 7. Channels exist for MSCs and fluid to traverse between the
right and left pleural cavities. Only a few seconds after methylene blue
injection into the right side pleural cavity, blue fluid was found flowing into
the left thorax (A), indicating that there were quick fluid channels that
permitted fluid to pass through the mediastinum. Likewise, DAPI-labeled
MSCs suspension was also injected into the right side pleural cavity,
fluorescence cells were easily visualized in the fluid flowing into left thorax
under fluorescence microscopy (B). Both images of DAPI-stained (C) and
normal mediastinal pleura (D) demonstrated that there were many oval
stomas of different sizes in the cell monolayer part of mediastinal pleura
(white arrows), indicating that these may be the unidentified anatomical
channels by which fluid and cells traverse between the two pleural cavities
freely. (B-D), x100.
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MSCs-DAPI from all time points died quickly, while some of
the native cells with the capacity to adhere proliferated and
gradually became the predominating cells, the indentity of
which still need to be determined. Compared with MSCs-
DAP], inoculated MSCs-GFP could also be recovered from the
pleural cavity on d 1. When cultured and passaged in vitro
again, both colonies of MSCs-GFP and those of native cells
formed at the same time, and the total cell number increased,
indicating that MSCs-GFP had capacity not only to adhere but
also to proliferate (Figure 8G-8L).

Discussion

In this study, we have established and characterized a novel
intrapleural method to deliver MSCs in vivo for the future
treatment of pleural diseases. Unlike classical intravenous or
intratracheal delivery methods®™™, intrapleurally delivered
MSCs were found to be distributed only to the pleurae and the
pleural cavity, providing a promising cell-based therapeutic
strategy for primary and secondary pleural diseases.

As recommended in the workshop report written by Weiss
et al that published in 2008"”, development of methods for
culture systems that mimic in vivo niches was one of the strate-
gies for a better understanding of the repair mechanisms of
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Figure 8. MSCs-DAPI and MSCs-
GFP recovered from the pleural cavity
and cultured in vitro again. MSCs-
DAPI recovered were cultured in vitro
for 1 d after being inoculated for 14
d (A-C) and for 30 d (D-F). MSCs-
GFP recovered were cultured in vitro
for 3d (G-H) and 17 d (J-L, 7 d after
passaged once) after being inoculated
for 1 d. Both recovered MSCs-DAPI
and MSCs-GFP have the capability
to adhere. However, only MSCs-GFP
can proliferate. Beside MSCs-GFP,
native cells from the pleural cavity
also have property to adhere and
proliferate (white arrows in I). (A, D, G,
J), fluorescence microscopy. (B, E, H, K),
phase contrast. (C, F, I, L), merge. (A-F),
x200; (G-L), x400.

stem cells and their microenvironmental niche. The air-liquid
interface, three-dimensional scaffolding/artificial matrices,
the application of multiple cell types and mechanical forces
(stretch, strain, etc) are four important factors suggested in
this report for in vitro MSCs culture systems. Inspired by this,
we initially thought that the pleural cavity might be an ideal
target for MSC inoculation. As far as we are concerned, the
pleural cavity is a tightly closed three-dimensional and poten-
tial compartment with negative pressure and multiple cell
types and is like a “complex culture flask” in vivo; it satisties
most of the criteria. Most importantly, if inoculated MSCs can
survive, proliferate, and be recovered viably by trypsiniza-
tion like they can in an in vitro culture system, it would be an
excellent model for MSC culture in vivo. At the same time, we
hypothesized that this novel delivery method might have the
potential to provide a new cell-based therapeutic strategy for
pleural diseases.

Different pleural diseases may preferentially involve differ-
ent parts of the pleura. For example, pleural mesothelioma
has a tendency to affect the parietal pleura; in contrast, recur-
rent pneumothorax has a tendency to affect the visceral pleura.
Therefore, we consider it necessary to ascertain if there is any
difference in MSCs with regard to adherence to different parts



of the pleurae. Results of this study showed that MSCs only
adhered to the surfaces of the two pleural cavities (i.e. left and
right), except for a small number of MSCs in several animals
that were able to penetrate the cardiac pericardium and adhere
to the surface of the epicardium in the pericardial cavity. No
labeled MSCs were found in the lung parenchyma or in other
tissues/organs distal to lung, such as the liver, the kidney, the
spleen and the mesenterium. In addition to the adherence to
the surfaces of the pleural cavities, a considerable number of
MSCs were found in a suspended state in the two pleural cavi-
ties, indicating that a significant proportion of injected MSCs
did not adhere to any surface. Although it is hard to ascertain
the total number of suspended and adhered MSCs at the dif-
ferent time points, the number of adhered MSCs appeared
to decrease over time. This likely reflects toxicity or another
effect of DAPI rather than any inherent property of the MSCs
or the pleural environment, as indicated by the growth curve
analysis in the study. Further studies using Ki67 staining or
some other marker of proliferation would be helpful to clarify
this point. Unlike DAPI, a nuclear dye with intense fluores-
cence, GFP is expressed by the labeled cell itself, so its fluores-
cent signal is not attenuated by cell division and is more stable
than that of DAPI. As it is expressed in the cytoplasm, GFP is
better for showing the whole cell shape. Both DAPI- and GFP-
labeling methods were used in this study to compare and vali-
date the experimental results. MSCs-GFP were easily found
in the mediastinal pleurae and translucent thymus as were
MSCs-DAPI, but they were not found in other thick tissues
like the surface of the diaphragm or the lungs. This could be
explained by the fact that both the fluorescent signal of MSCs-
GFP and the contrast between them and their background due
to autofluorescence were much weaker when compared with
that of MSCs-DAPI. The fact that a large number of MSCs-
DAPI but not MSCs-GFP was found in pleural fixative fluid
also suggests toxicity of DAPL. The formation of a “Halo”
around MSCs-GFP or MSCs-DAPI aggregate on d 1 indicated
that complex interactions had occurred between the MSCs and
the pleural constituent cells during adhesion. This process
may have included the production of adhesion molecules and
the secretion of extracellular matrix. Furthermore, this phe-
nomenon disappeared after d 1, indicating that the process of
adhesion might have been completed. Our results confirm the
hypothesis that inoculated MSCs can survive and be limited
to the pleural cavities. Because most of the cell adherence that
occurred was confined to the visceral and the parietal pleura,
it can reasonably be deduced that the administration of MSCs
within the pleural cavity may have potential direct and indi-
rect beneficial effects for the treatment of primary and second-
ary pleural diseases.

Most of the adhered MSCs were found on the mediastinal
pleurae. This phenomenon indicated that the mediastinal
pleura was the most favorable tissue for MSC adhesion. This
may be due to the specific structure of the mediastinal pleura,
a thin and relatively free membrane that separates the two
pleural cavities. MSCs were prone to adhere near small blood
vessels, implying that it might be a more convenient location
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for them to acquire nutrition from blood. Unlike cells cultured
in vitro that grew as monolayers, MSCs that adhered in vivo
were found to grow in a three-dimensional style, showing pat-
terns of cell aggregates of different forms and scattered cells.
We hypothesized that this may be mainly related to the tightly
sealed and three-dimensional construction features of the
pleural cavity or that it might result from interactions between
MSCs and the pleural mesothelium cell microenvironment.

Interestingly, we found that MSCs could migrate into the
left pleural cavity after inoculation into the right side. Subse-
quent experiments confirmed that there were indeed physical
channels existing in the mediastinal pleura of rats, implying
that the anatomy of rat mediastinal pleura is different from
that of human beings. Although stomas on the costal pleura
and the diaphragm have been identified and confirmed previ-
ously™ ', there was previously no report on stomas on the
mediastinal pleura, which is a thin membrane. Through light
microscopy, we could observe stomas on the mediastinal
pleura, as shown in Figure 7C-7D. Future studies using elec-
tron microscopy would be needed to further confirm this find-
ing. The functions of these channels also need to be clarified
in the future. This interesting result also indicates that inject-
ing MSCs into one side of pleural cavity could have merit for
the treatment of bilateral pleural diseases in an experimental
rat model.

We also found that viable MSCs administered in vivo could
be retrieved even 30 d post-inoculation. When cultured in
vitro again, both MSCs-DAPI from all four time points and
MSCs-GFP from d 1 have the capability to adhere. However,
only MSCs-GFP proliferate, while MSCs-DAPI do not. This is
not necessarily surprising since it was confirmed that the pro-
liferation rate of MSCs decreased due to DAPI-labeling in this
study. In addition, whether the recovered MSCs still retain
characteristics exhibited prior to administration or whether
these cells differentiated into host cells such as the mesothe-
lium still needs to be characterized in future studies. Isola-
tion of the inoculated MSCs from native cells trypsinized and
recovered simultaneously should be done first, followed by
flow cytometry and differentiation assays.

In summary, we have established and characterized a novel
intrapleural method to deliver MSCs in vivo for the future
treatment of pleural diseases. The distribution of intrapleu-
rally delivered MSCs was limited to the pleurae and the pleu-
ral cavity, which may provide a novel way to further inves-
tigate the therapeutic roles of MSC-based therapy in pleural
diseases.
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