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Effects and mechanisms of mechanical stresses on cancer cells
BERER mXiEL O FRIEEL vl
1. ARBEQ)
1) B89 (Goal)

i. To investigate whether an elevated hydrostatic pressure in solid tumor promotes the metastasis of cancer cells.

ii. To investigate whether an elevated hydrostatic pressure in solid tumor promotes the stemness of cancer cells.

iii. To understand the relevant molecular mechanisms on tumor metastasis and stemness induced by elevated hydrostatic
pressure.

2) k8% (Approach)

Using a commercial device, we exposed Lewis lung cancer (LLC) cells to 50 mmHg for 24 hours, and then investigated the
probable role of hydrostatic pressure on the metastatic property of LLC cells by in vitro and in vivo assessments.

Using the same pressure device, we exposed human breast cancer cells to 50mmHg for 48 hours, and then investigated the
probable role of hydrostatic pressure on the stemness of cancer cells.

3) # ¥l &%k (Materials and methods)
1. Lewis lung carcinoma (LLC) cells and hydrostatic pressure stimulation

Lewis lung carcinoma (LLC) cells was used for experiments. A pneumatic pressurizing system (Strex. Inc.) was used for
inducing 50mmHg hydrostatic pressure to LLC cells for 24h (HP group). The cells without hydrostatic pressure exposure were
used as control (CON group).

2 Adhesion assay

The freshly harvested cells (5 x104 cells in 5 ml DMEM) were seeded on 25 cm2 Collagen I-coated Flask. After 60 minutes
incubation, unattached cells were gently removed by twice washing with PBS. The number of adherent cells were counted under a
microscope with 200—fold magnification.

3. Detection of HIF-1a and antioxidant enzymes expression

Use Western blot to detect the expression of HIF-1a, SOD1, SOD2 in LLC cells after hydrostatic pressure stimulation.
4. Evaluation on oxidative stress resistance

Cells were stimulated with 50uM, 20uM H202 and without H202 for 2 h. Cells were then labeled with ANNEXIN V-FITC and
propidium iodide (PI) to detect the apoptosis and dead cells. Quantitative flow cytometry analysis was performed using a
FACSCalibur.

5. Experimental lung cancer metastasis mode/

LLC cells (5x105) cultured at 50mmHg or without hydrostatic pressure were injected intravenously to C57BL/6 mice (10 to
12-week-old). Lung tissues were excised and weighted at 4 weeks later, and the number of tumor nodule in lungs were counted.
6. Evaluation on ALDH activity and stemness markers

MCF-7 breast cancer cells were treated under 50mmHg for 48 hours and then were detected for ALDH activity and stemness
markers expression.

4) EERFE R (Results)
1. Hydrostatic pressure exposure enhanced the adhesion property of LLC cells.

There was not obvious difference in cell morphology and cell number after 24 hours exposure to 50mmHg hydrostatic pressure
(Figure 1A). Adhesion property is critical for cancer cell metastasis. We found that the exposure to 50 mmHg hydrostatic pressure
significantly increased the number of adherent cells on collagen I —coated flask (Figure 1B).

2. Hydrostatic pressure exposure increased the expression of HIF-1oa and antioxidant enzymes in LLC cells.

HIF-1a is known to play critical roles in the metabolic reprogramming and metastasis of cancer cells. Western blotting showed
that the expression of HIF-1a was significantly increased in the HP group (Figure 2A). We further investigated the expression of
antioxidant enzymes of SOD1 and SOD2, which belongs to HIF-1a downstream signals. As expected, the exposure to 50 mmHg
hydrostatic pressure for 24 hours also significantly upregulated the expression of SOD1 and SOD2 in LLC cells (Figure 2B, 2C).
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1. ARBE(2)
3. Hydrostatic pressure exposure induced the tolerance of LLC cells to oxidative stress.

As hydrostatic pressure showed to enhance the expression of SOD1 and SOD2, we evaluated the oxidative stress tolerance. The
necrosis under 20 or 50 ¢ M H202 stimulation were significantly reduced in these LLC cells pretreated with 50 mmHg hydrostatic
pressure for 24 hours, although the apoptotic cells were not significantly different between groups (Figure 3).

4. Hydrostatic pressure exposure promoted the metastasis of LLC cells to lungs.

To evaluate the metastatic potency in vivo, we intravenously injected LLC cells into healthy adult mice. Compared with the mice
that received LLC cells without hydrostatic pressure exposure, significantly worse survival was observed in the mice that received
LLC cells pretreated with 50 mmHg (Figure 4A). All mice were killed at 4 weeks after cell injection and we found significantly more
metastatic tumor lesions in lungs of mice in the HP group than in the CON group (Figure 4B, 4C). The weights of lung tissues were
also significantly higher in the HP group than in the GON group (Figure 4D).

. Hydrostatic pressure increased ALDH activity of breast cancer cells.

To investigate how hydrostatic pressure affect the cancer cell stemness,we detect the cell ALDH activity level. We found that
50mmHg hydrostatic pressure treatment for 48 hours significantly increased the ALDH activity in the MCF-7 cells than the CON
group (Figure 5).

Figure 2

209 p<0.05
> 1549
s E

Figure 1 f‘g 10 Figure 4

o=
2E

O—.

CON HP
5) %2 (Discussion) Figure 5 Figure 3

Various mechanical forces within the microenvironment of tumor mass has been reported to play critical roles in the progression of
malignant tumors [1]. Among the multiple mechanical forces, an elevated interstitial fluid hydrostatic pressure can be commonly
induced by the presence of excess fluid due to the hyper—permeability of immature capillaries within malignant tumors [2]. Recent
studies have reported that hydrostatic pressure may drive cancer cells toward more invasive phenotype [3], but precise role and
mechanism of mechanical forces in metastasis have poorly been addressed.

To investigate the role of hydrostatic pressure on metastatic property of cancer cells, we exposed LLC cells to 50 mmHg
hydrostatic pressure by mimicking the in vivo tumor microenvironment. Using an experimental lung metastasis model, we further
confirmed that the pretreatment of LLC cells with 50 mmHg hydrostatic pressure resulted in significantly higher number of tumor
nodes in lungs of mice. These data suggested that an elevated interstitial fluid hydrostatic pressure in rapid growing malignant tumors
might enhance the metastatic property of cancer cells.

We then tried to further understand how hydrostatic pressure enhanced the metastatic property of LLC cells. It is known that
cancer cells have to enter the circulation system and expose to the hyperoxic arterial blood for hematogenous metastasis [4].
Accumulating evidences have suggested that oxidative stress kills the most of circulating cancer cells[4]. Therefore, oxidative stress
tolerance is essential for the successful metastasis of cancer cells. HIF-1 & has been well recognized as an important mediator on
the metabolism reprogramming of cancer cells by regulating the antioxidant enzymes and antioxidant properties. Very interestingly, it
has been recently demonstrated that cyclic mechanical force stabilizes HIF-1 & by reducing protein degradation [5]. Consistently, our
data exactly showed a significant increase of HIF-1 & in LLC cells with 24 hours exposure to 50 mmHg hydrostatic pressure.
Hydrostatic pressure exposure also significantly enhanced the expressions of SOD1 and SOD2, and induced the oxidative stress
tolerance of LLCs cells.

Based on the data of this study, an elevated hydrostatic pressure in malignant tumor environment may enhance the metastatic
potency of cancer cells, through the stabilization of HIF-1 & to induce the expression of antioxidant enzymes for defensing against
oxidative damage during metastasis.
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Hydrostatic pressure stabilizes HIF-1a expression in cancer
cellsto protect against oxidative damage during metastasis
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Abstract. The tissue microenvironment is known to play a
pivotal role in cancer metastasis. Interstitial fluid hydrostatic
pressure generally increases along with the rapid growth of
malignant tumors. The aim of the present study was to investigate
the role and relevant mechanism of elevated hydrostatic pressure
in promoting the metastasis of cancer cells. Using a commer-
cial device, Lewis lung cancer (LLC) cells were exposed to
50 mmHg hydrostatic pressure (HP) for 24 h. The survival time
and morphology of the cells did not notably change; however, the
results from a PCR array revealed the upregulation of numerous
metastasis-promoting genes (Hgf, Cdhll and Ephb2) and the
downregulation of metastasis suppressing genes (Kissl, Syk
and Htatip2). In addition, compared with that in the control, the
cells which had undergone exposure to 50 mmHg HP showed
significantly higher protein expression level of HIF-1a and the
antioxidant enzymes, SOD1 and SOD2, as well as improved
tolerance to oxidative stress (P<0.05 vs. control). Following
an intravenous injection of the LLC cells into healthy mice, to
induce lung metastasis, it was found that the exposure of the LLC
cells to 50 mmHg HP for 24 h, prior to injection into the mice,
resulted in higher cell survival/retention in the lungs 24 h later
and also resulted in more metastatic tumor lesions 4 weeks later
(P<0.05 vs. control). Further investigation is required to confirm
the molecular mechanism; however, the results from the present
study suggested that elevated interstitial fluid HP in malignant
tumors may promote the metastasis of cancer cells by stabilizing
HIF-1a expression to defend against oxidative damage.
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I ntroduction

Metastasis occurs in ~90% of malignant tumors and is the
leading cause of cancer-associated mortality in patients with
cancer worldwide (1,2). A number of biological factors and
multiple signaling pathways, such as epithelial-mesenchymal
transition, resistance to apoptosis and angiogenesis have
been associated with the complex processes of metastasis (3);
however, a novel approach for effectively controlling tumor
metastasis is still required.

Metastasis is defined as cancer cells leaving the original
tumor mass and disseminating to other parts of the body via
the bloodstream or lymphatic system. Therefore, the metastatic
process represents a multi-step event (3). For example, remote
hematogenous metastasis requires the cancer cells to success-
fully pass through the following steps: i) Transendothelial
migration into the vessel (known as intravasation); ii) survival
in the circulatory system; iii) attachment to the vessel wall
and transendothelial migration out of the vessel (known as
extravasation) and iv) eventually live and propagate at the distal
site (4,5). All of these steps are accompanied with a change
in the surrounding microenvironment, with various biome-
chanical forces and oxidative stress (6); therefore, metastasis
can be a stressful and inefficient event to the cancer cell (7).

Biomechanical forces have been demonstrated to play
critical roles in regulating cell migration and prolifera-
tion (8,9). With the rapid advancement of mechanobiology in
recent years, it has become a hot topic for understanding
how biomechanical forces mediate malignant tumor progres-
sion (2,8). Beyond the mechanical stress during metastatic
processes, it is also well-known that elevated interstitial fluid
hydrostatic pressure (HP) occurs in solid tumors (10,11).
Higher interstitial fluid HP in tumor mass has been demon-
strated to be associated with a worse prognosis in patients
with head and neck cancer (12). Furthermore, the exposure
of cancer cells to 20 mmHg HP has been demonstrated to
accelerate cell motility (8). However, it is not clear whether
and how the elevation of interstitial fluid HP in tumor mass
promotes the metastasis of cancer cells.
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Notably, it has recently been reported that cyclical
mechanical force can induce the stabilization of HIF-la
and upregulate the protein expression level of CXCL2 in
monocytes (13). HIF-1a is well-known as a master upstream
regulator of oxidative stress, metabolism and DNA repair of
cells (14-16). Therefore, we hypothesized that elevated intersti-
tial fluid HP in a rapid growing malignant tumor may stabilize
HIF-1a to promote the metastasis of cancer cells.

In the present study, mouse Lewis lung carcinoma (LLC)
cells were exposed to 50 mmHg HP for 24 h, then the role of
HP on the metastatic property of these cells was investigated
using both in vitro and in vivo experiments.

Materials and methods

Cells and animals. The LLC cells (LL/2) were used for the
experiments. The cells were maintained in DMEM (FUJIFILM
Wako Pure Chemical Corporation), supplemented with 10%
fetal bovine serum (Cytiva) and 1% penicillin/streptomycin
(Gibco; Thermo Fisher Scientific, Inc.), and cultured at 37°C in
a humidified incubator with 5% CO,.

A total of 19, male C57BL/6 mice (10-12 weeks old;
weight, 23-25 g; CLEA Japan, Inc.) were used for the in vivo
study. The mice were kept in specific, pathogen-free condi-
tions and were allowed free access to food and water under
a controlled temperature (24+1°C) with 55% humidity in a
12-h light/dark cycle. The animal experiments were approved
by the Institutional Animal Care and Use Committee of
Nagasaki University (approval no. 1608251335-11). All the
animal procedures were performed in accordance with
institutional and national guidelines. At the end of the
experiments, the mice were administered with general anes-
thesia using an intraperitoneal injection of mixed anesthetics
(0.75 mg/kg medetomidine, 4 mg/kg midazolam and 5 mg/kg
butorphanol) and sacrificed by severing the abdominal aorta
for blood removal. The removal of vital organs (lung tissue)
was used as confirmation of the death of the mice following
sacrifice.

HP stimulation. HP was induced in the LLC cells using
a pneumatic pressurizing system (Strex. Inc.). Briefly, the
LLC cells were seeded in 60 mm diameter Petri dishes
(1x10° cells/dish) and cultured for 36 h to form an adherent
monolayer. The culture dishes were then randomly selected to
move into a sealed chamber in which 50 mmHg HP was stably
applied using the pneumatic pressurizing system and kept for
24 h (HP group). The culture dishes without HP exposure were
used as the control (CON group).

Cell morphology observation and cell count. Cell morphology
was observed under a light microscope (1X71S8F-3; Olympus
Corporation) at x200 magnification, 24 h following HP expo-
sure. Then, the cells were collected as a single cell suspension
to measure the total cell number using a TC20™ Automated
Cell Counter (Bio-Rad Laboratories, Inc.).

Reverse transcription (RT)2 Profiler™ PCR array. To
investigate the mRNA expression level of genes associated
with metastasis, RNA was isolated from the cells using a
Quick-RNA™ MicroPrep kit (Zymo Research Corp.). The

concentration of RNA was measured using a NanoDrop® 2000
spectrophotometer (Thermo Fisher Scientific, Inc.). Then, 1 ug
RNA was used to generate cDNA using the RT? First Strand
kit (Qiagen Corporation), at 25°C for 10 min, 42°C for 60 min,
then 85°V for 5 min. Mouse Tumor Metastasis RT? Profiler™
PCR array (cat. no. 330231; Qiagen Corporation) was used
with a RT2SYBR-Green Master mix, according to the manu-
facturer's instructions and a Roche LightCycler 480 machine
(Roche Diagnostics). The array contained a total of 84 genes
associated with metastasis. The genes included in the assay
were also defined by biological function by the manufacturer.
The fold change in expression to the control was calculated
using a web-based data analysis program (https://geneglobe.
giagen.com/jp/analyze). Among the 5 available housekeeping
genes (Actb, B2m, Gapdh, Gusb and Hsp90abl) in the array,
Actb, Gusb and Hsp90abl were automatically selected as the
optimal set of internal control for normalization.

Adhesion assay. To evaluate the adhesion ability, the cells
from both the HP and CON groups were harvested as single
cell suspensions. Freshly harvested cells (5x10* cellsin 5 ml
DMEM) were seeded onto a 25-cm? Collagen I-coated Flask
(Thermo Fisher Scientific, Inc.). Following incubation for
60 min, the unattached cells were gently removed by washing
with PBS twice. The number of adherent cells was counted
under a light microscope at x200 magnification. The average
cell count from >20 randomly selected fields was used for
statistical analysis.

Western blot analysis. The protein expression level of HIF-1a,
SODI1 and SOD2 was evaluated using western blot analysis,
as previously described (17). Total protein from the cells
was extracted using 1X RIPA buffer (FUJIFILM Wako Pure
Chemical Corporation) and the concentration was detected
using a BCA assay. A total of 30 ug protein from each sample
was separated using 10-12% SDS-PAGE, then transferred to
0.2-ym PVDF membranes (Bio-Rad Laboratories, Inc.). After
blocking with 5% skimmed milk for 1 h at room temperature,
the membranes were incubated with primary antibodies against
HIF-1a (1:250 dilution; cat. no. abl; room temperature for 2 h;
Abcam), SODI1 (1:500 dilution; cat. no. sc11407; overnight
at 4°C; Santa Cruz Biotechnology, Inc.), SOD2 (1:500 dilution;
cat. no. sc30080; overnight at 4°C; Santa Cruz Biotechnology,
Inc.) and B-actin (1:1,000 dilution; cat. no. 8457S; overnight
at 4°C; Cell Signaling Technology, Inc.), followed by incubation
with horseradish peroxidase-conjugated secondary antibodies
(rabbit anti-mouse, 1:1,000 dilution; cat. no. P026002; goat
anti-rabbit, 1:1,000 dilution; cat. no. P044801) (both from
Dako; Agilent Technologies, Inc.) at room temperature for
1 h. The expression level was visualized using an enhanced
chemiluminescence detection kit (Thermo Fisher Scientific,
Inc.). Semi-quantitative analysis was done using ImageQuant
LAS 4000 mini detection system (v1.0; GE Healthcare Life
Sciences).

Evaluation of oxidative stresstolerance. To evaluate oxidative
stress tolerance, the cells from both groups were treated with
0, 20 or 50 uM hydrogen peroxide (H,O,) in PBS at 37°C for
2 h. The apoptotic cells were stained with Annexin V-FITC,
while the necrotic cells were labelled with PI using an
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Annexin V-FITC Apoptosis Detection Kit (Abcam). The cells
without staining were used as negative control. Quantitative
flow cytometry analysis was performed using a FACSVerse™
flow cytometer and analyzed using BD FACSuite Software
(v1.2 Suite 1.0.2) (both from BD Biosciences).

In addition, intracellular reactive oxygen species (ROS)
was detected in the cells. Briefly, the cells from both groups
were treated with 0, 20 or 50 M H,O,in PBS at 37°C for 1 h,
then incubated with 10 uM general oxidative stress indicator
(CM-H2DCFDA; Invitrogen; Thermo Fisher Scientific, Inc.)
for another 30 min in the dark. Cells without staining were
used as a negative control. The accumulation of intracel-
Iular ROS was measured by fluorescence intensity using a
FACSVerse™ flow cytometer (BD Biosciences) and analyzed
using BD FACSuite Software (v1.2 Suite 1.0.2) (both from
BD Biosciences).

Experimental lung cancer metastasis model. To evaluate the
metastatic potency, experimental lung cancer metastasis was
induced in mice using an intravenous injection of LL.C cells
(5x10°cells in 0.5 ml saline) from the HP (n=6) and the CON
(n=7) groups. A total of 4 weeks after the cells were injected
into the mice, all the mice were sacrificed as aforementioned.
Removal of lung tissue was used for both confirmation of mice
death and experimental evaluation. Excised lung tissue was
weighed and the number of tumor lesions on the lung surface
was counted. For the mice that spontaneously died during
the 4-week follow-up period, the date of death was recorded
and the lung tissue samples were collected for evaluation.
Statistical analysis of the overall survival rate of the mice was
also determined.

Immunohistochemical staining. The cell proliferation and
microvessel density in the metastatic lesions of the lungs
was detected using immunohistochemistry staining. The
lungs were fixed in 4% paraformaldehyde for 24 h, at 4°C,
and paraffin-embedded sections (6-¢m thick) were deparaf-
finized and rehydrated (xylene, 2x3 min washes; xylene 1:1
with 100% ethanol, 3 min; 100% ethanol, 2x3 min washes;
95% ethanol, 3 min; 70% ethanol, 3 min; 50% ethanol,
3 min; running cold tap water to rinse). After blocking
with 1% BSA in PBS (Sigma-Aldrich; Merck KGaA), the
sections were incubated with rabbit anti-mouse Ki67 antibody
(cat. no. ab16667; 1:100 dilution;) and rabbit anti-mouse CD31
antibody (cat. no. ab28394; 1:150 dilution) (both from Abcam)
overnight at 4°C, followed by incubation with the Alexa fluo-
rescent 546-conjugated goat anti rabbit IgG(H+L) secondary
antibody (cat. no. A11013; 1:350 dilution; Invitrogen; Thermo
Fisher Scientific, Inc.) at room temperature for 1 h. Nuclei
were stained with 4, 6-diamidino-2-phenylin-dole (DAPI;
cat. no. D21490; Thermo Fisher Scientific, Inc.) at room
temperature for 5 min. Positive staining was examined under
a fluorescent microscope (FV10C-W3; Olympus Corporation).
The percentage of Ki67-positive cells was calculated from 10
randomly selected fields of view (5 fields/slide in 2 slides)
and used for statistical analysis. The CD31-positive stained
structures were counted as microvessels and the average
number of microvessels counted from 10 randomly selected
fields of view (5 fields/slide in 2 slides) was used for statis-
tical analysis.

PKH26 red fluorescent cell labeling. To evaluate the
survival/retention of the LLC cells in the lungs of the mice,
the cells were labelled with a PKH26 Red Fluorescent
Cell Linker kit (Sigma-Aldrich; Merck KGaA). Briefly, the
cells were incubated with 2 yuM PKH26 dye for 5 min at
room temperature, as the manufacturer's recommenda-
tions. Then, the mice were intravenously injected with the
PKH26-labelled cells (1x108cells in 0.5 ml saline) from the
HP (n=3) and the CON (n=3) groups. The mice were sacri-
ficed 24 h following the injection and the lung tissue samples
were collected. Cryosections (8-pm thick) of the lung tissues
were used for the direct detection of PKH26-labelled LLC
cells under a fluorescent microscope (FV10C-W3; Olympus
Corporation).

Statistical analysis. The data are presented as the mean + SD.
Statistical significance between two groups was determined
using an unpaired t-test (SPSS; v20.0; IBM Corp.). The survival
of the mice was analyzed using a Kaplan-Meier curve and
statistical significance was determined using the log-rank test
(GraphPad Prism; v8.0.1; GraphPad Software, Inc.). P<0.05
was used to indicate a statistically significant difference.

Results

Exposure of the LLC cells to 50 mmHg HP altered the mRNA
expressionlevel of numerousgenesassociated with metastasis.
Firstly, the mRNA expression level of genes associated with
metastasis was analyzed between the HP and CON groups.
The RT? Profiler™ PCR array revealed that numerous genes
were up- or downregulated, with a >1.3-fold difference in the
HP group compared with that in the CON group (Table SI).
The top 10 up- or downregulated genes are shown in Fig. 1A.
Within the top 10 upregulated genes, the upregulation of
several adhesion molecules was found, including Cdhl, Cdh11
and Fnl (Fig. 1B). In addition, the upregulation of numerous
metastasi s-promoting genes, such as Hgf, Cdhll and Ephb2,
was also found. Within the top 10 downregulated genes,
metastasis suppressors, including Kissl, Syk and Htatip2,
were frequently detected (Fig. 1B). The overall change in the
gene expression profile indicated the potential role of HP in
enhancing metastatic properties of the LLC cells.

HP exposure enhances the adhesion property of the LLC
cells. The exposure of the LLC cells to 50 mmHg HP for 24 h
did not induce notable morphological changes (Fig. 2A). The
total number of harvested cells was also comparable between
the groups (P=0.70; Fig. 2A), indicating a limited effect of
50 mmHg HP exposure on cell growth.

As the PCR array data indicated the upregulation of
numerous adhesion molecules, the adhesion property of
the cells was investigated. It was found that the exposure to
50 mmHg HP significantly increased the number of adherent
cells on a collagen I-coated flask (P<0.05; Fig. 2B).

HP exposure increases the protein expression level of HIF-1a
and antioxidant enzymes in the LLC cells. HIF-1a, a master
regulator of the cellular adaptive response to hypoxia, is known
to play critical roles in metabolic reprogramming (16) and
metastasis (14) in cancer cells. Western blot analysis showed
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Figure 1. Change in the mRNA expression level of genes in the Lewis lung cancer cells following treatment with or without 50 mmHg HP for 24 h. The mRNA
expression level of metastasis-related genes was measured using a reverse transcription? Profiler™ PCR array. The data are presented as the fold change in the
cells with HP compared with that in the CON. The top 10 up- and downregulated genes are according to the (A) fold change and (B) the biological functional
categories of the genes. HP, hydrostatic pressure exposure; CON, control.

Figure 2. Survival and adhesion property of the Lewis lung cancer cells following treatment with or without 50 mmHg HP for 24 h. (A) Representative
images of cell morphology under a phase-contrast microscope (left) and quantitative analysis of the total number of surviving cells per petri dish (right).
(B) Representative images (left) and quantitative data (right) of the adherent cells in collagen I-coated flasks. Scale bar, 200 ym. The data are presented as the
mean + SD from 3 independent experiments. HP, hydrostatic pressure exposure; CON, control.

that the protein expression level of HIF-1a was significantly The protein expression level of the antioxidant enzymes,
increased in cells exposed to 50 mmHg HP for 24 h (P<0.01; SODI and SOD2, which are HIF-1a downstream signals
Fig. 3A). (18,19), was also investigated. As expected, the exposure
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Figure 3. Protein expression level of HIF-1a, SODI and SOD?2 is increased following exposure of the LLC cells to 50 mmHg HP for 24 h. Representative blots and
semi-quantitative analysis of the protein expression level of (A) HIF-1a, (B) SOD1 and (C) SOD2 in the LLC cells following treatment with or without 50 mmHg
HP for 24 h. The data are presented as the mean + SD from 5 independent experiments. HP, hydrostatic pressure; CON, control; LLC, Lewis lung cancer.

of the cells to 50 mmHg HP for 24 h also significantly
upregulated the protein expression level of SOD1 and SOD2
(P<0.05; Fig. 3B and C).

HP exposure induces the tolerance of the LLC cells to
oxidative stress. In addition, the oxidative stress tolerance
of the cells was investigated in vitro. Cell necrosis, under
20 or 50 uM H,0O, treatment was significantly reduced in the
LLC cells pretreated with 50 mmHg for 24 h (P<0.05; Fig. 4A);
however, the percentage of apoptotic cells was not significantly
different between the 2 groups treated with 20 or 50 uM H,0,
(P=0.26 and P=0.45, respectively; Fig. 4A).

The intracellular ROS level at the baseline (without H,O,
stimulation) was detected at comparable levels between the HP
and CON groups (Fig. 4B). Unexpectedly, 1-h stimulation with
20 or 50 uM H,0O, notably decreased the ROS accumulation
in the LLC cells without pretreatment with 50 mmHg HP
compared with that at baseline (Fig. 4B). By contrast, after
1-h stimulation with 20 xM H,0,, the ROS accumulation was
slightly increased in the LLC cells pretreated with 50 mmHg
HP compared with that at baseline. We hypothesized that the
less intracellular ROS accumulation in the LLC cells without
HP exposure was due to the severe cell damage or cell death,
rather than the resistance to oxidative stress.

HP exposure promotes the metastasis of the LLC cells to the
lungs. To evaluate the metastatic potency invivo, the LLC cells
were intravenously injected into healthy adult mice. Compared
with that in the mice that received LLC cells without HP expo-
sure, significantly worse survival was observed in the mice
that received LLC cells pretreated with 50 mmHg HP (P<0.05;
Fig. 5A). All the mice were killed 4 weeks following the injec-
tion of the cells and the maximum percentage body weight
loss observed was 9.3%. There were significantly more meta-
static tumor lesions in the lungs of the mice in the HP group
compared with that in the CON group (P<0.05; Fig. 5B and C).
The weight of the lung tissue was also significantly higher in
the HP group compared with that in the CON group (P<0.05;
Fig. 5D). These data suggested that HP exposure promoted the
metastasis of the LLC cells to the lungs.

To further understand the mechanism involved, the LLC
cells were labelled with PKH?26 before intravenous injection
into the mice, then the survival/retention of the cells in the
lungs was analyzed 24 h later. As expected, more LLC cells
(or cell clusters) were detected in the lungs from mice in the
HP group compared with that in the CON group (Fig. 6A),
suggesting an improved survival/retention of the LLC cells by
pretreatment with 50 mmHg HP.

Cell proliferation and neovascularization in the meta-
static lesions was also analyzed using immunostaining. The
percentage of Ki67-positive cells was not significantly different
between the HP and CON groups (P=0.20; Fig. 6B). However,
the density of the CD31-positive microvessels in the metastatic
lesions was significantly higher in the HP group compared
with that in the CON group (P<0.05; Fig. 6C).

Discussion

Various mechanical forces within the microenvironment of
the tumor mass have been reported to play critical roles in the
progression of malignant tumors (2). Owing to the hyper-perme-
ability of immature capillaries, the elevation of the interstitial
fluid HP could be commonly induced by the presence of excess
fluid accumulation within malignant tumors (20,21). A previous
study has reported that HP may drive breast cancer cells toward
a more invasive phenotype (9); however, the precise role and
relevant mechanism of the mechanical forces in mediating
metastasis is still not well understood.

To investigate the role of HP on the metastatic property of
cancer cells, the LLC cells were exposed to 50 mmHg HP to
mimic the in vivo tumor microenvironment, then the mRNA
expression level of genes associated with tumor metastasis was
analyzed. A PCR array indicated noticeable changes, including
the upregulation of metastasis promotors (Hgf, Cdhll and
Ephb2) and the downregulation of metastasis suppressors
(Kissl, Syk and Htatip2) in the LLC cells following expo-
sure to 50 mmHg HP for 24 h. The most upregulated gene,
Ephb2, has been demonstrated to modulate the metastatic
phenotype (22) and induce angiogenesis (23). The most down-
regulated gene, Elane, has been demonstrated to modulate
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Figure 4. Tolerance of the LLC cells to oxidative stress. The LLC cells were treated with or without 50 mmHg HP and with 0, 20 and 50 uM H,0O,. The
apoptotic/necrotic cells and intracellular ROS was subsequently detected using flow cytometry. (A) Representative flow cytometry plots (left) and quantitative
data (right) of the number of apoptotic and necrotic cells. (B) Representative histograms (upper) and quantitative data (lower) of the mean intensity of the
intracellular ROS levels. The data are presented as the mean + SD from three independent experiments. HP, hydrostatic pressure; CON, control; LLC, Lewis

lung cancer; ROS, reactive oxygen species; H,O,, hydrogen peroxide.

neutrophil expression, inflammation and repair (24). Using
an experimental lung metastasis model in mice, it was further
confirmed that the LLC cells pretreated with 50 mmHg HP
developed a significantly higher number of tumor metastasis
lesions in the lungs. These data suggested that an elevated
interstitial fluid HP in a rapidly growing malignant tumor may
enhance the metastatic property of cancer cells.

Additional experiments were performed to further under-
stand how HP enhanced the metastatic property of the LLC cells
from different aspects, according to the multi-step processes of
hematogenous metastasis. It iswell-known that cancer cellsenter
the circulation system and are exposed to hyperoxic arterial
blood for hematogenous metastasis (6). Accumulating evidence
suggests that oxidative stress kills most of the circulating cancer
cells, resulting in a very poor efficiency of metastasis (6,7).
Therefore, oxidative stress tolerance is essential for the
successful metastasis of cancer cells. HIF-1a is well-known
as an important mediator of metabolism reprogramming of
cancer cells by regulating antioxidant enzymes and antioxidant
properties (25). Notably, it has been recently demonstrated that
cyclic mechanical force stabilizes HIF-1a by reducing protein

degradation (13). Consistently, the results from the present study
showed the upregulation of HIF-1a protein expression level in
the LLC cells following exposure to 50 mmHg HP for 24 h.
In addition, the protein expression level of the antioxidant
enzymes, SOD1 and SOD2, the direct downstream targets
of HIF-1a (18,19), were also significantly increased in cells
exposed to 50 mmHg HP. This could contribute to enhancing
antioxidant capacity of cancer cells for remote hematogenous
metastasis. Consistent with the upregulation of various adhesion
molecules, the exposure to 50 mmHg HP also enhanced the
adhesion property of the LLC cells, as shown by the results of
thein vitro adhesion and the in vivo cdl tracking assays.

HIFs are heterodimeric proteins composed of HIF-a and
HIF-1f subunits. HIF-1a is an O,-regulated subunit, while
HIF-1p is a constitutively expressed subunit (26). The protein
expression level of HIF-1a has been reported to be overexpressed
in numerous malignant tumors, including lung, prostate, breast
and colon carcinomas (27,28). It has been demonstrated that the
enhanced protein expression level of HIF-1a was associated with
poor prognosis in patients with breast, oropharyngeal and pros-
tate cancer (29-31). As a master regulator of cellular response
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Figure 5. Experimental lung metastasis model in healthy adult mice. The Lewis lung cancer cells were treated with or without 50 mmHg HP and were
intravenously injected into the mice, then lung metastasis was evaluated 4 weeks later. (A) Kaplan-Meier curves show the survival probability of the mice.
(B) Quantitative data and (C) representative images of tumor metastasis lesions on the surface of lungs. (D) The weight of lung tissues. The data are presented

as the mean + SD. HP, hydrostatic pressure; CON, control.

to hypoxia, HIF-1 can induce the transcription of several genes
involved in angiogenesis, cell proliferation and cell metabo-
lism (15,32). One of the most popularly recognized downstream
genes of HIF-1 is vascular endothelial growth factor (VEGF),
which is known to induce angiogenesis for the rapid growth of
malignant tumors (33). VEGF, originally named as vascular
permeability factor, was first identified as a tumor-secreted factor,
which increases vascular permeability and promotes the accu-
mulation of ascite fluid (21). Considering the hyper-permeability
of microvessels in the tumor (34), it is reasonable to hypothesize
that an excess accumulation of exudate in the interstitial space
contributes, at least in part, to the increase of the interstitial fluid
HP in the tumor mass. As a result, elevated HP may stabilize
HIF-1a, which thereby induces VEGF and antioxidant enzymes
to accelerate the growth and metastasis of malignant tumors.

There is a caution in Cellosaurus that the LLC cells (LL/2)
could be identical to 3LL cells. It is reported that LL/2 cell line
could be identical to 3LL cell line because both of them are from
mouse Lewis lung carcinoma and show the same biological
characteristics. Therefore, this will not affect the conclusion of
the present study.

A total of 4 weeks after the cells were injected into the
mice was used as the humane endpoint, based on clinical signs
(reduced intake and activity) and pathophysiological changes
(weight loss >20%). During the follow-up for 4 weeks, the
progression of tumor metastasis in the lungs of the mice was
not directly monitored; however, it was indirectly monitored
by observing the clinical signs (intake and activity) and patho-
physiological changes (weight loss) of mice.

For the 7 mice that died spontaneously, prior to the end
of the 4-week follow-up time in the lung metastasis mice
model, it was confirmed that the 7 mice did not die from lung
metastasis-induced respiratory failure or systemic cachexia.

We hypothesized that the cause of spontaneous death may be
due to another cause, based on the following: i) There were no
signs of severe clinical symptoms in the 7 mice following daily
monitoring; ii) based on the assessment of the exercised lungs,
there were fewer metastatic lesions in the lungs of the 7 mice;
iii) according to the examination of the 7 mice after sacrifice,
there was no serious bleeding, inflammation or purulent
secretions in the body, no notable signs of metastasis or organ
necrosis was found in the chest cavity or in any of the other
organs and no obvious occurrence of cachexia was found.
The present study has several limitations. First, a single cell
line was used and the cells were only exposed to 50 mmHg HP
for all the experiments. This is due to the following reasons:
i) The present study was designed to examine whether an elevated
HP could promote the metastasis of cancer cells; ii) the C57BL/6
mice were used for in vivo experiments and the LLC cell line is
the most reproducible syngeneic model for evaluating lung metas-
tasis to date (35); iii) interstitial fluid pressure in solid malignant
tumors could be elevated to ~30 mmHg HP (12,36) and iv) the
exposure of the LLC cells to 50 mmHg HP altered the mRNA
expression level of genes associated with metastasis; however,
higher pressure (100 mmHg) induced cell death and cell debris
production (data not shown). Therefore, further experiments are
required to exposure different cancer cell lines with different
HPs. Second, the PCR array was not repeated due to a limited
budget. In addition, the fold-change result may also have greater
variations if P>0.05; therefore, it is important to have a sufficient
number of biological replicates to validate the array data. However,
a mixture of RNA samples was used from three independent
experiments to generate the cDNA for a single PCR array in each
group. Therefore, the PCR array data was expressed as the average
level in 3 samples from each group. Third, further interventional
experiments, such as the interference of the HIF-1a signaling
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Figure 6. Survival/retention of the LLC cells and immunostaining analysis of proliferating cells and microvessels in the metastatic lesions. The LLC cells were
treated with or without 50 mmHg HP, then intravenously injected into the mice. (A) Representative confocal microscopy images of the survival/retention of
the PKH26-labelled cells or cell clusters (arrows) in the lungs, 24 h following injection. Scale bar, 40 ym. (B) Representative images (left) and quantitative data
(right) of the Ki67-positive proliferative cells in the metastatic lesions in lungs. Scale bar, 20 ym. (C) Representative images (left) and quantitative data (right)
of the CD31-positive microvessels in the metastatic lesions in the lungs. Scale bar, 20 ym. The nuclei were stained with DAPI. The data are presented as the
mean + SD. HP, hydrostatic pressure; CON, control; LLC, Lewis lung cancer.

pathway was not performed, as silencing HIF-1a alone would
change cell biological properties. Furthermore, multiple factors,
including the increase in mRNA expression level of HIF-1a and
adhesion molecules could be involved in the HP-induced cancer
cell metastasis; therefore, a genetic intervention approach to
directly confirm the role of HIF-1o was not performed in the
present study. Forth, Annexin V-positive apoptotic cells were only
analyzed using flow cytometry and the expression level of other
apoptotic proteins, such as the caspase family, can also be used
to indicate apoptosis. In addition, a colony-forming assay was
not included, as the potential role of HP in cancer cell metastasis,
rather than tumorigenesis and tumor growth was the aim of the
present study.

From the results in the present study, an elevated HP in
rapidly growing malignant tumors may enhance the metastatic
potency of cancer cells via complex mechanisms, including the
increase in the mRNA expression level of adhesion molecules to
improve cell adhesion and the stabilization of HIF-1a to induce
the expression of antioxidant enzymes to defend against oxida-
tive damage during metastasis (Fig. 7). It is critical to elucidate
the comprehensive molecular mechanisms underlying the stabi-
lization of HIF-1a by HP in further investigations.
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ABSTRACT

Radiation-induced lung injury (RILI) is commonly observed in patients receiving radiotherapy, and clinical pre-
vention and treatment remain difficult. We investigated the effect and mechanism of nicaraven for mitigating RILL
CS7BL/6 N mice (12-week-old) were treated daily with 6 Gy X-ray thoracic radiation for S days in sequences
(cumulative dose of 30 Gy), and nicaraven (50 mg/kg) or placebo was injected intraperitoneally in 10 min after each
radiation exposure. Mice were sacrificed and lung tissues were collected for experimental assessments at the next day
(acute phase) or 100 days (chronic phase) after the last radiation exposure. Of the acute phase, immunohistochemical
analysis of lung tissues showed that radiation significantly induced DNA damage of the lung cells, increased the
number of Sca-17 stem cells, and induced the recruitment of CD11c™, F4/80% and CD206™ inflammatory cells.
However, all these changes in the irradiated lungs were effectively mitigated by nicaraven administration. Western
blot analysis showed that nicaraven administration effectively attenuated the radiation-induced upregulation of NF-
kB, TGF-B, and pSmad2 in lungs. Of the chronic phase, nicaraven administration effectively attenuated the radiation-
induced enhancement of o-SMA expression and collagen deposition in lungs. In conclusion we find that nicaraven
can effectively mitigate RILI by downregulating NF-« B and TGF-f/pSmad2 pathways to suppress the inflammatory
response in the irradiated lungs.

Keywords: radiation; DNA damage; lung injury; inflammatory response

INTRODUCTION

Radiotherapy is used for cancer treatment, but exposure to high doses
of ionizing radiation also damages the normal tissue cells [1, 2].
Radiation-induced lung injury (RILI), including acute pneumonitis
and chronic pulmonary fibrosis, is frequently observed in patients
receiving thoracic radiotherapy. It is estimated that RILI occurs in 13—
37% of lung cancer patients undergoing curative radiotherapy, which
may limit the dose of radiotherapy and affect the quality of life [3].
Currently, the pathogenesis of RILI has not yet been fully understood,
and there is no effective drug in the clinic.

It is known that high dose ionizing radiation leads to DNA double-
strand breaks [4]. DNA damage contributes to oxidative stress, vas-
cular damage, and inflammation. Pneumonitis develops within hours

or days after high dose irradiation exposure, and is accompanied by an
increased capillary permeability and the accumulation of inflammatory
cellsin lungs [S-7]. The recruited inflammatory cells secret profibrotic
cytokines to activate the resident fibroblasts, which finally leads to an
excessive collagen production and deposition in the interstitial space of
lungs [8-10].

NF-«B (nuclear factor kappa B) is an important regulator of inflam-
matory response. The NF-« B signaling pathway is known to be acti-
vated following radiation exposure [11]. TGF-8/Smad signaling path-
way also deeply involves in RILI [12, 13]. Thoracic irradiation causes a
continuous increase of TGF-f, in plasma, which is a predictor of radi-
ation pneumonitis after radiotherapy [14]. The activation of TGF-
induces the conversion of fibroblasts into myofibroblasts, the elevated
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expression of o-smooth muscle actin (¢-SMA), and the synthesis
of extracellular matrix proteins such as collagen [15, 16]. Therefore,
targeting these pathways can be a potential strategy for mitigating RILI.

Nicaraven, a hydroxyl free radical scavenger [17], has previously
been demonstrated to protect against the radiation-induced cell death
[18, 19]. We have also recently found that the administration of
nicaraven to mice soon after high dose y-ray exposure attenuates
the radiation-induced injury of hematopoietic stem/progenitor cells,
which is more likely associated with anti-inflammatory effect rather
than radical scavenging [20, 21]. Moreover, nicaraven can reduce the
radiation-induced recruitment of macrophages and neutrophils into
lungs [22]. Therefore, we speculate that nicaraven may effectively
mitigate RILI, at least partly by inhibiting inflammatory response
through NF-« B and TGF-/Smad signaling pathways [23].

By exposing the lungs of adult mice to 30 Gy X-ray, we investigated
the effect and mechanism of nicaraven for mitigating RILL Our results
showed that nicaraven administration significantly reduced the DNA
damage of lung tissue (stem) cells, inhibited the radiation-induced
recruitment of CD11c", F4/80" and CD206™" inflammatory cells in
lungs at the acute phase, and also mitigated the radiation-induced
enhancement of «-SMA and partly decreased the fibrotic area in the
irradiated lungs at the chronic phase.

MATERIALS AND METHODS
Animals

Male C57BL/6 N mice (12-week-old; CLEA, Japan) were used for
study. Mice were housed in pathogen-free room with a controlled
environment under a 12 h light-dark cycle, with free access to food
and water. This study was approved by the Institutional Animal Care
and Use Committee of Nagasaki University (No.1608251335-12). All
animal procedures were performed in accordance with institutional
and national guidelines.

Thoracic radiation exposure and nicaraven

administration
The RILI model was established as previously described [24]. Briefly,
mice were treated daily with 6 Gy X-ray thoracic radiation for 5 days in
sequences (cumulative dose of 30 Gy) at a dose rate of 1.0084 Gy/min
(200 kV, 15 mA, S mm Al filtration, ISOVOLT TITAN320, General
Electric Company, United States) (Supplementary Fig. 1A). Nicaraven
(50 mg/kg; n=6, IR+ N group) or placebo (n=6, IR group) was
injected intraperitoneally to mice within 10 min after each radiation
exposure, and we continued the daily injections for 5 additional
days after the last radiation exposure (Supplementary Fig. 1A). Age-
matched mice without radiation exposure were used as control (n=6,
CON group). The body weights of mice were recorded once a week.
We sacrificed the mice the next day (Acute phase) or the 100th day
(Chronic phase) after the last exposure (Supplementary Fig. 1A). At
the end of follow-up, mice were euthanized under general anesthesia
by severing the aorta to remove the blood. Lung tissues were excised
and weighed, and then collected for experimental evaluations as
follows.
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Immunohistochemical analysis

The DNA damage in lung tissue (stem) cells was detected by immuno-
histochemical analysis. Briefly, lungs were fixed in 4% paraformalde-
hyde, and paraffin sections of 6-um-thick were deparaffinized and rehy-
drated. After antigen retrieval and blocking, sections were incubated
with rabbit anti-mouse y-H2AX antibody (1:400 dilution, Abcam)
and rat anti-mouse Sca-1 antibody (1:200 dilution, Abcam) overnight
at 4°C, and followed by the appropriate fluorescent-conjugated sec-
ondary antibodies at 25°C for 60 min. The nuclei were stained with 4,
6-diamidino-2-phenylindole (DAPI) (1:1000 diution, Life technolo-
gies). The positive staining was examined under fluorescence micro-
scope (FV10CW3, OLYMPUS).

The recruitment of inflammatory cells was detected by immunos-
taining with mouse anti-mouse CD1lc antibody (1:150 dilution,
Abcam), rat anti-mouse F4/80 antibody (1:100 dilution, Abcam),
goat anti-mouse CD206 antibody (1:200 dilution, R&D Systems)
overnight at 4°C, and followed by the appropriate Alexa fluorescent-
conjugated secondary antibodies (1:400 dilution, Invitrogen), respec-
tively. The nuclei were stained with DAPI. The positive staining was
examined under fluorescence microscope (FV10CW3, OLYMPUS).

For quantitative analysis, we counted the positively stained cells
in 12 images from two separated independent sections of each lung
tissue sample. The number of positively stained cells in each lung tissue
sample was normalized by the number of nuclei, and the average value
per field (image) from each lung tissue sample was used for statistical
analysis.

Masson’s trichrome staining
To detect the fibrotic change in lungs, Masson’s trichrome staining was
performed according to the manufacturer’s protocol (Sigma-Aldrich,
St. Louis, MO, USA). The stained sections were mounted and then
imaged using a microscope (Biorevo BZ-9000; Keyence Japan, Osaka,
Japan). The fibrotic area was quantified by measuring the positively
stained area using the Image-Pro Plus software (version $.1.2, Media
Cybernetics Inc, Carlsbad, CA, USA), and expressed as a percentage
of the total area. The average value from 12 images randomly selected
from two separated slides for each lung tissue sample was used for

statistical analysis.

Western blot
Western blot was performed as previously described [25]. Briefly,
lung tissue sample was homogenized using Multi-beads shocker” and
added to the T-PER reagent (Thermo Fisher Scientific) consisting
of proteinase and dephosphorylation inhibitors (Thermo Fisher
Scientific). Total tissue protein purified from lungs were separated by
SDS-PAGE gels and then transferred to 0.22-pm PVDF membranes
(Bio-Rad). After blocking, the membranes were incubated with
primary antibodies against NF-kB p6S (1:500 dilution, Abcam),
IkBa (1:1000 dilution, CST), TGF-8 (1:1000 dilution, Abcam),
pSmad2 (1:1000 dilution, Abcam), «-Tubulin (1:1000 dilution,
CST), or GAPDH (1:1000 dilution, Abcam), respectively; and
followed by the appropriate horseradish peroxidase-conjugated
secondary antibodies (Dako). The expression was visualized using
an enhanced chemiluminescence detection kit (Thermo Scientific).
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Fig. 1. The DNA damage of lung tissue cells at the acute phase after treatments. (A) Representative confocal images show the

expression of Sca-1 and y-H2AX in lung tissue cells. Quantitative data on the number of Sca-1" stem cells (B), the total cells with
y-H2AX foci formation (C), and the Sca-1" stem cells with y-H2AX foci formation (D, Arrows) are shown. Scale bars: 10 ;tm.
The nuclei were stained with DAPI. Data are represented as means = SD. *x*p < 0.01 vs CON group, tp < 0.05, +1p < 0.01 vs IR
group. CON: Control, IR: Radiation, IR + N: Radiation+Nicaraven.

Semiquantitative analysis was done using ImageQuant LAS 4000 mini
(GE Healthcare Life Sciences).

Statistical analysis
All the values were presented as mean % SD. For comparison of mul-
tiple sets of data, one-way analysis of variance (ANOVA) followed by
Tukey’s test (Dr. SPSS 1I, Chicago, IL) was used. For comparison of
two sets of data, an unpaired two-tailed t-test was used. All analysis
was carried out with the SPSS19.0 statistical software (IBM SPSS Co.,
USA). A p-value less than 0.05 was accepted as significant.

RESULTS
Nicaraven significantly reduced the radiation-induced
DNA damage of lung tissue (stem) cells at the acute
phase.
All mice survived after treatments and during the follow-up period.
The body weights of the mice were decreased temporarily soon after
radiation exposure, but tended to increase approximately 10 days after
radiation exposure. Although the body weights of mice between IR
group and IR+ N group were not significantly different, they were
significantly lower than the age-matched non-irradiated mice in the
CON group (p < 0.05, Supplementary Fig. 1B). Moreover, the lung
weights of mice were not significantly different among all groups at
either the acute phase or the chronic phase (Supplementary Fig. 1C).

Immunohistochemistry was performed to evaluate the expression
of Sca-1 and y-H2AX in lung tissue cells at the acute phase (Fig. 1A).
Compared to CON group, the number of Sca-1* stem cells was sig-
nificantly increased in the IR group (9.27 £ 1.30% vs 1.17 +0.29%,
p < 0.01; Fig. 1B). However, the increased number of Sca-1* stem cells
inirradiated lungs was significantly attenuated by nicaraven administra-
tion (3.53 £2.15%, p < 0.0S vs IR group; Fig. 1B).

The formation of y-H2AX foci in nuclei of lung tissue cells was
dramatically increased in the IR group, but was mildly changed in
the IR+ N group (Fig. 1A). Quantitative data also indicated that
the percentage of y-H2AX-positive cells was significantly less in the
IR+ N group than the IR group (16.27 £2.05% vs 7.13 £+ 0.91%,
p <0.01; Fig. 1C). Moreover, we tried to evaluate the formation
of y-H2AX foci in Sca-1" stem cells. Interestingly, the number of
Sca-1" stem cells with y-H2AX foci was more effectively decreased
in the IR+ N group compared to the IR group (1.93+0.51% vs
0.3540.19%, p < 0.01; Fig. 1D). These results indicate that nicaraven
administration can reduce the radiation-induced DNA damage in lung
tissue cells, especially in these Sca-1" stem cells.

Nicaraven effectively decreased the radiation-induced
recruitment of inflammatory cells into lungs.
According to our previous studies [20, 21], nicaraven protects
tissue (stem) cells against radiation injury by inhibiting
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Fig. 2. Immunohistochemical detection of inflammatory cells in lungs at the acute phase after treatments. Representative confocal
images (upper) and quantitative data (lower) show the CD11c™ cells (A), F4/807 cells (B), and CD206" cells (C) in lungs. Scale
bars: 10 yum. The nuclei were stained with DAPI. Data are represented as means = SD. *xp < 0.0, **p < 0.01 vs CON group,

tp < 0.05, +tp < 0.01 vs IR group. CON: Control, IR: Radiation, IR + N: Radiation+Nicaraven.

inflammatory response. Therefore, immunohistochemical analysis
was performed to detect the inflammatory cells in lungs. The
number of CD1llc+ monocytes and F4/80+4 macrophages was
significantly higher in the IR group than the CON group (p < 0.01,
Fig.2A and B). However, nicaraven administration significantly
reduced the recruitment of CD1lc+ monocytes (8.23+0.75%
vs 4.61£0.65%, p<0.01; Fig.2A) and F4/80+ macrophages
(12.63 £1.36% vs 8.07 £ 1.38%, p < 0.01; Fig.2B) into irradiated
lungs. Similarly, the number of M2 macrophages (CD206+) was also
significantly higher in irradiated lungs than that of non-irradiated
lungs (p <0.01, Fig.2C). Interestingly, nicaraven administration
significantly decreased the CD206" macrophages in irradiated lungs
(3.3+£0.61% vs 2.1 £0.53%, p < 0.0S; Fig. 2C).

Nicaraven significantly attenuated the
radiation-induced upregulation of NF-x B and TGF-f
in lungs
To further understand the molecular mechanism of nicaraven on
mitigating RILI, we investigated the expression of NF-xB and IxBor
(inhibitor of NF-kB) in lungs at the acute phase. Compared to the
CON group, the IR group showed a significant enhancement on the
expression of NF-«B (p < 0.0S, Fig. 3A). However, the enhanced
expression of NF-«B in irradiated lungs was effectively attenuated
by nicaraven administration (p=0.09, Fig. 3A). In contrast, the
expression of total Ik B was significantly decreased in irradiated lungs
(p < 0.01 vs CON group, Fig. 3B), which was effectively attenuated
by nicaraven administration (p < 0.01 vs IR group, Fig. 3B). We also
investigated the expression of TGF-B and pSmad2 in irradiated lungs
at the acute phase (Fig. 3C and D). The irradiated lungs showed a

-199-

significant upregulation of TGF-B and pSmad2 (p < 0.05 vs CON
group, Fig. 3C and D), but was effectively attenuated by nicaraven
administration (p < 0.05 vs IR group, Fig. 3C and D).

Nicaraven clearly attenuated the radiation-induced
enhancement of «-SMA and partially reduced the
fibrotic area in irradiated lungs at the chronic phase
We further investigated the expression of @-SMA and collagen depo-
sition in irradiated lungs at the chronic phase. Western blot indicated
an enhanced expression of ®-SMA in the irradiated lungs (p < 0.05
vs CON group, Fig. 4A), but the enhanced expression of @-SMA in
irradiated lungs was completely attenuated by nicaraven administra-
tion (Fig. 4A). Similarly, Massons trichrome staining showed that the
fibrotic area in lungs was significantly higher in the IR group than the
CON group (p < 0.0S, Fig. 4B). However, nicaraven administration
tended to only partially reduce the fibrotic area in irradiated lungs

(6.24 £ 0.64% vs 5.14 £ 0.51%, p = 0.08; Fig. 4B).

DISCUSSION

This study was proposed to investigate the potential effect and under-
lying mechanism of nicaraven on mitigating RILL. Our experimen-
tal data revealed that nicaraven administration not only reduced the
DNA damage (y-H2AX foci formation) of lung tissue (stem) cells,
but also inhibited the recruitment of macrophages and neutrophils
into irradiated lungs at the acute phase. Nicaraven administration also
significantly attenuated the radiation-induced enhancement of TGF-f
and NF-« B, and partially reduced the fibrotic area in irradiated lungs at
the chronic phase.
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Fig. 3. Western blot analysis on the expression of NF-x B, I« Ba, TGF-$, and pSmad2 in lungs. Representative blots (left) and
quantitative data (right) on the expression of NF-x B p65 (A), Ik B (B), TGF-f (C), pSmad2 (D) in lungs are shown. Data are
normalized to -Tubulin or GAPDH, and represented as means = SD. *p < 0.05, **p < 0.01 vs CON group, tp < 0.05, ++p < 0.01
vs IR group. CON: Control, IR: Radiation, IR + N: Radiation+Nicaraven.

Fig. 4. The fibrotic changes in lungs at the chronic phase after treatments. (A) Representative blots (left) and quantitative data
(right) on the expression of -SMA in lungs are shown. (B) Representative images (left) and quantitative data (right) of Masson's
trichrome staining on the fibrotic area in lungs are shown. Scale bars: 200 ;xm. Data are represented as means & SD. *p < 0.05,
#%p < 0.01 vs CON group, +p < 0.05 vs IR group. CON: Control, IR: Radiation, IR + N: Radiation+Nicaraven.
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Nicaraven is known as a powerful radical scavenger that effectively
protects various tissues and organs against injuries, particularly
for ischemia-reperfusion injury in the brain [26-28]. Considering
the well-recognized antioxidative property and the potential anti-
inflammatory effect of nicaraven, we evaluated the probable role of
nicaraven on mitigating RILL

The exposure to high levels of ionizing radiation leads to DNA
double-strand breaks, which elicit cell death or stochastic change [4].
Stem cells are known to play critical role in tissue homeostasis, while
ionizing radiation exposure can disrupt the tissue homeostasis. Alveo-
lar epithelium is composed of two cell types: Type I cells account for
95% of the gas exchange surface area, and type II cells can transform
into type I cells and have the ability to repair alveoli. Sca-1-positive cells
are identified as a population of alveolar type II cells with progenitor
cell properties [29]. It has also been demonstrated that the prolifera-
tion of Sca-1-positive cells increases during the alveolar epithelial repair
phase [29, 30]. In this study, the number of Sca-1-positive cells were
exactly increased in irradiated lungs at the acute phase, suggesting the
probable role of Sca-1-positive cells for repairing the injured lungs after
high dose irradiation. Nicaraven administration showed to reduce the
DNA damage of lung tissue cells, especially in these Sca-1-positive cells
at the acute phase, which indirectly indicates the protective effect of
nicaraven on RILIL

Various chemokines/cytokines are known to be increased in
organs/tissues exposed to high dose irradiation, which in turn induces
the recruitment of inflammatory cells at the acute phase. The recruited
inflammatory cells play a key role in the pathogenesis of RILI [31,
32], because inflammatory cascade is known to promote fibroblast
proliferation and collagen deposition [33]. In responding to high
dose radiation exposure, the recruitment of monocytes/immune cells
(CD11c") into lung tissue plays critical pathophysiological role on
RILI. Among the recruited monocytes/immune cells, macrophages
(F4/80") represent an important profibrogenic initiator/media-
tor, but M2 macrophages (CD206") are thought to be an anti-
inflammatory phenotype of macrophages. In this study, we found
that the recruitment of monocytes/immune cells, including the
M2 macrophages was significantly increased in the irradiated lungs.
Consistent with previous reports [22, 34], the administration of
nicaraven inhibited significantly the recruitment of monocytes into
the irradiated lungs. It will be better to understand the precise role
of especial subpopulation of inflammatory cells, such as the M2
macrophages in lungs using genetically modified animals. However, the
purpose of this study was designed to examine the potency of nicaraven
for attenuating RILI through an anti-inflammatory mechanism, we
used a wild-type mice rather than the genetically modified mice for
experiments.

TGF-B is one of the most critical master regulators on promoting
acute inflammation and chronic fibrosis in lungs [12-16]. Previous
studies have demonstrated that radiation exposure activates TGEF-
B/Smad signaling pathway to initiate the inflammatory response,
induce the proliferation and activation of fibroblasts, and enhance
the synthesis of matrix proteins [35, 36]. Therefore, the inhibition
of TGF-f/Smad signaling pathway may effectively mitigate RILI
In this study, nicaraven administration exactly downregulated the
expression of TGF-f and pSmad2 in irradiated lungs at the acute
phase.
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NF-« B has emerged as a ubiquitous factor involved in the regula-
tion of numerous critical processes, including immune [37], inflam-
mation response [38], cell apoptosis [39], and cell proliferation [40].
While in an inactivated state, NF-xB is located in the cytosol com-
plexed with the inhibitory protein I« Ba. Radiation exposure can acti-
vate NF-« B signaling pathway. Radiation exposure activates the kinase
IKK, which in turn phosphorylates IkBa and results in ubiquitin-
dependent degradation [11, 38, 40]. Dysregulation of NF-« B signaling
can lead to inflammation, autoimmune disease and cancer [41]. In this
study, nicaraven administration effectively downregulated the expres-
sion of NF-«B, suggesting the involvement of NF-k B pathway in the
protective effect of nicaraven to RILI.

Generally, although nicaraven administration only tended to par-
tially reduce the fibrotic area in the irradiated lungs, many other param-
eters, such as the expression of @-SMA was more sensitively and clearly
changed. As the activated fibroblasts (¢-SMA™) are generally thought
to be the predominant source of collagen-producing cells, the inhibi-
tion on o-SMA expression in irradiated lungs by nicaraven adminis-
tration suggested the probable benefit of nicaraven for attenuating the
development of fibrotic change in irradiated lungs at the chronic phase.
In summary, nicaraven administration effectively protected the RILI,
likely by suppressing inflammatory response through the NF-«B and
TGF-f/Smad signaling pathways. Nicaraven could be a potential drug
for mitigating RILL

SUPPLEMENTARY DATA
Supplementary data is available at RADRES Journal online.
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Abstract

Mechanical forces can modulate the immune response, mostly described as pro-
moting the activation of immune cells, but the role and mechanism of pathological
levels of mechanical stress in lymphocyte activation have not been focused on
before. By an ex vivo experimental approach, we observed that mechanical stressing
of murine spleen lymphocytes with 50 mmHg for 3 h induced the nuclear localization
of NFATY, increased C-Jun, and increased the expression of early activation marker
CDé69 in resting CD8+ cells. Interestingly, 50 mmHg mechanical stressing induced
the nuclear localization of NFAT1; but conversely decreased C-Jun and inhibited the
expression of CD69 in lymphocytes under lipopolysaccharide or phorbol
12-myristate 13-acetate/ionomycin stimulation. Additionally, we observed similar
changes trends when comparing RNA-seq data of hypertensive and normotensive
COVID-19 patients. Our results indicate a biphasic effect of mechanical stress on
lymphocyte activation, which provides insight into the variety of immune responses

in pathologies involving elevated mechanical stress.

Grant/Award Number: 20lm0203081h0002
KEYWORDS

mechanotransduction

1 | INTRODUCTION

Mechanical forces play an essential role in maintaining the homeostasis
of our body. Various mechanical forces, such as shear stress and hy-
drostatic pressure, are known to regulate the biological properties of
cells, especially in the circulatory and immunological systems. In the
past decade, mechanosensing and mechanotransduction of cells in
response to different mechanical forces have been one of the hottest
topics of life science. However, the precise role and relevant molecular
mechanism of mechanical forces in the biological properties of tissue
cells is still poorly understood because it is extremely difficult to
distinguish the mechanical forces from other factors by in vivo
experimental approach.

Previous studies have explored the mechanical stress-induced
responses of different cell types using various mechanical cues,
including stretch stress (Coste et al., 2010), shear stress (Ranade
et al., 2014), hydrostatic pressure (Solis et al., 2019), and various

biphasic effect, immune response, lymphocyte activation, mechanical stress,

degrees of scaffold stiffness (Atcha et al., 2021). Among numerous
mechanotransduction key molecules, PIEZO1, a mechanosensitive
ion channel, has been focused on recently due to its multiple
functions and wide expression in all organs. PIEZO1 has been
demonstrated to be essential in cyclical hydrostatic pressure sensing
for the proper response of macrophages in case of lung infection
(Solis et al., 2019).

The role of mechanical forces and stiffness has been reported in
triggering the activation of lymphocytes (Judokusumo et al., 2012; Li
et al., 2010; Ma & Finkel, 2010), macrophages (Solis et al., 2019), and
myeloid cells (Aykut et al., 2020), suggesting that mechanical cues
may promote the activation of immune cells. On the other hand,
under pathological conditions, mechanical forces around the tissue
cells can be altered dynamically, such as the increased mechanical
stress in patients with hypertension. Therefore, it will be possible that
elevated hydrostatic pressure induces the activation of circulating

leukocytes but may conversely impair their activation and function in

J Cell Physiol. 2022;237:1521-1531.
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response to severe infections, as clinical studies indicated worse
outcomes and severity for hypertensive patients who suffer serious
infections (Guan et al., 2020; Piroth et al., 2021; Schoen et al., 2019).
Thus, we were interested in investigating the precise role and mo-
lecular mechanism of elevated mechanical stress, specifically elevated
pathological levels of hydrostatic pressure, in lymphocyte activation

as it has not been focused on previously.

2 | MATERIALS AND METHODS

2.1 | Animals and cell culture

C57BL/6 male mice (CLEA), 8-12 weeks old, were used in this study
for spleen harvest. The animals were bred in specific, pathogen-free
conditions and were allowed free access to food and water in a
temperature-controlled environment with a 12:12 h light-dark cycle.
All animal procedures were performed in accordance with institu-
tional and national guidelines.

Freshly harvested spleens were cut using a surgical blade then
strained against a 70 um cell strainer using gentle pressure applied
by syringe plug while adding phosphate-buffered saline (PBS).
Suspended spleen cells were collected, and then red blood cells
(RBCs) were lysed using RBC lysis (Invitrogen) according to the
manufacturer's instructions. The resulting cells were strained
against a 40 um cell strainer to discard any cell aggregates, then
suspended at a density of 5x10%cells/ml in RPMI-1640 with
L-glutamine (Wako) supplemented with 10% fetal bovine serum
(FBS; HyClone FBS; GE Healthcare), 100 U/ml penicillin and
100 pg/ml streptomycin (Wako), and 50 uM 2-mercaptoethanol
(Sigma) at 37°C in a 5% CO,-humified atmosphere, all following
treatments were applied after 3h of cells incubation. In some
experiments, lymphocytes were treated with Piezo1 agonist Yodal
at 10 uM concentration (Cayman Chemical), ROCK inhibitor Y27632
at 10 uM concentration (ATCC), and O55:B5 Escherichia coli
lipopolysaccharides (LPS) at 1pg/ml concentration (Sigma). Cell
activation cocktail (phorbol 12-myristate 13-acetate/ionomycin
[PMA/1]) was purchased from Bio-Legend and used at the
concentrations suggested by the manufacturer (PMA/l: PMA 81 nM,
ionomycin 1.34 uM; reagents are described in Table S1).

2.2 | Maechanical stress

For mechanical stress, culture dishes were subjected to static pres-
sure using a hydrostatic pressure system from STREX (STREX AGP-
3001S) which was placed inside a 5% CO, cell culture incubator at
37°C (Figure S1). The compressor unit intakes the air from the 5%
CO, balanced air within the cell culture incubator, then injects it into
the sealed chamber. The compressor unit has a sensitive sensor to
measure the pressure inside the chamber and adjust it to the value
assigned using the controllers on the compressor unit. We used
50 mmHg for the purpose of this experiment.

2.3 | Flow cytometry

Following incubation in the various culture conditions, cells were
harvested and directly washed with cold PBS for 5 min at 1400g at
4°C, then 5x 10° cells from each condition were resuspended in
Flow Cytometry Staining Buffer (FACS) buffer (4% FBS, cold PBS)
and incubated with Fc block for 15min, followed by adding
conjugated antibodies for CD4, CD8, CD19, and CDé9 to each
tube and incubated for 30 min at 4°C (dilutions and conjugated
fluorochromes are described in Table S2). After staining and
washing, cells were suspended in FACS buffer, and data were
acquired on BD FACSVerse (BD Biosciences). A minimum of

10,000 cell counts was analyzed.

2.4 | RNA isolation and RT-gPCR

Following incubation in the various culture conditions, cells were
harvested and directly washed with cold PBS for 5 min at 1400g at
4°C, then resulting cell pellets were used to isolate total RNA
(approximately 107 cells in each pellet) using Quick-RNA™ Micro-
prep Kit (Zymo Research) according to manufacturer's instructions.
RNA quantity and quality were assessed using NanoDrop™
2000/2000c (Thermo Fisher Scientific). Complementary DNA
(cDNA) was generated using 900 ng of purified total RNA with
SuperScript™ VILO™ MasterMix (Invitrogen) according to the
manufacturer's instructions. The amplified cDNA was diluted at a
ratio of 1:10 in DNase- and RNase-free water. Quantitative reverse
transcription polymerase chain reaction were performed using 2 pl
cDNA (equivalent to 18ng total RNA) per reaction with
THUNDERBIRD SYBR gPCR Mix (TOYOBO) on LightCycler® 480
Instrument Il (Roche Life Science) according to manufacturer's
instructions. Fold changes of expression are relative to the control
using the 2'“:,t method (Livak & Schmittgen, 2001). Primers
sequences are listed in Table S3.

2.5 | Enzyme-linked immunosorbent assay

The levels of interleukin 2 (IL-2), interferon y (IFN-y), and tumor
necrosis factor a (TNF-a) in supernatants were determined by
sandwich enzyme-linked immunosorbent assay (ELISA) using
LEGEND MAX™ Mouse IL-2 ELISA Kit, LEGEND MAX™ Mouse IFN-y
ELISA Kit, and LEGEND MAX™ Mouse TNF-a ELISA Kit, respectively
(BioLegend) according to manufacturer's instructions. Optical

densities were acquired using an iMark Microplate Reader (Bio-Rad).

2.6 | Immunocytochemistry

Following incubation in the various culture conditions, stimulations
were stopped by the addition of 10 volumes of ice-cold PBS then
cells were pelleted at 1400g at 4°C, and 5x 10° cells from each
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condition were resuspended in FACS buffer (4% FBS, cold PBS) and
incubated with Fc block for 15 min, followed by adding conjugated
antibodies for CD4, and CD8 to each tube and incubated for 60 min
in the dark at 4°C (dilutions and conjugated fluorochromes are
described in Table S2). After staining, cells were washed twice and
suspended in fixation/permeabilization buffer (Invitrogen) for
60 min in the dark at 4°C, then washed with permeabilization buffer
(Invitrogen) two times 5 min each, at 1400g at 4°C, then blocked in
3% bovine serum albumin for 20 min, followed by 60 min incubation
in the dark with primary antibodies against NFAT1 (Cell Signaling
Technology) or HIF1-a (Novus Biologicals). Cells were washed and
incubated with Alexa Fluor 546- or Alexa Fluor 647-conjugated
secondary antibodies for 60 min in the dark. After washing, cells
were incubated with 4',6-diamidino-2-phenylindole for 30 min in
the dark. Stained cells were attached to microscope slides by cen-
trifugation for 3 min at 112.9g using Cytospin 3 (Thermo Shandon)
followed by adding a Vectashield Vibrance mounting medium
(Vector Laboratories) and coverslips. The cells were viewed using a
x63 oil-immersion objective lens on LSM 800 confocal microscope
(Zeiss). Fluorescent image analysis for quantification and localization
estimates were performed with the NIH ImagelJ software package
using the same image analysis workflow for all images in all

replicates.

2.7 | RNA sequencing data set analysis

The RNA sequencing raw data were downloaded from the gene ex-
pression omnibus (GEO) database (Barrett et al., 2013) with accession
number GSE157859 (Zheng et al., 2020). GSE157859 included RNA
sequencing data prepared from peripheral venous blood samples of
patients with COVID-19 which were obtained at different clinical
stages. Among those patients, four patients have hypertension as the
only main comorbidity (hypertensive patients: HT), and we selected
four closest matching patients with no comorbidities as a control
group (normotensive patients: NT), we compared the data from
four HT patients (GSM4776962, GSM4776976, GSM4776981,
GSM4776985) with four NT patients (GSM4776954, GSM4776964,
GSM4776967, GSM4776974) in the treatment clinical-stage, also in
the rehabilitation stage 2 HT patients (GSM4776978, GSM4776987)
with three NT patients (GSM4776956, GSM4776966, GSM4776969)
data were available for comparison. The raw sequencing data were
uploaded to the Galaxy web platform, and we used the public server
at usegalaxy.org to analyze the data (Afgan et al., 2016). Quality of
data were checked by FastQC v0.11.8 (Andrews, 2010) followed by
Adapters removal, reads trimming, and quality filtering using Fastp
v0.20.1 (Chen et al., 2018). The clean reads were then aligned to the
primary assembly of the human reference genome, GRCh38, using
HISAT2 v2.1.0 (Kim et al., 2015). We used featureCounts v2.0.1
(Liao et al., 2014) to count RNA-seq reads for genes with GRCh38
annotation. Finally, edgeR v3.24.1 (Robinson et al., 2010) was used to
perform differential expression testing and estimate log2 fold change
[HT-NT].
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2.8 | Statistical analysis

All results are presented as the means + SD. Statistical significance
between two groups was determined using a t-test. Differences were
considered significant when two-sided p < 0.05.

3 | RESULTS

3.1 | Mechanical stress enhances CD69 expression
in resting CD8+ cells, but conversely impairs the
activation of lymphocytes under LPS or PMA/I
stimulation

Lymphocytes were collected from the mouse spleen and then in-
cubated without (Resting) or with the addition of LPS or PMA/I in
medium (stimulated). To investigate the potential effect of mechan-
ical stress on lymphocyte activation, we used a bioreactor capable of
subjecting cells to 50 mmHg pressure for 3 h, and as a control, cells
were placed in the atmospheric pressure, both inside a 5% CO, in-
cubator at 37°C (Figure S1). We evaluated the expression of the early
activation marker CD69 using flow cytometry. In resting lympho-
cytes, mechanical stress significantly increased the expression of
CD69 in CD8+ T cells (31.8+3.2 vs. 22.78+1.95; p<0.01;
Figure 1a). However, with the addition of LPS in the medium, me-
chanical stress significantly decreased the expression of CD69 in
CD19+ B cells (2841 +1178 vs. 5177 +1570; p <0.01; Figure 1a).
Similarly, under the stimulation with PMA/I, mechanical stress sig-
nificantly decreased the expression of CD69 in CD4+ T cells
(9188 +£855.5 vs. 18461 + 1455; p < 0.01; Figure 1a), CD8+ T cells
(9314 +753.5 vs. 22499 + 1453; p < 0.01; Figure 1a), and CD19+ B
cells (13642 + 3789 vs. 16227 + 3497; p = 0.02; Figure 1a). CD19+ B
cells respond to LPS stimulation because of the TLR4 receptor on
murine B cells recognizing LPS. On the other hand, murine CD4+ and
CD8+ T cells do not respond to LPS due to the absence of the TLR4
receptor (Applequist et al., 2002).

We also evaluated the messenger RNA (mRNA) expression of
several major cytokines using RT-gPCR. In resting lymphocytes,
mechanical stress significantly decreased the mRNA level of 112
(p <0.01; Figure 1b), but increased the mRNA level of Ifng (p = 0.06;
Figure 1b). Interestingly, with the addition of LPS in medium, me-
chanical stress significantly decreased the mRNA levels of Il1b
(p=0.01; Figure 1b), 112 (p=0.09; Figure 1b, and l10 (p=0.02;
Figure 1b). Similarly, under PMA/I stimulation, mechanical stress
significantly decreased the mRNA levels of Ifng (p < 0.01; Figure 1b),
112 (p =0.01; Figure 1b), 14 (p =0.03; Figure 1b), and 1110 (p < 0.01;
Figure 1b), while increased the mRNA level of Tnf (p=0.02;
Figure 1b).

To further confirm our findings, we measured the protein levels
of IFN-y, IL-2, and TNF-a in the culture medium using ELISA. In
resting lymphocytes, mechanical stress only slightly increased the
secretion of IFN-y (p=0.056; Figure 1c). However, for PMA/I-
stimulated lymphocytes, mechanical stress significantly decreased
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FIGURE 1 The expression of the activation marker CD69 and cytokines in lymphocytes following mechanical stressing. (a) Flow cytometry
analysis on CD69 expression among CD4+, CD8+, and CD19+ cells following LPS, or PMA/I stimulation compared to resting lymphocytes.
Pseudocolored plots indicating mechanical stressing effect, and data represent the results of four independent experiments. (B) Bar graphs
indicating a mechanical stressing effect on mRNA fold changes of Tnf, Ifng, ll1b, 112, 114, 1110 in lymphocytes following LPS, or PMA/I stimulation
comRared to resting lymphocytes (data represent the results of four independent experiments, mRNA fold changes are calculated to the control
27¢ (c) Bar graphs indicating a mechanical stressing effect on IL-2, IFN-y, and TNF-a levels as evaluated by ELISA assay in the culture medium
of PMA/I-stimulated lymphocytes compared to resting lymphocytes (figures represent the results of six independent experiments, data are
represented as mean * SD); (mechanical stressing: 50 mmHg/3 h). ELISA, enzyme-linked immunosorbent assay; IFN-y, interferon y; IL-2,
interleukin 2; LPS, lipopolysaccharide; MFI, median fluorescence intensity; mmHg, millimeter of mercury; mRNA, messenger RNA;

PMA/I, phorbol myristate acetate/ionomycin; TNF-a, tumor necrosis factor a. *p < 0.05, **p < 0.01, ***p < 0.001
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the secretion of IFN-y (p < 0.01; Figure 1c), IL-2 (p < 0.01; Figure 1c),
and TNF-a (p = 0.01; Figure 1c).

IL-2 is usually secreted from activated CD4+ and CD8+ T cells.
According to our data, mechanical stress decreased the mRNA ex-
pression of II12 in both resting and PMA/I-stimulated lymphocytes but
induced CD69 expression in resting CD8+ cells. We speculated that
the expression change in IL-2 might be related to the effect of me-
chanical stress on CD4+ T cells. Therefore, mechanical stress may
promote the activation of resting CD8+ T cells, but likely shows an
inhibitory effect on lymphocyte activation under the stimulation with
PMA/I or LPS.

3.2 | RhoA/ROCK pathway and PIEZO1 are not
closely involved in the mechanical stress-induced
inhibition on the activation of PMA/I-stimulated
lymphocytes

Previous studies have described that the cellular response to me-
chanical forces is regulated through RhoA/ROCK pathway (Boyle
et al., 2020; Takemoto et al., 2015; Teramura et al., 2012), and ROCK
inhibition has been demonstrated to suppress lymphocyte activation
(Aihara et al., 2003; Lou et al., 2001; Tharaux et al., 2003). Therefore,

we investigated whether mechanical stress inhibited lymphocyte
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activation through RhoA/ROCK pathway. We incubated lymphocytes
with or without Y27632, a ROCK inhibitor, at 10 uM as previous
studies suggest this concentration to show its maximum effects
(Aihara et al., 2003; Bardi et al., 2003). Unexpectedly, ROCK inhibi-
tion did not obviously mitigate the mechanical stress-induced chan-
ges in the expression of CD69 in PMA/I-stimulated lymphocytes
(Figure S2a), as well as their secretion of IFN-y, IL-2, and TNF-a.
Instead, ROCK inhibition even enhanced the inhibition in some of
these parameters (Figure S2b). Therefore, the RhoA/ROCK pathway
might not be closely involved in the mechanical stress-induced in-
hibition of lymphocyte activation under PMA/I stimulation.

Studies have also focused on the role of PIEZO1 in the function
and activation of myeloid cells (Aykut et al., 2020), macrophages
(Solis et al., 2019), T lymphocytes (Liu et al., 2018). BioGPS gene
portal data also showed that murine T lymphocytes express con-
siderable amounts of PIEZO1 similar to macrophages (Figure S3;
Lattin et al., 2008; Wu et al., 2009). Thus, we investigated whether
PIEZO1 is involved in the observed effects of mechanical stress on
lymphocyte activation. We incubated resting and PMA/I-stimulated
lymphocytes with or without Yodal, a PIEZO1 agonist, for 3 h fol-
lowed by evaluations. For resting lymphocytes, Yodal significantly
increased the expression of CDé69 in CD8+ T cells (p<0.01;
Figure 2a). For PMA/I-stimulated lymphocytes, Yodal conversely
decreased CD69 expression in CD4+ T cells (p < 0.01; Figure 2a) and

FIGURE 2 The expression of the activation marker CD69 and cytokines in lymphocytes following PIEZO1 activation using Yoda1l. (a) Flow
cytometry analysis on CD69 expression among CD4+, CD8+, and CD19+ cells following PMA/I and Yoda1l treatments. (b) Bar graphs indicating
Yodal effect on IL-2, IFN-y, and TNF-a levels as evaluated by ELISA assay in the culture medium of PMA/I-stimulated lymphocytes compared to
resting lymphocytes. (Data represent the results of three independent experiments, data are represented as mean = SD); (Yodal: 10 uM/3 h).
ELISA, enzyme-linked immunosorbent assay; IFN-y, interferon vy; IL-2, interleukin 2; MFI, median fluorescence intensity; OD, optical density;
PMA/I, phorbol myristate acetate/lonomycin; TNF-a, tumor necrosis factor a. *p < 0.05, **p < 0.01
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FIGURE 3 NFAT1 expression changes in lymphocytes following mechanical stressing. (a) NFAT1 expression changes in CD4+ cells following
PMA/I stimulation and mechanical stressing (Yellow = NFAT1, Cyan = DAPI, Green = CD4). (b) Bar graphs indicating the nuclear, cytoplasmic, and
total relative expression changes of NFAT1 in CD4+ cells. (c) NFAT1 expression changes in CD8+ cells following PMA/I stimulation and
mechanical stressing (Yellow = NFAT1, Cyan = DAPI, Red = CD8). (d) Bar graphs indicate the relative expression of NFAT1 in CD8+ cells in the
nucleus, cytoplasm, and total cell. (Mechanical stressing: 50 mmHg/3 h). (Data represent the results of three independent experiments, data are
represented as mean + SD). DAPI, 4’,6-diamidino-2-phenylindole; MFI, mean fluorescence intensity; mmHg, millimeter of mercury;

PMA/I, phorbol myristate acetate/ionomycin. *p < 0.05, **p < 0.01

CD8+ T cells (p <0.01; Figure 2a), but did not significantly change
CD69 expression in CD19+ B cells (Figure 2a).

ELISA testing of culture medium showed that Yoda1l slightly in-
duced the secretion of IFN-y from resting lymphocytes (p = 0.02;
Figure 2b). Differed from mechanical stress, Yodal did not change
the secretion of IL-2 but increased the secretion of IFN-y (p < 0.01;
Figure 2a) and TNF-TNF-a (p=0.03; Figure 2b) from PMA/I-
stimulated lymphocytes. PIEZO1 agonist and mechanical stress sig-
nificantly and very similarly promoted CD69 expression in resting
CD8+ cells and inhibited CD69 expression in PMA/I-stimulated
lymphocytes, however, they intriguingly showed opposite effects on

cytokine secretion. This suggests that mechanisms other than
PIEZO1 mechanosensing by which mechanical stress inhibits the

secretion of cytokines from PMA/I-stimulated lymphocytes.

3.3 | Mechanical stress promotes nuclear HIF1-a
localization in resting but not PMA/I-stimulated
lymphocytes

It has been reported that mechanical loading induces HIF1-a ex-
pression and nuclear localization (Jing et al., 2020). Several previous
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studies have also reported an increased expression of HIF1-a in
activated T lymphocytes (Nicoli et al, 2018; Wang et al., 2011)
and mast cells (Walczak-Drzewiecka et al., 2008). As the enhanced
activity of HIF1-a may promote the effector function of CD8+ T cells
(Palazon et al., 2014), we measured HIF1-a expression and localiza-
tion. We incubated resting and PMA/I-stimulated murine spleen
lymphocytes with or without 50 mmHg mechanical stressing for 3 h.
In resting lymphocytes, mechanical stress induced the nuclear loca-
lization of HIF1-a in both CD4+ and CD8+ T cells (Figure S4).
PMA/I-stimulated lymphocytes expressed higher HIF1-a compared
to resting ones. In PMA/I-stimulated lymphocytes, there was no
significant difference between mechanically stressed or not, although
PMA/I-stimulated CD8+ lymphocytes tend to have decreased nu-
clear HIF1-a under mechanical stress (Figure S4). Mechanical stress
did not change the mRNA levels of Hifla in resting lymphocytes but
was shown to inhibit the enhancement of Hif1a expression in PMA/I-
stimulated lymphocytes (p = 0.095; Figure S5). Based on our results,
mechanical stress induced HIF1-a nuclear localization in resting
lymphocytes, but conversely inhibited the enhancement of Hifla
mRNA expression in PMA/I-stimulated lymphocytes, supporting the

inhibitory effect of mechanical stress in PMA/I-stimulated
lymphocytes.
3.4 | Mechanical stress induces NFAT1 nuclear

localization but reduces Jun expression in
PMA/I-stimulated lymphocytes

It is well known that increased mechanical stress can increase in-
tracellular Ca?* levels (Hamill & Martinac, 2001). Increased calcium
levels within the cytoplasm of T lymphocytes lead to the depho-
sphorylation of NFAT followed by its nuclear localization to initiate

the transcription program (McCaffrey et al., 1993; Northrop et al.,

1994). Thus, we tried to investigate whether NFAT1 is involved in the
inhibitory effect of mechanical stress on the activation of PMA/I-
stimulated lymphocytes. In resting lymphocytes, mechanical stress
exactly increased the nuclear levels of NFAT1 in both CD4+ and
CD8+ cells (Figure 3). Similarly, for PMA/I-stimulated lymphocytes,
mechanical stress also induced the nuclear localization of NFAT1 in
both CD4+ and CD8+ cells (Figure 3).

NFAT1 nuclear localization might initiate either T lymphocyte
activation or energy, depending on the availability of other tran-
scription factors such as AP1 (Hogan, 2017; Macian et al., 2002).
Cooperation of NFAT with AP-1 (C-Jun: C-Fos) is essential for proper
activation of lymphocytes, thus we further investigated the expres-
sion of AP-1. In resting lymphocytes, mechanical stress significantly
increased the mRNA level of Jun (p=0.02; Figure 4). Conversely,
under PMA/I stimulation, mechanical stress significantly decreased
mMRNA levels of Jun (p = 0.04; Figure 4). While mechanical stress did
not alter Fos mRNA levels in either resting or PMA/I-stimulated
lymphocytes. As mechanical stress showed to promote NFAT1 nu-
clear localization but to decrease Jun expression in PMA/I-stimulated
lymphocytes, mechanical stress may suppress Jun to impair the

activation of PMA/I-stimulated lymphocytes.

3.5 | Hypertensive COVID-19 patients have
altered JUN and CDé69 expression

Hypertension imposes circulating leukocytes to elevated hydrostatic
pressure. Clinical studies have reported the worse outcome of
infections in patients with hypertension than those without
(Guan et al., 2020; Piroth et al., 2021; Schoen et al., 2019). Out of
165 hypertensive COVID-19 patients, 41 (24.85%) patients have
developed severe symptoms, while of the 495 COVID-19 patients

without comorbidities, only 10 (2.02%) patients were severe cases

FIGURE 4 Jun and Fos mRNA expression changes following mechanical stressing in lymphocytes. Bar graphs indicating mechanical stressing
effect on mRNA expression changes of Jun and Fos in PMA/I-stimulated lymphocytes compareq to resting lymphocytes (data represent the

results of four independent experiments, mRNA fold changes are calculated to the control

2AC , data are represented as mean * SD);

(mechanical stressing: 50 mmHg/3 h). mmHg, millimeter of mercury; mRNA, messenger RNA; PMA/I, phorbol myristate acetate/

ionomycin. *p < 0.05
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(Guan et al., 2020). Another study has found that out of the patients
hospitalized for COVID-19 and seasonal influenza, 33.1% and 28.2%
of cases, respectively, have the comorbidity of hypertension (Piroth
et al., 2021). Additionally, it has been found that the presence of
hypertension on hospital admission was associated with worse clin-
ical outcomes in patients with HIN1 influenza A virus infection
(Schoen et al., 2019). Therefore, we were interested in searching
whether lymphocyte activation-related genes are associated with the
development of severe symptoms in hypertensive COVID-19 pa-
tients. We analyzed RNA sequencing data prepared from PBMC of
COVID-19 patients with hypertension or without. PBMCs were
collected at the treatment stage (15.9 £+ 8.1 days after infection day)
and rehabilitation stage (67.2 + 6.4 days after infection day), probably
similar to the stimulated lymphocytes and resting lymphocytes, re-
spectively (Zheng et al., 2020). Results show that, in the treatment
stage, hypertensive COVID-19 patients (HT) have reduced JUN and
CDé69 expression compared to normotensive COVID-19 patients (NT)
(Figure 5). Conversely, in the rehabilitation stage, hypertensive pa-
tients have higher JUN, FOS, CDé9, and TNF expression compared
with normotensive ones (Figure 5). These results suggest the likely
relationship between JUN expression and lymphocyte activation
changes in hypertensive patients. Therefore, we speculate that

hypertensive patients may have impaired immune responses to ser-
ious infections, like the COVID-19.

4 | DISCUSSION

In this study, we investigated the effect of elevated mechanical stress
in lymphocyte activation by an ex vivo experimental approach. We
mechanically stressed murine spleen lymphocytes with 50 mmHg
either in the resting state (no-stimulation) or in LPS- or PMA/I-
stimulated state. Our data indicated that mechanical stress induced
CD69 expression of resting CD8+ cells but conversely impaired
lymphocyte activation under the LPS or PMA/I stimulation. Based on
our ex vivo experimental data, it seems that mechanical stress can
induce the activation of resting lymphocytes but may conversely
impair lymphocyte activation when responding to exogenous stimu-
lations or severe infections.

In searching for mechanotransduction key molecule(s) involved in
the observed biphasic effects of mechanical stress on lymphocyte
activation, we found that RhoA/ROCK pathway might not be closely
involved in the mechanical stress-induced inhibition of lymphocyte
activation under PMA/I stimulation. Liu et al. (2018) showed that

FIGURE 5 Hypertension comorbidity effect on the expression of lymphocyte activation-related genes in peripheral blood mononuclear cells
from COVID-19 patients. Bar graphs indicate logFC changes for the expression of JUN, FOS, CD69, IFNG, and TNF when comparing hypertensive
COVID-19 patients (HT) to normotensive COVID-19 patients (NT) in both the treatment stage and rehabilitation stage. (Treatment stage
comparison include four HT patients and four NT patients; rehabilitation stage comparison include two HT patients and three NT patients);
log2FC = edgeR Log2 fold change. HT, hypertensive patients; NT, normotensive patients. *p < 0.05 (edgeR p-value)

-211-



YASSOUF ET AL.

WILEY—L*%

Yodal, PIEZO1 agonist, rescued the activation and CD69 expression
of CD4+ and CD8+ T cells treated with soluble anti-CD3/anti-CD28
Abs, however in that study, the single effect of Yodal treatment was
not explained, nor the effect of Yodal addition to properly activated
T cells (Liu et al., 2018). While, in this study, we showed a similar
effect of Yodal and mechanical stress on CD69 expression, where
both promote its expression in resting CD8+ cells and reduce it in
PMA/I-stimulated lymphocytes. However, cytokines expression
profiles of PMA/I-stimulated lymphocytes were interestingly differ-
ent between PIEZO1 agonist Yodal and mechanical stress. PIEZO1
agonist promoted IFN-y and TNF-a secretion which agrees with the
enhanced inflammatory activation by Yodal in IFN-y/LPS stimulated
macrophages (Atcha et al.,, 2021), but mechanical stress conversely
inhibited their secretion along with IL-2, suggesting that mechanisms
other than PIEZO1 mechanosensing by which mechanical stress in-
hibits the expression of cytokines in PMA/I-stimulated lymphocytes.
Additionally, we found that mechanical stress may alter HIF1-a nu-
clear localization and levels in a trend going along with the biphasic
effect of mechanical stress in lymphocyte activation.

Mechanical stress may increase intracellular Ca%* levels (Hamill &
Martinac, 2001), and the increased cytoplasm Ca?* levels in
T-lymphocytes can lead to NFAT nuclear localization (McCaffrey
et al., 1993; Northrop et al., 1994). We found that mechanical stress
promoted NFAT1
PMA/I-stimulated lymphocytes. On the other hand, mechanical

nuclear localization in both resting and
stress increased Jun expression in resting lymphocytes but decreased
Jun expression in PMA/I-stimulated lymphocytes. As C-Jun
cooperation with NFAT is known to be essential for the proper
activation of T-lymphocytes (Hogan, 2017; Macian et al., 2002), the
alteration of Jun expression may provide a reasonable explanation of
the different effects of mechanical stress on lymphocyte activation,
as observed in our study. With the mechanical stress, enhanced Jun
may induce the activation in resting CD8+ lymphocytes, while the
imbalance between NFAT1 and Jun can suppress the activation of
lymphocytes in response to PMA/I stimulation.

Considering the clinical relevance of our finding from ex vivo
experiments, especially at the lasting pandemic situation of COVID-19,
we analyzed RNA-seq data from both hypertensive and normotensive
COVID-19 patients. At the treatment stage, hypertensive COVID-19
patients have reduced JUN and CD69 expression compared to
normotensive ones, and the opposite at the rehabilitation stage.
Interestingly, C-Jun which is an important transcription factor to
promote the activation program of lymphocytes mediated by NFAT1
nuclear localization is reduced in hypertensive COVID-19 patients at
the treatment stage and conversely increased at the rehabilitation
stage. This observation directed us to evaluate C-Jun and C-Fos
expression in our experimental setup where we surprisingly found the
same trend of Jun changes in mechanically stressed murine lympho-
cytes. Jun was described as one of the immediate-early genes in
response to mechanical stress in cardiac myocytes (Komuro & Yazaki,
1993; Sadoshima & Izumo, 1997), but for lymphocytes, our study is
the first report for the different effects of mechanical stress on Jun

expression between resting and PMA/I-stimulated lymphocytes.

Biphasic response of T cells spreading-behavior to substrate
stiffness has been described (Wahl et al., 2019), where high stiffness
leads to either increased or decreased T-cell spreading depending on
whether the substrate is functionalized with both anti-CD3 and
ICAM-1 or with anti-CD3 only, respectively. The biphasic response
of T cells spreading behavior to substrate stiffness may indirectly
support the observed biphasic response of lymphocytes to mechan-
ical stress in our study, as T-cell spreading is important for their
activation.

Our experimental results provide direct evidence about the
biphasic effect of mechanical stress in lymphocyte activation. As
mechanical stress will be commonly elevated in various pathological
conditions, findings from this study provide novel mechanistic insight
into the increased risk of serious infection in individuals with
comorbidities involving increased mechanical stress, such as

hypertension and diabetes mellitus.
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