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Abstract

Background: We recently demonstrated decreased tumor suppressor gene liver kinase B1
(LKB1) level in lung transplant recipients diagnosed with bronchiolitis obliterans syndrome.
STE20-related adaptor alpha (STRADa) functions as a pseudokinase that binds and regulates
LKBL1 activity.

Methods: A murine model of chronic lung allograft rejection in which a single lung from
a B6D2F1 mouse was orthotopically transplanted into a DBA/2J mouse was employed. We
examined the effect of LKB1 knockdown using CRISPR-CAS9 /n vitro culture system.

Results: Significant downregulation of LKB1 and STRADa expression was found in donor

lung compared to recipient lung. STRADa knockdown significantly inhibited LKB1, pAMPK
expression but induced phosphorylated mammalian target of rapamycin (mTOR), fibronectin, and
Collagen-I, expression in BEAS-2B cells. LKB1 overexpression decreased fibronectin, Collagen-I,
and phosphorylated mTOR expression in A549 cells.
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Conclusions: We demonstrated that downregulation of LKB1-STRADa pathway accompanied
with increased fibrosis, results in development of chronic rejection following murine lung
transplantation.

1. INTRODUCTION

Lung transplantation (LTx) is the only life-extending option for patients with end-stage lung
diseases. Approximately half of LTx recipients (LTxRs) clinically diagnosed with chronic
lung allograft dysfunction (CLAD) will experience chronic rejection within 5 years of
transplant [1]. CLAD is defined as a substantial and persistent decline (=20%) in measured
forced expiratory volume in 1 second (FEV1) value from the reference (baseline) value. The
baseline value is computed as the mean of the best 2 post-operative FEV1 measurements
(taken >3 weeks apart) [2]. The prevalence of bronchiolitis obliterans syndrome (BOS),

a condition in which the bronchioles become inflamed and fibrotic, a subtype of CLAD.
The incidence ranges from 30—-40% within 5 years, and BOS is the most significant

cause of long-term graft failure and mortality after LTx [3]. CLAD results primarily from
immunological insults to transplanted lungs. Significant correlations between BOS and
post-transplant development of antibodies to mismatched donor human leukocyte antigens
(HLAS), that is, donor-specific antibodies and antibodies to the lung self-antigens (SAgs),
K-alpha 1 tubulin and Collagen V (Col-V), have been reported [4, 5].

Recent studies have shown that exosomes play an important role in gene expression [6],
cellular signaling [7], epithelial mesenchymal transition [8], and disease progression [9].
Three types of extracellular vesicles have been classified according to their diameter:
exosomes (30-200 nm), microvesicles (200-500 nm), and apoptotic bodies (500-1000

nm) [10]. Recently, our laboratory has demonstrated that exosomes isolated from BOS
inhibit tumor suppressor gene liver kinase B1 (LKB1) expression and induce epithelial
mesenchymal transition (EMT) in both HPBEC and BEAS-2B cells [11]. It has been shown
that EMT plays an important role in airway remodeling [12] and Borthwick and colleagues
[13] have demonstrated that EMT may underlie the dysfunctional airway repair processes
that lead to obliterans bronchiolitis.

At present, the mechanism by which LKB1 affects BOS development is unknown, and
therapeutic options to prevent or treat BOS are unavailable. It has also been reported that
disruption of cellular polarity may induce fibrosis, a hallmark of CLAD [14, 15]. LKB1 is
required to maintain cell polarity and control growth through protease-activated receptor-1
and AMP-activated protein kinase (AMPK), respectively [16, 17]. LKB1 plays a critical
role in EMT [18], differentiation [19], migration [20], and mammalian target of rapamycin
(mTOR) signaling [21]. EMT (or EMT-like processes) may affect the development of BOS
after human LTx. Furthermore, increased phosphorylation of mTOR is closely associated
with pulmonary fibrosis [22]. LKB1 signaling controls energy metabolism [23] and tissue
homeostasis [24], and deletion of the LKB1 gene is embryonic-lethal [25]. Germline
mutations in LKB1 are associated with a predisposition to Peutz-Jeghers syndrome [26],
an inherited condition that increases cancer risk. Loss of LKB1 expression by either somatic
mutations or promoter hypermethylation is frequently identified in several cancer types
including lung cancer [27]. The role of LKB1 and its downstream regulators and the link to
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AMPK signals in the development of BOS after LTx have not been studied. STE20-related
adaptor alpha (STRADa) functions as a pseudokinase that consists of an STE20-like kinase
domain but lacks several residues required for intrinsic catalysis [28, 29]. STRADa is an
essential co-factor for LKB1-mediated G1-phase cell cycle arrest [30, 31]. We examined the
effect of STRADa on LKB1 expression.

In this study using a murine model of chronic lung allograft rejection (B6D2F1 to DBA/2J)
[32], we demonstrated that the downregulation of the LKB1-STRADa. axis modulated
AMPK and mTOR phosphorylation which increase fibrosis of transplanted lung.

2. METHODS

2.1 Animals and orthotopic LTx model

A murine model of chronic lung allograft rejection was established as described by Mimura
et al [32]. In brief, a single lung from a B6D2F1 (H2b/d) donor mouse was orthotopically
transplanted into a DBA/2 (H2d) recipient (10-12 weeks old) weighing 28-30 g. Specific
pathogen-free male inbred mice B6D2F1/J (H2b/d) and DBA/2J (H2d) were purchased from
Jackson Laboratories (Bar Harbor, Maine, USA). All experiments were performed according
to the protocols approved by the Institutional Review Board of St. Joseph’s Hospital and
Medical Center. In our study, >80% of the animals developed histological features of chronic
lung allograft rejection of the transplanted lung by post-transplant day 34. Serum samples
were collected on days 7, 14, and 34. Orthotopic left LTx was performed as previously
described [32]. A surgical microscope (AmScope SM-4B-80S Professional Binocular Stereo
Zoom Microscope, WH10x Eyepieces; United Scope, LLC, Irvine, California, USA) with
WF10x/20x magnification was used for all procedures. Buprenorphine was administered to
recipient mice at the conclusion of the procedure and every 12 h until post-transplantation
day 3. No immunosuppressive drugs were administered to the patient.

2.2 Histopathologic evaluation of orthotopic LTx

Mice (n=5) were euthanized under anesthesia 34 days after transplantation. Lung blocks
were fixed in 10% formalin and embedded in paraffin. The cut sections were stained with
hematoxylin and eosin or Masson’s trichrome to determine the presence of fibrosis. Grading
for rejection was performed by blinded reviewers using the standard criteria developed by
the lung rejection study group.

2.3 Immunohistochemistry of mouse lung tissue

Mouse lung tissue was fixed in neutralized 10% formalin and embedded in paraffin blocks,
which were cut into 4-5 mm thick sections and mounted on slides (Leica Biosystems,
Buffalo Grove, Illinois, USA) for immunohistochemistry. The sections were stained with
antibodies specific to LKB1 (Cell Signaling Technology, Danvers, Massachusetts, USA).
Images were obtained using an Aperio microscope (Leica Biosystems) at 40x magnification,
and morphometric analysis was performed using the MYNTRA software. The analysis was
performed by looking at five different areas on the same slide.
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2.4 Morphometric analysis for fibrosis

For evaluation of fibrosis, whole slide images of lung sections stained with trichrome stain
were exported as TIFF files. Color deconvolution of the TIFF files was performed in ImageJ
using a color deconvolution plugin (https://imagej.net/Colour_Deconvolution). The extent of
blue-staining collagenous fibrosis was then determined using standard tools available in the
ImageJ suite.

2.5 Exosome isolation and characterization

We characterized the exosomes isolated from mouse serum as previously described [11]. In
brief, circulating exosomes were isolated from serum collected from mouse LTXRs using the
Total Exosome Isolation Kit (Invitrogen, Thermo Fisher Scientific, Waltham, Massachusetts,
USA) according to the manufacturer’s protocol. The serum was centrifuged at 10,000 g

for 20 min to remove debris, diluted with phosphate-buffered saline PBS (0.5 volume)

and exosome precipitation solution (0.2 volume), incubated for 10 min, and centrifuged

at 10,000 x g for 5 min at room temperature. The exosome pellet was dissolved in PBS

and used for all the analyses. Exosome size distribution was measured using a NanoSight
(Malvern Panalytical Ltd, Malvern, UK), and 30-200 nm diameter particles were classified
as exosomes.

2.6 Western blot analysis

Western blotting was performed on total protein extracts from exosomes and mouse lung
tissues. RIPA lysis buffer with protease and phosphatase inhibitor cocktails (Sigma-Aldrich,
St. Louis, Missouri, USA) was used to determine the total protein fraction. Protein
concentrations in the cell extracts and exosomes were determined using a bicinchoninic
acid protein assay (Thermo Fisher Scientific) to standardize for quantification. Twenty
micrograms of total lysates were diluted 1:1 in RIPA SDS-PAGE sample buffer, loaded onto
polyacrylamide gels, and blotted onto PVDF membranes (Bio-Rad, Hercules, California,
USA). Membranes were blocked with 5% non-fat milk in PBS (pH 7.6) and 0.2% Tween-20
for 1 h and then incubated overnight with primary antibodies: mouse monoclonal anti-
CD63 (1:1000, Santa Cruz Biotechnology), rabbit polyclonal anti-LKB1 (1:1000, Cell
Signaling Technology), rabbit polyclonal anti-AMPK (1:1000, Cell Signaling Technology),
rabbit polyclonal anti-phosphorylated AMPK (Thr 172) (pAMPK; 1:1000, Cell Signaling
Technology), mouse monoclonal anti-phosphorylated mTOR (Ser 2448) (1:500, Santa Cruz
Biotechnology), mouse monoclonal anti-mTOR (1:500, Santa Cruz Biotechnology), mouse
monoclonal anti-STRADa (1:1000, Santa Cruz), mouse monoclonal anti-fibronectin (FN)
(1:1000, Santa Cruz Biotechnology, Santa Cruz, California, USA), and rabbit polyclonal
anti-Col-1 (1:1000, Abcam plc, Cambridge, UK). After washing in PBS Tween-20, the
membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit (1:2000,
Cell Signaling Technology) or anti-mouse antibodies (1:2000, Cell Signaling Technology),
and the immunoblots were visualized using ECL detection kits (Pierce, Rockford, Illinois,
USA). Mouse anti-GAPDH antibody (1:5000) was used as the internal control.
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2.7 BEAS-2B cell culture and STRADa knockdown by siRNA

BEAS-2B cells, an immortalized human bronchial epithelial cell line, were purchased from
the American Type Culture Collection (Manassas, Virginia, USA). BEAS-2B cells were
grown in RPMI-1640 complete medium containing 10% fetal bovine serum and 100 U/mL
penicillin-streptomycin. The cells were maintained in a 10 cm petri dish in a 5% CO2

and 37°C humidified environment. Cells from passages 2—7 were used throughout the
experiments at an initial seeding density of 6-7x10% cells/cm? unless otherwise mentioned.
For siRNA delivery (STRADa; Santa Cruz Biotechnology), 1x10° cells were grown in a
6-well plate for 24 h in antibiotic-free medium, and 80 pmol of siRNA were transfected
using Lipofectamine™ 2000 (Invitrogen, Thermo Fisher Scientific).

2.8 BEAS-2B cell culture and knockdown of LKB1

A BEAS-2B LKB1 knockdown cell line was generated with previously validated LKB1
gRNA [33]. To generate a stable knockdown, LentiCRISPRv2-sgLKB1 clonel or clone2
(Addgene, Watertown, MA, USA# 162125 and #162126) were transiently transfected
together with lentiCas9-Blast (Addgene #52962) using FugeneHD. After 2 days, the cells
were selected with blasticidin (5ug/mL) and puromycin (2ug/mL) for a week. LKB1 gene
silencing was verified by western blotting. sgLKB1-clone2 showed 100% LKB1 ablation
and was used throughout the study.

2.9 Ab549 cell culture and overexpression of LKB1

Generation of LKB1 expressing stable lines: —Retro-viral vectors, pBABE or
Pbabe-LKB1 were obtained from Addgene (Cambridge, MA). A549 cells were transfected
with viral plasmids using Lipofactamine-LTX. Retroviral particles were harvested from
media supernatants after 48 h. PBabe or pBabe-LKB1 virus media was filtered through
0.45 micron filters and added to A549 cells with polybrene (10 ug/mL) overnight. After
two subsequent transductions, A549 cells were selected with 2 ug/ml puromycin for 1 week
before performing experiments.

2.10 LKB1 signaling pathway analysis

We used MEK inhibitor (trametinib, 1pM), JNK inhibitor (SP600125, 10 uM), P38 mitogen-
activated protein kinase (MAPK) inhibitor (SB203580, 10 uM), PI3K inhibitor (LY294002,
10 M), mTOR inhibitor (rapamycin, 1 pM), AMPK inhibitor (AICAR, 500 puM), ROCK
inhibitor (Y-27632, 10 uM) and proteasome inhibitor (bortezomib, 0.1 uM) to screen the
LKB1-mediated signaling pathways. Both wild-type and LKB1 knockdown BEAS-2B cell
lines were treated with the above-mentioned inhibitors at different concentrations for 12 h.
The cells were then washed with PBS and treated with inhibitors for 1 h. Finally, 20% fetal
bovine serum was added for 2 h, and the protein was harvested.

2.11 Statistical analysis

Statistical analysis was calculated with GraphPad Prism 6 (GraphPad Software Inc, La

Jolla, Calif). Statistical data was expressed as mean + standard deviation. P values less than
0.05 were considered statistically significant in each analysis. ImageJ software was used to
quantify optical density of blot. Fold changes are based on experiment versus control of each
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group. We used one way ANOVA followed by Tukeys t-test 2-tailed nonparametric to detect
statistical significance.

3. RESULTS

3.1 NanoSight tracking analysis (NTA) demonstrates that isolated vesicles were
exosomes (40~200nm)

NTA and Western blot were used to characterize the size and estimated number/ml of
isolated nanoparticles from mouse serum. We measured the average size distribution of
nanoparticles isolated from mouse serum using our isolation technique (Figure 1A). The
curves demonstrate that the average number of nanoparticles/ml measured using the NTA
system was 5.4 x 108 from mouse serum) (Data was compiled from five measurements per
biological replicates (n=3). Particles used in this report had a size of <200 nm and were
considered exosomes, in agreement with the recommendation made by the nomenclature
committee on exosomes [34]. According to the committee we also characterized the
exosomes by Western blot. CD63, TSG-101, and Alix were used as exosome marker and
Calnexin was used as cell marker (Figure 1B).

3.2 Increased levels of circulating exosomes by days 14 and 34 after murine LTx

The number of exosomes released into circulation was significantly higher in the
transplanted mice on day 14 (3333333+88196.71; p=0.04) and day 34 (3501000+131343.06;
p=0.02) than in control mice (2265000+90737.72; Figure 1C).

3.3 LKB1 expression is downregulated in circulating exosomes as well as in the donor
lung tissue in transplanted mice

To investigate the expression of LKB1 in circulating exosomes, we first characterized the
total number of exosomes present in transplanted (n=5) and non-transplanted DBA/2 mice
(n=5). Blood was collected from mice on days 7, 14, and 34. Exosomes were purified

and characterized using NanoSight, as described in Methods. Forty micrograms of protein
isolated from each transplanted (n=5) and non-transplanted (n=5) mouse on days 7, 14, and
34 were analyzed by western blotting. The purity of exosomes was confirmed using CD63
as an exosome marker and GAPDH as a loading control. Densitometric analysis of the bands
showed that LKB1 levels were significantly lower on day 34 (p=0.02), about 2-3 fold in

the transplanted mice than in the control mice (Figure 2A, 2B). We also determined the
expression of LKB1 in donor lung tissue at day 34 by immunohistochemistry. We also found
downregulation of LKB1 in donor lung tissue compared to recipient lung (Figure 2C).

3.4 LKB1, STRADa, and pAMPK were downregulated, but phosphorylated mTOR was
upregulated in donor lungs

Exosomes derived from transplanted mice with chronic rejection showed lower LKB1
expression (Figure 2A, 2B). Thus, we anticipated the impact of AMPK phosphorylation

on LKB1 expression. Immunohistochemistry on day 34 after transplantation showed that
LKB1 was downregulated in the donor lung tissue compared to that in the recipient native
lung tissue (Figure 2C). Furthermore, western blot analysis confirmed the downregulation of
LKBL1 together with its binding partner STRADa and downstream substrate phosphorylated
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AMPK (pAMPK) in donor lung tissue compared to recipient native lung tissue. Surprisingly,
phosphorylated mTOR (pmTOR) levels were significantly higher in the donor lung than

in the recipient lung (Figure 3A). Quantitative densitometry analysis showed significantly
lower levels of STRADa (p=0.002), LKB1 (p=0.013), and pAMPK Thr 172 (p=0.01) but
significantly higher levels of pmTOR Ser2448 (p=0.006) in donor lungs than in recipient
native lungs (Figures 3B, C, D, E). These results indicate that LKB1 and STRADa
expression is dysregulated in transplanted lungs.

3.5 Histological evidence of chronic rejection in the transplanted but not native lung

To assess chronic rejection, we first analyzed donor (n=5) and native (n=5) lung

samples from the DBA/2 orthotopic LTx mice. Specimens were collected 34 days after
transplantation. The cut sections were stained with Masson’s trichrome to determine the
presence of fibrotic lesions. Donor lungs in the B6D2F1/J to DBA/2J orthotopic LTx

model developed significantly more fibrosis than recipient native lungs, indicative of chronic
rejection (Figure 4A, B). Quantitation analysis revealed that approximately 82% of the tissue
area of the transplanted lung demonstrated fibrosis associated with chronic inflammation;
however, only 18% of the tissue in the native lung had these features (Figure 4C). Together,
these results demonstrate that the B6D2F1/J to DBA/2J orthotopic LTx murine model
induces fibrosis and chronic rejection of the transplanted lung.

3.6 Extracellular matrix markers FN and Col-I are Upregulated in the Donor Lung

Fibrosis is often characterized by the presence of FN and Col-I. Since extracellular

matrix dynamics are altered during tissue injury, we analyzed the expression of the major
components of the matrix (FN and Col-I) by western blotting. As expected, the expression
of both FN and Col-I were significantly higher in donor lungs than in recipient native lungs
(Figure 5A). Densitometry confirmed significant upregulation of FN (Figure 5B; p=0.04)
and Col-I (Figure 5C; p=0.001) in donor lungs compared to recipient lungs. Altogether,
donor lung samples and circulating exosomes showed higher expression of extracellular
matrix markers and lower expression of LKB1 and STRADa..

3.7 STRADa knockdown with siRNA significantly inhibited LKB1 and pAMPK and
induced pmTOR expression in BEAS-2B cells

LKB1-STRADa-MO25 protein complex formation is necessary for LKB1 kinase activity
as an active conformation for signaling [35]. To recreate STRADa loss similar to that

seen after LTx (Figures 3A), STRADa knockdown cells were generated. After efficient
transfection of BEAS-2B cells with STRADa siRNA, cells were subjected to western blot
analysis. Our data demonstrated that STRADa-knockdown cells exhibited lower levels

of LKB1 and its downstream substrate/kinase pAMPK Thr 172 while no change in total
AMPK was observed. Higher levels of phosphorylated mTOR Ser 2448 were also observed
in STRADa-knockdown BEAS-2B cells than in control cells or cells transfected with non-
targeting siRNA (Figure 6A). Quantitative densitometry analysis showed significantly higher
levels of STRADa (Figure 6B; p=0.004), LKB1 (Figure 6C; p=0.004), and pAMPK (Figure
6D; p=0.003) and significantly lower levels of phosphorylated mTOR Ser2448 (Figure 6E;
p=0.018). These results demonstrate that STRADa knockdown dysregulates AMPK and
mTOR phosphorylation in an LKB1-dependent manner.
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3.8 STRADa knockdown upregulated FN and Col-I in BEAS-2B cells

Figure 5 data shows that exosomes isolated from serum after LTx have higher levels of
extracellular matrix markers. We anticipated that ablation of STRADa from the LKB1-
STRADa complex may have a similar effect. Western blot analysis showed that BEAS-2B
cells subjected to STRADa. knockdown had higher levels of both FN and Col-I than controls
(Figure 7A). Densitometric analysis showed that compared to control siRNA knockdown,
STRADa siRNA knockdown significantly upregulated FN (p=0.001; Figure 7B) and Col-

I (p=0.008; Figure 7C). These results suggest STRADa plays an important role in the
development of fibrosis.

3.9 mTOR inhibition decreased FN and Col-1 expression in control and LKB1 knockout
BEAS-2B cells

Since the loss of LKB1 and STRADa mimicked similar results, regulating the loss of LKB1
and the gain of extracellular matrix markers as an indication of fibrosis progression, we
aimed to identify a major signaling pathway involved in this process. To this end, we used
inhibitors of MEK, JNK, P38MAPK, PI3K, mTOR, AMPK, ROCK, and proteasome. We
generated a CRISPR-CAS9-mediated LKB1 knockdown stable BEAS-2B cell line with
previously characterized gRNA. Among all inhibitors, we observed that the extracellular
matrix marker FN increased only when mTOR phosphorylation increased. Furthermore,
only the mTOR inhibitor rapamycin (1 uM) significantly downregulated FN and Col-I
expression (Figure 8A, B, C).

3.10 LKB1 overexpression downregulates FN, Col-I, and phosphorylated mTOR in A549

cells

We have shown LKB1 downregulation induces FN, Col-I, and phosphorylated mTOR.

To check the effect, either LKB1 dependent or not, we overexpressed LKB1 in A549

cells and examined the expression of FN, Col-I, and phosphorylated mTOR. We found
LKB1 overexpression in A549 cells downregulated the expression of FN, Col-I, and
phosphorylated mTOR (Figure 8D), suggests that LKB1 play direct role on FN, Col-I, and
phosphorylated mTOR in A549 cells.

3.11 Schematic diagram of LKB1 deficiency in the development of fibrosis in the lung

LKB1 downregulation inhibits AMPK phosphorylation which, in turn, induces upregulation
of mTOR phosphorylation and EMT. Both EMT and mTOR phosphorylation induces
fibrosis in the lung.

4. DISCUSSION

Circulating exosomes and their contents have been shown to play an important role in

the pathogenesis of human diseases including cancer and infections as well as cardio
metabolic and neurological health [36—39]. Our previous studies demonstrated higher levels
of circulating exosomes with lung SAgs and donor HLA in LTxRs undergoing rejection,
suggesting that the exosomes originated from the transplanted lungs [40]. We also reported
that circulating exosomes with lung SAgs can be detected 12 months before the clinical
diagnosis of chronic lung allograft rejection, suggesting that circulating exosomes with lung
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SAgs can be a noninvasive biomarker for identifying LTXRs at risk for chronic rejection
[41]. BOS lesions are often patchy and biopsy results are not very reliable. Due to this
problem, ISHLT defined BOS mostly using clinical criterion [42]. Therefore, we propose
that LKBL1 level of exosomes should be more reliable and noninvasive compared to the

use of lung biopsy samples. Recently, we demonstrated increased exosomes in circulation
during BOS after human LTx [11]. In the current study, using a murine model of chronic
rejection, NanoSight tracking indicated higher levels of circulating exosomes (30-200 nm in
diameter) in the transplanted mice undergoing rejection than in control mice, corroborating
our findings in human LTxRs. However, the mechanism by which these exosomes increase
in mice and humans before and during chronic rejection remains unknown. The results
presented here strongly suggest that downregulation of STRADa leads to the loss of LKB1
expression, which increases the expression of fibrotic markers, Col-1 and FN, in human
bronchial epithelial cells. Overexpression of LKB1 in A549 cells (LKB1 is inactivated),
decreased the expression of FN, Col-1, and phosphorylated mTOR expression compared to
control. These results strongly suggests that LKB1 has a direct role on fibrosis development.
LKBL1 has several functions in nutrient sensing, including in p53-related pathways [17] and
Rab7 interactions [43]. Currently, it is unclear which pathways downstream of LKB1 are
critical for exosome release.

We recently demonstrated that, compared to exosomes isolated from stable LTxRs,
circulating exosomes isolated from LTxRs with BOS contained lower levels of LKB1
expression at both the mRNA and protein levels [11]. In the current study, employing

a murine model of chronic lung allograft rejection, we also demonstrate that circulating
exosomal proteins derived from transplanted mice undergoing chronic rejection had lower
levels of LKB1. Furthermore, LKB1 was significantly downregulated in transplanted donor
lungs compared to that in recipient native lungs. Further, STRADa, an upstream regulator
of LKBL1, plays a role in the downregulation of LKB1 in both exosomes and transplanted
lungs. However, it is unclear whether the downregulation of STRADa initially occurs

in the transplanted lung or in circulating exosomes. Recently, it has been reported that
STRADa is part of the STE-20-like kinase family, which stimulates MAPK pathways by
activating MAPK kinase kinase [30]. The protein forms a heterotrimeric complex with
LKB1, and this complex can bind to calcium-binding protein 39 (CAB39, also known as
MO25) [30]. STRADa is an upstream activator of LKB1 and also leads to the subcellular
localization of LKBL by fixing it in the cytoplasm [30]. The interaction between STRADa
and LKB1 leads to the phosphorylation of STRADa and enhanced autophosphorylation of
LKB1 [30]. The protein activates LKB1 leading to the phosphorylation of both proteins
and excluding LKB1 from the nucleus [30]. Another novel finding in this study is that
STRADa was downregulated in the transplanted donor lungs but not in the recipient native
lungs. We found that knockdown of STRADa by siRNA significantly inhibited LKB1 and
AMPK phosphorylation in BEAS-2B cells. These results demonstrate that STRADa plays
an important role in the downregulation of LKB1 in the transplanted lung.

Increased inflammation after transplantation and activation of immune pathways, including
the development of antibodies to donor HLAs and/or lung SAgs, may contribute to the
downregulation of STRADa leading to the downregulation of LKB1. Another possibility
is that immune activation directly contributes to the downregulation of both STRADa

Cell Immunol. Author manuscript; available in PMC 2024 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rahman et al.

Page 10

and the tumor suppressor gene LKB1. The downregulation of LKB1 can induce EMT in
transplanted lungs, contributing to the pathogenesis of BOS. We recently demonstrated
that downregulation of LKB1 induced EMT markers in human alveolar epithelial cells
and that knockdown of LKB1 by siRNA induced the production of vimentin and a-SMA
in BEAS-2B cells [11]. In our pathway inhibitor analysis (Figure 8), we found the

loss of LKB1 increased mTOR activation, and treating these cells with mTOR inhibitor
significantly decreased FN and Col-1 expression. This is in agreement with a recent report
demonstrating that mTOR inhibition significantly suppressed TGF- induced FN and Col-
| expression in human trabecular meshwork cells [44]. Recently, it has been reported

that autophagy and LKB1 work synergistically to maintain adult mouse homeostasis and
survival [24]. Another study showed autophagy is promoted by AMPK. On the other hand,
autophagy is inhibited by mTOR [45]. It has also been reported that autophagy was involved
in the cold ischemia/reperfusion injury in the LTx model, and played a potential role on
the regulation of ischemia/reperfusion injury after LTx [46]. We are currently investigating
the correlation between LKB1 and autophagy in BOS after LTx. Based on our current
findings, we hypothesize that downregulation of LKB1 inhibits phosphorylation of AMPK
and increased phosphorylation of mTOR inducing fibrosis in lung after LTx.

This study had some potential limitations. First, we used a human airway epithelial cell
line, BEAS-2B, to determine the mechanisms underlying LKB1 downregulation and its
consequences. However, we believe that the results obtained using this cell line are relevant
to the pathogenesis of BOS following human LTx. Second, our finding that STRADa is
involved in the pathogenesis of BOS was only tested in the BOS subtype of CLAD, but not
in the other well-recognized phenotype of CLAD, restrictive allograft syndrome.

In summary, we demonstrated an increased exosome release after orthotopic LTX in mice
before and during chronic rejection. This finding supports our previous publication showing
higher levels of circulating exosomes in LTxRs diagnosed with BOS than in stable LTxRs
[11]. We also found that LKB1 expression is downregulated in donor lungs compared to
recipient native lungs in this mouse model of chronic lung allograft rejection suggesting that
LKBL1 plays an important role in BOS pathogenesis. The current study also demonstrates
that STRADa acts as an upstream regulator of LKB1 expression. Taken together, these
results demonstrate that STRADa regulates LKB1 expression, and the downregulation of
LKBL1 leads to fibrosis by regulating FN and Col-1 expression, therefore determining the
circulating exosomal LKB1 levels could serve as a potential biomarker for LTxRs at risk for
the development of BOS.
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Highlights

Increased levels of circulating exosomes by days 14 and 34 after murine lung
transplantation

LKBL1 expression is downregulated in circulating exosomes in transplanted
mice.

LKB1 expression is downregulated in donor lung tissue in transplanted mice.

LKB1, STRADa, and pAMPK were downregulated, but phosphorylated
mTOR was upregulated in donor lungs.

Histological evidence of chronic rejection in the transplanted but not native
lung.
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Figure 1:
Characterization of exosomes derived from mouse serum by nanoparticle tracking analysis.

(A) According to the size, the particles are considered as exosomes (40-200 nm). (B) The
exosome expressed CD63, TSG 101, and Alix but not Calnexin. (C) Exosome particle/ml
are significantly higher in day-14 (n=3, p=0.04), day-34 (n=3, p=0.02) serum compared to
non-transplanted DBA/2 serum. Values are mean + SD; all values represent at least three
independent experiments.
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Figure 2:
LKB1 expression in mouse exosome and donor lung tissue. (A) Western blot analysis

of LKBL1 in exosomal protein isolated from transplanted (day-7, -14, and -34). Control
exosome was isolated from non-transplanted DBA/2 mice. CD63 was used as exosome
marker, and GAPDH was used as internal loading control. (B) Densitometry analysis
showed significant downregulation of LKB1 expression in exosomal protein derived from
day-7, -14, and -34 (n=3, p=0.02) after LTx compared to non-transplanted DBA/2 mice. (C)
Representative Immunohistochemistry picture of LKB1 expression in donor and recipient
lung tissue at day 34 after transplantation. The scale bar is 40x magnification and dimension
is 50um.
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Figure 3:
(A) LKB1 expression is downregulated in donor lungs compared to recipient lungs at day

34. Representative immunohistochemistry of LKB1 expression in donor and recipient lung
tissue at day 34 after LTx. (B) STE20-related adaptor alpha (STRADa, LKB1, pAMPK
expression is downregulated and pmTOR expression is upregulated in donor lungs compared
to recipient lungs at day 34, as detected by western blot analysis. (C, D, E, F) Densitometry
analysis showed significant downregulation of STRADa (n=3, p=0.002), LKB1 (n=3,
p=0.013), and pAMPK (n=3, p=0.01) and upregulation of pmTOR (n=3, p=0.006). Values
are mean + SD of three independent experiments. Abbreviations: AMPK, AMP-activated
protein kinase; mTOR, mammalian target of rapamycin.
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Figure 4:
Histological lesions consistent with chronic rejection and the development of fibrosis in

a B6D2F1 to DBA/2 orthotopic LTx murine model as detected by immunohistochemistry.
Cut sections were stained with Masson’s trichrome to determine the presence of fibrosis.
Masson’s trichrome (A, B) staining in native and transplanted lung tissue. Morphometric
analysis of fibrosis: Areas of interest were manually demarcated and measured as a fraction
of the total tissue area using ImageJ software (C). Histopathological studies with native
lung with normal bronchioles and (D) after murine lung transplantation with perivascular
and peri-bronchial fibrosis along with fibrotic plugs. (The scale bar is 40x magnification
and dimension is 50um). Representative Whole lobe scanned image of masson trichrome
staining using Invitrogen EVOS M7000 for (E) Native lung (F) Transplanted lung. (The
scale bar is 500pm) (n=3).
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Figure 5:
FN and Col-I, both markers of fibrosis, in donor and native recipient lungs. (A) FN and

Col-I were upregulated in donor lungs compared to native recipient lungs as shown by
western blot analysis. (B, C) Densitometry analysis showed significant upregulation of FN
(n=3, p=0.04) and Col-1 (n=3, p=0.001) in donor lungs. Values are mean + SD of three
independent experiments.
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Figure 6:
Effect of STRADa knockdown by siRNA on BEAS-2B cells. (A) Western blot analysis of

STRADa, LKB1, and pAMPK expression in BEAS-2B cells after STRADa knockdown
by siRNA (STRADa siRNA) or knockdown with control (ConsiRNA). (B, C, D,

E) Densitometry analysis showed knockdown of STRADa by siRNA significantly
downregulated LKB1 (n=3, p=0.004) and pAMPK (n=3, p=0.003) and upregulated pmTOR
(n=3, p=0.018). Values are mean + SD of three independent experiments.
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Figure 7:
STRADa knockdown by siRNA significantly upregulated fibrosis markers (FN and Col-I)

in BEAS-2B cells. (A) Western blot analysis of STRADa, FN, and Col-1 expression in
BEAS-2B cells after STRADa knockdown by siRNA (STRADa siRNA) or knockdown
with control (ConsiRNA). (B, C) Densitometry analysis showed knockdown of STRADa
significantly upregulated FN (n=3, p=0.001) and Col-I (n=3, p=0.008). Values are mean *
SD of three independent experiments.
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Figure 8:

Effect of mTOR inhibitor on control and LKB1 knockdown BEAS-2B cells. (A) Western
blot analysis of LKB1, FN, Col-1, and pmTOR expression in control and LKB1 knockout
BEAS-2B cells after treatment with mTOR inhibitor. (B, C) Densitometry analysis showed
FN (n=3, p=0.001) and Col-I (n=3, p=0.02) expression are significantly downregulated in
LKB1 knockout BEAS-2B cells treated with mTOR inhibitor (MTORi) compared to control
cells. (D) Overexpression of LKB1 downregulates FN, Col-I, and pmTOR in A549 cells. (E,
F, G) Densitometry analysis showed Col-1 (n=3, p=0.01), FN (n=3, p=0.01), and pmTOR
(n=3, p=0.04) expression are significantly downregulated in pBABE-LKB1 compared to
pBABE. Values are mean + SD of three independent experiments.
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Figure 9:
Schematic diagram of LKB1 deficiency and development of lung fibrosis via AMPK

and mTOR induction. Master kinase LKB1 signaling pathways, complexed with its two
regulatory subunits STRADa and MO25, phosphorylates and activates AMPK. In turn,
these kinases induce phosphorylate of mTOR and induce EMT playing important role in the
pathogenesis of fibrosis after LTx.
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