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Abstract

Background: Chronic lung allograft dysfunction in lung transplant recipients (LTxRs) has

two phenotypes: obstructive bronchiolitis obliterans syndrome (BOS) and restrictive allograft
syndrome (RAS). Our goal was to define distinct immunologic markers of exosomes from LTXRS
with BOS or RAS.

Methods: Plasma was collected from LTxRs with BOS (n=18), RAS (n=13), and from stable
LTxRs (n=5). Antibodies to lung self-antigens (SAgs) were determined by ELISA. Exosomes
were isolated by ultracentrifugation. Donor specific antibodies to HLA were quantified using
Luminex. Exosomes were characterized for lung SAgs, transcription factors, 20S proteasome,
HLA class I and Il, and polymeric immunoglobulin receptor protein using western blot. Exosome
miRNA was analyzed using NanoString. The exosome-induced immune response was determined
in mice.

Results: LTxRs with RAS, but not BOS, had donor specific antibodies at diagnosis. CIITA,
NFkB, polymeric immunoglobulin receptor protein, 20S proteasome, HLA-DQ, and HLA-DR
were significantly higher in RAS exosomes than in BOS exosomes. RAS plasma had high
levels of proinflammatory cytokines and distinct exosomal miRNA. Immunization of C57BL/6
mice with RAS exosomes showed severe inflammation and peribronchial fibrosis, whereas BOS
exosomes induced patchy inflammation and fibrosis.
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Conclusion: LTxRs with BOS or RAS had exosomes with distinct molecular and immunologic
profiles. RAS samples had a higher concentration of proinflammatory factors, HLA class 11,

lung SAgs, and antibodies to HLA class Il molecules, indicating severe allograft injury. Mice
immunized with RAS exosomes developed lesions in airways, pleura, interlobular septum, and
alveoli, whereas BOS exosomes induced mild to patchy inflammation with lung fibrosis.

Keywords

Lung transplantation; restrictive allograft syndrome; bronchiolitis obliterans syndrome; exosomes

Introduction

Methods

Lung transplantation (LTx) is a life-saving intervention for patients with end-stage lung
disease. However, long-term survival is limited by chronic lung allograft dysfunction
(CLAD).1 CLAD s an umbrella term to describe the clinical manifestations of a range

of pathologic processes in the airway and parenchyma of the lung allograft that leads to
deterioration in lung function after LTx.2 CLAD is sub-classified into two distinct clinical
entities: restrictive allograft syndrome (RAS) and bronchiolitis obliterans syndrome (BOS),
the most common form of CLAD.3 4 RAS is characterized by pleuroparenchymal fibrosis
and a more aggressive clinical course.® 6

Exosomes are small membrane-bound endosomal vesicles, measuring <200 nm in
diameter, released into circulation from cells.” 8 Exosomes are involved in intercellular
communication, with critical roles for several physiological processes including stress

and inflammation.® We have shown that lung transplant recipients (LTxRs) with BOS

have increased concentrations of exosomes containing the lung self-antigens (SAgs) Kal
tubulin (Ka.1T) and collagen V (Col-V).19. 11 The goal of this study was to identify

distinct molecular and immunologic features involved in inflammation, induction of major
histocompatibility complex (MHC) molecules, and antibody synthesis in exosomes isolated
from LTxRs with RAS (RAS exosomes) or BOS (BOS exosomes). Toward this, we
measured the proinflammatory transcription factor nuclear factor-xB (NFkB), the MHC
regulating trans-coactivator CIITA, human leukocyte antigen (HLA) class I, HLA-DR,
HLA-DQ, 20S proteasome, and polymeric immunoglobulin receptor protein (PIGR) as well
as the ability of RAS and BOS exosomes to induce immune responses in mice.

Study population

We retrospectively analyzed 18 LTxRs with BOS, 13 with RAS and 5 time-matched stable
LTxRs (controls). All patients underwent LTx at St. Joseph’s Hospital and Medical Center,
Phoenix, Arizona, had plasma available, and consented to participate. The Institutional
Review Board approved this study (IRB# PHXB16-0027-10-18). Patient demographics,
transplant, and laboratory data were collected via chart abstraction (Table S1). CLAD
(BOS or RAS) was diagnosed by spirometry and radiographic findings according to the
International Society for Heart and Lung Transplantation guidelines.? 6
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Exosome isolation and validation

Exosomes were isolated from plasma at the time of RAS or BOS diagnosis by the
ultracentrifugation method previously described,2 followed by 0.22-micron filtration.
Exosome purity and size were determined by NanoSight (Malveran NS300).13

Characterization of exosomes using western blot

Total exosome protein (15ug) was resolved in polyacrylamide gel electrophoresis and
transferred into a polyvinylidene difluoride membrane. The membrane was blocked

with 5% BSA in 1x phosphate buffered saline and was probed with exosome- marker

CD9 (312102, BioLegend), collagen V (Abcam), and Kal tubulin (sc-12462-R, Santa

Cruz Biotechnology). 20S proteasome subunit a3 (sc-58414, Santa Cruz Biotechnology),
HLA-class | (Abcam), HLA-DQ (Abcam), HLA-DR (Abcam), NFkB (Cell Signaling
Technologies), CHITA (Abcam), and PIGR (R&D Systems) were measured using specific
antibodies (Abs). Binding was determined using secondary Abs conjugated with horseradish
peroxidase. The blots were washed with PBS Tween (Thermo Fisher Scientific), developed
using chemiluminescent horseradish peroxidase substrate (WBKLS0500, Millipore Sigma),
and exposed using the Odyssey CLx Imaging System (LICOR Biosciences). The band
intensity of target protein was quantified using ImageJ software and normalized with CD?9.

microRNA (miRNA) analysis of isolated exosomes

The NanoString nCounter Human miRNA Expression Assay Kit (NanoString) was used to
profile 800 human miRNAs. miRNAs were analyzed with NanoString assays and quantified
after background correction and median normalization.1* See Supplement for experimental
details and analysis.

Determination of Abs to lung SAgs

The presence of Abs to lung SAgs (Col-V, KalT) was detected using ELISA as previously
described.1®

Determination of donor specific antibodies (DSA) to HLA

HLA antibodies were analyzed with Luminex single antigen beads (R&D Systems) at the
time of RAS or BOS diagnosis and also at 6-, 12-, and 24-months post-transplant.

Measurement of cytokines

The Magnetic Luminex assay kit (Invitrogen) was used according to the manufacturer’s
protocol. Briefly, 50ul of human serum (1:50 dilution) was added to the multiplex beads
coated in the wells and incubated for 2 hours at room temperature. Cytokines with known
concentrations were used as standards. The cytokines bound in the beads were detected
using biotinylated anti-human multicytokine reporter and streptavidin-PE detection. The
plate was washed and read using Bio-Plex Luminex (Bio-Rad Laboratories) and cytokine
concentrations were measured using a standard curve (mean fluorescence intensity).
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Immunization of mice with exosomes and development of Abs to lung SAgs (KalT, Col-V)

Three groups of C57BL/6 mice were immunized with: (i) saline control (n=3), (ii) BOS

exosomes (n=3), and (iii) RAS exosomes (n=3). Details of immunizations and detection of

Abs to Ka.1T and Col-V were previously described.16: 17

Enzyme-linked immunospot (EliSPOT)

Cellular immune responses and the number of cells secreting cytokines specific to
KalT and Col-V were enumerated using EIiISPOT (R&D Systems). Splenocytes from
mice immunized with exosomes or control were isolated by Ficoll-Hypaque gradient
centrifugation and analyzed by EliSPOT .18

Histology and immunohistochemistry

Mice were euthanized and lungs were harvested, fixed in neutralized 10% formalin, and
embedded in paraffin blocks. For trichrome staining, 4- to 5-mm thick sections were cut
and mounted on slides. Slides were scanned and analyzed using Aperio Image (Leica
Biosystems).16

Statistical analysis

Results

Data was analyzed using Prism 8.0 software (GraphPad, Inc.). The Ab levels for lung SAgs,
optical density of exosomes containing lung SAgs, and cytokine levels in plasma from
LTxRs in stable condition (controls) and LTxRs with BOS or RAS were compared using
unpaired student’s t-test. Data was expressed as mean and standard error. P-values <0.05
were considered statistically significant. Statistical significance of the change in exosome
protein abundance between each groups (stable LTXRs vsRAS, stable LTxRs vs BOS and
BOS vsRAS for all 9 exosome proteins) was determined using student’s t-test.

A Benjamini-Hochberg test for multiple correction test was performed on our group of
interest for all exosome proteins i.e. BOS vs RAS LTxR (Table S2).

Antibody levels and cytokine production in splenocytes were compared using student’s t-test
in different groups of mice.

Lung transplant recipients

Patient demographics including age, sex, ethnicity, and underlying diagnosis were not
significantly different between LTxRs diagnosed with RAS or BOS (Table S1). All patients
had sufficiently long survival to have a certain CLAD phenotype (BOS/RAS) and an impact
on the analysis (i.e., 1 year). Samples selected for BOS and RAS patients are at the time

of diagnosis. All BOS samples selected for the current study fall within 1-3 years of
transplant after the diagnosis of BOS (>1 year of transplant). All the RAS samples selected
for study fall within one year of transplant at the time of diagnosis of RAS 6-12 months

of transplant. Time matched samples were used as stable. In both cohorts (BOS/RAS),
patients with a persistent decrease in FEV1 of 10-20% in the absence of other causes as per
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ISHLT guidelines.? At the time of diagnosis pulmonary function testing FEV (liters) was
1.36+0.65 for BOS cohort, 1.16+0.56 for RAS cohort Table S1.

Characterization of exosomes

The mean size of the paricles used in our study was <200 nm, in agreement with
the exosome size described by the International Society for Extracellular Vesicles.19 A
representative NanoSight image is provided in Figure S1.

Development of Abs to Col-V and KalT

Antibodies to Col-V were detected in 4 of 18 LTxRs with BOS (mean concentration,
126+13.74 ng/ml). Antibodies to Ka1T were detected in 2 of 18 LTxRs with BOS (both
also had Abs to Col-V; mean concentration, 130.0£13.52 ng/ml). Antibodies to Col-V were
detected in 2/13 RAS LTxR (143.0 £1.41 ng/ml) and Ka 1T was detected in 1/13 LTxRs
with RAS (166.0ng/ml). None of the LTXRs in stable condition had significant levels of Abs
to lung SAgs.

LTxRs with RAS developed DSA to mismatched donor HLA at time of diagnosis

LTxRs with RAS demonstrated persistent Abs to HLA class 1l (DQ, DR and DP). 12/13
LTxRs with RAS developed DSA within 6 months post-transplant and had detectable DSA
to HLA class Il at diagnosis. Eight of the LTxRs with RAS developed persistent Abs to HLA
class Il (DQ, DR and DP). 3/13 LTxRs with RAS also developed Abs to HLA class I at

12 months post-transplant. In contrast, none of the 18 LTxRs with BOS had DSA to HLA
class I. However, 2 LTXRs with BOS developed DSA specific to HLA-DQ and HLA-DR at
diagnosis (12 months post-transplant). Serial analysis of DSA in LTxRs with RAS or BOS is
presented in Table 1.

Greater quantities of HLA-DR, HLA-DQ, NFkB, 20S proteasome, PIGR, and CIITA in RAS
exosomes and increased levels of lung SAg (KalT) in BOS exosomes

The concentrations of HLA-DR and HLA-DQ were significantly higher in the exosomes
isolated from LTxRs with RAS compared to BOS (p=.0002 and p<0.0001, respectively).
RAS exosomes also contained higher levels of NFKB (p<0.0003), 20S proteasome
(p<0.0001), PIGR (p<0.0001), and CHITA (p=0.1434) than BOS exosomes (Figure 1A, B;
Table 2). HLA class 1, detected using monoclonal Abs to framework determinant (W6/32),
was higher on RAS exosomes, however, not statistically significant (Figure 2A, B; Table
2). The concentration of Ka.1T was higher in in exosomes from LTxRs with BOS (Ka 1T,
p=0.0201) but Col-V was higher in RAS but not statistically significant (p=0.0537) (Figure
3A, B; Table 2).

All proteins (HLA-DQ, HLA-DR, class | (W6/32), NFKB, 20S peoteasome, PIGR, CIITA,
Ka 1T and Col-V) have shown mean change in expression after correcting for multiple
testing at FDR 5% using Benjamini-Hochberg correction. The adjusted p values after
multiple testing for BOS vs RAS are given in Table 2.
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Increased levels of proinflammatory cytokines in the circulation of LTxRs with RAS

Plasma from LTxRs with RAS demonstrated significantly higher levels of IL-2R and MIG
than plasma from LTxRs with BOS (RAS vs BOS IL-2R: 138.88+33.87 vs 13.05+3.60
pg/ml, p=0.0001; RAS vs BOS MIG: 6.29+3.26 vs 3.45+1.94 pg/ml, p = 0.0104) (Figure
4). In addition, higher concentrations, though not statistically significant, of several
proinflammatory cytokines (MCP1, IL-17F, Eotaxin, GMCF, HGF, RANTES) along with
lower concentrations of several anti-inflammatory cytokines (IL1RA, IL-10, IL-6, IL-8 and
IL-12) were also detected in LTXRs with RAS (Table S2).

Distinct miRNA in RAS and BOS exosomes

The combined raw read count revealed 798 distinct miRNAs in exosomes isolated

from LTxRs with CLAD. We identified 14 miRNAs that were significantly different (=2-
fold) between LTxRs with RAS and LTxRs with BOS (Figure 5). Nine miRNAs were
significantly higher in RAS exosomes (548ah-5p, 3934-5p, 3690, 451a, 4707-5p, 573, 1473,
541-3p, and 544a, p<0.05) and 5 miRNAs were significantly higher in BOS exosomes
(877-5p, 922, 888-5p, 548v, and 513c-3p, p<0.05). Pathway analysis demonstrated multiple
signaling pathways including TGF beta signaling (Supplement).

Immunization with exosomes from LTxRs with RAS induced higher levels of Abs to lung
SAgs with faster kinetics

We immunized C57BL/6 mice with exosomes isolated from LTxRs with BOS or RAS to
determine the kinetics and the strength of immune responses. All mice immunized with RAS
or BOS exosomes developed Abs to lung SAgs.12 16 However, mice immunized with RAS
exosomes developed significantly higher Ab concentrations to Col-V at D7 (BOS vs RAS:
14.08+3.57 vs 58.35+23.91 ng/ml, p=0.0338) and at D14 (BOS vs RAS: 20.35+5.06 vs
68.93+£14.51 ng/ml, p=0.0223) (Figure 6A). These results demonstrate that RAS exosomes
induce stronger Ab responses with faster kinetics.

Higher levels of proinflammatory cytokines (IL4, IFN-y, and IL17) in splenic lymphocytes
from mice immunized with RAS exosomes

Splenic lymphocytes from mice immunized with RAS exosomes, compared to those
immunized with BOS exosomes, demonstrated more proinflammatory cytokine—secreting
cells in response to the lung SAg Col-V: IL4 (BOS vs RAS: 6614.2+61.56 vs
10043.27+£1276.75, p=0.0146), IFN-y (BOS vs RAS: 4776.2+425.11 vs 11920.86+161.69,
p=0.0041), and I1L17 (BOS vs RAS: 55.66+31.48 vs 228.23+133.83, p=0.0042) spots per
million and in response to the lung SAg Ka 1T: IL4 (BOS vs RAS: 8819.59+585.38

vs 19663.03+1776.95, p=0.0392) and IFN-y (BOS vs RAS: 9844.86+523.82 vs
15620.07+47.23, p=0.0020) spots per million. Immunization did not lead to a significant
change in IL10, IL17 and IL2 (Figure 6B).

Distinct histopathological lesions in lungs of mice immunized with RAS or BOS exosomes

Lungs were harvested on day 30 after immunization with exosomes isolated from LTxRs
with BOS or RAS. Trichrome staining results are given in Figure 6C. Immunization with
RAS exosomes resulted in moderate to high inflammation with peribronchial fibrosis.
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Lesions in airways, pleura, alveoli, and vasculature suggested that RAS exosomes are highly
immunogenic and to an extent induce pathology similar to that seen in LTXRs with RAS.
The inflammation is predominantly mononuclear and not acute. Based on morphology it is
predominantly macrophages and lymphocytes and not neutrophils. In contrast, immunization
with BOS exosomes resulted mainly in lesions in small airways, and peripheral lung tissue
remained relatively intact with mild to patchy inflammation with fibrosis.

Discussion

De novo development of DSA has been associated with risk for developing CLAD.20 Recent
data suggests that not only de novo DSA but also antibody-mediated rejection are potential
risk factors for the RAS phenotype of CLAD.21: 22 | TxRs with persistent DSAs are also at
higher risk for the RAS phenotype of CLAD.23 Studies have demonstrated an association of
RAS with DSAs against mismatched donor HLA class |1 molecules, especially HLA-DQ.24
25 |n this study, we demonstrated that exosomes isolated from LTxRs with RAS or BOS
contain HLA class | and Il antigens. However, the concentration of HLA-DR and HLA-DQ
molecules are significantly higher in RAS exosomes compared to BOS exosomes. This
finding suggests that these exosomes with HLA class I molecules on their surface may
induce persistent immune responses leading to DSA to HLA-DR and HLA-DQ in RAS-
phenotype CLAD which requires further analysis.

Twelve of the 13 LTxRs with RAS analyzed in this study developed DSA directed to HLA
class Il with HLA-DR, HLA-DQ and HLA-DPa 1 specificities at diagnosis Possible role of
exosomes with HLA class Il molecules in eliciting immune responses needs further study. It
is of interest that only 2 of 18 LTxRs with BOS had detectable DSA with specificities for
HLA class Il mismatches. However, exosomes from BOS also demonstrated HLA-DR and
HLA-DQ, in lower levels than in RAS (Figure 2).

In addition, RAS exosomes contained higher levels of PIGR, NFkB a proinflammatory
transcription factor and higher levels of CIITA, a transcription factor involved in MHC
class Il activation. Together, these results strongly suggest that the exosomes from LTxRs
with RAS can be highly immunogenic and can increase immune responses leading to DSA
as seen in this study. Further, PIGR can bind and transport polymeric immunoglobulins
across the epithelial barrier to mucosal surfaces, 2 leading to endothelial activation and
subsequent damage to transplanted lungs. Since RAS exosomes also contained significantly
higher levels of 20S proteasome than BOS exosomes, we propose that the RAS exosomes
are highly immunogenic, resulting in humoral immunity to mismatched HLA, especially
HLA-DR and HLA-DQ molecules as noted in this study.

Plasma from LTxRs with RAS contained significantly higher levels of the proinflammatory
cytokines MIG and IL2R than plasma from LTxRs with BOS. MIG is a member of the CXC
subfamily of chemokines and is an inflammatory chemokine capable of recruiting activated
T cells.2” MIG is also known to enhance Th1 and Th2 polarization, attracting Thi cells

and inhibiting Th2 migration. The presence of higher levels of IL2R seen in RAS plasma
suggests that it can induce proliferation of T cells, which can injure transplanted lungs.
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We also identified comparable amounts of several miRNAs that are involved in TGF beta
signaling pathways and target the genes related to TGF beta receptors in both the RAS and
BOS exosomes.28: 22 Two other studies have also proposed increased levels of TGF beta

in BAL fluid from RAS and BOS patients which is in agreement with our results.28: 30
Therefore, we propose that these miRNAs, present in exosomes, may play an important role
in the development of both RAS and BOS. Further studies are needed to determine the role
of these exosomal miRNAs and how they may induce fibrosis.

Immunization of mice with exosomes from LTxRs diagnosed with RAS or BOS led to the
development of Abs to lung SAg (Col-V).Histopathology of the lungs of mice immunized
with RAS exosomes demonstrated moderate to severe lesions along with peribronchial
fibrosis. In contrast, immunization with BOS exosomes resulted in mild and patchy
inflammation with fibrosis.

This study has some limitations: (1) Our analysis includes a small number of LTXRs
diagnosed with RAS. However, the results clearly demonstrated a role of DSA specific

to HLA class Il molecules. Further, RAS exosomes demonstrated significant quantitative
differences in the proinflammatory transcription factor NFkB and the MHC class 11
activating transcription factor CIITA, along with increased 20S proteasome. (2) Our analysis
showed significant differences in only two proinflammatory cytokines (MIG and IL2R) in
the circulation LTxRs with RAS. However, several other cytokines (MCP1, Rantes, IL1RA,
IL6, and IL12) are also increased, but the difference did not reach statistical significance,
likely due to the limited number of LTxRs with RAS. (3) Finally, although miRNA analysis
of RAS and BOS exosomes revealed differential expression of some miRNAs, additional
experiments are required to determine their functions. Despite these limitations, our findings
clearly demonstrated a role for de novo development of DSA to HLA class Il in the
development of RAS and an important role for exosomes in the development of immune
responses, especially to HLA class Il since the exosomes contained HLA-DR and HLA-DQ
along with increased levels of NFkB, CIITA, and 20S proteasome. It was not surprising that
we detected only quantitative differences in several immunological and molecular markers
analyzed between RAS and BOS subtypes of CLAD since both of these subtypes likely
have similar immunopathogenesis. As expected, lung SAgs (Ka 1T, Col V) were seen

in exosomes isolated from LTxRs with either RAS or BOS since the exosomes likely
originated due to injury and stress to the transplanted organ. In conclusion, our results
demonstrated that persistent DSA to HLA class Il along with increased levels of circulating
exosomes containing HLA-DR and HLA-DQ, NFkB, CIITA, 20S proteasome, and PIGR
can differentiate between the RAS and BOS phenotype of CLAD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:

(A) Western blot of exosomal proteins, transcription factors CIITA, NFkB, 20S proteasome
and PIGR, from LTxRs with stable LTxRs (S1-S3), or RAS (R1-R4) and BOS (B1-B4).
(B) Densitometry and statistical analysis of western blots for stable n=5, RAS n=13 and
BOS n=14. CD9 in the figure is used to normalize the blots for CIITA, NFkB, PIGR and
20S proteasome. All the graphs are represented as dot plots with Mean (Longest horizontal
line) and SD (Vertical Bar Line). *p<0.05, **p<0.01 and ***p<0.001. BOS, bronchiolitis

obliterans syndrome; RAS, restrictive allograft syndrome
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Figure 2:

(A) Western blot of exosomal proteins HLA-DQ, HLA-DR and class | (W6/32) from LTxRs
with stable LTxRs (S1-S3), or RAS (R1-R4) and BOS (B1-B4). (B) Densitometry and
statistical analysis of western blots for stable n=5, RAS n=13 and BOS n=14. CD9 given

in the figure is used to normalize the blots for HLA-DQ, HLA-DR and W6/32. All the
graphs are represented as dot plots with Mean (Longest horizontal line) and SD (Vertical Bar
Line). p<0.05, **p<0.01 and ***p<0.001. BOS, bronchiolitis obliterans syndrome; RAS,
restrictive allograft syndrome.
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Figure 3:

(A) Western blot of exosomal proteins, lung SAgs (Col-V, Ka1T), from LTxRs with stable
LTxRs (S1-S3), or RAS (R1-R4) and BOS (B1-B4). (B) Densitometry and statistical
analysis of western blots for stable n=5, RAS n=13 and BOS n=14. CD9 given in

the figure is used to normalize the blots for Col-V and Ka.1 Tubulin. All the graphs

are represented as dot plots with Mean (Longest horizontal line) and SD (Vertical Bar
Line).*p<0.05, **p<0.01 and ***p<0.001. BOS, bronchiolitis obliterans syndrome; RAS,

restrictive allograft syndrome.
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Plasma cytokine levels from LTxRs without CLAD (stable) or diagnosed with BOS or RAS.
LTxRs with RAS have higher levels of inflammatory cytokines IL-2R (p=0.0001) and MIG
(p=0.0104) compared to LTxRs diagnosed with BOS. Analyzed by Luminex assay. . All the
graphs are represented as dot plots with Mean (Longest horizontal line) and SD (Vertical Bar
Line). *p<0.05, **p<0.01 and ***p<0.001. BOS, bronchiolitis obliterans syndrome; RAS,
restrictive allograft syndrome.
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Figure 5:
(A) Heat map for miRNA profiling from RAS and BOS exosomes. (B) Nested plot for

miRNAs higher in BOS samples. (C) Plot for miRNAS present in higher amounts in RAS
samples. Only significantly differentially expressed miRNAs are shown. All the graphs
represented as Nested Plots with Mean and SD (Vertical Bar Line). *p<0.05, **p<0.01 and
***n<0.001. *p<0.05, **p<0.01 and ***p<0.001. BOS, bronchiolitis obliterans syndrome;
miRNA, micro RNA; RAS, restrictive allograft syndrome.
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Figure 6:
(A) ELISA of serum lung SAg Col-V at D7 and D14 from mice immunized with exosomes

isolated from LTxRs with RAS or BOS. (B) EIiSPOT values for cytokine producing cells.
Graphs in A and B are represented as dot plot with bar, dots as individual values with Mean
(represented by Bar height) and SD (Vertical Bar Line).*p<0.05, **p<0.01 and ***p<0.001.
(C Trichrome staining of lungs from mice immunized with exosomes isolated from LTxRs
with BOS or RAS. Interstitial and inflammatory infiltrates and fibrosis was more prominent
in mice injected with LTXRs with RAS compared to mice injected with exosomes from
BOS LTxRs. Specific lesions in lungs are marked with red arrows. Images were obtained
on a Leica microscope at 40X, and morphometric analysis was performed using Aperio
ImageScope software (Leica). Scale bar = 60um. Lungs from mice immunized with RAS
exosomes have inflammation which is predominantly mononuclear and not acute. Based on
morphology inflammation is predominantly due to macrophages and lymphocytes and not
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mediated by neutrophils. BOS, bronchiolitis obliterans syndrome; RAS, restrictive allograft
syndrome.
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Table 1.

Development of DSA to HLA class I and Il in lung transplant recipients with RAS

Page 19

RAS

Time post-transplant

LTxRs 6 months 12 months 24 months
(n=13)
II—|LA Class II—I|LA Class HLA Class | II-I|LA Class HLA Class | II—I|LA Class
LTxR 1 NO DSA DQ4, DPA1L, DR4 NO DSA DQ4, DPA1, DR4 NO DSA DQ4, DPA1L, DR4
LTxR 2 NO DSA NO DSA A02, A23 NO DSA NO DSA NO DSA
DR51, DR52,

LTxR 3 NO DSA DR52 NO DSA NO DSA NO DSA DQA1, DQ6

DPA1, DRB1,
LTxR 4 NO DSA DR4. DR16, DR10 NO DSA DPA1, DRB1 NO DSA NO DSA

DRB1, DR4, DR12,
LTXR 5 NO DSA DR12, DR4, DQ7 NO DSA DQ7, DR52, DR58 NO DSA DR4, DQ7, DRB1
A2, A24, A34
: J J DRO04, DQAO05, DRO04, DQAO05,

LTxR 6 NO DSA DR53, DQA05 é\?lfil,OAGQ, Cw9, DR53. DP11 NO DSA DR53, DP11
LTxR 7 NO DSA DQAO03 NO DSA DQAO03 NO DSA DQAO03
LTxR 8 NO DSA DPA1, DR51 NO DSA DPA1, DR51, NO DSA DPA1, DR51
LTxR 9 Cwl15, DQ7, DRB3 A68 DQ7, DR52 Deceased Deceased
LTxR 10 NO DSA DQA 03 Deceased Deceased
LTxR 11 NO DSA DPA1 NO DSA NO DSA Deceased Deceased
LTxR 12 NO DSA DR4, DPA1 DQ4 NO DSA NO DSA Deceased Deceased

DR52, DRB2,
LTxR 13 NO DSA DR1, DR17, DQ5 NO DSA DR52, DR1, DR17 Deceased Deceased
BOS LTxRs (n=12)
LTxR 1 NO DSA DQA3 NO DSA NO DSA NO DSA NO DSA
LTxR 2-7 NO DSA NO DSA NO DSA NO DSA NO DSA NO DSA

DQ7, DQAO03, DQ7, DQAO03,
LTxR 8 Cw15 DQAO5 NO DSA DQAO5 NO DSA DQ7, DQAL, DR4
LTxR 9 NO DSA NO DSA NO DSA NO DSA Cwil5 DR4, DQ7, DRB3
LTR 10 NO DSA NO DSA NO DSA NO DSA NO DSA Bg%l' DRB3, DQ7,

DQAL, DQA2, D52, DQA1, DQA2,

LTxR 11 Al, DQA1, DR17 NO DSA D17 Al, Cw7 D52, D17
LTxR12 | cws, AL ALL Bg%zDQAl' NO DSA NO DSA NO DSA NO DSA
LTxR 13-18 | NO DSA NO DSA NO DSA NO DSA NO DSA NO DSA

All LTxRs are followed up to two years for development of DSA. All DSA development was measured using Luminex platform. Development of
DSA to class | and Il is less frequent in BOS as compared to RAS LTxRs.

BOS, bronchiolitis obliterans syndrome; DSA, donor specific antibodies; HLA, human leukocyte antigen; LTXR, lung transplant recipient; RAS,
restrictive allograft syndrome.
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Table 2.

Page 20

Characterization of exosome contents from lung transplant recipients with BOS or RAS compared to stable
recipients (controls without CLAD). Significantly different proteins (p<0.05) in BOS vs RAS after student’s t-

test and multiple testing by Benjamini Hochberg correction.

Exosomal Stable | BOS (n=14) | RAS (n=13) | pvalues P-Adj (BH)
proteins (n=5) Fold change | Fold change | BOS vs RAS

Collagen V 1 2.44 3.84 0.0537 0.0690
Kal tubulin 1.85 1.22 0.0201 0.0301
HLA-DQ 1 1.43 3.35 0.0001 0.0003
HLA-DR 1 3.98 12.05 0.0002 0.00045
HLA class | 1 10.06 11.17 0.5127 0.5127
NFkB 1 3.33 8.08 0.0003 0.00054
CIITA 1 12.5 25.8 0.1434 0.16132
PIGR 1 0.93 222 0.0001 0.0003
20S proteasome | 1 0.47 1.19 0.0001 0.0003

All values are normalized to CD9 blots. Fold change values are compared to stable (controls without CLAD). p values and p-Adj values are
represented after multiple correction test between BOS and RAS LTxR groups.

BOS, bronchiolitis obliterans syndrome; CLAD, chronic lung allograft dysfunction; RAS, restrictive allograft syndrome.
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