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Abstract

Chronic lung allograft dysfunction (CLAD) remains the major complication limiting long­

term survival among lung transplant recipients (LTRs). Limited understanding of CLAD 

immunopathogenesis and a paucity of biomarkers remain substantial barriers for earlier detection 

and therapeutic interventions for CLAD. We hypothesized the airway transcriptome would 

reflect key immunologic changes in disease. We compared airway brush-derived transcriptomic 

signatures in CLAD (n = 24) versus non-CLAD (n = 21) LTRs. A targeted assessment of the 

proteome using concomitant bronchoalveolar lavage (BAL) fluid for 24 cytokines/chemokines and 

alloimmune T cell responses was performed to validate the airway transcriptome. We observed 

an airway transcriptomic signature of differential genes expressed (DGEs) in CLAD marked by 

Type-1 immunity and striking upregulation of two endogenous immune regulators: indoleamine 

2, 3 dioxygenase 1 (IDO-1) and tumor necrosis factor receptor superfamily 6B (TNFRSF6B). 

Advanced CLAD staging was associated with a more intense airway transcriptome signature. In 

a validation cohort using the identified signature, we found an area under the curve (AUC) of 

0.77 for CLAD LTRs. Targeted proteomic analyses revealed a predominant Type-1 profile with 
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detection of IFN-γ, TNF-α, and IL-1β as dominant CLAD cytokines, correlating with the airway 

transcriptome. The airway transcriptome provides novel insights into CLAD immunopathogenesis 

and biomarkers that may impact diagnosis of CLAD.
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1 | INTRODUCTION

Lung transplantation is the final therapeutic option for select patients with end-stage lung 

disease. However, chronic lung allograft dysfunction (CLAD) is the major complication 

limiting long-term survival in lung transplant recipients (LTRs), resulting in a median 

5-year survival of only 55% which substantially lags other solid organ transplants.1,2 Recent 

studies have identified two major clinical endotypes of CLAD: the bronchiolitis obliterans 

syndrome (BOS; obstructive CLAD) and restrictive allograft syndrome (RAS; rCLAD), 

with the latter portending a worse prognosis.3,4 CLAD is less commonly diagnosed by 

biopsy, rather using spirometry and the exclusion of other pathologies and generally 

responds poorly to augmentation of conventional immunosuppressive therapy.5 Moreover, 

the immunopathogenesis of CLAD and its clinical endotypes remain poorly understood, 

hence there is a major need in the lung transplant field to identify novel early molecular 

pathways and potential therapeutic targets to diagnose and potentially treat early CLAD.

Previous studies have explored molecular signatures of acute cellular rejection (ACR) 

in LTRs. Gregson et al. examined exosomal RNA profiles in BAL from LTRs in the 

setting of ACR.6 They predicted activation of IFN-γ and HLA-I based on the ACR profile 

observed. Weigt et al. conducted a proof of concept study investigating the utility of BAL 

gene expression in diagnosing ACR.7 They identified four genes (TOX,SAMD3,IL32, and 

KLRK1) related to T cell activation that classified ACR. Halloran et al. also evaluated 

ACR in LTRs, using lung biopsies to evaluate gene expression.8 They identified a group 

of genes related to macrophage activation including ADAMDEC1 that were associated 

with T cell–mediated rejection. Sacreas et al used the common rejection model to evaluate 

CLAD in lung transplant patients in a targeted fashion.9 Airway cytology brushes have 

previously been used in asthma to classify disease by gene expression,10 and in lung 

transplant to evaluate the effects of azithromycin.11 No prior studies have used airway 

cytology brushes to evaluate CLAD in lung transplant. The objective of this study was 

to determine differences in the airway transcriptome in LTRs with and without CLAD 

using airway brush samples. We hypothesized the airway transcriptome would reflect key 

immunologic changes in disease.
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2 | MATERIALS AND METHODS

2.1 | Study cohort

This was a single center, cross-sectional study of airway brush samples to investigate the 

airway transcriptome in CLAD using RNAseq analyses. The study was approved by the IRB 

of the University of Pittsburgh (PRO14110014). Patients were selected from lung transplant 

registry and biorepository, with enrolled LTRs since 2016, and with transbronchial brushes 

since 2017. All LTRs in the registry and bioreposity were eligible for inclusion, but patients 

were required to provide separate consent for brushing. Patients scheduled to undergo 

bronchoscopy who were clinically suspected of having CLAD were invited to participate, 

as well as stable non-CLAD control patients scheduled for bronchoscopy. A bronchial 

cytologic brush sample (ConMed) was collected for each LTR at the time of routine 

surveillance bronchoscopy (assessed every 3–4 months for first 2 years posttransplant) 

or subsequent for-cause biopsy. A single brush sample was collected for sequencing per 

patient. BAL supernatant and cell pellets were collected and stored when available.

LTRs were classified as CLAD or non-CLAD based on the 2019 International Society of 

Heart and Lung Transplantation definitions.12 Patients with CLAD phenotypes consistent 

with the BOS phenotype were included. CLAD staging based off fall in FEV1 was 

completed using this definition. A validation cohort of LTRs from a separate center 

(University of California, San Francisco) undergoing evaluation of airway brushes for 

the airway transcriptome in CLAD versus controls were assessed using the top 25 genes 

upregulated from the Pittsburgh cohort to generate a receiver operator characteristic (ROC) 

curve.

2.2 | Airway brush processing and RNAseq analysis

Bronchial brushings were obtained from the fourth- to sixth generation airways, as 

previously described.13 Bronchial brushings were placed directly into RLT-plus (Qiagen, 

Valencia, CA) during the bronchoscopy to ensure minimal RNA degradation, after which 

samples were stored at −80°C until RNA isolation, using Qiagen RNeasy isolation kit. RNA 

was quantitated using nanodrop, and integrity was determined with a total RNA nano chip 

(Agilent Technologies).

Total RNA was isolated and stranded total RNA-seq libraries were prepared following 

ribosomal RNA depletion with Illumina reagents, and libraries were sequenced with an 

Illumina Nextseq500 sequencer with a depth of paired-end 40 million read pairs per sample. 

Fastq files with high quality reads (phred score >30) were uploaded to the CLC Genomics 

Workbench (Qiagen). Reads were aligned to hg38 human genome. Transcript counts and 

differential expression analysis were carried out using the CLC Genomics Workbench.

2.3 | Flow cytometry

Flow cytometry was completed to characterize cellular composition of the airway brush 

samples. Cellular composition of airway brushes (n = 12 LTRs airway brushes) was assessed 

using anti-HLA-DR-FITC, CD3-AlexaFluor700, CD19-BV421, CD56-PE, CD4-APCCy7, 

CD8-V500, CD14-BV605, E-cadherin-APC (BioLegend, eBioscience). To assess in vitro 
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short-term stimulation and ICS for alloreactive T cell responses, total BAL cells were 

cultured in the presence or absence of donor irradiated (3000 Rad, Gamma irradiator) 

PBMC or cell lysate. CFSE-labeled (2 μM) recipient BAL cells (responders) were incubated 

in medium alone, or in the presence of PKH-26-labeled donor cells (1:1 ratio) or lysate 

donor cells for 6 h. Cells were then surface stained with the fluorochrome-labeled antibodies 

anti-CD3-Alexa-Fluor700, anti-CD8-V500, anti-CD4-APC-Cy7 (BD Biosciences), and 

Live/Dead Fixable Blue Dead-Cell Stain (Invitrogen).14 ICS was performed using anti-IFN-

γ-BV605, anti-TNF-α-PE-Cy7, anti-IL-2-BV650, anti-CD107a-Pacific Blue, anti-IL-13­

BV421, and anti-IL-17a-APC (BD-Biosciences). All re-stimulations for ICS were performed 

using 106 cells for 6 h at 37°C with brefeldin-A (10 μg/mL) and monensin (5 μg/ml) with 

anti-CD107a-Pac-Blue added at the beginning of culture. All cells were collected for flow 

cytometric analysis using an LSR Fortessa-cytometer (BD Biosciences).15 Data analysis and 

graphic representations were done with FlowJo v.10 (TreeStar).

2.4 | Cytokines and chemokines analysis by MSD assay

Cytokine and chemokine analysis were completed to validate RNAseq findings. A total of 

n = 36 LTRs (n = 19 CLAD and n = 17 non-CLAD) BAL supernatant samples were used 

to detect cytokines and chemokines using Meso Scale Discovery (MSD) U-PLEX multiplex 

assay platforms (Meso Scale Discovery, Rockville, MD).16,17 These BAL samples were 

obtained from the same bronchoscopy as the brush samples. We analyzed the cytokines: 

(Type 1) IFNγ, TNFα, IL-2, IL-12/IL-23p40, IL-15, IL-18, IL-27, IL-1β and (Type 2): 

IL-4, IL-5. IL-6. IL-10, IL-13, GM-CSF and IL-17A, IL-21, IL-22, and G-CSF, IL1α, IFN-

α2a, IFNβ. We analyzed the following chemokines: CXCR3 family (MIG, IP-10, I-TAC) 

and CCR5 family (MIP-1α, MIP–1β, RANTES) and IL-8 (CXCL8). Limit of detection 

measured by MSD assay for the cytokines was between 0.08 and 9.6 pg/ml and for the 

chemokines was between 0.15 and 7.7 pg/ml.

2.5 | Real-Time PCR

Real-Time PCR reactions were performed on the Bio-Rad-CFX96 system using TaqMan 

Fast Advanced Master Mix.18 The primers were human IDO1 (Hs00984148_m1), 

TNFRSF6B (Hs00187070_m1), and GAPDH (Hs03929097_g1) (Thermo-Fisher-Scientific).

2.6 | Statistical analysis

For the airway brush RNAseq analysis, differential gene expression analysis between CLAD 

and non-CLAD subjects was completed using CLC Genomics Workbench version 20. 

Additional analyses of these results were completed using Bioconductor version 3.10 for 

R version 3.6.3 (R CoreTeam 2019, Vienna, Austria). Genes with a false discovery rate 

(FDR) P ≤ .05 and absolute log2-fold change >1.5 were included in upstream regulator and 

pathway analyses completed with Ingenuity Pathway Analysis (Illumina).

Top differentially expressed genes identified in the primary cohort were validated in a 

validation cohort from a separate institution using receiver operating characteristic (ROC) 

curve and area under the ROC curve (AUC).
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For MSD, flow cytometry, and PCR assessments, statistical analysis was performed using 

Graph Pad Prism and SPSS version 22. The non-parametric tests of Wilcoxon signed­

rank and Mann-Whitney U were used. A two-tailed P < .05 was considered statistically 

significant.

3 | RESULTS

3.1 | Airway brush study cohort in lung transplant recipients

Airway brushes from 52 LTRs were screened for inclusion. Of these, 45 (86.5%) had 

sufficient quantity and quality of RNA for sequencing (Figure 1A). Our cohort consisted 

24 CLAD LTRs and 21 non-CLAD control LTRs, defined using ISHLT definitions. 

Demographics for both groups are shown in Table 1. The most common indication for 

transplant was interstitial lung disease, and the overall median age was 53. The groups were 

similar in age, sex, transplant indication, and acute rejection at the time of sampling. The 

CLAD group had a greater proportion of positive cultures at the time of sampling (52.4% 

in CLAD group vs. 0% in control group). Most positive cultures identified bacteria (10/13) 

with one viral and two fungal cultures also testing positive. The median time to brush 

sample was 1896 days in the CLAD group versus 536 days in the control group (P < .01). 

The median time to CLAD was 1645 days posttransplant. Most CLAD patients had CLAD 

Stage 1 (15/24, 62.5%), while nine had more advanced disease (37.5%). We analyzed 12 

brushes from LTRs who were not included in this study to evaluate the cellular populations 

in brush samples and found that epithelial cells were the predominant population (59%), 

followed by monocyte/macrophages (30%), with lymphocytes and NK cells comprising the 

minority balance of cells (Figure 1B,C; Figure S1A).

3.2 | Airway brush RNAseq analysis shows significant differential gene expression in the 
airway transcriptome between CLAD and non-CLAD LTRs

We constructed a pipeline for RNAseq analyses of airway brushes for our cohort (Figure 

S1B). We performed RNAseq analysis of endobronchial brush samples and found significant 

differential gene expression (DGE) between CLAD and controls, with a total of 2340 DGEs 

identified after adjustment for a false discovery rate (FDR <0.05). Of these, 513 had an 

absolute log2-fold change of >1.5, shown visually in the volcano plot (Figure 2A; full gene 

list Figure S2). The majority of DGEs were upregulated in the CLAD group. Figure 2B 

shows a heat map depicting differences in the visual comparison of the top 25 upregulated 

DGEs and the top 25 downregulated DGEs between the CLAD and non-CLAD groups. The 

top 25 upregulated genes are displayed in Table 2. We then assessed whether the airway 

transcriptome changed with CLAD progression. We found a significant intensification of 

the airway transcriptome signature for CLAD stage 2–3 compared to CLAD stage 1 (Figure 

2C).

Because of baseline differences in the rate of infection between CLAD and non-CLAD 

controls, infection was evaluated separately to characterize its influence on the CLAD 

group. Table 3 shows the DGE analyses for: (1) CLAD non-infected versus non-CLAD 

controls and (2) CLAD infected versus CLAD non-infected for the top 25 upregulated 

genes in the CLAD versus non-CLAD control comparison. DGE results for the CLAD non­
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infected versus non-CLAD comparison are similar to the overall results comparing CLAD 

versus non-CLAD. Unexpectedly, comparison of CLAD infected to CLAD non-infected 

showed no differences in the top 25 upregulated genes. Complete DGE analysis between 

CLAD non-infected and CLAD infected revealed no genes that overlapped with the DGE 

analysis for CLAD versus non-CLAD control at the same threshold of FDR P-value <.05 

and absolute LFC >1.5. None of the 513 DGEs observed in the overall CLAD versus 

non-CLAD comparison were differentially expressed in the CLAD infected versus CLAD 

non-infected comparison. A similar approach was used to assess the effect of rejection 

(Figure S3). All top 25 genes remained significantly upregulated when removing ACR 

subjects from the analysis and comparing CLAD without ACR to non-CLAD without 

ACR. ADAMDEC1,MMP9,CXCL9,CXCR4,CLC,C15orf48, and CXCL8 were upregulated 

in CLAD with ACR versus CLAD without ACR. MMP9 and CXCL9 have been previously 

associated with allograft rejection.9,19,20

3.3 | The endogenous immune regulators, IDO1 and TNFRSF6, are both significantly 
upregulated in the airway transcriptome during CLAD

Both IDO1 and TNFRSF6B, two endogenous immune regulators, were the top upregulated 

genes based on fold change (22-fold and 137-fold, respectively). To further validate 

these, we performed quantitative PCR (qPCR) analyses on remaining brush specimens 

in our cohort. We detected increased qPCR levels of IDO1 and TNFRSF6B in airway 

brushes from CLAD LTRs versus controls with a relative enrichment for CLAD stage 

2–3 in patients with higher levels (Figure 3A–B) and consistent with our data showing 

intensification of the CLAD transcriptomic signature in higher grade CLAD (Figure 

2C). We then performed a Kendall correlation for IDO1 and TNFRSF6B within the 

CLAD cohort and found significant correlation between IDO1 and TNFRSF6B levels 

(Figure 3C). Subsequent sensitivity analyses found that infection had no effect on this 

relationship. Notably, other TNFRSF members were also significantly upregulated in the 

airway (Table 4), including two ligands for TNFRSF6B, Fas-ligand (FasL;CD95L/TNFSF6) 

and “homologous to lymphotoxin, exhibits inducible expression and competes with HSV 

glycoprotein D for binding to herpesvirus entry mediator, a receptor expressed on T 

lymphocytes” (LIGHT;CD258/TNFSF14) Together, these data further support upregulation 

of the immune regulators, IDO1 and TNFRSF6B in our CLAD cohort and suggest these 

factors as potential biomarkers in the airway for CLAD.

3.4 | Upstream regulators and pathway analysis suggest an important role for IFN-γ, 
TNF-α, and IL-1β in the airway transcriptome during CLAD

Five hundred and thirteen differentially expressed genes were included in gene enrichment 

and pathway analyses. Upstream regulator analyses are shown in Table 5. Using Ingenuity 

Pathway Analysis (IPA), the top 3 upstream regulators predicted to be activated by z­

score were TNF-α (p = 1.71E-21), IL1-β (p = 7.06E-30), and IFN-γ (p = 7.75E-20). 

Representative IPA pathway containing these regulators is shown in Figure 4A, with 

several top 25 upregulated genes including IDO1, TNFRSF6B, SERPINA3, and MMP9 

as downstream to these key Type-1 cytokines. Using IPA, we determined that our 513 

DGEs were enriched for multiple cellular and humoral immune genes related to cellular 

trafficking, cell cycle, cell movement, function, signaling, and immune-mediated diseases, as 
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shown in Figure 4B. These numerous immune pathways were predicted to be significantly 

upregulated in CLAD, notably the inflammatory response (p = 1.45E-53) and humoral 

immune response (p = 1.47E-53), among others. Collectively these data support significant 

immune activation in the airway transcriptome during CLAD, with Type-1 effector cytokines 

playing a hierarchical predominant role.

3.5 | Corroboration of the CLAD airway transcriptome signature in a separate validation 
cohort

An external cohort of LTRs from another institution was used to validate the signature 

identified in our study cohort. Characteristics of the 22 CLAD and 17 non-CLAD patients 

in the validation cohort are described in Table 6. The validation cohort had a numerically 

larger proportion of ILD patients, but characteristics were otherwise similar to the study 

cohort. The top 25 genes from the study cohort were used to classify CLAD in the validation 

cohort. As a group, these genes were significantly upregulated in the CLAD patients in 

the validation cohort (Figure 5A). A ROC curve was generated and showed good ability to 

distinguish CLAD from non-CLAD with a ROC-AUC =0.77 (Figure 5B).

3.6 | Targeted proteomic assessment of the lung allograft validates enhanced Type-1 
immunity in the airway transcriptome

Next, we sought to further validate our airway transcriptome findings using a targeted 

assessment of the lung allograft proteome. For this, we first used the multi-analyte Meso 

Scale Discovery system to probe cell-free BAL supernatant collected on the same day 

as airway brush samples and assess a targeted 28 cytokine/chemokine panel (Figure 6A–

B). Here we detected increased levels of IFN-γ, TNF-α, and IL-1β protein in CLAD 

versus controls. In addition, the Type-2 cytokines IL-5 and granulocyte-macrophage colony­

stimulating factor (GM-CSF), were both upregulated in BAL from CLAD patients compared 

to controls. We also tested a panel of chemokines and found that Regulated upon Activation, 

Normal T cell Expressed and Secreted (RANTES; CCL5) and IL-8 were both significantly 

increased in CLAD patients. As shown in Table 7, multiple cytokines and chemokines were 

upregulated in CLAD at both the transcriptomic and protein levels. Together, these data 

demonstrate overlapping and predominant Type-1 immune signatures between the airway 

transcriptome and a targeted proteome assessment in the lung allograft during CLAD.

To elucidate the cellular sources driving the Type-1 immune signature, we evaluated donor­

specific alloimmune T cell effector responses in six patients with CLAD and six stable LTR 

controls, using BAL cells isolated at the time airway brushes were obtained. These cells 

were re-stimulated for 6 h in the presence or absence or either irradiated, CFSE-labeled 

donor PBMC (direct mixed lymphocyte reaction [MLR] to assess CD8+ T cells) or donor 

PBMC lysate (indirect MLR to assess CD4+ T cells). As shown in Figure 6C,D (gating 

strategy in Figure S4), the predominant allograft CD8+ alloeffector responses were IFN-

γ, the cytotoxic degranulation marker, CD107a, and TNF-α with significantly increased 

frequencies of these responses in CLAD subjects. Similarly, the predominant responses from 

lung allograft CD4+ T cells were IFN-γ, TNF-α, CD107a, and IL-2 with either IL-17a 

or IL-13 responses only detected at very low levels. Together, these findings support lung 

allograft T cells from CLAD LTRs having increased frequencies of CD8+ and CD4+ T 
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cells that produce hierarchically predominantly Type-1 effector cytokines in response to 

alloantigen.

4 | DISCUSSION

Here, we report the first analysis of the distal airway transcriptome and a targeted BAL 

proteome in LTRs with CLAD. Our findings demonstrate a significant and differential 

Type-1 immune activation signature in the airway transcriptome and BAL proteome from 

CLAD LTRs, compared to stable LTR controls. The top DGE that we identified in 

our CLAD group was IDO1, with a 22-fold increased expression versus stable controls. 

Importantly, IDO1 is a known immune regulator that is potently induced by the signature 

Type-1 effector cytokine, IFN-γ and is produced by various immune cells including 

dendritic cells and macrophages, but also pulmonary and other epithelial cells.21,22 IDO1 

is the rate-limiting oxidoreductase enzyme that catalyzes the degradation of the essential 

amino acid, tryptophan, to the kynurenine pathway and has been shown to suppress T 

cell responses.23 Notably, we detected marked upregulation of IDO1 along with increased 

airway transcripts for IFN-γ, as well as its downstream signaling molecules signal 

transducer and activator of transcription 1 (STAT1) and interferon-regulatory factor-1 

(IRF-1), both previously shown to mediate IDO1 expression.24 Overall, our findings 

are consistent with IDO1 upregulation in response to a Type-1 alloimmune response in 

CLAD LTRs.25 Indeed, this appears consistent with previous studies that suggested IDO1 

induction is protective for pulmonary epithelia during inflammation.26,27 Moreover, an 

earlier study in the rat orthotopic lung transplant model showed that overexpression of 

lentiviral IDO1, resulted in attenuation of ACR, supporting its role as an immune regulator 

in lung transplant.28 Interestingly, a recent study by Weigt et al. evaluated the BAL-cell 

transcriptome during ACR episodes using RNAseq analysis and reported a predominant 

cytotoxic T cell signature that included IFN-γ and other markers but not IDO1.7 As BAL 

cells are highly enriched for macrophages, the lack of IDO1 upregulation might suggest 

airway epithelial cells as a major cell source in our study. Taken together, our results 

showing substantial upregulation of IDO1 and suggest it as a potential useful biomarker for 

CLAD.

Another highly upregulated gene in the airway transcriptome during CLAD that we 

observed was tumor necrosis factor receptor superfamily 6b (TNFRSF6B), also known as 

decoy receptor 3 (DcR3).29 This molecule was the top upregulated TNFRSF member and, 

similar to IDO1, is an endogenous immune regulator that can neutralize other TNFRSF 

members. Notably, we found two of its three molecular targets, FasL and LIGHT were 

both upregulated in CLAD airways, whereas TNF-like molecule 1A (TL1A/TNFSF15) was 

not. These pro-inflammatory molecules are important mediators in apoptosis (FasL, LIGHT) 

and T cell co-stimulation (LIGHT) that promote Type-1 immune responses. Additionally, 

other costimulatory molecules including CD153 (CD30 ligand; TNFRSF8), TNFRSF9 

(4–1BB), and TNF-related apoptosis-inducing ligand (TRAIL; TNFRSF10) were also 

significantly upregulated in the airway transcriptome supporting ongoing T cell activation in 

CLAD.30 Together, these costimulatory molecules, including FasL and LIGHT, have been 

implicated in the immune response during infection and autoimmunity, with TNFRSF6B/

DcR3 interactions with FasL having been shown to confer resistant to apoptosis and regulate 
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immune responses in binding LIGHT.31–33 Indeed, while TNFRSF6B/DR3 is not expressed 

in the mouse, a previous study using human recombinant DR3 demonstrated an attenuation 

of heart allograft and pancreatic islet rejection in mouse models.34,35 Furthermore, we found 

that IDO1 and TNFRSF6B expression were correlated across our cohort, with significantly 

increased levels in CLAD. Together, these data support the notion that Type-1 immune 

activation during CLAD leads to the co-expression of two endogenous immune regulators 

in the airway transcriptome, IDO1 and TNFRSF6B/DR3, that might be useful tandem 

biomarkers to differentiate CLAD.

Our targeted proteomic study of cytokines and chemokines in BAL fluid in our cohort 

demonstrated differential levels in CLAD versus controls that were complementary to our 

airway transcriptomic signatures. Here, we observed that increased levels of IL-1β mRNA 

and protein, a pro-inflammatory cytokine and canonical product of the inflammasome, 

significantly differentiated CLAD from non-CLAD LTRs. Our IPA analysis determined 

IL-1β as an important upstream regulator of the CLAD airway transcriptome, in addition 

to being downstream of the Type-1 cytokines TNF-α and IFN-γ. Furthermore, TNF-α 
protein was also differentially detected in CLAD and a major upstream regulator of our 

airway transcriptome using IPA analysis. Importantly, in our assessment of donor-specific 

alloeffector responses from BAL cells in CLAD, the Type-1 cytokines IFN-γ, TNF-α, 

and the cytotoxic degranulation marker CD107a were the major immune responses we 

detected from CD4+ and CD8+ T cells, compared to substantially lower Type-2 or Type-17 

responses. These data support alloimmune T cells as an important contributing source to 

Type-1 immunity leading to downstream signaling signature in the airway transcriptome 

(eg, STAT1, IRF-1). Furthermore, increased levels of chemokines such as the IFN-γ­

inducible chemokine CXCL9 (CXCR3 family), RANTES (CCL5; CCR5 family) and IL-8 

(CXCL8) were detected at the mRNA and protein levels consistent with earlier reports 

implicating these chemokines in BOS.36–38 Together, these chemokines are important for the 

recruitment of T cells, monocytes (CXCL9, RANTES), neutrophils (IL-8) and other cells 

to the airways in CLAD. Thus, our targeted proteomic analysis of BAL fluid demonstrates 

an inflammatory milieu that complements the airway transcriptome signature in CLAD and 

provides evidence for IFN-γ, TNF-α, and IL-1β playing key roles.

In addition to a Type-1 immune signature in the airway transcriptome in CLAD, we also 

detected factors in the airway transcriptome supporting humoral immune activation and 

other immune responses. Several immunoglobulin genes were significantly upregulated 

including IGKC, which encodes for the constant region for immunoglobulin light chains 

and IGHA1 and IGHM that encode constant regions for the IgA and IgM heavy chains, 

respectively, supporting active antibody production in the airway. A role for Type-2 immune 

responses in CLAD can be inferred with significant upregulation of the lysophospholipase, 

Charcot-Leyden crystal galectin (produced by eosinophils and basophils), and increased 

detection of IL-5 protein in CLAD BAL. Importantly, eosinophils have been previously 

associated with acute lung allograft rejection.39 Interestingly, the Type-2 regulatory cytokine 

IL-10, was significantly increased in the airway transcriptome in CLAD but not detected at 

significant levels at the protein level in BAL fluid. Unexpectedly, we did not detect increased 

levels of IL-17, an effector cytokine previously implicated in BOS pathogenesis,40 in the 

airway transcriptome or BAL, nor were significant T cell frequencies detected in response 
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to alloantigen re-stimulation. Together, our detection of these responses indicates a more 

broad and complex immune response in CLAD, nevertheless, our data support a hierarchical 

Type-1 immune predominance.

In addition to a Type-1 immune activation signature in the airway transcriptome, 

our analysis also demonstrated genes associated with tissue remodeling. The matrix 

metalloproteinases (MMP)-9 and MMP-2 are two matrix degrading enzymes that are critical 

in tissue repair and we found to be increased in CLAD airways, consistent with a recent 

report implicating MMP9 in CLAD.41 Furthermore, ADAM-like decysin-1, ADAMDEC1, 

is a disintegrin metalloproteinase that we observed was significantly upregulated in CLAD 

and previously reported to be a component of T cell–mediated rejection signature in 

renal transplant recipients, lung ACR, and pulmonary sarcoidosis.8,42,43 The serpin family 

member alpha-1 antichymotrypsin (SERPINA3) is protease that can be produced in response 

to metalloproteinases and has been implicated as a major differentially expressed gene in the 

idiopathic interstitial pneumonias.44 Together, these data suggest active tissue remodeling in 

CLAD in the setting of chronic inflammation.

There are several caveats to our study. Because our study was cross-sectional in design, we 

cannot definitively conclude that our airway transcriptome signature is causal for CLAD. 

Brushes were collected during bronchoscopies conducted in the clinical course of care, so 

the median time for collection of CLAD brushes was later than non-CLAD control brushes 

as they were collected during for-cause bronchoscopies beyond the typical surveillance 

period. From registry data, the rate of BOS increases by approximately 10% each year 

for the first 5 years posttransplant.45 Utilization of second year surveillance biopsies for 

the non-CLAD group allowed for time for patients to develop CLAD; however, CLAD 

would certainly become more prevalent over time among long-term survivors. There may be 

important differences in the degree of immunosuppression or other time-dependent factors 

that might impact airway gene expression and will require future investigation to fully 

characterize these influences. While our cohort was comprised predominantly of CLAD 

stage-1 LTRs, we did observe an increased intensity of the transcriptomic signature in 

patients with advanced CLAD (stages 2, 3), thus providing internal support within our 

cohort for our signature with CLAD progression. Moreover, our separate validation cohort 

provides external support for our airway transcriptome signature in CLAD and demonstrated 

a reasonable discriminatory value. Our study does raise the question of whether a Type-1 

immune activation signature precedes incipient CLAD, which we plan to address in 

future studies. Furthermore, our cohort was comprised almost entirely of the BOS clinical 

endotype of CLAD, therefore it is possible that with a larger study cohort the airway 

transcriptome may differ between BOS versus RAS endotypes.

In summary, we report an airway transcriptome with a predominant Type-1 immune 

activation signature in a cross-sectional study of CLAD versus stable LTRs. A targeted 

analysis of the concomitant BAL proteome confirmed multiple cytokines and chemokines 

that were upregulated at both the mRNA and protein level, and mixed lymphocyte reaction 

analysis revealed T cells producing predominantly Type-1 effector cytokines in CLAD. 

Together, these data suggest persistent Type-1 alloimmune inflammation as an important 

driver in CLAD, with downstream immune activation detected in the airway transcriptome, 
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comprised predominantly of airway epithelia and monocyte/macrophages. Assessment of the 

airway transcriptome may be useful for the molecular diagnosis of CLAD and provide new 

therapeutic targets and immune metrics to follow in future interventional studies in CLAD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ACR Acute cellular rejection

AUC Area under the curve

BAL Bronchoalveolar lavage

BOS Bronchiolitis obliterans syndrome

CLAD Chronic lung allograft dysfunction

DGE Differential genes expressed

FDR False discovery rate

IDO-1 Indoleamine 2, 3 dioxygenase 1

ISHLT International Society of Heart and Lung Transplant

LTR Lung transplant recipient

MSD Meso Scale Discovery

qPCR Quantitative polymerase chain reaction

RAS Restrictive allograft syndrome

ROC Receiver operator characteristics

TNFRSF6B Tumor necrosis factor receptor superfamily 6B
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FIGURE 1. 
(A) Consort diagram showing included and excluded samples used in the study. The 

transcriptome analysis included 45 samples (24 CLAD, 21 non-CLAD) while the proteome 

analysis included 36 (19 CLAD, 17 non-CLAD) with corresponding bronchoalveolar 

lavage samples. (B) Representative flow cytometry plot showing the phenotype of airway 

brushes cells populations of the majority cells components such as the epithelial cells 

(Ecadherin+HLA-DR+) and monocytes (CD14+HLA-DR+). (C) Cumulative data from n 

= 12 LTRs of airway brushes cells populations phenotype. Values represent frequencies 

mean (%) of cells type such epithelial, monocytes, T, B, and NK cells. Statistical analysis 

was performed using Mann-Whitney U-test with a two-sided P-value of <.05 considered 

statistically significant
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FIGURE 2. 
(A) Volcano plot of DGE analysis for CLAD versus non-CLAD LTRs. Genes meeting the 

threshold for inclusion are indicated in the top left and top right sections divided by the red 

lines. Top upregulated genes are labeled. Top upregulated genes are shown and labeled in 

black. (B) Heat map showing the top 25 upregulated and top 25 downregulated genes in the 

CLAD versus non-CLAD DGE analysis. (C) Scatter plot showing the Log2 fold change for 

gene expression in the CLAD stage 1 versus Non-CLAD comparison (x-axis) versus that of 

the CLAD stage 2 and 3 versus Non-CLAD comparison
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FIGURE 3. 
(A) Relative IDO1 expression for LTRs in cohort by qPCR. A statistically significant 

difference in expression was observed between CLAD and non-CLAD (Mann-Whitney U P 
< .001). (B) Relative TNFRSF6B expression for LTRs by qPCR. A statistically significant 

difference in expression was observed between CLAD and non-CLAD (Mann-Whitney U P 
< .03). (C) Correlation plot for TNFRSF6B versus IDO1 in LTRs. A significant correlation 

was observed with a Kendall correlation coefficient of 0.61
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FIGURE 4. 
(A) Sample network showing predicted activation using Ingenuity Pathway Analysis. The 

network shows the relationships between the three most activated upstream pathways: IFN-

γ, TNF-α, and IL-1β and IDO1 and TNFRSF6B as downstream. (B) Gene enrichment 

analysis of selected disease and function groups of the upregulated genes. Multiple 

inflammatory and immune activation function groups were among the top predicted areas of 

activation
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FIGURE 5. 
(A) Comparison of top 25 activated genes identified in the experimental cohort in the 

CLAD and non-CLAD control patients in the external validation set. The top 25 genes 

were significantly upregulated in the CLAD patients of the validation set (P = .004). (B) 

ROC curve applying the top 25 activated genes identified in the experimental cohort to 

the validation cohort. The AUC =0.77 indicating a good ability to distinguish CLAD from 

non-CLAD
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FIGURE 6. 
Using MSD-meso scale discovery assay system-U-PLEX Technology-multiplex 

immunoassay we show the poled data from a total of 36 LTRs with a subset of 19 CLAD 

and 17 non-CLAD from BAL cells supernatants for cytokines (A) and chemokines (B). 

(A) We analyzed multiplex assay for following cytokines: such as: IFNγ, TNFα, IL-2, 

IL-12/IL-23p40, IL-15, IL-18, IL-27, IL-1β (Type 1), IL-4, Il-5. IL-6. IL-10, IL-13 (Type 

2), and IL-17A, IL-21, IL-22 (Type 17), and G-CSF, GM-CSF, IL1α, IFN-α2a, IFNβ. (B) 

We analyzed multiplex assay for following chemokines such as: CXCR3 family (MIG, 

IP-10, I-TAC) and CCR5 family (MIP-1α, MIP–1β, RANTES) and IL-8(CXCL8). Bars 

represent median values and P-values were calculated using the Mann-Whitney U test, with 

* representing statistical significance for P-value <.05. (C) Representative flow cytometric 

plots of CLAD LTRs showing donor allospecific CD8+ BAL T cell effector responses. 

Values represent frequencies data of intracellular cytokine staining following re-stimulation 
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with donor irradiated PBMC (right 2 panels) or medium alone (left 2 panels), (unstimulated) 

of IFNγ+, TNFα+, and CD107a+, from a subset of 6 LTRs with CLAD. (D) Pooled data 

from the same subset of six LTRs, with CLAD (red bars) and six LTRs with non-CLAD 

(blue bars) showing the ex vivo BAL CD8+ T cell frequencies for IFNγγ+, TNFα+, 

CD107a+, IL-2+, IL-17a+, and IL-13+ from 12 LTRs. Bars represent median values and P­

values were calculated using the Mann-Whitney U test. (E) Representative flow cytometric 

plots of CLAD LTRs showing donor allospecific CD4+ BAL T cell effector responses. 

Values represent frequencies data of intracellular cytokine staining following re-stimulation 

with PBMC donor lysate (right 2 panels) or medium alone (left 2 panels), (unstimulated) 

of IFNγ+, TNFα+, and CD107a+, from a subset of six LTRs with CLAD. (F) Pooled data 

from the same subset of six LTRs, with CLAD (red bars) and six LTRs with non-CLAD 

(blue bars) showing the ex vivo BAL CD4+ T cell frequencies for IFNγ+, TNFα+, CD107a+, 

IL-2+, IL-17a+, and IL-13+ from 12 LTRs total. Bars represent median values and P-values 

were calculated using the Mann-Whitney U test
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TABLE 2

Top 25 upregulated genes in CLAD versus non-CLAD

CLAD versus non-CLAD

Gene Fold change FDR P-value

IDO1 22.32 <1.00E−13

ADAMDEC1 9.99 1.49E−12

TNFRSF6B 137.19 1.49E−12

SLC5A5 16.68 5.10E−11

MMP9 13.18 5.10E−11

SERPINA3 11.63 1.69E−10

IGKC 14.03 1.10–09

IGHA1 11.55 1.21E−09

BCL2L15 3.18 1.28E−09

MUC13 4.56 6.84E−09

C15orf48 6.59 6.84E−09

FCAR 9.92 6.84E−09

KRT6B 5.03 7.54E−09

MIA 3.51 1.05E−08

IGHM 14.52 1.16E−08

CXCL9 9.65 2.11E−08

CXCL13 29.65 2.47E−08

CXCR4 5.35 2.66E−08

SAA2-SAA4 5.21 2.66E−08

CLC 15.35 2.88E−08

SAA2 5.10 2.94E−08

ATP10B 4.00 3.18E−08

CXCL8 6.41 5.68E−08

TCIM 4.41 6.73E−08

PTPRH 5.46 6.73E−08
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TABLE 4

Upregulated TNFSF and TNFRSF family members in the airway transcriptome

Name Fold change FDR P-value

TNFRSF6B (DcR3) 137.19 1.49E−12

TNFSF14 (LIGHT) 3.93 4.46E−07

TNFRSF9 (4–1BB) 4.74 3.61E−06

TNFRSF1B (TNFR2) 2.77 6.01E−05

TNFRSF8 (CD30) 3.89 2.80E−04

TNFAIP2 1.95 1.91E−03

TNFRSF10C (DcR1) 2.29 6.21E−03

TNFSF10 (TRAIL) 1.43 9.52E−03

TNFSF13B (BAFFR3) 2.06 9.73E−03

TNFRSF18 (GITR) 1.80 3.01E−02

TNFSF6 (FASL) 1.84 4.00E−02

TNFSF8 (CD30L) 1.90 4.31E−02

TNFRSF1A (TNFR1) 1.21 4.67E−02

TNFRSF12A (TWEAKR) 1.48 5.00E−02

TNFRSF4 (OX40R) 2.37 7.18E−02

TNFRSF11A (TRANCER) 1.28 8.03E−02

TNFRSF10A (TRAILR1) 1.27 8.88E−02
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TABLE 5

Upstream regulators

Upstream regulator Predicted activation state Activation z-score P-value of overlap

TNF-α Activated 7.017 2E−21

IL1-β Activated 6.412 7E−30

IFN-γ Activated 6.013 8E−20

IL−6 Activated 5.941 3E−23

NFκβ (complex) Activated 5.921 4E−20

IL1-α Activated 5.308 5E−22

MYD88 Activated 4.957 8E−15

CSF2 Activated 4.793 2E−17

IL−2 Activated 4.631 8E−16

TLR3 Activated 4.565 2E−12
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TABLE 7

Comparison of MSD and DGE results

MSD RNAseq

Cytokine/chemokine P-value Gene Fold change FDR P-value

IFN-γ 0.062 IFNG 5.36 1.13E−04

TNF–α 0.038 TNF 2.03 0.1

IL−2 0.089 IL2 1.36 0.78

IL−12 0.179 IL12A −1.15 0.02

IL−15 0.143 IL15 1.6 1

IL−18 0.106 IL18 1.2 0.2

IL−27 0.539 IL27 1.69 0.51

IL−1β 0.005 IL1B 3.16 3.72E−03

IL−4 0.046 IL4 2.27 0.26

IL−5 0.026 IL5 1.13 0.91

IL−6 0.142 IL6 3.47 0.01

IL−10 0.063 IL10 5.29 1.22E−03

IL−13 0.786 IL13 1.51 1

GM-CSF 0.016 CSF2 2.31 0.25

IL−17A 0.11 IL17A 1.11 0.94

IL−21 0.072 IL21 8.48 0.03

IL−22 0.661 IL22 NaN NaN

G-CSF 0.117 CSF3 2.92 1.45E−03

IL−1a 0.058 IL1A 1.54 0.58

IFN-a2α 0.922 IFNA2 NaN NaN

IFN-β 0.227 IFNB1 −1.12 0.91

MIG 0.082 CXCL9 9.65 2.11E−08

IP−10 0.317 CXCL10 5.97 6.98E−05

I-TAC 0.231 CXCL11 6.98 2.86E−05

MIP−1α 0.074 CCL3 4.53 8.61E−04

MIP−1β 0.139 CCL4 3.97 1.35E−03

RANTES 0.033 CCL5 1.6 0.11

IL−8 0.016 CXCL8 6.39 5.68E−08
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