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Abstract

Purpose: Acute lung allograft dysfunction (ALAD) is an imprecise syndrome denoting concern 

for the onset of chronic lung allograft dysfunction (CLAD). Mechanistic biomarkers are needed 

that stratify risk of ALAD progression to CLAD. We hypothesized that single cell investigation of 

bronchoalveolar lavage (BAL) cells at the time of ALAD would identify immune cells linked to 

progressive graft dysfunction.

Methods: We prospectively collected BAL from consenting lung transplant recipients for single 

cell RNA sequencing. ALAD was defined by a ≥10% decrease in FEV1 not caused by infection or 

acute rejection and samples were matched to BAL from recipients with stable lung function. We 

examined cell compositional and transcriptional differences across control, ALAD with decline, 

and ALAD with recovery groups. We also assessed cell-cell communication.

Results: BAL was assessed for 17 ALAD cases with subsequent decline (ALAD declined), 

13 ALAD cases that resolved (ALAD recovered), and 15 cases with stable lung function. We 

observed broad differences in frequencies of the 26 unique cell populations across groups (p = 

0.02). A CD8 T cell (p = 0.04) and a macrophage cluster (p = 0.01) best identified ALAD declined 

from the ALAD recovered and stable groups. This macrophage cluster was distinguished by an 

anti-inflammatory signature and the CD8 T cell cluster resembled a Tissue Resident Memory 

subset. Anti-inflammatory macrophages signaled to activated CD8 T cells via class I HLA, 

fibronectin, and galectin pathways (p < 0.05). Recipients with discordance between these cells 

had a nearly 5-fold increased risk of severe graft dysfunction or death (HR 4.6, 95% CI 1.1–19.2, 

adjusted p = 0.03). We validated these key findings in 2 public genomic datasets.

Conclusions: BAL anti-inflammatory macrophages may protect against CLAD by suppressing 

CD8 T cells. These populations merit functional and longitudinal assessment in additional cohorts.
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INTRODUCTION

Lung transplant improves duration and quality of life for patients suffering from advanced 

lung diseases (1). However, long-term outcomes among lung allograft recipients are worse 

than in other solid organ allograft recipients (2). The major driver of lung allograft morbidity 

and mortality is chronic lung allograft dysfunction (CLAD), a clinical syndrome of reduced 

lung function that occurs in 50% of recipients by 5 years (1, 3). CLAD is diagnosed by 

the development of an irreversible 20% decline in lung function not attributable to alternate 

causes including weight gain, airway stenosis, or pleural effusions (4). However, by the time 

these criteria are met significant small airway structural loss has occurred. Thus, this delayed 

detection impedes early intervention. It follows that establishing pathologic processes and 

early biomarkers that precede this decline are imperative(5).

The need for early CLAD diagnosis has prompted proposed terminology for acute decreases 

in lung allograft function that might presage CLAD, including “incipient CLAD,” “acute 

lung allograft dysfunction” (ALAD), “acute rejection”, and “acute decline” (6-8). These 

terms lack consensus definitions and debate exists as to how acute graft infections, cellular 

and antibody-mediated rejection should be incorporated into this nomenclature. With respect 

to linking ALAD to molecular drivers, a narrower definition may be more facile. The 

greatest need is to distinguish signs and symptoms representing early CLAD (ALAD 

with subsequent decline), from a similar clinical presentation not associated with CLAD 

pathology (ALAD followed by recovery).

CLAD pathology is described as concentric small airway fibrosis leading to progressive 

airway obstruction (BOS) or, in the diffuse parenchymal form, pleuroparenchymal 

fibroelastosis and lung function restriction (RAS) (9-11). There is little evidence that BOS 

and RAS have distinct molecular drivers, and there are currently few established therapies 

for either form of CLAD. The pathophysiology of CLAD is multimodal and not clearly 

established. Small airway injury, through a variety of risk factors and potential mechanisms, 

leads to exhaustion of the airway progenitor niche (6, 12-15). Eventually, normal airway is 

replaced by fibrosis. The alloimmune response features prominently in this cascade (16). 

Several groups have identified increased cytotoxic lymphocytes, including CD8 T cells and 

natural killer cells, in lung airway or tissue samples of CLAD (6, 15, 17-22). In addition, 

recent evidence has revealed a role for innate immune involvement via inflammatory 

interferon stimulated or TGFβ-primed macrophages in CLAD (7, 23).

We hypothesized that single cell investigation of bronchoalveolar lavage (BAL) cells at the 

time of ALAD would identify immune cell subsets linked to progressive CLAD.

METHODS

Complete detail on all methodological aspects for this study is provided in the data 

supplement.
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Study Design

We prospectively enrolled consenting adult lung transplant recipients who underwent 

bronchoscopy at the University of California, San Francisco (UCSF) between 1/01/2021 

to 6/01/2022. Inclusion and exclusion criteria are shown in Figure 1A. Acute lung allograft 

dysfunction (ALAD) was defined as a new 10% or greater decrease in FEV1 from the 

post-transplant baseline values (4). ALAD samples with concomitant infection or rejection 

were excluded. Included ALAD participants were matched 2:1 based on age and sample 

time after transplantation to no-ALAD control participants.

Clinical data, outcomes, protocols

Data were abstracted from medical records, as previously described (24). Participants were 

characterized as: (1) “no ALAD,” if they did not have an acute decline in lung function 

at the time of bronchoscopy (2) “ALAD recovered,” if they had a 10% decline in FEV1 

but improved at 1 year follow-up, or (3) “ALAD declined” if the FEV1 decline did not 

resolve or the participant died before further measurements. Freedom from stage 2 CLAD 

was defined as days from bronchoscopy until >40% decline in FEV1 from baseline or death.

Cellular indexing of transcriptomes and epitopes (CITE) single cell sequencing.

BAL samples were processed and frozen within 6 hours of collection. Thawed, 

viable cells were pooled, stained for surface markers, and loaded directly in the 

Chromium Controller for single cell encapsulation with gel bead-in-emulsions (GEMs) per 

manufacturer’s directions. Reverse transcription, cDNA library generation and sequencing 

on a NovaSeq6000 (Illumina) were conducted, as described previously (25). The sequenced 

reads were aligned and processed. We filtered the data, demultiplexed the pools, and 

normalized to cell state (26). All libraries were combined into a single Seurat object. A 

UMAP was generated, and cells were clustered by RNA expression using the Louvain 

Algorithm. We combined similar clusters based on manual assessment of differentially 

expressed genes and proteins as well as common lineage markers.

Validation approaches in external cohorts

We reanalyzed publicly available microarray data from BAL collected from no CLAD 

control recipients (n = 8) and at the time of incipient CLAD (n = 9) (6). Cell cluster gene 

metagene scores were constructed as previously described (27), using the top differentially 

expressed genes, and we compared cell cluster gene scores between CLAD cases and 

controls. We also reanalyzed tissue gene expression data from a separate study of CLAD 

tissue (n = 3) and no CLAD control tissue (n = 1) (28). We manually segmented areas within 

each sample and graded them as no pathology or CLAD. Log2 sum gene expression was 

quantified across these regions of interest.

Statistical analyses

Differences among cohort subject characteristics were compared using 2-tailed Student’s 

t- and χ2-tests, as appropriate. Comparisons between multiple groups were made using 

Kruskal-Wallis one-way test and between 2 groups with Mann Whitney U testing. 
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Differences in clusters of BAL cells between ALAD groupings were determined by 

PERMANOVA.

We generated a Random Forest machine learning mode to assess the frequency of each cell 

population as a predictor of ALAD decline. We employed leave one out validation (29), and 

the model accuracy and fit were assessed through area under the curve receiver operator 

curve calculations.

We utilized Cox proportional hazards models to test the association between predictors 

of interest and progression to stage 2 CLAD or death. Event-free survival was visualized 

with Kapan-Meier methods. Differences between CLAD airways and no-CLAD airways 

in tissue gene expression analyses were determined by linear regression treating study 

sample as a random effect to account for repeat measures within samples. All models 

were adjusted for baseline characteristics (30, 31). P-values less than 0.05 were considered 

significant. Statistical analyses were performed in R (version 4.1.1, R Foundation for 

Statistical Computing).

RESULTS

Acute lung allograft dysfunction cohort

Over 18 months of recruitment, we identified 58 lung transplant recipients with an acute 

10% decrease in FEV1. Of these, 9 had concurrent pathogenic respiratory infections and 5 

had acute cellular rejection (Supplemental Table 1). We matched the remaining recipients to 

contemporaneous patients without acute lung dysfunction (Figure 1A, Supplemental Table 

2). As an internal control, we also analyzed samples obtained from two participants before 

and during ALAD, for a total of 47 samples across 45 individuals. Baseline characteristics 

between these 2 groups are shown in Table 1. ALAD and non-ALAD participants had no 

differences across these variables. Though, non- ALAD samples were collected a median 

597 days interquartile range ([IQR], 367 – 728 days) after transplant compared to 753 IQR 

445 – 1825 days in the ALAD group.

Figure 1B shows lung function at the time of bronchoscopy and at 1 year follow-up for 

the cohort. At the time of BAL collection, non-ALAD participants (n = 15) had robust 

lung function with median FEV1 of 103% of post-transplant baseline and interquartile range 

(IQR) 101 – 105%. At 1 year follow-up, these same participants had stable or improved 

FEV1 (median 106%, IQR 100 – 111%) compared to baseline values at enrollment. In 

contrast, the participants with ALAD (n = 30) had a median FEV1 of 83% (IQR 78 – 

89%) of baseline. At 1 year, 17 (57%) of the ALAD participants did not improve or 

suffered further decline in lung function with median FEV1 67% (IQR 39 – 78%). Notably, 

all participants with FEV1 decline developed CLAD or died by 1 year (Figure 1C). The 

3 ALAD recipient deaths were respiratory-related. The remaining 13 ALAD participants 

recovered or stabilized their lung function with FEV1 at 1-year median 99% (IQR 94–101%) 

of post-transplant baseline. Differences between baseline characteristics in ALAD recovered 

and ALAD declined participants are shown in Supplemental Table 3.
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Single cell RNA sequencing identifies broad cell differences across ALAD groups

Having observed this profound decline in participants with ALAD who did not recover, 

we asked whether this group was associated with a unique BAL cell compositional profile 

relative to participants with stable or improved lung function. We performed unsupervised 

clustering of the 51,273 sequenced cells to define distinct cellular populations within the 

BAL. Twenty-six unique cell populations were identified within this compartment (Figure 

2A). Supplemental Figure 1 shows the top differentially expressed genes in each cluster. 

Notably, 75% of these clusters were macrophages or monocytes. When cluster plots were 

shaded by 1-year ALAD status (Figure 2B), there were several areas of significant overlap 

between the control participants and those that developed ALAD but recovered. In contrast, 

participants with ALAD that declined had distinct differences compared to the other groups. 

Figure 2C shows bar plots of the frequencies of cells in all clusters for each ALAD group, 

with distinct cellular landscapes across the 3 groups (Figure 2C, p = 0.02).

Lymphocyte and macrophage clusters are different in recipients with progressive ALAD

To determine which specific cell clusters were associated with decline after ALAD, we 

fit a machine learning models using cell clusters as a predictor of ALAD with decline 

(Figure 3A). By area under the curve receiver operator curve (AUC ROC) calculations, 

the model classified ALAD cases with decline (AUC 0.65, 95% confidence interval [CI] 

0.5–0.78). Figure 3B shows the relative importance of the top 10 features. Notably, T 

regulatory cells (Figure 3C, p = 0.003), activated CD8 T cells (Figure 3D, p = 0.02), 

anti-inflammatory macrophages (Figure 3E, p = 0.005), CD8 T cells (Figure 3F, p = 0.08), 

NK cells (Figure 3G, p = 0.07) and a macrophage cluster (Figure 3H, p = 0.1) were most 

reliable to discriminate between ALAD decline and the other groups. Differences in cell 

proportions for the remaining 20 clusters are shown in Supplemental Figure 2. We found 

no differences in either of these two cell populations with respect to time after transplant 

(Supplemental Figure 3) but note a trend for increased activated CD8 T cells over time.

Notably, CD8 T cells and macrophage populations have been previously identified 

during early CLAD (7, 17). An interferon-stimulated population was not different in this 

comparison but was increased in ALAD decline as compared to ALAD recovered (p = 

0.02). Here, we note that anti-inflammatory macrophages are decreased in decline. Thus, we 

focused on CD8 T cells and anti-inflammatory macrophage groups given their significance 

in identifying ALAD progression in this cohort and previous interest in the field.

Anti-inflammatory macrophages and activated CD8 T cells have distinct profiles.

To understand the functional role for these cell types in ALAD pathogenesis we 

examined their defining gene transcripts across the entire cohort. Figure 4A shows the 

top differentially transcribed genes for anti-inflammatory macrophages with false discovery 

rate (FDR) p-values < 0.05 stratified by relative fold change. A pathway analysis (Figure 

4B) revealed key regulatory functions of this cluster in autophagic cell death, complement 

and cytokine domains. Notably, this macrophage population does not follow classical 

categorization by canonical M1 or M2 markers (Supplemental Figure 4).
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Transcriptional analysis of the activated CD8 T cells revealed markers of tissue residency 

and activation (Figure 4C). Pathway analysis suggested these features overlapped with NK 

cell cytotoxicity and allograft rejection (Figure 4D). An evaluation of surface receptors 

on this CD8 T cell cluster revealed additional markers of tissue residency and activation 

(Figure 4E, Supplemental Figure 5) consistent with a tissue resident effector memory CD8 

T cells (TRM, Figure 4F) phenotype. Together, we observed reduced anti-inflammatory 

macrophages and increased in TRM CD8 T cells preceding ALAD progression.

We also assessed if these cell types changed over time. We note that one participant 

with decline had a pre-ALAD and an ALAD sample that demonstrated decreasing anti-

inflammatory macrophages with ALAD (Supplemental Figure 6A) and increasing activated 

CD8 T cells with ALAD (Supplemental Figure 6B). This contrasts with the participant with 

recovered ALAD who had decreasing anti-inflammatory macrophages (Supplemental Figure 

6C) and activated CD8 T cells during ALAD (Supplemental Figure 6D).

Anti-inflammatory macrophage and CD8 T cell communication network

We next investigated communication across clusters within the entire cohort. We found 

significant predicted interactions between cell types (Figure 5A). Given our findings, 

we investigated the direction and strength of cell-cell signals among anti-inflammatory 

macrophages. This revealed that their strongest signals were sent to CD8 T cells and 

activated CD8 T cells, and that they were predicted to receive little input from other 

cells (Figure 5B). In contrast, the 2 CD8 T cell groups largely received signals from 

all cells in the BAL. Notably, CD8 and activated CD8 T cells were not predicted to 

send any signals. We next investigated the specific receptor-ligand interactions predicted 

to feature in signaling between anti-inflammatory macrophages and CD8 T cells. As 

expected, human leukocyte antigen – CD8 T cell ligand-receptor pairings were predicted 

to be the dominant interactions between anti-inflammatory macrophages and CD8 T cells 

(Figure 5C). However, galectin, fibronectin, and chemokine interactions also featured in 

this communication network. Thus, we identified several plausible pathways whereby anti-

inflammatory macrophages may signal to activated CD8 T cells.

Discordance in anti-inflammatory macrophage and activated CD8 T cell populations 
predict graft failure.

Give our findings that activated CD8 T cells were increased while anti-inflammatory 

macrophages were decreased preceding ALAD decline as well as a plausible communication 

pathway between the two cell types, we hypothesized that discordant frequencies would 

be associated with allograft failure. Among recipients without ALAD progression, we 

found anti-inflammatory macrophages, and activated CD8 T cells were positively associated 

(p < 0.0001; Figure 6A). However, in ALAD decline, this association was absent (p = 

0.64). Similarly, we found an increased ratio of activated CD8 T cells to anti-inflammatory 

macrophages among recipients with ALAD decline (Figure 6B, p = 0.0002). Consequently, 

recipients with high activated CD8 T cells (> median) and low anti-inflammatory 

macrophages (<median, n = 10) had 4.6-fold increased risk for progressing to stage 

2 obstructive CLAD or death (95% CI, 1.1 – 19.2, adjusted p = 0.03) compared to 
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recipients without this cellular discordance (Figure 6C). These findings suggest an important 

interaction between these two cell populations.

Validation of key findings in 2 lung transplant molecular cohorts.

We sought to validate our key findings in additional lung transplant cohorts. We obtained 

publicly available microarray data from BAL collected from no CLAD control recipients (n 

= 8) and at the time of incipient CLAD (n = 9) (6). We constructed gene scores using the 

top differentially expressed transcripts in the anti-inflammatory macrophage and activated 

CD8 T cell clusters, displayed as heatmaps in Figure 7A. Notably, the gene score for 

anti-inflammatory macrophages was decreased in BAL from recipients with incipient CLAD 

compared to no-CLAD control BAL (Figure 7B, p = 0.04). Activated CD8 T cell signatures 

were numerically increased in the incipient CLAD group as well (Figure 7C, p = 0.06). 

Separately, we obtained publicly available tissue gene expression data from another study 

of CLAD tissue (n = 3) and no CLAD control tissue (n = 1) (28). We measured total 

gene expression within anatomic segments surrounding airways (Figure 7D). We found that 

anti-inflammatory macrophage genes were decreased around CLAD airways (Figure 7E, p 

= 0.005) and activated CD8 T cells were increased around CLAD airways (Figure 7F, p = 

0.02) as compared to no-CLAD or early CLAD airways. These findings were adjusted for 

repeat measures within the same individual.

DISCUSSION

This prospective cohort of lung transplant recipients with ALAD not attributable to infection 

or acute rejection identified cell compositional changes associated with risk of irreversible 

and progressive graft dysfunction. As the largest lung transplant BAL single cell RNA 

sequencing/CITEseq cohort study to date, we were able to identify a key role for a 

regulatory macrophage population. We further leveraged cell-cell communication networks 

to identify a macrophage-CD8 T cell interaction with a previously undescribed role in 

protecting from CLAD progression. We validated these findings in two external lung 

transplant cohorts at a similar time after transplant. Such cellular interactions may prove 

to be attractive therapeutic targets.

Similar to prior reports, we identify a striking diversity in the alveolar macrophage 

population (7). We described nearly 16 transcriptionally distinct macrophage clusters across 

our cohort, furthering the notion that human airway macrophages cannot be neatly divided 

across M1/M2 designations (32). We identified a singular population that was increased 

in BAL in stable participants those with ALAD with recovery of lung function but was 

notably absent in BAL from ALAD recipients who experienced decline. This alveolar 

macrophage population had transcriptional programs suggestive of anti-inflammatory or 

regulatory functions. Notably, genes SERPING1, LIPA, and CCL18 have previously been 

described in macrophages with anti-inflammatory profiles (33-35). SERPING1, has been 

shown to reprogram macrophages and reduce experimental sepsis associated organ injury 

(33). Further, SERPING1 inhibits the complement system which suggests a potential role for 

this macrophage population in mitigating antibody mediated rejection (36). This population 

also expressed CCL18, which has been shown to bridge the response from inflammation 
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to resolution of injury (34). Thus, we hypothesize that the absence of the macrophage 

population may release a critical brake on the airway inflammatory response leading to 

CLAD.

We identified one population of CD8 T cells that may drive this inflammatory response 

among ALAD recipients with progression. Activated CD8 T cells and their transcripts have 

been reported previously in CLAD (6, 22, 28, 37, 38). However, the population identified 

here, expressed NK cell receptors (DNAM1) and had transcriptional and surface markers of 

tissue residency (CD49a, CD69, CD103) found in TRM CD8 T cells (39). TRM CD8 T cells 

are a unique population with antigen-specificity and tissue-residence, situated at the mucosal 

interface (40). In experimental influenza infection, CXCR6 mediated the localization of TRM 

cells to the airways (41). Here, we also identified increased CXCR6 in this TRM population, 

which suggests a potential mechanism whereby these antigen-specific tissue-resident cells 

hone to the small airways, the site of CLAD pathology. It is worth noting that this population 

may not correspond perfectly with CD8+ TRM identified by flow cytometry as some 

transcriptionally similar lymphocyte populations may be clustered together. Snyder and 

colleagues recently described 3 unique TRM populations within the lung after transplantation 

with distinct phenotypic and clinical associations (17, 42). Notably, the cellular population 

we describe here most resembles the cluster of TRMs previously associated with acute 

rejection, suggesting a role in injury.

These data complement studies showing how macrophages may potentiate the allograft CD8 

T cell response. In a TGFβ-dependent fashion, monocyte-derived alveolar macrophages 

promote experimental BOS airway injury via stimulation of TRM CD8 T cells (23, 43). 

Indeed, human TRM cells co-localize with alveolar macrophages near small airways (44). 

Macrophage and T cell crosstalk also feature prominently in other forms of acute lung 

injury (45). Though, the proportions of BAL macrophages have been reported as decreased 

during CLAD (46). These changes may be due to increased frequencies of other cells, 

challenges with immunophenotyping pulmonary macrophages with flow cytometry, or low 

resolution with traditional approaches (47). With the introduction of scRNA-seq, more 

detail in this cellular niche has been revealed. Moshkelgosha and colleagues identified 

2 distinct macrophage populations during ALAD; an interferon stimulated gene (ISG) 

macrophage group and a metallothionine (MT) macrophage group (7). Comparable to the 

ISG macrophage group, we identified a similar macrophage population marked by CXCL10 
and SOD2 expression that was increased during ALAD that went on to progress relative 

to ALAD recovered groups. We did not find a MT macrophage population, though other 

populations in our study may have similar functions. Thus, while this cohort resembled a 

prior ALAD study in design, these results highlight the challenges in aligning scRNAseq 

data across cohorts and the need for multicenter investigations.

This study has notable strengths. Our study was designed to focus on a critical timepoint 

in CLAD pathogenesis. We were able to sequence 51,273 cells from 47 samples, which 

afforded ample power to identify rare subsets of cells. Another strength is in our design, 

where we focused purely on ALAD in the absence of infection or acute rejection, which 

is a common critical clinical problem that lacks a standard approach. In addition, our key 

findings were validated in 2 comparable external lung transplant cohorts.
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One challenge of studying BAL is that most of the isolated cells are macrophages, which 

limits resolution to detect differences in lymphocyte and other myeloid populations. In 

addition, cell populations detectable by single cell transcriptomic approaches may be 

difficult to validate with traditional flow cytometry methods. Though, we are more confident 

in our results as we employed CITE-seq, which simultaneously quantifies both surface 

proteins and transcripts. Moreover, while we matched control samples to ALAD samples by 

time after transplantation, healthy recipients do not undergo routine bronchoscopy after the 

2nd post-transplant year. Notably, we found no differences in key cell populations by time 

and almost all recipients were at their lowest post-transplant immunosuppression; though, 

there may be some residual bias reflecting differences in time after transplant.

We focused on 2 cell types of interest, but others were identified with potential biologic 

significance. We found increased T regulatory cells (Tregs) in association with progressive 

ALAD. While Tregs have been shown to be protective against CLAD in some studies, we 

and others have also shown an expansion of donor-reactive Tregs in association with acute 

rejection (48-51). Tregs proliferate in response to rejection associated cytokines and can thus 

reflect a protective compensatory response to acute inflammation.

There is currently no consensus guidance for the definition of ALAD, so our findings may 

not directly compare to prior studies using this term. Recipients in the ALAD-declined 

group developed CLAD based on how this group was defined, and so could be considered 

an early CLAD phenotype. However, this study did not include a referent group with late 

CLAD BAL samples. While explant tissue data suggest that some of the findings seen here 

could persist throughout the progression of CLAD, it is likely that other molecular features 

of CLAD evolve over time. Additional study of these cell populations is needed in both ACR 

and CLAD.

In conclusion, this CITE-seq study of ALAD after transplant identified 2 unique populations 

of cells with potential crosstalk that may be implicated in CLAD pathogenesis. Further work 

is needed to characterize these populations, which may reveal opportunities for therapeutic 

targeting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Participant recruitment and clinical outcomes.
(A) Lung transplant recipients were included who underwent bronchoscopy at a single 

institution and had sufficient sample available. Acute lung allograft dysfunction (ALAD) 

was defined as a 10% decrease in participants without pre-existing Chronic Lung Allograft 

Dysfunction (CLAD) and in the absence of infection or acute rejection. Participants 

with ALAD were matched 2:1 on age and time after transplant with no-ALAD control 

participants. (B) Stratification of study participants by FEV1 at the time of enrollment and at 

1 year follow-up. (C) Alluvial diagram demonstrating outcomes for each of the participants’ 

samples. Note that 2 ALAD participants had “control” samples available from a period of 

stability preceding their ALAD events.
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Figure 2. Cell populations in the bronchoalveolar lavage.
We performed dimensionality reduction using Uniform Manifold Approximation and 

Projection (UMAP) and semi-supervised clustering of BAL scRNAseq. (A) UMAP of 

the 26 distinct cell clusters in the BAL across groups. (B) UMAP shaded by ALAD 

status. (C) Bar plots of frequencies of individual clusters across the 3 ALAD groupings. 

Comparisons of proportions of cell frequency differences across ALAD groups were made 

using PERMANOVA.
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Figure 3. Lymphocytes and macrophages identify ALAD progression.
(A) A random forest machine learning model was generated to determine which of the 26 

cell cluster frequencies predicted ALAD decline (n = 17) as compared to the no ALAD (n = 

17) and ALAD recovered (n = 13) groups. (B) Relative feature importance of the individual 

clusters from the machine learning model with an area under the curve (AUC) fit of 0.65 

(95% Confidence Interval 0.5 – 0.78). We show individual cell cluster frequencies for the 

top 6 populations by feature importance: (C) T regulatory cells, (D) Activated CD8 T cells, 

(E) Anti-inflammatory macrophages, (F) CD8 T cells, (G) NK cells, and (H) Macrophage 

6. Box and whisker plots display individual data points bound by boxes at 25th and 75th 

percentiles and medians depicted with bisecting lines. Differences were assessed using the 

Mann-Whitney U test with p<0.05 considered significant.
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Figure 4. Anti-inflammatory macrophage and activated CD8 T cell profiling.
We sought to identify the functional profiles of these 2 cell clusters (A). The top 15 

differentially expressed genes in anti-inflammatory macrophages. (B) Results from the 

pathway analysis of these transcripts. (C). The top 15 differentially expressed genes defining 

the activated CD8 T cell cluster. (D) Results from the pathway analysis of these CD8 T cell 

genes. (E) The top 15 surface markers in the activated CD8 T cell cluster. (F) Activated 

CD8 T cells show transcriptional and surface expression of markers consistent with a tissue 

resident effector memory (TREM) phenotype. The top differentially transcribed genes and 

surface markers were defined by false discovery rate (FDR) p-values < 0.05 and stratified by 

relative fold change.
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Figure 5. Cell communication across cluster landscape.
We modeled the interaction strength between the cell clusters across the cohort based 

on predicted receptor and ligand pairings. (A) There was significant cell communication 

across cell clusters. (B) Anti-inflammatory macrophages and CD8 T cell cluster signal 

direction and interaction strength. Anti-inflammatory macrophages had out-going signals 

with significant transduction to CD8 and Activated CD8 T cells. The CD8 T cells had 

in-coming signals from all other populations. (C) Predicted ligand-receptor interactions 

between anti-inflammatory macrophages and CD8 T cells.
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Figure 6. Discordance in anti-inflammatory macrophages and activated CD8 T cells predicts 
allograft failure.
(A) Scatter plot of activated CD8 T cells and anti-inflammatory macrophages colored by 

ALAD status with lines fit via linear regression. (B) Ratio of counts of activated CD8 T cells 

to anti-inflammatory macrophages in ALAD groups. (C) Kaplan Meier plot recipients with 

high activated CD8 T cells (> median) and low anti-inflammatory macrophages (<median, n 

= 10) compared to recipients without this cellular discordance (n = 35). P-values determined 

by (A) linear regression, (B) Mann-Whitney U Test, and (C) Cox Proportional Hazards. Box 

and whisker plot displays individual data points bound by boxes at 25th and 75th percentiles 

and medians depicted with bisecting lines.
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Figure 7. Validation of findings in two separate lung transplant cohorts.
Within an existing BAL sequencing cohort of no CLAD participants (n = 8) and participants 

with incipient CLAD (n = 9), we constructed metagene scores for anti-inflammatory 

macrophages (AIM) and activated CD8 T cells (aCD8). (A) A heatmap showing the 

relative expression of the gene score components by cell cluster type. (B) Anti-inflammatory 

macrophage gene score was decreased in CLAD BAL. (C) Activated CD8 T cell gene score 

was numerically increased in CLAD BAL. Separately, in a tissue gene expression cohort of 

CLAD tissue (n = 3) and no CLAD tissue (n = 1), we measured the same gene expression 

in these 2 cell clusters (D). Around CLAD airways, anti-inflammatory macrophage genes 

were decreased (E) and activated CD8 T cells were increased as compared to no CLAD 

airways. Box and whisker plot displays individual data points bound by boxes at 25th and 
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75th percentiles and medians depicted with bisecting lines. Comparisons in gene scores 

across CLAD conditions were made using Mann-Whitney U tests in the BAL cohort and 

linear regression modeling sample as a random effect.
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Table 1.

Cohort characteristics of ALAD and non-ALAD control recipients

No ALAD (N = 15) ALAD (N = 30) P value

Sex, Male N (%) 9 (60) 19 (63.3) 1

Age, Mean ± SD) 51.9 ± 16.1 57 ± 10.7 0.28

Diagnosis, N (%) 0.46

 ILD 10 (66.7) 26 (86.7)

 COPD 1 (6.7) 1 (3.3)

 CF 1 (6.7) 1 (3.3)

 pHTN 3 (20) 9 (6.7)

Race, N (%) 0.82

 Caucasian 8 (53.3) 18 (60)

 African American 2 (13.3) 3 (10)

 Hispanic 5 (33.3) 7 (23.3)

 Asian 0 (0) 1 (3.3)

 Other 0 (4.5) 1 (3.3)

Transplant Type, N (%) 1

 Single 1 (6.7) 1 (3.3)

 Bilateral 14 (93.3) 29 (96.7)

Sample time, N (%) 0.45

 6-12 months 2 (13.3) 2 (6.7)

 12-18 months 3 (20) 7 (23.3)

 18-24 months 5 (33.3) 5 (16.7)

 >24 months 5 (33.3) 16 (53.3)
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