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Abstract

Rationale Peripheral airway obstruction is a key feature of chronic obstructive pulmonary disease
(COPD), but the mechanisms of airway loss are unknown. This study aims to identify the molecular and
cellular mechanisms associated with peripheral airway obstruction in COPD.

Methods Ten explanted lung specimens donated by patients with very severe COPD treated by lung
transplantation and five unused donor control lungs were sampled using systematic uniform random
sampling (SURS), resulting in 240 samples. These samples were further examined by micro-computed
tomography (CT), quantitative histology and gene expression profiling.

Results Micro-CT analysis showed that the loss of terminal bronchioles in COPD occurs in regions of
microscopic emphysematous destruction with an average airspace size of >500 and <1000 pm, which we
have termed a “hot spot”. Based on microarray gene expression profiling, the hot spot was associated with
an 11-gene signature, with upregulation of pro-inflammatory genes and downregulation of inhibitory
immune checkpoint genes, indicating immune response activation. Results from both quantitative histology
and the bioinformatics computational tool CIBERSORT, which predicts the percentage of immune cells in
tissues from transcriptomic data, showed that the hot spot regions were associated with increased
infiltration of CD4 and CD8 T-cell and B-cell lymphocytes.

Interpretation The reduction in terminal bronchioles observed in lungs from patients with COPD occurs
in a hot spot of microscopic emphysema, where there is upregulation of IFNG signalling, co-stimulatory
immune checkpoint genes and genes related to the inflammasome pathway, and increased infiltration of
immune cells. These could be potential targets for therapeutic interventions in COPD.

Introduction

Early studies of chronic obstructive pulmonary disease (COPD) have shown that the small conducting
airways (<2 mm in diameter) only account for 10% of the total resistance to airflow in healthy adult
human lungs [1]. Subsequent studies have shown that the same small airways that offer so little resistance
to airflow in the normal lungs become the major site of airflow obstruction in lungs from people affected by
COPD, mainly due to increased small airways resistance, increasing by up to 40-fold in severe cases [2].
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Based on these and other data, Meap [3] postulated that the smaller conducting airways constitute a “quiet
zone” within the lungs where disease can accumulate without being noticed by the patient or detected by
routine pulmonary function testing or thoracic imaging [3, 4]. The use of ultra-resolution micro-computed
tomography (CT) has made it possible to count the small airways, which show a 40% reduction in mild and
moderate COPD, and a 70-90% reduction in very severe COPD [5, 6]. Additional studies based on
pre-terminal bronchioles have shown a reduction of alveolar attachments and narrowing of pre-terminal
bronchioles in very severe COPD [7, 8].

Chronic inflammation in COPD is reported to increase mucus production and stimulate the tissue repair
process. Both the mucus and the excess collagen deposited during scar formation have the potential to
influence the lung function of patients affected by COPD [9]. Despite this cascade of new knowledge about
COPD, current treatments for COPD are primarily directed at the relief of symptoms through bronchodilation
rather than at the real cause of small airway obstruction and emphysematous destruction [10]. Thus,
understanding the site and molecular and cellular mechanisms of COPD pathogenesis is important to
identify the underlying causes and potential therapeutic targets of COPD. We postulate that specific gene
profiles are associated with the destruction of terminal bronchioles in COPD. The purpose of this report is to
determine the site of and identify the molecular and cellular mechanisms associated with terminal bronchiole
reduction using a combination of micro-CT, quantitative histology and gene expression profiling.

Methods

Systematic uniform random sampling (SURS) was used to sample ten explanted lung specimens donated
by patients with very severe COPD treated by lung transplantation and five unused donor control lungs,
resulting in 240 samples [11]. The patient demographics of each of the ten COPD and five donor control
lung specimens are shown in table 1.

Specimen preparation

All explanted lungs were inflated with air to a transpulmonary pressure of 30 cm H,O and then deflated to a
pressure of 10 cm H,0O. The pressure was held constant using an underwater seal while the specimen was
frozen solid using liquid nitrogen vapour (—140 to —180°C) and stored in a —80°C freezer. Each frozen
lung was then cut into 2 cm thick transverse slices and SURS was applied to obtain eight paired lung
samples (2x1.6 cm) using a sharpened steel cylinder [5, 11, 12]. One core in each pair was prepared for
micro-CT while the companion core was processed for histology examination and gene expression profiling.

Micro-CT

120 of the 240 samples were examined as previously described [5, 13]. Briefly, each sample was fixed
overnight in a 1% solution of glutaraldehyde in pure acetone. The fixed samples were warmed to room

TABLE 1 Cohort demographics

Group” Age (years) Sex Smoking (pack-years) FEV; (L)
Control 42 M 15 NA
Control 65 F NA NA
Control 64 M 15 NA
Control 53 M 0 NA
Control 7 M 0 NA
COPD 55 M 6 NA
COPD 39 F 18 0.38
COPD 51 M 25 0.49
COPD 55 M 9 0.68
COPD 48 M 25 0.74
COPD 7 F 45 NA
COPD 59 F 40 0.56
COPD 58 F 30 0.69
COPD 55 M 80 0.95
COPD 53 F 24 0.86

FEV,: forced expiratory volume in 1 s; COPD: chronic obstructive pulmonary disease; NA: not available. *: the
ten explanted lungs were from patients with severe COPD who were treated by lung transplantation and the
five control donor lungs, which were not suitable for lung transplantation, were released by the Gift of Life
Program, Philadelphia, USA, and the Katholieke Universiteit Leuven in Belgium.
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temperature, critical point dried and examined by micro-CT [13]. Three-dimensional reconstructions of
micro-CT images of each core were used to identify and count the number of terminal bronchioles per mL of
lung and to measure the mean linear intercept (Lm) at ten regular intervals as previously described [5, 11].

We defined regions of the lung tissue based on three cut-offs of Lm with <500 pm representing a
“normal” Lm, >500<1000 pm as an intermediate Lm and >1000 pm as emphysema (figure 1a, b) [14].

Quantitative histology

The 120 companion samples located adjacent to those cores examined by micro-CT were
vacuum-embedded in cryomatrix and mounted in a cryostat. 10 wum thick serial frozen sections from each
of the tissue cores were used for Movat’s pentachrome staining to determine the general lung architecture,
and immunohistochemistry to estimate the volume fractions of neutrophils (NP57, Dako-Cytomation),
macrophages (CD68, Dako-Cytomation), eosinophils (Hansel’s stain), CD4 T-cells (CD4, NovoCastra
Laboratories), CD8 T-cells (CD8, NovoCastra Laboratories) and B-cells (CD20, Dako-Cytomation) using
automated colour segmentation (ImageScope, Leica) [7]. The organisation of T-cells and B-cells was used
to identify lymphoid follicles. The ratio of airways and vessels with lymphoid follicles in each core was
calculated [15].

Gene expression profiling

Microarray sample processing

RNA was extracted from 20 serial cryosections taken from each of the 120 companion samples using the
RNeasy Mini Kit (Qiagen). The extracted RNA was profiled on an Affymetrix GeneChip Human Gene 1.0
ST Array (ThermoFisher). Additional details as previously described [16] are shown in the supplementary
material. The gene expression data have been uploaded to the Gene Expression Omnibus (GEO) database
and are available under the accession number GSE151052.

Statistical analyses

Histological and micro-CT data

Linear mixed-effect models were used to determine the associations within the same tissue core between
immune cells and the following pathological indices [16]: 1) micro-CT-derived Lm value; 2) ratio of
airways with lymphoid follicles to total number of airways and 3) ratio of vessels with lymphoid follicles
to total vessels (supplementary methods). Multi-test p-values were corrected by Benjamini—-Hochberg false
discovery rate (FDR). FDR<0.1 was considered significant.

Gene profile data analyses

We used a pipeline approach to identify the hot spot gene signature as shown in figure 1c. The focus was
on the genes that were related to the reduction in terminal bronchioles in areas of microscopic/mild
emphysema (hot spot). We used a two-pronged analysis as follows. We determined the correlation of genes
to the reduction of terminal bronchioles using a Spearman rank correlation test after excluding genes with
low expression levels of <2 microarray fluorescence units in more than three samples and low expression
variance of <0.1 (units 0-1) across all samples [16]. In a separate analysis, a linear mixed-effect model was
used to examine all 19718 genes to identify upregulated and downregulated genes in the hot spot region
(FDR<0.1, figure 1c). The resultant signature genes were associated both with terminal bronchiole reduction
and the hot spot. The potential functions of these signature genes were further explored in a human
protein—protein interaction immune network [17] as described in detail in the supplementary material.

Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) was used to determine which of the signature genes were
differentially expressed in the hot spot versus non-hot spot regions (details in the supplementary methods;
supplementary figure E1). Differences were assessed using a linear mixed-effect model. Based on the
identification of the most enriched gene list, additional gene expression analyses on the appropriate
downstream targets were conducted.

CIBERSORT
CIBERSORT was used to assess the microarray transcriptomic data to predict the relative proportion of
immune cells in the lung tissue [18] and a linear mixed-effect model was used for statistical comparison.

Results

Micro-CT: hot spot for reduction in terminal bronchioles

Figure 1a shows the number of terminal bronchioles per mL of lung across the different regions of the
lung stratified based on Lm. The hot spot (Lm>500<1000 pm) region demonstrated a significant reduction
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FIGURE 1 a) Identification of the hot spot region. The mean linear intercept (Lm) represents alveolar size. The two dashed vertical lines demarcate
three regions of Lm: pre hot spot <500 um; hot spot >500 and <1000 um; post hot spot >1000 pm. A sharp reduction in the number of terminal
bronchioles per mL of lung is detectable when Lm is >500. The number of terminal bronchioles per mL of lung was significantly different between
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regions as calculated using a linear-mixed-effect model. *: p<0.05; **: p<0.01; ***: p<0.005; ****: p<0.001. b) Micro-computed tomography (CT)
images of a donor control sample and two chronic obstructive pulmonary disease (COPD) lung samples with Lm of 371 um, 778 um and 1479 um,
respectively. The colour frame around panel (b) relates to the categories in panel (a). Scale bars: 2 mm. c) Schematic flow diagram of the pipeline
used to identify the 11-gene signature for the hot spot. The genes that had both strong correlations with terminal bronchiole reductions and
significant differential expression in the hot spot are identified as signature genes for the hot spot in this study.

in the number of terminal bronchioles per mL of lung compared with the “pre hot spot” (Lm<500 pm)
regions (p<0.005). There was an additional reduction of terminal bronchioles in the “post hot spot”
(Lm>1000 pm) regions (p<0.001). Micro-CT analysis demonstrated that this reduction in the number of
terminal bronchioles per mL of lung tissue occurred in tissue where airspace enlargement was just beyond

the upper limit of normal (494 pm, figure 1a, b) [14].

Quantitative histology: immunohistochemistry

Figure 2 shows increased volume fraction of CD8 T-cells, CD4 T-cells and B-cells and decreased volume
fraction of neutrophils and CD68 macrophages in the hot spot (500<Lm<1000 pm) and the post hot spot

CD8 cells B-cells Neutrophils

CD4 cells

Macrophages

Infiltration level

Infiltration level

Infiltration level

Infiltration level

Infiltration level

T T T
<500um  Hotspotregion  >1000 um
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Classification by air space size

FIGURE 2 Histological data in control and chronic obstructive pulmonary disease samples. Relationship between volume fraction of immune cells
(positive on immunohistochemical staining) in three regions: hot spot, pre hot spot and post hot spot demarcated by mean linear intercept (Lm).
Histological slides are shown in the left panels (scale bars: 300 pm) and corresponding box plots are shown in the right panel. The volume fraction
of neutrophils and macrophages decreases, while those of B-cells, CD8 T-cells and CD4 T-cells are increased in hot spot and post hot spot. Data
presented as median and 5-95% quartiles. p-value calculated using a linear mixed-effect model. *: p<0.05; **: p<0.01; ***: p<0.005; ****: p<0.001.
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regions compared with those in the pre hot spot (Lm<500 um) region. The corresponding stained cells in
the histological slides are also shown in figure 2.

The Lm was strongly associated with the volume fraction of CD4 T-cells and B-cells (FDR<0.1,
supplementary table E1). The ratio of vessels with lymphoid follicles to total vessels was also associated
with the volume fraction of CD4 and CD8 T-cells, B-cells and macrophages (FDR<0.1), whereas the ratio
of airways with follicles to the total number of airways was not significantly associated with volume
fraction of any of the immune cells.

Signature genes in the hot spot

Figure 1c shows the results of pipeline gene profile analysis for pre hot spot, hot spot and post hot spot
regions in relation to terminal bronchioles. 113 genes were downregulated and 179 genes were upregulated
with the reduction in terminal bronchioles (correlation coefficient >0.5 and <—0.5, respectively). Of all
19 718 genes, 313 were upregulated and 175 were downregulated in the hot spot (FDR<O0.1, figure 1c;
additional details in the supplementary material).

The 11 hot spot signature genes shown in table 2 that are also associated with terminal bronchiole
reduction are those known to be involved in the tissue repair process (supplementary figure E2). Output
from the human protein—protein interaction immune network showed that among these 11 genes, two
genes associated with the tissue repair process were differentially regulated: FGF10 was downregulated in
the hot spot region (p<0.05) and upregulated in the post hot spot region (p<0.01), while TGFB2 was
upregulated in the hot spot (p<0.005, supplementary figure E2).

Gene Set Enrichment Analyses

GSEA identified the most significant gene list in the hot spot as the activated genes in the
“HALLMARK_INTERFERON_GAMMA_RESPONSE” (supplementary figure E3) [19, 20]. In our
samples, IFNG and its target genes, including the T-cell chemokines CXCL9, CXCL10 and CXCL11, were
all upregulated in the hot spot (p<0.05, figure 3a—d). IFNGR1 was significantly downregulated in the hot
spot and post hot spot regions (p<0.05, figure 3e).

Gene expression analyses on genes functionally related to the interferon-y (IFN-y) pathway showed there
was significant upregulation of co-stimulatory immune checkpoint genes CD40L, CD40 (p<0.001), CD27
(p<0.001), ICOS (p<0.001), CD28 and CD80/86 (p<0.01) (figure 4a—g), but decreased expression of the
co-inhibitory immune checkpoint gene CD274 (PDL1, p<0.01, figure 4h) (supplementary table E2).
Additionally, genes including CASP1, NODI1 and IL18 (involved in the inflammasome pathway) and
MAP3K14 (involved in nuclear factor-kB (NF-kB) signalling) were upregulated in the hot spot (p<0.01,
supplementary figure E4a—d) [21-23], while TREX1 was downregulated in the post hot spot (p<0.001,
supplementary figure E4e).

TABLE 2 The 11 signature genes detected in the hot spot of microscopic emphysema and terminal
bronchiole reduction

Gene Fold change” FDR* Spearman CC with the change in TBs®
FGF10 0.83 0.0365 0.50
FAM176C 0.75 0.0539 0.53
BTNL8 0.89 0.0779 0.59
AMY2B 1.03 0.0709 —-0.56
GPR64 1.23 0.0130 —0.53
HCST 131 0.0924 -0.57
APOBEC3C 1.34 0.0072 —-0.53
ISLR 1.36 0.0453 —0.53
TGFBI 1.08 0.0297 —-0.53
DCSTAMP 1.57 0.0474 -0.50
GSTO1 1.04 0.0575 —-0.58

FDR: false discovery rate is the expected proportion of Type 1 errors; CC: correlation coefficients; TB: terminal
bronchiole. *: fold change (change in expression) and FDR calculated based on the comparison between the hot
spot region and the non-hot spot regions; *: Spearman CCs show the association between the number of
terminal bronchioles and the expression level of each gene.
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CIBERSORT

CIBERSORT results confirmed those found on histology: increased infiltration of CD4 and CD8 T-cell
and B-cell lymphocytes in the hot spot (p<0.05, figure 5a—c). CIBERSORT showed an increase in
pro-inflammatory M1 macrophages (p<0.005) in the hot spot without significant changes in MO and M2
macrophages (figure 5d-f).

Discussion

This study characterised the site and the molecular and cellular mechanisms associated with reduced
numbers of terminal bronchioles using a combination of micro-CT, quantitative histology and gene
expression profiling. To our knowledge, this is the first study focusing on small airways to use
transcriptomic analyses to identify genes that are associated with specific zones of reduced terminal
bronchioles within the lungs in COPD. Micro-CT data suggest that the disease begins in a hot spot that has
marked reduction of terminal bronchioles in tissue with microscopic emphysema, a region beyond the
detection limit of conventional CT scan. The activity in this hot spot is driven by a panel of molecular
events, as indicated by a distinct gene signature, a differential gene expression profile and activation of
specific immune cells validated by increased immune cell infiltration on quantitative histology. The gene
signature associated with this site is consistent with that of the repetitive injury and repair process while
gene expression profiling indicates that the immune system is selectively activated. The details from this
study could inform research of potential targets for therapeutic interventions in COPD [24, 25].

The hot spot signature genes and their direct interactors involved in the tissue repair process support the
hypothesis that the pathogenesis of COPD is driven by an aberrant tissue injury and airway remodelling
process perpetuated by the inhalation of toxic particles and gases [25]. Based on the expression patterns of
these genes for FGF10 and TGFB, which are growth factors for the proliferation of fibroblasts, endothelial
cells and specialised fibrogenic cells, we speculate that the tissue repair process involved in the
remodelling of airways could lead to scar formation in airway walls [6], the contraction of which could
further obliterate the airway lumen and thus explain the reduction in terminal bronchioles.
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These transcriptomic analyses of tissue samples obtained using a standardised protocol of SURS of the
explanted lung from patients treated by lung transplantation for COPD adds to studies based on
convenience samples and surgical biopsies of lung tissue from patients with COPD [16-19]. Specifically,
the gene profiles in the hot spot advance the molecular understanding of small airway disease in COPD
because we identified genes upregulated in response to IFNG (HALLMARK_INTERFERON_GAMMA _
RESPONSE) to be the most significantly enriched gene list in the hot spot. This and the upregulation of
the target chemokines CXCL9, CXCL10, CXCL11 and the kinase MAP3K14 concurrent with the
downregulation of IFNGR1 and TREX1 are all consistent with previous histochemical and in vitro cellular
studies that implicate IFN-y stimulation and T-cell activation in COPD [15, 26-28]. The functional
implications are as follows: upregulation of the chemokines, with upregulation of the kinase that could
then trigger inflammation via the transforming growth factor-f pathway and stimulation of NF-xB activity
[27]; downregulation of IFNGRI, affecting susceptibility to infection [29]; and downregulation of TREX1,
which is associated with senescence-associated secretory phenotypes [30].

GSEA also yielded patterns for the regulation of immune checkpoint genes that have been documented to
cause excessive T-cell inflammation in COPD [31]. Within the hot spot of microscopic emphysema and
terminal bronchiolar reduction, we found evidence for activation of the adaptive immune responses in
COPD, such as upregulation of co-stimulatory immune checkpoint genes, including CD40, and
downregulation of the inhibitory immune checkpoint gene CD274 (PDL1). Moreover, upregulation of the
pyroptosis/inflammasome pathway-related genes, including CASP1, NODI1 and IL18, which are critical
components of the innate immune system and involved in microbial infection and cellular damage, is
relevant to repeated inflammation and repair, and another potential explanation for the reduction of
terminal bronchioles in patients with COPD. This activation of the immune system is further supported by
increased infiltration of CD4 and CD8 T-cell and B-cell lymphocytes in the hot spot region based on
quantitative histology and identification of the subset of cells by CIBERSORT in this study.

We found good agreement between the results from quantitative histology and CIBERSORT in patterns of
immune cell infiltration, but CIBERSORT provided additional novel insight into differential macrophage
dynamics. The quantitative histology analysis showed an overall reduction in macrophages, whereas the
CIBERSORT result showed an increase of M1 but no change for MO and M2 macrophages. Such an
abnormal M1/M2 macrophage phenotype profile is associated with cytokine imbalance in the small airway
wall and lumen in smokers and COPD [32] and could be an additional explanation for terminal bronchiole
destruction over time.

An intriguing finding from the quantitative histology was the observation that the ratio of vessels with
lymphoid follicles to total vessels is associated with the infiltration of CD8 T-cells, B-cells and
macrophages (FDR<0.1), whereas the ratio of airways with follicles to the total number of airways is not
similarly associated. It is conceivable that lymphoid follicles on vessels could be more easily formed than
lymphoid follicles on airways. The presence of lymphoid follicles with germinal centres is indicative of an
adaptive immune response, is part of the remodelling process and results in scar formation, contraction and
distortion of the airways with a resulting impact on lung function in patients with COPD [33]. We
speculate that preventing lymphoid follicle formation or immune cell infiltration could be an effective way
of reversing the pathogenesis of COPD.

This study has several limitations. First, we were only able to examine the lungs of patients with end-stage
COPD. Because it is not possible to obtain whole lungs from patients at different stages of COPD severity,
we instead compared the differences in disease severity in different regions of the same lung. Second,
quantitative histology could not discriminate different subtypes of macrophages and we could only rely on
CIBERSORT to infer the differences among distinct macrophage phenotypes [32]. Third, the cellular
components of the lung tissues in this project might be different from the samples used in a previous
publication [18]. It is possible that CIBERSORT may not accurately estimate the absolute numbers of
individual cells, but in this study we have focused on the relative proportions rather than absolute numbers
of different immune cells in lung tissues. These findings were largely validated by immunohistochemistry [18].
Fourth, microarrays were used in this study to identify signature genes. Although microarray data correlate well
with RNA-sequencing data [34, 35], it is possible that some genes, especially those that have low expression,
may have been missed [36]. Despite this limitation, we believe that the data from our analyses reflect the
pathological and immunological events occurring in COPD for two reasons: previous authors had shown
comparable results between microarray and RNA-sequencing [34, 35, 37]; and the microarray data used in our
computational models of GSEA and CIBERSORT were able to identify 1) significant differences between
cases and controls, with validation by quantitative histology, and 2) key gene pathways relevant in COPD.
Fifth, the number of subjects analysed in this study was relatively small owing to the study design, which
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required excised lung specimens. We acknowledge that a bigger validation dataset would be needed to test for
causal relationships between immune response activation, obliteration of lumen due to tissue repair and
pathogenesis of COPD. Finally, the clinical relevance of immune modulation may not be as intuitive in COPD
as in asthma. Yet, the use of broad-spectrum anti-inflammatories such as inhaled corticosteroids and macrolides
have had modest but significant salutary effects in COPD, including reducing symptoms and the risk of
exacerbations and possibly mortality [38]. However, to date, there is no conclusive clinical trial evidence that
any treatment for COPD can modify the long-term decline in lung function. Our observations of immune
balance in small airway pathology could be a guide for further research into new immunomodulatory
treatments for COPD.

In conclusion, this study shows that terminal bronchioles are destroyed within regions of microscopic
emphysema in COPD. Importantly, our data identify a gene signature that is associated with the repetitive
injury and repair process. The expression patterns of genes support the concept that immune response
activation in COPD might initiate tissue destruction. Activation of the immune response is further
supported by the increased infiltration of immune cells in lung tissue based on both quantitative histology
and CIBERSORT. These specific genes and related cellular events could be potential targets for
therapeutic interventions in COPD.
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