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. The introduction of microCT has made it possible to show that the terminal bronchioles are narrowed

. and destroyed before the onset of emphysematous destruction in COPD. This report extends those
observations to the cellular and molecular level in the centrilobular phenotype of emphysematous

. destruction in lungs donated by persons with very severe COPD (n =4) treated by lung transplantation

. with unused donor lungs (n = 4) serving as controls. These lung specimens provided companion samples

© to those previously examined by microCT (n = 61) that we examined using quantitative histology

. (n=61) and gene expression profiling (n = 48). The histological analysis showed that remodeling and
destruction of the bronchiolar and alveolar tissue is associated with macrophage, CD4, CD8, and B
cell infiltration with increased formation of tertiary lymphoid organs. Moreover, gene set enrichment
analysis showed that genes known to be expressed by natural killer (NK), lymphoid tissue inducer
(LTi), and innate lymphoid cell 1 (ILC1) cells, but not ILC2 or ILC3 cells, were enriched in the expression
profiles associated with CD4, CD8, and B cell infiltration. Based on these findings, we postulate that the
centrilobular phenotype of emphysematous destruction COPD is driven by a Th1 response activated by
infiltrating ILC1, NK, and LTi cells.

: The decline in lung function used to measure the progression of chronic obstructive pulmonary disease (COPD)
. has frequently been linked to the infiltration of lung tissues by polymorphonuclear leukocytes (PMNs), mac-
. rophages, CD4, CD8, and B cell lymphocytes'=*. In addition, studies from several laboratories have shown that
: this infiltration is associated with a sharp increase in tertiary lymphoid organ formation consistent with an adap-
* tive immune response®”’. Although once considered a curiosity, this pattern of progressively increasing mac-
- rophage, CD4, CD8, and B cell lymphocyte infiltration with tertiary lymphoid organ formation is now recognized
© to be a fundamental pathological process that links the host inflammatory immune response to a destructive form

of tissue repair®. This type of tissue response may be either beneficial to the host by combating invasive tumors
* and infections or detrimental to the host by initiating tissue destruction in many different organs® and possibly
. peripheral lung tissue in COPD®". In addition, a recent review of the biology of the innate immune response by
. Artis and Spits’® suggests that the newly discovered innate immune lymphoid cells (ILCs) termed ILC1, ILC2, and
. ILC3, that have only recently been demonstrated in human lung tissue'?, interact with innate immune lymphoid
. tissue inducer (LTi) cells and natural killer (NK) cells to deliver a potent innate immune stimulus to the adaptive
. immune response without the requirement for antigen presentation. Further, these new data also suggest that

ILC1 cells preferentially stimulate a Th1 response, that ILC2 cells stimulate a Th2 response, and that the ILC3 cells
* stimulate Th17 and Th22 adaptive immune responses’. The purpose of this report is to examine the relationship
. between these infiltrating inflammatory immune cells and the remodeling and destruction of both bronchiolar
. and alveolar tissues in the earliest stages of emphysematous destruction before the lesions become large enough
: to be visualized on thoracic multi-detector computed tomography (MDCT) scans.
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Patient ID Control #1 | Control #2 | Control #3 | Control #4 | COPD #1 | COPD #2 | COPD #3 | COPD #4
Phenotype Donor Donor Donor Donor CLE CLE CLE CLE
Number of cores 8 8 8 5 8 8 8 8
Sex M M M M M F F M
Age 51 59 62 43 62 63 56 59
Pack-years 39 0 24 0 50 38 54 30
FEV, (% predicted) N/A N/A N/A N/A 21 12 24 15
FEV/FVC (%) N/A N/A N/A N/A 22 26 24 35
Sa0, (%) 99 99.5 99 99.8 71 85.4 97.2 98
Lung volume (ml) 2826 3227 2959 3992 3053 2169 3559 5042
Gas volume (ml) 2522 2890 2670 3673 2671 1899 3234 4675
Tissue volume (ml) 304 337 289 318 382 270 325 368

Table 1. Subject demographics. CLE = centrilobular emphysema, FEV, = forced expiratory volume in one
second, FVC = forced vital capacity, SaO, = arterial oxygen saturation, N/A = data not available.

Results

Patient demographics. Table 1 shows the age, sex, smoking histories, and SaO, for all 8 subjects as well
as total tissue and gas volumes computed from MDCT specimen scans, the numbers of lung slices examined/
specimen, numbers of samples examined/slice, and total number of tissue samples examined/lung specimen. In
addition, the data also shows that the FEV, and FEV/FVC indicate all 4 of the subjects with COPD were in the
very severe (GOLD 4) disease category.

Quantitative histology. We estimated tissue volume, volume fraction (Vv) of elastin, collagen I and II,
and inflammatory cells both in bronchiolar and alveolar tissues using a multi-level sampling design. Figure 1A
and B compare the changes in total bronchiolar and alveolar tissue volumes at different stages of emphysematous
destruction. There was a small statistically insignificant increase in both bronchiolar and alveolar volumes in the
diseased lungs when Lm remained below the upper limit of normal observed in control lungs (600 um)*! com-
pared to the control donor lungs (Lm <482 um in this study). Then, both bronchiolar and alveolar tissue volumes
decreased as emphysematous destruction progressed. As expected from earlier publications'> %, Vv of elastin
decreased in bronchiolar tissue and increased with abnormal appearance in alveolar tissue compared to control
lungs (Fig. 1C,D, Supplementary Figure S1A) as Lm increased. Furthermore, this destructive remodeling process
is associated with a significant increase in ratio of collagen I to III in both tissues compared to the control lungs
(Fig. 1C,D, Supplementary Figure S1B,C). These findings are consistent with scar formation in these tissues before
the emphysematous lesions became large enough to be visible on thoracic MDCT scans.

Figure 2A shows that when the inflammatory immune cell infiltration into bronchiolar tissue was compared
to control lungs, Vvs of macrophages, CD4 cells, and B cells in bronchiolar tissue were increased in diseased lungs
compared to control lungs. And Fig. 2B shows that Vvs of macrophages, CD4 cells, CD8 cells, B cells, and eosino-
phils in alveolar tissue were increased in emphysematous lung tissue compared to the controls. Collectively, these
findings suggest that the destructive remodeling of both in bronchiolar and alveolar tissues is associated with pro-
gressive infiltration by macrophages, CD4, and B cells with additional infiltration of the alveolar tissues by CD8
cells and eosinophils. Supplementary Figure S2 provides representative images of these changes and a complete
summary of all the primary data is provided in Supplementary Table S3. In addition, the analysis of the histology
confirmed the increased formation of tertiary lymphoid organs in the diseased lungs compared to the control
lungs (Fig. 2C), as well as a close association between the increase in Lm and Vv of infiltrating macrophages in
alveolar tissue (Fig. 2D).

Next, we performed a random forest analysis with the Boruta selection feature!* to determine which of the
microCT and histological measurements best predicted the increase in Lm. The results of the random forest
analysis (Table 2) confirmed the initial analysis by showing that the infiltration of the tissues by CD4 cells, B
cells, macrophages, and eosinophils, as well as the reduction in numbers of terminal bronchioles, and increase in
collagen I were the best predictors of the increase in Lm observed in this study. Further, when all of these compo-
nents were reanalyzed using a multivariate linear mixed-effects model, the infiltration of macrophages (p =0.01),
CD4 cells (p=10.05), and B cells (p =0.006) into the alveolar tissue were associated with the increase in Lm (see
Supplementary Table S4).

Gene expression profiling. We associated gene expression profiling of whole lung tissue by mRNA
microarray with histological measurements. Table 3 shows that macrophage infiltration is associated with the
expression of 353 genes and that PMN infiltration is associated with the expression of 2467 genes (FDR < 0.10).
Moreover, the chi-square analysis showed that 39 genes associated with macrophage infiltration, 15 genes asso-
ciated with CD4 cell infiltration, and 20 genes associated with B cell infiltration were enriched in the previously
reported 127 gene signature for emphysematous destruction'®. In sharp contrast, only 1/2467 gene expressed in
association with neutrophil infiltration was enriched in the 127 gene expression signature for emphysema. In
addition, this analysis also showed that 14 genes were expressed in association with the infiltration of the tissue by
more than one of these three infiltrating cells (see Supplementary Table S5).
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Figure 1. The changes in bronchiolar tissue volume of lung cores that contained small airways (n=42) (A),
alveolar tissue volume of all lung cores (n=61) (B), and volume fractions of elastin and collagen I/III ratio

in the bronchiolar tissue (C) and the alveolar tissue (D). Each color code represent tissue samples from each
patient. *p < 0.05 versus control, 'p < 0.05 versus Lm < 600 um, *p < 0.05 versus 600 < Lm < 1000 pm by a linear
mixed-effects model considering the subject as a random effect.

We also performed a gene set enrichment analysis (GSEA)'® to determine if the gene expression signatures
associated with infiltrating inflammatory cells were enriched by genes in the published gene sets associated with
innate immune cells and dendritic cells. This GSEA analysis showed (Table 4) that previously published lists of
genes expressed by NK cells, LTi cells, and ILC1 cells were enriched in the expression profiles associated with
CD4, CD8, and B cell infiltration, whereas the genes expressed by ILC2 cells were not enriched in any of these
profiles, and the genes expressed by ILC3 cells were only enriched in the profile associated with infiltrating CD8
cells. On the other hand, the published list of genes expressed by dendritic cells was enriched in the expression
profiles associated with PMN, macrophage, CD4, CD8, and B cell infiltration.

Discussion

McDonough et al.'* combined the analysis of MDCT scans of intact air inflated lung specimens with microCT
studies of samples of tissue removed from these lungs. They showed that destruction of the terminal bronchioles
precedes the onset emphysematous destruction measured by microCT and that the destruction of the terminal
bronchioles is well established when the emphysematous lesions become large enough to be visualized on thoracic
MDCT scans. The present results substantially extend these findings by providing quantitative information about
the changes in histology and gene expression profiling associated with this progressive destruction of bronchiolar
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Figure 2. The changes in volume fractions of macrophages, CD4 cells, CD8 cells, B cells, eosinophils, and
PMN:ss in the bronchiolar tissue (A) and the alveolar tissue (B). *p < 0.05 versus control, Tp < 0.05 versus

Lm <600 um by a linear mixed-effects model considering the subject as a random effect. (C) Average
percentage of airways and vessels with lymphoid follicles. *p < 0.05 versus control. (D) Relationship between
volume fraction (Vv) of macrophages in the alveolar tissue (alveolar wall + alveolar space) and the severity of
emphysematous destruction (natural log of Lm). Each color code represents tissue samples from individual
patient.
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Vv B cells (alveolar tissue) 1 Positive 10.26
Vv B cells (alveolar & bronchiolar average) 2 Positive 10.18
Vv macrophages (alveolar wall) 3 Positive 8.65
Vv CD4 cells (alveolar tissue) 4 Positive 8.59
Vv macrophages (alveolar & bronchiolar average) 5 Positive 7.66
Vv collagen I (alveolar wall) 6 Positive 6.76
Vv macrophages (alveolar tissue) 7 Positive 6.76
Number of terminal bronchioles/ml 8 Negative 6.62
Vv CD4 cells (alveolar & bronchiolar average) 9 Positive 5.72
Vv eosinophils (alveolar tissue) 10 Positive 4.04
Vv B cells (bronchiolar tissue) 11 Positive 3.95

Table 2. The variables that predict an increase in Lm based on a random forest analysis using the Boruta feature
selection. Vv = volume fraction. Information of all variables that were put into the Boruta feature selection is
shown in the online supplement. Directionality was determined by Spearman’s rank correlation coefficient.

Lm 127 127

Macrophages 353 39%* p<0.001
CD4 cells 0 15% p<0.001
CD8 cells 0 0 p=0.94
B cells 0 20%* p<0.001
Eosinophils 0 0 p=0.94
PMNs 2467 1 p=0.94

Table 3. Genes associated with infiltration macrophages, CD4 cells, and B cells are enriched in a previously
reported 127 gene expression profile associated with emphysematous destruction (Lm). Lm = mean linear
intercept. *Although the total number of genes in the expression profiles associated with macrophage, CD4, and
B cell infiltration was 74, the total number included in the previously reported 127 gene expression signature

is reduced to 58 because 14 of these genes were expressed by more than one cell (see list in Supplementary

Table S5).

NK cells — — — — 0.007 0.08 0.09
LTi cells — — — — 0.08 0.09 0.08
ILC1 — — — — 0.015 0.09 0.05
ILC2 — — — — — — —
ILC3 — — — — — 0.09 —
DC — — 0.01 0.003 0.002 <0.001 0.05

Table 4. Genes expressed by innate immune cells are enriched in genes associated with inflammatory cell
infiltration. Only FDR values at 0.10 or less are listed in the table and (—) indicates values above FDR cutoft
0f 0.10. NK = natural killer, LTi = lymphoid tissue-inducer, ILC = innate lymphoid cell, DC = dendritic cells,
Lm =mean linear intercept.

and alveolar tissues. For example, the modest trend towards an increase in both bronchiolar and alveolar tissue
volume in regions of the diseased lungs where Lm remained within the upper limits of the range normal can be is
attributed to swelling of these damaged tissues. Furthermore, the progressive reduction in both bronchiolar and
alveolar tissues that occurred in diseased lungs after Lm increased beyond the upper limits observed in control
lungs is consistent with earlier reports showing that the elastin content of the bronchioles is decreased!? and that
there is an increase in elastin in alveolar tissue undergoing destruction'. In addition, the progressive increase in
the collagen I/II1 ratio as Lm continues to increase is consistent with scar tissue formation during this destruc-
tive remodeling process'”. Further, the association between the destructive remodeling processes observed in
both bronchiolar and alveolar tissue with the infiltration of macrophages, CD4 cells, and B cells, with additional
infiltration of the alveolar tissue CD8 lymphocytes and eosinophils (Fig. 2A and B) combined with increased
formation of tertiary lymphoid organs (Fig. 2C), is consistent with the presence of an adaptive immune response.
Moreover, the observation that the association between infiltrating cells and the increase in Lm was strongest
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for the macrophages and weakest for PMNs (Fig. 2A,B) plus the observation that this relationship between the
increase in Lm and macrophage infiltration was maintained when based on individual cores of tissue rather than
the entire lung (Fig. 2D) singles out the alveolar macrophage as the most probable phagocyte associated with
emphysematous destruction in COPD. The random forest analysis of the entire data set (Table 2) confirmed that
infiltrating cells plus the reduction in numbers of terminal bronchioles provide the best predictors for the increase
in Lm. This strongly supports the hypothesis that there is a strong association between the destruction of terminal
bronchioles in the centrilobular emphysematous phenotype of COPD and the presence of an adaptive immune
response that activates macrophages to destroy the bronchiolar and alveolar tissue.

Remarkably, this within lung comparison of the changes in histology observed in association with an
increase in Lm within individual lungs is surprisingly similar to a previously reported between lung com-
parison of the histological changes observed when lungs from smokers with normal lung function were
compared to lungs from persons at all 4 stages of the GOLD classification of COPD severity®. Both studies
showed the measurements of disease progression are associated with infiltration of the tissues by mac-
rophages, CD4 cells, CD8 cells, B cells, and tertiary lymphoid organ formation. The major strength of the
between lung comparison reported in 2004 is that it allowed disease progression to be linked to routine
measurements of lung function obtained over the full range of the 4 stages of COPD severity. In contrast,
the major strength of the present within lung comparison is that it allows the changes in histology and gene
expression profiling to be compared on the unique genetic background and similar environmental expo-
sures received by individual persons.

The gene expression profiles associated with infiltrating cells visible on histological examination were obtained
using a modification of the approach developed by Campbell et al.'* to determine the 127 gene expression sig-
nature associated with increasing Lm, where instead of inserting a value for Lm into equation 2 of the linear
mixed effect model’®, we inserted the Vv of the infiltrating cell of interest (see Supplementary Methods). The
gene expression signatures associated with these each of these infiltrating cells was then compared to the previ-
ously reported 127 gene signature for emphysematous destruction'® (Table 3). These results showed that 39/353
genes associated with macrophage infiltration were enriched in the previously reported 127 signature for emphy-
sematous destruction', whereas only 1/2457 genes associated with PMN infiltration were enriched in this same
signature. Further, this gene expression signature for emphysematous destruction is also enriched by 15 genes
associated with CD4 cell infiltration and 20 genes associated with B cell infiltration. Collectively, these data pro-
vide preliminary support for the concept that the gene expression profiles associated with macrophage, CD4 cell,
and B cell infiltration accounted for 58/127 (46%) of the 127 genes the previously reported expression signature
for emphysematous destruction observed in these same tissues'®. Moreover, the observation that 14 of these
58 genes were associated with more than 1 of these phenotypes of infiltrating cell suggests complex milieu of
cytokines and chemokines required to drive this destructive process requires extensive co-operation between
several different cell types. It is also of interest 5 of these 14 genes (i.e., WFDCI, ACVRL1, STARD13, OSBPL3,
and BCL11A) have already been implicated in several different aspects of the tissue repair process. For exam-
ple, WEDC1 is associated with the tissue repair that occurs in response to infection'®, and ACVRL1, STARD13,
OSBPL3, and BCL11A are associated with angiogenesis, hematopoietic cell differentiation, and B cell function,
respectively!®-22,

Although others have linked PMN, macrophage, and lymphocyte infiltration to a decline in lung func-
tion!”’, Finkelstein et al.”® were the first to directly demonstrate that emphysematous destruction is more
closely associated with lymphocyte and macrophage rather than PMN infiltration. The present results sub-
stantially extend those earlier observations by showing that genes associated with infiltrating macrophages,
CD4 and B cell lymphocytes account for 58/127 (46%) of the 127 gene expression signature previously
associated with emphysematous destruction, and that the infiltrating macrophages account for 39/58 (67%)
of the genes associated with infiltrating cells that are enriched in the 127 gene expression signature for
emphysematous destruction. These observations add to the mounting evidence infiltrating macrophages
are the most important phagocyte associated with destruction of both bronchiolar and alveolar tissue in
the centrilobular phenotype of emphysematous destruction in COPD. Importantly, the rapidly expanding
literature on macrophage function suggests that CD68 used to identify macrophages in this study probably
stains several different macrophage phenotypes created by their surrounding cytokine milieu?-2°. Moreover,
in vivo studies of the repair of full thickness skin wounds in genetically modified mice have shown that
depleting the macrophages at different time points during this repair process results in remarkably differ-
ent outcomes®. These findings strongly support the hypothesis that different phenotypes of alternatively
activated macrophage may emerge to control different features of this repair process. On the other hand,
CD68 has been reported to be not specific for macrophages**-*’, and it was shown to be also expressed by
fibroblasts in airway wall’’. Although the quantification of macrophages was performed based on both of
CD68-positivity and typical cell morphology in this study, incidental inclusion of the CD68-positive fibro-
blasts could be one of the limitations of this study.

Finally, Table 4 provides preliminary data relevant to the explosion of interest in the innate immune system
recently reviewed by Artis and Spitz® by using existing lists of the gene expression profiles associated with the rela-
tively newly discovered innate immune lymphoid cells termed ILC1, ILC2, and ILC3 that have only recently been
demonstrated in human lung tissue'?, in addition to other lists of LTi cells, NK cells, and dentritic cells that are
thought to deliver a potent innate immune stimulus to the adaptive immune response to antigens that were pre-
viously ignored by the host immune system. Moreover, Artis and Spits have reviewed the evidence that ILC1 cells
preferentially stimulate a Th1 response, that ILC2 cells preferentially stimulate a Th2 response, and that the ILC3
cells preferentially stimulate Th17 and Th22 adaptive host immune response’. We used GSEA analysis (Table 4)
to show that genes known to be expressed by NK, LTi, ILC1, and dendritic cells were enriched in the expression
profiles associated with infiltrating CD4, CD8, and B cell lymphocytes, whereas genes known to be expressed by
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ILC2 cells were not enriched in the expression profiles associated with any of these cells, and the genes expressed
by ILC3 cells were only enriched in the expression profile associated with infiltrating CD8 cells. These results
provide preliminary evidence in support of the concept that ILC1, NK, LTi, and dendritic cells may be responsi-
ble for the activation of the Th1 response associated with emphysematous destruction that has been previously
reported by several different laboratories®> **. Moreover, we find the hypothesis particularly attractive because it
has the potential to explain several very poorly understood features of the pathogenesis of COPD. For example,
the well-established observation that only a “susceptible minority” of smokers develops the rapid decline in lung
function that leads to the early onset COPD might be explained if innate immune stimulation could only induce
this type of Th1 response to microbial antigens that emerged as the microbiome loses its diversity in COPD3.
Further, auto antigens to such as abnormal elastin that might appear during either abnormal lung development
or an abnormal tissue repair process®> *® might induce a host response that prevented the lung from developing
normal maximal flows in and out of the lungs by age 25%.

Although the present results must be considered preliminary in nature for reasons that include the small num-
bers of cases that have examined to date, as well as the fact that all of the diseased lungs all came from persons with
very severe (GOLD 4) COPD. Recent study showed hypo-cellularity in airway wall tissue of mild-to-moderate
COPD patients compared with non-smokers®!, suggesting that total cellularity in airway wall tissue might be
different between mild-to-moderate and severe COPD patients. We also did not collect information about med-
ication including inhaled or oral corticosteroids that might affect pathological findings of this study. In addition,
because the fixation process used to obtain the microCT studies rendered the tissue unsuitable for either the
histology or gene expression profiling studies, the histology and gene expression profiling studies were examined
on companion samples of lung located adjacent to those examined by microCT. In future studies, the majority
of these problems will be corrected using a novel approach recently reported by Vasilescu et al.*® from our group
that will allow the histology and gene expression profiling studies to be performed on exactly the same samples
of tissue.

In summary, we provided histological evidence that the bronchiolar and alveolar tissues were extensively
remodeled and partially destroyed before the emphysematous lesions can be detected on thoracic MDCT scans.
In addition, a large percentage of the 127 gene expression signature for emphysematous destruction were also
enriched in the expression signatures associated with macrophage, CD4, CD8, and B cell lymphocyte infiltration.
Finally, the analysis of genes known to be expressed by NK, LTi, and ILC innate immune cells has generated the
intriguing hypothesis that innate immune stimulates the adaptive immune system to respond antigens that are
already present in the lungs. Because these preliminary results were came from only 4 COPD lungs and 2 to 4
control lungs, our findings would be more robust if the number of cases were greater.

Methods

Informed consent was obtained directly from patients on the waiting list for treatment of very severe (GOLD
4) COPD by lung transplantation at the University of Pennsylvania Hospital (n=4) and from the next of kin
of organ donors (n =4) by the Gift of Life program in Philadelphia whose lungs served as controls when they
were considered unsuitable for transplantation!! !>, This study was approved by the institutional review boards
(the human ethics approval certificate number from the Providence Health Care Research Ethics Board at St.
Paul’s Hospital: H07-00211, and the University of British Columbia Biosafety certificate number: B15-0018) and
conforms to the Helsinki Declaration. Movement of lung tissue and related clinical data between institutions
was conducted under terms negotiated in material transfer agreements between the institutions involved that
were compliant with the US Health Insurance Portability and Accountability Act (HIPAA). Each of these lungs
was inflated with air, frozen solid in liquid nitrogen vapor, and kept frozen on dry ice while an MDCT scan was
obtained. The frozen specimen was then cut into contiguous 2-cm thick transverse slices from lung apex to base,
and 32 sites sampled in lungs from 4 patients with the centrilobular emphysematous phenotype of COPD were
compared to 29 sites sampled from 4 unused donor (control) lungs.

Sampling procedures. The cellular and molecular events associated with the initiation and progression
of centrilobular emphysema was examined using a sampling system intentionally biased towards least diseased
regions of lungs from patients treated for very severe (GOLD 4) COPD in order to compare regions of the dis-
eased lungs where the mean linear intercept (Lm), used to monitor the level of emphysematous destruction in
COPD, remained within the range observed in control lungs (mean Lm = 424.0 +48.0 um, range 225-600 um
with an upper 95% confidence interval of 482 pum) to other regions of the diseased lungs where Lm was either
between 600-1000 um or ranged up to and beyond 1000 um where the emphysematous lesions first become large
enough to be visible on thoracic MDCT scans.

MicroCT. One complete set of samples (n=61) previously examined by microCT using procedures described
in detail elsewhere'"!° provided the number of terminal bronchioles/ml lung as well as microCT measurements
of Lm measured at 20 different levels in each tissue core beginning with a random start'!.

Quantitative Histology. The total volume of tissue present in each core (n =61) was measured from the
electronic record of the microCT scans and the Vv of bronchiolar and alveolar tissues present in each sample
as well as the Vv of the bronchial and alveolar tissue occupied by total collagen, collagen I, collagen III, elastin,
infiltrating macrophages, PMNs, eosinophils, CD4 cells, CD8 cells, B cells, and NK cells was established by point
counting appropriately stained histology slides (see Supplementary Table S1 for a complete list of stains and
antibodies used) using a multi-level sampling design consistent with ATS/ERS guidelines®. In addition, tertiary
lymphoid organs (lymphoid follicles) present in these lung tissues was quantified by computing the percentage of
airways and vessels that contain the lymphoid collections as previously described®.
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Gene expression profiling.  The gene expression profiling data used in this study has been reported previ-
ously'®, and was available on 6 of the 8 cases (i.e., 2 controls and 4 subjects with centrilobular emphysema) (Gene
Expression Omunibus; GSE27597, sample numbers 6982 and 6983 as control lungs and sample numbers 6965,
6968, 6969, and 6971 as COPD lungs).

Data analysis. The remodeling of the collagen and elastin in bronchiolar and alveolar tissue, as well as
the accumulated volumes of each infiltrating cell present in these tissues, was examined using both a linear
mixed-effects model"® and a random forest analysis with the Boruta feature selection'. In addition, the approach
used by Campbell et al."” to determine the gene expression signature associated with emphysematous lung
destruction (i.e. a progressive increase in Lm) was used to determine the gene expression profiles associated
with each infiltrating inflammatory immune cell into the lung tissue. Further, because the ILC cells are very diffi-
cult to demonstrate by immunohistochemistry, GSEA' was used to determine if the gene expression signatures
associated with infiltrating PMNs, macrophages, CD4 cells, CD8 cells, and B cells were enriched by genes in the
published gene sets associated with ILC1, ILC2, ILC3, LTi, NK innate immune cells**~*? and dendritic cells**=*.
A complete list of the genes expressed by each of the cells examined can be found in Supplementary Table S2.

References
1. Saetta, M. et al. Activated T-lymphocytes and macrophages in bronchial mucosa of subjects with chronic bronchitis. Am. Rev. Respir.
Dis. 147, 301-306 (1993).
2. Di Stefano, A. et al. Airflow limitation in chronic bronchitis is associated with T-lymphocyte and macrophage infiltration of the
bronchial mucosa. Am. J. Respir. Crit. Care Med. 153, 629-632 (1996).
3. Kemeny, D. M. et al. CD8(+ ) T cell subsets and chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 160, S33-S37
(1999).
4. O’Shaughnessy, T. C. et al. Inflammation in bronchial biopsies of subjects with chronic bronchitis: inverse relationship of CD8+ T
lymphocytes with FEV1. Am. J. Respir. Crit. Care Med. 155, 852-857 (1997).
5. Hogg, J. C. et al. The nature of small-airway obstruction in chronic obstructive pulmonary disease. N. Engl. J. Med. 350, 2645-2653
(2004).
6. van der Strate, B. W. et al. Cigarette smoke-induced emphysema: A role for the B cell? Am. J. Respir. Crit. Care Med. 173, 751-758
(2006).
7. Baraldo, S. ef al. Immune activation in al-antitrypsin-deficiency emphysema. Beyond the protease-antiprotease paradigm. Am. J.
Respir. Crit. Care Med. 191, 402-409 (2015).
8. Aloisi, F. & Pujol-Borrell, R. Lymphoid neogenesis in chronic inflammatory diseases. Nat. Rev. Immunol. 6, 205-217 (2006).
9. Artis, D. & Spits, H. The biology of innate lymphoid cells. Nature 517, 293-301 (2015).
10. De Grove, K. C. et al. Characterization and quantification of innate lymphoid cell subsets in human lung. PLoS One 11, 0145961
(2016).
11. McDonough, J. E. et al. Small-airway obstruction and emphysema in chronic obstructive pulmonary disease. N. Engl. J. Med. 365,
1567-1575 (2011).
12. Black, P. N. et al. Changes in elastic fibres in the small airways and alveoli in COPD. Eur. Respir. ]. 31, 998-1004 (2008).
13. Deslee, G. et al. Elastin expression in very severe human COPD. Eur. Respir. J. 34, 324-331 (2009).
14. Krusa, M. B. & Rudnicki, W. R. Feature selection with the Boruta package. J. Stat. Softw. 36, 1-13 (2010).
15. Campbell, J. D. et al. A gene expression signature of emphysema-related lung destruction and its reversal by the tripeptide GHK.
Genome Med. 4, 67 (2012).
16. Romanian, A. et al. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles.
Proc. Natl. Acad. Sci. USA 102, 15545-15550 (2005).
17. Kumar, V., Abbas, A. K. & Fausto, N. Tissue renewal and repair. Robbins and Cotran pathologic basis of disease, 7th ed. 87-118
(Elsevier Saunders, 2004).
18. Ressler, S.J. & Rowley, D. R. The WFDCI gene: role in wound response and tissue homoeostasis. Biochem. Soc. Trans. 39, 1455-1459
(2011).
19. Lamouille, S. et al. Activin receptor-like kinase 1 is implicated in the maturation phase of angiogenesis. Blood 100, 4495-4501
(2002).
20. Lin, Y. et al. DLC2 modulates angiogenic responses in vascular endothelial cells by regulating cell attachment and migration.
Oncogene 29, 3010-3016 (2010).
21. Gregorio-King, C. C. et al. ORP-3, a human oxysterol-binding protein gene differentially expressed in hematopoietic cells. Blood 98,
2279-2281 (2001).
22. Singh, H., Medina, K. L. & Pongubala, . M. Contingent gene regulatory networks and B cell fate specification. Proc. Natl. Acad. Sci.
USA 102, 4949-4953 (2005).
23. Finkelstein, R. et al. Alveolar inflammation and its relation to emphysema in smokers. Am. J. Respir. Crit. Care Med. 152, 1666-1672
(1995).
24. Ricardo, S. D., van Goor, H. & Eddy, A. A. Macrophage diversity in renal injury and repair. J. Clin. Invest. 118, 3522-3530 (2008).
25. Mosser, D. M. & Edwards, J. P. Exploring the full spectrum of macrophage activation. Nat. Rev. Immunol. 8, 958-969 (2008).
26. Martinez, E O., Helming, L. & Gordon, S. Alternative activation of macrophages: an immunologic functional perspective. Annu.
Rev. Immunol. 27, 451-483 (2009).
27. Lucas, T. et al. Differential roles of macrophages in diverse phases of skin repair. J. Immunol. 184, 3964-3977 (2010).
28. Kunz-Schughart, L. A. et al. The “classical” macrophage marker CD68 is strongly expressed in primary human fibroblasts. Verh.
Dtsch. Ges. Pathol. 87,215-223 (2003).
29. Kunisch, E. et al. Macrophage specificity of three anti-CD68 monoclonal antibodies (KP1, EBM11, and PGM1) widely used for
immunohistochemistry and flow cytometry. Ann. Rheum. Dis. 63, 774-784 (2004).
30. Gottfried, E. et al. Expression of CD68 in non-myeloid cell types. Scand. J. Immunol. 76, 453-463 (2008).
31. Eapen, M. S. et al. Profiling cellular and inflammatory changes in the airway wall of mild to moderate COPD. Respirology 22(6),
1125-1132, doi:10.1111/resp.13021 (2017).
32. Grumelli, S. ef al. An immune basis for lung parenchymal destruction in chronic obstructive pulmonary disease and emphysema.
PL0S Med. 1, €8 (2004).
33. Ma, B. et al. Role of CCR5 in IFN-gamma-induced and cigarette smoke-induced emphysema. J. Clin. Invest. 115, 3460-3472 (2005).
34. Sze, M. et al. Host response to the lung microbiome in chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 192,
438-445 (2015).
35. Lee, S. H. et al. Antielastin autoimmunity in tobacco smoking-induced emphysema. Nat. Med. 13, 567-569 (2007).
36. Bhavani, S. et al. Clinical and immunological factors in emphysema progression. Five-year prospective longitudinal exacerbation
study of chronic obstructive pulmonary disease (LES-COPD). Am. J. Respir. Crit. Care Med. 192, 1171-1178 (2015).

SCIENTIFICREPORTS|7: 9562 | DOI:10.1038/s41598-017-10126-2 8


http://S2
http://dx.doi.org/10.1111/resp.13021

www.nature.com/scientificreports/

37. Lange, P. et al. Lung-function trajectories leading to chronic obstructive pulmonary disease. N. Engl. J. Med. 373, 111-122 (2015).

38. Vasilescu, D. M. et al. Non-destructive cryo micro CT imaging enables structural and molecular analysis of human lung tissue. J.
Appl. Physiol. 122, 161-169 (2017).

39. Hsia, C. C. et al. An official research policy statement of the American Thoracic Society/European Respiratory Society: standards for
quantitative assessment of lung structure. Am. J. Respir. Crit. Care Med. 181, 394-418 (2010).

40. Spits, H. et al. Innate lymphoid cells-a proposal for uniform nomenclature. Nat. Rev. Immunol. 13, 145-149 (2013).

41. Monticelli, L. A., Sonnenberg, G. E. & Artis, D. Innate lymphoid cells: critical regulators of allergic inflammation and tissue repair in
the lung. Curr. Opin. Immunol. 24, 284-289 (2012).

42. Philip, N. H. & Artis, D. New friendships and old feuds: relationships between innate lymphoid cells and microbial communities.
Immunol. Cell Biol. 91, 225-231 (2013).

43. Dendritic cells in regulating TH1 and TH2 development. Pathway information provided by BioCarta. http://cgap.nci.nih.gov/
Pathways/BioCarta/h_dcPathway (2016).

44. Tsoumakidou, M. et al. Dendritic cells in chronic obstructive pulmonary disease: new players in an old game. Am. J. Respir. Crit.
Care Med. 177, 1180-1186 (2008).

45. Condon, T. V. et al. Lung dendritic cells at the innate-adaptive immune interface. J. Leukoc. Biol. 90, 883-895 (2011).

Acknowledgements

The authors thank Dr. David Walker, John Gosselink, Fanny Chu, and Madeleine Downey for their expert
technical assistance, and the National Institutes of Health, the Canadian Institutes of Health Research, Respivert,
and Grifols corporations for their financial support.

Author Contributions

M.S. performed histological analysis and data analysis, and drafted the report. M.A.S. performed data analysis.
].D.C., J.EB. and M.E.L. performed gene expression analysis and provided bioinformatics support. J.E.M.
performed microCT measurements. W.M.E. provided histological support. ].D.C. facilitated in the tissue
procurement. A.S. provided bioinformatics support and made intellectual contributions. J.C.H. conceived and
designed experiments, made intellectual contributions,to the histological analysis and the preparation of the
manuscript. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-10126-2

Competing Interests: MS has received grants from Novartis, GlaxoSmithKine, and AstraZeneca. MEL has
received grants from Respivert. AS has received grants from Respivert. JCH has received investigator initiated
grants from Respivert and Grifols and honoraria from Boehringer Ingelheim for consulting.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7: 9562 | DOI:10.1038/541598-017-10126-2 9


http://cgap.nci.nih.gov/Pathways/BioCarta/h_dcPathway
http://cgap.nci.nih.gov/Pathways/BioCarta/h_dcPathway
http://dx.doi.org/10.1038/s41598-017-10126-2
http://creativecommons.org/licenses/by/4.0/

	The cellular and molecular determinants of emphysematous destruction in COPD

	Results

	Patient demographics. 
	Quantitative histology. 
	Gene expression profiling. 

	Discussion

	Methods

	Sampling procedures. 
	MicroCT. 
	Quantitative Histology. 
	Gene expression profiling. 
	Data analysis. 

	Acknowledgements

	Figure 1 The changes in bronchiolar tissue volume of lung cores that contained small airways (n = 42) (A), alveolar tissue volume of all lung cores (n = 61) (B), and volume fractions of elastin and collagen I/III ratio in the bronchiolar tissue (C) and th
	Figure 2 The changes in volume fractions of macrophages, CD4 cells, CD8 cells, B cells, eosinophils, and PMNs in the bronchiolar tissue (A) and the alveolar tissue (B).
	Table 1 Subject demographics.
	Table 2 The variables that predict an increase in Lm based on a random forest analysis using the Boruta feature selection.
	Table 3 Genes associated with infiltration macrophages, CD4 cells, and B cells are enriched in a previously reported 127 gene expression profile associated with emphysematous destruction (Lm).
	Table 4 Genes expressed by innate immune cells are enriched in genes associated with inflammatory cell infiltration.




