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Abstract 
BACKGROUND
Previous studies have reported reductions of terminal bronchioles in chronic obstructive pulmonary disease. This report concerns the sites of the reductions in terminal bronchioles and begins to investigate the nature of the cellular and molecular events associated with the reductions.   
METHODS
240 samples (i.e. 16 per lung × 15 lungs), that included explanted lungs from patients with severe COPD treated by lung transplantation (n=10), and unused donor lungs as controls (n=5), were examined.  Anatomic changes were assessed using microCT, and the inflammatory response was assessed using quantitative histology and gene expression profiling. 
RESULTS
Our MicroCT data showed the previously reported reductions in terminal bronchioles started in “hot spot” of microscopic emphysematous destruction, just beyond the upper limits of normal alveolar size (494µm) and below the resolution of clinical computed tomography (1000µm). Both quantitative histology and CIBERSORT illustrated that these “hot spot” were infiltrated by CD4, CD8, and B cell lymphocytes, which are capable of forming non-encapsulated lymphoid follicles that document the activation of immune response. The activation of immune response is further supported by the expression patterns of a 19 gene signature, which included genes involved in collagen synthesis and degradation, as well as the upregulation of pro-inflammatory genes, such as IFNG, and the downregulation of inhibitory immune checkpoint genes, namely CD274(PDL1). 
CONCLUSIONS
The reductions in terminal bronchioles takes place in “hot spot” regions of microscopic emphysema. The expression pattern of the genes in the “hot spot” support the immune response activation, which could trigger the terminal bronchioles reductions.
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Introduction:
Inflammatory immune cells, that are capable of forming non-encapsulated tertiary lymphoid organs and document the presence of a field immune response1, have been reported to infiltrate the small conducting airway walls and further form germinal centers in the lungs from patients affected by COPD2. Moreover, the reduction of alveolar attachments, narrowing the lumen and increased resistance in small conducting airway are also reported in COPD3. Despite the current exciting discoveries in COPD, current treatments for COPD are primarily directed at the relief of symptoms rather than the real cause of small airway obstruction and emphysematous destructions in COPD4. Thus, understanding the site, as well as the cellular and molecular mechanisms of COPD pathogenesis is a critically important step to identify the underlying causes and potential therapeutic targets of COPD.
Macklem and Mead provide the first direct evidence showing that the peripheral airways (<2mm in diameter) only account for a very small proportion of the total resistance to airflow in respiratory tracts of adult humans5. In addition, a subsequent study based on their technique shows the same small airways, that offers so little resistance to airflow in the normal adult human lungs, become the major sites of increased resistance to airflow in lungs from persons affected by COPD6.  The introduction of microCT makes it possible to show that the progression of COPD through the four GOLD categories of COPD severity is associated with 30-40% reductions in terminal bronchioles in both mild (GOLD 1) & moderate (GOLD 2) COPD and 70-90% reductions in very severe (GOLD 4) COPD7,8.  Since our data shows a sharp reduction in the number of terminal bronchioles even when the airspace enlargement is just beyond the upper limit of normal (494µm in Figure 1A) and the microscopic emphysematous destructions smaller than 1000µm are too small to be detected by either routine thoracic computed tomography or standard thoracic imaging, we term these regions of microscopic emphysema, between 500-1000µm, “hot spot” for the reduction in terminal bronchioles9(Figure 1A). The purpose of this report is to investigate the cellular and molecular mechanisms associated with terminal bronchiole reduction in these “hot spot” using a combination of micro-CT, histology, and gene expression profiling. 
Methods:
Informed consent
Informed consent was obtained directly from patients with advanced COPD waiting for treatment by lung transplantation. The consent for using control lungs, which were considered unsuitable for transplantation, was obtained either under Belgian law, where all suitable candidates automatically become donors or from the next kin of the donors in North America following the protocol outlined in the Gift of Life Donor Program (http://www.donors1.org). All of the procedures used in this study were approved by both the ethics and biosafety committees of the institution where the lung transplantation was performed and accepted by all the other institutions involved through material transfer agreements.
Specimen preparation: 
Each explanted lung specimen was inflated with air to a transpulmonary pressure of 30cm H2O and then deflated to a pressure of 10cm H2O using an underwater seal to hold the pressure constant, while the specimen was frozen solid by surrounding liquid nitrogen vapor (-140 to -180oC) and stored in a -80oC freezer. The frozen lung was then cut into 2 cm thick transverse slices and eight sets of paired lung samples (2 cm in length and 1.5 cm in diameter) from each lung using a sharpened steel cylinder as previously described7,10. One core in each pair was prepared for MicroCT while the adjacent core of the set was processed for histological quantification and gene expression profiling.
MicroCT
MicroCT samples were prepared and analyzed using previously described techniques7,11.  Briefly, 120 samples (8/lung × 15 lungs, Supplementary Table 1) were fixed overnight in a 1% solution of glutaraldehyde in pure acetone that remains liquid at -800C. The fixed specimens were warmed to room temperature, critical point dried and examined by microCT11. Three-dimensional reconstructions of microCT images from each core were used to identify and count the number of terminal bronchioles/ml lung and measure the mean linear intercept (Lm) at 20 regular intervals along each tissue core7.  
Histology
The companion cores of lung tissue located immediately adjacent to those cores examined by microCT were vacuum embedded in cryomatrix to allow serial frozen sections 4-5m thick to be cut from each tissue core. A Movat’s pentachrome stain was obtained to study the lung architecture and immunohistochemical stains were used 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). The individually stained sections were analyzed using a computerized system of colour segmentation provided by the Aperio system to quantify the volume fraction of each type of immune-inflammatory cell12. The organization of T cells and B cells was utilized to identify the lymphoid follicles. Lymphoid follicles have been observed in both airways and vessels13. This study also calculated the ratio of airways and vessels with lymphoid follicles to the total number of airways and vessels in each core2.
Gene Expression Profiling
The mini RNA extraction kit (Qiagen) was used to obtain RNA from the remainder of the frozen core used for histology. The extracted RNA was profiled on an Affymetrix GeneChip Human Gene 1.0 ST Array (ThermoFisher). Gene expression profiles were also uploaded to the CIBERSORT platform to predict the infiltration of distinct immune cells14. 
Microscopic emphysematous signature genes identification
The gene expression analysis pipeline is shown in Figure 1B.  To focus on the genes that are robustly and consistently expressed across a majority of samples, we removed genes with expression levels < 2 in more than 3 samples and expression variance < 0.1 across all samples. A Spearman rank correlation test identified 113 genes that downregulated their expression as the terminal bronchiolar concentration declined (correlation coefficient > 0.5), as well as 179 genes that upregulated their expression in the same samples (correlation coefficient < -0.5, Figure 1B). In a separate arm of the analysis, the Mann-Whitney-Wilcoxon test examined all 19,718 genes and identified 222 up-regulated genes and 44 down-regulated genes in the “hot spot” compared to the “non-hot spot” regions (FDR < 0.1, Figure 1B). The terminal bronchiole destructions associated genes and the “hot spot” differentially expressed genes were compared to identify 19 signature genes in the “hot spot” that had strong correlations in both arms of the analysis (Figure 1B).
Statistical analysis
Unpaired two-sided Mann-Whitney-Wilcoxon test was utilized to determine the differences between groups, while Kruskal-Wallis test was used to test the difference among 3 groups, that includes pre “hot spot”(<500m), “hot spot”(500-1000m), and post “hot spot”(>1000m) groups. All of these p-values were corrected by Benjamini-Hochberg false discovery rate (FDR). FDR<0.1 were considered significant. Linear mixed-effect models were used to study the associations between immune cells and the index involved in the pathogenesis of COPD15.
Results
Figure 1A showed that the number of terminal bronchioles/ml lung was sharply reduced in the “hot spot” region with Lm values between 500 and 1000µM. Both quantitative histology and CIBERSORT confirmed the increased infiltration of CD4, CD8, and B cell lymphocytes (Figure 2A, Supplementary Figure 1B&C), which could develop non-encapsulated lymphoid organs and confirm the presents of field immune responses1, in the “hot spot” region. However, histological analysis showed a progressive decline in the volume fraction of CD68 macrophages (Figure 2B) as Lm increases, whereas CIBERSORT showed an increase in pro-inflammatory M1 macrophages in the “hot spot” without significant change in M0 and M2 macrophage (Figure 2B). Moreover, the ratio of vessels with lymphoid follicles had a strong association with the infiltration of CD8, B cells and Macrophages, whereas the relationships between the infiltration of these immune cells to the ratio of airways with lymphoid follicles were extremely weak. At the same time, the infiltration of CD4 and B cells were strongly associated with the increase of Lm (Supplementary Table 2).
A total of 19 signature genes that had both a significant differential expression in “hot spot” and a strong association with terminal bronchiole reduction were identified (Figure 1B and Table 1). Among these genes, FGF10 was downregulated in the “hot spot” and upregulated in post “hot spot” regions (Figure 3B), while TNF and PLAU were both up-regulated compared to normal regions and diseased regions (Figure 3 C&D).  IFNGR1, a known T cell response gene, and its downstream receptor JAK1 were significantly down-regulated in the “hot spot” and post “hot spot” regions (Figure 3F&G).  Further, IFNG and its target genes, including CXCL9, CXCL10, and CXCL11, which produce T cell chemoattractants, were all upregulated in the “hot spot” region (Figure 2E, & Supplementary Figure 2A, B & C). The gene expression profiling also showed decreased expression of the co-inhibitory immune checkpoint gene CD274 (encoding PDL1) with no change in PD1 in the “hot spot” (Figure 4C), but significant upregulation of co-stimulatory immune checkpoint genes CD40L, CD40 (Figure 4B), CD27 (Supplementary Figure 3A), ICOS (Supplementary Figure 3B), CD28, and CD80/86 (Supplementary Figure 3C). 
Discussion 
This study confirms an earlier report that the number of terminal bronchioles is reduced in end-stage COPD7, as well as a more recent report showing that there is extensive remodeling of airways in lungs from patients with mild (GOLD 1) and moderate (GOLD 2) COPD and these lungs have already lost 30-40% of their terminal bronchioles8. Kirby et al and Diaz et al have also shown that there is a reduction in airways that can be visualized using clinical CT scans16,17, as well as terminal bronchioles reduction utilizing microCT18. The present results illustrate that the reduction in terminal bronchioles occurs in the regions of microscopic emphysema where the Lm range is 500-1000µm. This is consistent with the hypothesis that disease progression from mild (GOLD 1) to severe (GOLD 4) COPD is associated with a progressive reduction in terminal bronchioles and support Mead’s hypothesis that the small conducting airways (<2mm in diameter) represent a “quiet” zone within human lungs where disease can accumulate without being noticed19. Therefore, the reduction in terminal bronchioles observed in the “hot spot” regions supports the strategy that treatment of COPD should start early with targeted delivery to the terminal bronchioles in the periphery of the lungs.
The present results also complement earlier reports concerning the gene expression profile associated with emphysematous destruction in COPD15, by providing a 19 gene signature for the reduction in terminal bronchioles in these “hot spot”. Moreover, Figure 3A provides an overview of genes previously implicated in controlling the balance between collagen synthesis and degradation that determines the level of scar formation during tissue repair20,21. Three genes, namely FGF10, TNF, and PLAU, in red rectangles in Figure 3A, are part of the 19 gene signature. The blue rectangles, in Figure 3A, identify additional genes, including PDGF, TGFβ2, MMP14, ADAM15, TIMP2, and SERPINE1, who interact with 19 signature genes in the human immune network (Supplementary methods & Supplementary file 1). The participation of “hot spots” signature genes and their direct interactors in the tissue repair process support the hypothesis that the pathogenesis of COPD is driven by the tissue injury produced by the inhalation of toxic particles and gases21. Based on the expression patterns of these genes, we postulate that the contraction of the connective tissue matrix that thickens the airway walls in the tissue repair process might obliterate the airway lumen and explain the reductions in terminal bronchioles. Further, other reports have implicated interferon-gamma stimulation and T cell activation during chronic inflammation associated with COPD2,22,23, the upregulation of IFNG and its targets CXCL9, CXCL10, CXCL11 (Supplementary Figure 2A, 2B & 2C), as well as MAP3K14 (Supplementary Figure 4A) is associated with the downregulation of IFNGR1 (Figure 2E) and TREX1 (Supplementary Figure 4B) in COPD samples reported here. These findings are important because CXCL9, CXCL10, and CXCL11 are known to produce the T cell chemoattractants, while MAP3K14 could trigger the inflammation via TGFbeta pathway24. Further, T cell receptor (TCR) engagement would downregulate IFNGR125, and the downregulation of TREX1, which has a close relationship of transposon related regulations, would lead to senescence-associated secretory phenotypes, including inflammation26. The expression patterns of these genes provide evidence for the activation of the adaptive immune responses and aging in the lung samples. Moreover, this activation is consistent with present and previous histology based reports, which have shown that both the airway and parenchymal tissue are infiltrated by lymphocytes capable of forming non-encapsulated lymphoid follicles and germinal centers2. 
The present results show reasonably good agreement between quantitative histology and CIBERSORT (Figure 2 & Supplementary Figure 1) and provide novel insight into macrophage dynamics. The quantitative histology analysis shows an overall reduction in the volume fraction of macrophages, whereas the CIBERSORT result shows a shift from the M0 and M2 toward the M1 macrophage. Since M1 macrophages are associated with a pro-inflammatory phenotype, this is consistent with the activation of the immune response in the pathogenesis of COPD27. We have already reported the formation of lymphoid follicles and the infiltration of the immune cells into the airway walls in COPD2, which is further supported by our current identification of increased infiltration of distinct immune cells. Moreover, linear mixed-effect models analysis identified strong associations between the ratio of vessels with lymphoid follicles to the total number of vessels and the infiltrations of CD4, CD8, B cells and Macrophages, whereas, there was no significant association between the counterpart of airways and the infiltration of immune cells (Supplementary Table 2). Since immune cells are transported throughout the lungs by the blood, we postulate that the lymphoid follicles on vessels are more easily formed and have much greater influences on the infiltration of the immune cells into the lung tissue than the lymphoid follicles on airways. This immune cell infiltration could not only trigger fibrous contraction but also disrupt the alveolar attachment to airways in COPD. Further, the examination of immune checkpoint genes shows the downregulation of inhibitory immune checkpoint gene CD274 (PDL1, Figure 4C), as well as upregulation of stimulatory immune checkpoint genes CD40L, CD40 (Figure 4B), CD 27, ICOS, CD28, CD80, and CD86(Supplementary Figure 3A, B, C, and Supplementary Table 3). The excessive T-cell inflammation caused by the expression patterns of above immune checkpoints genes might contribute to the pathogenesis of COPD28 starting from the “hot spot”. Both the formation of lymphoid follicles and fibrous contraction would result in narrowed airway lumen and further influence the change in lung function of COPD patients. Thus, prevention of the lymphoid follicle formation or immune cell infiltration might be an effective way of reversing the early-stage pathogenesis of COPD. 
This study has several limitations. First, we were only able to examine the lungs from patients with end-stage COPD. However, the lungs from these severely affected patients had regions where the anatomy is close to normal and only had microscopic emphysematous destruction. By focusing our analysis on these early changes in the regions of microscopic emphysema, that we termed “hot spot”, and comparing them to the more overtly damaged lung as well as control subjects, we were able to find significant gene expression signatures that play an important role in the repair and remodeling process of repetitive injury. Second, the number of subjects analyzed in this study was relatively small.  However, due to the study design that required excised lung specimens, obtaining a larger dataset was practically difficult. Therefore, we acknowledge that a bigger validation dataset would be used to test our hypothetical causal relationships between immune response activation, obliteration of lumen due to tissue repair, and the pathogenesis of COPD. We believe that the analysis strategy of this study based on the “hot spot” for terminal bronchiole reductions can be utilized as a guide for further investigations.
In conclusion, this project shows that there are early reductions in terminal bronchioles within the “hot spot” of microscopic emphysematous destructions in patients with COPD.  Importantly, these data show that there is a “hot spot” gene signature of 19 genes that are associated with the repetitive injury and repair process in the lungs of patients with COPD.  These specific genes could be potential targets for therapeutic interventions in this devastating condition.
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Table
 Table 1, “Hot spots” gene lists
	Gene
	Fold Change
	FDR
	Spearman CC with the change in TB

	FGF10
	0.83
	3.8e-2
	0.50

	FAM176C
	0.75
	3.1e-5
	0.53

	USP6
	0.86
	1.2e-2
	0.57

	TEKT4P2
	0.76
	9.0e-2
	0.68

	PLAU
	1.31
	6.5e-4
	-0.59

	TNF
	1.31
	6.4e-5
	-0.54

	ANGPT2
	1.23
	1.5e-3
	-0.63

	GPR64
	1.23
	3.4e-2
	-0.53

	KLRG1
	1.54
	1.4e-5
	-0.51

	HCST
	1.31
	4.8e-4
	-0.57

	APOBEC3C
	1.34
	1.0e-5
	-0.53

	APOH
	1.31
	1.4e-4
	-0.56

	KCNJ5
	1.26
	3.6e-4
	-0.54

	STAMBPL1
	1.38
	1.9e-6
	-0.50

	HIST1H2BC
	1.27
	8.6e-3
	-0.54

	DISP1
	1.32
	1.8e-3
	-0.51

	NLRP2
	0.80
	7.0e-3
	-0.75

	SNORD4B
	0.82
	7.1e-3
	-0.50

	RPL31
	0.85
	9.5e-2
	-0.55


The Fold change and FDR calculated based on the comparison between the “hot spots” region and the “non-hot spots” region as described in the method sections. Spearman correlation coefficiency is calculated on the basis of the terminal bronchiolar number and the expression level of the certain gene in the corresponding cores. 
TB: terminal bronchioles; FDR: false discovery rate.







Figure legends
Figure 1, The definition of the “hot spot” region and the pipeline of identifying “hot spot” gene signature. A) The COPD samples between the two dashed purple lines illustrate that there is a sharp reduction in the number of terminal bronchioles/ml lung as Lm increases from 500 to 1000μm. These regions are outside the normal range for terminal airspaces (500μm) but are still below the resolution of standard clinical CT imaging (1000μm).  We have termed these regions as “hot spot” for the reduction in terminal bronchioles in this study. B) shows the pipeline used to identify the 19 gene signature for the “hot spot”. The genes correlated to terminal bronchiole reduction were identified in the upper arm of analysis based on the Spearman Rank Correlation Coefficient between terminal bronchiole change and the expression level of a particular gene, while the genes that have differential expressions were identified in the lower arm of the analysis based the FDR correction on the p-value of unpaired Mann-Whitney-Wilcoxon test. The overlapped genes that have both strong correlations with terminal bronchiole reductions, as well as significant differential expression in “hot spot” are identified as signature genes for “hot spot” in this study.

Figure 2, Histological data and CIBERSORT prediction results in the three categories. A) The infiltration volume of CD4 T cells based on histological experiments and CIBERSORT prediction. CD4 T cell has significantly increased infiltration volume when comparing “hot spots” with less than 500μm regions on the basis of our histological data, which is the same as the CIBERSORT prediction results in distinct regions; B) The infiltration volume and CIBERSORT prediction of Macrophage. Macrophage has significantly decreased infiltration volume starting from the “hot spots” region on the basis of histological data. Based on CIBERSORT predictions, Macrophage.M1 shows significant increases in the “hot spots” region, while Macrophage.M0, & M2 did not demonstrate significant change across all categories.
P-value is calculated utilizing Wilcoxon test. *:p<0.05,**:p<0.01, ***:p<0.005

Figure 3, The genes that participate in the repair of repetitively damaged tissue and the gene expression pattern of related genes.
A) The genes that are involved in the tissue repair procedure. This diagram is a representation of previously reported overview of the genes involved in the repair of repetitively damaged tissue.  The red rectangles identify three of our 19 “hot spots” signature genes that control the balance between collagen synthesis and degradation and determines the level of scar formation. The blue rectangles identify genes that are interacted with our 19 “hot spots” signature genes in the human immune network. (Supplementary file 1 & Supplementary Methods). The expression level of FGF10 (B) decreases in “hot spot” and increases in the post “hot spot” region, while TNF (C), and PLAU (D) increase their expression within the “hot spot”. The expression level of IFNG (E) is significantly up-regulated in the “hot spot” region. The expression level of IFNGR1 (F) and its downstream receptor JAK1 (G) are significantly down-regulated in COPD samples.
P-value is calculated utilizing Wilcoxon test. *:p<0.05,**:p<0.01, ***:p<0.005. The general different among all three groups is evaluated based on Kruskal-Wallis test.


Figure 4, The immune checkpoint and the corresponding expression pattern.  A) The binding pattern of immune checkpoint genes between T cells and dendritic cells. The inhibitory immune checkpoint genes, PDL1 (B), is significantly down-regulated, while co-stimulatory immune checkpoint genes, namely CD40L (D), CD40 (E), are up-regulated in COPD samples. These expression patterns support our hypothesis of immune response activation in COPD.
P-value is calculated utilizing Wilcoxon test. *:p<0.05,**:p<0.01, ***:p<0.005. The general different among all three groups is evaluated based on Kruskal-Wallis test.





 Supplementary Table 1, Cohort Demographics
	Case
	Group
	Age
	Sex
	Smoking Pack-years

	7008
	Control
	42
	M
	15

	6991
	Control
	65
	F
	?

	6994
	Control
	64
	M
	15

	7300
	Control
	53
	M
	0

	7309
	Control
	77
	M
	0

	6970
	COPD
	55
	M
	6

	7263
	COPD
	39
	F
	18

	7034
	COPD
	51
	M
	25

	7026
	COPD
	55
	M
	9

	7031
	COPD
	48
	M
	25

	6996
	COPD
	77
	F
	45

	7336
	COPD
	59
	F
	40

	7305
	COPD
	58
	F
	30

	7307
	COPD
	55
	M
	80

	7337
	COPD
	53
	F
	24


Lungs were explanted from patients who suffered from severe COPD treated and undergone lung transplantation at the University of Pennsylvania. The 5 control donor lungs, which were not suitable for lung transplantation, were released by the Gift of Life Program, Philadelphia and collected by James Hogg Lung Registry. The general information including the Case number, Group, Age, Sex and their smoking history information were listed here.
Supplementary Table 2, FDR of the association between the infiltration of immune cells and COPD related index
	
	Lm
	ratio.airway.with.lf
	ratio.vessel.with.lf

	CD4
	0.067751
	0.704935
	3.51E-05

	CD8
	0.439243
	0.941659
	0.006177

	B.cell
	0.022967
	0.948483
	0.067751

	Neutrophil
	0.294768
	0.846549
	0.684575

	Macrophage
	0.979353
	0.950456
	0.092894

	Eosinophil
	0.439243
	0.372336
	0.684883


Linear mixed effect (LMM) model was used to evaluate the associations between the infiltration of distinct immune cells, in each row, and the COPD pathogenesis-related index including Lm value, the core-based ratio of airways with lymphoid follicles, and the core-based ratio of vessels with lymphoid follicles in each column. All of the original p-values have been Benjamini-Hochberg FDR corrected.
Supplementary Table 3, The expression pattern of immune checkpoint genes 
	List names
	Genes in the list

	Down-regulated gene
	PDL1

	Up-regulated genes
	ICOS, TLR7, IFNG, CD40, CD27, CD28, CD80 ,CD86, BTLA 

	No significant change genes
	CTLA4, TLR8, CD47, TLR3, CD52, CD276, LAG3, ICOSL                                            


The samples located in the “hot spot” region of microscopic emphysematous destruction were compared with cores with Lm value less than 500μm. CD274 (PDL1), which is the T cell blocker is down-regulated, while the other co-stimulator of the immune system such as ICOS etc. is up-regulated. Some of the genes that in the third row do not have significant changes. 











Supplementary figure Legend
Supplementary Figure 1, The histological data and CIBERSORT prediction results of Neutrophils, B cells and CD8 T cells.  Based on histological data, and B cell (B) and CD8 T cell (C) all have significantly increased infiltration volume when comparing the samples in “hot spot“ with the cores in less than 500μm regions. Neutrophil (A) has significantly decreased infiltration volume starting from the “hot spot” region. All of these infiltration patterns are confirmed by the CIBERSORT prediction results in distinct categories.
P-value is calculated utilizing Wilcoxon test. *:p<0.05,**:p<0.01, ***:p<0.005

Supplementary Figure 2, The expression patterns of the downstream targets of IFNG. The downstream targets of IFNG, namely CXCL9 (A), CXCL10 (B), and CXCL11 (C), are all up-regulated in the “hot spot” region. The expression patterns of CXCL9, CXCL10, and CXCL11 were reported to further activate Th1 cell and CD8 T cells in human. The upregulation of these genes support our hypothesis of immune response activation in the “hot spot” region.
P-value is calculated utilizing Wilcoxon test. *:p<0.05,**:p<0.01, ***:p<0.005. The general different among all three groups is evaluated based on Kruskal-Wallis test.


Supplementary Figure 3, The expression pattern of co-stimulatory immune checkpoint genes in COPD. The expression pattern of CD27 and CD70 (A); ICOS and ICOSL (B); CD28, CD80 and CD86 (C). The co-stimulatory immune checkpoint genes, including CD27, ICOS, CD28, CD80, and CD86, are significantly up-regulated starting from “hot spot” region of microscopic emphysematous destruction.
P-value is calculated utilizing Wilcoxon test. *:p<0.05,**:p<0.01, ***:p<0.005. The general different among all three groups is evaluated based on Kruskal-Wallis test.


Supplementary Figure 4, The expression pattern of MAP3K14 & TREX1. The expression pattern of MAP3K14 (A) is significantly upregulated starting from “hot spot” region, while TREX1 (B) did not have a significant change in “hot spots” but have very significant downregulation in the cores located in the larger than 1000μm. The upregulation of MAP3K14 could activate the immune response based on TGFβ pathway. The downregulation of TREX1 might enhance transponson response and further activate the senescence-associated secretory phenotypes, including inflammation.
P-value is calculated utilizing Wilcoxon test. *:p<0.05,**:p<0.01, ***:p<0.005. The general different among all three groups is evaluated based on Kruskal-Wallis test.
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