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Abstract

:

People with pre-existing lung diseases such as chronic obstructive pulmonary disease (COPD) are more likely to get very sick from SARS-CoV-2 disease 2019 (COVID-19). Still, an interrogation of the immune response to COVID-19 infection, spatially throughout the lung structure, is lacking in patients with COPD. For this study, we characterized the immune microenvironment of the lung parenchyma, airways, and vessels of never- and ever-smokers with or without COPD, all of whom died of COVID-19, using spatial transcriptomic and proteomic profiling. The parenchyma, airways, and vessels of COPD patients, compared to control lungs had (1) significant enrichment for lung-resident CD45RO+ memory CD4+ T cells; (2) downregulation of genes associated with T cell antigen priming and memory T cell differentiation; and (3) higher expression of proteins associated with SARS-CoV-2 entry and primary receptor ubiquitously across the ROIs and in particular the lung parenchyma, despite similar SARS-CoV-2 structural gene expression levels. In conclusion, the lung parenchyma, airways, and vessels of COPD patients have increased T-lymphocytes with a blunted memory CD4 T cell response and a more invasive SARS-CoV-2 infection pattern and may underlie the higher death toll observed with COVID-19.
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1. Introduction


Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the cause of the coronavirus disease 2019 pandemic, which has infected over 175 million people and caused over six million deaths to date [1]. The fatality rate for coronavirus disease 2019 (COVID-19) is estimated at 0.5–1%, with most people dying from respiratory failure related to diffuse acute lung injury and acute respiratory distress syndrome (ARDS) associated with ineffective viral clearance, especially in elderly individuals [2]. There is much debate whether smoking or other comorbidities such as chronic obstructive pulmonary disease (COPD) increase susceptibility to ARDS from COVID-19. Several studies have shown a wide range in the prevalence (1.1–38%) of COPD patients becoming infected with COVID-19 [3,4]. COPD patients are more likely to be hospitalized, admitted to the intensive care unit (ICU), and receive mechanical ventilation versus non-COPD COVID-19 patients [4]. Additionally, COPD is associated with increased susceptibility to respiratory virus infections, which are one of the most common causes of acute exacerbations of COPD [5]. In smokers with COPD, there is well-documented bystander activation of the T lymphocytes [6,7,8]. Interestingly, severe COVID-19 disease has been associated with low-avidity T lymphocyte responses to SARS-CoV-2 [9]. However, there is great uncertainty about whether the timing, composition, or magnitude of the innate and adaptive immune responses to SARS-CoV-2 are protective or pathogenic [10,11] and on how cigarette smoke and COPD shape the immune responses during SARS-CoV-2 infection. An understanding of the adaptive immune responses to SARS-CoV-2 in smokers with and without COPD is, therefore, essential to establish treatment strategies.



The goal of this study was to spatially profile the transcriptome and proteome of innate and adaptive immune cell responses within the lung parenchyma, airways and vessels of COPD patients compared to never- and ever-smokers who died of COVID-19, to develop a biological landscape of the lung immune response from a structural, immunological, and clinical standpoint.




2. Materials and Methods


Additional information is in the Online Supplementary Materials.



2.1. Study Population


The study included seven never-smokers and eleven ever-smokers with and without COPD who died from COVID-19 pneumonia following SARS-CoV-2 infection at the University of Navarra Hospital, Pamplona, Spain (Table 1). All patients ceased smoking ≥1 year prior to hospitalization. The study conformed to the Declaration of Helsinki and was approved by the University of Arizona ethics committee (IRB #1811124026). COPD patients had a prior physician diagnosis. Computed tomography (CT) scans were analyzed for tissue volume and emphysema (% lower attenuation areas [LAA] <−950 Hounsfield units [HU]), using Vida Vision software (Version 2.20, Vida Diagnostics, Coralville, IA, USA). For each subject, the nucleocapsid (N) and envelope (E) SARS-CoV-2 gene expression levels were quantified in nasal swabs and blood using rt-PCR.



In order to assess whether the up/downregulation of proteins in COPD patients with COVID-19 was associated with SARS-CoV-2 infection or with the presence of underlying COPD, a second cohort was studied of uninfected never-smokers (n = 7) and ever-smokers with or without COPD (n =11) [12], who underwent thoracic surgery at the University of Arizona [6] before the SARS-CoV-2 pandemic started (Supplementary Table S1).




2.2. Spatial Gene and Protein Profiling


In patients who died of COVID-19, lung biopsies were obtained through a 5 cm incision between the 3rd and 5th intercostal space between the midclavicular and midaxillary lines at the time of death, and samples were formalin-fixed and paraffin-embedded (FFPE). Lung sections were prepared for use with the GeoMX digital spatial profiler (DSP) and the GeoMX Transcriptome and COVID-19 Immune Response panels, according to the manufacturer’s instructions (NanoString, WA, USA). For each lung section, we randomly selected 16 total regions of interest (ROIs) from the parenchyma, airways, and vessels, uniformly spread throughout the section to ensure sample randomization. Each ROI was subdivided into compartments based on fluorescent cell-specific markers, and serial UV illumination of each compartment was used to sequentially collect the probe barcodes from the different cell types as described elsewhere [13]. Once all of the indexing oligonucleotides were collected into a 96-well plate, they were counted using next-generation sequencing. For each ROI, the indexing oligonucleotides were counted using an Illumina’s i5xi7 dual-indexing system, and cDNA libraries were pair-end sequenced. Consecutive lung sections were incubated with a GeoMX DSP 41 oligo-labeled antibody panel (see Supplementary Table S2), to spatially profile proteins in the same ROIs.




2.3. Immunofluorescence Staining


In order to validate the main spatial proteomic findings, double immunofluorescence staining for ACE2 or CD45RO, CD4 and CD8, and epithelial cell adhesion molecule (EPCAM) or endothelial cell marker (von Willebrand factor) was performed on consecutive lung sections from the COVID-19 cohort. The number of positive cells were counted by two blinded observers and normalized using Metamorph software [14,15].




2.4. Statistics


The patient’s demographic data were assessed using a Kruskal–Wallis H test for continuous variables and a Fisher’s exact test for categorical variables. The days of survival from day one of COVID-19 symptoms and day of death in hospital was compared using a pair-wise Mann–Whitney U test. Differential protein and RNA expression analyses were performed to compare disease conditions (never-, ever-smokers, or COPD) or tissue structures (parenchyma, airways, or vessels), using generalized estimating equations (GEEs) to account for multiple ROIs per subject and adjusted for age using the R computing environment (Version 3.5.0, https://www.r-project.org/; accessed on 1 May 2019). Multiple hypothesis testing in all the analyses was controlled using the Benjamini–Hochberg procedure. A false discovery rate (FDR) of <0.05 was used as the significance threshold. The cellular proportions of the immune cell types between patient groups were inferred using the R package “SpatialDecon”. “SpatialDecon” is a reference-based deconvolution method that is designed specifically for the NanoString GeoMx platform. By using log-normal regression and modeling background noise, “SpatialDecon” outperformed classical least-squares methods. “SpatialDecon” provides predefined cell profile matrices generated using published single-cell RNA-seq for 75 tissue types. In our study, we performed the deconvolution analysis using the “Lung plus neutrophil” panel. Immunohistochemical staining was assessed using Kruskal–Wallis and Mann–Whitney tests, and p < 0.05 was considered significant.





3. Results


3.1. Study Cohort


The COVID-19 cohort demographics are reported in Table 1. There were no differences in age or biological sex between the never- and ever-smoker controls and COPD patient groups; however, due to the large variation in age of the COPD group, RNA and protein analyses were adjusted for age. COPD patients (purple) with SARS-CoV-2 infection died within a mean of 14.0 days following initial symptoms, compared to ever-smoker controls (green), who died within 17.3 days (p = 0.78), and never-smokers (yellow), who died within 25.6 days (p = 0.03) (Figure 1A). The gene expression analysis for SARS-CoV-2 Gene N (nucleocapsid) and Gene E (envelope) showed no significant differences in the viral load on hospital admission between the never- and ever-smoker controls and patients with COPD (Figure 1B,C). The high-resolution CT coronal and sagittal views of a representative never-smoker, ever-smoker, and patient with COPD, four days before death demonstrated extensive patchy consolidation, extensive ground-glass opacities, interlobular septal thickening, and interlobular pleural thickening in the lungs, consistent with changes found in ARDS (Figure 1D) [16]. The CT scans confirmed that the patients with physician-diagnosed COPD had a greater percentage of emphysema (%LAA950), compared to the never- and ever-smoker controls (Supplementary Figure S1A).




3.2. Spatial Transcriptomic Profiling of Immune Response Genes in COVID-19


In the COVID-19 cohort, the lung tissue sections were stained with pan-cytokeratin (epithelial marker), CD45 (leukocyte marker), and SYTO13 (DNA marker) to enable sampling of parenchyma, airways, and vessels (Figure 2A). We confirmed across the multiple ROIs sampled, that the parenchyma, airways, and vessels expressed specific gene signatures for each structure (FDR < 0.05, Supplementary Figure S2A). Of the total of 1839 genes, 1803 were reliably measured across the dynamic range of gene expression panels (Supplementary Figure S2B).



The parenchyma of COVID-19 COPD patients had greater expression of 246 genes compared to never-smokers, and greater expression of 186 genes compared to ever-smoker controls (FDR < 0.05, Figure 2B,C). Notably, these included ACE2 and TMPRSS2, which cleaves the SARS-CoV-2 spike protein to allow entry into host cells [17], and ORF1ab encoding for the SARS-CoV-2 replicase [18]. Further, in the same comparison, we identified 71 and 92 downregulated genes compared to never-smokers and ever-smokers, respectively (FDR < 0.05), including IL2RA and HLA-DR, markers of antigen-specific activated T cells [19,20], and IRF-7 and IRF-9, main regulators of type-I interferon-dependent immune responses to virus [21,22].



The airways of COVID-19 COPD patients had greater expression of 129 genes compared to never-smokers, and greater expression of 58 genes compared to ever-smoker controls (FDR < 0.05, Figure 2D,E). These included ACE2 and ORF1ab. In the same comparison, we also identified the downregulated expression of 40 and 49 genes, compared to never-smokers and ever-smokers, respectively (FDR < 0.05). These included ID2, which allows the antigen-driven differentiation of memory T cells [23], and SOD2, which clears mitochondrial reactive oxygen species [24].



The pulmonary blood vessels of COVID-19 COPD patients had greater expression of 78 genes compared to never-smokers, and greater expression of 47 genes compared to ever-smoker controls (FDR < 0.05, Figure 2F,G). Notably, the same ACE2 and ORF1ab genes that were increased in the airways were also upregulated in the pulmonary blood vessels. Additionally, in the same comparison, we identified the downregulated expression of 44 and 37 genes, compared to never-smokers and ever-smokers, respectively (FDR < 0.05). These included DUSP-1, which is thought to lead to steroid resistance in SARS-CoV-2 infection [25], and LAIR-2, an inhibitory immune receptor expressed by T cells [26]. There were less than 10 differentially expressed genes between never- and ever-smoker controls in the lung parenchyma, airways, and vessels (Supplementary Figure S2C).



We next identified the overlap of up- and downregulated genes found in the parenchyma, airways, and vessels of COPD patients compared to ever- and never-smoker patients (Figure 2H,I). The alteration in gene expression in COPD lung tissue compared to never- and ever-smoker controls was not due to increased viral load, as the SARS-CoV-2 gene N and E expression (Supplementary Figure S3A,B) was not different among the groups.




3.3. Protein Validation of Transcriptomic Profile in Parenchyma, Airways and Vessels


In the COVID-19 cohort, we next performed GeoMX spatial proteomic profiling for the same ROIs on a consecutive FFPE tissue section to validate the transcriptomic findings. We confirmed that ACE2, one of the most upregulated genes, was also elevated at the protein level in the airways and vessels of COPD patients compared to never- and ever-smoker controls (Figure 3A). Immunofluorescence staining of alveolar and airway epithelial cells and endothelial cells further confirmed elevated ACE2 protein expression in the parenchyma (Figure 3B) and airways (Figure 3C) of COPD patients compared to never- and ever-smoker controls. Protein expression of ACE2 was also elevated in the vessels of ever-smoker compared to never-smoker controls (Figure 3D).




3.4. Identification of Memory T Lymphocytes in Response to COVID-19 in COPD Patients


In the COVID-19 cohort, gene ontology pathways identified immune pathways involved in the antigen processing and presentation of endogenous peptide antigen (FDR < 0.05) enriched in the differentially expressed genes between controls and COPD patients. Thus, in order to assess the immune cell composition within the parenchyma, airways, and vessels of COVID-19 never- and ever-smoker controls and COPD patients, a lung cell deconvolution analysis was used (Figure 4A). The cell deconvolution analysis identified an increased number of T lymphocytes in the lung parenchyma, airways, and vessels of COPD patients compared to never-smoker controls (Figure 4B). The T lymphocyte proportion within the lung was negatively correlated with the absolute T lymphocyte count in the blood of patients admitted for COVID-19 (Figure 4C), suggesting increased T lymphocyte recruitment from the blood into the lung in response to SARS-CoV-2 infection, with the highest recruitment being in COPD patients.



To validate the cell deconvolution data, the GeoMX spatial proteomic profiling of T lymphocyte markers was performed in the COVID-19 cohort. Interestingly, of all the T lymphocyte protein markers measured, CD45RO was the only one upregulated in the COPD lung tissue structures compared to never- and ever-smoker controls (Supplementary Figure S4A). Most naïve human T lymphocytes express CD45RA, whereas CD45RO is a CD45 isoform specifically expressed on memory T lymphocytes. Spatial profiling of the CD45RO protein revealed that COPD patients had increased expression of CD45RO in the parenchyma, airways, and vessels compared to both ever- and never-smoker controls (Figure 5A). Similarly, CD45RO protein expression was also elevated in the parenchyma, airways, and vessels of ever-smokers compared to never-smokers, indicating a possible effect of smoking on the lung tissue that persists in former smokers (Figure 5A). Further, we found a positive correlation between CD45RO and ACE2 protein in the parenchyma (rho = 0.359, p < 0.01), airways (rho = 0.549, p < 0.001), and vessels, (rho = 0.474, p < 0.001) (Supplementary Figure S4B). Interestingly, the great majority of the CD45RO+ T lymphocytes were CD4+, whereas a minority were CD8+ (Supplementary Figure S4C).



We next validated our findings using immunofluorescence staining of alveolar and airway epithelial cells and endothelial cells, which confirmed elevated CD45RO protein expression in the parenchyma (Figure 5B), airways (Figure 5C), and vessels (Figure 5D) of COVID-19 COPD patients and ever-smokers, compared to never-smokers. Immunofluorescence staining of consecutive lung sections confirmed that the majority of CD45RO+ cells were CD4+ T lymphocytes (not shown).



To determine whether the changes observed in COPD patients who died of COVID-19 were caused by SARS-CoV-2 infection or to the underlying inflammation in COPD, the same protein panels were assessed in a second cohort of lung tissue collected prior to the pandemic from never- and ever-smokers with and without COPD (see Supplementary Table S1 for demographics). Surprisingly, CD45RO expression was downregulated in the parenchyma, airways, and vessels of non-COVID-19 COPD patients compared to never-smokers and the airways of ever-smoker controls (Supplementary Figure S5). These data suggest that the presence of both SARS-CoV-2 infection and pre-existing COPD underlie the increase in memory T cells observed in the lungs of COPD patients who died of COVID-19.





4. Discussion


We report the first spatial transcriptomic and proteomic profiling in the lung parenchyma, airways, and vessels of fatal COVID-19 patients with COPD versus never-smoker and ever-smoker controls. These data indicate that COPD patients have lower survival despite similar levels of lung and blood SARS-CoV-2 viral load, which is associated with an upregulated inflammatory response involving increased numbers of memory T lymphocytes, mainly CD4+, but downregulation of genes associated with antigen-dependent T lymphocyte differentiation. These findings have important implications for the treatment of COPD patients with SARS-CoV-2 infection.



The T lymphocytes, CD4+ and CD8+, are key players in the adaptive immune responses triggered by cigarette smoke exposure and in COPD onset and progression, and their numbers are increased in peripheral lung tissues from COPD patients [27,28]. Given the essential role of T lymphocytes during viral infections, it is crucial to understand the nature of the immune responses to SARS-CoV-2 within the COPD lung and how the presence of pre-existing COPD can shape the immune responses to the virus. Severe COVID-19 disease is associated with a reduced proportion of activated T lymphocytes in peripheral blood and increased numbers of T lymphocytes in the lung [29]. Increased numbers of CD4+ and CD8+ T lymphocytes have been detected in patients who recovered from SARS-CoV-2 infection after having diffuse lung disease [10]. In particular, lung-resident memory T lymphocytes positioned within the respiratory tract are required to limit SARS-CoV-2 spread and COVID-19 severity [30]. Tissue-resident memory T lymphocytes’ responses affect the susceptibility to and the pathogenesis of SARS-CoV-2 infection by secreting pro-inflammatory interferon (IFN) γ and anti-inflammatory interleukin (IL)-10 molecules [31]. We observed an increased memory T, in particular CD4+, lymphocyte immune infiltration within the lungs of COPD patients, compared with ever- and never-smoker controls, all of whom died of COVID-19, which was associated with an upregulation of crucial genes associated with SARS-CoV-2 entry and infection (e.g., ACE2, TMPRSS, and ORF1ab). Interestingly, the increase in the memory T lymphocyte population, confirmed both by spatial proteomics data and immunohistochemical staining, was accompanied by the downregulated expression of genes associated with memory function and antigen-driven maturation. To confirm that our findings were associated with SARS-CoV-2 infection and not the pre-existing immune milieu associated with COPD itself, CD45RO staining was performed on a separate cohort of never-smokers, ex-smokers, and patients with COPD that underwent lung resection surgery prior to the COVID-19 pandemic. In this tissue cohort, in the absence of SARS-CoV-2 infection, the numbers of memory T lymphocytes in COPD parenchyma, airways, and vessels were reduced, compared to ever- and never-smoker controls. These data together indicate that the increase in memory T lymphocytes observed in the COVID-19 COPD patients is specific to SARS-CoV-2 infection.



Lung-resident memory T lymphocytes in host immunity are crucial for mucosal responses against pathogens including SARS-CoV-2 (e.g., in airways and interstitial tissue), and limit re-infections locally [30]. In stable COPD, the T lymphocyte responses may be impaired [7,32,33], thus explaining the lower levels of memory T lymphocytes in uninfected COPD patients. However, during a viral challenge such as SARS-CoV-2 infection, the memory T lymphocytes, although upregulated as suggested by elevated CD45RO, may be off-targeted in COPD, thus explaining the downregulation of key genes involved in memory T lymphocyte functioning and antigen priming observed in COVID-19 COPD patients. Our findings are in line with recent reports indicating that SARS-CoV-2 and other beta coronaviruses induce multi-specific and long-lasting T lymphocyte immunity responses with strong upregulation of memory T lymphocytes against the viral structural proteins [31]. However, it is important to note that the T lymphocyte immune profile in COPD lungs was different from the one in never- and ever-smoker controls. Specifically, we found increased numbers of memory T lymphocytes but reduced expression of key genes involved in antigen-specific T lymphocyte priming and regulation of type-I interferon-dependent immune responses to the virus, suggesting off-targeted lung-resident memory T lymphocyte responses to SARS-CoV-2 in COPD. Our finding that the great majority of CD45RO+ lymphocytes were CD4+ is in line with previous studies showing that memory CD4+ responses to SARS-CoV-2 infection are somewhat larger than those of the CD8+ pool, potentially reflecting antigen persistence [34]. SARS-CoV-2 infection and disease are regulated by a fine balance between CD4 and CD8 T lymphocyte subsets. If, on one hand, high expression levels of effector and memory CD8+ T cells in acute COVID-19 are associated with effective SARS-CoV-2 clearance and improved clinical outcomes, higher expression of memory CD4 compared to CD8 T lymphocytes has been associated with impaired T cell responses to SARS-CoV-2 [34], which might contribute to the poor clinical outcome observed in COVID-19 COPD patients.



Upregulation of the memory T lymphocytes was associated with upregulation of ACE2 protein levels measured by spatial protein profiling and immunostaining. Although the upregulation of ACE2 has been reported in COPD lungs by several studies, to the best of our knowledge, this is the first study that investigated the levels of ACE2 in the lung parenchyma, airways, and vessels of ever- and ex-smokers and patients with COPD who died from COVID-19. Interestingly, we found a positive association between ACE2 and CD45RO protein levels across all the three lung structures studied. These results suggest that the ACE2-dense lung regions, that likely represent the SARS-CoV-2 entryways into the lung, may represent immune “hot spots” where T lymphocytes are recruited from the bloodstream (where we showed reduced cell numbers), into the lung where they are challenged by the viral antigens, and develop a memory phenotype.



Previous studies in individuals who died of COVID-19 infection showed progressively reduced expression of ACE2 in the lower airways, with limited expression in the alveoli, paralleled by a striking gradient of SARS-CoV-2 infection in the proximal (high) versus distal (low) pulmonary epithelium [35]. However, the spatially resolved data in this report shows for the first time that the alveolar epithelium of patients with COPD is the region where COPD patients who died of COVID-19 had the highest number of differentially expressed genes compared to never- and ever-smoker controls, including ACE2 and TMRPSS2, while showing blunted memory T lymphocyte responses. This important piece of information indicates that, although the upper airways might be the main sites of SARS-CoV-2 entry and infection [35], viral infection triggers a cascade of events that spread into the distal lung structures, in particular the alveolar epithelium, which is reduced in emphysematous lungs, and is associated with a detrimental immune activation and may cause higher mortality in COPD patients. It is important to note that no difference between the groups was found in the use of systemic corticosteroids or any anti-COVID therapies received during the hospitalization period, indicating that the changes in the T lymphocytes found in COPD patients are unlikely to be caused by different underlying therapies.



This study has limitations to note: first, the sample size of the COVID-19 patients is small, due to ongoing challenges that limit the access to tissue from these patients. However, spatial profiling generates a high amount of multiplexed information on different regions of interest within the lung structure. Second, recent spirometry data were lacking for 15 out of 18 subjects as most of the COVID-19 patients were admitted in critical condition. However, the patients had a prior clinical diagnosis of COPD, and emphysema was confirmed on the CT scans of the COPD patients. Third, previous cigarette smoke exposure can affect the gene expression profile within the lung [36]. However, all our study subjects ceased smoking at least one year prior to the study, and there was no difference in pack/years between COPD and ever-smoker controls, which minimizes the effect of cigarette smoke on the transcriptomic data. Fourth, it is difficult to distinguish how much of the immune profile found in COPD patients versus controls was driven by the presence of COPD and how much it was driven by the presence of SARS-CoV-2 infection. To address this, we profiled CD45RO expression in a non-infected cohort of never- and ever-smokers with and without COPD, these data confirmed that the upregulation of CD45RO expressing memory T lymphocytes in COPD patients who died of COVID-19 was likely driven by SARS-CoV-2 infection. Last, our main study cohort is skewed toward the most severe cases of SARS-CoV-2 infection, i.e., the ones who died of COVID-19. This was due to the fact that lung autopsy is the only source of COVID-19 lung tissue for research, and it is not possible to study lung biopsies from patients with milder COVID-19 symptoms who survived.




5. Conclusions


We report for the first time that, within the lung parenchyma, airways, and vessels of COPD patients with SARS-CoV-2 infection, there is a significant enrichment for memory CD4 T lymphocytes with a blunted memory phenotype, associated with an increase in genes crucial for SARS-CoV-2 entry and infection. Using spatial transcriptomic and proteomic characterization of parenchyma, airways, and vessels provides a biologically interpretable landscape of COVID-19 lung pathology and serves as an important resource for future treatment of patients with COPD and SARS-CoV-2 infection.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cells11121864/s1, Figure S1. Emphysema measurements in the COVID-19 patient cohort; Figure S2. Gene signatures of tissue structures within all the COVID-19 patient cohort; Figure S3. Envelope (E) and nucleocapsid (N) gene expression levels in lungs of all patients who died of COVID-19; Figure S4. T cell protein signatures within all the COVID-19 patient cohort, and correlations between CD45RO and ACE2 protein expression, Figure S5. CD45RO protein expression in patients without COVID-19; Table S1. Demographic and clinical characteristics of patients without COVID-19; Table S2. Nanostring GeoMX Protein Targets.





Author Contributions


Conceptualization, F.P. and T.-L.H.; methodology, C.X.Y., M.T., F.P. and T.-L.H.; software, C.X.Y.; validation, C.X.Y., M.T., F.P. and T.-L.H.; formal analysis, C.X.Y., M.T., F.P. and T.-L.H.; investigation, C.X.Y., M.T., M.F.L., B.R.Z., M.M.O., J.Z., J.M., S.K., M.C., A.P., D.M.V., M.S., C.S., C.T., F.D.M., D.B., I.O.R., F.K., F.P. and T.-L.H.; data curation, C.X.Y., M.T., F.P. and T.-L.H.; writing—original draft preparation, C.X.Y., M.T., F.P. and T.-L.H.; writing—review and editing, C.X.Y., M.T., M.F.L., B.R.Z., M.M.O., J.Z., J.M., S.K., M.C., A.P., D.M.V., M.S., C.S., C.T., F.D.M., D.B., I.O.R., F.K., F.P. and T.-L.H.; visualization, C.X.Y., M.T., F.P. and T.-L.H.; supervision, F.P. and T.-L.H.; funding acquisition, F.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the A2DRC discretionary funds to Francesca Polverino and by the NHLBI (grant R01HL149744 to Francesca Polverino).




Institutional Review Board Statement


The study conformed to the Declaration of Helsinki and was approved by the University of Arizona ethics committee (IRB #1811124026).




Informed Consent Statement


Informed consent was obtained from all subjects recruited at the University of Arizona involved in the study. Consent from the patients recruited at University of Pamplona was waived due to the poor clinical conditions of the patients when they were admitted for COVID-19 pneumonia. The lung tissue from these subjects was obtained post-mortem, and the samples were de-identified.




Data Availability Statement


Data are contained within the article or Supplementary Materials. The data presented in this study are available upon request to Francesca Polverino and Tillie-Louise Hackett.




Conflicts of Interest


No conflicts of interest to declare.




References


	



COVID-19. Corona Virus Pandemic. Available online: https://www.worldometers.info/coronavirus/ (accessed on 1 January 2022).

	



Ackermann, M.; Verleden, S.E.; Kuehnel, M.; Haverich, A.; Welte, T.; Laenger, F.; Vanstapel, A.; Werlein, C.; Stark, H.; Tzankov, A.; et al. Pulmonary vascular endothelialitis, thrombosis, and angiogenesis in COVID-19. N. Engl. J. Med. 2020, 383, 120–128. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, F.; Yu, T.; Du, R.; Fan, G.; Liu, Y.; Liu, Z.; Xiang, J.; Wang, Y.; Song, B.; Gu, X.; et al. Clinical course and risk factors for mortality of adult inpatients with COVID-19 in Wuhan, China: A retrospective cohort study. Lancet 2020, 395, 1054–1062. [Google Scholar] [CrossRef]

	



Attaway, A.A.; Zein, J.; Hatipoglu, U.S. SARS-CoV-2 infection in the COPD population is associated with increased healthcare utilization: An analysis of Cleveland clinic’s COVID-19 registry. E Clin. Med. 2020, 26, 100515. [Google Scholar] [CrossRef]

	



Polverino, F.; Celli, B. The challenge of controlling the COPD epidemic: Unmet needs. Am. J. Med. 2018, 131, 1–6. [Google Scholar] [CrossRef]

	



Sullivan, J.L.; Bagevalu, B.; Glass, C.; Sholl, L.; Kraft, M.; Martinez, F.D.; Bastarrika, G.; de Torres, J.P.; Estepar, R.S.J.; Guerra, S.; et al. B cell adaptive immune profile in emphysema-predominant COPD. Am. J. Respir. Crit. Care Med. 2019, 200, 1434–1439. [Google Scholar] [CrossRef] [PubMed]

	



Barcelo, B.; Pons, J.; Ferrer, J.M.; Sauleda, J.; Fuster, A.; Agusti, A.G. Phenotypic characterisation of T-lymphocytes in COPD: Abnormal CD4+ CD25+ regulatory T-lymphocyte response to tobacco smoking. Eur. Respir. J. 2008, 31, 555–562. [Google Scholar] [CrossRef] [PubMed]

	



Pons, J.; Sauleda, J.; Ferrer, J.M.; Barcelo, B.; Fuster, A.; Regueiro, V.; Julia, M.R.; Agusti, A.G.N. Blunted gamma delta T-lymphocyte response in chronic obstructive pulmonary disease. Eur. Respir. J. 2005, 25, 441–446. [Google Scholar] [CrossRef] [PubMed]

	



Bacher, P.; Rosati, E.; Esser, D.; Martini, G.R.; Saggau, C.; Schiminsky, E.; Dargvainiene, J.; Schroder, I.; Wieters, I.; Khodamoradi, Y.; et al. Low-avidity CD4(+) T cell responses to SARS-CoV-2 in unexposed individuals and humans with severe COVID-19. Immunity 2020, 53, 1258–1271. [Google Scholar] [CrossRef] [PubMed]

	



Grifoni, A.; Weiskopf, D.; Ramirez, S.I.; Mateus, J.; Dan, J.M.; Moderbacher, C.R.; Rawlings, S.A.; Sutherland, A.; Premkumar, L.; Jadi, R.S.; et al. Targets of T cell responses to SARS-CoV-2 coronavirus in humans with COVID-19 disease and unexposed individuals. Cell 2020, 181, 1489–1501. [Google Scholar] [CrossRef] [PubMed]

	



Blanco-Melo, D.; Nilsson-Payant, B.E.; Liu, W.C.; Uhl, S.; Hoagland, D.; Moller, R.; Jordan, T.X.; Oishi, K.; Panis, M.; Sachs, D.; et al. Imbalanced host response to SARS-CoV-2 drives development of COVID-19. Cell 2020, 181, 1036–1045. [Google Scholar] [CrossRef]

	



Mirza, S.; Clay, R.D.; Koslow, M.; Scanlon, P.D. COPD Guidelines: A Review of the 2018 GOLD Report. Mayo Clin. Proc. 2018, 93, 1488–1502. [Google Scholar] [CrossRef]

	



Rendeiro, A.F.; Ravichandran, H.; Bram, Y.; Chandar, V.; Kim, J.; Meydan, C.; Park, J.; Foox, J.; Hether, T.; Warren, S.; et al. The spatial landscape of lung pathology during COVID-19 progression. Nature 2021, 593, 564–569. [Google Scholar] [CrossRef]

	



Polverino, F.; Wu, T.D.; Rojas-Quintero, J.; Wang, X.; Mayo, J.; Tomchaney, M.; Tram, J.; Packard, S.; Zhang, D.; Cleveland, K.H.; et al. Metformin: Experimental and Clinical Evidence for a Potential Role in Emphysema Treatment. Am. J. Respir. Crit. Care Med. 2021, 204, 651–666. [Google Scholar] [CrossRef]

	



Polverino, F.; Cosio, B.G.; Pons, J.; Laucho-Contreras, M.; Tejera, P.; Iglesias, A.; Rios, A.; Jahn, A.; Sauleda, J.; Divo, M.; et al. B Cell–Activating Factor. An Orchestrator of Lymphoid Follicles in Severe Chronic Obstructive Pulmonary Disease. Am. J. Respir. Crit. Care Med. 2015, 192, 695–705. [Google Scholar] [CrossRef]

	



Ufuk, F.; Savas, R. Chest CT features of the novel coronavirus disease (COVID-19). Turk. J. Med. Sci. 2020, 50, 664–678. [Google Scholar] [CrossRef]

	



Glowacka, I.; Bertram, S.; Muller, M.A.; Allen, P.; Soilleux, E.; Pfefferle, S.; Steffen, I.; Tsegaye, T.S.; He, Y.; Gnirss, K.; et al. Evidence that TMPRSS2 activates the severe acute respiratory syndrome coronavirus spike protein for membrane fusion and reduces viral control by the humoral immune response. J. Virol. 2011, 85, 4122–4134. [Google Scholar] [CrossRef]

	



Velazquez-Salinas, L.; Zarate, S.; Eberl, S.; Gladue, D.P.; Novella, I.; Borca, M.V. Positive selection of ORF1ab, ORF3a, and ORF8 genes drives the early evolutionary trends of SARS-CoV-2 during the 2020 COVID-19 pandemic. Front. Microbiol. 2020, 11, 550674. [Google Scholar] [CrossRef]

	



Chinen, T.; Kannan, A.K.; Levine, A.G.; Fan, X.; Klein, U.; Zheng, Y.; Gasteiger, G.; Feng, Y.; Fontenot, J.D.; Rudensky, A.Y. An essential role for the IL-2 receptor in Treg cell function. Nat. Immunol. 2016, 17, 1322–1333. [Google Scholar] [CrossRef]

	



Tippalagama, R.; Singhania, A.; Dubelko, P.; Lindestam, C.S.; Crinklaw, A.; Pomaznoy, M.; Seumois, G.; de Silva, A.D.; Premawansa, S.; Vidanagama, D.; et al. HLA-DR marks recently divided antigen-specific effector CD4 T cells in active tuberculosis patients. J. Immunol. 2021, 207, 523–533. [Google Scholar] [CrossRef]

	



Honda, K.; Yanai, H.; Negishi, H.; Asagiri, M.; Sato, M.; Mizutani, T.; Shimada, N.; Ohba, Y.; Takaoka, A.; Yoshida, N.; et al. IRF-7 is the master regulator of type-I interferon-dependent immune responses. Nature 2005, 434, 772–777. [Google Scholar] [CrossRef]

	



Honda, K.; Taniguchi, T. IRFs: Master regulators of signalling by Toll-like receptors and cytosolic pattern-recognition receptors. Nat. Rev. Immunol. 2006, 6, 644–658. [Google Scholar] [CrossRef]

	



Omilusik, K.D.; Nadjsombati, M.S.; Shaw, L.A.; Yu, B.; Milner, J.J.; Goldrath, A.W. Sustained Id2 regulation of E proteins is required for terminal differentiation of effector CD8(+) T cells. J. Exp. Med. 2018, 215, 773–783. [Google Scholar] [CrossRef]

	



Saheb Sharif-Askari, N.; Saheb Sharif-Askari, F.; Mdkhana, B.; Alsayed, H.A.H.; Alsafar, H.; Faoor Alrais, Z.; Hamid, Q.; Halwani, R. Upregulation of oxidative stress gene markers during SARS-COV-2 viral infection. Free Radic Biol. Med. 2021, 172, 688–698. [Google Scholar] [CrossRef]

	



Saheb Sharif-Askari, F.; Saheb Sharif-Askari, N.; Goel, S.; Hafezi, S.; Assiri, R.; Al-Muhsen, S.; Hamid, Q.; Halwani, R. SARS-CoV-2 attenuates corticosteroid sensitivity by suppressing DUSP1 expression and activating p38 MAPK pathway. Eur. J. Pharmacol. 2021, 908, 174374. [Google Scholar] [CrossRef] [PubMed]

	



Lebbink, R.J.; van den Berg, M.C.; de Ruiter, T.; Raynal, N.; van Roon, J.A.G.; Lenting, P.J.; Jin, B.; Meyaard, L. The soluble leukocyte-associated Ig-like receptor (LAIR)-2 antagonizes the collagen/LAIR-1 inhibitory immune interaction. J. Immunol. 2008, 180, 1662–1669. [Google Scholar] [CrossRef] [PubMed]

	



Saetta, M.; Di, S.A.; Turato, G.; Facchini, F.M.; Corbino, L.; Mapp, C.E.; Maestrelli, P.; Ciaccia, A.; Fabbri, L.M. CD8+ T-lymphocytes in peripheral airways of smokers with chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 1998, 157 Pt 1, 822–826. [Google Scholar] [CrossRef] [PubMed]

	



Koo, H.K.; Vasilescu, D.M.; Booth, S.; Hsieh, A.; Katsamenis, O.; Fishbane, N.; Elliott, W.M.; Kirby, M.; Lackie, P.; Sinclair, I.; et al. Small airways disease in mild and moderate chronic obstructive pulmonary disease: A cross-sectional study. Lancet Respir. Med. 2018, 6, 591–602. [Google Scholar] [CrossRef]

	



Saris, A.; Reijnders, T.D.Y.; Nossent, E.J.; Schuurman, A.R.; Verjoeff, J.; van Asten, S.; Bontkes, H.; Blok, S.; Duitman, J.; Bogaard, H.-J.; et al. Distinct cellular immune profiles in the airways and blood of critically ill patients with COVID-19. Thorax 2021, 76, 1010–1019. [Google Scholar] [CrossRef] [PubMed]

	



Grau-Exposito, J.; Sanchez-Gaona, N.; Massana, N.; Suppi, M.; Astorga-Gamaza, A.; Perea, D.; Rosado, J.; Falco, A.; Kirkegaard, C.; Torrella, A.; et al. Peripheral and lung resident memory T cell responses against SARS-CoV-2. Nat. Commun. 2021, 12, 3010. [Google Scholar] [CrossRef]

	



Le Bert, N.; Tan, A.T.; Kunasegaran, K.; Tham, C.Y.L.; Hafezi, M.; Chia, A.; Cheng, M.; Lin, M.; Tan, N.; Linster, M.; et al. SARS-CoV-2-specific T cell immunity in cases of COVID-19 and SARS, and uninfected controls. Nature 2020, 584, 457–462. [Google Scholar] [CrossRef]

	



Tan, D.B.; Fernandez, S.; Price, P.; French, M.A.; Thompson, P.J.; Moodley, Y.P. Impaired CTLA-4 responses in COPD are associated with systemic inflammation. Cell. Mol. Immunol. 2014, 11, 606–608. [Google Scholar] [CrossRef] [PubMed]

	



Tan, D.B.; Fernandez, S.; Price, P.; French, M.A.; Thompson, P.J.; Moodley, Y.P. Impaired function of regulatory T-cells in patients with chronic obstructive pulmonary disease (COPD). Immunobiology 2014, 219, 975–979. [Google Scholar] [CrossRef] [PubMed]

	



Moss, P. The T cell immune response against SARS-CoV-2. Nat. Immunol. 2022, 23, 186–193. [Google Scholar] [CrossRef]

	



Hou, Y.J.; Okuda, K.; Edwards, C.E.; Martinez, D.R.; Asakura, T.; Dinnon, K.H.; Kato, T.; Lee, R.E.; Yount, B.L.; Mascenik, T.M.; et al. SARS-CoV-2 Reverse genetics reveals a variable infection gradient in the respiratory tract. Cell 2020, 182, 429–446. [Google Scholar] [CrossRef] [PubMed]

	



Bosse, Y.; Postma, D.S.; Sin, D.D.; Lamontagne, M.; Couture, C.; Gaudreault, N.; Joubert, P.; Wong, V.; Elliott, M.; van den Berge, M.; et al. Molecular signature of smoking in human lung tissues. Cancer Res. 2012, 72, 3753–3763. [Google Scholar] [CrossRef]








[image: Cells 11 01864 g001 550] 





Figure 1. COVID-19 patient characteristics: (A) Survival curve for the days of the clinical course of never-smokers (NS), ever-smokers (ES), and COPD patients infected with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The survival analysis was performed using day one of COVID-19 symptoms and day of death in hospital, using a log-rank test. (B,C) The gene expression levels of the envelope (E) (B) and nucleocapsid (N) (C) SARS-CoV-2 genes were quantified in nasal swabs. (D) Thoracic computed tomography (CT) coronal and sagittal views in a representative never smoker (left panel), ever-smoker (middle panel), and patient with COPD (right panel) within four days before death due to SARS-CoV-2 infection. 
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Figure 2. NanoString GeoMX spatial transcriptomic profiling: (A) Image of a lung tissue section from a COPD subject stained with pan-cytokeratin (green) to identify epithelial cells, CD45 (red) to identify lymphocytes, and SYTO13 (blue) to identify nuclei. Sixteen randomly selected regions of interest (ROIs) were sampled for spatial protein and RNA analysis and are highlighted in white. The higher-magnification inserts show representative airways (green), vessels (red), and parenchyma (blue) structures selected as ROIs. (B–G) Volcano plots showing the genes expressed in the lung parenchyma (B,C), airways (D,E), and vessels (F,G) of patients with COPD who died of COVID-19 versus never-smoker controls (NS, panels B,D,F) and ever-smoker controls (ES, panels C,E,G). The data were assessed using generalized estimating equations (GEEs) accounting for multiple ROIs per case and were adjusted for age. The red dots indicate upregulated genes and the blue dots downregulated genes in COPD patients versus never- and ever-smokers for the specific tissue structures. The horizontal dotted line indicates the significance threshold of FDR < 0.05, and the vertical dashed line indicates the effect size of 0. The gray dots indicate genes that were not significant at FDR < 0.05. The top genes ranked by p-value are labeled with their gene symbols. (H,I) Venn diagram comparing the transcriptomic signatures in the parenchyma, airways, and vessels structures in COPD vs. ever-smoker controls (H) and vs. never-smoker controls (I). The up/down arrows indicate genes that are up/downregulated in the specific structure, and the double-sided arrows indicate markers with the inconsistent direction of change between tissue structures. 
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Figure 3. ACE2 spatial proteomic expression: (A) ACE2 protein expression levels were quantified in the parenchyma, airway, and vessel ROIs in formalin-fixed paraffin embedded (FFPE) lung tissue sections from patients with COPD versus ever- (ES) and never-smoker (NS) controls by NanoString GeoMX digital spatial profiling. The data were assessed using generalized estimating equations (GEEs) accounting for multiple ROIs per case and were adjusted for age. The box plots represent the median and interquartile range, the error bars are the 5th and 95th percentile, and each dot represents a single ROI. (B–D) ACE2+ cells were quantified in the parenchyma (B), airways (C), and vessels (D) in patients with COPD versus ever- (ES) and never-smoker (NS) controls by double immunofluorescence staining for ACE2 (green) and epithelial (pan-cytokeratin, red) or endothelial cells (von Willebrand factor, red). The non-normally distributed data were assessed using Kruskal–Wallis and Mann–Whitney tests, the box plots represent the median and interquartile range, the error bars indicate the 5th and 95th percentile, and each dot represents a single subject. * Indicates p < 0.05, ** indicates p < 0.01, ***: p < 0.001. 
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Figure 4. Deconvolution of spatial transcriptomics and T cell levels in the blood. (A) The cellular proportions of the immune cell types between tissue structures (parenchyma, airways, and vessels) and disease conditions (NS, ES, and COPD) were inferred using the R package “SpatialDecon”, a deconvolution method developed for the NanoString GeoMX RNA assay. (B) The predicted number of T cells between tissue structures (parenchyma, airways, and vessels) in never- and ever-smokers with and without COPD. (C) Inverse correlation between predicted cell proportion in the lung obtained by cell deconvolution and absolute T cell count in blood on admission. * Indicates p < 0.05, ** indicates p < 0.01. 
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Figure 5. CD45RO spatial protein expression. (A) CD45RO protein expression levels were quantified in the parenchyma, airway, and vessel ROIs in formalin-fixed paraffin-embedded (FFPE) lung tissue sections from patients with COPD versus ever- (ES) and never-smoker (NS) controls by NanoString GeoMX digital spatial profiling. The data were assessed using generalized estimating equations (GEEs) accounting for multiple ROIs per case and were adjusted for age. The box plots represent the median and interquartile range, the error bars indicate the 5th and 95th percentile, and each dot represents a single ROI. (B–D) CD45RO+ cells were quantified in the parenchyma (B), airways (C), and vessels (D) in patients with COPD vs. ever- (ES) and never-smoker (NS) controls by double immunofluorescence staining for CD45RO (green) and epithelial (pan-cytokeratin, red) or endothelial cells (von Willebrand factor, red). The non-normally distributed data were assessed using Kruskal–Wallis and Mann–Whitney tests, the box plots represent the median and interquartile range, the error bars indicate the 5th and 95th percentile, and each dot represents a single subject. *: p < 0.05; **: p < 0.01; ***: p < 0.001. 
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Table 1. Demographic and clinical characteristics of patients who died of COVID-19.
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S

	
ES

	
COPD

	
p




	
Total Participants (n)

	
7

	
4

	
7

	






	
Age

	
76.00

[62,83]

	
73.00

[69,76]

	
80.00

[77,88]

	
0.222




	
Gender (female)

	
5 (71.4)

	
3 (75.0)

	
1 (14.3)

	
0.085




	
Smoking history (former)

	
0 (0)

	
4 (100.0)

	
7 (100.0)

	
0.001




	
Comorbidities

	

	

	

	




	
Hypertension

	
5 (71.4)

	
3 (75.0)

	
7 (100.0)

	
0.4




	
Other cardiovascular diseases

	
3 (42.9)

	
3 (75.0)

	
4 (57.1)

	
0.832




	
Diabetes mellitus

	
1 (14.3)

	
1 (25.0)

	
4 (57.1)

	
0.316




	
Chronic kidney disease

	
1 (14.3)

	
2 (50.0)

	
2 (28.6)

	
0.565




	
Medications

	

	

	

	




	
ICS

	
0 (0.0)

	
0 (0.0)

	
2 (28.6)

	
0.314




	
LABA/SABA/LAMA

	
0

	
0

	
7 (100%)

	
<0.001




	
Oral corticosteroids

	
0 (0.0)

	
0 (0.0)

	
1 (14.3)

	
1




	
ACEi/ARB

	
3 (43%)

	
0

	
3 (43%)

	
0.123




	
COVID-19 Treatments

	

	

	

	




	
Hydroxyloroquine

	
7 (100.0)

	
4 (100.0)

	
7 (100.0)

	
NA




	
Tocilizumab

	
4 (57.1)

	
0 (0.0)

	
1 (14.3)

	
0.188




	
Betaferon

	
0 (0.0)

	
0 (0.0)

	
1 (14.3)

	
1




	
Corticosteroids

	
6 (85.7)

	
3 (75.0)

	
6 (85.7)

	
1




	
Heparin

	
7 (100.0)

	
4 (100.0)

	
7 (100.0)

	
NA




	
Statins

	
6 (85.7)

	
2 (50.0)

	
6 (85.7)

	
0.472




	
d-OTI

	
0.00

[0.00, 0.00]

	
0.00

[0.00, 1.50]

	
8.00

[4.50, 12.50]

	
0.031




	
Blood Gas Data

	

	

	

	




	
SpO2

	
88.00

[87.00, 90.50]

	
89.50

[87.75, 91.75]

	
93.00

[88.50, 95.00]

	
0.539




	
paO2

	
56.30

[53.90, 67.50]

	
60.25

[56.57, 63.92]

	
66.60

[64.10, 67.50]

	
0.820




	
paCO2

	
38.30

[34.25, 39.45]

	
31.10

[29.20, 33.00]

	
37.10

[32.20, 38.60]

	
0.406








Data are expressed as the median [interquartile range] for continuous variables and n (%) for categorical variables. NS: never-smokers; ES: ever-smokers without COPD; ICS: inhaled corticosteroid, LABA: long-acting beta-agonists; SABA: short-acting beta-agonists; LAMA: long-acting muscarinic agents; ACEi: ACE-inhibitors; ARB: angiotensin receptor blockers; d-OTI: days spent with orotracheal intubation; SpO2: blood oxygen saturation; paO2: partial pressure of oxygen; paCO2: partial pressure of carbon dioxide. The p-values are from the Kruskal–Wallis multi-group comparisons. p < 0.05 means that at least one group median is different from the rest of the groups.
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