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Abstract 

Background: Cigarette smoking promotes persistent systemic alterations in COPD, yet the 

interplay among genetic susceptibility, oxidative stress, immune dysregulation, impaired 

control of persistent viral replication, and long-term outcomes remains incompletely un-

derstood. Methods: We conducted an observational study in 102 patients aged ≥70 years 

with severe-to-very-severe COPD undergoing pulmonary rehabilitation. Current smokers 

(n = 38) were compared with never/former smokers (n = 64). Analyses included Chr15q25 

genotyping (rs16969968), oxidative stress biomarkers (tail intensity, 8-OHdG, MDA, and 

bilirubin), hematological and immunological parameters, α7nAChR expression, TTV load 

as a surrogate marker of immune competence, latent virus prevalence, and five-year sur-

vival assessed by multivariable Cox regression. Results: Current smokers exhibited sig-

nificantly higher DNA damage (tail intensity, p = 0.001; 8-OHdG, p = 0.002), lower biliru-

bin levels (p = 0.031), increased neutrophil and CD4+ T-cell counts (p = 0.031 and p = 0.028, 

respectively), altered α7nAChR expression on CD4+ T cells (p = 0.030), and higher TTV 

load (p = 0.002) than never/former smokers. The rs16969968 AA genotype was more fre-

quent among current smokers. In survival analyses, an elevated WBC count was inde-

pendently associated with increased mortality risk (HR 1.12, 95% CI 1.01–1.23; p = 0.035), 

whereas higher bilirubin levels showed a protective association. TTV load, smoking sta-

tus, and FEV1 were not independently associated with mortality. Conclusions: In severe-
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to-very-severe COPD, smoking is associated with a distinct biological profile character-

ized by enhanced oxidative DNA damage, systemic inflammation, immune remodeling, 

reduced antioxidant defenses, and impaired control of persistent viral replication. WBC 

and bilirubin emerged as the biomarkers most consistently associated with long-term out-

comes. These findings support integrated biological profiling as a tool for risk stratifica-

tion and precision-guided rehabilitation in advanced COPD. 

Keywords: chronic obstructive pulmonary disease; cigarette smoking; oxidative stress; 

DNA damage; Torque teno virus; immune dysregulation; nicotinic receptors; survival; 

pulmonary rehabilitation; precision medicine 

 

1. Introduction 

Tobacco use remains one of the leading preventable causes of morbidity and mortal-

ity worldwide. Although its association with lung cancer and chronic obstructive pulmo-

nary disease (COPD) has been firmly established for decades, smoking continues to drive 

a substantial burden of non-communicable diseases, including cardiovascular and cere-

brovascular disorders [1,2]. Large-scale epidemiological studies have shown that cigarette 

smoking increases lung cancer risk by 10- to 30-fold and represents the principal modifi-

able risk factor for COPD [3]. 

COPD is characterized by persistent airflow limitation resulting from small airway 

remodeling and emphysematous destruction [2,3]. However, spirometric impairment 

alone fails to capture the full complexity of the disease, as COPD is highly heterogeneous 

and frequently accompanied by systemic manifestations and multimorbidity, including 

cardiovascular disease, anemia, metabolic alterations, and immune dysfunction [4]. These 

features underscore the need for multidimensional, mechanism-oriented approaches that 

extend beyond lung function assessment. 

Oxidative stress represents a central pathogenic mechanism linking cigarette smoke 

exposure to the development and progression of COPD. Tobacco smoke contains abun-

dant reactive oxygen and nitrogen species that induce DNA damage, lipid peroxidation, 

protein modification, and chronic inflammation [5]. Excessive reactive oxygen species 

(ROS) generation, together with impaired antioxidant defenses, promotes cellular senes-

cence, defective autophagy, altered immune responses, and corticosteroid resistance, 

thereby contributing to disease persistence and progression [6]. 

Oxidative stress also plays a critical role in host–virus interactions. Redox imbalance 

impairs antiviral signaling, disrupts epithelial barrier integrity, and amplifies inflamma-

tory responses, increasing susceptibility to respiratory viral infections and prolonging ex-

acerbations in patients with COPD [7,8]. Cigarette smoke further compromises antiviral 

defenses by interfering with toll-like receptor signaling and facilitating viral entry into 

airway epithelial cells [9,10]. This bidirectional interaction between viral infections and 

COPD contributes to accelerated lung function decline and systemic complications. 

In parallel, smoking exerts profound immunomodulatory effects, altering both innate 

and adaptive immunity. Dysregulation of CD4+ and CD8+ T cells, expansion of regulatory 

T-cell subsets, impaired macrophage and neutrophil function, and altered B-cell pheno-

types have been consistently reported in smokers and patients with COPD [11]. These 

immune alterations may facilitate viral persistence and reactivation, particularly in indi-

viduals receiving corticosteroid therapy. 

Despite substantial advances in tobacco control, COPD-related morbidity and mor-

tality continue to rise globally. The Lancet Commission on COPD has highlighted the need 

to reconceptualize disease determinants by integrating tobacco exposure, host genetic sus-
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ceptibility, early-life insults, recurrent pulmonary infections, and chronic environmental 

pollutants into a unified etiopathogenetic framework [12,13]. 

Within this framework, molecular and cellular biomarkers are critical for elucidating 

pathogenic mechanisms and enabling precision medicine in COPD. Key targets include: 

genetic predisposition, such as polymorphisms affecting nicotine dependence 

(rs16969968) [14]; oxidative stress markers, including ROS, 8-hydroxy-2′-deoxyguanosine 

(8-OHdG), and bilirubin levels [15–17]; genome instability [18]; programmed cell death 

pathways, such as apoptosis, necroptosis, and NETosis [19,20]; immune dysregulation, 

including altered T-cell subsets and cytokine profiles [21]; and susceptibility to microbial 

or viral reactivation [22]. Integrating these biomarkers with longitudinal clinical and en-

vironmental data may facilitate mechanistic endotyping, early disease detection, prognos-

tic stratification, and targeted therapeutic interventions. 

The present study aimed to investigate the impact of tobacco exposure on immune 

competence, susceptibility to viral replication, and long-term clinical outcomes in patients 

with advanced COPD undergoing pulmonary rehabilitation. 

Specifically, the objectives were to: 

i. Evaluate the contribution of genetic susceptibility and smoking exposure by as-

sessing the association between the rs16969968 polymorphism and smoking-related 

clinical characteristics. 

ii. Characterize smoking-associated immune dysregulation through the analysis of pe-

ripheral T-cell populations (CD3+, CD4+, and CD8+ subsets) and α7 nicotinic acetyl-

choline receptor (α7nAChR) expression. 

iii. Assess susceptibility to viral replication and immune competence using Torque teno 

virus (TTV) load as a surrogate marker of host immune surveillance, and examine its 

relationship with smoking status and immunological parameters. 

iv. Investigate the prevalence of selected respiratory and systemic viral infections and 

explore their association with smoking exposure and immune status. 

v. Determine the prognostic impact of smoking burden, immune dysfunction, TTV 

load, and neutrophil extracellular trap formation (NETosis) on five-year survival. 

vi. Explore the potential clinical utility of TTV quantification and smoking-related bi-

omarkers for risk stratification and the development of personalized rehabilitation 

strategies in COPD. 

Importantly, this study was not designed to quantify the entire spectrum of viral in-

fections affecting COPD patients. Rather, TTV load was employed as a quantitative sur-

rogate marker of immune competence and susceptibility to persistent viral replication, 

providing a dynamic and host-centered measure of immune surveillance. 

2. Materials and Methods 

2.1. Study Design and Participants 

A prospective observational study was conducted involving 102 individuals aged 70 

years or older, all diagnosed with advanced COPD and admitted to the Pulmonary Reha-

bilitation (PR) Unit of IRCCS San Raffaele in Rome between September 2013 and Decem-

ber 2015 to undergo a structured three-week PR program. Upon hospital admission, pe-

ripheral blood samples were collected and preserved at −80 °C. PBMCs were isolated us-

ing SepMate™ tubes (STEMCELL Technologies, Cambridge, MA, USA), which allow for 

consistent and straightforward isolation in a 15-min protocol. Centrifugation with Sep-

Mate™ was carried out for 10 min with the brake applied; subsequently, the isolated 

PBMCs were transferred into a fresh tube and washed [23]. The PBMCs were then resus-

pended in cryopreservation medium, gradually cooled to very low temperatures, and 

stored in liquid nitrogen (below −135 °C) until further use. Urine specimens were collected 
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at admission into plastic containers that were subsequently frozen at −20 °C. Follow-up 

was carried out by tracing participants to their place of residence, and data on survival 

status and cause of death were retrieved from the relevant municipal records. The obser-

vation period extended to five years after discharge. 

The study protocol received approval from the Ethics Committee of IRCCS San Raf-

faele Roma (Prot. 15/2013), and written informed consent was obtained from all partici-

pants at the time of enrollment. All patients were categorized into three groups based on 

smoking history, following the National Center for Health Statistics definitions: current 

smokers (≥100 cigarettes lifetime and still smoking), former smokers (≥100 cigarettes life-

time but quit at the time of assessment), and never-smokers (<100 cigarettes lifetime). Clas-

sification was further validated by urinary cotinine testing using the SureScreen Instant 

Cotinine Test (Sherwood Business Park, Little Oak Drive, NG15 0DR), certified under ISO 

9001/13485 [24,25] and CE-marked (more than 99% accuracy in cotinine detection COT) 

with the cutting level of 100 ng/mL and the detection time of 1–7 days), which identifies 

recent nicotine exposure but does not provide information on the duration of smoking 

cessation. 

All patients at admission received a European Union (EU) validated questionnaire to 

estimate food items intake [26]. Given the robust evidence demonstrating beneficial effects 

starting from a daily consumption of vegetables [27], we compared patients eating vege-

tables once a day or more frequently (higher intake) with those reporting a low/moderate 

intake of vegetables (from 4 times a week up to a minimum of less than once a week). 

Nobody answered ‘never’ and 25 patients did not answer. 

For hematological, DNA damage, oxidative, inflammatory, and immunological anal-

yses, patients were stratified into two categories: (1) never and former smokers combined, 

and (2) current smokers only. This approach was adopted because former smokers had 

abstained for at least two years, were negative for cotinine testing, and their values did 

not significantly differ from those of never smokers (Supplementary Table S1). 

2.2. Chr15q25 Genetic Variant (rs16969968) 

Patients were genotyped for the rs16969968 variant (CHRNA5, 

NM_000745.4:c.1192G>A; p.Asp398Asn) using a TaqMan® allelic discrimination assay 

(TaqMan® assay ID C__26000428_20) according to the manufacturer’s instructions 

(Thermo Fisher Scientific, Waltham, MA, USA). Five to ten ng of DNA was amplified by 

PCR using TaqMan® genotyping master mix and the QuantStudio1 real-time PCR plat-

form (Thermo Fisher Scientific, Waltham, MA USA 02451.). Allelic discrimination was 

performed using TaqMan Genotyper Software  version 1.6 (Thermo Fisher Scientific). 

Genotype call rate was 77.5%: 19 patients were homozygous GG (WT; 24.1%), 43 were 

heterozygous AG (SNP carrier; 54.5%), and 17 were homozygous AA (SNP; 21.5%). Col-

lectively, individuals carrying at least one mutant allele (AA + AG) accounted for 60 sub-

jects (75.9%). 

Patients were also genotyped using a PCR-RFLP assay. The target region was ampli-

fied from patients’ gDNA by PCR using TaKaRa LA Taq (TAKARA Bio Inc., Shiga, Japan) 

with primers: forward 5′-AGTCATGTAGACAGGTACTTCACTCAG-3′, reverse 5′-

TGGAAGAAGATCTGCATTTG-3′. PCR products were subjected to Taq I restriction en-

zyme digestion, which selectively cleaves the wild-type allele. Digestion products were 

separated by agarose gel electrophoresis and imaged using a LAS-1000 Imager (Aïda soft-

ware, Raytest, Courbevoie, France). The assay was performed as reported by Cherif et al. 

[28]. 

2.3. Blood Test 
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The number and percentage of peripheral blood cells were evaluated during routine 

laboratory analysis using standard blood count automated methods (Beckman Coulter 

LH500, Beckman Coulter, Milan, Italy). 

2.4. Markers of Oxidative Stress 

The following markers of oxidative stress were measured to evaluate differences be-

tween current and former/never smokers. 

2.4.1. Malondialdehyde (MDA) Assay 

MDA quantification was determined as previously described [29]. 

2.4.2. 8-Hydroxy-2′-deoxyguanosine (8-OHdG) Assay 

8-OHdG was determined as previously described [29]. 

2.5. Alkaline Comet Assay 

The complete detailed procedure for the assay can be found in our previous work 

[29]. In summary, DNA damage from lymphocytes was evaluated after lymphocyte lysis, 

DNA denaturation, electrophoresis on agarose gel, and staining, using the Comet Assay 

IV software version 4 (Instem, London, UK). Tail intensity values (TI, % DNA in comet 

tail) were calculated from 100 comets counted for each individual. 

2.6. Markers of Inflammation 

Interleukin-6 (IL-6) levels and C-reactive protein were determined as previously de-

scribed [29]. 

2.7. Flow Cytometry Analysis 

PBMCs stored in liquid nitrogen were thawed and resuspended in RPMI plus 10% 

FBS, 2 mM L-glutamine, 1% sodium pyruvate, 1% non-essential amino acids, and 1% pen-

icillin/streptomycin (all from SIAL, Rome, Italy) at 1 × 106 cells/mL. Cells were seeded in 

24-well plates and incubated at 37 °C, 5% CO2 overnight. To identify T lymphocyte pop-

ulations, cells were stained with the following mouse anti-human antibodies: anti-CD45 

BUV395, anti-CD3 APC-R700, anti-CD4 BUV737, anti-CD8 BV785, anti-CD25 BV421, anti-

CD127 BB700, anti-CD183 PE, anti-CD194 BV510, anti-CD196 BV650 (all from BD Biosci-

ences, Milan, Italy) and anti-Nicotinic Acetylcholine Receptor α7/CHRNA7 Alexa Fluor 

488 (Santa Cruz Biotechnology, Dallas, TX, USA). After 20 min incubation at 4 °C, cells 

were washed and resuspended in PBS, then acquired on a LSR Fortessa X-20 flow cytom-

eter (Becton Dickinson, Milan, Italy). Data were analyzed using FACS Diva software 

v8.0.2. Treg, Th1, Th2, and Th17 lymphocytes were identified by the expression of the 

following combinations of markers on CD4+ T lymphocytes: CD25hi CD127− (Treg), 

CD183+ (Th1), CD194+ CD196− (Th2), and CD194+ CD196+ (Th17) [30]. Gating strategy used 

to identify the specific T-cell subsets (Treg, Th1, Th2, and Th17) is reported as Supplemen-

tary Figure S1. The supplementary figure illustrates the sequential gating approach 

adopted for the identification and characterization of each T-cell population and provides 

additional methodological details to facilitate reproducibility and interpretation of the im-

munophenotyping results. 

2.8. Virus Detection 

TTV load was assessed in PBMCs, where the highest viral load has been reported 

[31,32]. TTV loads were expressed as the number of viral DNA copies per μg of genomic 

DNA extracted from PBMCs. The lower limit of detection was 10 copies of TTV per μg 
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genomic DNA. Reference values in healthy cohorts are typically 2.3 ± 0.7 or 2.8 ± 1.09 log10 

copies/mL [32,33], and a plasma TTV load of approximately 4 log10 copies/mL has been 

proposed as a practical threshold indicating altered immune function [34]. Due to the 

small sample size, patients were divided into two groups: (1) TTV viremia <4 log10 cop-

ies/mL, and (2) TTV viremia ≥4 log10 copies/mL. All other viruses, including influenza A 

(H1N1), human polyomaviruses (BKPyV and JCPyV), and herpesviruses (Varicella-Zos-

ter virus, VZV), were detected as previously described [35]. 

2.9. Statistical Methods 

Descriptive statistics were reported as percentages for categorical variables and as 

means ± standard deviations (SD) for continuous variables. Group differences were as-

sessed using the Student’s t-test or the Mann–Whitney U test, as appropriate according to 

the distribution of the variables. 

Survival analyses were performed using Cox proportional hazards regression mod-

els to assess the association between variables of interest and all-cause mortality. The pro-

portional hazards assumption was evaluated by testing the correlation between Schoen-

feld residuals and survival time. When the proportional hazards assumption was vio-

lated, survival distributions were compared using the Breslow (Wilcoxon) test. 

Given the limited sample size and the relatively low number of events, the number 

of covariates included in multivariable models was intentionally restricted to minimize 

the risk of model over-parameterization and unstable estimates. Consequently, poten-

tially relevant confounding factors, including Global Initiative for Chronic Obstructive 

Lung Disease (GOLD) stage, forced expiratory volume in one second (FEV1), and comor-

bidities, could not be comprehensively incorporated into the final models. Therefore, the 

observed associations should be considered exploratory and hypothesis-generating. 

To assess the overall robustness and goodness-of-fit of the survival models, global 

model performance was evaluated using the Likelihood Ratio Test (LRT), comparing each 

fitted Cox model with the corresponding null model. In addition, the events-per-variable 

(EPV) ratio was considered to evaluate model stability and the potential risk of overfitting. 

As a sensitivity analysis, Firth’s penalized Cox regression was performed to reduce 

small-sample bias and assess the robustness of hazard ratio estimates under conditions of 

limited sample size and sparse data. 

No formal a priori sample size or power calculation was performed because this was 

an exploratory observational study based on an available clinical cohort. Accordingly, the 

study was not specifically powered to detect small-to-moderate effect sizes, and findings 

should be interpreted with appropriate caution. 

Statistical significance was defined as a two-sided p-value ≤ 0.05. All statistical anal-

yses were performed using SPSS software (version 26.0; IBM Corp., Armonk, NY, USA). 

Firth’s penalized Cox regression was performed using R Package: coxphf 1.13.4. 

3. Results 

This study cohort included 102 participants, comprising 38 current smokers and 64 

never/former smokers. 

Demographic characteristics such as sex (54.9% female overall; p = NS), age (72.64 ± 

8.76 years; p = NS), body mass index (BMI, 27.27 ± 7.88 kg/m2; p = NS), and vegetable 

consumption (59.7%; p = NS) did not differ significantly between smoking groups. 

Regarding nicotinic receptors, no statistically significant association was observed 

between smoking status and the distribution of the Chr15q25 genetic variant (rs16969968) 

(p = 0.096). Nevertheless, given the relatively small sample size and the proximity of the 

p-value to the conventional significance threshold, a potential relationship cannot be ex-

cluded and should be evaluated in larger studies. Among current smokers, 18.8% carried 
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the G/G wild-type genotype, 12.5% the A/A genotype, and 68.8% the A/G genotype, 

whereas among never/former smokers the corresponding frequencies were 27.7%, 27.7%, 

and 44.7%, respectively. 

Differences in α7nAChR expression in CD4+ cells were observed: current smokers 

had lower mean fluorescence intensity (MFI) than never/former smokers (35.46 ± 41.34 vs. 

61.25 ± 37.61; p = 0.050, borderline) but a higher percentage of α7nAChR+ CD4+ cells (65.61 

± 21.23% vs. 46.50 ± 21.66%; p = 0.030). 

Oxidative stress parameters were significantly higher in current smokers. Tail inten-

sity (%) and 8-OHdG levels were elevated in smokers compared with never/former smok-

ers (22.69 ± 6.01 vs. 16.83 ± 7.05, p = 0.001; 32.64 ± 13.17 vs. 22.01 ± 10.04 pg/mL, p = 0.002, 

respectively). MDA and IL-6 did not differ significantly between groups (p = NS). Total 

bilirubin was lower in current smokers (0.64 ± 0.32 mg/dL) compared with never/former 

smokers (0.84 ± 0.49 mg/dL; p = 0.031). 

Among hematological parameters, current smokers exhibited significantly higher he-

moglobin levels (13.55 ± 1.79 vs. 12.19 ± 1.71 g/dL, p = 0.004), total white blood cell counts 

(11.19 ± 5.28 vs. 9.43 ± 2.81 × 103/μL, p = 0.031), and neutrophil counts (8.5 ± 4.7 vs. 6.9 ± 2.6 

× 103/μL, p = 0.031) compared with never/former smokers. In contrast, eosinophil counts 

did not differ significantly between the two groups (0.09 ± 0.12 vs. 0.12 ± 0.16 × 103/μL, p = 

0.412). 

Immunological parameters also showed differences: the proportion of CD4+ T cells 

was higher in current smokers (72.18 ± 11.62% vs. 58.36 ± 19.59%, p = 0.028), while other 

lymphocyte subsets (CD8+, CD4/CD8 ratio, Treg, Th1, Th2, Th17, and Th17/Treg ratios) 

were not significantly different. 

Among virological parameters, total TTV load differed significantly according to 

smoking status (p = 0.002), with a higher proportion of smokers having TTV >4 log10 cop-

ies/mL compared with never/former smokers (81.6% vs. 51.6%). Other viral markers, in-

cluding BKPyV, JCPyV, and VZV, did not show significant differences between groups. 

All results are summarized in Table 1. 

Table 1. Clinical, biological, and virological parameters by smoking status. 

Variable All (n = 102) Current Smokers (n = 38) 
Never + Former Smokers 

(n = 64) 
p-Value 

Sex: Female/Male 56 (54.9%)/46 (45.1%) 23 (60.5%)/15 (39.5%) 33 (51.6%)/31 (48.4%) NS 

Age (years) 72.64 ± 8.76 73.11 ± 8.94 72.22 ± 8.70 NS 

BMI (kg/m2) 27.27 ± 7.88 26.36 ± 7.22 27.91 ± 8.35 NS 

Vegetable intake (yes) 46 (59.7%) 23 (71.9%) 23 (51.1%) NS 

Nicotinic Receptors     

Chr15q25 (rs16969968): 

G/G/A/A/A/G 

19 (24.1%)/17 

(21.5%)/43 (54.4%) 

6 (18.8%)/4 (12.5%)/22 

(68.8%) 

13 (27.7%)/13 (27.7%)/21 

(44.7%) 
0.096 

α7nAChR expression in 

CD4+ cells (MFI) 
53.46 ± 40.11 35.46 ± 41.34 61.25 ± 37.61 0.050 

α7nAChR+ CD4+ cells (%) 54.37 ± 22.55 65.61 ± 21.23 46.50 ± 21.66 0.030 * 

Oxidative Parameters     

Tail intensity (%) 19.18 ± 7.22 22.69 ± 6.01 16.83 ± 7.05 0.001 * 

8-OHdG (pg/mL) 25.30 ± 12.04 32.64 ± 13.17 22.01 ± 10.04 0.002 * 

MDA (μM) 40.90 ± 11.67 40.40 ± 11.47 41.18 ± 11.95 NS 

IL-6 (pg/mL) 89.64 ± 118.03 111.8 ± 161.6 82.43 ± 101.6 0.440 

Total bilirubin (mg/dL) 0.76 ± 0.44 0.64 ± 0.32 0.84 ± 0.49 0.031 * 

Hematological and Immu-

nological Parameters 
    

RBC (×106/μL) 4.38 ± 0.70 4.51 ± 0.73 4.30 ± 0.67 NS 
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Hgb (g/dL) 12.67 ± 1.84 13.55 ± 1.79 12.19 ± 1.71 0.004 * 

WBC (×103/μL) 10.07 ± 3.97 11.19 ± 5.28 9.43 ± 2.81 0.031 * 

Neutrophils (×103/μL) 7.48 ± 3.6 8.5 ± 4.7 6.9 ± 2.6 0.031 * 

Eosinophils (×103/μL) 0.11 ± 0.14 0.09 ± 0.12 0.12 ± 0.16 NS 

Lymphocytes (×103/μL) 1.84 ± 1.48 1.78 ± 0.95 1.87 ± 1.71 NS 

CD4+ (%) 64.96 ± 17.21 72.18 ± 11.62 58.36 ± 19.59 0.028 * 

CD8+ (%) 25.19 ± 11.89 24.11 ± 9.25 25.81 ± 13.3 NS 

CD4/CD8 ratio 3.73 ± 3.69 3.60 ± 1.90 3.82 ± 4.45 NS 

Treg CD25ʰⁱ CD127− (%) 0.67 ± 0.85 0.80 ± 0.81 0.58 ± 0.88 NS 

Th1 (CD183+) (%) 3.66 ± 4.65 3.58 ± 6.05 3.74 ± 2.70 NS 

Th2 (CD194+CD196−) (%) 9.83 ± 9.63 6.98 ± 9.85 11.65 ± 9.22 NS 

Th17 (CD194+CD196+) (%) 20.47 ± 17.67 23.54 ± 14.6 18.63 ± 19.33 NS 

Th17/Treg ratio 56.35 ± 52.10 49.20 ± 39.93 61.81 ± 60.42 NS 

Virological Parameters     

TTV <4 log10/≥4 log10 cop-

ies/mL 
38 (37.3%)/64 (62.7%) 7 (18.4%)/31 (81.6%) 31 (48.4%)/33 (51.6%) 0.002 * 

BKPyV (positive) 31 (34.8%) 11 (32.4%) 20 (36.4%) NS 

JCPyV (positive) 48 (53.3%) 20 (58.8%) 28 (50.0%) NS 

CMV (positive) 19 (20.0%) 5 (13.3%) 14 (24.1%) NS 

VZV (positive) 49 (55.1%) 17 (51.5%) 32 (57.1%) NS 

* Statistically significant (p ≤ 0.05). Abbreviations: BMI, body mass index; MFI, mean fluorescence 

intensity; MDA, malondialdehyde; NS, not significative; 8-OHdG, 8-hydroxy-2′-deoxyguanosine; 

IL-6, interleukin-6; RBC, red blood cells; Hgb, hemoglobin; WBC, white blood cell count; TTV, 

Torque teno virus; BKPyV, BK polyomavirus; JCPyV, JC polyomavirus; CMV, cytomegalovirus; 

VZV, varicella-zoster virus. 

Survival Analysis 

Survival analyses were performed to evaluate the association between smoking-re-

lated biomarkers, immune parameters, and five-year mortality (Table 2). 

In the primary multivariable Cox proportional hazards model including cotinine 

(COT), Torque teno virus (TTV ≥4 log copies/mL), total bilirubin, white blood cell count 

(WBC), and FEV1 (n = 34; 34 events), WBC emerged as an independent predictor of mor-

tality. Each 1-unit increase in WBC was associated with a 12% higher risk of death (HR 

1.12, 95% CI 1.01–1.24, p = 0.030). Total bilirubin showed a borderline protective associa-

tion (HR 0.37, 95% CI 0.13–1.06, p = 0.064), whereas smoking status, TTV load, and FEV1 

were not significantly associated with survival. Model discrimination was moderate (C-

index = 0.65). 

Given the limited sample size and events-per-variable ratio (EPV ≈ 6.8), a sensitivity 

analysis was performed using Firth’s penalized Cox regression. The penalized model 

yielded highly comparable results, with WBC remaining significantly associated with 

mortality (HR 1.12, 95% CI 1.01–1.23, p = 0.035) and total bilirubin maintaining a border-

line protective effect (HR 0.39, 95% CI 0.13–1.01, p = 0.054). Neither smoking status (HR 

1.03, 95% CI 0.43–2.95, p = 0.946), TTV load (HR 0.85, 95% CI 0.35–2.04, p = 0.710), nor FEV1 

(HR 1.005, 95% CI 0.987–1.022, p = 0.566) showed significant associations with mortality. 

To increase statistical power, a second multivariable model excluding TTV was sub-

sequently fitted in the larger cohort (n = 50; 50 events). In this analysis, total bilirubin 

demonstrated a significant protective association with mortality (HR 0.46, 95% CI 0.22–

0.97, p = 0.041), whereas WBC showed a borderline association with increased risk (HR 

1.08, 95% CI 1.00–1.17, p = 0.065). Smoking status and FEV1 were not significantly associ-

ated with survival. Model discrimination remained comparable (C-index = 0.63). 
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Sensitivity analysis using Firth’s penalized Cox regression confirmed the stability of 

these findings. Total bilirubin remained significantly associated with reduced mortality 

risk (HR 0.47, 95% CI 0.22–0.95, p = 0.035), whereas the association between WBC and 

mortality remained borderline (HR 1.08, 95% CI 0.99–1.17, p = 0.067). Smoking status (HR 

0.90, 95% CI 0.47–1.82, p = 0.752) and FEV1 (HR 1.006, 95% CI 0.992–1.020, p = 0.422) were 

not associated with mortality. 

Table 2. Multivariable Cox proportional hazards regression and Firth-penalized Cox regression 

analyses for 5-year mortality. 

Variable Cox HR (95% CI) p-Value Firth HR (95% CI) p-Value 

Model 1 (n = 34, 34 events)     

Smoking status (Never/For-

mer vs. Current) 
1.09 (0.41–2.93) 0.863 1.03 (0.43–2.95) 0.946 

TTV ≥4 log10 copies/mL 0.81 (0.33–1.99) 0.647 0.85 (0.35–2.04) 0.71 

Total bilirubin 0.37 (0.13–1.06) 0.064 0.39 (0.13–1.01) 0.054 

WBC (×103/μL) 1.12 (1.01–1.24) 0.03 1.12 (1.01–1.23) 0.035 

FEV1 (%) 1.005 (0.988–1.023) 0.576 1.005 (0.987–1.022) 0.566 

Model 2 (n = 50, 50 events)     

Smoking status (Never/For-

mer vs. Current) 
0.92 (0.47–1.82) 0.819 0.90 (0.47–1.82) 0.752 

Total bilirubin 0.46 (0.22–0.97) 0.041 0.47 (0.22–0.95) 0.035 

WBC (×103/μL) 1.08 (1.00–1.17) 0.065 1.08 (0.99–1.17) 0.067 

FEV1 (%) 1.006 (0.992–1.020) 0.414 1.006 (0.992–1.020) 0.422 

Abbreviations: HR, hazard ratio; CI, confidence interval; TTV, Torque teno virus; WBC, white blood 

cell count; FEV1, forced expiratory volume in one second. Model 1 included smoking status, TTV 

load, total bilirubin, WBC, and FEV1. Model 2 excluded TTV and was fitted in the larger cohort. 

Firth-penalized Cox regression was performed as a sensitivity analysis to reduce small-sample bias 

and assess the robustness of parameter estimates. 

Assessment of global model performance using the Likelihood Ratio Test (LRT) in-

dicated that neither multivariable model achieved overall statistical significance. In the 

first model, the LRT yielded χ2 = 7.36 with 5 degrees of freedom (p = 0.195), whereas in the 

second model the LRT yielded χ2 = 6.99 with 4 degrees of freedom (p = 0.136). The stronger 

evidence observed in the second model was consistent with its larger sample size and 

more favorable EPV ratio (approximately 12.5 versus 6.8 in the first model). The wide 

confidence intervals and non-significant global tests suggest limited statistical power to 

detect small-to-moderate effects. 

Overall, elevated WBC counts were consistently associated with increased mortality 

risk, while higher total bilirubin levels showed a reproducible protective association. In 

contrast, smoking status, TTV load, and FEV1 were not independently associated with 

five-year survival. The concordance between standard and Firth-penalized Cox models 

supports the robustness of these findings despite the limited sample size. 

4. Discussion 

In this study, we investigated the interplay between smoking exposure, genetic sus-

ceptibility, oxidative stress, immune dysregulation, virological markers, and long-term 

outcomes in patients with severe-to-very-severe COPD undergoing pulmonary rehabili-

tation. Building on our previous findings of increased genomic damage in smoking COPD 

patients [35], we identified a distinct biological profile among current smokers character-

ized by a higher prevalence of the Chr15q25 rs16969968 risk genotype, increased oxidative 

DNA damage, altered hematological parameters, enhanced systemic inflammation, im-
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mune remodeling, and higher Torque teno virus (TTV) load. Collectively, these findings 

support the concept that smoking contributes to COPD progression through intercon-

nected mechanisms involving genomic instability, oxidative stress, impaired immune reg-

ulation, and altered host–virus interactions. 

The Chr15q25 rs16969968 polymorphism was more prevalent among current smok-

ers than among never/former smokers, consistent with previous evidence linking this var-

iant to nicotine dependence, smoking intensity, COPD susceptibility, and lung cancer risk 

[14,36]. This locus encodes a subunit of the nicotinic acetylcholine receptor complex and 

may influence smoking behavior through altered nicotine signaling. The observation that 

two current smokers carrying the AA genotype subsequently died from lung cancer fur-

ther supports the hypothesis of a gene–environment interaction amplifying susceptibility 

to smoking-related pulmonary disease. Although the sample size precludes definitive 

conclusions, these findings are consistent with large population studies demonstrating 

that genetic predisposition may modulate the biological consequences of chronic tobacco 

exposure [14]. 

Hematological analyses revealed significantly higher hemoglobin concentrations, to-

tal leukocyte counts, and neutrophil counts in smokers. Elevated hemoglobin levels in the 

absence of increased erythrocyte counts are compatible with secondary polycythemia re-

lated to chronic carbon monoxide exposure and tissue hypoxia [37]. This adaptation may 

contribute to pulmonary hypertension, right ventricular strain, and thromboembolic com-

plications frequently observed in advanced COPD [38]. Interestingly, the mean hemoglo-

bin concentration observed among smokers approached values previously associated 

with increased mortality risk in large epidemiological studies [39]. 

Smoking was associated with marked evidence of oxidative stress and impaired an-

tioxidant defenses. Current smokers exhibited significantly higher DNA damage, as re-

flected by increased tail intensity and 8-OHdG levels, together with lower circulating bil-

irubin concentrations. Cigarette smoke contains large amounts of reactive oxygen and ni-

trogen species capable of inducing DNA strand breaks, oxidative base modifications, lipid 

peroxidation, and mitochondrial dysfunction [40,41]. Among the biomarkers assessed, 8-

OHdG is widely recognized as a sensitive indicator of oxidative DNA damage and has 

been associated with cardiovascular disease, cancer development, and adverse respira-

tory outcomes [16,42,43]. Conversely, bilirubin exerts potent antioxidant and cytoprotec-

tive effects through scavenging of reactive oxygen species and inhibition of NADPH oxi-

dase activity [44,45]. Previous studies and meta-analyses have reported positive associa-

tions between bilirubin levels, lung function preservation, and survival in COPD [46]. Our 

findings extend this evidence by demonstrating a simultaneous increase in oxidative dam-

age and reduction in endogenous antioxidant capacity among smokers with advanced 

disease. 

Recent evidence suggests that oxidative stress may also contribute to the release of 

circulating nuclear and mitochondrial DNA fragments. Cigarette smoke induces cellular 

injury, apoptosis, and necrosis, resulting in the liberation of cell-free nuclear DNA (cf-

nDNA) and mitochondrial DNA (cf-mtDNA) into the circulation. Emerging studies have 

shown that circulating cf-mtDNA and cf-nDNA levels are associated with COPD severity, 

exacerbation frequency, and mortality risk, suggesting that these biomarkers may inte-

grate multiple dimensions of disease pathophysiology, including tissue injury, inflamma-

tion, and oxidative stress [47,48]. When combined with clinical and functional measure-

ments, circulating cell-free DNA may provide additional insights into disease progression 

and prognosis. Although these biomarkers were not assessed in the present study, our 

findings support the broader concept that genomic instability and DNA damage represent 

central components of COPD pathogenesis and potential targets for future precision med-

icine approaches. 
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The increase in leukocyte and neutrophil counts further supports the presence of 

chronic systemic inflammation. Neutrophils represent key effector cells in COPD patho-

genesis through the release of proteases, reactive oxygen species, inflammatory media-

tors, and neutrophil extracellular traps (NETs), all of which contribute to tissue destruc-

tion and airway remodeling [19,20]. Experimental evidence indicates that nicotine itself 

can directly stimulate NET formation [49], potentially linking smoking exposure to sus-

tained inflammatory activation. Consistent with this hypothesis, WBC count emerged as 

the most robust prognostic marker in our survival analyses, suggesting that persistent 

systemic inflammation may be a major determinant of adverse outcomes in advanced 

COPD. 

The immune alterations observed in smokers extended beyond innate immunity. 

Current smokers exhibited significantly higher percentages of CD4+ T lymphocytes, 

whereas CD8+ T cells, Treg cells, and Th1, Th2, and Th17 subsets did not differ signifi-

cantly between groups. The increase in CD4+ cells in the absence of a proportional expan-

sion of regulatory T cells may indicate a relative imbalance between immune activation 

and immune suppression. Such a pattern is compatible with a persistent pro-inflamma-

tory state that may contribute to chronic tissue injury and impaired immune homeostasis. 

Particularly intriguing were the findings related to α7 nicotinic acetylcholine receptor 

(α7nAChR) expression. Smokers showed a higher proportion of α7nAChR-positive CD4+ 

T cells despite lower receptor mean fluorescence intensity. Although apparently paradox-

ical, this pattern may reflect receptor remodeling induced by chronic nicotine exposure. 

One possibility is that prolonged stimulation increases the proportion of cells expressing 

detectable receptor levels while simultaneously reducing receptor density per cell. Alter-

natively, chronic nicotine exposure may induce receptor desensitization, altered receptor 

trafficking, or compensatory downregulation. Because receptor signaling and down-

stream functional responses were not assessed, these interpretations remain speculative. 

Nevertheless, the findings suggest that cholinergic signaling pathways may undergo sub-

stantial remodeling in smokers with advanced COPD and deserve further mechanistic 

investigation. 

A novel aspect of our study was the assessment of TTV load as a surrogate marker of 

immune competence and susceptibility to persistent viral replication. Smokers exhibited 

significantly higher TTV loads than never/former smokers, with more than 80% of smok-

ers showing viral loads above 4 log10 copies/mL. TTV is increasingly recognized as a dy-

namic marker of immune surveillance, as elevated viral replication generally reflects re-

duced immunological containment. The absence of significant differences in the preva-

lence of BKPyV, JCPyV, CMV, and VZV suggests that smoking may selectively influence 

the balance between host immunity and persistent viral replication rather than simply 

increasing the prevalence of latent viral infections. 

The coexistence of elevated TTV load and increased oxidative DNA damage is par-

ticularly noteworthy. Although our study was not designed to establish causal relation-

ships between these phenomena, accumulating evidence suggests that viral replication 

and host DNA damage responses are closely interconnected. Viruses can induce DNA 

damage and exploit DNA repair pathways to facilitate replication [50–52]. Recent obser-

vations have shown that individuals with high TTV viremia exhibit increased genomic 

instability, providing the first direct evidence linking TTV replication to DNA damage 

responses [53]. Since TTV is a single-stranded DNA virus that depends on host replication 

machinery, elevated viral replication may reflect broader alterations in genomic mainte-

nance mechanisms. In COPD, where defective DNA repair pathways have already been 

described [54], smoking-induced oxidative stress may therefore contribute to DNA dam-

age both directly and indirectly through impaired immune control of persistent viral rep-

lication. Rather than representing independent processes, oxidative DNA damage and el-
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evated TTV load may constitute interconnected manifestations of smoking-induced bio-

logical dysregulation. 

The prognostic analyses further highlighted the clinical importance of systemic in-

flammation and antioxidant defenses. In the primary multivariable model, WBC count 

emerged as an independent predictor of five-year mortality, whereas total bilirubin 

showed a protective trend. Because the number of events was limited, we performed sen-

sitivity analyses using Firth’s penalized Cox regression, a method specifically designed to 

reduce small-sample bias and improve estimate stability in low events-per-variable set-

tings. The penalized models produced highly consistent results, confirming the associa-

tion between elevated WBC counts and increased mortality risk while preserving the pro-

tective effect of bilirubin. In the larger model, bilirubin remained independently associ-

ated with improved survival, whereas WBC retained a borderline association with mor-

tality. Importantly, smoking status, TTV load, and FEV1 were not independently associ-

ated with mortality in either conventional or penalized analyses. The inclusion of FEV1 

did not materially alter the estimates of the other covariates, suggesting that the prognos-

tic effects observed were not merely reflections of airflow limitation severity. 

These findings should be interpreted in light of the overall performance of the sur-

vival models. Neither model achieved global statistical significance in likelihood ratio test-

ing, and confidence intervals remained relatively wide for several variables. Together 

with the exploratory nature of the study and the absence of a formal a priori power calcu-

lation, these findings indicate that the study may have been underpowered to detect 

small-to-moderate associations. Nevertheless, the consistency of the results across stand-

ard and penalized models supports the biological relevance of the observed associations 

and reduces concerns regarding model overfitting. 

Dietary factors may also influence oxidative stress and genomic stability. Vegetable 

consumption was included as a proxy indicator of antioxidant intake because vegetables 

provide vitamins, carotenoids, polyphenols, and other bioactive compounds capable of 

modulating oxidative damage [55]. Human intervention studies using the Comet assay 

have shown that diets rich in vegetables and plant-derived foods are associated with re-

duced DNA damage and improved genomic stability [56], while recent meta-analyses 

have reported inverse associations between fruit and vegetable consumption and lung 

cancer risk, particularly among smokers [57]. Importantly, vegetable consumption did not 

differ significantly between smoking groups in our cohort, indicating that the higher lev-

els of oxidative DNA damage observed among smokers are unlikely to be explained by 

dietary differences alone. However, residual confounding related to unmeasured dietary 

factors cannot be completely excluded. 

4.1. Interpretation of Negative Findings and Prognostic Implications 

An important aspect of the present study is the interpretation of several negative 

findings. Despite significant differences in TTV load between smokers and never/former 

smokers, TTV did not independently predict five-year mortality after multivariable ad-

justment. This observation suggests that TTV may be more useful as a marker of immune 

competence and viral control than as a direct prognostic biomarker. Indeed, elevated TTV 

replication may reflect underlying immune dysregulation without necessarily translating 

into increased mortality risk in patients with advanced COPD. 

Similarly, smoking status itself was not independently associated with mortality. Alt-

hough smoking is a well-established cause of COPD development and progression, its 

prognostic effect in cohorts with advanced disease may be mediated through downstream 

biological consequences, including systemic inflammation, oxidative stress, genomic in-

stability, and immune dysfunction. In this context, biomarkers reflecting these biological 
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processes, such as WBC count and bilirubin, may provide more direct prognostic infor-

mation than smoking status alone. 

Another notable finding was the lack of an independent association between FEV1 

and survival. While airflow limitation remains central to COPD diagnosis and staging, 

increasing evidence indicates that mortality in advanced COPD is influenced by multiple 

extrapulmonary factors, including systemic inflammation, cardiovascular comorbidities, 

nutritional status, frailty, and immune dysfunction. The absence of a significant associa-

tion between FEV1 and mortality in the present cohort may therefore reflect both the rel-

atively homogeneous severity of airflow limitation among participants and the multifac-

torial nature of disease progression in advanced COPD. 

Likewise, no significant differences were observed in several immune cell subsets, 

including CD8+ T cells, Treg cells, Th1, Th2, and Th17 populations. These negative find-

ings suggest that smoking-related immune alterations in severe COPD may be selective 

rather than generalized, preferentially affecting specific immune compartments such as 

CD4+ T cells and cholinergic signaling pathways. Alternatively, chronic disease severity, 

pharmacological treatment, and individual variability may have obscured more subtle 

differences. 

The absence of significant associations for BKPyV, JCPyV, CMV, and VZV prevalence 

also deserves consideration. These findings indicate that smoking may not uniformly in-

crease susceptibility to all latent viral infections. Rather, smoking-related immune dys-

function may preferentially affect the control of persistent viral replication, as reflected by 

TTV load, without necessarily altering the prevalence of latent viral carriage. 

Finally, neither multivariable survival model achieved overall statistical significance 

in likelihood ratio testing. Although this finding may partly reflect limited statistical 

power, it also highlights the complexity of COPD prognosis and suggests that additional 

biological and clinical determinants remain unmeasured. Consequently, the present find-

ings should be viewed as exploratory and hypothesis-generating rather than definitive 

evidence of causal prognostic relationships. 

4.2. Implications for Respiratory Rehabilitation 

These multidimensional alterations have important implications for respiratory re-

habilitation, which remains the most effective non-pharmacological intervention for 

COPD [58,59]. The strong associations between systemic inflammation, oxidative stress, 

immune imbalance, viral dysregulation, and clinical outcomes suggest that rehabilitation 

should be approached as a comprehensive therapeutic strategy, not just exercise training. 

Elevated WBC and neutrophilia indicate persistent inflammation that may be modi-

fiable through structured physical training and lifestyle interventions. The imbalance be-

tween oxidative stress and antioxidant defenses supports integrating nutritional counsel-

ing and antioxidant strategies within rehabilitation programs. The combination of in-

creased CD4+ T cells, stable Tregs, and elevated TTV load suggests impaired immune reg-

ulation and antiviral control; pulmonary rehabilitation has been shown to improve im-

mune surveillance and reduce infection risk [60]. Moreover, TTV monitoring alongside 

inflammatory and oxidative markers could aid patient stratification for rehabilitation in-

tensity. Finally, genetic susceptibility and nicotine dependence reinforce the importance 

of incorporating structured smoking cessation within rehabilitation programs. 

Overall, these findings support a precision-medicine approach to respiratory reha-

bilitation, tailoring interventions to inflammatory status, oxidative balance, immune com-

petence, viral burden, and behavioral risk factors. 
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4.3. Strengths and Limitations 

This study has several strengths. First, it adopted a multidimensional approach inte-

grating genetic susceptibility, smoking exposure, oxidative stress biomarkers, genomic 

instability, immune phenotyping, virological markers, and long-term clinical outcomes 

within a well-characterized cohort of patients with severe-to-very-severe COPD. This 

comprehensive framework enabled the investigation of multiple interconnected biologi-

cal pathways that are rarely assessed simultaneously in advanced COPD. 

Second, the study combined established clinical and laboratory markers with emerg-

ing biomarkers, including TTV load as a surrogate indicator of immune competence and 

viral replication control, α7nAChR expression on T-cell subsets, and quantitative 

measures of oxidative DNA damage. The integration of these complementary biomarkers 

provides novel insights into the complex interactions between smoking, immune dysreg-

ulation, oxidative stress, and host resilience. 

Third, the availability of five-year follow-up data allowed evaluation of the prognos-

tic relevance of the investigated biomarkers. Furthermore, the use of sensitivity analyses 

based on Firth’s penalized Cox regression strengthened the reliability of the survival find-

ings by addressing potential small-sample bias and reducing concerns regarding overfit-

ting. 

Fourth, the study was conducted in a clinically homogeneous population of patients 

with severe and very severe COPD undergoing pulmonary rehabilitation, thereby reduc-

ing disease heterogeneity and enabling a more focused assessment of smoking-related bi-

ological alterations. 

However, several limitations should also be acknowledged. First, the relatively small 

sample size and limited number of events reduced statistical power and increased the risk 

of model overfitting, particularly in the primary survival model, where the events-per-

variable ratio was below commonly recommended thresholds. Although sensitivity anal-

yses using Firth’s penalized Cox regression yielded consistent results and supported the 

robustness of the main findings, the wide confidence intervals and non-significant likeli-

hood ratio tests indicate that the study may have been underpowered to detect small-to-

moderate associations. 

Second, the observational and cross-sectional nature of most analyses precludes 

causal inference. Consequently, the relationships observed among smoking exposure, ox-

idative stress, immune alterations, viral replication, and mortality should be interpreted 

as associations rather than evidence of causality. 

Third, despite adjustment for selected covariates, residual confounding cannot be ex-

cluded. Because of the limited sample size, clinically relevant variables such as GOLD 

stage, comorbidity burden, exacerbation history, nutritional status, and other potential 

prognostic factors could not be comprehensively incorporated into the multivariable 

models. Although FEV1 was included in the survival analyses, it was not independently 

associated with mortality and did not materially alter the observed associations; however, 

the study may not have been adequately powered to detect its prognostic contribution. 

Fourth, smoking exposure was primarily assessed according to current smoking sta-

tus and urinary cotinine levels, which objectively verified recent tobacco exposure. How-

ever, cumulative smoking burden, smoking intensity over time, passive smoking expo-

sure, and longitudinal smoking trajectories were not comprehensively assessed. Moreo-

ver, the duration of smoking cessation among former smokers could not be accurately 

incorporated into the analyses and may have contributed to residual confounding. There-

fore, the long-term biological effects of prior smoking exposure may not have been fully 

captured. 

Fifth, although smokers exhibited significantly higher TTV loads, TTV was not inde-

pendently associated with mortality after multivariable adjustment. Therefore, the pre-
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sent study supports the use of TTV as a marker of immune competence rather than as an 

established prognostic biomarker. Similarly, the observed coexistence of elevated TTV 

load and increased oxidative DNA damage does not establish a direct mechanistic rela-

tionship between viral replication, genomic instability, and survival outcomes. 

Sixth, virological analyses were limited to selected latent and persistent viruses and 

did not include comprehensive characterization of the respiratory virome, airway micro-

biome, or viral reactivation dynamics over time. 

Seventh, the biological interpretation of α7nAChR findings is constrained by the ab-

sence of functional studies. Receptor signaling activity, downstream immune responses, 

receptor internalization, and desensitization mechanisms were not evaluated. Therefore, 

the biological significance of the observed expression patterns remains speculative. 

Eighth, dietary assessment was based on selected items from the European Health 

Interview Survey and served primarily as a proxy measure of antioxidant intake. Alt-

hough no differences in vegetable consumption were observed between smoking groups, 

residual dietary confounding cannot be excluded. 

Ninth, all participants were receiving inhaled corticosteroids together with methyl-

cysteine-based therapy, which may have influenced inflammatory markers, immune cell 

phenotypes, oxidative stress biomarkers, and viral replication patterns. 

Finally, the moderate discriminatory performance of the survival models, together 

with the absence of significant global model fit in likelihood ratio testing, suggests that 

relevant prognostic determinants were not fully captured. Future prospective multicenter 

studies integrating clinical characteristics, pulmonary function, imaging, longitudinal 

smoking exposure, immune phenotyping, oxidative stress biomarkers, circulating cell-

free DNA, virological markers, and multi-omics approaches will be necessary to validate 

and expand these findings. 

5. Conclusions 

Overall, our findings support a multidimensional model of COPD in which smoking 

acts not only as a direct toxic exposure but also as a driver of interconnected processes 

involving genetic susceptibility, oxidative stress, immune dysregulation, impaired antivi-

ral surveillance, and systemic inflammation. Patients with severe-to-very-severe COPD 

who continued smoking exhibited a distinct biological profile characterized by increased 

oxidative DNA damage, higher inflammatory cell counts, immune activation, reduced 

antioxidant defenses, and elevated TTV load. 

Among the biomarkers investigated, elevated WBC counts emerged as the most con-

sistent predictor of adverse long-term outcomes, while higher bilirubin levels showed a 

protective association, highlighting the prognostic relevance of systemic inflammation 

and antioxidant capacity. In contrast, although TTV load and DNA damage markers were 

associated with smoking-related biological alterations, their independent prognostic 

value could not be demonstrated in this cohort. 

These findings emphasize the interplay between inflammatory, oxidative, immuno-

logical, and viral pathways in COPD progression and support the development of preci-

sion-guided rehabilitation strategies. Integrating biological profiling with smoking cessa-

tion, nutritional support, and infection prevention may improve risk stratification and op-

timize long-term outcomes in patients with advanced COPD. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/biom16071009/s1. Table S1. Post-hoc pairwise comparisons 
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identify the specific T-cell subsets (Treg, Th1, Th2, and Th17). 
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