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Background: Cigarette smoking (CS)-related monocytosis contributes to the development of chronic lung injuries via complex
mechanisms. We aim to determine correlations between measures of CS and monocytes, their capacities to predict chronic lung
diseases, and their associations with mortality.

Methods: A single-center retrospective study of patients undergoing surgical resection for suspected lung nodules/masses was
performed. CS was quantified as cigarettes smoked per day (CPD), duration of smoking, composite pack years (CPY), current
smoking status, and smoking cessation years. A multivariate logistic regression analysis was performed.

Results: Of 382 eligible patients, 88% were ever smokers. In this group, 45% were current smokers with mean CPD of 27.2+40.0. CPY
and duration of smoking showed positive linear correlations with percentage monocyte count. Physiologically, CPY was associated with
progressive obstruction, hyperinflation, and reduced diffusion capacity (DLco). Across the quartiles of smoking, there was an
accumulation of radiologic and histologic abnormalities. Anthracosis and emphysema were associated with CPD, while lung cancer,
respiratory bronchiolitis (RB), emphysema, and honeycombing were statistically related to duration of smoking. Analysis using
consecutive CPY showed associations with lung cancer (>10 and <30), fibrosis (>20 and <40), RB (>50), anthracosis and emphysema
(>10 and onwards). Percentage monocytes correlated with organizing pneumonia (OP), fibrosis, and emphysema. The greater CPY
increased mortality across the groups. Significant predictors of mortality included percentage monocyte, anemia, GERD, and reduced
DLco.

Conclusion: Indices of CS and greater monocyte numbers were associated with endpoints of chronic lung disease suggesting
a participation in pathogenesis. Application of these easily available metrics may support a chronology of CS-induced chronic lung
injuries. While a relative lesser amount of smoking can be associated with lung cancer and fibrosis, greater CPY increases the risk for
emphysema. Monocytosis predicted lung fibrosis and mortality. Duration of smoking may serve as a better marker of monocytosis and
associated chronic lung diseases.
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Introduction
Smoking-related disease remains the most preventable cause of death." While epidemiological studies have established
etiological roles for cigarette smoking (CS) in lung cancer and emphysema in a dose-dependent manner, it is also a well-
established risk factor for idiopathic pulmonary fibrosis (IPF) and precursor lesions of interstitial lung abnormalities
(ILAs).>” The presentation of these smoking-related pulmonary injuries is variable with prevalence rates approximating
6.25% for lung cancer (1 in 16 for lifetime probability), 40% for COPD, 0.0005-0.002% for IPF, and 8% for ILAs.%’
Studies have defined a dose-dependent response between smoking and peripheral monocytosis; these have included
the contrasting impacts of current smoking status and smoking cessation.®'° Accordingly, circulating blood monocyte
counts have been associated with lung cancer, COPD, IPF, and ILAs."'"'7 Monocytes are a heterogenous population of
myeloid cells with well-characterized subsets to maintain tissue integrity and functions of innate and adaptive
immunity.'® Classical CD14""CD16  monocytes represent a transient cell population, which contributes to early
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inflammatory response, whereas non-classical CD14°™CD16" monocytes (5-8% of blood monocytes) expand markedly
following infection or other inflammatory stimuli.'®' Along with monocytes, role of alveolar macrophages (AM) as
effector cells for the CS-induced immune response have been highlighted.?'** When encountering stimuli, AM generally
can assume two polarized states based on differential cytokines production: M1 or “classically activated” pro-
inflammatory phenotype vs M2 or “alternatively activated” anti-inflammatory phenotype.'®> Recent evidence has exam-
ined the plasticity of AM and their phenotypic polarization existing as a spectrum, largely modified based on local
environment.”> CS promotes chronic inflammation, recruitment of immune cell in lungs including non-classical blood
monocytes,”*?’ initiation of monocyte-to-macrophage program and maturation of macrophages.?*2° In addition to CS,
aging affects blood monocytosis and aging induced immunosenescence is associated with development and advancement
of chronic respiratory diseases of COPD and pulmonary fibrosis.** > Although, the blood monocyte count has shown
utility in predicting disease outcome and progression, its role in the natural history of chronic lung diseases remains
inconclusive.>® Animal studies have supported a relationship between respiratory disease, CS exposure and monocyte.>*
However, equivalent associations are lacking in clinical settings.

An excessive burden of co-existing malignant and non-malignant lung injuries in the Appalachian region reflects the
United States’ highest smoking rates.>> This heavily smoking population provided an opportunity to examine the
associations between CS, monocytes, and smoking-related lung diseases. Objectives of this study were to describe the
associations between: 1) smoking and hematological parameters including monocyte counts, 2) CS, monocyte counts,
and radiologic and histologic indices of lung injury, and, lastly, 3) CS, monocyte counts, and mortality.

Materials and Methods

Study Design

After obtaining the approval of the institutional review board, a single-center, retrospective, cohort study was conducted
at West Virginia University Hospital (WVUH). Patients who underwent surgical resection for suspicious lung nodules/
masses during the study period (January 1, 2017 to December 31, 2020) were identified. Those with a poor-quality CT
scan of the chest and/or inadequate lung tissue for histopathology were excluded from the study. Patients were identified
as never and ever smokers and the latter were divided into quartiles of smoking pack years (PY).

Data Collection

Self-reported cigarette smoking by patients was reported as never and ever (ex- and current) smokers. For ever-smokers,
prolonged cumulative exposure and daily exposure were recorded as composite pack years (CPY; 1 pack-year was 20
cigarettes or the equivalent smoked daily for 1 year) and number of cigarettes smoked per day (CPD), respectively. For
ex-smokers, years since quitting smoking was recorded. For each patient, there was a pre-surgical complete blood count
(CBC) profile obtained which included total white blood cell (WBC, x10°/L), absolute monocyte count (x10°/L),
percentage monocyte count, hemoglobin (g/dL), hematocrit (%), red blood cell volume (million/mm?), mean corpuscular
volume (MCYV, fL), mean corpuscular hemoglobin concentration (MCHC, g/dL), and mean corpuscular hemoglobin
(MCH) (pg/cell). In addition, charts were reviewed to collect demographics, comorbidities, exposure history (coal, silica,
asbestos and others), baseline supplemental oxygen use, and pulmonary function test (PFT) findings. An analysis of
radiographic findings (emphysema subtypes, interstitial lung abnormalities (ILAs), and interstitial lung disease (ILD)
patterns, traction bronchiectasis (TB), honeycombing (HC)) and histologic abnormalities (anthracosis, peribronchiolar
metaplasia (PBM), respiratory bronchiolitis (RB), desquamative interstitial pneumonia (DIP), fibrosis, organizing
pneumonia, emphysema, and lung cancer morphology) of the cohort have been previously reported.*> Pulmonary
hypertension status was also noted as indicated by the radiographic marker of pulmonary artery to aorta (PA/Ao)
ratio >0.9.

Pathologic Evaluation
Retrospective review of consensus histopathologic findings was conducted for the study cohort. At least one tissue
section (typically 3—6 sections) for total 382 lung specimens were examined by two pathologists at WVUH. These
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assessments were performed primarily for suspicious lung nodule or mass, however, the additional non-malignant
findings suggestive of emphysema and variety of ILD patterns were reported from the lung tissue un-involved with
the tumor. The possible under-reporting of these findings cannot be excluded. Case definition for these findings and
detailed methods have been previously described.”

Statistical Analysis

Descriptive statistics included means, medians, and standard deviations to summarize continuous variables and frequency
distributions were used to describe categorical variables. Chi-square or Fisher exact tests were used to detect differences
in categorical variables between the groups, while means of continuous variables were compared using one-way
ANOVA. Tukey’s honest significant difference (HSD) calculator was employed to determine the difference between
the individual groups for continuous variables. The Pearson correlation coefficient was used to measure the strength of
a linear association between two continuous variables. Logistic regression analysis was used to determine associations of
smoking behavior, monocyte and various histologic findings and to predict mortality of the cohort. Two-tailed tests of
significance were employed.

Results

Of 392 patients, 382 met the inclusion criteria with sufficient radiology and lung tissue available for evaluation. Forty-six
/382 (12%) patients were never smokers (Figure 1). For ever-smokers, 45.4% were current smokers with a mean CPD of
27.2440.0 for a mean duration of 39.2+ 12.7 years; there was a median PY of 45.0 (with an interquartile range (IQR) of
30.5) in the same group. The ever-smokers were divided into groups of quartiles based on their CPY (Figure 1). Each
quartile (Q) of ever-smokers comprised of approximately one-fifth of the study cohort (Figure 1). Among the ever-
smokers, mean composite pack years smoked increased linearly across the groups (17.2+8.1, 36.5+£5.2, 50.8+5.5, and
93.1£31.3 in Q1-4, respectively, p=0). A similar linear trend was observed in means of CPD (14.7+6.5, 21.545.1, 23.3
+6.0, and 40.2+7.5 in Q1-4, respectively, p=0) and duration of smoking (27.7+£15.2, 35.3+£7.4, 45.749.2, and 47.0£7.5 in
Q1-4, respectively, p=0). For ex-smokers, mean years since quit declined across the groups (21.6+18.1, 13.0+11.6, 8.5
+10.0, and 7.08+7.4 in Q1-4, respectively, p=0), while there was a higher proportion of current smokers across the
groups (32.9%, 44.9%, 48.3%, and 54.8% in Q1-4, respectively, p=0.04) (Figure 2A).

Patient undergoing resection for lung
nodules/masses from year 2017 - 2020
(n=392)

Excluded (n=10)

Insufficient data (nonavailability Study Cohort
of CT chest and/or inadequate (n=382)
lung biopsy specimen)

[
[ I

Never Smokers Ever Smokers
(n=46) (n=336)

|
I I [ I

CPY 1-29.9 CPY 30-44.9 CPY 45-60.9 CPY>61
(Q1, n=76) (Q2, n=89) (Q3, n=87) (Q4, n=84)

Figure | Flow chart demonstrating selection of study subjects.
Abbreviation: CPY, composite pack year.
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Figure 2 Cigarette smoking increased monocytes in the peripheral blood. Different indices of smoking in the study cohort are provided according to quartiles of pack years
(A). One-way ANOVA and Tukey’s honest significant difference (HSD) calculator was used to identify significant difference between the groups. Mean values of composite
pack years increased across the groups with significant difference existed between all groups. Quit years decreased significantly for groups Q1-Q2, QI-Q3, and QI-Q4.
Mean number of cigarettes smoked per day increased significantly between groups Q1-Q2, QI-Q3, QI-Q4, Q2-Q4, and Q3-Q4. Lastly, mean duration of smoking (years)
increased significantly between groups Q1-Q2, Q1-Q3, Q1-Q4, Q2-Q3, and Q2-Q4. Mean absolute monocyte count (x10%uL) increased significantly across the groups:
NS- Q2, NS- Q3, NS-Q4, QI1-Q2, Q2-Q3, and Q|- Q4 (B). Similar significance was maintained across groups for percentage monocyte count: NS- Q1I, NS-Q2, NS-Q3, NS-
Q4, and QI1-Q4. The correlation between percentage monocytes and composite pack years was significant (C). *Statistically significant (p<0.05).

Abbreviation: QI to 4, quartile | to 4.

The cohort was elderly with a mean age of 66.0+£10.1 years, and there were no significant differences in ages between
the groups of smokers. Q4 had a higher proportion of males and body mass index (BMI) declined significantly with
increasing CPY (Table 1). Comorbid COPD, peripheral artery disease (PAD), coronary artery disease (CAD), and

Table | Characteristics of Groups by Smoking Pack Years (Quartiles)

Variables Never Smokers (n=46) | QI (n=76) Q2 (n=89) | Q3 (n=87) | Q4 (n=84) | P value

Age (years) 64.22+13.67 66.29+12.44 | 64.13£9.13 67.92+8.25 66.81+7.40 0.080

Male 12 (26.1%) 31 (40.8%) 37 (41.6%) 42 (48.3%) 47 (55.9%) 0.017

BMI (kg/m?) 32.06+9.28 28.45+5.42 27.69+6.46 26.86+5.68 28.54+7.64 0.001

Comorbidities

PAD 0 8 (10.5) 7(7.9) 19 (21.8) 13 (15.5) 0.002

CAD 8 (17.4) 34 (44.7) 24 (27) 34 (39.1) 35 (41.7) 0.007

Hypothyroidism 14 (30.4) 14 (18.4) 21 (23.6) 12 (13.8) 7 (8.3) 0.010

Other cancer 8 (17.4) 15 (19.7) 8(9) 7 (8.1) 4 (4.8) 0.015

Home O, use 1 (22) 6 (7.9) 12 (23.5) 16 (18.4) 18 (21.4) 0.011

COPD 7 (15.2) 36 (47.4) 50 (56.2) 65 (74.7) 67 (79.8) 0

ILD 0 0 2(22) I (1.1) I (1.2) 0.635

(Continued)
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Table | (Continued).

Variables Never Smokers (n=46) | QI (n=76) Q2 (n=89) | Q3 (n=87) | Q4 (n=84) | P value
Exposure history

Coal 0 10 (13.2) 6 (6.7) 7 8.1) 7 (83) 0.132
Asbestos I (2.2) 5 (6.6) 8(9) 7 (8.1) 7 (8.3) 0.660
Silica 0 5 (6.6) I (1.1) 2 (24) 3 (3.6) 0.180
Lab findings

Total WBC (x10°/L) 8.02+3.62 7.57+2.04 7.94+2.27 8.07+2.73 8.14+2.06 0.478
Hemoglobin (g/dL) 13.54+1.64 13.70£1.46 13.46£1.78 13.24+1.73 13.09£1.88 0.178
Hematocrit (%) 40.35+4.03 40.99+4.23 39.94+4.86 39.72+4.85 39.3845.10 0.248
RBC volume (million/mm?) | 4.57£0.52 4.50+0.49 4.45+0.50 4.35£0.56 4.34£0.58 0.052
MCV (fL) 88.48+5.55 91.30+4.76 90.29+5.03 90.67+7.83 91.22+7.05 0.122
MCHC (g/dL) 33.47x1.19 33.46x1.12 33.42£1.72 33.30%1.15 33.06%1.56 0.323
MCH (pg/cell) 29.65+2.31 30.54+2.00 30.32+2.33 30.11£2.96 30.30+2.88 0.431
PA/Ao >0.9 on CT chest 7 (15.2) 21 (27.6) 14 (15.7) 12 (13.8) 19 (22.6) 0.139
Mortality 2 (4.3%) 11 (14.5%) 20 (22.5%) 27 (31%) 21 (25%) 0.003

Note: Results are expressed as mean * standard deviation or n (%).

baseline hypoxemia were more common in heavy smokers, while hypothyroidism was more frequent among never
smokers (Table 1). Exposure to coal, silica and asbestos were not different between the groups (Table 1). Hematological
parameters including total WBC count, hemoglobin, hematocrit, MCV, MCHC, and MCH were not significantly different
between the groups, however, compared to never smokers, Q4 group showed significantly reduced RBC volume and
increased MCV (Table 1). Means of absolute monocyte (5.1+1.4, 5.9+2.1, 6.942.2, 7.242.2, and 7.5£1.9, xlOz/pL,
respectively, p=0) and percentage monocyte (6.8+1.8, 8.2+£2.6, 8.9£2.3, 9.1£3.2, and 9.5+2.4, respectively, p=0)
increased significantly across the groups from never smokers to Q4 (Figure 2B). There was a positive linear correlation
between CPY and percentage monocyte (r=0.27, p<<0.0001, Figure 2C). In contrast, age did not correlate with percentage
monocyte count (r=0.043, p=0.435).

The prevalence of radiologic and histologic abnormalities increased drastically across the groups of never smokers to
Q4 (Figure 3A and B). The proportion of any radiologic emphysema (13% vs 78.9% vs 96.6% vs 98.8% vs 98.8%,
respectively, p=0), centrilobular (CL) emphysema (10.9% vs 72.4%, 86.5% vs 86.2% vs 94.1%, respectively, p=0),
paraseptal (PS) emphysema (2.2% vs 23.7% vs 41.6% vs 36.8% vs.46.4%, respectively, p<0.001) and ILD patterns (0 vs
11.8% vs 20.2% vs 21.8% vs 29.8%, respectively, p<0.001) were significantly higher in smokers compared to never
smokers. Approximately one-third of patients had any ILA patterns across the groups without significant differences
between them. Mixed CL-ground glass opacity (GGO) and subpleural reticular pattern of ILA showed statistical
significance for higher CPY (10.9%, 17.1%, 10.1%, 26.4%, and 17.9%, respectively, p=0.044). Rates of isolated TB
or HC changes were not different. Proportions of patients with any histologic emphysema (28.7% vs 61.8% vs 78.6% vs
86.2% vs 89.3%, respectively, p=0), fibrosis (13% vs 13.2% vs 41.6% vs 25.3% vs 32.1%, respectively, p<0.001), DIP (0
vs 2.6% vs 6.7% vs 13.8% vs 4.8%, respectively, p=0.009) and anthracosis (34.8% vs 54% vs 60% vs 70.1% vs 77.4%,
respectively, p<0.001) were significantly different between the groups. While RB-ILD trended towards significance (0,
11.8%, 11.2%, 23%, and 16.7%, respectively, p=0.051), PBM, OP and HC changes were not different between the
groups. Representative CT chest and histopathology findings of a patient from Q4 group are shown in Figures 4 and 5,
respectively. Morphology of resected nodule/mass was significantly different across the groups for subtypes of squamous

International Journal of Chronic Obstructive Pulmonary Disease 2023:18 https: 435
Dove:


https://www.dovepress.com
https://www.dovepress.com

Sangani et al Dove

3A — —Any emphysema (%) — —CL emphysema (%) 3B — —Pathemphysema(%) — —Anyfibrosis(%) — —DIP (% Anthracosss (%)
— —PSemphy Any ILD patterns (%
— —Mixed CL-GGO and SPR-ILA pattern (%) 9.3

862 —— 2"
& 78.6

2 5

@ 956____——935 98.8 £

5 -

< —_— g 2 61.8

S &

£ S

g &

5 =

® k-]

e > &

® g

9 —_— . 2 28.7

g g

2 &

[ \

2

- / —
Hy— i — -

Never smoker Q1 Q2 Q3 Q4 Never smoker Q1 Q2 Q3 Qs
Groups with quartiles of smoking Groups with quartiles of smoking

Figure 3 Increasing prevalence of radiologic and histologic findings with increasing intensity of smoking. The proportion of patients with radiologic evidence of any
emphysema, centrilobular (CL) emphysema, paraseptal (PS) emphysema, ILD pattern, and mixed centrilobular-ground glass opacity (CL-GGO) and subpleural reticular (SPR)-
interstitial lung abnormality (ILA) pattern increased across the groups, p<0.05 (A). Histological findings of emphysema, fibrosis, desquamative interstitial pneumonia (DIP)
and anthracosis varied significantly, p<0.05 (B).

Abbreviation: QI to 4, quartile | to 4.

[“]

Figure 4 Radiographic findings in a 67-year-old-male active smoker patient with 100 CPY smoking history. Axial presurgical CT chest images showed advanced centrilobular
(yellow arrowhead), paraseptal (yellow arrow) and bullous emphysema (asterisk) (A). (B) represented bibasilar subpleural reticular changes with traction bronchiolectasis
(solid red arrow) and traction bronchiectasis (dotted yellow arrow).

cell carcinoma (4.3% vs 22.4% vs 19.1% vs 39.1% vs 42.8%, respectively, p<0.001), neuro-endocrine cancer (2.2% vs
11.8% vs 5.6% vs 2.3% vs 3.6%, respectively, p<0.001), atypical adenomatous hyperplasia (AAH, 10.9% vs 7.9% vs
3.4% vs 0 vs 4.8%, respectively, p=0.032), and benign pathology (17.4% vs 7.9% vs 5.6% vs 4.5% vs 2.3%, respectively,
p=0.016), whereas adenocarcinoma (45.6% vs 55.3% vs 53.9% vs 37.9% vs 38.1%, respectively, p=0.055) trended
towards significance (Figure 6). Rates for subtypes of small cell carcinoma, large cell carcinoma and metastatic disease
did not differ between the groups.

Compared to never-smokers, increasing CPY showed reduced means for percentage predicted forced expiratory
volume in one second (FEVy, 94.8+19.3 vs 80.7+21.9 vs 76.6+19.4 vs 71.2420.1 vs 68.9+20.0, respectively, p=0),
percentage predicted forced vital capacity (FVC, 92.8£26.1 vs 88.4+17.2 vs 85.6+17.8 vs 82.5£15.8 vs 82.1+19.0,
respectively, p=0.008), and FEV/FVC (78.4£8.3 vs 69.1+£12.6 vs 68.5£10.4 vs 65.1£11.5 vs 64.9+12.6, respectively,
p=0; Figure 7A), whereas means for percentage predicted residual volume (RV, 115.0+£38.1 vs 138.6+66.8 vs 135.6+35.5
vs 149.0£51.2 vs 147.9+48.4, respectively, p=0.006) and RV/total lung capacity (TLC, 108.6+21.7 vs 122.8426.5 vs
125.6+23.4 vs 131.1+30.7 vs 132.3+£24.5, respectively, p<0.001) ratio were greater (Figure 7B). There was a significant
decline for percentage predicted diffusing capacity for carbon monoxide (DL, 93.3422.7 vs 71.1£22.2 vs 68.7+18.2 vs
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Figure 5 Histopathologic findings in a 67-year-old-male active smoker patient with 100 CPY smoking history who underwent right lower lobectomy for suspicious nodule.
Photomicrographs of lung specimen showed (a) invasive squamous cell carcinoma with keratin pearls (black arrows) [50X], (b) interstitial fibrosis (black arrow) and
anthracotic pigment deposition (green arrow) [100X], (c) respiratory bronchiolitis with macrophages contain finely granular brown pigments (black arrow) [100X], and (d)
interstitial fibrosis (black arrow), accumulation of macrophages in the airspace (green arrow) and associated architectural distortion [50X].
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Figure 6 Pathology of resected lung nodule/mass in never smokers and quartiles of smoking pack years. While adenocarcinoma trended towards significance, rates of
squamous cell cancer increased, and frequencies of atypical adenomatous hyperplasia, neuro-endocrine cancer and benign pathology decreased between the groups.
*Statistically significant (p<0.05).

Abbreviation: QI to 4, quartile | to 4.

62.5£16.3 vs 61.7+19.6, respectively, p=0; Figure 7C). Lastly, there was linear decline of FEV|/FVC ratio, percentage
predicted DL¢ in relation to greater CPY and percent monocyte count for the cohort (Figure 7D).

A linear dose—response relationship was demonstrated across the spectrum of radiologic abnormalities of no disease
(n=35, 9.2%), ILA only (n=24, 6.3%), emphysema only (n=107, 28%), ILA+ emphysema (n=145, 37.9%), and ILD+
emphysema (n=71, 18.6%) for both indices of cigarette smoking and monocytes (absolute count and percentage)
(Figure 8). While a statistically significant reduced prevalence of never smokers (71% vs 66.7% vs 3.7% vs 4.1% vs
0, respectively, p=0) and quit years (mean of 32.9+16.6 vs 16.3+15.9 vs 9.4+10.6 vs 8.9+13.7 vs 4.4+7.8, respectively,
p=0) were seen, the proportion of patients who were current smokers (9% vs 0% vs 48.6% vs 40.7% vs 53.5%,
respectively, p<0.001) and mean CPY of smoking (3.0£6.9 vs 6.2+14.5 vs 47.2425.4 vs 50.9+33.9 vs 58.5+£31.4,
respectively, p=0) increased consistently across the groups (Figure 8A). From no disease to accumulation of radiologic
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Figure 7 Box plots for the various PFT measures in never smokers (NS) and quartiles of CPY (A—C). All measures showed a relationship with smoking except for TLC
(p<0.05). Percentage predicted FEV, and FVC as well as ratio FEV,/FVC declined with smoking (A). For FEV , there were significant differences between NS and all quartiles,
QI1-Q3, and QI-Q4. For FVC, significant differences were demonstrated between NS-Q3 and NS-Q4 whereas for the FEV,/FVC ratio, comparisons between NS and all
quartiles were significant. Percentage predicted RV and TV/TLC increased across all groups (B). For predicted RV, significant differences were demonstrated for NS-Q3 and
NS-Q4. For predicted RV/TLC, significance was evident in comparisons between NS-Q2, NS-Q3, and NS-Q4. Percentage predicted DLco decreased in quartiles of CPY (C).
Significant differences were observed between NS-QI, NS-Q2, NS-Q3, NS-Q4, and Q1-Q4. There was a linear negative correlation between either CPY or percentage
monocyte count and PFT measures of ratio FEV,/FVC (r=—0.28, p<0.0001, and r=—0.19, p=0.0001, respectively) and percentage predicted DLco (r=—0.31, p<0.0001, and r=
—0.13, p=0.01, respectively) (D).

Abbreviations: DLco, diffusing capacity for carbon monoxide; FEV, forced expiratory volume in one second; FVC, forced vital capacity; QI to 4, quartile | to 4; RV,
residual volume; TLC, total lung capacity.
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Figure 8 Relationship between indices of smoking, blood monocyte count and groups of radiologic abnormalities. For mean years since quitting smoking, there were
significant differences between no disease and emphysema only, no disease and ILA+emphysema, and no disease and ILD+emphysema (A). For mean composite pack years of
smoking, significant comparisons included no disease and emphysema only, no disease and ILA+emphysema, no disease and ILD+emphysema, ILA and emphysema, ILA and
ILA+emphysema, and ILA and ILD+emphysema (A). There were significant increases in both absolute monocyte (x10%/pL) and percentage monocyte count associated with
radiologic injuries, p<0.05 (B). Significant differences in absolute monocyte count were observed between no disease and emphysema, no disease and ILA+emphysema, no
disease and ILD+emphysema, ILA and emphysema, ILA and ILA+emphysema, ILA and ILD+emphysema, and emphysema and ILD+emphysema. With percentage monocyte
count significance was evident in comparisons between no disease and emphysema, no disease and ILA+emphysema, no disease and ILD+emphysema, ILA and ILA
+emphysema, ILA and ILD+emphysema, emphysema and ILA+emphysema, emphysema and ILD+emphysema. *Statistically significant (p<0.05).

Abbreviations: ILA, interstitial lung abnormality; ILD, interstitial lung disease.
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injuries, there was a linear rise in the means of absolute monocyte count (4.9+1.5 vs 5.1+1.2 vs 6.6+£2.3 vs 7.0+1.8 vs 7.7
+2.3, x10*/uL, respectively, p=0) and percentage monocyte (5.8+1.3 vs 7.2+1.6 vs 8.5+3.1 vs 9.1£1.9 vs 10.2£3.1,
respectively, p=0; Figure 8B). Distribution of histologic findings across these groups of radiologic abnormalities showed
a significant rise in proportion of patients with lung cancer, PBM, anthracosis, RB-ILD, DIP, fibrosis, emphysema and
HC (Figure S1).

Smoking habits of the cohort were significantly different between men (n=169, 44.2%) and women (n=213,
55.8%). Male patients were more likely to be ever-smoker (90.5% vs 83.5%, respectively, p=0.012), smoked
higher average daily cigarettes (27.2+13.9 vs 23.3%11.2, respectively, p=0.005) for a longer duration (37.1£16.2
vs 32.7+18.2, respectively, p=0.010), and had excessive resultant CPY exposure (51.5+38.1 vs. 38.1+29.7,
respectively, p<0.001). Men were older (67.5+£9.5 vs 64.8+10.4, respectively, p=0.008) and underweight (BMI
of 27.6+5.5 vs 29.0+7.8 kg/m? respectively, p=0.042) compared to women. The distribution of comorbid
conditions showed a higher prevalence of CAD (42.6% vs.29.6%, respectively, p=0.007), atrial fibrillation
(18.3% vs 10.3%, p=0.025), chronic liver disease (8.2% vs.0.9%, respectively, p<0.001) and non-pulmonary
malignancy (14.2% vs 8.4%, respectively, p=0.046) among men, whereas women had a higher prevalence of
mood disorders (21.9% vs 39.9%, respectively, p<0.001), and hypothyroidism (10.0% vs 23.5%, respectively,
p<0.001). Occupational exposures (coal, silica, asbestos and others) were significantly greater among males
compared to females (56.2% vs 8.4%, respectively, p<0.0001). Pre-surgical absolute and percentage blood
monocyte count were increased in male patients compared to females (7.1£2.3 vs 6.4+1.9 x10%/uL, respectively,
p=0.001, and 9.4+2.8 vs 8.242.4, respectively, p<0.001). The peripheral blood monocyte count correlated
positively with male gender (r=0.16, p=0.001). Reflecting the greater smoking history, men had more frequent
radiographic evidence of any emphysema (89.9% vs 79.3%, respectively, p=0.003) and CL emphysema (82.8% vs
70.9%, respectively, p=0.004). Radiologic ILA or ILD patterns were not different between the genders. Except for
the finding of anthracosis (68.6% vs 55.9%, respectively, p=0.009), the prevalence of other histologic chronic lung
findings was not different between the genders. While males had a higher frequency of squamous cell cancer
(33.7% vs 19.7%, respectively, p=0.001), females had more adenocarcinoma (38.5% vs 52.1%, respectively,
p=0.010) and neuro-endocrine cancer (3.5% vs 9.4%, respectively, p=0.038). Males had significantly reduced
ratio FEVI/FVC (64.7£1.5 vs 70.9+11.8, respectively, p<0.001) compared to females but lung volumes or
diffusion capacity did not differ. A distribution of entire cohort for the groups of never smokers and quartiles
of CPY smoking is presented by gender in Table SI.

A logistic regression model consisting of current smoking status, sequential CPYs, percentage monocyte count
and percentage predicted DL-o<70 was developed to predict the histologic findings (Table S2). Significant odds
ratio for increasing CPY (=10 or >20 or >30 or >40 or >50) and other variables (from model#4, Table S2) were used
to suggest a chronology of histologic injuries (Figure 9). CPY>10 or >20 predicted lung cancer early in the course.
Anthracosis was prevalent across all CPY of smoking and was associated with percentage monocyte count. While
OP pattern only correlated with percentage monocyte, histologic fibrosis showed an association with percentage
monocyte and CPY >20 or >30. RB was significantly predicted by current smoking status, CPY >50 and percentage
predicted DL-p<70. Lastly, emphysema showed a significant association with all CPYs and other variables of the
model. Alternatively, employing current smoking status, CPD, duration of smoking (years), years since smoking
cessation and percentage monocyte count in a logistic regression analysis, the following associations were identified:
current smoking with RB, CPD with anthracosis and emphysema, duration of smoking with lung cancer, RB-,
emphysema and HC, smoking quit years with PBM, and percentage monocyte with OP, fibrosis, emphysema
(Table 2).

Lastly, mortality increased across the groups with greater CPY (Table 1). Multiple variables were associated with poor
prognosis on univariate analysis including older age, higher comorbidity burden, PFT limitations (airflow obstruction,
hyperinflation, and reduced diffusion capacity), greater monocyte count, anemia, presence of radiologic emphysema, ILD
patterns, isolated HC, and histologic lung cancer, anthracosis and HC changes (Table S3). After adjustment, a multivariate
logistic regression model was developed to report the predictors of mortality (Table 3). Percentage monocyte count (OR
1.28 per each unit rise, 95% CI[1.14-1.44], p<0.001), anemia (OR 1.95, 95% CI[1.07-3.56], p=0.029), GERD (OR 1.77,
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Figure 9 Significant predictors for histologic lung injuries. Based on a logistic regression model consisting of current smoking status, successive CPY, percentage monocyte
count, and percentage predicted DLco<70, the odds ratio of significant predictors of histologic lung injuries were displayed. Lung cancer was associated with CPY210 or
220. Anthracosis showed association with all CPY smoked and percentage monocyte count. While organizing pneumonia (OP) was only associated with percentage
monocyte count, fibrosis was associated with moderate smoking exposure and percentage monocyte count. Respiratory bronchiolitis showed correlations with current
smoking, CPY250, and percentage predicted DLco<70. Lastly, all variables of the models predicted emphysema: current smoking, CPY (210 and onwards), percentage
monocyte count, and percentage predicted DLco<70.

Abbreviations: CPY, composite pack year; DLco, diffusion capacity for carbon monoxide.

95% CI[1.02-3.06]), and percentage predicted DL-o<70 (OR 3.17, 95% CI[1.60-6.29], p=<.001) were associated with
mortality. While isolated HC on CT chest trended towards significance, CPY, duration of smoking, CPD, and lung cancer
were not associated with mortality. Percentage monocyte count and CPY revealed positive correlation with mortality

Table 2 Logistic Regression Analysis Showing Associations (as or, 95% Cl) Between Smoking, Monocyte and Lung Injuries

Histologic Current Smoking | Cigarettes Smoked Duration of Percentage Years Since Quitting
Findings Status Per Day Smoking Monocyte Count Smoking
Peribronchiolar n.s n.s ns. n.s. 1.03 [1.008-1.07],
metaplasia p=0.013
Anthracosis n.s. 1.04 [1.01-1.06], ns. 1.09 [0.99-1.20], n.s
p=0.001 p=0.063*
Lung cancer n.s ns. 1.03 [1.01-1.06], n.s. n.s.
p=0.010
Organizing n.s n.s ns. 1.16 [1.02—-1.30], n.s.
pneumonia p=0.019
Fibrosis n.s. n.s ns. 1.22 [1.10-1.35], p=0 n.s.
Respiratory 2.17 [1.144.12], n.s 1.03 [1.008-1.06], n.s. n.s.
bronchiolitis p=0.018 p=0.008
Emphysema n.s. 1.03 [1.005-1.06], 1.03 [1.004-1.06], 1.17[1.04-1.32], n.s.
p=0.019 p=0.022 p=0.009
Honeycombing n.s n.s 1.07 [1.01-1.14], n.s. n.s.
p=0.022

Notes: *Trend towards statistical significance. Histologic findings of peribronchiolar metaplasia and desquamative interstitial pneumonia, and radiologic finding of isolated
traction bronchiectasis were not associated with any variables of the model.
Abbreviations: n.s, non-significant.
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Table 3 Predictors of Mortality for the Cohort

Variables OR 95% CI P-value
Composite pack years 1.002 0.99-1.01 0.685
Duration of smoking (years) 1.006 0.98-1.03 0617
Cigarettes smoked per day 0.99 0.98-1.01 0.750
Percentage monocyte count 1.28 1.14-1.44 <0.001
Anemia* 1.95 1.07-3.56 0.029
GERD 1.77 1.02-3.06 0.042
Percentage predicted DLco<70 3.18 1.60-6.30 <0.001
Honeycombing on CT chest 3.68 0.81-16.59 0.090
Lung cancer on path 2.31 0.82-6.47 0.111

Notes: Logistic regression model adjusted for age, gender, BMI, comorbidities including COPD, PFT
measures of forced expiratory volume in one second (FEV) and forced vital capacity (FVC), radio-
graphic emphysema and ILD, histologic emphysema, anthracosis and, honeycombing. *As determined
by hemoglobin <I 1.5 or <13.4 g/dL for female and male, respectively.

(r=0.29, p<0.00001 and r=0.16, p=0.0017, respectively). In contrast, hemoglobin (g/dL) had weak negative correlation with
mortality of the cohort (r=—0.14, p=0.0062).

Discussion

The study cohort undergoing surgical resection for suspicious lung nodules/masses showed a distinctive smoking profile
(45% current smokers, 88% ever-smoker and average 1.5 packs smoked per day for mean of 40 years) which continues to
challenge the central Appalachian region.*®>” One-fourth of the cohort (Q4 group) demonstrated enormous cumulative
smoke exposure (approx. 2 ppd for 47 years) and fewer quit years for ex-smokers. Hematologic assessment revealed
a dose-dependent, linear correlation between CPY and peripheral monocytosis, independent of the age of cohort. This is
similar to a recent cross-sectional study of smokers (r=0.308).*® Stimulating effects of chronic smoking on the bone
marrow have been shown to increase 1) the size of the mitotic and postmitotic pools of leukocytes and 2) the transition

out of the postmitotic pool.>’

A higher plasma level of granulocyte-colony stimulating factor in smokers increases
myelopoiesis and circulating monocytosis.>* Air pollution (eg traffic-related air pollution and PM,) and diesel exhaust
are among other particle-related exposures, which can also impact a monocytosis.**** Components of particles which
mediate the elevation in monocytes can include metals and endotoxin.**** There is abundant investigation which has
demonstrated an extravasation of circulating monocytes into lungs which contributes to the numbers of alveolar
macrophages (AM) after further differentiation in response to inflammation.**’ As sentinel cells, AM are responsible
for initiating and resolving immune response to inhaled particles and pathogens. CS has been shown to dysregulate AM
functions by influencing its recruitment, phenotype, immune function, and homeostatic roles.**

Considering an involvement of cumulative CS exposure (ie, CPY) and monocytes in lung injury, easily available
metrics were employed in a logistic regression model. While plotting odds ratios in relation to successive CPY,
a timeframe for the development of lung cancer (PY >10 and <30) and fibrosis (PY >20 and <40) was suggested.
Anthracosis was evident as early as PY >10 and steadily maintained during higher exposures. Approximately two-thirds
of histologic specimens from the cohort (62%) showed anthracosis and this finding was directly proportional to CPY.
Historic tissue-based investigations have shown anthracosis as a result of particle exposures (eg coal and non-coal) with
greater concentrations associated fibrosis and limitation of functional capacity of lungs.*® Current smokers with CPY
exposure of 20-29 were noted to have similar lung cancer risk as compared to low dose CT scan of chest (LDCT) eligible
former smokers (PY>30).*> Recognizing this burden, recent update on lung cancer screening guidelines have appro-
priately lowered the requirement of PY to be >20.>° Smoking-related fibrosis has been reported in historic autopsy
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studies and prospective cohort studies.”'*> Our model showed that the active smoking allowed an associated ILD process
to become clinically apparent with reduced diffusion capacity. Findings also suggest that the monocytes can be
a determinant of these fibrotic injuries. This is comparable to the results of investigation which supports an involvement
of monocyte-derived macrophages in the development of lung fibrosis.>**”33->* Lastly, emphysema (irreversible cell
death) can manifest histologically during early years of smoking (CPY>10 and onwards) but it became the most
prominent feature as CPY increased being associated with all predictors in the model (CPY, current smoking status,
percentage monocyte, and DLco<70). Collaborative evidence was observed when the study cohort was divided as per the
accumulation of radiographic abnormalities (ILA, emphysema, and ILD). An additive impact of greater CPY and
monocytosis was present across these groups with accumulation of multiple histologic findings. Physiologically, the
deleterious impact of CS in the cohort was evident with airflow limitation, hyperinflation and reduction in diffusion
capacity, which is comparable to prior observations in a study population.”> Smoking-related monocytosis was associated
with a negative effect on lung function.’®>” This chronology of events may suggest a perspective for clinicians to
determine the minimum required dose of smoking (in CPY) for the emergence of chronic lung disease. With continued
cigarette smoking, diverse patterns of disease can coexist obscuring individual processes.”

Addressing the controversy of smoking exposure assessment in clinical studies, smoking intensity (as CPD) and
duration were alternatively employed to determine associations with histologic and radiologic lung abnormalities.”®>’
While smoking intensity showed relationships with anthracosis and emphysema, the duration of smoking was associated
with multiple lung injuries (cancer, RB-ILD, emphysema and HC). There was little difference in using smoking intensity
or duration in the association of percentage monocyte and lung pathology (ie, OP, fibrosis, and emphysema). The
duration of smoking mirrors the CPY in its linear relationship with monocyte, whereas CPD did not (r=0.26, p<0.00001
vs 1=0.11, p=0.031, respectively). These observations suggest that the duration of smoking was a greater driver of
peripheral monocytosis and could serve as a better marker of CS-induced lung damage. Recent investigation suggests
that duration can have a higher impact on the development of smoking-related diseases.®

Sexual dimorphism of blood monocyte counts has been reported under physiological conditions with elevated blood
monocyte counts among men in all stages of life.°! There was statistically significant smoking burden among men
compared to women, which may have contributed towards conglomeration findings of monocytosis, comorbid CAD,
radiographic emphysema, and obstructive ventilatory impairment on spirometry. Despite lower cumulative smoke
exposure, proportion of females with histologic non-malignant lung injuries (except anthracosis) did not differ from
males, which points towards increased susceptibility of women for smoking-associated lung damage at younger age.®*
Excess occupational exposures in men could have accounted for greater anthracotic lung deposits than women.*® Lastly,
women had significantly higher prevalence of adenocarcinoma as reported in large population-based cohort study.®?

Patients who died were less likely to be never smokers, had excessive CPY exposure with greater duration of
smoking, however, none of smoking behavior parameters predicted mortality. Absolute monocyte count for patients who
did not survive was higher compared to for those who did survive with each rise of percentage monocyte increasing the
odds of mortality by 1.28 times. Similarly, peripheral monocytosis has been associated with poor prognosis in diverse
lung disease processes including COPD, IPF and lung cancer.'®'7**®” Monocyte levels were also associated with
disease progression in IPF and its precursor lesions of ILAs.'""'? Consequently, monocyte count can function as an
inexpensive prognostic biomarker in a smoking population.

Previous investigations have noted an impact of smoking on anemia, erythrocytosis, and increased MCV in healthy
subjects.”® Diverse mechanisms are involved in the development of anemia in smokers.®® In our study cohort, excessive
PY of smoking lead to increased MCV with contraction in RBC volume. A high percentage of patients with lung
malignancies in the cohort might have contributed to a reduced rate of effective RBC production and therefore, reduced
RBC volume.”® Anemic patients were twice as likely to die in our cohort. Anemia has been similarly linked with poor
survival in COPD, fibrotic lung diseases, and lung cancer.”'’® Additionally, reduced diffusion capacity predicted
mortality in our cohort which is a recognized prognostic marker for COPD and IPF.”*7°

This study has several limitations. Being retrospective in its approach, misclassification of smoking groups is
possible. Smoking status could not be validated using biomarkers (eg, measurement of cotinine in blood or carbon
monoxide in exhaled air). Underreporting of smoking habits is a common finding due to lower response rates on national
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surveys and stigmatization of smoking.”® Lastly, the study focused on a cohort of smokers with a lung nodule/mass on
presentation and this may limit its generalization. Prior investigations have studied the conflicting correlation between the
histologic grades of emphysema and intensity of smoking.”””® Future large cohort studies can better define the
relationship between the histologic and physiologic classification of emphysema (eg Global Initiative for Chronic
Obstructive Lung Disease — GOLD) and the smoking indices. Conversely, our study offers strengths in the consecutively
enrolled patients who underwent resection and permitting comprehensive assessment of smoking behavior, hematology,
PFT (94% of patients), and radiologic and histologic abnormalities.

Conclusion

Our evaluation identified a significant dose—response relationship between smoking behavior, monocytes, and an
accumulation of radiologic and histologic lung injuries. There was a linear correlation (positive) between CPY, duration
of smoking and peripheral monocytosis. Their impact was evident physiologically as excessive CS exposure caused
progressive obstruction, hyperinflation and reduction in diffusion capacity. Despite the heterogenous nature of lung
injuries from cigarette smoking, our results highlight a probable chronology of lung pathology. Lung cancer and fibrosis
manifested early during smoking. With ongoing CS exposure, monocytes may contribute towards the progression of lung
injury with emphysema being the leading histologic finding. Compared to intensity of daily smoking, duration of
smoking reflected better correlation with monocyte and associated lung damage. Finally, peripheral monocytosis, anemia
and decreased diffusion capacity predicted poor outcomes. These findings highlight the potential guidance to clinicians
for the application of timely smoking cessation.
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