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Abstract

Introduction—While obesity is associated with adverse cancer outcomes in general, most 

retrospective clinical studies suggest a beneficial effect of obesity in non-small cell lung cancer 

(NSCLC).

Methods—Hypothesizing that this “obesity paradox” arises partly from the limitations of using 

body mass index (BMI) to measure obesity, we quantified adiposity using pre-operative CT 

images. This allowed the specific determination of central obesity as abdominal visceral fat 

area normalized to total fat area (visceral fat index or VFI). In addition, due to the previously 

reported salutary effect of metformin on high BMI patients with lung cancer, metformin-users 

were excluded. We then explored associations between visceral obesìty and outcomes after 

surgical resection of stage I/II non-small cell lung cancer. We also explored potential immunologic 

underpinnings of such as association using complimentary analyses of tumor gene expression 
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data from NSCLC cancers and the tumor transcriptome and immune microenvironment in an 

immunocompetent model of lung cancer with diet induced obesity.

Results—We found that in 513 stage I/II NSCLC patients undergoing lobectomy, a high VFI is 

associated with decreased recurrence-free and overall survival. VFI was also inversely related to 

an inflammatory transcriptomic signature in NSCLC tumors, consistent with observations made in 

immunocompetent murine models where diet-induced obesity promoted cancer progression while 

exacerbating elements of immune suppression in the tumor niche.

Conclusion—In all, this study uses multiple lines to evidence to demonstrate the adverse effects 

of visceral obesity in NSCLC patients that align with those seen in animal models. Thus, the 

obesity paradox may, at least in part, be secondary to the use of BMI as a measure of obesity and 

the confounding effects of metformin use.
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Introduction

An association between obesity and cancer at numerous sites has been recognized for almost 

two decades1. To date, thirteen human cancers have been associated with excess body 

weight2 – a fact made all the more pressing by the ongoing obesity epidemic and the rising 

prevalence of obesity among the U.S. population, which have increased to 38.3% among 

women and 34.3% among men3. Over the last four decades, the proportion of overweight 

(typically defined by a Body Mass Index or BMI > 25) individuals in the general population 

has increased to 66%1, with approximately half being classified as obese (BMI > 30). 

Correspondingly, the incidence of obesity associated cancers have also increased over the 

past ten years4, and obesity is now widely considered to be a carcinogen.

While the association between measures of obesity and both cancer incidence and outcome 

are clear in some solid tumor types such as breast, esophageal, and colon cancer, the 

relationship of obesity and lung cancer is more nuanced. Among cancers not traditionally 

thought to be obesity-related, the most prominent in terms of frequency and patient mortality 

is lung cancer. Contrary to many other cancers, obesity has been related to decreased 
incidence of lung cancer. For example, Smith et al. analyzed the NIH-AARP database 

and concluded that high BMI is inversely associated with lung cancer risk5. Notably, 

in this study, controlling for smoking increased the association between BMI and lung 

cancer incidence. This association is so consistent that, using data from the Prostate, Lung, 

Colorectal and Ovarian Cancer Screening Trial, Tammemagi et al. developed a lung cancer 

risk prediction tool that incorporates BMI as a negative predictor of lung cancer risk6. In 

addition, several studies show that BMI is associated with improved long-term outcomes 

in patients with lung cancer, and this appears to be true in both early- and late-stage lung 

cancers7–9. Interestingly, several recent studies have also found that obese patients may 

respond better to anti-PD-1 immunotherapy than normal BMI patients6.
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These and other clinical findings in lung cancer patients are strikingly at odds with the 

results of many animal experiments, which overwhelmingly demonstrate a deleterious effect 

of obesity in cancer. Several mechanisms have been proposed, from alteration of cancer cell 

metabolism to leptin mediated immune modulation10 It is widely recognized that obesity 

induces a state of chronic “meta-inflammation” typified by chronic cytokine production, 

widespread dysfunction of both innate and adaptive immune cells, and premature 

“immune aging” that yields an abundance of activated, yet exhausted and dysfunctional 

T cells11, 12The prolonged inflammatory elements of obesity have also been associated with 

increased frequencies of inhibitory myeloid derived suppressor cells (MDSCs) in mice and 

humans13 Notably, obesity has also been linked to the upregulation of immune checkpoint 

molecules that are well-characterized as obstacles preventing effective anti-tumor immune 

responses. In line with this, obese mice support more robust tumor growth while harboring 

CD8+ T cells with surface markers like PD-1, LAG3, and TIM3, and gene expression 

profiles that are associated with exhaustion14 This disconnect between the usual negative 

health related outcomes associated with obesity with its apparent beneficial effects in lung 

cancer has been termed the “Obesity Paradox” in lung cancer.

A closer examination of this apparent paradox reveals several concerns in drawing biological 

inferences from the clinical data. An important confounder of obesity’s contribution to lung 

cancer outcomes is the anti-diabetic agent, metformin. Though its molecular mechanism 

is poorly understood, metformin (N,N-dimethylbiguanide) is widely used to treat type II 

diabetes, a condition prevalent in the obese. The drug is also known to have anti-cancer 

activity15, for which myriad molecular and cellular mechanisms have been proposed16, 17. In 

lung cancer, metformin reduces tobacco carcinogen-induced lung carcinogenesis in animal 

and epidemiologic studies18–20. Additionally, we and others have shown that metformin 

use is associated with improved survival in patients with lung cancer21, 22. Of particular 

relevance to this study, we have recently demonstrated that the anti-cancer effect of 

metformin seems to disproportionately benefit overweight or obese individuals. Additional 

concerns stem from the potentially different smoking behaviors between obese and non-

obese patients. However, the most important concern arises from the use of BMI to define 

excess body weight. While BMI is easy to measure, its use has been criticized due to its 

inability to discriminate between fat and lean body mass. BMI also fails to account for body 

fat distribution. It is becoming increasingly recognized that “visceral” or “central obesity” is 

the primary driver behind the health outcomes linked to high body fat23, 24.

Several methods of measuring central obesity exist. Anthropometric measures such as waist 

circumference and waist hip ratio have been used in large epidemiologic studies, are easy 

to measure, and are readily validated25. The primary limitation of these measures is that 

they need to be acquired prospectively. As patients may not be available or alive for 

remeasurement post-treatment, and since these measures may change over time, they do 

not lend themselves to retrospective studies. Image-based measures, on the other hand, such 

as those using computerized tomography (CT) and magnetic resonance imaging (MRI) are 

objective and can be studied retrospectively in human cancer provided the imaging modality 

is used during the clinical evaluation of the malignancy. The primary limitation of imaging 

modalities is the lack of validated cut-offs for classification of patients, particularly in cancer 

studies. CT is particularly feasible for retrospective measurements in lung cancer as virtually 
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every patient undergoing treatment for lung cancer in the United States receives a combined 

positron emission tomography (PET)-CT scan before treatment initiation, and the CT 

images obtained as part of this evaluation can be used to measure visceral adiposity either 

using a single image at a predetermined level or a summation of the various components of 

adipose tissue as a volumetric analysis.

An early study by Jensen et al. demonstrated a close correlation between visceral adiposity 

as determined by analysis of a single slice of abdominal CT and a volumetric analysis 

of visceral fat26. This finding demonstrates the feasibility of using such image-based 

measurements in a large cohort of patients. While some studies have suggested that the 

specific vertebral level of CT imaging (L2/L3 vs. L4/L5) can lead to different adiposity 

measures, the ability of this approach to identify patients with complications of diabetes or 

metabolic syndrome seems comparable27, 28. In contrast, at least one study suggests that 

single slice measurement at L3/L4 vertebral levels most strongly correlates with volumetric 

determinations of visceral and subcutaneous adipose tissue29.

For any absolute measure of visceral fat area to reliably determine central obesity and be 

applicable across patients of different height, race or gender, normalization to body size is 

essential. A number of investigators have used height, subcutaneous fat area, or total fat area 

to achieve this normalization30–32. Thus, additional work is needed to develop and validate 

a method for determining obesity that is reliable and useful in retrospective applications. 

In our present study, we deployed a novel approach to measure visceral fat area at the L3 

level relative to the total fat area at the same level to create a normalized metric useful in 

retrospective applications – the visceral fat index (VFI).

Based on the established knowledge described above, we sought to measure central obesity 

in a cohort of stage I NSCLC patients undergoing lobectomy at our institution and examine 

its association with oncologic outcomes. As early-stage patients are typically treated with 

surgery alone, without other treatments that may complicate analysis, they provide a context 

where the relationship between central obesity and tumor progression can be studied without 

additional therapy-associated confounders. For this reason, we focused our study on this 

subset of the NSCLC patient pool.

In the present study, we found that high visceral adiposity, as defined by a relatively high 

VFI, was indeed associated with poor overall and recurrence-free survival in early-stage 

NSCLC patients. A high VFI was also inversely related to an inflammatory gene expression 

signature in the tumor microenvironment of advanced NSCLC patients – observations 

suggestive of robust suppression of anti-tumor immunity in patients with excess visceral 

adipose tissue. While prior retrospective studies of obesity and lung cancer patient outcomes 

have generated paradoxical conclusions, our present findings suggest an effect of obesity 

on lung cancer that is aligned with both studies of other human cancers and comparisons 

of obese and normal mice in numerous preclinical tumor studies, including those we herein 

report that were generated using two widely used murine lung cancer models. These findings 

clarify the truly negative relationship that exists between central obesity and lung cancer 

outcomes, and they present a viable alternative to the use of BMI in retrospective studies of 

obesity rooted in biology with clear relevance to cancer outcomes.
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Taken together, our clinical and preclinical findings suggest a common potential mechanism 

for the accelerating effect of obesity on the development of tumor burden in the obese 

– namely, an apparently multifaceted immune dysfunction prevalent in the tumors of 

obese mice and patients. Thus, our study provides much needed clarity to the relationship 

between adiposity and NSCLC patient survival, providing firm scientific justification for 

the targeting of obesity’s pro-tumor effects which include decidedly adverse effects on the 

anti-tumor immune response. Our findings also reaffirm the utility and relevance of available 

mouse models to study further the mechanisms of obesity’s lung cancer promoting effects. 

Importantly, they also validate a refined approached for studying obesity in retrospective 

cancer patient data sets.

Materials and Methods

Clinical data

All data were acquired under Institutional Review Board approved protocols. For survival 

analyses, all consecutive patients with pathologic stage I and II undergoing pulmonary 

lobectomy at the Roswell Park Comprehensive Cancer Center from October 2008 to 

December 2015 were included. Relevant clinical data was extracted from the institutional 

thoracic surgery database as well as the medical record. Tumor stage, tumor grade, 

histology, overall survival (OS) and recurrence free survival (RFS) were extracted from the 

institutional tumor registry data. All confounders except for age were treated as categorical 

variables. For analysis, variables were categorized further as described in supplementary 

material (text S1, that has additional methodological details) Overall survival (OS) time 

started from the day of surgery and concluded at last contact or date of death. Recurrence 

free survival (RFS) time started from the day of surgery and ended with either the date of 

first recurrence (if exists) or the date of last contact or date of death (if no recurrence). 

For correlation with immune gene expression, advanced stage NSCLC patients undergoing 

molecular testing to guide therapy that had an immune report card generated as previously 

described 33 were analyzed. Of patients with these data available, those on metformin (both 

past and present metformin users) were excluded.

Image analysis

CT scans obtained as part of a pre-operative PET-CT were analyzed. A single image at 

L3 level was identified and exported as a DICOM image. In the unusual cases where a 

pre-operative PET-CT scan was unavailable in the clinical record, images at L2 or L1 

obtained from chest CT scans were used for analysis. Images at L3, L2 and L1 levels were 

obtained for a cohort of 46 patients to assess the validity of using images at these levels 

in lieu of L3. Image acquisition was performed by CR, EK, XW, SS, RG and SY, and 

measurements were performed using NIH ImageJ (v1.52 Java 1.8.0_112), as described in 

supplementary data (text S1). The entire cross-section of the patient was selected and total 

fat area (TFA) was calculated. The visceral fat area (VFA) was then selected and measured. 

Central adiposity was estimated as the ratio between the visceral fat area (VFA) to the total 

fat area (TFA) and was labelled the viscera fat index (VFI).
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Survival analyses

As established categories of VFI as a measure of central obesity do not exist, VFI was 

first analyzed as a continuous variable. Age, sex, grade, race, histology, diffusion capacity 

for carbon monoxide (DLCO), American Society of Anesthesiology Score (ASA) and 

smoking status were used as covariates in model generation. Univariate analyses (Kaplan 

Meier) were performed to evaluate the association of individual variables with OS and RFS. 

Only variables associated with OS and RFS on univariate analysis were included in model 

generation by multivariable analyses (Cox proportional hazards). Given the association of 

VFI with age and sex, interaction variables were included in model generation. Variables 

were excluded at a significance > 0.1 at each step of model generation. In a separate 

analysis, patients were classified into tertiles (‘Top’, ‘Middle’ and ‘Bottom’) based on VFI. 

Univariate (Kaplan-Meier) and multivariable (Cox proportional hazards) survival analyses 

were performed to compare the OS and RFS of the ‘Top’ and ‘Bottom’ tertile of patients. 

Similar analyses were performed with disease-specific survival (DSS) as well. All analyses 

were performed in SPSS ver. 25.

FFPE tumor gene expression

RNA was extracted from each FFPE sample and processed for targeted RNA-seq, as 

previously described34. Gene expression was evaluated by amplicon sequencing of 394 

immune transcripts on samples that met validated quality control (QC) thresholds (text S1).

Murine lung cancer models

Age-matched cohorts of obese and non-obese male C57BL/6 mice were purchased from the 

Jackson Laboratory, Bar Harbor, ME (stock numbers 380050 and 380056, respectively). 

These mice were generated by feeding them a high-fat diet (5.2 kcal/gram, 60% fat 

calories) beginning at 6 weeks of age and continuing for approximately 14 weeks to 

induce obesity. Mice fed a conventional chow diet (3.8 kcal/gram, 5–10% fat calories) 

were used as normal-weight controls. Mice were weighed before and periodically after 

initiation of experiments to confirm obese/normal status. All mice were housed in a specific 

pathogen free facility and all procedures were approved by the Institutional Animal Care and 

Use Committee. The Lewis Lung Carcinoma (LLC) cell line and its EF1 promoter-driven 

firefly luciferase-expressing variant (LLC-luc) were purchased from ATCC, Manassas, VA 

(product identifiers CRL-1642 and CRL-1642-LUC2, respectively). Both cell lines were 

maintained as adherent cultures in DMEM medium (Gibco) supplemented with 10% v/v 

fetal bovine serum (FBS; Gemini Bioproducts). For tumor challenge experiments, cells were 

grown to near confluency, detached with trypsin/EDTA, washed and resuspended in sterile 

PBS. For subcutaneous (s.c.) tumor challenge, 1×105 tumor cells were implanted into the 

shaved flanks of obese and normal weight mice (n = 5–7/group). Tumor volumes were 

measured every 2–3 days using a digital caliper. About 21 days post-implantation mice 

were euthanized. Tumor sections were harvested and either snap frozen for RNA sequencing 

analysis or mechanical dissociation to generate single-cell suspensions. Tumor-infiltrating 

leukocytes (TILs) were recovered from the latter after washing and Percoll gradient 

centrifugation. These as well as the cells of both tumor-draining and tumor-distal lymph 

nodes and spleen were analyzed by flow cytometry. For studies of pulmonary metastases, 
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0.25×106 LLC-luc cells were injected intravenously (i.v.) by the tail vein into obese 

and non-obese mice (n = 5/group), and the development of secondary tumors primarily 

in the lung was quantified by in vivo bioluminescence imagery (BLI) using Xenogen 

IVIS Spectrum technology (Perkin-Elmer, Waltham, MA). Just prior to imaging session, 

mice were injected intraperitoneally (i.p.) with D-luciferin (150 mg/kg body weight; Gold 

Biotechnology) and anesthetized by isoflurane inhalation. Photonic flux (photon per second) 

in representative images was quantified with Living Image software (version 4.3.1.0.15880; 

Perkin-Elmer).

Mouse tumor gene expression

Gene expression of tumors of three each of control and obese mice from each 

of two independent experiments was obtained by mRNA sequencing (text S1). Raw 

sequencing data was deposited in the European Nucleotide Archive under accession number 

PRJEB34297. Tumors of control and obese mice were compared for differential gene 

expression and gene set enrichment using DESeq2 and gsva Bioconductor software, with 

false discovery rate (FDR) cut-offs of 0.05 and 0.25 respectively used for significance 

testing (text S1).

Flow cytometry analysis

TILs and cells from tumor associated lymphoid tissues were recovered from the mice 

described above. Single cell suspensions were generated and washed with PBS containing 

2% v/v FBS before staining with fluorochrome-conjugated antibodies recognizing surface 

markers defining key immune cell subsets. Intracellular markers (e.g., FOXP3) were stained 

after fixation and permeabilized using specialized kits. For intracellular cytokine staining, 

cell suspensions were re-stimulated with phorbol myristate acetate (PMA) and Ionomycin 

(Millipore-Sigma) in the presence of Brefeldin-A (Thermofisher Scientific) for 4 hours at 

37°C followed by washing, surface staining and fixation/permeabilization (eBioscience) 

prior to incubation with conjugated anti-IFNγ antibodies. Multi-color flow cytometry data 

was collected using a BD LSR II analyzer and analyzed using FlowJo software (v10.7, BD 

Biosciences). For specific antibodies used in this study, see Supplementary Table S1.

Results

Based on the described inclusion and exclusion criteria, 554 patients with stage I and 

II NSCLC undergoing lobectomy were selected for analysis. Of these, reliable fat area 

measurements were obtained in 513 patients – 499 (97.3 %) at L3, 5 (0.9%) at L2 and 9 

(1.8%) at L1. Similarly, 159 patients with advanced stage NSCLC with molecular testing 

had reliable fat area measurements – 146 (91.8%) at L3, 10 at L2 (6.3%) and 3 at L1(1.9%). 

Inter-observer correlation of VFI measurements were good (n=53; R2=0.95; supplementary 

figure 1A). Correlation of measurements between L2 and L3 levels (n=29; R2= 0.92; 

Slope = 1.05) and between L1 and L3 levels (n=28; R2= 0.85; Slope = 1.05) were also 

good (Supplementary Figure S1). Therefore, in the few cases where measurements at L3 

were not available, measurements at L2 or L1 were used. Importantly, CT scans of these 

patients could be used to clearly identify individuals with distinctly predominant visceral or 

subcutaneous adipose tissue distributions (Supplementary Figure S2A,B).
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Visceral obesity is associated with poor overall and recurrence free survival in early 
NSCLC patients undergoing surgical resection

We initially sought to establish the relationship between visceral obesity, as measured by 

VFI, and several clinically relevant metrics. We found that VFI was not associated with 

BMI (Pearson corr coeff = −0.06; P = 0.9; Supplementary Figure S2C). However, VFI 

is associated with sex as well as age. Specifically, the mean VFI of males is higher than 

females (0.56 vs. 0.37; P<0.01). VFI also tends to be elevated with increasing age (Pearson 

corr coeff 0.32; P<0.01).

Univariate analyses demonstrated a statistically significant association of sex, ASA score, 

tumor grade, histology, age, DLCO and VFI with OS. Similarly, sex, tumor grade, tumor 

stage, ASA score and VFI were associated with RFS. Multivariable analysis resulted in a 

final model of overall survival that retained age, sex, DLCO, ASA score, VFI, tumor grade 

and the interaction term between VFI and age. Similar analysis resulted in a final model of 

recurrence free survival that retained only tumor grade, tumor stage and VFI as predictive 

variables. These results are summarized in Table 1.

In order to observe the potential relationship between VFI and lung cancer survival 

outcomes, patients were stratified by VFI for Kaplan-Meier and Cox proportional hazards 

analyses. Comparison of the top and bottom VFI tertiles (VFItert) showed an association 

between high VFI and worse overall survival (OS) and recurrence free survival (RFS) 

(Figure 1A, B). Multivariable modeling confirmed these results with high VFI group 

associated with RFS (HR = 1.79; 95% CI= 1.04 – 3.08; Figure 1C). The model of overall 

survival retained VFI tertile as well as the interaction terms between VFI and age as 

well as VFI and sex (Supplementary table S2). These results suggest that in contrast to 

high-BMI, visceral obesity as defined by elevated VFI is negatively associated with survival 

in early-stage lung cancer patients.

Of the 513 patients, cause of death was unknown in 41 patients. Therefore, DSS was 

analyzed in 472 patients. Similar to OS and RFS, VFI tertile (Top tertile vs. bottom 

tertile) was associated with DSS on Kaplan Meier analysis (HR = 2.1; P=0.025). VFI as 

a continuous variable did not reach statistical significance however (P=0.1). On multivariate 

analysis, VFI tertile (Top tertile vs. bottom tertile) was associated with worse DSS (HR 

= 2.25; 95% 95% CI= 1.16 – 4.37; P=0.016; Supplementary figure S3) and was the only 

variable retained in the model. When VFI was analyzed as a continuous variable, age 

(0.006), VFI (P=0.001), tumor grade (P=0.003) and the interaction variable between VFI 

and age (P<0.001) were associated with DSS.

Visceral obesity is associated with alterations in the tumor immune microenvironment 
(TME) in late-stage NSCLC patients

Despite the reported survival advantage seen in high-BMI lung cancer patients7–9 a 

preponderance of data, including that obtained from a number of preclinical mouse tumor 

models, have demonstrated a profoundly negative effect of obesity on the cells of the 

anti-tumor immune response14, 35–37. To examine the potential association of VFI with 

tumor immune gene expression, we analyzed existing data from patients with advanced 
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stage NSCLC that underwent molecular testing to guide their therapy. In these patients, 

targeted transcriptome analysis (an “immune report card”) was thus generated, as described 

in Methods. Thus, the expression of 395 immune genes was assessed for 159 patient lung 

tumors (see Supplementary Table S3 for a summary of patient characteristics).

Unsupervised clustering analysis led to the discovery of three major inflammation clusters, 

namely, inflamed, borderline and non-inflamed tumors (Figure 2A). The inflammatory status 

of the tumors was significantly associated with both VFI as a continuous variable (Figure 

2B) and VFI tertile as well (Figure 2C). Specifically, cases in the Top VFI tertile were 

significantly over-represented in the non-inflamed tumor cluster (p=0.04), whereas those in 

the bottom VFI tertile were over-represented among the inflamed tumors to a considerably 

significant degree (p= 0.0085) (Figure 2C). Within non-inflamed tumors (n=38), a 

significantly higher proportion of moderately proliferative tumor microenvironments were 

found in bottom tertile patients (p=0.015) compared to top tertile, where a higher proportion 

of highly proliferative tumor microenvironments were found, indicating that low visceral 

obesity may confer improved overall survival in NSCLC (Supplementary Figure S4)38. 

Further gene-wise differential gene expression analysis confirmed the significant down 

regulation of inflammation-associated genes in the top VFI tertile. Notably, tumors from 

High-VFI patients displayed enhanced expression of CDKN3 (a driver of cell proliferation 

linked to poor prognosis when overexpressed in lung cancer39), as well as BCL6, a promoter 

of tumor growth and survival in NSCLC40 and CD44, a marker of cancer stemness and 

poor prognoses in multiple cancers. Among the transcripts significantly under-represented 

in the tumors of High-VFI patients were those encoding chemokines or their receptors 

(including those associated with Thelper 1 (Th1)-type anti-tumor immune responses), the 

Th1 transcription factor Tbet, T cell lineage markers (e.g., CD4 and CD8), components 

of the T cell receptor and co-stimulatory signaling cascades (e.g., CD3, CD86), and the 

machinery of antigen presentation (Supplementary Table S4). These results strongly link 

central obesity (defined by high VFI) to a diminished immune activity in the lung tumor 

microenvironment (TME) that may stem from impaired T cell recruitment or expansion in 

this niche - conditions likely permissive to the growth and progression of lung cancers.

We further explored the potential association of VFI with co-variates such as BMI, 

race, gender, primary histology and staging. As expected, BMI category was inversely 

associated with VFI (p=0.00652), and pathology stage was significantly associated with 

VFI tertile (p=0.0024). Additionally, male gender was highly associated with high VFI 

status (p=1.54E-11) (Supplementary Table S5). These findings are in line with the generally 

accepted notion that males are more prone to visceral adiposity than females41. They 

also merit further investigation into the role of gender in visceral versus subcutaneous fat 

distribution with the two genders and the potential implications for long-term lung cancer 

patient outcomes and the anti-tumor immune response.

Interestingly, examining the correlation between traditional obesity status (as defined by 

a BMI of 30 or greater) with patient VFI tertile revealed that a significantly higher 

proportion of obese cases were seen in bottom VFI tertile than in the top tertile (p=0.009) 

(Supplementary Figure S5B). This surprising result suggests that only 15% of the VFI 

high cases would be classified as obese using the prevailing method of identifying obese 
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patients in retrospective studies. In addition, no association was found between standard 

BMI categories and tumor inflammation state (Supplementary Figure S5A). These results 

link visceral adiposity in lung cancer patients to potential immune dysfunction expected 

in the obese host, and they further highlight the markedly different relationships that exist 

between VFI and BMI and lung cancer biology.

Obesity exacerbates lung cancer progression in mice while altering TME gene expression

In parallel, we observed the effects of obesity on tumor progression and anti-tumor 

immunity in widely used pre-clinical models of lung cancer. For this, the in vivo 

conditions present in overweight and obese lung cancer patients were recreated using a well-

characterized approach for diet-induced obesity (DIO) in mice. Prolonged administration 

of high fat diet (e.g., one containing 60% calories from fat) to mice of an obesity-

susceptible genetic background, such as C57BL/6, results in progressive weight gain and an 

accumulation of visceral fat42 compared to normal diet-fed control mice. Cohorts of obese 

and normal weight mice were injected subcutaneously (s.c.) with Lewis lung carcinoma 

(LLC) cells, and subsequent tumor development was monitored. As generally seen in 

implantable mouse tumor models14, 37, obese mice supported more robust tumor growth 

compared to non-obese controls in this model (Figure 3A). In a complementary model of 

pulmonary metastatic disease, obese mice challenged intravenously (i.v.) with a modest 

number of luciferase-expressing LLC (LLC-Luc) cells developed markedly enhanced lung 

tumor burden compared to normal weight controls within 26 days post-injection (Figure 

3B,C). These results demonstrate the decidedly pro-tumor effects associated with obesity in 

mouse models that align closely with the relationship between lung cancer outcomes and 

central obesity brought to light by the use of VFI in our clinical studies.

To gain insight into the potential mechanisms underlying the effects of obesity on tumor 

progression, we set out to document the transcriptomic changes in the TME associated 

with obesity. RNA was harvested from s.c. tumor sections (n=6 each) generated in the 

experiments described in Figure 3A, and RNASeq analysis was carried out. Expression of 

187 and 217 genes was respectively up- and down-regulated by > 1.2x in tumors of obese 

compared to normal with adjusted Wald test p < 0.05 in analysis with DESeq243. Single-

sample geneset enrichment analysis (GSEA) using the geneset variation analysis (GSVA) 

method44 revealed significant divergences of multiple genesets related to metabolism and 

cancer biology (Bayes-moderated t test p < 0.05 with false discovery rate [FDR] < 0.20).

Of the 18,025 genes identified as expressed in the tumors, expression of only 33 differed 

by ≥ 1.5-fold between obese and control mice at FDR < 0.05 (Supplementary Table S6). 

The five genes that were most up-regulated in obese tumors compared to controls were all 

found to either encode proteins involved in fat metabolism (i.e., pyruvate dehydrogenase 

kinase 4, lipase K, fatty acid binding protein 4) and lipid oxidation in particular45 or to 

have been previously associated with adiposity (i.e., angiotension II receptor 246, bone 

morphogenetic protein 547). Examination of gene expression at the level of biological 

processes revealed a 1.2–1.3-fold enrichment of the gene sets involved in adipogenesis 

and oxidative phosphorylation in the tumors of obese mice. As might be expected given 

the robust tumor growth in the obese mice, genes involved in angiogenesis, epithelial-
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mesenchymal transition, hypoxia, and glycolysis were also upregulated in obese tumors. 

On the other hand, expression of genes associated with the immunologically relevant IL6-

JAK-STAT3 signaling pathway were significantly reduced in the tumors of obese compared 

to control mice. Meanwhile expression of Stat4, a central driver of Th1 immunity and 

Areg, a gene known to be upregulated by Tregs in peripheral tissues (including lungs) were 

nominally down- and up-modulated in obese tumors, respectively (Supplementary Figure 

S5, Supplementary Table S6).

These findings suggest that obesity’s still poorly understood impact on the TME and its 

potential fueling of tumor progression may be multi-faceted in nature, involving processes 

capable of aiding tumors directly and by opposing the activity of immune cells in the 

TME. Indications of reduced IL-6/STAT3 signaling were surprising, however, since elevated 

serum levels of IL-6 have been reported in the obese48 and this cascade is generally 

thought to have multiple-pro-tumor effects in cancer cells themselves including expression 

of genes that promote cell proliferation, survival, angiogenesis, invasiveness, metastasis, 

and stemness49. Interestingly though, an inverse relationship has been reported between 

STAT3 and commitment to oxidative metabolism/TCA cycle activity in other cancers (i.e., 

prostate cancer)50. Also, given the known involvement of STAT3 signaling in glycolytic 

metabolism51 a reduced engagement of this cascade could also reflect a favoring of 

oxidative metabolism in the TME. Indeed, metabolic pathways that consume the available 

oxygen and enforce hypoxia in the TME were recently shown to be an obstacle for the 

mounting of effective immune cell activity52, and altered lipid transport and metabolism 

that can alter the availability of free fatty acids can also modify immune function in the 

TME37. A relative upregulation of genes involved in TGF-beta-signaling suggests that along 

with these more recently described mechanisms obesity may enhance the notoriously anti-

inflammatory cytokine contributing to a staunchly immune-suppressive TME under obese 

conditions.

Obesity attenuates anti-lung cancer immune responses in mice

It is well appreciated that metabolic factors play a non-trivial part in regulating the 

phenotypic differentiation, fitness, and activity of immune cells53, 54. Obesity is also 

known to have a profound effect on metabolism at an organismal or systemic level that 

is accompanied by immune dysfunction and smoldering inflammation55. Yet, the precise 

effects of obesity on critical participants in the cellular response to lung cancer in mice 

and patients with lung cancer are just beginning to be understood. We therefore set out to 

dissect the impact of the obese state on the immune cell constituents of the TME in the mice 

described in Figure 3A using a multi-color flow cytometry-based approach. Our findings 

revealed multiple indications that obesity had a deleterious effect on the potency of the 

anti-tumor response.

Leukocyte infiltration of s.c. LLC tumors was markedly suppressed in obese (DIO) mice 

relative to normal weight (NORM) control tumors. This reduced intratumoral cellularity 

reflected a relative dearth of CD4+ and CD8+ T cells in the obese TME (Figure 4A). The 

potential tumoricidal CD8+ T cell compartment of obese mice were further observed to 

express considerably elevated levels of the immune checkpoint/exhaustion markers LAG3 
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and PD-1 on their surface relative to their normal weight counterparts (Figure 4B) in line 

with previous assessments of T cell phenotypes in obese tumor-bearing mice14, 56. Similarly 

enhanced checkpoint expression levels were seen on conventional Thelper CD4+ T (Tconv) 

cells from DIO tumors (data not shown), and the CD8+ T cells recovered from obese mouse 

tumors stained more prominently with the dead cell-identifying dye LD Aqua (Figure 4C), 

indicative of an obesity-related defect in the fitness as well as the anti-tumor potential 

of intra-tumoral cells. Further suggesting an obesity-associated suppression of anti-tumor 

responses, the numbers of TILs capable of producing the tumoricidal Th1 cytokine IFNγ 
were much lower in the TILs recovered from DIO mice (Figure 4D).

In addition to effector cell deficits, enhanced suppressive cell phenotypes were also seen in 

the tumors of obese mice. Foxp3+ regulatory T (Treg) cells were modestly yet consistently 

enriched in the tumors of obese mice (Figure 4E). Moreover, these obese tumor-infiltrating 

Tregs displayed considerable up-regulated markers of an activated phenotype (CD44, ICOS) 

(Figure 4F). Since the activated or effector-like Treg phenotype is associated with both 

robust suppressive potency and a tendency to accumulate in murine and human tumors57, 58, 

this observation suggests that obesity may bolster this subpopulation of suppressor cell 

known to be responsible for pathological immune suppression in the cancer setting. 

Concordantly, the levels of immune checkpoint molecules LAG3 and PD-1 expected to 

be expressed on the surface of intra-tumoral Tregs57 were enhanced in DIO Tregs compared 

to those recovered from controls (Figure 4G). We also observed a marked elevation in the 

abundance of tumor CD11b+GR1(Ly6C/G)+ myeloid derived suppressor cells (MDSCs) in 

obese mice-an observation in agreement with previous studies13 and these cells displayed 

higher levels of PD-L1 on their surface in the obese setting compared to normal weight 

controls (Figure 5A, B). Obesity also appeared to bolster proportions of potentially 

suppressive tumor-associated macrophages (CD11b+/F480+) as well as expression of the 

immune checkpoint molecule PDL-1 on these cells (Figure 5C, D). In general, these 

differences in T and myeloid cell phenotypes were muted in other tissues surveyed including 

tumor-draining and distal lymph nodes and the spleens compared to the tumors of obese and 

control mice (data not shown) suggesting the immune cells of the TME may be particularly 

susceptible to obesity-related modulation. Interestingly, our findings suggest that, in contrast 

to the known ability of obesity to down-regulate Treg abundance in visceral fat59 and blood, 

obesity can actually enhance Treg presence and activation in the TME and tumor-associated 

tissues. This previously unappreciated effect, potentially in concert with the potentiation 

of several other notoriously suppressive elements of the immune response (i.e., MDSCs, 

PD-L1:PD-1 signaling, exhausted CD8 T cells) may contribute to the enhanced tumor 

progression seen in obese mice.

Perturbance by obesity of immune pathways in mouse tumors can be discerned in tumor 
transcriptome

To obtain insights into the molecular mechanisms by which obesity may influence tumor 

biology, we compared mRNA sequencing-based transcriptomes of LLC tumors of obese 

and normal mice (n=6 each). Expression of 187 and 217 genes was respectively up- and 

down-regulated by > 1.2x in tumors of obese compared to normal with adjusted Wald test p 

< 0.05 in analysis with DESeq243. Single-sample geneset enrichment analysis (GSEA) using 
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the geneset variation analysis (GSVA) method44 revealed significantly increased expression 

of multiple genesets related to metabolism in tumors of obese mice (Bayes-moderated t 

test p < 0.05 with false discovery rate [FDR] < 0.20) (Supplementary Figure S6) as well 

as cancer biology (such as angiogenesis and epithelial mesenchymal transition; data not 

shown). On the other hand, tumors of obese mice had significantly diminished expression 

of many immune-related genesets (Supplementary Figure S5). These results suggest that 

obesity triggers marked alterations in the tumor microenvironment.

In all, these results illustrate the multi-faceted nature of the immune dysfunction associated 

with obesity across varied mouse tumor models. These effects, which include enhanced 

suppressor cells presence and function as well as effector cell deficiencies resonate with 

our transcriptomic characterization of high-VFI patient tumors as harboring a low degree 

of immunologic/inflammatory activity. When taken together, these preclinical and clinical 

findings strongly suggest that the poor outcomes seen in both centrally obese mice and 

patients are rooted in common biological underpinning, i.e., obesity-mediated effects on 

the anti-tumor immune response. While further work will be necessary to pin-point the 

precise mechanisms at play in the subversion of anti-tumor immunity in the obese, and 

indeed several potential mechanisms have been proposed to date, our results suggest that 

at least some of the key elements at play (e.g., obesity-altered tumor metabolism and 

immune-suppression) may be modeled in mouse tumor models for in-depth, mechanistic 

studies.

Discussion

Obesity is an established risk factor in the development of multiple cancer types and a 

negative prognostic factor for many as well2, 60, 61. However, the relationship between 

obesity and lung cancer outcomes is less clear. While obese mice generally display 

accelerated tumor development and growth compared to normal weight controls in 

preclinical models of lung cancer and other malignancies, analysis of clinical data have 

suggested a survival benefit and better responses to therapies among obese patients 

(particularly when obesity is defined by BMI) - giving rise to a so-called “obesity paradox”. 

However, a number of potential confounding factors may account for this surprising 

association.

One potential confounder in clinical studies of obesity and lung cancer outcomes is the 

relationship between smoking and obesity. It is possible that obese patients smoke less, 

and this may be misinterpreted as a beneficial effect of obesity. For example, Lam et 

al. showed that obesity is not associated with increased lung cancer in never smokers62 

However, a large study of ~450,000 patients examined this in detail, and after adjusting 

for smoking, the relationship of obesity (measured by BMI) to lung cancer incidence 

still held5 suggesting that the possible confounding issue of smoking is not causatively 

important, but nevertheless essential to consider in order to avoid erroneous interpretations. 

Another pitfall in the interpretation of clinical results concerning obesity’s effects on lung 

cancer survival seems to involve the widespread use of metformin to treat type II diabetes 

– a common comorbidity in overweight and obese patients. This drug has long been 

studied for its potential anti-cancer effects in preclinical models and clinical data sets with 

Barbi et al. Page 13

J Thorac Oncol. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



varying degrees of potency reported in the literature, and it has been demonstrated to have 

immunomodulatory effects52, 63, 64. We recently linked metformin use to significantly better 

survival outcomes specifically in obese early-stage lung cancer patients65. It is possible that 

the context-specific benefit of this drug may account at least partially for the better lung 

cancer outcomes seen in high-BMI patients.

Our present findings and those of others suggest that a major contributor to the obesity 

paradox arises from the manner in which obesity is typically measured. Most retrospective 

studies examining the association between obesity and lung cancer use BMI as an 

anthropomorphic measure of obesity. There is growing evidence that the use of BMI has 

serious limitations in the study of obesity and its effects on human health and disease 

outcome. While different anatomical distribution patterns of adipose tissue accumulation 

(i.e., different body compositions) have major implications for human health, BMI 

measurements are not capable of differentiating between these patterns66. As such, BMI 

is a poor measure of visceral obesity, and this is particularly limiting for the effects of 

obesity in diverse patient demographics. Specifically, central obesity is known to occur in 

Asian Americans and East Asians, at a lower BMI than Caucasians67. Also, germane to the 

study of the obesity-lung cancer connection, recent studies suggest that an ability to discern 

between visceral and s.c. obesity is critically important for defining obesity in a meaningful 

way and for exploring the interaction of obesity and processes determining lung cancer 

outcomes.

It is important to note that others have used waist circumference (WC), waist-hip ratio 

(WHR), or imaging to explore the relationship between lung cancer outcomes and central 

obesity, specifically, with findings in agreement with our own. Leitzmann et al., analyzed 

the NIH-AARP study dataset with 225,712 individuals and found that patients with a 

higher WC had a higher lung cancer-specific mortality68. This was again demonstrated in a 

pooled analysis of 1.6 million patients with 23,732 incident lung cancer in which WC was 

associated with a higher risk of lung cancer69. These findings are in agreement with those of 

Ardesch et al., that implicated a positive association between lung cancer risk and an obese 

body shape (as determined by Waist circumference (WC), Waist-to-Hip Ratio (WHR), Body 

Shape Index) 70. Similarly, measurement of visceral adipose tissue was also associated with 

poor lung cancer prognosis in patients undergoing chemotherapy71. The findings of these 

studies and those of our own, clearly illustrate the vital need for accurate measures of central 

obesity in studies of lung cancer.

Our clinical findings are not only in line with the effects of obesity and tumor progression 

seen in many murine lung cancer models, but they also reflect the logical outcome of the 

roundly pro-tumor alterations that obesity triggers in human and murine gene expression 

(Figure 2 and Supplementary Tables S4, S6) and its effects on the immune cell composition 

of the TME reported by us65 (Figure 3) and others.

Deploying a novel CT-based approach for the retrospective quantification of visceral and 

s.c. adipose tissue, we here show definitely that central or visceral adiposity (i.e., high VFI 

status) is negatively associated with both OS and RFS in early-stage NSCLC patients. This 

finding contrasts starkly with previous observations made using BMI that have, in part, 

Barbi et al. Page 14

J Thorac Oncol. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



given rise to the obesity paradox. Also, unlike the disease outcomes seen in high-BMI 

patients, high VFI status corresponded, at least in a general sense, with the course of disease 

seen in obese tumor bearing mice. Indeed, in both mice and human central obesity appears 

linked to worse outcomes, namely accelerated tumor growth (Figure 3), and shorter survival 

times (Figure 1), respectively.

Our parallel observations made in human lung TME gene expression and the cellular 

analysis of murine tumors clearly suggest that obesity undercuts key elements of the T cell- 

and inflammatory response in the tumor niche while enhancing known-mediators of immune 

suppression that include environmental stresses, immune-dampening signaling pathways, 

and pro-tumor phenotypes in notorious cellular antagonists of anti-tumor immunity. In 

particular, side-by-side assessment of human and murine lung tumors reveal common 

indications of a suppressed immune presence in the TME of obese hosts, albeit through 

distinct approaches in some cases. Perhaps most notably, in both human and mouse 

tumors transcripts encoding elements of Th1 immunity were reduced by central obesity. 

In our comparison of immune-relevant transcripts among top- and bottom-VFI tertile 

patient tumors, Th1 chemokines CXCL10, CXCL11, and CXCL9; and Th1 transcription 

factors STAT1 and Txb21/Tbet were found to be underrepresented in the high-VFI samples 

as were IFIT1 and IFIT3, which are reported to be induced by IFNgamma signaling72 

(comparison p values <0.05; Supplemental Table S4). Meanwhile, in our analysis of mouse 

tumor gene expression, STAT4, which plays an important role in the generation of Th1 

immunity was among the genes down-regulated by obesity (Supplementary table S6), and 

both these observations were very much in line with our cellular analysis of the mouse 

tumors in the s.c. LLC model showing a lower density of IFNgamma-producing TILs 

in obese tumors (Figure 4D). It is interesting to note that while our flow cytometric 

characterization of mouse tumors revealed enhancements in Tregs and PD-L1 expression 

by myeloid cells, while general levels of CD274 (PD-L1) and Foxp3 transcript were found 

to be underrepresented in high-VFI tumors. This apparent incongruity could reflect, in the 

case of PD-L1, a low-level of IFNgamma signaling73 implicated by our other observations 

to be active in the obese TME or the expression of these factors by a number of tumor 

residents74 including tumor cells themselves.

Across species we observed indications of a stymied T cell presence in the tumors of 

high-VFI patients and DIO mice indicated by reduced pan-T cell and lineage defining 

transcripts (CD2, CD3, CD4, CD8, CD247) and the scarcity of CD4+ and CD8+ TILs 

in our flow cytometry analysis, respectively (Supplemental Table S4, Fig.4). Also, among 

the transcripts relatively down-regulated in high-VFI tumors were several involved in the 

process of antigen presentation (CIITA and several HLA transcripts; Supplemental Table 

S4), an observation is compatible with a more immunologically quiet TME in the obese 

and potentially explanative as defective stimulation of effector T cell immunity by antigen 

presenting cells in the obese TME may in part contribute to the aforementioned defects 

in the tumor T cell presence due to poor expansion. The compromised viability of CD8 

T cells suggested by our mouse model experiments (Figure 4C) presents another possible 

explanation for both a lack of cells with anti-tumor potential and the enhancement of tumor 

growth seen in the obese context – namely that the already inhospitable TME is made even 

less conducive to T cell infiltration by factors stemming from an obesity state. Additionally, 
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the obesity-enhanced suppressor cell phenotypes among the myeloid compartment of the 

murine TILs (i.e., elevated MDSCs and Tumor-associated macrophages marked by high PD-

L1 expression; Figure 5) are also in line with defective immune priming (in favor of immune 

suppression). However, since a number of chemokine genes are relatively under-expressed in 

high-VFI patient tumors (Supplemental Table S4), deficient recruitment of effector T cells 

is another potential mechanism at play. As the previously unappreciated obesity-associated 

enhancement of the TIL Treg phenotype that we observe in our mouse studies (Figure 4E–

G) remains to explored in depth, further study is needed to define the relative importance 

of this and the other potential mechanisms of obeserelated immune dysfunction to overall 

disease outcome. Nevertheless, our present findings implicate the soundly predicted, likely 

multi-faceted, but incompletely delineated suppressive effects of obesity on the immune 

TME of lung tumors as probable contributors to obesity’s pro-tumor effects in lung cancer.

This study marks an important step in fostering a better understanding of the so-called 

obesity paradox, and its findings clarify the impact of distinct body-fat distribution patterns 

on lung cancer outcomes. Its findings may inform continued efforts to better predict 

lung cancer outcomes, management and apply treatments, and develop novel therapeutic 

approaches to prevent or control early-stage lung cancers across a patient pool that is 

increasingly overweight and obese.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overall and recurrence free survival of patients with High and Low VFI.
A) Overall survival curves generated for 513 patients separated categorized as having High 

(top tertile; N=171) and Low (bottom tertile; N=171) visceral adiposity as defined by VFI 

score demonstrate decreased survival with high visceral adiposity (HR=1.84; 95% CI = 

1.21 – 2.81). B) Recurrence free survival curves demonstrate decreased survival with high 

visceral adiposity (HR = 1.82; 95%CI = 1.06 – 3.11). C) Expected recurrence free survival 

curves using the Cox proportional hazards model for demonstrate decreased survival with 

high visceral adiposity (HR = 1.79; 95% CI = 1.04 – 3.08).

Barbi et al. Page 21

J Thorac Oncol. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Changes in the tumor immune microenvironment with visceral obesity in advanced 
stage NSCLC.
A) Heatmap of unsupervised clustering of immune response genes expression ranks (GEX 

Rank: columns) and 159 samples (rows) annotated by visceral fat index (VFI) tertiles, body 

mass index (BMI) thresholds and cell proliferation groups. B) Boxplot of inflammation 

cluster groups for VFI as a continuous variable with Wilcoxon test p values shown for all 

pairwise comparisons. C) Bar chart showing distribution of Inflammation clusters within top 

and bottom VFI tertiles with chi-square proportion test p values shown.
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Figure 3. Obesity-mediated effects on progression of Lewis lung carcinoma tumors in mice.
A. C57BL/6 mice were fed a high-fat (to induce obesity) or normal diet for ~14–16 weeks 

before s.c. implantation of 10×105 cells by s.c. injection into the shaved flanks. Mean tumor 

volumes were calculated using the formula: volume=0.5×lengthxwidth2. (B,C) Obese and 

normal mice were challenged with intravenous tail vein injection of 0.25×106 LLC-Luc 

cells. 26 days after injection, tumor burden (pulmonary metastases) were visualized by 

BLI after i.p. injection of d-luciferin (150mg/kg) using IVIS technology. P < 0.05 (*), 

< 0.02 (**), <0.001 (***) in standard t test. Error bars depict the SEM. Shown are 

a representative image (B) and mean tumor burden measurements (A and C) from 3–5 

independent experiments.
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Figure 4. Obesity-mediated effects on the anti-tumor immune response to s.c. LLC tumors.
C57BL/6 mice were fed a high-fat (to induce obesity) or normal diet for 16 weeks before 

implantation of 1×105 cells by injection in shaved flanks (n=5–7/group). The density of 

tumor infiltrating leukocytes (TILs) were found, and flow cytometry analysis of tumor cell 

suspensions obtained in the experiment presented in Fig. 3 revealed the frequencies of CD4+ 

and CD8+ T cells amongst the tumor infiltrating leukocytes (TILs; A). The proportions 

of CD8+ T cells expressing the checkpoint molecules LAG3 and PD-1 and the viable 

fraction of CD8+ T cells were found and quantified (B, C). The levels of IFNγ producing 

TILs in obese and non-obese mice were also found (D). The relative proportions of Tregs 

among the TILs were found (E) as well as the levels of activated Treg markers. (F) and the 

frequencies of Foxp3+ Tregs expressing the checkpoint molecules LAG3 and PD-1 (F). P 

< 0.05 (*), < 0.02 (**), (****)<0.001 in standard t test. Error bars depict the SEM. Shown 

are representative flow plots and the mean quantification of replicates from one of 2–3 

independent experiments.
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Figure 5. Obesity-mediated effects on myeloid derived suppressor cells in s.c. LLC tumors.
C57BL/6 mice were fed a high-fat (to induce obesity) or normal diet before implantation 

of 1×105 cells by injection in shaved flanks (n=5–7/group). Flow cytometry analysis of 

tumor cell suspensions obtained from Fig. 3. The frequencies of MDSC (GR1+/CD11b+) 

among the TILs were found by flow cytometry (A) as were levels of PD-L1 expression 

on these suppressor cells (B). Similarly, we determined the frequencies of tumor associated 

macrophages (CD11b+/F480+) and the surface levels of PDL1 on these cells (C,D). P < 0.05 

(*), < 0.02 (**), in standard t test. Error bars depict the SEM. Shown are representative flow 

plots and the mean quantification of replicates from one of 2 independent experiments.
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Table 1.
Univariate associations and multivariable models of overall and recurrence free survival 
in patients with stage I and II NSCLC undergoing lobectomy.

Variables associated with survival on univariate analysis (P<0.1; in bold) were included in multivariable 

analyses. Only variables included in the final multivariable models are shown.

Variable Univariate Multivariable

Overall survival HR 
(95% CI)

Recurrence free survival Overall 
survival HR 
(95% CI)

Recurrence 
free survival

Age 67 ± 10.4 1.05 (1.03 – 1.06) 1.01 (0.99 – 1.03) 1.04(1.02–
1.06)

Sex (Female vs. 
male)

305(59.5%) Female 0.57 (0.41 – 0.80) 0.65 (0.43 – 1.00) 0.64(0.44 – 
0.92)

Race (White vs. 
others)

462 (90.1%) White 0.70 (0.36 – 1.31) 0.40 (0.15 – 1.10)

DLCO 77.3 ± 21.2 0.99 (0.98 – 1.00) 0.99 (0.98 – 1.00) 0.99(0.98–
1.00)

ASA score (High vs. 
Low)

248 (48.3%) HIgh 2.07 (1.47 – 2.90) 1.49 (0.97 – 2.28) 1.55(1.07 – 
2.24)

BMI 27.2 ± 5.6 1.01 (0.98 – 1.04) 1.01 (0.97 – 1.05)

VFI 0.45 ± 0.14 7.30 (3.18 – 24.08) 5.19 (1.14 – 23.69) 4.51(0.93 – 
21.76)

Tumor grade (High 
vs. Low)

181 (35.3%) High 1.62 (1.16 – 2.26) 1.95 (1.28 – 2.98) 1.64(1.16–
2.32)

1.88(1.22 – 
2.88)

Tumor stage (II vs. 
I)

140 (27.3%) Stage II 1.21 (0.84 – 1.74) 2.19 (1.43 – 3.36) 1.97(1.28 – 
3.04)

Histology Adeno 
vs. other SqCC vs. 
other

Adeno 317 (61.8%) 
SqCC 139 (27.1%) 
Other 57 (11.1%)

0.81 (0.64 – 1.03) 1.33 
(1.02 – 1.72)

1.04 (0.76 – 1.42) 1.02 
(0.71 – 1.47)

Smoking status 
Current vs. Never 
Former vs. Never

Never - 52 (10.1%) 
Former - 175 (34.1%) 
Current - 286 (55.8%)

0.79 (0.53 – 1.17) 1.03 
(0.78 – 1.37)

0.94 (0.59 – 1.49) 1.01 
(0.72 – 1.42)

BMI = Body Mass Index; VFI = Visceral Fat Index; DLCO = Diffusion capacity for carbon monoxide; ASA – American Society of 
Anesthesiology; Adeno = Adenocarcinoma; SqCC – Squamous cell carcinoma.
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