1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Proteome Res. Author manuscript; available in PMC 2019 January 20.

-, HHS Public Access
«

Published in final edited form as:
J Proteome Res. 2017 September 01; 16(9): 3266-3276. doi:10.1021/acs.jproteome.7b00245.

Identification of Proteomic Features To Distinguish Benign
Pulmonary Nodules from Lung Adenocarcinoma

Simona G. Codreanu®', Megan D. Hoeksema®*:8, Robbert J. C. SlebosT, Lisa J.
Zimmerman®, S. M. Jamshedur Rahman#*$§, Ming Li"7, Sheau-Chiann Chen<, Heidi Chen,
Rosana Eisenberg®, Daniel C. Liebler', and Pierre P. Massion™+V.O

TDepartment of Biochemistry, Vanderbilt University Medical Center, Nashville, Tennessee 37232,
United States

*Division of Allergy, Pulmonary and Critical Care Medicine, Department of Medicine Vanderbilt
University Medical Center, Nashville, Tennessee 37232, United States

8Thoracic Program, Vanderbilt Ingram Cancer Center, Vanderbilt University Medical Center,
Nashville, Tennessee 37232, United States

'Department of Biostatistics, Vanderbilt University Medical Center, Nashville, Tennessee 37232,
United States

LCenter for Quantitative Sciences, Vanderbilt University Medical Center, Nashville, Tennessee
37232, United States

#Department of Pathology, Microbiology and Immunology, Vanderbilt University Medical Center,
Nashville, Tennessee 37232, United States

VDepartment of Cancer Biology, Vanderbilt University Medical Center, Nashville, Tennessee
37232, United States

OVeterans Affairs, Tennessee Valley Healthcare System, Nashville, Tennessee 37212, United
States

# These authors contributed equally to this work.

Abstract

We hypothesized that distinct protein expression features of benign and malignant pulmonary
nodules may reveal novel candidate biomarkers for the early detection of lung cancer. We
performed proteome profiling by liquid chromatography— tandem mass spectrometry to
characterize 34 resected benign lung nodules, 24 untreated lung adenocarcinomas (ADCs), and
biopsies of bronchial epithelium. Group comparisons identified 65 proteins that differentiate
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nodules from ADCs and normal bronchial epithelium and 66 proteins that differentiate ADCs
from nodules and normal bronchial epithelium. We developed a multiplexed parallel reaction
monitoring (PRM) assay to quantify a subset of 43 of these candidate biomarkers in an
independent cohort of 20 benign nodules, 21 ADCs, and 20 normal bronchial biopsies. PRM
analyses confirmed significant nodule-specific abundance of 10 proteins including ALOXS5,
ALOX5AP, CCL19, CILP1, COL5A2, ITGB2, ITGAX, PTPRE, S100A12, and SLC2A3 and
significant ADC-specific abundance of CEACAM®6, CRABP2, LAD1, PLOD2, and TMEM110-
MUSTNL1. Immunohistochemistry analyses for seven selected proteins performed on an
independent set of tissue microarrays confirmed nodule-specific expression of ALOX5,
ALOX5AP, ITGAX, and SLC2A3 and cancer-specific expression of CEACAMS. These studies
illustrate the value of global and targeted proteomics in a systematic process to identify and
qualify candidate biomarkers for noninvasive molecular diagnosis of lung cancer.
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INTRODUCTION

Lung cancer continues to be the leading cause of cancer-related deaths worldwide.! One of
the major challenges remains a noninvasive method for the early detection of this disease.
Most lung cancers are first discovered as lung nodules by chest imaging. In the National
Lung Cancer Screening Trial, 39% of low-dose computed tomography (LDCT) study
participants had a positive scan during the study, 96.4% of which were false-positive for
cancer.2 Lung nodules present a significant public health challenge, both because of their
prevalence (an estimated 2 million new nodules a year) and because of the difficulties in
making a noninvasive cancer diagnosis.39 Positron emission tomography-computed
tomography (PET-CT) has been proposed as a diagnostic aid to evaluate indeterminate
pulmonary nodules (IPNs), which are those of >5 mm, and which have <65% probability to
be confirmed as cancers. However, the specificity of imaging methods for distinguishing
lung cancers from benign nodules is decreased dramatically in regions with endemic fungal
disease.10
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In recent work, nodule characteristics coupled to clinical risk factors have been widely used
to predict malignancy.11-18 This approach has primarily relied on nodule size and rate of
size increases, as determined by imaging techniques. Several clinical assessment tools have
been introduced to predict the probability of malignancy, especially in the higher risk
populations.17-19 Therefore, we recognized a need for a novel, noninvasive strategy to
distinguish benign nodules from malignant nodules. This motivated us to explore
biochemical differences between nodules and cancers that could be combined with
molecular imaging to improve diagnostic accuracy.

We hypothesized that benign nodules display distinct patterns of differential protein
abundance in comparison with lung cancer and that proteins with characteristically high
abundance in nodules may represent new candidate biomarkers for the early detection of
lung cancer. We used multidimensional liquid chromatography—tandem mass spectrometry
(LC-MS/MS) to characterize proteomes of a collection of benign lung nodules and early-
stage (with the exception of one late-stage) lung ADCs. We selected proteins with
differential expression between benign nodules, ADCs, and normal lung, and, to enable
future imaging-based detection, we further selected proteins that are secreted or have
extracellular domains. We validated those differentially expressed proteins by parallel
reaction monitoring mass spectrometry (PRM-MS) and immunohistochemistry (IHC) to
confirm their ability to distinguish iPNs from cancers.

EXPERIMENTAL PROCEDURES

Study Population and Tissue Collection

Patient characteristics from the discovery and validation sets are presented as a summary in
Table 1. Complete clinical characteristics can be found in Tables S-9 and S-10. A
retrospective collection of 34 benign lung nodules, 23 early-stage lung ADCs, 1 late-stage
lung ADC, 5 normal bronchial, and 5 alveolar epithelium biopsies (hereafter referred to as
“normals™) from patients consented at Vanderbilt University Medical Center (VUMC) and
the Nashville Veteran Affairs Medical Center (VAMC) was used. For the independent
validation set (PRM assays), 20 benign nodules, 21 early-stage ADCs, and 20 normal lung
tissues were collected. This study was approved by the Institutional Review Board at both
institutions (IRB protocols 000616 and 310233).

Tissue Dissection and Protein Digestion

For both the discovery and validation sets, 10 4m thick tissue sections were macro-dissected
under a dissecting microscope (SZ-60 CTV Olympus, Japan) to include either >70% of
viable tumor tissue, or the entire benign lung nodule including its peripheral rim. The
normal lung tissues were dissected to include bronchial airway epithelium or alveolar tissues
specifically. Formalin-fixed, paraffin-embedded (FFPE) samples were deparaffinized,
rehydrated, reduced, alkylated, and digested with trypsin as previously described. Digested
samples (200 1 protein) were lyophilized,2! and the lyophilized peptide samples were
suspended in water prior to solid-phase extraction with a Waters Sep-Pak C18 desalting
cartridge (Milford, MA). Prior to use, desalting cartridges were first charged with 1 mL of
acetonitrile and then equilibrated with 2 mL of water. Peptide samples were loaded onto the

J Proteome Res. Author manuscript; available in PMC 2019 January 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Codreanu et al.

Page 4

equilibrated column and washed once with 1 mL of water, and the peptides were eluted with
70% acetonitrile containing 0.1% formic acid (Thermo Fisher Scientific, Waltham, MA).
These samples were evaporated to dryness in vacuo and stored at —80 °C until further use.

Global LC-MS/MS Analyses

Tryptic digests of lung nodules and ADC were analyzed by multidimensional LC-MS/MS,
where the initial separation was by basic reversed-phase LC (bRPLC), as previously
described.20 Desalted tryptic peptides, dissolved in 10 mM triethylammonium bicarbonate
(TEAB), pH 8.0 were fractionated with an Agilent 1260 Infinity LC system equipped with
an XBridge C18 5 x/m 4.6 x 250 mm column. Solvent A was 10 mM TEAB in water (Sigma,
St. Louis, MO), pH 7.4, and Solvent B was 10 mM TEAB in acetonitrile. Peptides were
eluted at room temperature using a flow rate of 0.5 mL/min, and a linear mobile phase
gradient was programmed from 100% Solvent A to 5% Solvent B at 10 min, 35% B at 70
min, 70% B at 85 min, and then held at 70% B for an additional 10 min, before returning to
100% A at 100 min, followed by a 5 min equilibration prior to the next analysis. The eluted
peptides were collected in 60 fractions, which were concatenated to 15 fractions, as
described.20 Concatenated fractions were evaporated to dryness in vacuo, and the dried
samples were suspended in 100 4L of 3% acetonitrile with 0.1% formic acid for LC-MS/MS
analysis. Tryptic digests from normal tissues were fractionated by isoelectric focusing on
immobilized pH gradient strips, as previously described.?!

LC-MS/MS analyses of fractionated peptides from normal tissue biopsies were performed
on a Thermo LTQ XL mass spectrometer equipped with an Eksigent NanoLC AS1
autosampler and Eksigent NanoL.C 1D Plus pump and a Thermo nanospray source. Peptides
were separated on a packed capillary tip (Polymicro Technologies, 100 mm x 11 cm) with
Jupiter C18 resin (5 mm, 300 A, Phenomenex) using an in-line solid-phase extraction
column (100 mm x 6 cm) packed with the same C18 resin using a frit generated with liquid
silicate Kasil 1. Mobile phase A consisted of 0.1% formic acid and mobile phase B consisted
of 0.1% formic acid in 90% acetonitrile. A 90 min gradient was carried out with a 30 min
washing period (100% A) to allow for solid-phase extraction and removal of any residual
salts. Following the washing period, the gradient was increased to 25% B by 35 min,
followed by an increase to 90% B by 50 min and held for 9 min before returning 95% A.
MS/MS spectra were acquired using a data-dependent scanning mode in which one full MS
scan (mlz 400-2000) was followed by five MS/MS scans. MS/MS scans were acquired in
centroid mode using an isolation width of 3 m/z, an activation time of 30 ms, an activation q
of 0.250, and 35% normalized collision energy. MS/MS spectra were collected using a
dynamic exclusion of60 s with a repeat of1 s and repeat duration of 1 s.

Analyses of fractionated peptides from ADC were performed on a Thermo LTQ Velos mass
spectrometer equipped with an Eksigent NanoLC AS1 autosampler and Eksigent NanoL.C
1D Plus pump and a Thermo nanospray source. Peptide LC separations were performed as
described above. MS/MS spectra were acquired using a data-dependent scanning mode in
which one full MS scan (/m/z400-2000) was followed by five MS/MS scans. MS/MS scans
were acquired in centroid mode using an isolation width of 2 /71/z, an activation time of 30
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ms, an activation g of 0.250, and 30% normalized collision energy. MS/ MS spectra were
collected using a dynamic exclusion of 60 s with a repeat of 1 s and repeat duration of 1 s.

Analyses of fractionated peptides from nodules were performed on a Thermo Orbitrap Elite
mass spectrometer equipped with a Thermo Easy n-LC1000 LC system and autosampler.
Peptide LC separations were performed as described above. Full MS scans were acquired on
the Orbitrap from /7/2300-2000 at a resolution of 60 000 using an automatic gain control
(AGC) value of 5 x 10°. The minimum threshold was set to 500 ion counts. Precursor ions
were fragmented with the LTQ using an isolation width of 2 m/z units, a maximum injection
time of 50 ms, and an AGC value of 1 x 103. Normalized collision energy was set to 35 /71/z.

Protein ldentification from MS/MS Data

Tandem spectra were searched against the human RefSeq protein database (version 54;
September 2012, with 34589 protein entries) using the Myrimatch search algorithm (v
2.1.132)22 and MS-GF+ Beta (v9979) search algorithm,23 and Pepitome search algorithm (v
1.0.42) for the spectral library searches.24 The database incorporated both the forward as
well as reversed sequences to allow for determination of false discovery rates. The searches
were performed, allowing for static modifications of +57 Da on cysteines (for
carboxyamidomethy-lation from iodoacetamide) and dynamic modifications of +16 Da on
methionines and formation of N-terminal pyroglutamine (=17 Da). Matches to semitryptic
peptides were allowed. Peptide and fragment ion tolerances were set to +1.25 m/zand 0.5
Da, respectively. The data were filtered and assembled with the IDPicker algorithm (v.
3.1.642.0), requiring at least two unique peptides (minimum peptide length of seven amino
acids) and six spectra per protein in the entire data set.25 These settings resulted in an overall
protein FDR of 5.6% and a peptide FDR of 1.9%. The combined shotgun proteomics data
from all nodule, tumor, and normal samples identified 5575 protein groups, a minimal

number of proteins that explained all spectral matches that fulfilled the filtering parameters.
26

Targeted Analysis by PRM-MS

We developed PRM assays to quantify the 43 candidate biomarker proteins via 170 tryptic
peptides in a single LC- PRM-MS run. We obtained synthetic peptides of moderate (~85%)
purity from New England Peptide (Gardner, MA) to use as standards to establish
chromatographic properties and to verify sequence-specific transitions in PRM. A PRM
assay was developed using the experimental design and data analysis tool Skyline 1.1
software.2” To develop a scheduled PRM method, a “master mix” of unlabeled synthetic
standards representing all target peptides was spiked into a matrix background made from
four nodule samples. This master mix sample was analyzed in an unscheduled PRM run to
determine retention times and representative fragment ions. A total of 170 peptides were
monitored in each scheduled PRM run across the entire set of validation samples.

Samples for PRM analyses were prepared in the same manner as for global proteomics,
except that no bRPLC fractionation was performed. Desalted peptide samples were
dissolved to 0.5 g/ pL in 3% aqueous acetonitrile containing 0.1% formic acid and a
mixture of three labeled reference peptide (LRP) standards (B- actin peptide U-13C,15N-
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ArgGYSFTTTAER, alkaline phosphatase (AP) peptide U-13C,15N-Arg-AAQGITAPGGAR,
and B-galactosidase (BG) peptide U-13C,15N-Arg-APLDNDIGVSEATR) were spiked into
the samples at a final concentration of 12.5 fmol/L.

PRM analyses were performed on a Q-Exactive Plus mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany) equipped with an Easy-nLC 1000 autosampler. Peptides were
resolved on an PicoFrit Emitter column (11 cm x 75 gm ID, New Objective, Wortham, MA)
with a 10 zm ID opening, packed with ReproSil C18-AQ resin of 3 gm particle size (Dr.
Maisch, Ammerbuch-Entringen, Germany). Liquid chromatography was performed at room
temperature with a mobile-phase gradient program using 0.1% formic acid in water (Solvent
A) and 0.1% formic acid in acetonitrile (Solvent B). The column was programmed with a
linear gradient from 2 to 35% Solvent B at a flow rate of 300 nL/min over 40 min, followed
by an increase to 90% B over 4 min and then held at 90% B for 6 min before returning to
initial conditions of 2% B. For electrospray ionization, 1800 V was applied and a 250 °C
capillary temperature was used. Each sample was analyzed using an acquisition method that
combined a full-scan SIM event, followed by 14 PRM scans, as triggered by a scheduled
inclusion list, with a 4 min retention time window. Retention times were established with
analyses of unlabeled standards for all peptides. The SIM scan event was collected using an
m/z 380-1500 mass selection, an Orbitrap resolution of 17 500 (at /7/z 200), target AGC
value of 3 x 108, and a maximum injection time of 30 ms. The PRM scan events used an
Orbitrap resolution of 17 500, an AGC value of 5 x 10°. and maximum fill time of 80 ms
with an isolation width of 0.5 m/z. Fragmentation was performed with a normalized
collision energy of 27, and MS/MS scans were acquired starting at /7/z 150.

Tissue Microarray Preparation

Tissue microarrays (TMAs) were prepared from paraffin- embedded formalin-fixed (FFPE)
blocks. Archived tissue blocks from consecutive anatomic resections acquired from 1989 to
2012 were retrieved from the files of the pathology departments at Vanderbilt University
Medical Center and at the Tennessee Valley Health Care System, Nashville, TN. The TMAs
consisted of 41 ADCs, 45 other nonsmall cell lung cancers, and 63 benign lung nodules and
were constructed according to protocols previously described.28:22 Demographic and clinical
characteristics of the 149 patients represented in three TMAs are summarized in Table 2.
Complete clinical characteristics for all patients can be found in Table S-11.

Immunohistochemistry

Five micron tissue sections were cut from FFPE lung TMASs and were placed on the Leica
Bond Max IHC stainer (Leica Biosystems, Buffalo Grove, IL). All steps excluding
dehydration, clearing, and coverslipping are performed on the Bond Max. Heat-induced
antigen retrieval was performed on the Bond Max using Epitope Retrieval 1 or 2 solution for
10-20 min depending on the analyte. Primary antibodies for ALOX5 (Abcam ab115764,
Cambridge, MA, 1:100), ITGAX (Leica PA0554, Newcastle Upon Tyne, NE, U.K.), BST1
(Novus NBP2-14363, Littleton, CO, 1:100), ALOX5AP (Abcam ab151515, Cambridge,
MA, 1:100), SLC2A3 (Abcam ab15312, Cambridge, MA), CRABP2 (Origene TA800069,
Rockville, MD, 1:100), COL4A5 (Novus NBP1-55880, Littleton, CO, 1:150), CEA- CAM6
(Thermo Scientific PA5-29551, Rockford, IL, 1:1,000), and LAD1 (Thermo Scientific PA5—
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22344, Rockford, IL, 1:100) were used at the specified concentrations. For visualization, the
Bond Refine Polymer detection system was used. IHC analysis was performed as previously
reported by our group.2® Results of the IHC staining were analyzed by a pathologist (RE).

TMA slides were scanned using the Leica SCN400 Slide Scanner (Leica Biosystems,
Buffalo Grove, IL) and analyzed with the Leica Biosystems Digital Image Hub. TMAS were
evaluated based on number of cells staining positive for each marker in the entire tissue area.
Values were normalized to the total number of cells calculated by nuclear counterstain
yielding in the percent positive as reported. On the basis of an automated 0-255 light
intensity scale, cells were considered to be positive if the intensity of the stain was below
220, with 0 being the greatest intensity, and negative if intensity values were above 220.

Experimental Design and Statistical Rationale

For global LC-MS/MS proteome analyses, protein spectral counts were compared using a
Quasi-likelihood model and filtered for low spectral counts (one spectrum/protein across the
entire data set). A group analysis of protein spectral counts was carried out to identify
proteins that were differentially expressed in one of the groups at the quasi.FDR < 0.05 and
a 4-fold increase in protein expression or higher. Group-wise comparisons between shotgun
data sets of benign nodules with lung ADCs and normal lung tissue identified 65 “nodule-
specific” proteins that differentiated nodules from ADCs and control tissues and a second
group of 66 “cancer-specific” proteins that differentiate ADCs from nodules and control
tissues. We selected 25 nodule- specific proteins and 18 cancer-specific proteins that met
additional criteria of (1) uniform expression across the discovery sample set and (2)
annotation as membrane-bound or secreted proteins.

For PRM analyses, the top three most intense fragment ions were used for peptide peak area
quantitation, and the peptide signals for candidate biomarker proteins were normalized by
the LRP method.30 Peptide peak areas were calculated as the sum of the peak areas for the
three most intense fragment ions, and this summed peak area was normalized to the summed
peak area for the BG LRP peptide, which had the lowest coefficient of variation (CV) across
all of the PRM analyses. Although available samples were sufficient to permit only a single
processed replicate per sample, each LC—MS-ready sample was injected twice (technical
replicates). The summed peak areas for each individual peptide were averaged, and an
intraclass correlation coefficient (ICC) was calculated from the averaged values; the ICC
indicates the fraction of overall measurement variation associated with differences between
the three experimental groups. Pearson correlation was used to compare normalized peak
areas for the replicate analyses across the data set. Only peptides with an ICC above 0.6 and
a Pearson correlation above 0.7 were considered for further statistical comparisons, while
the remaining peptides were not significantly different between biological classes. ANOVA
was performed across the three groups to significance of differences.

For IHC analyses, data comparing two experimental conditions were analyzed by two-tailed
Wilcoxon ranked sum test. Only results with £< 0.05 or £< 0.01 were considered to be
statistically significant. All experimental data are presented as a representative of three
independent experiments. For the TMAs, the average scores of duplicate biopsies (cores)
were used for IHC analysis. Maximal immunostain scores from replicates were used for
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IHC, and data obtained from the tumor registry allowed survival analysis. Clinical data
elements were obtained from the Bioinformatics Core of the Vanderbilt Ingram Cancer
Center (VICC). Data analysis included Spearman correlation coefficients and Kaplan—
Meier survival estimates with Cox proportional hazards regression models. Survival analysis
was calculated from date of diagnosis to date of death or last date of contact for those alive
at the time of the analysis. Curves were compared with the log-rank test.

Identification of Differentially Abundant Proteins among IPNs, Normal Lung, and Lung

ADCs

To identify protein abundance features characteristic of benign nodules, we first performed
global proteomic analyses of normal bronchial and alveolar epithelium (A= 10), IPNs (N =
34), and ADCs (V= 24) (Table 1). These discovery data sets were generated with three
different MS platforms over a 4 year period as part of three previously unpublished studies.
The three data sets were searched together and combined into a single protein assembly for
further analysis. The combined shotgun proteomics data set from all normal, benign nodules,
and tumor samples identified 8420 proteins corresponding to 5575 protein groups (2%
peptide FDR, 5.6% protein FDR) (Supplemental Data Set 1). Protein abundance differences
between tissue types were estimated from spectral counts. The logic flow for identification
of tissue type-specific proteins is summarized in Figure 1.

First, proteins with low spectral counts (<1 spectrum/protein across the entire data set) were
removed. A Quasi-likelihood model then was used to estimate spectral count-based
differences between tissues, and significant proteins were required to have a quasi.FDR <
0.05 and a =4-fold difference in protein expression. According to these criteria, 142 proteins
were higher in lung nodules than in cancers, and 292 proteins were higher in nodules than in
normal tissues. Proteins in both of these groups (65 proteins) were designated as putative
nodule-specific proteins for subsequent analyses (see below). Similarly, we identified
proteins that discriminated between lung ADC and lung nodules (203 proteins) and between
lung ADC versus normal (284 proteins). Proteins in both of these groups (66 proteins) were
considered ADC-specific. Of these 131 proteins identified as nodule-specific or ADC-
specific, we selected 25 nodule-specific proteins and 18 ADC-specific proteins that met
additional filtering criteria: (1) spectral counts = 4-fold different between nodule/ADC and
normal tissue, (2) quasi.FDR < 0.05% for spectral count-based abundance differences, (3)
putative nodule-or ADC-specific proteins were required to be expressed in at least 75% of
the discovery samples in the respective group, and (4) had Uniprot annotation as secreted
proteins or proteins with extracellular domains.

Verification of Putative Nodule- and ADC-specific Proteins by PRM Analysis in an
Independent Sample Set

To verify the specificity of putative nodule-specific and ADC- specific proteins, we
developed PRM assays to quantify 43 candidate biomarker proteins by measuring 165
proteotypic, tryptic peptides in a single LC-PRM run. These PRM analyses were applied to
an independent cohort of FFPE samples consisting of 20 benign nodules, 21 early-stage
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ADCs, and 20 normal bronchial biopsies (Table 1). All proteins, peptides, and measured
transitions are shown in Table S-1, and measured peptide peak areas are listed in Table S-2.
Of the 43 protein candidates, 27 (17 for benign nodules, 10 for ADCs) met criteria for
quantification by PRM measurement of at least one peptide. These criteria were: (1) targeted
peptides were detectable by at least three MS/MS transitions, (2) all detected PRM
transitions coeluted chromatographically with a retention consistent with that of an external
synthetic peptide standard in the same LC system, and (3) the intensity order of the detected
transitions corresponded to those for the standard. Data for the PRM measurements for these
62 peptides from 27 proteins are shown in Tables S-3 and S-4.

Criteria for significantly different abundance of peptides from these 27 proteins was based
on (1) calculated ICC values >0.6, (2) a Pearson correlation >0.7 for technical replicates
across the data set, and (3) three-way ANOVA indicating significant difference between the
groups (p < 0.05) (Table S-6). A total of 31 peptides corresponding to 16 proteins met these
criteria for significance (Table S-6). Among these 16 proteins, 10 were represented by two
or more peptides.

Of the 17 PRM-quantifiable, putative markers for benign nodules, 10 were confirmed by
PRM to be significantly elevated in nodules compared with normal and ADC tissues. These
proteins were ALOX5, ALOX5AP, CCL19, CILP1, COL5A2, ITGB2, ITGAX, PTPRE,
S100A12, and SLC2A3. Representative plots of the abundance distributions for peptides
from these proteins are shown in Figure 2.

Of the 10 PRM-quantifiable, putative markers for ADCs, four were confirmed by PRM to be
significantly elevated in ADCs compared with nodules and normal tissue. These proteins
were CEACAM6, CRABP2, LAD1, PLOD2, and TMEM110- MUSTN1. Representative
plots of the abundance distributions for peptides from these proteins are shown in Figure 3.
Plots for all peptides that met significance criteria are shown in Figures S-1 and S-2.
Receiver operating characteristic (ROC) curves were generated, and area under the curve
(AUC) values were generated (Figure S-4A).

Validation by Immunohistochemistry

IHC analysis was performed on another independent set of benign nodules, ADCs, and
normal lung tissues assembled in TMAs (Table 2). These IHC analyses targeted a seven-
protein subset of the candidate biomarkers analyzed by PRM, based on the quality of the
antibodies available, and included ALOX5, ALOX5AP, ITGAX, and SLC2A3 as well as the
ADC-specific proteins CRABP2, CEACAMBG6, and LAD1 (Table S-7). The total number of
cells tested for staining intensity was 7873 + 2210 and 7069 + 1917 on average (:tSTDEV)
among lung cancers and benign lung nodules, respectively. ALOX5, ALOX5AP, ITGAX,
and SLC2A3 were significantly overexpressed (p < 0.001 for all four proteins) in benign
nodules as compared with NSCLCs (Table 3 and Figure 4). ALOXS5 showed a strong
intracellular pattern in 92% of the benign nodules and in 5% of the cancers. ALOX5AP
showed strong membranous staining in 74% of the benign nodules and in no cancers,
ITGAX in 92% of benign nodules and no cancers, and SLC2A3 in 96% of benign nodules
and 30% of the cancers. IHC staining for LAD1 and CRABP2 did not distinguish benign
nodules from cancers, whereas CEACAM®6 was overexpressed in 81% of all cancers and
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21% of benign nodules (p < 0.001) (Figure S-3). We found no significant association for all
seven candidate biomarkers staining intensity with gender, stage, smoking status, or age
among cancer patients (Table S-8). ROC curve analysis showed AUC values of 96% for
ALOXS5 and ITGAX, 89% for ALOXS5AP, 86% fir SLC2A3, 85% for CEACAMG6, 68% for
CRABP2, and 61% for LAD1 (Figure S-4B).

Immunophenotyping of Lung Nodules

We next hypothesized that the nature of infiltrating lymphocytes in the tissue
microenvironment of IPNs may be specific to nature of the nodules (benign or malignant)
and that the infiltrating lymphocytes may be associated with the candidate biomarkers
identified above. We therefore quantified the abundance of CD4, CD8, or FOXP3 infiltrating
lymphocytes in our TMASs and tested its association with the expression of ALOXS5,
ALOX5AP, ITGAX, SLC2A3, CEACAM6, CRABP2, and LAD1. We obtained two
replicate measurements and determined cytoplasmic, membranous, and nuclear staining as
well as total cell number (average or maximum of repeated measurement). Spearman
correlation was used to test the association between seven markers and percent positive of
each of the cytoplasmic, membranous, and nuclear stains for the three cell types as well as
total cell number. Representative images of CD4, CD8, and FOXP3 stains are shown in
Figure 5A Benign nodules were associated with a stronger infiltration of CD4, CD8 T cells,
and FOXP3 cells with a p value of <0.001 for all three markers (Figure 5B). The average
staining intensity for the T cell markers was stronger in benign nodules for CD4 and CD8
but weaker for FOXP3 cells (Table 3). The associations between candidate biomarker
immunostains and CD4, CD8, and FOXP3 stains were nonsignificant (Table 4), with the
exception of a strong association between SLC2A3 staining and CD4 and FOXP3 staining
intensity as well as an association between ITGAX and CD8 T cells.

DISCUSSION

We report that proteomic analysis of benign and malignant nodules may uncover novel
candidate biomarkers that could then be evaluated through other molecular diagnostic
strategies. While our long-term goal is to identify noninvasive strategies for the early
detection of lung cancer, we report here a first step toward this goal by completing a tissue-
based discovery analysis with early validation efforts. We characterized the proteomes of a
collection of resected benign lung nodules, lung ADCs, and airway epithelium, derived
candidates based on the assumption that future molecular imaging probes would most likely
detect plasma-membrane-associated proteins. We validated our candidate by PRM assays
and by IHC in TMAs assembled for validation. We identified seven proteins that clearly
discriminate between the groups and suggest that these candidates represent potential
candidates for further validation.

The novelty of this research effort is three-fold. First, this is the first study to approach the
diagnosis of IPNs by looking at the proteomic composition of these nodules and comparing
to lung ADCs. Second, this report demonstrates the value of proteomic approaches to
discover new candidate biomarkers. This in-depth search for proteomic candidate biomarker
of IPNs was validated by two orthogonal methods in two independent data sets. We used
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PRM analysis and IHC to our candidates and demonstrated promising results. Third, our
discovery effort specifically targeted membrane-associated proteins, which should be most
readily detected by molecular imaging. While targeting the identification of organ-specific
biomarkers of cancers has led to disappointing results, it remains a key strategy to advance
diagnostics for lung cancer. Molecular imaging will play a significant role in basic,
translational, and clinical research as related to functional genomics. Protein targets located
at the cell surface of either the cancer cells or inflammatory cells in granulomas represent
good candidates for molecular imaging. Clearly, the abundance and specificity of the target
for the diagnosis of IPNs are critical to make molecular imaging approaches successful. The
proteins identified have no overlap with other biomarkers previously reported.31:32

Because both granulomas and tumors are characterized by a rich immune microenvironment
and because T lymphocytes are key effectors of the adaptive immunity,33:34 we
characterized their prevalence in TMASs. Immunohistochemical analyses were performed on
paraffin-embedded lung cancer tissue and the relation between Tregs (FOXP3+), CD4, and
CD8 T cells and the diagnosis of granulomatous disease versus lung ADCs. We found that
Tregs, CD4, and CD8 T cells were in greater abundance in granulomas as compared with
lung ADCs without apparent specificity. Interestingly, some of the inflammatory cells were
associated with expression of proteins identified in this study as candidate biomarkers, such
as SLC2A3 and ITGAX expression (Table 4). The significance of these findings is yet to be
determined. The immune response related to such different pathological processes as
infection and malignancy is regulated by complex mechanisms that may demonstrate
cellular specificity. The integration of such phenotypic findings with genotype, for example,
should translate to more accurate diagnostic approaches. This hypothesis warrants further
investigation.

The limitations of this study include the heterogeneous nature of the nodule population, the
primary focus on comparing lung nodules to lung ADCs (and not all lung cancers), as well
as the intended focus on membrane-associated proteins. This study also does not address any
sort of clinical risk prediction tool that can be investigated in future studies. We are
evaluating candidates for future studies, including the development of new molecular
imaging probes to test this concept. Ongoing work includes the design of molecular imaging
probes and evaluation of animal models to test these candidate biomarkers. These next
studies can evaluate novel candidate biomarkers for noninvasive molecular diagnosis of lung
cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

ADC adenocarcinoma

AP E. colialkaline phosphatase

BG E. colibeta-galactosidase

Ccv coefficient of variation

FDR false discovery rate

IHC immunohistochemistry

IPN indeterminate pulmonary nodule

LC-MS liquid chromatography—mass spectrometry

LDCT low-dose computed tomography

LRP labeled reference peptide

MRM multiple reaction monitoring

MS mass spectrometry

MS/MS tandem mass spectrometry

NSCLC non-small cell lung cancer

PET-CT positron emission tomography-computed tomography

PRM parallel reaction monitoring

SCC squamous cell carcinoma

SCX strong cation exchange chromatography
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Figure 1.
Logic flow for identification of putative benign nodule-specific and ADC-specific proteins.
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Figure 2.

PRM measurement of representative peptides from putative benign nodule-specific proteins.
Replicate PRM analyses were performed for peptides from 17 candidate proteins in 20
benign nodules, 22 ADC, and 20 normal bronchial biopsies. Representative plots for
peptides that passed thresholds for ICC, Spearman correlation, and ANOVA are shown.
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PRM measurement of representative peptides from putative ADC-specific proteins.
Replicate PRM analyses were performed for peptides from 10 candidate proteins in 20
benign nodules, 22 ADC, and 20 normal bronchial biopsies. Representative plots for
peptides that passed thresholds for ICC, Spearman correlation, and ANOVA are shown.
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immunohistochemistry. Presented are box plots and distributions of IHC scores between 63
benign nodules and 86 lung cancers based on average staining intensity. For each antibody
staining, representative images of hematoxylin and eosin stains of the nodule of interest and
matched immunostains on an adjacent tissue section of a tissue microarray are provided.
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Figure 5.
Immunophenotyping of lung nodules both benign and malignant. (A) Representative images

of immunostains for CD4, CD8, or FOXP3. (B) Box plot and distribution of the percentage
of positive infiltrating lymphocytes in 86 NSCLCs and 63 benign nodules.
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Table 2.
Patient Characteristics for IHC Validation Cohort
patients no cancer(%) cancer(%) P value
N=63 N=186
age + SD 66.3+20.9 62.9+10.4 0.616%
gender 0 381b
male 31 (49) 49 (57)
female 32(51) 37 (43)
race 0_17917
Caucasian 58 (92) 84 (98)
African American 3(5) 2(2)
other 2(3) 0 (0)
nodule size (mm) + SD 22.0+16.0 30.0+20.0 0.014%
smoking status <0 OOlb
never smoker 20 (32) 6 (7)
ex-smoker 33 (53) 55 (63)
current smoker 10 (16) 25 (29)
pack years + SD 27.0+30.1 455+ 317 <0.001%
FEV1% + SD 67.0+225 65.3+24.1 0.660%
lung cancer histologies
ADC 41 (48)
SCC 31(36)
NSCLC 7(8)
LCC 5(6)
carcinoid 2(2)
path stages
IA-1B 55 (64)
HA-IIIA 19 (22)
HIB-IV 12 (14)
benign histologies
acid fast bacilli 5(8)
acute inflam. 3(5)
benign tumor 2(2)
fungal 25 (40)
multiple etiologies 25 (40)
normal lung 3(5)

E\Nilcoxon Rank Sum Test.

bPearson Chi-Square Test.
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