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Abstract

PURPOSE—To characterize the interactions of Non-small Cell Lung Cancer (NSCLC) tumors
with the immune system at the level of mMRNA and microRNA (miRNA) expression and to define
expression signatures that characterize the presence of a malignant tumor vs. a non-malignant
nodule.

EXPERIMENTAL DESIGN—We have examined the changes of both mRNA and miRNA
expression levels in peripheral blood mononuclear cells (PBMC) between paired samples
collected from NSCLC patients before and after tumor removal using Illumina gene expression
arrays.

RESULTS—We found that malignant tumor removal significantly changes expression of more
than 3,000 protein-coding genes, especially genes in pathways associated with suppression of the
innate immune response, including NK cell signaling and apoptosis-associated ceramide signaling.
Binding sites for the ETS-domain transcription factors ELKI, ELK4and SP/1 were enriched in
promoter regions of genes upregulated in the presence of a tumor. Additional important regulators
included five miRNAs expressed at significantly higher levels before tumor removal. Repressed
protein-coding targets of those mMiRNAs included many transcription factors, several involved in
immunologically important pathways. While there was a significant overlap in the effects of
malignant tumors and benign lung nodules on PBMC gene expression, we identified one gene
panel which indicates a tumor or nodule presence and a second panel that can distinguish
malignant from non-malignant nodules.

CONCLUSIONS—A tumor presence in the lung influences mRNA and miRNA expression in
PBMC and this influence is reversed by tumor removal. These results suggest that PBMC gene
expression signatures could be used for lung cancer diagnosis.
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INTRODUCTION

Lung cancer is the most common cause of cancer mortality worldwide, accounting for
222,520 new cases and 157,300 cancer deaths in the United States alone in 2010 (1). The
overall five-year survival for lung cancer is 16%, and prognosis is strongly correlated with
the stage of disease at diagnosis (2). Only 15% of patients with lung cancer have localized
disease at the time of diagnosis, leading to generally poor outcomes. Although
chemotherapy and radiation therapy can be used, these modalities are primarily palliative
producing only small increases in survival.

Understanding the role of the immune system in controlling tumor development, and
harnessing its capabilities for target detection and cell killing in order to develop new human
cancer treatments, are major challenges of substantial interest to researchers (3-5). Most
proposed therapeutic approaches have been based on findings that the immune system can
discriminate cancer cells from normal cells via tumor antigen recognition and secondary
immune responses mediated by B- or T-cells associated with the tumors (4, 6-8). These
studies focus primarily on antigen-specific T-cell responses (3—4, 6-8). Aspects of the innate
immune response could potentially also be used for cancer immunotherapy but this approach
has been similarly ineffective in part because tumors down regulate surface major
histocompatibility complex (MHC) molecules targeted in a primary response. Further
knowledge of the effect of a tumor on gene expression by the immune system is needed to
effectively apply immune-therapeutic approaches.

Gene expression profiling provides a powerful approach to detecting the nature of
interactions between the immune system and tumor components in patients, capturing
information useful for cancer diagnosis, prognosis or new therapy development. While this
approach cannot be applied to human studies of immune cell interactions that sample
tumors, the peripheral immune system can provide continuous information on these
interactions. For example, we recently showed that a diagnostic gene expression signature of
29 genes measured in PBMC was able to distinguish early-stage NSCLC patients from
control patients that had non-malignant lung disease, with 86% accuracy. We also found that
lung squamous cell carcinomas (LSCC) have a distinguishable and stronger PBMC-derived
cancer signature than lung adenocarcinomas (LAC), indicating there is a specificity in the
immune response to the presence of these 2 NSCLC tumor types (9). Detailed
characterization of such responses might lead to new measures for diagnosis and prognosis
and new therapeutic modalities.

To directly assess the effects of lung tumors on gene expression in the peripheral immune
system, we initially measured the effect of surgical removal of lung tumors on the intensity
of the 29-gene NSCLC signature in paired samples from 18 NSCLC patients that were taken
before and then after tumor resection. We found that the tumor associated signature was
significantly reduced post-surgery in a majority of the paired samples tested (14 of 18 pairs).
This signature reduction was independent of patient demographics including post-surgery
time of sampling. This observation supported our hypothesis that the 29 gene PBMC cancer
signature was indeed a surrogate marker for the tumor presence. In the present study we
have directly analyzed the nature of the global changes in PBMC gene expression that occur
as a result of lung tumor removal. We have identified alterations in coding and non-coding
gene expression profiles using paired pre- vs. post-tumor excision surgery PBMC samples.
We identify changes associated with important immune functions that characterize the lung
tumor presence and that distinguish malignant tumors from benign lung nodules. These
studies show that in addition to the effects of a lung tumor on its associated immune cells,
effects of the tumor in the lung can also be detected in the peripheral immune system. Our
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study addresses the changes in gene expression on this immune global-environment that
occur with surgical removal of the tumor.

MATERIALS AND METHODS

Study populations

Study participants were recruited from the University Of Pennsylvania Medical Center
(Penn) from 2003 through 2007 from the Penn Institutional Review Board’s approved lung
cancer study. Patients were newly diagnosed with histopathologically confirmed NSCLC
and no prior history of cancer or cancer treatment.

PBMC collection

Blood was collected from lung cancer patients pre-operatively and 1-5 months after surgery.
Blood was drawn into two CPT tubes (BD), PBMC isolated within 90 min, washed in PBS,
transferred into RNAlater® (Ambion) and stored at 4° C overnight before transfer to —-80° C.

Microarrays for mRNA and miRNA

RNA purification was carried out at the Wistar Genomics facility as previously reported (9),
controlled for quality using the Bioanalyzer (Agilent). For mRNA gene expression, 400ng of
total RNA was amplified as recommended by Illumina and hybridized to the Illumina
WG-6v2 human arrays. For miRNA expression, 500ng of RNA was analyzed on the
[llumina MI-12v2 arrays. Expression levels were extracted with BeadStudio v.3.0 software.
Arrays were quantile-normalized and filtered to remove non-informative probes as
previously described (9). MRNA data is available in GEO as GSE13255 and miRNA as
GSE27606.

Pairwise t-test

MRNA and miRNA expression data for 18 pre/post sample pairs (11 pairs for miRNA) was
tested for differential expression using two-tail pairwise #test, with significance set to <0.05.
FDR was calculated according to the Storey procedure (10)

SVM-RFE

A list of ranked genes was obtained using linear kernel SVM-RFE (11) with 10-fold and 10x
resampling cross-validation. Each cross-validation iteration started with the 1,000 genes
most significant by #test, and the number of genes was reduced by 10% at each feature
elimination step. Final ranking of the genes was done using a Borda count procedure (12).

Quantitative Real-Time PCR

Validation of array results was carried out using the 1 TagMan system (Applied Biosystems)
as recommended, in an ABI 7900HT PCR System. Each sample was analyzed in duplicate
and samples with CVs between replicates that were more than 0.5A Ct were repeated.

Ingenuity pathway analysis

Pathway and functional analysis was carried out with Ingenuity Pathways Analysis software
(http://www.ingenuity.com/) using Ingenuity Core Analysis (IPA 6.0, Ingenuity® Systems),
corrected for multiple comparisons by Benjamini-Hochberg, using £<0.05 as a significance
threshold.
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DAVID enrichment analysis

Enrichments of gene ontology (GO) terms, KEGG, and BIOCARTA pathways along with
Swiss-Prot, INTERPRO, and SMART keywords in a gene list were done with DAVID
software. Results were filtered to satisfy FDR <5% and fold enrichment >1.5 criteria.

miRNA target detection

Computationally predicted targets for a miRNA were derived from the union of results of
target scanner software provided by Sanger (http://microrna.sanger.ac.uk) or Sloan-
Kettering (http://www.microrna.org) databases (scans based on miRanda software), as well
as Pictar (http://pictar.mdc-berlin.de) and TargetScan (http://www.targetscan.org). Overlap
with gene expression data was done using Entrez Gene (http://www.ncbi.nlm.nih.gov/gene).
A computationally predicted target gene was accepted only if it was significantly
downregulated in pre-surgery samples as assessed by one-tailed, paired #test with
significance threshold of P<0.05.

Transcription factor motifs

The web interface of Pscan was used to find enriched TRANSFAC motifs in =450 to +50bp
region from the transcriptional start site of genes from the SVM list. Bonferroni-correction
was used to rank the results, using a significance threshold of P<0.05. For each motif, the
top 500 scored genes were used to determine whether enrichment of up- vs. downregulated
genes occurred in the list.

Additional statistical tests

RESULTS

The following tests were used to determine significance of results, using a threshold of
P<0.05. Spearman correlatior. correlation of ranks between two gene lists generated by
SVM-RFE and paired ttest. Pearson correlation. correlation between expression ratios in
pre-/ost-surgery sample pairs vs. cancer/non-cancer samples. Fisher exact test. enrichment
of an annotation term within a gene list; over-representation of up- or down-regulated genes
in a list of cell type-specific genes from IRIS database. Hypergeometric test. overlap
between significantly-expressed genes in pre-/post-surgery, cancer/non-cancer, and cancer/
benign nodule patient sample comparisons.

Patient samples and demographics

PBMC from the 18 patients were collected in the University of Pennsylvania Medical
Center. Clinical and demographic variables for those patients are shown in Table 1. Samples
were collected with IRB approval, as previously described (9). Pre-surgery samples were
collected on the day of resection just prior to surgery. Times of post-surgery sample
collection ranged from 1-5 months. Most (n=10) patients were sampled 2 months after
surgery and the others sampled at 1, 3, 4, or 5 months post-surgery. All samples were
collected before any additional therapy was started. A more complete description of patients
and staging information is shown in Supplementary Table 1.

PBMC gene expression is altered by lung tumor removal

Expression data for the 18 pairs of pre-/post-surgery PBMC samples were generated using
[llumina HGv2 bead arrays (Illumina, Inc.). The data was analyzed using the support vector
machine with recursive feature elimination (SVM-RFE) and 10-fold cross-validation
repeated 10 times as previously described (9). This approach generated a list of 3,271 genes
ranked by ability to discriminate pre- from post-surgery samples. Sixty-seven percent of
those genes were more highly expressed pre-surgery (7.é. in the presence of tumor). An
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expression heatmap of the 50 highest-ranked genes is shown in Figure 1. Expression values
of only the four genes with the highest ranking were needed to separate pre and post surgery
samples with 100% accuracy (sensitivity and specificity =100%) as determined by 10-fold
cross validation. We also analyzed the data by paired #test and identified 2,897 genes
showing significant differential expression (p<0.05, false discovery rate [FDR] of 17%).
When ranked by P-value, 81% of the £test significant genes overlapped with the SVM-
generated gene list, and their ranks correlated at r/#0=0.59 with the SVM ranking. The 3
genes highest-ranked by SVM-RFE were also those highest-ranked by paired #test, and
included CYPZR1 (a p-450 microsomal vitamin D hydroxylase), MYO5B (mitochondrial 3-
oxoacyl-coenzyme A thiolase), and DGUOK (mitochondrial deoxyguanosine kinase). All
three were expressed at higher levels pre- vs. post-surgery. Expression patterns of CYP2R1
and DGUOK were validated by quantitative real-time PCR on 10 of the pre-/post-surgery
sample pairs (Supplementary Table 2). We used the gene list identified using SVM-RFE for
all further analyses.

Because 2 of the 3 most-significant genes identified by both methods have mitochondrial
functions, we determined whether mitochondria-associated genes were overrepresented in
our significant gene list. We found a 1.6-fold enrichment of genes having mitochondrial
annotations (P=2x10"11). Eighty percent (111/139) of the differentially expressed
mitochondrial genes were upregulated pre- vs. post-surgery, suggesting the PBMC had
increased metabolic activity when tumors were present. Enriched functional categories
identified using DAVID (http://david.abcc.ncifcrf.gov/) software included additional
metabolic processes and genes associated with protein processing (Supplementary Table 3).

Tumor removal alters expression of genes associated with immune functions

We used Ingenuity Core Analysis (Ingenuity Systems Inc.) to identify the functions and
pathways significantly enriched in the SVM-generated gene list. Genes and pathways
associated with specific immune functions are well-represented, including genes important
for the generation of memory T-cells, T-cell accumulation, and the mobilization of NK cells.
Among the 6 pathways showing significant enrichment, 5 are signaling pathways, the 3 most
significant of which were NK cell, ceramide and ErbB signaling pathways (P=3x107,
7x1073, and 2x1072, respectively)(Figure 2).

Highly significant changes occurred in expression levels of 29 genes associated with NK
cell signaling (Supplementary Table 4), including 22 that were expressed at higher levels in
the pre-surgery samples. Seven of these 22 genes encode long-form members of the KIR
receptor family, which are known to suppress NK signaling (13-14), suggesting that tumor
presence induces an environment that suppresses NK function.

The ceramide signaling pathway was the second most-significantly enriched. Ceramide is a
second messenger that affects apoptosis, metabolism, differentiation, and senescence (15—
16), and is important for NK and NKT cell functions (17-19). As an inducer of apoptosis it
can act through a variety of signaling molecules to induce cell death (20). Eleven of the 17
identified genes associated with ceramide signaling were upregulated in pre -surgery
samples (Supplementary Table 4). These included ceramide kinase (CERK), which is
specifically expressed in NK cells and T-cells (further supporting NK cell involvement), the
sphingosine-1-phosphate receptor 5 (SZPR5), sphingomyelin phosphodiesterase 3 (SMPD3),
and the pro-apoptotic gene BAD, also shared with the ErbB/Neuregulin pathway. Taken
together, these results suggest a heightened susceptibility of one or more PBMC lineages to
apoptosis in the presence of a NSCLC tumor.

The ERBb/neuregulin pathway includes 19 genes that in PBMC showed significantly altered
expression (Supplementary Table 4), of which 11 were expressed at higher levels pre-
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surgery. Signal transduction through this pathway includes activation of the transcription
factor ELK1 (21). We found binding sites for £LK1, along with those for the closely related
EL K4, significantly overrepresented in the promoter regions of all genes upregulated pre-
surgery in the presence of lung tumors (described below).

Enriched transcription factor binding sites in promoters regions of genes differentially
expressed in PBMC after lung tumor removal

To assess whether common transcription factors might influence differential gene
expression, we scanned the promoter regions of the 3,271 SVM-identified genes for
enrichment in transcription factor binding motifs. We identified 13 transcription factor
binding sites that were significantly overrepresented (Supplementary Table 5) within the
promoters of genes that were upregulated in pre-surgery samples including sites for ETS-
domain transcription factors ELKI, ELK4, and SP/1. The observed enrichment of these
transcription factor binding sites in the ErbB/Neuregulin pathways was more generally
found in the complete up-regulated pre-surgery gene list. The mRNAs encoding these 3
factors were not present in increased levels, suggesting an increased functional activation,
likely by p38MAPK-mediated phosphorylation known to activate these factors. In this
regard, we do find that the p38 mRNA expression level is significantly increased in pre-
surgery samples (4, 22). ELK1 and ELK4 exhibit apparent, although not complete,
redundancy in promoter binding (23) and each is implicated in important cellular growth
processes (23). ELK1 has also been associated with activation of immunosuppressive 7GF-
B (24). The Spl1/PU.1 transcription factor plays a crucial role in myeloid cell development
in vertebrates (25), and regulates basal transcription in macrophages (26). We found that 123
genes identified as having £L K1 binding sites, and which were also upregulated in pre-
surgery samples, were identical to those found to bind to £LKZ and/or ELK4 in extensive
ChIP/Chip and ChIP:PCR studies (23) providing further support for our identification of
these transcription factors as having an important regulatory role in the phenomenon we
have identified.

DAVID (27) gene enrichment analysis of the differentially expressed genes with ETS
binding motifs identified 5 significant gene clusters having common functions including: 1)
genes with mitochondrial functions were significantly enriched in (111/139) in our pre-
surgery upregulated gene list. Recent studies by Boros et al (23) confirm the presence of
ELKIand ELK4binding sites within a significant number of mitochondrial gene promoters
EL K1 has also been identified as a potential regulator of the DAP3 gene, upregulated in our
pre-surgery samples and suggested to play an important role in mitochondrial maintenance
(28). Other significant clusters included: 2) genes associated with protein biosynthesis
machinery, 3) RNA splicing genes, 4) intracellular organelle lumen genes and 5) genes
associated with the regulation of translation. Genes associated with basal transcriptional
machinery, such as RNA splicing, were also shown to be enriched for £L K1 binding sites by
ChiIP-seq (29) supporting the hypothesis that these 3 transcription factors are important to
the pre-surgery transcription profiles we have identified.

Repression/activation of genes from specific lymphoid cell types

Since PBMC include diverse cell types, we asked whether changes in gene expression that
occurred after tumor removal were primarily associated with a specific immune cell subset.
For this purpose we utilized the IRIS (30) database. IRIS classifies markers as cell type-
specific if they are expressed in a specific type or lineage of immune cells at levels >3-fold
in other immune cells. We found that differentially expressed lymphoid-specific IRIS genes
were mainly upregulated (58 of 71 genes, P=0.002) in pre- vs. post-surgery samples.
Although the individual lymphoid categories of T-cell- and B-cell-specific genes did not
show significant trends of increased or decreased expression, NK-cell-specific genes were
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exclusively upregulated (12 of 12 genes, £=0.006) in the pre-surgery samples, in agreement
with our pathway studies. Myeloid-specific genes were significantly downregulated (39 of
65 genes, £=0.0001) in pre surgery samples. Genes specific for the individual myeloid
lineages, monocytes, and dendritic cells showed no significant upward or downward
expression trends. Neutrophils and other granulocytes are underrepresented in our purified
PBMC samples and messages specific to those lineages are not found as significantly
overrepresented (Table 2).

Changes in PBMC gene expression in pre- vs. post-surgery comparisons are similar to
changes found in comparison of lung cancer patients to unrelated non-cancer control

patients

To determine whether the removal of tumor(s) from lung elicit alterations in gene expression
in PBMC that are similar to those we identified in comparing patients with malignant tumors
vs. control patients with non-malignant lung disease (NHC), we carried out the following
comparison. We first determined the overlap between the most informative SVM genes
(n=3,271) found in pre- vs. post-surgery comparison and the corresponding SVM list
(n=2,385) found in comparing 127 samples of cancer patients to 91 non-cancer patients in
our previous study (9). We identified 751 genes changed significantly and in the same
direction, vs. only 254 expected by chance (P<3x10736). There is a highly significant
correlation (r=0.76) between the expression ratios derived from the 2 comparisons (Figure
3A) and the ratios were more highly correlated for the more informative genes
(Supplementary Figure 1) demonstrating that the changes seen in PBMC gene expression
are similar irrespective of whether the comparison is between individuals before and after
tumor removal, or between unrelated lung cancer patients and controls with non-malignant
lung disease. To further test the possibility that the former may provide an effective way to
identify class differences we used a pre vs. post surgery SVM-RFE classifier with the 50
most informative differentially expressed genes (Figure 1) to discriminate subclasses of
patients with malignant and non-malignant pulmonary disease. This classifier was applied to
PBMC expression data from three independent classes of patients: a validation set with 127
malignant tumors (group 1), 41 patients with benign lung nodules (group 2) and 50
pulmonary patients without lung nodules (group 3) from our previous study (9). The results
are shown in Figure 3B. The 50 genes perfectly separate the pre vs. post surgery training set;
77% of the group 1 validation samples are classified correctly as being from patients with
malignant tumors, 76% of group 3 samples from controls with no tumor are also correctly
classified as tumor free. However, 73% of the samples from group 2 with benign nodules
surprisingly misclassify with the pre-surgery group. This observation is at odds with the
benign nodule classification in our previous study (80% classified as non-cancer controls
with 24 genes) and suggests that many of the pre vs. post expression changes defined by the
top 50 pre vs. post genes are attributable to the presence of a growth in the lung irrespective
of whether it is benign or malignant.

To determine whether we could identify those genes specific to the presence of a benign
nodule, we compared 3276 genes we previously found to be differentially expressed
between patients with lung cancer andbenign nodules (9) among the 3271 genes
differentially expressed in this pre vs. post surgery analysis. We found a significant overlap
of 789 (P=3x107°) suggesting the pre vs. post surgery comparison should contain similar
information that could distinguish malignant tumors from benign nodules. Confirmation that
this is the case was obtained by using SVM-RFE 10-fold cross-validation to distinguish
malignant tumors from non-malignant nodules using only the 3276 pre- vs. post-surgery
genes. This identified a 135-gene signature (not shown) which separated these two groups
with 78% sensitivity and 71% specificity similar to the accuracy previously reported (9).
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Altered expression of 5 miRNAs in pre- vs. post-surgery samples

To assess whether miRNAs might function as diagnostic biomarkers and whether they could
be responsible for some of the changes in mMRNA levels detected, we compared miRNA
expression levels in pre- and post-surgery PBMC samples from 11 of the pre vs. post pairs
for which sufficient RNA was available. By paired #test we determined that 46 of the 643
miRNAs detected in PBMC were significantly differentially expressed between pre- and
post-surgery samples (P<0.05, FDR 42%), and that 42/46 (91%) were upregulated in the
pre-surgery samples. Because our sample size was relatively small, we focused further
investigation on 5 miRNAs that showed the most significant changes with a low FDR
(15%). These included let-7c, miR-34a, miR-202*, miR-769-5p, and hsa-miR-642
(Supplementary Figure 2). To identify pathways and functions potentially affected by these
5 miRNAs, we identified putative target genes based on two criteria: 1) the gene was
computationally predicted to be a target of a specific miRNA, and, 2) expression of the
target gene changed significantly between the pre- vs. post-surgery samples, in the direction
opposite to the miRNA’s expression. For let-7¢, miR-34a, miR-202*, miR-769-5p, and
miR-642 we found 192, 214, 49, 129, and 184 genes respectively (Supplementary Table 6),
that fit both criteria, resulting in a combined list of 569 unique genes, a number significantly
more than expected by chance (P=6x10~7). This supports a model that includes these 5
miRNAs as important contributors to the observed effects of tumor presence on PBMC gene
expression.

We identified functional enrichments among the potential targets, using DAVID (27) and
Ingenuity (IPA) software. DAVID results indicated significant numbers of the genes were
involved in transcription (51 genes; FDR=0.1%) and apoptosis (21 genes; FDR=0.1%). IPA
analysis revealed that many of the miRNAs target transcription factors common to
immunologically important pathways. The most frequently shared target genes among the
30 significantly altered the pathways were NFkB (25 pathways), RelA (21 pathways), cFos/
cJun (24 pathways), and /KK (19 pathways) (Supplementary Table 7). The most significant
numbers of targets were in the gonadotropin releasing hormone pathway (GnRH), IL-10
signaling, and the immunoregulatory roles of nuclear factor of activated T-cells (NFAT)
(31). Gonadotropin secreted by PBMC (32) can alter the T helper cytokine balance (33)

DISCUSSION

We show that a NSCLC elicits large-scale changes in gene expression in PBMC and that
this influence on the peripheral immune cells is substantially reversible by tumor removal.
The changes we find are clearly tumor-associated and not attributable to the surgery per se
as the gene expression changes detected after lung tumor removal are very similar to those
found when comparing lung cancer patients with tumor-naive patients with smoking related
non-malignant lung disease. Using matched post surgery samples as our control class in
these comparisons eliminates much of the variability inherent in comparisons with unrelated
cancer free controls. As a result, we are able to identify a set of differentially expressed
genes which exhibit significant differences in expression levels, using only 18 sample pairs.

We also present evidence that non-malignant lung nodules can also influence PBMC gene
expression and identify a signature from the pre vs. post differentially expressed genes that
can distinguish malignant tumors from non-malignant nodules. Although validation studies
are necessary, this gene signature can potentially be used to develop a non-invasive method
to assess whether suspect lung nodules are indeed malignant. The effects of the tumor
presence on the peripheral immune system are manifested as relatively small changes in
expression levels of several thousand genes in PBMC. The majority of these PBMC genes
(67%) were expressed at higher levels prior to tumor resection.
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We also find that arms of the innate immune system thought to be important for tumor-
directed immunity appear to be negatively influenced by the tumor presence. First, we find
evidence that NK function may be suppressed, as transcript levels for repressive forms of
NK cell-associated Kir receptors were consistently elevated before vs. after tumor resection
in peripheral immune cells. These receptors included KLRBI1 (which acts through ceramide
signaling, another highly-affected pathway), KIR2DL 3, KIRZDL 1, KIR3DL 1, KIRZDL5A,
and K/R2DL2. Since inhibition is thought to be dominant over activation in the KIR system
(13, 34), the combined results suggest that the functions of NK cells within the PBMC
population studied are impaired in the presence of lung tumors. Second, the differentially-
expressed genes of myeloid cells important for an innate response were found to be
predominantly downregulated prior to tumor removal. The majority of genes associated with
chemotaxis of myeloid cells and glucocorticoid receptor signaling were also expressed at
significantly lower levels prior to tumor resection, providing further indication of a
suppressed state of the peripheral immune system in the presence of tumor. Third, we found
that components of the ceramide pathway were upregulated in patients with tumors,
suggesting that the at least some PBMC cell types are primed for apoptosis which could
impair an anti-tumor responses. Genes found to be upregulated in the presence of tumor
included SZPR5receptor as well as intracellular components of the ceramide pathway,
reflecting multiple mechanisms driving sphingosine-dependent apoptosis (20). Fourth,
members of the ErbB/neuregulin pathway genes were also significantly different in the pre
V. post surgery comparison. ErbB receptors and Neuregulin-1 have also been shown to be
expressed by NSCLC cell lines (35) suggesting that effects on expression of the ErbB
pathway in PBMC of lung tumor patients may be caused by Neuregulin-1 synthesized by
normal lung epithelium or lung tumors (36), or by the £rbB1 ligands such as amphiregulin
or 7GF-a, also produced by lung tumors (37).

We also find significant alterations in expression of 5 miRNAs in the presence vs. absence
of NSCLC tumors. A previous study comparing miRNA in PBMC from NSCLC and
healthy controls (38) identified a series of 24 miRNAs that distinguish the 2 classes,
included only let-7 of the 5 miRNASs we have identified. This may be attributed to the use of
a healthy and younger control class in that comparison. In our study the miRNAs most
consistently differentially expressed, like the coding genes, are primarily expressed at higher
levels in the presence of the cancer. We identified potential targets for the 5 most
significantly changed miRNAs among the differentially expressed genes that are down
regulated in pre-surgery cancer patients and show that these 5 miRNAS primarily target
differentially-expressed transcription factors found in our dataset. Among the pathways
showing significant tumor-associated effects that also included significant numbers of
potential MiRNA targets are the toll-like receptor (TLR)-associated pathways. We find a
significant decrease in message levels in pre-surgery samples for TLRs 5, 6, 7, 8 and 10 as
well as messages for the 7L.R2and 7LR4accessory molecule CDI4and the TLR signaling
components MYD88and TOLLIP generally required for all TLR signaling. Several key
transcriptional regulators of TLR signaling (Figure 4) are targeted by 1 to 4 of the 5
miRNAs over-expressed pre-surgery. For example, 4 of the 5 miRNAs target /KKa and the
NFkB complex, important to many immune response pathways. Targeting is via both perfect
and imperfect matches suggesting both transcript degradation and translational arrest
mechanisms are in play (reviewed in (39)). Although none of the miRNAs target the TLR
genes directly, expression of several TLRs is also regulated by NFkB (40-41) suggesting
miRNA targeting can secondarily affect TLR expression. Although the changes in mMRNA
expression levels for each targeted gene are generally small, the resulting effects on
translation and the cumulative effects of targeting multiple points in the signal transduction
pathway could be substantial.
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Members of the TLR family play key roles in both innate and adaptive immune responses
associated with infections, autoimmune conditions, inflammatory lung diseases and in the
regulation of tolerance [reviewed in (42-43)]. A decrease of TLR-mediated responses, in
concert with the miRNA-mediated inhibition of key transcription factors required for TLR
signal transduction pathways would impair important immune regulatory functions
associated with immune defense in patients with lung tumors.

An important question raised by our findings of diagnostic lung tumor-associated
biomarkers in PBMC concerns the mechanisms by which lymphocyte gene expression is
influenced. There have been a large number of studies focused on the identification of LC
derived proteins in serum or plasma including circulating auto-antibodies and a number of
proteins with known effects on immune cells (reviewed in (44-45). A recent study by
Ostroff et al (46) identified a panel of 44 plasma proteins whose levels were significantly
different between mostly early stage NSCLC patients and control groups of high-risk
smoker controls (46). We are likely measuring the effects in the periphery of proteins or
small RNAs derived from the tumor/and or its microenvironment. Long range effects of
both pre-malignant lung lesions on bone marrow macrophages that are enhanced by tumor
progression have been reported previously (47-49). Previous studies have also shown that,
TGF-a synthesized by lung tumors (37) can activate £rb6B, which lies on a pathway to

EL K1 activation. Transcription factors £LK1, ELK4, and SP/1 binding motifs were
enriched, on average, by 23% within the promoters of the genes found to be upregulated in
PBMC prior to tumor resection. These observations of cross-talk between tumor and the
peripheral host immune system suggest mechanisms for generating the changes in biomarker
expression we have detected, observations that might potentially be exploited for
development of more effective immune therapy.

Many of the changes in gene expression within PBMC detected in patients bearing lung
tumors were common to both benign nodules and malignant tumors. The benign nodules,
histologically diagnosed as non-malignant, were typical of high-risk nodules that require
biopsy to confirm their non-malignant status. Understanding the basis for the differences
that distinguish PBMC from patients with malignant tumors from patients with benign
nodules could provide an important additional tool for early detection and control of lung
cancer. Although this study is relatively small, the increased robustness of the comparisons
using the post-surgery samples as the highly matched control class and the successful
application of the derived signatures to new NSCLC samples indicates the feasibility of this
approach for biomarker discovery. Although the analysis of the tumors themselves remains
an important pursuit, our approach provides the opportunity for continued non-invasive
surveillance after tumor removal and provides important added information on the
interactions of benign nodules and malignant lung tumors with the immune system.
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Refer to Web version on PubMed Central for supplementary material.
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Non-standard abbreviations

FDR false discovery rate
LAC lung adenocarcinomas
LC lung cancer
LSCC lung squamous cell carcinomas
NHC controls with non-malignant lung disease
NSCLC non-small cell lung cancer
SVM-RFE support vector machine with recursive feature elimination
TLR toll-like receptor
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TRANSLATIONAL RELEVANCE

This study addresses two related clinical problems in lung cancer diagnostics — the
development of an easily applied minimally invasive test for the presence of lung cancer
in the large at risk population of smokers and ex-smokers, and more immediately, to
distinguish malignant from non-malignant nodules that are detected by imaging
approaches. We adopt a blood-based solution in both cases. In a previous study we
demonstrated the PBMC contain mRNA expression patterns that can distinguish lung
cancer from non-malignant lung disease in groups of current and previous smokers. In
this report we show that changes in gene expression in peripheral immune cells that occur
when a lung tumor is removed provide additional lung cancer signatures that can both
distinguish malignant from non-malignant disease and also distinguish malignant from
benign nodules.
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Figure 1. Hierarchical clustering of the 50 most-informative genes that distinguish pre- vs. post-

surgery paired PBMC samplesfrom 18 NSCL C patients

Samples are labeled PRE- or POST-followed by the corresponding pair number (e.g.
PRE-01, POST-01 indicate matched pair from patient 1). The number preceding each gene
symbol is the rank assigned by SVM-RFE based on its importance in distinguishing pre-

from post-surgery samples. ~C = Fold-change (heatmap scale).
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Figure 2. Significantly-enriched canonical pathways identified by Ingenuity Pathway Analysis of
the genes differentially regulated in pre- vs. post-surgery PBM C samples of lung cancer patients
A. Significant pathways. Numbers in shaded bars indicate genes in the pathway expressed at
significantly higher (b/ack) or lower (grey) levels pre-surgery. Numbers in white bars
indicate unchanged genes. All are signaling pathways, except for the aminophosphonate
metabolic pathway. P-values were corrected for multiple comparisons using the Benjamini-
Hochberg correction. B. Venn diagram shows the gene overlap between the 3 most-
significant pathways (listed in Supplementary Table 4). Five genes (AK73, KRAS, PIK3R1,
PRKCZ, and RAFI) are shared by the three pathways.
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Figure 3. Similaritiesin gene expression changes and relationship between different classes of
PBM C samples

A. Correlation of expression ratios (log, values) for 751 genes identified both in the
comparison of NSCLC to non-malignant control patients (y-ax/s) and the pre- vs. post-
surgery lung cancer patients (x-axis). This similarity in differential gene expression in both
studies suggests information that distinguishes malignant and benign nodules in the previous
study is also present in the pre vs. post surgery data.

B. Relationships between cancer and control sample classes. Classification (SVM) scores of
various sample groups based on 50 genes (Figure 1) that were differentially expressed in
pre- vs. post-surgery PBMC from NSCLC patients. Whisker ends show full range of scores
for each group; grey boxes include 50% range; horizontal line within each indicates median
score. Number of samples in each class (from left to right) is 18, 127, 41, 50 and 18.
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Figure 4. Model demonstrating the integration of mMRNA and miRNA expression data associated
with toll-like receptor signaling pathway

Blue symbols indicate a gene is under- and red symbols indicate a gene is over-expressed in
the pre- compared to the post-surgery samples, grey symbols indicate a gene is not
differentially expressed, orange circles indicate that a gene is targeted by one or more of the
five miRNAs, each represented by a black symbol on the circle.
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Table 1

Pre-post patient demographics.

Category N
Age (yrs)

Average 68
Max 87
Min 47
Gender

Male 10
Female 8
Race

Caucasian 17
AA 1
Tobacco Use

Former 15
Current 1
Never 2
Diagnosis

LAC 10
LSCC 6
NSCLC 2
Cancer Stage

Stage /11 11
Stage I1I/IV 7
Sampling time from surgery

1-2 months 12
3-5 months 6
COPD

Yes 7
No 11

AA=African American, LAC=adenocarcinoma, LSCC=lung squamous cell carcinoma, NSCLC=Unclassified non-small cell lung cancer,
COPD=chronic obstructive pulmonary disease. All tumors, including Stage 3 and 4 were completely resected.
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