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Abstract

Objectives—Lymph node (LN) staging provides critical information in non-small cell lung
cancer (NSCLC) patients. Lymphangiogenesis may be an important contributor to the
pathophysiology of lymphatic metastases. We hypothesized that the presence of lymph node
micrometastases positively correlates with VEGF-A/C/D and VEGF-receptor-3 (lymphangiogenic
factors) expression in lymph nodes.

Methods—Forty NSCLC patients had pre-operative PET-CT and mediastinoscopy. RT-PCR
assays for mRNA expression of epithelial markers (CK-7, CEACAM-5 and PLUNC) were
performed in selected fluorodeoxyglucose (FDG)-avid lymph nodes. VEGF-A/C/D and VEGF-
receptor-3 expression levels were measured in primary tumors and lymph nodes. Wilcoxon rank
sum test was run for the association between the RT-PCR epithelial marker levels and VEGF
expression levels in the LNs.

Results—RT-PCR for CK-7, CEACAMS or PLUNC indicated lymph node micrometastatic
disease in 19 of 35 patients (54%). There was a high correlation between detection of
micrometastases and VEGF-A/C/D or VEGF-receptor-3 expression levels in lymph nodes.
Median follow-up was 12.6 months.

Conclusions—RT-PCR analysis of FDG-avid lymph nodes results in up-staging of patients.
Micrometastases correlate with the expression of VEGF in lymph nodes in NSCLC patients. This
may reflect the role of lymphangiogenesis in promoting metastases.
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Introduction

Methods

Lung cancer is the most frequent cause of cancer death in both men and women in the
United States and will account for about 27% of all estimated cancer deaths in 2012 (1). The
staging of lung cancer plays a critical role in efforts to combat this disease. Lymph node
metastasis is the most important prognostic factor in locoregional lung cancer. However, the
accurate identification of all lymph node disease in patients remains an elusive goal. This is
reflected in the modest 5-year survival (73%) reported in the earliest stage of non-small cell
lung cancer (NSCLC) — Stage IA by the International Association for the Study of Lung
Cancer (IASLC) (2). Nearly 40% of node-negative patients will develop recurrent disease
and die within 2 years (3). This is believed to be due to understaging of lung cancer patients
i.e. under-recognition of micrometastases by standard hematoxylin and eosin (H&E)
staining of lymph nodes. Thus, better staging methods are necessary to stratify patients,
make therapeutic choices and evaluate the effectiveness of various treatment modalities in
clinical trials. Intensive pathologic techniques such as serial sectioning,
immunohistochemistry and RT-PCR are more sensitive in detecting these micrometastases
(4-7). However, these techniques are labor intensive and expensive. Thus, they can
practically be applied only to a limited number of lymph nodes in each patient. Multiple
techniques for sentinel lymph node mapping have been studied as a means of selecting a few
lymph nodes per patient for detailed pathologic analysis (8-11). Following a small 10-
patient pilot study (12) to investigate the feasibility of a handheld gamma probe to detect
lymph node FDG avidity in NSCLC surgical patients, we embarked on a larger study to
assess its clinical utility.

Malignant cells metastasize from the primary tumor to other organs via either the lymphatic
or vascular network. Indeed, tumor metastasis to regional lymph nodes often represents the
first step of tumor dissemination and serves as a major prognostic indicator for the
progression of human cancers (13). Improved therapy for lung cancer requires better
fundamental understanding of the molecular mechanisms leading to lymphatic metastasis.
Lymphangiogenesis has been suggested as an essential component in lymph node metastasis
(14-16). The VEGF-C/VEGF-D/VEGFR-3 axis is the best validated signaling system for
promoting lymphangiogenesis associated with solid tumors and the metastatic spread of
tumor cells to lymph nodes (14). VEGF-A has also been shown to influence
lymphangiogenesis (17).

This report focuses on the correlation of the presence of micrometastases with VEGF A, C,
D and VEGF receptor-3 expression in the lymph nodes of a small cohort of patients that had
lymph node mapping during their surgical resection.

Our Institutional Review Board (IRB) approved a radioguided lymph node mapping study
on September 6, 2007 for 100 patients with resectable, clinical Stage I or 11 non-small cell
lung cancer. Individual patient consent was obtained. Ancillary studies using molecular
markers were written into the protocol. An exploratory subset of 40 patients was selected for
correlation of lymph node epithelial marker expression with VEGF A, C, D and VEGF
receptor-3 expression in the same lymph nodes using reverse transcriptase — polymerase
chain reaction (RT-PCR) techniques.

A handheld gamma probe was used to select the lymph nodes for these assays as reported
previously (12). On the day of surgery, each patient had intravenous injection of 10 mCi of
F18-Fluorodeoxyglucose (FDG) followed by mediastinoscopy and anatomic lung resection
if all the sampled mediastinal lymph nodes were benign on frozen section analysis. Standard
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thoracoscopic or open lung resection, as appropriate for the individual patient’s tumor, was
followed by complete thoracic lymphadenectomy. The lymph nodes were labeled using the
ATS/Naruke lymph node map (18). All harvested lymph nodes were scanned with the
gamma probe outside the thoracic cavity to measure the gamma radiation resulting from any
accumulated FDG in individual nodes. Intrathoracic radioactivity measurements were
abandoned early in the study because of their unreliability due to interfering signal from the
heart and great vessels. The resected tumor was similarly scanned outside the thorax. We
compared the radioactive signals from the lymph nodes to each other. The FDG avid (hot)
nodes had more than twice the signal intensity of the coldest lymph node in the entire
thoracic field for that particular patient. An equal number of FDG avid (hot) and non-FDG
avid (cold) nodes were selected for detailed pathologic analysis.

All surgically removed lymph nodes were bisected and examined by routine H&E. The
selected lymph nodes that were malignant on H&E staining required no further pathologic
analysis. However, the selected lymph nodes that were not malignant on H&E staining were
subjected to ultra-staging with multiple step sections, immunohistochemistry (IHC) using
cytokeratin AE1/AE3 and RT-PCR for CK-7, CEACAMS5 and PLUNC (epithelial markers).
These nodes were processed according to a standard protocol. After formalin fixation and
embedding in paraffin, step sections of each lymph node were taken at 30-40 micron
intervals. The sections were stained with H&E and an average of ten serial sections were
evaluated. IHC was performed with standard monoclonal mouse anti-human cytokeratin
antibody clones AE1/AE3 (Dako Inc, Carpinteria, CA). Formalin fixed, paraffin embedded
tissue was pretreated with Proteinase K for 5 minutes. The primary antibody was diluted
1:100 and then incubated on the slides for 30 minutes. All staining steps were performed on
a Dako Autostainer machine. Detection was done using the Mouse Envision + system (also
from Dako). The testing was performed in a CLIA certified clinical laboratory using prostate
tissue as positive controls.

RNA extraction was performed on fresh primary tumors and an equal number of FDG avid
and non-avid lymph nodes. Tissues were homogenized with Trizol reagent (Invitrogen
Carlsbad, CA). RNA was then precipitated from the aqueous phase using isopropanol. For
quality control, 260/280 ratios were examined to confirm preparation purity and an RNA
aliquot was run on an Agilent 2100 bioanalyzer to confirm RNA integrity by generating an
RNA Integrity Number (RIN) value. Human mRNAs for beta actin (ACTB), keratin 7

( CK7), vascular endothelial growth factor A (VEGFA), C (VEGFC), D (VEGFD), VEGF
receptor 3 (VEGFR3or FLT4), carcinoembryonic antigen-related cell adhesion molecule 5
(CEACAMS5), and palate, lung and nasal epithelium associated protein (PLUNC) were
quantified by RT-PCR-based TagMan™ Gene Expression Assays (Applied Biosystems,
Foster City, CA). The assay IDs were respectively, Hs99999903 m1, Hs00559840 ml1,
Hs00900055_m1, Hs1099203 m1, Hs01128659 _m1, Hs01047677_m1, Hs00944025 m1,
and Hs00213177_m1. Briefly, random primers and reagents provided with the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems) were used to reverse
transcribe 2j.g total RNA from primary lung tumors and lymph nodes. The cDNA were used
as template in 44 cycle-PCR reactions on a 7900HT real-time PCR machine (Applied
Biosystems). For each reaction, the quantification cycle (Cq) value, approximately inversely
proportional to log2 value of the concentration of the analyte RNA, was obtained with
SDS™ software (Applied Biosystems; version 2.3). The average of Cq values of triplicate
PCR reactions was used for analysis. Cq values for the mRNAs of interest were normalized
by subtracting the value for beta actin mRNA from them. Beta actin is a highly conserved
gene frequently used as a loading control in PCR assays.

Descriptive statistics such as frequencies and relative frequencies were computed for
categorical variables. Numeric variables were summarized using simple descriptive statistics
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such as the mean, standard deviation, median, range, etc. The Wilcoxon rank sum test was
used to correlate the lymph node micrometastatic status to normalized VEGF numeric
variables. Box plots were also provided to show the differences in VEGF expression
according to lymph node micrometastatic status. A 0.05 nominal significance level was used
in all testing. The expression of epithelial markers in lymph nodes was used to upstage
individual patients. All statistical analyses were done using SAS (version 9.3).

The demographic characteristics of the forty patients in this study are shown in table 1. The
nodal stage distribution of patients by routine H&E, immunohistochemistry (IHC) and
quantitative real-time polymerase chain reaction (RT-PCR) are shown in table 2.
Immunohistochemistry and RT-PCR resulted in up-staging of patients, culminating in
positive N1 and N2 lymph nodes in 45% and 15% of patients respectively by RT-PCR.

In the pathological examination of the excised nodes: 5 patients had proven metastatic
disease in the studied LNs on H&E, while IHC identified LN disease in 2 of the 35 patients
without H&E evidence for metastatic disease. The RT-PCR analysis suggested additional
metastatic disease in 19 of 35 patients (54%).

189 lymph nodes were evaluated by RT-PCR from the 40 patients. There was a highly
positive correlation between RT-PCR detection of micrometastases and VEGF A, C, D or
VEGF-receptor 3 expression levels in LNs (Table 4). Box plots are also provided to show
the differences in location and scale of VEGF expression between malignant (positive) and
non-malignant (negative) lymph node groups.

There has been one death from disease and two other recurrences among patients who had
micrometastatic disease detected in their lymph nodes by RT-PCR. In the group of patients
without such disease detected in their lymph nodes, there has been only one recurrence so
far. The difference in the overall and recurrence free survival between these two groups has
not reached statistical significance during our limited follow-up period. This will be
reassessed when the median follow-up reaches 24 months.

Discussion

Increased understanding of the complex biology of lung cancer has led to advances in
management of the disease. Accurate staging of individual patients remains a critical need. It
guides the choice of therapy and stratifies patients appropriately for clinical trial of novel
interventions. It also facilitates the comparison of treatment outcomes. Standard methods of
evaluating thoracic lymph nodes (hematoxylin-eosin staining) can miss micrometastases (6,
7, 13, 19-21). Intensive pathologic techniques such as serial sectioning,
immunohistochemistry and RT-PCR are more sensitive in detecting these micrometastases
(4, 4-7). However, these techniques are labor intensive and expensive. Thus, they can
practically be applied only to a limited number of lymph nodes in each patient. We used a
handheld gamma probe to select lymph nodes for measurement of the expression of mMRNA
for epithelial markers by RT-PCR.

Due to the greater sensitivity of RT-PCR for micrometastatic lymph node disease detection,
we upstaged 19 of 35 patients (54%) using this technique compared to routine pathology
(H&E). This is consistent with other RT-PCR based studies (19, 22, 23). The data was
reported on a “per patient” basis and not a “per node” basis. This is because decisions on
adjuvant therapy would be based on the presence or absence of any lymph node metastases
regardless of the number of lymph nodes involved. We also wish to assess survival based on
the presence or absence of any micrometastatic disease in the lymph nodes (i.e. two groups).
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Concerns have been expressed that RT-PCR may be overly sensitive and may include false
positives from mesothelial or endothelial cells within lymph nodes. The prognostic
significance of RT-PCR detection of tumor-specific molecular markers has been shown by
others (4, 23, 24). We selected CK-7, CEACAM 5 and PLUNC as the epithelial markers of
interest based on literature review (4, 22, 23). The positive threshold for the expression
levels of these markers in the lymph nodes was based on the minimal expression of the same
markers in primary tumors. RT-PCR is an imperfect ‘gold standard’ for the presence of
lymph node micrometastasis. Since, there is no readily available method to verify its
accuracy, we have to depend on the recurrence free survival of the two groups defined by
the presence or absence of RT-PCR detected nodal disease. Our median follow-up is still
relatively short (12.6 months). Thus, it seems early to assess the survival impact of
molecularly detected lymph node micrometastasis in our patient cohort. If the prognostic
value of molecularly detected micrometastases is proven, it would be appropriate to run
clinical trials to assess the benefit of adjuvant therapy in such patients. Chemotherapy is the
logical choice but the value of innovative intraoperative interventions, radiotherapy and
targeted agents in such patients could be investigated.

Malignant cells metastasize from the primary tumor to other organs via either the lymphatic
or vascular network. Indeed, tumor metastasis to regional lymph nodes often represents the
first step of tumor dissemination and serves as a major prognostic indicator for the
progression of human cancers (13). It is currently believed that lymphatics provide the major
route of lung cancer metastases. However, the exact molecular mechanisms remain unclear.
There is experimental evidence that tumors can induce the formation of new lymphatic
vessels (lymphangiogenesis) even before they metastasize to lymph nodes, and that
metastastic tumor cells continue to induce lymphatic vessel growth within sentinel lymph
nodes, possibly promoting their further metastatic dissemination (14). The VEGF-C/VEGF-
D/VEGFR-3 axis is the best validated signaling system for promoting lymphangiogenesis
associated with solid tumors and the metastatic spread of tumor cells to lymph nodes (14).
The secreted glycoproteins VEGF-C or VEGF-D activate VEGFR-3, a cell surface receptor
tyrosine kinase on lymphatic endothelium, leading to growth of lymphatic vessels (25).
Over-expression of VEGF-C and/or VEGF-D by tumor cells increases peritumoral and/or
intratumoral lymphangiogenesis, promotes metastasis to local lymph nodes and may
facilitate distant organ metastasis. The role of VEGF-A in angiogenesis via activation of its
receptors, VEGFR-1 and VEGFR-2, has been extensively documented, but it has also been
shown to influence lymphangiogenesis (17). As a means of exploring the role of
lymphangiogenesis in the occurrence of nodal micrometastases, we measured VEGF A, C,
D and VEGF receptor-3 expression in LNs. The quantification cycle (Cq) values for the
mMRNAs of interest were normalized by subtracting the value for beta actin mMRNA from
them (Table 4). Beta-actin is a highly conserved gene frequently used as a loading control in
PCR assays. Actins are proteins that are involved in cell motility, structure and integrity.
Thus, all the lymph nodes were expected to express beta-actin. Note that lower Cq values
reflect higher mRNA expression levels. The correlation analysis was performed with the
VEGF Cq values as continuous variables and the lymph node status as categorical values,
either positive (malignant) or negative (non-malignant). Our study showed a highly positive
correlation between the expression of VEGF A, C, D and VEGF receptor-3 in lymph nodes
and the presence of micrometastases in those same nodes. This is consistent with the
lymphangiogenesis literature. It would be worthwhile to investigate whether anti-
lymphangiogenic treatment can prevent lymphatic and distant metastasis of NSCLC.

Limitations of our study include the fact that not all lymph nodes had IHC and RT-PCR.
Performing such analysis on every single node would be too laborious and expensive. Also,
our short clinical follow-up precludes survival analysis at this time.
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IHC and RT-PCR for epithelial markers can be used to identify non-small cell lung cancer
patients with lymph node micrometastatic disease. The presence of micrometastases was
associated with higher VEGF A, C, D and VEGF receptor-3 expression in LNs. The impact
of these findings on survival will be determined with further follow-up.
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Figurel.

Box plots of VEGF expression (measured as RT-PCR Cq levels) grouped by lymph node
micrometastatic status.

Note: Lower Cq values reflect higher mRNA expression levels
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Patient Demographic, Surgical and Pathologic Characteristics

Table 1

Demographic or Characteristic | No. of Patients (N=40) | %
Age (years)
Median 71
Range 52 -84
Sex
Male 7 175
Female 33 82.5
Clinical follow-up (months)
Median 12.6
Range 3.7-31.6
Clinical Stage
I 36 90
1 4 10
Sex
Male 7 175
Female 33 82.5
Operation performed
Lobectomy 39 97.5
Pneumonectomy 1 25
Tumor histology
Adenocarcinoma 29 725
Squamous cell carcinoma 9 225
Adenosquamous carcinoma 1 25
Large Cell Carcinoma 1 25
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Table 2
Lymph Nodal Staging Distribution by Various Modalities

Staging M odality No. of Patientsin N Categories
NO N1 N2
Routine H & E 35 4 1
Immunohistochemistry | 33 6 1
Quantitative RT-PCR 16 18 6

H & E = Hematoxylin & Eosin; RT-PCR = reverse transcriptase-polymerase chain reaction
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