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ABSTRACT

The presence of lymph node metastases played as a critical prognostic factor in breast cancer treatment and guiding
the future adjuvant treatment. The possibility of missed micrometastases by conventional pathology was estimated
around 20-60% cases has created a demand for the development of more accurate approaches. Here, a paired-agent
imaging approach is presented that employs a control imaging agent to allow rapid, quantitative mapping of
microscopic populations of tumor cells in lymph nodes to guide pathology sectioning. To test the feasibility of this
approach to identify micrometastases, healthy rat and human lymph nodes were stained with targeted and control
imaging agent solution to evaluate the potential for the agents to diffuse into and out of intact nodes. Erbitux, an
EGFR specific antibody was labeled with IRDye-700DX(LICOR) as targeted agent and IRDye-800CW was labeled
to rat IgG as control agent. Lymph nodes were stained for 60 min, followed by 30 min rinsing, and the uptake and
washout of fluorescence were recorded. Subsequently, lymph nodes were frozen-sectioned and imaged under an 80-
um resolution fluorescence imaging system (Pearl, LICOR) to confirm equivalence of spatial distribution of both
agents in the entire node. Both imaging agents correlated well with each other(r=0.877) and the binding potential of
targeted agent was found to be 0.08 + 0.22 along the lymph node in the absence of binding. The results demonstrate
this approach’s potential to enhance the sensitivity of lymph node pathology by detecting fewer than 1000 cell in a
whole human lymph node.
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1. INTRODUCTION

The status of lymph node is a key prognostic factor for staging and guiding adjuvant treatment of breast cancer[1],
as the lymphatic system served as the predominant passage for tumor cell metastasis[2]. Currently, sentinel lymph
node dissection is considered as a standard care of breast cancer treatment and followed by pathology examination
to evaluate lymph node tumor burden[3]. However, the conventional pathology laboratories only section lymph
node as 5-um-thick slices at 2-mm intervals, as a result that less than 1% of lymph node volume was exanimated.
And sections then stained with Hematoxylin and Eosin (H&E), which provides morphological information for
pathologists to identify abnormal cells. It has been demonstrated that early stage metastasis disease might not be
able to be detected by this routine sectioning procedure, as this method was aimed to detect tumor cells deposits
greater than 2 mm in diameter, defined as macrometastases[4-6]. There is some controversy about whether detecting
clusters of cells smaller than 2 mm is important[7]; however, there is growing evidence that patients with
micrometastases (tumor clusters less than 2 mm in diameter) would benefit from more aggressive therapy. The
estimation of undetected micrometastases using conventional method range from 20-60%[8], of which the
probability increase with decreasing size of tumor.
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Numerous studies have demonstrated that micrometastases have important prognostic implication and thus more
sensitive methods of detecting cancer spread to lymph node could enable earlier intervention for guiding therapeutic
decision-making[9-11]. Many investigators have shown the increased ability to detect micrometastases in lymph
node by taking extensive serial sectioning and immunohistochemistry[12-14]. However, these approaches are not
cost-effective and too labor-intensive to be practical. Therefore, earlier and more accurate diagnostics of aggressive
disease without requiring redundant time and resources is needed.

Motivated by the drawbacks of routine histology, we developed a paired-agent imaging approach by employing a
control imaging agent to allow rapid, quantitative mapping of microscopic populations of tumor cells in lymph
nodes to guide pathology sectioning to reduce the false negative rate. By employing paired-agent imaging strategies,
recently in a metastatic mouse model demonstrated that fewer than 200 cancer-cells can be accurately detected using
a wide-field non-invasive imaging of human breast cancer spread to axillary lymph nodes[15]. This proceeding was
to demonstrate the development of protocol for staining ex vivo lymph node for further investigate the potential of
paired-agent fluorescence imaging to detect micrometastases in resected breast lymph nodes.

2. METHODS AND RESULTS

2.1 Paired-agent kinetic model

The paired-agent molecular imaging estimate of targeted biomolecule concentration (“Binding Potential”)[16] by
employing a control imaging-agent that can essentially provides a means of correcting for the influence of tissue
perfusion and non-specific uptake and retention on targeted imaging agent concentrations[17-20]. This approach
assumes that the signal from the targeted imaging agent arises from concentration of imaging agent that is either
bound to the specific receptor (Cs) or freely associated in the tissue (Cy). By making the assumption that the control
imaging agent signal approximates the free concentration of the targeted imaging agent, the following expression
can be derived:

Targeted — Control - C,+C,-C; _ 193 = K B = Binding Potential (BP)

Control C P C ’

where K4 is the affinity of the targeted imaging agent (a constant under most conditions) and B represents the
concentration of targeted biomolecules, which for cancer-specific molecules is proportional to the number cancer
cells.

For the ratiometric paired-agent imaging method to accurately estimate the binding potential or concentration of
cancer cells in lymph node staining applications, both the targeted and control agents must diffuse equally to all
regions of the node when the node is immersed in the solution of targeted imaging agent(s) and control imaging
agent mixture in the absence of cancer cells in lymph nodes.

2.2 Evaluate paired-agent staining protocol

To evaluate the feasibility of the paired-agent imaging method to estimate the binding potential of cancer cells in
resected lymph node, cancer free lymph nodes were chosen to compare kinetics with targeted and control imaging
agents in the absence of binding. Lymph nodes were stained with targeted and control imaging agent solution to
evaluate the potential for the agents to diffuse into and out of intact nodes. Erbitux, an EGFR specific antibody was
labeled with IRDye-700DX(LICOR Biosciences) as targeted agent and IRDye-800CW was labeled to rat IgG (an
isotype control of Erbitux) as control agent. Both antibodies were labeled with the NHS ester form of the fluorescent
dye using manufacturer instruction.
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Figure 1. Stepwise illustration of rat lymph node staining and rinsing procedure.

A tissue pre-staining image was acquired to evaluate background levels caused by autofluorescence. A mixture of
targeted and control imaging agent for each node was prepared at concentration of 0.1 pM IRDye700-Erbitux and
0.5 uM IRDye800-IgG. Lymph nodes were soaking in the paired-agent staining solution that covered with an
aluminum foil to protect it from light at room temperature. After 15 min of staining, the lymph node was quick dip
into phosphate-buffered saline (PBS) to remove excessive staining solution on the tissue surface. Whole lymph node
tissue sample was immediately imaged under an 85-pum resolution fluorescence imaging system (Pearl Imager,
LICOR Biosciences). Fluorescence at 700-740 nm and 800-840 nm (from 685 and 785 nm excitation, respectively)
were acquired to evaluate similarity of diffusion of both targeted and control imaging agents after the staining
process. Then, lymph nodes were placed back into the mixture staining solution and 4 staining time points were
recorded at 15-min interval up to 1 h. Followed by rinsing in PBS and recorded every 5 min for 30 min to monitor
the washout of the paired imaging agents. Autofluorescence was removed by subtracting the pre-staining image of
respective imaging channels from all subsequent post-staining images. The signal intensity of the targeted and
control imaging agents were compared to evaluate uptake and washout during the entire staining process.

Subsequently, lymph nodes were frozen and serial sectioned on a cryostat microtome at 80-um intervals and the
cross-sectional lymph node image of the uptake of control and targeted imaging agent were acquired on the Pearl.
Spatial distributions of both imaging agents in the entire node were compared to confirm their equivalent diffusion
kinetics.

2.3 Animal lymph node model

Healthy rat popliteal lymph nodes (n=6) with average size 2.29 x 1.81 mm (length x width) were used as the control
lymph node mode. All animal experiments were carried out in accordance with the Institutional Animal Care and
Use Committee (IACUC) at Illinois Institute of Technology under an approved protocol. All rats were fed a
fluorescence free diet (Teklad global 16% protein rodent diet, 2016S, Envigo) for a week prior to imaging to reduce
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tissue autofluorescence. Animals were euthanized and rat popliteal lymph nodes were excised. Lymph nodes were
then stained and rinsed according to the protocol mentioned in 2.2.
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Figure 2. Paired-agent staining and rinsing protocol demonstrate in healthy rat lymph node. Rat popliteal lymph nodes were
stained in mixture of target and control agent for 1 h and followed by 30 min rinsing with phosphate-buffered solution. Signal
intensity of whole lymph node for targeted imaging agent (IRDye700-Erbitux) and control imaging agent (IRDye800-1gG)
displayed in (a). Uptake of both imaging agent along the entire lymph node after frozen-sectioned presented in (b).

Figure 2 demonstrated that in healthy rat lymph nodes, the dynamics of uptake and washout of targeted imaging
agent (IRDye700-Erbitux) is similar to control imaging agent (IRDye800-IgG) (r=0.931). Both antibody-based
imaging agents are capable of penetrating the whole lymph nodes and then being washed out after the rinsing
process. The uptake of both imaging agents along the cross-sectioned lymph node confirmed the comparable spatial
distribution (r=0.814) and penetration into the rat lymph node.

2.4 Human lymph node model

To further test the feasibility of paired-agent fluorescent approach to clinic, human cancer free lymph nodes were
isolated from fresh cadaveric tissue (n=2) were used to evaluate the protocol. Nodes were immersed in mixture
agents solution and rinsed with PBS with the same protocol.

Figure 3 presented that ex vivo paired-agent staining and imaging of whole excised human lymph node is promising,.
The measured time-course average fluorescence signal of both imaging agents presented in Fig 3(a) showed a strong
correlation with each other in the cancer-free lymph nodes (r=0.994, p<0.001). This result demonstrated the
suitability of this staining and rinsing protocol with IRDye700-Erbitux as the targeted agent and IRDye800-IgG as
the control agent. The equivalence of spatial distribution along the lymph node is displayed in Figure 3(b). This
result demonstrated that both imaging agents correlated well with each other(r=0.877) and the binding potential of
targeted agent was found to be 0.08+0.22 along the lymph node in the absence of binding, suggesting that fewer
than 1000 cells may be potentially observable in a whole human lymph node.
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Figure 3. Paired-agent staining and rinsing protocol demonstrate in cancer free human lymph node. Healthy human lymph nodes
were stained in mixture of target and control agent for 1 h and followed by 30 min rinsing with phosphate-buffered solution.
Signal intensity of whole lymph node for targeted imaging agent (IRDye700-Erbitux) and control imaging agent (IRDye800-I1gG)
displayed in (a). Uptake of both imaging agent along the entire lymph node after frozen-sectioned presented in (b).

3. CONCLUSIONS

With equivalent distribution of both imaging agents achieved in the entire lymph node after prolonged staining and
rinsing, the results demonstrate the potential of ex vivo paired-agent staining and imaging of whole human lymph
nodes. Average wash-in and -out rates calculated here can be used in computational models to estimate the times
and doses for staining and rinsing that will optimize accuracy of the paired-agent binding potential measures,
determined by simulated stain and rinse protocols that yield the lowest variance in BP estimations. With 250-um
diameter cancer cells spheroid “micrometastasis” model implants into a lymph node, the paired-agent fluorescence
imaging and gold standard fluorescence protein microscopy would be compared to evaluate the ability to
significantly improve the sensitivity of cancer cells detection for breast cancer sentinel lymph node biopsy.
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