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INTRODUCTION

Surgery has long been a cornerstone of cancer treatment in many types of cancer. The main goal of surgical cancer treatment is
to completely remove the tumor without remnant cancer cells. Achievement of tumor-free margins is essential to reduce the risk of
local recurrence; meanwhile positive resection margins (the presence of cancer cells at the resection margin) is one of the most sig-
nificant negative predictors for recurrence and survival in various cancers."* Furthermore, poor treatment outcomes related to posi-
tive resection margins may not improve after salvage surgery or adjuvant treatment."”

In this manuscript, we reviewed the use of optical tools during surgery with regard to the goals of surgical resection for cancer

treatment and sought to define a new surgical concept: precision cancer surgery as an extension of image-guided surgery.

1. Limitations of current surgical treatments

Traditionally, intraoperative assessment of the resection margin is largely dependent on visual inspection and palpation of tu-
mors, with the aid of frozen section analysis. Although preoperative imaging such as computed tomography (CT), ultrasonography
(US) and magnetic resonance imaging (MRI) can provide gross anatomical information, in situ translation of these images to the op-
eration field is challenging. Even with intraoperative frozen section analysis, overall diagnostic accuracy is not high due to sampling
error and limited amount of samples and examination.®” Due to these factors, the incidence of close (less than 5-mm safety margin

around tumors) and positive margins are as high as 40% in head and neck cancers.®

2. Image guidance for precise cancer surgery

With the advancement of molecular imaging technology and its clinical application, the gap between preoperative radiologic im-
ages and surgical findings has been reduced through image- guided surgery.”"" The primary purpose of image-guided surgery is to
visually differentiate tumor cells from the surrounding tissues in real time, which enables complete resection and preservation of

normal function to the greatest extent possible."

*This article was submitted to the Precision and Future Medicine, a SKKU MED journal.
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1) Conventional imaging-guided surgery

Intraoperative delineation of tumors using conventional anatomical imaging modalities has been applied to tumor ablative sur-
gery for several solid cancers. Glioblastoma is a highly infiltrative brain tumor with poorly defined tumor boundaries. Preoperative
MRI is limited to defining tumor margin clearly during surgery because of the brain shift and swelling that occurs during surgery."
To overcome these shortcomings of preoperative imaging, intraoperative MRI has been introduced into the neurosurgical field.
Many studies have reported that intraoperative MRI-guided surgery improves resection quality without increasing neurological
complications and has a positive impact on survival.”" In a randomized controlled trial, intraoperative MRI offered 96% total re-
section in comparison with 68% without it."”> However, the need for multiple resources for intraoperative MRI may be a stumbling

block to clinical application in other types of cancers.

Breast conservation surgery has been recognized as a standard surgery for early breast cancer.
Similar to other solid cancers, positive resection margins are a significant poor prognostic factor for recurrence and survival.'*"®
A randomized clinical trial comparing intraoperative US- guided surgery to palpation-guided surgery revealed significant improve-
ment in securing negative resection margins with ultrasonography during surgery (3% vs. 17% positive resection margins favoring
ultrasonography-guided surgery)." In addition, US-guided surgery reduced the resection volume with good margin status, suggest-
ing that it enabled more accurate surgery.

In short, intraoperative radiology or ultrasonography-guided surgery has the potential to improve the primary goal of surgery us-
ing anatomical information during surgery. However, it has some limitations such as the low anatomical resolution of conventional

imaging for surgery, inability to capture anatomical displacement or distortion during surgical manipulation, difficulty of real-time

imaging during surgery (except intraoperative ultrasonography), and a lack of cancerspecific information.

2) Fluorescence-guided surgery

Fluorescence optical imaging with various imaging probes and molecular targeting materials has been introduced for real-time
image-guided surgery to overcome the drawbacks of conventional imaging. These technological developments enable the surgeon
to remove the cancer at a submillimeter level.">"’ The characteristics of cancer cells including increased transformed optical proper-
ties, growth factors, angiogenesis, and proteolysis have been utilized in fluorescence optical image-guided surgery.** This allows real-
time feedback during surgery even in the surgical wound bed. As a result, it can provide wide surgical field images, and can detect

microscopic residual disease.

(1) Conventional fluorescence-guided surgery

In a fluorescence-guided surgery, tumor-specific signals are the main target for visualization to discriminate between tumor and
normal tissues.” Thus, signal to background ratio (or tumor to background ratio) is a key component of optical imaging. Molecules
with fluorescent light emission are known as fluorophores, whereas molecules with light absorption are called chromophores.” The
representative chromophore in cancer imaging is hemoglobin, which absorbs light spectra less than 600 nm in wavelength. Water
and lipids absorb light spectra over 900 nm.** Fluorescent imaging using the visible light spectrum (400- to 600-nm wavelength)
has high nonspecific background light with scattering and a low tumor to background ratio,” which frequently fails to meet the im-
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aging criteria (tumor to background ratio &gt;3).”>

(2) Near-infrared fluorescence imaging

A light spectrum between 650 and 900 nm is more desirable for fluorescence imaging, because less absorption in normal tissue
and a relatively high tumor to background ratio.** In addition, this near-infrared light spectrum has high tissue penetration (5-10 mm)
with little interference from intrinsic fluorescence.'® Thus, nonspecific fluorescence can be minimized and tumors can be delineated
more clearly during surgery. In line with the improvement in near-infrared fluorescent imaging, several imaging systems have been

introduced in the clinical setting to visualize near-infrared signals.”*’

3. Fluorescent probe for image-guided surgery

Indocyanine green (ICG) is the most popular imaging agent for image-guided surgery. IGC emits a light spectrum of 700-800 nm
(a near-infrared fluorescent contrast agent), and has been approved by the US Food and Drug Administration for surgery." It is
cleared by the liver and has been used for a long time to evaluate the clearance function of the liver and to image blood vessels (an-
giography). After binding with plasma proteins, ICG is retained in tumor tissues through the increased permeability of tumor ves-
sels and lymphatics.”® In a trial of ICG, it was able to identify small metastatic tumors of hepatocellular carcinoma.*® The fluorescent
margin of the tumor was demarcated from surrounding normal tissues several hours to days after intravenous injection of ICG.*®
Many studies reported the clinical application of ICG for various solid tumors including colorectal, gastric, and head and neck can-
cer."*?"*** In addition to ICG, many fluorescent dyes, including Cy5.5, Cy7, IRdye800 CW, and quantum dots have been used for

12,29

nearinfrared imaging and image-guided surgery.

4. Biologic markers for image-guided surgery

Even with a high tumor to background ratio, the above fluorescent imaging probes are not tumor-specific, accumulating in tumor
tissues in a passive manner. Thus, several biological signals have been incorporated into molecular tumor imaging to enhance tumor-
specific uptake intraoperatively. Folate receptor-alpha,® epidermal growth factor receptor,” HER2/neu,” prostate-specific mem-
brane antigen,™ transferrin receptor,” and carcinoembryonic antigen 19-9* have been studied to distinguish tumor from normal
tissue in various types of cancer.

For example, in breast cancer, ICG with trastuzumab (monoclonal antibody against HER2 receptor) was investigated to visualize
margins and to classify molecular subtype during surgery.”’ Adhesion molecule alpha-v-beta-3 integrin can also be an imaging tar
get for tumor delineation by Cy5.5 or IRDye800 CW conjugate with an antibody against alpha-v-beta-3 integrin.”****

A randomized controlled trial of 5-aminolevulinic acid (5-ALA) was a landmark study of an imaging probe that improved pro-
gression-free survival in glioblastoma patients.*’ However, this study did not provide preoperative molecular or genetic information
regarding brain tumors with regard to whether cancer tissue had 5-ALA susceptibility.

The tumor environment is aberrantly transformed by cancer cells. This causes dysregulated extra- and intracellular pH,"" hypoxia, *
increased secretion matrix metalloproteinases,” cathepsins,* and g-glutamyl transpeptidase,* which are potential targets for tu-
mor-specific image-guided surgery.

In head and neck cancers, near-infrared imaging dye of IRDye800 CW conjugated with anti-epidermal growth factor receptor
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(panitumumab) has been used in head and neck squamous cell carcinoma.* In a phase I trial, cetuximab (anti EGFR antibody)-IR-
Dye800 was shown to improve surgical resection more precisely with a high tumor to background ratio.” Tumor was sharply de-
marcated from surrounding normal tissues within 1 mm, and fluorescence was strongly correlated with the location of the tumor,
as confirmed by biopsy.** Another study of cetuximab-IRDye800 for head and neck cancer also showed the safety and tumor spec-
ificity of image-guided surgery.” This study enrolled patients with biopsy-proven head and neck squamous cell carcinoma, not
specified into positive epidermal growth factor tumor.

Transferrin receptor is a poor prognostic indicator and is overexpressed in head and neck cancer. An in vivo study showed that
the maximum fluorescence signal of the tumors occurred between 90 and 120 min after injection and a high tumor to background
ratio was achieved.”

Another study using Cy5.5 conjugated anti-vascular endothelial growth factor antibody (bevacizumab) in an animal experiment

also demonstrated the feasibility of image-guided surgery for head and neck cancers using this probe.*

5. New definition of precision cancer surgery

Tumors may have different phenotypes and characteristics according to anatomical location, histologic subtype, previous treat-
ment, tumor burden (stage) and chronological effect.” This can be a major hurdle to choosing the best-fit imaging probe that cor
rectly or accurately visualizes target tumor cells in precision image-guided surgery. Thus, it should be further improved with a tai-
lored method reflecting individual tumor-specific biological changes. In this proof of concept study, we suggest a new surgical con-
cept, individual tumor biology-based (individualized) image-guided surgery, and investigate its potential significance in surgical on-
cology.

Traditionally, cancer treatment has been based on tumor location (primary site) and histopathology.”* However, recent develop-
ment of genomic and molecular technologies revealed that cancers from the same origin and histopathology can have molecular di-
versity, which may result in treatment resistance or failure.” With cancer genomic atlas, many clinicians and researchers expects that
a rational selection of target agents for specific genetic and molecular alterations of cancer, even from the diverse origin sites.”>**

This would accelerate the feasibility of prevention, early detection, and patient-tailored treatment of various types of cancers.
Translation of molecular and genomic data into cancer treatments enables personalized cancer medicine with specific target agents. **

Precision medicine in a basket clinical trial linked molecular targets specific to the genetic aberrations of cancer and target drugs,
irrespective of the tumor origin.”® Several genome- based cancer medicines have been used in clinical settings, including trastuzum-
ab for HER2 mutation in breast cancer,”® imatinib for tyrosine kinase KIT (CD117) aberration in gastrointestinal stromal tumors,”’
and erlotinib for epidermal growth factor receptor (EGFR) in lung cancer.”® However, precision oncology does not promise clinical
benefits; a previous report of 2,000 consecutive patients showed that only 6.4% of patients had actionable alterations fitting geno-
type-matched trials.”” Nonetheless, rapid accumulation of genetic information, technology, and drugs has improved the clinical out-
comes of several target agents.

The main purpose of cancer surgery is to identify the extent of tumor accurately and remove tumors completely with minimal
loss of physiological function. In conventional oncological surgery, surgeons have relied on visual inspection with white light and
tactile sensations during surgery, as mentioned before. Clinical application of intraoperative molecular imaging has improved the

outcomes of surgical cancer treatments.”” However, the imaging probes for intraoperative visualization of tumors are not tumor-
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Fig. 1. Basic concept of precision oncology (precision medi- Fig. 2. Translation of a precision oncology concept to the preci-

cine) compared with the conventional oncology. sion cancer surgery In precision cancer surgery, tumors are
analyzed molecularly and genetically to select the optimal im-
aging probes for individual tumors before surgical resection,
beyond the use of predetermined imaging probes for certain
types of cancer.

specific. As conventional oncology has moved toward precision oncology with genomic and biological information specific to each
tumor, image-guided surgery should also shift toward tumor biology-based image-guided surgery, so-called precision surgery for
cancer (Fig. 1 and 2). This is a simple concept with regard to more accurate image-guided surgery. In precision cancer surgery, tu-
mors should be analyzed molecularly and genetically to select the optimal imaging probes for individual tumors before surgical re-
section, beyond the use of predetermined imaging probes for certain types of cancer.

This will raise the likelihood of meeting the surgical goals of cancer treatment. In short, precision cancer surgery can be defined

as individual tumor biology-based image-guided surgery.
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Image guided surgery in non-palpable breast lesions
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Fig. 3. Photos for patients in control group. (A) Before skin inci-
sion, (B) after skin incision, (C) after excision, (D) at last follow up
day.

© C)

Fig. 4. Photos for patients in test group. (A) Before skin incision,
(B) after skin incision, (C) after excision, (D) at last follow up day.
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Fig. 1. Work flow of conventional versus next generation sequencing.”
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Cancer surgery using NGS information
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1. Decision of treatment option: surgical vs medical

Fig. 2. Unsupervised cluster analysis with gene expression data Fig. 3. Schematic diagram showing the number of primary site-
for three different primary sites of head and neck squamous cell specific genes for each site.
carcinoma in The Cancer Genome Atlas (n=193).

(A) (5]

Fig. 4. Copy number (CPN) alterations analysis for head and neck squamous cell carcinoma at three primary sites: base of tongue
(BOT), oral tongue, and tonsil. (A) The CPN alteration pattern of BOT cancer showed almost the same pattern as tonsil cancer, but not
oral tongue cancer, (B)The pattern of CPN alteration shown on a linear graph.®
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2. Extent of surgical resection: wide vs conservative

(A) (5]

Fig. 4. RPPA Profiles Identify Biologically Distinct Subsets of High Purity Tumors. (A) Unsupervised consensus clustering of RPPA pro-
tein expression data for 45 of the 76 high-purity samples. (B) Cox survival analysis between clusters (p=0.045, likelihood ratio test from
Cox analysis with purity as covariate).”

Fig. 5. Unsupervised clustering of papillary thyroid carcinomas Fig. 6. Copy number alterations according to each group. The
(PTCs) revealing 2 distinct molecular subtypes. amount of copy number variations is small (20.2 t010.1) when
compared with other cancer types.'
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3. Extent of neck dissection

Fig. 8. Plot for odds ratios of each variable in validation cohort.

Logistic regression with univariate analysis revealed that ETE,

multifocality, and 12-gene signatures were significantly correlat-
Fig. 7. Unsupervised clustering heat-map showing two distinct ed with nodal metastasis. Multivariate analysis revealed that
molecular patterns of gene expression between PTCs with nodal these 12 predictive gene signatures had significantly higher
metastasis and PTCs without nodal metastasis. odds ratio than other variables."

4. Molecular subtypes: considering post-operative CCRT

(5] [C] (B CJ

Fig. 9. Cluster analysis with gene expression data from four dif- Fig. 10. Prognostic association of the three subtypes in two inde-
ferent types of squamous cell carcinoma (SCC): Head and neck pendent validation cohorts of patients with head and neck squa-
SCC (HNSCC), esophageal SCC (ESCC), lung SCC (LSCC), mous cell carcinoma.

and cervical SCC (CSCCQ).
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Fig. 11. Most frequently altered genes in head and neck squamous cell carcinoma (HNSCC) compared with cervical SCC (CSCC) and
lung SCC (LSCC)."

oF =&l Yol NGS= 1) ¢ha A &kt ojA] &4 A ARsh=d =i
£

Q) =25 =
S & 4 9lom, 2) 9] aggressiveness vs indolence A =of| w242 AA| HE FH S T2 v|wE] A4 AlPsh=
g oA ARE Algsh, 3) A Zsto 2 Pl Ao 53 T2 HYE A4 4 9o, 4) BANE
S} o} (molecular subtype)S A7g3}0] o]of tjgh 2 -st =& & A FHHS AYsley B2 & 5 Utk
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Surgery combined with immunotherapy
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Reconstruction through tissue engineering

Reconstruction through tissue engineering

HdZ
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+» Extensive tissue defects due to
Tissue Engineering = Trauma

= Tumor resection

= Genetic and/or chronic diseases
= Excessive debridement

Reconstruction through

Department of Otorhinolaryngology - Head and neck
surgery - Traditional reconstructive techniques with

Seoul National University Hospital autologous composite tissue transfers
v Flaps

Seong Keun Kwon, MD, PhD

Drawbacks of Flap Vascularized Allograft

“ Increased operative time

“» Complexity

« Cost

«“ Limited availability of qualitative autologous tissue
“ Wound healing complications

« Tissue flap failure

« Substantial donor-site morbidity.
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Immunosuppressant | Mechanism of | Systemic Side Effects
Action

Tacrolimus (FK506) Calcineurin Inhi  Nephrotoxic, neurotoxic, hypertension, gluco
bitor se intolerance, hyperkalemia, metabolic acido

sis, hyperlipidemia
Corticosteroids
i.e. prednisone

Inhibits produc  Osteonecrosis, osteoporosis, CNS effects, gro
tion of IL-1 an  wth supression, glucose intolerance, hyperten
d IL-6; blocks T sion, obesity, poor wound healing, adrenal su
-cell activation pression, cataracts, cushingoid features

Nephro- & neurotoxic, hypertension, tremor,
excess hair growth, gingival hyperplasia, gluc
ose intolerance, hyperkalemia, metabolic acid
osis, hyperlipidemia

Bone marrow depression, hepatotoxic, posttr
ansplant lymphoproliferative disorder (PTLD)

Calcineurin Inhi
bitor

Cyclosporine

Azathioprine Inhibits purine

synthesis

Impairs B- and  Gastrointestinal toxicity (abdominal pain, nau
T-cell proliferat sea, vomiting, diarrhea), leukopenia, myelosu
ion ppression, viral infections, spontaneous abort
ions

Hypertension, myelosuppression, diarrhea, pr
oteinuria, poor wound healing, skin rash

Mycophenolate Mofe
til

mTOR Inhibitor
; inhibits T-cell
proliferation

Sirolimus

1 wrw M aredsbarss Moeslio

Tl ok e N FPa 1R

i) control: acute rejection (MST
11d)

i) single injection of 7-mg tacr
olimus: rejected with an MST
of 33.5 days

i) 7-mg TGMS-TAC : no sign
of rejection at 100day

Bioengineering Composite Tissue Flaps

“ "ready-to-use-off-the-shelf” composite tissue flaps that
are biologically active meanwhile being readily accepte
d by the host immune system

+ Decellularized Tissue Scaffolds
“ Synthetic Tissue Scaffolds
“ Three-dimensional (3D) Bioprinting

« The Vascularization Problem
= Engineering Vascular Grafts

= Engineering Vascularized Networks and In-Situ Recr
uitment of Endogenous Vasculature

Decellularization

+» taking cadaveric organs or tissues, decellularizing them
to leave only the extracellular matrix, and then repopul
ating the matrix with a patient’s own autologous stem
cells.

- engineered tissue flap that architecturally was
constructed with the scaffold from a cadaver

but contains the patient’s own cells to circumvent the
risk of immune rejection

« applying chemical, physical, and enzymatic techniques

not restricted by the
extent of the flap

because it could be
perfused instantly
through microanastamosis
from the host's vessels.

- decellularized grafts
coupled with recellularizati
on show promise for the
creation of large composit
e tissue flaps for reconstru
ction




Synthetic scaffold

+» The major advantages over decellularized scaffolds

more readily available, as they do not require donor
tissue

can be made freely in the laboratory
there is less batch-to-batch variability
they are amenable to commercial scale up

can be modified much more extensively in shape, si
ze, and function

Reconstruction through tissue engineering

_I"'w\-l-niﬁ-_r}i

Three-dimensional (3D) Bioprinting

% a novel technology able to design and produce tissue- specific co
nstructs by creating complicated, heterocellular structures with mi
cro-scale precision

%+ physiological testing capabilities and reconstruction purposes

Three-dimensional (3D) Bioprinting

« Criticism
= its short survival times
= being limited to thin-tissue production
= inability to recapitulate complex, composite tissues

Three-dimensianal biogeinting ol thick Frias March 33, 3096 ”
wascularieed tisswes wol 112 | =0 13 | BITS-EEA
« thick human tissues (>1 c¢m) with an engineered ECM, embedded
vasculature, and multiple cell types

« perfuse 3D tissues that integrate parenchyma, stroma, and endoth
elium

< Three-dimensional vascularized tissues remain stable d
uring long-term perfusion
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+» Osteogenic differentiation of thick vascularized tissue

The Vascularization Problem

«“ lack of biologically-realistic blood flow into engineered

and printed tissue Phelps et al., Engineering more than a cell: vasc
ularization strategies in tissue engineering. Current Opinion in Biotechnol
ogy, 2010. 21(5): p. 704-709

« The maximum distance between cells and capillaries is
no longer than 200 um in distance, which corresponds

also to the diffusion limit of oxygen Kannan, et al, The roles
of tissue engineering and vascularisation in the development of micro-va
scular networks: a review. Biomaterials, 2005. 26(14): p.1857-1875

Two strategies

“» development of complex, tissue engineered vascular
networks
- in vitro perfusion supports in vitro viability
—implantation in the in vivo environment results in
delayed integration, angiogenesis, and vasculogenesis
that cause ischemia and reduce cell viability.

“ in situ recruitment of endogenous vasculature /or prog
enitor cells into a wound site or onto acellular tissue
engineered scaffolds to re-establish vascular networks

optimal vascular graft

“» Mechanical strength

% High compliance to confront prolonged hemodynamic
insults

< Immunotolerance

«» Biocompatibility, differing sizes

+ Suturability and effortless handling

“ Thrombosis resistant

«“ Capable to defy infection

< Complete incorporation into the recipient bed
«» Reasonable manufacturing costs

« Clinicians should be aware of new technologies and
should be on the forefront in helping basic scientists
move promising technologies from the bench to the
bedside through clinical development.

« Many of these technologies have the potential to decr
ease operative time, meaning that surgeons may be
able to provide medical care to more patients and in
the meantime, provide better individual care due to
reduced donor-site morbidity




Reconstruction through tissue engineering

Thank you for your attention

otolarynx@snuh.org
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