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Introduction




GENERAL INTRODUCTION

The field of cancer diagnosis and treatmentis a rapidly evolving field of medicine and
has for years now been the most well-funded field of medical research. Due to the vast
amount of research performed in this field, there is a wide array of treatments available
for cancer patients. However, selecting the best treatment for the individual patient
is often a difficult challenge. To be able to predict whether an individual patient will
benefit from a specific therapy, there is a need for predicitive (imaging) biomarkers.
First, determination of the local tumor status and detection of possible local and/or
distant (micro)metastasis is of paramount importance to decide on the possibility and
effectiveness of surgical resection of the primary tumor. Second, when considering non-
surgical treatments, biological tumor characteristics (such as mutational or receptor
status) on which the effect of treatments will depend are important.

Clinical problems pancreatic cancer

Pancreatic cancer is currently the twelfth most prevalent cancer worldwide, with
2900 new patients diagnosed in 2021 in the Netherlands alone?. As this disease is
characterised by its asymptomatic progression in early stages, most pancreatic cancers
are only detected when they are already in advanced stages when symptoms occur. As
a results, pancreatic cancer has a dismal five year survival rate of only 7-9%’. Surgical
resection combined with systemic treatment offers the only chance for curation,
however, only 15-25% of patients are eligible for surgical resection®®. Despite careful
patient selection and stratification by means of CT, magnetic resonance imaging, and
endoscopic retrograde cholangiopancreatography (ERCP), resection with positive tumor
margins (R1) occurs in a substantial proportion of patients (up to 75%)%1. Moreover,
early recurrences (within six months) after pancreatic resection are reported in 28% of
patients, likely due to the presence of (invisible) microscopic tumor deposits at the time
of surgery!’. The clinical relevance of a microscopically radical (R0) resection is further
underlined by the two-fold increase in survival time after RO versus R1 resection*4,

To improve survival and facilitate improved radical resection rates, neoadjuvant
chemotherapy has been implemented with results being evaluated in several clinical
trials. However, current imaging modalities struggle to distinguish between vital tumor
cells and tumor associated pancreatitis (TAP), therapy induced fibrosis (TIF) and necrosis
after neoadjuvant therapy. This fact was demonstrated by a study in which the pre-
and post neoadjuvant therapy CT scans were retrospectively evaluated by a radiologist
blinded to the imaging time point (before or after neoadjuvant therapy) in pancreatic
cancer patients after neoadjuvant chemotherapy. The results show that 92% of patients
deemed unresectable at the post neoadjuvant therapy CT scan actually turned out to
have had an RO resection®®, thus underlining the difficulty of determining resectability
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on current CT scans.

With increasing use of potent neoadjuvant therapy, it is of great importance to
accurately monitor tumor response to therapy and evaluate surgical resectability after
neoadjuvant therapy. This is important in order to avoid missing the chance of an RO
resection in patients deemd unresectable at the imaging studies, and to prevent futile
surgical procedures in unresectable patients who seem resectable.

Clinical problems rectal cancer

Colorectal cancer (CRC) is currently the third most prevalent cancer worldwide, with rectal
cancer accounting for one third of CRC patients?. In 2021, 3500 patients were diagnosed
with rectal cancer in the Netherlands with a five year survival rate varying from 93% in
stage | cancers to 13% in stage IV cancers®. Currently, initial diagnosis is performed using
colonoscopy and magnetic resonance imaging (MRI), whereas computed tomography
(CT) is used to detect possible distant metastases. Curative treatment almost always
includes surgical resection, either immediately after diagnosis or after neoadjuvant
chemo- and/or radiotherapy treatment. The decision which therapy is most suited to
the individual patient is based on relatively straightforward parameters such as the
TNM stage and involvement of the mesorectal fascia. Neoadjuvant therapy for rectal
cancer patients can consist of either radiotherapy or a combination of radio- and
chemotherapy. This select combination of neoadjuvant therapy is used prior to surgical
resection in order to downstage and downsize the primary tumor to enable surgical
resection and prevent local recurrence of the tumor. Tumor response is most clearly
seen after combined chemoradiotherapy, as a radiosensitizer (chemotherapy) is added
to the treatment regimen during radiation and a waiting period is introduced before
progressing to surgical resection. In most patients, a partial response of the tumor is
seen. However, in 15-28% of patients, the use of neoadjuvant chemoradiotherapy even
results in a pathological complete response of the primary tumor and tumor-positive
lymph nodes (no tumor cells remaining after neoadjuvant therapy)*®. Unfortunately, a
substantial group of patients shows no response to neoadjuvant therapy, but does suffer
from the associated side effects and delayed surgery®.

Diagnosis, response monitoring and prediction

For both rectal and pancreatic cancer, initial diagnosis of the primary tumor and possible
metastases is performed using a combination of various imaging modalities (discussed
in the next paragraph) and blood tests. Depending on the characteristics and location
of the primary tumor or metastases, one of these various imaging modalities is most
suited. In case of (neoadjuvant) treatment, the effect on the tumor can be monitored
by for example sequential imaging or follow up of blood biomarkers. Currently, response
monitoring is performed using CT (pancreatic cancer) or MRI (rectal cancer). In addition
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to this, [*®F]fluorodeoxyglucose (FDG) positron emission tomography combined with CT
(PET/CT) can be used to visualize metabolic activity. Using these modalities, treatment
inefficacy could be early detected and ineffective therapy could be terminated or altered
to effective treatment regimen. Furthermore, effective treatment could be continued
or (if useful) prolonged. Upfront prediction of treatment response, before initiation of
treatment is even one step further, and could improve patient selection, to prevent
patients from ineffective treatments and their associated side effects or complications.

Imaging modalities

Various imaging modalities have been investigated in this thesis. These include MRI, CT,
PET/CT, and NIR fluorescent imaging. All modalities, except for NIR fluorescent imaging,
provide a three-dimensional anatomical image of the human body.

MRI imaging employs a powerful magnetic field which forces protons in the human body
to align with its field direction. Next, the protons are stimulated by a radiofrequent current,
which causes the protons to spin out of this forced direction. When the radiofrequency is
turned off, the MRl scanner is able to detect the energy released by the protons in order to
regain alignment with the magnetic field direction. After computer processing, these data
resultin the images used in clinical practice. CT imaging uses x-rays which pass through the
human body after which they hit a detector. Due to the differences in tissue density, the
amount of x-rays absorbed differs, resulting in the image. PET/CT detects radiation emitted
by a radioactive tracer, whichisinjected into the bloodstream of the patient before imaging.
Depending on the specific tracer used, it binds or metabolizes in the body and accumulates
at certain areas. Next, this image of accumulation throughout the body is projected
over the CT scan made before, thus enabling specific localization in the human body.
NIR fluorescent imaging is a different imaging technique, which uses NIR fluorescent
tracers injected in the tumor or bloodstream?’. As these tracers bind or accumulate at
the designated area, they can be excited using a light source and emitted NIR light can be
captured. As NIR light is invisible to the naked eye, a dedicated camera system is needed for
visualization and can project the NIR light signal over the image that is visible to the naked
eye. In contrast to CT and PET/CT, NIR fluorescent imaging does not use ionizing radiation
but only NIR light (harmless). Due to the limited penetration depth of NIR light (up to 1cm),
the use of this technique is only feasible for superficial tumors or for intraoperative use.

THESIS OUTLINE

This thesis consists of three sections. In Section |, (pre)clinical research investigating
novel targets for pre- and intraoperative molecular imaging of pancreatic cancer are
discussed. In Section I, various studies are described which lay the groundwork for
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further investigation into response monitoring and prediction in rectal cancer using
various imaging modalities. Section Ill contains the summary, future perspectives and
appendices.

As mentioned before, response monitoring of (neo)adjuvant treatment is challenging
in pancreatic cancer. This is mostly due to the presence of therapy induced fibrosis,
inflammation and edema which hamper clear distinction between vital tumor cells
and fibrosis or necrosis. To gain insight into the current state of affairs of molecular
imaging possibilities in pancreatic cancer, Chapter 2 provides a narrative review of the
currently available or investigated PET/CT tracers and radionuclide therapy tracers for
use in pancreatic cancer. Unfortunately, only few molecular imaging tracers are currently
available for this purpose. As pancreatic cancer is known for its high stromal content,
targeting the tumor microenvironment (TME) for imaging or therapeutic purposes is
promising. Chapter 3 discusses the available literature regarding the molecular imaging
of the components of the TME to provide guidance for future research into possible
imaging and therapeutic targets of pancreatic cancer. In Chapter 4, these learnings are
put into practice and various novel imaging targets for molecular imaging of pancreatic
cancer after neoadjuvant therapy are investigated using immunohistochemistry in order
to find suitable targets which could help distinguish vital tumor cells from therapy
induced fibrosis. Following the promising results in Chapter 4 of targeting the prostate
specific membrane antigen (PSMA), Chapter 5 discusses the clinical repurposing of a
PSMA targeted PET/CT tracer ([*®F]DCFPyL, known for its application in prostate cancer)
to detect colon, gastric and pancreatic cancer.

Following these chapters, Section Il focuses on rectal cancer. As with pancreatic cancer,
evaluating response after neoadjuvant treatment in rectal cancer is very challenging.
MRI is currently used for primary staging and restaging after neoadjuvant therapy, but
lacks sensitivity at primary diagnosis and in discriminating vital tumor cells from fibrosis
after neoadjuvant therapy. To provide insight into the diagnostic performance of MRI, a
retrospective regional study investigating the accuracy of MRI at primary diagnosis and
restaging after neoadjuvant therapy is described in Chapter 6. In this study, the clinical
consequence (wrong treatment choice) of incorrect staging by MRI is also analysed.
Knowing that response to neoadjuvant chemoradiotherapy varies extensively among
patients, predicting response before or early during chemoradiotherapy could provide
the opportunity to adjust (optimize) treatment regimens. Currently, no response
prediction is performed and no accurate methods have yet been developed. Previous
research has looked at various possibilities including using MRI and [®F]FDG PET/CT
to predict this response. Using currently available data and clinical practice, Chapter
7 reviews 20 educational cases which display a wide array of optional uses for [*®F]
FDG PET/CT imaging in the response evaluation of colorectal cancer. Following these
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encouraging possibilities, Chapter 8 describes a clinical pilot study which investigates
the feasibility of using multiparametric MRI and [*¥F]FDG PET/CT before, during and
after neoadjuvant therapy to predict and monitor response to neoadjuvant therapy
in rectal cancer patients. Last, Chapter 9 focuses on a different approach to response
prediction. As we know from clinical experience, specific genomic mutations in tumor
cells can predict sensibility to certain systemic treatments. An example of this is the
high predictive value of the KRAS mutation on the efficacy of EGFR targeted therapy
in colorectal cancers. Analysis of mutational status in colorectal cancer is generally
performed on biopsy material obtained during colonoscopy. Although highly promising,
tumor heterogeneity might greatly influence the results of mutational analysis from the
biopsy samples. As samples are only taken from the luminal side of the tumor, other
mutations might be found at different locations within this tumor. Chapter 9 describes
research investigating the possible influence of this tumor heterogeneity by comparing
mutations found in tumor samples from various locations within rectal tumors.

14 | CHAPTER1

REFERENCES

10.
11.

12.

13.

14.

15.

16.

Ferlay J, Ervik M, Lam F, et al. Global cancer observatory: cancer today. Lyon, France: International Agency
for Research on Cancer. 2020. Available from: https://gco.iarc.frtoday. Accessed February 9, 2022.
Dutch Cancer Registry (Nederlandse Kankerregistratie (NKR), IKNL). Available from: iknl.nl/nkr-cijfers.
Accessed February 14, 2022.

Maas M, Nelemans PJ, Valentini V, et al. Long-term outcome in patients with a pathological complete
response after chemoradiation for rectal cancer: a pooled analysis of individual patient data. Lancet
Oncol. 2010;11:835-844.

van der Valk MJM, Hilling DE, Bastiaannet E, et al. Long-term outcomes of clinical complete responders
after neoadjuvant treatment for rectal cancer in the International Watch & Wait Database (IWWD): an
international multicentre registry study. Lancet Lond Engl. 2018;391:2537-2545.

Bahadoer RR, Dijkstra EA, van Etten B, et al. Short-course radiotherapy followed by chemotherapy before
total mesorectal excision (TME) versus preoperative chemoradiotherapy, TME, and optional adjuvant
chemotherapy in locally advanced rectal cancer (RAPIDO): a randomised, open-label, phase 3 trial.
Lancet Oncol. 2021;22:29-42.

Park J-S, Baek J-H, Lee W-S, et al. Long-term oncologic outcomes in pathologic tumor response after
neoadjuvant chemoradiation for locally advanced rectal cancer. Korean J Clin Oncol. 2018;14:37-42.
Latenstein AEJ, van der Geest LGM, Bonsing BA, et al. Nationwide trends in incidence, treatment and
survival of pancreatic ductal adenocarcinoma. Eur J Cancer Oxf Engl 1990. 2020;125:83-93.

Barugola G, Partelli S, Marcucci S, et al. Resectable pancreatic cancer: who really benefits from resection?
Ann Surg Oncol. 2009;16:3316—-3322.

Stathis A, Moore MJ. Advanced pancreatic carcinoma: current treatment and future challenges. Nat Rev
Clin Oncol. 2010;7:163-172.

Verbeke CS. Resection margins in pancreatic cancer. Surg Clin North Am. 2013;93:647-662.

Tummers WS, Groen JV, Sibinga Mulder BG, et al. Impact of resection margin status on recurrence and
survival in pancreatic cancer surgery. Br J Surg. . Epub ahead of print March 18, 2019. DOI: 10.1002/
bjs.11115.

Neoptolemos JP, Palmer DH, Ghaneh P, et al. Comparison of adjuvant gemcitabine and capecitabine with
gemcitabine monotherapy in patients with resected pancreatic cancer (ESPAC-4): a multicentre, open-
label, randomised, phase 3 trial. Lancet Lond Engl. 2017;389:1011-1024.

Yeo CJ, Cameron JL, Lillemoe KD, et al. Pancreaticoduodenectomy for cancer of the head of the pancreas.
201 patients. Ann Surg. 1995;221:721-733.

Ghaneh P, Kleeff J, Halloran CM, et al. The Impact of Positive Resection Margins on Survival and
Recurrence Following Resection and Adjuvant Chemotherapy for Pancreatic Ductal Adenocarcinoma.
Ann Surg. 2019;269:520-529.

Gerritsen A, Molenaar 1Q, Bollen TL, et al. Preoperative characteristics of patients with presumed
pancreatic cancer but ultimately benign disease: a multicenter series of 344 pancreatoduodenectomies.
Ann Surg Oncol. 2014;21:3999-4006.

Ferrone CR, Marchegiani G, Hong TS, et al. Radiological and surgical implications of neoadjuvant

INTRODUCTION | 15




treatment with FOLFIRINOX for locally advanced and borderline resectable pancreatic cancer. Ann Surg.

2015;261:12-17.

17. Vahrmeijer AL, Hutteman M, van der Vorst JR, et al. Image-guided cancer surgery using near-infrared

fluorescence. Nat Rev Clin Oncol. 2013;10:507-518.

16 | CHAPTER1 INTRODUCTION | 17



SECTION

Pancreatic cancer

~

.
Y sy




Molecular targeted positron emission tomography
imaging and radionuclide therapy of pancreatic
ductal adenocarcinoma

TT. Poels, F.A. Vuijk, L.F. de Geus-Oei, A.L. Vahrmeijer, D.E. Oprea-Lager and
R.J. Swijnenburg.

Cancers (Basel) 2021




ABSTRACT

Pancreatic ductal adenocarcinoma (PDAC) has an inauspicious prognosis, mainly due
to difficulty in early detection of the disease by current imaging modalities. Upcoming
development of tumour specific tracers provide an alternative solution for more
accurate diagnostic imaging techniques for staging and therapy response monitoring.
The future goal to strive for, in a patient with PDAC, should definitely be first to receive
a diagnostic dose of an antibody labelled with a radionuclide and to subsequently
receive a therapeutic dose of the same labelled antibody with curative intent.
In the first part of this paper we summarize the available evidence on tumour-targeted
diagnostic tracers for molecular positron emission tomography (PET) imaging that
have been tested in humans, together with their clinical indications. Tracers such as
radiolabelled prostate-specific membrane antigen (PSMA), in particular *F-labelled
PSMA, already validated and successfully implemented in clinical practice for prostate
cancer, also seem promising for PDAC.

In the second part we discuss the theranostic applications of these tumour specific
tracers. Although targeted radionuclide therapy is still in its infancy, lessons can
already be learned from early publications focusing on dose fractioning and adding a
radiosensitizer, such as gemcitabine.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is the most frequent type of all pancreatic
cancers and has an inauspicious prognosis, with a five-year survival rate of less than
5%'2. This extremely low survival rate is mainly due to difficulty in early detection of
the disease extent by current imaging modalities. Staging, and hence rational use of
treatment, are highly dependent on information yielded from conventional imaging
modalities (i.e., computed tomography (CT), magnetic resonance imaging (MRI) or
endoscopic ultrasound (EUS)®. However, almost 50% of surgery is performed without
patient benefit (i.e., due to benign diagnoses, undetected metastases, or rapid
recurrence <6 months), indicating that these imaging modalities are lacking diagnostic
precision and therapy response evaluation accuracy.

During surgery for PDAC, 10% of the patients already present with metastases at
laparoscopy and approximately half of the patients undergoing a resection will have
microscopically positive resection margins (R1), of whom 25% will develop disease
recurrence within six months after surgery. Furthermore, the imaging in patients
with borderline resectable or locally advanced PDAC who started chemotherapy is
unreliable due to difficulty in distinguishing between fibrosis and stroma in PDAC*. Also,
18Ffluorodeoxyglucose ("®F-FDG) PET-CT, the most commonly used tracer in oncology,
has a variable and debatable role in the routine pancreatic work up, mainly due to
the large number of false positive findings by also identifying pancreatitis, potentially
resulting in futile resections of the pancreas. "®F-FDG PET-CT is therefore only reserved
on indication for the individual patient®.

Upcoming development of tumour specific tracers provide an alternative solution for
more accurate diagnostic techniques, staging and therapy response monitoring. Targeted
radionuclides such as radiolabelled peptides, which bind to the receptors overexpressed
by cancer cells and radiolabelled antibodies to tumour-specific antigens can provide
a more specific diagnosis®’. Additionally, this development offers new possibilities to
maximally capitalize the theranostic applicability, i.e. the possibility to use the tracer
both for imaging purposes as well as a targeting binder for radionuclide therapy.

In the first part of this review we summarize the available evidence on tumour-targeted
imaging tracers for molecular PET-CT imaging that have been tested in humans, together
with their clinical indications, and in the second part we discuss the theranostic
applications of these tumour specific tracers.

For this narrative review our search strategy for both the diagnostic and therapeutic
section consisted of a general search of diagnostic and therapeutic tracers in pancreatic
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cancer, followed by a search of specific tracers and finally reviewing the papers for leads
to other — not yet included- tracers.

PART I: TUMOUR TARGETED TRACERS FOR THE
DETECTION OF PANCREATIC CANCER

Early detection is important for the treatment of PDAC. It is believed there are two
main precursors for PDAC; namely pancreatic intraepithelial neoplasia (PanIN) and
intraductal papillary mucinous neoplasm (IPMN). Three grades can be distinguished in
PanIN. PanIN-1 and PanIN-2 are commonly found in patients over the age of 40 or in
chronic pancreatitis. PanIN-3 is more exclusively found in the pancreas with PDAC and is
the stage prior to invasion®°, IPMNs develop in the cells lining the pancreatic ducts and
contribute to mucin production, cystic dilatation of the pancreatic ducts and intraductal
papillary growth. IPMNs are at risk of developing into malignancy in 20% over a period
of 10 years®12,

PanIN’s are challenging to diagnose, as all types are under the resolution of conventional
imaging, due to their limited size. EUS may help in detecting identifiable parenchymal
changes such as acinar cell loss, proliferation of small ductular structures and fibrosis.
These combination of changes, labelled as lobulocentric atrophy (LCA), however, are not
specific for PanIN®13,

In diagnosing PDAC, an important challenge is to distinguish PDAC from pancreatitis, as
both entities have abundant stroma. Also, neoadjuvant treatment such as FOLFIRINOX
make it difficult to discriminate between viable tumour and chemoradiation-induced
tumour necrosis and fibrosis**®. Tumour-targeted molecular imaging could provide
essential knowledge in these situations, by adding metabolic molecular imaging
information to the anatomical changes.

18F-Fluorodeoxyglucose - **F-FDG

PET imaging for the diagnosis of PDAC uses "®F-FDG, a radiolabelled glucose®’. ®F-FDG
PET imaging relies on the property that a normal pancreas tissue has low glucose usage
compared to PDAC. In PDAC a KRAS mutation induces over-expression of hexokinase-2
and glucose cell membrane transporter, GLUT-1%. "®F-FDG is accumulated by PDAC
where it is phosphorylated and consequently goes into metabolic arrest? 8, (Figure 1.1,
Table 1).
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FIGURE 1. Available tracers and their properties

1. '™F-FDG: Tumour cells have the property of using glucose: GLUT-1 and hexokinase are upregulated
in tumours. "®F labelled FDG accumulation

2. 8F-FLT: Cell proliferation in tumour cells: Thymidine kinase is upregulated. **F labelled (FLT) > FLTTP
accumulation

3.  avB6 overexpressed in tumour cells: targeted by labelled peptides: ®F-FP-R01-MG-F2 or ®*Ga-
NODAGA-R01-MG

4. PSMA expressed in tumour cells: targeted by inhibitor molecules labelled with ®F or ®Ga

5.  Expression of FAP (fibroblast activation protein) by CAF (cancer associated fibroblasts) targeted by
FAPI (FAP inhibitor) labelled with ®*Ga or '8F

Abbreviations: avp6 = integrin avp6; DNA = Deoxyribonucleic acid; FAP= fibroblast activation protein; **F =
®Fluorodeoxyglucose labelled; "®F-FDG = *®F-fluorodeoxyglucose; '®F-FDG-6-P = "®F-FDG-6-phosphate; *F-FLT
= "®F-fluorothymidine; ®F-FLTDP = "8F-FLT diphosphate; ®F-FLTMP = "F-FLT monophosphate; *F-FLTTP =
8E-FLT triphosphate; "®F-FP-R01-MG-F2 = 8F labelled integrin tracer; '*F-PSMA = ®F labelled PSMA; %Ga=
%Gallium labelled; *®Ga-FAPI = %Ga labelled fibroblast activation protein inhibitor; ®*Ga-NODAGA-R01-MG =
%8Ga labelled integrin tracer; ®®*Ga-PSMA= 8Ga labelled PSMA; Glucose-6-P = Glucose-6-Phosphate; GLUT-1 =
glucose transporter type 1; PSMA= prostate-specific membrane antigen; TDP = thymidine diphosphate; TMP =
thymidine monophosphate; TTP = thymidine triphosphate.

The average sensitivity and specificity for detecting PDAC by ®F-FDG is reported to be
superior to CT, with sensitivity 94% and specificity 90% for ®F-FDG, compared to 82%
and 75% respectively for CT#1920,

A major limitation of PET imaging with ®F-FDG, is that glucose uptake can also be seen
in inflammation, leading to similar appearance of pancreatitis and PDAC**?'. However,
when the diagnosis of PDAC is correct, the degree of *®F-FDG uptake can predict tumour
aggressiveness and survival?3,
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In clinical practice differentiation between pancreatitis and PDAC is possible by
performing a dual-phase PET scan. This method consists of performing a PET scan at two
different time intervals after the injection of the tracer. Pancreatic masses on PET images
in pancreatitis have lower standardized uptake values (SUV), which further decrease in
the delayed phase. However, there can be overlap in SUV values between inflammation
and PDAC. Furthermore, dual-phase "®F-FDG PET imaging is very time consuming and
therefore often not feasible in the daily practice'”.

The specificity of PET imaging for diagnosis of PDAC could be improved by using more
disease-specific imaging agents compared to 'F-FDG. Several other radiotracers
have been used for the evaluation of PDACY?>%, These include radiotracers such as
8E-Fluorothymidine ("F-FLT), ®Gallium labelled fibroblast activation protein inhibitor
(®®Ga-FAPI), ®Ga labelled 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid-
FAPI-04 (°®Ga-DOTA-FAPI-04), ®Fluorodeoxyglucose labelled PSMA ("®F-PSMA), ®Ga
labelled PSMA (%8Ga-PSMA) and Integrin avB6 tracers. These tracers are amply discussed
in the following part.

8F-Fluorothymidine - "®F-FLT

"8F-fluorothymidine is a marker of cell proliferation due to tracer accumulation in
proliferating cells. Thymidine kinase activity is upregulated during proliferation,
subsequently phosphorylating "®F-FLT which gets trapped intracellularly. (Figure 1.2,
Table 1)

"8FE-FLT PET imaging has shown good correlation with histological Ki-67 expression, a
marker of cell proliferation'?”. Furthermore "®F-FLT PET imaging is potentially superior
to "®F-FDG PET as "®F-FLT uptake is not affected by inflammation or hyperglycaemia®’.

Fibroblast Activation Protein Inhibitor - FAPI

In PDAC more than 90% of the tumour volume consists of cancer-associated fibroblasts
(CAF). CAFs are associated with promotion of tumour growth, tissue invasion, metastasis
developing and therapy resistance?®3. CAFs express Fibroblast Activation Protein (FAP)
on the cell surface, a type Il membrane-bound glycoprotein®*33, FAP can be detected by
performing a PET-CT with ®Ga-labelled FAP-Inhibitors. (Figure 1.5, Table 1)

Rohrich et al. showed in a small study including 19 PDAC patients (7 primary and 12
progressive/recurrent) that ®Ga-FAPI PET-CT led to restaging in half of patients with
PDAC and also in most patients with recurrent disease, compared to standard of care
imaging. Differentiation from pancreatitis was challenging, but significantly improved
with imaging at multiple time points after injection of ®8Ga-FAPI%%,
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Chen et al. compared the use of ®®Ga-DOTA-FAPI-04 to "®F-FDG PET for the diagnosis of
primary disease and metastatic lesions for various types of cancer. Four patients with
pancreatic cancer were included. In one patient the pancreatic cancer was not visualised
due to uptake throughout the pancreas caused by tumour-induced pancreatitis [34].
Identical findings of uptake of ®®Ga-DOTA-FAPI-04 in patients with Ig-G4 related disease
have been reported by others3*38,

The study of Chen et al. did show a significantly lower uptake of ®8Ga-DOTA-FAPI-04 than
BE-FDG, thus facilitating an improved detection of possible liver metastases®.

TABLE 1. Available tracers and their properties for the diagnosis of primary disease.

Tracer Properties Localization Main advantage Main
disadvantage
BF-FDG Marker of glucose Intracellular High-glucose-use of High-glucose-
consumption malignant cells using cells in
inflammation
BF-FLT Marker of cell Intracellular Cell proliferation in
proliferation malignancies
%Ga-FAPI; Expression of FAP by Cell membrane After multiple time Can be false
%8Ga-DOTA- CAF targeted by FAPI of cancer points, PDAC and positive in
FAPI-04; labelled with %Ga associated pancreatitis show a trend pancreatitis
fibroblast for differential uptake
kinetics.
BF-FP-RO1-MG-F2; Labelled peptides Cell membrane  Distinguishment between

%Ga-NODAGA- targeting av66 PDAC and pancreatitis.

RO1-MG; overexpressed in Also uptake in lymph node
#Ga-Trivehexin tumour cells metastases
Radiolabelled Inhibitor molecules Cell membrane Very high diagnostic
PSMA (i.e.*®F- labelled with '8F or accuracy between PDAC

PSMA; ®®GA-PSMA) %Ga targeting PSMA and pancreatitis
expressed in tumour
cells

Abbreviations: avp6 = integrin avp6; CAF = cancer associated fibroblast; FAP = fibroblast activation protein; FAPI= FAP
inhibitor; **F = ¥Fluorodeoxyglucose labelled; "®F-FDG = *F-fluorodeoxyglucose; *F-FLT = "®F-fluorothymidine; "®F-FP-
RO1-MG-F2 = **F labelled integrin tracer; ¥F-PSMA = F labelled PSMA; %Ga= **Gallium labelled; ®*Ga-DOTA-FAPI-04=
%Ga labelled (macrocyclic chelator) 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid-FAPI-04; *®Ga-FAPI = %*Ga
labelled fibroblast activation protein inhibitor; ®®Ga-NODAGA-R01-MG = ®Ga labelled integrin tracer; ®Ga-Trivehexin =
%Ga labelled Trivehexin; ®®Ga-PSMA= %Ga labelled PSMA; PSMA= prostate-specific membrane antigen.

Integrin avp6

Integrins are proteins that facilitate adhesion of cells to extracellular matrix (ECM) of
polypeptides. Integrins play a crucial role in the signalling pathway for the regulation
of cell differentiation, migration, proliferation and apoptosis®*>*°. In many cancers the
expression of specific integrins can become dysregulated, such as avB3 and avpé6.
Overexpression of avB3 results in over-promotion of the angiogenesis pathway>® 4.
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Integrin avB6 promotes PDAC by modulating proliferation, survival, migration and
invasion of both the cancer cells and its microenvironment*. Studies have shown
higher expressions of avf6 in PDAC compared to other type of cancers 3444 also
differentiation of PDAC from pancreatitis was possible**. Additionally tumour positive
lymph nodes also showed elevated levels of avB6*. As avB6 seems to be an important
integrin for the detection of PDAC and the distinguishment from pancreatitis, numerous
research groups have been developing PET tracers*®*. Kimura et al. used "®F-FPRO1-
MG-F2 to target avp6. (Figure 1.3, Table 1). The study group demonstrated that the
targeting peptide was able to penetrate the pancreatic tumour rapidly and also showed
an improved uptake compared to ¥F-FDG, reflecting the difference in the peptide’s
target, namely glucose metabolism versus expression of ECM protein. In addition it
was observed that uptake only occurred in the viable part of the tumour compared to
parts of significant necrosis®. A recent small study from Quigley et al. showed the first
promising result for ®Ga-labeled trimerized avp6-integrin selective nonapeptide (%Ga-
Trivehexin) enabled PET-CT imaging. One patient, out of a total of four, was included
with PDAC, showing a high tracer uptake in the pancreatic tumour including multiple
liver metastases®.

Prostate-Specific Membrane Antigen targeted PET-CT imaging

Currently different types of radiolabelled-PSMA tracers exist (i.e. ®F-PSMA, ®Ga-PSMA)
with different biodistribution, as largely described in literature®. Prostate-specific
membrane antigen (PSMA) is a type Il transmembrane glycoprotein highly expressed on
the surface of prostate cancer cells. The expression of PSMA in tumour-associated (neo)
vasculature of prostate cancer, breast cancer and primary gliomas have been reported,
and has also proven to be high in PDAC®**3. Immunohistochemical experiments from our
group showed high expression of PSMA in 4 out 5 patients with PDAC de novo, as well
as in 32 out 33 PDAC patients after neoadjuvant treatment (mean tumour H-score of 99
(maximum 300)). These experiments also showed no expression on adjacent normal and
pancreatitis tissue (H-score 0), thus yielding high tumour contrast with the background
and an improved tumour detection®. Radiolabelled PSMA targeted PET-CT has proven
highly successful for primary staging and restaging of prostate cancer patients and is
currently being implemented worldwide®>*¢. PSMA expression can be imaged by labelling
small inhibitor molecules, with PET radionuclides, i.e., "®F or ®8Ga*’. (Figure 1.4, Table 1)

18F |labelled Prostate-Specific Membrane Antigen - "®F -PSMA

"8F-radiolabelled PSMA PET has been recently technically validated and successfully
implemented in clinical practice for prostate cancer®**>*%, With one of the more
commonly used variants the F-DCFPyL, a second generation '®F-fluorinated PSMA-
ligand, has advantages over ®®Ga-labelled PSMA tracers. It provides namely a higher
spatial resolution, along with a longer half-life, which may result in a more accurate
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staging due to the detection of small local tumour deposits®.

®8Ga labelled Prostate-specific Membrane Antigen - Ga-PSMA

Krishnaraju et al. showed improved diagnostic accuracy with ®8Ga-PSMA compared
to ®F-FDG in a study among 40 patients with pancreatic lesions - positive predictive
value 90.5% vs. 65.4%, for ®Ga-PSMA compared to ®F-FDG; accuracy 92.5% vs. 72.5%,
respectively®’.

PART Il: TARGETED RADIONUCLIDE THERAPY OF
PANCREATIC DUCTAL ADENOCARCINOMA

Locally advanced and metastatic pancreatic cancer has a poor prognosis. Current
standard of care treatment such as gemcitabine or FOLFIRINOX provides minimal survival
benefit. Targeteted radionuclide therapy may provide improved survival in addition to
less systemic toxicity seen with current chemotherapy®. In patients with cancer, the
ultimate goal is first to identify the receptor expression (by using a diagnostic scan with a
diagnostic tracer) and then, in case of an adequate expression of the receptor, to use the
tracer, radiolabelled with alpha or beta-particles, for therapeutic purposes, with curative
or sometimes palliative intent®?.

In addition to therapy with radiolabelled antibodies, there is a possibility to add
gemcitabine, serving as a radiosensitizer, which is generally well tolerated in combination
with external radiotherapy®2.

In this second part we discuss the theranostic applications of tumour specific tracers.
To our knowledge, there have only been 2 different types of antibodies that have been
reported on in humans as targeted radionuclide therapy of PDAC; 31-KAb201 antibody
and “°Y-clivayuzumab tetraxetan antibody (*°Y-labelled hPAM4). Furthermore there is
only one single study registered at popular databases that is currently recruiting patients
and focusing on the theranostic pair of ®®Ga-DOTA-5G /*"7Lu-DOTA-ABM-5G®’.

1311 labelled KAb201 antibody - *'I-KAb201

Carcinoembryonic antigen (CEA) is expressed in most patients with pancreatic cancer
and therefore serves as an interesting target for antibodies. One potential antibody is
KAb201, an anti-CEA antibody labelled with *!lodine®,

Sultana et al. performed a randomised Phase /Il trial assessing the safety and efficacy

of 1¥1-KAb201 in patients with inoperable PDAC. Patients were randomized to receive
1311-KAb201 via either the intra-arterial (gastroduodenal artery) or intravenous (standard
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intravenous line) delivery route. The hypothesis of including an intra-arterial delivery
route is expected higher concentration of the radiolabelled drug at the target site and
thus increased effectiveness with reduced toxicity®®. In total nineteen patients were
randomised (9 in the intravenous arm, 10 in the intra-arterial arm), of whom 1 patient
was excluded from the intra-arterial arm as there was no uptake on the pre-therapy
scan. The overall response rate was 6% (1 out of 18 patients). Dose limiting toxicity was
only reached in the intra-arterial route (at 50 mCi). Both anti-chimeric antibodies (HACA)
and anti-sheep antibodies (HASA) developed in the entire study population, thus limiting
the possibility of repeat dosing as this could lead to either hypersensitivity reactions
or to complexing with circulating antibodies, creating a challenge to maintain effective
therapeutic levels®® %, Median overall survival was 5.2 months (95% Cl = 3.3-9.0 months),
with no significant difference between either delivery arm (log rank test p = 0.79)°.
Survival and efficacy data are comparable with a single agent therapy of gemcitabine’ 3.
Future improvement can be found in the ability to predict the occurrence and type (I or
I1) of antibody response, thus aiding the possibility of repeat dosing. Also humanisation
of the antibody may reduce the immunogenicity®®.

%Y labelled clivazutumab tetraxetan antibody - *°Y-hPAMA4

Preclinical studies in nude mice have shown that *°Y- labelled PAM4 decelerates tumour
growth’®’*. PAM4 is a monoclonal antibody which binds to a mucin produced primarily in
PDAC’78. Gulec et al. performed a phase | single-dose escalation trial among 21 patients
with PDAC (4 stage Ill- locally advanced; 17 stage IV- metastatic) with the primary aim to
determine dose-limiting toxicity and the maximum tolerated dose. Patients first received
"n-hPAM4 for diagnostic imaging and finally °°Y-hPAM4 for therapy’. Drug-related
toxicities among the study group were grade 3/4 neutropenia and thrombocytopenia,
which both increased with °°Y dose. Fourteen patients progressed rapidly, however 7
patients remained progression-free for 2-6 months, with 3 patients showing partial
response with tumour shrinkage. The combination with gemcitabine showed further
improvements’.

Fractionated dosing of °°Y-hPAM4 (for increased total radiation dose) in combination with
gemcitabine acting as a radiosensitizer (for increased potency of the radiation) could be
a promising treatment regimen®®’°, Ocean et al. showed in a phase 1 trial among 38
untreated patients with pancreatic cancer (5 stage lll- locally advanced, 33 stage IV-
metastatic) that fractionated dosing of °°Y-hPAM4 in combination with gemcitabine in
repeated cycles (number of cycles variated among the patients) allowed for double the
radioimmunotherapy dose®°.

Drug-related toxicities among the study group were grade 3/4 thrombocytopenia and
neutropenia in 28 patients. Sixteen patients showed stabilization and 6 patients a
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partial response. Median overall survival was 7.7 months for all patients, with improved
survival up to 11.8 months with repeated cycles®. An important terminated and
unpublished study is the PANCRIT-1 trial. This was an international, multi-center, double-
blind, randomized phase Ill trial of *°Y-labelled hPAM4 in combination with gemcitabine
versus placebo in combination with gemcitabine in patients with metastatic PDAC who
had progressed despite receiving at least two prior therapies for metastatic disease.
After enrolment of 334 patients, an interim analysis on overall survival was performed,
showing that the treatment arm did not demonstrate a sufficient improvement in overall
survival®. One major flaw of the study seems to be the lack of pre-treatment evaluation
of receptor expression, thus not applying the theranostic concept.

8Ga-DOTA-5G /*’Lu-DOTA-ABM-5G theranostic pair
(®8Gallium labelled- DOTA — 5G / Y’labelled Lutetium — DOTA—ABM-5G; DOTA=1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid)

The only study listed on a clinical study database (ClinicalTrials.gov) is from Sutcliffe et
al. from the University of California. This is a phase | study evaluating the safety and
efficacy of the theranostic pair of %8Ga-DOTA-5G /*’Lu-DOTA-ABM-5G in patients with
locally advanced or metastatic PDAC. Patients first receive a diagnostic ®®Ga-DOTA-5G
PET scan, subsequently only the patients that show uptake receive ’Lu-DOTA-ABM-5G
as therapy.

The primary objective is to identify the dose limiting toxicity and the recommend phase
2 dose. The objective is to enrol 30 participants with an expected completion in 2023¢7.

In summary, results from the study with *}-KAb201 demonstrated the importance
of further investigation into the type of antibody response and the ability to predict
this adverse event for the possibility of repeat dosing. Future research will learn if
humanisation of the antibody is able to reduce immunogenicity. Also, the route of
delivery (intra-arterial versus intravenous) did not show any difference in survival benefit
or reduction in toxicity. Studies using *°Y-labelled hPAM4 proved that dose fractioning
could be successful in increasing the total radiation dose without an increasing adverse
events. In addition the combination with gemcitabine acting as a radiosensitizer can
increase the potency of the radiation. Future research, including randomized controlled
trials, will need to confirm these results.

We are looking forward to the first results from the ®8Ga-DOTA-5G /*’Lu-DOTA-ABM-5G

theranostic pair, as evaluation of quantifiable antibody localization at the site of disease
before administering a therapeutic dose seems to be the best tailored made medicine.
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FIGURE 2. CT vs MRI vs "F-FDG vs '®F-PSMA PET and corresponding pathology and HE and
immunohistochemistry coupes in a patient with pancreatic adenocarcinoma

A: CT image with arrow pointing towards pancreatic lesion; B: MRI image with arrow pointing towards
pancreatic lesion; C: ®F-FDG PET image with arrow pointing towards pancreatic lesion; D: **F-PSMA PET
image with arrow pointing towards pancreatic lesion. Note the more specific PSMA uptake compared
to the ®F-FDG PET scan; E: Hematoxylin and Eosin staining (HE) image. Adenocarcinoma is not visible
on this staining ; F: immunohistochemistry staining of PSMA. The arrow points towards stained PSMA.
CT, computed tomography; MRI, magnetic resonance imaging; PET, positron emitting tomography; HE,
hematoxylin eosin; IHC, immunohistochemistry.

(The “HE image” has previously been published by our study group® and is licensed under a Creative
Commons Attribution 4.0 International- http://creativecommons.org/licenses/by/4.0)

SUMMARY AND CHALLENGES FOR THE FUTURE

Impressive efforts have been made in improving tumour specific tracers for the detection
of PDAC. In patients with PDAC, the ultimate goal is to firstly identify the radiolabelled
peptide expression and then, in case of an adequate expression of the peptide, to use the
tracer, radiolabelled with alpha or beta-particles, for therapeutic purposes, with curative
or sometimes palliative intent. 18F-FDG is a well-known radiotracer that already is being
used in PDAC. An important limitation, however, is that increased glucose metabolism
is not specific for malignant processes only, but can be also found in inflammatory and
infectious disease sites. The specificity of PET imaging for the diagnosis of PDAC could
be improved by a more disease specific imaging agent.

In general there are currently three types of tracers. Tracers that accumulate in the

proliferating cell, such as "F-FLT. The second type of tracers target highly expressed
integrin receptors or PSMA on the surface of cells in PDAC. In this group *F-PSMA is a
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promising tracer (Figure 2) that already has been validated and successfully implemented
in clinical practice for prostate cancer. The last type of tracer targets fibroblast activation
protein (FAP inhibitor), which is expressed by CAF (cancer associated fibroblast).

Targeted radionuclide therapy is still in its infancy. The effectiveness of targeted
radionuclide therapy has been limited by poor delivery to tumours. There have only
been 2 different types of antibodies that have been reported on in humans as targeted
radionuclide therapy of pancreatic ductal adenocarcinoma; **'I-KAb201 antibody and
Y-clivayuzumab tetraxetan antibody (*°Y-labelled hPAM4). Besides selecting the correct
radionuclide antibody, important contributing factors for successful therapy is dose
fractioning and the addition of a radiosensitizer, such as gemcitabine.

These novel diagnostic and therapeutic approaches, in population often characterized

by poor outcome and decreased quality of life, has the potential to add a new chapter
to a patient’s life.
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INTRODUCTION

Over the last decades, development of anti-cancer therapy and imaging has primarily
been focused on specifically targeting and/or eliminating cancerous cells. This approach
has resulted in a tremendous development towards more effective cancer treatment,
however, is still insufficient in several cancer types. One of the reasons for this might
be the varying percentage of actual malignant cells within a tumor (others include for
example tumor heterogeneity and resistance to therapy). Based on various recent studies
and depending on cancer type, malignant cells account for approximately 30% of tumor
mass, whereas fibroblasts account for 25%, immune cells for 20%, endothelial cells for
5% and macrophages for 5%'*. In recent years, the role and influence of the tumor
microenvironment (TME) on tumor development and metastases has been studied
extensively, and has resulted in a surge of new research initiatives in the field of TME
targeting for both imaging as well as therapeutic purposes. It has been demonstrated
that the components of the TME are prominently involved in tumor metabolism,
proliferation, invasion, and metastases, and demonstrate a major influence on response
to therapy>™. In solid cancers the TME accounts for up to 90% of tumor volume,
depending on the cancer type, indicating its importance and relevance as a target for
imaging and therapy. Several TME components can be targeted, i.e. the tumor associated
vasculature, immune cells like macrophages and T-lymphocytes, cancer-associated
fibroblasts (CAF), and the extracellular matrix (ECM). These various components are
depicted in Figure 1. In addition to imaging via the tumor cells, visualization of the
TME might provide extra information about the potential aggressiveness (and size) of
the tumor or the potential therapeutic efficacy of targeted therapy. Several imaging
techniques have recently been deployed to specifically image the TME rather than the
malignant cancer cells. These modalities include optical imaging (fluorescence imaging,
optical coherence tomography, and photoacoustic imaging), magnetic resonance
imaging (MRI), computed tomography (CT), positron emission tomography (PET), single
photon emission computed tomography (SPECT), ultrasound (US) imaging, Cherenkov
luminescence imaging, Raman spectroscopy, rapid evaporative ionization mass
spectrometry and multispectral optoacoustic tomography*®. The specificity and efficacy
of these molecular imaging techniques are dependent on the contrast agents and the
molecular TME targets they are focused on?°. This chapter will give an overview of the
various cells and proteins within the TME, applicable as targets for molecular imaging,
including cell types, extracellular matrix components, and alternative approaches.
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FIGURE 1. Overview of components of the tumor microenvironment.

TUMOR VASCULATURE

Historically, the concept of tumor neoangiogenesis was discovered by Ide, Algire and
Chalkley in the first half of the 20" century*?2. They found that growing malignancies
continuously induce new capillaries from host tissue, and that specific factors released
by the tumor can stimulate this process. Three decades later, Folkman and colleagues
stated that tumor growth is neoangiogenesis dependent above a tumor size of 1-2 cm?,
to supply nutrients and oxygen and to remove CO, and waste products?. In addition,
they reasoned that this process could be used for therapeutic targeting. In order to
sustain and promote this process after the so-called ‘angiogenic switch’, tumor cells
secrete pro-angiogenic factors, inducing large, abnormal, and ineffective blood vessels
(Figure 1). These factors include for example vascular endothelial growth factor (VEGF),
interleukin 8 (IL-8) and tumor growth factor B (TGF-R)*.
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Targeted vascular imaging

As there are various pathways involved in the process of neoangiogenesis, downstream
proteins expressed within this process can be used for molecular imaging. An example of
this is VEGF, inducing endothelial activation and subsequent sprouting of capillaries. The
proangiogenic signal of VEGF is mainly mediated by its receptor tyrosine kinases VEGFR-1
and VEGFR-2. Overexpression of VEGFR-2 is seen in various solid tumor types, and is
associated with worse prognosis®®28. Various VEGF-axis targeting antibodies have been
clinically translated and used in daily clinical practice, including ramucirumab (VEGFR-2)
and bevacizumab (VEGF), or tested in clinical trials (tanibirumab (VEGFR-2))%. For imaging
purposes, the same antibodies as used for therapeutic purposes can be labeled with
imaging probes such as a radioisotope for PET or SPECT imaging, or a fluorescent dye for
fluorescent imaging. Various PET and SPECT tracers targeting VEGF and VEGFR’ s have
been developed and clinically translated. Results demonstrated affinity for many different
cancer types, and first results show a possible correlation to response to anti-angiogenic
treatment3®3!. In addition to radiolabeled tracers, a near-infrared (NIR) fluorescent tracer,
bevacizumab-IRDye800CW, enabled detection of breast cancer, colorectal cancer and
peritoneal metastases either intraoperatively or during endoscopy in various clinical studies
32734 Finally, preclinical research has shown the feasibility of VEGF targeted ultrasound
(using microbubbles), and MRI imaging®****>%, |n the future, radio-labeled VEGF targeted
imaging might provide a tool for patient selection for antiangiogenic treatment.

In addition to VEGF/VEGFR, the integrin avB3 is highly expressed by neoangiogenic
endothelial cells in tumor areas. Many tracers utilize the tri-peptide Arg-Gly-Asp
(RGD) binding sequence, discovered by Ruoslahti and co-workers in 1984, as RGD has
high affinity and specificity for several integrins, including avf3®°. As with VEGF, a
therapeutic compound was developed, cilengitide, to target these integrins for
therapeutic purposes?.

Various RGD-based PET and SPECT tracers have been developed over the years since
1999 and demonstrate tumor detection of cancers of the lung, mediastinum, breast,
head-and-neck, skeletal system and brain (reviewed by Assabella et al. *'). An example of
RGD based PET imaging of head and neck squamous cell carcinoma is displayed in Figure
2. Most recently, this concept has been clinically translated to near-infrared fluorescent
imaging of colorectal tumors during surgery*>*3. Next to those endothelial cell targets,
preclinical studies have evaluated targeted imaging of platelet-derived growth factor
receptor (PDGFR)**, vasculature cell adhesion molecule 1 (VCAM-1, or CD106)*>% and
tumor endothelial marker 1 (TEM-1, also known as endosialin and CD248)°>2. Various
endoglin (CD105) targeting microbubbles, MRI contrast agents, PET, SPECT and NIRF
agents have been investigated in animal and ex-vivo human experiments, but have not
been translated into the clinic yet>*.
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In conclusion, as neoangiogenesis is required for growth and development of solid
tumors, targeting this mechanism for both imaging and therapeutic purposes seems
highly advantageous. In comparison to epithelial tumor targets, angiogenesis associated
proteins are generally expressed by a wide variety of cancer types in the periphery and
throughout the whole tumor. Epithelial markers mostly apply for a few selected tumor
types and expression may vary heterogeneously between various tumor cell subsets. The
applicability of angiogenic tracers for monitoring of cancer patients after antiangiogenic

therapies or during wound healing seems fundamentally problematic.

FIGURE 2. Imaging angiogenesis in a patient with head and neck squamous carcinoma by [**Ga]Ga-
DOTA-E-[c(RGDfK)], PET/CT.

PET/CT after injection of 218 MBq %®Ga-RGD in a patient with a moderately differentiated squamous
cell carcinoma in the right oral cavity. a Transverse plane of magnetic resonance image. b Fused PET/
CT of the oral cavity revealing a tumor lesion with SUV__ of 6.5. ¢ and d Sagittal and axial PET images
demonstrating a clearly visualized tumor in the oral cavity. Image from Lobeek et al.>*.

Lymphatic tumor vasculature

In recent years, the lymphatic tumor vasculature has gained increasing interest as a
target for imaging and therapy. Various non-specific tracers have been used to image
lymphatic flow in these vessels, known as lymphography or lymphangiography. By
injecting a tracer into peripheral tissues, subsequent drainage through the lymphatic
system and accumulation in sentinel lymph nodes can be visualized. This procedure
can be performed using SPECT (*"Technetium, lymphoscintigraphy) and fluorescence
imaging (Patent blue, Direct blue, indocyanine green (ICG), and methylene blue)*®*’.
Lymph node imaging is part of routine care during breast cancer and melanoma surgery,
however, also has applications in several other solid tumor operations (including
gynecologic, penile and head and neck cancers). Contrast-enhanced MRI has been
used to assess vascular leakage and subsequent lymphatic drainage using intravenously
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administered biotin-BSAOGGd-DTPA,

With respect to targeted imaging, proteins like lymphatic vessel endothelial hyaluronan
receptor 1 (LYVE1), prospero homeobox protein 1 (Prox-1), and VEGFR3 seem
overexpressed on tumor associated lymph vasculature and have been visualized using
various fluorescent, PET, and SPECT tracers®. Until now targeted imaging of lymphatic
tumor vasculature has only been explored in preclinical studies and has yet to be
translated into the clinic.

As mentioned above, several tracers are known to accumulate in draining lymph nodes
after injection, due to the enhanced permeability and retention (EPR) effect. This
concept was first described in 1986 by Matsumura and colleagues, and encompasses
the entrapment of macromolecules in the tumor interstitium, due to the distinctive
vasculature formed by neoangiogenesis and the production of vascular mediators®®°,
Tracers using this mechanism include *™Technetium-nanocolloid (SPECT), %Ga-DOTA-
albumin (PET), ICG, methylene blue (NIRF)®*%2, and the use of ultrasound®** and
microbubbles®®®’. However, as this accumulation is a non-specific process based on
the EPR effect and serves to identify the (first) draining lymph node(s), this process is
not able to specifically differentiate between tumor-positive and tumor-negative lymph
nodes and results must be interpreted with caution.

Functional (non-targeted) vascular imaging

Tumor vasculature associated features such as perfusion, permeability and density
can be visualized using MRI, PET, CT, fluorescence molecular tomography (FMT),
optical coherence tomography (OCT) and photoacoustic imaging. Tumor perfusion can
be imaged using dynamic contrast enhanced MRI (DCE-MRI) and CT with or without
contrast agents. Using PET/CT, tumor perfusion can be imaged using oxygen-15 labelled
water (°0-H,0)%%°,

Hypoxia

Tumors are characterized by a highly heterogenous microenvironment and poor
vascularization, resulting in local hypoxia. Hypoxia has been imaged using PET, electron
paramagnetic resonance (EPR) and *°F magnetic resonance spectroscopy (MRS). Several
hypoxia-targeting PET, SPECT, and NIRF tracers have been developed. A frequently
used marker for hypoxia in preclinical studies is the Hypoxyprobe™ (Hypoxyprobe,
Inc., Burlington, Massachusets, US). Clinically, carbonic anhydrase IX (CAIX) has been
proposed as an attractive target’®’*, and can be imaged using the PET tracer [¥9Zr]
Zr-DFO-girentuximab-PET/CT?®. The most studied clinical hypoxia tracer, however, is
BE-FMISO (reviewed by Xu et al.”®). Other hypoxia tracers include [*®F]FAZA and [*®F]
HX477-79 An example of [®F]FAZA imaging in lung cancer is displayed in Figure 3.
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Also, several MRI techniques such as blood oxygen level dependent (BOLD)-, tissue
oxygenation level dependent (TOLD)-, and dynamic contrast enhanced (DCE)-MRI have
been studied to identify hypoxic areas or changes in tumors®. All three methods are
used clinically, but do not provide a real-time continuous indication of hypoxic areas.
Alternatively, administration of the hypoxia-responsive NIR light emitting agent HyP-1
allowed clear real-time visualization of hypoxia in vivo, using bimodal high-resolution
NIR/photoacoustic (PA) imaging®. Similarly, the hypoxia-activated tracers NR-azo and
IR1038-MZ allowed bimodal NIR/PA imaging of tumors in vivo 8223, However, as hypoxic
areas are characterized by insufficient vessels and low perfusion, and thus limited drug
delivery, the use of exogenous hypoxia targeting moieties is challenging.
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HU kBg/mL

FIGURE 3. Axial images of typical patient diagnosed with non-small cell lung cancer.

(A) Low-dose CT. (B) *8F-FAZA averaged image for interval from 40 to 70 min after injection, illustrating
tumor uptake. White arrow indicates location of tumor (tumor size, 76mL). HU = Hounsfield units.
Image from Verwer et al.®*.

IMMUNE CELLS

In addition to endothelial cells, a wide variety of immune cells is present in the TME.
Some are supporting tumor outgrowth, whereas other types have a tumor suppressive
role. Research into the role and use of immune cells involved in oncogenesis has
dramatically increased in the past few years and has led to the development of several
variants of immunotherapy to treat various cancer types. Most of these affect tumor
growth by increasing the influx and activity (checkpoint inhibition) of cytotoxic T-cells
into tumor areas®. To promote both the understanding and the possible utilization of
immune cells in patients, various immune cell specific tracers have been developed to
evaluate and predict tumor response to these immunotherapies. Moreover, abundant

MOLECULAR IMAGING OF THE TUMOR STROMA AND BEYOND | 47




presence of immune cells could also be used for diagnostic tumor imaging.

Three immune cell imaging methods can be distinguished: 1) targeting primary immune
cells, 2) immune cell imaging through reporter genes, and 3) reinjection of ex vivo
incubated of immune cells with imaging probe. These three methods are visualized in
Figure 4. Examples of immune cell imaging are represented in Figure 5.

A Probes targeted for endogenous immune cell biomarkers

Endogenous target Image
o probe

RN

Q

B Indirect immune cell labeling strategies

Reporter R O
genes @

é Cells

C Direct immune cell labeling strategies

Radioisotope

i —%@—
Q.

»
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dyes M

FIGURE 4. The three primary immunoimaging strategies.

(A) Imaging probe targeting natural immune cell receptor is injected. (B) Cells from patient are
transduced with reporter gene, reinjected, and visualized via injection of reporter probe. (C) Cells
from patient are incubated ex vivo with imaging probe, and labeled cells are injected into patient and
monitored via imaging. Image from Mayer et al.%°.
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FIGURE 5. Immunoimaging examples.

(A=C) Imaging of PD-L1 immune checkpoint: CT using anti-PD-L1 gold nanoparticles (adapted from
Meir et al.) (A); PET (B) and optical imaging (C) of humanized antibody to assess PD-L1 expression in
tumors (adapted from Chatterjee et al.). (D—F) Imaging of activated T cells: PET of OX40 expressed on
activated T cells after vaccine treatment within tumor (arrow) (adapted from Alam et al.) (D); reporter
gene imaging of targeted T-cell immunotherapy in recurrent glioma (arrow) (adapted from Keu et al.)
(E); PET of ¥F-AraG to visualize activated T cells in acute graft-vs.-host disease (adapted from Ronald
et al.) (F). (G=I) Imaging of myeloid cells: optical imaging revealing tumor-associated macrophage—
mediated mechanism of resistance to anti-PD1 therapy (adapted from Arlauckas et al.; macrophage
isin red, T cell in blue, and PD-1 in yellow) (G); MRI of dendritic cells labeled with superparamagnetic
iron oxide (adapted from de Vries et al.; arrow indicates site of decreased signal in lymph node due
to superparamagnetic iron oxide—labeled dendritic cell accumulation) (H); axial composite °F/*H MRI
after intradermal dendritic cell administration into quadriceps of patient; RF = rectus femoris; SFA =
superficial femoral artery) (). Image from Mayer et al. .
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T cells

Imaging and quantification of endogenously stimulated or adoptively transferred T-cells
can help monitor the ongoing T-cell infiltration in tumor areas, thereby allowing clinicians
to define and predict the success of immunotherapy at an early stage®. T-cells can be
imaged through several different targeting mechanisms, at various different time points
during therapy, and has mostly been performed using PET and SPECT.

Early T-cell activation has been studied using SPECT and PET tracers targeting (amongst
others) interleukin 2 (IL-2), C-X-C chemokine receptor 4 (CXCR4), and OX40 in clinical
trials with varying results, and shows promise in providing evidence of successful immune
induction®”. Unfortunately, the expression of the previously mentioned markers is variable
throughout the span of the immune response which complicates the interpretation.

Upon activation, the metabolic activity of T-cells increases. This process can be imaged
usingtracerstargeting T-cell specific metabolic pathways (such asthe deoxyribonucleoside
salvage pathway). These tracers include [*®F]F-AraG, [*®F]CFA, [*®F]FACBC and [*¥F]FLT,
which are all directed against different processes following T-cell activation and are
currently developed in (pre)clinical trials. Also, several specific subpopulations of T-cells
can be imaged by targeting various specific markers, including CD3, CD4, CD8, and
CD19-4-1BBL.

Afterinteraction of T-cells with tumor cells, the activity, proliferation and survival of T-cells
decreases through PD-1/PD-L1 (programmed death ligand 1) interaction (programmed
cell death protein). This process can be imaged using anti-PD-1 tracers, and can thereby
select patients for such therapies, as is currently under extensive investigation (these
tracers include [¥Zr]atezolizumab, [®°Zr]durvalumab)8&=°,

After injection of T-cell-based immunotherapy, two methods are common to track these
cells in vivo: direct labelling with contrast agents or indirect labeling by genetically
engineering the cells to express specific reporter genes. The first method has been
studied using [*'!In]In-oxine, [3°Zr]Zr-Oxine, [**mTc]Tc-HMPAO, [#°Zr]Zr-DBN, [5*Cu]Cu-AU-
NP, and [**CU]CU-DOTA-K1 labeled to various cell types to track them in vivo. The second
method of reporter gene imaging has been performed using various viral reporter genes
such as the herpes simplex virus 1 thymidine kinase (HSV-1tk), which are imaged using
tracers including [**F]FHBG and [**F]BF,*".

In the upcoming years, research will most likely focus on the further development and
clinical validation of tracers targeting various clinically relevant targets such as PD-1/
PD-L1, as these imaging methods could be used for therapy response prediction and
improve patient selection for the optimal treatment regimen, and might enable the use
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of futile treatment and related toxicity.

Dendritic cells

Denderitic cells are professional antigen presenting cells and needed for T-cell maturation,
proliferation, and their cytotoxic effects. They are also involved in antigen transport from
peripheral tissues to lymph nodes, and for T cell presentation. Results from a clinical trial
show that superparamagnetic iron oxide or *!In-labeled dendritic cells can be tracked by
MRI or SPECT, respectively, to lymph nodes, and showed more dendritic cell positive lymph
nodes than conventional scintigraphy??. Unfortunately, dendritic cells are not very prone
for imaging due to their low numbers and widespread location, however imaging would be
very relevant to predict response to cellular therapeutics such as dendritic cell vaccination.

Tumor associated macrophages

Tumor associated macrophages (TAM) stimulate or inhibit tumor growth by secretion
of various agents and by modulating T-cell immunity. Anti-inflammatory and pro-tumor
TAMs, currently called M2-(like) TAMs comprise 5-50% of tumor cell mass, whereas M1-(
like) TAMS, which are pro-inflammatory and anti-tumor, are less abundant and therefore
less appropriate for imaging®®. M2 TAMs promote tumor progression by enhancing for
example VEGF availability and the production of cytokines (e.g. IL10, IL13, and TGF-R),
chemokines, proteases and reactive oxygen species® 8. Non-invasive imaging of TAMs
is mostly performed by targeted PET/CT or MRI, and could help stratify patients, as M2
like TAM presence is associated with poor prognosis, and enable individualized patient
treatment by distinguishing these two different TAM types on non-invasive imaging®.
M2 like TAMs are known to secrete factors promoting angiogenesis (CXCL8, VEGF), tu-
mor progression (EGF, FGF and PDGF), epithelial mesenchymal transition (EMT)(TGFpB),
and matrix remodeling (MMPs, cathepsins and uPA)®. Some of these factors are bound
directly on the TAMs by specific receptors. Previous research has shown that some
of those receptors, like mitochondrial translocator protein (TSPO), mannose receptor
CD206, macrophage scavenger receptor CD163, uPAR, and the folate receptor B (FRB)
are distinctive markers for M2 type TAMs*°%1%2 Using TSPO specific PET tracers, tumor
uptake was seen in gliomas, however it was uncertain this uptake was due to glioma
cell or TAM uptake®®®. Several preclinical studies have shown microglia and TAM uptake
of TSPO specific radiotracers in mouse models, however not further specified the TAM
typel®1% Preclinical experiments have investigated the use of various CD206 targeting
radiotracers, and show great promise for in vivo M2 like TAM imaging®®'°’, FRB macrop-
hage specific imaging has only been studied in inflammatory disease!®®'%, whereas FRB
fluorescent imaging has been clinically investigated in tumors expressing FR9! | ast,
CD163 imaging using radiolabeled tracers has been studied in preclinical experiments,
however little research has been published using animal models'*?. In addition to the
previously mentioned markers, other targets for macrophage imaging include SCL18B1,
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UPAR, iNOS, system X, somatostatin receptor, CXCR4 and the cysteine cathepsins®113,

In addition to radioisotope imaging, magnetic resonance imaging using macrophage
specific contrast agents have been investigated. Amongst many different tracers
developed and tested in preclinical experiments, only super paramagnetic iron oxide
(ferumoxytol) particles (SPIO) have been clinically translated. These SPIOs accumulate in
the interstitium of malignant tumors, after which they are phagocytosed by TAMs. As this
phagocytosis is a relatively slow process (24 hours), imaging is possible starting 24 hours
post injection'. Recently, this concept has been clinically translated for macrophage
detection in cancer patients, and might be used for patient stratification*>*®. However,
anaphylactic reactions have been described following ferumoxytol injection, and limit
the use of these agents.

Cancer associated fibroblasts

Compared to endothelial cells and immune cells, cancer associated fibroblasts (CAF) are
the most abundant cells in the TME, even outnumbering malignant cells in various cancer
types, as is depicted in Figure 1*2. In tumors with a low percentage of tumor cells, the CAF
targeted imaging might provide a good alternative to [**F]FDG imaging which is suboptimal
in these tumors. The origin of CAFs is not completely established yet, as they might develop
from various progenitor lineages such as resident fibroblasts, endothelial cells, adipocytes,
mesenchymal stromal cells (see next section) and bone marrow derived stem cells'*’. CAFs
are activated during oncogenesis and are found in over 90% of epithelial cancers'®!, In
addition to TME, activated fibroblasts are also found in diseases associated with matrix
remodeling such as healing wounds, inflammation, infarction and fibrosis, underlining
their active role similar processes'?®. Activation of CAFs leads to morphological and
functional characteristics distinguishing them from normal fibroblasts, such as enhanced
proliferation, and migration properties, associated with the capacity to remodel the
extracellular matrix (ECM). The transformation is associated with the production of several
CAF specific proteins implicated with either the structure or the function of these cells,
like a-smooth muscle actin (a-SMA), vimentin, platelet derived growth factor B (PDGFRB),
fibroblast activating protein a (FAP-a), and several matrix establishing or matrix degrading
proteins, like collagens and matrix metalloproteinases.

FAP-a is expressed by many CAFs, particularly at the invasive front, and as a type 2
membrane bound glycoprotein (dipeptidyl peptidase 4 family) is particularly suitable
for targeted imaging®?!. Both antibodies and inhibitor molecules have been evaluated,
labelled with radioisotopes or fluorescent proteins’??2* As early as 1994, hepatic
metastases from colorectal carcinoma were detected by the anti-FAP antibody
Bl-sibrotuzumab 12°. More recently, several FAP inhibitors (FAPi) have been developed
for both imaging and radionuclide therapy, demonstrating specific tumor uptake in
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patients with metastasized epithelial carcinomas'?%2¢-128, An example of imaging with
this tracer in various cancer types is displayed in Figure 6. In addition, an activatable
NIRF tracer cleaved by FAP was developed and showed clear tumor uptake during in
vivo experiments!?, and recruitment of radiolabeled fibroblasts to tumor areas followed
by fluorescence and MRI (using R2 mapping and biexponential resonance relaxometry)
using the reporter gene h-ferritin*213°,
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FIGURE 6. Maximum-intensity projections of *®Ga-FAPi PET/CT in patients reflecting 15 different
histologically proven tumor entities (sorted by uptake in descending order).

Ca = cancer; CCC = cholangiocellular carcinoma; CUP = carcinoma of unknown primary; MTC = medullary
thyroid cancer; NET = neuroendocrine tumor. Image from Kratochwil et al.**.
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In addition to FAP targeting tracers, various PDGFR targeting PET and SPECT tracers have
been developed and tested in animal experiments***6131132 Targeted PET and fluorescent
tracers against MMP-14/MT1-MMP, expressed mainly by CAFs but also epithelial cells,
endothelial cells and several immune cells within the tumor, have been developed and
tested in animal experiments®*134,

CAF-based tumor imaging might contribute to predicting therapy response and help in
clinical decision making!’. Recently several distinct CAF subtypeshave beencharacterized,
e.g. the matrix-producing contractile phenotype and the immunomodulating secrotome,
which could result in more specific tracer selection for particularly suitable CAF subtypes.

Mesenchymal stromal cells

As a CAF progenitor, mesenchymal stromal cells (MSC) are pluripotent cells found in many
parts of the body (e.g. endothelium, bone marrow, and adipose tissue), fulfilling various
functions, and are able to develop into a wide range of cells (including osteoblasts,
adipocytes, chrondrocytes and fibroblasts)*¢. During oncogenesis, MSCs are involved in
progression, angiogenesis and metastasis, but also influence immune reaction and are a
suggested source of CAFs 3. MSC localization and function have been studied using MRl
and bioluminescence imaging of prelabelled MSCs™# %3, To our knowledge, no reports
on the evaluation of MSCs as targets for tumor imaging exist unfortunately, as these
would be very relevant in the context of targeted cancer gene therapy using MSC (as
they are able to migrate to sites of tumor growth).

Extracellular matrix (ECM)

All tissues and organs in the human body are constituted of cells and ECM, a three-
dimensional extracellular network of structural proteins such as collagen, laminin,
fibronectin, and, elastin, proteoglycans, and enzymes!*. The ECM provides structural
support to cells, but also partakes in crucial biological pathways including tissue
morphogenesis, differentiation and homeostasis. During oncogenesis, some of these
processes and functions are disturbed, thereby facilitating tumor progression, growth,
cell migration, invasion and angiogenesis®’. The tumor ECM is characterized by an
altered deposition and rearrangement of structural proteins and soluble factors and
proteinases by the implicated cell types, favorizing extravasation and metastasis of
malignant cells>”1**. During cancer development, the specific configuration of the ECM is
continuously changed and can be targeted at different stages for non-invasive diagnosis,
risk stratification, targeted therapy selection and therapeutic response monitoring.

Collagen

Collagen is the main constituent of the ECM and provides structure and resiliency to
tissues. Up until now, twenty-eight different collagen subtypes have been described
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146 From these, collagen types 1, 3, 5, and 11A1 are mainly produced by fibroblasts,
whereas collagen type 4 is generally expressed by epithelial and endothelial cells'’.
Tumor-associated collagens have been shown to promote cell invasion, proliferation,
differentiation and apoptosis, as well as induce chemoresistance and affect drug delivery
to tumor cells by forming a physical barrier and changing the intratumoral pressure#14°,
Collagen imaging is most routinely performed using second-harmonic generation (also
called frequency doubling) and has been studied in many animal models®’. Collagen
deposition has been positively correlated with tumor stiffness. Using magnetic collagen
elastography, a non-invasive technique for the imaging of collagen, collagen deposition
and tumor stiffness could be quantified in meningioma patients, allowing preoperative
determination of time quantification of collagen deposition and tumor stiffness®*®. As
both factors estimate penetrability of tissue, it is hypothesized that quantification of
tumor stiffness may be an indicator of therapeutic efficacy of ECM-targeted drugs'*®*?,
Moreover, due to the multifactorial dependence, tumor stiffness may pose an overall
ECM-marker, reflecting its general composition®. Nevertheless, extensive preclinical
and clinical validation of these concepts is required. Additionally, near-infrared (NIR)
fluorescent collagen imaging was successfully performed in vivo using a collagen type IV
targeting antibody and a collagen mimetic peptide targeting (degrading) collagen®>2>4,
Also, a collagen type 1 targeting PET tracer, ®8Ga-CBP8, was recently translated for
human use in idiopathic pulmonary fibrosis patients, and showed increased uptake in
diseased versus healthy lungs®®.

As collagen depositions form interstitial stromal barriers preventing drug diffusion into
tumor tissue, pretreatment imaging of these depositions might provide guidance in
predicting therapeutic success of anti-cancer treatments®®. In addition to oncologic
diseases, collagen imaging would be relevant in a wide variety of collagen forming
diseases such as chronic kidney disease or pulmonary fibrosis.

Laminins

Laminins are ECM glycoproteins located mostly in the basement membrane and are
involved in various mechanisms, including cell attachment, migration, growth and
angiogenesis. During tumor development, laminins might be involved by inducing
proteolysis or upregulation of MMPs157,158. Despite their pivotal role in tumor
progression, in vivo imaging of laminins is still in its infancy80. Several tracers allowing
preclinical in vivo visualization of laminin expression or receptor activity have been
tested and showed uptake in tumors of diverse origins159—-163. Up until now, no clinical
translation of these has been described, and the role and clinical benefit of this is subject
of discussion.
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Fibronectin

Fibronectin (FN) is a multimer glycoprotein present in the ECM. It mediates various
cellular interactions, is involved in cell migration, adhesion, growth and differentiation,
andis crucial in early phase vertebrate development'*#1%*, Several isoforms of fibronectin
are found in tissue remodeling (e.g. wound healing, tumorigenesis, angiogenesis). FN
interacts with many cell surface integrins and ECM components, including the RGD
binding domain, frequently used for tumor imaging®®*. FN is known as a TGF-R target
gene, and in turn can stimulate protein expression such as N-cadherin, snail, SLUG,
vimentin and downregulation of E-cadherin. As FN expression is a marker of EMT, in
which epithelial markers are lost and mesenchymal markers become expressed, it may
be an alternative therapeutic and imaging target for drug-resistant tumors that lack
common epithelial markers, such as EGFR, VEGF, EpCAM and HER2®,

Several nuclear imaging tracers, such as ZD2-(68Ga-NOTA) and *24I-L19SIP/ **1|-L19SIP,
that target FN’s extracellular domain B (EDB) have been presented in preclinical and
clinical settings. These tracers consisted of either a radiolabeled monoclonal antibody or
peptide and showed tumor-specific uptake!®>1. Moreover, MRI contrast agents targeting
EDB or fibrin-fibronectin clots have been described and provided clear delineation of the
tumor ECM in animal models'®’. As fibronectin is overexpressed in a wide range of tumor
types, it may form a potential pan-carcinoma target for imaging.

Hyaluronan (hyaluronic acid)

Hyaluronan is a linear polysaccharide involved in many signaling pathways, and the
expression s frequently elevated during oncogenesis, leading to increased intratumoral
interstitial fluid pressure!®®. Hyaluronan is involved in cell adhesion, migration, and
angiogenesis, partly via its interaction with the tumor-associated protein CD44.

As imaging of endogenous hyaluronan has proved challenging due to non-specific
binding as a result of the high negative charge, exogenous hyaluronan is often used as a
tracer for targeting its receptors®’. Both fluorescence and magnetic resonance imaging
has successfully been performed using endogenously injected fluorescent or contrast
labelled hyaluronan in CD44 positive tumors'®®13, For instance, hyaluronan-derived
nanoparticles were loaded with NIR dye indocyanine green and provided excellent
tumor specificity in pancreatic cancer-bearing mice. As hyaluronan mimics the effects of
polyethylene-glycol (PEG), long tracer half-life and low toxicity were observed?’.

Other proteoglycans

Heparin sulfate proteoglycans, such as glypicans and syndecans are heavily involved in
integrin and growth factor signaling and regulation of Wnt and Hedgehog pathways,
respectively. Syndecan-1 was targeted using a NIR dye-conjugated monoclonal antibody
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for multispectral optoacoustic imaging (MSOT) and allowed high-contrast tumor imaging

in animal models'’*

. Moreover, several studies developed and evaluated tracers directed
against glypican-3, which has been established as a potent target for hepatocellular
carcinoma imaging. In all studies using labeled peptide- or antibody (fragment)-based
targeting moieties, tumors could be excellently delineated using PET, ultrasound,
fluorescence and MRI in a preclinical setting?>7°. As these proteoglycans are involved
in various clinically relevant pathways, successful clinical imaging of these could prove

to be very useful in clinical imaging.

MATRIX METALLOPROTEINASES

MMPs are a family of over 20 zinc-dependent endopeptidases, which fulfil crucial
roles in various biological processes including tissue remodeling, organ development,
regulation of inflammatory processes, and oncogenesis'®. Most MMPs are initially
expressed in an enzymatically inactive state and are subsequently activated by the
release/cleavage of the pro-domain. During oncogenesis, activated MMPs are involved
in tumor progression, invasion, and angiogenesis'®®. Being downstream effectors of
essential signaling pathways, such as EGF and VEGF cascades, they pose an attractable
therapeutic target'®L.

To visualize MMP distribution, several radiolabeled MMP inhibitors have been developed,
which, however, demonstrated low and non-specific tumor uptake'®* %, Using MMP
proteolytic activity rather than protein expression, radiolabeled MMP-2 and MMP-14
substrates have shown tumor-specificaccumulation in vivo**1718 Moreover, activatable
fluorescence imaging tracers specific for MMP-14, MMP-2, and MMP-7 showed clear
delineation of tumors of different origins*®**%°. Moreover, an MMP-1-specific ultrasound
tracer allowed evaluation of MMP-1 expression, subsequently providing precise tumor
delineation. Likewise, MMP-2 and MMP-7 activatable MRI contrast agents allowed
clear tumor localization%%2, Several MMP-targeting tracers that combine multiple
imaging applications were developed and evaluated in vivo. For instance, a MMP-2 and
MMP-9-cleavable peptide was developed for use as a NIR fluorescence and magnetic
resonance contrast agent, and showed tumor-specific enhancement!®. Alternatively,
cleavable radio- and fluorescence-labelled MMP-14 or MMP-7, -9, -12, -13 peptide
substrates, allowed bimodal PET and near-infrared fluorescence imaging of gliomas and
glioblastomas in animal models, respectively!**194,

Hyaluronidase

Hyaluronidase is an protein involved in hyaluronan hydrolysis, and is used as addition
to chemotherapy to improve drug delivery by remodeling of the ECM®>%¢, The activity
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of hyaluronidase was evaluated using MRI contrast agents conjugated to hyaluronan,
which show increased relaxivity after degradation®”¢, Of note, PEGylated recombinant
hyaluronidase PH20 (PEGPH20) has been co-administered with other therapeutic agents
to enhance their delivery by remodeling the peritumoral ECM. A study applying this
strategy to an imaging tracer reported a higher tumor-to-background ratio compared to
administration of tracer only®®.

Transglutaminase

Transglutaminases are enzymes that catalyze modification of proteins®®. By doing so,
these enzymes promote ECM stiffness and oncogenesis. Transglutaminase substrates
have been conjugated to magnetic resonance contrast agents and fluorescent dyes.
After enzymatic cleavage, these molecules attach to the ECM and were imaged in
xenografts?®2°2, So far, no clinical applications have been described yet.

Metabolic imaging and alternative imaging methods

Metabolic reprogramming is a distinct feature found in cancers. Tumor cells undergo
a metabolic adaption in which glycolysis, lactate and proton production are elevated,
referred to as the Warburg effect. In addition, the metabolism of amino acids and lipids
is altered, allowing tumor cells to maintain growth and viability. As metabolic changes
are present before anatomical differences are observed, metabolic changes can be
monitored to predict treatment response.

Glucose metabolism

Increased glycolysis by tumor cells forms the foundation of [*¥F]FDG PET/CT imaging,
which has become the standard-of-care imaging modality for many cancer types. This
tracer is widely used for instance in diagnosis, staging, detection of residual or recurrent
disease, treatment planning, prediction of prognosis and monitoring of therapeutic
efficacy. However, as high glucose-consuming organ and inflammatory foci also show
high uptake of ®F-FDG, detecting specificity may be reduced. Also, various organs are
known to have a physiologically high uptake of [*®F]FDG, including for example the brain,
kidneys and bladder. Additionally, heterogeneity in GLUT-1 expression, the main glucose
channel associated with [*®F]FDG uptake, across different cancer types might mitigate
the standard use of ®F-FDG as well. Several alternative or complementary tracers for
imaging glucose metabolism have been described. For instance, lactate production can
be imaged using hyperpolarized *C-pyruvate MRI?°*2%4 Moreover, 5-11C-(2S)-glutamine
and 8F-(2S,4R)4-fluoroglutamine may be used to monitor glutamine metabolism, which
is, after glucose, the second most abundant nutrient in men?®,

Choline-phospholipid metabolism
In cancer cells, the choline-phospholipid metabolism is dysregulated. Higher levels
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of phosphatidylcholine, the most abundant phospholipid in men, are more observed
in cancer tissue compared to normal tissue and this overexpression is associated
with malignant transformation, invasion and metastatic potential 2. Changes in
this metabolism are studied using 3P or H magnetic resonance spectroscopy or
spectroscopic imaging, or '!C-choline, *®F-fluoro-choline, ®F-fluoroethyl-choline and
18F-phosphorylfluoro-choline PET imaging (reviewed by Haberkorn et al.?°).

pH

Due to the secretion of acidic metabolites, a lower pH is observed in tumors compared
to normal tissues. The measurement of in- and extracellular pH has been extensively
investigated using MRS, MRSI, MRI, optical imaging, PA imaging or a combination of
methods ¥ (reviewed by Anemone et al.?*’). In addition to this, pH-sensitive dyes,
reporter genes, ratiometric PA imaging and EPR spectroscopy have been investigated .
pH-activated dyes may not only assist in detection of acidic areas, but may, once
conjugated to a tumor-specific targeting moiety, increase tumor-to-background (i.e.
tumor vs. non-tumor) contrast. For instance, a pH-activatable fluorescent dye was
conjugated to avP3 integrin-targeting peptide cRGD and allowed clear detection of
primary tumors and metastatic lesions in an orthotopic breast cancer mouse model?°,

FUTURE PERSPECTIVES

This chapter has given an overview over potential targets and mechanisms for the
imaging of various TME components. As the TME components frequently account for
more than 50% of the tumor volume, the therapeutic implications of its presence are
vast, and TME targeted therapies will be further developed in the near future to support
anti-cancer treatment. To predict and monitor the success of such therapies, imaging of
these component is crucial. In addition to non-invasive PET, SPECT, MRl and CT imaging
methods, intraoperative imaging methods such as NIRF and PA imaging will become
important to help guide surgeons during operations.

Due to the clinical interest in therapy response predicting techniques and the
acknowledgement of the importance of TME components influencing this response,
the interest in imaging TME components, such as immune cells, CAFs and macrophages
is expected to increase greatly. The synergistic use of TME targeted tracers for
therapy selection, tumor localization, response monitoring, radionuclide therapy and
intraoperative guidance holds great promise and will greatly influence and improve
current cancer therapy by providing stratification and prediction tools for therapeutic
success.
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ABSTRACT

Neoadjuvant systemic treatment is increasingly being integrated in the standard
treatment of pancreatic ductal adenocarcinoma (PDAC) patients to improve oncological
outcomes. Current available imaging techniques remain unreliable in assessing
response to therapies, as they cannot distinguish between (vital) tumor tissue and
therapy induced fibrosis (TIF). Consequently, resections with tumor positive margins and
subsequent early post-operative recurrences occur and patients eligible for potential
radical resection could be missed. To optimize patient selection and monitor results of
neoadjuvant treatment, PDAC-specific diagnostic and intraoperative molecular imaging
methods are required. This study aims to evaluate molecular imaging targets for PDAC
after neoadjuvant FOLFIRINOX treatment. Expression of integrin o B, carcinoembryonic
antigen cell adhesion molecule 5 (CEACAMS5), mesothelin, prostate-specific membrane
antigen (PSMA), urokinase-type plasminogen activator receptor, fibroblast activating
receptor, integrin a5 subunit and epidermal growth factor receptor was evaluated using
immunohistochemistry. Immunoreactivity was determined using the semiquantitative
H-score. Resection specimens from patients after neoadjuvant FOLFIRINOX treatment
containing PDAC (n=32), tumor associated pancreatitis (TAP) and TIF (n=15), normal
pancreas parenchyma (NPP) (n=32) and tumor positive (n=24) and negative (n=56) lymph
nodes were included. Integrin a 8., CEACAMS, mesothelin and PSMA stainings showed
significantly higher expression in PDAC compared to TAP and NPP. No expression of a B,
CEACAMS and mesothelin was observed in TIF. Integrin a B, and CEACAMS allow for
accurate metastatic lymph node detection. Targeting integrin a, B, CEA, mesothelin and
PSMA has the potential to distinguish vital PDAC from fibrotic tissue after neoadjuvant
FOLFIRINOX treatment. Integrin a B, and CEACAMS detect primary tumors and tumor
positive lymph nodes.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a devastating malignancy with a five year
survival rate of merely 7-9%*. This rate reflects the disease’s asymptomatic progression,
resulting in advanced-stage disease at the time of diagnosis for the vast majority of
patients. Surgical resection combined with systemic treatment offers the only chance
for cure. Unfortunately, only 15-25% of patients qualifies for resection??. Despite careful
patient selection and stratification by means of computed tomography (CT), magnetic
resonance imaging, and endoscopic retrograde cholangiopancreatography, resection
with positive tumor margins (R1) occurs in a substantial proportion of patients (up to
75%)%*>. Moreover, early recurrences (within six months) after pancreatic resection are
reported in 28% of patients, likely due to microscopic tumor deposits at the time of
surgery °. The clinical relevance of a microscopically radical (RO) resection is further
underlined by the two-fold increase in survival time after RO compared to R1 resection®®.

To improve patient survival and facilitate improved RO resection rates, neoadjuvant
chemotherapy is being implemented increasingly with results being evaluated in several
clinical trials, including the Dutch PREOPANC-1 (NTR3709) and PREOPANC-2 trials
(NTR7292). However, current imaging modalities struggle to distinguish between vital
tumor cells and tumor associated pancreatitis (TAP), therapy induced fibrosis (TIF) and
necrosis. As a consequence, 7-13% of pancreatic resections are currently performed for
benign conditions®, and a large number of patients (up to 92%) is deemed unresectable
after neoadjuvant FOLFIRINOX treatment based on conventional imaging have a RO
resection®,

With increasing use of potent neoadjuvant therapy, it is of great importance to
accurately monitor tumor response to therapy and evaluate surgical resectability after
neoadjuvant therapy in order to avoid futile surgical procedures. Both near-infrared
fluorescence (NIRF) and positron emission tomography — computed tomography (PET-
CT) imaging show promise in providing molecularly targeted imaging solutions to this
problem. NIRF imaging is a relatively novel technique that can be used during surgery
to discriminate malignant from benign tissue in real time!!, whereas tumor-specific PET-
CT may contribute to improved surgical planning, stratification and diagnosis as well
as therapy response monitoring after neoadjuvant treatment. Both modalities exploit
tumor-specific tracers (either labeled with a fluorescent protein or radioisotope),
targeting biomarkers abundantly present on tumor tissue and absent on (or minimally
expressed by) benign or inflamed tissue.

Previous research has shown that [*®*F]FDG-PET/CT is able to influence clinical decision
making, but unfortunately with a low specificity of 76% for the detection of PDAC™.
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To enable more specific tumor targeting, our previous immunohistochemical (IHC)
studies found both integrin a B, and carcinoembryonic antigen cell adhesion molecule 5
(CEACAMDS) to be suitable targets to identify PDAC, distinguishing tumor tissue from TAP
or normal pancreatic parenchyma, and also allowing sensitive and specific metastatic
lymph node detection'™'. Interestingly, after neoadjuvant chemotherapy, o,
expression remained unchanged in vital tumor cells, whereas CEACAMS5 expression was
reduced®. From previous research, we know that not only tumor cells are of influence
in cancer progression, the formation of metastases, and the varying response seen after
neoadjuvant treatment. Cells of the tumor microenvironment (e.g. cancer-associated
fibroblasts and immune cells) are of importance too, and could be considered for both
imaging and therapeutic purposes'>*®. In addition to CEACAMS5 and integrin a 8, the
overexpression of mesothelin?”2, prostate-specific membrane antigen (PSMA)*-2,
urokinase-type plasminogen activator receptor (UPAR)**?°3?, fibroblast activation protein
alpha (FAP)3*2* integrin subunit a5 (ITGA5)*® and epidermal growth factor receptor
(EGFR) has been described in PDAC tissue, suggesting their candidacy as imaging targets
for PDAC.

This study aims to evaluate the immunohistochemical expression of potential molecular
imaging targets integrin aVBEVCEACAI\/IS, mesothelin, PSMA, uPAR, FAP, ITGA5 and EGFR
for the identification of vital residual PDAC and metastatic lymph nodes after neoadjuvant
FOLFIRINOX treatment®31417-37,

METHODS

Patient and Material selection

Patients admitted to the Amsterdam UMC (location AMC) diagnosed with PDAC
and treated with neoadjuvant FOLFIRINOX treatment (consisting of folinic acid,
5’-fluorouracil, irinotecan, and oxaliplatin) were retrospectively included. After surgical
resection, representative formalin-fixed paraffin-embedded (FFPE) tissue blocks
containing tumor, normal pancreatic parenchyma, and TAP, as well as tumor positive and
negative lymph nodes, were selected and obtained from the Department of Pathology
(Amsterdam UMC, location AMC). Clinicopathologic characteristics were obtained from
medical records. The need for ethical approval and individual consent was waived by the
Institutional Medical Ethics Committee, and this study conducted in accordance with the
Declaration of Helsinki.

Immunohistochemistry

FFPE tissue sections at four um thickness were sliced and stained for integrin a 8,
CEACAMS5, mesothelin, PSMA, uPAR, FAP, ITGAS and EGFR. After deparaffinization in
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xylene and rehydration in a stepwise series of alcohol solutions, endogenous peroxidase
activity was blocked with 0.3% hydrogen peroxide in water for 20 minutes. Antigen
retrieval was performed as described in Supplementary Table 1. Following antigen
retrieval, slides stained for FAP were incubated for 10 minutes with Protein Block (Dako,
Glostrup, Denmark). All slides were incubated overnight at room temperature with
primary antibodies (Supplementary Table 1). Slides were washed in phosphate-buffered
saline (PBS) and incubated for 30 minutes at room temperature with an HRP-labelled
secondary antibody (anti-mouse, anti-rabbit (Envision, Dako, Glostrup, Denmark) or
anti-donkey (Invitrogen, Carlsbad, USA)). After being rinsed with PBS, immunoreactions
were visualized using DAB substrate buffer (Dako, Glostrup, Denmark) for ten minutes
and counterstained using Mayer’s hematoxylin for 30 seconds. After dehydration at
37°C, the slides were mounted with PERTEX® (Leica Microsystems, Wetzlar, Germany).

Evaluation of immunoreactivity

Evaluation of immunoreactivity was performed by two independent pathologists in
tandem (A.F.S. and J.V.) and was conducted using the semi-quantitative H-score3=°,
Consensus was reached for all patients. This score takes into account both staining
intensity and percentage of cells stained and is used by multiplying the staining intensity
(0, 1, 2, or 3) by the percentage of cells expressing the target at this intensity (0-100%),
resulting in a score ranging from 0 to 300. As a result, higher H-scores indicate more
intense staining in a higher percentage of cells.

To define the contrast that a molecular target provides in distinguishing PDAC from
normal pancreatic parenchyma or TAP, the Tumor to Normal Ratio (TNR) was established.
The TNR was calculated by dividing the Tumor H-score by the Normal H-score (average
H-score of normal pancreatic parenchyma and TAP. The H-score for Normal was defined
as 1 when no expression was seen in TAP or normal pancreatic parenchyma.

The lymph node detection potential was evaluated by calculating sensitivity, specificity,
positive predictive value (PPV), and negative predictive value (NPV) of selected
biomarkers to correctly identify tumor positive lymph nodes. Sensitivity was calculated
by dividing the true positive lymph nodes (TPLN) by the sum of TPLN and the false-
negative lymph nodes (FNLN). Specificity was calculated by dividing the true negative
lymph nodes (TNLN) by the sum of the TNLN and false-positive lymph nodes (FPLN). PPV
was calculated by dividing the TPLN by the sum of TPLN and FPLN. NPV was calculated
by dividing the TNLN by the sum of the TNLN and FNLN.

Statistical analysis

Statistical analysis was performed using SPSS version 25 (IBM SPSS, Inc., Chicago, USA)
and GraphPad Prism 8 (GraphPad Software, Inc., San Diego, USA). Continuous descriptive
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data respecting a Gaussian distribution were displayed as mean (standard deviation),
or median (interquartile range) when non-parametric. Categorical data were displayed
as frequencies and percentages. H-scores were compared using the Kruskal Wallis one
way ANOVA test with post hoc Bonferroni correction for multiple testing. Results were
considered significant when p<0.05.

RESULTS

Patient characteristics

FFPE tissue from resection specimens of 32 patients treated with neoadjuvant
FOLFIRINOX was included. Tissue containing primary tumor and normal pancreatic
parenchyma from 32 patients, tumor associated TAP from 16 of these patients, and
24 tumor-positive and 56 tumor-negative lymph nodes were included. Primary tumor
and normal pancreatic parenchyma tissue were stained for all eight biomarkers.
Tissue containing TAP and lymph nodes were stained only for the four best performing
biomarkers (a B,, CEACAMS, mesothelin and PSMA), as described in the section below.
Patient characteristics are summarized in Table 1.

TABLE 1. Patient characteristics

N =32
Age Mean (SD) 64.3 (8.8)
Sex Male 17 (53%)
Female 15 (47%)
Cycles of neoadjuvant FOLFIRINOX Median (IQR) 4.5 (2)
ypT 1 4(13%)
2 8 (25%)
3 17 (53%)
4 3 (9%)
ypN 0 12 (37%)
1 20 (63%)
ypM 0 31 (97%)
1 1(3%)
Differentiation Good 5(16%)
Moderate 16 (50%)
Poor 8 (25%)
Missing 3 (16%)
Tumor diameter (mm) Median (IQR) 30(23.3)
Total lymph nodes Median (IQR) 16 (8.8)
Tumor positive lymph nodes Median (IQR) 1.5(3)

Abbreviations: SD, standard deviation; IRQ, interquartile range; ypT, pathological tumor stage after neoadjuvant
therapy; ypN, pathological nodal stage after neoadjuvant therapy; ypM, pathological metastatic stage after
neoadjuvant therapy.
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Biomarker expression in primary tumor tissue

All biomarkers, except for ITGAS and FAP (both mean H-score of 0), were expressed by
either tumor- or stromal cells with a median and interquartile range (IQR) tumor H-score
of 270 (IQR 50) for avp6, 135 (IQR 168) for CEACAMS, 240 (IQR 67) for mesothelin, 60
(IQR 115) for PSMA, and 30 (IQR 50) for uPAR. Integrin a B,, CEACAMS, and mesothelin
demonstrated membrane-bound tumor cell expression. PSMA was expressed on the
endothelium of tumor-associated neovasculature. EGFR showed equal expression in
both tumor and normal pancreatic parenchyma. uPAR was expressed very weakly on a
low percentage of stromal cells (fibroblasts), but showed high expression by pancreatic
islets of Langerhans. Based on these results, uPAR, FAP, ITGAS, and EGFR were excluded
from further analyses. Expression patterns of integrin a B, CEACAMS, mesothelin
and PSMA are depicted in Figure 1. Expression patterns of the excluded biomarkers
UPAR, FAP, ITGA5 and EGFR are depicted in Supplementary Figure 1. Results from the
immunohistochemical stainings are summarized in Table 2.

Tumor-to-Normal Ratio (TNR)

Integrin a B,, CEACAMS, mesothelin, and PSMA all exhibited significantly higher H-scores
on PDAC tissue compared to normal pancreatic parenchyma and TAP (P<0.001), as
depicted in Figure 1 and 2. Further analysis of H-scores resulted in a TNR of 4.1 for
integrin a B,, 28.5 for CEACAMS, 25.5 for mesothelin and 99.4 for PSMA.

Biomarker expression in (therapy induced) fibrosis

Integrin avB6, CEACAMS and mesothelin showed no expression on (therapy induced)
fibrotic tissue. PSMA was expressed by neoangiogenic endothelium in close proximity
to cancer cells, however not by the cancer cells themselves. After neoadjuvant therapy,
capillaries are still present and express PSMA. It is, however, impossible to determine
whether these are neoangiogenic capillaries in a former tumor bed, or ‘normal’
capillaries that were never associated with cancer growth.

Lymph node detection potential

Examples of IHC stainings of tumor positive lymph nodes are depicted in Figure 3. IHC
staining identified 24 true positive (TP) and 56 true negative (TN) lymph nodes when
staining for integrin a B,, 20 TP and 60 TN lymph nodes for CEACAM5, 16 TP and 63 TN
lymph nodes for mesothelin and 15 TP and 24 TN lymph nodes for PSMA. This resulted
in a sensitivity and specificity of 100% and 100% for integrin a B,, 83% and 100% for
CEACAMS5, 67% and 100% for mesothelin and 65% and 32% for PSMA, respectively, as
summarized in Table 3. PSMA staining was only expressed by lymph nodes germinal
centers, not by metastatic tumor ducts. An overview of IHC analysis results is provided
in Table 3.

MOLECULAR TARGETS FOR PDAC AFTER FOLFIRINOX | 79




Norma Pancreatitis PDAC TABLE 2. Overview of investigated molecular targets
il ; e Target Previous research  TNR Sensitivity lymph  Specificity lymph Other structures
2 node metastases node metastases expressing target
o B, 13,14,47,50 4.1 100 100 Duodenum, normal
pancreatic parenchyma
HE i CEACAMS5 13,14,36,51,52 28.5 83 100
Mesothelin 17-23 25.5 67 100 Mesothelium
PSMA 24-28 99.4 65 32 Duodenum, germ
centers in lymph nodes
EGFR 13,37,53 N/A N/A N/A Duodenum, normal
pancreatic parenchyma
uPAR 13,29-31 N/A N/A N/A Pancreatic islets,
neuroendocrine cells,
duodenum
avp6 FAP 32-34 N/A N/A N/A Nerve, muscle,
lymphocytes
ITGA5 35 N/A N/A N/A Endothelium,

duodenum, islet-
progenitor acinar cells

Abbreviations: TNR, Tumor to Normal ratio (as described in methods); a 8, integrin a B,; CEACAMS, carcinoembryonic
antigen cell adhesion molecule 5; PSMA, prostate-specific membrane antigen; EGFR, epidermal growth factor
receptor; uPAR, urokinase-type plasminogen activator receptor; FAP, fibroblast activating protein; ITGAS, integrin o

CEACAMS
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FIGURE 2. H-scores of selected molecular targets
PSMA Representative diagrams of H-scores of integrin a f,, CEACAMS, mesothelin and PSMA on tumor

(PDAC), normal and tumor induced pancreatitis. H-scores were determined as described in Material
and Methods. Abbreviations: CEACAMS, carcinoembryonic antigen cell adhesion molecule 5; PSMA,
prostate-specific membrane antigen.

FIGURE 1. Overview of immunohistochemical staining
Representative images of HE (A-C), integrin a 8, (D-F), CEACAMS (G-1), mesothelin (J-L) and PSMA (M-0)
expression on normal pancreatic parenchyma, tumor induced pancreatitis and PDAC. All images are at
5x magnification, zoom images in C, F, I, L and O at 40x magnification. Abbreviations: HE, hematoxylin
eosin; a B, integrin o B,; CEACAMS, carcinoembryonic antigen cell adhesion molecule 5; MSLN,
mesothelin; PSMA, prostate-specific membrane antigen.
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FIGURE 3. Overview of immunohistochemical stainings on a tumor positive lymph node
Representative images of a metastatic lymph node stained for HE (A), integrin a 8 (B), CEACAMS (C),
mesothelin (D) and PSMA (E). All images are at 2x magnification, zoom images at 10x magnification.
Abbreviations: CEACAMS, carcinoembryonic antigen cell adhesion molecule 5; PSMA, prostate-specific
membrane antigen.

TABLE 3. Overview of lymph node detection potential of o 8., CEACAMS5, mesothelin, and PSMA

Sensitivity Specificity PPV NPV
apB, 100 100 100 100
CEACAMS5 83 100 100 94
Mesothelin 67 100 100 89
PSMA 65 32 33 75

Abbreviations: PPV, positive predictive value; negative predictive value; CEACAMS, carcinoembryonic antigen cell
adhesion molecule 5; PSMA, prostate-specific membrane antigen.

DISCUSSION

Our results show significantly higher expression of integrin a B, CEACAMS5, mesothelin,
and PSMA in PDAC tissue after neoadjuvant therapy as compared to both TAP and normal
pancreatic parenchyma. No expression of integrin a B,, CEACAMS5 and mesothelin was
observed in fibrotic tissue, indicating these are potentially suitable targets for vital
cancer cell identification after neoadjuvant therapy. In contrast to integrin a 8, and
CEACAMS5, which are also highly sensitive and specific in detecting metastatic lymph
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nodes, mesothelin and PSMA seem less suitable for this second application.

In line with our previous results, a significant difference in expression of integrin o B,
was seen between PDAC tissue and both TAP and normal pancreatic parenchyma.
However, in comparison to the other evaluated markers, a low Tumor to Normal Ratio
was found due to moderate expression of a B, on normal pancreatic ducts'“. Moreover,
we have previously described integrin a . expression after neoadjuvant therapy in
PDAC as being twice as high in comparison to normal pancreatic parenchyma and four
times higher in PDAC compared to TAP*. Results from the present study are similar,
demonstrating integrin a B, expression in PDAC to be almost three times higher
compared to normal pancreatic parenchyma and 7.5 times higher compared to TAP.
Before neoadjuvant treatment, CEACAMS5 expression was absent in both normal and
inflamed pancreatic parenchyma. Interestingly, our previous study described absence
of CEACAMS expression in 2/6 PDAC samples after neoadjuvant treatment®*. Lack of
CEACAMS expression was seen in only 1/6 patient in this study. Two possible reasons for
the reduced expression observed by Tummers et al. are tumor heterogeneity, in which
CEACAMS expression is selectively diminished by therapy in a subset of tumor cells, or a
selective effect of therapy on the cell genome resulting in clonal evolution#49-42,

Although absolute PSMA expression was lower compared to other molecular targets,
specificity for staining tumor associated vessels as well as the contrast seen between
normal pancreatic parenchyma and TAP was high (TNR = 99.4). Considering the high
sensitivity of both PET and fluorescence imaging (PET 10! to 10*> M, NIRF 10° to 10°
2 M)%, the lower absolute expression might not pose a problem. However, considering
the nature of targeting, i.e. neoangiogenic endothelial cells, the lack of expression in
metastatic lymph nodes would be a limiting factor for PSMA-based targeting. A possible
explanation for the absence of PSMA expression in lymph node metastases might lie in
the biology of this receptor or lower density of neoangiogenic vessels. PSMA is a type
Il transmembrane protein upregulated in the neoangiogenesis pathway of solid tumors.
Previous clinical and preclinical evidence suggest this pathway is highly activated in primary
tumors, however metastatic lymph node development might rely on other pathways.
This is demonstrated by the failure of antiangiogenic therapies to completely diminish
(lymph node) metastases***. Previous research shows sprouting angiogenesis is mostly
involved in primary tumor angiogenesis, whereas mechanisms such as vessel co-option
and intussusception have been implicated in the growth of various cancer metastases, and
are possibly also more relevant in lymph node metastases development®.

As reported by most studies investigating epithelial targets, the exact influence of patchy

growth patterns on tracer accumulation and imaging results is uncertain. Although first
results from tumor-specific pancreatic carcinoma PET-CT research look promising?’,
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future clinical trials will have to provide more insight as to whether heterogenic tracer
distribution throughout a larger tumor volume will provide sufficient imaging contrast.
The high expression of integrin a B,, CAECAMS, mesothelin, and PSMA, might suggest
a functional role of these proteins in the development of PDAC, through for example
the B-catenin/wnt signaling pathway, as recently described by Argentiero et al.*®. In
line with that, it could be speculated that by suppression of chemokine production by
signalling of the previously mentioned proteins, T-cell infiltration can be halted and
tumor progression is supported.

Depending on the purpose of imaging, optimal target selection can vary. Integrin a B,
and CEA might provide the most versatile imaging targets, offering both primary tumor
detection as well as sensitive and specific lymph node imaging. Mesothelin and PSMA,
however, are equally suitable for primary detection but lack accuracy in detecting
metastatic lymph nodes. Results from previous work from our group demonstrate the
feasibility of CEA-targeted imaging in pancreatic cancer patients. Results show tumor
specific tracer accumulation and identified previously unseen tumor nodules®. The
present study shows that FAP, ITGA5 and EGFR are unsuitable targets for molecular
imaging of PDAC as FAP and ITGAS expression was minimal and EGFR was equally
expressed by PDAC and normal pancreatic parenchyma. However, a recent study using
a FAP targeted PET radioligand, [°®Ga]-FAPI, was able to detect 51/51 PDAC lesions
(mean SUVmax of ~10)%*, EGFR targeting cetuximab-IRDye800 was able to detect 7/7
pancreatic lesions using NIRF imaging®’, and a recent IHC study described strong ITGAS
expression in the tumor stroma of 66% out of 137 primary PDAC samples (without
neoadjuvant treatment)®. These results put the limited translational value of IHC studies
in predicting clinical imaging results into perspective, and demonstrate that more than
just receptor expression is involved in reaching successful tracer uptake in tumor tissue.
Future animal studies will have to provide more information on the success of targeting
these biomarkers for imaging.

Possible limitations of this study include a relatively small sample size, semi-quantitative
analysis of IHC results and the lack of knowledge regarding biomarker expression in
these patients before neoadjuvant therapy. Direct comparison before and after therapy
was unfortunately not possible, as no pre-operative tissue was available. Nonetheless,
due to previous work within our group and the fact that only targets with known
overexpression were investigated in a substantial number of patients, we feel confident
that expression levels in these tumors represent the general population and provide
clinically relevant information.

In conclusion, integrin OLVBG, CEACAMS5, mesothelin, and PSMA are potential suitable
targets for both pre-operative as well as intraoperative molecular imaging before and
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after neoadjuvant FOLFIRINOX treatment, as will have to be confirmed by future clinical
imaging studies. Using PET-CT, NIRF, or other molecular imaging modalities, both integrin
a B, and CEACAMS show most promise as molecular targets for the imaging of PDAC and
metastatic lymph nodes, as is currently being further investigated in the PANSCAN trial
and other clinical studies®.
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SUPPLEMENTARY Tumor

SUPPLEMENTARY TABLE 1. Monoclonal Antibody Selection and Immunohistochemical Protocol.

Antibody Clone Host/isotype Used Antigen retrieval Vendor
number concentration HE
aB, 6.2A1 Mouse 0.5 pg/ml 0.125% and 0.4% Biogen Idec MA Inc.,
pepsin at 37°C Cambridge, USA.
CEACAMS5  CI-P83-1 Mouse 0.2 pug/ml Citrate buffer 95°C*  Santa Cruz Biotechnology,
Inc., Dallas, USA
EGFR E30 Mouse 2.86 pg/ml 0.4% pepsin and 1IN Dako, Glostrup, Denmark
HCl at 95°C
uPAR ATN-617 Mouse 1.2 pg/ml Citrate buffer 95°C*  Kindly provided by prof.
Andrew P. Mazar
FAP AF3715 Donkey 2 ug/ml Tris-EDTA buffer (pH Invitrogen, Carlsbad, USA uPAR
9.0) at 95°C
ITGAS HPA002642 Rabbit 0.2 ug/ml Citrate buffer 95°C*  Atlas Antibodies, Bromma,
Sweden
PSMA 3E6 Mouse 1.64 pug/L Tris-EDTA buffer (pH Dako, Glostrup, Denmark
9.0) at 95°C
Mesothelin  MN-1 Mouse 0.67 ug/ml Tris-EDTA buffer (pH Rockland Immunochemicals,
9.0) at 95°C Inc., Limerick, UK
Abbreviations: CEACAMS5, carcinoembryonic antigen cell adhesion molecule 5; EGFR, epidermal growth factor
receptor; uPAR, urokinase-type plasminogen activator receptor; FAP, fibroblast activating receptor; ITGAS, integrin FAP

a5; PSMA, prostate-specific membrane antigen.
*In PT-Link module (Agilent, Santa Clara, USA).

ITGA5

Sas N N ; ¢
SUPPLEMENTAL FIGURE 1. Overview of immunohistochemical staining of EGFR, uPAR, FAP and ITGA5.
Representative images of HE, EGFR, uPAR, FAP and ITGFA expression on normal pancreatic parenchyma
and PDAC. All images are at 10x magnification. Abbreviations: HE, hematoxylin eosin; EGFR, epidermal
growth factor receptor; uPAR, urokinase-type plasminogen activator receptor; FAP, fibroblast activating
protein alpha; ITGAS, integrin subtype a5.
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ABSTRACT

Current imaging modalities frequently misjudge disease stage in colorectal, gastric and
pancreatic cancer. As treatment decisions are dependent on disease stage, incorrect
staging has serious consequences. Previous preclinical research and case reports
indicate that prostate-specific membrane antigen (PSMA) targeted PET/CT imaging
might provide a solution to some of these challenges. This prospective clinical study aims
to assess the feasibility of [*®F]DCFPyL PET/CT imaging to target and visualize primary
colon, gastric and pancreatic cancer. In this prospective clinical trial, patients with colon,
gastric and pancreatic cancer were included and underwent both [**F]DCFPyL and [*¢F]
FDG PET/CT scans prior to surgical resection or (for gastric cancer) neoadjuvant therapy.
Semiquantitative analysis of immunohistochemical PSMA staining was performed on
the surgical resection specimens, and results were correlated to imaging parameters.
Results of this study demonstrate detection of the primary tumor by [*®F]DCFPyL
PET/CT in 7 out of 10 patients with colon, gastric and pancreatic cancer, with a mean
tumor-to-bloodpool ratio (TBR) of 3.3 and mean SUV__ of 3.6. However, due to high
surrounding uptake visual distinction of these tumours was difficult, and the SUV_
and TBR on [*®F]FDG PET/CT were significantly higher than on [*®F]DCFPyL PET/CT. In
addition, no correlation between PSMA expression in the resection specimen and SUV__
on [*¥F]DCFPyL PET/CT was found. In conclusion, the detection of several gastrointestinal
cancers using [*®F]DCFPyL PET/CT is feasible. However, low tumor expression and high
uptake physiologically in organs/background hamper clear distinction of the tumor. As a
result, [*®F]FDG PET/CT was superior in detecting colon, gastric and pancreatic cancers.
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INTRODUCTION

Gastrointestinal cancers are among the most prevalent cancers worldwide, with
colorectal cancer being the third, gastric cancer fifth and pancreatic cancer twelfth most
common type of cancer, respectively!. Currently, the diagnostic workup of suspected
gastrointestinal tumors includes a combination of endoscopy, computed tomography
(CT), magnetic resonance imaging (MRI), [*¥F]FDG positron emission tomography
— computed tomography (PET/CT), ultrasound and even diagnostic laparoscopy,
depending on the tumor type. Curative treatment for all three cancers still consists of
surgical resection of the primary tumor and, if indicated, chemo(radio)therapy?.

Although these imaging modalities are frequently used in the clinic, they lack sensitivity
or specificity in specific diagnostic entities, leading to over- or undertreatment. In colon
cancer, for example, imaging modalities (e.g. CT) are currently insufficient in determining
nodal stage. As a result, early colorectal cancers with low risk for lymph node metastases
(10-15%), might currently undergo unnecessary oncologic bowel resection, while in the
majority of these patients (85-90%) local treatment would suffice. In gastric cancer,
the sensitivity of CT to detect distant and peritoneal metastasis is 14-65% and 22-33%,
respectively®*®. Recent results from the PLASTIC trial indicated a high detection rate for
the primary tumor of 79%, however, found limited additional value of [**F]FDG PET/CT
in gastric cancer staging °. Especially for signet cell, mucinous and poorly differentiated
gastric carcinomas [*®F]FDG PET/CT is difficult, as they tend to be less metabolically
active’. Even more complicating is the physiological uptake of [*®F]FDG in the stomach
wall, frequently masking the primary tumor. This results in an underestimation of the
tumor stage from which incorrect treatment choices are made. Finally, in pancreatic
cancer, as much as 13% of Whipple procedures are currently being performed for benign
disease®. Additionally, a high rate of early recurrence after resection is seen (28%)°,
indicating the presence of micro-metastases at the time of resection. Possibly, molecular
imaging such as PET/CT could provide information on tumor biology.

Prostate-specific membrane antigen (PSMA) targeted PET/CT imaging might provide a
solution to some of these challenges. PSMA is a metallopeptidase that is expressed by
prostate cells. Increased expression is found in prostate carcinoma, making it a well-
established target for molecular imaging. PSMA targeted PET/CT imaging has quickly
evolved in the past few years and is now being adopted into the standard-of-care in the
primary staging and follow-up of prostate cancer.

Recently, PSMA expression was also reported in other cancer types, including colorectal,

gastric and pancreatic cancer’®', PSMA expression is found on the endothelium
of newly formed vasculature, which is essential for nutrient supply in all cancers.
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By immunohistochemical analysis, approximately 85% of colorectal cancer, 66% of
gastric cancer and 84% of pancreatic cancer patients demonstrated expression of
PSMA in capillaries within the tumor bed, which can be selectively targeted by [*®F]
DCFPyL¥™!, |In addition, our group demonstrated sustained PSMA expression after
neoadjuvant treatment in pancreatic cancer using immunohistochemistry analysis®.
Three case reports in patients with synchronous prostate cancer and colorectal, gastric,
or pancreatic cancer suggested the feasibility of PSMA targeted PET/CT for detection
of the primary tumor and/or its metastases?®31>, Recently, a larger study including 19
pancreatic cancer patients demonstrated positive uptake in 18 of these, and allowed
for the distinction of malignant from benign pancreatic lesions, with a sensitivity and
specificity of 84.2% and 90.5%, respectively®®. Aside from being a target for molecular
imaging, PSMA could also serve as a target for theranostics? ([Y’Lu]Lu-PSMA, [?**Ac]
Ac-PSMA).

As a first step towards clinical use of PSMA targeted imaging in non-prostate cancer, this
feasibility study aimed to assess the feasibility of [*F]DCFPyL PET/CT imaging to target
and visualize primary colon, gastric and pancreatic cancer.

MATERIALS AND METHODS

Patient population

This is a bi-center, non-randomized prospective clinical trial. Patients admitted to the
Leiden University Medical Center (Leiden, The Netherlands) and Haaglanden Medical
Centrum (HMC, The Hague, The Netherlands), and diagnosed with (histologically proven)
T3-4N0-2MO0-1 colon, T3-4N0-2MO0-1 gastric, or pancreatic cancer were included. No
sample size calculation was possible due to the exploratory nature of this study. Gastric
cancer patients received neoadjuvant therapy before surgery, consisting of 4 courses
of fluorouracil, leucovorin, oxaliplatin and docetaxel. The other patients (colon and
pancreatic cancer) underwent surgery without prior therapy. Clinical and pathological
data were obtained from medical records. No follow-up was performed. The study was
conducted in concordance with the Declaration of Helsinki, and the laws and regulations
of the Netherlands. The study was approved by a certified medical ethics review board
(Leiden Den Haag Delft) and the local review board of the HMC. All subjects provided
written informed consent prior to any study-related activities. The study was registered
in the Netherlands Trial Register (NL-8919). The goal was to include 30 patients. An
early stopping rule was implemented in case interim analyses after 10 patients showed
lower tumor accumulation on [*F]DCFPyL PET/CT than on [*®F]FDG PET/CT (significant

difference in average SUV__ [*®F]FDG and [*®F]DCFPyL).

max
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Data acquisition and image reconstruction

As part of this trial, patients underwent both [*F]DCFPyL and [**F]FDG PET/CT prior to
surgery (colon and pancreatic cancer patients) or start of neoadjuvant therapy (gastric
cancer patients). There were > 24 hours between scans. [*¥F]DCFPyL was chosen due to
its favorable renal clearance. All PET/CT scans were acquired on a Vereos digital PET/
CT scanner (Philips Healthcare, Best, The Netherlands), except one single [**F]DCFPyL
PET/CT scan that was acquired on a GE Discovery M| 5-Ring digital PET/CT scanner (GE,
Boston, MA, USA) (the other scan from this patient was acquired on the Vereos scanner).
Both PET systems are EARL accredited. Patients underwent a low-dose CT scan (120 kV,
35 mAeﬁ) for attenuation correction purposes prior to the PET scan. Patients received
an average dose of 198.9 + 38.4 MBq [*®F]DCFPyL and were scanned after an average
of 120.8 + 5.7 min post-injection®®®, [*¥F]FDG was dosed using the quadratic formula
with a factor of 379 MBg-min-bed'-kg™, resulting in an average dose of 155.8 + 93.5
MBq [*F]FDG and patients were scanned 63.4 + 10.6 min post-injection. Before [*®F]
FDG PET/CT, patients fasted for 6 hours and were prehydrated with 1L of water. A blood
glucose threshold of <11.0 mmol/L was set for patients undergoing [*®F]FDG PET/CT. For
both scans, a PET scan of the abdomen was performed in case of colon or pancreatic
cancer, and a PET scan of the abdomen to skull base was performed in case of gastric
cancer. As detection of distant metastases or staging was not the primary aim of this
study, only partial body scans were performed to minimize radiation exposure. All scans
were acquired for a duration of 5 min per bed position. [*¥F]DCFPyL and [**F]FDG PET/CT
images were reconstructed in accordance with EANM guidelines for tumor [*®F]FDG PET
imaging version 2.0 with 4mm?3 voxel size?.

Quantitative image analysis
PET/CT analysis was performed by two experienced, board-certified nuclear medicine
physicians (L.G., L.H.) using Sectra IDS7 software (version 21.2; Sectra AB, Linkodping,
Sweden). The volumes of interest (VOI) were delineated using LIFEx (version 6.30;
Inserm, Orsay, France)?!. Various lesional body-weighted standardized uptake values
(SUV), i.e. maximum (SUV__), minimum (SUV ), mean (SUV__ ) and peak (SUVpeak),
as well as volumetric parameters tumor volume (TVDCFPvL for [*8F]DCFPyL or MTV for
[*®F]FDG) and total lesion uptake (TLDCFPYL for [*®F]DCFPyL or TLG for [*®F]FDG), defined
as SUV__x tumor volume), were extracted for all patients from both scans??. TV

DCFPyL’
TLDCFPyL, MTV and TLG were determined with an isocontour set at 45% of the maximu:n
uptake for [**F]DCFPyL PET/CT scans 2> and 50% of the maximum uptake for [**F]FDG
PET/CT scans®. Uptake on both PET/CTs was considered positive when the SUV__ >2.5.
Tumors were considered detectable on PET/CT imaging when a tumor-to-blood pool
ratio (TBR) > 2 was observed. The blood pool was delineated using a 3x3 pixel region of
interest (ROI) in the descending aorta (the ascending aorta was not in the field of view in

colon or pancreatic cancer patients) on 5 consecutive slices of the CT scan, yielding the
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blood pool activity used for the calculation of TBR?®. TBR was determined by dividing the
SUV_,, of the tumor by the SUV__, of the aortic blood pool.

Immunohistochemistry

PSMA expression in the resection specimens (after neoadjuvant therapy in gastric
cancer) was visualized using immunohistochemistry on formalin-fixed paraffin-
embedded tumor tissue sections (4 um). Endoglin was used as the gold standard for
identifying activated endothelial cells?*. After deparaffinization in xylene and rehydration,
endogenous peroxidase activity was blocked with 0.3% H,0, (20 min). Antigen retrieval
was performed by boiling slides in Tris-EDTA buffer (pH 9.0) for PSMA and citrate buffer
(pH 6.0) for endoglin at 95°C (10 minutes), followed by overnight incubation with the
primary antibodies (mouse anti-PSMA (Dako, Clone 3E6, no. N1611, 1.64 ug/mL), or
goat anti-endoglin (R&D systems, BAF1097, 1.0 ug/mL)). Next, slides were incubated
for 30 min at room temperature with the secondary antibodies (anti-mouse, anti-goat
(Envision, Dako, Glostrup, Denmark)). Last, immunoreactions were visualized using
3,3’diaminobenzidine substrate buffer (Dako, Glostrup, Denmark) and counterstained
using hematoxylin. Placental tissue was used as a positive control for endoglin staining,
prostate cancer tissue was used as positive control for PSMA staining. Negative controls
were included in the experiments.

Evaluation of PSMA expression was performed by an experienced, board-certified
gastro-intestinal pathologist (S.C.) using the semi-quantitative H-score?=®. This results
in a score ranging from 0-300 and considers both staining intensity (0-3) as well as the
percentage (0-100%) of target cells stained. The endoglin staining was used as the gold
standard (100% staining) for neo-angiogenesis (pre-existing vasculature was excluded
from the analyses by visual identification). Higher scores indicate more PSMA expression.

Statistical analysis

Statistical analysis and figure editing were performed using SPSS (version 25; IBM SPSS,
Inc., Chicago, USA) and GraphPad Prism (version 8; GraphPad Software, Inc., San Diego,
USA). Due to the small sample size, all data are displayed as mean + standard deviation.
Imaging parameters of patients between [*®F]DCFPyL and [*®F]FDG PET/CT were
compared using the independent samples t-test. The correlation between [*®*F]DCFPyL
SUV__ and H-score was evaluated using a logistic regression analysis, and displayed as
the r? and concurrent p-value. A p-value <0.05 was considered significant.
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RESULTS

Ten patients were included in this clinical trial in the period from August 2020 until May
2021. After interim analysis of 10 patients, low [**F]DCFPyL SUV__ values in primary
tumors compared to surrounding organs were seen in all but one patient (in contrast
to high [**F]FDG SUV__ values), and the study was prematurely terminated. Six women
and four men were included, who were on average 65.3 + 11.9 years old. All patients
underwent both [*F]DCFPyL and [*®F]FDG PET/CT, except one (patient 5) that did not
undergo the [*¥F]FDG PET/CT as this was not part of standard-of-care diagnostics (cT2-3
gastric carcinoma). Of 10 included patients, four patients were diagnosed with colon
cancer, three with gastric cancer, and three with pancreatic cancer. Two patients had
a well-differentiated adenocarcinoma, three were scored as well/moderate, two as
moderate and three as poor. Patient characteristics are further depicted in Table 1.

Quantitative analysis of PET/CT scans

Of the 9 ['*F]FDG PET/CT scans, 100% demonstrated positive uptake (SUV__ >2.5) witha
mean SUV__ of 14.9 + 14.5; 25.4 + 17.0 for colon cancer, 6.1 + 2.4 for gastric cancer and
6.8 *+ 3.3 for pancreatic cancer. Of 10 [*®F]DCFPyL PET/CT scans, 6 (60%) demonstrated
positive expression with a mean SUV__ of 3.6 +2.5; 4.2 + 3.9 for colon cancer, 2.7 + 0.7
for gastric cancer and 3.6 + 1.4 for pancreatic cancer. Examples of colon, gastric and
pancreatic cancer scans are displayed in Figures 1, 2 and 3, respectively. The primary
tumor was detectable (TBR > 2) on 6 out of 9 (67%) [*®F]FDG PET/CT scans (3/4 colon, 1/2
gastric, 2/3 pancreatic tumors) and on 7 out of 10 (70%) [*¥F]DCFPyL PET/CT scans (3/4
colon, 1/3 gastric, 3/3 pancreatic tumors). The mean TBR on [*®F]FDG PET/CT was 13.0
+ 8.0 for colon cancer, 2.3 + 0.9 for gastric cancer and 3.2 + 1.6 for pancreatic cancer.

The mean TBR on [*®¥F]DCFPyL was 3.3 + 2.7 for colon cancer, 1.9 + 0.5 for gastric cancer
and 2.3 + 0.5 for pancreatic cancer. For all patients except one (patient 1), volumetric
PET/CT derived parameters could not be extracted due to the relatively low tumor
uptake of [**F]DCFPyL and high uptake in surrounding tissue. The SUV__ and TBR on
[*®F]FDG were significantly higher compared to [*®F]DCFPyL (p=0.028 and p=0.049,
respectively). Although the primary metastatic sites were included in the field of view of
the scans, no previously unknown lesions were found on [*®F]DCFPyL or [*®F]FDG PET/CT.
Figure 4 shows maximal intensity projections of both [*¥*F]FDG and [**F]DCFPyL PET/CT
scans, indicating much more intense uptake of [*¥F]FDG compared to [*®F]DCFPyL. In one
patient (patient 1) additional parameters could be extracted from both [*®*F]DCFPyL and
[*!F]FDG PET/CT. When comparing the [**F]DCFPyL to [*®F]FDG PET/CT for this patient,
the SUV__ was 9.9 versus 45.5, SUV___ 6.4 versus 28.4, SUV_ 4.5 versus 22.8, SUVpea
8.4 versus 41.0, TBR 7.3 versus 20.4, TVDCFPVL 13.6 cm?® versus MTV 59.4 cm?, and TL
87.6 versus TLG 1686.1, as displayed in Table 2.
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FIGURE 2. Overview of imaging modalities of a patient with cTAN1MO tubular gastric carcinoma
(patient 6). The arrows indicate (upper row) a lesion with light [**F]DCFPyL expression with a SUV__ of
2.5 and (bottom row) a lesion with [**F]FDG uptake with a SUV__ of 7.8. From left to right: low dose CT
(A and E), fused PET/CT (B and F), PET (C and G), and the maximal intensity projection (MIP, D and H).

Image scale SUV 0-5.

FIGURE 3. Overview of imaging modalities of a patient with pT2N2MO pancreatic ductal
adenocarcinoma (patient 10). The arrows indicate (upper row) a lesion with moderate to intense [*F]
DCFPyL expression with a SUV__ of 5.1 and (bottom row) a lesion with [**F]FDG uptake with a SUV__ of
10.1. From left to right: low dose CT (A and E), fused PET/CT (B and F), PET (C and G), and the maximal
intensity projection (MIP, D and H). Image scale SUV 0-5.
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FDG

FIGURE 4. Maximum Intensity Projection (MIP) PET images of all included patients. The arrows
indicate the location of the primary tumor. In the MIP PET images with an asterisk the primary tumor
was not visible. [**F]FDG PET/CT of patient 5 was not performed as this was not standard of care due to
his cT2-3 gastric tumor.
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FIGURE 5. Scatterplot of [**F]DCFPyL SUV__ values with associated H scores.
Abbreviations: SUV,__, maximal standardized uptake value.
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FIGURE 6. Overview of immunohistochemical stainings. This figure displays Haematoxylin and Eosin
(HE), endoglin and PSMA staining of, respectively, colon (A, B, C, H-score 120), gastric (D, E, F, H-score
150) and pancreatic cancer (G, H, |, H-score 0). As a positive control the PSMA staining was performed
on prostate cancer tissue (J, H-score 300). Overview images were made at 1-2x magnification, zoom
images at 10x magnification.
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DISCUSSION

Results from this study demonstrate the detection of the primary tumor by [**F]DCFPyL
PET/CT in 7 out of 10 patients (3/4 colon, 1/3 gastric, 3/3 pancreatic cancers), with a
mean TBR of 3.3 and mean SUV__ of 3.6. However, due to the low contrast and high
level of uptake of surrounding tissue, the visual distinction of these tumors was difficult,
and the SUV__and TBRon [**F]DCFPyL PET/CT were significantly lower compared to [**F]
FDG PET/CT. In addition, no correlation between PSMA expression in the tumor bed in
the resected specimen and SUV__ on [**F]DCFPyL PET/CT was found.

Previous literature has reported on PSMA targeted PET tracers to detect gastrointestinal
tumors. This includes incidental findings and studies with a large number of patients. In
four (suspected) prostate cancer patients, colorectal cancer was unexpectedly found, with
a SUV__ varying from 7.4 to 19.6"%. A second study, including metastatic colorectal
cancer patients, found a mean SUV__ in three patients for the primary tumor of 7.9 £ 2.5
(using [*Ga]Ga-PSMA-11)*. This was higher when compared to our found mean SUV__
of 4.2 + 3.9 in three colon cancer patients. As in our study, the SUV__ on [*®F]FDG PET/CT
was significantly higher than on PSMA PET/CT (23.7-43.7, n=2). Unfortunately, as these
patients did not undergo surgery, no correlation to PSMA expression in the resection
specimen was available. Most recently, a larger study by Krishnaraju et al. including 40
patients with pancreatic lesions was conducted (21 benign (wide variety of lesions) and
19 malignant)'®. The ®Ga-PSMA PET/CT was positive in 18 out of 19 pancreatic cancers,
and the median SUV__ of malignant lesions was significantly higher compared to benign
lesions (SUV__ 7.4 (IQR 4.5) versus 3.5 (IQR 1.6), p<0.001). The sensitivity and specificity of
visual assessment of ®8Ga-PSMA in detecting malignant pancreatic lesions were 94.7% and
90.5%, respectively. Using a quantitative SUV__ cut-off value of 4.8, ®*Ga-PSMA detected
malignant disease with a sensitivity of 84.2% and specificity of 90.5%). The study by
Krishnaraju et al. found a considerably higher PSMA uptake in pancreatic cancers compared
to our study (median SUV__ 7.4 versus median SUV__ of 3.3 in our study). Interestingly,
the study by Krishnaraju et al. also performed [*®F]FDG PET/CT in each patient, however,
the median SUV__ of both PET tracers were similar ([**F]FDG 7.6, ®*Ga-PSMA 7.4) and
SUV__ values of [**F]FDG PET/CT were comparable to our study (mean SUV__ [**FIFDG
6.8). The difference in PSMA uptake between these studies currently remains unexplained,
but could be influenced by the differences in pharmacokinetic properties and targeting
characteristics (e.g. affinity, binding site) between [*¥F]DCFPyL and ®Ga-PSMA?°2°, |n
addition, no proper pharmacokinetics studies with ®Ga-PSMA were performed as have
been performed for [*®F]DCFPyL (including arterial and venous sampling).

The relatively low uptake of [*®F]DCFPyL in this study is probably due to low PSMA
expression on the tumors. As is visualized in Figure 6, PSMA expression in the tumor
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bed of these cancers is significantly lower compared to prostate cancer. Although
endothelial expression of PSMA was visually intense, it was only seen in a low number
of angiogenic endothelial cells. However, IHC results for colon cancer for example were
in line with previous literature, as all four patients expressed PSMA at varying levels. The
physiological uptake of [*®F]DCFPyL in the target organs has previously been described
by Giesel et al., who found a median SUV__ of 2.95 in the pancreas, but did not find
any notable uptake in the stomach or colon (n=12)3%. [*¥F]DCFPyL is, however, the most
suitable tracer for the detection of gastrointestinal cancers due to its favorable renal
clearance, asits alternative, [**F]PSMA-1007, shows predominant hepatobiliary excretion
leading to an even higher background signal in both liver and intestines, which interferes
with potentially pathological tracer accumulation especially in these cancers®!. A reason
for the low uptake of [*®F]DCFPyL in patients with a high H-score could indicate the tracer
was not able to penetrate into the tumor core enough. In general, it might be possible
that higher grade tumors (such as included in the study by Cuda et al. 28) express higher
degrees of PSMA. In addition, it is unclear which effect neoadjuvant therapy in gastric
cancer patients could have had on the immunohistochemical staining of PSMA.

Possible limitations of this study include the limited sample size, which is due to the
premature termination of the trial. However, results from the included 10 patients
demonstrate a clear pattern of high background- and low tumor uptake, hampering
clear tumor identification. As these results appear to be valid for most patients, we
believe these results are representative of a larger population of the selected cancer
types and thereby provide relevant information. To the best of our knowledge, this is
one of the first prospective studies to include patients with gastrointestinal cancers
and perform both [*®F]DCFPyL as well as [*®F]FDG PET/CT, and provide correlation to
immunohistochemical expression of PSMA.

CONCLUSIONS

In conclusion, the detection of colon, gastric and pancreatic cancer using [*®F]DCFPyL
PET/CT imaging is feasible. However, low tumor uptake and high uptake in other organs
hamper clear distinction of tumor mass. In this study, [*®F]FDG PET/CT was found to
be superior in detecting colon, gastric and pancreatic cancers. These results do not
encourage further investigation into the application of [*®*F]DCFPyL PET/CT imaging in
these cancers. However, this may be different for other PSMA targeted tracers.
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ABSTRACT

Introduction

Local staging of rectal cancer is currently performed using multiparametric magnetic
resonance imaging (MRI). Unfortunately, the accuracy of MRl is not always sufficient to
determine disease stage. As a result, over- and undertreatment may occur, and chances
for organ preservation are being missed. This study aims to confirm the diagnostic
accuracy of MRl in (re)staging of rectal cancer and analyze the treatment consequences
of incorrect staging.

Methods

This is a multicenter, retrospective cohort study including rectal cancer patients
from four hospitals in The Netherlands. Data was acquired from the Dutch Cancer
Registry, and stratified based on received treatment: surgery without neoadjuvant
treatment, short course radiotherapy (SCRT), SCRT with a prolonged waiting period and
chemoradiotherapy (CRT).

Results

This study demonstrates a low sensitivity of MRI for determining T stage (47.5%) and
N stage (59.7%). As a result, 20.7-69.4% of patients received treatment that was not in
line with national guidelines. This included 16.7% of CRT patients who were not offered
the option of organ preservation, as their complete response was not detected on MRI.
Incorrect N staging was the predominant factor in incorrect staging.

Conclusion

This report adds to the evidence of MRI having a low sensitivity for both T and N stage
in rectal cancer patients. A trend was observed towards more overstaging in lower T
stages, understaging in higher T stages, and general overstaging for N stage. New imaging
techniques or algorithms for current imaging modalities should be explored to increase
the accuracy of staging and subsequent treatment in rectal cancer patients.
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INTRODUCTION

Primary local staging and restaging after neoadjuvant therapy of rectal cancer is currently
performed using multiparametric magnetic resonance imaging (MRI). This generally
includes T2-weighted, as well as diffusion-weighted scanning sequences. Computed
tomography (CT) is used to identify possible distant metastases. Based on several MR
and patient related features, one of the following treatment options is chosen for
patients with non-metastatic disease; upfront surgical resection, neoadjuvant short
course radiotherapy (SCRT) followed by surgery (with or without prolonged waiting
period), or neoadjuvant chemoradiotherapy (CRT) followed by surgical resection. These
MRI features include the TNM stage, involvement of the mesorectal fascia (MRF), and
the presence of extramural vascular invasion (EMVI), as described and advised by the
European Society of Gastrointestinal and Abdominal Radiology (ESGAR)®.

As with all imaging modalities, there are certain pitfalls inherent to MR imaging with
regard to (re)staging rectal cancer. Among these are the differentiation between EMVI
and desmoplastic reaction as well as the determination of small nodal involvement
(i.e. lymph node metastasis). In addition, determining the TNM stage accurately after
neoadjuvant therapy (due to the presence of therapy induced fibrosis, inflammation,
and edema) and follow up of patients with a clinical complete response (complete
regression of all tumor and lymph node tissue) remains challenging?3.

In the primary staging of rectal cancers using MRI, both over- and underestimation of
the tumor and nodal stage can have significant influence on the choice of treatment. A
recent analysis of data from the Dutch ColoRectal Audit reported overstaging by MRI
of pT1 tumors in 55%, and of pNO in 17% of patients*. As concluded from this data,
58% of pT1NO tumors were overstaged and might have missed the opportunity of local
treatment strategies. In addition to this, a report by Dahlbéack et al. found a sensitivity
and specificity of 69% and 77% respectively for differentiating T1-2 tumors from T3-4
on MRI°. Moreover, sensitivity for detecting N1-2 disease was only 42%. Likewise, it is
known that over- and understaging are common in restaging after neoadjuvant therapy.
A previous report demonstrated correct T staging by three radiologists (joint reading)
in only 47-68%, and correct N staging in 68-70%°. Other reports also described the
lack of correlation between the tumor regression grade (TRG) as determined on MRI
(mrTRG) and the histopathological regression grade (pTRG)’. In addition, Memon et
al., described an average accuracy of MRI for determining T stage after neoadjuvant
chemoradiotherapy of 52% (ranging from 34-82%)3.

With recent studies such as the RAPIDO study investigating novel treatment regimens for
neoadjuvant therapy resulting in even more downstaging and higher rates of complete
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response, the importance of accurate staging and restaging is emphasized®. This study
aims to confirm the diagnostic accuracy of MRl in (re)staging of rectal cancer patients
in our region and analyze the subsequent treatment consequences of incorrect staging
in these patients.

METHODS

Patients

This study is a Dutch multicenter, retrospective cohort study including rectal cancer
patients treated at Leiden University Medical Center, Leiden (LUMC), Haaglanden Medical
Center, The Hague (HMC), Groene Hart Hospital, Gouda (GHZ), and Alrijne Hospital,
Leiderdorp between 2014 and 2018. The data was acquired from the Netherlands Cancer
Registry (NCR or IKNL), the Dutch oncological quality institute which assembles data
from all cancer patients in the Netherlands. If available in the electronic patient file from
the originating hospital, missing data was added to the dataset manually. Afterwards,
patients were excluded for the following reasons: no restaging TNM stage was available,
type of neoadjuvant therapy was unknown, both clinical or pathological T and N stage
were missing, no surgery was performed (and thus no pathological TNM was available).
The study was conducted in concordance with the Declaration of Helsinki, and the laws
and regulations of the Netherlands. The study was approved by the certified medical
ethics review board (ethics committee Leiden, Den Haag, Delft) and the local review
boards of the participating centers.

Data handling

Patients were categorized into 4 groups based on their treatment according to the Dutch
Guideline for Colorectal Cancer (version update 2014)'°: 1. immediate surgery without
neoadjuvant treatment (cT1-2NO or ¢cT3NO <5mm EMVI + distance to MRF >1mm), 2.
SCRT followed by immediate surgical resection (cT1-3N1 or cT3NO with >5mm EMVI
+ distance to MRF >1mm), 3. SCRT followed by prolonged waiting period after which
restaging and surgical resection (SCRT+W) and 4. long-course neoadjuvant CRT followed
by surgical resection (cT4 or cT3 + distance tot MRF <1mm or cN2). The SCRT+W group
was defined by selecting patients who received SCRT after which a minimal waiting
period of 1 week (7 days) was followed by surgical resection. For the SCRT+W and CRT
group, a re-staging MRI had to be available. Both EMVI and MRF were not available in
the IKNL dataset and were thus not considered in the analyses. The pathological TNM
stage was used as golden standard for staging. To compare clinical staging (on MRI) with
the pathological staging after resection, in the immediate surgery and SCRT groups the
primary MRI was used, and in the SCRT+W and CRT groups the restaging MRI. As there
is a waiting period between restaging MRI and surgery in the SCRT+W and CRT groups,
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the comparison between TNM stage on MRI and pathological assessment in these
groups, can be hampered by further downstaging of the tumor and/or lymph nodes
in the waiting period (leading to overstaging of MRI in these groups). Because patients
who receive SCRT (without prolonged waiting) undergo surgery within a week after
radiotherapy, no downstaging of tumor and/or lymph nodes is expected in this group.
For these reasons, we investigated treatment accuracy and consequence of incorrect
staging in all groups, and accuracy of (re)staging on MRI only in the immediate surgery
and SCRT group (not in the SCRT+W and CRT group). Pathological tumor regression
grade (pTRG) was performed according to Mandard’s previous report!®.

Statistical analysis

Statistical analyses were performed using SPSS version 25 (IBM SPSS Inc., Chicago,
IL). Categorical variables were presented as frequencies and percentages, numerical
variables as mean and standard deviation or median and interquartile range (IQR) based
on the distribution. Differences in baseline characteristics between patients were tested
with Pearson’s Chi-Square test for categorical data and Kruskal-Wallis test for continuous
data after testing for normal distribution. For the immediate surgery and SCRT group,
primary staging based on MRI was compared to final pathological TNM stage by Chi-
square tests. In the group SCRT+W and CRT group, the re-evaluation MRI (yTNM) was
compared to the pathological TNM stage by Chi-square tests. Sensitivity of MRI was
defined as the percentage of correctly staged tumors according to pathological stage
for individual T and N stage. For all analyses, a p-value <0.05 was considered statistically
significant.

RESULTS

Data of 1046 patients was acquired from the IKNL (332 from LUMC, 318 from HMC,
63 from GHZ Hospital, 371 from Alrijne Hospital). From these, 766 patients met the
inclusion criteria and were included in further analyses. Of these 766 patients, 376
(49.1%) underwent immediate surgery, 138 (18.0%) SCRT, 58 (7.6%) SCRT+W, and 194
(25.3%) CRT Figure 1. Patient characteristics at baseline are summarized in Table 1. The
groups are not equal at baseline with regards to age, T and N stage. Since the treatment
of rectal cancer patients, in accordance with the Dutch guidelines, is determined by
TNM classification amongst others, the difference in T and N stage was expected. The
age difference might indicate that younger and more fit patients more frequently receive
strenuous CRT, whereas older (more frail) patients were offered SCRT+W to increase
their chance for organ sparing treatment. Results from the immediate surgery and SCRT
are discussed below.
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Patients with rectal Accuracy of MR imaging in T stage
cancer (N=1.046)

In the immediate surgery group the T stage of 48.4% of patients was staged correctly,
14.4% of patients was understaged and 26.1% was overstaged (11.1% unknown). In the

SCRT group, 58.0% of patients was staged correctly, 8.0% of patients was understaged,
Excluded (N=280) and 31.2% of patients was overstaged (2.8% unknown). The accuracy of MRI for T

No restaging after neoadjuvant
treatment (N=123)

staging is visualized in Figure 2A, cross tables of T and N stages of the 4 groups are

Type of neoadjuvant treatment visualized in Supplementary Table 1, percentages of over- and understaging per T stage
ki (N=25) . . .
‘Iljcor;(::i:testaging (N=51) are visualized in Table 2.
No surgery (N=72)
A - Received other (combination)
Study therapy (N=14) Accuracy of MR imaging in N stage
(;’:‘7"61; In the immediate surgery, the N stage was correctly identified in 65.2% of patients,
16.2% of patients was understaged and 6.4% was overstaged (12.2% unknown). In the
SCRT group, 35.5% of patients was staged correctly, 11.6% of patients was understaged,
l l l l and 50.7% of patients was overstaged (2.2% unknown). The accuracy of MRI for N
Immediate Rt SCRT+W staging is visualized in Figure 2B, cross tables of the T and N stages of the 4 groups are
oy (N-138) Pl CRT (N=194) visualized in Supplementary Table 1, percentages of over- and understaging per N stage

are visualized in Table 2.
FIGURE 1. Flowchart inclusion and exclusion criteria.

TABLE 1. Patient- and tumor characteristics at baseline in three treatment groups.

A B
Immediate  Short course Short course Neoadjuvant p-value
surgery radiotherapy with radiotherapy with chemoradiotherapy T stage N stage
immediate surgery  delayed surgery 10 1
Patients (n(%)) 376 (49.1) 138 (18.0) 58 (7.6) 194 (25.3) na " i
) ° - Unknown ° = Unknown
Age (median (IQR)) 68 (62-75) 66 (59-73) 74.5 (66-82) 64.5 (57-70) <0.001 g & mm Overstaging g 60 mm Overstaging
Gender (n(%)) 0.924 § = Correct staging § mm Correct staging
Male 248 (66.0) 87 (63.0) 39 (67.2) 127 (65.5) K “0 Understaging S “ Understaging
Female 128 (34.0)  51(37.0) 19 (32.8) 67 (34.5) 20 20
Clinical TNM stage
Immediate surgery SCRT Immediate surgery SCRT
Tumor (n(%)) <0.001
T1 55 (14.6) 3(2.2) 0(0.0) 0(0.0) FIGURE 2. Visualization of MRI accuracy in rectal cancer staging. Figure 2A represents accuracy of
i) 152 (40.4) 29 (21.0) 5(8.6) 10 (5.2) T staging, Figure 2B represents accuracy of N staging. In the immediate surgery and SCRT group, the
3 120 (31.9) 100 (72.5) 42(72.4) 129 (66.5) pathololgl'cal T and N stage are were compared to the prlmgry clinical diagnostic staging from MRI.
Abbreviations: T stage, tumor stage; SCRT, short course radiotherapy.
T4 10 (2.7) 2(1.4) 10 (17.3) 54 (27.8) Unknown: either clinical or pathological stage was missing.
Unknown 39 (10.4) 4(2.9) 1(1.7) 1(0.5)
Node (n(%)) <0.001
NO 331(88.0)  17(12.3) 13 (22.4) 32 (16.5)
N1 29(77) 114 (82.6) 33 (56.9) 57 (29.4) Clinical consequence of incorrect staging
N2 9(2.4) 4(2.9) 12 (20.7) 105 (54.1) For these analyses, only non-metastatic patients with complete clinical and pathological
Unknown 7(1.9) 3(2.2) 0(0.0) 0(0.0) data were included (n=629). To exclude patients who were not treated according to the
Metastasis (n(%)) 0.191 national guideline based on other factors than incorrect T or N stage on MRI (e.g. age,
MO 367(97.6)  136(98.6) 56(96.6) 184 (94.8) comorbidity), only patients who were treated correctly in accordance with the clinical
M1 9(2.4) 2 (1.4) 2(3.4) 10 (5.2)

TNM stage were included in this subanalysis (n=470). In addition, the SCRT+W and CRT

Abbreviations: IQR, interquartile range; n, number; na, not applicable.
Median age with Kruskal-Wallis and all others with chi-square test
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group were excluded because of the expected further downstaging in the waiting period
as mentioned before. Of 250 patients who underwent immediate surgery without
neoadjuvant treatment, 197 patients (78.8%) were correctly treated according to the
pathological TNM stage, 42 patients (16.8%) should have had SCRT and 11 patients
(4.4%) should have had CRT respectively, based on the guideline. In almost all patients
this was solely due to incorrect N staging (in 2 patients both iT and iN caused incorrect
staging and treatment allocation). Of the 109 patients in the SCRT group 34 (31.2%)
were treated correctly, 63 patients (57.8%) should have had immediate surgery, and 12
patients (11.0%) should have had CRT. This is shown in more detail in Supplementary
Table 1E. In all patients, this was due to incorrect N staging.

TABLE 2. Over- and understaging per T and N stage. Data is divided per treatment group and shows
the correctness of staging per T and N stage.

Pathological stage Patients (n) Understaged Correct Overstaged Unknown

Immediate resection

pTO 1 - 0 (0%) 1 (100%) 0
pT1 105 0 (0%) 45 (43%) 39 (37%) 21 (20%)
pT2 147 7 (5%) 78 (53%) 54 (37%) 8 (5%)
pT3 110 43 (39%) 55 (50%) 4 (4%) 8 (7%)
pT4 8 4 (50%) 4 (50%) - 0
Unknown 5
pNO 259 - 234 (90%) 22 (9%) 3(1%)
pN1 62 50 (81%) 8 (13%) 2 (3%) 2 (3%)
pN2 15 11 (73%) 3 (20%) - 1(7%)
Unknown 40
SCRT
pT1l 11 0 (0%) 3(27%) 8 (73%) 0 (0%)
pT2 49 0 (0%) 15 (31%) 33 (67%) 1(2%)
pT3 75 8 (11%) 62 (82%) 2 (3%) 3 (4%)
pT4 3 3 (100%) 0 (0%) 0 (0%) 0 (0%)
Unknown 4
pNO 86 - 14 (16%) 70 (82%) 2 (2%)
pN1 36 1(3%) 34 (94%) 0 (0%) 1(3%)
pN2 16 15 (94%) 1(6%) - 0 (0%)
SCRT+W
pTO 6 3 (50%) 3 (50%) 0 (0%)
pT1l 7 0 (0%) 0 (0%) 6 (86%) 1(14%)
pT2 16 3 (19%) 3 (19%) 9 (56%) 1 (6%)
pT3 25 8(32%) 13 (52%) 4 (16%) 0 (0%)
pT4 4 1(25%) 3 (75%) - 0 (0%)
pNO 36 - 27 (75%) 9 (25%) 0 (0%)
pN1 15 9 (60%) 5(33%) 1(7%) 0 (0%)
pN2 4 3 (75%) 1(25%) 0 (0%)
Unknown
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TABLE 2. Continued.

Pathological stage Patients (n) Understaged Correct Overstaged Unknown
CRT
pTO 44 - 8 (18%) 31 (71%) 5(11%)
pT1 14 1(7%) 0 (0%) 13 (93%) 0 (0%)
pT2 46 3 (7%) 16 (35%) 26 (56%) 1(2%)
pT3 76 10 (13%) 46 (61%) 19 (25%) 1(1%)
pT4 12 2 (17%) 10 (83%) 0 (0%)
Unknown 2
pNO 138 - 101 (73%) 35 (25%) 2 (2%)
pN1 45 12 (27%) 26 (58%) 6 (13%) 1(2%)
pN2 9 6 (67%) 3(33%) - 0 (0%)
Unknown 2

Abbreviations: SCRT, short course radiotherapy; SCRT+W, short course radiotherapy with prolonged waiting period
before surgery; CRT, chemoradiotherapy.

Identification of complete response

Forthisanalysis, only patients with known complete pathological and clinical Tand N stage
who were treated according to national treatment guidelines were included (n=470). In
total, 19 out of 114 (16.7%) patients who received CRT had a pathological complete
response (ypTONO) tumor at histopathological examination. Of these 19 patients with
a ypTONO tumor, 3 patients were also staged as clinical complete responders (yiTONO)
at the restaging MRI but underwent surgery anyway. The other ypTONO patients were
staged on MRI as yiTON1 (n=1), yiTINO (n=1), yiT2NO (n=2), yiT2N1 (n=1), yiT3NO (n=6),
yiT3N1 (n=1), yiT3N2 (n=2), yiT4NO (n=2). Of the 58 patients in the SCRT+W group, 4
had a ypTONO. Of these, only 1 was staged correctly on MRI. The others were yiTON1,
yiT3NO, and yiT3N2.

Including the 3 patients mentioned above, 5 patients who underwent CRT were restaged
on MRI as clinical complete responders (yiTONQ), but underwent surgery resection
anyway for which the reason is unknown. On histopathological examination, these
patients had an ypTONO tumor (n=3), ypTIN1 tumor (n=1), and an ypT2NO tumor (n=1).

DISCUSSION

Results from this retrospective regional study demonstrate a low sensitivity of MRI
for determining T stage (47.5%) and N stage (59.7%). As a result, a significant number
of patients received “incorrect” treatment due to over- or understaging (21.2-68.8%
depending on the treatment group). This included 19 out of 114 (16.7%) patients who
underwent CRT followed by futile surgical resection as the complete response to CRT
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insufficiently recognized on MRI. Sporadically missing a cCR is inevitable, however,
16.7% of cCRs missed is too frequent. In all cases this was due to incorrect N staging
(in two patients due to both T and N staging), as can be expected since the decision for
neoadjuvant treatment is most frequently based on N stage. This study is the first to
investigate what influence incorrect staging of rectal cancer has on treatment choice in
all rectal cancer stages except metastatic patients.

Sensitivity of MRI for determining T and N stage varies greatly between treatment
groups and T stages. In patients undergoing immediate surgery without prior
neoadjuvant treatment, previous reports and meta-analysis describe a sensitivity for
T and N stage of 53-87% and 28-77% respectively*'>*>. Compared to these results, we
found a lower sensitivity for T stage in this group (47.5%), but similar sensitivity for N
stage (59.7%). Lower sensitivity of MRI for T stage is generally found in patients after
neoadjuvant therapy. Various systematic reviews report a sensitivity for T-stage of 50-
52% and a sensitivity for N-stage of 62-76.5% in patients after neoadjuvant therapy®!'’.
Similar to the immediate surgery group, our results demonstrate lower sensitivity in the
CRT group for T stage (40.2%), but similar for N stage (67%). Our results show a trend
towards more overstaging in lower T stages, understaging in higher T stages, and general
overstaging for N stage. This seems to be in line with previous reports*®'*>, however
more understaging of N stage has been described. In addition, this trend holds true for
all treatment groups except SCRT, in which 67-79% of patients was overstaged in this
study depending on T stage.

In this study, 21.2% of patients in the immediate surgery group and 68.8% in the SCRT
group were not treated according to the guidelines due to incorrect MRI staging. In all
cases, this was mostly due to incorrect N staging. Moreover, 16.7% of patients in the
CRT group missed a chance at organ preservation due to an unrecognized pathological
complete response (pTONO). This data suggests that although sensitivity of MRI for
determining T stage is low, the found low sensitivity for N stage has most clinical impact
on treatment choice. As is known from previous reports, lymph node involvement is
common even in small nodes. Perez et al. previously demonstrated that 95% of lymph
node metastases were smaller than 5mm, and 50% was even smaller than 3mm?®®. This
could largely explain why MRI is inaccurate at N staging as size in combination with
various morphological features are considered when determining N stage. In addition
to this, pathological assessment of lymphnodes is also not always completely reliable,
and might depend on the amount of lymph nodes assessed. In current practice,
pathologists search for lymph nodes in the resected specimen, and as a results can
only determine the nodal stage based on these specific lymph nodes. No correlation
of suspect lymph nodes on MRI to these lymph nodes in the resected specimen is
performed, and tumor positive lymph nodes might be missed. Better correlation of
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these could aid in finding and sampling the right lymph nodes during pathological
assessment to improve pathological staging. Various other factors might improve the
accuracy of staging using MRI. As demonstrated by van der Paardt et al., the use of DW
imaging sequences, and double or joint reading leads to a significantly higher sensitivity
for determining T stage after neoadjuvant treatment®. In this study, double reading
was performed (second reading before multidisciplinary meeting), however quality
could be increased by selecting dedicated colorectal radiologists to increase their skilll
at rectal cancer MRI assessment (now frequently general abdominal radiologists in
the period of investigation). Overstaging in the SCRT and CRT group might be due to
the ongoing effect of neoadjuvant therapy after the restaging MRI. Interestingly, this
report also indicates that lower section thickness (<3mm vs >3mm), rectal distention,
and exclusively considering nodes >5mm as malignant did not result in increased
performance. In addition, Detering et al. suggest the use of double reading, addition
of endorectal ultrasound, and increased MRI field strength to increase sensitivity for T
staging®. Other factors such as investigating different criteria for nodal involvement or
the use of (lymph node specific) contrast agents might increase the senstivity of MRI for
N stage.

This study has various limitations. First, as data was retrieved from the Dutch Cancer
Registry, errors could have been made during data entry. However, as received data was
checked, missing data was added by a local researcher and patients were excluded in
case of missing data, the influence of this is deemed minimal. Second, no information
was available on the subcategory of both imaging and pathological T stage such as T3ab
or T3cd, the exact tumor location (i.e. proximal or distal), and the status of mesorectal
fascia involvement and EMVI. As the current guidelines consider these factors, these
could have influenced the actual choice of treatment and thus our results. However, we
tried to minimize this problem by only including patients that were in principal correctly
treated according to the available clinical TNM stage in the ‘clinical consequence
of incorrect staging’ analysis. In addition, all incorrect treatment based on over- or
understaging was due to incorrect N staging (not T stage), for which all information was
available (thus no influence of T subcategories).

In conclusion, this report adds to the evidence of MRI having a low sensitivity for both
T and N stage in rectal cancer patients. Both over and understaging is common in the
immediate surgery and SCRT group, but incorrect treatment decisions were almost
always based on incorrect N staging. New imaging techniques or algorithms for current
imaging modalities should be explored to increase the accuracy of staging (in general,
but mostly N stage as this has most clinical consequence) and subsequent treatment in
rectal cancer patients.
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SUPPLEMENTARY

SUPPLEMENTARY TABLE 1. Cross tables of tumor and lymph node staging.

resection pT iate resection PN
A T0 T1 T2 T3 T4 Unknown _Total F NO N1 N2 Unknown _Total
T T1 0 45 7 2 o 1 55 cN NO 234 50 8 39 331
T2 0 30 78 41 2 1 152 N1 18 8 3 0 29
T3 0 9 54 55 2 0 120 N2 4 2 3 o 9
T4 1 0 0 4 4 1 10 Unknown | 3 2 1 1 7
Unknown | 0 21 8 8 0 2 39 Total 259 62 15 40 376
Total 1 105 147 110 8 5 376
SCRT pT SCRT PN
B L L 14 Total G NO NI N2 Toml
cT T1 8 0 0 0 3
cN NO 14 1 2 17
2 M 15 8 0 2 N1 67 34 13 114
T3 2 33 62 3 100 N2 3 0 1 2
T4 0 ) 2 0 2
Unknown | 0 1 3 0 4 Unknown } 2 L S 2
Total 4 75 3 138 Total g %16 138
SCRT+W pN
C SCRT+W pT H NO N1 N2 Unknown Total
T0 T1 T2 T3 T4 Total cN NO 27 9 1 3 40
T T2 1 0 2 0 5 N1 8 5 2 0 15
T3 4 7 14 16 1 42 N2 1 1 1 0 3
T4 0 0 ) 7 3 10 Total 36 15 4 3 58
Unknown | 1 0 0 0 1
Total 6 7 16 25 4 58
CRT PN
D CRT pT | NO N1 N2 Unknown Total
T0 T1 T2 T3 T4 Unknown _Total cN NO 101 12 3 2 118
T T2 3 2 B 2 [ 0 10 N1 22 26 3 0 51
T3 31 10 34 49 3 2 129 N2 13 6 3 ] 22
T4 10 2 8 25 9 0 54 Unknown | 2 1 0 0 3
Unknown | 0 0 1 0 0 0 1 Total 138 45 9 2 194
Total 44 14 46 76 12 2 194
E Treatment choice Based on pathological stage
Immediate SCRT CRT Total
surgery
Basedon Immediate 197 42 1 250
clinical surgery
stage SCRT 63 34 12 109
Total 260 76 23 359

Abbreviations: pT, pathological tumor stage; cT clinical tumor stage; SCRT, short course radiotherapy; SCRT+W, short
course radiotherapy with prolonged waiting period; CRT, chemoradiotherapy.
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INTRODUCTION

With an incidence of 1.8 million and nearly 900 thousand deaths in 2018, colorectal
cancer has the third highest cancer incidence, and ranks second amongst common
causes of cancer death worldwide®. As (neo)adjuvant treatment regimens have been
adopted into treatment guidelines for both colon and rectal cancer (neoadjuvant short
course radiotherapy and long course chemoradiotherapy for rectal cancer, adjuvant
chemotherapy for colon cancer), treatment response monitoring has become of evident
importance.

Currently, response monitoring is performed using computed tomography (CT) imaging
combined with colonoscopy and magnetic resonance (MR) and digital rectal examination
in rectal cancer patients. Up to now, the use of positron emission tomography (PET) has
not been adopted into colorectal guidelines for response monitoring purposes yet.

[*®F]Fluorodeoxyglucose (FDG) PET has the potential to provide metabolic information
on tumor cells as indicated by the increased uptake and metabolism of glucose. This
provides additional information compared to conventional CT or MR imaging alone.
While hybrid PET/CT is a common and widely available technique, developments towards
optimizing combined PET/MR scanners are still ongoing but show great promise.

In addition to the combination of PET with CT and MR, much progress is also being made
in optimizing PET scanner hardware and software. Most recently, the introduction of
the digital PET scanner shows promise to further increase the diagnostic abilities of PET.
Previous research and concurrent clinical experience have reported additional value
of the use of FDG PET in initial staging of recurrent colorectal cancer and metastases,
localizing recurrent disease in patients with unexplained elevation of serum CEA and in
the assessment of residual cancerous masses after treatment. However, the use of FDG
PET for response monitoring of colorectal cancer is still cumbersome. As this technique
provides metabolicdata, FDG PET can detectintra-tumoral changes preceding anatomical
alterations. The technique shows promise in monitoring, but also in predicting response
to given therapy, thereby creating options to establish personalized patient treatment.
As PET can not only provide qualitative data, but also quantitative data on multiple
lesions simultaneously, monitoring lesions can be performed quantitatively over time.

As (neo)adjuvant therapies thrive and become adopted into standard care, the need
for accurate response monitoring increases. This is clearly demonstrated by a subgroup
of locally advanced rectal cancer patients, who receive neoadjuvant chemoradiation. A
proportion of these patients show a complete remission of tumor and/or pathological
lymph nodes after treatment. By accurately selecting these patients, surgery can be
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omitted, and its associated morbidity and mortality avoided. Current imaging modalities
including endoscopy and MR imaging provide reasonable evaluation of residual tumor
and/or lymph nodes. However, not all patients with a complete response can be detected.
In addition, early detection of non-responders could prevent futile treatment (and its
associated side effects) and unnecessary postponing of inevitable surgical resection.

This chapter regarding response monitoring of colorectal cancer using FDG PET/
CT, illustrates potential clinical examples in which FDG PET/CT might complement
conventional diagnostic imaging modalities in time to come. Further research is however
warranted to define the exact situations in which FDG PET/CT can be of additional
value. The following clinical cases include response monitoring during neoadjuvant
chemoradiation, local treatment of liver metastases, neoadjuvant treatment of recurrent
rectal cancer and palliative systemic treatment of hepatic and extrahepatic disease.
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CLINICAL CASE 1 - COLORECTAL LIVER METASTASIS

Clinical details: A 55-year-old male with a history of a sigmoid resection for a pT2NOMO
sigmoid carcinoma and metastasectomy for a metachronous liver lesion in segment Iva
three years later. Three months after the metastasectomy, radiofrequency ablation (RFA)
was performed on a second lesion in segment Ill. Now, six years after resection of the
primary tumor, serum CEA is elevated, and no metastases were detected prospectively
on CT imaging of the chest and abdomen.

Scan findings: A solitary FDG avid lesion is detected in the caudate liver lobe. Also, a
photopenic area from the metastasectomy is observed in segment IVa. No evidence of

disease recurrence is seen at the anastomosis site.

Interpretation: Suspected solitary liver metastasis in the caudate liver lobe.

FIGURE 1. Solitary liver metastasis. Coronal (A, C, E) and axial (B, D, F) images of a solitary liver
metastasis in the caudate liver lobe (segment |). Representative images of CT (A, B), PET (C, D) and PET/
CT (E, F).

Teaching points:

e FDG PET/CT has a higher sensitivity for detecting colorectal liver metastases
compared to contrast enhanced CT2.

e FDG PET/CT can be helpful to localize recurrent disease in case of elevated CEA and
undetectable disease on CT>.
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CLINICAL CASE 2 - COLORECTAL LIVER METASTASIS

Clinical details: A 55-year-old male with a history of a coecum carcinoma for which a right
hemicolectomy was performed, developed multiple metachronous liver metastases six
years later. Left hemi hepatectomy and multiple metastasectomies were performed. One
year later, RFA was performed on a recurrent liver metastasis. One year after the RFA,
thus 8 years after primary diagnosis, at least 3 suspicious new liver lesions were found
on FDG PET/CT (Fig. 2A-B) and deemed unresectable. Systemic treatment consisting of
capecitabine, oxaliplatin and bevacizumab was initiated.

Scan findings: Complete remission of the liver metastases (Fig. 2C-D). No evidence of
other (extra) hepatic metastases.

Interpretation: Complete response of liver metastasis after therapy.

-
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FIGURE 2. Response monitoring liver metastasis. Images of PET/CT (A, C) and PET (B, D) before (A, B)
and after six cycles of therapy (C, D).

Teaching point:
e FDG PET/CT can reliably monitor response of liver metastases to systemic treatment.
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CLINICAL CASE 3 - SEQUELTO CASE 2

Clinical details: Four years after therapy, recurrent liver metastases were detected.
Capecitabine monotherapy was restarted, and FDG PET/CT was used for response
monitoring.

Scan findings: A persistent strong FDG avid metastasis is seen in segment 6/7 (Fig. 3A, E,
), SUV__ remains unchanged, however metabolic volume increases. FDG PET/CT shows
no changes in the highly active lesion in segment 8 (Fig. 3 C, G, K).

Interpretation: Stable disease in liver segment 8, slight increase in metabolic volume in
segment 6/7. As previous experience in this patient showed stabilizing and eventually
decreasing disease with continuous capecitabine treatment, treatment is continued,
and evaluation is scheduled after 3 cycles.

FIGURE 3. Response monitoring liver metastases. PET/CT (A, C, E, G, |, K) and PET (B, D, F, H, J, L)
images before (A-D), after 3 cycles (E-H) and after 6 cycles (I-L) of capecitabine treatment.

Teaching point:
e Serial SUV__ measurements can monitor therapy response of liver metastases to
chemotherapy.
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CLINICAL CASE 4 - RESPONSE MONITORING OF LIVER METASTASES

Clinical details: A 74-year-old female with colon cancer and multiple synchronous
liver metastases was treated with combination therapy consisting of capecitabine and
bevacizumab. Treatment was terminated after 2 cycles due to liver failure, likely due to
progressive liver metastases. Four weeks after termination of the treatment, the patient
passed away.

The patients participated in a clinical trial, during which PET/CT imaging was performed.
The research objective was to evaluate the predictive value of pretreatment PET/CT
measurements and early changes one week after the start of therapy *.

Scan findings: Mean SUV__ (of 5 lesions) was 15 before treatment, and 13 after 1 week
of treatment. Total lesion glycolysis (TLG) in the same five lesions increased slightly from

3450 to 3565.

Interpretation: Progressive disease is observed as metabolic volume has increased.

o3
-

FIGURE 4. Response monitoring of liver metastases. Images of PET/CT (A, B, E, F) and the maximum
intensity projection (C, D) before (A, C, E) and after (B, D, F) treatment.
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Teaching points:

e FDG PET can identify patients not responding to therapy, thereby aiding in the
decision to terminate treatment when no benefit is expected. Early response
monitoring is challenging using CT, and only useful 8 weeks after start of treatment.
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CLINICAL CASE 5 - RESPONSE MONITORING OF LIVER METASTASES
Clinical details: A 56-year-old male with colon cancer and synchronous liver metastases
is treated with systemic therapy, a combination of capecitabine, oxaliplatin (CAPOX) and
bevacizumab.

Scan findings: Mean SUV__ (of five lesions) was 7.0 before treatment, 7.0 one week into
treatment and 6.8 after three cycles. TLG decreased from 320 before treatment to 230

after one week, and further to 100 after three cycles.

Interpretation: Partial response after three cycles of anti-tumor treatment.
“
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FIGURE 5. Response monitoring of liver metastases. PET/CT (A, B, C, G, H, 1) and maximum intensity
images (MIP)(D, E, F) before (A, D, G), after one week of therapy (B, E, H) and after 3 cycles (C, F, 1).
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Teaching points:
e Serial FDG PET/CT measurements can monitor therapy response of liver metastases
to combination therapy (chemotherapy and anti-angiogenic treatment).
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CLINICAL CASE 6 - RESPONSE MONITORING OF LIVER AND OTHER
METASTASES

Clinical details: A 65-year-old male with colon cancer and synchronous liver and
lung metastases was treated with neoadjuvant therapy, a combination of CAPOX and
bevacizumab.

Scan findings: Mean SUvV__ of the three liver lesions was 8.4 before treatment, 7.4 after
one week and 4.2 after three cycles. TLG of the liver lesions was 950 before treatment,
680 after one week and 95 after three cycles.

Interpretation: Partial response to chemotherapy of the primary tumor, liver metastases
and lung metastases.
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FIGURE 6. Response monitoring of liver metastases. PET/CT images before treatment (A-C), one week
into treatment (D-F) and after three cycles (G-I) of respectively the primary tumor, liver metastases and
lung metastases.

Teaching points:
e Early response monitoring is feasible using FDG PET/CT.
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CLINICAL CASE 7 - RESPONSE MONITORING OF LIVER METASTASES

Clinical details: A 75-year-old male with colon cancer and synchronous liver metastases
was treated with a combination of neoadjuvant CAPOX and bevacizumab to increase the
chance of resectability of the liver metastases.

Scan findings: As the first three scans were part of research, SUV__ and TLG analysis
was performed. SUV__ was 11 before treatment, 9 after one week of treatment and 7
after three cycles (nine weeks). Total lesion glycolysis decreased from 1200 before start
of treatment to 500 after one week of therapy and decreased further to 220 after three
cycles.

Interpretation: Partial response of liver lesions after three cycles, as well as after six
cycles. Hereafter, the patient underwent metastasectomy. After this, no evidence of
residual or recurrent disease was observed during 24 months of follow-up.

L

FIGURE 7. Response monitoring of liver metastases. PET/CT (A, B, D, E, G, H, J, K) and PET (C, F, I, L),
before treatment (A-C), one week into treatment (D-F), after three cycles (G-I) and after six cycles (J-L).

Teaching point:

e Current response monitoring is performed using the RECIST criteria by evaluating
the size of lesions 8-9 weeks after treatment. Metabolic response to anti-tumor
treatment can be visualized earlier.
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CLINICAL CASE 8 - RESIDUAL DISEASE AFTER LIVER
METASTASECTOMY?

Clinical details: A 60-year-old male with rectal cancer and a solitary metachronous liver
metastasis for which neoadjuvant short-course radiotherapy was administered and
resection was performed. No previous systemic treatment has been given. PET/CT is
performed before and four days after surgical metastasectomy.

Scan findings: SUV__ prior to resection is 7. After resection, slight diffuse uptake is seen
along the edge of the resection cavity.

Interpretation: No evidence of residual disease. Postoperative changes are appreciated
at the edge of the resection cavity.
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FIGURE 8. Evaluation after liver metastasectomy. PET/CT (A, C) and PET (B, D) images before (A-B) and
4 days after metastasectomy (C-D).

Teaching point:

e Physiologic mild diffuse uptake along the edge of metastasectomy can be seen in
the first days to weeks after metastasectomy.

[18F]FDG PET/CT IN TREATMENT RESPONSE EVALUATION: COLORECTAL CANCER | 139




CLINICAL CASE 9 - PALLIATIVE TREATMENT OF LIVER METASTASES OF
RECTAL CANCER

Clinical details: A 63-year-old male with rectal cancer in whom two synchronous liver
metastases were detected. The patient was treated with palliative chemotherapy
consisting of tegafur and uracil, as no curative options were available. CT imaging
showed stable disease after 3 cycles according to RECIST.

Scan findings: Mean SUV__ of the two liver lesions was 8.0 before treatment, 9.0 after
one week (+13%) and 9.4 after three cycles of treatment (+18%). Total lesion glycolysis
was 34 before treatment, 46 after one week (+35%) and 40 (+18%) after three cycles.
Interpretation: Stable disease on PET/CT (PERCIST).

FIGURE 9. Response monitoring palliative rectal cancer. Representative PET/CT (A, C, E) and PET (B,
D, F) images before treatment (A, B), one week into treatment (C, D) and after 3 cycles of treatment are
depicted (E, F).

Teaching point:
e Fractional changes in tumor glucose metabolism on FDG PET/CT can stratify patients
into groups with different survival probabilities®.
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CLINICAL CASE 10 - RECURRENT DISEASE AFTER LIVER MICROWAVE
ABLATION (MWA)

Clinical details: A 75-year-old male with a history of pT3NOMO sigmoid cancer which was
laparoscopically resected. Four years later, CEA was elevated, and a liver metastasis was
detected in segment VIII on CT, which was treated with MWA (5 min, 100W). Routine
follow up CT imaging 3 months after MWA showed no evidence of residual or recurrent
disease. Five months later, CEA is again elevated and a lesion suspicious for recurrent
metastasis was observed on FDG PET/CT (Fig. 10D). Subsequent MR imaging (one week
later) confirmed a solitary recurrent liver metastasis (Fig. 10C).

Scan findings: A high metabolically active focus is located mediodorsal of the MWA area,
cranial in segment VIII. The focus corresponds to the hypodense lesion as seen on CT and
MRI.

Interpretation: Images suspicious for local recurrence after MWA of a liver metastasis
in segment eight.

FIGURE 10. Recurrent disease after liver MWA. Images of contrast enhanced CT (A), PET (B), contrast
enhanced MRI (C) and PET/CT (D) are depicted.

Teaching points:

e FDG PET/CT is accurate in detecting residual or recurrent disease immediately after
local ablative therapy®.

e Focal and multifocal uptake is suspicious for recurrent disease already in the first
months after local therapy.
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CLINICAL CASE 11 - RECURRENT DISEASE AFTER LIVER RFA

Clinical details: A 75-year-old male with cT3N2M1 sigmoid carcinoma with multiple
synchronous liver metastases in segment VII and VIII. Induction combination
chemotherapy consisting of folinic acid, fluorouracil and oxaliplatin (FOLFOX) was given.
Following systemic therapy, the liver lesions decreased in size but were still present. Both
the primary tumor and liver metastases were resected or ablated using radiofrequency.
Eighteen months later, serum CEA was rising, however, recurrent disease could not be
localized on CT of the chest and abdomen.

Scan findings: Status after sigmoid resection, segment resection of segment 8 and RFA
in segment 8/5. Focal FDG avidity is seen along the medial edge of the RFA area. No
evidence of other metastases.

Interpretation: The FDG avidity in the liver lesion is suspect for a recurrent liver
metastasis along the edge of the previous RFA cavity.

FIGURE 11. Recurrent disease after liver RFA. Images of CT (A, B) and PET/CT (C, D).

Teaching points:

e FDG PET/CT is more accurate during surveillance after RFA compared to contrast
enhanced CT and MRI"2,

e Response evaluation after RFA can be performed by FDG PET/CT, as responding
lesions become photopenic immediately following RFA.

e Focal and multifocal uptake is suspicious for recurrent disease following local
therapy.
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CLINICAL CASE 12 - RECURRENT DISEASE AFTER LIVER RFA

Clinical details: A 60-year-old male with pTIN1M1 colon carcinoma with a synchronous
liver metastasis. The colon carcinoma was resected, after which the solitary liver
metastasis in segment seven was ablated using radiofrequency (RFA). Eight months
later, a recurrent liver lesion is seen along the ablated site in segment VIl on FDG PET/CT
(Fig. 12D). Subsequent MR imaging confirmed a solitary liver metastasis in segment VII.

Scan findings: High FDG avidity is seen cranially in segment 7/8, corresponding to the
lesion as seen on MRI located dorsolateral on the right side adjacent to the RFA cavity.
No other FDG accumulation is observed in the liver parenchyma.

Interpretation: FDG uptake highly suspicious for local recurrent disease dorsolateral
along the RFA cavity, corresponding to the lesion observed on MRI. No other metastases
are detected.

B

FIGURE 12. Recurrent disease after liver RFA. Images of T1 weighted MRI before contrast (A), PET (B),
contrast enhanced MRI (C) and PET/CT (D).

Teaching points:

e FDG PET/CT is more accurate during surveillance after RFA compared to contrast
enhanced CT or MRI"2,

e FDG PET shows promise in identifying very early response after local ablative
treatment (within 24 hours post ablation)®.

e Focal and multifocal uptake is suspicious for recurrent disease following local
therapy.
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CLINICAL CASE 13 - PULMONARY METASTASES

Clinical details: An 80-year-old woman underwent laparoscopic sigmoid resection
seven years ago for a pT3NOMO sigmoid carcinoma. Three years after resection, local
recurrence and multiple liver and lung metastases were detected and treated in the
following years. Three lung metastases were treated with stereotactic radiotherapy.
Five months later, CT imaging reveals progression of the known apical consolidation
after radiotherapy in the left lower lobe and progression of a lung nodule in the right
upper lobe. FDG PET/CT also shows moderate uptake in the progressive area, however
uptake may be due to post radiation inflammation. Now, 18 months after stereotactic
radiotherapy (STRT), another FDG PET/CT is performed.

Scan findings: Diffuse mild FDG uptake is observed in the area in the right upper lobe
after STRT. However, avid FDG uptake is seen in three lung nodules 18 months after STRT.
Two of these nodules are in the right upper lobe (one in and the other located dorsally
from the radiation area, Fig. 13C-D), and one nodule in the left lower lobe.

Interpretation: Status after stereotactic radiotherapy of two pulmonary metastases.

However, three new lung metastases are seen 18 months after STRT. Two in the right
lung, 1 in the left. No evidence of other metastases or local recurrence.
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FIGURE 13. Lung metastasis. Images of PET/CT (A, C) and PET (B, D) 11 months after STRT (A, B)
compared to 18 months after STRT (C, D). Note a location mismatch between PET and CT imaging is
visible in the smaller nodule, as indicated by the arrow due to differences in respiration.

Teaching points:

e As few patients with pulmonary oligometastases from colorectal origin are eligible
for local therapy, early detection is crucial.

e The sensitivity and specificity of FDG PET/CT for detecting pulmonary metastases
from colorectal cancer are respectively 57.1 and 99.1%%. This is mainly due to the
small size and partial volume effect.

e Although CT has higher sensitivity compared to FDG PET/CT in detecting lung
nodules (90 vs. 57-76%), FDG PET/CT provides higher specificity (75-99 vs. 50%)%*,
However, serial CT imaging probably provides high specificity as well, as is seen
in common practice. Such approach, however, is not useful when early specific
diagnosis is crucial.
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CLINICAL CASE 14 - LYMPH NODE METASTASES

Clinical details: A 65-year-old woman with a history of breast cancer, to whom after
resection, adjuvant chemo- and radiotherapy was given. Six years later, the patient
presents with cT3N2MO sigmoid carcinoma for which sigmoid resection was performed,
followed by adjuvant chemotherapy (three cycles of capecitabine). Ten months later,
two liver metastases from the sigmoid carcinoma (segment VI and VIII) were resected.
In the same period, two para-aortal lymph nodes were resected. Now, three years after
liver metastasectomy, new enlarged lymph nodes are detected. The patient is treated
with three cycles of capecitabine.

Scan findings: As compared to the first scan, no significant change in size and metabolic
activity of the left para-aortal and mediastinal lymph node metastasis is measured. Note
that the hypermetabolic mediastinal lymph node is not enlarged.

Interpretation: Stable disease of both lymph node metastases is seen after 3 cycles.

Teaching points:

e Astreatmentdecisions depend om presence of hepatic and extrahepatic metastases,
FDG PET/CT can aid in providing accurate staging, leading to more effective patient
management decisions??,

e FDG PET/CT can alter staging for assessing extrahepatic disease in up to 20% of
patients'?.

e  FDG PET/CT can identify additional metastatic lymph nodes that are missed on CT
imaging.

e Caution is warranted in SUV quantification of lymph nodes because of the possible
partial volume effect.
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FIGURE 14. Response monitoring lymph node and pulmonary metastases. PET/CT (A, C, E, G) and PET
(B, D, F, H) images before (A-D) and after (E-H) three cycles of capecitabine.
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CLINICAL CASE 15 - RESPONSE MONITORING TO NEOADJUVANT
CHEMORADIOTHERAPY

Clinical details: A 60-year-old male with cT3N2MO locally advanced rectal carcinoma for
which neoadjuvant chemoradiation (25x2 Gy and concurrent capecitabine) was given.
After neoadjuvant therapy, abdominoperineal resection was performed. The resection
specimen showed ypTINO rectal adenocarcinoma on pathological examination.
Response monitoring was performed using FDG PET/CT.

Scan findings: FDG accumulation in the primary rectal carcinoma decreased during
neoadjuvant therapy. SUV__ atstagingwas 27, decreased to 21 two weeks into treatment
and to 8.5 eight weeks after neoadjuvant treatment. No enlarged or avid lymph nodes
were visible.

Interpretation: Partial response of the primary tumor.
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FIGURE 15. Response monitoring locally advanced rectal cancer. Images show PET/CT (A, C, E) and
PET (B, D, F) images before (A, B), two weeks into treatment (C, D) and 6-8 weeks after neoadjuvant
treatment (E, F).

Teaching points:

e FDG PET/CT can predict (early) tumor response to therapy. However, thresholds
derived from large clinical trials are still lacking®®.

e In the future, by monitoring early tumor response, neoadjuvant treatment can
be adjusted and/or futile chemo(radio)therapy can be avoided in non-responding
patients.
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CLINICAL CASE 16 - MONITORING RESPONSE TO NEOADJUVANT
CHEMORADIOTHERAPY

Clinical details: A 60-year-old male with cT3N2MO locally advanced rectal carcinoma
for which neoadjuvant chemoradiotherapy (25x2 Gy and concurrent capecitabine) was
started, followed by total mesorectal excision (TME) resection. The resection specimen
showed ypT3N1 rectal adenocarcinoma. Response monitoring was performed using
FDG PET/CT.

Scan findings: SUV__ at baseline was 26, it decreased to 12 two weeks into treatment
and eight weeks after neoadjuvant treatment SUV__ further decreased to five.

Interpretation: A strong metabolic response is observed.
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FIGURE 16. Response monitoring rectal cancer. Images show PET/CT (A, C, E) and PET (B, D, F) images
before (A, B), two weeks into treatment (C, D) and 6-8 weeks after neoadjuvant treatment (E, F).

Teaching points:

e FDG PET/CT can predict (early) tumor response to therapy. However, thresholds
derived from large clinical trials are still lacking®®.

e In the future, by monitoring early tumor response, neoadjuvant treatment can
be adjusted and/or futile chemo(radio)therapy can be avoided in non-responding
patients.
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CLINICAL CASE 17 - RECURRENT COLORECTAL CANCER

Clinical details: A 60-year-old male with cT3NOMO proximal rectal cancer for which
neoadjuvant chemoradiotherapy was given, followed by TME resection. Nine months later,
recurrent rectal cancer was diagnosed, and the patient was treated with one cycle CAPOX
followed by re-chemoradiation (15x2Gy in combination with capecitabine) and three
additional cycles of CAPOX, followed by resection. Two FDG PET scans were performed, one
during the first cycle of CAPOX, the second during the last cycle of CAPOX, 2 months later.

During first cycle During third cycle
Suv__ 11.6 11.2
Metabolic volume 77.3 67.8

Scan findings: No change in the intense FDG accumulation in the dorsal rectal wall
above the anastomosis is seen. A large tumor strand is observed right cranially along
the mesorectum.

Interpretation: Unchanged recurrent rectal tumor in the presacral area with strand
cranial along the mesorectum. No signs of lymph node metastases. Subsequently, pelvic
exenteration was performed. Three months after resection, recurrent disease was
diagnosed, and palliative chemotherapy was initiated.
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FIGURE 17. Response monitoring recurrent rectal cancer. Representative images of PET/CT (A, C) and
PET (B, D) one week into treatment (A, B) and during the third cycle of treatment (C, D).

Teaching point:
e FDG PET/CT might aid in detecting recurrent rectal cancer patients not responding
to therapy.
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CLINICAL CASE 18 - RECURRENT COLORECTAL CANCER

Clinical details: A 65-year-old male with pT3N2MO sigmoid tumor who underwent
sigmoid resection. The patient received eight cycles of adjuvant CAPOX, oxaliplatin was
terminated after the fourth cycle due to toxicity. Two months after the last cycle, serum
CEA was elevated.

Scan findings: High FDG uptake is seen at the anastomosis site (Fig. 18E). Also, high
uptake is observed in a possible peritoneal metastasis more proximal along the sigmoid
(Fig. 18F). High uptake is appreciated in a left parailiacal lymph node (dotted white
arrow, Fig. 18A). FDG avid foci are seen in the pararenal fascia (black arrow Fig. 18A) and
peritoneum (white arrows Fig. 18A).

Interpretation: Images are suspicious for recurrent disease at the anastomosis site with
metastases to the peritoneum, lymph nodes, omentum and right pararenal fascia.

FIGURE 18. Local recurrence sigmoid tumor. Images of the maximum intensity projection (MIP, A),
CT (B), PET/CT (C, D) and PET (E, F) are depicted. The recurrent tumor is indicated by the arrow in D,
whereas the peritoneal metastases are indicated by the arrows in E.

Teaching points:

e Detection of local recurrence on CT and MRI can be challenging due to altered
anatomy after oncologic resection.

e FDG PET/CT has a high sensitivity (84-100%), specificity (80-100%) and accuracy
(74-94%) in detecting local recurrence of colorectal cancer*. Therefore, PET/CT has
been adopted into colorectal guidelines for detection of local recurrence.
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CLINICAL CASE 19 - RESPONSE MONITORING OF NEOADJUVANT
TREATMENT OF LOCAL RECURRENT RECTAL CANCER

Clinical details: A 70-year-old male with pT3N2M1 rectal carcinoma and a synchronous
solitary liver metastasis. The liver metastasis was treated with 3 neoadjuvant courses
of CAPOX, after which RFA was performed. Following this, abdominoperineal resection
of the primary rectal cancer was performed. Two years after resection, local recurrent
disease was detected in a lymph node and was treated with 4 courses of induction
chemotherapy (FOLFIRI) followed by chemoradiotherapy (capecitabine in combination
with 15 x 2 Gy). FDG PET/CT was performed to monitor response.

Scan findings: Partial metabolic response was visualized on the interim scan after
neoadjuvant chemotherapy (2 months later). A complete metabolic response was
observed right after neoadjuvant chemoradiotherapy (5 months later).

Interpretation: A complete metabolic response is seen on the last scan, as was
confirmed by the resection specimen showing a pathological complete response.
Following neoadjuvant treatment, debulking surgery and intraoperative radiotherapy
was performed. The resection specimen showed a pathological complete response to
neoadjuvant therapy.

FIGURE 19. Response monitoring neoadjuvant treatment local recurrence.
Representative PET/CT and PET images before treatment (A, B), after neoadjuvant chemotherapy (C, D)
and after neoadjuvant chemoradiation (E, F) are depicted.

Teaching points:
e FDG PET/CT can provide additional information on the decision to give consolidation
therapy between neoadjuvant therapy and surgery.
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CLINICAL CASE 20 - RESPONSE MONITORING OF NEOADJUVANT
TREATMENT OF LOCAL RECURRENT RECTAL CANCER

Clinical details: A 60-year-old male with locally advanced rectal carcinoma was treated
with neoadjuvant chemoradiotherapy, followed by TME resection. Eighteen months
later, local recurrent disease was detected and treated with induction chemotherapy
(1 course CAPOX, then switched to 3 courses FOLFIRI due to toxicity) followed by
chemoradiotherapy (capecitabine in combination with 15 x 2 Gy). Response monitoring
was performed by FDG PET/CT.

Scan findings: No changesin FDG avidity were observed after neoadjuvant chemotherapy
or after neoadjuvant chemoradiotherapy.

Interpretation: Stable disease was observed after neoadjuvant chemotherapy (2
months later) and immediately after neoadjuvant chemoradiotherapy (4 months later).

Following treatment, surgical resection was planned.

FIGURE 20. Response monitoring neoadjuvant treatment local recurrence.
Representative PET/CT and PET images before treatment (A, B), after neoadjuvant chemotherapy (C, D)
and after neoadjuvant chemoradiation (E, F) are depicted.

Teaching point:
e FDG PET/CT can provide additional information on the decision to give consolidation
therapy between neoadjuvant therapy and surgery.
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ABSTRACT

In this pilot study we investigated the feasibility of response prediction using digital
[*8F]FDG PET/CT and multiparametric MRI before, during and after neoadjuvant
chemoradiation therapy in locally advanced rectal cancer patients, and aimed to select
the most promising imaging modalities and timepoints for further investigation in a
larger trial. Rectal cancer patients scheduled to undergo neoadjuvant chemoradiation
therapy were prospectively included in this trial, and underwent multiparametric MRI
and [*®F]FDG PET/CT before-, 2 weeks into- and 6-8 weeks after chemoradiation therapy.
Two groups were created based on pathological tumor regression grade, i.e. good
responders (TRG1-2) and poor responders (TRG3-5). Using binary logistic regression
analysis with a cut-off value of p<0.2, promising predictive features for response were
selected. Nineteen patients were included. Of these, 5 were good responders and 14 poor
responders. Patient characteristics of these groups were similar at baseline. Fifty-seven
features were extracted, of which 13 were found to be promising predictors of response.
Baseline (T2: volume, DWI: ADC mean, DWI: difference entropy), early response (T2:
volume change, DWI: ADC mean change) and end-of-treatment pre-surgical evaluation
MRI (T2: grey level non-uniformity, DWI: inverse difference normalized, DWI: grey level
non-uniformity normalized) as well as baseline (MTV, TLG) and early response PET/CT
(Asuv__, ASULpeak) were promising features. Both multiparametric MRI and [*®F]FDG
PET/CT contain promising imaging features to predict response to nCRT in LARC patients.
A future larger trial should investigate baseline, early response and end-of-treatment
pre-surgical evaluation MRI and baseline and early response PET/CT.
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INTRODUCTION

Patients diagnosed with locally advanced rectal cancer (LARC) are currently treated with
neoadjuvant chemoradiotherapy (nCRT), prior to surgical resection. The goal of nCRT is
to downsize and downstage the rectal cancer, thereby improving the rate of complete
resections and lowering the risk of local recurrence®. The majority of patients has a
partial tumor response after nCRT?, while in 15-20% this even results in a pathological
complete response (pCR) of all tumor tissue?. Most recently, results from the RAPIDO
trial demonstrate even higher rates of pCR (28%) after neoadjuvant short course
radiotherapy followed by chemotherapy?®. Unfortunately, not all patients respond well
to nCRT, but the exact number of non-responders is uncertain®.

According to current guidelines, treatment stratification and response assessment is
performed using magnetic resonance imaging (MRI) and in selected cases, rectoscopy
°. MRI features include the TNM stage, extramural vascular invasion (EMVI) and tumor
distance to the mesorectal fascia®. Unfortunately, current imaging modalities are unable
to predict response to nCRT accurately. In recent years, the Watch-and-Wait strategy has
been implemented for patients with a clinical complete response (cCR) after neoadjuvant
therapy, with excellent long-term outcome!’. By means of improved stratification
before or early after onset of nCRT, precise selection of patients might be possible. In
patients predicted to respond well, the (watchful) waiting period before surgery could
be prolonged, possibly increasing the rate of cCR. Accurate identification of cCR patients
can prevent futile surgery and its associated morbidity and mortality®. In patients with
a predicted poor response, unbeneficial continuation of nCRT, therapy related toxicity
and unwanted delay in initation of a potentially effective treatment could be avoided.

Currently, 2-[**F]fluoro-2-deoxy-D-glucose ([*®*F]FDG) positron emission tomography
combined with computed tomography (PET/CT) is advised in the national guideline
for the detection of recurrence of rectal cancer in case of increased carcinoembryonic
antigen (CEA) levels®. Many MRI and [**F]FDG PET/CT features have been investigated
separately to predict response to nCRT before or early after onset of nCRT**%L, The
combination of both modalities could possibly have complimentary value to predict
response. Available data in the literature are insufficient to evaluate this approach,
and no studies have investigated the application of digital PET/CT in this field!*61°,
Owing to its increased energy resolution and time-of-flight performance, digital PET/
CT has the potential to improve quantification of small or heterogeneous tumors and
thereby provide more accurate metabolic information on tumor response, and might (in
combination with multiparametric MRI) facilitate improved response prediction to nCRT.

In this pilot study we investigate the feasibility of response prediction using digital [*®F]
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FDG PET/CT and multiparametric MRI before, during and after nCRT in LARC patients,
and aim to determine the most promising imaging modalities and timepoints for further
investigation.

MATERIALS AND METHODS

Patient population

A multicenter, non-randomized prospective study was performed in patients admitted
to the Leiden University Medical Center (LUMC, n=8), Haaglanden Medical Center (n=6),
Alrijne Hospital Leiderdorp (n=4) and Groene Hart Hospital (n=1), diagnosed with (biopsy
proven) LARC and treated according to national guidelines. Eligible patients were selected
at multidisciplinary meetings, and asked for participation during their outpatient clinic
visit. Treatment consisted of nCRT (25x2 Gy combined with 825 mg/m? bid capecitabine
5 days per week), followed by reevaluation after 6-8 weeks. Surgery followed within 4-6
weeks after reevaluation. In case of a near complete response, reevaluation was repeated
after 6-8 weeks. In case of cCR, follow up was initiated according to the Watch-and-Wait
protocol’. The study was conducted in concordance with the Declaration of Helsinki, and
was approved by the Leiden-Den Haag-Delft medical ethics review board and the local
boards of participating centers. All subjects provided written informed consent. The
study was registered in the Netherlands Trial Register (identification number NL-756).
Including standard of care imaging (rectoscopy, MRI scan of abdomen and CT scan of the
chest and abdomen), all patients underwent [*¥F]FDG PET/CT and multiparametric MRI
before nCRT, 10-14 days after nCRT onset (early response evaluation), and 6-8 weeks
after the last treatment (end-of-treatment pre-surgical evaluation).

Data acquisition and image reconstruction

All digital [**F]FDG PET/CT scans of the lower abdomen were acquired on the same
scanner, a Vereos PET/CT (Philips Healthcare, Best, the Netherlands). All acquisitions and
reconstructions were in accordance with EANM guidelines for tumor PET imaging version
2.0%2. Prior to PET/CT scanning, patients fasted for 6 hours and were prehydrated using
1 L of water. [*¥*F]FDG was dosed using the quadratic formula: 379 (MBg-min-bed*-kg)
x (patient weight (kg)/75)? /emission acquisition duration per bed position (min-bed™)
with a factor of 379 MBg-min-bed™-kg™. Patients received 20 mg intravenous furosemide
15 min post injection. Patients underwent a low-dose CT scan for attenuation correction
60 (55-65) min post injection (120 kV, 35 mA ), followed by a PET scan of 5 minutes per
bed position. Reconstructed PET images had a voxel size 4x4x4 mm. Multiparametric
MRI of the lower abdomen was made on various systems, and included T2- and diffusion
weighted imaging (DWI) sequences. Patients underwent bowel preparation usinga 5 mL
Microlax® enema three hours before imaging (Johnson and Johnson, New Brunswick,
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New Yersey, United States). Further details are described in Supplemental Table 1.

Quantitative image analysis

MRI assessment was performed by a board-certified abdominal radiologist (S.F.S., 11
years of experience), using Sectra IDS7 software (version 21.2; Sectra AB, Linkoping,
Sweden). Apparent diffusion coefficient (ADC) values were calculated from the DWI
image. Volumes of interest (VOIs) were drawn manually (FV. under supervision of S.F.S.)
toinclude the primary tumor on the DWIand T2 maps. Various quantitative features were
extracted using 3DSlicer (version 4.11)?* and PyRadiomics (version 3.0) that was running
in Python (version 3.7; Python Software Foundation, Wilmington, Delaware)?. First,
following the methodology of Schurink et al.?®, the following features were extracted
from the VOIs: T2 mesh volume, T2 entropy, DWI mesh volume, mean ADC, ADC entropy,
and their respective response indices (RI). Second, to allow full comparison to the results
from Schurink et al.**>?° and following recent promising results from Delli Pizzi et al.?>, 105
radiomic features were extracted from the T2 baseline images for additional radiomic
analysis: shape (14), first order (18), grey level cooccurrence matrix (22), grey level run
length matrix (16), grey level size zone matrix (16), grey level dependence matrix (14)
and neighboring grey tone difference matrix (5) features. Images were interpolated to
isotropic voxels of 2.00x2.00x2.00 mm? using B-spline interpolation, with grids aligned
by the input origin and only covering the VOI. Both T2 and DWI images were normalized
to a mean of 300 and a standard deviation of 100, allowing comparison of the relative
gray values between patients?. Features were extracted using a fixed bin size, which was
determined in such a way that most VOIs contained between 30-130 bins. This resulted
in a bin size of 5 and 15 for T2 and DWI images, respectively.

PET/CT assessment was performed by a board-certified nuclear medicine physician
(L.G., 25 years of experience), using Sectra IDS7 software (version 21.2; Sectra AB,
Linkoping, Sweden). VOIs were automatically delineated with an isocontour threshold of
50% of the maximal standardized uptake value (SUV__ ) using IntelliSpace Portal (version
9.0; Koninklijke Philips N.V., Amsterdam, the Netherlands). The following features were
included in the analysis with their corresponding Rl based on the following articles.
Joye et al. pooled data from 25 studies investigating [*¥*F]FDG PET/CT and found the
following features to be promising predictors for response'’: the SUV__ post therapy, Rl
of the SUV__, the metabolic tumor volume (MTV, obtained using a SUL .., threshold of
50%) and total lesion glycolysis (TLG, SUV
except SUL _, which was weighted using the lean body mass following the methodology
described in PERCIST 1.0 and by O et al*’. They advise the use of SUL . as exploratory
datawhentheliveris not presentin all scans. No radiomic feature analysis was performed
on data from [*®F]FDG PET/CT, as this has not been described in literature before.

x MTV). All features were body weighted,

mean
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Pathology

Pathological assessment of the resection specimen was performed according to the
Dutch national guidelines®. In addition to this, the extent of tumor regression was
evaluated according to Mandard’s Tumor Regression Grade (TRG) by the local board
certified pathologist 6. Mandard’s TRG classifies response to given therapy in 5 classes
based on the amount of vital tumor cells and extent of therapy induced fibrosis. When
classified TRG 1, no residual tumor cells were seen, and the patient is considered to
have a pathologic complete response (pCR). A regrowth free survival time of >6 months
was considered a surrogate endpoint for TRG1 in patients with a cCR in Watch-and-Wait
follow up.

Statistical analysis

Statistical analysis was performed using SPSS (version 25; IBM SPSS, Inc., Chicago,
USA) and R (version 3.6.0; R Foundation for Statistical Computing, Vienna, Austria). For
statistical analysis, patients were divided into two groups based on the pathological
TRG or regrowth free follow up in case of Watch-and-Wait: good responders (TRG1-2)
and poor responders (TRG 3-5). Descriptive data were displayed as mean * standard
deviation or median (interquartile range), depending on the distribution of data. Non-
parametric data were compared using the Mann Whitney U test, whereas parametric
data were compared using a T-test. Results were considered significant when p<0.05.
Promising imaging features were selected using binary logistic regression, after dividing
through their respective standard deviation. Due to the small sample size and large
amount of tested features, MRl and PET/CT features were considered promising when a
p-value <0.2 was reached.

Unsupervised radiomic feature selection using redundancy filtering and factor analysis
was performed using FMradio (Factor Modeling for Radiomics Data, package version
1.1.1; Amsterdam UMC, Amsterdam, the Netherlands), developed for R (version 3.6.0; R
Foundation for Statistical Computing, Vienna, Austria)®. The large feature dimensionality
compared to the small sample size might result in overfitting and deteriorates the
generalizability of the radiomic model. Therefore, one feature was selected for every
ten subjects *°. Features were scaled (centered around 0, variance of 1) to avoid that
features with the largest value would dominate the analysis. Redundancy filtering on
Pearson correlation matrix was performed with a threshold of t=0.95 and from each
group one feature was retained. Factor analysis of the redundancy filtered correlation
matrix was performed and two factors (19 patients) were selected per sequence and
time point. The sampling adequacy of the model was determined by the Kaiser-Meier-
Olkin (KMQO) measure, which had to be between 0.9 and 1.0. The features with the
highest loading on the factors were selected.
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RESULTS

Nineteen patients were included in the period between July 2018 and March 2020. All
patients completed chemoradiotherapy, and all but one underwent surgery after an
average of 14.1 + 6.6 weeks (one cCR patient in Watch-and-Wait). All but one patient
completed all 6 imaging studies: in one patient the final [*F]FDG PET/CT was not performed
due to logistical problems. Sixteen men and three women were included in this study with
a median age of 63.1 (56.3-67.0) years old. The median follow up time was 11.6 (9.0-
17.1) months. No recurrent disease was found. One patient had a cCR without regrowth
during follow up, four patients had a pTRG1, 9 pTRG3, 4 pTRG4 and 1 pTRG5. Based on the
pTRG, 5 patients (26.3%) were good responders, 14 (73.7%) were poor responders. There
were no significant differences at baseline between groups regarding age, sex, cT stage, cN
stage, EMVI, and tumor differentiation, as summarized in Table 1.

TABLE 1. Patient and tumor characteristics at baseline. Table shows difference between the good and
poor response group at baseline with corresponding p-value.

Good response (n=5) Poor response (n=14) p-value
Age (years) Mean + SD 63.6+11.08 62.9+6.12 0.273
Gender Male 4 12 0.770
Female 1 2
cT 2 1 0 0.363
3 3 10
4 1 4
cN 0 1 2 1.00
1 0 1
2 4 11
EMVI Yes 0 3 0.565
No 5 11
Missing 0 0
Differentiation (biopsy) Well/moderate 3 13 0.071
Poor 1 0
Missing 1 1

Abbreviations: SD, standard deviation; cT, clinical tumor stage on routine staging MRI; cN, clinical nodal stage on
routine staging MRI; EMVI, extramural vascular invasion; IQR, interquartile range. * Significant difference between
groups (p<0.05).

Quantitative features

A total of 57 quantitative features were extracted. Redundancy filtering and factor
analysis of the radiomic feature sets was performed and KMOs were excellent (>0.96).
The features corresponding best with the two factors per sequence and timepoint were
included in the analysis.
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Using binary logistic regression analysis with predefined cut off value of p <0.2, 13
promising features were found. However, 2 MRl and 2 PET/CT early response evaluation
to baseline response index features were found to be promising. At end-of-treatment
pre-surgical evaluation, 3 MRl and 1 PET/CT feature were found to be promising, but no
These results are shown in more detail in the forrest plot in Figure 1, which displays all
features with their respective odds ratio and confidence interval. It shows numerous
features to have preferable odds ratios. However, only 13 have a p<0.2. Detailed results
from binary logistic regression analysis are displayed in Table 2. Figure 2 and 3 present

features were found to be promising predictors of response. At baseline imaging, 3 MRI
and 2 PET/CT features were found to be promising. At early response evaluation, no

examples of a good and poor responder on sequential multimodality imaging.

response index features were promising.
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TABLE 2. Binary logistical regression analysis of MRI and PET/CT features for prediction of response. TABLE 2. Continued.
Table shows regression coefficient, odds ratios with confidence intervals and p-values. Abbreviations:
SUV__, maximum standardized uptake value; SULpeak, peak standardized uptake value corrected for lean
body mass; MTV, metabolic tumor volume; TLG, total lesion glycolysis; T2 volume, tumor volume on
T2 series; T2 entropy, tumor entropy on T2 series; DWI volume, tumor volume on diffusion weighted
imaging series; ADC mean, mean apparent diffusion coefficient; DWI entropy, tumor entropy on

Feature Regression Odds Standard 95% confidence interval P value
coefficient ratio error

Lower limimt  Upper limit

diffusion weighted imaging series; GLCM: grey level cooccurrence matrix, GLDM: grey level dependence Late T2: grey level non-uniformity ~ 0.889 2.432 0.587 0.770 7.687 0.130
matrix, GLRLM: grey level run length matrix, RI, response index (change over time). (GLDM)
Late T2: joint ent GLCM -0.703 0.495 0.626 0.145 1.688 0.261
Feature Regression Odds Standard 95% confidence interval P value ate foint entropy ( )
coefficient ratio error Late DWI: inverse difference -1.077 0.341 0.672 0.091 1.271 0.109
lized (GLCM
Lower limimt  Upper limit normalized ( )
N - Late DWI: grey level non-uniformity 1.001 2.722 0.692 0.702 10.558 0.148
Baseline T2: tumor volume 0.999 2.716 0.584 0.864 8.537 0.087 normalized (GLRLM)
Baseline T2: entropy 0.06 1.062 0.536 0.371 3.037 0.911 Late PET: SUV.__ 0.263 1301 0.531 0.459 3.686 0.621
Baseline DWI: mean ADC 0.827 2.287 0.583 0.730 7.168 0.156 Late PET: SULpEak 0.631 1880 0.575 0.610 5800 0.272
Baseline DWI: tumor volume 0.464 1.591 0.525 0.568 4.456 0.377 Late PET: MTV 2441 11.480 1278 0.937 140,578 0.056
Baseline DWI: entropy 0.537 L7 0570 0:559 5231 0.347 Late PET: TLG 5.499 244488 4.385 0.045 1320336.926 0.210
Ba?f"”‘?gz(:eg[;"(ﬂ'fve' non- -0.405 0667 0.655 0.185 2.408 0536 Early — baseline T2: tumor volume ~ -1.781 0.168  1.179 0.017 1.699 0.131
uniformity Rl
(BGaEg"'\;f T2: grey level variance 0195 1.216 0531 0429 3.445 0713 Early — baseline T2: entropy R 0.522 1685  0.568 0.553 5.134 0.359
Early — baseline DWI: ADC Rl -0.923 0.397 0.673 0.106 1.486 0.170
Baseline DWI: difference entropy ~ -0.940 0391  0.695 0.100 1.527 0.177 arly —baseline mean
(GLCM) Early — baseline DWI: tumor -0.089 0.915 0.569 0.300 2.789 0.875
| RI
Baseline DWI: run length non- -0.360 0697  0.598 0.216 2.250 0.546 volume
uniformity (GLRLM) Early — baseline DWI: entropy RI -0.860 0.423 0.721 0.103 1.738 0.233
Baseline PET: SUV__ 0.210 1.233 0.520 0.445 3.418 0.687 Early — baseline PET: SUV__ RI -1.150 0.316 0.653 0.088 1.139 0.078
Baseline PET: SUL 0.388 1.475 0.511 0.541 4.016 0.447 Early — baseline PET: SUL_ Rl -1.096 0.334 0.621 0.099 1.129 0.078
Baseline PET: MTV 0.764 2.147 0.552 0.728 6.337 0.166 Early — baseline PET: MTV RI 0.434 1.543 0.518 0.559 4.259 0.402
Baseline PET: TLG 0.773 2.166 0.543 0.748 6.276 0.154 Early — baseline PET: TLG RI 0.210 1.233 0.509 0.455 3.347 0.680
Early T2: tumor volume 0.220 1.246 0.517 0.452 3.435 0.670 Late — baseline T2: tumor volume ~ -1.700 0.183 1.496 0.010 3.427 0.256
RI
Early T2: entropy 0.686 1.986 0.571 0.648 6.084 0.230
Early DWI: ADC mean 0,003 0997 0536 0.349 5 848 0995 Late — baseline T2: entropy RI -0.325 0.723 0.544 0.249 2.098 0.550
Early va|: oo valume 70'184 0'832 0'561 0'277 2‘497 0'743 Late — baseline DWI: ADC mean R -0.480 0619  0.626 0.182 2110 0.443
‘ ‘ ' ' ' ‘ ‘ Late — baseline DWI: tumor volume -0.141 0869  0.560 0.290 2.603 0.801
Early DWI: entropy -0.376 0.687 0.571 0.224 2.104 0.511 RI
gf;t’;i;:;!::g:’(‘gfgﬁj)'°W -0.061 0941 0414 0418 2120 0.883 Late — baseline DWI: entropy R -0.198 0821 0575 0.266 2533 0.731
Late — baseline PET: SUV__ Rl 0.410 1.507 0.522 0.541 4.197 0.432
Early T2: joint entropy (GLCM) -0.745 0.475 0.651 0.133 1.699 0.252 max
Late — baseline PET: SUL__ RI 0.600 1.823 0.571 0.595 5.582 0.293
Early DW!: inverse difference 0.273 1314 0563 0436 3.957 0.628 ate —baseline peak
(GLCM) Late — baseline PET: MTV RI 0.523 1.687 0.520 0.609 4.676 0.315
Early DWI: total energy (first order) 0.208 1.231 0.515 0.449 3.376 0.686 Late — baseline PET: TLG RI 1.062 2.892 0.856 0.540 15.482 0.215
Early PET: SUV_ -1.159 0.314 1.061 0.039 2.508 0.274 Abbreviations: SUV__, maximum standardized uptake value; SULpeak, peak standardized uptake value corrected for
Early PET: SUL 0.778 0.459 0.916 0.076 2.764 0.396 lean body mass; MTV, metabolic tumor volume; TLG, total lesion glycolysis; T2 volume, tumor volume on T2 series;
i T2 entropy, tumor entropy on T2 series; DWI volume, tumor volume on diffusion weighted imaging series; ADC mean,
Early PET: MTV 0.532 1.702 0.529 0.603 4.803 0.315 mean apparent diffusion coefficient; DWI entropy, tumor entropy on diffusion weighted imaging series; GLCM: grey
Early PET: TLG 0.001 1.001 0.535 0.351 2.856 0.999 level cooccurrence matrix, GLDM: grey level dependence matrix, GLRLM: grey level run length matrix, RI, response
Late T2: tumor volume 0.150 1161 0.520 0.419 3.221 0.774 index (change over time).
Late T2: entropy -0.579 0.560 0.583 0.179 1.755 0.320
Late DWI: ADC mean 0.181 1.199 0.533 0.422 3.407 0.734
Late DWI: tumor volume 0.228 1.256 0.540 0.436 3.616 0.673
Late DWI: entropy 0.276 1.318 0.539 0.459 3.788 0.608
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FIGURE 2. [*®F]FDG PET/CT and T2 weighted MRI images of a poor responder before, during and
after neoadjuvant chemoradiotherapy. Fifty-eight year old woman with cT4aN2MO rectal cancer had a
partial response to chemoradiotherapy to a yiT3N1MO. Pathological examination showed a ypT3NOMO
tumor and pTRG of 4. SUV__ was 17.8 at baseline, 17.8 at interim assessment, and 6.5 at re-evaluation.
Figure shows [*F]FDG PET/CT fusion (A, B, C) and PET-only (D, E, F) images as well as T2 weighted MRI
(G, H, 1) images before (A, D, G), during (B, E, H) and after (C, F, I) neoadjuvant chemoradiotherapy.
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FIGURE 3. [*®F]FDG PET/CT and T2 weighted MRI images before, during and after neoadjuvant
therapy of a patient with a clinical complete response. Sixty-two year old man with cT4bN2MO rectal
cancer had a good response to a yiT1-2NOMO which further regressed to a yiTONOMO six months after
chemoradiotherapy, and is currently still followed in the Watch-and-Wait after 12 months of recurrence
free follow up. SUV__ was 18.1 at baseline, 10.4 at interim assessment, and too low to measure at
re-evaluation. Figure shows [**F]FDG PET/CT fusion (A, B, C) and PET-only (D, E, F) images as well
as T2 weighted MRI (G, H, 1) images before (A, D, G), during (B, E, H) and after (C, F, I) neoadjuvant
chemoradiotherapy.

DISCUSSION

Results from this pilot study indicate that 13 out of 57 features are promising predictors
of response, with baseline and early change showing the most clinically relevant features.
As deducted from these results, end-of-treatment pre-surgical evaluation digital PET/
CT was least probable to provide predictive (and clinically relevant) features. As far as
we know, this is the first prospective study in LARC patients investigating the predictive
value of multiparametric MRI and digital [**F]FDG PET/CT, at 3 set time points during
neoadjuvant chemoradiation.
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The results from this study confirm the feasibility of response prediction using digital
[*8F]FDG PET/CT and multiparametric MRI. These results are in line with previous reports
from various small trials demonstrating the predictive value of various T2- and DW MRI
and [*®F]FDG PET/CT features, which have up until now not resulted in clinically usable
prediction models**?. In contrast to our results, a recent study in 19 LARC patients
found only baseline MTV and no early response evaluation features (2 weeks into nCRT)
to be possible predictors of response. In our study we also found baseline MTV to be
a promising feature. However, we also found 4 other baseline features (3 MRI, 1 PET)
and 4 early response evaluation Rl features (2 MRI, 2 PET). Interestingly, they found
more predicting features at end-of-treatment pre-surgical evaluation [**F]FDG PET/CT
(SUv__, SUV _,» MTV, SUL__, TLG), whereas our study only found MTV to be a promising
feature (note that the exact timing of the late evaluation [*®F]FDG PET/CT in their study
is unclear). As a next step towards clinical implementation, Schurink et al. developed
prediction models including features from MRI and [*¥F]FDG PET/CT that were also used
in the current study. The first study found an area under the curve (AUC) of 0.83 for
response prediction at baseline using MRI derived T-stage, T2 entropy and T2 volume®.
The second study found an AUC of 0.83 using clinical (T-stage, N-stage, age, gender,
interval between nCRT and end-of-treatment pre-surgical evaluation) and baseline
features (T2 entropy, ADC entropy and SUV__ ). Interestingly, models including
radiomic features did not outperform the simpler model?°. Moreover, radiomic analysis
of PET/CT images (AUC 0.78) did outperform simpler features (SUV__, TLG and mean
Hounsfield unit, AUC 0.50)?°. However, PET/CT radiomic analyses were performed on the
CT-only images, thus questioning the added value of PET. In comparison to our study,
in which MRI-based radiomic features were analysed, we found 4 out of 12 radiomic
features to be promising predictors of response (1 baseline and 3 end-of-treatment pre-
surgical evaluation features). Unfortunately, no AUC values were available due to the
limited number of patients. Interestlingly, the end-of-treatment pre-surgical evaluation
[*8F]FDG PET/CT was least promising in this dataset. This might be due to the occurrence
of radiation induced proctitis interfering with end-of-treatment pre-surgical evaluation
PET/CT, since inflammation results in increased uptake of [*¥F]FDG and is not present at
early response evaluation yet.

Although accurate response prediction is currently challenging, the significant number
of unidentified complete responders who undergo surgical resection stresses the
importance of accurate response assessment and prediction. Following our results, a
future trial should include multiparametric MRI at all three timepoints, and [*®*F]FDG
PET/CT at baseline and early response evaluation. Furthermore, the sample size should
be sufficient to define cut-off values and develop accurate prediction models. While this
study focused primarily on predicting response using imaging modalities, the (combined)
use of readily available predictive features such as metabolomics and analysis of biopsy
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material, and the integration of these in prediction models might further increase the
accuracy of response prediction.

As inherent to any pilot study, this trial has various limitations. Due to the inclusion of
only 19 patients and analysis of 57 features, no definite conclusions can be drawn from
the data but only suggestions can be given towards design of future clinical trials. Due to
the multicentric execution of this study various MRI scanners, with varying field strength,
from various vendors and with varying scanning protocols were used. This introduces
heterogeneity in the quantitative MRI features. Nevertheless, this reflects the clinical
routine as the acquisition of a larger dataset of LARC patients requires inclusion from
multiple hospitals. Preferably quantitative parameters would be compared from the
various MRI scanners, protocols and field strengths. However, such a dataset is currently
unavailable. A previous study by Mes et al., however, found minimal influence of varying
signal intensities from various MRI scanners on the oucome of radiomics analysis, thus
suggesting the influence of this heterogeneity to be limited (high concordance (mean
0.82 + 0.19) for 89 radiomics features before and after grey level normalization)®?.
Most recently, Schurink et al. investigated the influence of multiple MRI vendors and
acquisition protocols on radiomic analysis in 649 rectal cancer patients®. They found
significant differences in image features between 9 centres, with more differences found
in ADC/DWI imaging compared to T2 weighted MRI. Last, inter observer variability has
been introduced as the TRG was determined by various local pathologists. However, as
the data were divided into only two groups, the influence of this was deemed minimal.
Future studies should take these issues into account, and either further investigate the
possible influence of various scanner types and acquisition protocols, perform the study
on one MRI scanner within the same institute, or develop methods to harmonize the
data. Also, a future study should consider the possible shift towards the use of more
short course radiotherapy combined with systemic chemotherapy following results from
the RAPIDO trial, as opposed to CRT as described by current guidelines®. This issue is
less relevant for pooling data from [*®F]FDG PET/CT, since data are (largely) harmonized
by following the EANM guidelines and only one single PET/CT scanner was used in this
study?.

In conclusion, results from this study suggest that baseline, early response and end-of-
treatment pre-surgical evaluation MRI and baseline and early response evaluation PET/
CT features are promising to predict response to neoadjuvant therapy in rectal cancer
patients. These results, in combination with the clinical need for improved treatment
stratification, encourage further research into response prediction using [*¥F]FDG PET/
CT and multiparametric MRI.
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SUPPLEMENTAL TABLE 1. Specifications of MRI scanners. Table shows specifications of various MRI
scanners used in this study.

Vendor Field strength (Tesla) Number of scans Acquisition voxel size (mm)
Philips Ingenia 1.5 6 0.62 x0.81
Philips Ingenia 1.5 2 1.49 x 2.00
Philips Ingenia 1.5 15 0.49 x 0.64
Philips Ingenia 3 1 0.94 x 1.25
Philips Ingenia 3 1 0.49 x 0.62
Philips Ingenia 3 7 0.49 x 0.62
Philips Ingenia Elition X 3 9 0.70x 0.79
Philips Ingenia Elition X 3 1 0.70x 0.53
Philips Ingenia Elition X 3 1 0.89 x 1.56
Siemens Avanto 1.5 1 0.69 x 0.80
Siemens Avanto 1.5 1 0.63x0.73
Siemens Avanto 15 1 0.59x0.78
Siemens Avanto 1.5 1 0.47 x0.67
Siemens Avanto 1.5 1 0.51x0.72
Siemens Avanto 1.5 1 0.63x0.79
Siemens Aera 15 2 0.47 x 0.59
Siemens Aera 15 6 0.63x0.78

MRI sequences included T2 weighted sequences in sagittal, oblique axial and oblique coronal direction and an
orthogonal diffusion weighted imaging (DWI) sequence (b-values 0, 200, and 800/1000, identical direction of T2
oblique axial). Oblique axial scans were perpendicular to the long axis of the rectal wall.
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ABSTRACT

Neoadjuvant therapy before surgical resection is indicated for patients with locally
advanced rectal cancer. However, a significant number of patients show minimal
or no response to neoadjuvant therapy. Unfortunately, we are currently unable to
predict response and identify non-responding patients before neoadjuvant treatment
is given. Genomic mutational status might provide valuable prognostic information.
However, it is unclear whether predictions based on genomic mutational status in single
preoperative biopsies are reliable due to intra-tumoral heterogeneity. In this study we
aim to investigate the reliability of genomic mutations found in single pre-operative
biopsies by comparing genomic mutations to 4 other locations within the same tumor
using next generation sequencing. Rectal cancer patients undergoing primary resection
without neoadjuvant therapy were included. Of all patients, one biopsy, two deep and
two superficial samples were obtained and sequenced using a targeted next generation
sequencing gene panel. Concordance between these 5 samples was assessed. In this
feasibility study we included 11 patients. In 7 out of 11 (64%) patients, all 5 samples
showed concordant mutations. In 4 out of 11 patients (36%) discordant mutations were
observed. In conclusion, assessment of mutational status on a single pre-operative
biopsy shows discordance with tumor tissue from other locations in 36% of cases. These
results warrant careful interpretation of biopsy material analysis, as these might be
influenced by tumor heterogeneity.
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INTRODUCTION

Locally advanced rectal cancer (LARC) patients are currently treated with neoadjuvant
(chemo)radiotherapy followed by surgical resection®. In clinical practice, the observed
response to neoadjuvant therapy is heterogeneous. A pathological complete response
(complete regression of tumor and/or pathological lymph nodes) is seen in 15-20% of
patients, whereas in the vast majority of patients (54-75%) neoadjuvant therapy results
in a partial response?®. Unfortunately, a subset of 10-50% of LARC patients receives
futile neoadjuvant treatment when minimal or no response is observed**. Currently,
treatment stratification and prognosis is based on clinical TNM stage, tumor distance
to the mesorectal fascia and the presence of extramural vascular invasion®. Response
prediction based on parameters readily available before neoadjuvant treatment might
provide a means to ensure patient-tailored treatment, and reduce unnecessary waiting
periods and therapy related toxicity in non-responders.

Tumor associated immune response and intra-tumoral heterogeneity might be
involved in causing therapeutic resistance of the tumor to neoadjuvant therapy®.
Intra-tumoral genomic heterogeneity refers to the presence of genetically distinct sub
clones within cancer lesions, and is developed by tumors in reaction to a diversity of
microenvironmental factors including hypoxia, tissue stiffness, immune response and
chronic inflammation or can be caused by the polyclonal origin of these tumors”2. Intra-
tumoral genomic heterogeneity is particularly significant in colorectal cancer, and is
attributed to the presence of both microsatellite- and chromosomal instability®**.

In previous studies, the value of several clinical, pathological and radiological parameters
in predicting response to (neoadjuvant) therapy has been assessed'? 0. Unfortunately,
these studies so far have not resulted in clinically used prediction models. The predictive
value of genomic mutations in colorectal cancer has previously been investigated,
concluding that KRAS, as well as RAS, BRAF and PIK3CA mutations, are predictive of
tumor response to anti-EGFR therapy®’*#21-2°, Furthermore, a high degree of intra-
tumoral genomic heterogeneity has been associated with worse disease-free survival
and was correlated with a higher rate of liver metastases®. So far, no specific genomic
mutations have been found to accurately predict response to neoadjuvant therapy in
LARC patients?.

A combination of genomic mutations might provide valuable prognostic information.
However, the reliability of next generation sequencing performed on routinely obtained
single preoperative biopsies has yet to be established. Intra-tumoral heterogeneity has
been shown to be significant in rectal tumors and their associated lymph nodes and
metastases?”?, Therefore, genomic mutations found in single preoperative biopsies
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might vary within individual patients, depending on the biopsy location and depth.

In this study we aim to investigate the reliability of genomic mutations found in a single
preoperative biopsy by comparing these mutations to 4 other locations within the same
tumor using next generation sequencing for genes frequently mutated in colorectal
cancer.

MATERIALS AND METHODS

Patients

Rectal cancer patients from the Radboud University Medical Center, Nijmegen, the
Netherlands and diagnosed between 2010 and 2012 with a biopsy confirmed rectal
adenocarcinoma were retrospectively included in this study. To exclude any influence of
neoadjuvant therapy on the results, only patients undergoing direct surgical resection of
the primary tumor (without neoadjuvant chemo- and/or radiotherapy) were included.
Patient characteristics were obtained from medical records, including age, gender,
clinical- and pathological characteristics. This project was conducted in accordance with
the Declaration of Helsinki, and did not require approval of the local IRB according to
local WMO regulations.

Tumor identification and DNA isolation

For each patient, five tissue samples were obtained from representative formalin-fixed
paraffin-embedded (FFPE) tumor blocks containing material of 1 preoperative diagnostic
biopsy, 2 superficial tumor tissue samples and 2 deep (central) tumor tissues samples of
the resected specimen. Optimal FFPE blocks (with adequate tumor cellularity of >20%
from full samples, and >10% in biopsy samples) for smMIP analysis were identified and
marked by an expert pathologist (I.N.) on representative hematoxylin and eosin (H&E)
stained slides. To obtain sufficient genomic DNA, marked tumor areas were cut out from
10 sequential (non-stained) slides (each 6 um thick). DNA was isolated at 56 °C for 1
hour using TET-lysis buffer with 5% Chelex-100 (Bio-Rad, Hercules, USA) and 400ug pro-
teinase K (Qiagen, Valencia, USA), followed by inactivation at 95°C during 10 minutes®°.
The DNA concentration was determined using the Qubit High Sensitivity Kit (Invitrogen,
Carlsbad, USA) per manufacturer’s protocol.

smMIP sequencing

A panel of 911 smMIPs was used to detect variants in 31 cancer-related genes, as
displayed in Table 1. To provide gender control, smMIPs targeting AMELX and AMELY
were included. The smMIP sequencing protocol has previously been clinically validated
and used in the Radboud University Medical Center?. One hundred nanogram of isolated
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DNA was included per sample. After sample preparation, manual library preparation was
performed?. The purified libraries were diluted. Sequencing was performed using the
NextSeg500 (lllumina, San Diego, USA) per manufacturer’s protocol (300 cycles High
Output sequencing Kit, [llumina, San Diego, USA), resulting in 2 x 150 bp paired end
reads.

Sequence data analysis

Sequence data was generated from the NextSeq500, after which Bcl to FASTQ conversion
and demultiplexing of barcoded reads was automatically performed. Sequence Pilot
software (JSI Medical Systems GmbH, Ettenheim, Germany) was used for generating
consensus reads and variant identification, with settings as previously described?.
Variants found in samples passing gender control and exceeding an average minimum
reading depth of 180 were automatically filtered with an in-house Python script, as
depicted in Figure 1. This threshold excludes, with a certainty of >95%, the presence of
a mutation at minimally 10% mutant allele frequency within covered regions. As SOX9
and SEC63 have many pseudogenes resulting in uncertainty about found mutations, we
have excluded these from further analysis. Due to a technical sequencing artifact (in all
samples), PTEN mutation c.407G>A was excluded from the analysis.

Statistical analysis

Statistical analysis was performed using SPSS version 23 (SPSS, Inc., Chicago, USA).
Numerical datais presented as mean (standard deviation) or median (interquartile range)
based on distribution. Categorical data is presented as frequencies and percentages. In
order to quantify tumor heterogeneity, differences in mutational status between biopsy,
deep and superficial tumor samples were analyzed by calculating the percentages of
concordance and discordance. Concordance was defined as all five samples (1 biopsy,
2 deep samples, and 2 superficial samples) showing identical (or no) mutations.
Discordance was defined as >1 mutation(s) in either of the 5 samples, which was not
found in (one of) the other samples. For all tests performed, P<0.05 was considered
statistically significant.
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Remove non-coding variants (except for
frameshift mutations)
Remove variants in homopolymeric regions

(minimum size of 6N repeats)

Remove single nucleotide polymorphisms
with a frequency of > 0.01 in gnomAD
Remove synonymous variants
Remove UTR variants

Remove PTEN, SOX9 and SEC63 variants
suggestive for pseudogenes

Remove variants with a > 3 fold Fw/Rev read
imbalance

Remove variants with < 10 reads

Remove variants < 10% mutant allele
frequency

Overview of steps involved in data filtering before smMIP data analysis was performed.

FIGURE 1. Flowchart of smMIP analysis data filtering.
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TABLE 1. Continued.

Positions analyzed for variants
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RESULTS

Patients

Data and tissue of 11 patients were included in this study. Patients were on average 72
+ 27.4 years old, and consisted of 6 men and 5 females. Of these, 9 had a pT3 tumor
and 2 a pT4 tumor. All patients were diagnosed with a UICC stage 2 or 3 tumor (Table
2). All patients were treated with immediate resection of the rectal tumor, without prior
chemo- and/or radiotherapy. The rectal tumor was on average located 57.8 + 46.3 mm
from the anal verge, and measured 53.5 £ 21.6 mm in diameter. Patient 7 had a poorly
differentiated tumor (UICC grade 3), whereas all the other patients had a moderately/
well differentiated tumor (UICC grade 1-2). All tumors were microsatellite stable.
Detailed clinicopathological features are summarized in Table 2.

TABLE 2. Patient characteristics.

Variables N=11
Age (years) Mean (SD) 72.2(27.4)
Gender Male 6 (55%)
Female 5 (45%)
pT 3 9 (82%)
4 2 (18%)
pN 0 6 (55%)
1 3 (27%)
2 2 (18%)
UICC stage 2A 6
3A 4
3C 1
EMVI Yes 4 (36%)
No 6 (55%)
Missing 1(9%)
Differentiation (UICC grade) Well/moderate (UICC grade 1-2) 9 (82%)
Poor (UICC grade 3) 1(9%)
Missing 1(9%)
Distance to CRM (mm) Mean (SD) 14.1(7.7)
Diameter tumor (mm) Mean (SD) 53.5(21.6)
Total number of lymph nodes Median (IQR) 15 (12-19)
Number of tumor positive lymph nodes Median (IQR) 0(0-3)
Distance from anal verge (mm) Mean (SD) 57.8 (46.3)

Abbreviations: UICC grade, Union for International Cancer Control pathological differentiation grade; SD, standard
deviation; pT, clinical tumor stage; pN, clinical nodal stage; EMVI, extramural vascular invasion; CRM, circumferential
resection margin; IQR, interquartile range.

Mutation concordance
Twenty-eight genomic mutations were found in the following 8 genes: APC (9/11), BRAF
(1/11), FBXW?7 (2/11), KRAS (7/11), PIK3CA (1/11), PTEN (1/11), SMAD4 (1/11) and
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TP53 (6/11). Insufficient (partial) read depth was found in biopsy samples of 3 patients
(patient 5, 8 and 9). In 7 out of 11 (64%) patients, all 5 samples showed concordant
mutations. In 4 out of 11 patients (36%) a discordance in mutations was observed within
the 5 samples. In patient 2 a discordance in KRAS (2 different mutations), SMAD4 and
TP53 mutations was found between the superficial sample and the biopsy as well as
both deep samples. Patient 4 showed discordance as the TP53 mutation was only found
in the biopsy and one of two superficial samples. Patient 5 showed discordance for
one of the two APC mutations. This APC mutation was only found in the superficial
samples compared to the deep samples (biopsy results were not available). In patient 8
discordance was found as different TP53 mutations were found in the biopsy compared
to the deep and superficial samples. These results are depicted in Figure 2 and 3.

Shared alteration
Wildtype

Insufficient read depth

Alteration exclusive to
deeper samples
Alteration exclusive to
superficial samples

APC

. BRAF

. FBXW7

. KRAS

. PIK3CA

. PTEN

.SMAD4

. TP53

| | |

©ONOUAWN R

TPatents

FIGURE 2. Graphical display of mutations in all samples.

Representation of APC, BRAF, FBXW?7, KRAS, PIK3CA, PTEN, SMAD4, TP53 mutations found in deep,
superficial and biopsy samples. The blue, orange and black colors represent the location of found
mutations, and possible relation to specifically the deep, superficial or biopsy specimen.

Interestingly, patient 4, 5 and 8 have one discordant mutation, whereas patient 2 has five.
No differences in differentiation grade, microsatellite status, tumor stage were found to
explain this difference. However, patient 2 was the only patient with a mucinous tumor
at pathological examination, whereas the other patients all had not otherwise specified
adenocarcinomas.
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In this study, 13 APC mutations were found, of which 11 most likely result in loss of
function (5 non-sense and 6 frameshift mutations). Regarding TP53 mutations, 5
missense mutations have been found which are non-functional according to the
TP53-IACR database®. Furthermore, the effect of the other two TP53 mutations (one
frameshift and one frame deletion) is unclear. All but one KRAS mutations are activating
hotspot mutations, and the BRAF mutation was found in very close proximity to the
real hotspot and most likely also results in increased BRAF activity®*32, When compared
to previous results from the TCGA study in rectal cancers, the percentage of found
mutation frequencies is similar®*.

When putting these found mutations into a clinical perspective, only KRAS mutations
are currently primarily of influence in colorectal cancer patients, as these are predictive
for cetuximab and panitumumab therapy success. Interestingly, two KRAS hotspot
mutations (KRAS ¢.35G>A and KRAS c1.83A>T) were discordant.
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FIGURE 3. Overview of specific mutations.

Overview of specific mutations found in all samples. The various mutations are represented by orange
and blue colored boxes (blue/orange box = mutation variant is present and clear box = mutation variant
is absent). Purple, yellow and red stars indicate the function of the found mutation (purple = missense
mutation, yellow = nonsense mutation and red = truncating mutation). The location of the tumor sample
is indicated at the top of the boxes.
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DISCUSSION

Response to neoadjuvant therapy is heterogeneous in LARC patients**. Adequate
stratification based on parameters available before treatment might enable better use
of neoadjuvant therapy. In this light, genomic mutational status might provide valuable
prognostic information.

In this study, genomic mutations in pre-operative biopsies were compared to 4 other
locations withinthe sametumor using nextgenerations sequencing. In36% ofthe patients,
evaluation of genomic mutational status on a single pre-operative biopsy has shown
discordance between the various tumor samples. This illustrates the genomic variability
in rectal cancer and could explain the so-far experienced difficulties in obtaining reliable
biomarkers. These results are in line with previous evidence supporting the presence of
intra-tumoral genomic heterogeneity in a considerable proportion of rectal cancers®.
Three previous studies have compared genomic mutations in up to 3 intra tumoral
locations. Hardiman et al. reported up to 10 coding variants uniquely corresponding to
one of 3 of the tumor locations in their study of 6 patients®. In the study of Bettoni et
al., only 27% of the observed mutations corresponded to all three samples of a single
rectal adenocarcinoma in one patient®®. On the other hand, Dijkstra et al. reported no
differences in mutational status between deep and superficial colorectal cancer tissue
in 30 patients®. However, the spacial distance between compared tumor samples in this
study was limited, as samples were taken from serial sectioning of FFPE blocks three
times every 1.2 mm. This might have resulted in serial sectioning of one tumor clone
(and thus no difference in found mutations), whereas our study (and others) used tumor
samples with a higher spatial distance recovered from various tumor locations.

This study has several limitations. First of all, the small sample size. Moreover, insufficient
read depth was achieved in biopsy material from 3 patients. Therefore, we could not call
variants at all target regions for these samples. Also, the limited targeted next generation
sequencing panel might have influenced the interpretation of our results. The number
of discordant cases might actually be higher, as this targeted gene panel only provides
information on a selected number of mutations. Furthermore, the tumor cell percentage
in several samples was low, which may have resulted in mutant allele frequencies below
the calling threshold. Lastly, there is no 100% certainty the found mutations were not
germ-line mutations, however considering the observed allelic frequency this is very
unlikely.

To increase the reliability of the biopsy analysis, the use of multiple and possibly even

deeper/larger preoperative biopsies might provide a better representation of intra-
tumoral heterogeneity. However, this might also increase the risk of procedure related
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complications. A second possibility might be the application of whole exome sequencing
or larger targeted gene panels (such as the TSO500, Illumina, San Diego, USA), as this
possibly provides a more elaborate analysis of genomic mutations, as compared to next
generation sequencing using a limited targeted gene panel. Using these techniques,
the mutant-allele heterogeneity (MATH) score was developed to quantitatively assess
the spread of allele frequencies, and has been correlated to response!*®. However, as
sampling errors are innate to the biopsy technique, parameters derived from full tumor
imaging might be preferable to incorporate characteristics of all genetic sub clones
present in these cancers. Following this, predicting algorithms should therefore include
various clinical, radiological and pathological parameters to overcome the complexity of
tumor heterogeneity.

CONCLUSION

In conclusion, assessment of mutational status on a single pre-operative biopsy shows
discordance with tumor tissue from other locations in 36% of cases. These results
warrant careful interpretation of biopsy material analysis, as these might be influenced
by tumor heterogeneity.
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SUMMARY

In this thesis, two large oncological entities are discussed: pancreatic and (colo)rectal
cancer. In Section 1, research on pancreatic cancer is discussed. As overall survival rates
of pancreatic cancer patients are currently very low, there are still major steps to be
taken to increase patient outcome. One of the contributing factors to the low survival
rate is the delayed detection of the disease, typically occurring in its advanced stages
when symptoms become apparent. Additionally, unfavorable biological characteristics
such as a high presence of stroma and increased resistance to therapy also play a role.
The research in this thesis as described in Section 1, has focused on improving detection
and therapy response evaluation of pancreatic cancer by investigating novel targets
for diagnostic targeted molecular imaging and to help differentiate between therapy
induced fibrosis and remaining vital tumor cells after neoadjuvant therapy. Colorectal
cancer patients on the other hand have a much better prognosis. Improving quality of life
is currently a major focus in this field, for example by improving neoadjuvant treatment
regimens for the treatment of rectal cancer. When the number of rectal cancer patients
with a complete response of all tumor tissue after neoadjuvant therapy increases, the
need for drastic operative treatment with its associated risk of complications can be
avoided. The research in this thesis as described in Section 2, has focused on exploring
novel techniques to predict and monitor response to neoadjuvant therapy to optimize
treatment regimens possibly resulting in better patient outcomes.

Pancreatic cancer

Current available imaging techniques are unreliable in assessing response to given
therapies. In addition, they are unable to accurately differentiate between (vital) tumor
tissue and therapy induced fibrosis and inflammation in pancreatic cancer patients
after neoadjuvant therapy. Targeted molecular imaging (e.g. tumor targeted PET/CT)
might provide a solution to this problem. Chapter 2 provides a narrative review of the
available scientific evidence on clinically tested tumor targeted PET/CT tracers for the
detection of pancreatic cancer. The sensitivity of FDG-PET/CT for detecting pancreatic
carcinoma varies, but it is generally reported to be moderate to high (70-90%). However,
it is difficult to differentiate pancreatic carcinoma from pancreatitis, which also shows a
high [*®F]FDG uptake. To overcome this problem, researchers have explored the use of
dual-phase PET/CT imaging and various non-FDG imaging tracers to distinguish tumor
cells from pancreatitis, therapy-induced fibrosis, necrosis, and inflammation. [*¥F]FLT,
as well as various tracers targeting fibroblast activating protein (FAP), integrin o B, and
prostate specific membrane antigen (PSMA) showed promise in detecting pancreatic
cancer and providing diagnostic aid in distinguishing vital tumor cells from inflammation.
The second part of this review describes the current status of targeted radionuclide
therapy in pancreatic cancer. These include °°Y, !, and '’Lu labeled tracers targeting
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carcinoembryonic antigen (CEA) and MUC1. Unfortunately, clinical trials have shown
conflicting results regarding their effectivity.

As previously mentioned, the treatment of pancreatic cancer is very challenging. This
is partly due to the presence of abundant stromal cells, which create physical barriers
and prevent systemic treatment from adequately reaching the tumor cells. Stromal cells
are part of the tumor microenvironment (TME), which is the environment surrounding
tumor cells. The TME includes for example blood vessels, immune cells, stromal cells,
and fibroblasts. To illustrate the importance of the TME, malignant cells only account
for approximately 30% of tumor mass (depending on cancer type). The rest of the
tumor mass consists of e.g. fibroblasts (25%), immune cells (20%), endothelial cells (5%)
and macrophages (5%)*. In recent years, the role and influence of the TME on tumor
development and metastases has been studied extensively for both imaging as well as
therapeutic purposes. Chapter 3 provides an extensive overview of the various TME
components that can be targeted forimaging purposes, i.e. tumor associated vasculature,
immune cells such as macrophages and T-lymphocytes, cancer-associated fibroblasts,
and the extracellular matrix. As described in this chapter, a lot of clinical data is available
on the use of tumor vasculature targeting agents (e.g. targeting the RGD sequence) for
use in various imaging modalities such as PET/CT or NIR fluorescent imaging. In addition,
with increasing use of immunotherapy for many indications, there is a lot of interest in
immune cell imaging in order to predict response to immunotherapy (e.g. PD-1, PD-L1).
Finally, FAP targeted imaging has revealed to be very promising recently, being subject
of multiple studies. As FAP shows promise to be a pan-cancer target for imaging and
therapeutics, various PET and radionuclide therapy tracers have been developed and
are currently tested in clinical trials all over the world. In the future, visualization of the
TME might provide extra information about the potential aggressiveness of the tumor
or the potential therapeutic efficacy of targeted therapies.

Chapter 4 displays the results from a preclinical study investigating novel targets for
molecular imaging of pancreatic cancer, more specifically after neoadjuvant FOLFIRINOX
therapy, to aid in the beforementioned diagnostic challenges. Expression of integrin
OLVBG, carcinoembryonic antigen cell adhesion molecule 5 (CEACAMS5), mesothelin,
PSMA, urokinase-type plasminogen activator receptor (UPAR), FAP, integrin a5 and
epidermal growth factor receptor (EGFR) were evaluated using immunohistochemistry
on tissue slides. Integrin a B, CEACAMS, mesothelin and PSMA immunohistochemistry
stainings showed significantly higher expression in pancreatic cancer compared to tumor
associated pancreatitis and pre-existing normal pancreatic parenchyma. No expression
of a B,, CEACAMS5 and mesothelin was observed in therapy induced fibrosis. Integrin
a B,and CEACAMS allowed for metastatic lymph node detection with a sensitivity and
specificity of 83-100% and 100% respectively. In conclusion, targeting integrin o B, CEA,
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and mesothelin has the potential to distinguish vital pancreatic cancer cells from fibrotic
tissue after neoadjuvant FOLFIRINOX treatment. Integrin o B_ and CEACAMS detect both
primary tumors and tumor positive lymph nodes.

In Chapter 5, the next step is taken towards clinical use of a targeted PET/CT tracer in
pancreatic cancer. A PSMA targeted tracer, [*®F]DCFPyL, which is normally used for the
imaging of prostate cancer, was repurposed and its potential to detect primary colon-,
gastric- and pancreatic cancer was investigated. A total of 11 patients was included in this
clinical pilot study, and all underwent preoperative [**F]DCFPyL and [**F]FDG PET/CT and
imaging results were compared. The detection of colon-, gastric- and pancreatic cancers
using [*®F]DCFPyL PET/CT was feasible, as the primary tumor was detected in 7 out of 10
patients using [**F]DCFPyL. However, relatively low [*®F]DCFPyL uptake in the tumor and
high physiological uptake in both organs and background hampered clear distinction of
the tumor in most patients. As a result, [*®F]FDG PET/CT was superior in detecting colon,
gastric and pancreatic cancers. Following these results, no further research is warranted
into the use of [*®F]DCFPyL in these cancer types without prior selection. Such a selection
process could for instance consist of PSMA specific immunohistochemistry staining of
pre-operative biopsy material, which may possibly be able to detect tumors with high
PSMA expression in patients who could benefit from [**F]DCFPyL PET/CT imaging.

(Colo)rectal cancer

Currently, primary staging and restaging of rectal cancer is performed using
multiparametric MRl and endoscopy. Unfortunately, previous studies have demonstrated
varying and low sensitivity and specificity most evidently seen at restaging after
neoadjuvant therapy. In Chapter 6, a regional retrospective study in rectal cancer
patients demonstrated a low sensitivity of MRI for determining T stage (48.4-58.0%) and
N stage (35.5-65.2%). As a result, a significant number of patients received incorrect
treatment due to over- or understaging (22.2% in immediate surgery group, 68.8% in
short course radiotherapy group). Interestingly, in all cases this was due to incorrect
N staging. These results showed a trend towards more overstaging in lower T stages,
understaging in higher T stages, and general understaging for N stage. This research
adds to the evidence demonstrating low accuracy of MRI for both T and N staging in
rectal cancer, and warrants future research to ensure accurate staging, enabling correct
treatment decision making.

In Chapter 7, an overview is provided on the potential use of [*®F]FDG PET/CT for
treatment response evaluation in colorectal cancer. This overview was written for
educational purposes. Twenty clinical cases with corresponding radiological images are
displayed, and teaching points for each case were discussed. Cases discussed in this
chapter included response monitoring during and after neoadjuvant chemoradiation,
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local treatment of liver metastases, neoadjuvant treatment of recurrent rectal cancer
and palliative systemic treatment of hepatic and extrahepatic disease.

In Chapter 8 the feasibility of response prediction using digital [*¥*F]FDG PET/CT and
multiparametric MRI before, during and after neoadjuvant chemoradiation therapy in
locally advanced rectal cancer patients was investigated. In addition to the anatomical
information MRI provides, digital [*®F]FDG PET/CT can provide metabolic information
on the tumor over time. Moreover, digital PET/CT provides higher resolution over
conventional PET/CT scanners, potentially enabling the detection of smaller tumor
nodules or metastatic lymph nodes. In this clinical pilot study, 19 rectal cancer patients
were included and underwent both digital [*®*F]FDG PET/CT and multiparametric MR
before, during and after neoadjuvant chemoradiation therapy. From these imaging
studies, 57 imaging features were extracted based on their ability to distinguish between
good and poor response to neoadjuvant therapy. Twelve features from both imaging
modalities were selected to be promising, but should be subject to further investigation
in a larger prospective trial.

As we know from colorectal cancer, analysis of specific mutations in tumor cells can
guide and predict cancer treatment (e.g. KRAS mutation predicts efficacy of EGFR
targeted therapies). Likewise, analysis of mutations in preoperative biopsy samples
might predict efficacy of (neo)adjuvant therapy in rectal cancer patients. With this
purpose in mind, the research described in Chapter 9 was set up. As a step towards
predicting response based on mutational analysis of biopsy samples, the accuracy (i.e.
repeatability) of this method had to be established. As we know, tumor heterogeneity
results in various clones/populations of tumor cells spread throughout one tumor. With
this in mind, analyzing one single biopsy sample taken from only the luminal side of a
tumor (as this is the only side accessible by endoscopy) might not be representative for
all tumor cell populations in the tumor. This study aimed to investigate the influence of
this tumor heterogeneity on the results from mutational analysis from biopsy material.
Results from mutational analysis of biopsy material were compared to tissue from 4
other locations within the same tumor using next generation sequencing. Results from
this study showed that different mutations were found in various samples from one
tumor in 36% of 11 included patients. This resulted in the conclusion that assessment
of mutational status on a single pre-operative biopsy sample was inadequate in a
substantial proportion of patients, and its use warrants careful interpretation.
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GENERAL DISCUSSION

Although various questions have been answered by the work in this thesis, many more
guestions and data gaps have been brought to light. More than anything, the work in this
thesis once again underlines the complexity of processes involved in cancer treatment.
It highlights the fact that using our current “simplistic” approaches (searching for one
all-encompassing predicting parameter) is challenging to accurately predict response to
therapy.

This challenge in predicting response to therapy is demonstrated by various studies in
this thesis. In Chapter 4, immunohistochemistry experiments were employed to identify
potential targets that could serve asimaging targets (i.e. to predict which imaging targets/
tracers could be successful in the clinic). The degree of expression of a certain biomarker
is hypothesized to correlate with tracer uptake during e.g. PET/CT or NIR fluorescent
imaging. Although there are certainly many different applications in which this approach
has been successful, the immunohistochemical experiments described in this chapter
followed by the unsatisfactory results from the clinical implementation in Chapter 5
demonstrate an example of how difficult it can be to predict clinical imaging results
based on immunohistochemistry experiments. Several critical questions regarding the
method of using immunohistochemistry to predict clinical imaging results can be posed.
First, how accurate and quantifiable is this assessment of the degree of expression? As
in this thesis the rating was performed visually by the pathologist, we can at best get
an estimate of the percentage of cells staining and the corresponding intensity. As a
pathologist is not able to count and assess all cells separately, no exact measurement
can be performed using this method. In recent years, (semi)automated software such
as QuPath® has been developed to more accurately quantify immunohistochemical
stainings. After training the software to identify certain cell types (e.g. tumor cells,
stromal cells), it can provide detailed information on the percentage and intensity of
cells stained. Unfortunately, this software was not yet readily available at the time of the
experiments in this thesis.

Next, as only one tissue slide from each tumor was assessed, it could be difficult to
make an overall assessment of the ‘total available binding sites’ that are available in
the tumor for imaging agents to bind to. Although one could assume that you can
deduct the total biomarker expression in a tumor from a sample tissue slide, various
factors can influence this estimation. For example, expression of certain biomarkers can
vary throughout the tumor due to e.g. tumor heterogeneity or increased expression
in for example the invasive front of the tumor. Such differences in expression pattern
can possibly result in an incorrect estimate on overall biomarker expression in a certain
tumor. As demonstrated in Chapter 9, tumor heterogeneity in for example rectal
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cancer can significantly influence results from such sample testing approaches. As the
assessment of various tissue slides per tumor is very time consuming for the pathologist,
the use of software such as QuPath could enable research groups to assess multiple slides
per tumor, and improve their estimate of biomarker expression throughout the whole
tumor. A third question regarding this approach refers to what degree of biomarker
expression is sufficient to enable in vivo imaging of this target with satisfactory contrast
to physiological uptake in adjacent organs. Intense physiological expression of the target
biomarker in adjacent tissue can hamper tumor detection, as experienced in Chapter 5.
More specific to this study; significant tracer uptake in the gastric wall, pancreas, liver,
gallbladder, spleen and small intestines hampered clear identification of pancreatic,
colon and gastric tumors. In the search for imaging targets, not only uptake in the target
organ itself should be considered, but also uptake in the surrounding organs as this
can hamper tumor identification. Depending on the tumor type and location, different
background organs should be considered. Finally, in addition to the percentage of cells
stained and the intensity of this staining, the cellular location of the found expression
should be taken into account. Previously, mostly tumor cells were targeted directly for
imaging and treatment purposes. More recently, stromal cells (surrounding the tumor
cells) are also being targeted, as these represent a significant part of tumor content as
well. To illustrate, stromal cells can account for up to 90% of tumor mass in pancreatic
cancer®. Neovasculature is part of this stroma, and consists of endothelial cells. As
described in Chapter 4, moderate PSMA expression was found in the endothelial cells
in pancreatic cancer. As endothelial cells only account for a few percent of total tumor
mass, this resulted in a relatively low ‘total’ expression in terms of available bindings
sites for imaging tracer (a few percent of the tumor mass x moderate staining = low
number of total binding sites). This has possibly contributed to the unsatisfactory results
in Chapter 5.

A second lesson that can be learned from the work in this thesis, is how difficult it is
to find a (combination of) parameter(s) for prediction of clinical results (e.g. response
to therapy). Not only the predictive ability of such parameters is important, but also
whether they are representative for the whole tumor (in case samples are taken) and
whether these samples or measurements are repeatable and result in similar results.
A first example of such a challenge regarding representation of the whole tumor and
consequent repetition of measurements is found in the work performed in Chapter 9.
In this study, different mutation profiles were found within various samples from the
same tumor in 36% of patients. These results demonstrate how tumor heterogeneity
influences the results of mutational analysis when using biopsy material versus using
the whole tumor specimen, and thus question the suitability of mutational analysis
from biopsy material for response prediction. Unfortunately, only the luminal side of the
tumor is accessible for biopsy during endoscopy, thus no data can be acquired on the
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non-luminal tumor parts using this method. Of note, this problem is only relevant for
heterogeneic tumors, as in completely homogeneic tumors the results will be identical
regardless of the biopsy location. In contrast to using biopsy material and extrapolate
results derived from a sample, the use of imaging methods such as PET/CT provide a
method to acquire data on the full tumor including all its heterogeneic cell populations.
A second example of this challenge to find suitable predicting prarameters is found in
the work described in Chapter 8, where not only the type of scan (MRI or [*®F]FDG PET/
CT) but also the timing of the scan in the treatment period and the use of different
scanners and scanning protocols is of great importance when trying to predict response.
Following this second example, a very strict and consequent study protocol is required to
be able to investigate such multimodal approaches. On the other hand, results derived
from studies performed in such highly controlled environments might be difficult to
translate and apply to the clinical setting as this setting is not as controlled. This results
in the following paradox that complex prediction models including data from various
different modalities might be able to predict response with sufficient accuracy, but
could be difficult to implement in the daily clinical setting. One opportunity to decrease
variability in scanning results, could be the use of combined PET-MRI scans, instead
of the two separately. One of the many advantages of combined PET-MRI could be
increased delineation of the tumor and/or (metastatic) lymph nodes (as you can now
reference to MRl instead of CT images).

This paradox should stimulate us as researchers and clinicians to search for ways in
which we can use the already available information to support informed clinical decision
making. This is more relevant than ever, as there is a vast amount of information gathered
in the standard diagnostic work up of every single patient, and tools for analysis and
subsequent prediction model development of such large quantities of data improve by
the day.

FUTURE PERSPECTIVES

There is a great number of promising developments in the field of molecular imaging.
Many new targeted imaging tracers are being developed, scanner technology is
constantly improving, and guidelines are being developed to advise on the best (evidence
based) way to use these newly available technologies. The use of successfully translated
PET/CT tracers such as [*®F]FDG have been implemented in national guidelines, as for
example to detect recurrent disease (indicated by increase CEA levels) in the follow up
after surgical resection of colorectal cancer’.

Various research groups are currently investigating the further application of [*®F]FDG
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in diagnosis and treatment response monitoring of both rectal and pancreatic cancer.
A recent example of this is found in the publication of the PandigiPET study?®. In this
trial, the additional value of digital [**F]FDG PET/CT in primary staging and restaging
after neoadjuvant therapy in pancreatic cancer was investigated. Results from this trial
demonstrated a strong positive correlation between change in [®F]FDG uptake and
change in CT tumor diameter and change in CA19-9. In addition, the application of digital
[*8F]FDG PET/CT resulted in detection of previously unknown small liver metastases in
5 out of 35 patients. These results warrant further exploration of the additional value
of digital [*®F]FDG PET/CT in pancreatic cancer, as it could possibly improve both initial
staging and response monitoring. Currently, a similar study (IMAGE-PET trial) is being
conducted by our colleagues at the Amsterdam UMC to investigate whether a decline
in [®F]FDG uptake correlates to surgical resectability, biological tumor marker response
and pathological response.

In addition to [*®F]FDG, other PET/CT tracers are being developed and tested in clinical
trials. In our own research group, we are currently working on the clinical implementation
of various novel PET/CT tracers for the detection and response monitoring of pancreatic
cancer. These include [**F]Fluciclatide (NL7605), [**F]FP-R 1-MG-F2° and [*Ga]Ga-
FAPI-46'°, targeting a combination of integrins, integrin o B, and the fibroblast activation
protein (FAP), respectively. Focusing on the latter one, FAP is expressed by cancer
associated fibroblasts in most cancer types. Since its first introduction into human clinical
trials in 2019, interest in this tracer has spiked as this may prove to be a novel pan-cancer
imaging tracer with great diagnostic and therapeutic potential. As investigated in Chapter
2 of this thesis in a preclinical setting, and later confirmed by results from various clinical
trials, targeting FAP indeed has great potential in diagnosis and treatment of pancreatic
cancer'™3, A recent systematic review and meta-analysis by our group on the diagnostic
test accuracy of FAPI PET/CT in hepato-pancreato-biliary (HPB) tumors (Henrar et al., to be
published) concluded that FAPI PET/CT demonstrated higher uptake (mean SUV__ 15.6,
95% CI 12.4-18.9) compared to [**F]FDG PET/CT (mean SUV__ 6.5, 95% Cl 4.4-8.5) in 242
pancreatic cancer patients. In addition, the detection rate of FAPI PET/CT was significantly
higher in hepatocellular carcinoma, biliary tract cancers and lymph node-, liver- or distant
metastases from all HPB tumors compared to [*®F]FDG PET/CT. In addition to its diagnostic
potential, it could serve as a theranostic agent, and thus also be used for e.g. radionuclide
therapy. A recent review by colleagues from the Radboud Medical Center (Nijmegen,
The Netherlands) concluded that FAP targeted radionuclide therapy using tracers such
as [*°Y]Y-FAPI-46 and [*"7Lu]-FAPI-46 has already been tested in various limited case series
in more than 100 cancer patients'*. Early results encourage further investigation, with
therapy responses observed in difficult to treat end stage cancer patients and manageable
adverse events. The first results from prospective clinical basket trials are expected in the
upcoming year (e.g. NCT04939610, NCT05723640).
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Next to diagnosing cancer, much effort is currently put into developing reliable
methods to predict and monitor response to cancer therapy®® 8. With increasing use
of neoadjuvant therapy to enhance both surgical and survival outcomes, many new
neoadjuvant treatment regimens are currently under investigation. To illustrate this,
both the Dutch Pancreatic Cancer Group (DPCG) and the Dutch Colorectal Cancer Group
(DCCG) have conducted various clinical trials over the last years investigating novel
combinations for neoadjuvant therapy. These include for example the PREOPANC-1 and
-2 trials (and currently ongoing PREOPANC-3 and-4) in pancreatic cancer and the RAPIDO
trial in rectal cancer?®?3, Accurate prediction of response to a certain anti-cancer therapy
could be used to choose the most effective treatment regimen at an individual patient
level. Inefficient treatment with often serious risk of complications and adverse events
could be avoided, and possibly patient outcomes could be improved. An example of this
is seen in patients with advanced pancreatic cancer, who according to the local guideline
are treated with FOLFIRINOX. Although many patients benefit from this therapy, there is
also a subset of patients who are unresponsive to this therapy but do experience severe
toxicity (including e.g. neutropenia, thrombocytopenia and diarrhea). The PANCAKE
study, another initiative of the DPCG, currently investigates whether certain biomarkers
such as ctDNA, microRNA, or SNPs might be able to predict response to FOLFIRINOX
therapy?..

As it is difficult to find one single parameter from clinical, imaging, or pathological data
that has enough accuracy to predict response at an individual patient level, much effort
is put into the development of prediction models in which multiple of these parameters
are combined. As neoadjuvant therapy for rectal cancer patients has been implemented
for several years now with great success (pCR rate ~10-30%%*%°), there is a vast amount of
data available to develop such models. To illustrate, a recent publication in the Lancet by
Feng et al., describes the development and validation of the RAPIDS prediction model*°.
This model was constructed by machine learning based on both MRI radiomics and
histological pathomics pre-treatment data. The final model (after training and validating
in 3 data sets with over 900 patients) was able to predict pCR with a sensitivity of 89%
and specificity of 74%.

In the future, | foresee a significant role for molecular imaging using PET/CT to enable
more accurate diagnosis and guide individualized patient treatment. Together with
prediction models such as the ones mentioned before in this thesis, | hope this will
further increase our ability to select the optimal treatment for the individual patient. By
doing so, we might be able to select the most effective anti-cancer treatment and avoid
unnecessary adverse events from ineffective treatment regimens.
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NEDERLANSE SAMENVATTING

In dit proefschrift worden twee oncologische entiteiten besproken: alvleesklier- en
(colo)rectaalkanker. In Sectie 1 wordt onderzoek naar alvleesklierkanker besproken.
Aangezien de overlevingskansen van patiénten met alvleesklierkanker momenteel erg
laag zijn, moeten er nog grote stappen worden gezet om de uitkomst voor patiénten te
verbeteren. Een van de oorzaken van dit lage overlevingspercentage is de late detectie
van de ziekte, doordat pas laat in het ziekteproces klachten tot uiting komen. Daarnaast
spelen ongunstige biologische kenmerken zoals de hoge hoeveelheid stroma en hoge
resistentie tegen therapie ook een rol. Het onderzoek in deze scriptie, zoals beschreven
in Sectie 1, heeft zich gericht op het verbeteren van de detectie en evaluatie van
therapierespons van alvleesklierkanker door het onderzoeken van nieuwe targets voor
moleculaire beeldvorming en om bijvoorbeeld onderscheid te kunnen maken tussen
door therapie veroorzaakte fibrose en resterende vitale tumorcellen na neoadjuvante
therapie. Aan de andere kant hebben patiénten met colorectale kanker een veel betere
prognose. Het verbeteren van de kwaliteit van leven is momenteel een belangrijke focus
op dit gebied, bijvoorbeeld door verbeterde neoadjuvante behandelingsregimes in de
behandeling van rectumkanker. Wanneer het aantal patiénten met rectumkanker met
een volledige respons van al het tumorweefsel na neoadjuvante therapie toeneemt,
kan de noodzaak voor ingrijpende operatieve behandeling met het bijbehorende risico
op complicaties worden vermeden. Het onderzoek in deze scriptie, zoals beschreven
in Sectie 2, heeft zich gericht op het verkennen van nieuwe technieken om respons
op neoadjuvante therapie te voorspellen en te monitoren om behandelingsschema’s te
optimaliseren, wat mogelijk kan resulteren in betere uitkomsten voor patiénten.

Alvleesklierkanker

Huidige beschikbare beeldvormingstechnieken zijn onvoldoende betrouwbaar bij
het beoordelen van de respons op gegeven therapieén. Bovendien kunnen ze geen
accuraat onderscheid maken tussen (vitale) tumorcellen en door therapie veroorzaakte
fibrose en ontsteking bij patiénten met alvleesklierkanker na neoadjuvante therapie.
Gerichte moleculaire beeldvorming (bijv. tumorgerichte PET/CT) zou een oplossing
kunnnen bieden voor dit probleem. Hoofdstuk 2 biedt een beschrijvend overzicht van
het beschikbare wetenschappelijke bewijs over klinisch geteste tumorgerichte PET/CT-
tracers voor de detectie van alvleesklierkanker. De gevoeligheid van FDG-PET/CT voor het
detecteren van alvleesklierkanker varieert, maar wordt over het algemeen ervaren als
matig tot hoog (70-90%). Het is echter moeilijk om alvleesklierkanker te onderscheiden
van pancreatitis, dat ook een hoge [*®¥F]FDG-opname laat zien. Om dit probleem te
overwinnen, hebben onderzoekers het gebruik van dual-fase PET/CT-beeldvorming
en verschillende niet-FDG- tracers onderzocht om tumorcellen te onderscheiden
van pancreatitis, door therapie veroorzaakte fibrose, necrose en ontsteking. [*®F]FLT,
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evenals verschillende tracers die fibroblast activerend eiwit (FAP), integrine av6 en
prostaatspecifiek membraanantigeen (PSMA) targeten, leken veelbelovend voor het
detecteren van alvleesklierkanker en als diagnostische hulp bij het onderscheiden
van vitale tumorcellen van ontsteking. Het tweede deel van dit overzicht beschrijft de
huidige status van radio-isotooptherapie bij alvleesklierkanker. Deze omvatten 90Y, 1311
en 177Lu gelabelde tracers gericht op het carcino-embryonaal antigeen (CEA) en MUC1.
Helaas hebben klinische onderzoeken tot nu toe tegenstrijdige resultaten laten zien
over hun effectiviteit.

Zoals eerder vermeld is de behandeling van alvleesklierkanker zeer uitdagend. Dit
komt deels door de aanwezigheid van veel stromacellen, die fysieke barrieres creéren
en voorkomen dat systemische behandeling de tumorcellen adequaat bereikt.
Stromacellen maken deel uit van de tumor microenvironment (TME), wat de omgeving
rondom tumorcellen beslaat. De TME omvat bijvoorbeeld bloedvaten, immuuncellen,
stromacellenenfibroblasten.Omhetbelangvande TME teillustreren, vertegenwoordigen
kwaadaardige cellen slechts ongeveer 30% van de totale tumormassa (afhankelijk van
het type kanker). De rest van de tumormassa bestaat bijvoorbeeld uit fibroblasten (25%),
immuuncellen (20%), endotheelcellen (5%) en macrofagen (5%)**. De rol en invlioed van
de TME op tumorgroei en uitzaaiingen zijn de afgelopen jaren uitgebreid bestudeerd,
zowel voor beeldvormings- als therapeutische doeleinden. Hoofdstuk 3 biedt een
uitgebreid overzicht van de verschillende componenten van de TME die kunnen worden
gebruikt voor beeldvormingsdoeleinden, zoals vasculatuur geassocieerd met tumoren,
immuuncellen zoals macrofagen en T-lymfocyten, kankergerelateerde fibroblasten en
de extracellulaire matrix. Zoals beschreven in dit hoofdstuk is er veel klinische data
beschikbaar over het gebruik van middelen die gericht zijn op de tumorvasculatuur (bijv.
gericht op de RGD-sequentie) voor gebruik in verschillende beeldvormingstechnieken
zoals PET/CT of NIR-fluorescentiebeeldvorming. Bovendien is er met toenemend
gebruik van immunotherapie voor veel indicaties veel interesse in het afbeelden van
immuuncellen om reacties op immunotherapie te voorspellen (bijv. PD-1, PD-L1). Ten
slotte is het gerichte FAP-beeldvorming onlangs zeer veelbelovend gebleken en is het
onderwerp geweest van meerdere studies. Aangezien FAP veelbelovend lijk als een
target voor veel/alle kankers voor beeldvorming en therapie, zijn verschillende PET- en
radio-isotooptherapietracers ontwikkeld en worden deze momenteel getest in klinische
onderzoeken over de hele wereld. In de toekomst kan visualisatie van de TME extra
informatie opleveren over de potentiéle agressiviteit van de tumor of de potentiéle
therapeutische werkzaamheid van gerichte therapieén.

Hoofdstuk4toontderesultatenvaneen preklinische studie die nieuwe targets onderzoekt

voor moleculaire beeldvorming van alvleesklierkanker, specifiek na neoadjuvante
FOLFIRINOX-therapie, om te helpen bij de eerder genoemde diagnostische uitdagingen.
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Expressie van integrine avp6, carcino-embryonaal antigeen celadhesiemolecuul 5
(CEACAMS), mesotheline, PSMA, urokinase-type plasmine activator receptor (uPAR),
FAP, integrine a5 en epidermale groeifactorreceptor (EGFR) werden geévalueerd met
behulp van immunohistochemie op weefselcoupes. Immunohistochemische-kleuringen
van integrine avf6, CEACAMS5, mesotheline en PSMA vertoonden aanzienlijk hogere
expressie bij alvleesklierkanker in vergelijking met tumor geassocieerde pancreatitis
en het onaangetaste pre-existente pancreasweefsel. Er werd geen expressie van
avp6, CEACAMS en mesotheline waargenomen bij door therapie veroorzaakte fibrose.
Integrine avf6 en CEACAMS5 maakten detectie van gemetastaseerde lymfeklieren
mogelijk met een gevoeligheid en specificiteit van respectievelijk 83-100% en 100%.
Concluderend hebben beeldvorming gericht op integrine avf6, CEA en mesotheline
potentie om vitale alvleesklierkankercellen te onderscheiden van fibrotisch weefsel na
neoadjuvante FOLFIRINOX-behandeling. Integrine avf6 en CEACAMS detecteren zowel
primaire tumoren als tumor positieve lymfeklieren.

In Hoofdstuk 5 wordt de volgende stap gezet naar het klinische gebruik van een
gerichte PET/CT-tracer bij alvleesklierkanker. Een op PSMA gerichte tracer, [**F]DCFPyL,
die normaal gesproken wordt gebruikt voor de beeldvorming van prostaatkanker,
werd gebruikt en zijn potentie om primaire colon-, maag- en alvleesklierkanker te
detecteren werd onderzocht. In totaal namen 11 patiénten deel aan deze klinische
pilotstudie, en allen ondergingen preoperatieve [®F]DCFPyL en [®F]FDG PET/CT en
de beeldvormingsresultaten werden vergeleken. De detectie van colon-, maag- en
alvleesklierkanker met behulp van [*F]DCFPyL PET/CT was mogelijk, aangezien de
primaire tumor werd gedetecteerd bij 7 van de 10 patiénten met [*¥F]DCFPyL. Echter,
een relatief lage opname van [®F]DCFPyL in de tumor en een hoge fysiologische
opname in zowel organen als achtergrond bemoeilijkten een duidelijk onderscheid van
de tumor bij de meeste patiénten. Als gevolg hiervan was [**F]FDG PET/CT superieur
in het detecteren van colon-, maag- en alvleesklierkanker. Naar aanleiding van deze
resultaten is verder onderzoek naar het gebruik van [**F]DCFPyL bij deze soorten kanker
niet gerechtvaardigd zonder voorafgaande selectie. Een dergelijk selectieproces kan
bijvoorbeeld bestaan uit PSMA-specifieke immunohistochemiekleuring van preoperatief
biopsiemateriaal, wat mogelijk tumoren met een hoge PSMA-expressie kan detecteren
bij patiénten die baat zouden kunnen hebben bij [**F]DCFPyL PET/CT-beeldvorming.

(Colo)rectumkanker

Momenteel wordt de primaire stadiering en restadiering van rectumkanker uitgevoerd
met behulp van multiparametrische MRI en endoscopie. Helaas hebben eerdere studies
variabele en lage gevoeligheid en specificiteit aangetoond, vooral bij restadiering na
neoadjuvante therapie. In Hoofdstuk 6 toonde een regionale retrospectieve studie
bij patiénten met rectumkanker een lage gevoeligheid van MRI aan voor het bepalen
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van het T-stadium (48.4-58.0%) en N-stadium (35.5-65.2%). Als gevolg van onjuiste
stadiering kreeg een aanzienlijk aantal patiénten onjuiste behandeling vanwege over-
of onderschatting (22.2% in de groep met directe chirurgie, 68.8% in de groep met
kortdurende radiotherapie). Interessant genoeg was dit in alle gevallen te wijten aan
onjuiste N-stadiering. Deze resultaten toonden een trend naar meer overschatting bij
lagere T-stadia, onderschatting bij hogere T-stadia, en over het algemeen onderschatting
voor N-stadium. Dit onderzoek draagt bij aan het bewijs dat MRl een lage nauwkeurigheid
heeft voor zowel T- als N-stadiering bij rectumkanker, en pleit voor toekomstig
onderzoek om nauwkeurige stadiering te garanderen, wat beter geinformeerde
behandelbeslissingen mogelijk maakt.

In Hoofdstuk 7 wordt een overzicht gegeven van het mogelijke gebruik van ['%F]
FDG PET/CT voor de evaluatie van de behandelingsrespons bij colorectale kanker. Dit
overzicht is geschreven voor educatieve doeleinden. Er worden twintig klinische casus
met bijbehorende radiologische beelden getoond, en er worden leerpunten besproken
voor elke casus. De casus die in dit hoofdstuk worden besproken, omvatten monitoring
van respons tijdens en na neoadjuvante chemoradiatie, lokale behandeling van
levermetastasen, neoadjuvante behandeling van recidief rectumkanker en palliatieve
systemische behandeling van lever- en extrahepatische aandoeningen.

In Hoofdstuk 8 is de haalbaarheid van voorspelling van respons onderzocht met behulp
van digitale [*®F]FDG PET/CT en multiparametrische MRI véér, tijdens en na neoadjuvante
chemoradiatiebehandeling bij patiénten met lokaal gevorderde rectumkanker. Naast
de anatomische informatie die MRI biedt, kan digitale [*®F]FDG PET/CT in de loop
van de tijd metabole informatie over de tumor verstrekken. Bovendien biedt digitale
PET/CT een hogere resolutie dan conventionele PET/CT-scanners, wat mogelijk de
detectie van kleinere tumorknobbels of gemetastaseerde lymfeklieren mogelijk maakt.
In deze klinische pilotstudie werden 19 patiénten met rectumkanker opgenomen en
ondergingen zowel digitale [**F]FDG PET/CT als multiparametrische MRI v6or, tijdens en
na neoadjuvante chemoradiatiebehandeling. Uit deze beeldvormingsstudies werden 57
beeldvormingskenmerken geéxtraheerd op basis van hun vermogen om onderscheid te
maken tussen een goede en slechte respons op neoadjuvante therapie. Twaalf kenmerken
van beide beeldvormingsmodaliteiten werden als veelbelovend geselecteerd, maar
moeten worden onderworpen aan verder onderzoek in een grotere prospectieve proef.

Zoals we weten bij darmkanker kan de analyse van specifieke mutaties in tumorcellen
de behandeling van kanker sturen en voorspellen (bijv. voorspelt de KRAS-mutatie de
effectiviteit van EGFR-gerichte therapieén). Evenzo zou de analyse van mutaties in
preoperatieve biopsie weefsels de potentie kunnen voorspellen van (neo)adjuvante
therapie bij patiénten met rectumkanker. Met dit doel voor ogen is het onderzoek
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dat beschreven wordt in Hoofdstuk 9 opgezet. Als een stap naar het voorspellen van
respons op basis van mutatieanalyse van biopsie weefsel, moest de herhaalbaarheid
van deze methode worden vastgesteld. Zoals we weten leidt tumorheterogeniteit tot
verschillende populaties van tumorcellen die zich door de hele tumor verspreiden. Met
dit in gedachten, kan het analyseren van slechts één biopsie weefsel dat slechts van de
luminale zijde van een tumor is genomen (aangezien dit de enige zijde is die toegankelijk
is via endoscopie) mogelijk niet representatief zijn voor alle tumorcelpopulaties in
de tumor. Deze studie had tot doel de invloed van deze tumorheterogeniteit op de
resultaten van mutatieanalyse van biologisch materiaal te onderzoeken. Resultaten
van mutatieanalyse van biopsiemateriaal werden vergeleken met weefsel van 4 andere
locaties binnen dezelfde tumor met behulp van next-generation sequencing. Resultaten
van deze studie toonden aan dat verschillende mutaties werden gevonden in diverse
monsters van één tumor bij 36% van de 11 patiénten. Dit leidde tot de conclusie
dat de beoordeling van de mutatiestatus op een enkel preoperatief biopsiemonster
onvoldoende accuraat was bij een aanzienlijk aantal patiénten, en het gebruik ervan
vereist zorgvuldige interpretatie.
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