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Abstract

PURPOSE Metastasectomy is a common treatment option for patients with
colorectal lung metastases (CLM). Challenges exist with margin assessment
and identification of small nodules, especially during minimally invasive surgery.
Intraoperative fluorescence imaging has the potential to overcome these chal-
lenges. The aim of this study was to assess feasibility of targeting CLM with the
carcinoembryonic antigen (CEA) specific fluorescent tracer SGM-101.

METHODS This was a prospective, open-label feasibility study. The primary
outcome was the number of CLM that showed a true positive fluorescence
signal with SGM-101. Fluorescence positive signal was defined as a signal-to-
background ratio (SBR) = 1.5. A secondary endpoint was the CEA expression in
the colorectal lung metastases, assessed with the immunohistochemistry and
scored by the total immunostaining score.

RESULTS Thirteen patients were included in this study. Positive fluorescence
signal with in vivo, back table and closed-field bread loaf imaging was observed
in 31%. 45% and 94% of the tumours respectively. Median SBRs for the three
imaging modalities were 1.00 (IQR: 1.00-1.53), 1.45 (IQR: 1.00-1.89) and 4.81 (IQR:
2.70-7.41). All tumour lesions had a maximum total immunostaining score for CEA
expression of 12/12.

CONCLUSION This study demonstrated the potential of fluorescence imaging of
CLM with SGM-101. CEA expression was observed in all tumours and closed-field
imaging showed excellent CEA specific targeting of the tracer to the tumour
nodules. The full potential of SGM-101 for in vivo detection of the tracer can be
achieved with improved minimal invasive imaging systems and optimal patient
selection.
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Introduction

Around 5% of the patients with colorectal cancer (CRC) develop lung metastases
after treatment with curative intent."” For selected, oligo-metastatic patients,
metastasectomy is an important treatment option so long as the primary disease
is under control. Tumour identification during metastasectomy is sometimes
challenging, as nodules can be small. Positive margins are associated with
decreased overall survival, which makes complete removal of the tumour of
utmost importance.® While the introduction of video-assisted thoracic surgery
(VATS) has reduced surgical morbidity, tumour identification has become more
challenging. Therefore, interest is growing in other methods for intraoperative
detection of colorectal lung metastases (CLM).

Intraoperative, tumour-specific, near-infrared (NIR) fluorescence imaging is
developed for several surgical procedures, including lung surgery.* To realize
NIR fluorescence tumourimaging, patients are administered intravenously with
atumour-specific tracer attached to a fluorophore.Imaging of these agents with
a fluorescence imaging system allows for real-time intraoperative visualization
of the tumour.® SGM-101 is a fluorescent tracer that consists of a monoclonal
antibody that targets carcinoembryonic antigen (CEA), labelled with a NIR
fluorophore (BM-104). This fluorophore has an excitation and emission wave-
length around 700 nm.® CEA is overexpressed in >95% of the colorectal cancers
and thus an excellent target for molecular imaging of CRC.” NIR fluorescence
imaging of CLM with SGM-101 may improve intraoperative detection of these
tumours and thus increase the chance of a complete resection of the tumour.

Intraoperative NIR fluorescence imaging with SGM-101 has been studied in
trials for locally advanced CRC, peritoneal metastases of CRC, colorectal liver
metastases, and pancreatic cancer.®"? In a phase Il rectal cancer trial, NIR fluo-
rescence imaging with SGM-101 resulted in a change in surgical plan in 7 out
of 37 patients. Currently, two phase Ill trials are ongoing with SGM-101 for CRC
and peritoneal metastases.”" The aim of this study was to assess the potential
of targeting CLM with SGM-101.

Methods

This study was reviewed and approved by the medical ethical committee
‘Leiden-Den Haag-Delft' and conducted according to the declaration of
Helsinki (1oth version, Fortaleza, 2013). Informed consent was obtained from all
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study participants. The study was registered in Clinicaltrials.gov under identifier
NCT04737213. The study was conducted in the Leiden University Medical Center
(Lumc) and the Erasmus MC Cancer Institute (EMC).

STUDY DESIGN

This was a prospective, open-label, non-randomized feasibility study to assess
the ability of SGM-101 to target CLM. In this single arm trial, all patients were
intravenously administered with SGM-101. SGM-101 was supplied by Surgimab
(Montpellier, France). All patients received intravenous administration three to
five days prior to surgery, based on earlier study protocols.'”"? The drug was
administered over 30 minutes and patients were observed for three hours after
infusion. Patients at least 18 years old, scheduled for resection of (suspected)
CLM, and willing and able to give written informed consent were eligible for
inclusion. Exclusion criteria were: history of any anaphylactic reaction, other ma-
lignancies either currently active or diagnosed in the last 5 years, hepatic orrenal
insufficiencies, blood count abnormalities, known positive test for Hiv, hepatitis
B surface antigen or hepatitis C virus antibody or patients with untreated serious
infections, patients pregnant or breastfeeding, or any condition that the inves-
tigator considered to be potentially jeopardizing the patient’s wellbeing or the
study objectives.

OUTCOMES

The primary outcome of this study was the number of CLM that showed a true
positive fluorescence signal with SGM-101 and a NIR fluorescence imaging sys-
tem. Secondary endpoints were the optimal dose of SGM-101 for fluorescence
imaging of CLM, possible change in surgical management based on fluorescence
imaging, and concordance between fluorescence imaging and CEA expression
on the corresponding tissue slides.

For the primary outcome, lesions were considered fluorescent (i.e. a positive
index test) if the signal-to-background ratio (SBR) was = 1.5.° The reference
standard for demonstrating CLM was final histopathological assessment.
Imaging of the CLM was performed in three settings: in vivo imaging, ex vivo
imaging of the whole specimen on the back table (back table imaging), and ex
vivo imaging of bread loaf slides in a closed-field imaging device (closed-field
imaging). In vivo and back table imaging was performed with the Quest spec-
trum V2 fluorescence camera (Middenmeer, The Netherlands). During VATS,
the endoscopic camera of Quest spectrum V2 was used. Closed-field imaging
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was performed with the PEARL MSI imaging system (Li-Cor ,Lincoln, Nebraska,
USA). SBRs were calculated with the ‘Quest TBR tool’ (Quest Medical Imaging,
Middenmeer, The Netherlands) and Image Studio software (Li-Cor, Lincoln,
Nebraska, USA). The SBR was defined as the mean fluorescence intensity of
the signal derived from the tumour divided by the mean fluorescence intensity
of the surrounding normal tissue.

Doses of 7.5, 10, and 12.5 mg were studied. The optimal dose was decided
based on closed-field bread loaf imaging. As this was a feasibility study, no
direct change in surgical management was performed, based on intraoperative
fluorescenceimaging alone.However, possible changein surgicalmanagement
was noted as a secondary outcome measure (type D study).'® CEA expression
was assessed by immunohistochemistry with the monoclonal mouse antibody
against CEACAM5 (clone number Cl-P83-1,Santa Cruz Biotechnology).* Scoring
of staining was done by multiplying the intensity score by the proportion score,
to calculate the total immunostaining score (T1S).” A dedicated pathologist (MD)
performed scoring of the immunohistochemistry-stained tissue slides.

STATISTICS

R software (version 4.1.0, R Foundation for statistical computing, Vienna,
Austria) was used for statistical analysis. Numerical data was described with
median and interquartile range (IQR) or range. To assess SBR differences be-
tween dose groups, a Kruskal-Wallis test was performed. To assess the influ-
ence of overlying lung parenchyma on fluorescence signal intensity, tumours
were categorized as closer or further distanced than14 mm of the visceral pleura
as defined by pre-operative computed tomography (CT). anti-CEACAM5 ™ P <
0.05was considered significant. The sample size is based upon experience with
this type of compounds and not on a formal power calculation. Using the 3+3
dose escalation design, a minimum of ¢ and a maximum of 15 patients will be
included, corresponding to a minimum of 3 patients per dose level. Patients
were allocated in a chronological order.

Results

Between January 2021 and September 2022, 13 patients (ten males, three fe-
males) with a median age of 56 years (IQR: 54.5-66.5) were included. Patient and
surgical characteristics are described in Table 1. There were no (serious) adverse
events with any possible relationship to the administration of SGM-101.
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TABLE 1 Patient- and surgical characteristics.

N (%)*
Patients 13 (100)
Sex Male 10(77)
Female 3(23)
Hospital Lumc 7 (46)
EMC 6 (54)
Age (median [IQR]) 56 [54.5-66.5]
Serum CEA (pg/ml) 5.8[3.33-8.5]
(median [IQR])
Location metastasis RUL 5(28)
ML 1(6)
RLL 6(33)
LUL 3(17)
LLL 3(17)
Surgical procedure**  Lobectomy 4(31)
Segment resection 2 (15)
Wedge resection 9 (69)
Lymphadenectomy 5(38)
Surgical approach Thoracotomy 2 (15)
VATS 9 (70)
RATS 2 (15)***

* Percentages may not always add up to 100 due to rounding to full numbers
** Multiple patients underwent combined lobectomy and wedge/segment resections
*** One converted to thoracotomy due to haemorrhage

N = number | LUMC = Leiden University Medical Centre | EMC = Erasmus Medical Centre |

CEA = carcinoembryonic antigen IQR = interquartile range | RUL = right upper lobe | ML = middle lobe |
RLL = right lower lobe | LUL = left upper lobe | LLL = left lower lobe | VATS = video assisted thoracic
surgery | RATS = robot assisted thoracic surgery

TUMOUR LESIONS

Eighteen CLM were resected. Characteristics of all lesions are described in Table
2. In vivo imaging was performed on 16 lesions, back table imaging on 15 lesions,
and closed-field imaging on 18 lesions. A positive fluorescence signal was ob-
served in five lesions (31%) in vivo, in seven lesions (47%) with back table imaging
and in 17 lesions (94%) with the closed-field imaging. Median SBRs for the three
imaging modalities were 1.00 (IQR: 1.00-1.53), 1.45 (IQR: 1.00-2.05) and 4.81 (IQR:
2.70-7.41) respectively. All metastases were detected based on preoperative
imaging and white light inspection. No lesions were identified solely based on
NIR fluorescence imaging. Five metastases were located > 14 mm of the pleura,
none of which showed positive in vivo fluorescence (median SBR: 1.00, range

NEAR-INFRARED FLUORESCENCE IMAGING IN COLORECTAL CANCER AND ITS METASTASES

1.00-1.34). For lesions = 14 mm of the pleura, 5 out of 11 (45%) were fluorescent in
vivo (median SBR: 1.34, range: 1.00-2.15) and 6 out of 11 (64%) lesions on the back
table (median SBR: 1.98, range 1.00-3.53). Figure 1 presents an example of in vivo
and back table imaging (lesion 7).

FIGURE 1 Representative in (A,B) and exvivo (C, D, E, F) fluorescence images of a
colorectal lung metastasis (lesion 7).
White light (left panels) and gradient fluorescence overlay (right panels) images.
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TABLE 2 Characteristics per lesion.

Preoperative Intraoperative Pathology IHC
s
2

S = %

7 B s 5 & g & o

3 5 E s £ 2 8 3

9 & & g s & E £ S 3
o 8 8 g 2 5 3 8 & § 2 B 8§ o g ¢
1 75 1 RLL 6 + + 215 MISS metastasis CRC 4 6.1 TP 3 4 12
2 station 11 N/A - + 1 Miss benign LN N/A MISS TN N/A N/A N/A
3 RLL 17+ - 134 MISS metastasisCRC 20 591 TP 3 4 12
2 75 4 RUL 10  + + 162 353 metastasisCRC 5 6.43 TP 3 4 12
3 75 5 LLL 0 + + 151 198 metastasiscRC 10 409 TP 3 4 12
6 LLL 18 + + 1 157 metastasis CRC 23 5.07 TP 3 4 12
10 7 RLL 22+ + MISS MISS metastasisCRC 2 1044 TP 3 4 12
10 8 LUL + + 161 219 metastasisCRC free 454 TP 3 4 12
10 9 RUL + + 1 1 fibrosis N/A MISS TN N/A N/A N/A
10 RUL + + 1 1 fibrosis N/A  MISS TN N/A N/A N/A
11 RUL N/A - + 1 1 fibrosis N/A  MISS TN N/A N/A N/A
12 RLL 23+ + 1 1 metastasis CRC 3 152 TP 3 4 12
13 ML + + 1 1 metastasis CRC 5 2.35 TP 3 4 12
7 125 14 RLL + + 134 119 metastasis CRC 299 TP 3 4 12
15 ML + + 1 1 metastasis CRC 1 200 TP 3 4 12
16 RUL 15  + + 1 1 metastasis CRC 10 1.23 FN 3 4 12
17 station 11 N/A - + MIss 1 benign LN N/A  MISS TN N/A N/A N/A
125 18 RUL 9 + + MISS 145 metastasis CRC 26 9.93 TP 3 4 12
125 19 RLL 7 + - 1 204 metastasis CRC free 3.8 TP 3 4 12
10 75 20 LUL 20+ + 1 1 metastasis CRC 10 806 TP 3 4 12
11 75 21 LUL 10  + + 1 213 metastasis CRC free 9.88 TP 3 4 12
12 125 22 RUL 2 + + 1 137 metastasisCRC free 249 TP 3 4 12
13 10 23 LLL 0 + + 16 206 metastasisCRC free 7.73 TP 3 4 12
24 station 7 N/A - + MIss 1 benign LN N/A miss TN O 6] 0
25 station 8 N/A - + MISS 178 malignantLN N/A miss TP 3 4 12
26 station 9 N/A - + MIss 1 benign LN N/A  miss TN N/A N/A N/A
27 station 10 N/A  + + MiIss 163 malignantLN N/A miss TP 3 4 12
28 station 11ventral N/A  + + 159 169 malignantLN N/A miss TP 3 4 12
29 station 11dorsal N/A - + MIss 1 benign LN N/A  miss TN N/A N/A N/A

*an SBR of = 1.5 is considered fluorescence positive ** concordance between fluorescence imaging and histopatho-
logy. Abbreviations: IHC = immunohistochemistry | MM = millimetre | CT = computed tomography | WL = white light
suspect | SBR = signal-to-background ratio | 1S = intensity score | PS = proportion score | TIS = total immunostaining

score | RLL = right lower lobe | MISS = missing | CRC = colorectal cancer| TP = true positive | N/A = not applicable |

LN = lymph node | TN = true negative | RUL = right upper lobe | LLL = left lower lobe | LUL = left upper lobe |
ML = middle lobe | FN = False negative
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LYMPH NODES

In patient 1 and 7, two benign lymph nodes were resected based on white light
suspicion, but were fluorescence-negative (true negatives). In patient 13, a
lymphadenectomy was performed for preoperatively identified hilar lymph node
metastases. Three malignant lymph nodes were fluorescent on the back table
(lesions 25, 27, 28, true positives). Three other non-fluorescent lesions were re-
sected based on clinical suspicion for tumour involvement. All three contained
fibrosis without tumour (lesions 24, 26, 29, true negatives). Figure 2 presents the
white light and gradient overlay fluorescence images of three lymph nodes (le-
sions 25, 26, 28).

SGM-101 DOSE

Five patients (seven lesions) were injected with 7.5 mg SGM-101, four patients
(five lesions) with 10 mg, and four patients (six lesions) with 12.5 mg. Median
SBRs (closed-field imaging) for the dose levels were 6.1 (IQR: 5.50-7.25), 4.54 (IQR:
2.35-7.73). and 2.9 (IQR: 2.13-4.25) respectively (Figure 3a, p=0.20). There was no
difference in absolute tumour or background mean fluorescence intensity (MFI)
between the three dose groups (tumour: p=0.14, background: p=0.34, Figure 3b).

POTENTIAL CHANGE IN SURGICAL MANAGEMENT

In one patient, three clinically suspect, in vivo non-fluorescent nodules were
resected (true negatives, lesions 9, 10, 11). In patient 5, the surgeon was unsure
whether a complete removal of the tumour was achieved. Therefore, a small
additional resection was performed. Fluorescence back table imaging of the pri-
mary specimen showed no tumour involvement of the resection margin (Figure
1, e and f). Final pathology assessment of primary resected specimen confirmed
absence of tumour in the resection margin. In patient ¢, tumour identification
was based on the location on the CT scan and white light inspection. After resec-
tion, it was unclear whether the tumour was in the specimen, as the nodule was
not palpable. After removing the staples, a clear fluorescent signal was observed
in the specimen (Figure 4). The fluorescent tissue was sent for frozen section
analysis and confirmed as malignant.
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FIGURE 2 Fluorescence images of of malignant (A-D) and benign (E,F) lymph nodes.
White light (left panels) and gradient fluorescence overlay (right panels) images

FIGURE 3 The signal-to-background ratios (A) and the mean fluorescence intensities
(MFiI) for tumour and background tissue per dose group (B) per dose group.
The boxes represent medians with g1 and g3 and the error bars represent the range.
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FIGURE 4 Images of an invisible and non-palpable tumour with a clear fluorescence
signal (lesion 19).
White light (a) and gradient fluorescence overlay (b) images

Preoperative serum CEA levels were elevated (> 5.0 pug/L) in 6 out of 11 patients
and unknown in the other two patients. CEA expression of all 18 tumor lesions
was assessed by immunohistochemistry and all 18 lesions had a total immunos-
taining score (TIS) of 12 out of 12. Figure 5 presents a bread loaf tissue section
of a CLM imaged with several imaging modalities. Figure 6 presents a slide from
the same tissue block with the H&E and CEA immunohistochemistry staining.
Three tumor containing lymph nodes had maximum CEA expression (TIS: 12).
One normal control lymph node had no CEA expression (lesion 24, TIS: 0). CEA
expression per lesion is shown in Table 2.

FIGURE 5 A tissue slide of a CLM imaged with the PEARL MSI and Odyssey CLx scanner.
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FIGURE 6 H&E staining and CEA immunohistochemistry staining on a tissue slide as
demonstrated in Figure 5.

H&E slide

CEA staining 5N s ¢ Y 20x magpnification Y
&R N -

The present study shows that targeting of SGM-101 to CLM was accurate and
that CEA is the target of choice for tumour-specific imaging of CLM. Challenges
remain with in vivo detection of the tumour lesions, especially with the minimally
invasive NIR fluorescence imaging system. The full potential of SGM-101 for in
vivo detection of the tracer may therefore be achieved with improved minimally
invasive imaging systems. Optimal patient selection may also further improve
the efficacy of SGM-101. If intraoperative identification of the lesion is expected
to be challenging, SGM-101 may help for the detection of superficial lesions.
Identification of lesions deeper in the lung parenchyma is not expected to be
possible with the technique, as overlying lung tissue negatively affects the ob-
served fluorescence signal. An earlier study found a distance from the tumour to
pleura of 14 mm as determined by pre-operative CT, to be the maximum tumour
depth that can be imaged with an 8oo nm fluorophore.' For SGM-101 (700 nm)
this might be slightly lower.>" In the current studly, five lesions had a distance to
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the pleura of more than 14 mm on CT and none of these were fluorescent in vivo.
A second application of intraoperative NIR fluorescence imaging is margin as-
sessment. When close or positive resection margins are expected during surgery
(e.g. when the tumour infiltrates the chest wall or a bronchus), intraoperative
fluorescence imaging with SGM-101 may also be beneficial. For margin assess-
ment, tumour depth is not influential. This is due to the fact that margin assess-
ment is performed by imaging of the resection margin on the specimen on the
back table. When positive margins are suspected, the wound bed can also be
imaged to assess for residual signal. Given that 94% of the tumour bread loaves
showed a positive fluorescence signal, it is expected that when tumour positive
margins occur, they can be detected with this technique. Thus, patients with
superficial nodules which are expected to be challenging to identify, or patients
with tumours with potential tumour positive margins are most likely to benefit
from the use of SGM-101.

A secondary objective of this study was to find the optimal dose of SGM-101
for the identification of CLM. For primary colorectal cancer, a dose of 10 mg
was found to be the optimal dose.”® Our study assessed three doses. In all dose
groups sufficient SBRs were found. SBRs appeared to decrease with increasing
doses but these differences were not significant. Therefore, a dose of 7.5 mg
may be sufficient for pulmonary CLM imaging. The lowest dose is also prefer-
able with regard to costs.

Recently, the first results were published on the use of SGM-101 for CLM
and primary lung tumours.? In this study, ten patients were included., of which
four had CLM. A dose of 10 mg of SGM-101 was administered according to the
standard dose for primary or recurrent colorectal cancer. In the paper, only
SBRs from the closed-field imaging were reported. When comparing SBRs from
this trial to our results we find similar results, with mean SBRs of 3-4. For primary
lung cancer surgery, several trials have been performed with other fluorescent
tracers.* OTL-38 is a folate-a targeted fluorescent tracer for pulmonary adeno-
carcinoma that has been used in several studies for intraoperative imaging of
primary lung adenocarcinoma. However, OTL-38 is not a good candidate for
imaging of most other adenocarcinomas, including CRC. Less than 30% of the
CRCs express folate-a, while CEA is expressed on 95% of tumours.”*"*

Several limitations of this study can be mentioned. The low number of pa-
tients might have affected dose finding. In addition, patients were not selected
based on tumour location and distance to the pleura. This may explain why
several nodules were not fluorescent when imaged intraoperatively. However,
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as we asked all eligible patients for participation, we most likely included a clini-
cally representative cohort of patients.

In conclusion, the present study demonstrates the potential of fluorescence
imaging of CLM with SGM-101. Closed-field imaging of bread loaves showed
excellent targeting of the tracer to the tumour nodules, with maximum target
expression on all tumour nodules. Challenges remain with in vivo detection
of this tracer. Improving minimally invasive fluorescence imaging systems and
optimal patient selection most likely enables the optimal efficacy of SGM-101
for CLM surgery.
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