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Abstract: Diagnosis of pancreatic ductal adenocarcinoma (PDAC) by current imaging techniques
is useful and widely used in the clinic but presents several limitations and challenges, especially
in small lesions that frequently cause radiological tumors infra-staging, false-positive diagnosis of
metastatic tumor recurrence, and common occult micro-metastatic disease. The revolution in cancer
multi-“omics” and bioinformatics has uncovered clinically relevant alterations in PDAC that still
need to be integrated into patients’ clinical management, urging the development of non-invasive
imaging techniques against principal biomarkers to assess and incorporate this information into the
clinical practice. “Immuno-PET” merges the high target selectivity and specificity of antibodies and
engineered fragments toward a given tumor cell surface marker with the high spatial resolution,
sensitivity, and quantitative capabilities of positron emission tomography (PET) imaging techniques.
In this review, we detail and provide examples of the clinical limitations of current imaging tech-
niques for diagnosing PDAC. Furthermore, we define the different components of immuno-PET
and summarize the existing applications of this technique in PDAC. The development of novel
immuno-PET methods will make it possible to conduct the non-invasive diagnosis and monitoring
of patients over time using in vivo, integrated, quantifiable, 3D, whole body immunohistochemistry
working like a “virtual biopsy”.
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1. Introduction

Despite multiple diagnostic and therapeutic advances, pancreatic ductal adenocar-
cinoma (PDAC) presents a high mortality rate, representing the fourth cause of cancer
death in developing countries [1,2]. This lethality can be associated with a late diagnosis,
caused by the absence of symptoms at an early stage of the disease. Most cases of PDAC
are located in the head of the pancreas (70%), followed in frequency by the uncinate process
(18.66%), body (10-20%), and tail (5-10%) [3,4]. At present, complete surgical resection is
the only potentially curative treatment for these tumors. However, only the initial stages
benefit from surgery, representing only 10-15% of patients [5-7]. In only 10% of cases, the
lesion is limited to the pancreatic gland and surrounded by normal pancreatic tissue [5,8].
At the time of diagnosis, 40-50% of cases present distant metastases, and approximately
40% of patients present signs of locally advanced disease; therefore, surgery in these cases
is not indicated.
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Several imaging techniques for PDAC diagnosis are available, including computed to-
mography (CT), magnetic resonance imaging (MRI), or endoscopic ultrasound (EUS) [9,10].
While they are widely used in the clinic and are very useful for the diagnosis of PDAC,
they present several limitations.

Unlike other neoplastic processes (breast, colon, prostate ... ) there are no effective
diagnostic screening methods for PDAC. Furthermore, due to the absolute low risk of
developing this disease, population screening is not indicated. Only, in those groups [11]
considered to be at-risk population, monitoring by pancreatic MRI or Cholangio-MRI, and
EUS is indicated to detect small precursor lesions, such as cystic neoplasms. In these cases,
CT would provide a suboptimal degree of lesion detection, compared to EUS and MR,
besides being a source of radiation [11]. Additionally, the probability of detecting lesions
using these techniques is low, no more than 20% [12,13].

The development of “omics” has identified potentially relevant alterations in PDAC
that still need to be integrated into the clinical management of PDAC patients. This is
due, in part, to the deficiency of non-invasive imaging biomarkers [14]. “Immunotargeted
imaging” represents a novel, innovative, and attractive option that combines the target
specificity and selectivity of antibodies, and their variants, toward a biomarker with given
imaging technique capabilities.

In this review, we describe and analyze the current diagnostic limitations of the most
widely used imaging techniques in the clinic for the diagnosis of PDAC and describe the
current status and promises of the immuno-positron emission tomography (PET) imaging
for this devastating tumor.

2. Current Status of PDAC Imaging

When PDAC is suspected, diagnostic imaging techniques have two main purposes:
evaluating the relationship of the tumor with the mesenteric and portal vessels and the
detection of metastatic disease [15,16].

Nowadays, there are various effective imaging techniques in diagnosing and staging
both local and distant pancreatic lesions. The most widely used are CT, MRI, or EUS. CT
is the initial technique of choice, as recommended in the various international consensus
guidelines for suspected PDAC [16-20].

2.1. Computed Tomography

Multidetector CT (MDCT) is the diagnostic technique of choice for suspected pancre-
atic neoplasia, as stated in numerous international guidelines [16-20]. The standard CT
protocol in the diagnosis of PDAC includes the acquisition of 0.5-1 mm thick images with
two phases: parenchymal phase (40-50 s) and venous phase (56-70 s). The parenchymal
phase achieves the maximum enhancement of the pancreatic tissue that allows better de-
tection of pancreatic lesions and assesses their relationship with adjacent arterial structures
(mainly superior mesenteric artery and celiac trunk). The venous phase makes it possible
to determine its relationship with the porto-mesenteric axis and have better detection of
liver or peritoneal metastases. CT with multidetector technology allows image acquisition
with the possibility of reconstruction in different planes (axial, coronal, and sagittal) in both
phases, which improves the assessment of the relationship of the tumor with the adjacent
structures [12]. It is essential to acquire images with an adequate technique and have them
evaluated by experienced radiologists, thus demonstrating a significant improvement in
pre-surgical staging.

In most cases (81%), PDAC is found as a hypoattenuating lesion in both arterial
and venous phases because it consists of hypovascular lesions with a large desmoplastic
component. On the contrary, in 11-14% of the cases, the lesions may appear isodense
compared with the rest of the parenchyma, mainly in those smaller than 2.5 cm, and
may occasionally be missed [15]. Other suspicious signs can be predictive of neoplasia,
such as ductal dilation (sensitivity 50% and specificity 78%), hypoattenuation (sensitivity
75% and specificity 84%), ductal interruption (sensitivity 45% and specificity 82%), distal
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pancreatic atrophy (sensitivity 45% and specificity 96%), alteration of the pancreatic contour
(sensitivity 15% and specificity 92%), and dilation of the common bile duct (sensitivity 5%
and specificity 92%) [21]. In the diagnosis of PDAC, CT presents sensitivity and specificity
of 89% and 90%, respectively, similar to MRI, according to various meta-analyses [22]. With
the implementation of the multidetector technique, a significant improvement in sensitivity
has been shown, up to 96% [23]. However, this sensitivity is reduced in small lesions, up to
65-75% (example in Figure 1A,B).

Figure 1. Cases of radiologically infra-staged and false-positive diagnosis of metastatic tumor
recurrence by current imaging methods. (A,B) A radiologically infra-staged T2 NO pancreatic ductal
adenocarcinoma (PDAC) was found to be a locally advanced pT4 pN1 PDAC in the pathology report.
(A) magnetic resonance imaging (MRI) showing a small cystic area in the pancreas’ uncinate process
(green arrow), a bile duct stricture, no direct signs of malignancy. (B) A computed tomography
(CT) performed after bile stent placement showed a small hypodensity (red arrow) next to the
superior mesenteric artery. (C,D) A case of a false-positive diagnosis of metastatic tumor recurrence.
(C) Some months after surgical excision of a PDAC stage pT2 pNO MO0 R0, an asymptomatic solid
mass in the left costal wall (yellow arrow) was shown by a CT scan. (D) An 10.43 SUVmax in
2-[18F]fluoro-2-deoxy-D-glucose (['®F]JFDG) positron emission tomography (PET)-CT was suspicious
of a PDAC metastatic relapse. A tumor core biopsy found inflammatory and fibrotic tissue but no
sign of malignant cells.

CT also allows the detection of distant metastases, liver, lung, or peritoneal infiltration.
In the latter case, the existence of ascites, irregular peritoneal thickening, nodular thickening
of the intestinal wall, or omental infiltration are suspicious signs [12].

In the diagnosis and staging of pancreatic cancer, PET/CT (Positron Emission Tomog-
raphy/Computed Tomography) has a limited value. To date, few PET agents have been
developed, with 2-[18F]fluoro-2-deoxy-D-glucose (['8F]FDG) being the most widely used in
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clinical radiopharmaceutical practice, accounting for more than 90% of worldwide studies
with PET [24]. However, ['®F]FDG is ineffective for non-invasive diagnostic imaging of
PDAC. ['®F]FDG uptake is observed at sites of metabolic activity different from tumors and
metastases, such as inflammation and infection sites, and in lymphoid tissues, muscle, and
brown fat (example in Figure 1C,D). PET with ['"®F]FDG is also less effective in detecting
desmoplastic and hypocellular tumors and lesions with low metabolic activity [25]. In the
largest, prospective, multicenter study published to date, the addition of ['"®FJFDG has
been considered to be used as a standard diagnostic workup of PDAC [25]; this technique
has proven to correctly change the stage (up-staging) of 10% of cases, avoiding pointless
resection in 20% of patients scheduled for surgery and influencing the planned manage-
ment in about 50% [25]. Nevertheless, the use of PET in PDAC diagnosis is not routinely
recommended, currently restricted to clarifying equivocal findings on CT [26]. It is more
useful in monitoring recurrence and response to adjuvant treatment [27,28].

2.2. Surgery Strategy

In the absence of distant metastasis, it is necessary to determine the resectability of the
lesion based on the agreed criteria (Table 1) regarding the relationship of the tumor with
arterial (celiac trunk, hepatic artery, and superior mesenteric artery) or venous (portal vein
and porto-mesenteric axis) vascular structures. Vascular invasion is relatively frequent
(21-64%), venous invasion being more frequent than arterial invasion. Although there
is no consensus on the criteria that determine vascular infiltration, a high probability of
vascular infiltration is considered when there is a direct contact between the tumor and
the vessel surface, greater than 180° of its circumference (unresectable, locally advanced
pancreatic cancer -LAPC-). On the contrary, it is considered of low probability when
such contact is less than 180° (borderline resectable pancreatic cancer- BLPC-). There
are highly specific infiltration signs, such as contour irregularity, deformity, decreased
caliber, or occupancy of the vascular lumen, although all of them are of low sensitivity [29].
However, of the tumors considered resectable by CT, various meta-analyses have shown
that around 40% of the patients present an under-staging when compared to the findings
in the surgical act according to these criteria. This can be due to local tumor invasion,
lymph node metastasis, or the presence of small hepatic or peritoneal metastases not visible
by diagnostic imaging techniques [30] (example in Figure 2). Thus, the precision in the
assessment of vascular invasion by CT has a sensitivity of 60% and a specificity of 94% [31].
Applying the agreed radiological criteria for resectability (Table 1), CT has a sensitivity in
detecting unresectable tumors ranging 52-91% with specificity ranging 92-100% [32,33].
On the other hand, MDCT presents a positive predictive value in determining resectability
of 85-89%. However, if the histological evaluation of negative margin (R0) is considered,
the results are reduced to 73% [34]. Nonetheless, tumor resectability and its contingency
on the vascular invasion is an evolving concept in the era of neoadjuvant therapy. The low
number of potentially resectable PDAC are usually treated with upfront surgical resection
followed by adjuvant chemotherapy, whereas BLPC and LAPC are typically treated initially
with chemotherapy or chemoradiotherapy; subsequently, complete surgical resection can
be successfully performed in up to 50% and 20% of those patients, respectively [35-38].
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Table 1. Definition criteria of resectability by NCCN v 1.2019.

Resectability Arterial Venous
Status
; <180°
Resectable No tumoral contact with CeT, SMA, or CHA N.O tumqral conta'ct with SMV, PV, or <180
without irregularity of the venous contour
Head and uncinate process:
e Tumoral contact with CHA without CeT extension ~€ad and uncinate process:
or CHA bifurcation allowing safety and complete e  Tumoral contact with IVC, PV > 180° with
resection and reconstruction venous contour irregularities or thrombosis,
. . Tumoral contact in SMA < 180°. but with free proximal and distal portions
Resectab}hty . Tumoral contact with an anatomical variant that allow a suitable resection
borderline of CHA
Body-tail:
° Tumoral contact with CeT < 180°
. Tumoral contact with CeT > 180° without aorta
involvement, with gastroduodenal artery intact
Distant metastasis (includes lymph nodes but not Head and uncinate process:
regionals): ) e  SMV and PV irreconstructable by
Head and uncinate process: thrombosis or tumoral infiltration.
. Tumoral contact with AMS > 180° ) Contact with the sewer system in the 1st
Unresectable e  Tumoral contact in CeT > 180° jejunal venous branch

Body-tail:

Tumoral contact with AMS or CeT > 180°
Tumoral contact with CeT and aorta

Body-tail:
e  SMV and PV irreconstructable by
thrombosis or tumoral infiltration

CeT: celiac trunk; SMA: superior mesenteric artery; CHA: common hepatic artery; SMV: superior mesenteric vein; PV: portal vein; IVC:

inferior vena cava.

Figure 2. Occult micro-metastatic disease is common in PDAC, often undetected by current radiology
techniques. Case. (A) At the time of diagnosis, a CT found 37 mm pancreatic head tumor (yellow
arrows) contacting > 50% with the superior mesenteric vein (white arrow) with no liver metastasis
(B) and classified as a resectable stage T3 NO MO. In a CT performed just 4 weeks after the basal one,
the pancreatic mass was stable (yellow arrows) (C), but liver metastases were found (red arrow) (D),
the tumor re-staged as a T3 NO M1, and the tumor surgical excision was not indicated anymore.
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2.3. Magnetic Resonance Imaging

MRI is similar to CT in diagnosis and staging with a sensitivity and specificity of 89%
in both cases [22]. However, in lesions smaller than 2 cm, MRI is superior to CT, detecting
up to 79% of the lesions not initially visible with CT [16,39]. Except in cases of nephropathy
or allergy to iodinated contrast agents, MRI is considered a second-line technique. MRI is
sometimes used when there is a high clinical suspicion of neoplasia with negative CT [12].

2.4. PET Hybrid Imaging

['8F]FDG PET/CT and ['®FJFDG PET/MRI have been proposed to be considered
one of the routine imaging examinations used in the staging workup of PDAC. ['F]FDG
PET/CT and ['®F]FDG PET/MRI showed high specificity for detecting lymph node metas-
tasis and high sensitivity and specificity for identifying distant metastasis in PDAC patients
in a meta-analysis [40]. Furthermore, ['8F]FDG PET/CT and ['®*F]JFDG PET/MRI had a
significant impact on the clinical management of PDAC, showing a pooled proportion of
19% of patients who underwent management changes following imaging [28]. However,
due to the small number and heterogeneity of the included studies this meta-analysis
requires further prospective studies with larger populations to confirm and expand these
results [28].

2.5. Chemotherapy and Radiotherapy Response

Currently, the assessment of the response to neoadjuvant treatment in patients with a
potentially resectable neoplasia or those with a locally advanced tumor using diagnostic
imaging techniques is difficult. The radiological criteria, both in CT and MRI, on which
the response is based, are morphological, assessing the size change of the lesion according
to the Response Evaluation Criteria In Solid Tumors RECIST 1.1 criteria [41]. However,
this method has limitations. These criteria are unreliable to determine treatment response
and may underestimate the response or overestimate non-resectability (after neoadjuvant
treatment). This is due to the progressive replacement of the tumor by fibrous tissue that
can encompass the residual tumor cells without significantly modifying their size [42].
Some signs may suggest a response without changes in size, such as decreased density
or the better delimitation of the tumor contour [43]. Radiologically stable disease (SD),
according to RECIST1.1 criteria, accounts for most of the responses to neoadjuvant therapy.
In the absence of progressive disease, the current recommendation is that patients, even
just showing SD, should undergo surgical exploration [44]. Additionally, in patients with
elevated carbohydrate antigen 19-9 (CA 19-9, a cell surface glycoprotein complex most
commonly associated with PDAC), basal plasma levels [45], a reduction of >50% of this
biomarker concentration after neoadjuvant therapy may help to select patients who will
probably benefit from tumor resection [46].

Some data show that ['¥F]JFDG could help to monitor response to neoadjuvant treat-
ment, namely identifying those BLPC/LAPC patients with a complete metabolic response
as the most likely candidates to achieve a complete surgical resection [47]. Notwithstand-
ing, PET-CT has not been proven effective in evaluating response in this setting in properly
prospective designed clinical trials.

After surgical resection of PDAC, recurrences are very frequent. [®F]JFDG has a
lower accuracy than CT in detecting liver metastases. It may still play a complementary
role when monitoring postoperative bed, peritoneum recurrences [48], particularly when
disease recurrence is suspected despite negative or equivocal CT findings (Figure 3A-D).
Nonetheless, the level of evidence supporting the use of ['8F]FDG surveillance after PDAC
resection is, once more, very weak [49].
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Figure 3. Local inflammatory and fibrotic changes at the surgical site and treatment response eval-
uation are diagnostics challenge for radiologists. (A-D) A case of local inflammatory and fibrotic
changes at the surgical site are a diagnostic challenge for radiologists. A PDAC was suspected
because of a bile duct stricture (A) (yellow arrow). The tumor was surgically resected; the pathol-
ogy report showed a stage I cancer, pT1c pNO MO R1 (retroperitoneal margin was microscopically
affected). Findings in a CT performed two months after surgery required a differential diagnosis
between benign fibrotic tissue at the surgical site and a retroperitoneal tumor relapse (red arrows).
The increasing tissue size (red arrows) in a consecutive 1-month later performed CT (C) and the mod-
erately high 3.67 SUVmax found in an [18F]FDG PET-CT (D) finally made the diagnosis of relapsed
PDAC, and a palliative combination chemotherapy regimen was initiated. (E,F) ['**F]JFDG PET PDAC
treatment response evaluation. (E) PDAC relapsed at the surgery site (15 mm, 5.73 SUVmax) (red
arrow) and metastatic lymph node in the superior mesenteric vein area (10 mm, 4.0 SUVmax) (white
arrow). (F) Early complete metabolic response after two cycles of chemotherapy.
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Finally, in the metastatic setting, quality of data regarding ['®F]FDG utility is also
scarce. In the phase III MPACT trial, comparing the combination of nab-paclitaxel plus
gemcitabine versus gemcitabine monotherapy as first-line therapy in metastatic PDAC
patients, an ['"®FJFDG metabolic response (defined as a reduction standardized uptake
value -SUV- >25%) after 8 weeks on treatment resulted, in both cohorts, in a significantly
higher overall response rate and more prolonged overall survival than in non-metabolic
responders [50]. The rate of metabolic response (PET) was substantially higher than the RE-
CIST response (CT), suggesting that the first one may be the more sensitive tumor response
measure (Figure 3E,F). Besides, the > 3 months longer median overall survival observed
for patients with a metabolic response only than for patients who did not experience a
response by either measure suggested that ['F]JFDG response may be more sensitive to
treatment benefit, even in the absence of tumor response by RECIST [47]. These findings
would require validation in future studies.

2.6. Immunotherapy and Radiomics

The introduction of immunotherapy has also changed the interpretation of response
to treatment using diagnostic imaging techniques. In general, four response patterns can
be found. The first corresponds to the traditional decrease in size without the existence
of new lesions. The second presents a long period of radiological stability throughout the
treatment, with a late reduction in the lesion, correlated with the immune system’s response
time. The third type presents an initial increase in size, while the immune response system
is activated, with a subsequent size reduction. The fourth pattern would correspond to the
appearance of new lesions after completing the treatment preceding the tumor’s reduction,
probably corresponding to micrometastases that were not initially visible and may initially
increase in size, which makes them visible [48]. These last two patterns are what is called
pseudo-progression [51]. Although there is no experience in the behavior after treatment
with immunotherapy in pancreatic carcinomas, their behavior may follow these criteria.

The introduction of artificial intelligence methods (radiomics) in analyzing the data
obtained through imaging techniques can offer an advantage in early detection programs.
The application of this radiomics can improve the monitoring of treatment response by
detecting small morphological variations in imaging techniques. However, it currently
has significant limitations, mainly in small lesions, in which it is not possible to accurately
assess various characteristics, such as density, contours, etc. [52].

3. Novel Non-Invasive Immunotargeted Imaging Methods for PDAC

The revolution in cancer genomics has uncovered clinically relevant alterations that
have yet to be integrated into patients’ clinical management, in part due to the lack of
non-invasive imaging biomarkers [14]. An innovative and attractive option is termed
“immunotargeted imaging”. This approach combines the target selectivity and specificity
of antibodies and engineered fragments toward a given tumor cell surface marker with the
capabilities of a given imaging technique.

3.1. Immunotargeted Imaging Features

To develop immunotargeted imaging, three features must be taken into account
(Figure 4):

3.1.1. Selection of a Specific Molecular Target for Imaging

A suitable epitope for immunotargeted imaging is required to fulfill certain criteria:
(1) the target needs to be exposed on the extracellular surface of the plasma membrane or
to extracellular components for an easy recognition, (2) it needs to be highly expressed in
the tumor, and (3) it is required to have low/no expression in normal tissue.

An ideal biomarker should predict prognosis and therapeutic response. A valuable
candidate target for immunotargeted imaging should help to identify any putative associa-
tion between the candidate target with therapeutical effects in PDAC.
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The increased number of massive PDAC-specific databases containing multi-omics
data (genome, epigenome, transcriptome, proteome, and metabolome among others)
and clinical data, together with the development of novel bioinformatics tools, allow the
identification of novel biomarkers that could be exploited to develop immunotargeted
imaging probes [53].

3.1.2. Selection of the Optimally Engineered Antibodies for Imaging Applications

The exquisite specificity of antibodies enables the targeted imaging of single biomark-
ers and cell types. Intact antibodies function well as therapeutics due to their long serum
half-life (from days up to 3 weeks), which increases the exposure of the affected tissues
to the antibody [54-56]. However, the long half-life of intact antibodies limits their use
as imaging agents since several days are required for the blood and background clear-
ance necessary to achieve an acceptable signal-to-noise ratio [57]. Antibodies can also
be engineered as fragments with different pharmacokinetics without compromising their
antigen specificity and affinity (Figure 4). The clearance of antibody fragments can be
influenced by their size, charge, and hydrophobicity /hydrophilicity, as well as any fused
or conjugated moieties [58]. Reduction of the overall fragment size results in accelerated
blood clearance, and the removal of the antibody Fc region is common for clinical use as
it reduces the molecular weight below the threshold for renal clearance (~60 kDa) and
eliminates unnecessary Fc-mediated functions [59]. Other advances in protein engineering
have allowed for reduced antibody size without compromising their antigen specificity and
affinity. One of the most common formats is called the single-chain variable fragment (scFv,
~30 kDa), which covalently binds a light chain variable domain (VL) with a heavy chain
variable domain (VH) through a flexible peptide. Crucially, this linker can be modified
to allow cell permeability and blood-brain barrier (BBB) penetration. Other engineered
antibody fragments with optimal pharmacokinetic properties for targeted imaging include
diabodies (dimers of scFv connected by a linker that is too short to allow pairing between
the two domains on the same chain), minibodies (scFv fragment fusions with the antibody
constant domain), and nanobodies (~15 kDa heavy chains derived from those found in
Camelidae species) [60]. Each of these fragments retains the high affinity and specificity
of the parental antibody while exhibiting optimal blood-clearance properties. Notably,
compared to full-length antibodies, each of these small antibody fragments can be advanta-
geous for studying brain metastases in PDAC as they can more efficiently cross the BBB, a
membrane that prevents most large drug molecules from entering the CNS [54,61].

Recently, even smaller sized peptides based on Staphylococcus aureus protein A (affi-
bodies, 58 amino acids, ~7 kDa) have been generated and demonstrate affinity to other
molecules [62,63]. The small sizes of these affibodies (and nanobodies) enable them to
bind to epitopes that intact antibody and Fv-based fragments cannot access [64]. They are
also particularly suitable for applications in which extremely rapid clearance is desired.
It should be noted that interspecies immunogenicity of antibodies and their derivatives
can be restrictive for their clinical use. The “humanization” of non-human antibodies and
fragment derivatives by modifying their protein sequences to be more similar to that of
human antibodies is commonly undertaken to prevent unwanted immune responses [65].
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Intact Ab F(ab"). Fab scFv Nb
Size 150 kDa 120 kDa 55 kDa 25kDa 15 kDa
Source Immunization Enzymatic Engineered Engineered lm;?]g?;ﬁz::g‘ /
Valency Bivalent Bivalent Monovalent Monovalent Monovalent
Cl:;‘;et:ce Liver t:;‘:e}{ Kidney Kidney Kidney
_;_;5M~ i’::;zg:::;: Hinge disulfides dil::rﬁgjcs C-terminus C-terminus C-terminus
< @ Radionuclide Half-life  Absolute B intensity (%) Mean B energy (keV)
8F 109.77 min 96.73 249.8
#Sc 3.97h 94.27 632.0
Mn 559d 29.4 241.6
%Cu 12.7h 17.6 278.2
*Ga 67.7 min 87.72 836
"Br 16.2h 25.8 1532
wY 14.74 h 11.9 535.4
SZr 7841h 22.74 395.5
11.7 687
124
. H125d 107 974.7

Figure 4. Representation of the three main components of immuno-PET techniques: target, antibodies, and radionuclides.
Abbreviations: Ab-Antibody; Fab-Fragment antigen-binding; F(ab’),-Fab dimer; scFv- single-chain variable fragment;
Nb-Nanobody, 18F_fluorine; 44Sc-scandium; 52Mn—manganese; 64Cu—copper; 68Ga—gallium; 76Br-bromine; 86Y—y’ctrium;

89Zr-zirconium; 1?*I-iodine [66,67]. Image generated with BioRender.

3.1.3. Selection of the Suitable Modality-Specific Imaging Agent

The choice of imaging modality and tracer depends on several factors, including
the required sensitivity, resolution, and whether quantitation and multiplexing are pos-
sible [68,69]. For clinical applications, nuclear medicine-based imaging modalities (i.e.,
single-photon emission computed tomography [SPECT] and PET) that detect gamma rays
emitted by a radiotracer confer high sensitivity and are quantifiable. Optical imaging
provides an important alternative for molecularly targeted imaging since it avoids the
use of ionizing radiation. However, optical imaging with fluorescently labeled probes,
including those using antibodies, has been limited in application due to tissue scatter-
ing, photons’ absorption in the visible range (400-800 nm), and background signal from
autofluorescence [70]. Antibodies have also been employed to impart specificity to MRI
and ultrasound imaging, although thus far, applications have been limited to preclinical
settings. Targeted MRI requires the conjugation of contrast agents such as gadolinium (Gd)-
complexes or superparamagnetic iron oxide (SPIO) nanoparticles to a specific probe [65].
Ultrasonic nanobubbles coupled with specific antibodies for targeted ultrasound echogra-
phy have been developed [71]. Inmuno-imaging with computed tomography (CT) is more
problematic. Still, the use of antibody-labeled gold nanoparticles and antibody-conjugated
liposomes (immunoliposomes) containing CT contrast agents potentially allows immuno-
CT imaging. Of note, antibodies are particularly suited to be developed as multi-modal
tracers, or as combination therapeutic/diagnostic (“theranostic”) agents, due to the ability
to conjugate them with a variety of cargoes with minimal or manageable impact on phar-
macokinetics, biodistribution, and clearance. A recent example is a dual-labeled antibody
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with both PET and optical imaging functions that can be used for imaging prostate cancer
both pre-and intra-surgery and is being adapted to other cancer types [72-74].

An extensive revision of other imaging approaches with antibodies can be found in
England et al. [75].

3.2. The Current Status of Immuno-PET in PDAC

We have selected to review here the status and promise of the immuno-PET imaging
techniques in PDAC. By merging the high target specificity of antibodies with the high
spatial sensitivity, quantitative capabilities, and resolution of PET, it is possible to conduct
the non-invasive diagnosis and monitoring of patients over time using in vivo, integrated,
quantifiable, 3D, full-body immunohistochemistry (Figure 4).

Selection of a Suitable Radionuclide for Immuno-PET

For immuno-PET, it is important to match the physical half-life of the positron-emitting
radionuclide with the biological half-life of the antibody or fragment being used. PET
radionuclides with longer half-lives, such as #Zr (t; /2 =784 h, 8¥mean 395.5 keV, 8% Yield
89%) and 1241 (t; /2 =100.3 h, 8*mean 687 keV, 8% Yield 89%), should be conjugated with
intact antibodies (t;/, = days to weeks) [76]. Smaller fragment derivatives can be labeled
with PET isotopes characterized by intermediate half-lives, such as 4Cu (t /2 =127 h,
" mean 278.2 keV, 8* Yield 18%) or 3°Y (t; , = 14.7 h, 8 mean 535.4 keV, 8+ Yield 34%),
or short half-lives, such as '8F (t; ;, = 68 min, 8*mean 249.8 keV, 88* Yield 97%), or ®Ga
(t1/2 = 68 min, 8*mean 836 keV, 8% Yield 89%) and *4Sc (t; /» = 3.94 h, 8*mean 632 keV, 3*
Yield 94.27%).

In addition to its short half-life, a key advantage of ®®Ga or #4Sc is that they can be
produced from a commercially available ®*Ge/%8Ga or #4Ti/#4Sc generator allowing their
production to be cyclotron-independent, making it accessible to any PET center and at a
lower economic cost [77-79]. With regards to *4Sc, as it emits prompt gamma-rays right
after the positron emission, it can be distinguished from standard positron emitters like
%Ga or '8F, enabling multiplexed PET (mPET) imaging [80-82]. This technique allows
for the accurate simultaneous non-invasive imaging of two different radiotracers with
preclinical and clinical PET scanners [82].

Radionuclides can either be directly conjugated to an antibody via radiohalogenation
onto random tyrosine residues, or they can be attached indirectly through a linker (like
hexadentate tris(hydroxamate) siderophore desferrioxamine-B (DFO), 1,4,7,10-tetraazacy-
clododecane-1,4,7,10-tetraacetic acid (DOTA), 1,4,7-triazacyclononane-1,4,7-triacetic acid
(NOTA)) [83] that contains a chelating group for attachment of radiometals and a re-
active group reacting with e-amino groups of lysine residues and/or N-terminus of a
protein [78,84]. Bioconjugation of the linker to the antibody can be alternatively accom-
plished by a “biorthogonal reaction” [85], which itself is an extension of “click chem-
istry.” Bioorthogonal reactions must (1) produce a chemically and biologically inert link-
age/product via a reaction that displays high selectivity between the two coupling partners
(i.e., azide and alkyne), (2) be kinetically fast, and (3) be biocompatible in terms of operating
at physiological pH, temperature, and in a physiologically relevant solvent milieu. Some
specific bioorthogonal reactions can occur in vivo, allowing for a two-step pretargeting
strategy. A primed antibody or fragment, which has already been linked to one of the
reaction components, can be administered before the reaction is complete [86,87]. After
some time, possibly a few hours or days depending on the antibody half-life, the second
component (i.e., a chelating agent containing the radionuclide) of the reaction can be admin-
istered. Two-step pretargeting allows for smaller doses of radioactive material to be used
and provides faster clearance, reducing patients” exposure to radioactivity and ensuring
a better signal-to-noise ratio. Furthermore, this strategy can be used for the labeling of
different tracers (MRI-tracers such as (Gd)-complexes or SPIO nanoparticles) to the same
pretargeted molecule to allow for multi-modal and/or multifunctional imaging [88,89].
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As previously described, ['®F]FDG PET imaging present multiple limitations for
PDAC diagnosis [90]. PET imaging using radiolabeled monoclonal antibodies (Immuno-
PET) provides a non-invasive and whole-body visualization of in vivo antibody biodistri-
bution. Immuno-PET, which exquisitely fuses the extraordinary targeting specificity of
mADb and the superior sensitivity and resolution of PET, is a paradigm shift for molecular
imaging modalities. The clinical application of immuno-PET imaging has increased the
understanding of tumor heterogeneity and refined clinical disease management. Besides
monoclonal antibodies, other immuno-PET probe formats, ranging from antibody-derived
fragments to nanobodies, have increased interest due to their faster pharmacokinetics and
enhanced imaging characteristics [91]. Nanobodies are single-domain variable regions
(VHHs) derived from camelid heavy-chain-only antibodies and have significant advan-
tages over other antibody formats for in vivo diagnostic imaging and targeted delivery.
Their small size (~15 kDa) allows deeper tissue penetration and faster renal clearance than
larger antibody reagents. Nanobodies are reported to be poorly immunogenic and highly
stable [92-94].

Immuno-PET applications require simple, fast, and specific radiolabeling of antibody-
based probes under mild conditions. Optimal immuno-PET imaging is attributed to a
highly specific tumor uptake and low background retention. Toward this end, it is essential
for a tracer to specifically saturate its target as fast as possible, with the unbound tracer
cleared out rapidly from the blood circulation.

The successful development of immuno-PET probes is highly dependent on the choice
of tumor-targeting antibodies and derivatives, radionuclides, bifunctional chelators, and
conjugation strategies. mAb radiolabeling pioneered with SPECT radionuclides (3'1,12%1,
W, 99mTe). However, over the years, the nuclear medicine community’s interest has
shifted towards PET radionuclides (3°Zr, *Cu, 1241, 8¢Y, 8Ga, 18F). Optimized nuclear
reactions and higher purity make these radionuclides more readily available. Furthermore,
PET scanners allow the acquisition of higher resolution images and present higher sensi-
tivity. Altogether, PET imaging allows a more-accurate image quantification. However,
PET radionuclides present a higher production cost and higher radiation burdens due to
these radionuclides” higher photon energies. This increased exposure was often balanced
in practice since SPECT tracers required higher injected activities due to the lower detec-
tor sensitivity [95,96]. It is expected that the progressive increase of novel detectors and
improved system designs will increase sensitivity, enabling the administration of lower
administered activities facilitating the immuno-PET/SPECT use in the near future [97].

Immuno-PET/SPECT permits detecting functional tumor biomarker changes allowing
an earlier diagnosis of PDAC and monitoring of patients. Of importance, biomarker
changes can occur earlier than a reduction in tumor size, as it usually represents late
treatment effects.

Notably, immuno-PET allows quantification of biomarkers in a non-invasive manner
in the whole body. Current quantification of biomarkers in PDAC requires a biopsy
analysis by immunohistochemistry (IHC) and molecular biology assays. A single biopsy
usually does not capture the tumor heterogeneity and requires repetitive biopsies and
histopathological confirmation to monitor treatment response. These hurdles represent a
clinical challenge and a risk for the patients. On the other hand, immuno-PET provides
a whole body, non-invasive, quantitative, and longitudinal evaluation of tumor target
expression and distribution.

The analysis of tumors detecting biomarkers in the blood is beginning to transform
cancer diagnosis. Immuno-PET will be complementary to liquid biopsies. While liquid
biopsies can also identify patients with treatment failure or relapse, subsequent imaging is
frequently required to localize and characterize the disease and guide subsequent treatment
decisions [97-100].

Several targets are functionally important in PDAC since they have clinical potential
as a prognostic marker. Moreover, they could be used as a target for the delivery of agents
for its detection. As shown in Table 2, membrane proteins that are overexpressed on tumor
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or tumor-associated cells have been potentially suitable for tumor-targeted imaging; other
components of the tumor microenvironment, such as extracellular matrix proteins, have
also been promising candidates for the development of diagnostic approaches in PDAC.

Table 2. Immuno-PET applications in PDAC.

PE]{,:;%Z%ing Cosrgg;geagt;on Targets Hallmark Models References
[64#Cu]Cu-DOTA-
G Lysine-based Imaging of i Orthotopic KRAS
[°*Cu]Cu-NOTA- ysine-base _ g maging of immune rt otopic
o anti-PD-1 random PD-1/PD-L1 checkpoints murine PDAC [101]
[°*Cu]Cu-NOTA-
anti-PD-L1
. Patient-derived
[%Zr]Zx-D£-10D7 Lysine-based Cg(])gn]tja?rrlrilr?m_ mcljDrgtll)(}r\:r ei%llifl:;ieosn subcutaneous and
ti-CDCP1 Y ning gration, g orthotopic [102]
(an AD) random Protein 1 and extracellular xenografts (PDX)
m (CDCP1) matrix degradation gmice
. Resectable
[64 Cu]Cu-PCTA- Lysine-based Epidermal overes}?lilgsi dina orthotopic xenograft
tuximab random Growth Factor wide varietv of mouse model with [103]
ce Receptor (EGFR) Y human PC XPA-1
cancers cells
[8°Zr]Zr-Df- CA19-9 is the most Patients with
MVT-2163 Lysine-based CA19-9 (Sialyl commonly used primary PDAC and [104,105]
(human random Lewis A) serum tumor marker metastases ’
HuMab-5B1 Ab) for PDAC (Phase 1)
Alternatively . ..
Fibronectin is a
spliced EIIIB 1 tein that KeraslSL-G12D/+.
[**Cu]Cu-NOTA- Sortase-Mediated ~ (EDB) domain of & f}:)i‘cl)rlf; (.; frlgjora 5(3Rf?2%/ +. deC1:e)
NJB2 Radiolabelin fibronectin tumor tituont of t p ’ [106]
(nanobody) & extracellular constituent of tumor  KPC mouse models
matrix and extracellular matrix of PDAC
neovasculature and neovasculature
Metalloprotease
MT1-MMP is Subcutaneous
[89Zr]Zr-Df- overexpressed in xenograft mouse
LEM2/15 Lysine-based ) many tumors and model with Capan-2
(anti-MM1-MMP random MT1-MMP associates with cells, and [107]
mADb) tumor growth, subcutaneous and
invasion, metastasis, orthotopic PDX mice.
and poor prognosis
EGFR and HERS3 are
89 , EGFR and highly expressed in Subcutaneous
l\E[EIZ—Ir]])Z7r9_411351_% Lysine-based Receptor tyrosine- PDAC, marking this xenograft mouse [107]
(duligotuzumab) random proteinase kinase aggressive disease model with
& erbB-3 (HER3) with poor survival AsPC-1 cells
rates
[1241]-A2c¢Db
(anti-PSCA 2B3 PSCA is also
A2 cys-diabody) Direct iodination L rostate stem cell overexpressed in Subcutaneous PDX [108]

[?41]-A11 Mb
(anti-PSCA
minibody)

antigen (PSCA)

pancreatic carcinoma

mice




J. Clin. Med. 2021, 10, 1151

14 of 24

Table 2. Cont.

PE{,:{%%%mg Cosrgl;igeagt;,on Targets Hallmark Models References
RAGE is
overexpressed in
human pancreatic Balb ¢/nude mice
[6*Cu]Cu-NOTA- Lysine-based Re;epﬁ)r fci)r tumors; it is a critical bearing Panc02
3B4 yran dom lac:t?orcieen d promoter in the tumors. No PET [109]
(single chain Fv) & c}{ ts (RAGE transition of study, only ex vivo
products ( ) premalignant biodistribution.
epithelial precursors
(PanIN) to PDAC
Overexpression of TF
in pancreatic cancer
[89Zr]Zr-Df-ALT- has been correlated Subcutaneous
836 Lysine-based . with high tumor xenograft mouse
(anti-human TF random Tissue factor (TF) grade, the primary model with BxPC-3 [110]
mADb) disease’s extent, and or PANC-1 cells
local and distant
metastatic invasion.
CD105 is a cell
[6*Cu]Cu-NOTA- surface glycoprotein
heterodimer- expressed on
ZW800 endothelial cells, and Subcutaneous
(bispecific im- Lysine-based Endoglobin its overexpression in xenograft mouse [111]
munoconjugate random (CD105) and TF cancer has been model with BxPC-3
of CD105 and TF linked to or PANC-1 cells
Fab’ antibody angiogenesis,
fragments) metastasis, and
cancer progression
CA19-9 is the most .
89
[*’Zr|Zr-Df-5B1 Lysine-based commonly used Orthotopic xenograft
(anti-CA19.9 CA19-9 mouse model with [112]
random serum tumor marker
mADb) for PDAC CAPAN-2 cells
IGF-1Ris a
transmembrane Subcutaneous
[%Zx]Zr-Df- Insulin-like receptor of the xenograf
. . . gratt mouse
1A2G11 Lysine-based growth factor-1 tyrosine kinase class model with MIA [112,113]
(anti-IGF-1R random receptor (IGF-1R) involved in cell PaCa-2 or BXPC-3
mAD) P growth, apoptosis, cells
and tumor invasion
in cancer
Cell-surface GRP78
expression, an
64 . .
[ CUM]glé'llggTA' Lvsine-based Glucose- immuno-globulin Xsr?gcgﬁnri%ﬁsse
(anti-GRP78 yran dom regulated protein  heavy-chain binding m(g) del with [114]
a mAD) (GRP78) protein, has been BxPC-3 cells
detected in
pancreatic cancer.
MSLN is a cell
differentiation-
[64*Cu]Cu-DOTA- associated Subcutaneous
11-25 Lysine-based Mesothelin 1 toi xenograft mouse
(anti-Mesothelin random (MSLN) W8 Zei‘;)f’rf;;silg'm model with CFPAC-1 1117
mAD) various cancers, or BxPC-3 cells
including PDAC
TfR is upregulated
[89 Zr] Zr-Df-TSP- Subcutaneous
A01 Lysine-based Transferrin Orrrll;?le iigs;r{aczgf xenograft mouse [116]
(anti-transferrin random receptor (TfR) incl c}ll yp t.’ model with MIA
receptor mAb) Imciuding pancreatic PaCa-2 cells

cancer
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CD147 (so-called
EMMPRIN) is a
[3°Zr]Zr-Df-059- transrr}em‘?r}alne Subcutaneous
053 Lysine-based _ proten of t ¢ xenograft mouse
(human random D147 ?H;?:Sﬁlozﬁéuz model with MIA [117]
anti-CD147 mAb) supe Y S PaCa-2 cells
expressed in many
types of tumors,
including PDAC
Subcutaneous
xenograft mouse
[64#Cu]Cu-NOTA- . EGEFR is overexpressed model with PANC-1
. Lysine-based . . .
panitumumab- random EGFR in a wide variety of cells, and [118]
F(ab’), cancers subcutaneous and
orthotopic PDX
OCIP23 mice
CA19-9 is the most Subcutaneous
[3°Zr]Zr-Df-5B1 Lysine-based CA19-9 commonly used serum xenograft mouse [119]
(anti-CA19.9 mAb) random tumor marker model with
for PDAC BxPC3 cells
CA19-9 is the most Subcutaneous
12477
[ I.] A2cDb . e . commonly used serum xenograft mouse
(anti-CA19.9 Direct iodination CA19-9 . [120]
diabody) tumor marker model with BxPC3 or
y for PDAC CAPAN-2 cells
Overexpression of TF
in pancreatic cancer Subcutaneous
[*4*Cu]Cu-NOTA- has been correlated xenograft mouse
ALT-836 Lysine-based Tissue factor (TF) with hl.gh tumor grac/le, model with BxPC-3, [121]
(anti-human TF random the primary disease’s PANC-1. or
mADb) extent, and local and !
. . ASPC-1 cells
distant metastatic
invasion.
[64Cu]Cu-DOTA-
2A3
(2A3is an
anti-CEACAM®6
nanobody) .
[64Cu]Cu-DOTA- Carcinoembryonic ;Ergfﬁl\]/[ folsracl)tceeilrll Subcutaneous
2A3-mFc Lysine-based antigen-related cell glycopt xenograft mouse
y & &
(2A3 fused with a random adhesion molecule knoeerI;rteoS:ee dhil;léhly model with [122]
?;:gri?zrij 6 (CEACAM-6) most CATCErs BxPC3 cells
[¢4Cu]Cu-DOTA-
9A6
(anti-CEACAMS6
murine mAb)
CEA is a GPI-linked Subcutaneous
glycoprotein xenograft mouse
12477 . . .
[. [-H310A Direct iodination Carcmoembryomc overexPresse.d n model with BxPC-3, [121]
(anti-CEA scFv-Fc) antigen (CEA) gastrointestinal
. . CAPAN-1, or
epithelial tumors, HPAF-II colls
including PDAC

Antibody-based PET imaging probes for PDAC ordered by the most recent publication date. Bioconjugation strategy has been categorized
into three methods: lysine-based random, site-specific via sortase-mediated reaction, and direct iodination. Antibody-based PET imaging
probes reaching clinical trials are highlighted in bold.
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With the rise of immunotherapy in recent years, PET imaging of immune checkpoint
inhibitors (ICIs) may serve as a robust biomarker to predict and monitor responses to
ICIs, complementing the existing immunohistochemical techniques [91,123]; it has been
described that PET imaging using antibodies against the programmed cell death recep-
tor 1 (PD-1)/programmed cell death ligand 1 (PD-L1) pathway can be a useful method
for evaluating PD-L1 expression in orthotopic pancreatic cancer models [124]. To date,
most of the PET imaging probes have been designed to target PDAC tumors in preclini-
cal models (Figure 5), and only one study has been conducted with an [¥Zr]Zr-labeled
human monoclonal antibody in patients with pancreatic cancer or other CA19-9 positive
malignancies [125].

Figure 5. ImmunoPET-CT of MT1-MMP metalloproteinase in a preclinical model of PDAC. (A) Coro-
nal, (B) axial, and (C) sagittal views of fused Immuno-PET and CT images of an orthotopic pancreatic
patient-derived xenograft mouse. White arrows indicate tumor location. The imaging probe used was
[8°Zr]Zr-DFO-LEM2/15, a mAb developed against the MT1-MMP metalloproteinase [107]. Owing
to the central role that this metalloproteinase plays in collagen-induced gemcitabine resistance, this
probe could be used for the early prediction of resistance to gemcitabine in metastatic PDAC patients.

4. Discussion

Diagnosis of PDAC by current imaging techniques (CT, MRI, PET, and EUS) is useful
and widely used in the clinic but presents several limitations, especially in small lesions.
It is not possible to accurately assess various characteristics, such as density, contours, or
others. These limitations frequently cause radiologically infra-staging of tumors, false-
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positive diagnosis of metastatic tumor recurrence, and common occult micro-metastatic
disease. Local inflammatory, fibrotic changes at the surgical site and treatment response
evaluation are diagnostic challenges for radiologists (Figures 1-3). Novel treatments, such
as immunotherapies, have also changed treatment response interpretation using diagnostic
imaging techniques [126]. The use of artificial intelligence will strengthen these techniques
but still present significant restraints.

The development of multi-“omics” and bioinformatics have uncovered clinically
relevant alterations in PDAC that still need to be integrated into the clinical management
of patients. One urgent need is the development of non-invasive imaging biomarkers to
assess and integrate this information into the management of patients [14].

“Immunotargeted imaging” represents an innovative and attractive option for the
diagnosis of PDAC. It combines the target specificity and selectivity of antibodies and
variants toward a biomarker with a given imaging technique’s capabilities. Of importance,
functional tumor biomarker expression changes can occur earlier than changes in the lesion
size as assessed on morphological imaging [127].

Immuno-PET merges the high target selectivity and specificity of antibodies and engi-
neered fragments toward a given tumor cell surface marker with the high spatial resolution,
sensitivity, and quantitative capabilities of PET imaging techniques. The development of
novel immuno-PET methods will make it possible to conduct the non-invasive diagnosis
and monitoring of patients over time using in vivo, integrated, quantifiable, 3D, whole
body IHC [128]. Current quantification of biomarkers in PDAC requires biopsies and
anatomopathological and molecular biology analysis that might not capture the complete
tumor heterogeneity. Importantly, immuno-PET allows quantification of biomarkers in a
non-invasive and longitudinal manner in the whole body, like a “virtual biopsy” [129].

Several targets are functionally important in PDAC and might have clinical potential
as prognostic biomarkers to be used in immuno-PET. Proteins and molecules present at
the plasmatic membrane that are overexpressed on tumor or its microenvironment are
potentially suitable for tumor-targeted imaging. Other components of the tumor microen-
vironment, such as extracellular matrix proteins, arise as promising candidates for the
development of immuno-PET probes for diagnosis and monitoring of PDAC patients [130].
To date, most of the PET imaging probes have been designed to target PDAC tumors in
preclinical models (Table 2). Only one study has been conducted with an 8Zr-labeled
human mAb in patients with pancreatic cancer or other CA19-9 positive malignancies [125].
With the rise of immunotherapies over the past decade, PET imaging of immune check-
point inhibitors may serve as a robust biomarker to predict and monitor responses in
PDAC [91,123].

For a successful immuno-PET probe, it is crucial to match the positron-emitting
radionuclide’s physical half-life with the biological half-life of the antibody or fragment
being used. The slow clearance of intact antibodies limits their use as imaging agents since
several days are required to achieve a satisfactory signal-to-noise ratio [57] and the patient
would be exposed to radioactivity for an extended period [131]. To solve this issue, some
biorthogonal reactions that can occur in vivo could be used. This approach would allow
a two-step pretargeting approach, reducing the doses of radioactive material to be used
and providing a faster clearance, thereby reducing patients’ exposure to radioactivity and
improving the signal-to-noise ratio [85-87].

Although antibody-based therapies are widely used in patients’ clinical care, antibod-
ies present multiple limitations, including their large size and low penetration in solid
tissues [92]. Nanobodies are emerging as an alternative. This novel and unique class of
antigen-binding fragments are derived from heavy-chain-only antibodies naturally present
in the serum of Camelidae [92-94]. They exhibit advantageous properties such as small size,
high stability, water-solubility, strong antigen-binding affinity, and natural origin make
them suitable for development into the next-generation of biodrugs [92].

Recently, caplacizumab (ALX-0681), a bivalent nanobody [132] for the treatment of
patients suffering from thrombotic thrombocytopenic purpura, received approval from the
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European Medicines Agency (EMA) and the US Food and Drug Administration (FDA),
giving domain antibodies in the clinic and research a boost. Nanobodies can be labeled with
PET isotopes of shorter half-lives, such as ®*Ga, which advantageously can be produced in
a typical PET center generator.

Liquid biopsies and other analysis detecting tumoral biomarkers in the body fluids
are transforming cancer diagnosis and patient monitoring. Novel quantitative, specific,
and sensitive imaging methods, such as immuno-PET, will be required to localize the lesion
and guide successive therapeutic decisions [97,98].

Author Contributions: Conceptualization, R.G.-G. and A ].S.; investigation, R.G.-G., RA.P-C, LS.,
M.AM., and AJ.S; writing—original draft preparation, R.G.-G., R A.P-C, LS., M.AM., and AJ.S,;
writing—review and editing, supervision and funding acquisition, M.A.M. and A.J.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Instituto de Salud Carlos III through the Fondo de In-
vestigacion en Salud Project “PI18/01665” and co-funded by European Union (ERDEF, “A way to
make Europe”) and the XIII Beca FERO en Investigacion Oncolégica Traslacional from Fundacion
FERO (A.].S.).

Institutional Review Board Statement: All image scans were obtained from our Center dataset,
performed for clinical purposes using routine techniques, properly anonymised and an ethical review
board approved written informed consent was obtained at the time of original clinical images collec-
tion, thus ethical review and approval were waived for this review article. The animal experimental
procedures were conducted according to the guidelines and approved by the Competent Authority
of the Regional Government of Madrid (CAM), Spain (projects PROEX 104/16 and PROEX 094/15).

Informed Consent Statement: All scans and images from Figures 1-4 were performed for clinical
purposes, using routine techniques. The patients and their families received written information on
methods and a written informed consent was obtained at the time of original images collection.

Data Availability Statement: Data is contained within the article.

Acknowledgments: A.].S. and R.G.-G. thank the Molecular Oncology Lab members at IIS Aragén
for critical reading of the manuscript. The review’s contribution of A.J.S. and R.A.P.-C. honor the
memory of Alberto Rueda and patients suffering from PDAC.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Goémez, M.C; Sabater, L.; Ferrandez, A. Protocolo detallado, estudio e informe anatomopatolégico de las piezas de duodenopan-
createctomia cefalica por carcinoma de pancreas. Rev. Esp. Patol. 2010, 43, 207-214. [CrossRef]

2. Altekruse, S.F; Kosary, C.L.; Krapcho, M.; Neyman, N.; Aminou, R.; Waldron, W.; Ruhl, J.; Howlader, N.; Tatalovich, Z,;
Cho, H.; et al. SEER Cancer Statistics Review, 1975-2007. Natl. Cancer Instit. 2010. Available online: https:/ /seer.cancer.gov/csr/
1975_2007/ (accessed on 23 December 2020).

3. delaSanta, L.G. Radiology of pancreatic neoplasms: An update. World . Gastrointest. Oncol. 2014, 6, 330. [CrossRef] [PubMed]

4. McIntyre, C.A.; Winter, ]. M. Diagnostic evaluation and staging of pancreatic ductal adenocarcinoma. Semin. Oncol. 2015, 42,
19-27. [CrossRef] [PubMed]

5. Cassinotto, C.; Cortade, J.; Belleannée, G.; Lapuyade, B.; Terrebonne, E.; Vendrely, V.; Laurent, C.; Sa-Cunha, A. An evaluation of
the accuracy of CT when determining resectability of pancreatic head adenocarcinoma after neoadjuvant treatment. Eur. J. Radiol.
2013, 82, 589-593. [CrossRef]

6. van Veldhuisen, E.; van den Oord, C.; Brada, L.J.; Walma, M.S.; Vogel, ].A.; Wilmink, ].W.; Del Chiaro, M.; van Lienden, K.P;
Meijerink, M.R.; van Tienhoven, G.; et al. Locally advanced pancreatic cancer: Work-up, staging, and local intervention strategies.
Cancers 2019, 11, 976. [CrossRef]

7. Varadhachary, G.R. Preoperative therapies for resectable and borderline resectable pancreatic cancer. J. Gastrointest. Oncol. 2011,
2,136-13642. [CrossRef] [PubMed]

8. Mazzeo, S.; Cappelli, C.; Battaglia, V.; Caramella, D.; Caproni, G.; Contillo, B.P.; Del Chiaro, M.; Boggi, U.; Funel, N.;
Pollina, L.; et al. Multidetector CT in the evaluation of retroperitoneal fat tissue infiltration in ductal adenocarcinoma of the
pancreatic head: Correlation with histopathological findings. Abd. Imaging 2010, 35, 465-470. [CrossRef]

9. Toft, J.; Hadden, WJ.; Laurence, ] M.; Lam, V.; Yuen, L.; Janssen, A.; Pleass, H. Imaging modalities in the diagnosis of pancreatic

adenocarcinoma: A systematic review and meta-analysis of sensitivity, specificity and diagnostic accuracy. Eur. |. Radiol. 2017, 92,
17-23. [CrossRef]


http://doi.org/10.1016/j.patol.2010.07.002
https://seer.cancer.gov/csr/1975_2007/
https://seer.cancer.gov/csr/1975_2007/
http://doi.org/10.4251/wjgo.v6.i9.330
http://www.ncbi.nlm.nih.gov/pubmed/25232458
http://doi.org/10.1053/j.seminoncol.2014.12.003
http://www.ncbi.nlm.nih.gov/pubmed/25726049
http://doi.org/10.1016/j.ejrad.2012.12.002
http://doi.org/10.3390/cancers11070976
http://doi.org/10.3978/j.issn.2078-6891.2011.030
http://www.ncbi.nlm.nih.gov/pubmed/22811843
http://doi.org/10.1007/s00261-009-9548-1
http://doi.org/10.1016/j.ejrad.2017.04.009

J. Clin. Med. 2021, 10, 1151 19 of 24

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Elbanna, K.Y.; Jang, H.J.; Kim, T.K. Imaging diagnosis and staging of pancreatic ductal adenocarcinoma: A comprehensive review.
Insights Imaging 2020, 11. [CrossRef]

Canto, M.L; Harinck, F.; Hruban, R.H.; Offerhaus, G.J.; Poley, ] W.; Kamel, I.; Nio, Y.; Schulick, R.S.; Bassi, C.; Kluijt, L; et al.
International cancer of the pancreas screening (CAPS) consortium summit on the management of patients with increased risk for
familial pancreatic cancer. Gut 2013, 62, 339-347. [CrossRef]

Zhang, L.; Sanagapalli, S.; Stoita, A. Challenges in diagnosis of pancreatic cancer. World |. Gastrointest. 2018, 24, 2047-2060.
[CrossRef] [PubMed]

Montejo Gafan, I.; Angel Rios, L.E,; Sarria Octavio de Toledo, L.; Martinez Mombila, M.E.; Ros Mendoza, L.H. Staging pancreatic
carcinoma by computed tomography. Radiologia 2018, 60, 85-89. [CrossRef]

Pandit-Taskar, N.; Postow, M.A.; Hellmann, M.D.; Harding, J.J.; Barker, C.A.; O'Donoghue, J.A.; Ziolkowska, M.; Ruan, S.;
Lyashchenko, S.K.; Tsai, F; et al. First-in-Humans Imaging with 89 7r-Df-IAB22M2C Anti-CD8 Minibody in Patients with Solid
Malignancies: Preliminary Pharmacokinetics, Biodistribution, and Lesion Targeting. J. Nucl. Med. Off. Publ. Soc. Nucl. Med. 2020,
61, 512-519. [CrossRef] [PubMed]

Ishigami, K.; Yoshimitsu, K.; Irie, H.; Tajima, T.; Asayama, Y.; Nishie, A.; Hirakawa, M.; Ushijima, Y.; Okamoto, D.; Nagata, S.; et al.
Diagnostic value of the delayed phase image for iso-attenuating pancreatic carcinomas in the pancreatic parenchymal phase on
multidetector computed tomography. Eur. J. Radiol. 2009, 69, 139-146. [CrossRef]

Walters, D.M.; Lapar, D.J.; de Lange, E.E.; Sarti, M.; Stokes, J.B.; Adams, R.B.; Bauer, T.W. Pancreas-protocol imaging at a
high-volume center leads to improved preoperative staging of pancreatic ductal adenocarcinoma. Ann. Surg. Oncol. 2011, 18,
2764-2771. [CrossRef]

Al-Hawary, M.M.; Francis, I.R.; Chari, S.T.; Fishman, E.K.; Hough, D.M.; Lu, D.S.; Macari, M.; Megibow, A.J.; Miller, FH.;
Mortele, K.J.; et al. Pancreatic ductal adenocarcinoma radiology reporting template: Consensus statement of the society of
abdominal radiology and the american pancreatic association. Radiology 2014, 270, 248-260. [CrossRef] [PubMed]

Shrikhande, S.V.; Arya, S.; Barreto, S.G.; Ingle, S.; D’Souza, M.A.; Hawaldar, R.; Shukla, PJ. Borderline respectable pancreatic
tumors: Is there a need for further refinement of this stage? Hepatobiliary Pancreat. Dis. Int. 2011, 10, 319-324. [CrossRef]
Brennan, D.D.; Zamboni, G.A.; Raptopoulos, V.D.; Kruskal, ].B. Comprehensive preoperative assessment of pancreatic adenocar-
cinoma with 64-section volumetric CT. Radiographics 2007, 27, 1653-1666. [CrossRef]

Meslar, E. Pancreatic adenocarcinoma. JAAPA Off. . Am. Acad. Physician Assist. 2020, 33, 50-51. [CrossRef]

Ahn, S.S.; Kim, M.].; Choi, ].Y.; Hong, H.S.; Chung, Y.E.; Lim, J.S. Indicative findings of pancreatic cancer in prediagnostic CT.
Euro. Radiol. 2009, 19, 2448-2455. [CrossRef]

Treadwell, J.R.; Zafar, HM.; Mitchell, M.D,; Tipton, K.; Teitelbaum, U.; Jue, J. Imaging Tests for the Diagnosis and Staging of
Pancreatic Adenocarcinoma: A Meta-Analysis. Pancreas 2016, 45, 789-795. [CrossRef]

Raman, S.P; Horton, K.M.; Fishman, E.K. Multimodality imaging of pancreatic cancer-computed tomography, magnetic resonance
imaging, and positron emission tomography. Cancer J. (U. S.) 2012, 18, 511-522. [CrossRef] [PubMed]

Lopci, E.; Fanti, S. Non-FDG PET/CT. In Recent Results Cancer Research; Springer: Berlin/Heidelberg, Germany, 2020; Volume 216,
pp. 669-718.

Ghaneh, P; Hanson, R.; Titman, A.; Lancaster, G.; Plumpton, C.; Lloyd-Williams, H.; Yeo, S.T.; Edwards, R.T.; Johnson, C.;
Hilal, M.A.; et al. PET-PANC: Multicentre prospective diagnostic accuracy and health economic analysis study of the impact of
combined modality 18 fluorine-2-fluoro-2-deoxy-dglucose positron emission tomography with computed tomography scanning
in the diagnosis and managemen. Health Technol. Assess. 2018, 22. [CrossRef]

Sohal, D.PS.; Kennedy, E.B.; Cinar, P; Conroy, T.; Copur, M.S.; Crane, C.H.; Garrido-Laguna, I.; Lau, M.W.; Johnson, T.;
Krishnamurthi, S.; et al. Metastatic pancreatic cancer: ASCO guideline update. J. Clin. Oncol. 2020, 38, 3217-3230. [CrossRef]
[PubMed]

Arnone, A.; Laudicella, R.; Caobelli, F.; Guglielmo, P.; Spallino, M.; Abenavoli, E.; Martini, A.L.; Filice, R.; Comis, A.D.;
Cuzzocrea, M.; et al. Clinical Impact of 18F-FDG PET/CT in the Diagnostic Workup of Pancreatic Ductal Adenocarcinoma: A
Systematic Review. Diagnostics 2020, 10, 1042. [CrossRef] [PubMed]

Lee, JW.; O., ].H.; Choi, M.; Choi, ].Y. Impact of F-18 Fluorodeoxyglucose PET/CT and PET/MRI on Initial Staging and Changes in
Management of Pancreatic Ductal Adenocarcinoma: A Systemic Review and Meta-Analysis. Diagnostics 2020, 10, 952. [CrossRef]
[PubMed]

Lu, D.S,; Reber, H.A.; Krasny, R.M.; Kadell, B.M.; Sayre, J. Local staging of pancreatic cancer: Criteria for unresectability of major
vessels as revealed by pancreatic-phase, thin-section helical CT. Am. J. Roentgenol. 1997, 168, 1439-1443. [CrossRef] [PubMed]
Skouras, C.; Parks, R.W. STATE-OF-THE-ART REVIEW Diagnosis and staging of pancreatic cancer. Hamdan Med. ]. 2015.
[CrossRef]

Yang, R.B.; Lu, M.P; Qian, X.X,; Chen, J.; Li, L.; Wang, ].W.; Zhang, Y.Q. Diagnostic accuracy of EUS and CT of vascular invasion
in pancreatic cancer: A systematic review. J. Cancer Res. Clin. Oncol. 2014, 140, 2077-2086. [CrossRef]

Zamboni, G.A.; Kruskal, ].B.; Vollmer, C.M.; Baptista, J.; Callery, M.P,; Raptopoulos, V.D. Pancreatic adenocarcinoma: Value of
multidetector CT angiography in preoperative evaluation. Radiology 2007, 245, 770-778. [CrossRef] [PubMed]

Tamm, E.P; Balachandran, A.; Bhosale, PR.; Katz, M.H.; Fleming, ].B.; Lee, ]. H.; Varadhachary, G.R. Imaging of Pancreatic
Adenocarcinoma: Update on Staging/Resectability. Radiol. Clin. N. Am. 2012, 50, 407-428. [CrossRef]


http://doi.org/10.1186/s13244-020-00861-y
http://doi.org/10.1136/gutjnl-2012-303108
http://doi.org/10.3748/wjg.v24.i19.2047
http://www.ncbi.nlm.nih.gov/pubmed/29785074
http://doi.org/10.1016/j.rxeng.2017.08.003
http://doi.org/10.2967/jnumed.119.229781
http://www.ncbi.nlm.nih.gov/pubmed/31586002
http://doi.org/10.1016/j.ejrad.2007.09.012
http://doi.org/10.1245/s10434-011-1693-4
http://doi.org/10.1148/radiol.13131184
http://www.ncbi.nlm.nih.gov/pubmed/24354378
http://doi.org/10.1016/S1499-3872(11)60053-2
http://doi.org/10.1148/rg.276075034
http://doi.org/10.1097/01.JAA.0000718300.59420.6c
http://doi.org/10.1007/s00330-009-1422-6
http://doi.org/10.1097/MPA.0000000000000524
http://doi.org/10.1097/PPO.0b013e318274a461
http://www.ncbi.nlm.nih.gov/pubmed/23187837
http://doi.org/10.3310/hta22070
http://doi.org/10.1200/JCO.20.01364
http://www.ncbi.nlm.nih.gov/pubmed/32755482
http://doi.org/10.3390/diagnostics10121042
http://www.ncbi.nlm.nih.gov/pubmed/33287195
http://doi.org/10.3390/diagnostics10110952
http://www.ncbi.nlm.nih.gov/pubmed/33202682
http://doi.org/10.2214/ajr.168.6.9168704
http://www.ncbi.nlm.nih.gov/pubmed/9168704
http://doi.org/10.7707/hmj.428
http://doi.org/10.1007/s00432-014-1728-x
http://doi.org/10.1148/radiol.2453061795
http://www.ncbi.nlm.nih.gov/pubmed/17951353
http://doi.org/10.1016/j.rcl.2012.03.008

J. Clin. Med. 2021, 10, 1151 20 of 24

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

Hong, S.B.; Lee, S.S.; Kim, J.H.; Kim, H.J.; Byun, ].H.; Hong, S.M.; Song, K.B.; Kim, S.C. Pancreatic cancer CT: Prediction of
resectability according to NCCN criteria. Radiology 2018, 289, 710-718. [CrossRef] [PubMed]

Khorana, A.A.; Mangu, P.B.; Berlin, ].; Engebretson, A.; Hong, T.S.; Maitra, A.; Mohile, S.G.; Mumber, M.; Schulick, R.;
Shapiro, M.; et al. Potentially curable pancreatic cancer: American society of clinical oncology clinical practice guideline. J. Clin.
Oncol. 2016, 34, 2541-2556. [CrossRef]

Khorana, A.A.; McKernin, S.E.; Berlin, J.; Hong, T.S.; Maitra, A.; Moravek, C.; Mumber, M.; Schulick, R.; Zeh, H.].; Katz, M.H.G.
Potentially curable pancreatic adenocarcinoma: ASCO clinical practice guideline update. J. Clin. Oncol. 2019, 37, 2082-2088.
[CrossRef] [PubMed]

Dhir, M.; Malhotra, G.K.; Sohal, D.PS.; Hein, N.A.; Smith, L.M.; O’Reilly, E.M.; Bahary, N.; Are, C. Neoadjuvant treatment
of pancreatic adenocarcinoma: A systematic review and meta-analysis of 5520 patients. World J. Surg. Oncol. 2017, 15, 1-18.
[CrossRef] [PubMed]

Balaban, E.P.; Mangu, P.B.; Yee, N.S. Locally advanced unresectable pancreatic cancer: American Society of clinical oncology
clinical practice guideline summary. J. Oncol. Pract. 2017, 13, 265-269. [CrossRef]

Lall, C.G.; Howard, T.J.; Skandarajah, A.; DeWitt, ] M.; Aisen, A.M.; Sandrasegaran, K. New concepts in staging and treatment of
locally advanced pancreatic head cancer. Am. J. Roentgenol. 2007, 189, 1044-1050. [CrossRef]

Lee, J.W.; Kang, C.M.; Choi, H.].; Lee, WJ.; Song, S.Y.; Lee, ].H.; Lee, ].D. Prognostic value of metabolic tumor volume and total
lesion glycolysis on preoperativel8f-fdg pet/ct in patients with pancreatic cancer. J. Nucl. Med. 2014, 55, 898-904. [CrossRef]
Eisenhauer, E.A.; Therasse, P; Bogaerts, J.; Schwartz, L.H.; Sargent, D.; Ford, R.; Dancey, J.; Arbuck, S.; Gwyther, S.;
Mooney, M.; et al. New response evaluation criteria in solid tumours: Revised RECIST guideline (version 1.1). Eur. ]. Cancer 2009,
45,228-247. [CrossRef]

Cassinotto, C.; Sa-Cunha, A.; Trillaud, H. Radiological evaluation of response to neoadjuvant treatment in pancreatic cancer.
Diagn. Interv. Imaging 2016, 97, 1225-1232. [CrossRef]

Amer, AM.; Zaid, M.; Chaudhury, B.; Elganainy, D.; Lee, Y.; Wilke, C.T.; Cloyd, J.; Wang, H.; Maitra, A.; Wolff, R.A.; et al.
Imaging-based biomarkers: Changes in the tumor interface of pancreatic ductal adenocarcinoma on computed tomography scans
indicate response to cytotoxic therapy. Cancer 2018, 124, 1701-1709. [CrossRef]

Katz, M.H.G.; Fleming, ].B.; Bhosale, P.; Varadhachary, G.; Lee, J.E.; Wolff, R.; Wang, H.; Abbruzzese, J.; Pisters, PW.T,;
Vauthey, ].N.; et al. Response of borderline resectable pancreatic cancer to neoadjuvant therapy is not reflected by radiographic
indicators. Cancer 2012, 118, 5749-5756. [CrossRef] [PubMed]

Lee, T;; Teng, T.Z.].; Shelat, V.G. Carbohydrate antigen 19-9—Tumor marker: Past, present, and future. World J. Gastrointest. Surg.
2020, 12, 468-490. [CrossRef]

Reni, M.; Zanon, S.; Balzano, G.; Nobile, S.; Pircher, C.C.; Chiaravalli, M.; Passoni, P, Arcidiacono, P.G.; Nicoletti, R.;
Crippa, S.; et al. Selecting patients for resection after primary chemotherapy for non-metastatic pancreatic adenocarcinoma.
Ann. Oncol. 2017, 28, 2786-2792. [CrossRef] [PubMed]

Javery, O.; Shyn, P.; Mortele, K. FDG PET or PET/CT in patients with pancreatic cancer: When does it add to diagnostic CT or
MRI? Clin. Imaging 2013, 37, 295-301. [CrossRef]

Ruf, J.; Hanninen, E.L.; Oettle, H.; Plotkin, M.; Pelzer, U.; Stroszczynski, C.; Felix, R.; Amthauer, H. Detection of recurrent
pancreatic cancer: Comparison of FDG-PET with CT/MRI. Pancreatology 2005, 5, 266—272. [CrossRef]

Daamen, L.A.; Groot, V.P,; Goense, L.; Wessels, EJ.; Borel Rinkes, I.H.; Intven, M.P.W.; van Santvoort, H.C.; Molenaar, I.Q. The
diagnostic performance of CT versus FDG PET-CT for the detection of recurrent pancreatic cancer: A systematic review and
meta-analysis. Eur. |. Radiol. 2018, 106, 128-136. [CrossRef]

Ramanathan, R.K.; Goldstein, D.; Korn, R.L.; Arena, F.; Moore, M.; Siena, S.; Teixeira, L.; Tabernero, J.; Van Laethem, J.L.;
Liu, H.; et al. Positron emission tomography response evaluation from a randomized phase III trial of weekly nab-paclitaxel plus
gemcitabine versus gemcitabine alone for patients with metastatic adenocarcinoma of the pancreas. Ann. Oncol. 2016, 27, 648-653.
[CrossRef]

Kwak, J.J.; Tirumani, S.H.; Van den Abbeele, A.D.; Koo, PJ.; Jacene, H.A. Cancer immunotherapy: Imaging assessment of novel
treatment response patterns and immune-related adverse events. Radiographics 2015, 35, 424-437. [CrossRef] [PubMed]

Chu, L.C; Park, S.; Kawamoto, S.; Fouladi, D.F,; Shayesteh, S.; Zinreich, E.S.; Graves, J.S.; Horton, KM.; Hruban, R.H.;
Yuille, A.L.; et al. Utility of CT radiomics features in differentiation of pancreatic ductal adenocarcinoma from normal pancreatic
tissue. Am. J. Roentgenol. 2019, 213, 349-357. [CrossRef]

Chakraborty, S.; Hosen, M.1.; Ahmed, M.; Shekhar, H.U. Onco-Multi-OMICS Approach: A New Frontier in Cancer Res. Biomed
Res. Int. 2018, 2018. [CrossRef]

Keizer, R.J.; Huitema, A.D.R,; Schellens, ].H.M.; Beijnen, ].H. Clinical pharmacokinetics of therapeutic monoclonal antibodies.
Clin. Pharmacokinet. 2010, 49, 493-507. [CrossRef]

Wu, A.M. Engineered antibodies for molecular imaging of cancer. Methods 2014, 65, 139-147. [CrossRef]

Freise, A.C.; Wu, A.M. In vivo imaging with antibodies and engineered fragments. Mol. Imunol. 2015, 67, 142-152. [CrossRef]
[PubMed]

James, M.L.; Gambhir, S.S. A molecular imaging primer: Modalities, imaging agents, and applications. Physiol. Rev. 2012, 92,
897-965. [CrossRef] [PubMed]


http://doi.org/10.1148/radiol.2018180628
http://www.ncbi.nlm.nih.gov/pubmed/30251929
http://doi.org/10.1200/JCO.2016.67.5553
http://doi.org/10.1200/JCO.19.00946
http://www.ncbi.nlm.nih.gov/pubmed/31180816
http://doi.org/10.1186/s12957-017-1240-2
http://www.ncbi.nlm.nih.gov/pubmed/29017581
http://doi.org/10.1200/JOP.2016.017376
http://doi.org/10.2214/AJR.07.2131
http://doi.org/10.2967/jnumed.113.131847
http://doi.org/10.1016/j.ejca.2008.10.026
http://doi.org/10.1016/j.diii.2016.07.011
http://doi.org/10.1002/cncr.31251
http://doi.org/10.1002/cncr.27636
http://www.ncbi.nlm.nih.gov/pubmed/22605518
http://doi.org/10.4240/wjgs.v12.i12.468
http://doi.org/10.1093/annonc/mdx495
http://www.ncbi.nlm.nih.gov/pubmed/28945895
http://doi.org/10.1016/j.clinimag.2012.07.005
http://doi.org/10.1159/000085281
http://doi.org/10.1016/j.ejrad.2018.07.010
http://doi.org/10.1093/annonc/mdw020
http://doi.org/10.1148/rg.352140121
http://www.ncbi.nlm.nih.gov/pubmed/25763727
http://doi.org/10.2214/AJR.18.20901
http://doi.org/10.1155/2018/9836256
http://doi.org/10.2165/11531280-000000000-00000
http://doi.org/10.1016/j.ymeth.2013.09.015
http://doi.org/10.1016/j.molimm.2015.04.001
http://www.ncbi.nlm.nih.gov/pubmed/25934435
http://doi.org/10.1152/physrev.00049.2010
http://www.ncbi.nlm.nih.gov/pubmed/22535898

J. Clin. Med. 2021, 10, 1151 21 of 24

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Maawy, A.A.; Hiroshima, Y.; Kaushal, S.; Luiken, G.A.; Hoffman, R.M.; Bouvet, M. Comparison of a chimeric anti-
carcinoembryonic antigen antibody conjugated with visible or near-infrared fluorescent dyes for imaging pancreatic cancer in
orthotopic nude mouse models. . Biomed. Opt. 2013, 18, 126016. [CrossRef]

Knowles, S.M.; Tavaré, R.; Zettlitz, K.A.; Rochefort, M.M.; Salazar, F.B.; Jiang, Z.K.; Reiter, R.E.; Wu, A.M. Applications of
immunoPET: Using 124T_anti-PSCA A11 minibody for imaging disease progression and response to therapy in mouse xenograft
models of prostate cancer. Clin. Cancer Res. 2014, 20, 6367—6378. [CrossRef] [PubMed]

Muyldermans, S.; Baral, T.N.; Retamozzo, V.C.; De Baetselier, P.; De Genst, E.; Kinne, J.; Leonhardt, H.; Magez, S.; Nguyen, VK,;
Revets, H.; et al. Camelid immunoglobulins and nanobody technology. Vet. Imunol. Immunopathol. 2009, 128, 178-183. [CrossRef]
[PubMed]

Poli, G.L.; Bianchi, C.; Virotta, G.; Bettini, A.; Moretti, R.; Trachsel, E.; Elia, G.; Giovannoni, L.; Neri, D.; Bruno, A. Radretumab
radioimmunotherapy in patients with brain metastasis: A 1241-L19SIP dosimetric PET study. Cancer Imunol. Res. 2013, 1, 134-143.
[CrossRef]

Zielinski, R.; Hassan, M.; Lyakhov, I.; Needle, D.; Chernomordik, V.; Garcia-Glaessner, A.; Ardeshirpour, Y.; Capala, J.; Gand-
jbakhche, A. Affibody-dylight conjugates for in vivo assessment of HER2 expression by near-infrared optical imaging. PLoS ONE
2012, 7. [CrossRef]

Tolmachev, V.; Orlova, A. Affibody molecules as targeting vectors for PET imaging. Cancers 2020, 12, 651. [CrossRef] [PubMed]
Schoonooghe, S. Engineering and expression of bibody and tribody constructs in mammalian cells and in the yeast pichia pastoris.
Methods Mol. Biol. 2012, 899, 157-175. [CrossRef] [PubMed]

Almagro, J.C.; Fransson, J. Humanization of antibodies. Front. Biosci. 2008, 13, 1619-1633. [CrossRef] [PubMed]

Kerdjoudj, R.; Pniok, M.; Alliot, C.; Kubitek, V.; Havli¢kov4, J.; Rosch, F; Hermann, P.; Huclier-Markai, S. Scandium(III) complexes
of monophosphorus acid DOTA analogues: A thermodynamic and radiolabelling study with 44Sc from cyclotron and from a
44Ti/44Sc generator. Dalton Trans. 2016, 45, 1398-1409. [CrossRef] [PubMed]

Romero, E.; Martinez, A.; Oteo, M.; Ibafiez, M.; Santos, M.; Morcillo, M.A. Development and long-term evaluation of a new
68Ge/68Ga generator based on nano-SnO2 for PET imaging. Sci. Rep. 2020, 10, 1-10. [CrossRef]

Franc, B.L.; Acton, P.D.; Mari, C.; Hasegaway, B.H. Small-animal SPECT and SPECT/CT: Important tools for preclinical
investigation. J. Nucl. Med. 2008, 49, 1651-1663. [CrossRef]

Kircher, M.E; Jokerst, ].V,; Zavaleta, C.L.; Kempen, PJ.; Mittra, E.; Pitter, K,; Huang, R.; Campos, C.; Sinclair, R.;
Brennan, C.W,; et al. A brain tumore molecular imaging strategy using a triple-modality MRI-photoacustic-Raman nanoparticle.
HHS Public Access. Nat. Med. 2012, 18, 829-834. [CrossRef]

Suemizu, H.; Kawai, K.; Higuchi, Y.; Hashimoto, H.; Ogura, T.; Itoh, T.; Sasaki, E.; Nakamura, M. A versatile technique for the
in vivo imaging of human tumor xenografts using near-infrared fluorochrome-conjugated macromolecule probes. PLoS ONE
2013, 8. [CrossRef]

Fan, X.; Wang, L.; Guo, Y.; Tu, Z,; Li, L.; Tong, H.; Xu, Y.; Li, R; Fang, K. Ultrasonic nanobubbles carrying anti-PSMA nanobody:
Construction and application in prostate cancer-targeted imaging. PLoS ONE 2015, 10, e0127419. [CrossRef]

Rijpkema, M.; Oyen, W.J.; Bos, D.; Franssen, G.M.; Goldenberg, D.M.; Boerman, O.C. SPECT- and fluorescence image-guided
surgery using a dual-labeled carcinoembryonic antigen-targeting antibody. J. Nucl. Med. 2014, 55, 1519-1524. [CrossRef]
[PubMed]

Liitje, S.; van Rij, C.M.; Franssen, G.M.; Fracasso, G.; Helfrich, W.; Eek, A.; Oyen, W.].; Colombatti, M.; Boerman, O.C. Targeting
human prostate cancer with 111In-labeled D2B IgG, F(ab’)2 and Fab fragments in nude mice with PSMA-expressing xenografts.
Contrast Media Mol. Imaging 2015, 10, 28-36. [CrossRef]

Hall, M.A; Pinkston, K.L.; Wilganowski, N.; Robinson, H.; Ghosh, P.; Azhdarinia, A.; Vazquez-Arreguin, K.; Kolonin, A.M.;
Harvey, B.R,; Sevick-Muraca, E.M. Comparison of mAbs targeting epithelial cell adhesion molecule for the detection of prostate
cancer lymph node metastases with multimodal contrast agents: Quantitative small-animal PET/CT and NIRF. . Nucl. Med.
2012, 53, 1427-1437. [CrossRef] [PubMed]

England, C.G.; Hernandez, R.; Eddine, 5.B.Z.; Cai, W. Molecular Imaging of Pancreatic Cancer with Antibodies. Mol. Pharm. 2016,
13, 8-24. [CrossRef] [PubMed]

Smith, D.L.; Breeman, W.A.P,; Sims-Mourtada, J. The untapped potential of Gallium 68-PET: The next wave of 68Ga-agents. App.
Radiat. Isot. 2013, 76, 14-23. [CrossRef] [PubMed]

de Lucas, A.G.; Schuhmacher, A J.; Oteo, M.; Romero, E.; Camara, J.A.; de Martino, A.; Arroyo, A.G.; Morcillo, M.; Squatrito, M.;
Martinez-Torrecuadrada, J.L.; et al. Targeting MT1-MMP as an immunoPET-based strategy for imaging gliomas. PLoS ONE 2016,
11, e0158634. [CrossRef]

Romero, E.; Martinez, A.; Oteo, M.; Garcia, A.; Morcillo, M. A. Preparation of 68Ga-labelled DOTA-peptides using a manual
labelling approach for small-animal PET imaging. App. Radiat. Isot. 2016, 107, 113-120. [CrossRef]

Romero, E.; Morcillo, M. A. Inorganic oxides with potential application in the preparation of a 68Ge/68Ga generator system. App.
Radiat. Isot. 2017, 119, 28-35. [CrossRef]

Rosar, E; Bohnenberger, H.; Moon, E.S.; Rosch, F,; Denig, A.; Vincenz-Zorner, D.; Hoffmann, M.A.; Khreish, F,; Ezziddin, S.;
Schreckenberger, M.; et al. Impact of prompt gamma emission of 44Sc on quantification in preclinical and clinical PET systems.
App. Radiat. Isot. 2021, 170, 109599. [CrossRef]


http://doi.org/10.1117/1.JBO.18.12.126016
http://doi.org/10.1158/1078-0432.CCR-14-1452
http://www.ncbi.nlm.nih.gov/pubmed/25326233
http://doi.org/10.1016/j.vetimm.2008.10.299
http://www.ncbi.nlm.nih.gov/pubmed/19026455
http://doi.org/10.1158/2326-6066.CIR-13-0007
http://doi.org/10.1371/journal.pone.0041016
http://doi.org/10.3390/cancers12030651
http://www.ncbi.nlm.nih.gov/pubmed/32168760
http://doi.org/10.1007/978-1-61779-921-1_10
http://www.ncbi.nlm.nih.gov/pubmed/22735952
http://doi.org/10.2741/2786
http://www.ncbi.nlm.nih.gov/pubmed/17981654
http://doi.org/10.1039/C5DT04084A
http://www.ncbi.nlm.nih.gov/pubmed/26675416
http://doi.org/10.1038/s41598-020-69659-8
http://doi.org/10.2967/jnumed.108.055442
http://doi.org/10.1038/nm.2721
http://doi.org/10.1371/journal.pone.0082708
http://doi.org/10.1371/journal.pone.0127419
http://doi.org/10.2967/jnumed.114.142141
http://www.ncbi.nlm.nih.gov/pubmed/24982436
http://doi.org/10.1002/cmmi.1596
http://doi.org/10.2967/jnumed.112.106302
http://www.ncbi.nlm.nih.gov/pubmed/22872743
http://doi.org/10.1021/acs.molpharmaceut.5b00626
http://www.ncbi.nlm.nih.gov/pubmed/26620581
http://doi.org/10.1016/j.apradiso.2012.10.014
http://www.ncbi.nlm.nih.gov/pubmed/23232184
http://doi.org/10.1371/journal.pone.0158634
http://doi.org/10.1016/j.apradiso.2015.10.005
http://doi.org/10.1016/j.apradiso.2016.10.014
http://doi.org/10.1016/j.apradiso.2021.109599

J. Clin. Med. 2021, 10, 1151 22 of 24

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Rosar, F.; Buchholz, H.G.; Michels, S.; Hoffmann, M.A.; Piel, M.; Waldmann, C.M.; Rosch, E; Reuss, S.; Schreckenberger, M. Image
quality analysis of 44Sc on two preclinical PET scanners: A comparison to 68Ga. EJNMMI Phys. 2020, 7. [CrossRef]
Cal-Gonzélez, ].; Lage, E.; Herranz, E.; Vicente, E.; Udias, ].M.; Moore, S.C.; Park, M.A.; Dave, S.R.; Parot, V.; Herraiz, J.L.
Simulation of triple coincidences in PET. Phys. Med. Biol. 2015, 60, 117-136. [CrossRef]

Tsionou, M.I.; Knapp, C.E.; Foley, C.A.; Munteanu, C.R.; Cakebread, A.; Imberti, C.; Eykyn, T.R.; Young, ].D.; Paterson, B.M.;
Blower, PJ.; et al. Comparison of macrocyclic and acyclic chelators for gallium-68 radiolabelling. RSC Adv. 2017, 7, 49586—49599.
[CrossRef]

Deri, M.A.; Ponnala, S.; Zeglis, B.M.; Pohl, G.; Dannenberg, ]J.J.; Lewis, J.S.; Francesconi, L.C. Alternative chelator for 89Zr
radiopharmaceuticals: Radiolabeling and evaluation of 3,4,3-(LI-1,2-HOPO). |. Med. Chem. 2014, 57, 4849—-4860. [CrossRef]
Agarwal, P,; Bertozzi, C.R. Site-specific antibody-drug conjugates: The nexus of bioorthogonal chemistry, protein engineering,
and drug development. Bioconj. Chem. 2015, 26, 176-192. [CrossRef]

Knight, J.C.; Cornelissen, B. Bioorthogonal chemistry: Implications for pretargeted nuclear (PET/SPECT) imaging and therapy.
Am. J. Nucl. Med. Mol. Imaging 2014, 4, 96-113.

Evans, H.L.; Nguyen, Q.D.; Carroll, L.S.; Kaliszczak, M.; Twyman, EJ.; Spivey, A.C.; Aboagye, E.O. A bioorthogonal 68Ga-labelling
strategy for rapid in vivo imaging. Chem. Commun. 2014, 50, 9557-9560. [CrossRef] [PubMed]

Yang, L.; Mao, H.; Wang, Y.A.; Cao, Z,; Peng, X.; Wang, X.; Duan, H.; Ni, C; Yuan, Q.; Adams, G; et al. Single Chain Epidermal
Growth Factor Receptor Antibody Conjugated Nanoparticles for in vivo Tumor Targeting and Imaging. Small 2009, 5, 235-243.
[CrossRef] [PubMed]

Wang, X.; Xing, X.; Zhang, B.; Liu, E; Cheng, Y.; Shi, D. Surface engineered antifouling optomagnetic SPIONSs for bimodal targeted
imaging of pancreatic cancer cells. Int. ]. Nanomed. 2014, 9, 1601-1615. [CrossRef]

Zhu, A.; Lee, D.; Shim, H. Metabolic positron emission tomography imaging in cancer detection and therapy response. Semin.
Oncol. 2011, 38, 55-69. [CrossRef] [PubMed]

Rodriguez, E.; Arqués, J.L.; Rodriguez, R.; Nufiez, M.; Medina, M.; Talarico, T.L.; Casas, I.A.; Chung, T.C.; Dobrogosz, W.J.;
Axelsson, L.; et al. We are IntechOpen, the world " s leading publisher of Open Access books Built by scientists, for scientists TOP
1%. Intech 1989, 32, 137-144.

Joveevska, I.; Muyldermans, S. The Therapeutic Potential of Nanobodies. BioDrugs 2020, 34, 11-26. [CrossRef]

Muyldermans, S. Nanobodies: Natural single-domain antibodies. Annu. Rev. Biochem. 2013, 82, 775-797. [CrossRef]
Muyldermans, S. A guide to: Generation and design of nanobodies. FEBS J. 2020. [CrossRef]

Laforest, R.; Lapi, S.E.; Oyama, R.; Bose, R.; Tabchy, A.; Marquez-Nostra, B.V.; Burkemper, J.; Wright, B.D.; Frye, J.; Frye, S.; et al.
[89Zr]|Trastuzumab: Evaluation of Radiation Dosimetry, Safety, and Optimal Imaging Parameters in Women with HER2-Positive
Breast Cancer. Mol. Imaging Biol. 2016, 18, 952-959. [CrossRef] [PubMed]

Gaykema, S.B.M.; De Jong, J.R.; Perik, PJ.; Brouwers, A.H.; Schroder, C.P.; Oude Munnink, T.H.; Bongaerts, A H.H.;
De Vries, E.G.E.; Lub-De Hooge, M.N. ''In-Trastuzumab scintigraphy in HER2-Positive metastatic breast cancer patients
remains feasible during trastuzumab treatment. Mol. Imaging 2014, 13, 1-6. [CrossRef]

Dewulf, J.; Adhikari, K.; Vangestel, C.; Van Den Wyngaert, T.; Elvas, F. Development of antibody immuno-PET/SPECT
radiopharmaceuticals for imaging of oncological disorders—An update. Cancers 2020, 12, 1868. [CrossRef]

Mirabelli, P; Incoronato, M. Usefulness of traditional serum biomarkers for management of breast cancer patients. BioMed Res.
Int. 2013, 2013. [CrossRef]

Sivapalan, L.; Kocher, H.M.; Ross-Adams, H.; Chelala, C. Molecular profiling of ctDNA in pancreatic cancer: Opportunities and
challenges for clinical application. Pancreatology 2021. [CrossRef]

Hussung, S.; Akhoundova, D.; Hipp, J.; Follo, M.; Klar, REU.; Philipp, U.; Scherer, F; von Bubnoff, N.; Duyster, J.;
Boerries, M.; et al. Longitudinal analysis of cell-free mutated KRAS and CA 19-9 predicts survival following curative resection of
pancreatic cancer. BMIC Cancer 2021, 21, 1-10. [CrossRef]

Zhao, J.; Wen, X.; Li, T.; Shi, S.; Xiong, C.; Wang, Y.A,; Li, C. Concurrent Injection of Unlabeled Antibodies Allows Positron
Emission Tomography Imaging of Programmed Cell Death Ligand 1 Expression in an Orthotopic Pancreatic Tumor Model. ACS
Omega 2020, 5, 8474-8482. [CrossRef] [PubMed]

Kryza, T.; Khan, T,; Puttick, S.; Li, C.; Sokolowski, K.A.; Tse, BW.C.; Cuda, T.; Lyons, N.; Gough, M.; Yin, J.; et al. Effective
targeting of intact and proteolysed CDCP1 for imaging and treatment of pancreatic ductal adenocarcinoma. Theranostics 2020, 10,
4116-4133. [CrossRef] [PubMed]

Yoshii, Y.; Tashima, H.; Iwao, Y.; Yoshida, E.; Wakizaka, H.; Akamatsu, G.; Yamaya, T.; Matsumoto, H.; Yoshimoto, M.;
Igarashi, C.; et al. Immuno-OpenPET: A novel approach for early diagnosis and image-guided surgery for small resectable
pancreatic cancer. Sci. Rep. 2020, 10, 1-11. [CrossRef]

O'Reilly, E.M.; Borazanci, E.H.; Yu, K.H.; Varghese, A.M.; Estrella, H.; Kamins, D.; Melink, T.; Dorr, K.; Maffuid, P.; Gutheil, ].; et al.
HuMab-5B1 (MVT-5873), a mAD targeting sLea, in combination with first-line gemcitabine plus nab-paclitaxel (gem/nab-P) for
patients with pancreatic cancer (PDAC) and other CA19-9 positive malignancies. . Clin. Oncol. 2018, 36, 16235.

Lohrmann, C.; O'Reilly, EM.; O’Donogue, J.A.; Pandit-Taskar, N.; Carrasquillo, J.A.; Lyashchenki, S.K.; Ruan, S.; Teng, R.;
Scholz, W.; Maffuid, PW.; et al. Retooling a Blood-Based Biomarker: Phase I Assessment of the High-Affinity CA19-9 Antibody
HuMab-5B1 for Immuno-PET Imaging of Pancreatic Cancer. Clin. Cancer Res. 2019, 25, 7014-7023. [CrossRef] [PubMed]


http://doi.org/10.1186/s40658-020-0286-3
http://doi.org/10.1088/0031-9155/60/1/117
http://doi.org/10.1039/C7RA09076E
http://doi.org/10.1021/jm500389b
http://doi.org/10.1021/bc5004982
http://doi.org/10.1039/C4CC03903C
http://www.ncbi.nlm.nih.gov/pubmed/25012592
http://doi.org/10.1002/smll.200800714
http://www.ncbi.nlm.nih.gov/pubmed/19089838
http://doi.org/10.2147/IJN.S58334
http://doi.org/10.1053/j.seminoncol.2010.11.012
http://www.ncbi.nlm.nih.gov/pubmed/21362516
http://doi.org/10.1007/s40259-019-00392-z
http://doi.org/10.1146/annurev-biochem-063011-092449
http://doi.org/10.1111/febs.15515
http://doi.org/10.1007/s11307-016-0951-z
http://www.ncbi.nlm.nih.gov/pubmed/27146421
http://doi.org/10.2310/7290.2014.00011
http://doi.org/10.3390/cancers12071868
http://doi.org/10.1155/2013/685641
http://doi.org/10.1016/j.pan.2020.12.017
http://doi.org/10.1186/s12885-020-07736-x
http://doi.org/10.1021/acsomega.9b03731
http://www.ncbi.nlm.nih.gov/pubmed/32337408
http://doi.org/10.7150/thno.43589
http://www.ncbi.nlm.nih.gov/pubmed/32226543
http://doi.org/10.1038/s41598-020-61056-5
http://doi.org/10.1158/1078-0432.CCR-18-3667
http://www.ncbi.nlm.nih.gov/pubmed/31540979

J. Clin. Med. 2021, 10, 1151 23 of 24

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.
129.

Jailkhani, N.; Ingram, J.R.; Rashidian, M.; Rickelt, S.; Tian, C.; Mak, H,; Jiang, Z.; Ploegh, H.L.; Hynes, R.O. Noninvasive imaging
of tumor progression, metastasis, and fibrosis using a nanobody targeting the extracellular matrix. Proc. Natl. Acad. Sci. USA
2019, 116, 14181-14190, Erratum in Proc. Natl. Acad. Sci. USA 2019, 116, 18745, d0i:10.1073/pnas.1913962116. [CrossRef]
Morcillo, M.A.; De Lucas, A.G.; Oteo, M.; Romero, E.; Magro, N.; Ibafiez, M.; Martinez, A.; Garaulet, G.; Arroyo, A.G.; Lopez-
Casas, PP; et al. MT1-MMP as a PET Imaging Biomarker for Pancreas Cancer Management. Contrast Media Mol. Imaging 2018,
2018. [CrossRef]

Zettlitz, K.A.; Tsai, W.T.K.; Knowles, S.M.; Kobayashi, N.; Donahue, T.R.; Reiter, R.E.; Wu, A.M. Dual-modality immuno-PET and
near-infrared fluorescence imaging of pancreatic cancer using an anti-prostate stem cell antigen cys-diabody. . Nucl. Med. 2018,
59, 1398-1405. [CrossRef]

Kim, H.Y;; Wang, X.; Kang, R.; Tang, D.; Boone, B.A.; Zeh, H ]J.; Lotze, M.T.; Barry Edwards, W. RAGE-specific single chain Fv for
PET imaging of pancreatic cancer. PLoS ONE 2018, 13, e0192821. [CrossRef]

Hernandez, R.; England, C.G,; Yang, Y.; Valdovinos, H.F,; Liu, B.; Wong, H.C.; Barnhart, T.E.; Cai, W. InmunoPET imaging of
tissue factor expression in pancreatic cancer with 89 7r-Df-ALT-836. J. Control. Release 2017, 264, 160-168. [CrossRef] [PubMed]
Luo, H.; England, C.G.; Goel, S.; Graves, S.A.; Ai, E; Liu, B.; Theuer, C.P.; Wong, H.C.; Nickles, R.J.; Cai, W. ImmunoPET and
Near-Infrared Fluorescence Imaging of Pancreatic Cancer with a Dual-Labeled Bispecific Antibody Fragment. Mol. Pharm. 2017,
14, 1646-1655. [CrossRef]

Houghton, J.L.; Abdel-Atti, D.; Scholz, W.W.; Lewis, ].S. Preloading with Unlabeled CA19.9 Targeted Human Monoclonal
Antibody Leads to Improved PET Imaging with 89Zr-5B1. Mol. Pharm. 2017, 14, 908-915. [CrossRef]

England, C.G.; Kamkaew, A.; Im, H.J.; Valdovinos, H.F; Sun, H.; Hernandez, R.; Cho, S.Y.; Dunphy, E]J.; Lee, D.S;
Barnhart, T.E; et al. InmunoPET Imaging of Insulin-Like Growth Factor 1 Receptor in a Subcutaneous Mouse Model of
Pancreatic Cancer. Mol. Pharm. 2016, 13, 1958-1966. [CrossRef]

Wang, H.; Li, D.; Liu, S,; Liu, R.; Yuan, H.; Krasnoperov, V.; Shan, H.; Conti, P.S.; Gill, P.S.; Li, Z. Small-animal PET imaging of
pancreatic cancer xenografts using a 64Cu-labeled monoclonal antibody, MAb159. |. Nucl. Med. 2015, 56, 908-913. [CrossRef]
Kobayashi, K.; Sasaki, T.; Takenaka, F.; Yakushiji, H.; Fujii, Y.; Kishi, Y.; Kita, S.; Shen, L.; Kumon, H.; Matsuura, E. A novel
PET imaging using 64cu-labeled monoclonal antibody against mesothelin commonly expressed on cancer cells. J. Imunol. Res.
2015, 2015. [CrossRef]

Sugyo, A.; Tsuji, A.B.; Sudo, H.; Nagatsu, K.; Koizumi, M.; Ukai, Y.; Kurosawa, G.; Zhang, M.R.; Kurosawa, Y.; Saga, T. Preclinical
evaluation of 89Zr-labeled human antitransferrin receptor monoclonal antibody as a PET probe using a pancreatic cancer mouse
model. Nucl. Med. Commun. 2015, 36, 286-294. [CrossRef] [PubMed]

Sugyo, A.; Tsuji, A.B.; Sudo, H.; Nagatsu, K.; Koizumi, M.; Ukai, Y.; Kurosawa, G.; Zhang, M.R; Kurosawa, Y.; Saga, T. Evaluation
of 89Zr-Labeled Human Anti-CD147 Monoclonal Antibody as a Positron Emission Tomography Probe in a Mouse Model of
Pancreatic Cancer. PLoS ONE 2013, 8. [CrossRef]

Boyle, A.]J.; Cao, PJ.; Hedley, D.W,; Sidhu, S.S.; Winnik, M.A.; Reilly, R.M. MicroPET/CT imaging of patient-derived pancreatic
cancer xenografts implanted subcutaneously or orthotopically in NOD-scid mice using 64Cu-NOTA-panitumumab F(ab’)2
fragments. Nucl. Med. Biol. 2015, 42, 71-77. [CrossRef] [PubMed]

Viola-Villegas, N.T.; Rice, S.L.; Carlin, S.; Wu, X,; Evans, M.].; Sevak, K.K.; Drobjnak, M.; Ragupathi, G.; Sawada, R;
Scholz, WW.; et al. Applying PET to broaden the diagnostic utility of the clinically validated CA19.9 serum biomarker for
oncology. J. Nucl. Med. 2013, 54, 1876-1882. [CrossRef]

Girgis, M.D.; Kenanova, V.; Olafsen, T.; McCabe, K.E.; Bergara, F.; Wu, A.M.; Tomlinson, J.S. Anti-CA19-9 Diabody As A PET
Imaging Probe For Pancreas Cancer. ]. Surg. Res. 2011, 165, 258-259. [CrossRef]

Girgis, M.D,; Olafsen, T.; Kenanova, V.; McCabe, K.E.; Wu, A.M.; Tomlinson, ].S. Targeting CEA in pancreas cancer xenografts
with a mutated scFv-Fc antibody fragment. EINMMI Res. 2011, 1, 1-10. [CrossRef]

Niu, G.; Murad, Y.M.; Gao, H.; Hu, S.; Guo, N.; Jacobson, O.; Nguyen, T.D.; Zhang, J.; Chen, X. Molecular targeting of CEACAMS6
using antibody probes of different sizes. J. Control. Release 2012, 161, 18-24. [CrossRef]

Zhao, J.; Yuan, Q.; Wang, H.; Liu, W,; Liao, X.; Su, Y.; Wang, X.; Yuan, J.; Li, T,; Li, ].; et al. Antibody responses to SARS-CoV-2 in
patients of novel coronavirus disease 2019. Clin. Infect. Dis. 2020, 71, 2027-2034. [CrossRef]

Wen, B.; Zhao, L.; Wang, Y.; Qiu, C.; Xu, Z.; Huang, K,; Zhu, H,; Li, Z.; Li, H. Nanobodies targeting the interaction interface
of programmed death receptor 1 (PD-1)/PD-1 ligand 1 (PD-1/PD-L1). Prep. Biochem. Biotech. 2020, 50, 252-259. [CrossRef]
[PubMed]

Phase 1 Imaging Study of 89Zr-DFO-HuMab-5B1 With HuMab-5B1—Full Text View—ClinicalTrials. Available online: https:
//clinicaltrials.gov/ct2 /show /NCT02687230 (accessed on 14 January 2021).

Sahin, LH.; Askan, G.I,; Hu, Z.; O'Reilly, EM. Immunotherapy in pancreatic ductal adenocarcinoma: An emerging entity? Annals
Oncol. 2017, 28, 2950-2961. [CrossRef] [PubMed]

Cornelissen, B.; Knight, ].C.; Mukherjee, S.; Evangelista, L.; Xavier, C.; Caobelli, F.; Del Vecchio, S.; Rbah-Vidal, L.; Barbet, ].; de
Jong, M.; et al. Translational molecular imaging in exocrine pancreatic cancer. Eur. J. Nucl. Med. Mol. Imaging 2018, 45, 2442-2455.
[CrossRef] [PubMed]

Reddy, S.; Robinson, M. InmunoPET In Cancer Models. Semin. Nucl. Med. 2010, 40, 182-189. [CrossRef] [PubMed]

Wei, W.; Rosenkrans, Z.T.; Liu, ].; Huang, G.; Luo, Q.-Y.; Cai, W. ImmunoPET: Concept, Design, and Applications. Chem. Rev.
2020, 120, 3787-3851. [CrossRef] [PubMed]


http://doi.org/10.1073/pnas.1817442116
http://doi.org/10.1155/2018/8382148
http://doi.org/10.2967/jnumed.117.207332
http://doi.org/10.1371/journal.pone.0192821
http://doi.org/10.1016/j.jconrel.2017.08.029
http://www.ncbi.nlm.nih.gov/pubmed/28843831
http://doi.org/10.1021/acs.molpharmaceut.6b01123
http://doi.org/10.1021/acs.molpharmaceut.6b01130
http://doi.org/10.1021/acs.molpharmaceut.6b00132
http://doi.org/10.2967/jnumed.115.155812
http://doi.org/10.1155/2015/268172
http://doi.org/10.1097/MNM.0000000000000245
http://www.ncbi.nlm.nih.gov/pubmed/25460304
http://doi.org/10.1371/journal.pone.0061230
http://doi.org/10.1016/j.nucmedbio.2014.10.009
http://www.ncbi.nlm.nih.gov/pubmed/25456837
http://doi.org/10.2967/jnumed.113.119867
http://doi.org/10.1016/j.jss.2010.11.453
http://doi.org/10.1186/2191-219X-1-24
http://doi.org/10.1016/j.jconrel.2012.04.043
http://doi.org/10.1093/cid/ciaa344
http://doi.org/10.1080/10826068.2019.1692217
http://www.ncbi.nlm.nih.gov/pubmed/31799894
https://clinicaltrials.gov/ct2/show/NCT02687230
https://clinicaltrials.gov/ct2/show/NCT02687230
http://doi.org/10.1093/annonc/mdx503
http://www.ncbi.nlm.nih.gov/pubmed/28945842
http://doi.org/10.1007/s00259-018-4146-5
http://www.ncbi.nlm.nih.gov/pubmed/30225616
http://doi.org/10.1053/j.semnuclmed.2009.12.004
http://www.ncbi.nlm.nih.gov/pubmed/20350627
http://doi.org/10.1021/acs.chemrev.9b00738
http://www.ncbi.nlm.nih.gov/pubmed/32202104

J. Clin. Med. 2021, 10, 1151 24 of 24

130. McCabe, K.E.; Wu, A.M. Positive progress in immunoPET-Not just a coincidence. Cancer Biother. Radiopharm. 2010, 25, 253-261.
[CrossRef]

131. Knowles, S.M.; Wu, A M. Advances in immuno-positron emission tomography: Antibodies for molecular imaging in oncology. J.
Clin. Oncol. 2012, 30, 3884-3892. [CrossRef] [PubMed]

132. Scully, M.; Cataland, S.R.; Peyvandi, E.; Coppo, P.; Knobl, P.; Kremer Hovinga, J.A.; Metjian, A.; de la Rubia, J.; Pavenski, K;
Callewaert, F.; et al. Caplacizumab Treatment for Acquired Thrombotic Thrombocytopenic Purpura. N. Engl. ]. Med. 2019, 380,
335-346. [CrossRef] [PubMed]


http://doi.org/10.1089/cbr.2010.0776
http://doi.org/10.1200/JCO.2012.42.4887
http://www.ncbi.nlm.nih.gov/pubmed/22987087
http://doi.org/10.1056/NEJMoa1806311
http://www.ncbi.nlm.nih.gov/pubmed/30625070

	Introduction 
	Current Status of PDAC Imaging 
	Computed Tomography 
	Surgery Strategy 
	Magnetic Resonance Imaging 
	PET Hybrid Imaging 
	Chemotherapy and Radiotherapy Response 
	Immunotherapy and Radiomics 

	Novel Non-Invasive Immunotargeted Imaging Methods for PDAC 
	Immunotargeted Imaging Features 
	Selection of a Specific Molecular Target for Imaging 
	Selection of the Optimally Engineered Antibodies for Imaging Applications 
	Selection of the Suitable Modality-Specific Imaging Agent 

	The Current Status of Immuno-PET in PDAC 

	Discussion 
	References

