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Abstract: Although significant improvements have been made in the treatment of pancreatic cancer,
its prognosis remains poor with an overall 5-year survival rate of less than 10%. New experimental
approaches are necessary to develop novel therapeutics. In this study, the investigation of pancreatic
cancer tissue growth in the chorioallantoic membrane (CAM) model and the subsequent use of
indocyanine green (ICG) injections for the verification of intratumoral perfusion was conducted. ICG
was injected into the CAM vasculature to visualize the perfusion of the tumor tissue. The presence
of metastasis was investigated through PCR for the human-specific ALU element in the liver of the
chicken embryo. Additionally, the usage of cryopreserved pancreatic tumors was established. Intra-
tumoral perfusion of tumor tissue on the CAM was observed in recently obtained and cryopreserved
tumors. ALU-PCR detected metastasis in the chick embryos’ livers. After cryopreservation, the tissue
was still vital, and the xenografts generated from these tumors resembled the histological features
of the primary tumor. This methodology represents the proof of principle for intravenous drug
testing of pancreatic cancer in the CAM model. The cryopreserved tumors can be used for testing
novel therapeutics and can be integrated into the molecular tumor board, facilitating personalized
tumor treatment.

Keywords: indocyanine green; pancreatic cancer; cryopreservation; CAM model; 3D in vivo tumor
model

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most common malignant neoplasm
of the pancreas (80% of all pancreatic cancers), and it is characterized by aggressiveness,
invasiveness, and resistance to chemotherapy [1]. According to the International Agency
for Global Cancer Statistics, approximately 495,773 new cases of pancreatic cancer were
diagnosed worldwide in 2020 [2]. Due to demographic changes and an increase in risk
factors such as smoking, alcohol consumption, and obesity, the incidence is expected to
increase in the future. PDAC is already the third leading cause of cancer-related death
in the EU and is expected to be the second by 2030 [3—6]. The absence or non-specificity
of symptoms and the unfavorable location of the pancreas complicate early detection
and contribute to poor prognosis which is mainly due to early metastatic disease [7,8].
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Intra-abdominal distant metastases are the most common cause of PDAC-related death [9].
In some cases, the formation of metastases is observed years after the primary surgery.
Although circulating tumor cells have a brief half-life in peripheral blood, disseminated
tumor cells can survive in the bone marrow niche dormant for even several years, then
they can re-enter the bloodstream and, thus, may be the cause of distant metastasis [10-13].
However, surgery remains the only potentially curative option for PDAC, but a curative
surgical approach is only possible in cases of locally confined tumors. Up to 80% of patients
present themselves with tumors in advanced stages [1]. Patients with borderline resectable
disease benefit from neoadjuvant chemotherapy and chemoradiation. For patients with
locally advanced or metastatic disease, chemotherapy with FOLFIRINOX, gem-nabP, or
gemcitabine + capecitabine +/ — radiation is usually recommended [14,15]. Folfirinox is
considered a very aggressive combination treatment, offering a median progression-free
survival of six months for PDAC patients [16]. However, chemoresistance is one of the
main causes of the poor outcome of pancreatic cancer [15,17].

The chorioallantoic membrane (CAM) model is regarded as a versatile tumor angio-
genesis assay used to study multiple cancers [18-20]. The CAM is a highly vascularized
extraembryonic membrane that forms between the 3rd and 10th day of embryonic devel-
opment in fertilized chicken eggs [21]. Due to its immunodeficiency and its high density
of blood vessels, this membrane is an excellent tumor angiogenesis model. Furthermore,
this model enables the testing of potential therapeutics, monitoring of angiogenesis, and
even the detection of possible metastases in the organs of the embryo [22]. The engrafted
tumor tissue, as well as the CAM vessels, are directly accessible through a window that
is cut into the eggshell. Moreover, a primary tumor can be cut into multiple small pieces
and engrafted in multiple CAM models, allowing the possibility of replication. In this
way, the heterogeneity of a tumor is taken into account and, if necessary, accidental ther-
apeutic (mis)successes are avoided because drugs are tested for many different pieces of
tumor cultivated on different CAMs. This opens an opportunity for direct testing of both
conventional and novel molecular-targeted therapeutics [23,24].

To yield essential insights into the biology of PDAC to develop approaches for im-
proved treatment options, the characterization of genetic alterations in PDAC is becoming
more and more important. Molecular panel testing of resected tumor tissue is currently
becoming an exceeding part of routine screening methods for many cancers, including
PDAC patients. Usually, the molecular screening focuses on the most commonly mutated
genes in PDAC: KRAS, TP53, SMAD4, and CDKN2A. KRASG12C inhibitors have shown
an effect in G12C-mutated cancers and pan-RAS inhibitors are a less specific alternative
for non-G12C-KRAS [25,26]. The results are then discussed in so-called interdisciplinary
molecular tumor boards that identify promising new molecular targets in patients. Thera-
pies targeting these new molecular targets are only utilized after resistance to conventional
chemotherapy as they are costly and often involve off-label prescription [27]. Here, the
CAM offers the opportunity to directly test novel molecular therapeutics in immediate
comparison to standard chemotherapy within a time- and cost-efficient setting [28]. After
surgical resection, the tumor tissue received from the patient can be either applied immedi-
ately to the CAM or frozen after the dissection for cryopreservation and later grafted onto
the CAM. Cryopreservation allows for optimal timing of grafting, such as when waiting
for the molecular tumor board’s decision.

Testing of intravenously administered therapeutics in the CAM model requires anas-
tomoses between tumor vessels and the blood circulation of the embryo. In this context,
intravenously applied indocyanine green (ICG) could provide a method to visualize, moni-
tor, and quantify intratumoral perfusion to determine whether administered therapeutics
can reach the target tissue. Due to its ability to fluorescence when stimulated with light
in the infrared wavelength range, ICG is known for its use in liver function analysis [29],
lymph node imaging [30], and intraoperative tumor tissue visualization [31]. Based on its
composition, it interacts with macromolecular serum proteins such as albumin, known to
be enriched in most cancers [32]. In clinical use, chemotherapy is applied to patients intra-
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venously, as we also perform in our setting. Alternatively, therapeutic agents can also be
administered topically, although this type of treatment is less targeted. With topical admin-
istration, the therapeutic agent does not remain on the graft but spreads to the surrounding
CAM. Moreover, the therapeutic agent can only affect the upper layers, but not the deeper
tissue layers and blood vessels of the tumor. Regarding this topic, Kue et al. found that
the median lethal dose and the median survival dose of several FDA-approved chemother-
apeutics injected into CAM vessels appeared to moderately correlate with intravenous
and intraperitoneal application doses for rodents [33]. Finally, since the blood volume
increases during the development of the chick embryo, larger volumes can be injected at
more advanced stages of embryo development [34]. Another important aspect of tumor
biology is drug delivery. Studying the distribution of ICG inside the CAM model might be
useful for analyzing and designing targeted drug delivery which enables therapeutics to be
directly “delivered” and released at the target site [35]. However, complications such as
their rapid systemic elimination, uptake by the reticuloendothelial system, and deposition
in other tissues might occur [36]. The following three aspects play an important role in the
development of new drug delivery systems: target detection (methods for the localization
of diseased cells), drug propagation (models for the distribution of drug carriers/molecules
in the circulatory system), and drug release (optimization of drug release profiles) [37-39].

In recent years, organoids have become increasingly relevant as a promising tool for
basic research and drug research. They are utilized in a wide spectrum of applications,
from oncology and regenerative medicine to disease modeling and drug screening. As
3D structures, they enable more precise monitoring of processes in a more physiologically
relevant environment and therefore open up new possibilities compared with previously
used monolayer cultures [40]. Vascularized kidney, brain, and cardiac pre-vascularized
organoids have already been successfully grown on the CAM [41,42]. The further establish-
ment of the cultivation of organoids on the CAM could replace several of the in vivo models
used to date, including various species of experimental animals, and enable research in
tumor biology without the use of additional laboratory animals.

Tumor metastasis is currently diagnosed clinically, by medical imaging and serum
marker assays, but the effectiveness regarding early tumor detection is very limited. Identifi-
cation at a very early stage might have a significant impact on the therapy and subsequently
the outcome. Therefore, we performed a polymerase chain reaction (PCR) using Alu se-
quences as a first promising target for detecting metastases in the chick’s organs. Alu
elements, such as Alu-247 and Alu-155, known for their role in metastasis [43], are retro-
transposons distributed throughout the human genome and found only in primates [44].
Hence, these target sequences are used for the identification of human tumor cells.

Furthermore, this study aims to establish near-infrared imaging as a standardized
method in the well-described CAM model to confirm the connection of human tissue to
the circulating system of the embryo and to visualize and quantify intratumoral perfusion.
These results could serve as a basis for the investigation of intravenously administered
therapeutics and their effects in further projects. Moreover, the CAM model can also be
used to analyze the process of metastasis to gain a more in-depth insight into tumor biology
and new therapeutic targets.

2. Materials and Methods
2.1. Study Participants

PDAC tissue samples were collected from patients who had been diagnosed with
PDAC and underwent surgical resection at the Department of Surgery of the University
Hospital Regensburg. Patients who were eligible for surgery gave their informed consent to
the research project before the surgery was performed, according to the ethical guidelines
of the “World Medical Association Declaration of Helsinki—Ethical Principles for Medical
Research Involving Human Subjects”. Approval of the ethics committee of the University
Hospital Regensburg was obtained (ethics approval number 20-1989-101).
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2.2. CAM model

As previously described, chicken eggs were purchased from a local organic chicken
farm and incubated at 37.8 °C, a pCO2 of 5%, and humidity calibrated to 63% [32-34].
First, an approximately 5 mm x 5 mm hole was cut into the eggshell using sterile scis-
sors, followed by a second larger hole (1 cm X 1 cm) in the longitudinal side of the
eggshell. The second window was enlarged on day 4 and the eggshell was sealed with
Leukosilk® (BSN medical, Hamburg, Germany). Tumor tissue was cut into approximately
3mm x 3 mm x 1 mm pieces and grafted onto the CAM (Figure 1). A part of the tissue
was directly fixed in paraformaldehyde (PFA) 4% in phosphate-buffered saline (PBS) pH 7.4
for histological evaluation. The remaining tissue was cryopreserved in 50% RPMI medium,
40% FCS, and 10% DMSO. On the day of engraftment, the recently resected tumor tissue
was grafted onto a well-vascularized part of the CAM (Figure 1). The tissue samples were
cultivated for 7 days, and daily photo documentation was performed using a Leica M205A
microscope. After the experimental period, the tissue including the surrounding CAM was
cut out and the eggs were immediately discarded in liquid nitrogen. The samples were
fixed in paraformaldehyde (PFA) 4% in PBS pH 7.4 for 24 h, followed by 6 days in 0.02%
sodium azide before embedding and staining.
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Figure 1. Schematic workflow: Patient-derived pancreatic cancer tissue is cut into smaller fragments
and subsequently engrafted onto the CAM. While the tissue is kept vital by the CAM, intravenously
injected ICG can be used to visualize perfusion in the human graft and, thus, various therapeutics
can be tested intravenously. After the tissue has been removed from the CAM, histological analysis
of the tissue as well as the examination for metastases using ALU-PCR can be performed (created
with BioRender.com).

2.3. Cryopreservation of Tumor Tissue

Parts of the patient-derived tumor tissue were cryopreserved. Hence, thin slices of
patient tumor tissue were cut into approximately 3 mm x 3 mm x 1 mm pieces and
then placed in a cryovial with a freezing medium, consisting of 50% RPMI medium, 40%
FCS, and 10% DMSO. The vials were then inserted in a Mr. FrostyTM Freezing Container
(Waltham, MA, USA) for 24 h at —80 °C and then placed in cryoboxes for long-term storage.
After at least 7 days, the tissue was then defrosted by placing the cryovial in a water bath
at 37 °C for 2 min, washed twice with fresh RPMI media, and after 1 h of reactivation in
RPMI medium, the tissue was engrafted onto the CAM as described in Section 2.2.
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2.4. Intravenous Indocyanine Injection

ICG was injected intravenously to monitor the intratumoral perfusion. ICG was di-
luted to 50 uM with 0.9% sodium chloride to obtain a final concentration of 0.3 mg/kg.
The fluorescence maximum in blood is at 830 nm [45]. The procedure was recorded using
the Medtronics Elevision IR (VSIII) fluorescence system (Medtronic®, Meerbusch, Ger-
many) near-infrared video-measuring device. The injection was performed using a 1 mL
syringe (Norm-Ject HENKE, Tuttlingen, Germany) with a 33 G needle (Hypodermic Nee-
dles, 33 G 0.20 mm x 4 mm, MESORAM, Putzbrunn, Germany). The syringe was vented,
and 50 uL of the ICG solution was injected intravenously into the chicks’” bloodstream
(Figure 2). A video of the IR signal and visible light was recorded during the injection
process (Figure 2) for 15 min after the needle was removed, and bleeding was stopped
with a sterile compress (5 cm x 5 cm, ES Compresses, HARTMANN, Heidenheim, Ger-
many) (Supplementary Videos S1-54). Afterwards, the signal intensity was analyzed using
Image J (v1.54, 1.8.0_345) and the implemented measurement tool to measure the ICG
signal brightness from the tumor and the surrounding CAM according to their RBG value.
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Figure 2. Schematic overview of ICG injection into the CAM vessels. ICG was injected intravenously
into the amniotic blood system. Within seconds, the contrast agent was distributed throughout the
vasculature, allowing detection by near-infrared measurement. After 15 min, the dye was detected in
the tumor tissue (created with BioRender.com).

2.5. Histology and Immunohistochemistry

The fixed tumors were placed in an Automatic Tissue Processor (TP10120, Leica,
Nussloch, Germany) for dehydration with increasing alcohol concentrations and xylene.
Afterward, each tumor was embedded in a paraffin embedding station EG1150 H from
LEICA. The paraffin blocks were sectioned, deparaffinized in xylene, hydrated in a descend-
ing alcohol series, and then stained with hematoxylin solution Gill N°.3 (Sigma-Aldrich,
Taufkirchen, Germany) and eosin Y 0.1% (H&E). Furthermore, immunohistological stain-
ings were performed by using antibodies against Cytokeratin-7 (clone: OV TL12/30, host:
mouse, DAKO, Santa Clara, CA, USA) and KI-67 (clone: MIB-1, host: mouse, Abcam,
Cambridge, UK) in a fully automated manner according to the manufacturer’s standard
protocol (Figure 3). Histological sections (5x, 10x, 20x, 40x, and 60x) were digitized
using a microscopy slide scanner for virtual microscopy (Fritz, Precipoint, Garching bei
Miinchen, Germany).

2.6. Polymerase Chain Reaction (PCR)

First, the tumor was removed from the CAM by using scissors; shortly after, the
chick’s liver was dissected by using tweezers and single-use scalpels. The preparation kit
was cleaned using ethanol and flamed for sterilization for the next dissection. Then, the
specimens were placed in liquid nitrogen in a 2 mL Eppendorf tube and 800 uL of extraction
solution (50 mM Tris-HCL, pH8.0; 25 mM EDTA and 400 mM NaCl), 100 uL 10% SDS, and
20 uL proteinase K (10 mg/mL) were added. The extract was homogenized and incubated
at 65 °C for 3 h. After homogenization at 50 °C, the dilute was centrifuged at 12,600 rpm
for 15 min. The supernatant was tossed away, and the pellet was resuspended in 100%
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isopropanol, followed by another centrifugation step at 12,600 rpm for 5 min. Finally, the
pellet was resuspended in 70% EtOH and washed twice, before resuspension in ddH,O to
dissolve the DNA pellet. The DNA samples were then stored at 4 °C. The extracted genomic
DNA (gDNA) was subject of an ALU-PCR. A 247 bp amplicon was amplified using a primer
set used in several previous studies [43,46]: forward 5-GTGGCTCACGCCTGTAATC-
3'; reverse 5-CAGGCTGGAGTGCAGTGG-3'. The reaction mixture for the ALU-PCR
consisted of 0.2 uM of each primer, 1 U Thermo Polymerase, 0.5 uL. dNTPs, and 0.5 uL
DNA and 1x Thermol pol Buffer. ddH,O was added to a total reaction volume of 25 pL. To
amplify the ALU repeat in a thermocycler (Bio Rad C100 Touch, Feldkirchen, Germany), the
polymerase was heat activated at 95 °C for 3 min, followed by 35 cycles of 30 s denaturation
at95°C, 30 s annealing at 62 °C, and 45 s elongation at 72 °C. After that, the sample was kept
at 72 °C for 5 min and then stored at 4 °C for further use. The negative control contained
0.5 uL ddH,O instead of DNA. For the positive control, the gDNA of human renal cystic
tissue and human pancreatic cancer tissue was used. The PCR products were visualized
by Rotistain (Thermo Fisher Waltham, MA USA) on a 1% agarose gel in 1x Tris acetate
EDTA (TAE).
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Figure 3. (a) Timelapse of recently resected and cryopreserved pancreatic cancer tissue engrafted
onto the CAM. Schematic overview of the workflow. (b) Microscopic photo documentation over the
experimental period (created with BioRender.com).

3. Results
3.1. Engraftment of Pancreatic Tumor Tissue on the CAM

Patient-derived xenografts (PDX) from recently resected and cryopreserved pancreatic
cancer tissue were studied in the CAM model. The recently resected tumor tissue was
applied to the CAM on the day of surgery (Figure 3), while the cryopreserved tumor tissue
was stored at —80 °C for at least 7 days. Figure 3 displays two representative CAM models
with recently resected and cryopreserved tumors over the experimental period of 7 days
(Figure 3). Macroscopical analysis of the PDX demonstrates no discernable dissimilarities
in tumor growth patterns.

Histological analysis of the cryopreserved PDX resulted in retained neoplastic tissue
with intact structure (i.e., comprised of stromal, vascular, and epithelial tissue) in line with
the untreated primary tumor (Figures 4a and 5a). The tumor was partly distinguishable
from the surrounding stroma and the CAM and tumor cells were detected inside the CAM
(Figures 4b and 5b). Part of the cryopreserved tissue remained vital, as confirmed by in-
tensely stained, enlarged nuclei and preserved atypical ducts. In contrast, part of the tissue
presents the classic signs of necrosis: karyorrhexis, cellular debris, infiltrating granulocytes,
and calcification typical of older necrotic tissue (Figure 5b). H&E, Cytokeratin7, and Ki-67
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staining revealed solid or dispersed growth of ductal pancreatic adenocarcinoma present-
ing large, strikingly polymorphous tumor cells surrounding empty lumina of varying
size (Figures 4b and 5b). Furthermore, pancreatic tumor tissue indicated the presence of
periductal fibrosis. The lobular parenchyma was partially replaced by desmoplastic stroma
with irregular pancreatic ducts, and the cells demonstrated marked nuclear enlargement
and pleomorphism (Figures 4 and 5).

(a) PDAC before CAM

B e

Ki-67

1 mm

(b) PDAC on CAM

H&E

Figure 4. Histological examination of a PDX before and after growth on the CAM. Whole slide H&E,
Cytokeratin7, and Ki-67 staining. (a) Recently resected PDAC tissue on the day of surgical resection
before engraftment on the CAM. (b) Recently resected PDAC after 7 days of engraftment on the
CAM. Scale bar = 1 mm and 200 um, 100 x magnification (created with BioRender.com). Atypical
ducts of the PDAC (arrows), elevated proliferation within the tumor visible by increased nuclear
Ki-67 staining (stars).
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Figure 5. Histological examination of a PDX before and after growth on the CAM. Whole slide H&E,
Cytokeratin7, and Ki-67 staining. (a) Cryopreserved PDAC tissue on the day of surgical resection
before engraftment onto the CAM (b) Cryopreserved PDAC after 7 days of engraftment on the CAM.
Scale bar = 1 mm, 200 pm, 100 um and 50 um, 100x magnification (created with BioRender.com).
Atypical ducts of the PDAC (arrows), elevated proliferation within the tumor visible by increased
nuclear Ki-67 staining (stars), classic signs of necrosis (triangle).

3.2. Visualization of Tumor Perfusion by Intravenous ICG Injection

This study aimed at visualizing intratumoral perfusion using ICG and near-infrared
imaging. Directly after the injection, the ICG was detected in the larger blood vessels
shown in Figure 6a. To investigate the change in signal intensity over time, a solution of
embryonic blood and ICG (40 uM with 0.9% sodium) was applied as a reference point for
quantification. After 15 min, ICG accumulated in the tumor tissue, resulting in the detection
of a strong fluorescence signal (Figure 6b). This confirms that the tumor tissue is connected
to the embryonic circulation of the embryo. Furthermore, we investigated the accumulation
by comparing the signal intensity using Image] (Figure 6¢,d). Figure 6d summarized the
signal intensities measured for each CAM and each of three patients according to their RBG
brightness. In total, engrafted tumor material was compared and resulted in a significantly
enriched signal inside the tumor for patient X and Y (Figure 6d, Supplementary Figure S1).
Figure 6e presents an outline of the signal intensity for four engrafted tumors of patient X,
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removed including surrounding CAM. The fluorescent dye could be identified in three of
the four tissue samples, whereby only a weak signal was detectable in one sample. These
results provide the basis for testing intravenously injected therapeutics in future projects
and evaluating their effect on tumor growth or metastasis.

HcAmM
W tumor

| =

Figure 6. Near-infrared measurements after intravenous injection of ICG. (a,b) the arrows indicates
the position of the engrafted tumor, (c,e) the arrow indicates a clearly perfused tumor. (a) IR video and
fused overlay video of the CAM 1 min after injection (Supplementary Videos S1 and S2). (b) IR video
and fused overlay video of the CAM model 15 min after injection (Supplementary Videos S3 and S4).
(c) Photo of ICG signal intensity of the accumulated ICG in the tumor. The Image J implemented
section tool was used with the measurement tool to measure the ICG signal brightness from the
tumor and the surrounding CAM according to their RBG value. (d) ICG signal intensity comparing
CAM and tumor of three different patients (pat. X, Y, Z). ICG brightness of the extracted tumor with
surrounding CAM. ICG signal intensity, 15 min after ICG injection. Brightness is indicated from 0
[black] to 255 [white] according to RGB values. The CAM measurements are displayed in cyan and
the tumor measurements in green color. Data was analyzed by one-way ANOVA, followed by a
Tukey’s test (** < 0.01, * < 0.05, ns = non-significant)). (e) IR video and fused overlay video of the
removed tumor with the surrounding CAM of four representative tumors of patient X with reference
points (created with BioRender.com).
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3.3. Detection of Metastasis Using Alu PCR

To determine whether metastases of the primary tumor tissue occurred in the organs of
the embryo, an Alu PCR of the chick “s liver was performed at the end of the experimental
period. For the detection of human cancer cells, human-specific Alu repeat sequences were
used. Gel electrophoresis of the PCR products of PDAC tissue samples from three different
patients, as well as human polycystic kidney tissue, showed the expected signal at 247 bp
(Figure 7, lanes 11, 13, 14). Moreover, human Alu repeats were analyzed in the embryo ’s
liver of CAM models bearing tissue of three PDAC patients. Here, DNA of human tumor
cells (Figure 7, lanes 1-8) was detected, indicating that the primary tumor tissue had
released cells into the bloodstream, which had spread into the organism. In contrast, no Alu
signal was present in the livers of CAM models bearing no tumor (Figure 7, lanes 9, 10).

2 %3 4 5 6 7 8 9 10 11 12 13 14

L L LI A —

Figure 7. Alu sequence 247 PCR. Embryo’s liver of CAM model engrafted with pancreatic tumor
tissue of patient X (1-4), patient Y (5-6), patient Z (7-8). Embryo’s liver of CAM model bearing no
tumor (9-10). Human renal cystic tissue (11), water control (12), and human pancreatic cancer tissue
(13-14). Gel electrophoresis of the PCR products derived from the pancreas and kidney serve as
positive controls (11, 13, 14). The DNA template used in each lane is shown at the top. The product

size was as expected at a height of 257 bp for pancreatic cancer tissue as well as kidney tissue (created
with BioRender.com).

4. Discussion
4.1. Intratumoral Perfusion of Pancreatic Cancer Tissue Cultivated on CAM and
Future Implications

Anastomoses between the pancreatic cancer vessel and the CAM vessel were detected
using near-infrared imaging, showing how the grafted tumor tissue is thus supplied with
nutrients, growth factors, and stem cells of the developing embryo. This finding lays the
foundation for the application and evaluation of intravenously administered therapeutics
for the treatment of PDAC in the CAM model. Potentially applied substances reach the
target site through the bloodstream and the effects can be analyzed using a clinically
relevant form of application of chemotherapeutic agents. The usage of ICG angiography is
a simple, fast, and cost-effective method applied to the CAM model to verify intratumoral
perfusion before applying intravenous therapies. Moreover, side effects of ICG application
are very rare [47-50].

Furthermore, the anastomoses between the CAM and the tumor vessel enable the
formation of metastases. Originating from the primary tissue, tumor cells enter the blood-
stream via microvessels and attach to secondary sites. By Alu PCR, human DNA in the liver
of the embryo was detected, which indicates the development of metastases shed from the
primary site. These results (Figure 7) show a high level of intertumoral heterogeneity be-
tween the patients, highlighting the need for future studies towards personalized medicine.
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The Alu-PCR of chicken organs could become a standardized method for studying the
process of metastases which is the main cause of death in pancreatic cancer patients in the
future. Histological analysis was performed for all the dissected chick livers and, so far,
no metastases have been detected during the histological examination. Our hypothesis
is that individual metastatic cells are yet too small and cannot be detected histologically;
however, exogenous human DNA can be detected using ALU PCR. Moreover, dormancy
often follows the extravasation of cells at the secondary site, thus it can take some time
before these cancers start proliferating in the metastatic target organ [51]. Additionally,
this approach could be enhanced by pancreatic cancer-specific primers against mRNA
CA 19-9, CA 125, miRNAZ21, and M2-PK and primers to test genetic mutations such as
KRAS [52,53]. These tests can be conducted by utilizing digital droplet PCR (ddPCR) to
examine the impact of the recommended drugs of the molecular tumor board on the tumor
and its metastatic behavior. However, there are still some limitations in studying metastasis
using the CAM model, especially regarding the short time frame available to conduct
experiments. Therefore, the majority of cancer cells are not able to produce macroscopically
visible colonies in secondary organs within 7 days, and cancer cells would not have had
enough time to generate microscopical metastases [54]. After seven days, tumors that had
grown on the CAM can be divided into two parts, whereby one tissue part is transplanted
onto a new CAM while the other tissue part could be used for further experiments [55].
We have shown that this procedure can be repeated five to seven times for three different
sections of the osteosarcoma from one patient.

In ongoing studies, the aggressiveness of individual PDAC samples grown on the
CAM and their capacity for early metastasis with the long-term oncologic outcome and
metastatic spread could be correlated for each patient. Regarding current studies and
clinical trials evaluating neoadjuvant therapy concepts for PDAC patients, the CAM model
could be a highly interesting diagnostic tool to identify patients in need of such a therapy.

4.2. Characterization and Optimization Employing the Molecular Communications Paradigm

It is of utmost importance to understand the distribution of drug molecules and drug
carriers, such as nanoparticles inside the circulatory system, and their ability to reach target
sites to design and optimize drug delivery systems. Molecular communications (MC) is
a novel, nature-inspired communications paradigm where the information is encoded in
the properties of molecules [56] instead of electromagnetic waves (Figure 8). In the past
years, the MC paradigm has been exploited to gain more insight into and the control of the
operation of biological systems and to design and implement synthetic MC systems. For
example, in medical applications, MC systems are expected to facilitate the distribution
of nano-scale sensor networks for the detection of diseased cells and allow the control of
actuators for targeted drug release [57].

Source Signal s
J Received
" +:  Signal
Z\ Transmitter (TX) v
\

2\ & Information molecule

Receiver (RX)

Channel

Figure 8. Molecular communication system model for injecting ICG into the model and the accu-
mulation in the tumor. In this framework, the injection is interpreted as the transmitter (TX) of
information-carrying molecules (here: ICG molecules), the tumor as the receiver (RX) of information,
and the CAM model as the channel where the ICG is propagating (created with BioRender.com).
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Especially for targeted drug delivery systems, MC is a suitable framework for design,
analysis, and optimization. Based on the MC paradigm, the drug release (e.g., from a
nanoparticle or by injection), the diseased cell, and the drug propagation environment are
regarded as transmitter, receiver, and random channel, respectively [35,58]. This interpreta-
tion allows for the comparison of drug delivery systems to conventional communication
systems, providing a multitude of tools for the theoretical analysis and optimization of such
systems. In many practical drug delivery scenarios, the concentration of drug molecules is
supposed to remain within a therapeutic range over a prolonged period [59]. To design
a drug delivery system, for example, a so-called end-to-end MC system model (end-to-
end means a simulation model capturing all dynamics from injection to reception) can
be used to relate the number of drug molecules in a target region to the design of the
drug release dynamics (Figure 8) [60]. This allows for the further optimization of the drug
delivery system without the need for a large amount of wet lab experiments. Regarding
the scenario considered in this study, the injection, propagation, and accumulation of
ICG in the tumor can be interpreted as a molecular communication system. As shown in
Figure 8, the injection of ICG into the vessels resembles the transmitter, the ICG molecules
are the carriers that propagate in the circulatory system, and the tumor is the receiver of
information. In future works, the MC paradigm could be implemented to obtain powerful
communication—-theoretical models to relate the transmit signal, i.e., the amount and dura-
tion of ICG injection, to the received signal, i.e., the gradual increase in ICG in the tumor.
These models provide further insight into the distribution of ICG inside the CAM model
and facilitate the optimization of the system, to determine the optimal amount of injected
ICG and preferable injection times. Moreover, as the distribution of ICG can reveal an
indication of the distribution of drug molecules inside the model, the obtained simulation
models can later be used to study the distribution and targeting of drug molecules.

4.3. Organoids and CAM Model

As already shown by many research groups, the CAM not only offers the possibility
of cultivating cell lines, tumor tissue, and spheres but also the growth of organoids. The
combination of these two methods was initially used for research in the field of angiogenesis,
but, in the meantime, organoids of various organs and tissues have been studied in this
model. Varzideh et al. engrafted three-dimensional cardiac organoids containing human
ESCs-derived progenitor cells, endothelial cells, as well as mesenchymal stem cells onto
the CAM, whereupon they induced a strong angiogenic response [61]. Worsdorfer et al.
demonstrated the functional connection of organoids obtained by co-culturing human
mesodermal progenitors with progenitor cell types to the host blood circulation [42]. A
connection to the chick ’s circulating system was also observed by Schmidt et al. while
cultivating blood vessel organoids in the CAM model [62]. The recovery of tubulogenic
capacity was shown by Kaisto et al., as kidney spheroids were grafted onto the CAM [63].
In future projects, organoids obtained from pancreatic cancer could be cultured on the
CAM to test chemotherapeutic regimens.

Meanwhile, the CAM model could also be used as a complementary in vitro technique
to study perfusion. Microfluidic human organoids-on-chip mimic the tumor microenvi-
ronment with its multicellular architecture, chemical gradient, mechanical pressure, and
vascularization. Therefore, they allow the control of minimal microenvironmental compo-
nents important for tumor growth and invasion, in a way that is not possible in the CAM
model. So, while the CAM model allows for the creation of a physiological environment,
especially good for drug testing, the organoids-on-chips could be used to systematically
control and study singular components involved in tumor perfusion [64,65].

4.4. Impact of Cryopreservation on Personalized Therapy Approaches Recommended by the
Molecular Tumor Board

A molecular tumor board is a forum in which doctors from different disciplines,
including oncology, radiology, surgery, pathology, molecular biology, and computer science,
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discuss the multidisciplinary treatment of tumor patients. The difference between the
conventional tumor board and the molecular tumor board is the presence of geneticists,
scientists, and bioinformaticians, as greater importance is attributed to the molecular profile
of the patient’s tumor tissue [27]. While patients need four to six weeks for convalescence
after surgery to receive adjuvant treatment, this period offers the opportunity to test suitable
chemotherapeutics. The tumor board consultation usually occurs within 3 weeks after
surgery. Thus, the use of cryopreserved tissue in the CAM model provides the possibility to
test and evaluate the proposed therapeutic approaches before the patient begins treatment.
This innovative approach is projected to not only enhance treatment effectiveness but also
minimize side effects, mitigate toxicity, limit drug wastage, and cut healthcare costs in
contrast with traditional treatment methods. By testing therapeutics in the CAM model,
the type of drug, composition, and injection strategy can be optimized by evaluating
reproducible experiments. Therefore, the MC paradigm can help to build simulation
models to analyze drug accumulation in the tumors and develop algorithms to optimize
injection strategies for increasing the accumulation at the target site while reducing side
effects in other regions.

The potential aim for the future is the integration of drug testing in the CAM model
into the general as well as the molecular tumor board in our clinic. As a first step, already
known molecular tumorboard therapeutic suggestions of past patients will be tested on
their cryopreserved tumor samples on the CAM. This approach could provide patients
who have already received a result from the molecular tumor board with the opportunity
to test the most promising therapy in this model and compare it with the standard therapy.
In addition, this could be advantageous as the evaluation of the molecular tumor board
can change due to mutations in the tumor. Therefore, even if mutations occur, the use of
cryopreserved tissue can enable a more precise approach to personalized therapy. Thus, this
new approach could facilitate informed decision making regarding personalized treatment
of patients suffering from PDAC.

4.5. Advantages of the CAM Model as a Drug-Testing Platform

The CAM model has the potential to be used as a platform for personalized medicine.
If specimens from tumor biopsies can be efficiently grafted onto the CAM, this could lead to
new insights into the characteristics of individual tumor samples and might offer a platform
for individual drug testing. Since the mouse model is a mammal, it is physiologically more
similar to the human species than the avian CAM model; however, the CAM model
presents many advantages for testing therapeutics. As the embryo’s immune system is
not fully developed, rejection of the human graft is avoided, and administered substances
are metabolized less quickly. Unlike animal models, immunodeficient bred strains are
not required. The tissue can be monitored more conveniently and regularly during the
experiment through the window in the eggshell, allowing the effects of therapeutics to be
recorded in greater detail with the offset of less molecular information. As the methods
and models used for testing drugs for personalized treatment should present a short time
frame since there is a maximum of 6 weeks available between surgery and the start of
the treatment, the CAM model enables the testing of potential drugs within one week.
Whole genome sequencing of patients’ tumor tissue remains the gold standard for detecting
significant mutations, epigenetic upregulations, and molecular target sites. Unfortunately,
whole genome sequencing, especially single-cell sequencing, is highly time consuming and
expensive. The simplicity, low cost, and high reproducibility strengthen the use of this
model as an innovative drug-testing platform. While the CAM model can be a useful tool
to gain a more profound understanding of the complex nature and heterogeneity of PDAC,
it may bridge the gap between cell-based and animal-based assays [66].

5. Conclusions

The CAM model provides an optimal alternative to previous animal models in cancer
research. Using ICG angiography, we were able to confirm that human pancreatic tumor
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tissue is connected to the circulating system of the embryo, thereby enabling the testing
of intravenously administered therapeutics. Furthermore, using Alu PCR, we were able
to detect human cells in the organs of the embryo indicating metastasis. Finally, we have
shown that cryopreserved tissue can be preserved by the CAM, which marks a major step
towards personalized therapy on the recommendation of the tumor board.

Supplementary Materials: The following supporting information can be downloaded at www.mdpi.
com/xxx/, Supplementary Video S1: Fused overlay video of the injection of ICG into a CAM vessel.
Supplementary Video S2: IR video of the injection of ICG into a CAM vessel. Supplementary Video
S3: Fused overlay video of the CAM 15 min after the injection. Supplementary Video S4: IR video
of the CAM 15 min after the injection. Supplementary Figure S1: Near-infrared measurements after
intravenous injection of ICG. Tumor derived from three different patients, N = 3. (a—) Photo of
ICG signal intensity of the accumulated ICG in the tumor. IR video and fused overlay video of the
removed tumor with the surrounding CAM of representative tumors of patients X (a), Y (b), and Z
(), respectively, with reference points (created with BioRender.com).
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