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1. Introduction

The survival rate for pancreatic cancer 
patients is still limited, with a 5-year 
survival in only 9% of cases, despite 
improvements in the management of 
cancer therapy.[1] The lack of symptoms 
and the non-specificity of diagnostic tests 
at the early stages of the disease are the 
major causes of cancer progression to 
advanced stages.[2] Surgery, chemotherapy 
(CT), and radiotherapy (RT) are the first-
line treatments to improve both patient 
outcome and quality of life. However, 
there is still no definitive cure for this 
malignancy at metastatic stage.[3] Cur-
rent treatments which have shown prom-
ising but limited results in patients with 
locally advanced or metastatic pancreatic 
cancer include a multi-agent regimen, 
such as FOLFIRINOX (leucovorin, fluo-
rouracil, irinotecan, and oxaliplatin), 
GEMOXEL (gemcitabine, oxaliplatin, and 

Pancreatic cancer has a poor prognosis due to its aggressive nature and 
ability to metastasize at an early stage. Currently, its management is still 
a challenge because this neoplasm is resistant to conventional treatment 
approaches, among which is chemo-radiotherapy (CRT), due to the abundant 
stromal compartment involved in the mechanism of hypoxia. Hyperthermia, 
among other effects, counteracts hypoxia by promoting blood perfusion and 
thereby can enhance the therapeutic effect of radiotherapy (RT). Therefore, 
the establishment of integrated treatments would be a promising strategy for 
the management of pancreatic carcinoma. Here, the effects of joint radio-
therapy/hyperthermia (RT/HT) on optimized chick embryo chorioallantoic 
membrane (CAM) pancreatic tumor models are investigated. This model 
enables a thorough assessment of the tumor-arresting effect of the combined 
approach as well as the quantitative evaluation of hypoxia and cell cycle-
associated mechanisms by both gene expression analysis and histology. The 
analysis of the lower CAM allows to investigate the variation of the metastatic 
behaviors of the cancer cells associated with the treatments. Overall, this 
study provides a potentially effective combined strategy for the non-invasive 
management of pancreatic carcinoma.
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capecitabine), and cisplatin/epirubicin/5FU/gemcitabine.[4] The 
complexity of these combinations of drugs increases the side 
effects without significantly overcoming the pancreatic cancer 
resistance, which is largely promoted by the tumor micro-
environment (TME) and oxygen deprivation.[5] Such hypoxic 
environment hampers the delivery of drugs or the effects of RT, 
decreasing the sensitivity of the malignancy to both CT and RT, 
and subsequently resulting in a negative prognosis.[6] There-
fore, new therapeutic strategies to reduce tumor resistance are 
increasingly demanded.

The application of heat in cancer treatment is better known 
as hyperthermia (HT) or thermal treatment, in which the mean 
patient temperature is elevated above normal range. Beyond 
local- and regional-, whole-body HT (WBH) is the only treat-
ment modality that has the potential to act on both primary 
tumor and distant metastases.[7] Besides, WBH has been 
shown to be a powerful adjuvant to chemo- and radiotherapy 
by inducing changes in the oxidative metabolism, thereby sen-
sitizing cancer cells to the cytotoxic effects of these treatment 
modalities. In the last decades, several devices, technology plat-
forms, and procedures to apply heat and heating protocols have 
been developed. Achievement of an effective treatment requires 
high quality heating equipment, precise thermal dosimetry, and 
adequate quality assurance.[8]

In this context, properly designed combinatorial treatment 
strategies can give rise to significant advances in pancreatic 
cancer management.

This work investigates the effects of controlled HT on pancre-
atic ductal adenocarcinoma (PDAC) treated in combination with 
RT. The evaluations have been performed on optimized pancre-
atic carcinoma chick embryo chorioallantoic membrane (CAM) 
models, an in vivo system that provides a suitable environment 
to support tumor growth in agreement to the European Parlia-
ment Directive 2010/63/EU14. The employment of the CAM 
tumor model finds increasing importance for the investigation of 
various therapeutic strategies in oncological research.13,38,39 The 
direct monitoring of tumor growth provides rapid assessment 
of potential tumor-reducing effect and morphological alteration 
following the treatment.[9] Thus, growing evidence of the appli-
cability of this in vivo model in exploring the efficacy of drug 
delivery-based therapies, angiogenesis inhibition, targeted-thera-
pies and nanomaterial-based approaches increasingly encourages 
the use of the CAM model in the preclinical research work-
flow.[10–13] Besides providing a combined approach for the non-
invasive management of pancreatic carcinoma, our study further 
supports the significance of CAM tumor models in oncological 
research for the assessment of conventional and emerging treat-
ment strategies as well as for the comprehension of the mole-
cular mechanisms involved in tumor treatment response.

2. Experimental Section

2.1. 2D Cell Culture

The human pancreatic cancer cell line BxPC-3 (ATCC CRL-
1687)  was  purchased from American Type Culture Collection 
(ATCC). BxPC-3 cells  were  cultured in RPMI 1640 medium 
(Gibco 11875093) supplemented with 10% FBS, 1  mm sodium 

pyruvate (Gibco 11360070), and 1× penicillin–streptomycin 
(equivalent to 50 U mL−1; Gibco 15140-122). Cells were main-
tained in an incubator set at 37 °C and 5% CO2.

2.2. Chorioallantoic Membrane Assay (CAM) Tumor Model

CAM models of pancreatic carcinoma have been produced 
through the authors’ standard protocol.[14] Fertilized red Leghorn 
eggs were purchased from a local supplier and immediately 
stored at 4 °C upon delivery. Before incubation, at Embryonic 
Day of Development (EDD) 0, the eggs were cleaned with deion-
ized water and placed in trays inserted in a fan-assisted incubator 
(FIEM MG 140/200) set at 37.5 °C with ≈47% humidity. Eggs 
were punctured on EDD3 and tumor pancreatic cells (3 × 106 
BxPC-3 cells) were inoculated on the CAM at EDD6. Eggs were 
incubated for 4 days and randomized into six different treatment 
groups. In particular, i) two groups received RT alone at a dose 
of 1 and 2  Gy respectively, both on EDD12 and EDD14; ii) two 
groups received RT (1 or 2 Gy) on EDD12 and EDD14 and HT, 
administered on EDD10, 12, and 14; and iii) one normothermic 
(37 °C) and one hyperthermic (41.5 °C) condition. Heat treat-
ment (HT, 41.5 °C for 6 h) was administered with a customized 
heating device (Egg incubator, ElmediX). During the treatment, 
a humidity of 47% was maintained. The radiotherapy treatment 
(RT) was performed through a Varian Clinac DHX linear accel-
erator. The tumor dimension before and after treatment was 
measured using a portable digital microscope. The volumes 
were derived using the formula ½ (length × width2), where the 
length and width corresponded to the largest and smallest diam-
eter , respectively. On EDD15, the experiment was concluded, 
and tumors were harvested for following biological end-point 
analysis. The different combinations of treatments were investi-
gated to determine a suitable strategy for pancreatic cancer man-
agement by evaluating the effects on tumor volume, molecular 
mechanisms involved in gene expression regulation, and the 
response to the metastatic ability of BxPC-3 cancer cells.

2.3. Hematoxylin and Eosin (H&E) Staining

Tissues (liver, lung, and tumor) were fixed in 10% buffered 
formalin. Sections of 4 µm thickness were obtained from par-
affin blocks using a microtome (Leica RM2255 Germany) and 
stained with hematoxylin-eosin (H&E). Samples were dewaxed 
with xylene and dehydrated in ethanol dilutions. This was fol-
lowed by staining with hematoxylin for 5  min (Mayer hema-
toxylin, Diapath C0303) and with eosin for 1  min (Eosin G o 
Y alcoholic 0.5% Diapath C0353). Thereafter, they were re-
immersed in ethanol and xylene. Slides were mounted using a 
synthetic mounting medium (Thermoscientific, LAMPB/DPX).

2.4. Immunohistochemistry (IHC)

Deparaffinized samples were treated for 10  min with hydrogen 
peroxide solution (3%) to stop endogenous peroxidase activity. 
Thereafter, samples were immersed in EDTA-based buffer (pH 
8.0) (Leica Biosystems RE7116-CE) and heated in a microwave 
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oven (10 min, 480 W) for antigen retrieval. Non-specific staining 
was prevented with blocking peptide (Abcam HRP/DAB, detec-
tion kit, ab 64261). The primary antibodies for Ki67 (rabbit mono-
clonal Invitrogen MA5-14520, diluted 1:100), cleaved caspase-3 
(rabbit polyclonal Cell Signaling Technology, 9661; diluted 1:200), 
and TfR (rabbit polyclonal SAB4200398 Sigma-Aldrich, diluted 
1:200) were applied and the samples were kept overnight at 4 °C. 
The detection was performed using the streptavidin–biotin tech-
nique (Abcam HRP/DAB, detection kit, ab 64261). Last, the chro-
mogen (diaminobenzidine) was used for IHC development and 
Mayer’s hematoxylin for the counterstaining. A specific algorithm 
(Positive Pixel Count) was used to quantitativelydetermine the 
protein expression of Ki67 and cleaved caspase-3 and IHC images 
were processed by averaging the signal intensity of three different 
areas of the slide section. Therefore, a scoring system was auto-
matically assigned to three different classes of positive signal 
intensity, classifying them into: weak, moderate, and strong.

2.5. RNA Extraction – qPCR

The harvested tumors were minced into pieces using a plastic 
pestle, whereafter RNA was extracted using a Nucleospin RNA 
plus kit (MACHEREY-NAGEL 740984.50) following manufac-
turer’s instructions. The extracted RNA samples were quan-
tified using a UV5Nano (Mettler–Toledo), and were then 
immediately processed or stored at –80 °C. The quality of 
RNA and efficiency of the extraction procedure were evalu-
ated through agarose gel electrophoresis. RNA (500  ng) was 
reverse transcribed for cDNA synthesis using an iScript cDNA 
Synthesis Kit (Biorad 1708891). Then, the total cDNA (500 ng) 
was diluted to 1:10 in nuclease-free water. Quantitative real-time 
polymerase chain reaction (qRT-PCR) was performed with iTaq 
Universal SYBR Green Supermix (Biorad 1725121). PCR sam-
ples were prepared with a final volume of 10  µL, with 2.5  ng 
of cDNA template (1  µL cDNA). Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) was used as housekeeping gene and 
served as loading control. The sequences of forward and reverse 
primers used in this study are listed in Table 1.

All samples were analyzed in duplicate. The amplification 
curves were visualized using SYBR Green Analysis on Applied 
Biosystems Instrument (7300). The recommended thermal cycling 
program for amplification was as follows: 95 °C for 10  min and 
40 cycles at 95 °C for 15 s; 60 °C for 30 s, and 72 °C for 30 s. Rela-
tive gene expression levels were calculated using 2−ΔΔCt method.[15]

2.6. DNA Extraction – Alu PCR

The harvested lower CAM samples were immediately processed 
or stored at −80 °C. The DNA was extracted using Nucleospin 
(MACHEREY-NAGEL 740100.250) following the manufacturer’s 
instruction. To facilitate the enzymatic lysis, the tissues were 
mechanically homogenized with a plastic pestle. Samples were 
then incubated with the lysis buffer and 10  µL of proteinase 
K (1–3%) for 1  h at 56 °C on a thermal shaker at maximum 
speed. The extracted lysate was loaded onto a column to isolate 
the DNA, which was then eluted with 200 µL of elution buffer. 
The extracted DNA was quantified using a UV5Nano (Mettler–
Toledo) and its integrity was further evaluated through agarose 
gel electrophoresis. The DNA samples were either immediately 
processed or stored at 4 °C. To detect human cells in chick tis-
sues, 30 ng of total DNA was used for the amplification of Alu 
sequences with forward primer: 5′-CAGGCGGATCATGAG-
GTCAG-3′; reverse primer:5′-CAGTGGCGTGATCTCAGCTC-3′). 
The qRT-PCR was performed using the Ssdo Advanced Sybr 
Green (BIORAD 1725271) and PCR samples were prepared with 
a final volume of 10 µL. The recommended thermal cycling pro-
gram for amplification of Alu sequences was as follows: 98 °C 
for 5  min and 40 cycles of 98 °C for 15 s, 60 °C for 30 s, and 
72 °C for 30 s. The amplification curves were visualized using 
SYBR Green Analysis on Applied Biosystems Instrument (7300). 
The approximate number of human cells in the lower CAM was 
obtained through a linear equation by increasing the number (10 
to 100 000) of human cells per tissue.

2.7. Statistical Analysis

For tumor volume analysis, each single tumor at the specified 
EDD was normalized over the pretreatment tumor volume 
at EDD10. Thus, the tumor volume fold change of a specific 
experimental condition was derived as a ratio over the pretreat-
ment tumor size in Figure S1, Supporting Information. The 
tumor volume fold change was calculated as a ratio over the 
average volume fold change of the control at EDD12. Data of 
the tumor volume were reported as mean ± SD, with at least 
eight tumor samples per condition. For RT-PCR, data were 
reported as mean ± SD of three biological replicates and statis-
tical differences were calculated using the Student’s t-test, *p < 
0.05. The quantitative analysis of IHC images was reported as 
mean ± SD of three random areas of the tissue section. Statis-
tical differences were calculated using a two-way ANOVA, *p < 
0.05, **p < 0.01, and ***p < 0.001.

3. Results and Discussion

3.1. Alternative Model Optimization and Effects of RT and HT as 
Single or Combined Treatment Modalities

The efficiency of the single or combined therapy (RT, HT, and 
RT/HT) for the treatment of pancreatic cancer has been inves-
tigated using the optimized CAM model, an in vivo system that 
supports vascularized malignancies. An initial optimization 
of the protocol was implemented to generate solid tumors on 
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Table 1.  Primer sequences for qRT-PCR.

Primer Sequence (5′ → 3′)

CAIX forward CCTCAAGAACCCCAGAATAATGC

CAIX reverse CCTCCATAGCGCCAATGACT

PCNA forward CGGATACCTTGGCGCTAGTA

PCNA reverse CACTCCGTCTTTTGCACAGG

Caspase-3 forward CAAACTTTTTCAGAGGGGATCG

Caspase-3 reverse GCATACTGTTTCAGCATGGCAC

GAPDH forward AGAAGGCTGGGGCTCATTT

GAPDH reverse AGTCTTCTGGGTGGCAGTGAT
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CAM using different numbers of BxPC-3 cells. Approximately 
3 × 106 cells/egg were required for the grafting technique to 
generate a tumor mass on the vascularized membrane of the 
chicken embryo. The successful grafting percentage (≈61%) 
obtained ascertained a valid biological model to allow the com-
parison of different treatment strategies on both viability of the 
embryos and tumor size. At EDD10, the tumor-bearing embryos 
were randomized and divided into six different groups: i) two 
groups received only RT at a dose of 1 and 2 Gy, respectively, on 
EDD12 and 14; ii) two groups received an identical RT schedule 
together with HT administered on EDD10, 12, and 14; and 
iii)  two control groups comprised of a normothermic (37.5 °C) 
and a hyperthermic (41.5 °C) condition (Figure 1A). Embryo sur-
vival was not significantly affected by any treatment schedule; 
although, the lowest viability was recorded for the conditions 
HT-only and RT 1 Gy/HT as shown in the Kaplan–Meier curve 
(Figure S1A, Supporting Information). All treatment strategies 

altered both tumor morphology and dimensions. Indeed, a vis-
ible alteration of the initial form and solidity of the tumors has 
been observed together with an impairment of the vasculariza-
tion (Figure 1B).The volume of the tumors was estimated using 
a formula that considers the measurements of the width and 
length, as previously reported.[13]

The volume distribution of the tumors highlights a consider-
able heterogeneity at EDD10 (Figure S1B, Supporting Informa-
tion). Such heterogeneity can be attributed to the large variability 
of an in vivo system. The tumor volume measurements were 
used to derive the fold change values, in order to individually 
normalize the treatment groups (Figure  2A; Figure S1C, Sup-
porting Information). No significant reduction in the average 
tumor volume was observed for any of the treated groups. On 
the other hand, a noticeable tumor-reducing effect was observed 
by comparing the different treatment conditions with respect 
to the control group (Figure  2B). Although not statistically 

Adv. Biology 2023, 2200229

Figure 1.  Treatment protocol. A) Scheme of the treatment protocol. At EDD6, 3 × 106 cells were implanted on the CAM. At EDD10, the tumor-bearing 
embryos were randomized and divided into six treatment groups. Radiotherapy was applied before hyperthermia in the combined treatment groups. 
Tumor size was monitored until EDD15. Then, tumors were harvested for further biological analysis. B) Representative images of tumors from EDD10 
to 14 for the different treatment groups. Changes in the tumor consistency and vascularity (compared to the solidity of the tumor in the untreated 
group) highlight the efficacy of the treatments. Scale bar: 2 mm.
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significant, at EDD15, the average tumor volume for all the 
treatments has a ratio < 1 compared to the control (ratio equal to 
1, dashed line), suggesting an overall tumor volume reduction.

3.2. Effects of the Combined Treatment Modality on the 
Regulation of Tumor-Promoting Mechanisms

The investigation of cancer-related mechanisms is of particular 
interest to evaluate the efficacy of the applied treatment and 

improve the therapeutic strategy. The alteration of gene and pro-
tein expression patterns is one of the major features of cancer 
development process, even in its earliest stages.[16] Hence, bio-
molecular investigations were performed to assess the effects 
of single or combined treatments on the transcriptional regula-
tion of certain tumor-promoting mechanisms, such as hypoxia 
and/or reduction/blocking of apoptosis. At EDD15, tumors 
were collected and processed to measure the relative amount 
of Carbonic Anhydrase IX (CAIX), Proliferating Cell Nuclear 
Antigen (PCNA), and caspase-3, which are key regulators of the 
hypoxia and cell cycle, respectively. Tumor hypoxia is associated 
with increased malignancy of cancer cells due to radiotherapy 
resistance and enhanced incidence of metastasis.[17] In our 
study, tumors treated with only HT showed a significant reduc-
tion of CAIX expression levels, whereas greater deregulation 
occurred with the combined treatment approach (RT 1 or 2 Gy 
and HT) (Figure 3A, left). This result corroborated the role of 
HT in promoting both the oxygenation of the tumor tissue due 
to increased blood flow and vessel permeability and the tumor 
response when used as an adjuvant to RT, as observed in sev-
eral types of tumors.[18] For example, Brizel D.M et al. showed 
an improvement in the oxygenation status of soft tissue sar-
coma following a combined treatment of 10–16  Gy irradiation 
and HT.[19] Moreover, in human-derived head and neck tumors, 
an interesting therapeutic efficacy has been observed with a 
triple modality therapy (HT in combination with RT and CT), 
which markedly decreased the hypoxic area in the tumor and 
its respective volume.[20]

Interesting dynamics were also observed with regard to 
mRNA expression levels of proliferation and apoptosis markers, 
i.e.  PCNA and caspase-3. PCNA is a molecular target for var-
ious therapeutic strategies as it is overexpressed in pancreatic 
cancer and associated with a poor prognosis.[21,22] In our inves-
tigation, tumors treated with RT 1–2 Gy/HT and RT 2 Gy alone 
drastically reduced the amount of PCNA mRNA (Figure  3A, 
middle), suggesting a reduced aggressiveness of tumors in 
terms of cell proliferation ability. However, this result suggests 
that the mRNA downregulating effect is attributed to the appli-
cation of RT rather than HT, as HT alone positively regulated 
the PCNA gene expression. On the other hand, the mRNA 
levels of caspase-3 showed the same trend of PCNA for all the 
conditions, except for HT alone (Figure 3A, right). This finding 
needed further evaluation as the activation of caspase-3 implies 
a post-translation cleavage on the aspartate residue to exert the 
cell-cycle regulatory function.[23] Therefore, IHC analysis was 
performed using anti-Ki67 and cleaved caspase-3 antibodies 
(Figure 3B, middle and right). The Aperio Software Algorithm 
allowed to quantify the amount of the specific staining classy-
ifing it as weak, moderate, or strong, correlating with the dif-
ferent degrees of the protein level. It should be noted that the 
different expression of PCNA and Ki67 might be attributed to 
their distinct role during the cell-cyle regulation.[24] Unlike the 
PCNA gene, both tumors irradiated with 1 and 2 Gy showed a 
significant increase in Ki67 protein level compared to the con-
trol group (Figure  3C). This finding supports the accelerated 
cell repopulation mechanism typical for several tumor types 
after RT, in which the number of new dividing cells exceeds 
the number of lost cells.[13,25] In fact, a marked reduction in 
the cleaved form of caspase-3 for the condition RT 2  Gy may 
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Figure 2.  Effect of hyperthermia and radiotherapy in single or combined 
application on tumors size. A) Individual analysis for each group. Tumor 
volume fold change over the complete treatment course, with respect 
to EDD10. The data are reported as mean ± SD (in each group, n = 8). 
B) Size-reducing effect of treatments was calculated as ratio of the average 
volume fold changes at EDD15 of treated eggs with respect to controls; 
error bars are propagation of the previously calculated SD. The dashed 
line refers to the fold change and it is set equal to 1. No significant statis-
tical differences were found between treatment conditions.
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suggest the overall deficiency of the apoptotic mechanism. 
Unlike the RT 2 Gy group, tumors heated at 41.5 °C showed a 
significant decrease of Ki67 together with a significant increase 
in the active caspase-3. Interestingly, tumors from both com-
bined treatments, RT 1 or 2 Gy and HT, showed a higher level 
of Ki67 compared to the HT group (Figure  3C). The Ki67 
increase may be due to the contrasting effect of the accelerated 
cell repopulation mechanism caused by RT over the activation 
of apoptosis induced by HT. At the same time, this finding also 
infers that the use of HT as an adjuvant to RT slowed the accel-
erated proliferation observed in both conditions of RT alone, 
probably due to a marked increase in caspase-3 activation, as 
evidenced in tumors treated with RT 1 Gy followed by HT.

HT-induced apoptosis is a well-established mechanism 
observed in numerous cancer types, such as melanoma, breast 
cancer, colon cancer, and osteosarcoma.[26–28] Based on the 
intensity and duration of the treatment, various pathways may 
be activated to induce cell death.[29] For instance, treatment 
for 1 h at 43 °C in osteosarcoma cells  triggered an increase of 
intracellular reactive oxygen species (ROS) and activation of 
caspase-3, along with endoplasmatic reticulum stress and mito-
chondrial dysfunction.[26] In addition, Pawlik A. et al. found 
that heating-induced cell death in non-small lung cancer cell 
line H1299 resulted from the alteration of both microtubules 
and mitotic spindle, which is likely correlated with apoptosis.[30] 
Altogether, the result of Ki67 and cleaved caspase-3 suggests 
that the adjuvant effect of HT occurs through the inhibition of 
RT-induced accelerated proliferation along with the activation 
of caspase 3-dependent apoptosis.

The H&E staining revealed greater damage for tumor tis-
sues treated with both therapies (Figure  3B, left). In fact, the 
impaired distribution of tumor cells in some regions highlights 
a loss of tissue compactness (arrow heads). Thus, the morpho-
logical alteration of tumor tissue following the combined treat-
ment approaches further supports the adjuvant effect of HT in 
improving pancreatic cancer management.

The organs of the chicken embryos were examined to assess 
the biocompatibility and safety of the therapeutic modalities. 
The histological staining revealed damage of the liver and lungs 
in models undergoing combined RT and HT. In particular, the 
double treatment induced infiltration of inflammatory cells 
in the liver, which predominantly include lymphocytes, and 
necrosis of the lung tissues (Figure 4). Collectively, these results 
imply the need to further improve the combined therapy 
strategy in order to have the most effective tumor response 
along with minimal side effects.

3.3. Metastasis Analysis

The tumor models were also employed to evaluate the ability 
of the cancer cells to spontaneously metastasize in the lower 
CAM  (L.CAM), a distal region of the grafting site. qRT-PCR 
enabled a quantitative analysis of the Alu sequences to detect 
intravasated human cancer cells. An increasing number of 
BxPC-3 cells (10 to 100.000) were added to individual homoge-
nates of lower CAM tissue of not-grafted embryos to generate 
a standard curve in which the Alu threshold cycle (CtAlu) was 
plotted as function of Log10 of the number of cells per L.CAM 
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Figure 3.  Evaluations of cancer promoting mechanisms. A) Comparison 
of CAIX (left), PCNA (middle), and caspase-3 (right) mRNA expression 
levels among the different treatment conditions. Data is reported as 
mean ± SD for three biological replicates. Dashed lines refer to the fold 
change. Statistical differences were calculated through the Student's t-
test, *p < 0.05. B) H&E (left) and IHC staining with anti Ki67 (middle) 
and cleaved caspase-3 (right) antibodies for each group of treatment. 
The overall architecture and cell distribution of the tumor mass is altered 
with the combined treatment strategies (H&E panel, black arrows). The 
brown signal in the IHC images of Ki67 and cleaved caspase-3 indicates 
proliferating and apoptotic cells, respectively. Magnification 20×, scale 
bar: 200  µm. C) IHC images were further analyzed with Aperio Image 
Scope software for a quantitative evaluation of the proliferating and apop-
totic cells. The positive pixel count algorithm automatically generated a 
scoring system based on the intensity of the positive signals (classified as 
weak, moderate, and strong). Statistical differences were calculated with 
two-way ANOVA, *p < 0.05, ** p < 0.01, and ***p < 0.001.
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(Figure S2, Supporting Information). The minimum detect-
able number of cells was approximately 400 cells per L.CAM. 
Thus, the lower CAM tissues from the models were compared 
to determine the actual number of intravasated cells. In gen-
eral, control tumors showed the highest metastatic potential 
compared to all other conditions, averaging ≈29 × 103 cells per 
tissue (Figure 5A). In contrast, tumor cells irradiated with 2 Gy 
dosage were not identified in any of the lower CAM samples 
analyzed. A comparable finding was observed in the HT and 
RT 2 Gy/HT conditions, where the number of intravasated cells 
exceeded the lower detection limit in only one sample. Hence, 
this initial quantitative evaluation may need further investiga-
tion to associate a potential inhibitory effect of a specific treat-
ment strategy on the invasive property of BxPC-3 cancer cells. 
Indeed, the invasion-reducing effect observed by HT as a single 
or combined treatment might also be attributed to the initial 
size of the tumors. In this regard, Deryugina et al. found that 
the highest frequency of human cancer cells detected in the 
lower CAM was the result of a concomitant increased tumor 
size on the CAM as well as a greater number of inoculated 
cells.[31] Moreover, in clinical practice, increasing tumor size 
affects the probability of metastasis in patients with neuroen-
docrine pancreatic cancer.[32] A significant relationship between 
tumor dimension and metastasis was also found in patients 
with stage IV non-small lung carcinoma.[33] In addition, the 
biological factors involved in the metastatic initiation process 
are not necessarily expressed by all cells originating from the 
primary tumor site.[34] The heterogeneous tumor cell popula-
tion with different intermediate stages of the epithelial to mes-
enchymal transition (EMT) may have important implication to 
understand the response to therapeutic treatment.[35]

The transferrin receptor (TfR) is known to be a specific 
marker for cancer as it is overexpressed in malignant cells 
and associated with cancer progression.[36] In this study, the 

TfR was used as a marker of BxPC-3 cells to further investi-
gate their invasive properties in the lower CAM. IHC analysis 
with anti-human TfR antibody confirmed the presence of 
intravasated human cells as dispersed foci within the meso-
derm (Figure  5B). Although the lower CAM analysis provides 
a direct method to monitor the dissemination of tumor cells, 
various events are involved in the metastatic process, such as 
intravasation, survival in the circulation, arrest in the vascula-
ture, extravasation, and the ability to form micro metastases 
in secondary organs.[37] Thus, the applied treatment strategy to 
the primary tumor site might have potentially targeted one of 
these spontaneous events of the metastatic cascade, influencing 
the different invasive behavior of tumor cells of the different 
treatment groups.

Overall, both quantitative and qualitative analysis confirmed 
the colonization ability of human BxPC-3 cell line.

4. Conclusion

HT positively affected the radio-treatment in the CAM tumor 
model grafted with PDAC cancer cells. Despite a non-evident 
synergistic or combinatorial effect on the size-reduction of 
the neoplasms, our findings suggest promising effects on 
the hypoxic environment of the malignancy as well as on the 
remaining cellular fraction. These are encouraging findings 
considering the current lack of effective therapeutic strategies 
for pancreatic cancer. Overall, the translation of combined 
strategies into the clinical practice may improve the outcome 
for patients affected by this malignancy. In the future, further 
preclinical investigations regarding the application of the dual 
HT/RT combined with the actual standard of care (e.g., chemo-
therapy) for pancreatic cancer management will be evaluated. 
Eventually, new emerging therapies (e.g., immunotherapies 

Adv. Biology 2023, 2200229

Figure 4.  Biocompatibility evaluation of the combined treatment approach. Organs of the chicken embryos were harvested to assess the biocompat-
ibility of hyperthermia in single or combined therapy. Both liver and lung showed damage that may potentially impair the normal functioning of the 
organs. White arrowheads in the magnified images indicate lymphocytes infiltration and disrupted nuclei (necrosis) in the liver and lung, respectively. 
Magnification 20×, scale bar: 200 µm.
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and targeted therapies) can also be evaluated using the CAM 
model. The employment of CAMs as in vivo tumor models 
allows to investigate effects of treatment strategies at cellular 
level as well as on the tumor microenvironment. Despite the 
great advantages of the CAM model as described, there are also 
a few drawbacks such as the short observation period (days), 
the rapid morphological changes, and the limited access to 
chicken antibodies for characterization. Therefore, translation 
of the results found in this study requires further optimization 
before entering any clinical stage. As continuation of this inves-
tigation, the efficacy of combined treatment strategies will be 
assessed on other types of neoplasms as well (e.g., head and 
neck carcinoma); herein, the vasodilatation induced by HT will 
be exploited to improve perfusion, and thereby, drug accumula-
tion at the tumor site.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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