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Abstract

Preclinical studies are crucial to clinical research, yet 90% of drug candidates fail in
trials. Reducing failure rates requires stringent criteria in preclinical settings, including
new therapeutic strategies, better models mimicking in vivo cancer characteristics, and
reliable Tumor identification and monitoring methods.

This work uses the VevoF2-LAZR-X system, combining photoacoustic and ultrasound
imaging, to (a) generate a novel pancreatic cancer (PDAC) model, (b) test an
innovative therapeutic strategy, and (c) characterize angiogenesis in an /n vivo setting.
We developed (a) orthotopic xenograft mice models of PDAC using the ultrasound-
guided injection of PANC-1 cell line, (b) which are used for testing a bifunctional
antibody (scDb-hERG1/B1) combined with different doses of Gemcitabine (sub-
therapeutic and therapeutic). Our data show that scDb-hERG1/B1 plus sub-therapeutic
gemcitabine has antitumoral effects comparable to therapeutic dose gemcitabine, with

increased survival and reduced toxicity.

To better mimic /n vivo PDAC characteristics, we developed (a) models with co-cultures
of PANC-1 and pancreatic stellate cells (RLT-PSC). RLT-PSC contributes to the Tumor
microenvironment by supplying nutrients and facilitating metastasis through collagen
production. Our models included orthotopic injections of PANC-1, RLT-PSC, and mixed
ratios of these cells at different ratio (1:1 and 1:5 PANC-1/RLT-PSC respectively).
Ultrasound (US), photoacoustic imaging (PAI), and nonlinear contrast (CE-US) were
then performed to compare those models in /in vivo settings. It emerges that PANC-
1/RLT-PSC 1:5 exhibited greater hypoxia and reduced vascular perfusion. Noteworthy,
Tumor aggressiveness appeared to increase, as metastasis was found in the liver of

these models, in contrast to PANC-1 and RLT-PSC alone where it doesn't occur.

We then move on to (c) evaluating Tumor angiogenesis focusing on colorectal cancer
(CRC), whose management has evolved with anti-angiogenesis therapies like
Bevacizumab. Using subcutaneous xenografts models, generated by the injection of
HCT-116 wild-type (WT) and Bevacizumab-adapted (Beva/A) cell lines, we

characterized Tumor volume, oxygen saturation, hypoxia, and perfusion through PAI



and CE-US. The two models, despite the similarities of the expression observed on /n
vitro conditions for the main angiogenetic-related genes, on /n vivo settings exhibit
differences. Although both models displayed similar Tumor growth, HCT116-Beva/A
tumors showed higher oxygenation (sOzrot, sO2p) and lower HIF-1a and VEGF-A levels,
but no difference were observed for Hbit, suggesting more efficient oxygenation
despite the same vascular density. From the perfusion analysis, little variation can be
assessed, suggesting lower blood flow efficiency in the resistant tumors, supporting
variation in the vessels network in the Beva-resistant models. As the hERG1/B1
complex promotes angiogenesis via the PI3K-Akt pathway and VEGF-A secretion, we
proceed to test in these two models the impact of scDb-hERG1/B1 in combination with
Bevacizumab. This had a much more pronounced effect on sOztor and sOzp in the
HCT116-Beva/A tumors with both significantly decreasing, thus indicating increased
tumour hypoxia due to increased tumour cell death with subsequent abnormal vessels
collapse.

This is further supported by perfusion parameters that show the effect of combination
treatment in Bevacizumab-resistant tumors. Increased levels of both PE and PI, and
reduction in mTT and TTP suggests improved perfusion and blood flow following
treatment, possibly as a result of vascular remodelling due to combined inhibition of
angiogenesis pathways.

The following review shows the translational value of different advanced imaging
modalities, including ultrasound and photoacoustic imaging techniques, to test novel
therapeutic modalities in pancreatic ductal adenocarcinoma and colorectal carcinoma,

particularly in their treatment-resistant models.
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1. Introduction

1.1 Tumor and Preclinical Studies

1.1.1 Overview of Tumors and Public Health Challenges

Cancer is a complex and multifaceted disease that has long been a significant
healthcare challenge, affecting millions of individuals worldwide!. According to data
reported in 2022, an estimated incidence of 19 million new cancer cases were
identified, with a mortality rate of 10 million deaths per year. The burden of cancer
continues to grow rapidly, with projections indicating that the number of new cases
could reach 29.5 million, and the number of deaths could rise to 16.3 million by 20402.
According to WHO, the most common types of cancer diagnosed were lung, breast,

and colorectum cancer, accounting for 33.5% of total cancer diagnoses. Lung and

Lung 2480 675 Lung 1817 469

Breast 2296 840 Colorectum

Colorectum Liver

6466103

Prostate Breast

Stomach Stomach 660175
Liver 866136 Pancreas

Thyroid 821214 Oesophagus 445391
Cervix uteri 662 301 Prostate 397430
Bladder 614298 Cervix uteri 348 874

NHL 553389 Leukaemia
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Figure 1 The absolute number of Incidences (blue bar) and mortality rate (red bar) worldwide in both sexes

(Globocan 2022, IARC - https://gco.iarc.who.int)

colorectum cancer also retain the highest mortality rate, with a percentage of death
up to 70% of all diagnoses. Some tumors are unlikely to be diagnosed at early stages
due to lack of screening, such as liver and pancreatic cancer, contributing to the high

mortality rates34,




Cancer arises through the development of multiple mutations in normal cells to turn
them into cancerous cells. The mutation process involves three categories of external

factors: chemical carcinogens, physical carcinogens, and biological carcinogens®.

¢ Physical Carcinogens. That includes ionizing and UV radiation.

e Chemical carcinogens. Asbestos, components of tobacco smoke, alcohol,
aflatoxins, and arsenic.

e Biological carcinogens. Cancer-causing agents are a result of infections due

to some viruses, bacteria, or parasites.

Cancer incidence is higher in older people, and it is due to accumulated exposure for
a longer time to risk factors, which are paired with the reduced efficiency of repair
mechanisms with aging. Smoking, alcohol consumption, unhealthy diet, and physical
inactivity can increase the development and progression of cancer. It has been
estimated that 30% to 50% of all cancers could be prevented by modifying or avoiding
these risk factors, proof of the importance of public health interventions®. Also, early
diagnosis is primary in treating cancer properly. Late-stage diagnosis leads to a
reduced response to treatment and a lower survival rate. Early detection is essential
to improve cancer outcomes by increasing survival rates and reducing the economic
burden of the disease. Screening programs that can early diagnose cancer such as
mammography for breast cancer or colonoscopy for colorectal cancer, have been
effective in reducing mortality from these cancers’. Unfortunately, screening programs
are not yet available for many cancer types in many countries, especially low-income
nations. A correct cancer diagnosis is also crucial for giving the patient appropriate and
effective treatment. They usually include surgery, chemotherapy, and systemic
therapies like immunotherapy or targeted therapy®. Unfortunately, the risk of
recidivism and metastasis is still high, mainly due to the genetic heterogeneity of
cancer cells which can adapt to the treatment, especially when provided alone and not

in combination.




This research concentrates on two deadly types of solid tumors, specifically pancreatic
ductal adenocarcinoma (PDAC) and colorectal cancer (CRC). The prognosis and
response of PDAC are typically poor compared to traditional therapies, with an overall
survival rate that is less than 10% in 5 years. The lack of clear symptoms during the
development stage of this malignancy makes it challenging to diagnose and restrict
surgical options. Despite the potential for early diagnosis, CRC remains one of the most
significant causes of cancer death, with treatment options including surgery and
targeted biological treatments. The significance of angiogenesis in developing both
neoplasms is undeniable, making it essential to investigate novel therapeutic
approaches, such as bifunctional antibodies that can regulate tumor growth and

resistance.




1.1.3 Clinical Features and Progression of Pancreatic Ductal
Adenocarcinoma (PDAC) and Colorectal Cancer (CRC)

Table 1 Comparison between Pancreatic Ductal Adenocarcinoma (PDAC) and Colorectal Cancer (CRC)

Feature

Pancreatic Ductal
Adenocarcinoma (PDAC)

Colorectal Cancer (CRC)

Origin

Common Symptoms

Risk Factors

Genetic Mutations

Prognosis

Tumor Markers

Common Metastasis Sites

Therapeutic Approaches

Screening

Imaging Techniques

Role of Angiogenesis

Potential for Immunotherapy

Ductal cells of the pancreas (exocrine)

Abdominalpain, weight loss, jaundice, back
pain

Smoking, chronic pancreatitis, family
history, obesity

KRAS, TP53, CDKN2A, SMAD4

Poor prognosis; 5-year survival rate < 10%

CA19-9, CEA, CA-125

Liver, lungs, peritoneum

Epithelial cells of the colon or rectum

Blood in stool, abdominal pain, weight loss,
change in bowelhabits

Age, family history, inflammatory bowel
disease (IBD), diet high in red/processed
meats

APC, KRAS, TP53, PIK3CA, MMR genes
(MLH1, MSH2, etc.)

Variable prognosis depending on stage; 5-
year survival rate ~65% (overall)

CEA, CA19-9 (in advanced cases)

Liver, lungs, peritoneum

Surgery (Whipple procedure), chemotherapy Surgery (colectomy), chemotherapy

(gemcitabine, FOLFIRINOX), targeted
therapy

No effective screening method for general
population

CT, MRI, endoscopic ultrasound, PET-CT

(FOLFOX, FOLFIRI), targeted therapy (EGFR,
VEGF inhibitors)

Colonoscopy, fecal occult blood test
(FOBT), sigmoidoscopy

Colonoscopy, CT, MRI, PET-CT

Angiogenesis plays a role, but PDAC is highly Angiogenesis is significant, with VEGF

desmoplastic

Limited success withimmune checkpoint
inhibitors

pathway being targeted for therapy
Immunotherapy(e.g., checkpointinhibitors)
more promising, especially in mismatch
repair-deficient tumors

Incidence Less common, but highly lethal One of the most common cancers globally
Age Group f;lg;anly affects olderadults (average age Typically affects adults aged 50 and older
1.1.3.1 Pancreatic Ductal Adenocarcinoma (PDAC)

Pancreatic Ductal Adenocarcinoma is one of the most aggressive and deadliest forms

of carcinoma. If taken alone, it can comprise more than 90% of malignancies of the

pancreas. Although not so common as most types of tumors, poor is notoriously the

prognosis of PDAC, with its average five-year survival rate below 10%. The

asymptomatic course of the disease in the early stages allows tumors to be diagnosed
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at later stages due to metastases or invasion of critical structures. That already
explains the high mortality rate. The clinical manifestations in an early stage are very
unspecific and indefinite; PDAC diagnosing is therefore not easy. Anorexia, abdominal
pain, and fatigue are common symptoms for patients. The obstruction of the bile duct
by the tumor, particularly in cancers located in the pancreatic head, can lead to
jaundice. The early manifestation of PDAC may be due to a sudden appearance of
diabetes mellitus, even in the absence of metabolic syndrome, but it is frequently
disregarded. More severe symptoms, such as vascular obstruction, epigastric swelling,
and nerve infiltration may develop during later stages. These delayed symptoms make
it more difficult to detect in advance, thereby making treatment efforts more
complicated®. Typically, diagnosis involves imaging and biopsy. The first step is often
to get an abdominal computed tomography (CT) scan enhanced with contrast, which
gives very useful information about the size of a tumor as well as whether it is
metastasized. Endoscopic ultrasound (EUS) is also used for its ability to provide
superior resolution and fine-needle aspiration, which facilitates histological
confirmation. Magnetic Resonance Imaging (MRI) can be useful to enhance the
tumor's visibility and determine its association with nearby structures, particularly in
situations where vascular invasion is suspected. Where there is a strong familial history
of PDAC, or other high-risk features, surveillance with periodic imaging, or endoscopy

may be indicated®. These features are discussed further in later sections. After

diagnosis, staging allows differentiation of prognosis and potential treatment options.
The most common staging system for pancreatic ductal adenocarcinoma is the TNM
staging. In Stage 0, the tumor is confined only to the pancreatic ducts, whereas in
Stage I, it extends more widely and at times progresses to a higher level. During stage
I1, the tumor may diffuse out of the normal pancreas into the local tissue or lymph
nodes but without major vasodilator invasion. The worst are stage III tumors which
include ablations of frequent nearby blood vessels or nerves and damage to lymph
nodes. Stage IV's disease has advanced and spread to distant organs, escalating the

prognosis!!.
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Multiple fundamental genetic modifications are responsible for the molecular
development of PDAC. One of the earliest and most important events in PDAC
development is the presence of mutations in the KRAS gene, which occurs in over 90%
of cases. Additional mutations in tumor suppressor genes like TP53, SMAD4, and
CDKN2A occur as the tumor metastatically develops. Tumor growth and treatment
complications arise from these genetic modifications, which are exacerbated by the
resistance of PDAC to conventional therapies'®13, Molecular subtyping of PDAC has
revealed unique gene expression patterns, which may lead to personalized treatment

approaches, although clinical trials are still in progress!4.
1.1.3.2 Colorectal Cancer (CRC)

Colorectal cancer (CRC) is one of the most frequent cancers. It represents the third
most frequent tumor overall and the second cause of tumor-related death. Compared
to the majority of cancers, a high percentage of patients have benefited from
improvement in the prognosis as a result of general screening. At an early stage, the
absence of symptoms demands the usage of screening methods like colonoscopy.
When symptoms do occur, there are usually alterations in bowel movements such as
persistent diarrhea or constipation, and the presence of blood in stool. The disease
can also cause unrelated weight loss, fatigue, and abdominal pain as the tumor
progresses, especially if it results in incomplete bowel obstruction. Neoplasms that
occur in the rectum or left colon are likely to present earlier on account of the smaller
diameter of the lumen, whereas those on the right side of the colon may be presented
later, often after dilatation has taken place, giving rise to symptoms?®>. Right-sided
colorectal carcinoma is generally confined to the ascending colon and the proximal
two-thirds of the transverse colon. The left-sided colorectal cancer starts in the
descending and sigmoid colon as well as the distal one-third of the transverse colon.
These tumors also possess some specific histological peculiarities. Right-sided CRC
often originates from sessile serrated adenomas or mucinous adenocarcinomas, while

in the case of left-sided CRC, it usually appears as tubular and villous as typical

12



adenocarcinoma. Because of its polypoid morphology, the left-sided tumors are easily
visible during colonoscopy at the beginning of carcinogenesis. In contrast, right-sided
CRC has a flat morphology that is more challenging to identify!6. Together with the
discovery of better treatment methods, these facts have contributed to the decline in
mortality rates for CRC despite the increase in incidence rates seen in most developed
countries. Most diagnoses are made through one of several effective screening
methods: the Fecal Occult Blood Test (FOBT), Fecal Immunochemical Test (FIT), or
one of several forms of direct visualization such as colonoscopy. When abnormalities
are identified after the screening, they are subordinates to histological confirmation
through biopsy during hematological examination of the colonoscopy. Imaging studies
for the size of malignancy are usually done by CT scans of the abdomen and pelvis or
MRI scans in cases of rectal cancer regarding metastases. PET scans may be done for
assessment of far-off metastases in advanced disease.

Treatment strategies are heavily influenced by staging following diagnosis. A staging
scheme called TNM is employed to classify CRC. At Stage 0 the tumor is confined to
the innermost layer of the colon or rectum membrane and hasn't invaded even deeper
layers; it is also known as carcinoma /n situ or intramucosal carcinoma (Tis). In Stage
I the growth has invaded deeper layers of the wall of the colon or rectum but has not
extended to nearby lymph nodes. Thus, in the second stage of malignancy, it has
invaded through the outermost layer of the colon or the rectum, sometimes advancing
into adjacent tissues, though not reaching lymphatic nodes. In Stage III, the tumor
has spread to regional lymph nodes, although it has remained local, not distal to the
body. Stage IV presents a dramatically poorer prognosis if the neoplasm has spread
to other organs like the lungs or liver'’.

CRC arises from a well-established series of genetic mutations that convert normal
epithelial cells into cancer cells at the molecular level. Most pathways involve changes
in the APC gene, a tumor suppressor that plays an important part (but not only) in cell
growth and adhesion regulation. The development often begins with the loss of APC's

function, especially in familiar adenocarcinoma polyposis (FAP) cases, where germ-line
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mutations predispose the development. Also, somatic mutation has been found in more
than the 80% of sporadic CRC!8. Genetic changes in KRAS and TP53 are also common
throughout the disease process. Genetic mutations in KRAS could be present in 40%
of cases and could predict resistance to certain targeted therapies. The DNA mismatch
repair (MMR) deficiency leads to microsatellite instability (MSI) accounting for a share
of about 15% of deaths by carcinogenesis. The hereditary Lynch syndrome-related
tumors are frequently found in individuals with MSI-high CRC, but it is also observed
in at least 20% of sporadic colonic cancers!®. Another important aspect to be
considered is angiogenesis, which is crucial in progression and metastasis. One of the
major pro-angiogenic factors whose level is usually higher is vascular endothelial
growth factor (VEGF), which leads to poor prognosis. Usually, the level of VEGF is
increased at the advanced stages. It is more prominent in the higher and more serious
stages of development, especially in stages III and IV. Because of this insufficient
blood supply, the tumor becomes hypoxic during these stages, acting as a strong
stimulant for the synthesis of VEGF. However, this hypoxia-induced synthesis of VEGF
through hypoxia-inducible factors (HIF), inducing neovascularization, has again
facilitated the proliferation, invasion, and metastasis of the tumor. In addition, VEGF
is commonly connected to bigger tumors, better tumor growth, and higher metabolic

risk during these later stages.
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1.1.4 Preclinical tumor research
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Figure 2 Failure rate at each stage of the drug development and discovery process 2!,

The development of new drugs is a long and high-risk process that often faces
significant challenges during the clinical trial phase. Considering all the studies, great
effort and substantial investment are required, which takes 10 to 15 years and 1.5-2.0
billion USD to bring a single new drug to be approved for clinical use, the failure of
90% of drug candidates at this stage is a major concern for the pharmaceutical
industry?1-23, The high failure rate in clinical trials is largely attributed to the limited
predictive value of preclinical studies, which often fail to accurately identify the drug
target or predict the human response; approximately nine out of ten drug candidates
fail during phase I of clinical trials, highlighting the need for bridging the gap between
the preclinical setting and clinical application?*. Most of the drugs that failed during the
development were safe and effective in preclinical animal studies but did not translate
into humans as lack of clinical efficacy and toxicity explain respectively 50% and 30%
of the reasons that drugs do not overtake the clinical phase?!. Before treatment may

be effectively developed, a novel molecular target must first be truly validated in
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human disease; biological differences between in vitro, animal models, and human
disease may make it difficult to determine the molecular target's function, as the
models become more complex. Faced with these challenges, re-evaluating current
preclinical approaches, and developing more predictive models is crucial to improving
the success rate of drug development?>. The failure rates highlighted in the preclinical
setting might be reduced by adopting strict criteria during drug development. Because
of that, there is a need not only for the development of new drugs that can address
unmet medical needs but also for more efficient and predictive preclinical models that
can identify the right drug candidate for clinical trials. In addition, in clinical and
preclinical settings, innovative approaches for monitoring and characterizing tumor and

drug response are needed to better predict and achieve therapeutic strategies.

1.1.5 Innovative Therapies: New Approaches in Cancer

Treatment

The search for new and effective treatments for cancer is likely to be easily applied in
the clinic and is one of the big challenges of modern oncology. Traditional methods of
treatment, such as radiotherapy, and chemotherapy have limitations and do not always
bring an expected therapeutic effect, particularly in aggressive cancers like Pancreatic
Ductal Adenocarcinoma (PDAC) and Colorectal Cancer (CRC). Surgery is presently the
most effective modality of treating solid tumors in the clinic; however, it is often
suffering from incomplete tumor resection, which may further lead to the risk of tumor
recurrence, and it needs to be combined with radiotherapy and/or
chemotherapy?®. Besides, these two standard treatments show suboptimal efficacy
with severe side effects and are often accompanied by the development of drug
resistance. This is one of the major issues in cancer therapy, which significantly limits
effectiveness and highlights the need for the development of innovative treatment
strategies that can target cancer cells more specifically?’. Combinations of multiple

chemotherapeutic agents are being tested to overcome resistance mechanisms and
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improve outcomes?8,

In PDAC we can see how FOLFIRINOX?%30, a combination of 5-fluorouracil, irinotecan,
oxaliplatin, and leucovorin, has increased overall survival compared to single-agent
gemcitabine3!. This combination has also been followed in the treatment of acute
lymphoblastic leukemia; adding Hyper-CVAD-cyclophosphamide, vincristine,
doxorubicin, and dexamethasone-with methotrexate and cytarabine improved the
survival rate of the patient32. Further, in those patients who have locally advanced or
metastatic pancreatic ductal adenocarcinoma (PDAC) who are generally healthy,
FOLFIRINOX is the first choice. In patients with poor performance status, single-agent
gemcitabine should be given. First-line platinum-based chemotherapy can also be
applied in carriers of BRCA1/2 with very far-advanced disease!?. In these patients,
where there is no evidence of disease progression following a minimum of four months
with first-line platinum-based chemotherapy, Olaparib maintenance can be considered.
In cases of unresectable, locally advanced diseases, chemotherapy may be followed
by consolidation chemoradiotherapy in the event of no evidence of progressive
disease. It generally includes second-line polychemotherapy with fluoropyrimidines not
given during first-line treatment in patients with good performance status (Karnofsky
> 70%). One liposomal formulation of irinotecan (MM-398) was approved as
nanomedicine in 2015 for use in combination with 5-fluorouracil (5-FU) plus folinic acid
in the treatment of metastatic PDAC as a second-line treatment?°:30,

While surgery is considered the mainstay of treatment in the early stage of CRC, the
approach in an advanced stage of the disease is to combine targeted therapies in
addition to surgery.

Fluoropyrimidines, including 5-fluorouracil or capecitabine, combined with oxaliplatin
or irinotecan (FOLFOX or FDIRI), comprise the backbone chemotherapeutic agents in
CRC. Bevacizumab and cetuximab are two representative targeted therapies that are
more commonly used in combination with these; Bevacizumab improved survival in
advanced CRC by targeting angiogenesis33-3¢. Metastatic CRC patients can undergo

surgical treatment. In the absence of surgical resection, chemotherapy alone or with
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the addition of targeted therapy-including Bevacizumab, Cetuximab, or Panitumumab-
remains the standard of care. Vaccines such as pembrolizumab and other immune
checkpoint inhibitors are approved for immunotherapeutic use in those whose tumor
is either MSI-H or dMMR. These therapies offer promising outcomes. In addition, the
use of liquid biopsies for non-invasive monitoring of colorectal cancer recurrence and

resistance is now under evaluation 37:38,

Despite all these efforts, severe side effects due to a lack of specificity to cancer cells
and tumor resistance still represent major limitations. Such challenges have forced to
find new approaches, including, immunotherapy, personalized medicine, and
nanomedicine, which gives better specificity with a reduction in the side effects and
fight against drug resistance in tumors of different types 324, Approaches have been
developed under nanomedicine to improve the bioavailability and specificity to tumor
cells. Due to possessing certain physicochemical properties different from their bulk
counterparts, including nanoscale size and large surface area-to-volume ratio,
nanoparticles could be developed to take advantage of such properties to enhance
drug delivery, extend blood circulation time, and increase specificity through
engineering their surface with targeting moieties*’. Gold and polymer-based
nanoparticles like PEGylated liposomes have shown great therapeutic potential in
preclinical studies. Engineered gold nanoparticles GNS@CaCO3/Ce6-NK act not only as
drug delivery systems but also as photosensitizers and photothermal therapeutic
agents*. PEGylated liposomes encapsulating doxorubicin have also demonstrated
better therapeutic efficacy compared to the free drug in breast cancer, showing an
advance in accumulation to the tumor site due to the enhanced permeability and
retention effects*3. The therapeutic effects of small-size nanoparticles are based on
their physical properties allowing passive accumulation in tumor tissue through the
enhanced permeability and retention effects, due to the leaky vasculature and
lymphatic draining*®. Nevertheless, passive targeting has the potential to result in

multidrug resistance (MDR) and presents a significant challenge in terms of regulation.
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By contrast, active targeting involves the mark of specific overexpressed receptors on

tumor cells, enhancing the absorption of the targeted cells*.

Currently, because of their specific interaction and high affinity to target antigens,
antibodies are the most applied ligand for active targeting#4’. These proteins consist
of two different regions: one variable region, Fab-a fragment, responsible for antigen
binding, and one crystallizable fragment, Fc, which mediates interactions with the
immune system, such as phagocytes or components of the complement system. Such
consideration has led to the possibility of using antibodies in two different ways: first,
as immunoconjugates linked either to a drug or a nanoparticle; second, in a naked
form, as in the case of monoclonal antibody therapy. The former allows for a higher
drug concentration in the tumor site, as they are capable of directly targeting antigens
of cancer cells*®. EGFR-targeting monoclonal antibodies conjugated to gold
nanoparticles and encapsulating gemcitabine have been reported to significantly inhibit
tumor growth in head and neck squamous carcinoma cells*. Alternatively, naked
antibodies could be administered to the patient using an approach based on
stimulating the immune attack against the tumor, the so-called immunotherapy. They
can act either by marking directly cancer cells, making them more visible for immune
system cells-opsonization-or by blocking immune checkpoint inhibitors such as PD-1,
CTLA4, and LAG3, which suppress the T cell response against tumor cells®°. FDA-
approved different types of antibodies, including Trastuzumab and rituximab, mostly
in combination with chemotherapy as a first-line treatment option>1-3. The antibodies
have been tested not only for their direct cytotoxic effects but also for their ability to
inhibit angiogenesis-an important step for the growth and metastasis of most tumors.
Bevacizumab was the first antiangiogenic drug, a humanized monoclonal antibody
against VEGF-A, clinically for more than 15 years; it is approved to be used in
combination with chemotherapy in the treatment of metastatic colorectal cancer3>.
Nowadays, new antibodies with unique characteristics, such as bispecific antibodies,

are currently being explored for their ability to simultaneously target multiple antigens,
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enhancing therapeutic efficacy, and reducing the likelihood of tumor escape variants.
Diabodies are smaller than full-length antibodies because they do not have the Fc
domain but do have two single-chain variable fragments (scFBV) able to bind two
different antigens simultaneously. Smaller formats may increase tissue permeability
and decrease circulation time, which would minimize the risk of side effects and
increase selectivity toward tumor sites. New classes of antibody formats have been
added, and advances in antibody engineering and conjugation techniques have
widened the therapeutic scope of antibodies, opening new perspectives in targeted

cancer immunotherapy>*°>,
1.1.6 Animal experimentation in preclinical tumor research

The use of animal models in preclinical settings has been a crucial aspect of drug
validation and therapeutic development, as they provide insight into the underlying
biological pathways and physiology that can be extrapolated to human disease.
However, the predictive validity of these models has been questioned due to significant
discrepancies between animal responses and human outcomes in clinical trials®.
Therefore, a proper selection of appropriate animal models is essential to ensure

successful translation into the clinical setting.

For improving the translational value of animal models, certain key factors need to be
considered. Several determinants including proper experimental design, execution of
studies, reporting of experiments, and animal model validation are fundamental for
guaranteeing the predictive power >7:*8, General validation is the core of translational
research, which considered several aspects such as face, predictive, and target
validity>*60, Face validity refers to the degree to which the animal models capture the
phenotypic manifestation of human disease. In this regard, the alignment of drug
response and clinical outcomes between the animal and human pathology is also
crucial, referred to as predictive validity. Additionally, it must be known if the animal

model's molecular and cellular mechanism truly reflects the specific situation that
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occurs in human disease, which is often referred to as target validity; this ensures that

the therapeutics targets identified are relevant to the human condition.

Despite validated animal models are fundamental for proper screening of therapeutic
drugs, their effectiveness in predicting the clinical outcome is often hampered by a
poor experimental design. Moreover, the inconsistent laboratory conditions and stress-
induced responses in animal subjects can further complicate the reliability of these
models, highlighting the necessity for rigorous standardization and comprehensive
methodological frameworks in their application to translational medicine®!. First
discrepancies which can lead to an overestimation of the efficacy of the therapeutic
candidates rely on the time course and the patterns of drug administration. In animal
models, the treatment route starts early during the disease, in contrast to the clinical
situation often characterized by late-stage diagnosis and treatment onset. The efficacy
of the treatment regimens could also be overestimated if potential side effects are

ignored, making it impossible to administer equivalent doses in a clinical setting.

Reproducibility represents another key issue, as slight variations in experimental
conditions can significantly affect the outcome. Age, gender, and health status of the
animals can influence treatment response and must be properly considered as they
need to match closely the clinical condition under study®263. Reporting of all these
characteristics is essential to allow interpretation and comparison of results across
different studies, especially if slightly different models have been used. For instance,
a tumor xenograft model with different cell lines of the same cancer type, using the
same drug and animal model with standardized characteristics mentioned above, can

provide a more comprehensive evaluation of the drug potential.

Ethical considerations also play a significant role in preclinical research. Since ethical
reasons push to minimize the number of animals used, appropriate statistical design

and analysis are key requirements to maximize the informative value of each
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experiment and avoid underpowered or biased studies®. Unfortunately, also if all these
points are currently considered, a high degree of failure is encountered, and that relies

on the complexity of the models used.

To overcome that situation, a combination of different or highly sophisticated models
can help to fit well in with clinical conditions. Humanized mouse models are highly
valuable when transplanted with human tissues or cells. Depending on the specific

disease and research, various types of humanized models and strains of mice are used.

Cell-line ‘}d  : o / > e % | “)

Xenograft (CLX) —— " -
Established human Culture .
tumor cell line T Immunocompromised
Mice

Patient-derived

0\ « -
I ’:—-» \; d | Transplant /:@7’/ \)

Xenograft (PDX)
- . ( L"; f,
1° tissue Human tumor cells @A e
. ' \ Breeding
geqetlcallg Genetically engineered Cross breeding
ngineere mouse stem cells to create
Mouse Model combination

(GEM M) Tumor-forming models

mouse

Viral delivery

Figure 3 Different types of preclinical mouse model (Hicks, W.H., Bird, C.E.; Traylor, J.1.; Shi, D.D.; El Ahmadieh,
1.Y.; Richardson, T.E.; McBrayer, S.K.; Abdullah, K.G. Contemporary Mouse Models in Glioma Research. Cells
2021, 10, 712. https.//doi.org/ 10.3390/cells10030712)

The most frequently employed ones include human tumor xenografts and *humanized’

mice, resembling human immune systems.
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Human tumor cell-derived xenograft immunodeficient mice are widely used as they
are relatively easy to establish and inexpensive, however the lack of appropriate
human stroma and immune cells results in a poor predictive value®®. In addition,
despite orthotopic implant of tumor cells showing higher similarity to the original
tumor, subcutaneous xenografts are still the most used models due to their technical
simplicity®®. To overcome these limitations, new orthotopic xenograft models that
better mimic the tumor microenvironment are now emerging®’-,

In contrast to cancer cell line-based xenografts, genetically engineered mouse models
(GEMMs) that express human disease-related genetic alterations can recapitulate more
accurate histopathological and molecular features of the disease. Higher heterogeneity
and spontaneous acquired metastatic properties make them a more predictive model
in preclinical screening, although their development is generally more time-consuming
and challenging. Only a limited number of genes can be suitably engineered, and this
poses a significant constraint on the range of diseases that can be effectively modeled,
limiting the translational application of these genetically engineered systems’°. Another
type of advanced model is the so-called patient-derived xenograft (PDX), which
involves the direct engraftment of surgical tumor specimens into immunocompromised
mice. These models retain the original sample’s heterogeneity and stromal
components, with a high similarity to the tumor found in patients. The tumor, which
can be collected from the metastatic site or primary, not only preserves the molecular
features of the donor patient but preserves also the resistance profile and response to
treatment, thereby improving the prediction of clinical outcome. In fact, those studies
have shown a good correlation between response in PDX models and clinical responses
observed in patients. As seen for the other models, PDX show disadvantages as well,
including their low success rate in engrafting and expanding, high costs, and the
inability to study immune system effect on tumor growth and therapy due to the need

for immunodeficient mice?172,
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1.1.7 Preclinical Approaches for Monitoring and Characterizing

Tumor and Drug Response

Characterization of tumor and drug response is crucial for improving the prediction and
success of therapeutic strategies in cancer treatment. In preclinical settings, drug
efficacy has been mainly evaluated through the assessment of tumor growth inhibition
in animal models, but this method is limited in predicting clinical outcomes.
Caliper measurement is a conventional method, but it has limitations in accurately
reflecting tumor volume, especially for irregular-shaped tumors. The estimation of the
volume is obtained by measuring the width and the length of the tumor, and by
applying the following mathematical formula: Volume=width2 x length/273.
Unfortunately, that procedure doesn't fit well for irregular-shaped tumors, leading to
highly variable results and a lack of reliability. This provokes, to achieve statistical
significance for drug evaluation, a large number of animals to be used, raising the
overall cost and an increase in the time required for preclinical studies, also limiting

the possibility to test a large number of drug combinations.

New approaches can not only reduce the variability for tumor growth monitoring but
also can provide more comprehensive information about tumor biology. In
spontaneous and transplanted tumor models primary tumor growth and metastatic
spread can be challenging to obtain accurate measurements’4. In that context, non-
invasive imaging techniques such as magnetic resonance imaging (MRI), positron
emission tomography (PET), and optical imaging provide additional information about
tumor microenvironment and response to therapeutics’>. These imaging modalities can
quantify various biological processes, such as tumor perfusion and metabolic activity,
either directly or indirectly. For instance, MRI techniques like Dynamic Contrast-
Enhanced MRI (DCE-MRI) provide direct measurements of blood flow and vascular
permeability, while optical imaging methods, such as fluorescence imaging and Near-

Infrared Spectroscopy (NIRS), can indirectly assess perfusion by measuring
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parameters like oxygen saturation, which are influenced by blood flow. Such insight
may reflect treatment response more accurately than traditional methods, thereby
enhancing the predictive power of preclinical models and facilitating the transition to
clinical applications’®’7. Optical imaging techniques like fluorescence and
bioluminescence imaging, monitor the expression of reporter genes in tumor cells and
represent a powerful tool for tumor growth evaluation on real-time and longitudinal
assessment of treatment response. The need for tumors that express genetically
encoded fluorescent or bioluminescent probes is a major limitation of this, which is
time-consuming for spontaneous tumor models. Advances in the hybrid imaging
approach, combining anatomical imaging like MRI or CT with functional imaging like
PET or single photon emission computed tomography (SPECT), have shown the ability
to provide comprehensive information about the tumor microenvironment, including
tumor vasculature’®. While PET's spatial resolution of 5-10 mm is relatively high and
may limit the ability to resolve fine microvascular details in preclinical settings, the
complementary use of high-resolution modalities like MRI or CT helps overcome this
limitation by providing anatomical precision. Additionally, in preclinical studies,
alternative PET systems with enhanced spatial resolution (e.g., micro-PET) are often
used to achieve finer detail suitable for evaluating small structures, such as tumor
vasculature and heterogeneity.

Furthermore, the integration of innovative imaging technologies enables real-time
monitoring of tumor dynamics and immune responses, thereby assisting in the
identification of non-invasive biomarkers that predict therapeutic efficacy, particularly
in the context of immunotherapy’®. Combining mathematical modeling with imaging
techniques can further enhance the understanding of tumor behavior and treatment
outcomes, as these models utilize patient-derived data to forecast tumor progression
and therapeutic response, which is essential for tailoring personalized treatment
strategies®8!, In the next chapter, we will focus on innovative preclinical approaches,
especially by focusing on Ultrasound and Photoacoustic systems which are nowadays

very promising to address these challenges.
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1.2 Molecular imaging

In the contemporary healthcare system, medical imaging occupies a crucial position in
many medical contexts, as it validates, confirms, and records the progression of
numerous conditions and the efficacy of treatments. The technique recreates various
images of the inside of the body, offering a deep physiological and anatomical
evaluation that can be essential for both routine physiological research and clinical
practice. Despite anatomical imaging providing a variety of clinical information like
diagnosis, surgical guidance/follow-up, and treatment monitoring, several limitations
can be noted, from early detection of tumors to a lack of deep molecular
characterization®. On account of that, a field of medical imaging known as molecular
imaging is rapidly evolving, which expects to overcome the limitations offered by
classical methodology. The field of molecular imaging is advancing quickly and holds
great potential in precise targeting and accurate quantification in a range of
applications including screening and early identification of diseases, personalized
therapy, and more prompt monitoring of treatment progress®3. The ability to observe
and quantify how biological and cellular processes function /n vivo, without the need
for surgical procedures or biopsies, makes the field of non-invasive imaging techniques
incredibly valuable. This breakthrough in medical advancements not only leads to an
increase in patient care, as invasive procedures are employed much less frequently
but also provides more confident and continuous data that can be used to monitor
therapy response 8487, For this purpose, therapeutic monitoring can be more efficient
by using specifically designed imaging agents, which mark specific molecular targets
and can be fundamental for direct monitoring of treatment efficacy, anticipating

morphological and anatomical changes that can occur too late®s.
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Several types of techniques have been widely used in clinical settings including
ultrasound (US), CT, MRI, and especially magnetic resonance spectroscopy (MRS),
PET, and SPECT. Those last two mention techniques (PET, SPECT) are the most diffuse
in clinical settings, based on the use of radionuclide agents specific to a target of

interested®:%0, Both approaches provide deep penetration and enable sensitive whole-
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Figure 4 Technigues used for molecular imaging (Willmann, J., van Bruggen, N., Dinkelborg, L. et al. Molecular
imaging in drug development. Nat Rev Drug Discov 7, 591-607 (2008). https://doi.org/10.1038/nrd2290).

body imaging of molecular targets and processes. Despite these similarities, both have
slight differences in principles and clinical applications. PET relies on radiolabeled
imaging agents to target specific molecular processes, which emit positrons that
annihilate electrons, producing gamma rays detected by PET scanners to create
images. Fluorodeoxyglucose F18 is the radioactive tracer mainly used in these
situations, which acts as a glucose analog to localize the tissues with altered glucose
metabolism as tumor sites. Accordingly, the main application is for revealing and
monitoring tumor progression and treatment response, eventually by showing also
metastasis.

Otherwise, SPECT uses gamma-emitting radioisotopes and a gamma camera with a
collimator to enable the collection of tomographic images. Despite being less specific

than PET, SPECT is the most common nuclear medicine modality in clinical settings
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especially for detecting thyroid cancer, neuroendocrine tumors, and diagnosis in the
field of cardiology and neurology.

The reason for their large use in clinical settings can be appreciated by looking at their
high sensitivity, ranging from 10710 to 1012 M, combined with an extensive depth for
tissue imaging which led to accomplishing quantitative analysis for molecular events.
Unfortunately, PET and SPECT lack anatomical context which represents a main
limitation of this kind of analysis. Additionally, the spatial resolution of PET may not be
sufficient for the precise delineation of small structures, such as skin tumors, where
fine anatomical details are critical for accurate diagnostics and treatment planning. Not
only that, the main concern with the use of technologies relies on the use of radio
nuclides, which provide ionizing radiation representing a limitation for safety. In
general, subjects exposed cannot exceed 5 mSv (millisieverts) per year, limiting the
number of scans they can have®l. On account of that, Ultrasound imaging is now
emerging as a new potential tool that can overcome limitations provided by those

technologies.
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1.3 Ultra-High Frequency Ultrasound (UHF-US)
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Figure 5 Schematic representation of the production and reception of ultrasound waves (Magee P. Essential notes
on the physics of Doppler ultrasound. BJA Educ. 2020 Apr;20(4):112-113. doi: 10.1016/].bjae.2020.01.003. Epub
2020 Feb 20. PMID: 33456938, PMCID: PMC7807840.)

Ultrasounds are mechanical waves that propagate through, allowing the generation of
real-time, high-resolution images of internal structures within the body. This imaging
modality has become increasingly prevalent in both clinical and preclinical settings due
to its numerous advantages, including the absence of ionizing radiation, relatively low
cost, and portability. The main frequency used in this setting ranges from 1 to 50 MHz,
with higher frequencies providing improved resolution despite the reduced depth of
penetration.

For the production and reception of ultrasound waves, piezoelectric transducers are
employed®?. Firstly, they generate short-pulsed ultrasound waves relying on the
electrical currents that cross the transducer itself and direct the high-frequency sound
waves into the body. Once they receive the signal, the transducer relies on the so-
called piezoelectric effects, by converting the reflected echoes into electrical signals
depending on mechanical pressure, which is converted as a potential difference, and
finally can be processed into an image®3. Depending on the type of sound echo, the
transducer captures its intensity and transforms it into 1-D, 2-D, or 3-D images that
the user can render and inspect.

Ultrasound has become a core imaging modality for preclinical studies, allowing real-
time visualization of anatomical structures, as well as the assessment of physiological

parameters such as blood flow, tissue perfusion, and cardiac function. The most used
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frequencies in clinical settings are between 1 to 15 MHz, providing lower resolution
compared to preclinical imaging where higher frequencies in the 20 to 50 MHz range
are applied, enabling higher resolution imaging of small animal models and ex vivo
samples®. The echoes received by the ultrasound probe are transformed first into
electrical signals and then into a 2D digital image. From the intensity and the time of
the returning echoes, various information can be extracted, such as the depth and size
of the imaged structures. Several visualization modes are available for the detection

of the echo graphic signal, known as a mode. The most common are:

¢ A-mode (amplitude mode). Represent the amplitude of the echo in a single
dimension, showing the depth and intensity of the structures along a single line
within the body.

e B-mode (Brightness mode). Convert the echo amplitude into a two-
dimension image, where the brightness of each pixel is proportional to the echo
intensity. The process of creating B-mode images involves methodically merging
numerous A-mode (1-D) scans into a single 2-D image, in which each pixel's
intensity is determined by the amplitude of the accompanying ultrasonic beam.

¢ M-mode (Motion mode). Record the motion of moving structures over time,
such as the heart valves or arterial walls, by displaying the changes in the

position of the echo signals along a single scan line over time®%.

1.3.1 Ultrasound Eco-Structure: Tissue Characteristics in Tumor
Imaging

Ultrasound imaging relies on the physical interactions of sound waves with biological
tissues, which influence the resulting image's appearance and quality. Soundwaves are
mainly characterized by frequency (&), velocity (v), wavelength (A), and intensity (J),
which impact the resolution and penetration depth. In that case, a distinction is made
between two different kinds of spatial resolution: axial and lateral. Axial resolution

concerns the ability to distinguish between structures lying behind each other along
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the direction of the ultrasound waves. The frequency plays a major role in axial

resolution, as the distance between the structures must be Az > A/2 to visualize distinct

structures. On the other hand, lateral resolution concerns the ability to visualize

different structures that are located next to each other at the same depth. Lateral

resolution is always inferior to axial resolution, depending on the following equation

Ax = 3*\ Various physical phenomena occur such as:

Reflection and transmission. When an ultrasound wave encounters a
boundary between two different tissues, part of the wave is reflected and
transmitted through. The quantity of reflection depends on the difference in
acoustic impedance between the two tissues. If the difference is large, more
sound is reflected. The reflection coefficient (R) at the boundary between two
media with impedances Z; and Z; is given by: R=(Z>-Z1/Z>+Z1)?, where Z is
computed as Z=rad(E*D), D is the density, and E represents the elasticity of
the medium.

Scattering. When sound waves reflect, they dont encounter a perfectly
smooth surface but rather irregular surfaces. That causes a random scatter in
several directions, enabling the imaging of tilted boundaries. The width of the
reflection cone (the area over which the sound is reflected) increases as the
wavelength decreases and the roughness of the surface increases. Due to that,
higher frequency and rougher surfaces cause the sound waves to scatter more
widely.

Diffraction. Sound waves are diffracted when they travel through apertures,
barriers, or other obstructions. A shift in the sound wave's direction is a
component of diffraction. A greater degree of diffraction (sharpness of bending)
results from increasing wavelength A, and vice versa.

Absorption and attenuation. As the sound wave intensity J penetrates in the
medium, it decreases exponentially with the depth of propagation with the

formula J(x)=Joexp(-px), whereas p is the attenuation coefficient, which
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depends on absorption and scattering, and x is the depth. This means that
higher-frequency ultrasound is useful for providing more detailed imaging, as it
offers improved axial and lateral resolution. However, the tradeoff is that higher
frequencies also experience greater attenuation, corresponding to higher
absorption and scattering within the medium, which results in reduced imaging
depth®>7,

As the ultrasonic beam interacts with biological tissues, it engages with different
materials that have different acoustic properties such as density and stiffness. This
allows for discrimination between various regions of the body, as most tissues have
different acoustic impendence, leading to different reflections of the sound waves and
therefore different brightness of the echo graphic image, a phenomenon known as
echogenicity®®?. This characteristic defines the brightness of a specific region of
interest of the image in comparison with the surrounding tissues, due to the different
reflections of the ultrasonic wave which can be different by observing different images.
Structures that appear to have the same echogenicity are defined as isoechoic,
conversely, hyperechoic structures appear brighter compared to the surrounding
tissues, while hypoechoic structures appear darker. The type of tissue encountered will
also determine the fate of the ultrasound beam: some tissues will absorb the beam,
while others will transmit and reflect it1%. Unfortunately, some tissue characteristics
can introduce artifacts to the generated images, especially when the beam interacts
with bone, liquids, or gas-filled spaces. The bones and calcifications display a high
degree of acoustic impedance that leads to a high reflection of the ultrasound beam,
which provokes a generation of a shadow cone underneath the bone, affecting the
visualization of the structures located behind!?!. Gas-filled space such as air can
interfere with the propagation too, a phenomenon known as reverberation. That is
why the transducer is not directly in contact with the body, but an interposed gel
between the body and the probe is fundamental for providing the image itself while

avoiding artifacts'%2. By doing that, the acoustic impedance of the transducer is like
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that of the tissue being examined allowing the minimization of the reflection. Also,
liquids such as water or blood, due to their low acoustic impedance, appear to be
anechoic region. Moreover, the anatomical structure behind liquids can appear
hyperechoic compared to the surrounding tissues, and that is mainly due to the lack
of absorption of the ultrasound beam of the fluid!%3. Focusing on the preclinical setting,
we can easily distinguish several tissues with this premise, also tumors can be

identified and rapidly evaluated as they have a different echo structure.

1.3.2 Perfusion Analysis: Insights into Tumor Vascularization and

Function

As seen in the previous chapter, ultrasound imaging is a valuable method for obtaining
real-time information about tissues, organ status, and tumor evaluation. Not only can
it provide anatomical details, but recent advancements in perfusion analysis have
expanded the capabilities of the technique. Ultrasound can be used to image the
perfusion in two ways: using Doppler and with the more recent development of
contrast-enhanced ultrasound (CE-US), which relies on microbubbles as contrast
agentsi9195, Imaging perfusion and its changes can provide crucial information and
quantification as volume blood flow, vascular permeability is altered in many
physiological and pathological conditions. Especially in oncology, these techniques are
now emerging for the study of angiogenesis, whose intricate vessel network patterns

can help characterize and monitor tumor progression and response to the treatment.
1.3.2.1 Doppler Imaging: blood flow dynamics

Normal blood flow displays an intrinsic scattering due to the properties and the size of
the red blood cells. With traditional B-mode ultrasound, this scattering effect is not
visible, and blood flow appears black as the acoustic impedance is lower compared to
the surrounding tissues. However, the motion of the blood can be traced by using a

different approach, based on the Doppler effect. This occurs when a wave encounters
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a moving object, causing a shift in the frequency of the reflected wave. It is defined
with the following equation: AF=2*fg*V*cosp, where AF is the frequency shift, V is
the speed of the moving object, fo is the original frequency and @ is the angle formed
by the incident wave and the moving object. In our case, we need to consider that
blood cells in the flow act as independent moving scatters, resulting in a series of
frequency shifts mainly derived from the complexity of the hemodynamics and the
interaction with the vessel walls. To obtain a single representative frequency shift for
all the blood flow, the Fourier transform is applied, which decomposes all the
frequencies and provides the Doppler spectrum. By analyzing the Doppler spectrum,
signals regarding frequency fluctuation and flow direction, that is flowing toward or
away from the probe, are collected throughout time. The Doppler echo devices can
determine the angle of incidence of the ultrasound pulse to the blood flow, and also
the speed starting from the frequency shift according to the Doppler equation above;
that is indicative of the laminar or turbulent flow condition, useful to study the
hemodynamic status of the vesselsi06:107,

The techniques for receiving and sampling the Doppler signal can be continuous
emission or pulsed emission, depending on the specific application. In continuous
emission, the US probe emits a continuous signal, and the echo is then received by an
additional probe. The use of two different probes allows us to detect the velocity of
the blood but not the depth of the vessels. In pulsed Doppler we avoid that problem,
as the probe both emits and receives the signal; by timing the emission and reception
of the pulses, we can add to the velocity information the B-mode view of the area
under analysis and so depth information.

Based on the visualization of the flux, we can apply color and power Doppler
techniques. Color Doppler uses the detected Doppler shift to display the direction and
relative speed of blood flow in a color-coded overlay on the B-mode image, providing
a visual representation of the blood flow patterns. When the flux is moving towards
the transducer it is represented in red, and vice versa in blue. The speed is also

correlated to the intensity of the color, with fast flow in bright red/blue and slower flow
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in darker colors. Power Doppler, on the other hand, does not show the direction of
flow but instead provides a detailed map of the relative energy or power of the Doppler
signals, which is indicative of the total amount of blood flowing through the region of
interest. This technique is mainly used for the visualization of low-flow-tiny vessels,
where color Doppler usually fails. Besides all these used, the Doppler technique has
some limitations when dealing with regions of slow blood flow, large tissue motion
and/or low hematocrit percentage!®. For this purpose, the use of contrast agents

emerged to overcome these issues.

1.3.2.2 Nonlinear Contrast Imaging: Enhancing Perfusion

Visualization

Figure 6 Ultrasound B-mode (A) and Nonlinear contrast imaging for perfusion evaluation Feline gastric high-grade
lymphoma (HGAL) ((Simeoni, Francesco & Terragni, Rossella & Rubini, Giuseppe & Tamburro, Roberto & Signore,
Francesca & Falerno, Illaria & Aste, Giovanni & Russo, Marco & Mastromatteo, Giovanni & Vignolj, Massimo, B-
Mode and Contrast Enhanced Ultrasonography Features of Gastric Inflammatory and Neoplastic Diseases in Cats.
Animals. 10. 10.3390/ani10081444.).

Though flowing in arteries down to arteriolar and venular size can frequently be seen
and characterized with Doppler, small vessels cannot be detected using B-mode
scanning. Doppler is unable to detect tissue perfusion when blood flow velocity

approaches that of tissue, which is at a rate of 1 cm/s!%, as happened also in tumor
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conditions.

This problem is avoided using microbubbles, which offer a blood flow indication that is
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Figure 7 Time-intensity curve representing the perfusion parameters (Simeoni, Francesco & Terragni, Rossella &
Rubini, Giuseppe & Tamburro, Roberto & Signore, Francesca & Falerno, llaria & Aste, Giovanni & Russo, Marco &
Mastromatteo, Giovanni & Vignolj, Massimo, B-Mode and Contrast Enhanced Ultrasonography Features of Gastric
Inflammatory and Neoplastic Diseases in Cats. Animals. 10. 10.3390/ani10081444.).

velocity independent!!®, These microbubbles are gas-filled particles of 1-10
micrometers in diameter, stabilized by a shell of phospholipids or albumin.
Microbubbles respond non-linearly to the same ultrasonic energy that tissue does, on
average, in a linear manner. When the ultrasound waves hit the microbubbles, they
undergo compression, followed by an expansion during the refractory phase of the
acoustic wave. This results in a non-linear response of the microbubbles, as the
expansion is greater than the compression. By doing that, they generate harmonic
frequencies of the fundamental, emitted originally by the transducer, which can be
recognized and separated from the linear tissue signal by applying a specific frequency
filter. Thus, contrast-enhanced ultrasound imaging using microbubbles allows to detect
and map microcirculation in the tissue, that couldn't be visualized by Doppler alone.

Although we can observe microcirculation, spatial resolution is limited, making it
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impossible to discriminate individual capillaries. The signal which came from this

technique is proportional to the microbubble concentration and thus to the blood

volume passing through the region of interest!il,

After the injection of a bolus of microbubbles, the signal intensity in the specific region

of interest can be plotted against time, allowing the analysis of blood perfusion

parameters such as:

Peak enhancement (PE). It is the maximum signal intensity observed in the
region of interest, which reflects the maximum blood volume passing through
that area.

Time to peak (TTP). Time from the start of bubble injection to peak
enhancement. Can provide information regarding the complexity of the
vasculature as more complex structures tend to reach peak intensity later.
Mean transit time (mTT). Average time of the microbubbles to transit the
region of interest.

Perfusion index (PI). Is the maximum area under the curve divided by the
mean transit time. It gives a quantitative measure of blood flow as the ratio of
blood volume to speed.

Wash in rate (WiR). Slope of the curve during the initial rise of the signal,
reflecting the rate of blood flow.

Wash out rate (WoR). Slope of the curve during the signal's decay, reflecting

the blood flow rate out from the region of interest.

These perfusion parameters can be used to differentiate normal from pathological

tissues, and several studies have demonstrated their usefulness in oncological imaging,

as in the diagnosis and characterization of tumors and angiogenesis®6:77:112-115,
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1.4 Photoacoustic imaging (PAI)

Photoacoustic imaging (PAI) represents a biomedical imaging method that
concurrently exploits both optical and acoustic concepts for the visualization of the
anatomy and physiological function of biological tissues, and it is a hybrid technique
based on the photoacoustic effect. The setup of the PAI system comprises a pulsed
light laser source, an ultrasound transducer for acoustic signal detection, a signal
amplification with digitization component, and a system to simultaneously record the
ultrasound B-mode and the photoacoustic component for data acquisition and image
representation. This technique uses a short pulse of light that would be delivered to
the biological tissue by a laser. The energy is converted to thermal energy in its
interaction with the light-absorbing molecules, called chromophores, in the tissue.
Another great advantage of the methodology is the use of non-ionizing radiation;
hence, the procedure is safe and non-invasive for biomedical imaging. The whole

procedure can be outlined as follows:

1. The target tissue is irradiated by a short-pulsed laser (~10ns) of a wavelength
ranging from 600 to 1400 nm.

2. Photons penetrate the tissue, where they are absorbed by endogenous or
exogenous chromophores.

3. The transformed optical energy can either be partial or complete into heat
energy; therefore, the temperature rises locally and temporarily.

4. The heat-induced thermoelastic expansion of the tissue results in a temperature
rise of less than 0, 1K.

5. This thermal expansion causes a local pressure increase, generating acoustic
pressure waves.

6. The low-amplitude acoustic waves are detected and converted into three-

dimensional, high-resolution images by the ultrasound transducer.
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PAI is particularly effective because it utilizes the optical absorption properties of
endogenous chromophores in the tissues, such as hemoglobin, melanin, and lipids,
allowing visualization of anatomical structures and physiological functions deep within
biological tissues. This technique has been used in a wide range of biomedical
applications, including cancer research, immunology, neurology, and monitoring of
blood oxygenation!16-118  PAI showed a promising ability in delivering simultaneously
anatomical, functional, and molecular contrasts using a single modality. Due to its
label-free nature, it offers a promising option for /n vivo imaging, providing detailed
tissue information in a non-invasive manner!°,

The penetration depth of this technique relies on the deposition of adequate photon
energy within the tissues, which in turn depends on the optical properties of the tissues
themselves. Specifically, the ability of tissues to absorb or scatter light can diminish
the efficacy of this technique as the light propagates through the tissue. Initially, the
technique was applied to study small animals, but it has since been extended to
analyze larger tissues, including the human body and primate brain. The clinical
application of this new technique, with its high spatial resolution and sensitivity, would
primarily the endoscopic areas, where, compared to the instruments currently in use,
could bring a superior quality definition and offer high-resolution imaging, also in three
dimensions. Rather than competing with MRI or PET, PAI should define new
operational fields more closely aligned with traditional optical imaging modalities,

offering superior and powerful quality in resolving tissue and disease biomarkers120-
123
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1.4.1 Contrast agents

A ) B Contrast agents

Endogenous Exogenous

el

HbO,

ICG

Iron oxide NPs

AuNPs

Melanin Lipids

Figure.8 A) Photoacoustic imaging uses a transducer to generate pulsed laser light that is absorbed by
chromophores. This absorption causes thermal expansion, creating acoustic waves that are detected and used
to reconstruct high-resolution images. This system provides insights into tissue composition and structure.
Chromophores can serve as contrast agents and are classified as either endogenous (i.e. melanin, ljpids, oxy-

and deoxy-hemoglobin) or exogenous (i.e. ICG and nanoparticles).

As in any imaging technique, the contrast agent aims to sharpen the definition and
resolution with which otherwise unappreciated morphologically or biochemically
diverse elements can be distinguished. Photoacoustic is no exception, being able to
make use of endogenous and exogenous agents?4. The first group of chromophores
includes hemoglobin (Hb), melanin, lipids, and collagen. These chromophores are
naturally present in tissues, providing complete confidence in their qualitative and
quantitative composition. Hemoglobin is the most significant endogenous
chromophore at wavelengths less than 1000 nm. At physiological concentrations, the
absorption coefficient of both deoxygenated and oxygenated hemoglobin at these
wavelengths is higher than that of other chromophores found in the tissues of various
organs, such as lipids, water, and elastin!!3. For this purpose, PAI can be used to track

hemoglobin concentrations in and around tumor masses, resulting in a very useful tool
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to check hypoxic/necrotic areas and consequently angiogenesis. Additionally, the
technique has demonstrated its capacity to visualize the growth of the larger arteries
and veins associated with the tumor!2>, PAI technique has been employed also to study
hypoxia in tumors that are often linked to malignancy and resistance to therapy
comparing the PA signal strength of HbO. and Hb in patients with cancer. Gerling et
al.126 reported the development and evaluation of a combined photoacoustic imaging
and high-frequency ultrasound approach. Assuming that cellular hypoxia serves as a
marker of aggressiveness in various solid tumors and therefore an important
parameter to monitor, the researchers demonstrated the feasibility and reliability of
this bimodal imaging system in detecting tissue oxygenation in live murine models,
reflecting how the system can be used for the identification of hypoxic tissue regions,
potentially providing both anatomical and functional insights into the growth and
treatment response of various neoplasms. Other application of endogenous
chromophores can be linked to the use of melanin, which has been studied in the
monitoring of the tumor growth in patients with melanoma and also to detect skin
melanoma'?’. Another branching is the expression of angiogenic factors, resulting in
altered vascularization, leading to the generation of hypoxic/necrotic areas, which are
well-known features of tumors.

All of these substances exhibit optical absorption capabilities in the NIR (near-infrared,
wavelength spectrum) region, which is between 600 and 900 nm. This spectrum
provides the largest depth of penetration, reaching up to several centimeters.

Since not all biomolecules have a characteristic optical absorption spectrum,
endogenous contrast can provide access to a restricted range of biological processes.
For this reason, a wide range of exogenous agents, such as organic dyes, metal
nanostructures, and fluorescent proteins, have been thoroughly investigated for
contrast-enhancing approaches. Exogenous molecules, such as antibodies and
peptides, offer advantages in imaging studies, particularly for pathological tissues like
cancer, where endogenous chromophores alone are insufficiently sensitive. They have

been developed taking into account the same NIR as the endogenous contrast agents,
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to keeping the detection of PAI system. Many are the contrast agent suitable for PAI,
both organic and inorganic!?*. The non-toxicity and biodegradability of organic contrast
agents are their best quality and advantage. The combination of nanoparticles with
nano systems exhibits important and very advantageous characteristics, such as
mechanical flexibility and surface chemistry, which can be modified to optimize their
effectiveness in clinical and preclinical applications. As example, Angiostamp800 is a
novel photoacoustic organic contrast agent that targets the av3 integrin, which is
overexpressed on tumor cells during angiogenesis!?8, It has been evaluated in various
animal cancer models and demonstrates tumor-targeting specificity. Another contrast
agent, ICG, is a dye-based agent capable of producing high-intensity photoacoustic
signals when used in combination with other materials like polyethylene and nano-
graphene oxide. Targeted photoacoustic imaging using agents like ICG-RGD, which
combines ICG with an integrin-binding moiety, can improve detection specificity. While
organic contrast agents have been developed, inorganic agents like gold nanoparticles

are increasingly used for photoacoustic imaging due to their favorable properties!2?:130,
1.4.2 Preclinical applications

Photoacoustic imaging has attracted particular interest due to its potential to provide
noninvasive, multiparametric information about tumors. Several studies have
presented the use of PAI in the characterization of preclinical tumor models, and to
assess therapeutic responses 131132, The possibility of visualizing vasculatures, oxygen
saturation levels, and expression of molecular biomarkers in tumors using
photoacoustic techniques translates into important information concerning tumor
biology and therapeutic response. The early detection of tumors presenting high-
resolution three-dimensional images of zones of accumulation of chromophores is
possible because of the fast thermal response of acoustic waves.
Recent advances in PAI have pushed its limit toward multispectral techniques that are
able to detect several chromophores present in the tissue. Moreover, since the

hardware components are shared between the ultrasound and photoacoustic imaging
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modality following a common signal detection regimen, PAI can be combined with US
imaging. This will further enable the extraction of morphological, functional, and
molecular information on tissues. Applications that so far have been developed for PAI
will include the study of tumor vasculature, monitoring therapeutic response, and the
visualization of molecular targets in murine models of tumors33-135, The use of small
animal models aligns well with these procedures, as photoacoustic imaging offers
sufficient penetration depth and excellent spatial resolution down to several tens of
micrometers. While the depth of imaging is comparable to other optical techniques,
what sets PAI apart is its ability to combine optical and acoustic signals, allowing for
deeper tissue penetration and higher sensitivity. Furthermore, photoacoustic imaging
enables the concurrent monitoring and quantification of multiple metabolites by
scanning two or more wavelengths for each tissue slice. The acquired data can be
used to generate a final 3-D volume with a spatial localization of chromophores,
providing anatomic, molecular, and functional imaging in real time. Furthermore,
employing color Doppler or power Doppler modes—which are frequently employed in
pre-clinical and clinical diagnostics—US imaging can also identify tumor
vascularization. When adopting dual-wavelength (750/850 nm) scanning, in vivo
ultrasonic and photoacoustic imaging (US-PAI) may detect endogenous metabolites
like deoxyhemoglobin and oxyhemoglobin as well as fine inner organ structure more
effectively than optical fluorescence imaging. Thus, the combined application of US-
PAI constitutes a unique instrument for tracking tissue vascularization and oxygenation
in subcutaneous malignancies!?6:136, Recent studies have focused on the combination

of US-PAI to assess /n vivo angiogenesisi?137,
1.4.2.1 Angiogenesis evaluation

Angiogenesis is a physiological process that consists of the formation of new vessels
from the pre-existing vessels, representing a critical event for several biological
processes that include wound healing and restituting the blood supply to the tissues

after an injury or ischemia. The original identification of angiogenesis has linked this
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process with tumor growth3813% Tumors are composed of cells with higher
proliferation rates compared to normal cells, which means that they soon exhaust the
available nutrition and oxygen, thus rendering their environment hypoxic. The thereby
created hypoxia stimulates neovascularization, resulting in increased delivery of
nutrition and oxygen. Therefore, the association of angiogenesis with aggressive tumor
growth and metastasis has long been presumed, whereby new blood vessels may
provide pathways that facilitate the entry of tumoral cells into the bloodstream. Several

modes of angiogenesis have been implicated in tumor progression:

e Postnatal angiogenesis. Mediated by mobilizing circulating endothelial
progenitor cells toward the tumors, promoting the formation of new vessels.

e Sprouting angiogenesis. Endothelial cells form new vasculatures under the
stimulation of growth factors by the tumors, such as VEGF.

e Vessel co-option: The tumor used the existing vessels and did not need
further vascular proliferation.

e Vasculogenic mimicry. Tumor cells mimic endothelial cells, forming
functional vessel-like structures.

e Lymph angiogenesis. A newly formed lymphatic vessel could allow

metastasis to occur in tumors.

The quantification of angiogenesis has thus turned out to be one of the major areas
of inquiry while undertaking tumor research and treatment. Imaging techniques such
as ultrasound, non-linear contrast, and photoacoustic imaging have been used in
measuring and assessing angiogenesis. Most of these studies reported that these
methods are adequately sensitive in the detection and quantification of tumor-
associated angiogenesis, although the validation of these methodologies remains
severely problematic.

Merging information both from oxygen delivery and perfusion, these advanced imaging
techniques can provide a comprehensive evaluation of the angiogenic process,

supporting the development of more effective therapeutic strategies.
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Table 2 Overview of the models, results, and validation methods used in several studies. The table lists the

reference, mouse model type, and the findings, indicating whether the photoacoustic imaging or nonlinear contrast

ultrasound systems were validated.

REFERENCE

MODELS

FINDINGS/VALIDATION

Zhang et al. 14

Liu et al.**

Kuczynski et al. 14

Zhou et al.'*?

Pan et al.***

Maximilian M. Menger et al**.

Okumura et al.#®

Xu et al.'¥

Weinman et al.'*®

Gao et al. ¥

Flurin Mueller-Diesing et al.**

Wang et al.*>!

Subcutaneous/Orthotopic
xenograft PC3 (Prostate cancer)

C57BL/6 J mice/apolipoprotein E
gene knockout

CB17 SCID mice; Orthotopic
xenograft Hep3B-hCG
(Hepatocellular carcinoma)

BALB/c nude mice; Subcutaneous
xenograft C4-2 (Prostate cancer)

Athymic Nude-Foxnl"u;
Subcutaneous injection of growth
factor (FGF-2 and heparin in
Matrigel)

CD1 mice (model for bone
regeneration)
C57BL6/] and B6N-Tyrc-

Brd/BrdCrCrl albino; Lewis lung
carcinoma (LLC) cell allograft
model

BALB/c nude mice; Subcutaneous
B16 (Melanoma)

P8 Mice models

Foxnlnu; hind limb hiPSC-SMC
injection (Hindlimb ischemia)

BALB/cAnNRj mice; Orthotopic
4T1 injection (Mammary
carcinoma)

NSG mice; subcutaneous injection
of A549 cells (Lung cancer)

Tumor size is a better indicator of BB2r-uptake in
both mouse models, with significant positive
correlations observed between tumor volume and
BB2r-uptake as well as tumor perfusion.

Enhanced PA signal primarily reflected
inflammation and angiogenesis, correlating with
avB3-integrin’s function.

Identifies vessel co-option as a significant mechanism of
acquired resistance to the anti-angiogenic therapy
sorafenib in hepatocellular carcinoma (HCC); no
correlation of tumor perfusion with IHC/IF has
been reported.

Histological analysis confirmed the normalization
of vascular functions after DC101 treatment.

avp3-targeted GNBs for sensitive and specific
angiogenesis imaging; no correlation of PA with
IHC/IF has been reported.

sildenafil acts as a potent stimulator of angiogenesis and
bone regeneration in atrophic non-unions. Callus tissue
display an association on the increased number of
CD31-positive microvessels and higher oxygen
saturation.

PA coupled with ICG revealed that VEGF-trap effects
could be predicted in terms of Tumor permeability; no
correlation of PA with IHC/IF has been reported.

Mapping vasculature with PA on melanoma cell line on /n
vivo, no correlation of PA with IHC/IF has been
reported.

Active angiogenesis has been observed in the postnatal
mouse brain, identifying perfused and nonperfused
vessels, endothelial tip cells, and filopodia using 1B4
staining, EB perfusion, and stereological analysis; no
correlation of PA and perfusion with IHC/IF has
been reported.

hiPSC-SMC  promote VEGF-mediated angiogenesis,
leading to improved hindlimb ischemia; no correlation
of PA with IHC/IF has been reported.

Acetylsalicylic Acid reduced VEGFR-2 expression in a
mouse cancer model, potentially resulting in more normal
vessel growth and better tumor blood flow; no
correlation of Perfusion with IHC/IF has been
reported

BACH1(oxygen- and redox-sensitive transcription factor)
regulates tumor angiogenesis and vascularity; no
correlation of Perfusion with IHC/IF has been
reported
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1.5 Biomarkers

A modern definition of biomarkers came from the National Institutes of Health in the
2000s, which defined them as “a characteristic that is objectively measured and
evaluated as an indicator of normal biological processes, pathogenic processes, or
pharmacologic responses to a therapeutic intervention”*2, In biology, they are
biological molecules, mostly proteins, which can be found in blood, urine, or tissues.
It is important to notice that they can be also genetics-based, such as specific gene
mutations or expression levels. Biomarkers can be used for a variety of applications
such as screening, diagnosis, prognosis, treatment selection, and monitoring of
disease. As those applications suggest, biomarkers play a crucial role in the practice of
medicine, especially in the field of oncology. They can be fundamental for assessing
the risk of cancer, but also for the study of Tumor-host interactions and Tumor burden,
reflecting cellular functions like cell death or angiogenesis. Also, the identification in
oncology of specific markers can predict the outcome of the medical treatment?!>3.

The main categories in oncology are prognostic and predictive biomarkers. CA19.9 is
a glycoprotein antigen widely used in clinics, especially for monitoring PDAC>4, It is
an indicator of aberrant glycosylation, and high levels in blood and urine have been
associated with more aggressive cancers and poor prognosis. This biomarker is not
only restricted to pancreatic cancer but has also been detected in other gastrointestinal
cancers like CRC!®>, A study has shown that CA19-9 is associated with a worst outcome
if occurs in combination to an increase in Carcinoembryonic antigen (CEA). CEA is
another widely used oncology biomarker, representing a glycoprotein involved in
intracellular adhesion and cell-cell communication. In tumoral cells, it is mainly involved
in angiogenesis and metastasis. Higher levels in blood are associated with poor
prognosis. Despite the utility of these biomarkers, their sensitivity and specificity are
limited. For CEA in colorectal cancers, a sensitivity of 77% and a sensibility of 84% is
reported when a cut-off of 2.5ug/L is used for diagnostic purposes. Also, CA19-9 had
poor sensitivity (75.5%) and specificity (77.6%) in PDAC, where 10-37% of patients
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show normal levels of this marker. For that reason, in both CRC and PDAC they are
not sufficient as single markers and are usually used in combination for increasing
accuracy!%6:157,

In account of that, recently several studies have focused on the identification of new
biomarkers to improve diagnostic and prognostic accuracy in oncology. It has been
demonstrated that ion channels, functioning as regulators for many cellular functions,
are expressed abnormally in a variety of malignant malignancies. In this regard, ion
channels can be viewed as Tumor markers, and they might also have clinical uses. Ion
channels are transmembrane proteins that provide a pore controlling passive ion fluxes
which are important for many essential physiological functions like control of cell
volume!®8, They are possible targets and indicators for certain drugs and antibodies

because of their surface location!>°,
1.5.1 hERG1 potassium channel

Type 1 human ether-a-go-go-related gene potassium channels (hERG1, known also as
KCNH2) are voltage-dependent channels fundamental for cardiac repolarization, as
they generate outwards potassium currents crucial that lead to the repolarization of
the cardiac action potential. The gene mapped on chromosome 11, in g35-36 position,
encodes 1159 amino acids, where N and C-terminal are both located in the cytoplasm.
Functionally, the channel consists of 4 alpha subunits that assemble to form a
tetrameric channel, where each subunit has 6 transmembrane segments numbered
S1-S6, where the pore helix and selectivity filter are located between S5 and S6160.
Loss of function mutations in hERG1 can lead to the inherited long QT syndrome, which
causes a disorder in ventricular repolarization that predisposes to the development of
ventricular arrhythmia and sudden cardiac death!6.162, In addition to their role in
cardiac physiology, hERG1 channels are overexpressed in several different types of
solid tumors such as colorectal cancer, breast cancer, pancreatic cancer, non-small cell
lung cancer, and hematological malignancies including acute, myeloid leukemia, and

chronic myelogenous leukemia, where it regulates the resting Vm due to its voltage-
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dependent properties!®3:164, Especially, in PDAC the blocking of hERG1 has been found
to reduce cellular migration and growth, and its overexpression has been linked with
the worst prognosis. Also, in primary colon rectal cancer has been observed that higher
levels of KCNH2 are linked with invasive phenotypes, but also is a negative prognostic
factor in association with Glut-1 absence and reduced chemosensory for several

chemotherapeutic agents (i.e. paclitaxel, camptothecin)16>,
1.5.2 Integrin 1

Integrins consist of heterodimeric cell surface receptors of two non-covalently linked
alpha and beta subunit that mediate cell-matrix adhesion and cell-cell interaction. Up
to now, 18 alpha and 8 beta subunits have been identified in humans, that can
assemble in 24 different integrin heterodimers. B1 integrin represents the most
widespread and abundant integrin subunit, with a central role in regulating migration,
proliferation, survival, and differentiation of various cell types, which mainly came from
the ability to interact with a large number of extracellular matrix ligands and the
transduction of both inside-out and outside-in signals. Integrins are maintained in an
inactive state characterized by a bent conformation, which can switch to an active
expand conformation upon binding to dedicated modulator proteins, such as talins and
kindlin. The activation of the integrin-mediated by an extracellular ligands binding will
trigger multiple transduction pathways, mediate the actin cytoskeleton remodeling,
and the activation of kinases such as FAK, SRC, and PI3K, which in turn regulate a
wide range of cellular functions like cell growth and survival. After binding the ECM,
integrin receptors cluster together to form focal adhesion, where they anchor the cell
to the substrate by connecting ECM to the actin cytoskeleton!®. Integrin B1 is
overexpressed in many cancers like colorectal cancer and lung cancer, where the a1p1
contributes to cancer progression, but also in pancreatic cancer as well as lung cancer
and breast cancer, mainly due to the dimer a2p1 which has key role in promoting

metastasis but also to contribute to chemotherapeutic resistance!®”.
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1.5.3 hERG1/1 Complex

Recent evidence highlights an interplay between hERG1 channels and integringl. They
can communicate not only by interaction through the formation of a physical
macromolecular complex but also with diffusible signals such as intracellular second
messengers that reciprocally modulate their functions. Their inter-regulation has been
demonstrated in different cancer cells, where hERG1 activity regulates the expression

and clustering of B1 integrin which in turn modulates the activity of the potassium

channel.
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Figure 9 Schematic representation of physical and functional interaction between hERGI and Blintegrin in cancer
cells ("Ion Channel Conformations Regulate Integrin-Dependent Signaling” Andrea Becchetti Giulia Petroni,

Annarosa Arcangeli)

K+ flux appears to be a key event that regulates FAK phosphorylation and the

downstream PI3K signaling pathway, implicated in tumor growth and angiogenesis.
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That event can be due to the activation of integrin-dependent signaling cascades, as
seen in neuroblastoma tumors, where the adhesion to fibronectin activates the
pathways which leads to the activation of Gai protein, which activates hERG1 current.
Once the complex has formed, hERG1/B1 integrin is favored by the channel residing
in the closed state. Indeed, the closing of hERG1 channel stimulates cytoskeleton
reorganization and cell migration, acting in @ new conformational state that can
mediate signal transfer. The complex is observed in several cancers including colorectal
cancer, gastric carcinoma, pancreatic cancer, breast cancer, and neuroblastoma. The
complex sustains cell motility via a hERG1-centered mechanism in pancreatic
adenocarcinoma PDAC, involving reorganizing f-actin in stress fibers and modulating
filopodia formation and dynamics through interactions with small GTPases and
[Ca2+]i1%8-170, In CRC, the co-expression is a marker of poor prognosis and metastatic
potential, as triggers the recruitment of the PI3K p85 subunit within the complex and
AKT phosphorylation, thus regulating autophagy and angiogenesis via an upregulation
of HIF-1q, resulting in VEGF-A production’!, The chemokine receptor CXCR4 is a
component of the hERG1/B1 integrin complex in leukemia cells, and it initiates pro-
survival signaling pathways and resistance to chemotherapy-induced apoptosist’2. One
relevant thing is that hERG1/B1 integrin interaction was not detected in cardiac
myocytes; that is connected to the presence of the hERG1 auxiliary subunit KCNE1
(potassium voltage-gated channel subfamily E regulatory subunit 1), which blocked
the interaction of hERG1 with B1. Since KCNEL1 is not expressed in cancer cells, that
made the complex hERG1/B1 integrin a valuable biomarker for developing
antineoplastic therapy!’3:174, which can be used as innovative cancer treatment
strategies in addition to diagnostic and prognostic applications!’>. Indeed, it can
modulate various cancer-related and cancer-relevant signaling pathways, depending
on the pathophysiological context. These modulations have a functional impact on
cancer cell survival, motility, proliferation, and other aspects. Conformational coupling
is the main mechanism of signal transduction when the interaction between the

integrin and the channel involves the creation of multiprotein complexes. This
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interaction primarily consists of activating FAK and ERK phosphorylation, which triggers

cell proliferation processes.
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2.Aims

Preclinical studies are crucial to clinical research, yet 90% of drug candidates fail in

trials. Reducing failure rates requires stringent criteria in preclinical settings, including

new therapeutic strategies, better models mimicking /n vivo cancer characteristics, and

reliable Tumor identification and monitoring methods.

This thesis seeks to address these challenges by:

Evaluating therapeutic strategies: Investigating the efficacy of the
bifunctional diabody scDb-hERG1/B1 in combination with gemcitabine for PDAC
and with bevacizumab for CRC, aiming to improve therapeutic outcomes.
Developing advanced tumor models: Establishing novel PDAC mouse
models that more closely mimic the /7 vivo microenvironment of pancreatic
cancer, including key features such as stromal components, to enhance
biological relevance.

Characterization using Advancing imaging methodologies: Applying the
Vevo F2 LAZR-X system, which integrates photoacoustic and ultrasound
imaging, to enhance the characterization of the previously mentioned tumor

model, monitoring therapeutic response and evaluating angiogenesis.
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3.Materials and Methods

3.1 Cell culture

Four major cell lines of human origin were used in this work: PANC-1 and RLT-PSC for
PDAC, and HCT116-WT plus HCT116-Beva/A for CRC. For PANC-1, cells are grown and
maintained in DMEM medium supplemented with 10% fetal bovine serum (FBS), 2%
L-glutamine, and 1% penicillin-streptomycin. PANC-1 pancreatic ductal carcinoma cells
showed a regular, round shape with a doubling time of approximately 52 hours. RLT-
PSCs were cultured in DMEM-F12 with 10% FBS, 2% L-glutamine, and 1% penicillin-
streptomycin. Pancreatic stellate cells (RLT-PSC) observed by light microscopy show
clusters of cells with a small nucleus and little cytoplasm. RLT cells have a shorter
doubling time than PANC-1 cells (about 28 hours) and a "star" appearance with arms
branching off from the perinuclear area, with individual cells contacting their
neighbors. HCT116 cells were cultured in RPMI added with 10% FBS, adding
Bevacizumab 250 ug/ml to the growth medium of HCT116-Beva/A. Both CRC cell lines
exhibited an epithelial-like morphology, with a short doubling time (ranging from 25

to 35 hours). All these cell lines were maintained in a 37°C incubator at 5% CO..

3.2 ELISA

HCT116-WT and HCT116-Bev/A cell lines were evaluated for VEGF-A secretion under
various conditions. Cells were trypsinized when they reached a confluency of 80% and
seeded in a 24-well plate at a concentration of 2x10° cells/well in a standard culture
medium, plus the treatment when needed. After 24h, the medium was replaced by
0.5mL of Optimem (Gibco; Carlsbad CA, USA) and harvested for an additional 24h
period. In the end, the medium was collected and used to perform VEGF-A
measurements using the Human VEGF-A ELISA kit (Invitrogen, cat. no. BMS277-2),

following the manufacturer’s instructions. Both cell lines were evaluated by adding to
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the standard medium i) 250ug/ml Bevacizumab, ii) 50 pg/mL scDb-hERG1/B1, and iii)
250ug/ml Bevacizumab + 50 pg/mL scDb-hERG1/B1.

3.3 Western Blot and Coimmunoprecipitation
3.3.1 Western Blot

The adherent cells of the HCT116-WT and HCT116-BevA/A strains have been
evaluated for the presence of the following proteins: B1-integrin, hERG1, HIF1-a, and
VEGF-A.

To evaluate B1-integrin and hERG1, the two cell lines were first scraped off a T75 flask
(80% confluency) and then rinsed with ice-cold PBS. Pellets were obtained by
centrifugation at 1200 rpm, washed twice in PBS, and immediately incubated for 20
minutes in 1% NP-40 lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris-HCl, pH 8, 5
mM EDTA, 10 mM Na4P207) supplemented with a complete tablet of a mix of protease
inhibitors. The samples were maintained on ice throughout the experimental
procedure.

To evaluate HIF1-a and VEGF-A, both cell lines were harvested in T75 flasks under
hypoxic conditions for 16 hours. Subsequently, NP-40 was added to each flask and the
samples were placed at -20°C to halt the cell cycle. After this, the cells were scraped
off. From this point onwards, all the passages were conducted identically for each
protein analyzed.

The lysates were centrifuged for 10 minutes at 4°C at 13,000 g. After that,
supernatants were gathered, and protein content was measured using the Bradford
protein assay (Bio-Rad, Hercules, CA) following manufacture instructions. 50y were
mixed with Laemly Buffer 4X, reaching a final volume of 16uL, and loaded in a 7.5%
precast-gel (7.5% Mini-PROTEAN® TGX™ Precast Protein Gels). Electrophoresis is
then performed by setting 100V and using a Tris-Glycine running buffer. After, proteins
are blotted onto polyvinylidene fluoride (PVDF Trans-blot Turbo Biorad), using the

trans-blot turbo systems set at 1.3A, 25V for 7 minutes. After blotting, the membrane
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is rinsed a couple of times with T-PBS before adding the blocking solution (BSA5% in
T-PBS) for 1h. The primary antibody is then added and placed at 4°C overnight (O.N.)
The following antibodies are used: HIF1-a (Novus Biological, 1:500), VEGF-A (Santa
Cruz, 1:500), r-pAb anti-B1-integrin, RM-12 (Immunological Science, Rome, Italy) at
final dilution 1:1000, r-pAb anti-hERG1, C54 (MCK Therapeutics Srl, Pistoia, Italy) at a
final dilution 1:1000 for WB. The next day, the membranes are washed in T-PBS before
adding the secondary antibody (1:10000 Anti-Rabbit IgG Peroxidase a6154 Sigma;
10000 Anti-Mouse IgG Peroxidase a4416 Sigma) for 1h. The membranes are then
analyzed by using the ChemiDoc Imaging system, applying HRP substrate 30s before
revealing (Clarity Western Blotting Substrates, Biorad).

3.3.2 Coimmunoprecipitation

Cells were seeded on FN-coated 100 mm Petri dishes for 90 minutes at 1.5x 108
cells/ml in order to perform co-immunoprecipitation. The Bradford protein assay was
used to quantify the proteins, and the same technique as for the western blot was
used, using NP-40 as the lysis buffer. Pre-clearing was performed on 1.5 mg of isolated
cells by rotating Protein A/G Plus-Agarose (Sigma-Aldrich, St. Louis, MO) beads for two
hours at 4°C, as per the manufacturer's instructions. Following that, cell lysates were
gently rotated overnight at 4°C to precipitate the TS2/16 antibody (5ug) for 1 mg of
protein. Beads were washed three times with PBS and the bound protein component
was eventually eluted by boiling the samples in Laemmli buffer for 5 minutes at 95°C.
The collected samples were run on a 7,5% polyacrylamide gel for 1 hour at 100 V in
Tris-glycine-SDS running buffer (Bio-Rad). Using the "HIGH MW" program (1.3 A, 25
V for 10 minutes), Turbo Blot (Bio-Rad) was used to semi-dry blot gels on PVDF
membranes. Membranes were treated with 0.1% Tween 20 in PBS containing 5% BSA
for two hours at room temperature. Blots were then incubated overnight at 4°C with
polyclonal antibodies against hERG1 (polyclonal rabbit polyclonal antibody. hERG1 CT
pan—polyclonal antibody; DT-552, Di.V.A.L. Toscana Srl, Sesto Fiorentino, Italy), B1

integrin (rabbit polyclonal antibody. RM12, Immunological Sciences, Roma, Italy) at
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1:1000 final concentrations and against tubulin (mouse monoclonal antibody. Anti-
tubulin, Santa Cruz Biotechnology, Dallas, TX, USA) at 1:500 final dilution. The
membranes were then incubated for 45 minutes at room temperature with either
horseradish-peroxidase anti-rabbit secondary antibodies (anti-rabbit IgG (whole
molecule) peroxidase, developed in Goat, Sigma-Aldrich, St. Louis, MO) 1:10.000 or
horseradish-peroxidase anti-mouse secondary antibodies (anti-mouse IgG (whole
molecule) peroxidase, developed in Goat, Sigma-Aldrich, St. Louis, MO) 1:5000. Then,
using the ImageQuant LAS 4000 image capture system and the ECLTM peroxidase
substrate (GE Healthcare, Amersham, UK), the immunoreactivity was assessed by
enhanced chemiluminescence response. The ReBlot WB recycling kit (Merck Millipore,
Burlington, MA) was frequently used for membrane stripping in accordance with the

manufacturer's instructions.
3.3.2.1 Densiometric analysis

After background subtraction, densitometric analysis was carried out on three separate
scans using Imagel software (Image] v.1.38, U.S. National Institutes of Health). At
least three distinct, independent experiments produced the results. Vinculin was
employed for VEGF-A, whereas hERG1, 1, and HIF1-a values were adjusted on the
a-tubulin signal. The signal for the co-immunoprecipitated protein (hERG1) was divided
by the signal of the protein utilized for immunoprecipitation (B1 integrin) and
normalized to the signal of the equivalent protein in the whole lysate (B1 integrin input)
to quantify the hERG1/B1 integrin complex.

3.4 RNA extraction and reverse transcription (RT)

RNA was extracted from CRC cancer cell line HCT116-WT and HCT116-BevA/A,
harvested in T75 flasks. Initially, the cell culture media was aspirated, and the surface
was washed with phosphate-buffered saline (PBS). The PBS was then aspirated and

replaced with fresh PBS, after which the cells were removed with a cell scraper. The
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cells were collected in a 15-mL Falcon tube, which was then centrifuged for 5 minutes
at 1100 RPM. The PBS was removed, and 1 mL of TRIzol reagent was added to the
sample (1 mL from 106 to 107, as per the protocol). The subsequent step entails the
incorporation of 0.2 mL of chloroform for each 1 mL of TRizol™ reagent utilized for
lysis. The contents must be mixed using a vortex, which is crucial for the optimal
separation of the three phases. Subsequently, the sample is incubated for 2-3 minutes,
after which it is subjected to centrifugation for 15 minutes at 12,000 x g at 4°C. The
mixture undergoes a phase separation, yielding a phenol-chloroform layer, an
interphase, and a colorless aqueous layer at the top, which contains the RNA. The
latter is then separated and collected in a new Eppendorf tube. At this juncture, the
isolation of the RNA is initiated. The initial step entails the addition of 0.5 ml of
isopropanol to the aqueous phase, in proportion to the quantity of TRIzol reagent
utilized for lysis. This is followed by an incubation period of 10 minutes at 4°C.
Subsequently, the sample is subjected to centrifugation for a period of 10 minutes at
a speed of 12,000 x g at a temperature of 4°C. The precipitate of total RNA forms a
white gel-like pellet at the bottom of the tube, and the supernatant is removed with a
micropipette. Once the RNA has been precipitated, the sample is washed by
resuspending the pellet in 1 ml of 75% ethanol and 1 ml of TRIzol reagent, which was
used for lysis. The sample is vortexed briefly and then centrifuged for 5 min at 7500 x
g at 4°C. This step is repeated a second time in order to remove as much as possible
of various contaminants (e.g., guanidinium isothiocyanate), which would lead to
inaccurate measurements upon quantification. Subsequently, the supernatant is
removed with a micropipette, and the pellet is permitted to air dry for a period of 5 to
10 minutes. The final step in sample solubilization involves resuspending in 20-50 pl
of RNase-free water by pipetting up and down. The sample is then incubated in a heat
block set to 55-60°C for 10-15 minutes. The entire procedure is conducted with both
samples and TRIzol maintained in a container with ice and under a chemical fume
hood. At this juncture, it is feasible to quantify the field. RNA purity and quantification

was assessed with Nanodrop (Thermofisher) system before reverse transcription, by
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evaluating the absorbance ratio Azeo/A280 and Azeo/A230. Once quantified, 1pug of RNA
was used for reverse transcription with SuperScript IV Reverse Transcriptase
(Invitrogen) and random hexamers using a 2-step protocol. In the first instance, the

mixture was prepared as follows:

COMPONENT VOLUME
Random Hexamers (50uM) 1l

Mix dNTP (10mM) 1yl

RNA (1ug) Upto 11
H-0 to 13 ul

The mixture was heated to 65°C for 5 minutes, then incubated on ice for 1 minute. In

the second step, to each mixture we proceed in adding the following component:

COMPONENT VOLUME
5x buffer SSIV 4 ul
DTT (100 mM) 1l
RNaseOUT 1yl
Super Script® 1V (200 U/ul) 1l

The final mixture is then firstly incubated at 23°C for 10 minutes, followed by an
incubation at 55°C for 10 minutes. In the end, to inactivate superscript IV, we proceed
with an additional step by heating the mixture to 80°C for 10 minutes. The final mixture

can so be used immediately for RQ-PCR or stored at -20°C.
3.5 Real-time quantitative PCR (RQ-PCR)

MRNA expression of angiogenesis-related genes such as VEGF-A, VEGF-C, HIF-1q,
HIF-2a, VEGFR1, VEGFR2, and ANGPTL4 were evaluated by Real-time quantitative PCR
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(RQ-PCR) using SYBR green-fluorescent dye (Power SYBR Green, Applied Biosystems).

The primers used are the following:

PRIMER Sequence (5'-3")
FH2_VEGFA GACTTATACCGGGATTTCTTG
BH2_VEGFA CTGGCTCAGGAAGATTTTATG
FH2_HIF1A GAAACTACTAGTGCCACATC
BH2_HIF1A GGAACTGTAGTTCTTTGACTC
FH2_VEGFC CTGGCTCAGGAAGATTITATG
BH2_VEGFC TGTTTTTACAGACACACTGG
FH2_ANGPTL4 GCTGCATGCGTTGCCTC
BH2_ANGPTL4 CCCTTGGTCCACGCCTCTA
FH2_EPAS1 CAGAATCACAGAACTGATTGG
BH2_EPAS1 TGACTCTTGGTCATGTTCTC
FH2_FLT1 ATGTGAAACCCCAGATTTAC
BH2_FLT1 TGATTGTAGGTTGAGGGATAC
FH2_FLT4 AGGTATTACAACTGGGTGTC
BH2_FLT4 TTCCTCAAATGTCTTCATCC
FH2_GAPDH GGGGTGTTGAAGGTCTAAA
BH2_GAPDH GATCTGGCACCACACCTTCT

GADPH gene has been used as housekeeping, to normalize the expression levels of all

the genes involved. To proceed with RQ-PCR, a mix is prepared, in such quantities as

to obtain 24 ul per well, to which 1ul of the cDNA obtained by retro transcription will

be added. The mixture is the following:

COMPONENT
SYBR Green Mix

Primer forward (10uM)

Primer reverse (10uM)

H20

VOLUME
12,5 pl
0,65 pl
0,65 ul
10,2

The PCR commenced with an incubation period at 95°C for 10 minutes, followed by

40 cycles of amplification. Each cycle consisted of denaturation at 95°C for 15 seconds

and an annealing-extension step at 60°C for 1 minute. The relative quantification of
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gene expression levels was determined using the AACt method. Each reaction was

performed in triplicate.

3.6 Labelling scDb-hERG1/B1 with Indocyanine green
(ICG)

The amine-reactive dye ICG was dissolved in anhydrous DMSO. Solutions of scDb-
hERG1/B1 were incubated with ICG at ICG:scDb molar ratios of 5, 10, and 20 (5%,
10x, and 20x) in conjugation buffer (0.002 M NaHCO3 + 0.048 M Na2CO3 + 0.15 M
NaCl, pH 8.5) for 1 hour in the dark at 37°C with gentle mixing at 750 rpm. Total
volume (250uL) and DMSO percentage were kept constants for all reactions.
Purification was performed using PD-10 desalting columns (Cytiva, Marlborough, MA,
USA). We then proceeded with washing step using double-distilled H,O (washes with
2.5 ml repeated 4 times for 10 ml of ddH>0). At the end of the labelling, bring 2.5 ml
ICG-scDb-hERG1/B1 to volume with ddH20. Pour the 2.5 ml solution onto the column
and allow it to elute. Two phases are separated, a lower one (where the dye is excess
and not bound to anything) and an upper one (where ICG and the antibody are bound).
Once eluted, the column is then placed in a 15 mL Falcon, adding 1.75-2 mL of ddH20
to the column and centrifuge at 1000 g for 5 minutes.

Before testing in an /n vivo setting, the scDb-hERG1/B1-ICG has been characterized by
using the Vevo Phantom (FUJIFILM VisualSonics, Inc., Toronto, ON, Canada), which
allows obtaining such agents' absorption spectra. To perform the acquisition, the
chamber is filled with distilled water, and the tubes are inserted into the chamber and
immersed in the solution. The tubes are then filled, by using a syringe fitted with a 27-
gauge needle, with the following agents: scDb-hERG1-B1-ICG (16mg/Kg), ICG green
(Img/Kg) and mAb-hERG1-ICG (16mg/kg). At the end, absorption spectra for each
agent are obtained, and the system automatically identify those peaks which allows

the distinction of the different contrast agents when observed during /n vivo situations.
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scDb-hERG1-B1-ICG was used in in vivo setting by administrating 100 pg intravenously
1h before the imaging acquisition. Real-time PAI monitoring of the scDb-
hERG1/B1/ICG green PA signal was carried out using the linear array transducer

operating at 57 MHz.
3.7 Cell preparation for In vivo Models

Both PDAC and CRC cell lines, harvested in T75 flasks, were detached with trypsin and
counted by using LUNA II system (Luna II ™ Automated Cell Counter, TWIN HELIX
SRL). All the cells were then resuspended on PBS, considering a final volume of 20uL
for orthotopic mouse models, and 100puL for subcutaneous. In the latter, before the
inoculation of cells, we add 50uL of Matrigel (Corning Matrigel Matrix) to ensure a

reduced spread out of cells.
3.8 Mouse models

For the /n vivo experiments, the same animal models have been used, which are 6
weeks old Foxn1"/nu gthymic nude mice. Those are currently preferable for tumor cell
engraftment as they lack only the mature T cells, representing the least
immunodeficient mice available, keeping the innate immunity intact and providing a

high degree of tumor cell engraftment.
3.8.1 Ethics

Each experiment was carried out at the University of Florence's Animal House
(Ce.S.A.L.) in the L.I.Ge.M.A. laboratory (Laboratory of genetic engineering for the
production of mouse models). Mice were kept in ventilated cabinets within the sterile
room, where they had unrestricted access to food and water and a 12-hour dark-light
cycle. The Italian Ministry of Health approved the procedures under authorization
number 843/2020-PR. For each experiment performed, the minimum number of
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animals required to guarantee the statistical validity of the analyses was used, based
on the G*Power software (for details on the number of animals used, see the

paragraphs below).
3.8.2 PDAC Orthotopic xenograft mouse model

Orthotopic PDAC mice models were generated by the ultrasound (US)-guided injection
using the Vevo F2 LAZR-X imaging system, in which 1x10® PANC-1 per inoculum was
injected.

To assess the therapeutic efficacy of the combination of scDb-hERG1/Bf1 with
Gemcitabine, mice were randomly assigned to one of five treatment groups on day 14
following cell injection. The control group was administered saline (7 = 16), while the
scDb-hERG1/B1 group received 16 mg/kg of the compound (7 = 8). The third group
was treated with 5 mg/kg of Gemcitabine (n= 11). The fourth group received
Gemcitabine (25 mg/kg; n = 7), while the fifth received scDb-hERG1/B1 16 mg/kg +
Gemcitabine/5 mg/kg (n = 5). Treatments were initiated on day 14 and continued until
day 36.

AthymicNude-Foxninu

US Guided injection Tumor 1°US 2°US 3°US £ US 5 US End of tumor
of 1X10° PANC-1 reaches a imaging imaging imaging imaging imaging growth
volume of evaluation

= \\ 10 mm? \ /

Tumor growth  Pharmacological treatment* and tumor growth evaluation
I ] ] ] } } >
0 8 15 22 29 36
*IV administration of scDb at 16mg/kg daily;
IP administration of gemcitabine at 5/25 mg/kg 3 times per week.

Figure 10 Schematic representation of the experimental timeline for the in vivo setting.: from model generation

to pharmacological treatments in PDAC modéel.

To assess the effect of treatments on survival, animals were monitored and euthanized

when they showed signs of distress. Kaplan-Meier survival analysis was performed to
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show the proportion of mice that survived for a given time after treatment.

For better mimic Tumor microenvironment, we then move on in increasing the
complexity of PDAC mouse models. For that, we inject in an Eco-guided way 1x10°
PANC-1 and 1x10° RLT-PSC alone and combination with each other at a ratio of 1:1
and 1:5 respectively, keeping 1x10° of total cells per inoculum (for each group, n =

10). We then followed the Tumor growth for 52 days from the inoculum.

3.8.3 CRC subcutaneous xenograft mouse model

HCT116-WT HCT116-WT or Beva/A cells
. ¢ | % 1° Imaging 2° Imaging
e P’ =
i I Tumor growth l Mice euthanasia
HCT116-Beva/A 0 Day ol 1T 1T 11117, Tumorepant
% HREvEiRah 4 treatment with Beva
@ 2 weeks treatment with scDb

treatment with scDb+Beva

Figure 11 Schematic representation of the experimental timeline for the in vivo setting: from model generation to

pharmacological treatments in CRC models.

For CRC, two subcutaneous mouse models of colorectal cancer xenograft were
produced. A first model, sensitive to Bevacizumab, was generated by subcutaneous
inoculation of 1x106 HCT116-WT on both sides of the athymic Foxnlnu/nu mice flanks.
A second model, resistant to Bevacizumab, was produced by subcutaneous inoculation
of 1x10% HCT116-Beva/A cells. Mice with CRC resistant or sensitive to bevacizumab
were divided into four groups: a saline group (7 = 22), a Bevacizumab group (treated
i.v. with 10 mg/kg of Bevacizumab), scDb-hERG1/B1 group (treated i.v. with 16 mg/kg
of scDb-hERG1/B1), and a group Bevacizumab + scDb-hERG1/B1 group (treated i.v.
with 10 mg/kg of Bevacizumab and16 mg/kg of scDb-hERG1/f1) (all treatment groups,

n =12). All the treatments began on day 10 after cell inoculation and ended on day
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22. Bevacizumab was administered in both models two times a week, and scDb-
hERG1/B1 was administered daily.

3.9 Comprehensive Evaluation of Tumor Growth,

Oxygenation, and Perfusion Dynamics

Tumor growth, oxygenation, and perfusion were evaluated using the Vevo F2 LAZR-X
system (Fujifilm VisualSonics, Toronto, Canada), a hybrid system that integrates the
capabilities of ultrasound with photoacoustic imaging. In the ultrasound department,
high-frequency transducers (5 to 57 MHz) are employed to ultrasonically analyze
various regions of interest (ROIs) in animals, in conjunction with optical fibers bundle,
which have a resolution of 50 um, to obtain photoacoustic images.

The procedure is carried out in four distinct phases on a previously inoculated mouse

model.

1. Preparation. Initially, the optical fibers are connected to the ultrasound probe
(57 or 29 MHz) via a specialized jacket. Subsequently, the animal is anesthetized
with isoflurane gas (5% for induction, 2% for maintenance).

2. Positioning. The animal is placed on the imaging platform in the right lateral
recumbent position for PDAC and immobilized, while in the prone position for
CRC. Ultrasound gel is then applied to the acoustic window over the tumor site,
and placing the ultrasound probe close to the animal's skin in the area of the
tumor mass.

3. Acquisition: The ultrasound transducer is mounted on a three-dimensional
motor, which enables the entire tumor mass to be selected and scanned. A
preliminary ultrasound image of the tumor mass is obtained in the initial
acquisition stage. Subsequently, photoacoustic imaging is conducted by
selecting the appropriate wavelength window (750/850nm for deoxyHb and
oxyHb, 820nm  scDb-hERG1/B1-ICG) for acquiring it in  3D.
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For the evaluation of Tumor perfusion in Colorectal cancer and PDAC mouse
models, Nonlinear contrast mode on day 22 and 56 respectively is performed.
50 ul of Vevo MicroMarker contrast agents, which are non-targeted
microbubbles, are intravenously injected. For perfusion acquisition, 2D cross-
sectional imaging were performed using the 29 MHz linear array transducer
(UHF29X).

4. Assessment: In the final step, Vevo Lab software is employed to render the
tumor mass in 3D, thus enabling the assessment of its volume, oxygenation,

and perfusion.

3.9.1 Data processing for Ultrasound (US) and Photoacoustic
Imaging (PAI)

The volumes were measured delineating the ROI (Region of Interest) for every axial
slide using Vevo LAB software.

PAI was used with OxyHemo-Mode was used to determine oxygen saturation (sO2 %)
and hemoglobin (Hb) comparing the PA signal at 750 and 850 nm. The transducer was
equipped with a jacket for inserting the narrow optical fiber bundle.

Four parameters were obtained with PA: HV, sO2tor, sOzp, and Hbrot. HV is the hypoxic
volume and represents the necrotic part of the tumor. sO2ror gives an indication of
tissue oxygenation, while sO2r considers only the peripheral part, excluding the
necrotic central area. Hbror represents the sum of all the hemoglobin values of the
mass.

To evaluate the absorption spectra of the scDb-hERG1/B1-ICG, ICG alone, and mADb,
Spectro-mode was used, and the absorption spectra of the contrast agents were
directly saved into the Vevo Software. Then, the spectral fingerprints were used with
the Multi-wavelength mode for acquiring the signal into the tumor masses. The Live

Unmixing feature of the software enables real-time display of spectrally unmixed
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components, allowing for dynamic monitoring of the conjugate's distribution and

targeted delivery during multispectral imaging.
3.9.2 Data Processing for Contrast Enhanced Ultrasound (CE-US)

Tumor perfusion status was assessed at day 22 for CRC (end point) and 56 for PDAC
by Contrast Enhanced Ultrasound (CE-US) imaging following i.v. injection (50 i, tail
vein) of non-targeted Vevo MicroMarker (contrast agent;Fujifilm Visualsonics). 2D
cross-sectional imaging of tumors were obtained with 29 MHz linear array transducer
(UHF29X). Data were processed with VevoCQ software (Visualsonics Fujifilm), and the
ROI was drawn manually along the perimeter of each tumour using the measurement
tools. The perfusion parameters calculated from each ROI were Peak Enhancement
(PE), mean transit time (MTT), time to peak (TTP), Area Under the Curve (AUC), and
Perfusion Index (PI). The PE was defined as the maximum signal intensity measured
after the injection of the contrast agent. The MTT was defined as the average time
required for the contrast agent to pass through the ROI. TTP was defined as the time
interval from the beginning of enhancement to the PE. The AUC was defined as the

area under curve to infinite time. PI was calculated as AUC/MTT.

3.10 Histology and Immunohistochemistry on

xenografts

Formalin-fixed, paraffine embedded HCT116-WT and HCT116-Beva/A were analyzed
for the expression of the following protein: CD31 (Anti-CD31 antibody [RM1006],
ab281583, Abcam), HIF1-a (NB100-296, Novus Biologicals), VEGF-A (VEGF (A-20) sc-
152, Santa Cruz). Firstly, we proceed by cutting, with the microtome, a 5um thick
Tumor section. Each section is then dewaxed and rehydrated before the inactivation
steps for endogenous peroxidase, which consists of exposing for 20 minutes to a 1%
H>0O- in PBS solution. Antigen retrieval is then performed by heating the samples in a

microwave oven at 600W in a citrate buffer pH 6.0 for 15 minutes. After two washing
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steps of 5 minutes each, a 1h blocking step using 10% BSA in PBS is performed. The
antibodies were added overnight at 4°C after the blocking step, with a proper dilution
in 10%BSA/PBS as follows: CD31 (1:500), HIF1-a (1:100), VEGF-A (1:50).
Immunostaining was carried out with a commercially available kit (ImmPRESS® HRP
Universal, MP-7800), according to manufacturer’s instructions. All the samples were
counterstain with Mayer’s Hematoxylin. HIF1-a and VEGF-A expressions were
evaluated with an estimate of the percentage of immunoreactive cells, focusing on the
areas observed at 10x magnification that exhibited a higher density of stained cells. a-
SMA expression instead is used for counting the number of vessels in each slice

analyzed.

3.11 Histological evaluation of necrotic volume (%) and

vessel estimation

In HCT116-WT and HCT116-BevA/A untreated group, we calculated the percentage of
necrotic volume and the vessel count. For determining the necrotic volume, all the
samples were counterstained with Hematoxylin and eosin. To calculate the percentage
of the necrotic volume, we approximate the paraffin section as a disk, obtaining the
volume of our masses with the formula: Vsecion=nxr?xh, where h represents the
thickness of the sections (5um) and r the radius of the masses calculating by ImageJ
software. Once we have the Vsection, We proceed to calculate the radius of the necrotic
area, always by adopting Imagel, with the same formula: Vnecrotic=nxr2xh, where h is
the same as Vsection. TO calculate the percentage of necrotic Volume, we then proceed
with the following formula: (Vnecrotic/Vsection) *100%.

For vessel count, we focused on three different kinds of analysis, by evaluating (i) the
number of vessels normalized for the area of the section (Number of vessels/slice), (ii)
the number of Vessels on the slice (Vesselssice), and (iii) extrapolating the number of

vessels in all the Tumor masses (Vesselstor).
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(i) For obtaining the Number of Vessels/slice, we count the vessels for a given section
of the tumor and normalized for the given area (mm?) of the slice, calculated by
Imagel. (ii) Vesselssiice is obtained by directly counting the nhumber of vessels on the
slice. (iii) To calculate the number of vessels within a given tumor volume, we ran a
series of calculations, focusing on a disk with specific dimensions for a better
approximation of paraffine sections and particle characteristics, and assuming a sphere
volume for global tumor masses. The volume of the disk representing the paraffine
sections is calculated with the formula: Vsecion=nxr?xh, where h represents the
thickness of the sections (5um) and r is the radius of the masses calculated by ImageJ
software. The volume of the tumor masses has been approximated as a sphere and is
calculated by the formula: Vumor=4/3xnxr3. In the end, the total vessel count has
been obtained by the following formula: Total vessels= (Viumor/Vsection) XN° Vessels of
section.

All measurements were performed independently by three different experimenters,
each blinded to the work of the others to ensure objectivity and minimize bias. This
approach was applied consistently across all evaluations, including the calculation of
necrotic volume and vessel counts, to enhance the robustness and reliability of the

obtained results.
3.12 Statistical analysis

GraphPad prism software (version 5.1, GraphPad Software, San Diego, CA, USA) was
performed for statistical analysis. For a single treatment group comparison, unpaired
Welch T-test was used to identify statistically significant differences (pvaiue<0.05).
Using R software (v.4.2.2), the log-rank test was used to determine the significance

of the mean survival in the Kaplan-Meier curves.
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4,Results

4.1 Pancreatic Ductal Adenocarcinoma (PDAC) Studies

4.1.1 Generation of orthotopic xenograft mouse model of PDAC

Figure 12 A) The mouse was placed on its right flank and the needle of the Hamilton syringe was positioned
perpendicular to the transducer. B) Needle insertion and injection of 1X10° PANC-1 cells into the pancreas C)
Tumor development was monitored with USI and D) 3D rendering of the Tumor mass, obtained by Vevolab

software.

To generate orthotopic xenograft mouse model of PDAC, we proceed with an
ultrasound-guided injection of PANC-1 directly into the pancreas of athymic nude mice.
The whole procedure relies on several steps that need to be properly followed. At first,
we prepared 1x10° PANC-1, suspended in 20uL of PBS, one hour before the
inoculation. Vevo F2 LAZR-X system is turned on and set to B-Mode imaging using the
57Mhz transducer.
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First, is performed a subcutaneous injection of the analgesic drug carprofen (NSAID)
at a dose of 5mg/Kg. We proceed by anesthetizing the mouse into the gas chamber
using 4% isoflurane. Once the mouse is anesthetized, it is transferred to a handling
table, properly heated to 37°C, and equipped with a nose cone that allows the exit of
a continuous flow of 2% isoflurane, to keep the mouse anesthetized throughout the
procedure. The mouse must be put on the right flank on the handling table, and
adequately fixed with adhesive gauze on the right hand, right foot, and tail onto the
electrode pads which allows to register ECG and respiration rate during the intervention
(Fig.12A ). In addition, the skin must be properly stretched to ensure an optimal
perforation of the syringe during the injection. Once the mouse has been properly
placed, we sanitize the skin with 70% ethanol and apply ultrasound gel on the
abdomen by using a 50 mL syringe. The transducer, which is connected to a 3D motor,
is then lowered towards the skin, and placed transversally to the animal body. Once it
has been visualized the pancreas, we can proceed to prepare the syringe for the
inoculation. For that, we load cells suspended 20uL of PBS in a Hamilton syringe
equipped with a 28g x 30mm needle. The syringe is then placed on a specific holder
micromanipulator, with the needle bevel facing up and making a 45° angle with the
ultrasound transducer by lowering the syringe to the mouse skin. By doing that, we
are able now to visualize the syringe in the US image on the display. The
micromanipulator is then used to pierce the skin and insert the syringe needle into the
pancreas. Before injecting the cells, we must ensure that the pancreatic tail we
observed with the US visualization, is situated behind the spleen and close to the left
kidney (Fig.12B ). After that, we proceed by the injection of the 20uL bolus straight
into the pancreas, leaving the needle in place for five to ten seconds, then slowly
retracting it. In the end, take out the US gel from the mouse's flank and put it in a
fresh cage by itself, observing until it has regained sufficient consciousness. PDAC
mouse models required from 8 to 14 days before ipo-echogenic Tumor structure in the
tail of the pancreas can be observed (Fig.12C ). Tumor cell engraftment and tumor

development were evaluated with 3D US imaging. The 3D acquisition was performed
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in B-mode using the 3D motor that allows the transducer to scan the abdomen in
various sections along the axis perpendicular to the transducer. A series of 2D images
were obtained which were then assembled by the analysis software VevolLab,
reconstructing the 3D anatomical image of the Tumor (rendering 3D, Fig.12D ). 20
mice were injected with PANC-1, and 16 out of 20 animals developed the Tumor within

14 days.

4.1.2 Evaluating scDb-hERG1/1 Penetration in Orthotopic PDAC

Xenograft Tumors using Photoacoustic Imaging

mAb-ICG
I 1CG

scDb-

hERG1/B1-

ICGgreen

PA Average

I NN NN RN
735 Fon 45 500 ]

Wavelength (nm)

Figure 13 Comparison of the absorption spectra of scDb-hERG/S1-ICGgreen (purple), ICGgreen (Blue), and mAb-
hERGI-ICGgreen (green). The spectra were obtained by using VevoPhantom.

Once we obtained the orthotopic PDAC xenograft mouse, we evaluated the capability
of scDb-hERG1/B1, combined with gemcitabine, to inhibit tumor growth. Previous
studies have demonstrated the presence of the hERG1/B1 integrin complex in PDAC
primary samples and PDAC cell lines, as well as the high expression of hERGL1 in
primary human PDAC samples!’8-180, Before testing the efficacy of the combination
therapy, we evaluate the capability of the scDb-hERG/1 to reach and target the PDAC
tumor masses in our mouse models, by conjugating it with ICG.

Firstly, we use the Spectro mode to characterize the absorption spectra of the scDb-
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Figure 14 Two-dimensional ultrasound (A) and photoacoustic (B) images of tumor masses acquired one hour after

Intravenous injection of 1mg/kg ICGgreen (.1) and 16mg/kg of scDb-hERG1/B1 (.2). The tumor is evidence by cyan
region. On PA imaging (B), red areas indicate the presence of oxyhemoglobin, blue areas indicate the presence of

deoxyhemoglobin, and green spots indicate the ICG signal.

hERG1/B1 compared to ICG alone and in the conjugated form with a mAb. We
observed that the scDb-hERG1/B1 absorption spectra retain the characteristic pattern
of ICG, showing the successful conjugation of the antibody with the dye, but with slight
changes in both peak intensity and peak shift, probably due to the interaction between
the dye and the antibody. The peak at 800nm of the ICG, in scDb-hERG1/B1-ICG is
shifted to 820nm compared to the free dye (Fig.13), allowing for the monitoring of
the targeted delivery in the xenograft model. We then evaluated the Tumor
penetration of scDb-hERG1/B1-ICG in the xenograft model. Two mice bearing PDAC
xenograft tumors with a size of 20 mm?3 were intravenously administered 50 L scDb-
hERG1/B1-ICG (16mg/Kg) and 50 pL of ICG alone (1mg/Kg). One-hour post-injection,
Photoacoustic imaging used with Multiwavelenght mode was performed, unmixing the
signal derived from oxyhemoglobin, deoxyhemoglobin, scDb-hERG1/B1-ICG, and ICG
alone. Observing the PA signal intensity of scDb-hERG1/B1-ICG compared to ICG
alone, we could appreciate an accumulation of the targeted construct within the tumor
(Fig.148.2 ). In contrast, no signal is appreciated when injecting only ICG alone
(Fig.14A.2). These data confirm the specific tumor targeting capability of the scDb-
hERG1/B1 antibody in the PDAC xenograft model, supporting the rationale for the
combination therapy with gemcitabine. These findings have been submitted in Lottini
et al. 2023 %,
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4.1.3 Combinatory treatment on orthotopic PDAC xenograft

Having shown that scDb-hERG1/B1 targets PDAC in /n vivo mouse models, we evaluate
its ability to impact tumor growth by combining it with gemcitabine at both therapeutic
and sub-therapeutic doses. On account of that, 14 days after cell inoculation, mice

were randomized in 5 groups: Saline (CNTRL), gemcitabine 25 mg/kg (Therapeutical

B 250-

A 300- =& Cntrl (saline)
-# Gemcit Smg/kg
2504 -+ Gemcit 25mg/kg 200- - Gemcitabine 5 mg/kg

= Gemcit 51’"?”\&“’ seDb 16mg/kg - -#&- Gemcitabine 25 mg/kg

E 2004 - 3cDb [6me/ke E . Gemeitabine 5 mg/kg +
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GEM 25 mg/kg GEM 5 mg/kg GEM 5 mg/kg + scDb-hERG1/1

Figure 15 Tumor growth in time for all the treatment group (A). It can be appreciated how the combinatory
treatment (B) enhanced the therapeutic efficacy of gemcitabine when applied at sub-therapeutical dose, reaching
a same impact on tumor growth as the gemcitabine at therapeutic dose. (C) Representative US images of tumor
masses at the endpoint, for gemcitabine 25mg/kg, 5mg/kg and combinatory treatment. For each 2D US image, is

reported also the 3D rendering tumor masse for each treatment.

dose), gemcitabine 5 mg/kg (sub-therapeutical dose), scDb-hERG1/B1 16 mg/kg, and
a combination of gemcitabine 5 mg/kg and scDb-hERG1/B1 16 mg/kg. The
experimental endpoint was set on day 36 after cell inoculation, as tumor growth
beyond this stage no longer reflects the typical progression of the disease. At the

treatment endpoint, the saline group showed the greatest tumor growth compared to
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all the other groups reaching a mean tumor volume of 246.2 mm3 + 94.1 mm3, while
gemcitabine 5 mg/kg and scDb-hERG1/B1 16 mg/kg alone showed a lower mean
volume of 189.2 mm3 = 74.1 mm3and 178.4 £ 68.2 mm3 respectively, though this

1.004
L — scDb-hERG1-B1 Groups Mean
scDb-hERG1-B1+Gemcitabine 5mg/Kg survival time
—| — Gemcitabine 25mg/Kg (D )
i — CTRL ays
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>
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0.00+
20
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Figure 16. Kaplan-Meier survival curves for all groups under all the treatments (A). As evidence from the table (B),

combinatory treatment provides a higher mean survival time compared to the other groups.

difference was not statistically significant Fig. 154 ). Of more interest was the effect on
the growth of gemcitabine 25mg/kg alone and the combination of gemcitabine 5mg/kg
with scDb-hERG1/B1 16mg/kg (Fig.158).

As expected, gemcitabine 25mg/kg had a great impact in tumor growth, reaching a
final mean tumor volume of 89.4 mm3 £ 32.0 mm3, reaching also the significant
(p=0.0008) if compared to the saline group. Combinatory treatment shows a similar
impact as gemcitabine 25mg/kg on tumor growth, showing a final mean tumor volume
of 93 mm3. That is also statistically significant compared to the saline group (p=0.003),
showing how the combination therapy significantly potentiated the chemotherapeutic
effect of gemcitabine 5mg/kg alone, which displayed high tumor growth. That may be
important, as a lower dose of gemcitabine can be fundamental to overcome side
effects provided by the chemotherapeutic drugs while keeping the same therapeutic
efficacy.

To assess the potential impact of the different treatment routes on survival and

potentially establish long-term toxicity, mice were monitored after treatment and
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euthanized when they display signs of suffering, performing a Kaplan-Meier survival
analysis to assess differences between groups (Fig.16).

The mean survival time for mice treated with gemcitabine at 25 mg/kg was 76.6 days,
compared to 67 days for the control group and 59 days for the group treated with
gemcitabine at 5 mg/kg alone. The latter two groups showed a similar survival trend,
reflecting the ineffectiveness of the subtherapeutic dose of gemcitabine. Increased
overall survival was observed in the groups treated with scDb-hERG1/B1 alone (79
days) and in the combination group of scDb-hERG1/B1 and 5 mg/kg gemcitabine (82
days). The median survival time of the scDb-hERG1/B1 group was significantly
different from that of the 5 mg/kg gemcitabine group (p = 0.05). The difference in
media survival time between the 25 mg/kg and 5 mg/kg gemcitabine groups was
statistically significant (p = 0.02). In addition, the combination group (scDb +
gemcitabine 5 mg/kg) showed significantly longer survival compared to the 5 mg/kg
gemcitabine group alone (82 days vs. 59 days, p = 0.1). In the 25 mg/kg gemcitabine
group, severe signs of distress were observed, including reduced mobility and back
arching, leading to euthanasia. These mice also exhibited a decrease in nesting
behavior earlier than other groups, similar to the control group. At the time of sacrifice,
30% of the mice treated with gemcitabine 25 mg/kg developed ascites and exhibited
abnormal liver conditions, confirming the toxic effects of the treatment. These findings
explain why mice treated with the therapeutic dose (25 mg/kg) of gemcitabine started
to die later but showed a narrower time window (days 62-88) of death compared to
all other groups. In contrast, no ascites or abnormal liver or kidney conditions were
observed during sacrifice in the scDb-hERG1/B1 or scDb-hERG1/B1 + 5 mg/kg
gemcitabine groups. Additionally, general signs of suffering, such as abnormal posture
and reduced mobility, were observed later in these groups compared to the control
and 25 mg/kg gemcitabine groups, indicating a lower level of treatment-related

toxicity. These findings have been submitted in Lottini et al. 2023 7%,
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4.1.4 New Orthotopic PDAC xenograft mice: RLT-PSC/PANC-1 co-
injection

The extracellular matrix, as a crucial element of the tumor microenvironment,
significantly influences the development and progression of pancreatic ductal
adenocarcinoma. PDAC is characterized by an abundance of desmoplastic stroma
surrounding tumor cells, which increases the aggressiveness of malignancy and leads

to increased therapeutic resistancel82183,
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Figure 17 (A) Time course of Tumor growth for all the treatments. (B) Oxygen saturation levels, evaluated at days
56 for all the groups. Tumor volume and hypoxia: (C-F) Representative of B-mode and oxyhemoglobin PA images
of pancreatic ductal adenocarcinoma (PDAC) tumors derived from the injection of PANC-1 cells (C), PANC-1/ RLT-
PSC 1:1 (D), PANC-1/RLT/PSC 1:5 (E), and RLT-PSC (F) cells

Therefore, to better predict the therapeutic efficacy of novel therapies, new /n vivo
models that better mimic the tumor microenvironment are needed. To elucidate the

role of stroma, we established 4 groups of orthotopic PDACs, always performing an
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eco-guided injection of 1x10° cells, as follows: (i) PANC-1 (n=5); (ii) RLT-PSC (n=5);
(iii) 1:1 ratio between PANC-1 and RLT-PSC (n=7); (iv) 1:5 ratio between PANC-1 and
RLT-PSC (n=6). These models were then characterized for Tumor growth, hypoxia,
and perfusion. The mice were followed for 56 days after cell injection, performing US
imaging starting on day 14 and repeating once a week, while PA and Non-linear

contrast imaging were performed at the experimental endpoint.

Following tumor growth, all cell lines exhibit comparable time trends in tumor growth,
although, at the endpoint, some differences in mean tumor volume can be observed
between the different models. For PANC-1/RLT-PSC 1:1 and RLT-PSC, mean tumor
volumes are similar, reaching 161.1 mm3 and 156.4 mm3, respectively. PANC-1
demonstrated a reduction in tumor growth over time in comparison to PANC-1/RLT-
PSC 1:1 and RLT-PSC, reaching a final volume of 128.8 mm3, although the observed
differences were not statistically significant. A substantial decline in tumor growth was
observed in the PANC-1/RLT-PSC 1:5 group, in comparison to the other groups, with
a final volume of 87.5 mm3 at the endpoint (Fig.1/A).

It is also noteworthy that the PANC-1/RLT-PSC 1:5 group exhibits distinctive
characteristics concerning hypoxia and the perfusion index. The oxygen saturation
percentage in this group is lower than that observed in all other groups, reaching a
final value of 41.7% (Fig.17B ). The oxygenation levels of the PANC-1/RLT-PSC 1:5
model is significantly lower than those of the PANC-1/RLT-PSC 1:1 (52.6%; p=0.03)
and RLT-PSC (59.2%; p=0.004) models. However, the difference is not statistically
significant when compared to the PANC-1 model (45.3%; p=0.14).
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The observation of the perfusion index, which relates to the functionality of the
vascular network in the tumor, demonstrates a consistent reduction in the PANC1/RLT-

PSC 1:5 model in comparison to the other models (Fig.18 ). However, this difference

PANC-1
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Figure 18 Tumor perfusion index: The maximum intensity projection (MIP) on representative tumors produced from
the injection of PANC-1 (A), PANC-1/RLT-PSC 1:1 (B), PANC-1/RLT/PSC 1:5 (C), and RLT-PSC (D) cells was acquired
using contrast-enhanced ultrasonography (CEUS) following the injection of microbubble contrast agents (Vevo
MicroMarker). (A-D) The spatial distribution of microbubbles on sample tumors Is depicted in parametric pictures.

The region of interest (ROI) drawn around the periphery of each tumor has been used to compute the PI.

is not statistically significant.

The perfusion index in that model is lower (19.6 a.u) in comparison to all the other
groups, with the PANC-1 model displaying the highest value (38.6 a.u). RLT-PSC and
PANC-1/RLT-PSC 1:1 also in this case display similar values, of 34.5 and 35.2,
respectively.

These results suggest that the introduction of a higher stromal component in the
xenograft model, specifically a higher proportion of RLT-PSC, leads to increased
hypoxia and reduced vascular perfusion, which in turn causes a reduction in overall
tumor growth compared to the control PANC-1 model.

Additionally, we proceed to check the presence of metastasis in the liver (Fig.19). On
macroscope inspection, tissue lesions were seen in the livers of two of the seven mice
given the PANC-1/RLT-PSC 1:1 inoculation and two of the six mice given the PANC-
1/RLT-PSC 1:5, indicating the possibility of metastases. Notably, animals given PANC-
1 and PSC-RLT did not exhibit any lesions.
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PANC-1/RLT-PSC (1:1)

PANC-1/RLT-PSC (1:5)

Groups n° of mice with
liver lesions/total
PANC-1 0/5
PANC-1/RLT-PSC 2/7
(1:1)
PANC-1/RLT-PSC 2/6
(1:5)
RLT-PSC 0/5

Figure 19 Macroscopic metastasis evaluation on the liver. The number of lesions observed in total for each group

/s reported in the table.
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4.2 Colorectal Cancer (CRC) Studies

4.2.1 In Vitro Characterization of Angiogenesis-Related Gene

Expression

Two CRC cell lines were used: HCT 116 (HCT 116-WT) and HCT 116 cells adapted to
Beva (HCT 116-Beva/A) which were first established and characterized by Ellis’
group!®, These two cell lines were first characterized in an /in vitro setting by
evaluating angiogenesis-related genes and proteins. Firstly, we performed an RQ-PCR
on both for the following genes: VEGF-A, VEGF-C, HIF-1a, HIF-2a, VEGFR1, VEGFR2,
and ANGPT4.
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Figure 20 RQ-PCR of angiogenesis-related gene expression of HCT116-WT (white bar) and HCT116-Beva/A (black
bar).

On both cell lines, we can see minimal differences in mMRNA expression for all the
genes, and no significant differences were found in any of the analyzed genes
(Fig.20 ). Only in the case of VEGFR-1 emerged a difference, where HCT116-Beva/A
has a decreased expression for the decoy receptor compared to HCT116-WT, although

it is not significant. Minimal differences have also been observed when looking at HIF-
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1a and VEGF-A, for both a minimal increase in HCT116-WT has been reported.

Interestingly, also by Western blot analysis for HIF-1a and VEGF-A proteins unveiled
the same trend revealed with RQ-PCR (Fig.21 ). Under hypoxic conditions, minimal
differences, as seen in the mRNA, have been highlighted, but no significant differences
have been observed. This lack of variation at both the mRNA and protein levels

reinforces the idea that the regulation of HIF-1a and VEGF-A remains stable in both

cell lines.
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Figure 21 Western blot in hypoxia and Normoxia condition, and protein expression evaluation for HIF-1a (A) and
VEGF-A (B).

Furthermore, both cell lines were analyzed for VEGF-A protein levels using ELISA,
revealing similar trends across treatments (Fig.22 ). Although VEGF-A levels responded
to treatments, no significant differences were observed between HCT116-WT and
HCT116-Beva/A cells, indicating that VEGF-A expression is preserved in both lines.
Both cell lines revealed a significant reduction in VEGF-A concentration after Beva
treatment, equal to ~ 0.5 ng/ml. This reduction indicates that Bevacizumab neutralizes
VEGF-A even in the Bevacizumab-adapted cell line.
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Figure 22 ELISA analysis of VEGF-A on either HCT116-WT and HCT116-Beva/A under different treatments.

There was a significant increase in VEGF-A levels with scDb-hERG1/B1 treatment
compared to Bevacizumab-treated cells. Quite curiously, HCT116-Bev/A cells showed
a huge increase in VEGF-A concentration (~4 ng/ml), almost double that of HCT116-
WT (~2.5 ng/ml). The combined treatment of scDb-hERG/B1and Bevacizumab resulted
in a reduction of VEGF-A levels in both cell lines compared to scDb-hERG/1 alone,
indicating a potential additive or synergistic effect of the combination therapy.

Overall, the adaptation of HCT116 cells to Bevacizumab does not significantly alter the
expression or regulation of angiogenesis-related factors, highlighting the preserved

nature of VEGF-A expression in both cell lines under various treatments.
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4.2.2 US and PAI on masses obtained from HCT 116-WT and HCT
116-Beva/A cells

After in vitro characterization, the next step was to analyze the differences between
these two cancer cell lines in an /n vivo setting. For this purpose, cells were cultured
in the absence (in case of HCT116-WT) or with 250 ug/ml (HCT 116 Beva/A) of

Bevacizumab for 2 weeks. Subsequently, 1x106 cells were injected subcutaneously into
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Figure 23 Tumor growth: (A) Representative US images of tumor masses at day 10 and 22 (endpoint) for HCT116-
WT and HCT116-Beva/A cell line. (B) Following tumor growth in time, the two cell lines display identical time trend,

reaching a same mean volume at the endpoint.

the flanks of Foxn1"/nu athymic nude mice. Using ultrasound imaging, we monitor the
tumor growth for those two different tumor models at 10 and 22 days. Looking at the
growth curve, we cannot see any differences statistically significant both at 10 and 22
days (Fig.23B). At the endpoint both the HCT 116-WT and the HCT 116-Beva/A mass
had similar mean volumes, measuring 293.5 mm3 + 22.43 mm?3 SD and 263.1 mm3 +
22.14 mm3 respectively. On day 22, we then proceed to evaluate primary
angiogenesis-related features of the masses, by using PAI and nonlinear contrast (CE-
US) to assess oxygenation levels and perfusion characteristics, respectively.

Several parameters were evaluated using photoacoustic imaging. Specifically, taking
advantage of the photoacoustic properties of hemoglobin, we first measured the

hypoxic core volume (HV) and oxygen saturation using the distinct extinction
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coefficient of oxy- and deoxyhemoglobin at 750 nm and 850 nm respectively. In

addition to measuring the mean saturation of all tumors (sO2tot), we also determined

the oxygen saturation of the peripheral region around the hypoxic core (sO2p)

(Fig.24A,B).

No difference as assessed between the two models looking at the HV mean values.

The percentage of sOror was lower than sOzp in both models, as predicted, and the

absolute values of sOzror and sO2p diverged (Fig.24C ). When comparing the two

models, it is found that HCT116-Beva/A displays higher values for both sOztor and
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Figure 24 Representative images obtained by Photoacoustic imaging: (A) oxy-hemoglobin evaluation, with the
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hypoxic core defined as the area supported by the green line; (B) hemoglobin total content evaluation. HCT116-
WT and HCT116-Beva/A were then compared for HV, sOzror, $O20 Hbror (C). Scatter plot with Pearson

correlation analysis has been performed comparing HV, sOzro1, sOzp, Hbror (D).
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sOp, and the difference in sO2p also approached statistical significance (p=0.01).
Finally, we determined the total hemoglobin content (Hbror) for all Tumor masses. In
contrast to oxygenation levels, Hbror displays similar values between HCT 116-WT and
HCT116-Beva/A tumor models.

To gain more insight into HV, sO2, and Hbror, a correlational analysis was performed
(Fig.24D ). Pearson’s correlation coefficients were calculated to evaluate the strength
and direction of the relationships between those parameters.

HV compared to both sO>torand sO2r showed a moderate correlation, but with different
trends. While sO2tor displays a negative moderate correlation (Pearson r= -0.6;
p=0.05), by looking at sOyp it emerges a positive moderate correlation (Pearson r=
0.5; p=0.02). Although, highlighting the differences between Hbror and sOztor, the
correlation between these two parameters has shown a negative moderate correlation
(Pearson r= -0.5; p=0.07). It can be seen from the data obtained that although the
larger the necrotic volume is, the lower the total oxygenation within the mass is. In
contrast, peripheral oxygenation increases as necrotic volume increases, implying that
there are angiogenetic processes in the tumor periphery, and that necrotic volume

may be a good way to assess the level of tumor progression.
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4.2.3 Perfusion on masses obtained from HCT 116-WT and HCT
116-Beva/A cells

To obtain more angiogenesis-related parameters, we applied CE-US to quantify tissue
perfusion by systemic injection of microbubbles. No statistically significant differences
were found, despite the masses obtained from HCT116-Beva/A cells having generally
lower values of PE (Fig.25A ), TTP (Fig.25B ), mTT (Fig.25C), and PI (Fig.25E ) than
those obtained from HCT 116-WT cells, suggesting a possible reduction in blood flow
efficiency, increased leakiness (suggested by PE), and a reduced complexity of vessels
(suggest by TTP and mTT). Only the AUC values are higher in HCT116-Beva/A masses
compared to HCT116-WT. The lack of significance is due to the high variability within
the single experiments.

HCT116-WT

Figure 25 Nonlinear contrast imaging on HCT116-WT and HCT116-Beva/A cell lines. For each parameters obtained,
a representative image and the comparison between the two tumors-derived cell lines have been reported. (1)
Peak Enhancement (PE); (2) Time to Peak (TTP);(3) Mean Transit Time (mTT), (4) the Area under the curve, (5)
Perfusion Index (PI).
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4.2.4 Correlation of Perfusion and Photoacoustic Imaging

Parameters

We pulled all data together to perform correlation analyses to determine how perfusion
parameters correlate with PAI parameters (sOztor, SO2p, or Hbtor). This analysis was
based on 7 data points, all collected within a single experiment. This approach was
chosen to minimize variability arising from instrumental fluctuations in oxygenation
measurements and operator handling. The analysis revealed a moderate correlation of
PE with Hbror (Pearson r= 0.53; p=0.22) and to a lesser extent with sO,tor (Pearson
r= 0.30; p=0.50) although no statistical differences were assessed (Fig.26A ). TTP

values showed only an inverse correlation with sO2tor (Pearson r= -0.67; p=0.10) and
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Figure 26 Scatterplot showing the relationship between photoacoustic and perfusion parameters. (A) Peak
enhancement plotted against Hbror and sOzror; (B) TTP(S) plotted against Hbror and sOzror; (C) mTT(s)
plotted against Hbror and sOzep.
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Hbtor (Pearson r = 0.64; p=0.12) but not with sOp (Fig.268 ). This indicates that a
longer time to peak is associated with a lower total oxygen saturation and a lower total
Hemoglobin, although these findings are not statistically significant. That showed that
as vessels show more complexity, this leads to a reduction in global efficiency by
reducing total hemoglobin content within the mass and reducing total oxygenation
levels.

The mTT parameter was strongly correlated with Hbror (Pearson r = 0.84; p=0.02)
and to a lesser extent with sO2p (Pearson r = 0.52; p=0.23), indicating that prolonged
blood flow, due to abnormal vasculature, cause an accumulation of red blood within
the tumor (Fig.26C). As sO2p grows with mTT, it also suggests an increase in hypoxic
volumes, as the previous paragraph evidences a correlation with that.

For all the other data, no correlation has emerged. Overall, the significant finding is
the strong correlation between mTT and Hbror, suggesting that the mean transit time
is a good predictor of total Hemoglobin levels.

Therefore, we proceeded to consider the PAI and perfusion parameters to monitor the
effects of pharmacological treatments known to affect Tumor angiogenesis (anti-
angiogenic drugs AAD, to define whether they act as anti-angiogenic or vessel-

normalizing drugs).
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4.2.5 Ex vivo assessment of hypoxia

For validation of PAI, and to gain more insight into the differences between our two
Tumor models of CRC, we proceed with histology and IHC analysis. Firstly, we proceed
with the validation of HV by performing H&E staining on different sections of the two
tumoral models. The necrotic area was measured for each section and its volume was
calculated, yielding the necrotic volume for each Tumor. A difference in Necrotic
Volume between the masses was not observed. The HV determined by PAI and the

Necrotic Volume (Pearson r= 0.96; p<0.0001) showed a strong correlation (Fig.27B).
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Figure 27 H&E staining on HCT116-WT and HCT116-Beva/A tumor (Magnification: 1.6x; Scale bar 1.7mm). The
necrotic area is evidence in green (A). The comparison between necrotic volume between the two models shows
no significant differences (B). PAI-derived parameters HV show a strong correlation with necrotic volume obtained

as evidence by Pearson correlation coefficient = 0.96).

After that, we proceed with a direct evaluation of the vessels within the tumor masses.
On account of that, we used CD31 antibody for vessel recognition, performing IHC
staining (Fig.28A ). The necrotic core of the masses was excluded from the vessel
count. As detailed in Materials and Methods, three parameters were obtained:
vessels/slice, Vesselstor, and mean vascular area. Although a higher value for each
parameter can be observed for the tumor derived from HCT116-Beva/A compared to

HCT116-WT, no significant differences have emerged.
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This points out how the two models have no differences both in the humber of positive
CD31 Vesselssice and Vesselstor (Fig.28B ).

Focusing also on PAI validation, we observed a positive correlation between Vesselstor
and Hbror (Pearson r= 0.95; p=0.0001), and a positive correlation of Vesselssiice to
sOzp (Pearson r= 0.53; p=0.11), although not significant (Fig.28C ). No correlation

has been observed for sOztor.
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Figure 28. IHC of CD31 (1:500) on HCT116-WT and HCT116-Beva/A (A) (Magnification: 10x (left), 40x (right);
Scale bar: 268 um (10x), 67 um (40x)). (B) Comparison Vesseslsice, and Vesselsror between the two different

models. (C) Correlation between Vesselsrorand Hbiw: (D) and between Vesselssice and sOzp.

To further investigate angiogenesis-related factors, the expression of HIF-1a and
VEGF-A in the two cell-type masses obtained by IHC was observed.

Whereas in vitro conditions don't evidence any differences both in mRNA and protein
expression, in the tumor masses we observed a significant increase of both HIF-1a
(Fig.29A ) and VEGF-A (Fig.29B )on HCT116-WT masses compared to the HCT116-
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Beva/A, reaching also statistical significance (HIF-1a: 31.2% (WT) vs 9.3% (Beva/A),
p=0.004; VEGF-A: 40.6% (WT) vs 15.8% (Beva/A); p=0.006). A strong correlation
emerged between HIF-1a and VEGF-A expression in either cell line (Pearson r = 0.94;
p=0.05) (Fig.29C). However, the number of vessels/area (Pearson r= 0.59; p=0.22)
had directly related HIF-1a expression (Fig.29D ). Interestingly, an inverse correlation
emerged between sOzp and HIF-1a (Pearson r= -0.8; p=0.06) (Fig.29E).

The correlation between vessels/slice and mean vessel area with sO2p, can be
considered to represent the total number of vessels and their dimension in the total
volume of the mass. Considering that sO2pis inversely related to HIF-1q, it can also be
considered an inverse estimate of the hypoxic status of the tissue. Another way of
putting it is that high sO.r means that there is less hypoxia in the peripheral part of
the tissue and, therefore, does not fire up the response of VEGF-A to hypoxia. The fact
that the masses from HCT116-Beva/A cells show lower expression of VEGF-A and HIF-

1a, along with higher sO2p, having approximately the same number of vessels,
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Figure 29 IHC and relative percentage expression of HIF-1a (A) and VEGF-A (B) (Magnification: 10x (left), 40x
(right); Scale bar: 268 um (10x), 67 um (40x)). The parameters display high correlation between them (C), while
HIF-1a display also a good correlation with the number of vessels/slice (D) and an inverse correlation with sOzp (E).
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supports this. Also, these data fit with perfusion parameters: an increase of VEGF-A
and HIF-1a can lead to an increase in complexity and disorganization of the vascular
network, and this is also evidenced with Perfusion parameters, where HCT116-WT
shows a higher value for PE, TTP, mTT and PI, all supporting the increasing complexity
(and leakiness) compared to HCT116-Beva/A.

4.2.6 Effects of Bevacizumab (US, PAI and CE-US)

Once we established the differences between the two models, we then proceeded to
compare the influence of Bevacizumab’s treatment on /n vivo xenograft mice.
Cultures were established /n vitro for two weeks either in the absence (HCT 116-WT)
or in the presence of 250 ug/ml Beva (HCT 116-Beva/A). After two weeks, 1x10° cells
were then injected subcutaneously into the flank of athymic nu/nu
immunocompromised mice. 10 days after cell inoculation, mice were randomized into
two different groups. One group of animals was treated with vehicle and the second
one received i.v. 10 mg/kg of Bevacizumab twice a week, for a total of 2 weeks.

On day 22, the response of the Beva treatment was measured by tumor volume
quantification using US imaging, and also by measuring HV, sOztot, sO2p, and Hbror
using PAI. Perfusion parameters like PE, TTP, mTT, PI and AUC were quantitatively
evaluated using CE-US.

The treatment with Bevacizumab resulted in a significant reduction of tumor volume
for both cell lines but had stronger effects for HCT 116-WT (mean tumor volume =
72.3mm?3 £ 16.24 mm3) than for HCT 116-Beva/A (mean tumor volume = 130.7mm?3
+ 15.36 mm3) (Fig.304,B ). Beva treatment provided a reduction of HV for both cell
lines compared to their corresponding untreated group, but these were not statistically
different (Fig.30D). Overall, there was a significant reduction in sOztor (SO210T-Untreated=
42.4%, SO210T-Bevacizumab=30.4%; p=0.002) (Fig.30E ) and sO2p (SOz2p-untreated= 56.9%,
SO2p-Bevacizumab=37.9%; p<0.001) (Fig.30F ) in the HCT 116-WT tumors, while in

HCT116-Beva/A can be observed similar trend in sOzp (SOzp-untreated= 67.9%, SOa2p-
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Bevacizumab=58.2%; p=0.01) (Fig.30F) but no differences can be seen for sOztot (SO210T-
Untreated= 50.7%), SO2710T-Bevacizumab=49.1%; p>005) (IE/g.30E)
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Figure 30 Tumor growth in time for HCT116-WT (A) and HCT116-Bev/A (B) treated with Bevacizumab. (C)
Comparison of volume reduction between HCT116-WT (light red) and HCT116-Beva/A (light blue). Untreated and
Bevacizumab-treated cell lines are compared for HV (D)m sOzror (E) and sOsp (F). Dark red and Dark blue
represents HCT116-WT and HCT116-Beva/A respectively.

Regarding the perfusion parameters, a slight increase in PE, TTP and PI (Fig.31A,B.E )
was observed in the Beva-treated groups, while a decrease was registered in mTT
(Fig.31C). All these changes in perfusion parameters were more obvious between HCT

116-Beva/A and HCT 116-WT tumors, although not of statistical significance.

Tumor volume and necrotic area reduction accompanied Beva treatment, associated
with a decline in sOzp, reflecting a more hypoxic state. Such changes were lower in
HCT 116-Beva/A cells, reflecting a condition of resistance to Beva. Although the results

differ for oxygenation, the perfusion data show a similar trend in response to treatment
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for both lines, underlying an improvement in overall perfusion as suggested by PE, PI,
and mTT; yet, higher TTP suggests that blood flow may be absorbed more slowly at
first, and things like the presence of bigger or more curved blood arteries, which fill

more slowly yet eventually give good perfusion.
Overall, the response to the treatment evidence that both lines undergo similar

changes, despite their differences.
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Figure 31 Nonlinear contrast imaging on HCT116-WT and HCT116-Beva/A cell lines treated with Bevacizumab. For
each parameters obtained, a representative image and the comparison between the two tumors-derived cell lines
have been reported. (A) Peak Enhancement (PE); (B) Time to Peak (TTP);(C) Mean Transit Time (mTT); (D) the
Area under the curve; (E) Perfusion Index (PI). Dark red and dark blue represent HCT116-WT and HCT116-Beva/A

untreated, while the lighter colors represent their treated counterpart.
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4.2.7 Evaluating scDb-hERG1/B1 Penetration in subcutaneous
CRC Tumors
Before testing the anti-angiogenetic effects of scDb-hERG/B1, we proceeded in the

evaluation of its capability to reach the tumor site. Previous /n vitro studies have

demonstrated the presence of the hERG1-B1 integrin complex in CRC primary samples
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Figure 32 (A) hERG1 and B1 protein expression on HCT116-WT and HCT116-Beva/A. A representative Blots (upper
panel) and densiometric analysis (lower panel) is reported. (B) Representative blots and associated densitometric

analysis of the co-immunoprecipitation involving hERGI and B1 integrin.

and CRC cell lines. In western blot analysis, both cell lines show similar protein
expression of hERG1 and B1 (Fig.32A ), and they co-immunoprecipitated equally
(Fig.32B), confirming that the complex is expressed in both.

Then, we proceed as seen for PDAC, by firstly characterizing the absorption spectra of
the scDb-hERG1/B1 compared to ICG alone and in the conjugated form with a mAb.
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We then evaluated the tumor penetration of scDb-hERG1/B1-ICG in the subcutaneous
model. Two mice bearing CRC subcutaneous tumors, either HCT116-WT and HCT116-
Beva/A, with a size of 20 mm?3 received 50 yL scDb-hERG1/B1-ICG (16mg/Kg) and 50
ML of ICG alone (1mg/Kg) intravenously. We followed the signal for 24h by acquiring
the PA images at 1h, 6h and 24h. Looking at the scDb-hERG1/B1-ICG PA signal
intensity, we can see that for both tumors the signal is very weak at the first hour and

becomes higher at the sixth hour (Fig.33).

HCT116-WT

HCT116-Beva/A

[

Figure 33 PA imaging. Evaluation in time of scDb-hERG1/B1 conjugated with ICGgreen in time for either HCT116-
WT and HCT116-Beva/A derived tumor masses. Green areas show the signal of scDb-hERG1/B1 conjugated with
ICGgreen, while red areas indicate the presence of oxyhemoglobin and blue areas show the presence of
deoxyhemoglobin.

We can see the signal coming from the inside of the tumor masses, showing the tumor
site specificity of the diabody. The signal at 24 hours is similar to the low signal image

at 1 hour indicating the wash out of the antibody from the tumor after 24 hours.
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4.2.8 Effects of the scDb-hERG1/1

Once demonstrated the penetration of scDb-hERG1/B1 into the tumor masses of both
cell lines, we then evaluated the /in vivo efficacy of the diabody. For instance, we used
the same workflow as seen for the treatment with Beva, with the only difference being
that in this case, scDb-hERG1/B1 was administered i.v. daily at 16mg/kg. We also

performed the same analysis such as Tumor growth, oxygenation levels, and perfusion.
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Figure 34 Tumor growth in time for the two different tumor models: Dark red and Dark blue lines represent
untreated group of HCT116-WT and HCT116-Beva/A respectively, while the lighter lines the scDb-hERG1/ 1

treatment.

Starting from the Tumor growth, we observed differences in the response to the
treatment between the two models (Fig.34 ). HCT116-WT mouse model displays a
statistically significant reduction of the Tumor masses (p=0.047) compared to the
control group. Although slight differences can be observed also in HCT116-Beva/A
between the control and treated groups, a significant difference is not reached. The
impact on the two different models is very high, where HCT116-WT and HCT116-
Beva/A display a mean volume at the endpoint of 101.9 mm3 + 14.52 mm?3 and
262.1mm?3 £ 20.44 mm3 respectively. For both models, we observed the same impact
on the HV (Fig.35B8 ) of the treatment, where a significant increase is encountered
compared both to the control group (HCT116-WT untreated/treated p=0.082;
HCT116-Beva/A untreated/treated p=0.02).
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Observing oxygenation, the differences in response to the treatment between the two
models reappeared. HCT116-WT shows an increase in both sO2tor and sOzp (Fig.35C,D
) despite only in the case of sO2r we can appreciate a higher increase on oxygenation
levels (from 56.9% of the untreated to 71.8% of the treated) which is also statistically

significant (p=0.001).
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Figure 35 (A) US and PA imaging for HCT116-WT and HCT116-Beva/A: Imaging comparison of untreated vs treated.
Barplot comparison between untreated and scDb-hERG1/ B1 treated on both Tumor models for HV (B), sOzror (C),
and sOzp (d). Dark red and Dark blue bar represents untreated group of HCT116-WT and HCT116-Beva/A respectively,
while the lighter bar the scDb-hERG1/ B1 treatment.

In the case of HCT116-Beva/A, both sO2tor and sO2p tend to decrease in the treatment
group compared to the control group (Fig.35C,D ). Especially, in both parameters, the
reduction was statistically significant (p= 0.002 sOztot; p= 0.007 sO2p), and a higher
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reduction is observed in the case of sOztor (from 50.7% of the untreated to 35.4% of
the treated).

Moving to the perfusion, the masses display similar trends based on the treatment.
For PE (Fig.36A ) and PI (Fig.36E ), scDb-hERG1/B1 provides an increase in those
parameters, while we observe a decrease in mTT (Fig.36C ) and AUC (Fig.36D ). TTP
has a different trend compared to the treatment of the two models; where in the case
of HCT116-WT a slight increase can be observed, in HCT116-Beva/A we observed a

decrease.
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Figure 36 Nonlinear contrast imaging on HCT116-WT and HCT116-Beva/A cell lines treated with scDb-hERG1/ 1.
For each parameters obtained, a representative image and the comparison between the two tumors-derived cell
lines have been reported. (A) Peak Enhancement (PE); (B) Time to Peak (TTP);(C) Mean Transit Time (mTT),; (D)
the Area under the curve; (E) Perfusion Index (PI). Dark red and dark blue represent HCT116-WT and HCT116-

Beva/A untreated, while the lighter colors represent their treated counterpart.

These results evidence the same trend as seen for Bevacizumab treatment on
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perfusion parameters, where PE, PI, and mTT increase on both, underlying an

improvement of the treatment in overall perfusion.
4.2.9 Effects of the combination Bevacizumab + scDb-hERG1/p1

After evaluating the single treatment of scDb-hERG1/B1 and Bevacizumab, we proceed
to assess how the combinatory treatment affects the masses obtained from either HCT
116-WT or HCT 116-Beva/A cells. For the therapeutic schedule, we used the same
protocol as for the single treatments, by administering 10 mg/kg Beva intravenously
twice a week and 16 mg/kg scDb-hERG1/B1 i.v. daily.

HCT116-WT HCT116-Bev/A
_ =& Untreated n=12 -4 Untreated n=10
450 -
4004 scDb + Beva n=8 :gg Beva+scDb n=17
ME 350 scDb n=7 o 350- scDb n=12
£ 300- Bevacizumab n=9 £ 300 Bevacizumab n=8
=~ 250 ~ 250
g 200+ £ 200
s 150 S 150
100 9 100+
> s0- > 5o
0% T T T T T 1 00— T T T T 1
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Days Days

Figure 37 Tumor growth in time for the two different tumor models: Dark red and Dark blue lines represent
untreated group of HCT116-WT and HCT116-Beva/A respectively, while the lighter lines the scDb-hERGI1/
B1+Bevacizumab treatment. Grey lines represent treatments alone: scDb-hERG1/ [1 (triangle point),

Bevacizumab (square point).

The dual treatment provides a significant reduction in tumor growth of either HCT116-
WT (mean tumor mass=54.7 mm?3 £ 11.14 mm3) and HCT116-Beva/A tumor masses
(mean tumor mass= 90.3 mm3® + 10.14 mm3, compared to their untreated
counterparts (HCT116-WT p=0.01; HCT116-Beva/A p=0.0004), but differences
emerge when compared to monotherapy treatments (Fig.37 ). Although the
combination provides a reduction in HCT116-WT, it's not significantly different from
the single treatments (101.9 mm3 + 14.52 and 72.3 + 16.24 mm? for scDb-hERG1/B1

and Bevacizumab, respectively). On the contrary, on HCT 116-Beva/A tumor masses
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provided a higher reduction compared to single treatments (262.1 mm3 = 20.44 mm?3
and 130.7 mm3 £ 15.36 mm3 for scDb-hERG1/B1 and Bevacizumab, respectively),
although statistical significance was reached only when compared to scDb-hERG1/B1
(p=0.003) (Fig.37 ). Furthermore, in masses derived from HCT 116-WT cells, a
marked increase in HV emerged in comparison to the untreated condition (from 25%
to 38%) and Beva alone (from 19% to 38%), but not in comparison to treatment with
scDb-hERG1/B1 (Fig.38B).

Comparing the combination-treated HCT-116-Beva/A masses to their untreated

counterpart, there were no effects on HV (from 25% to 27%); however, when
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Figure 38 (A) US and PA imaging for HCT116-WT and HCT116-Beva/A: Imaging comparison of untreated vs treated.
Barplot comparison between untreated and scDb-hERG1/ 1 +Beva treated on both Tumor models for HV (B),
SOzror (€), and sOzp (d). Dark red and blue bar represents untreated group of HCT116-WT and HCT116-Beva/A
respectively, while the lighter bar the scDb-hERG1/ [1 +Beva treatment. Grey bar represents treatments alone:
scDb-hERG1/ B1 (filled bar), Bevacizumab (empty bar).
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compared to monotherapy, there were two distinct trends: the combination treatment
showed a decrease in HV (from 39% to 27%, p=0.07) when compared to scDb-
hERG1/B1 alone, but an increase in HV (from 16.5% to 27%, p=0.05) when compared
to Bevacizumab (Fig.38B ).

Moreover, the mice's masses from the combined treatment group of HCT116-WT
demonstrated a statistically significant decrease in sO2p (sO2r = 56%) when compared
to the scDb-hERG1/B1 group (sO2r = 71.8%; p=0.037) and a significant increase in
oxygenation when compared to the Bevacizumab group (sOz2p = 37.9%; p=0.015), but
no difference when compared to the untreated group (sO2r = 56.9%) (Fig.38D ).
Looking at sO2tor, the oxygenation decreases when comparing combinatory
treatments (sOzror = 32.7%) with the scDb-hERG1/B1 group (sOz2tor = 44.5%;
p=0.007), while no differences emerged with Bevacizumab alone (sOztor = 30.4%).
In that case, also we register a significantly decrease in sOztor by comparing to the
untreated group (sOztot = 42.4%; p=0.006) (Fig.38C).

On the contrary, the combined treatment with scDb-hERG1/B1 and Beva decreased
sOzp in masses obtained from HCT 116-Beva/A cells (sOr = 50.4%, compared to all
the other conditions (sO2p: untreated=67.9%; scDb-hERG1/B1 = 58.1%; Bevacizumab
= 58.2%), despite the significant is only registered in comparison with untreated group
(p<0.001) (Fig.38D ). Looking at the sO2tot (sO2tor = 34.7%), we observed a higher
reduction effect, and we reached significance by comparison with untreated (sO2tor =
50.7%; p<0.001) and Beva group (sOztor = 49.1%; p<0.001) (Fig.38C).

These diverging results would indicate that, besides all else, combined treatment
efficacy with scDb-hERG1/B1 and Bevacizumab depends likewise on whether a tumor
is resistant or sensitive to Bevacizumab. Indeed, in the Bevacizumab-resistant HCT
116-Beva/A, the combined treatment caused a more pronounced decline of the tumor
volume and significant diminution of both peripheral and total oxygenation compared
with the untreated and single-agent-treated groups, thus suggesting a higher impact
of oxygen depletion. Conversely, the combination therapy in Bevacizumab-sensitive

HCT 116-WT tumors does not provide a substantial improvement in tumor reduction
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or oxygenation compared to the individual treatments, underscoring the influence of
Bevacizumab resistance on the therapeutic response.

Moving on to the perfusion parameters, in masses derived from HCT 116-WT cells, the
combined treatment with scDb-hERG1/B1 and Beva had nearly no impact on perfusion
metrics compared to untreated circumstances. However, a reduction in TTP and PI has
been observed, as compared to the other treatments, which were either Beva or scDb-
hERG1/B1 alone.
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Figure 39 Nonlinear contrast imaging on HCT116-WT and HCT116-Beva/A cell lines treated with scDb-hERG1/ f1
+ Bevacizumab. For each parameters obtained, a representative image and the comparison between the two
tumors-derived cell lines have been reported. (A) Peak Enhancement (PE), (B) Time to Peak (TTP);(C) Mean Transit
Time (mTT), (D) the Area under the curve, (E) Perfusion Index (PI). Dark red and blue represent HCT116-WT and
HCT116-Beva/A untreated, while the lighter colors represent their treated counterpart. Grey bar represents
treatments alone: scDb-hERG1/ B1 (filled bar), Bevacizumab (empty bar).

Conversely, the combination treatment of Beva and scDb-hERG1/B1 had significant

effects on masses derived from HCT 116-Beva/A cells. Specifically, there was an
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increase in PI and PE (PE: untreated=37.4 a.u, scDb-hERG1/B1+Bevacizumab= 189.6)
(Fig.39A,E ) and, to a lesser degree, in AUC compared to all the groups (Fig.39D ).
For PI, we reach also statistically significant differences by comparing them to the
untreated group (PI: untreated= 43.3 a. u, scDb-hERG1/B1+Bevacizumab= 187.5 a.u;
p=0.05). A decrease in TTP and mTT also emerged (Fig.395,C). All those data suggest
an increase in blood flow efficiency and improved perfusion, especially in HCT116-
Beva/A tumoral models in response to combinatory treatment, where an additive effect

can be observed in PE and PI.
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5.Discussion

Preclinical studies play a vital role in cancer research; however, about 90% of drugs
fail during trials?12>, Much stricter standards should be set in preclinical settings to
reduce failure rates. These are the development of /n vivo models that recapitulate
hallmarks of cancer®®”9, new therapeutic interventions#:18518 and valid methods for
the identification and follow-up of tumors!31:132,141,143,150,

In this research, we focused on these challenges using the Vevo F2 LAZR-X system, a
multimodal imaging station that combines photoacoustic and ultrasound technology,
to generate new orthotopic mouse models a monitor the effect of innovative
therapeutic strategies.

We established models of both pancreatic ductal adenocarcinoma (PDAC)#176 and
colorectal cancer (CRC)!>1/, as these are highly lethal and aggressive malignancies

with a high unmet clinical need.

Initially, we established orthotopic xenograft PDAC models using ultrasound-guided
injection of PANC-1 tumor cells into the pancreas of athymic nude mice. These models
exhibit several advantages, most notably slow cellular engraftment and slow growth
of tumor masses. This makes them excellent models for drug testing, as they allow
the identification of the starting point for therapy and adequate monitoring over time.
The procedure that was performed is also consistent with the 3R principle!®’, as we
have improvements in reduction, due to improved statistics with a small group of
animals, and refinement, due to a minimally invasive technique that is easier to
perform than classical surgery. This approach successfully generated tumors in 80%

of the mice, offering a reliable platform for therapeutic evaluation.

Therefore, these new models were used to test a new therapeutic strategy, scDb-
hERG/B1 in combination with sub-therapeutic doses of gemcitabine to evaluate its

impact on tumor growth. Photoacoustic imaging outcomes demonstrated that the
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scDb-hERG1/B1 antibody effectively targeted PDAC tumors when conjugated with ICG,
further validating its potential as a precision therapeutic approach. The target
specificity observed in vivo supports the feasibility of integrating therapeutic strategies
with scDb-hERG1/B1, prompting us to test the antibody in the PDAC mouse model.
scDb-hERG1/B1 showed promising results if administrated in combination with sub-
therapeutic doses of gemcitabine (5 mg/kg), the standard of care for PDAC treatment.
While gemcitabine alone at lower doses exhibited limited efficacy, the combination
therapy showed antitumor effects comparable to the therapeutic dose of gemcitabine
(25 mg/kg), reducing tumor growth.

We also observed an effect on survival. Mice treated with 25 mg/kg of Gemcitabine
showed severe signs of suffering, and at the endpoint, displayed ascites and abnormal
liver in 30% of cases, confirming the side-effects of the treatment. In the groups
treated with scDb-hERG1-B1 alone and in combination with 5 mg/kg Gemcitabine, no
cases of ascites or abnormal liver were observed. In addition, general signs of distress,
such as abnormal posture and reduced mobility, were observed later than in the control

group and the 25 mg/kg Gemcitabine group.

However, the orthotopic PANC-1 mouse model allowed for successful therapeutic
evaluation, it lacked the representation desmoplastic stroma of PDAC, an essential
feature of the tumor microenvironment that strongly contributes to therapeutic
resistance and disease progression!82183, To better mimic the TME, we developed an
improved model that include both tumor cells (PANC-1) and stromal cells (RLT-PSC)
To this purpose we performed US-guided injection of a bolus containing PANC-1 and
RLT-PSC cells. The RLT-PSC cells support the TME through their secretion of collagen,
fibronectin and other components of the extracellular matrix, providing nutritional
support and promoting metastatic events. Therefore, RLT-PSC cells recapitulate the
dense stroma characteristic of human PDAC through which it assembles collagen, thus

establishing a hypoxic treatment-resistant tumor microenvironment!88,
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On account of that, we established four groups of orthotopic PDACs which differ in
PANC-1 and RLT-PSC cell content (i) PANC-1; (ii) RLT-PSC; (iii) a 1:1 ratio of PANC-1
and RLT-PSC and a 1:5 ratio of PANC-1 and RLT-PSC. All the tumors developed from
the injection exhibited similar growth rate, while those derived from PANC-1/RLT-PSC
cells in a 1:5 ratio tended to grow more slowly. Furthermore, sO>% values for those
mixed tumors were the lowest among the groups, indicating a higher level of tumor
hypoxia.

Therefore, when the tumor perfusion index was analyzed through CE-US, a coherent
relation between hypoxia data and tumor perfusion could be established. The tumors
developed by the PANC-1/RLT-PSC 1:5 ratio, having lower tumor oxygen saturation,
also had lower blood perfusion in the mass. Moreover, the metastatic capability of
PANC-1 cells /in vivo appears to be enhanced by the presence of stellate cells, where
both PANC1/RLT-PSC ratio 1:1 and 1:5 groups showed distance metastasis beyond
just the local disease. In particular, lesions were detected in the liver, a site commonly
affected in PDAC patients.

This novel US-guided injection of a mixed cell population, comprising both tumor cells
and stromal cells, represents an advance in the orthotopic PDAC modelas it closely

resemble the physiological and pathological condition of pancreatic cancer.

Our next step was to evaluate the effectiveness of the scDb-hERG/B1 antibody as a
novel strategy targeting angiogenesis in colorectal cancer (CRC). The hERG1/B1
complex, through the activation of the PI3K-Akt pathway, which in turn results in an
increased expression of proinflammatory cytokines like VEGF-A and other genes
involved in tumor progression, has also been linked to angiogenesis in CRC178:189_ Anti-
VEGF-A monoclonal antibody Bevacizumab has been the oldest applied angiogenesis
treatments in several cancers, including CRC3%1%, In the great majority of such
treatments, however, resistance mechanisms eventually manifest themselves.

Herein, we utilized the HCT116-WT and HCT116-Beva/A (Bevacizumab-adapted) cell
line pairs for the evaluation of changes in angiogenesis-related signaling upon various

treatments
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By analyzing the two cell lines /n vitro for key genes involved during angiogenesis we
obtained similar results. Although Bevacizumab-resistant lines were used, there were
no differences in mRNA or protein expression of either, suggesting that adaptation to
Bevacizumab did not significantly alter key regulatory mechanisms. This stability
suggests that although HCT116-Beva/A cells may be resistant to the anti-angiogenic
effects of Bevacizumab, the fundamental mechanisms driving angiogenesis remain
intact. The introduction of scDb-hERG/B1 caused a significant increase in VEGF-A
secretion when analyzed with ELISA, especially in the Bevacizumab-adapted HCT116-
Beva/A cells, where VEGF-A levels almost doubled compared to the untreated
counterpart. Combinations with Bevacizumab further diminished VEGF-A expression in
both cell lines, suggesting that these two agents may complement.
These findings provide insight into how the cells behave in vitro, exhibiting nearly
identical circumstances in terms of angiogenesis-related gene expression and

treatment response.

Despite that, passing on /n vivo conditions we highlight differences between the two
cellular models and their response to anti-angiogenic therapies. Although
subcutaneous mouse models for HCT116-WT and HCT116-Beva/A display similar
tumor growth in time, reaching also the same mean Tumor volume at the endpoint
(day 22), the oxygenation status of the tumors displayed important differences.
HCT116-Beva/A tumors exhibited higher values for both sO,tor and sO2p compared to
HCT116-WT. The increase in sO2p approached statistical significance (p=0.01),
suggesting that Bevacizumab adaptation may enhance oxygenation in the periphery
of the tumor.

Ex vivo analysis for HIF-1a and VEGF-A expression reinforced this finding, revealing
that the Bevacizumab-resistant tumors had lower HIF-1a and VEGF-A levels compared
to the wild-type counterpart. The significant correlation between HIF-1a and VEGF-A

expression indicates that hypoxia-driven signaling persists as a dominant driver of
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angiogenesis in HCT116. Looking at the total hemoglobin content within the tumor
masses we observed the same amount between the two tumoral models, suggesting
that, as HCT116-Beva/A displays a more peripheral oxygenated region, vascular
network might be altered in the structure and function of blood vessels, and this seems
to fit with perfusion parameters, where the general trend of lower PE, PI, TTP, and
mTT values suggests a potential reduction in blood flow efficiency.
The lack of differences in the number of vessels between the two models' data
indicates the possibility that the variation is caused by more leaky, branching or
unstable vessels, supported by the oxygenation and perfusion parameters. Also,
combining IHC with CE-US information, higher HIF-1a and VEGF-A levels, and PE, PI,
TTP, and mTT in HCT116-WT evidence not only a better-perfused situation, but in
contrast an increase in the complex and the disorganization of the vascular network,
probably as the result of the action of VEGF-A which influenced increased permeability

and the formation of new tortuous capillaries.

These data emphasize the importance of evaluating angiogenesis /n vivo h tumor
models. Tumor microenvironmental factors, such as vessel leakiness or oxygen status
are key determinants that cannot be properly recapitulated /in vitro, where differences
don’t emerge. Also, photoacoustic imaging and CE-US played a key role in detecting
the subtle changes in tumor oxygenation, hemoglobin content, and perfusion
parameters between the two models, elucidating the impact of acquired Bevacizumab
resistance on the tumor vasculature. The integrated analysis of multiple parameters
that characterize primary aspects of tumor development (such as neoangiogenesis and
hypoxia), through the study of tumor perfusion or oxygen saturation, may lead to a
better characterization of aspects that promote tumor aggressiveness and allow the
identification  of  multifactorial targets to develop new therapeutic

approaches!12:126,140,191,

As the models showed differences, both were analysed for response to different types

of  treatment: Bevacizumab, scDb-hERG1/B1, and the combination.
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As expected, Bevacizumab administered as monotherapy resulted in reduced tumor
mass growth for both lines, consistent with the fact that Bevacizumab reduces
formation and normalizes vessels. Noteworthy, although it has an effect on
Bevacizumab-resistant tumors, its effect is significantly less, and this presumably
results from adaptation mechanisms to Bevacizumab that are mitigated /n vivo This is
also appreciated observing the oxygen saturation and necrotic volume, that are
mainteinedat high levels in the peripheral area and on the entire tumor, moreover, has
been observed a greater reduction in necrotic volume.

In the wild-type model, Bevacizumab knocks down both peripheral and total
oxygenation, highlighting that Bevacizumab-resistant tumors maintain a more robust
vascular network, potentially through alternative pro-angiogenic pathways. From
perfusion outcomes, we see that the impact of treatment is nonetheless similar, as
there are no differences between the two lines among the various parameters
analyzed, and statistically significant differences within the treatment itself. Although,
the increase in PI, PE and reduced mTT indicate the role of Bevacizumab in improving

tumoral perfusion (PI and PE) and in normalizing vessels (mTT)18>,

Conversely, monotherapy with the scDb-hERG1/B1 showed different effects when
comparing the two models. In the Bevacizumab-resistant HCT116-Beva/A tumors,
scDb-hERG1/B1 showed a reduced impact on tumor growth but increased tumor
oxygenation. This could suggest that while scDb-hERG1/B1 effectively targets
angiogenic pathways, Bevacizumab-resistant tumors have alternative mechanisms
sustaining their growth and vascular supply.

Perfusion parameters show the same changes as seen for Bevacizumab treatment,
with an increase in PE, PI, and a decrease in mTT, evidence that scDb-hERG1/ B1 is
still affecting tumor vascular function and underlying an improvement in overall

perfusion.
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The combination of Bevacizumab/scDb-hERG1/B1 was tried in search of a possible
synergistic or combinatory action, especially in Bevacizumab-resistant tumors. In
HCT116-WT, we obtained a reduced tumor volume of 54.7 mms3; however, this
difference was not statistically significant when compared to the effect of either
Bevacizumab or scDb-hERG1/B1 alone, demonstrating poor additional benefit in
Bevacizumab-sensitive tumors. In the case of the combination treatment in HCT116-
Beva/A, tumor volume was reduced to 90.3 mm3, encountering statistical significance
when compared to all the other treatment groups; this suggests that such a
combination may overcome the resistance to Bevacizumab. Noteworthy, oxygenation
parameters yielded striking differences with combination therapy. This had a more
profound effect in the HCT116-Beva/A tumors on the sOztor and sOzp values: both of
these decreased significantly, indicative of increased tumor hypoxia consequent to
increased tumor cell death with subsequent abnormal vessel collapse.
This is further supported by the perfusion parameters that had shown the effect of the
combination treatment in Bevacizumab-resistant tumors.

Increased values for both PE and PI suggested improved blood flow upon treatment,
possibly as a consequence of vascular remodeling action because of combined
inhibition of the angiogenesis pathways. A slight reduction in mTT and TTP also
suggests improved blood flow efficiency in the tumor. Noteworthy, if compared to
monotherapy, combinatory treatment provides a higher increase in the differences in
all the parameters, showing how it can be a useful set-up to increase overall perfusion
and efficient blood flow, restoring normal vasculature. Since the combined treatment
(scDb-hERG1/B1+Bevacizumab) increases tumor perfusion in Bevacizumab adapted
tumors, this type of treatment can be considered in combination therapy with
chemotherapeutic agents to promote greater transport of the chemotherapeutic agent

within the tumor and improve its effect.

These data show the translational value of novel imaging modalities, such as US and

PAI for the testing of new therapeutic approaches against PDAC and CRC!%6:131, The
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use of scDb-hERG1/B1 in combination with current therapies is the most promising
approach, in particular in those conditions characterized by resistance to traditional
treatments such as Gemcitabine or Bevacizumab311%2,

Ultrasound imaging, exploiting different modes (B-Mode and CE-US) allows to obtain
more sophisticated and representative /7 vivo models with a higher degree of
complexity regarding the tumor microenvironment. Also, they allow for the real-time
monitoring of tumor growth providing important insights into underlying biological
processes such as angiogenesis and vascular dynamics-areas that are especially
difficult to investigate using /n vitro methods. The introduction of r contrast agents
allows for a deeper investigation of the tumor's characteristics. Parameters such as
oxygenation, perfusion dynamics, and vascular integrity provide a deeper
interpretation of therapeutic effects and mechanisms of action of treatments, opening
new perspectives in therapeutic approaches and preclinical testing, offering more

insight and more reliable prediction of clinical outcomes.
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