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Abbreviations
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BRCAZ2 = Breast cancer type 2 susceptibility protein
CAF = Cancer-associated fibroblasts
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ECM = Extracellular matrix
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ERSI1 = Estrogen receptor gene
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FDA = Food and Drug Administration
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HER2 = Epidermal growth factor receptor 2
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iPSC = induced pluripotent stem cells
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MDR1 = Multidrug resistance protein 1

MEF = Mouse embryonic fibroblasts
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MMTYV = Mouse mammary tumor virus

MUCI1 = Mucin 1

NF1 = Neurofibromin 1

NIR = Near-infrared

NK = Natural killer
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PI3BKCA = Phosphatidylinositol 3-kinase

PIMs = Porcine pulmonary intravascular macrophages
PLA = Poly(lactide)
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STK11 = Serine/Threonine Kinase 11
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Thl =Type 1 T helper
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TME = Tumor microenvironment

TNBC = Triple negative breast cancer

TP53 = tumor protein p53

TPGS = D-a-tocopheryl polyethylene glycol 1000 succinate
uPAR = Urokinase plasminogen activator receptor

VIP = Vasoactive intestinal peptide
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Abstract

Even given recent advances in nanomedicine development of breast cancer treatment in
recent years and promising results in pre-clinical models, cancer nanomedicines often fail
at the clinical trial stage. Limitations of conventional in vitro models include the lack of
representation of the stromal population, the absence of a three-dimensional (3D)
structure, and a poor representation of inter-tumor and intra-tumor heterogeneity. Herein,
we review those cell culture strategies that aim to overcome these limitations, including
cell co-cultures, advanced 3D cell cultures, patient-derived cells, bioprinting, and
microfluidics systems. The in vivo evaluation of nanomedicines must consider critical
parameters that include the enhanced permeability and retention effect, the host's immune
status, and the site of tumor implantation. Here, we critically discuss the advantages and
limitations of current in vivo models and report how the improved selection and

application of breast cancer models can improve the clinical translation of nanomedicines.
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1. Introduction

The efficient clinical translation of anticancer nanomedicines requires the
development of faithful pre-clinical models that recapitulate tumor characteristics to
determine safety and efficacy and, perhaps even more importantly, to identify biomarkers
for treatment response [1]. While widely-used conventional two-dimensional (2D) cell
models of cancer have contributed tremendously to translational research in the field of
nanomedicine, they exhibit significant differences to the real disease and, so, possess
limited translational power. The primary deficiencies in 2D cancer cell models include
the lack of cellular heterogeneity and the tumor microenvironment (TME), which
significantly influences cancer development and treatment resistance [2]. More advanced
models that adequately reflect the heterogeneity and complexity of the human disease
should foster the development of relevant treatment strategies that will significantly

improve patient outcomes.

Importantly, the development of pre-clinically relevant models of tumorigenesis
(from localized to metastatic) must consider the evolution of the classic view of solid
cancers as isolated masses of tumor cells to our current understanding, which places
tumor cells within a TME comprised of stromal components, blood vessels, fibroblasts,
and cells of the immune system. Indeed, the critical two-way interaction between the
TME and tumor cells represents a crucial consideration when developing novel anticancer
therapies [3], and targeting of TME components now represents an important therapeutic
strategy. In this scenario, rationally-designed nanomedicines display a range of
advantages [4-6], although we still require adequate in vitro and in vivo pre-clinical cancer

models to properly evaluate their complex interactions within the TME.

A range of solid tumors are considered unmet clinical needs; specifically, breast
cancer represents the most common form of cancer in women worldwide and suffers from
high death rates even given the decades of research and development of small molecule
drugs as treatment strategies [ 7]. Can the rational development of advanced nanomedicine
formulations of such drugs provide a means to solve this problem? Treatment with
anticancer nanomedicines allows for enhanced drug accumulation in the tumor, which
improves direct effects and inhibits indirect effects by minimizing drug interactions in
off-target tissue types [8, 9]. Preferential drug accumulation in tumors occurs both by

passive mechanisms, due to the enhanced permeability and retention (EPR) effect [10],



and active mechanisms, through the use of targeting moieties or the implementation of
tumor-specific triggers for cargo delivery [11]. Given the sheer complexity of breast
cancer [12], which we now understand to comprise a group of distinct diseases with
varying molecular attributes [13], we require a full understanding of disease-specific
characteristics to foster the design of effective targeting strategies and the development
of novel single and combinatorial drug treatment strategies. Furthermore, this information
will allow the development of advanced pre-clinical breast cancer models to accelerate

clinical translation.
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Figure 1. An overview of pre-clinical breast cancer models, including in vitro 2D conventional
culture systems, 3D culture systems, and in vivo models, indicating the related nanomedicine

characterization assays afforded by their intrinsic characteristics and complexity.

In this review, we hope to carefully consider currently-described models
employed for the pre-clinical evaluation of nanomedicines for breast cancer treatment —
taking in both in vitro (two- and three-dimensional [3D]) and in vivo models with
increasing complexity (Figure 1). Furthermore, we critically discuss the key
characteristics to consider when evaluating a specific breast cancer subtype or a given
rationally-designed anticancer nanomedicine at the pre-clinical level and explore both the

challenges and opportunities that lie ahead in this area.



1.1. Why Breast Cancer? Breast Cancer at a Glance: Progression and
Classification
With 15.5% of total cancer cases in 2020, breast cancer currently represents the second
most frequent cancer worldwide. In female patients, breast cancer is the most commonly
diagnosed cancer type (24.5% of all cancers in 2020) and represents the most common
cause of death, followed by lung and colorectal cancer (Figure 2A and B). Unfortunately,
the estimated incidence of cases and the mortality rate will increase worldwide by an
estimated 33.8% until the year 2040 (Figure 2C)[14, 15].
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Figure 2. Estimated Breast Cancer Incidence and Mortality Rate Worldwide (2020). (A)
Estimated number of new cases of different cancers in females in 2020. (B) Estimated number of

deaths from various cancer types in females in 2020. (C) The estimated increase in breast cancer

cases from 2020 to 2040 [15].

The World Health Organization (WHO) recently classified breast cancer into
nineteen major histology subtypes [13]. Ductal carcinoma and lobular carcinoma
represent the most frequently diagnosed subtypes with 70-75 % and 10-14% of all cases,

respectively. The seventeen rarer subtypes include tubular carcinoma, cribriform



carcinoma, mucinous carcinoma, pleiomorphic lobular carcinoma, high-grade

metaplastic carcinoma, micropapillary carcinoma, and inflammatory breast cancer [13].

All breast cancers arise in the terminal lobular units of the collecting duct, which
contains a layer of epithelial and myoepithelial cells separated from the stroma, which
itself comprises fibroblasts, myofibroblasts, macrophages, mast cells, neutrophils, and
lymphocytes, by the basement membrane. Normal breast cells can become tumorigenic
due to gain of function mutations in oncogenes such as PI3KCA (phosphatidylinositol 3-
kinase) and HER2 (epidermal growth factor receptor 2), or a loss of function mutations
in tumor suppressor genes such as BRCA1 (breast cancer type 1 susceptibility protein),
BRCA2 (breast cancer type 2 susceptibility protein), ERS1 (estrogen receptor gene),
ATM (ataxia-telangiectasia mutated), TP53 (tumor protein p53), PALB2 (partner and
localizer of BRCA2), CHEK2 (Checkpoint kinase 2), PTEN (phosphatase and tensin
homolog), STK11 (Serine/Threonine Kinase 11), or NF1 (Neurofibromin 1) [13, 16].

Breast cancer originates from an in-situ carcinoma characterized by epithelial cell
proliferation with a complete myoepithelial cell layer and basement membrane, which
progresses following myoepithelial cell layer disruption and basement membrane
degradation to invasion into neighboring tissues (invasive ductal carcinoma) and
metastasis. Breast cancer is considered metastatic when there exists the loss of the
myoepithelial cell layer and basement membrane, stromal cell proliferation, angiogenesis,
and the invasion of tumorigenic-epithelial cells to distant sites. After passage through the
blood or lymphatic system, metastatic breast cancer cells' main target sites include the
bones, liver, lungs, and brain (Figure 3) [17, 18]. As metastatic events represent a
significant cause of death in breast cancer patients, early disease detection will foster a

better prognosis and reduce mortality [16, 19].

Breast cancer progression can be divided into five phases or stages (Table 1) by
considering tumor location, tumor size, lymph node involvement, and metastatic
progression. Together with the status of crucial molecular markers, these stages currently

define patient stratification (Figure 3).
Table 1: Stages of Breast Cancer and representative clinical characteristics

Stage Tumor size Lymph node Spreading Survival Rate (5 years)
0 Small, Inside the glands Non-affected No 100%




I <2cm Non-affected No 98%

1I 2-5 cm Affected No 87%

111 >5cm Affected No 61%

v Any size Affected Yes 20%

Normal breast Ductal carcinoma Invasive ductal Metastatic breast
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Figure 3. Breast Cancer Progression from the primary tumor to the metastatic stage [17] and
Breast cancer subtypes, prognosis, and most common current pharmacological treatment

options in each case [13].

Estrogen receptor (ER), a steroid hormone receptor, is expressed in around 70% of
invasive breast cancers and its activation prompts signaling through several oncogenic
pathways. Additional important biomarkers include the progesterone receptor (PR),
which is also involved in ER signaling, and epidermal growth factor receptor 2 (HER2),
which is present in 20% of breast cancers and associates with poor prognosis. The status
of hormone receptor expression (combined with the Ki67 proliferation marker) helps to
divide breast cancer into five accepted clinical subtypes: Luminal A, HER2- Luminal B,
HER2+ Luminal B, HER2-enriched, and triple negative breast cancer (TNBC) (Figure
3).



Luminal A, the most common subtype (representing 60-70% of all breast cancer
cases), 1s defined by high ER and PR and low HER2 and Ki67 expression. Luminal A
tumors are considered low grade due to their slow growth and favorable prognosis due to
a heightened response to therapy [20, 21]. The Luminal B subtype is defined by ER and
PR expression and elevated Ki67 expression and can be either HER2+ or HER2-. Luminal
B tumors are usually diagnosed in young patients and suffer from a less favorable
prognosis than the Luminal A subtype due to accelerated tumor growth [13, 20, 21]. The
HER2-enriched subtype is mainly characterized by high expression of HER2 and the
absence of ER and PR expression (70%). HER2-enriched breast cancers display more
rapid tumor growth, more aggressive development, and suffer from a poorer prognosis
compared to the Luminal A and B subtypes [13, 20, 21]. The TNBC subtype represents
about 10-15% of all breast cancer cases and is frequently present in young women (<40
years of age) with mutations in the BRCA1 gene. TNBC tumors, which are characterized
by the lack of ER, PR, and HER2 expression and high expression of Ki67, frequently
possess a more aggressive proliferative behavior, with the least favorable prognosis of
the breast cancer subtypes. TNBC tumors also display lymphoplasmacytic inflammatory
infiltration with visceral metastasis in the lungs, liver, and brain at later stages [20-22].
Notably, the lack of hormone receptor expression, which limits the effectiveness of
conventional chemotherapeutic regimens, has hampered the development of effective

anticancer therapeutics for TNBC.
1.2. Current Therapeutic Approaches for Breast Cancer

Patients diagnosed with non-metastatic breast cancer generally receive multimodal
treatments that include surgical resection (in some cases a prior neo-adjuvance with
chemotherapy), postoperative radiotherapy, and drug/chemotherapy, while chemotherapy
represents the primary strategy for metastatic breast cancer patients. Immunotherapy is
starting to gain importance also in a type of tumor considered immunologically "cold," as
suggest by some preclinical and recent clinical studies [13,21], in particular with
nanomedicines such as nab-paclitaxel (ClinicalTrials.gov Identifier: NCT02425891). The
breast cancer subtype dictates the specific chemotherapeutic regimen employed, with the
final aim to suppress cancer cell proliferation and diminish metastatic progression [21].
Tumors that express hormone receptors are treated with standard endocrine therapy,

including oral antiestrogens such as tamoxifen and aromatase inhibitors such as



exemestane, anastrozole, or letrozole. In some instances, patients with early-stage disease
also  receive  chemotherapy to avoid recurrence, with  adriamycin,
docetaxel/cyclophosphamide, or cyclophosphamide/methotrexate/5-fluorouracil the
main treatment options. In TNBC patients, chemotherapy currently represents the only
US Food and Drug Administration (FDA)-approved therapeutic regime. Patients
diagnosed with the HER2-enriched subtypes have been treated with targeted therapies
that include the HER2-targeting trastuzumab (also known as Herceptin) or pertuzumab
monoclonal antibodies (alone or in combination) with or without chemotherapy (Figure

3) [21].

Unfortunately, many traditional therapies suffer from limitations that diminish
their efficacy, including problems related to low solubility, inefficient tumor targeting,
side toxicities in healthy tissues, and the development of drug resistance [23]. Advanced
drug delivery technologies such as nanomedicines can overcome many of these
limitations and improve breast cancer treatment. Importantly, nanomedicine formulations
of traditional chemotherapeutics, including doxorubicin (Doxil®) and paclitaxel
(Abraxane®), now represent routine first-line treatments for breast cancer [24-26],

thereby providing the impetus for this treatment approach.
1.3. Currently used Nanomedicine in Breast Cancer Treatment

Liposomes,  protein  nanoparticles, = polymeric = nanoparticles, and
immunoconjugates represent chemotherapeutic-bearing nanomedicines that have been
FDA-approved for breast cancer treatment. All possess a clinically-demonstrated ability
to reduce toxicity and improve efficacy compared to treatment with the parent drug (of
"free" form of the drug) due to improvements regarding solubility, tumor targeting, and
drug resistance, which prompt beneficial alterations to pharmacokinetics and whole-body

biodistribution [27-29].

Liposomal nanoformulations of doxorubicin (Doxil®, Lipodox®, and Myocet®) reduce
drug side effects by improving tumor specificity/inhibiting off-target toxicity [28, 30-32].
Liposomes have also been employed to deliver other critical chemotherapeutic drugs,
including paclitaxel (Lipusu®, approved in China [33, 34]) or daunorubicin
(DaunoXome®, currently in advanced clinical trials for metastatic breast cancer with

expected approval on safety and efficacy grounds [34, 35]). Additional approaches



include protein nanoparticles such as Abraxane® [36-38], polymeric micelles such as
Genexol-PM® [39, 40] or Nanoxel® [41-43], which all represent nanoformulations of
paclitaxel, and the antibody-drug conjugate Kadcyla (Trastuzumab emtansine) [44-46]
(Table 2).



Table 2: FDA-Approved Nanomedicines in Routine Clinical Use for Breast Cancer Treatment

Name/Manufacturer Nanocarrier Drug/Compound Apgar:);/al Indication References
L . PEGylated Liposome Doxorubicin 1995 Metastatic [30, 47, 48]
(Janssen Pharmaceutica)
Lipodox® . - .
(Sun Pharma Global FZE) PEGylated Liposome Doxorubicin 2013 Metastatic [28]
LS REIHEECY I Doxorubicin 2000 Metastatic [31, 32, 49]
(Sopherion Therapeutics) Liposome
Lipusu® . . :
(Sike Pharmaceutical Co. Ltd) Liposome Paclitaxel 2006 Non-metastatic [33, 50, 51]
P EED Albumin Paclitaxel 2005 Metastatic [36-38, 52, 53]
(Celgene)
Genexol-PM® mPEG-PDLLA Paclitaxel 2007 Non-metastatic [39, 40, 54, 55]
(Samyang Biopharm)
Nanoxel® . .
(Fresenius Kabi India Pvt Ltd.) NIPAM-VP Paclitaxel 2006 Metastatic [41, 42, 56]
Kadcyla® 2013 Metastatic HER2+
(Hoffmann-La Roche) Antibody Trastuzumab/DM1 [44-46, 57]
2019 Early HER2+, residual disease

Poly(ethylene glycol): PEG. Poly(ethylene glycol)-poly(lactide acid): mPEG-PDLLA. N-isopropyl acrylamide: NIPAM. Vinylpyrrolidone: VP. Emtansine: DM



Doxil®, the first FDA-approved anticancer nanomedicine for the treatment of
Kaposi's sarcoma, comprises a polyethylene glycol-modified ("PEGylated") liposomal
formulation of around 80-90 nm in diameter containing around 15,000 doxorubicin
molecules encapsulated in the core [30]. In addition to Kaposi's sarcoma, Doxil® also
represents a second-line treatment for metastatic breast cancer, multiple myeloma, and
ovarian cancer [30]. The liposomal formulation of doxorubicin promotes tumor
accumulation, thanks to enhanced passive targeting, enhances tumor growth suppression,
and increases overall survival [30]. Importantly, liposomal doxorubicin also significantly
reduces the cardiotoxicity typically associated with doxorubicin treatment [30, 47].
Liposome PEGylation prevents recognition and clearance by the reticuloendothelial
system and extends circulation time (~72 h) compared to the free form of doxorubicin
(~5 min) to improve anti-tumor efficacy. Despite the clear benefits observed, Doxil®
treatment induced oral mucositis and skin toxicity (palmar plantar erythrodysesthesia) as
unwanted side effects due, in part, to the prolonged circulation time and a tendency for
skin accumulation [47, 48]. Myocet®, approved in 2000, differs from Doxil® by the lack
of PEGylation and, as a consequence, a shorter circulation time (~2.5 h) and a low
incidence of side-effects [31]. While the antitumor activity and progression-free survival
rate remained similar in patients treated with Myocet® and free doxorubicin in phase III
clinical trials [32], Myocet® induced a lower incidence of cardiotoxicity (as with
Doxil®). A combination of Myocet® and cyclophosphamide currently represents a first-
line treatment for metastatic breast cancer in Europe and Canada [49]. Lipodox® was
FDA-approved in 2013 as a generic form of Doxil® for the treatment of breast and

ovarian cancer [28].

In addition to doxorubicin, taxanes (e.g., paclitaxel and docetaxel) represent one
of the most important classes of approved anticancer drugs and form an integral part of
breast cancer treatment. Abraxane®, a 130 nm albumin-bound nanoparticle formulation
of paclitaxel developed by Abraxis BioScience (now Celgene), was FDA-approved in
2005 for the treatment of metastatic breast cancer [58]. This paclitaxel formulation
allowed for safer administration thanks to the absence of Cremophor® as a surfactant and
ethanol as a solubilizing agent [36]. Furthermore, Abraxane® promoted higher tumor
accumulation of paclitaxel (~33%), inhibited elimination (4-fold decrease) [37], and

demonstrated a superior overall response rate (34%) compared to paclitaxel (19%) in



patients with advanced breast cancer [38, 58]. Importantly, combination therapies of
Abraxane® with conventional chemotherapeutic agents and targeted therapies have also
demonstrated safety and superior efficacy compared to single therapies in clinical trials
[52, 53]. Lipusu® (China, 2003) was the first liposomal formulation of paclitaxel
approved for the treatment of non-small lung cancer, ovarian, and breast cancer [41, 42,
51, 56]. Nanoxel® (Indian, 2006), an 80-100 nm-sized polymeric micelle nanoparticle
comprising a pH-sensitive copolymer of N-isopropyl acrylamide and vinylpyrrolidone
monomers that encapsulates paclitaxel, has also been approved for metastatic breast
cancer treatment [41, 42, 56]. Finally, Genexol-PM® (South Korea, 2007), a 20-50 nm-
sized polymeric micellar nanoparticle that employs an amphiphilic diblock copolymer
(poly(ethylene glycol)-poly(lactide acid) or mPEG-PDLLA) to encapsulate paclitaxel
[39], has been employed in the treatment of breast, lung, and ovarian cancer [54, 55].
Genexol-PM® demonstrated a prolonged circulation time (1.8-fold) and an improved

overall response rate with fewer secondary effects than free paclitaxel treatment [40].

Advancing towards molecularly targeted therapies, the antibody-drug conjugate
Kadcyla® was FDA-approved in 2013 to treat HER2+ metastatic breast cancer patients
previously treated with trastuzumab and taxanes [57]. Kadcyla® comprises the
chemotherapeutic agent DM1 (emtansine) covalently bound via a stable thioether linker
to the trastuzumab monoclonal antibody. Overall, Kadcyla® was well-tolerated and
prompted significant improvements to median survival and progression-free survival
compared to a combination of lapatinib (dual tyrosine kinase inhibitor) and capecitabine
(chemotherapeutic) in HER2+ metastatic breast cancer [44, 45]. The European Medicine
Agency recently approved Kadcyla® as an adjuvant treatment for HER2+ breast cancer
with residual disease in the breast and axillary lymph nodes after neoadjuvant therapy
[46]. This approval was based on results obtained in a phase III clinical trial in which
Kadcyla® treatment significantly diminished the risk of invasive breast cancer relapse

compared with trastuzumab [46].

Despite their proven clinical benefits, the list of nanomedicines available for
breast cancer treatment remains short, with most based around conventional
chemotherapeutic drugs [28]. Why do we currently have such a poor armory of
nanomedicines in the battle against breast cancer? The answers include a lack of known

molecular targets, tumor heterogeneity, therapeutic resistance, and critical unaddressed



translational aspects [59] that relate to both manufacturing/scale-up issues and,
importantly, the lack of concordance between treatment outcomes in pre-clinical models
and those observed in the clinic. This suggests that selecting appropriate pre-clinical
models represents a crucial aspect that will accelerate the development and approval of

safe and efficient nanomedicines to breast cancer treatment [60, 61].

2. Selecting in vitro Breast Cancer Models for Nanomedicine Development

In general, each distinct phase of nanomedicine development requires a different
model system, ranging from analysis in traditional 2D cell cultures to in vivo testing in
small and large animal models. The selection of adequate model systems for each stage
represents a tricky balancing act, with cost-effectiveness, difficulty, and ethical concerns
"weighed up" against the potential for providing relevant data. Immortalized cell lines
represent the most cost-effective and simplistic tumor models, and despite the alterations
that cell lines undergo during their establishment and prolonged culture, breast cancer cell
lines tend to maintain the major genetic alterations corresponding to the tumor subtype,
thereby validating their implementation in tumor models [62, 63]. Even though a large
number of human breast cancer cell lines exist for research purposes, studies tend to
employ a core set that includes the human MCF7 (luminal A subtype) and MDA-MB-
231 (TNBC subtype) [62] cell lines, and the mouse 4T1 (TNBC subtype) cell line [64].

The evaluation of nanomedicines in conventional cell culture systems can provide
information regarding toxicity, uptake, subcellular localization, mechanisms of action,
and impact on certain biological processes (Figure 4). Cell viability assays employed to
assess nanomedicine toxicity include dye-exclusion, colorimetric, fluorometric, or
luminometric assays; however, the colorimetric MTT assay represents the most widely
employed cell viability assay [65, 66]. Nanomedicine uptake and subsequent subcellular
localization in cell lines are traditionally evaluated using flow cytometry, fluorescence
microscopy, and confocal microscopy. The mechanism of action of a given nanomedicine
can be characterized by analyzing, for example, protein or RNA levels or through
functional assays that predict their effects in vivo. These include migration (wound

healing, motility assays, transwell) or invasion (matrix-coated transwells) assays.
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Figure 4. Nanomedicine characterization assays in 2D (A) and 3D (B) in vitro systems.

Despite their utility, traditional 2D cell cultures lack the important tumor
characteristics required to accurately predict nanomedicine treatment response. The
limitations of homogeneous monolayer cultures include the presence of a single cell type,
the lack of a 3D structure, and a poor representation of inter-tumor and intra-tumor
heterogeneity. The ongoing development of novel cell culture strategies, including cell
co-cultures, advanced 3D cell cultures, and patient-derived cells, aims to overcome these
limitations. Of note, applying strategies in combination (e.g., 3D cell co-culture) to
increase complexity can provide a more faithful disease model. In the following sections,
we aim to provide a detailed review of relevant strategies and their implications in
evaluating nanomedicines. Table 3 summarizes the main advantages, limitations, and

applications of said in vitro models.
2.1. Co-culture Strategies

Co-culture techniques afford the study of tumor cells with cells of the TME, such

as cancer-associated fibroblasts (CAFs), adipocytes, endothelial cells, and immune cells,



such as dendritic cells, tumor-associated macrophages (TAMs), or lymphocytes [3]. This
strategy can allow an understanding of differential cell uptake of nanomedicines, as
exemplified by a study from Costa et al., who studied the uptake of chitosan-histidine-
arginine nanoparticles encapsulating plasmid (p)DNA in a 2D co-culture of MCF7 cells
and human fibroblasts [67]. Nanomedicines that modulate the TME generally target
stromal cells, given their role in cancer cell growth and spread, or activate immune cells
to then target cancer cells [68]. As a prime example, Zanganeh et al. proposed the use of
Ferumoxytol®, an FDA-approved iron oxide nanoparticle, as a means to prevent breast
cancer hepatic metastasis and potentiate TAM-associated immunotherapy for breast
cancer [69]. They elucidated the mechanism underlying the effect of Ferumoxytol® using
a co-culture of macrophages and breast cancer cells isolated from the MMTV-PyMT
(mouse mammary tumor virus-polyoma middle tumor-antigen) mouse model. They
discovered that Ferumoxytol® promoted the polarization of alveolar macrophages into
pro-inflammatory macrophages that induce breast cancer cell apoptosis through reactive
oxygen species (ROS) production [69], a finding that would have been missed in studies
employing traditional single cell-type culture. However, even in co-culture, 2D in vitro
models still display significant differences at the individual cell level (altered cell
morphology and the deregulation of the cell cycle caused by monolayer growth) and at
the entire culture level (the lack of nutrient/O, gradients and cell-cell and cell-
microenvironmental communication observed in tumors, points discussed in detail in
following sections)[70-72]. Newly developed advanced 3D cell cultures hope to
overcome said limitations and bridge the gap between 2D in vitro models and in vivo

analysis (Figure 1).

2.2. 3D Breast Cancer in vitro Models: From Spheroids to Patient-derived

Organoids

3D cancer models aim to recapitulate clinical reality to a greater degree than
traditional 2D models without entailing the problematic (complexity, cost, and ethics)
implementation of animal models [73]. Therefore, in vitro 3D cell cultures represent

exciting models regarding the evaluation of anticancer nanomedicines.

While there exists a huge variety of 3D cell culture systems (including spheroids
and organoids, which can be combined with advanced techniques such as bioprinting and

microfluidic-based tumors-on-chips), most share key characteristics that are crucial to the



development of nanomedicines, which include the generation of gradients, the presence
of the extracellular matrix (ECM), and the presence of cell-cell/cell-matrix interactions

[70].

Similar to how the O, and nutrient supply progressively diminishes with distance
from tumor blood vessels, 3D models with diameters above 400 pm possess gradients of
O, and nutrients similar to those that exist in tumors, with O, and nutrient supply
progressively diminishing with distance from tumor blood vessels [70]. These gradients
result in different environmental conditions (e.g., O, concentrations or pH) depending on
the distance from the cell culture core that significantly influences cell biology (e.g.,

metabolic state, proliferative capacity, drug resistance, and tumor potential).

Due to the depletion of O, in tumor cores (hypoxia), cells switch to anaerobic
metabolism, which is characterized by lactate production and the acidification of the TME
[74]. The presence of an acidic pH (range 6.5-6.9) represents a well-known characteristic
of tumors that nanomedicines containing pH-responsive functionalities can take
advantage of to improve treatment outcomes [27]. For instance, Guo et al. designed a dual
pH-responsive polycarbonate micelle with a tertiary amine surface coating that acted as
a doxorubicin and lapatinib vehicle for breast cancer treatment [75]. The polycarbonate
micelles (~112 nm of size) maintained a negative charge at pH 7.4, which favored
prolonged blood circulation times; however, once accumulated in the tumor, a decrease
in pH (at the TME or hypoxic core) prompted the protonation of tertiary amine groups,
switching the surface charge from negative to positive, which enhanced tumor penetration
and cell internalization [75, 76]. While this study physically entrapped lapatinib within
the micelle, the authors conjugated doxorubicin to the carrier through a pH-responsive
imine bond that enhanced intracellular drug release following endocytic internalization
and limits any potential off-target side-effects [75]. Of note, this study highlighted
micellar internalization at pH 7.4 and 6.8 by breast cancer cells in traditional 2D culture;
however, in general, we lack an analysis of similar pH-responsive nanomedicines in more
physiologically relevant in vitro 3D model systems. Hypoxic tumor cores also provide
conditions conducive to the development of drug resistance mechanisms. For example,
the stabilization of the hypoxia-inducible factor 1 alpha (HIF1a) prompts the increased
activity of the HIF1 heterodimeric transcription factor, which regulates the expression of

Multidrug Resistance Protein 1 (MDRI1, also known as P-glycoprotein 1 or P-gp), an



ATP-dependent efflux pump involved in the resistance to small drugs [74]. Notably, the
internalization of nanomedicines via endocytic pathways may help to bypass this drug
resistance mechanism [77-79]. Consequently, the study of possible drug resistance
mechanisms in 3D models may provide more clinically relevant data than similar

assessments in 2D models.

The characteristic loss of redox homeostasis in solid tumors prompts ROS
generation, which can damage DNA, RNA, and proteins and promote tumor progression
and metastasis during early-stage disease. Nevertheless, elevated ROS levels can also
induce cancer cell apoptosis [80]. For these reasons, many rationally-design
nanomedicines aim to take advantage of the high ROS levels in most cancer cells, either
through specific drug delivery at the tumor site using ROS-responsive strategies or ROS-
generating strategies to elevate levels above the toxic threshold [81]. In 3D cell culture
systems, the modulation of oxygen tensions and metabolism in the hypoxic cores of
tumors reduces ROS generation [74], which represents a significant limitation to such
drug delivery strategies involving ROS. To solve the problem of low ROS levels in
hypoxic cores, Wang et al. [82] combined platinum-cobalt (PtCo) nanozymes (which
catalyze the oxidation cascade that leads to ROS generation) with MnO, (catalyzes the
decomposition of H,O, to provide O, as nanozyme substrate) allowing the increase of
ROS in hypoxic conditions [82]. The resulting MnO,@PtCo "nanoflowers" induced
ROS-mediated damage in most cells within 4T1 spheroids, while PtCo nanozymes alone

only induced damage in the outer-layer cells of the spheroid.

As a direct consequence of the gradients present in tumors, and reflected in 3D
models, cancer cells exist in a more proliferative state in the outer layers; however, cancer
cells of the inner layers can exist in quiescent or necrotic states [83]. Quiescent cells
within tumors exist in a reversible non-proliferative state [84] and represent a reservoir
of chemotherapeutic-resistant cancer cells that may proliferate after a long period of
nactivity, causing breast cancer relapse [85]. Thus, the more faithful representation of
different cell states within in vitro 3D breast cancer models may allow for the
development of novel nanomedicines targeted to quiescent tumor cells, the understanding
of the limits of nanomedicines that target "bulk" proliferative cancer cells, or the

construction of novel combination strategies.



Other than the above-described gradients, 3D breast cancer models more faithfully
recapitulate the crucial physiological barriers facing an administered nanomedicine. A
nanomedicine's ability to diffuse through the ECM represents one important factor
limiting uptake by cancer cells. The size and physicochemical properties of a given
nanomedicine can significantly influence outcomes due to interactions with the ECM,
thereby supporting their evaluation using in vitro models that incorporate this crucial
element [86]. Spheroids/organoids can be developed in suspension culture (scaffold-free
cultures) or seeded within exogenous matrices of synthetic or natural origin (scaffold-
based cultures). While the cancer and/or stromal cells employed naturally deposit their
own ECM within scaffold-free systems, the exogenous matrix employed in scaffold-
based cultures significantly influences the final ECM composition/characteristics. This
can then influence mass transport, dosing, and particle distribution to the culture when
evaluating nanomedicines. Therefore, employing a matrix with a similar composition and
characteristics to the tumor stroma will provide a more faithful scenario for the evaluation
of nanomedicines. Evidence for the importance of matrix choice includes the findings of
a study from Astashkina et al., who observed that the strong interaction of gold
nanoparticles with a hyaluronic acid-based hydrogel organoid matrix ultimately impeded
any cell-based evaluations [87]. Matrix choice can also modulate the all-important
interaction of cancer cells with the ECM and alter treatment responses. Lovitt et al.
demonstrated that MDA-MB-231 cells cultured in a Matrigel-based 3D system gained
resistance to doxorubicin compared to its 2D counterpart. Nevertheless, doxorubicin
resistance could be partially reversed either by substituting Matrigel with PuraMatrix, a
synthetic peptide hydrogel without ECM proteins (laminin, collagen IV, entactin), or by
inhibiting B1-integrin, a receptor involved in cell-matrix interactions, demonstrating the
relevance of cell-ECM interactions in response to treatment [88]. Overall, the presence
of a physiologically relevant matrix and relevant cell-cell and cell-matrix interactions in
spheroids and organoids highlights their suitability for evaluating nanomedicines as

breast cancer treatments [89, 90].

Implementing 3D cancer cell models for the evaluation of nanomedicines provides
a range of advantages; they can provide more reliable information regarding the
pharmacological effects (Figure 4) at the cellular level (growth inhibition, apoptosis,
migration, or other biochemical outputs [70, 90]) and allow an evaluation of how

treatment can alter morphometric parameters (e.g., diameter, circularity, volume, cell



density) or systemic integrity. Moreover, the application of 3D model systems can help
to provide a more complete picture regarding the tumor distribution of a nanomedicine
by combining the information about individual cell uptake with data regarding
penetration and distribution through the whole system, which takes into account the effect
of nanomedicine physico-chemical parameters such as the size, shape, deformability or Z

potential on the penetration/diffusion process in the 3D culture [91].

While 3D models offer a better testing ground for nanomedicines than
conventional 2D models, various approaches exist, with each suffering from inherent

strengths and weaknesses related to the individual experiment/hypothesis in question.
2.2.1. Breast Cancer Spheroids

3D spheroids, multicellular aggregates formed under non-adherent conditions, can
be classified as scaffold-free or scaffold-based [92]. In scaffold-free spheroid formation,
cell lines form 3D structures induced through culture on non-adherent culture surfaces,
culture in hanging drops or spinner flasks, or via external-force-driven aggregation [93].
Scaffold-based 3D spheroids are formed after seeding single-cell suspensions onto
synthetic or natural matrices [93] that mimic the ECM and recapitulate cell-matrix
signaling. Scaffold-free spheroids represent the most commonly employed option for

nanomedicine development due to low associated costs and their easy manipulation.

Taresco et al. employed MDA-MB-231 homo-spheroids to establish the increased
cytotoxicity of a poly(ethylene
glycol)-co-poly(lactide)-co-poly(2-((tert-butoxycarbonyl)amino)-3-propyl  carbonate)
(PEG-pLA-pTBPC) conjugate of doxorubicin when compared to treatment with the free
form of the drug [94]. Notably, a similar evaluation under 2D conditions failed to find
any significant differences between the levels of cytotoxicity induced by free and
conjugated doxorubicin. In a more complex scenario, Sethi et al. employed scaffold-free
hetero-spheroids composed of 4T1 cells, CAFs, and endothelial cells to evaluate a
combination treatment comprising radiation and liposomal nanoparticles carrying arsenic
trioxide and cisplatin conjugated with Anginex, a Galactin-1 binding peptide [95].
Radiation exposure induced the endothelial cell expression of Galactin-1, thus promoting
the targeting of the tumor stroma by the Anginex-conjugated nanoparticles. Excitingly,

results from the hetero-spheroid culture resembled those observed during in vivo testing,



providing evidence for the utility of this in vitro approach to nanomedicine evaluation
that minimizes any requirement for animal testing. This study demonstrates how selecting
a 3D model with appropriate cellular constituents can prove the effectiveness of a

rationally designed stroma-targeted nanomedicine.

Unfortunately, the cell line origin of spheroids fails to recapitulate the intra-tumor
and inter-tumor heterogeneity observed in vivo. Breast cancer cell lines are difficult to
isolate from other cell populations from in situ tumors, and so, the majority of breast
cancer cell lines derive from metastatic tumors and pleural effusions, and this leads to a
poor representation of less-aggressive tumor subtypes and a loss of inter-tumor
heterogeneity [62]. Furthermore, breast cancer cell lines adapt to culture conditions
during their establishment, involving the clonal selection of those cells amenable to in
vitro growth and the elimination of other less amenable but biologically relevant cell types
[62, 96], resulting in a loss of intra-tumor heterogeneity. However, we can address some
of these limitations through studies employing organoids, which maintain a similar

heterogeneity to their tissue of origin [97].



Table 3: Summary of main advantages, limitations, and applications of cell culture strategies for nanomedicine in vitro evaluation.

Strategy

Main advantages

Main limitations

Highlighted applications

Examples with

nanomedicine

Monolayer cell culture

Co-culture

Spheroid

Organoid

Tumor-on-chip

Bioprinting

Inexpensive

Representation of different TME
populations

Representation of:

Cell-cell interactions

Cell-matrix interactions

In vivo-like gradients (over 400 um
diameter)

Do not require highly specialized
techniques

Patient-derived

Maintenance of intra- and inter-
tumor heterogeneity

Supports microfluidics

High spatial control

Tumor microenvironment: TME

Cell-line derived: clonal
selection

Condition optimization for
the growth of different cell

lines

Cell line-derived: clonal
selection
Higher costs than

monolayer culture

High costs
Complex establishment
and maintenance
compared to cell line-
derived cultures

High complexity

Specific expertise and
materials required
Specific expertise and

materials required

Initial nanomedicine biological
characterization.
Cell type-targeted therapies

Tumor penetration studies

Patient-tailored therapies

High-throughput screening

Tissue and organ fabrication
when patterning and precisely
biologics placing is required

[67]

[69, 95]

[75, 94, 95]

[87]

[98]

[103, 104]



2.2.2. Breast Cancer Organoids

Organoids, self-organizing 3D structures that arise from stem cells, possess organ-
specific cell types [97] and, importantly, exhibit structural, functional, and molecular
similarities to the tissue of origin [99]. Patient-derived organoids can be established from
induced pluripotent stem cells (iPSCs) or tissue-resident adult stem cells. Patient-specific
organoids derived from 1PSCs represent a highly-utile tool for developmental studies;
however, reprogramming coupled with differentiation and organoid establishment
involves extended time scales, and they have less relevance with regards to cancer
modeling [97]. Patient-specific organoids derived from adult stem cells represent a more
rapid/easy means to model healthy tissues/organs like mammary tissue, stomach, liver,
pancreatic duct, kidney tubule, or prostate. Cancer stem cells (CSCs) within tumor tissues
contribute to the development of cancer organoids [99, 100], and the existence of a
growing number of organoid biobanks, including 95 available breast cancer organoids
[100], has helped to accelerate their experimental application [97]. Moreover, studies
have also reported the development of tumor organoids in model animals such as mice,

rats, and dogs [99].

Organoids can be in vitro expanded for long periods thanks to the self-renewal
capacity of adult/cancer stem cells [99], and, unlike cell lines, they do not suffer from
strong selection. Furthermore, they display levels of intratumor heterogeneity comparable
to that of the original tumor tissue, as the heterogeneous genetic composition of the tumor
is retained over time in organoid cultures [101]. Organoids can also be derived from
tumors at distinct stages; therefore, they can recapitulate the diversity of human cancers
without bias to high-grade tumors. Overall, cancer organoids provide a model system that
maintains intra-tumor and inter-tumor heterogeneity and the characteristics (e.g.,
molecular footprints, histological grade, or differentiation status) of the original tumor.
The growth of organoids in growth substrates such as Matrigel, a basement membrane
extract, supports cell-ECM interactions. Moreover, the presence of specific growth
factors in the culture medium allows the expansion of the epithelial tumor lining but does
not support the growth of stromal cells naturally present in the TME. While co-cultures
with CAFs and immune cells have been reported, examples remain scarce, perhaps due

to a significant increase in technical difficulty and cost [99].



Due to the noted advantageous characteristics, organoids have been proposed as a
"stepping-stone" between the evaluations of nanomedicines in traditional 2D culture and
animal models [92]. Examples of the potential of normal tissue organoids in the pre-
clinical evaluation of nanomedicines include a study from Astashkina et al., who
employed murine kidney proximal tube-derived organoids to predict the toxicity of a
hydroxylated 5" generation polyamidoamine (G5-OH PAMAM) dendrimer using a panel
of hepatic toxicity biomarkers [87]. The authors observed significantly lower toxicity for
G5-OH PAMAM dendrimers than for cisplatin, a nephrotoxic agent, and correlated their
results with in vivo hepatic toxicity results from a previous study [102]. Overall, this study

validated the use of murine kidney proximal tube organoids to assess kidney toxicity [87].
2.3. Advanced 3D Modeling Opportunities

Spheroids and organoids recreate some relevant aspects of breast tumors;
however, other aspects, including fluid dynamics or the spatial control of cells, remain
misrepresented. Organs-on-chips and 3D bioprinting approaches permit some control
over those factors and can create complex model systems for the evaluation of

nanomedicines [103, 104].

Organs-on-chips, microfluidic systems that contain living cells in perfused hollow
microchannels, recapitulate multiple functional aspects of the modeled organ/tissue.
These advanced devices model the 3D nature of the desired tissue by co-culturing
different cell populations with tight spatial and temporal control of chemical gradients
and biochemical forces [104, 105]. Organs-on-chips support flexibility in model
generation, including implementing various sources of cells (cell lines, patient-derived
cells, iPSCs), cell scaffolds (natural or synthetic hydrogels), and tunable linking patterns

between microchannels [104].

The use of tumor cells (forming tumors-on-chips) provides additional advantages
when compared with spheroids and patient-derived organoids, including
compartmentalization and tight control over spatial organization. Human breast tumor-
on-a-chip models, which have already been successfully implemented for drug discovery
[106], can provide for in vivo-like gradients. In a bladder cancer tumor-on-chip model
developed by Liu et al.[107], cancer cells were co-cultured with relevant stromal

populations - macrophages, endothelial cells, and fibroblasts. While physically separating



the four cultures in different chambers, a continuous cell culture medium flow allowed
the interchange of paracrine factors, thereby faithfully recapitulating microenvironmental
cell interactions that translated into TAM activation and migration and the induction of
an in vivo-like organization of bladder cancer cells. Thus, tumor-on-chip microfluidics
systems allow indirect co-culture conformations that recreate the signaling factors that
cancer cells receive in vivo [107]. Importantly for the evaluation of immunotherapies,
tumor-on-chips also support the generation of complex models featuring both cancer and
immune cells that can be adapted for high-throughput screening. For instance, Jiang et al.
[108] developed a tumor-on-chip system using MDA-MB-231 spheroids and Jurkat cells
(immortalized T lymphocytes) to perform high-throughput studies of immune checkpoint
interactions. The system included microwells for the formation of MDA-MB-231
spheroids, which were later co-cultured with activated T-cells. Initially, MDA-MB-231
cells inhibited T-cell growth by PD-1/PD-L1 interactions, although anti-PD1 mAb
treatment reversed the inhibitory effect. This system also included antibody-coated
micropillars that allowed the detection of IL-2 levels; interestingly, a simple switch of
antibody can allow for the study of any other soluble biomarker of interest [108]. Also,
tumor-on-chips can include a realistic vascular network in the tumor chamber with
hypoxic areas [109]. As an example, Shirure et al. developed a microfluidics platform
comprising a microvascular network of endothelial colony-forming cell-derived
endothelial cells combined with MCF7, MDA-MD-231, or patient-derived organoids in
an adjacent compartment. They demonstrated the feasibility of the evaluation of
anticancer and antiangiogenic treatments by monitoring cell proliferation, cell migration,

angiogenesis, and tumor cell intravasation [110].

Organ-on-chip platforms are especially relevant for modeling the different
conditions and biological barriers that nanomedicines face during their voyage through
the body towards tumor cells. The nanomedicine delivery process generally involves
circulation in the bloodstream, extravasation in the tumor through "leaky" vasculature,
passage through the tumor matrix, and tumor cell uptake [111]. While static 3D models
can mimic biological barriers, such as the tumor stroma or the ECM, factors such as
interstitial fluid pressure or passage through the endothelium are not well represented.
Chen et al. developed a 3D breast-tumor-on-chip model for the evaluation of
nanomedicines that comprised breast cancer spheroids (TNBC BT549 or non-TNBC

T47D cells) cultured beyond a blood vessel wall-like biological barrier formed in a



microchannel by an endothelial cell monolayer cultured on top of a basement membrane
extract layer [98]. Interestingly, the authors demonstrated increased penetration and
toxicity against TNBC BT549 spheroids following treatment with doxorubicin-
containing folic acid-targeted PEGylated carbon dots (CDs-PEG-FA/DOX) due to the
selective targeting of the folate receptor, which is upregulated in TNBC [98].

Spheroids, organoids, and organ-on-chip devices recapitulate various aspects of
the TME; however, they lack precise control over the location and organization of the
different cell types employed. To solve this problem, breast cancer modeling has also
taken advantage of 3D bioprinting, the computer-controlled deposition of biological
materials in different layers to create a 3D structure [103]. Using extrusion-based, laser-
based, or droplet-based bioprinting, biological materials are deposited on a matrix that
can be discarded (scaffold-free bioprinting) or maintained (scaffold-based bioprinting)
after the generation of the model. While bioprinting technology remains in its infancy,
Datta et al. recently published a review of breast cancer bioprinted models generated from
established cell lines and primary cells [103]. As an example, Wang et al. bioprinted a
breast cancer model comprising 21PT HER2+ breast cancer cells surrounded by a layer
of primary adipose-derived mesenchymal stem cells, which represent a common stromal
cell type within breast adipose tissue [112]. By altering the thickness of the mesenchymal
stem cell layer, the authors concluded that these cells contributed to the resistance of 21PT
cells to doxorubicin. While nanomedicine studies in bioprinted breast cancer models
remain unreported, these highly organized models may form a central part of future
studies. Bioprinting strategies for the evaluation of immunotherapies could support both
the representation of all immune cell types implicated in the process and the precise
modeling of their distribution [103]. Heinrich et al.[113]recently described a first of its
kind bioprinted glioblastoma model that comprised both glioblastoma tumor cells and
macrophages. In this study, the authors fully characterized gene expression profiles for
both populations, finding that they resembled those observed in the clinical setting, and
demonstrated the usefulness of this model in drug evaluation for both conventional
chemotherapy and immunotherapy. They showed that carmustine, a chemotherapeutic for
glioblastoma, had better performance in the macrophage-glioblastoma co-culture thanks
to the higher tumor growth compared to monoculture, and also that the treatment with the
immunomodulatory drug BLZ945, resulted in reduced tumor growth. To mimic in vivo

metastasis, Cui et al. [114]developed a bioprinted breast-to-bone metastasis model that



included the invasive breast cancer MDA-MB-231 cell line or the non-invasive MCF7
cell line, human fetal osteoblasts, and endothelial cells. In the future, this metastatic model
could be applied to drug screening and could represent a significant advance for

nanomedicine evaluation.

While these advanced 3D systems currently remain underused, due in part to high
associated costs and relative difficulty, we believe that the application of organoid, 3D
bioprinting, and organ-on-a-chip technology will support the pre-clinical evaluation of
breast cancer nanomedicines, allow early-stage detection of predictive biomarkers and,
foster the development of precise and personalized therapies for breast cancer patients
[106, 115, 116]. Furthermore, the evolution of these technologies will help to implement
the "3 R Principle" (reduction, refinement, and replacement) that aims to minimize the

use of animals in the laboratory [117].
3. Pre-clinical Breast Cancer Animal Models

While obvious ethical concerns remain, animal models often represent the gold
standard for understanding disease development and treatment response. At present, the
development of anticancer nanomedicines requires evaluation in animal models to ensure
efficacy and safety before moving to human trials as an understanding of nanomedicine
fate, pharmacokinetics/pharmacodynamics, and whole-body biodistribution represent
key features that guide the transfer of nanomedicines from the pre-clinical to the clinical

scenario [118].

Evaluations in animal models allow an understanding of how a given
nanomedicine can affect parameters such as tumor size, the number of metastases, and
animal survival; however, these all-important measures must be understood in the context
of other interactions, which include drug-tumor accumulation, targeting efficiency,
pharmacokinetics (e.g., circulating drug concentration over time, the volume of
distribution, mean clearance time, bioavailability) and pharmacodynamics (absorption,
biodistribution, drug metabolism and excretion). Moreover, studies of systemic toxicity,
hematocompatibility, and the maximum tolerated dose [119, 120] represent essential first

steps in the potential for acute or chronic side effects [121-123].

Mimicking human pathophysiology in animal models represents a critical aspect

for any evaluation of a given nanomedicine. The choice of the animal model largely



depends on the tumor type, the specific research aim, the ease of use, the cost, and the
time required to develop the model. Furthermore, other parameters generally considered
include the adequate recapitulation of different phases of the disease, the development of
metastasis in a reasonable time-frame, immune-system status, and the overall

resemblance to the human disease [124].

While there exists a substantial number of animal models of breast cancer,
employing a range of animal species and related protocols [63], rats (Rattus norvergicus)
and mice (Mus musculus) remain the most used model animals for the evaluation of
nanomedicines due to the ease of management and physiological and genetic similarities
with humans (98% genetic homology). Murine cancer models also provide cost-effective

but highly reproducible results in a relatively short timeframe [124-126].

With this in mind, we now aim to critically discuss the most common pre-clinical

breast cancer animal models employed in the evaluation of nanomedicines.
3.1. Pre-clinical Murine Models of Breast Cancer

Murine models of breast cancer (Figure 1) are classically divided into two large
groups based on how the tumor arises: via the transplantation of tumor cells or
spontaneous tumorigenesis. Transplantation-based tumor models include syngeneic
models (also known as allograft tumor models), where tumor cells and host are the same
species, and xenograft models, where the tumor cells and host represent distinct species.
Xenograft tumor models can be further subdivided into cell-derived xenografts (CDX)
and patient-derived xenografts (PDX). The host's immunological status and the
implantation site also represent crucial characteristics of transplanted murine models, so
further subdivisions derive from these criteria. Spontaneous tumor models include
genetically modified mouse models (GEMMs) and carcinogen-induced murine

tumorigenesis models [125-128] (Figure 1).

3.1.1. Transplanted Murine Pre-clinical Breast Cancer models

3.1.1.1.  Classification by implantation site
Generation of primary tumors

Transplantation-based tumor models involve the transplantation of tumor cells in

suspension or solid tumors obtained from a donor [129]. The implantation site determines



factors such as tumor growth rate, microenvironment composition, and vascularization,
all of which represent factors that affect the response to nanomedicine treatment. Models
are classified as orthotopic if tumor cell implantation occurs in the tissue where the tumor
arose (1.e., breast cancer cells implanted into the mammary duct or fat pad) or heterotopic
if tumor cell implantation occurs in another tissue (i.e., the subcutaneous implantation of
breast cancer cells). Both these approaches are commonly employed for the establishment
of primary breast tumors [130]. While the subcutaneous transplantation of breast cancer
cells to generate breast tumors is technically straightforward, subsequent tumors lack a
representative tumor stroma and fail to fully recapitulate expected metastatic patterns
[131, 132]. In contrast, orthotopic breast cancer models represent a more faithful
recapitulation of human tumorigenesis [133-135]. The generation of orthotopic breast
cancer models via the injection of breast cancer cells inside the natural cavity of the
mammary ducts (intraductal) provides for the histological and molecular features of the
clinical setting, high implantation rates, and effective spontaneous metastasis [126, 131].
Unfortunately, the intraductal strategy remains technically challenging and has yet to find

common use regarding nanomedicine evaluation [136-139].

The injection of breast cancer cells into the mammary fat pad, which balances
lower complexity with many of the advantages of orthotopic models, represents the more
predominant strategy employed to generate orthotopic breast cancer models. Highlighting
said advantages, Zhang et al. demonstrated the suitability of mammary fat pad orthotopic
breast cancer models for studies involving the TME compared to subcutaneous models
[132]. This study compared tumor growth and progression after 4T1 inoculation by
subcutaneous or orthotopic injections in immunocompetent BALB/c mice. The orthotopic
model displayed larger tumor sizes, elevated metastasis, and an increased invasive growth
pattern with a more considerable number of CD31+ vessels and adipocytes within tumors
than the subcutaneous model. In another example, Okano et al. found that orthotopic
implantation led to enhanced grafting and more rapid tumor growth than subcutaneous
implantation in breast cancer PDX models generated in immunodeficient NSG (NOD scid

gamma) mice employing biopsies derived from eleven breast cancer patients [130].

Importantly, the EPR effect, a key feature for nanomedicine clinical performance
[140], can be significantly affected by the selected implantation site in breast cancer

transplantation models. Ho et al. sought to evaluate the EPR-mediated accumulation of



nanomedicines in tumors formed by the subcutaneous and orthotopic inoculation of
MDA-MB-231-H2N (HER?2 transfected) breast cancer cells in NSG mice [133]. The
evaluation of vessel permeability via the intravenous injection of a fluorescently labeled
high molecular weight dextran (FITC-Dextran, 2 MDa, ~80 nm), used as a nanomedicine
surrogate, demonstrated greater dextran accumulation and a more homogeneous growth
profile in the orthotopic tumor. Furthermore, immunostaining revealed greater vascular
density and thinner basement membranes in the orthotopic model, providing evidence
that orthotopic breast cancer models may represent the optimal means of evaluating the

influence of the EPR effect on nanomedicine accumulation and anti-tumor effect [133].

Parallel to the eradication of primary tumors, the identification and delivery of
anticancer therapeutics to metastatic lesions also represents a significant challenge.
Despite the numerous advantages regarding the primary tumor, orthotopic models
generally only present metastases in the lymph nodes and lungs [64], with the liver
affected occasionally. Metastatic spread tends not to reach the bones or the brain, which
represent critical sites of metastasis in breast cancer patients [141, 142]. However, a
recent study reporting metastasis to the bone from a 4T1-derived primary tumor [143]
may provide a model system for the evaluation of bone-targeted anticancer
nanomedicines or combination approaches with radiotherapy or photodynamic therapy
(PDT) [144]. In general, the limitations regarding the generation of metastasis using
subcutaneous and orthotopic models [64, 132] require the application of complementary

experimental models to evaluate nanomedicines that target metastasis [131, 145, 146].
Generation of Experimental Metastasis

Experimental metastases in breast cancer models do not require the establishment
of a primary tumor and are generally generated through the infusion of tumor cells, with
the injection site determining the organ or tissue that harbors the metastasis. For example,
tail vein injection commonly supports lung metastases, while intracardiac injection
fosters bone and brain metastases [131]. As an example of the use of intravascular
experimental metastatic models for nanomedicine evaluation, Guo et al. developed a dual
complementary liposome containing doxorubicin coated with antibodies against
intercellular adhesion molecule—1 (ICAM1) and epithelial growth factor receptor (EGFR)
as TNBC-targeted treatment strategy [147]. They combined the use of an MDA-MB-231-

Luc orthotopic model and metastasis induced by lateral tail vein injection to demonstrate



the anti-tumor and anti-metastatic effect of their liposomal approach. Furthermore, they
demonstrated that dual complementary liposomes displayed elevated tumor-targeting
activity and antitumor efficacy compared to free doxorubicin in both orthotopic and lung
metastasis models, indicating them as a suitable platform for the design of personalized

nanomedicines for TNBC.

Experimental models of breast cancer metastasis have also been used in the study
of nanomedicines that target TME components associated with metastatic spread, such as
immune cells, endothelial cells, or CSCs [148]. A study by Kim et al. evaluated a
doxorubicin-encapsulating liposome conjugated with double DNA aptamers (Dual-Apt-
Dox) specific to the surface markers glycoprotein CD44 and transmembrane glycoprotein
mucin 1 (MUCT) to target CSCs and tumor cells, respectively, represents a prime example
[149]. The authors assessed the inhibitory effect of Dual-Apt-Dox on metastasis
following the injection of equal amounts of bulk MCF7 cells and CD44+/ CD24— selected
CSCs into the lateral tail vein of female BALB/c athymic nude mice, finding a reduction
in lung metastasis when compared with treatment with either free doxorubicin or an

untargeted doxorubicin-encapsulating liposome [149].

Other examples of metastatic models that mimic the clinical scenario of breast
cancer include a study from Anders et al., who developed an intracranial breast cancer
metastasis model to evaluate the efficacy of Doxil® compared to free doxorubicin
treatment [150]. The generation of the model employed the injection of MDA-MB-231-
BR cells (a subclone that commonly metastasizes to the brain) into the right caudate
nucleus of the basal ganglia of athymic mice. The authors discovered that Doxil®
treatment led to increased survival rates and higher plasma and intracranial tumor
doxorubicin levels than free doxorubicin, most probably due to the enhanced stability of
the nanoformulation in the blood. To note, a comparison of the most widely used
orthotopic metastatic TNBC models - the immunocompetent (4T1) BALB/c and the
immunosuppressed (MDA-MB-231) NOD/SCID model — revealed that the MDA-MB-
231 model supported more significant EPR-dependent tumor accumulation, which the

authors linked to high lipid content and lower cell density in the tumor stroma [64].

3.1.1.2. Classification by Host Immunological State



The host's immune status significantly affects parameters directly relevant to the
evaluation of nanomedicines [151]. The more faithful recapitulation of the in vivo TME
through the inclusion of immune system components will support the accurate prediction
of clinical responses to a novel therapeutic [152]. Moreover, the immune system itself
represents a crucial target for rationally designed nanomedicines, which can either
activate the immune system against the tumor (e.g., nanovaccines) or eliminate those

immune cells that support tumor growth and metastasis [153-155].

With a focus on the immunological state of murine models, hosts can be classified
as immunocompetent, immunocompromised, or humanized [156]. Immunocompetent
hosts present a complete immune system, with C57BL/6, BALB/c, and FVB the most
commonly employed mice strains for murine cell transplantation, carcinogen-induced
tumor generation, and the generation of GEMMs [157]. Additionally, immunocompetent
Sprague Dawley rats are commonly used for carcinogen-induced models. Of note, the
murine immune system exhibits differences from the human immune system, including
an altered balance of leukocyte subsets and expression of Toll-like receptors, antibody
subsets, and cytokines [127, 158-160]. Moreover, different immunocompetent mouse
strains display varying proportions of critical immune system components [63], directly
impacting nanomedicine evaluations. For example, Korangath et al. [152] evaluated
amine-functionalized starch-coated ionized nanoferrite nanoparticles labeled with
trastuzumab, a HER2-targeted antibody, and found that iron uptake correlated with their
HER2 expression in vitro. However, during in vivo analyses, the results differed
depending on the immune status of the mouse strain employed. They observed
nanoparticle accumulation in HER2-positive or HER2-negative tumors generated by
orthotopic transplantation in three mouse strains: the highly immunocompromised NSG,
the slightly immunocompromised nude, and the immunocompetent FVB/N strain.
Interestingly, trastuzumab enhanced tumor retention regardless of the HER2 state of the
tumor. Moreover, the authors discovered strong, subtle, and non-existent correlations
between HER2 levels and nanoparticle accumulation in the tumor in the NSG, nude, and
FVB/N models, respectively, and encountered the accumulation of nanoparticles in
cancer-associated immune cells in the immunocompetent FVB/N model. This study
highlights the critical role of the immune system in nanoparticle uptake and retention and
how the unrealistic immunocompromised setting could lead to misleading results that do

not represent the potential effect in patients [152].



As another example, Type 1 T helper (Th1) cell-dominant mouse strains such as
CS57BL/6 exhibit slow clearance rates of cylindrical PEGylated hydrogel nanoparticles
compared to Type 2 T helper (Th2) cell-dominant mouse strains [161]. T helper cells
adopt distinct identities during immune responses and secrete specific
cytokines/chemokines that instruct a wide variety of immune cells, including
macrophages [162]. While Thl-associated cytokines prompt the polarization of
macrophages into a pro-inflammatory M1 phenotype, Th2 responses induce the
polarization of macrophages into an anti-inflammatory/pro-regenerative M2 phenotype
[163]. Notably, an increased proportion of M1 macrophages correlated with lower
particle uptake by macrophages in Thl-dominant strains, while increased M2
macrophage polarization prompts higher particle uptake in Th2-dominant strains,

highlighting the importance of the immune system on nanomedicines [164].

Human-derived tumor models are limited to the use of immunodeficient or
humanized mouse strains to avoid host rejection [156]. Humanized models, in which the
grafting of human bone marrow-derived hematopoietic stem/progenitor cells replaces the
ablated murine hematopoietic system, provides a means to support the implantation of
human cancer cells within a model that possesses a human-like immune system. The
elevated costs and complexity involved have generally limited the implementation of this
approach [165]; therefore, the generation of tumors from human cells commonly employs
immunocompromised mouse strains that lack essential molecular compartments of the
immune system to reduce the murine immunological response and increase cell

engraftment [166].

Immunodeficient murine models can be subdivided according to their immune
profile. In breast cancer, commonly employed immunodeficient mouse models include
nude (athymic), SCID (severe combined immunodeficient), NOD-SCID (non-obese
diabetic-severe combined immunodeficient), RAG (Rag-deficient), NOG (NOD/Shi-
scid/yc” null), and NSG (NOD/SCID/yc ") strains (Table 4) [166, 167]. Each
immunodeficient mouse strain exhibits differences regarding primary tumor
establishment and growth and metastatic potential. For example, Puchalapalli et al.
compared orthotopic breast tumor growth and metastasis in nude and NSG models using
ER- breast cancer cell lines (MDA-MB-231, SUM1315, CN34BrM) in both nude and
NSG mice and an ER+ cell line (T47D) in NSG mice [166]. They discovered that NSG



mice were more permissive for primary breast tumor growth and metastasis than nude
mice, with a metastatic profile (presence in lungs, liver, bones, brain, and residual lymph
nodes) similar to that observed in human patients. Overall, these data suggest that NSG
models represent an exciting model system for the evaluation of nanomedicines aimed at
treating metastatic breast cancer. Peng et al. also employed the NSG strain to analyze the
effect of different nanomaterials in metastatic breast cancer [168]. The authors
demonstrated that intravenously injected titanium dioxide, silica, and gold nanoparticles
significantly accelerated the intravasation and extravasation of breast cancer cells,
thereby increasing the extent of existing metastasis (lungs) and promoting the appearance
of new metastatic sites (liver bone and spleen). This study emphasized the importance of
evaluating a given nanomaterial's interactions within an appropriate biological

environment to evaluate beneficial/harmful effects.



Table 4. Immunodeficient mouse strains and their applications for nanomedicine evaluation. Code.: +++ immune components present, + residual components,

and - absent components in each model.

Model Immunological Profile Innate components Adaptative Applications Examples of Tested
components Nanomedicines.
NUDE Foxn1" mutation. C5 complement +++ Dendritic Engraftment of cancer cell lines. Doxil® [150]
Athymic and T cell-deficient. = Macrophages +++ cells+++ Easy evaluation of tumor growth.
Intact innate immunity. Granulocytes +++ Antibodies +++ Not suitable for primary cells
Natural killer cells +++ B cells+
T cells-
RAG Rag deficient. C5 complement +++ Dendritic Most commonly used genetic background. -
T and B cells depleted. Macrophages +++ cells+++ Radiation tolerant.
Intact innate immunity. Granulocytes +++ Antibodies- Poor host for primary cells.
Natural killer cells + B cells-
T cells-
SCID Prkdcseid mutation. C5 complement +++ Dendritic Engrafts hematopoietic cancer cells and Ag/Au bimetallic
T and B cells depleted. Macrophages +++ cells+++ some primary cells. nanoparticles [169]
Intact innate immunity. Granulocytes +++ Antibodies- NK activity limits engraftment.
Natural killer cells +++ B cells- Poor radiation tolerance.
T cells-
NOD-SCID | Lacks mature B and T cells. C5 complement- Dendritic Engrafts hematopoietic cancer cells and Polymeric micelles
Reduced innate immunity. Macrophages+ cells+++ some primary cells. loaded with Zileuton®
Granulocytes+++ Antibodies- Residual natural killer cell activity limits [170]
Natural killer cells+ B cells- engraftment.
T cells- Poor radiation tolerance.
NOG NOD-SCID mice crossed with C5 complement- DC+ Enhanced engraftment of primary cells, -
IL2y receptor null mice Macrophages+ Antibodies- tissues, and tumors.
resulted from a truncation of Granulocytes+++ B cells- Efficient host for human hematopoiesis
the intracellular signaling Natural killer cells- T cells- and immunity.
domain in the NOD/Shidic- Optimal strain for humanized models.
Prkdcse® mouse. Permits long-term experiments.




The receptors can bind Poor radiation tolerance.
cytokines IL-2, 4,7, 9, 15, and

21 but do not become active.

Lacks mature B and T cells.

Impaired innate immunity.

NSG NOD-SCID mice crossed with  C5 complement- DC+ Enhanced engraftment of primary cells, Titanium dioxide, silica,
IL2y receptor null mice Macrophages+ Antibodies- tissues, and tumors. and gold nanoparticles.
resulted from a complete null Granulocytes+++ B cells- Efficient host for human hematopoiesis [168]
mutation in the NOD/ShiLtSz- Natural killer cells- T cells- and immunity.
Prkdcsed mouse. Optimal strain for humanized models.
Complete knockout of Permits long-term experiments.
receptors for cytokines IL-2, Poor radiation tolerance.

4,7,9,15,and 21.
Lacks mature B and T cells.
Impaired innate immunity.

Abbreviations: dendritic cells (DC), natural killer (NK), athymic nude (Nude), severe combined immunodeficiency (SCID), non-obese diabetic severe combined

immunodeficiency (NOD-SCID), Rag-deficient (RAG), NOD/Shi-scid/yc™"~ null (NOG) and NOD/SCID/yc~~ (NSG) strains.



3.1.1.3.  Classification by Origin of Implanted Cells
Syngeneic Mouse Models

Syngeneic mouse models (murine tumor host and donor) are widely used in
nanomedicine studies in breast cancer due to their easy management, rapid establishment,
and their experimentally reproducible nature [127]. As they present a more human-like
metastatic profile and support the presence of immune components, syngeneic models

represent a valuable resource for evaluating a wide range of nanomedicines [171].

The most widely used syngeneic breast cancer model for the evaluation of
nanomedicines is the orthotopic TNBC 4T1 model [172, 173], which exhibits several
advantageous characteristics, including the well-vascularized nature of the tumor [174],
the high metastatic capacity in the lungs and lymph nodes [64], and adequate TME

representation [175].

One of the main advantages of including TME components in pre-clinical models
relates to the study of immunotherapies. For example, the most prominent advancement
made in the clinic for the treatment of patients with unresectable, locally advanced, or
metastatic TNBC expressing the_anti-programmed death-ligand 1 (PD-L1), is the
combination of Abraxane® and the new PD-LI inhibitor, atezolizumab (Tecentriq®)
[176, 177]. Lesniak et al. demonstrated the influence of the TME in PD-L1 expression by
tumor cells by linking low endogenous PD-L1 expression 4T1 cell with low atezolizumab
uptake in vitro. However, the in vivo 4T1 model exhibited greater tumor uptake of
atezolizumab due to the presence of an inflammatory TME that induced higher PD-L1

expression in tumor cells [178]

Factors present in the unique TMEs can also be considered endogenous stimuli
that can aid the rational design of tumor-specific nanomedicines [179]. As an example,
we can design nanomedicines with bioresponsive linkers that release their cargo in the
presence of microenvironmental factors associated with tumorigenesis, such as acidic pH,
elevated ROS, glutathione (GSH), hypoxia, H,O,, the elevated expression of proteases
(including matrix metallopeptidases (MMP) and cathepsins), or other overexpressed
proteins [4, 180-182]. The orthotopic TNBC 4T1 metastatic model is often employed in
the study of polymer-based combination conjugates, where the polymer-drug(s) linker

design is a crucial feature ruling final therapeutic output at the primary tumor and



metastasis level. Polyglutamate-based conjugates bearing a synergistic ratio of
doxorubicin and the aromatase inhibitor aminoglutethimide (AGM) were prepared firstly
using protease-cleavable drug linkers [183]. While the co-delivery of both drugs led to
improved antitumor effects compared to the single counterparts, we also established the
importance of a small and flexible glycine linker in modifying the spatial conformation
of the polymer—drug conjugate, which promoted the release of both drugs and the
significant improvement in biological activity [183]. TNBC tumors display unique
microenvironmental characteristics, including an acidic pH and high GSH concentration
[184], especially compared to the Luminal A subtype, which can be taken advantage of
to inhibit metastases. Therefore, in a follow-up study, we incorporated a pH-labile
hydrazone linker for the conjugation of doxorubicin combined with the selected Gly-
AGM as means to further potentiate the inhibition of metastasis [185]. We demonstrated
that a lower loading of doxorubicin and shorter hydrazone linkers triggered a more
controlled and sustained doxorubicin already at the TME, producing optimal antitumor

and antimetastatic effects in vivo [185].

As an example of the importance of the 4T1 TNBC mouse model at the clinical
level, Biancacci et al. employed this model to evaluate the biodistribution and target site
accumulation of PEG-b-poly(N-(2-hydroxypropyl)methacrylamide)(pHPMA )-lactate
core-crosslinked block copolymer micelle (CCPM), the CriPec® platform developed by
Cristal Therapeutics [186]. Based on this platform, CPC634 is a core-crosslinked micelle
with covalently bound docetaxel that induced the complete regression of breast tumors
after a single injection in mice and is currently in Phase I/II clinical trials for various
tumor types (NCT03742713) [187, 188]. Using advanced imaging techniques, the authors
differentiated between the accumulation of the CCPMs in the tumor and stroma, obtained
detailed insight into the interactions between CCPMs and cancer, endothelial, and
immune cells within the tumor, liver, and spleen, and reported extensive tumor and
immune cell accumulation in all three organs [186]. These results suggest the utility of
PEG-b-pHPMA-lactate CCPMs to target therapeutic agents to tumor and TME cells as

an improved breast cancer treatment strategy.

Despite the extensive use of syngeneic models in the evaluation of nanomedicines,

the implementation of human cancer cells in CDX and PDX breast cancer models allows



for the more faithful recapitulation of the phenotypic and genetic characteristics of

tumors.
Cell-derived Xenografts

CDX breast tumor models involve the transplantation of human breast cancer cells
into an immunodeficient animal model [166, 171]. While the use of human cells brings
closer the recapitulation of the human disease and CDX models represent an amenable
model system for the analysis of nanomedicines, the lack of an immune system represents
a crucial limitation. There exist many examples of the pre-clinical evaluation of
nanomedicines in CDX models, with MDA-MB-231 (TNBC) and MCF7 (luminal A)

cells commonly employed.

For example, targeting CSCs represents a prominent application of
nanomedicines. Gener et al. employed an MCF7-derived tumor to evaluate polymeric
micelles loaded with Zileuton®, an active inhibitor of arachidonate 5-lipoxygenase gene
(ALOXY5), a critical regulator of CSCs in chronic myeloid leukemia [170]. Phase II
randomized trials studying the efficacy of Zileuton® combined with standard treatments
have yet to yield positive results, perhaps due to this compound's hydrophobicity and the
associated high IC50 value; however, the nanoformulation of Zileuton® provided for a

significant reduction of intratumoral and circulating CSC levels [170].

The implementation of MDA-MB-231 cells generally provides for a more
invasive, metastatic, and experimentally reproducible model than MCF7 cells, in
agreement with the behavior of the relevant tumor types in the clinical scenario [189-
191]. Furthermore, the use of estrogen-dependent breast cancer cells such as MCF7
requires the administration of additional supplements such as estradiol to promote tumor
growth initiation and growth, thereby adding additional complexity [166, 192]. Examples
of MDA-MB-231-based CDX models for the evaluation of nanomedicines include a
study from Zheng et al., who employed MDA-MB-231 tumor-bearing nude mice to
demonstrate the antitumor efficacy of a superparamagnetic iron oxide nanoparticle
(SPIO) containing paclitaxel as the active agent [193]. The authors reported enhanced
tumor accumulation and antitumor efficacy following the added use of a pH-responsive
peptide (H7K(R;),) to target the TME. In another example, Liu et al. evaluated the

antitumor efficacy of a folate-receptor-targeted laser-activable poly(lactide-co-glycolic



acid) nanoparticles loaded with paclitaxel/indocyanine green in subcutaneous MDA-MB-
231-derived tumors in BALB/c nude mice [194]. Laser-mediated activation permitted the
controlled release of paclitaxel in areas of high folate-receptor densities, which

demonstrated high antitumor efficacy.

Even given their immunodeficient status, CDX models can be effectively used to
evaluate immunotherapies [195]. Only 20% of TNBCs tumors express PD-L1, which
correlates with the presence of tumor-infiltrating lymphocytes and response to
neoadjuvant chemotherapy [196, 197]. LesniakWojciech et al. demonstrated high levels
of PD-L1 expression in the MDA-MB-231 cell line and correlated this to an increase in
atezolizumab uptake in vitro and in vivo when compared to models with lower PD-L1

expression [178].

Although CDX models have many advantages, the use of cell lines entails notable
limitations that include the loss of tumor heterogeneity or the use of a clonal population
of cells that suffer from genetic drift associated with ongoing culture (Section 2)
[198].Thus, CDX tumors can be used to provide proof of principle in a simple manner,
but they may not accurately reflect the clinical setting. The development of PDX models
represents a solution, providing a better reflection of intratumoral and intertumoral
heterogeneity. PDX tumors, unlike CDX models, retain the architecture and stromal
components of the original tumor and more accurately represent the complex biochemical
and physical interactions between cancer cells and their microenvironment. Therefore,
PDX models represent a better scenario for predicting the outcome of nanomedicines

mainly those targeting TME [199].
Patient-derived Xenografts

PDX models are generated by transplanting human primary tumor cells, tumor
fragments [124], or patient-derived tumor organoids (generating patient-derived
organoid-derived xenografts, PDOX) into immunocompromised model animals with the
hope of recapitulating the original heterogeneity of the tumor tissue [100]. While
subcutaneous PDX transplantation models have been used to measure primary tumor
growth in breast cancer, orthotopic PDX transplantation models are more suitable for
mechanistic studies of metastasis and therapeutic resistance [126, 171, 200, 201]. DeRose

et al. reported that directly implanting breast tumor tissues derived from patients into



mouse mammary fat pads resulted in a remarkable recapitulation of human breast cancer
[202]. These tumor grafts closely resembled the original tumors regarding their clinical
markers and histopathology, hormone dependence/independence, gene expression and
DNA copy number variations, and metastatic profile. Interestingly, the authors also found
that co-engraftment of primary human mesenchymal stem cells alongside tumor grafts
helped maintain phenotypic stability and improve growth by promoting angiogenesis and

reducing necrosis.

Overall, PDX models offer notable advantages regarding the pre-clinical
evaluation of nanomedicines and the identification and validation of new targets and
functional biomarkers and can be used to evaluate personalized treatments on a patient-
to-patient basis [125, 203]. A recent study from Miller-Kleinhenz et al. employed
orthotopic human breast cancer PDX models established from surgically resected residual
chemoresistant breast cancer patient biopsies to study possible nanomedicine treatments
[204]. The authors noted the prevalence of CD44heh/CD24ow CSCs, which has been
linked to therapeutic resistance and poor prognosis [205], and the overexpression of
biomarkers associated with increased tumorigenicity, metastasis, and resistance to
chemotherapy (LRP6 and urokinase plasminogen activator receptor, or uPAR) via the
upregulation of Wnt/B-catenin pathway signaling [206, 207] within biopsies derived from
doxorubicin-resistant tumors. /n vitro treatment with a doxorubicin-loaded magnetic iron
oxide nanoparticle (IONP) conjugated with peptides that targeted LRP6 and uPAR
suppressed breast cancer cell invasion by inhibiting Wnt/B-catenin signaling and reducing
the level of stemness-associated markers. Systemic administration of this dual-targeted
nanomedicine led to enhanced tumor targeting and more robust tumor growth inhibition
compared to non-targeted or single-targeted IONPs carrying doxorubicin, thereby

suggesting the efficacy of this approach to chemoresistant breast cancer [204].

PDX breast cancer models display certain disadvantages that limit their routine
pre-clinical use, including difficulties regarding their procurement and establishment in
the laboratory [208], a requirement for immunodeficient models, and a lack of growth of
some human breast cancer subtypes in mice. Strategies employed to overcome these
problems and enhance tumor engraftment include supplementation with estradiol, a
proven approach for both ER-positive and -negative breast cancer. Even though ER-

negative breast tumors do not directly respond to estradiol stimulation, an ER-dependent



mechanism involving myeloid cells promotes angiogenesis and tumor growth in said
breast cancer subtypes [209]. Additionally, the requirement for human tissue limits the
amount of starting material, while the use of immunocompromised or humanized mouse
strains increases costs. Despite these difficulties, their human origin, complexity,
structural heterogeneity, and overall similarity to the clinical situation make PDX breast
cancer models a highly wvaluable platform for the evaluation of personalized

nanomedicines [210].
3.1.2. Spontaneous Murine Breast Cancer Models

Spontaneous breast cancer models (GEMMs and carcinogen-induced models)
fully recapitulate the tumorigenic process - from early-stage disease development to the
generation of metastasis. Notably, such models possess a competent immune system and

a naturally evolved TME and, therefore, faithfully mimic human disease [126].

While the use of these pre-clinical models can overcome the limitations associated
with transplanted tumor models, including cell selection (syngeneic and CDX), high costs
technical complexity (PDX), or the requirement for immunocompromised animals
(xenografts) [211], spontaneous breast cancer models also display certain limitations.
These include the extended period of time required to establish each model (up to a year,
depending on the model) [128], thereby suggesting their implementation in a validation
step during the analysis of a novel nanomedicine rather than as the first choice for in vivo
evaluations. Due to this limitation, there exist few reported examples of the application
of spontaneous models in the nanomedicine field; however, their implementation as

validation tools may foster rapid clinical translation.
3.1.2.1. Genetically Engineered Mouse Models

Tumors in GEMMs spontaneously arise in immunocompetent mice due to the
presence of introduced genetic alterations (i.e., knock-in of potential oncogene or knock-
out of potential tumor suppressor gene). The most common genetic manipulations in
breast cancer models include the overexpression of mammary oncogenes or the mammary
gland-specific deletion of tumor suppressor genes, such as the p53-null “T11” model

[171, 212]



The overexpression of mammary oncogenes (e.g., cyclin D1, PyMT, neu/ErbB2/
HER2, Myc, Ras, SV40 Tag, and Wnt 1) via regulatory sequences that include the mouse
mammary tumor virus (MMTV) long terminal repeat (LTR) promoter (for several
oncogenes such as cyclin D1, new/ErbB2/HER2, Myc, Wnt 1 and PyMT), the whey acidic
protein (WAP) promoter (for the Ras oncogene), or the 5' flanking region of the C3(1)
component of the rat prostate steroid-binding protein gene (commonly used to drive
expression of the SV40 large T-antigen - C3Tag) [126, 213, 214]. The administration of
factors such as estrogen, lactogenic hormones, or steroid hormones to engineered mice

activates the oncogene in question and leads to tumorigenesis (Table 5) [215].

Table 5. GEMMs of Breast Cancer

Promoter Activator Mammary oncogene Latency Metastasis
(week)

MMTV-LTR Steroid hormones neu/ErbB2 gene 30 Lungs
PyMT viral oncogene 4-8 Lungs & lymph nodes
Cyclin D1 gene 88 Non-metastatic
Myc gene 16-76  Non-metastatic
Wnt1 gene 32 Non-metastatic

WAP Lactogenic Ras gene 24 Lungs

hormones

C(3)1 Estrogen SV40 Tag viral 21 Lungs & lymph nodes
oncogene

P53 null “T11” | Steroid hormones p53 24-48  Peritoneal cavity

(Adapted from [215])

As GEMMs display the critical histopathological, molecular, and genetic
characteristics of cancer, as well as de novo disease and full disease development
(including the formation of blood vessels and a natural TME), they represent important
tools regarding our understanding of how specific genetic elements can influence breast
cancer tumorigenesis and metastasis, the evaluation of the immunogenicity of therapies

[123, 216], and the definition of the molecular mechanisms of drug resistance [217].

The ability to explore drug resistance mechanisms and evaluate possible
nanomedicines represents key advantage for GEMMs, especially given the problem of
acquired chemoresistance in TNBC patients [218]. For example, Bowerman et al.
employed the C3Tag breast cancer model that recapitulates basal-like subtypes of TNBC
and displays resistance to chemotherapeutics from the taxane family (i.e., paclitaxel and
docetaxel) [219]. This study aimed to improve docetaxel's efficacy in taxane-resistant
TNBC treatment through its incorporation into biodegradable poly(lactide-co-glycolide)

(PLGA) nanoparticles. The subsequent pharmacokinetic analysis demonstrated that



delivery of PLGA-docetaxel nanoparticles increased docetaxel circulation time and
provided similar docetaxel exposure to the tumor compared to the clinical formulation of

docetaxel, thereby increasing antitumor efficacy.

The main limitations of GEMMs include the extended periods of time required
for model development and the low and heterogeneous rate of metastasis formation,
which requires the use of large cohorts of animals to accurately measure metastatic
disease and the therapeutic efficacy of treatments [126, 213]. Moreover, mice are
normally sacrificed before the development of macroscopic metastases due to primary
tumor burden. This problem can be overcome by orthotopic transplantation of
GEMM-derived tumor fragments, which maintain the intratumoral heterogeneity of
donor tumors, followed by surgical resection to allow the development of clinically overt
metastatic disease [213]. While the MMTV-PyMT and MMTV-Erbb2 models
spontaneously metastasize to the lungs and lymph node [220] and have found use in the
study of metastatic disease, few models mimic the clinical scenario of metastasis to the

brain and bones [198].

Recent advances in CRISPR-based gene editing [221] and the orthotopic
transplantation of spontaneous tumors into recipient mice have permitted improvements
that have accelerated model development and improved homogeneity of metastatic
spread. For example, Kim et al. employed MMTV-neu mouse-derived tumors for the in
vivo evaluation of peptide-targeted liposomal doxorubicin nanoparticles with enhanced
selectivity for HER2-positive breast tumor cells [222]. The authors cryopreserved
portions of any spontaneously-arising tumors and then orthotopically transplanted them
into female NOD-SCID mice. Overall, they demonstrated that HER2-targeted
nanoparticles achieved 90% tumor growth inhibition compared to free doxorubicin. In
another example, Song et al. employed FVB/n mice carrying a transgene for C3(1)-T-
antigen and BALB/c mice carrying a p53-null T11 mouse-derived tumor to compare the
efficacy of Doxil® and free doxorubicin treatment [6]. Overall, they demonstrated an

increased efficacy for Doxil® compared to free doxorubicin in both models.
3.1.2.2. Carcinogen-induced Models

Carcinogen-induced models develop spontaneous tumors after exposure to

carcinogens such as metals (i.e., arsenic, cadmium, and lead), hormones, chemicals,



radiation, or viruses [223]. Rats have been widely employed in this sense, as commonly
used carcinogens induce hormone-dependent tumors that display histopathological
characteristics and genetic alterations similar to those described in humans [224-226]. In

mice, carcinogen-induced tumors tend to be hormone-independent [227].

The most common chemical carcinogens employed to develop breast cancer
models are 7,12-dimethylbenzantracene (DMBA) and N-methyl-n-nitrosourea (NMU).
DMBA, a classic polycyclic aromatic hydrocarbon, forms adducts in DNA after
cytochrome P-450 bioactivation in the liver, while NMU is an alkylating agent that
methylates guanine nucleosides and prompts AT:GC transition mutations. While NMU
tends to generate more aggressive breast tumors with spontaneous metastases, DMBA
generally generates less aggressive tumors that fail to metastasize [228]. Carcinogen-
induced models develop a natural TME and mimic the multistage process of human
mammary carcinogenesis; however, the main limitations include the extended times
required to develop the model and the unpredictability in terms of time, location, and the

number of tumors and metastasis formation [119].

Given these factors, carcinogen-induced models are commonly employed to study
cancer development; however, very few examples of nanomedicine evaluations have
been reported. Dagar et al. demonstrated the increased antitumor activity of a sterically-
stabilized mixed phospholipid nanomicelle (SSMM) encapsulating paclitaxel and
decorated with vasoactive intestinal peptide (VIP) as a targeting ligand when compared
to free paclitaxel or an untargeted paclitaxel-SSMM [229]. MNU-induced breast tumors
display approximately five-times more VIP receptors than the surrounding normal breast

tissue [230] and are considered the optimal pre-clinical model to achieve proof of concept.
3.2. Additional Animal Models - From Small to Large Animals

Despite the advantages of using murine models to study nanomedicines in breast
cancer, the success rate regarding the translation of therapies into clinical practice remains
relatively low [231]. Possible mediating factors include the fact that murine models can
tolerate higher drug doses than human patients, as their bone marrow displays less
sensitivity to many cytotoxic drugs and the reduced blood volume (~2 ml) limits analysis.
Therefore, the involvement of other animal models may be required to generate sufficient

pre-clinical-clinical data [232].



Additional pre-clinical animal models currently under development to study
breast cancer therapies include zebrafish (Danio rerio), which are considered less
complex than murine models but with interesting properties as an intermediate tool for
nanomedicine screening [233]. Their advantages include rapid development, large
numbers of offspring, and the transparency of embryos and larvae, which, importantly,
allows a more straightforward and cost-effective evaluation of some aspects of
nanomedicine biodistribution/pharmacology using diverse imaging techniques [233,
234). Zebrafish provide a powerful intermediate model for the first screening of
anticancer nanomedicines as various studies on angiogenesis [235], tumor growth, or
metastasis have been reported for different types of nanomedicines [236, 237]. While
these data generally lack robustness and reproducibility, the development of zebrafish as
an accepted model by regulatory agencies may provide an interesting
alternative/complement to murine pre-clinical models [233]. Zebrafish models may also
find use in determining parameters including lethal dose, acute toxicity, teratogenicity,
and organ-specific toxicity, which all represent established applications [238]. For
example, Calienni et al. employed zebrafish to compare the in vivo toxicity and
teratogenicity of doxorubicin-loaded mixed micelles (MMDOX) composed of D-o-
tocopheryl polyethylene glycol 1000 succinate (TPGS) and Tetronic® T1107 with free
doxorubicin and Doxil® [239]. MMDOX displayed lower levels of Iethality,
morphological alterations, and neurotoxic effects compared to free doxorubicin; however,
but Doxil® performed better overall. In this case, drug administration employed the oral
or transdermal routes, and, therefore, these results require confirmation following
intravenous injection in an in vivo mammal cancer model. The precision required for the
automated injection of nanomedicines into the circulation currently remains a major
unmet challenge that represents a significant barrier to the implementation of as a cost-

effective model system [233].

Larger animal models, including companion animals [240, 241], non-human
primates [242], or pigs [243], have been employed in pre-clinical breast cancer research.
Companion animals such as cats and dogs have been employed given the closer clinical,
biological, and genetic similarities of their tumors to the human disease than murine
models [244, 245]. Both cats and dogs possess the same oncogenes and tumor suppressors
that contribute to cancer development in humans and present with greater sequence

homology than mice [246-248]. While age and environmental stressors influence the



spontaneous development of cancer, dogs develop tumors at twice the frequency of
humans and cats at half the frequency of humans. Cat and dog models possess an intact
immune system, and heterogeneous tumors can develop into a recurrent, drug-resistant
form of the disease and metastasize to distant sites [249]. Several studies have already
highlighted the value of companion animal models in nanomedicine development [250-
252]. Ali et al. treated cats and dogs with spontaneous breast cancer with gold nanorod
(AuNR)-assisted plasmonic photothermal therapy (PPTT) as an adjunct to surgical
approaches for solid tumor treatment [252]. In PPTT, exposure to near-infrared (NIR)
laser light following the injection of AuNRs into tumors creates localized heat that
induces tumor necrosis and apoptosis [253]. Encouragingly, the authors discovered that
PPTT before surgery prompted tumor regression; furthermore, the impact on the blood

vessels decreased blood loss during surgery and decreased the risk of metastasis.

Despite the similarities of breast cancer development in dogs and cats with
humans, several disadvantages inhibit their widespread use as routine pre-clinical models,
including elevated costs, extended timescales, and difficulties connected to gathering the
minimum number of animals necessary for a single study [254]. Moral/ethical concerns
perhaps represent the most critical problem, as research use is not well accepted by the
general public. In the same manner, strict regulatory and ethical concerns significantly
limit the use of non-human primates; however, pigs have been traditionally domesticated
as a food source, and therefore, their use as research models raises fewer moral concerns
[255]. Pigs display many anatomical and physiological similarities to humans and,
consequently, have routinely been used to study the effect of nutrition, new surgical
approaches, imaging modalities, and organ transplantation techniques. Pigs and humans
exhibit similar pharmacokinetics, and pig cancer models have been employed to study
disease progression [256] and regression upon treatment [257]. Importantly, their use to

monitor cardiac function is well-recognized [258].

In the realm of nanomedicines, pig models have been used to evaluate
cardioprotection  [259], chemotherapy-associated cardiotoxicity [260], and
hypersensitivity/infusion reactions (complement activation-related pseudoallergy) [261,
262]. For example, Gyongyosi et al. compared the cardiotoxicity of doxorubicin and
Myocet® in pigs by monitoring factors such as survival, body weight, and cardiac

function [263]. In agreement with the clinical information available, the authors



confirmed a reduced level of cardiac damage following Myocet® treatment due to a lower
level of cardiac accumulation; furthermore, they proposed the specific-upregulation of
interferon-stimulated genes in Myocet®-treated animals as a cardioprotective mechanism
[263]. Many marketed nanomedicine products can induce life-threatening infusion
reactions, including liposomes (Doxil® and Ambisome®), polymeric micelles (Taxol®
and Taxotere®), or inorganic nanoparticles (Feraheme®) and pigs represents a suitable
model system for the pre-clinical prediction of possible infusion reactions [261].
Examples include the evaluation of complement activation-related pseudoallergy
following treatment with PEGylated liposomal-based nanomedicines such as Doxil®
[261]; however, there do exist significant differences between the human and porcine
immune responses. Porcine pulmonary intravascular macrophages (PIMs), which are not
present in the lungs of humans or other pre-clinical models [261], rapidly extract
nanomedicines from blood, thereby compromising the reliability of results [264]. Finally,
attempts have been made to establish porcine GEMM breast cancer models [255],
including those carrying BCRA1 mutations [265]; however, a representative pig breast

cancer model has yet to be established [255, 265].



Table 5. Examples of selected nanomedicines discussed within the manuscript, pre-clinical models used in their evaluation, and the main readouts in vitro and in vivo.

Nanomedicine In vitro model(s) Most relevant parameters in In vivo model(s) Most relevant parameters REF
vitro in vivo
Nanomedicines in Clinics / Clinical Trials
Doxil® 2D: MDA-MB-231-BR Cell toxicity Experimental metastasis by Antitumor efficacy, [150]
(brain-seeking subclone) MDA-MB-231-BR biodistribution,
intracerebrally injected in pharmacokinetics
athymic nude mice.
Doxil® - - GEMM FVB/n strain carryinga  Antitumor efficacy, [6]
transgene for C3(1)-T-antigen pharmacokinetics,
(C3-TAg) and tumors derived macrophage levels,
from BALB/c T11/TP53Nu! microvessel density
orthotopically transplanted into
BALC/c mice.
Unloaded CPC634 - - 4T1 orthotopically injected in Biodistribution, tumor [186]
(Cristal Therapeutics) BALB/c accumulation, stromal
distribution, uptake, ex vivo
imaging
Ferumoxytol® 2D: MDA-MB-468, HUVEC  Cell toxicity, ROS generation, = MMTV-PyMT-derived cancer Antitumor efficacy, [69]
(Feraheme®, AMAG apoptosis cells orthotopically injected on macrophages population
Pharmaceuticals Inc., 2D co-culture: RAW264.7 + female FVB/N mice. study, metastasis
Cambridge, MA, USA) | MMTV-PyMT-derived cells
/I murine bone-marrow- Experimental metastasis with
derived intravenously injected KPI-
macrophages + MMTV- GFP-Luc in NOD.Cg-
PyMT-derived cells Prkdcscd|L2rgtmWil/SzJ mice.
Metastatic to lung and liver.
Myocet® - - Domestic pigs Cardiac safety [263]

Inorganic Systems




MnO,-Platinum-Cobalt | 2D: 4T1, mouse embryonic  Cell toxicity (2D and 3D), 4T1 subcutaneously injected in  Antitumor efficacy, [82]
nanozymes fibroblasts NIH3T3 uptake (2D), ROS generation BALB/c biodistribution, safety,
3D: 4T1 cells on agarose- (2D and 3D), apoptosis, lipid pharmacokinetics
precoated wells peroxidation (2D), DNA
double-strand breaks (2D),
lysosomal disruption (2D)
Titanium dioxide, 2D: Human microvascular Cell toxicity, migration assays, MDA-MB-231-Luc Antitumor efficacy, [168]
silica, and gold NPs endothelial cells, Human adhesion, uptake orthotopically injected in NSG. biodistribution, metastasis
mammary microvascular Metastasis in lungs, liver, bone,
endothelial cells, MDA-MB- and spleen
231, MCF7
PEGylated gold NPs - - 4T1 orthotopically injected in Tumor vasculature analysis, [266]
BALB/c, U87-MG EPR effect, biodistribution,
subcutaneously injected in CD1
Nude, MMTV-PyMT GEMM in
FVCIN strain, and TNBC PDX
orthotopically injected in NOD-
SCID
Gold nanorod- - - Pet cats and dogs with Antitumor efficacy [252]
assisted plasmonic spontaneous breast cancer
photothermal therapy tumors
Targeted inorganic systems
Trastuzumab-labeled 2D: MCF7, MCF7/Neo, Uptake, macrophage MDA-MB-231, MCF7/Neo, Antitumor efficacy, tumor [152]
amine-functionalized MCF/HER2, HCC1954, activation MCF7/HER2, BT474, or accumulation
starch-coated MDA-MB-231, BT474, HCC1954 cells orthotopically
bionized nanoferrite SKBR3, RAW264.7 injected in athymic nude or
nanoparticles NSG mice.
Transgenic HUHER2-FVB/N
mice-derived cells
orthotopically implanted in
athymic nude, NSG, or FVB/N
mice.
SPIO NPs containing a | 2D: MDA-MB-231 Cell toxicity, uptake MDA-MB-231 subcutaneously  Antitumor efficacy, [193]

pH-responsive peptide

injected in BALB/c nude mice

biodistribution



H7K(R2)2 and
paclitaxel

Magnetic 10 NP-dually | 2D: MDA-MB-231 Cell uptake, cell proliferation Orthotopic human breast Antitumor efficacy, [98,
targeted peptides to assay, invasion assay, cell cancer PDX in SCID mice biodistribution 204]
Wnt/LRP5/6 and uPAR cycle analysis, Western
blotting
PEG-coated carbon 2D: HUVECs, T47D, and Cell toxicity, uptake, - -
dots conjugated BT549
to folic acid
encapsulating Microfluidics: HUVEC
doxorubicin (CDs- monolayer on channel A,
PEG-FA/Dox) T47D, or BT549 spheroids
on channel C
Liposomes
Liposome containing 2D: MDA-MB-231, MDA- Cell toxicity, uptake, wound MDA-MB-231-Luc orthotopically Antitumor efficacy, [147]
doxorubicin and MB-436, MDA-MB-157 and  healing injected in nude. safety, biodistribution,
coated with anti- MCF10A Experimental metastasis by MDA-MB- metastasis
ICAM1 and anti- EGFR 231-Luc lateral tail vein injection in
antibody nude mice, resulting in lung
metastasis.
HER2 peptide-targeted | 2D: BT-474, SK-BR-3, and  Cell toxicity, uptake Breast tumors generated by MMTV- Antitumor efficacy, [222]
liposomal doxorubicin | MCF7 neu mice were transplanted biodistribution
orthotopically in NOD-SCID mice.
Anginex-conjugated 3D: 4T1mCherry in Cell toxicity, uptake 3D 4T1mCherry or TTA orthotopically  Antitumor efficacy, [95]
liposomal hanging drop method. injected in athymic nude mice. tumor accumulation,
nanoparticles 3D co-culture: 4T1mCherry Metastasis in the lungs. metastasis
(nanobins) carrying + C166-GFP + MEFs in
arsenic trioxide and hanging drop method (TTA:
cisplatin tumor tissue analogs).
Anti-MUC1/CD44 dual- | 2D: MCF7, MCF7-CSC. Cell toxicity (2D and 3D), Experimental metastasis by MCF7- Metastasis [149]
aptamer-conjugated 3D: MCF7 on Matrigel Uptake (2D and 3D) CSC and MCF?7 lateral tail vein
liposomes layer. injection in athymic nude mice.
encapsulating Dox Metastasis in lung and liver.
Polymeric Nanoparticles
FA-PEG-PLGA- 2D: MDA-MB-231, HUVEC Cell toxicity, uptake MDA-MB-231 orthotopically Antitumor efficacy, [194]

paclitaxel@indocyani

injected in BALC/c nude mice

biodistribution, safety



ne Green-
Perfluorohexane NPs

Rod-shaped PLGA 2D: MD-MBA-231 Cell toxicity Taxane-resistant GEMMs: Antitumor efficacy, [219]
nanoparticles FVN/NJ strain carrying a biodistribution,
encapsulating transgene for C3(1) SV40 T- pharmacokinetics, dosing
docetaxel antigen
Polymeric Micelles

Lapatinib-loaded 2D: 4T1 Cell toxicity, uptake, wound 4T1 subcutaneously injected in  Antitumor efficacy, [75]
polycarbonate- healing assay, invasion assay BALB/c biodistribution, safety,
doxorubicin conjugate
micelles
Polymeric micelles 2D: MCF7 and MDA-MB- Cell toxicity, CSC-resistance MCF7 and MDA-MB-231 Antitumor efficacy, [170]
loaded with Zileuton® | 231. assay, cell transformation orthotopically injected in NOD-  biodistribution, safety

3D: MCF7 and MDA-MB- assay SCID mice

231 in low attachment

plates.
Doxorubicin-loaded - - Wild-type adult zebrafish Biodistribution, safety [239]
mixed micelles
composed of TPGS
and Tetronic® T1107

Polymer Conjugates

PEG-pLA-pTBPC-Dox | 2D: MDA-MB-231, MCF7, Uptake (2D and 3D) MDA-MB-231 Antitumor efficacy, biodistribution,  [94]

HCC70, MDA-MB-468, Cytotoxicity (2D and 3D) orthotopically injected in histology

MCF-10A. CD-1 Nude mice

3D: MDA-MB-231

spheroids hanging drop

method.
PGA-Dox~(Glycine- 2D: MCF7 and 4T1 Cell toxicity, Uptake 4T1 orthotopically injected  Antitumor efficacy, biodistribution,  [183]
AGM) in BALB/c pharmacokinetics,
PGA-(Hydrazone- 2D: 4T1 Cell toxicity 4T1 orthotopically injected  Antitumor efficacy, metastasis, [185]
Dox)-(Glycine-AGM) in BALB/c
High molecular weight | - - MDA-MB-231 Tumor volume, Tumor [133]

dextran conjugated to
a fluorophore (FITC-
Dextran)

orthotopically and
subcutaneously injected in
NSG

accumulation, Vascularization,
EPR effect

Additional Systems




Chitosan-histidine- 2D co-culture: MCF7 + Uptake - -
arginine/ plasmid DNA | primary normal human
dermal fibroblasts

Sterically stabilized 2D: MCF7 Cell toxicity Sprague Dawley rats Antitumor efficacy,
mixed phospholipid intravenously injected with biodistribution, systemic
nanomicelle NMU arterial blood pressure

encapsulating
paclitaxel and
decorated with VIP

(67]

[229]

Abbreviations: AGM = aminoglutethimide; DOX = doxorubicin; EPR = enhanced permeability and retention; FA = folic acid; FITC = fluorescein isothiocyanate; GEMM = genetically modified
mouse model; HPMA = hydroxypropyl methacrylamide; IHC = immunohistochemistry; 10 = iron oxide; MEF = mouse embryonic fibroblasts; MMTV = mouse mammary tumor virus; NOD =
non-obese diabetic; NP = nanoparticle; NSG = NOD scid gamma; pDNA = plasmid DNA; PDX = patient-derived xenograft; PEG = polyethylene glycol; PGA = poly-L-glutamic acid; pLA =
poly(lactide); PLGA = poly(lactide-co-glycolic acid); PyMT = polyoma middle tumor-antigen; pTBPC = poly(2-((tert-butoxycarbonyl)amino)-3-propyl carbonate; SCID = severe combined
immunodeficient; SPIO = Superparamagnetic iron oxide; TPGS = D-a-tocopheryl poly-ethylene glycol 1000 succinate



4. Current Challenges and Future Opportunities for the Use of Pre-clinical Breast

Cancer Models in the Clinical Translation of Nanomedicines

The clinical translation of nanomedicines for breast cancer treatment remains a
slow and inefficient process [60], with very few examples currently employed on a
routine clinical basis (Table 2). While factors such as difficult manufacturing, low
reproducibility, high costs, and a lack of “quality by design” (QbD) implementation [210,
267, 268] contribute to the generally poor bench-to-bedside translation of nanomedicines,
the suboptimal selection of pre-clinical models must be considered of prime importance,
as less than 10% of anticancer nanomedicines with promising pre-clinical data have

gained clinical approval [59].

Compared with other types of drug products, the lack of predictability regarding
the performance of anticancer nanomedicines derives from the strong influence of
pharmacokinetics, whole-body biodistribution, tumor accumulation and penetration, and
drug release kinetics at the target site, among other important parameters. Furthermore,
all these parameters vary significantly when comparing animal models to human patients

[59].

Long-term cultured immortalized human cancer cell lines routinely used at pre-
clinical stages possess growing concerns regarding their true identity [269]. Therefore,
careful validation of the cell lines used for the evaluation of nanomedicines and the
implementation of standardized culture conditions (e.g., passage number, serum
supplementations, and confluence) represent essential steps to ensure experimental
reproducibility [60]. In vitro 3D models that recapitulate the TME should replace
traditional 2D cultures to allow an enhanced understanding of cell toxicity and uptake
mechanisms and to accurately identify the molecular basis of the disease and the
mechanism of action of the given nanomedicine. If possible, cells should be obtained

from patient-derived biopsies to provide heterogeneity

Nevertheless, the relevance of nanomedicine evaluation in vitro will depend on
the mechanism employed that one hopes will provide advantages over conventional
therapies. For example, in vitro evaluations may suffice for the early development of
nanomedicines with cell-specific targeting moieties or those that carry a combination of

synergistic drugs or deliver nucleic acids. Conversely, the development of nanomedicines



that rely on the alteration of parameters that function at a whole-organism level
(biodistribution, toxicity, or clearance, among others) may require in vivo analysis to

reveal their full potential (or lack thereof).

Nanomedicines selected from advanced in vitro testing should then quickly move
to in vivo evaluation to fully understand pharmacokinetic/pharmacodynamic parameters
following the selection of an appropriate model. Preferably, the implementation of
orthotopic and immunocompetent hosts with adequate genetic backgrounds (Table 4)
will ensure a high degree of correlation with the human disease. This approach represents
the only real means to identify adverse effects, such as immune suppression or activation
[59]. Whenever possible, humanized models and human cells (such as PDXs) should be
employed. While this approach remains complicated and costly and the engraftment of
many breast cancer subtypes is limited, the information generated from humanized and
PDX-based studies provides highly relevant and valuable evidence to support the clinical
translation of personalized nanomedicines. Current and future research efforts should be
devoted to the development of better animal models of human immunity as a translational

tool existing between pre-clinical models and the reality of human tumor immunology.

Lessons learned from those anticancer nanomedicines in current clinical use
indicate that a deeper understanding of tumor pathology will dictate not only the
incorporation of crucial nanomedicine design features (i.e., responsiveness, size, shape,
and targeting moiety choice) [180] but will allow the establishment and implementation
of pre-clinical models that provide reliable pharmacological and toxicological data. The
foundations for “rational design” should also consider well-recognized aspects that
impact the clinical performance of nanomedicines, including tumor vascularization (EPR
effect) [270], the expression of disease-associated cell surface markers that allow cancer
cell recognition and uptake, the TME, and the presence infiltrating immune cells at the

target site [180].

In vivo pre-clinical breast cancer models for each given patient subtype should not
only carefully recapitulate the molecular basis of the pathology but also - the presence of
disrupted tumor-associated vasculature, ECM density, stromal composition [271],
adequate levels of selected endogenous triggers (i.e., enzyme levels or GSS/GSH ratio),
and the presence of TME conditions that impact nanomedicine anti-tumor efficacy (e.g.,

the host immunological status [270, 272] or the activation-deactivation of the angiogenic



switch [ 140, 273]). Notably, different vascular extravasation pathways vary with the type
or stage of the tumor and interact differently according to the specific physico-chemical
characteristics of a given nanomedicine, a factor that must be considered. Consequently,
while the influence of the EPR effect on nanomedicine performance has been
demonstrated at the clinical level [140], other important competing/complementary
mechanisms [266, 274] will likely be involved, as demonstrated with PEGylated AuNPs
in four different breast cancer models [266]. The careful choice of a pre-clinical model

may allow us to understand the contribution of non-EPR mechanisms.

We also require the full validation of active-targeting strategies for
nanomedicines, which requires a detailed characterization of nanoparticle distribution
within the target tissues and those organs at risk for non-specific accumulation. Novel
label-free imaging modalities that do not alter the structure of nanomedicines (such as
imaging mass spectrometry [275] represent emerging tools that will support
pharmacokinetic/pharmacodynamic studies and allow a better understanding of the tissue

biodistribution and fate of administered nanomedicines.

All the discussed aspects can vary from patient to patient and, more importantly,
within a single tumor [9]; therefore, we require the implementation of functional
biomarkers and companion diagnostics [1]. At the pre-clinical stage, a focus on
biomarkers in model systems may improve predictability and foster the more rapid

clinical translation of anticancer nanomedicines [1].
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