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Abstract: Disease relapse caused by drug resistance still represents a major clinical hurdle in cancer
treatments. Tumor cells may take advantage of different intracellular and genetic systems attenuating
the drug effects. Resistant cells or minimal residual disease (MRD) cells have strong clinical relevance,
as they might give rise to secondary tumors when the therapy is concluded. Thus, MRDs are crucial
therapeutic targets in order to prevent tumor relapse. Therefore, several groups aim at understanding
how MRDs are orginated, characterizing their molecular features, and eradicating them. In this
review, we will describe MRD from a genetic, evolutionary, and molecular point of view. Moreover,
we will focus on the new in vitro, in vivo, preclinical, and clinical studies that aim at eradicating
tumor resistance.

Keywords: tumor resistance; in vitro and in vivo studies; preclinical studies

1. Tumor Resistance: Biological Mechanisms and Clinical Implications

Despite considerable improvements in cancer patient management and treatment in
the last two decades, disease relapse still represents a major clinical hurdle, with many
commonly diagnosed cancers showing a ten-year survival rate of around 50% [1]. Devel-
opment of drug resistance is one of the main causes eventually leading to relapse, and
this renders tumors very hard to be eradicated, sometimes even untreatable [2]. While in
some cancer types, such as glioblastoma [3] or ovarian cancer [4], the majority of patients
undergo relapse (around 100% for glioblastoma and 85% for ovarian), for other tumors
types, such as estrogen receptor positive breast cancer or prostate cancer, the proportions
are sensibly lower (around 10–20%) [5,6]. Nevertheless, these are still disturbing numbers
considering that breast and prostate cancers are very common. Thus, an urgent effort to
overcome tumor resistance is needed.

Several groups have studied how tumors become resistant to therapies. Different
independent studies have shown that these mechanisms arise during first-line treatments
(e.g., chemotherapy, radiotherapy). The exposure to cytotoxic agents mainly attacks rapidly
dividing cells, blocking their growth. Unfortunately, cancer cells have evolved several
mechanisms in order to counteract drug exposure. One of these mechanisms is based on
“masking themselves” by decreasing the rate of cell division. These cells are defined as
minimal residual disease (MRD) cells. They are capable of slowing down their own cell
cycle upon exposure with cytotoxic agents, and reactivating it in the absence of the drug,
possibly giving rise to secondary tumors [7]. Since MRDs are crucial in the reactivation of
tumors, their removal is fundamental in order to obtain a complete remission.

The process leading to MRD formation is still only partially known. In many cases,
drug toxicity only partially affects MRD viability, since these effects are mitigated by
lowering the intracellular concentration of the compound. This is achieved either by
expelling the drug out of the cells [8] or by decreasing its uptake [9]. Actually, in the 1970s,
it was discovered that upregulation of a particular channel protein called P-glycoprotein

Life 2021, 11, 1131. https://doi.org/10.3390/life11111131 https://www.mdpi.com/journal/life

https://www.mdpi.com/journal/life
https://www.mdpi.com
https://orcid.org/0000-0001-5743-5046
https://orcid.org/0000-0001-5660-3255
https://doi.org/10.3390/life11111131
https://doi.org/10.3390/life11111131
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/life11111131
https://www.mdpi.com/journal/life
https://www.mdpi.com/article/10.3390/life11111131?type=check_update&version=1


Life 2021, 11, 1131 2 of 10

was correlated with increased resistance to drugs in Chinese hamster ovary (CHO) cell
line [10]. A couple of years later, the function of the protein was elucidated by DNA
transfer experiments. When DNA from resistant cells was transferred to nonresistant cells,
the latter acquired resistant phenotypes, and this correlated with higher P-glycoprotein
expression [11]. In 1985, the gene expressing P-glycoprotein was isolated and the protein
was completely characterized to be an ATP-energy-dependent pump that expels small
protein from the cells [12].

Alternatively, MRD cells counteract the toxic effects of therapies by preventing apop-
tosis or by activating protecting mechanisms (such as DNA repair systems). Actually, in
several works, it was observed that these cells may harbor many mutations in peculiar
genes, such as p53 or Bcl2, blocking the apoptotic cascade [13].

Within some tumor types, MRDs show some features of cancer stem cells (CSCs).
Similar to normal stem cells (SCs), cells in this population, sometimes referred to as tumor-
initiating cells (TICs), possess self-renewal abilities. Thanks to their proliferative capacity,
they can fuel tumor population, sustaining its growth. Analogously to MRD cells, CSCs
upregulate cell pumps to efflux drug from the cells and have slower cell cycles [14]. Despite
these two populations sharing commonalities, the extent of the similarity between MRD
and CSCs and whether these populations actually overlap are still open questions. CSC
identification was pivotal to study tumor architecture and organization. Similar to their
normal counterparts, tumors are well-organized entities (sometimes hierarchically) [15].
This heterogeneity across cancer cells is one major hurdle to effective cancer therapy. As
reported in different cancer types, tumor is not a single disease, but is composed by different
cells possessing their own distinctive biological features (Table 1).

Table 1. Main features of: minimal residual disease (MRD), cancer stem cells (CSCs), and tumor-
initiating cells (TICs).

Minimal Residual Disease
(MRD)

• Major cause of relapse in cancer patients
• Small numbers of tumor cells remain after or during the

treatment
• Caused by the activation of protecting mechanism: expelling

drug and/or reducing the uptake of drug

Cancer Stem Cells
(CSCs)

• Self-renewal abilities
• Fuel tumor population, sustaining their growth
• Activation of protecting mechanism: expelling drug and/or

reducing the uptake of drug
• Highly tumorigenic and drug-resistant cells

Tumor-Initiating Cells
(TICs)

• Self-renewal abilities
• Tumor initiation and proliferative capacity
• Responsible for: maintenance, progression, recurrence, and

metastasis
• Highly tumorigenic and drug-resistant cells

Although some of the mechanisms by which cancer cells are resistant to therapy
have been partially elucidated, little is known about the evolutionary process leading to
the emergence of resistant cells. Is resistance shown after the contact with the drugs or
are some cells naturally resistant? This question was highly debated and is considered
a trait-de-union between tumor and evolutionary biology, specifically to Lamarck’s and
Darwin’s mechanisms of evolution [16]. Briefly, the Lamarckian principle claims that an
external stress source pushes organisms’ changes, while the Darwinian claims that innate
changes are already present independently from the stress sources. In both principles, if the
change gives advantages to the population, it is selected, otherwise the character is counter-
selected and repressed. These evolutionary principles can be easily translated to tumor
biology in the terms of selection of subclones with fitness advantage to the external pressure
(Lamarckian principle) or pre-existent resistant clones (Darwinian principle) [1]. Acquired
advantage relies on de novo mutation acquisitions, which render tumor cells more prone
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to surviving in hostile conditions. On the other hand, a predetermined fitness advantage
advocates for pre-existent mutations: some cells are naturally resistant, independently of
the presence of external insults. In this case, once the cells are subjected to environmental
changes, some are either genetically or nongenetically predisposed to survive and are
finally selected. Whether adapting or pre-existing alterations are the main driver of cancer
cell resistance is still highly debated.

In vitro studies have demonstrated that MRD cells can already exist as small subpop-
ulations before drugs exposure [17,18]. Several independent observations demonstrated
evidence for MRD in different tumor types, including melanoma, breast cancer, and colon
cancer [17–19]. Nevertheless, they generally failed to identify widespread expansion of
clonal subpopulations showing relapse-specific genetic alterations in the relapse. This
strongly suggests that nongenetic events are the main driver of the drug-resistant pheno-
type. Interestingly, in-depth analysis of MRD cells and, specifically, of cells with features
of MRD in the primary lesions demonstrated their divergence from the bulk of the tu-
mor at the transcriptional level, with upregulation of specific pathways at the single-cell
level [20]. These data argue in favor of a model in which transcriptional fluctuations
occurring stochastically in the primary tumor could already generate a subpopulation with
features of MRD [17]. Although these observations are completely in agreement with a
model of pre-existent resistance, it is difficult to rule out the presence of acquired-drug
resistance. It is easier that resistance is a complex process which derives from concomitant
pre-existent alterations and acquired ones.

2. In Vitro Models to Study Tumor Resistance

In vitro tumor models are the first step to evaluate the efficacy and toxicity of anti-
cancer therapies. This excludes drugs with low efficacy or high toxicity from being used in
preclinical mouse models (better explained in the next paragraph). In the field of tumor
resistance, the main goal of in vitro systems is to evaluate that a single drug or drug com-
binations completely eradicates tumor. All the in vitro experiments should obviously be
followed by in vivo preclinical models in order to finally validate the efficacy in a more
complex system.

The models which are normally used are stabilized cell lines or primary cell lines
taken directly from tissues (normally human or mice). Both systems are very useful and
present pros and cons: using stabilized cell lines is simpler, culture conditions are well
reported in the literature. However, during culturing, cells may harbor de novo mutations
and chromosome aberrations [21]. Thus, they may acquire genetic differences from primary
tumor. For primary tumor cells, it is more complicated to generate cultures, but they mirror
better tumor physiology [22]. Moreover, specific therapies should be used for each patient
(for example, for given mutations, particular combinations of drugs may be used), favoring
the concept of personalized medicine [23].

More recently, 3D culture, which better resembles tumor physiology and architecture,
was favored in drug testing. In this culture method, cells are organized in three-dimensional
structures, mimicking cell-to-cell interactions and tissue-specific stiffness, oxygen, and nutrient
consumptions [24]. However, in several tumor types also, the microenvironment plays a
crucial role; several immune and matrix cells may have pro/anticancer functions [25–29].

There are several examples in the literature in which single agents or drug combi-
nations were used in order to completely eradicate tumors. Here, we listed some recent
works in which in vitro models were used to evaluate drug efficacy and dose.

In vitro testing is fundamental, also, to repurpose some drugs for cancer treatments.
Drug repurposing consists of the use of a preapproved drug outside its original scope of
medication for the treatment of another pathology [30]. In the field of oncology, there are
several advantages, as it limits the costs for de novo drug productions and accelerates
preclinical tests, since toxicity and administration assays are already performed [31]. In
our group Talarico and colleagues evaluated the efficacy of Aspirin and Metformin in the
treatment of resistant breast cancer models (BC) [32]. It was shown that the combination
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of Aspirin and Metformin was effective against BC models in inducing apoptosis in vitro,
completely eradicating tumors. Moreover, when this study was performed in vivo, they
evaluated that, along with BC cancer cell death, it decreases the proliferation of white
adipose tissue progenitors, which have a role in BC progression.

Indeed, as discussed in the previous paragraph, P-glycoprotein is an important recep-
tor that may confer the resistance phenotype. Therefore, it is a main target to ensure com-
plete tumor eradications. In several works, different compounds targeting P-glycoprotein
were tested in vitro in combination with classic chemotherapy to evaluate their synergy [12].
For example, in P-glycoprotein-overexpressing colon carcinoma models, Yuan and col-
leagues demonstrated that cinobufagin, a substance taken from Asiatic toads, increases
sensitivity towards Doxorubicin [33]. In another work, Chen and colleagues demonstrated
that resistant HeLa to Vincristine treatments reduced resistance when treated with Iso-
penicillixanthone-A (iso-PXA), isolated from marine-derived fungus [34].

As discussed above, 3D culture has stronger clinical relevance compared to 2D. It has
a lower ethical impact and costs less than animal studies, and biobanks can be created
using few materials derived from patients’ tissues [35]. Recently, Van de Wetering and
colleagues performed a pharmacological screening on resistant colon cancer organoids.
Strikingly, they observed that several used strategies were not effective with particular
mutations (e.g., p53 mutants were resistant to MDM2 inhibition) and identified a potential
treatment for RNF43 mutants [36]. Taken together, these data are a powerful tool in order
to move to personalized medicine.

Altogether, these observations clearly show that in vitro testing is the first step to
address specific therapeutic treatments. However, all these studies should be followed by
in vivo preclinical tests, which will be better discussed in the following paragraph.

3. In Vivo Preclinical Model to Overcome Tumor Resistance

The advent of high throughput cancer genomics, proteomics, and metabolomics analy-
sis have revolutionized the diagnosis of cancer patients and extended the knowledge about
the potential response to treatment, thanks also to the use of validated biomarkers [37].
This progress in the study of tumors and the development of new anticancer agents has
significantly contributed to the improvement of both disease-free survival and quality of
life in cancer patients. Although the problem of cancer therapy resistance is complex, sev-
eral biological variables might lead to treatment becoming refractory, commonly coexisting
in cancer, and occurring in a time- and therapy-dependent way [38].

In many cases, the response to treatment may vary over time due to different biological
mechanisms, so leading to cancer relapses and recurrence. Acquired drug resistance is a
major problem in fully effective cancer treatments, and the lack of initial response reflects
some form of intrinsic drug resistance. Predicting the efficacy of anticancer therapy is a
crucial aspect for drug development. As a result, several efforts are being made to identify
the resistance mechanism and develop innovative drugs that could overcome them [39].

Various experimental preclinical models are used to study the mechanism underlying
tumor resistance. Modeling tumor complexity in cellular and animal models can facilitate
the prediction of resistance through molecular and functional studies. Moreover, these
models are used to analyze the mechanisms of resistance in order to propose new strategies
to circumvent it [40]. Thus, as previously mentioned, cellular in vitro preclinical models
can give important information about drugs resistance but they cannot, in toto, adequately
replicate human drug exposure, making it difficult to make clinically relevant predictions
only from these systems.

Therefore, the use of preclinical animal models can be a useful tool to better understand
tumor initiation, progression, and predicting the activity of anticancer agents. Thus,
in vivo models should recapitulate the biological characteristics of the tumor and of the
related tumor microenvironment. There is a plethora of preclinical in vivo models, and
the discovery of new models is constantly evolving. Murine cancer models are among the
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most advanced in vivo preclinical models for studying cancer, as they are able capture the
complexity of human tumors.

Thus, these models are the basis of translational research and provide important
information for, understanding the pathophysiology of cancer, including the identification
of new target molecules; identification of new therapeutic agents; exploring and combining
new therapies; and research on intrinsic and acquired resistance mechanisms to cytotoxicity
and targeted therapies [41].

Here we recapitulate the main in vivo models (Table 2) [42]:

1. Cell-line-derived tumor xenograft models (CDX), which are obtained by implanting
human tumor cell lines in immunodeficient mice. As the cell lines for the generation
of xenograft models are derived from human tumors, the effect of new treatment can
be relatively easily studied in these settings [43].

2. Patient-derived xenograft models (PDX), obtained through directly implanting tumor-
derived materials into immunodeficient animals. This model permitted important
information to be obtained about sensitivity to clinical candidate drugs and the
generation of potential prediction markers [44].

3. Syngeneic models rely on the transplantation of mouse tumor cells (derived from the
same genetic background) in host animals, either subcutaneously or orthotopically.
This model allows the use of fully immunocompetent host mice, useful for studying
immune system interaction. These are key models for the evaluation of therapeutics
with immune involvement [26,29].

4. Genetically engineered mouse models (GEMMs), characterized by genome alteration,
are able to show the role of specific genes in tumor development. These models can
mimic the histopathological and molecular feature of human counterparts permitting
the successful validation of candidate cancer genes and drug targets [45].

Table 2. Advantages and disadvantages of the main preclinical mouse models (CDX; PDX; syngeneic;
and GEMMs model).

Advantages Disadvantages

CDX
Model

• Human-derived cell line allows a
more stable setting

• New possible treatment options
can be studied more easily

• Use of immunodeficient mice,
which lack immune system
microenvironment

• Differences from the original
tumor tissue

PDX
Model

• Provides realistic tumor
heterogeneity

• Permits studies about drug
sensitivity and potential
prediction markers

• Use of immunodeficient mice,
which lack immune system
microenvironment

Syngeneic
Model

• Use of fully immunocompetent
host mice

• Permits studies of new
therapeutical options involving
the immune system

• Murine tumor does not always
mimic human tumors

• Limited number of cells lines,
certain tumors are
under-represented

GEMMs
Model

• Genomic alteration allows study
of the mechanism underlying
tumor development

• Preservation of human stromal
and molecular elements

• Useful to validate candidate
cancer genes and drug targets

• Not always able to reproduce the
genomic complexity of human
tumors

• Low penetrance and very long
in vivo drug testing experiments

Recent works has shown how the use of preclinical animal models is crucial in the
study of new possible treatment approaches for human cancer. For instance, Falvo et al.
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investigated the therapeutic role of checkpoint inhibitors in combination with chemother-
apeutic agents in two in vivo models of triple-negative breast cancer and non-Hodgkin
lymphoma [29,46]. Triple-negative breast cancer is among the most aggressive and lethal
types of breast cancer, and currently available therapies have unsatisfactory impacts on
patients’ survival. Precisely, two preclinical immunocompetent models of TNBC were
designed to investigate different schedules of treatments. Thus, in vivo studies indicated
that the combinatorial therapy of two chemotherapeutic agents (Cyclophosphamide, Vi-
norelbine) with CIs (anti-PD-1) was more effective than any other combinatorial regimes
in terms of local and metastatic tumor growth. This work set important findings for the
treatment of triple breast cancer, which remains most of the time untreated, laying the
foundations to design possible novel clinical trials.

In another example of studies on how to overcome tumor intrinsic and/or acquired
resistance to treatments options, Irie et al. investigated the treatment approaches in HER2-
overexpressing breast cancer. The therapeutical strategies for HER2-overexpressing breast
cancer are: HER2-targeting antibodies (trastuzumab, pertuzumab) and HER2-directed
antibody–drug conjugate (trastuzumab emtansine: T-DM1) [47]. However, these treatments
can become ineffective due to acquired resistance and there is a need for alternatives
therapies.

Specifically, different in vivo cancer resistance models are used that are refractory
to trastuzumab in combination with petuzumab, or to T-DM1. These models permit the
recapitulation of tumor responses to treatment options, tumor microenvironment, tumor–
host interactions, and tumor resistance. Thanks to the use of these preclinical mouse
models, it was demonstrated that TAS0728, which is an irreversible selective HER2 kinase
inhibitor, is a potentially useful treatment option for patients with tumors refractory to the
common HER2-targeting antibodies [47]. The importance of preclinical research relies on
the possibility to mimic resistance in patients harboring the same mutations.

A special case is colorectal cancer, which is one of the leading causes of cancer-related
mortality worldwide [48]. In the last decade, the introduction of targeted therapies in
clinical practice targeting related pathways, such as VEGF and EGFR, has changed the
therapeutic approach to metastatic colorectal cancer. However, despite the introduction in
clinical practice of mAbs against EGFR (cetuximab or panitumumab) used in combination
with chemotherapy having led to significant therapeutic efficacy in colorectal cancer pa-
tients with RAS wild-type tumors, some patients develop resistance to the treatment [49].
The activation of alternative signaling pathways able to bypass the EGFR may be the
cause of resistance to the treatment. Napolitano et al. investigated the mechanisms of
tumor resistance and how to circumvent it. The activation of genetic alterations in genes
involved in the EGFR pathway has been hypothesized to play a key role in resistance to
anti-EGFR drugs, including mutation in KRAS, NRAS, B-RAF, and PIK3CA, and loss of
PTEN. In vivo experiments with cetuximab-resistant cell lines showed that single treatment
with cetuximab had little effect or no effect on tumor growth, and similar results were
obtained with regorafenib alone [50]. In contrast, the combined treatment significantly
inhibited tumor growth. Indeed, this study showed that combined treatment could also be
a potential therapeutic strategy to investigate in the clinical setting.

Therefore, the combination of both in vitro and in vivo preclinical models has the
potential to ensure a higher predictability of favorable outcomes with a robust clinical
correlation. In conclusion, the role of multiple preclinical in vitro and in vivo models
permitted testing, prediction, and discovery of the therapeutical efficacy of different drugs
before advancing to clinical testing, so as to obtain a more predictable drug response in
humans.

4. Clinical Trials to Overcome Tumor Resistance

Clinical trials are fundamental for the development of new therapies. The final path
to the development of a new cancer treatment depends on clinical trials, which are the final
step in assessing the efficacy of a new cancer treatment approach [51].



Life 2021, 11, 1131 7 of 10

Over the past decade, new discoveries in the field have led to a change in the methods
of clinical trial conduction. Testing new drugs or combinations of drugs has shifted from
empiricism to hypothesis-driven and biomarker-based studies, setting the new era of
precision medicine [52]. The study of new biomarkers and biological drivers of cancer are
used to set the possibility of new therapeutic opportunities. Specifically, there was a shift
from the evaluation of cytotoxic agents to an increasing number of investigations focusing
on molecularly targeted agents and immuno-oncology compounds [53].

Unfortunately, despite the great progress made in the last years, compared to other
medical fields, oncology has been one of the under-represented areas for the discovery
of new agents. Furthermore, cancer research must face a very low rate of participation
to clinical trials, almost 3–5% of people [51]. Despite these discouraging facts, some of
the latest research has been central to the advancement of the therapeutic approach for
some types of cancers. The Clinical Cancer Advances 2020: Annual Report on Progress Against
Cancer from the American Society of Clinical Oncology reports that the research advanced
in the past years [54].

Here, we reported some examples of studies in which a new drug approach has led
to overcoming the tumor resistance. One interesting opportunity in tumor treatment is
linked to the combination of drugs to improve the therapeutical effect and overcome the
resistance.

A study on newly diagnosed metastatic prostate cancer evaluated the combination of
different types of drugs that target the androgen pathway. In the ENZAMET trial (Clinical-
Trials.gov identifier: NCT02446405) [55], it was shown that combining target androgen
suppression improved progression and overall survival over less specific target androgen
receptor therapy (first-line therapy). Anyway, prostate cancer can become resistant due
to the low remaining amounts of androgens levels. Thus, the use of Enzalutamide (an
androgen inhibitor) blocks the androgen levels in a more specific way than the standard
hormone therapy. The 3-year overall survival rate in the Enzatulamide group is estimated
to be 80%, compared with 72% in the standard treatment group [55].

Non-Hodgkin lymphoma is a disease originating in the lymphatic system. It includes
different subtypes depending on the cell of origin of the disease. Patients with B cell
lymphoma can become resistant to the first-line treatment with the anti-CD20 monoclonal
antibody rituximab, alone or in combination with polychemotherapy [56]. An investi-
gational drug known as 5F9 is able to block CD47, a protein that protects cells from the
immune system. Preclinical studies suggest that combining 5F9 with rituximab may give a
synergistic effect in tumor treatment. A phase IIb clinical trial (ClinicalTrials.gov identifier:
NCT02953509) [57] published in 2018 assessed both the safety and efficacy of different
doses of 5F9 in 22 patients with relapsed or resistant DLBCL. The combination showed
promising initial efficacy: after a median time of 22 weeks, half of the patients had an
objective response (tumor reduction), and 36% had a complete response. The response
rate in the indolent follicular lymphoma (70%) was higher than that of more aggressive
diffuse large B cell lymphoma (40%). However, further and more extensive studies have to
be carried out.

5. Conclusions

In this review, we have discussed how genetically, molecularly, and evolutionary
tumor cells generate resistance to therapies. The resistant phenotype has strong relevance
for cancer treatments, since it may evolve in tumor relapse. Therefore, preventing resistance
has stronger benefits in terms of patients’ survival. As shown with several examples out of
the abundant literature in the field, several in vitro, in vivo, and clinical studies have been
performed and are currently ongoing to better elucidate these mechanisms. In parallel,
high-throughput genomic techniques are used to better select patients who can benefit
from new single-drug or combinatorial therapies.



Life 2021, 11, 1131 8 of 10

Author Contributions: Conceptualization: G.M., P.F. and F.B.; writing—original draft preparation:
G.M., P.F. and F.B.; writing—review and editing: P.F. and F.B.; supervision: P.F. and F.B. All authors
have read and agreed to the published version of the manuscript.

Funding: Supported in part by AIRC and the Italian Ministry of Health.

Acknowledgments: Supported in part by AIRC and the Italian Ministry of Health.

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

References
1. Boumahdi, S.; de Sauvage, F.J. The great escape: Tumour cell plasticity in resistance to targeted therapy. Nat. Rev. Drug Discov.

2020, 19, 39–56. [PubMed]
2. Hanahan, D. Rethinking the war on cancer. Lancet 2014, 383, 558–563. [CrossRef]
3. Djamel-Eddine, Y.-C.; De Witte, O.; Mélot, C.; Lefranc, F. Recurrent glioblastomas: Should we operate a second and even a third

time? Interdiscip. Neurosurg. 2019, 18, 100551. [CrossRef]
4. Pignata, S.; Cecere, S.; Du Bois, A.; Harter, P.; Heitz, F. Treatment of recurrent ovarian cancer. Ann. Oncol. 2017, 28, viii51–viii56.

[CrossRef]
5. Takeshita, T.; Yan, L.; Asaoka, M.; Rashid, O.; Takabe, K. Late recurrence of breast cancer is associated with pro-cancerous immune

microenvironment in the primary tumor. Sci. Rep. 2019, 9, 1–15.
6. Hull, G.W.; Rabbani, F.; Abbas, F.; Wheeler, T.M.; Kattan, M.W.; Scardino, P.T. Cancer control with radical prostatectomy alone in

1000 consecutive patients. J. Urol. 2002, 167, 528–534. [CrossRef]
7. Filipits, M. Mechanisms of cancer: Multidrug resistance. Drug Discov. Today Dis. Mech. 2004, 1, 229–234. [CrossRef]
8. Robey, R.W.; Pluchino, K.M.; Hall, M.D.; Fojo, A.T.; Bates, S.E.; Gottesman, M.M. Revisiting the role of efflux pumps in

multidrug-resistant cancer. Nat. Rev. Cancer 2018, 18, 452. [CrossRef]
9. Muley, H.; Fadó, R.; Rodríguez-Rodríguez, R.; Casals, N. Drug uptake-based chemoresistance in breast cancer treatment. Biochem.

Pharmacol. 2020, 177, 113959. [CrossRef] [PubMed]
10. Juliano, R.L.; Ling, V. A surface glycoprotein modulating drug permeability in Chinese hamster ovary cell mutants. Biochim. et

Biophys. Acta Biomembr. 1976, 455, 152–162. [CrossRef]
11. Debenham, P.; Kartner, N.; Siminovitch, L.; Riordan, J.; Ling, V. DNA-mediated transfer of multiple drug resistance and plasma

membrane glycoprotein expression. Mol. Cell. Biol. 1982, 2, 881–889. [PubMed]
12. Riordan, J.R.; Deuchars, K.; Kartner, N.; Alon, N.; Trent, J.; Ling, V. Amplification of P-glycoprotein genes in multidrug-resistant

mammalian cell lines. Nature 1985, 316, 817–819.
13. Tamburrino, A.; Piro, G.; Carbone, C.; Tortora, G.; Melisi, D. Mechanisms of resistance to chemotherapeutic and anti-angiogenic

drugs as novel targets for pancreatic cancer therapy. Front. Pharmacol. 2013, 4, 56. [PubMed]
14. Moitra, K.; Lou, H.; Dean, M. Multidrug efflux pumps and cancer stem cells: Insights into multidrug resistance and therapeutic

development. Clin. Pharmacol. Ther. 2011, 89, 491–502. [PubMed]
15. Santoro, A.; Vlachou, T.; Luzi, L.; Melloni, G.; Mazzarella, L.; D’Elia, E.; Aobuli, X.; Pasi, C.E.; Reavie, L.; Bonetti, P. p53 Loss in

breast cancer leads to Myc activation, increased cell plasticity, and expression of a mitotic signature with prognostic value. Cell
Rep. 2019, 26, 624–638. [PubMed]

16. Huang, S. Tumor progression: Chance and necessity in Darwinian and Lamarckian somatic (mutationless) evolution. Prog.
Biophys. Mol. Biol. 2012, 110, 69–86.

17. Hong, S.P.; Chan, T.E.; Lombardo, Y.; Corleone, G.; Rotmensz, N.; Bravaccini, S.; Rocca, A.; Pruneri, G.; McEwen, K.R.; Coombes,
R.C. Single-cell transcriptomics reveals multi-step adaptations to endocrine therapy. Nat. Commun. 2019, 10, 1–14.

18. Shaffer, S.M.; Dunagin, M.C.; Torborg, S.R.; Torre, E.A.; Emert, B.; Krepler, C.; Beqiri, M.; Sproesser, K.; Brafford, P.A.; Xiao, M.
Rare cell variability and drug-induced reprogramming as a mode of cancer drug resistance. Nature 2017, 546, 431–435.

19. Russo, M.; Crisafulli, G.; Sogari, A.; Reilly, N.M.; Arena, S.; Lamba, S.; Bartolini, A.; Amodio, V.; Magrì, A.; Novara, L. Adaptive
mutability of colorectal cancers in response to targeted therapies. Science 2019, 366, 1473–1480.

20. Fraser, D.; Kaern, M. A chance at survival: Gene expression noise and phenotypic diversification strategies. Mol. Microbiol. 2009,
71, 1333–1340.

21. Djojosubroto, M.; Bollotte, F.; Wirapati, P.; Radtke, F.; Stamenkovic, I.; Arsenijevic, Y. Chromosomal number aberrations and
transformation in adult mouse retinal stem cells in vitro. Investig. Ophthalmol. Vis. Sci. 2009, 50, 5975–5987.

22. Dutton, J.S.; Hinman, S.S.; Kim, R.; Wang, Y.; Allbritton, N.L. Primary cell-derived intestinal models: Recapitulating physiology.
Trends Biotechnol. 2019, 37, 744–760.

23. Esparza-López, J.; Martínez-Aguilar, J.F.; Ibarra-Sánchez, M.D.J. Deriving primary cancer cell cultures for personalized therapy.
Rev. Investig. Clín. 2019, 71, 369–380. [CrossRef]

24. Langhans, S.A. Three-dimensional in vitro cell culture models in drug discovery and drug repositioning. Front. Pharmacol. 2018,
9, 6.

http://www.ncbi.nlm.nih.gov/pubmed/31601994
http://doi.org/10.1016/S0140-6736(13)62226-6
http://doi.org/10.1016/j.inat.2019.100551
http://doi.org/10.1093/annonc/mdx441
http://doi.org/10.1016/S0022-5347(01)69079-7
http://doi.org/10.1016/j.ddmec.2004.10.001
http://doi.org/10.1038/s41568-018-0005-8
http://doi.org/10.1016/j.bcp.2020.113959
http://www.ncbi.nlm.nih.gov/pubmed/32272110
http://doi.org/10.1016/0005-2736(76)90160-7
http://www.ncbi.nlm.nih.gov/pubmed/6127625
http://www.ncbi.nlm.nih.gov/pubmed/23641216
http://www.ncbi.nlm.nih.gov/pubmed/21368752
http://www.ncbi.nlm.nih.gov/pubmed/30650356
http://doi.org/10.24875/RIC.19002832


Life 2021, 11, 1131 9 of 10

25. Orecchioni, S.; Gregato, G.; Martin-Padura, I.; Reggiani, F.; Braidotti, P.; Mancuso, P.; Calleri, A.; Quarna, J.; Marighetti, P.; Aldeni,
C. Complementary populations of human adipose CD34+ progenitor cells promote growth, angiogenesis, and metastasis of
breast cancer. Cancer Res. 2013, 73, 5880–5891. [PubMed]

26. Orecchioni, S.; Talarico, G.; Labanca, V.; Calleri, A.; Mancuso, P.; Bertolini, F. Vinorelbine, cyclophosphamide and 5-FU effects on
the circulating and intratumoural landscape of immune cells improve anti-PD-L1 efficacy in preclinical models of breast cancer
and lymphoma. Br. J. Cancer 2018, 118, 1329–1336.

27. Reggiani, F.; Bertolini, F. GM-CSF promotes a supportive adipose and lung microenvironment in metastatic breast cancer.
Oncoscience 2017, 4, 126.

28. Reggiani, F.; Falvo, P.; Bertolini, F. Cellular and molecular players in the interplay between adipose tissue and breast cancer. Int. J.
Mol. Sci. 2021, 22, 1359. [CrossRef] [PubMed]

29. Falvo, P.; Orecchioni, S.; Hillje, R.; Raveane, A.; Mancuso, P.; Camisaschi, C.; Luzi, L.; Pelicci, P.; Bertolini, F. Cyclophosphamide
and vinorelbine activate stem-like CD8+ T cells and improve anti-PD-1 efficacy in triple-negative breast cancer. Cancer Res. 2021,
81, 685–697. [PubMed]

30. Falvo, P.; Orecchioni, S.; Roma, S.; Raveane, A.; Bertolini, F. Drug repurposing in oncology, an attractive opportunity for novel
combinatorial regimens. Curr. Med. Chem. 2020, 28, 2114–2136.

31. Pushpakom, S.; Iorio, F.; Eyers, P.A.; Escott, K.J.; Hopper, S.; Wells, A.; Doig, A.; Guilliams, T.; Latimer, J.; McNamee, C. Drug
repurposing: Progress, challenges and recommendations. Nat. Rev. Drug Discov. 2019, 18, 41–58. [PubMed]

32. Talarico, G.; Orecchioni, S.; Dallaglio, K.; Reggiani, F.; Mancuso, P.; Calleri, A.; Gregato, G.; Labanca, V.; Rossi, T.; Noonan, D.M.
Aspirin and atenolol enhance metformin activity against breast cancer by targeting both neoplastic and microenvironment cells.
Sci. Rep. 2016, 6, 1–10.

33. Yuan, Z.; Shi, X.; Qiu, Y.; Jia, T.; Yuan, X.; Zou, Y.; Liu, C.; Yu, H.; Yuan, Y.; He, X. Reversal of P-gp-mediated multidrug resistance
in colon cancer by Cinobufagin. Oncol. Rep. 2017, 37, 1815–1825. [CrossRef] [PubMed]

34. Chen, L.; Li, X.; Cheng, M.; Wang, S.; Zheng, Q.; Liu, Q. Iso-pencillixanthone a from a marine-derived fungus reverses multidrug
resistance in cervical cancer cells through down-regulating P-gp and re-activating apoptosis. RSC Adv. 2018, 8, 41192–41206.

35. Griffith, L.G.; Swartz, M.A. Capturing complex 3D tissue physiology in vitro. Nat. Rev. Mol. Cell Biol. 2006, 7, 211–224.
36. van de Wetering, M.; Francies, H.E.; Francis, J.M.; Bounova, G.; Iorio, F.; Pronk, A.; van Houdt, W.; van Gorp, J.; Taylor-Weiner, A.;

Kester, L. Prospective derivation of a living organoid biobank of colorectal cancer patients. Cell 2015, 161, 933–945. [CrossRef]
37. Dhandapani, M.; Goldman, A. Preclinical cancer models and biomarkers for drug development: New technologies and emerging

tools. J. Mol. Biomark. Diagn. 2017, 8, 356.
38. Vasan, N.; Baselga, J.; Hyman, D.M. A view on drug resistance in cancer. Nature 2019, 575, 299–309.
39. Nikolaou, M.; Pavlopoulou, A.; Georgakilas, A.G.; Kyrodimos, E. The challenge of drug resistance in cancer treatment: A current

overview. Clin. Exp. Metastasis 2018, 35, 309–318. [CrossRef]
40. Rosa, R.; Monteleone, F.; Zambrano, N.; Bianco, R. In vitro and in vivo models for analysis of resistance to anticancer molecular

therapies. Curr. Med. Chem. 2014, 21, 1595–1606.
41. Day, C.-P.; Merlino, G.; Van Dyke, T. Preclinical mouse cancer models: A maze of opportunities and challenges. Cell 2015, 163,

39–53. [PubMed]
42. Wartha, K.; Herting, F.; Hasmann, M. Fit-for purpose use of mouse models to improve predictivity of cancer therapeutics

evaluation. Pharmacol. Ther. 2014, 142, 351–361. [CrossRef] [PubMed]
43. Georges, L.; De Wever, O.; Galván, J.A.; Dawson, H.; Lugli, A.; Demetter, P.; Zlobec, I. Cell line derived xenograft mouse models

are a suitable in vivo model for studying tumor budding in colorectal cancer. Front. Med. 2019, 6, 139. [CrossRef]
44. Lai, Y.; Wei, X.; Lin, S.; Qin, L.; Cheng, L.; Li, P. Current status and perspectives of patient-derived xenograft models in cancer

research. J. Hematol. Oncol. 2017, 10, 1–14.
45. Lee, H. Genetically engineered mouse models for drug development and preclinical trials. Biomol. Ther. 2014, 22, 267. [CrossRef]
46. Falvo, P.; Orecchioni, S.; Raveane, A.; Mitola, G.; Bertolini, F. A “two-hit” (chemo)therapy to improve checkpoint inhibition in

cancer. Oncoscience 2021, 8, 55.
47. Irie, H.; Kawabata, R.; Fujioka, Y.; Nakagawa, F.; Itadani, H.; Nagase, H.; Ito, K.; Uchida, J.; Ohkubo, S.; Matsuo, K. Acquired

resistance to trastuzumab/pertuzumab or to T-DM1 in vivo can be overcome by HER2 kinase inhibition with TAS0728. Cancer
Sci. 2020, 111, 2123. [CrossRef]

48. Jemal, A.; Bray, F.; Center, M.M.; Ferlay, J.; Ward, E.; Forman, D. Global cancer statistics. CA A Cancer J. Clin. 2011, 61, 69–90.
49. Cercek, A.; Saltz, L. Evolving treatment of advanced colorectal cancer. Curr. Oncol. Rep. 2010, 12, 153–159.
50. Napolitano, S.; Martini, G.; Rinaldi, B.; Martinelli, E.; Donniacuo, M.; Berrino, L.; Vitagliano, D.; Morgillo, F.; Barra, G.; De

Palma, R. Primary and acquired resistance of colorectal cancer to anti-EGFR monoclonal antibody can be overcome by combined
treatment of regorafenib with cetuximab. Clin. Cancer Res. 2015, 21, 2975–2983. [CrossRef]

51. Unger, J.M.; Cook, E.; Tai, E.; Bleyer, A. The role of clinical trial participation in cancer research: Barriers, evidence, and strategies.
Am. Soc. Clin. Oncol. Educ. Book 2016, 36, 185–198.

52. Spreafico, A.; Hansen, A.R.; Razak, A.R.A.; Bedard, P.L.; Siu, L.L. The future of clinical trial design in oncology. Cancer Discov.
2021, 11, 822–837. [CrossRef]

53. Jain, K.K. Personalized immuno-oncology. Textb. Pers. Med. 2021, 479–508.

http://www.ncbi.nlm.nih.gov/pubmed/23918796
http://doi.org/10.3390/ijms22031359
http://www.ncbi.nlm.nih.gov/pubmed/33572982
http://www.ncbi.nlm.nih.gov/pubmed/33268528
http://www.ncbi.nlm.nih.gov/pubmed/30310233
http://doi.org/10.3892/or.2017.5410
http://www.ncbi.nlm.nih.gov/pubmed/28184922
http://doi.org/10.1016/j.cell.2015.03.053
http://doi.org/10.1007/s10585-018-9903-0
http://www.ncbi.nlm.nih.gov/pubmed/26406370
http://doi.org/10.1016/j.pharmthera.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24412280
http://doi.org/10.3389/fmed.2019.00139
http://doi.org/10.4062/biomolther.2014.074
http://doi.org/10.1111/cas.14407
http://doi.org/10.1158/1078-0432.CCR-15-0020
http://doi.org/10.1158/2159-8290.CD-20-1301


Life 2021, 11, 1131 10 of 10

54. Markham, M.J.; Wachter, K.; Agarwal, N.; Bertagnolli, M.M.; Chang, S.M.; Dale, W.; Diefenbach, C.S.; Rodriguez-Galindo, C.;
George, D.J.; Gilligan, T.D. Clinical cancer advances 2020: Annual report on progress against cancer from the American Society of
Clinical Oncology. J. Clin. Oncol. 2020, 38, 1081. [CrossRef]

55. Davis, I.D.; Martin, A.J.; Stockler, M.R.; Begbie, S.; Chi, K.N.; Chowdhury, S.; Coskinas, X.; Frydenberg, M.; Hague, W.E.; Horvath,
L.G. Enzalutamide with standard first-line therapy in metastatic prostate cancer. N. Engl. J. Med. 2019, 381, 121–131. [PubMed]

56. Crump, M.; Neelapu, S.S.; Farooq, U.; Van Den Neste, E.; Kuruvilla, J.; Westin, J.; Link, B.K.; Hay, A.; Cerhan, J.R.; Zhu, L.
Outcomes in refractory diffuse large B-cell lymphoma: Results from the international SCHOLAR-1 study. Blood J. Am. Soc.
Hematol. 2017, 130, 1800–1808.

57. Advani, R.; Flinn, I.; Popplewell, L.; Forero, A.; Bartlett, N.L.; Ghosh, N.; Kline, J.; Roschewski, M.; LaCasce, A.; Collins, G.P.
CD47 Blockade by Hu5F9-G4 and rituximab in non-Hodgkin’s lymphoma. N. Engl. J. Med. 2018, 379, 1711–1721. [PubMed]

http://doi.org/10.1200/JCO.19.03141
http://www.ncbi.nlm.nih.gov/pubmed/31157964
http://www.ncbi.nlm.nih.gov/pubmed/30380386

	Tumor Resistance: Biological Mechanisms and Clinical Implications 
	In Vitro Models to Study Tumor Resistance 
	In Vivo Preclinical Model to Overcome Tumor Resistance 
	Clinical Trials to Overcome Tumor Resistance 
	Conclusions 
	References

