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ABSTRACT

The global prevalence of cancer and its consequential mortality underscores the urgency of understanding the
metastatic process, a primary cause of cancer-related deaths. Metastasis, characterized by the spread of cancer
cells to distant sites, often involves immune evasion mechanisms facilitating uncontrolled growth. Epithelial-
mesenchymal transition (EMT) is a pivotal process enabling metastatic cells to detach from the primary tumor
and migrate. EMT induces alterations in surface molecule expression, impairing immune cell recognition. This
transition also affects the tumor microenvironment, leading to immune-suppressive cytokine release. The need
to investigate EMT-mediated immune evasion is immediate, as it is crucial for developing novel strategies to
combat metastatic cancer by targeting these evasive mechanisms. This review aims to summarize molecular
changes during EMT, evaluate its impact on surface molecules and the tumor microenvironment that helps it
escape from the immune system, and offer insights for devising strategies to target EMT-driven metastatic cells.

Introduction

Cancer stands as a formidable health challenge, evolving from a dreaded 20th-century disease to an escalating
21st-century crisis, with a concerning one-in-four lifetime risk for individuals (Roy PS, Saikia BJ. 2016). The
complexity of cancer is evident in its diverse manifestations, exhibiting spatial and temporal heterogeneity
within and between entities and subtypes fueled by consecutive mutations and clonal evolution (McGranahan
and Swanton 2017). Proliferation of cells, evading central control mechanisms, defines cancer, categorized by
organ or tissue of origin and molecular characteristics.

Cancer's development involves intricate mechanisms with successive carcinogenic effects. Cancer can
prevail despite defense mechanisms and immune responses due to ineffective defenses and immune system
deficiencies, allowing carcinogenic cells to multiply excessively (X. Li et al. 2019).

Studies define several key factors contributing to a heightened cancer risk. External factors, constitut-
ing 85%, encompass smoking, environmental pollution, and a poor diet, each playing a significant role. Smok-
ing is deemed the leading cause of global cancer deaths, emphasizing the absence of a safe exposure level (Dr.
Otis Brawley, Commonwealth Club 2014). Environmental pollutants, such as asbestos and radon, also contrib-
ute, as highlighted by a former National Cancer Institute United States director. Congress. Senate. Committee
on Environment and Public Works 1994). Dietary choices, obesity, and infectious agents like HPV and hepatitis
further elevate risks (Dr. David Hunter, Times 2022; Prigge et al. 2015).

Internal factors, accounting for 15%, involve hereditary causes, changes, immune deficiencies, and
hormonal/metabolic disorders (Henderson, Ponder and Ross, 2003). Overall, understanding these multifaceted
aspects of cancer is crucial for developing effective prevention and treatment strategies in the ongoing battle
against this pervasive disease.

Metastasis, a primary cause of cancer-related deaths globally, is driven by the transformative process
of Epithelial-Mesenchymal Transition (EMT). EMT, a multi-step process altering cell characteristics, trans-
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forms epithelial cells into mesenchymal cells, enhancing their migratory and invasive properties and contrib-
uting to cancer progression and mortality. This evasion mechanism impedes immune recognition by altering
surface protein expression, potentially reducing MHC class I levels crucial for tumor antigen presentation. Fur-
thermore, EMT-induced changes in the tumor microenvironment support immune evasion through pro-inflam-
matory cytokine production. Investigating EMT's role in immune evasion is vital for understanding cancer dy-
namics, necessitating research on molecular changes, effects on immune recognition, and microenvironment
alterations. Developing strategies to target EMT-driven metastatic cancer cells is crucial for advancing cancer
treatment.

Metastasis and Significance of EMT

Metastasis, the formation of secondary tumors in distant parts of the body originating from primary cancer,
represents a significant challenge in cancer management and a primary cause of death for over 90% of cancer
patients. The spread of cancer cells to remote organs gives rise to secondary tumors, presenting more formidable
treatment challenges than the original tumor. Advanced stages of cancer with metastasis substantially decrease
the likelihood of successful treatment, highlighting metastasis as a significant hurdle in cancer management
(Steeg 2006).

The metastatic process is a dynamic and multifaceted journey wherein normal cells transform into
oncogenic cells that uncontrollably proliferate. Throughout this process, metastatic cells demonstrate the ability
to elude the immune system, resist programmed cell death, induce angiogenesis, gain invasive potential, survive
in the bloodstream, and establish cancerous growths in distant organs (Welch and Hurst 2019; Hanahan and
Weinberg 2011). Despite being a pivotal factor in the failure of cancer therapy and a leading cause of mortality,
our understanding of metastasis remains incomplete. Studies indicate that, despite the release of a large number
of cancer cells into circulation daily, a fraction as small as <0.1% of tumor cells metastasize, emphasizing the
intricate challenges involved in the metastatic process (Luzzi et al. 1998; Halbrook et al. 2023; Massagué and
Obenauf 2016).

Cancer, a major global cause of death with an annual toll of 8.2 million, is expected to rise further with
an aging population. Carcinomas can be broadly classified into metastatic, the primary cause of cancer-related
deaths, and nonmetastatic (Siegel et al. 2016). Traditionally, metastasis has been linked to later stages of cancer
progression; however, emerging evidence suggests that metastatic dissemination can occur even in the early
stages of tumor formation (Hosseini et al. 2016). During metastasis, cancer cells detach from primary tumors,
acquiring traits that enable them to travel and colonize distant organs (Chambers and Werb 2015; Lambert et
al. 2017; Gonzalez et al. 2018).

Cancer is inherently a systemic disease, and prolonged inflammation is a recognized hallmark. The
role of inflammation in initiating tumorigenesis or supporting tumor growth is context-dependent. However,
the global immune landscape beyond the tumor undergoes significant alterations during tumor progression
(Coussens and Werb 2002). Understanding the intricate interplay between inflammation and cancer progression
is crucial, as it contributes to the systemic nature of the disease.

Metastasis, a critical aspect of cancer research, remains a challenge marked by its complex and dy-
namic nature. Despite advancements, the intricate mechanisms of how cancer cells escape, travel, and establish
themselves in distant organs remain elusive. Addressing these challenges is essential to improving cancer man-
agement and reducing mortality rates associated with this pervasive aspect of the disease. As research continues
to unravel the intricacies of metastasis, it holds the potential to pave the way for more effective therapeutic
interventions and a deeper understanding of cancer's systemic impact.

Cancer becomes an even more formidable challenge when it undergoes metastasis, spreading to distant
sites within the body. This complex process involves the movement of primary tumor cells, prompting a crucial
question about the predominant behavior of metastatic cancer cells—whether they primarily proliferate or adopt
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migratory characteristics. In the normal cellular milieu, growth (proliferation), movement (migration), and dif-
ferentiation into specialized cells are spatially and temporally distinct actions crucial for essential processes
such as embryonic development, wound healing, and organ maintenance.

The concept of epithelial-mesenchymal transition (EMT), first elucidated by Elizabeth Hay in 1968
(Hay 1991), is at the forefront of understanding the metastatic journey. EMT is a fundamental process in organ
development, wound healing, and fibrosis and continues to captivate researchers with its dynamic complexity.
To fully appreciate EMT, one must delve into the phenotypic characteristics of epithelial and mesenchymal
cells, the two extremes of the cellular spectrum.

Epithelial cells exhibit apicobasal polarity, cuboidal morphology, and strong adherence to the extra-
cellular matrix. Tight cell-cell interactions define their spatial organization, forming colonies with a character-
istic cuboidal shape in vitro culture. In early embryonic development, epithelial cells form polarized layers with
extensive apicobasal cell surface polarity. On the contrary, mesenchymal cells arise during gastrulation through
EMT, losing apicobasal polarity, redistributing their actin cytoskeleton, and connecting to the basal surface
through focal adhesions and intercellular punctate adhesions.

The intricacies of organogenesis involve cycles of EMT and mesenchymal-epithelial transition (MET),
a phenomenon observed in heart development. A striking example of EMT is witnessed in the formation and
extensive migrations of cells of the neural crest during embryogenesis, properties believed to be exploited by
cancer cells for initiating invasion and metastasis (Deugnier et al. 2002).

EMT is primarily driven by transcriptional repressors known as EMT transcription factors (EMT-TFs)
(Figure 1), including SNAIL1/2 and ZEB1/2. These factors directly repress E-cadherin expression by binding
to E-boxes on its proximal promoter. Other transcription factors, such as TWIST, FOXC2, E47 (TFC3), KLFS,
and PRRX1, also induce EMT, though the direct regulation of E-cadherin expression remains unclear. Mi-
croRNAs (miRs), such as the miR-200 family, play a critical role in maintaining the epithelial state through
negatively regulated feedback loops with EMT-TFs. Beyond transcriptional and miR regulation, splicing mech-
anisms, posttranslational modifications, and epigenetic changes significantly contribute to the EMT phenotype
(De Craene and Berx, 2013).
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Figure 1. Epithelial to mesenchymal transition in cancer cells. Cellular connections, transcription factor ex-
pression profile and cell surface markers of epithelial state cells change drastically in the process to increase
migration ability and invasiveness.

The frequency of cancers arising from mutations in EMT-associated genes varies widely across dif-
ferent cancer types. For instance, ZEB1 mutations are implicated in colorectal cancer, while SNAIL1 and
SNAIL2 mutations are reported in breast and lung cancers. Epigenetic modifications, such as DNA methylation
and histone repressive marks, ensure a more stable position in the EMT spectrum, whereas poised chromatin
allows for a more plastic phenotype residing in the intermediate EMT stages (Tam and Weinberg, 2013).
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Some transcription factors, like GRHL2, are originally shown to sustain E-cadherin gene expression
and may also participate in maintaining the stability of the epithelial state. GRHL?2 protects carcinoma cells
from transitioning from the intermediate epithelial to the mesenchymal state. However, the forced expression
of GRHL2 in mesenchymal ovarian carcinoma cells cannot revert the cells to an epithelial state (Chung et al.,
2016).

The irreversibility of this transition is primarily attributed to the heterochromatization of GRHL2 target
genes. Recent studies have emphasized that mesenchymal carcinoma cells acquire stem cell properties and a
drug-resistant phenotype. However, several questions remain unanswered, such as when and how carcinoma
cells acquire a mesenchymal phenotype, drug resistance, and stemness. Does this transformation occur before
or during dissemination through the lymph and blood vessels?

Approximately 3% of luminal breast carcinoma cells express mesenchymal markers, with a signifi-
cantly higher percentage detected in triple-negative breast tumors. A longitudinal analysis of patients with met-
astatic breast cancer undergoing several cycles of different targeted therapeutics revealed full refractoriness
once their tumors reached a mesenchymal phenotype.

The local microenvironment and hypoxia may trigger the induction of EMT in carcinoma cells, prim-
ing specific cells for disseminating from the primary tumor. Stromal cells, including myofibroblast and inflam-
matory cells, could contribute as EMT inducers by secreting numerous growth factors and cytokines (Bai et al.,
2015; Wyckoff et al., 2007). Overall, the intermediate epithelial and mesenchymal carcinoma phenotypes seem
more conducive to tumor progression and distant dissemination, making EMT a promising target for therapeutic
intervention to prevent or suppress these harmful effects.

A critical challenge lies in developing new therapeutic strategies based on the EMT concept. Addi-
tionally, the understanding that EMT confers invasion, metastasis, stemness, and drug resistance needs to be
translated from murine models to the clinical setting. Such studies will pave the way for a more profound un-
derstanding of the essential properties conferred by EMT during dissemination.

Epithelial-mesenchymal transition (EMT) is a linchpin in cancer progression, influencing key steps
such as invasion, migration, adhesion, and growth. Moreover, changes in surface molecules during EMT can
hinder the immune system's recognition and targeting of cancer cells, contributing to immune evasion. The
complex mechanisms involved in EMT encompass gene expression, proteins, the cytoskeleton, and intricate
signaling pathways such as transforming growth factor-beta (TGF-f), Wnt, Notch, and Hedgehog.

The signaling pathways regulating EMT are complex and interconnected, allowing for crosstalk be-
tween them. Activation of these pathways involves various factors, including growth factors, cytokines, and
extracellular matrix (ECM) proteins. The intricate crosstalk and interconnectedness of these pathways make
targeting EMT challenging with a single therapy. Nevertheless, understanding these mechanisms provides the
foundation for developing novel strategies to target and eliminate metastatic cancer cells.

In conclusion, the journey through the intricacies of EMT unfolds as a captivating saga in cancer bi-
ology. From normal cellular growth, movement, and differentiation to the orchestrated intricacies of EMT, the
cellular landscape transforms in response to a complex interplay of genetic, molecular, and environmental fac-
tors. As we unravel the mysteries of EMT, the hope is that these insights will pave the way for innovative
therapeutic interventions, ultimately tipping the balance in the ongoing battle against metastatic cancer.

Immune Detection of Cancer Cells

The immune system serves as a crucial guardian, protecting the body from pathogens and actively participating
in cancer prevention, development, and defense. Rudolph Virchow first highlighted the link between the im-
mune system and cancer over 150 years ago, recognizing the profound impact this intricate network has on the
body's overall health (Adams et al. 2015).
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Cancer, a major global cause of death with an annual toll of 8.2 million, is anticipated to rise further
with an aging population (Ferlay et al. 2015). Carcinomas can be broadly categorized into two groups: meta-
static, the principal cause of cancer-related deaths, and nonmetastatic (Siegel et al. 2016). Traditionally, metas-
tasis has been considered to occur in later stages of cancer progression; however, accumulating evidence also
describes metastatic dissemination during early tumor formation (Hosseini et al. 2016). Cancer, inherently a
systemic disease, is marked by prolonged inflammation (Coussens and Werb 2002). Whether this inflammation
initiates tumorigenesis or supports tumor growth is context-dependent, but the global immune landscape under-
goes significant alterations during tumor progression.

The immune system comprises various cells, each with specific roles in defending the body against
threats. T cells, a fundamental component, develop from stem cells in the bone marrow and play a vital role in
protecting the body from infections and fighting cancer cells (D. Li et al. 2019). T cells include cytotoxic T
cells (CD8+ cells) and helper T cells (CD4+ cells). Cytotoxic T cells directly kill cells infected with viruses,
bacteria, and tumor cells, while helper T cells coordinate immune responses by signaling other cells, such as
cytotoxic T cells, B cells, and macrophages (Yu et al. 2019; Chang et al. 2023).

Although not considered one of the main T-cell types, regulatory T cells play a crucial role in immune
system regulation. These cells reduce the activity of other T cells when necessary, preventing them from at-
tacking the body's healthy cells. Recent progress in cancer immunotherapy underscores the importance of un-
derstanding immune-regulatory pathways in tumors and identifying the molecular drivers of T-cell dysfunction,
which is crucial for advancing cancer research and therapy.

Apart from T cells, other immune cells contribute to the body's defense mechanisms. B cells produce
antibodies that neutralize foreign invaders, showcasing the collaborative effort of different immune cell types
in maintaining overall health (den Haan, Arens, and van Zelm 2014).

The immune system can recognize cancer cells through various mechanisms. One approach involves
the detection of cancer antigens, proteins or molecules found on the surface of cancer cells but not normal cells.
When recognized by the immune system, these antigens trigger an immune response (Multhoff et al. 1995).
Another recognition method involves changes in gene expression within cancer cells, producing abnormal pro-
teins or molecules that signal the immune system to mount a response (Somensi et al. 2017).

The tumor microenvironment, the surroundings of tumor cells, can also signal the immune system
about the presence of a tumor (Galli et al. 2020). Once the immune system recognizes cancer cells, it launches
a response involving various immune cells, such as T cells, B cells, and natural killer cells, working together to
eliminate or prevent the growth and spread of cancer cells.

Despite the immune system's pivotal role in cancer defense, challenges exist. Cancer cells can evade
the immune system by altering surface proteins or suppressing immune cell activity. Additionally, the tumor
microenvironment may create conditions unfavorable for an immune response.

Despite these challenges, the immune system offers a crucial avenue in the fight against cancer. New
immunotherapies are developing, aiming to boost the immune system's ability to recognize and eliminate cancer
cells. These promising therapies are currently undergoing clinical trials and hold the potential to introduce in-
novative treatment options for cancer patients (Gough and Crittenden 2012). The evolving landscape of cancer
immunotherapy signifies a growing understanding of the immune system's intricate role in combating cancer
and paves the way for improved therapeutic interventions.

Therapeutic Strategies to Overcome Metastasis

Cancer treatments, such as chemotherapy and radiation therapy, have long been the mainstay for combating
cancer. Chemotherapy involves using drugs to target and eliminate rapidly dividing cancer cells throughout the
body, while radiation therapy employs high-energy rays to damage cancer cells' DNA, hindering their growth
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and division. Despite their effectiveness in localized cancers, these treatments encounter significant challenges
with metastatic cancers, where cancer cells have spread to distant parts of the body.

Chemotherapy targets rapidly dividing cells, including cancer cells, but it also affects normal fast-
dividing cells like those in the bone marrow and gastrointestinal tract, leading to side effects such as fatigue,
nausea, and hair loss. In metastatic cancer, the spread of cancer cells to multiple locations makes it challenging
for chemotherapy to effectively target all sites simultaneously. Additionally, cancer cells may develop re-
sistance to chemotherapy over time, contributing to treatment failures.

Radiation therapy is successful in killing cancer cells by damaging their DNA. However, its effective-
ness is highest when targeting a specific area, and metastatic cancers often involve multiple distant sites. Ad-
ministering radiation to all these sites concurrently can increase toxicity in healthy tissues. Moreover, some
metastatic lesions may be in sensitive areas where delivering adequate radiation doses without harming sur-
rounding healthy tissues becomes difficult.

Metastatic cancers pose a unique challenge due to their ability to spread throughout the body via the
bloodstream or lymphatic system, making it challenging to eradicate all cancer cells with localized treatments.
These tumors may develop genetic variations that allow them to resist chemotherapy and radiation. The heter-
ogeneity of metastatic tumors, in terms of their genetic makeup and microenvironment, further complicates
treatment strategies.

Addressing metastatic cancer may require combination therapies, such as immunotherapy coupled
with metabolic inhibitors. Nanomaterials and antibody-drug conjugates could enable targeted drug delivery to
tumors, limiting the side effects of chemotherapies. Personalized therapies tailored to a patient's cancer-specific
mutation status or immune system components, like T cells, may offer potential treatment options. However,
utilizing personalized or targeted therapies for cancer metastasis presents challenges, including the lack of tar-
getable mutations, logistical issues in genomic screening, and tumor heterogeneity.

A comprehensive understanding of cancer metastasis is essential to develop more effective therapies
for metastatic cancer. It will be crucial to explore hybrid E/M cells, epithelial-mesenchymal transition (EMT),
metabolic rewiring, immune reprogramming, and their interconnections. The future of cancer metastasis treat-
ment relies on understanding the processes initiating metastasis, gaining EMP in specific cells, deciphering the
causes of organ-specific metastatic homing, and comprehending how cancer cells exploit the immune system.
A multi-targeted approach will likely be vital in combating cancer metastasis, as no single agent or treatment
can provide a cure.

EMT emerges as a crucial process that contributes to immune resistance and activates an immunosup-
pressive network within the tumor microenvironment (TME). Targeting EMT may hold significant promise for
enhancing current immunotherapy approaches for advanced tumors (Terry et al. 2017). Understanding the in-
tricacies of EMT and its impact on the immune system could pave the way for innovative strategies in the
ongoing battle against metastatic cancer.

Conclusion

In conclusion, the pivotal role of Epithelial-Mesenchymal Transition (EMT) in cancer metastasis cannot be
understated, as it brings about changes in cellular characteristics and signaling pathways. The challenges in
precisely and effectively targeting EMT necessitate a multi-pronged approach. Understanding the intricate pro-
cesses involved, exploring combination therapies, and developing personalized treatments hold the potential
for breakthroughs in managing metastatic cancer.

The pressing global challenge posed by cancer is significant, with incidence rates on the rise in the
20th and 21st centuries. The complexity of the disease, marked by genetic diversity and tumor heterogeneity,
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emphasizes the imperative for precise diagnostics and personalized therapies. Cancer's evolution involves evad-
ing control mechanisms due to genetic mutations and clonal evolution, with various factors contributing to risk,
including lifestyle choices, environmental pollutants, and genetic predisposition.

As the second leading cause of death worldwide, cancer's impact is significant, and the emphasis on
metastasis, where cancer cells spread to distant organs, is crucial. The various steps in this process are outlined,
shedding light on the intricate nature of cancer progression. The immune system's role in recognizing and elim-
inating cancer cells is explored, along with the potential for immunotherapy to enhance immune responses,
aligning with recent advancements in cancer treatment.

The discussion on stem cells and differentiated cell types highlights their potential for regenerative
therapies, providing a glimpse into innovative approaches. EMT is a complex process driving cancer metastasis
through gene expression, proteins, and cytoskeletal reorganization changes. This understanding opens doors for
targeted interventions in cancer progression.

Considering the rising incidence of cancer, genetic diversity, immune interactions, stem cells, and
EMT-driven metastasis, the need for personalized therapies and diagnostics is emphasized to address the indi-
vidual nature of cancer and its contributing factors.

Insights into immune interactions and stem cells offer valuable perspectives on potential therapeutic
avenues, particularly in the context of evolving cancer treatments. The mention of immunotherapy and its po-
tential to enhance immune responses aligns with recent advancements. Combination therapies and personalized
treatments as potential strategies are relevant, though challenges posed by tumor heterogeneity and logistical
barriers in genomic screening need addressing. Strategies should be designed to overcome challenges the im-
mune system faces in defending against cancer, including cancer cells evading detection through alterations in
surface proteins and suppression of immune cell activity. The tumor microenvironment can also create condi-
tions unfavorable for an effective immune response.

Despite these obstacles, there is optimism in developing new immunotherapies to enhance the immune
system's ability to recognize and eliminate cancer cells. These promising treatments are undergoing clinical
trials, reflecting an evolving understanding of the immune system's role in cancer defense and offering potential
innovative options for cancer patients (Gough and Crittenden 2012). A cancer vaccine is an immunotherapy
that helps the body's immune system recognize and destroy cancer cells. Unlike vaccines that prevent infections
from viruses or bacteria, cancer vaccines are used to treat existing cancer or prevent it from recurring after
treatment.

There are two main types of cancer vaccines:

Therapeutic cancer vaccines: These vaccines treat people who already have cancer. They work by helping the
immune system recognize and attack cancer cells.

Preventive cancer vaccines: These vaccines prevent cancer from developing. They work by exposing
the body to weakened or inactivated forms of cancer cells or the viruses that cause cancer. The most well-known
example is the HPV vaccine, which protects against human papillomavirus (HPV), a virus that can cause cer-
vical cancer and other cancers.

In conclusion, navigating the intricate landscape of cancer demands a multifaceted approach, from
understanding EMT-driven metastasis to exploring personalized therapies and harnessing the potential of im-
munotherapy. As we unravel the complexities of this pervasive disease, pursuing innovative strategies holds
the promise of transforming the trajectory of cancer management and offering renewed hope to individuals
facing its formidable challenges.
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