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Appreciation of the important role of tumor microenvironment in supporting 
growth and dissemination of tumors has come as a result of increasing knowl-
edge of the complexities of the tumor microenvironment. The field has grown 
from the early observations on spread of tumors to our current knowledge 
regarding the wide array of host cells and how they contribute to many aspects 
of tumor growth and spread.

In 1889, the English surgeon Stephen Paget proposed the “seed and soil” 
hypothesis, based on his study of autopsy records of hundreds of breast can-
cer patients, which basically suggested that tumors or “seeds” are dispersed 
in all directions but can thrive only if they fall on the right “soil.” This view 
was subsequently challenged by James Ewing who suggested that metastasis 
is determined by purely mechanical means and had little to do with the “soil.” 
Thanks to the pioneering work of Prof. Isaah Fidler and colleagues we now 
have an improved understanding of cancer metastasis; the soil is now termed 
the “tumor microenvironment” and is widely accepted as an equal partner in 
determining metastasis outcome [1–6].

Tumor microenvironment has many different facets, and each are impor-
tant in their own right in shaping tissue homeostasis if one recognizes that the 
tumor is an externally growing immunologically tolerized organ constantly 
trying to adapt itself in the host. Immunologically it survives by invoking the 
classical tolerance mechanism and physically by interception of survival 
mechanism be it metabolic or oxidative respiration. In the present series, our 
aim has been to decipher the immediate cellular milieu and how it shapes 
tumor phenotype, specifically the metastases phenotype. This cutting-edge 
analysis is expected to give the highest return in terms of therapeutic inter-
vention and our ability to manage cancer as it can impact metastases directly. 
It is our contention that if metastasis is preventable, then cancer becomes a 
manageable chronic disease.

In this context updates on evasion of immune surveillance (Tiwari chap-
ter), metabolic support (Mishra chapter), growth factor and cytokine signal-
ing, provide structural support to the tumor enabling invasive behavior. We 
have just begun to understand how cell–cell interaction in the TME is not 
limited to released factors from one cell that then reaches a target cell and 
produces an effect but can also occur via exosomes which carry a number of 
molecules that evoke a variety responses in the target cell (Rameshwar chap-
ter). It is well known that hematopoiesis is sustained in the bone marrow 
(BM) via mechanisms involving the microenvironment which includes sev-
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eral cell types, neurotransmitters from innervated fibers, growth factors, 
extracellular matrix proteins, as well as extracellular vesicles. Besides its 
hematopoietic function, the BM microenvironment can also accommodate 
survival of malignant cells that communicate with cells of the BM microen-
vironment through exchange of exosomes, a subset of extracellular vesicles 
that deliver molecular signals between cells. A better understanding of exo-
somal packaging, cargo, and production can be leveraged therapeutically to 
impede cancer progression. The crucial role of exosomes in the development 
and progression of BM-associated cancers, such as hematologic malignan-
cies and marrow-metastatic breast cancer, are presented. Attention is also 
paid to exosome-based therapeutic strategies and their limitations.

Mishra and Banerjee reflect on tumor stroma metabolic interaction. Tumor 
microenvironment (TME) contains stromal cell of different types including 
fibroblasts, immune cells, and endothelial cells having varied influence on the 
local metabolic activity. Recent advances in the understanding of complex 
tumor microenvironment have revealed that a multifaceted interaction 
between tumor cells with their neighboring stroma is essential for tumor 
growth and metastasis. The tumor stroma presents distinctive features which 
enhance tumor growth such as recruitment and ultimate activation of bone 
marrow–derived mesenchymal stem cells to cancer-associated fibroblasts 
(CAFs). This underscores molecular interactions in the tumor microenviron-
ment and allows reciprocal exchange of nutrients, secretory molecules, and 
other signals between tumor and stromal cells. The reciprocated molecular 
interactions between tumor cells and non-malignant stromal cells in the 
tumor microenvironment not only promote tumor development and progres-
sion, but largely control most of the characteristic hallmarks of tumorigenesis 
and stimulate chemotherapeutic drug resistance. Shared interactions between 
tumor and stromal cells facilitated either directly by cell-to-cell contact or via 
the release of secretory molecules including, cytokines, chemokines and 
extra cellular matrix (ECM) aid in remodeling proteins to activate signaling 
pathways that encourage cell growth, survival and overall development. The 
secretory molecules shared among tumor cells and neighboring cells instigate 
epithelial-mesenchymal transition (EMT), tumor cells migration, invasion, 
and dissemination to secondary sites. The metabolic activities in the microen-
vironment are influenced by tumor and stromal factors present in the micro-
environment. Metabolic reprogramming allows fulfillment of demands of 
growing tumor cells. Different stromal components in the tumor microenvi-
ronment provide additional nutrients that supplement local nutrient pool. 
Stromal cells present in the immediate proximity of tumor cells are inevitably 
most affected by the metabolic alterations caused by neighboring cancerous 
cells. Stromal fibroblasts present in the tumor microenvironment also known 
as cancer-associated fibroblasts (CAFs) play a key role in metabolic repro-
gramming. CAFs are predominantly resident mesenchymal cells in origin 
that get activated and reprogrammed in response to signals from cancer cells. 
Tumor cells display heightened glucose uptake and even under normoxic 
conditions display increased generation of lactate from pyruvate by aerobic 
glycolysis, also known as the Warburg effect. This adaptation not only allows 
generation of biosynthetic precursors for added nutritional demands of tumor 
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cells but also directs the metabolic reprogramming of neighboring stromal 
cells. The lactate generated as a result of metabolic reprogramming of tumor 
cells and stromal cells play diverse role in the tumor microenvironment. Both 
tumor and stromal CAFs consume and secrete lactate differently, which 
makes it an integral modulating factor in tumor microenvironment. Molecular 
evidences collected over the last several years have prompted deeper exami-
nation of tumor stroma interactions. Mishra and Banerjee have covered role 
of cytokines, chemokines, and lactate in driving tumor-stroma interactions in 
the microenvironment. Pro-tumorigenic molecular interactions between 
tumor cells and CAFs mediated via altered signaling pathways, cytokines, 
chemokines, and lactate in the tumor vicinity are discussed. A better under-
standing of the complex cancer cell–CAF interactions will help in designing 
successful therapeutic strategies targeting the stromal rich tumors in the 
clinic.

Freeman writes on the structural aspects of the tumor microenvironment. 
Cancers can be described as “rogue organs” because they are composed of 
multiple cell types and tissues and appear to be independent of control mech-
anisms operative in normal organs and tissues. The transformed cells can 
recruit and alter healthy cells from surrounding tissues for their own benefit. 
It is these interactions that create the tumor microenvironment (TME). The 
TME describes the cells, factors, and extracellular matrix proteins of the 
tumor and the area around it. Alterations in the TME can lead to growth and 
development of the tumor, the death of the tumor, or tumor metastasis, a pro-
cess by which cancer spreads from its initial site to different sites. Metastasis 
occurs when cancer cells enter the circulatory system or lymphatic system 
after breaking away from a tumor. Once the cells reach the circulatory sys-
tem, they can travel to a different part of the body and form new tumors. 
Understanding the TME therefore becomes critical to fully understand cancer 
and develop strategies to control it. Knowledge of the TME can better inform 
researchers of the ability of potential therapies to reach tumor cells. It can 
also identify potential targets within the tumor. Instead of directly killing the 
cancer cells, therapies can target an aspect of the TME which could then halt 
tumor development or lead to tumor death. In other cases, targeting another 
aspect of the TME could make it easier for another therapy to kill the cancer 
cells. The TME can be split simply into cells and the structural matrix and 
include fibroblasts, structural proteins, immune cells, lymphocytes, bone 
marrow-derived inflammatory cells, blood vessels, and signaling molecules. 
From structure scaffolds to providing nutrients for growth, each of these com-
ponents impacts cancer growth, development, and resistance to therapies. 
This chapter describes the TME and underscores the importance of cellular 
and structural elements of the TME.

Gene expression analyses have also brought to light the emerging role of 
long non-coding RNAs in cellular communication in the TME (Geliebter 
chapter). The idea of regulating gene expression was prominent in tumor cells 
and has contributed to a wealth of information in the discovery of all the tran-
scriptional factors and their role in oncogenesis and metastases. Although 
transcriptional factors have been difficult target, they have been of immense 
benefit. Recent advances in regulators of gene expression include long non-
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coding RNAs which may be more amenable to novel therapies that use gene 
deletion techniques such CRISPR but not limited to one technique. Linking 
these molecules with cancer differentiation phenotype is a foundational dis-
covery in carcinogenesis that brings gene expression and genotype variation 
with observed cancer phenotype in the mainstream of cancer biology. This is 
indeed cutting-edge discovery in our battle to understand the heterogeneity of 
cancer and devise personalized therapy.

Dr. Maniyar furthers the concept of linking cancer phenotype resulting 
from genetic lesions with the cellular environment of the tumor microenvi-
ronment specifically as dictated by the immune cells. This is an attempt to 
define the negative and positive regulators of immune activation and check-
points so as to advance a combinatorial therapy that can target the genetic 
lesion–based signal transduction pathway together with the checkpoint inhib-
itor–based immunotherapy. Taking a stock of the immune cells in the tumor 
microenvironment one characterizes the exhausted effector tumor cells that 
have now become signals of preexisting immune activation and the various 
modalities to specifically use the characteristics of these exhausted effectors 
cells to tailor-made novel combinatorial dual targeted cancer therapies. One 
directed against the driver mutations and the other to boost immune effector 
cells. The emphasis in this chapter is also in the need to characterize the 
expression of checkpoint molecules on the tumor cells itself so that the ther-
apy can be tailored to thwart the tumor’s attempt to propagate an immunosup-
pressive environment. These finding and the concepts put forward in the 
context of melanoma by Maniyar et al apply to other cancers as well.

A very important piece of the carcinogenesis puzzle is to identify a set of 
markers that can define the phenotype of the growing tumor preferably in 
biological fluids. Almost 70 years of research has resulted in tumor-associated 
markers. Most of these markers reflect our technical advances to compare 
tumor versus normal in regard to macro molecules, enzymes and proteins, 
lipids, and cell-surface carbohydrates culminated into genes and regulators of 
gene expression. Tumor-specific markers remain elusive though tumor-
associated markers have contributed to defining subsets of tumors. Cell-cell 
communication in the evolution of tumorigenic phenotype is a recent discov-
ery, and more significantly, we have been characterizing the template of this 
communication where secretory exosomes play a significant role. It is the 
contention of Jarboe et al that these exosomes have defined cargo and reflect 
both the inflammatory cell phenotype and the evolving cancer using anaplas-
tic thyroid cancer as a model system and the deregulated miRNAs in ATC 
tissues they propose a novel category of biomarker(s) that could define meta-
static propensity. The use of these miRNA markers in secreted fluids remains 
to be analyzed; however, such analysis and categorization of inflammation 
promoting markers especially in secretory exosomes in serum can provide us 
important clues on tissue tumor evolution.

The success of immunotherapy, specifically checkpoint inhibitor, is at 
least partly dependent on the selection of the right target that thwarts the 
tumor-induced immune suppression. Chakraborty et al promote the conten-
tion, using anaplastic thyroid cancer as a model, that there are several tumor-
intrinsic and tumor-extrinsic factors that shape the final response. Extrinsic 
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factors include quality of T cell infiltrates, composition of cytokines, and 
percentage of immune suppressor cells such as MDSCs. All these eventually 
shape the immune response in a highly individualized manner. High percent-
age of tumor-associated macrophages and immune suppressive cytokines are 
well established features of the immune landscape in ATC.  In the three-way 
cell-cell communication, antigen presentation cells, T cells, and tumor cells, 
the cytokine milieu is of major significance that can be measured in serum as 
end point markers. These inflammatory markers can provide important clues 
to ATC evolution, and the characterization of the expression of positive and 
negative regulators on tumor cell surface leads to additional immunothera-
peutic targets as identified by Chakraborty et. al.

The importance of cellular components of the tumor microenvironment in 
promoting tumor cell growth and dissemination is now well accepted in the 
field of cancer biology. The interaction between these components and the 
tumor cells is becoming an area of intense research, and chapters in this series 
have touched upon various aspects of these interactions. An increased under-
standing of these interactions will likely result in improved therapeutic strate-
gies to control growth and spread of tumor cells from the primary site. 
Comprehension of these complex interactions is limited due to studies being 
conducted in isolated systems under restrictive experimental conditions. We 
regret that other important aspects of TME such as innervation of tumors and 
cancer stem cells in the TME could not be included in this volume.

�References for general reading on history of Tumor 
Microenvironment:
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12778135].

	3.	 Talmadge, J.  E., Benedict, K., Madsen, J., & Fidler, I.  J. (1984). 
Development of biological diversity and susceptibility to chemotherapy in 
murine cancer metastases. Cancer Research, 44, 3801–3805. [PubMed: 
6744297].

	4.	 Paget, S. (1889). The distribution of secondary growths in cancer of the 
breast. The Lancet, 133(3421), 571–573.

	5.	 Fidler, I. J., & Poste, G. (2008). The “seed and soil” hypothesis revisited. 
The Lancet Oncology, 9(8), 808.

	6.	 Ewing, J. (1928). Metastasis, neoplastic disease: A treatise on tumors. 
Philadelphia and London.

Valhalla, NY, USA� Raj K. Tiwari
Piscataway, NJ, USA� Debabrata Banerjee

Preface



xi

��Inflammatory Components of the Thyroid Cancer  
Microenvironment: An Avenue for Identification  
of Novel Biomarkers�������������������������������������������������������������������������������       1
Tara Jarboe, Neha Y. Tuli, Sanjukta Chakraborty,  
Rachana R. Maniyar, Nicole DeSouza, Xiu-Min Li,  
Augustine Moscatello, Jan Geliebter, and Raj K. Tiwari

��Disruption of Cell-Cell Communication in Anaplastic  
Thyroid Cancer as an Immunotherapeutic Opportunity�������������������     33
Sanjukta Chakraborty, Michelle Carnazza, Tara Jarboe,  
Nicole DeSouza, Xiu-Min Li, Augustine Moscatello,  
Jan Geliebter, and Raj K. Tiwari

��Exosomes in the Healthy and Malignant Bone  
Marrow Microenvironment�������������������������������������������������������������������     67
Caitlyn A. Moore, Alejandra I. Ferrer, Sara Alonso,  
Sri Harika Pamarthi, Oleta A. Sandiford,  
and Pranela Rameshwar

��Structural Biology of the Tumor Microenvironment���������������������������     91
Joseph W. Freeman

��Metabolic Interactions Between Tumor and Stromal  
Cells in the Tumor Microenvironment �������������������������������������������������   101
Deepshikha Mishra and Debabrata Banerjee

��Interacting Genetic Lesions of Melanoma in the Tumor 
Microenvironment: Defining a Viable Therapy�����������������������������������   123
R. R. Maniyar, S. Chakraborty, T. Jarboe, R. Suriano,  
M. Wallack, J. Geliebter, and R. K. Tiwari

��Noncoding RNAs in Papillary Thyroid Cancer: Interaction  
with Cancer-Associated Fibroblasts (CAFs) in the Tumor 
Microenvironment (TME) and Regulators of Differentiation  
and Lymph Node Metastasis �����������������������������������������������������������������   145
Sina Dadafarin, Michelle Carnazza, Humayun K. Islam,  
Augustine Moscatello, Raj K. Tiwari, and Jan Geliebter

��Index���������������������������������������������������������������������������������������������������������   157

Contents



xiii

Debabrata  (Debu)  Banerjee,   Ph.D., is an Emeritus Professor, Rutgers 
University having retired as Assistant Dean, School of Graduate Studies and 
an Associate Professor in the Department of Pharmacology at Rutgers 
University. He is also an Adjunct Associate Professor at the New  York 
Medical College, positions he has held since 2002. Prior to this, he was an 
Associate Lab Member at Memorial Sloan-Kettering Cancer Center, 
New  York.  Dr. Banerjee obtained a PhD in Biochemistry from Calcutta 
University and also served as an Adjunct Lecturer for the Department of 
Biochemistry at Calcutta University. Dr. Banerjee completed his Postdoctoral 
Fellowship training in the Department of Biology, McGill University, Canada. 
He has published over 100 peer reviewed research articles in scientific jour-
nals.  In addition, to his academic appointments, Debu serves as a Member of 
the Editorial Board for journals Cancers, Cells, PLoS, World Journal of Stem 
Cells and Current Signal Transduction and Therapy. He is a Reviewer for the 
journals: Cancer Research, Oncogene, Clinical Cancer Research, Gynecologic 
Oncology, Journal of Cancer Chemotherapy, British Journal of Cancer, Stem 
Cells, and Blood. He has extensive experience in preclinical drug develop-
ment. He has also been awarded 5 patents for his scientific innovations.

Raj K. Tiwari  is currently a Professor and Graduate Program Director at 
New  York Medical College’s Department of Pathology, Microbiology and 
Immunology and the Department of Otolaryngology. He was interim Chair of 
the Department of Microbiology and Immunology for over 3 years.  Tiwari 
received his BS in Chemistry at St. Xavier’s College in Calcutta, his Masters 
in Biochemistry at Calcutta University, and his Ph.D. in Biochemistry at 
Calcutta University.  Tiwari has an internationally recognized profile for his 
contributions in Cancer Biology on the early observations of the JAK/STAT 
pathway, use of peptides mimotopes as Cancer Vaccines and more recently on 
the Cell-Cell communication in the tumor microenvironment. His focus is on 
a variety of Cancers, Breast, Prostate, Melanoma and Thyroid. He teaches 
immunology to medical and graduate students and take pride in successfully 
mentoring a large number of graduate students, clinical fellows and junior 
faculty.

About the Editors



1© Springer Nature Switzerland AG 2021 
D. Banerjee, R. K. Tiwari (eds.), Tumor Microenvironment: Cellular, Metabolic and Immunologic 
Interactions, Advances in Experimental Medicine and Biology 1350, 
https://doi.org/10.1007/978-3-030-83282-7_1

Inflammatory Components 
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1	 �Tumor Microenvironment 
of Solid Tumors

1.1	 �Defining the Tumor 
Microenvironment

Solid tumors consist of two interdependent com-
partments – the carcinoma cells and the stroma 
(Fig. 1). Unlike the normal interstitial connective 

tissue, the tumor stroma is involved in malignant 
growth. The cellular constituents of the tumor 
stroma surrounding and embedded in the tumor 
make up the tumor microenvironment (TME). 
The tumor stroma consists of various stromal 
cells and a structural component known as the 
extracellular matrix (ECM). The stromal cells 
secrete macromolecules that make up the 
ECM.  These macromolecules are made of pro-
teoglycans and glycoproteins, such as laminin, 
fibronectin, and structural proteins, including 
collagen and elastin. The stromal cells also 
secrete proteolytic enzymes leading to ECM deg-
radation. This phenomenon along with disruption 
of the basement membrane becomes a prerequi-
site for the invasion process. During invasion, the 
matrix of the stroma is degraded by active prote-
ases secreted into the tissue microenvironment 
leading to migration of tumor cells along the 
various components of the ECM [1, 2]. The ECM 
is responsible for the generation of signals that 
influence cellular proliferation, growth, migra-
tion, invasion, angiogenesis, and differentiation 
of cancer cells. Also, normal cells undergo apop-
tosis in the absence of contact with the ECM, 
proving it to be an important factor for cell sur-
vival. The composition of the ECM is modified 
and remodeled as the tumor progresses. As such, 
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the malleable ECM microenvironment does not 
just provide structural support, but also has a pro-
found influence on tumorigenesis [3]. The cellu-
lar components of the tumor stroma consist of 
cancer-associated fibroblasts (CAFs), pericytes, 
vascular endothelial cells, cancer stem cells and 
immune cells. The immune cells include den-
dritic cells, tumor-infiltrating lymphocytes, 
monocytes, and tumor-associated macrophages 
(TAMs). These cells, as well as the secretory 
molecules released by these cells and the tumor 
cells making up the TME including cytokines, 
chemokines, growth factors, and exosomes carry-
ing cargo that all remodel the composition of the 
TME (Fig. 1), will be described in greater detail 
throughout this chapter. The interactions of these 
cells and their cellular constituents lead to con-
sistent alterations in the TME network showcas-
ing the dynamic nature of the TME.

1.2	 �Cellular Constituents 
of the Tumor 
Microenvironment

1.2.1	 �Cancer-Associated Fibroblasts 
(CAFs)

The main connective tissue cells that reshape the 
tumor stroma are fibroblasts and myofibroblasts. 
During the early stages of tumorigenesis, the 
fibroblasts undergo a change in both activity and 

phenotype, transforming into cancer-associated 
fibroblasts (CAFs). These cells produce macro-
molecules of the ECM, aid in angiogenesis, and 
synthesize various growth factors and cytokines. 
The basic fibroblast growth factor is a mitogenic 
factor for smooth muscle and is involved in vari-
ous intracellular signaling pathways [4–6]. The 
interaction between fibroblasts and activated 
myofibroblasts occurs via direct cell-cell contact 
or by means of paracrine signaling. Presence of 
these cells is correlated with increased tumor 
aggressiveness and poor prognosis [7].

1.2.2	 �Endothelial Cells (ECs)
Endothelial cells (ECs) form the inner lining of 
the blood vessels. The associated vasculature is 
responsible for the delivery of nutrients and oxy-
gen to tissues, organs, as well as developing 
tumors. Therefore, the formation of new blood 
vessels (neovascularization) and sprouting of 
new blood vessels from preexisting ones (angio-
genesis) are both essential for the growth and the 
metastasis of tumors. Numerous pro-angiogenic 
factors, such as vascular endothelial growth fac-
tor (VEGF), platelet-derived growth factor 
(PDGF), basic fibroblast growth factor (bFGF), 
and angiopoietins, are secreted into the TME to 
stimulate angiogenesis; this phenomenon is 
observed in the thyroid cancer TME.  Among 
these growth factors, VEGF is the key pro-
angiogenic factor, and activation of its receptor, 

Fig. 1  Tumor Microenvironment of solid tumors and its cellular, structural, and secretory constituents

T. Jarboe et al.
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VEGF receptor-2 (VEGFR-2), results in 
endothelial cell survival, proliferation, and vessel 
tubule formation. The degree and intensity of 
angiogenesis depend on the balance between the 
pro- and anti-angiogenic factors and their regula-
tion [8].

1.2.3	 �Cancer Stem Cells (CSCs)
This subpopulation of tumor cells actively par-
ticipates in the initiation and promotion of tumor 
formation. Cancer stem cells (CSCs) can self-
renew, differentiate to diverse cell lineages, and 
seed new tumors. In vitro and in vivo experiments 
have shown that CSCs can differentiate into vas-
cular endothelial cells. There is also speculation 
that CSCs can also differentiate into immune 
cells, such as tumor-associated macrophages 
(TAMs), in the TME, furthering the process of 
tumorigenesis and metastasis [9]. An interesting 
study done in mammary cancer cells by Mani 
et  al. suggests that epithelial to mesenchymal 
transition (EMT) generates CSCs from mam-
mary epithelial cancer cells [10].

1.2.4	 �Immune Cells
Pathological reports have shown that solid tumors 
are surrounded by abundant immune cell infil-
trates. These cells belong to both arms of the 
immune system  – innate and adaptive. These 
cells include lymphocytes, tumor-associated 
macrophages (TAMs), and various antigen-
presenting cells (APCs). These cellular types are 
explained in further detail in Sect. 1.3.

1.3	 �Immune Cells of the Tumor 
Microenvironment

1.3.1	 �Natural Killer Cells (NK Cells)
Natural killer (NK) cells belong to the innate 
immune system and actively take part in initial 
tumor immune surveillance. The two types of NK 
cells, immunoregulatory and cytotoxic, are dis-
tinguished based on the expression of specific 
surface molecules – cluster of differentiation 16 
(CD16) or 56 (CD56). The relative levels of 
immunoregulatory versus cytotoxic NK cells 
impact whether or not the TME has a pro-tumor 

phenotype, with a desire to polarize these NK 
cells in the cytotoxic direction to improve prog-
nosis of disease, as described in the context of 
papillary and anaplastic thyroid cancer (ATC) in 
Sect. 2.6 [11].

1.3.2	 �Dendritic Cells
Dendritic cells (DCs) are key immune regulatory 
components that facilitate a critical connection 
between the innate and adaptive immune system, 
and arise from a hematopoietic stem cell lineage. 
Their main role lies in their antigen presentation 
ability, characterizing them as antigen-presenting 
cells (APCs). DCs are classified as one of the 
more “professional” APCs, a conclusion made on 
the basis of their efficient migration and T-cell 
activation. Upon foreign antigen detection, DCs 
will internalize, process, and project the antigen 
on its periphery, resulting in naive T-cell recogni-
tion and thus activation of an adaptive, and spe-
cifically tailored, immune response. DCs will 
present antigens in the context of major histo-
compatibility complex (MHC) class II and I in 
secondary lymphoid organs, a phenomenon 
termed as “cross-presentation.” In the event of 
pathologic environment establishment, DCs have 
the ability to recognize certain molecular patterns 
(pathogen-associated molecular patterns 
(PAMPs) or danger-associated molecular pat-
terns (DAMPs)) and elicit an immune response 
through migration and upregulation of costimula-
tory molecules. Examples of these costimulatory 
molecules include CD40, CD80, and CD86, 
which support the generation of a second set of 
signals that will initiate the adaptive immune 
response.

Within the tumor microenvironment (TME), 
there is a plethora of DC infiltrates that represent 
a variety of maturation stages and DC subsets. 
These subsets include plasmacytoid DCs (pDC), 
conventional DCs (cDCs) 1 and 2, and monocyte-
derived DCs (mo-DCs). Tumors are said to con-
tain seldom mature DCs, due to the fact that the 
TME is highly immunosuppressive, a character-
istic that favors tumor proliferation [12]. With 
this being said, there is a correlation between 
increased levels of mature DCs and a positive 
prognosis. However, it has been seen that in cer-
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tain TMEs, DCs have the potential to switch from 
serving as an immunostimulatory cell that drives 
potent anti-tumor activity to becoming an immu-
nosuppressive accomplice. Cancer cells secrete 
immunosuppressive factors that are said to facili-
tate this pathologic “switch” in DC activity, lead-
ing to the formation of tumor-associated DCs 
(TADCs). TADCs characteristically promote 
neovascularization, which greatly favors tumor 
growth and establishment. This population of 
TADCs exerts their tumor-promoting effects 
through hindering antigen uptake and presenta-
tion, which greatly reduces the generation of an 
immune response; therefore, subsets of TADCs 
can serve as a target for the facilitation of thera-
peutic intervention [13].

1.3.3	 �Mast Cells
Mast cells are immune cells that elicit their effec-
tor function through either one of two processes: 
piecemeal degranulation and anaphylactic 
degranulation. The granules of mast cells are 
loaded with histamine, a potent inflammatory 
mediator that is released when an immune 
response is generated. Mast cell activation is typ-
ically triggered via IgE Fc region interaction with 
their FcεRI, making them key players in allergic 
responses. Mast cells are also prominent factors 
within the tumor microenvironment (TME) due 
to their extensive role in inflammation and their 
ability to induce neovascularization and support 
angiogenesis. Mast cells are said to support the 
proliferation of the TME and can contribute to 
the pathogenic nature and aggression of certain 
cancer types [14]. Depending on the anatomical 
location and type of tumor, mast cell involvement 
contributes to either a good or poor prognosis 
[15]. Within the TME, mast cells interact with 
other cellular residents, either through direct con-
tact or through the release of characteristic medi-
ators that have the ability to lead to TME 
remodeling. Studies have shown a plausible cor-
relation between mast cells and the development 
of thyroid cancer. This correlation was made on 
the basis of significant mast cell infiltration 
within thyroid cancers that were more aggressive 
and invasive. Mast cell recruitment to the tumor 
site occurs via chemoattractant responses to vas-

cular endothelial growth factor-A (VEGF-A), a 
protein released by thyroid cancer cells [16]. 
Thyroid carcinoma cells were also shown to alter 
the mast cell transcriptome, which was demon-
strated through an IL-6, tumor necrosis factor-α 
(TNF-α), and colony-stimulating factor mRNA 
upregulation, which greatly supports the prolif-
erative and inflammatory nature of the 
TME. Similar to thyroid cancer cells, pancreatic 
cancer cells also lead to the induction of mast cell 
migration. Upon mast cell infiltration into the 
TME, release of their associated cytokines, IL-13 
and tryptase, leads to a proliferation of pancreatic 
cancer cells. Since the presence of mast cells 
favors tumor proliferation, blocking mast cell 
migration has led to the suppression of pancreatic 
cancer cell growth, and has contributed to a prog-
nostic improvement [14].

1.3.4	 �T Regulatory Cells (Tregs)
CD4+ T helper (Th) cells can be polarized to 
express two different types of immune responses: 
the anti-tumorigenic Th1 response and the pro-
tumorigenic Th2 response. T regulatory cells 
(Tregs) are associated with the pro-tumorigenic 
Th2 response. The polarization of the CD4+ T 
cells is influenced by the factors present in the 
TME.

Interestingly, double negative T cells have 
been more recently observed as previously undis-
covered type of lymphocyte infiltration, which 
was showcased in a study by Imam et  al. The 
double negative T cells do not express either CD8 
or CD4 cell surface markers, and their secreted 
cytokines, particularly interferon-gamma (IFN-
γ) and interleukin-17 (IL-17), repress the activa-
tion of CD8+ and CD4+ T cells. Thus, these 
double negative T cells make the TME favorable 
for persistent chronic inflammation, encouraging 
the tumor progression [17].

1.3.5	 �CD8+ Cytotoxic T Cells (CTLs)
Cluster of differentiation 8 (CD8) is a well-
defined glycoprotein that spans the membrane of 
T lymphocytes and is further defined as a co-
receptor for the T-cell receptor (TCR). 
Collectively, these cells are specifically denoted 
as CD8+ T lymphocytes and are key components 
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of the adaptive immune system. Upon activation 
through presentation of tumor-associated anti-
gens by antigen-presenting cells (APCs), these 
cells will differentiate into cytotoxic T lympho-
cytes (CTLs) and are responsible for eliciting 
their cytotoxic effects upon stimulation via inter-
action with major histocompatibility complex I 
(MHC I) and cognate antigen. This primes the 
CTLs against tumor cells expressing those spe-
cific antigens. Antigen presentation is an immu-
nogenic phenomenon that describes the 
internalization of antigen followed by presenta-
tion on the cell periphery to elicit an immune-
specific response through immune cell activation 
and differentiation. These cells will receive their 
antigen-specific signal, followed by subsequent 
activation via costimulatory signals and cyto-
kines delivered by the APC to promote their tar-
geted and specific effector functions. Activated 
CD8+ T cells will secrete two key cytokines that 
contain potent anti-tumor effects: tumor necrosis 
factor-alpha (TNF-α) and interferon-gamma 
(IFN-γ). These cells can also release two protein 
classes stored within their cytoplasmic granules, 
known as perforins and granzymes, which are 
pore-forming and pro-apoptotic proteins, respec-
tively. These proteins work in concert to elicit an 
immune response on a foreign target. In addition 
to their released cytotoxic mediators, CTLs also 
will express chemokine receptors that will allow 
the cell to gain access to peripheral tissues [18]. 
Activation through tumor antigen recognition 
and presentation leads to the generation of an 
adaptive immune response, involving the activa-
tion of CTLs, and their subsequent recruitment 
and infiltration (tumor-infiltrating lymphocytes, 
TILs) into the area in which the tumor environ-
ment is being established. CTLs are a key com-
ponent of discussion when referring to the tumor 
microenvironment (TME). TILs and inflamma-
tion together serve as a key feature of cancer [19]. 
Despite the high degree of heterogeneity of the 
TME, a major portion of the cellular composition 
is attributed to T-cell residents. CD8+ T-cell anal-
ysis within cancer patients has led to a better 
understanding of tumor immunology and antigen-
specific immunotherapy. Activated T cells 
express a programmed cell death-1 (PD-1) recep-

tor on its periphery, whereas its corresponding 
ligands, PD-L1 and PD-L2, are expressed by 
dendritic cells and macrophages. When activated 
CTLs bearing PD-1 receptors migrate to the 
TME, the receptor/ligand interactions promote 
resistance to endogenous anti-tumor activity that 
is typically exemplified by CTLs. Within the 
TME, PD-L1 is said to be overexpressed on the 
resident tumor cells, which greatly favors their 
further establishment and immune evasion 
through inhibition of CTLs. For example, in 
breast cancer (BC), instances of poorer prognosis 
have been shown in patients that express high 
levels of PD-1+ TILs, which coincides with their 
inhibition. Furthermore, in BC patients, their 
sites of malignant tissue had significantly less 
IL-2 and IFN-γ, which corresponds to the pro-
gressive loss/inhibition of cytotoxic activity, a 
phenomenon termed “T-cell exhaustion” [20].

To determine the impact that blocking PD-1 
has on the establishment of CTLs within the 
TME, there is a stage-specific requirement that 
will determine whether or not the abrogated 
expression of the receptor will lead to a rise in 
CTL cytotoxicity or favor immune evasion. 
Results have shown that anti-PD-1 monoclonal 
antibody therapy can serve as a revitalization tool 
for exhausted T cells and has led to an increased 
production of IFN-γ, thus confirming successful 
activation of CTL activity [21]. This PD-1 block-
ade, however, is only successful when it occurs in 
a stage-specific manner. Blocking of PD-1 must 
occur after the CD8 T lymphocyte is exposed to 
the presented antigen. If anti-PD-1 is adminis-
tered prior to antigen exposure, the CD8 T lym-
phocyte will become anergic, and linker for 
activation of T cells (LAT) and Akt will lack phos-
phorylation: an implication of failed cellular acti-
vation [21]. CTLs that express high levels of PD-1 
have been correlated with an increased expression 
of T-cell immunoglobulin and mucin domain-3 
(TIM-3) and lymphocyte activation gene 3 
(LAG3), two inhibitory checkpoint molecules 
[22]. TIM-3 has specifically been identified as a 
marker for anti-PD-1 resistance, which makes this 
inhibitory molecule a key target for future study 
regarding cancer immunotherapy [22].
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1.3.6	 �Tumor-Associated 
Macrophages (TAMs)

Macrophages are key components of the innate 
immune system; they serve as the first respond-
ers to inflammation or pathogens and foreign 
antigens. Common myeloid progenitor cells 
give rise to blood monocytes that eventually 
differentiate into macrophages [23]. These cells 
of monocyte-macrophage lineage are very 
important for the maintenance of homeostasis 
in body tissues. Macrophages have multiple 
subtypes and possess the plasticity to switch 
between these subtypes. Based on the signals 
within the tissue microenvironment, macro-
phages can either be activated classically to an 
M1 phenotype or alternatively to an M2 pheno-
type. Cytokines secreted by Th1 cells, such as 
IFN-γ and tumor necrosis factor-alpha (TNF-
α), or the bacterial moiety lipopolysaccharide 
(LPS), have the ability to activate macrophages 
to the M1 phenotype. On the other hand, M2 
macrophages are subdivided into M2a, M2b, 
and M2c subtypes based on their activation 
stimulus. Th2 cytokines, such as IL-13 and 
IL-4, activate monocytes to the M2a macro-
phage phenotype. M2b macrophages are stimu-
lated by LPS, toll-like receptors (TLRs), and 
IL-1 receptor antagonists. Lastly, M2c macro-
phages are induced by transforming growth fac-
tor beta (TGF-β), IL-10, or glucocorticoids 
[24]. The diversified phenotype of macro-
phages, based on their polarization, exhibits 
differential expression of cytokines, chemo-
kines, and surface proteins. M1 macrophages 
are pro-inflammatory and produce inflamma-
tory cytokines such as IL-6, IL-1, and TNF-α, 
which aid in the generation of an anti-tumor 
immune response. In contrast, M2 macrophages 
exert pro-tumorigenic, anti-inflammatory, and 
pro-vasculogenic actions. These actions are 
exerted via immunosuppressive cytokines, 
including IL-4, IL-13, and IL-10, as well as 
immune complexes and apoptotic cells.

Solid tumors, such as thyroid cancer, are com-
posed of a highly heterogeneous mass of mutant 
cells embedded in the stroma, with these macro-
phages being a vital and prominent component. 
Hence, these macrophages are termed as tumor-

associated macrophages or TAMs. A vast number 
of studies have shown that these TAMs exhibit 
the same characteristics of the immunosuppres-
sive M2 macrophages in the TME and aid in 
tumor development and promotion, not just by 
cytokine secretion, but also by angiogenesis, 
increased survival, and metastasis of tumor cells 
[25, 26].

Studies done in mouse mammary carcinoma, 
murine fibrosarcoma, and B16 melanoma reveal 
high expression of immunosuppressive cytokines 
by TAMs isolated from such cancers. This is for-
tified by the presence of certain M2 markers, 
which include, but are not limited to, arginase-1, 
FIZZ1, and YM1 [27]. However, more studies are 
presenting newer evidence suggesting that the 
polarization of macrophages depends on the 
stage of the tumor. Tumorigenic M1 macro-
phages at sites of chronic inflammation contrib-
ute in the early stages of tumor progression [28], 
whereas M2 macrophages support angiogenesis, 
tumor growth, and tissue repairs in established 
tumors [26, 29, 30]. Epidemiological and clinical 
studies have shown the correlation between vari-
ous infections causing chronic inflammation and 
an increased risk of cancer. Detailed investigation 
of this link between inflammation and cancer 
suggests that macrophages play a vital role in 
tumor onset at sites of chronic inflammation [31, 
32].

Studies conducted in breast cancer suggest 
that the density of TAMs positively correlates 
with the angiogenic potential of the tumor, 
where increased density is associated with poor 
prognosis [33]. A meta-analysis study done on 
more than a thousand patients with solid tumors 
suggested that the plasticity and duplicity of 
TAMs can serve as a critical indicator for prog-
nosis. The presence of immunosuppressive M2 
macrophages correlates with poor prognosis of 
disease, in contrast to the anti-tumor M1 macro-
phages which improve the prognosis of the 
patients, therefore suggesting an anti-tumor 
role. Thus, there are varying and contradictory 
reports on the role of TAMs in cancer prognosis. 
A macrophage balance based on the TME sig-
nals will indicate the prognosis of the solid 
tumor [34].
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The most important question remaining is 
that if these M1 macrophages are pro-inflamma-
tory, how are they involved in tumorigenesis? It 
is believed that these pro-inflammatory M1 
macrophages, through their persistent secretion 
of cytokines and reactive oxygen species (ROS), 
cause extensive surrounding tissue and DNA 
damage, generating mutations and altered p53 
activity. This event predisposes the tissue cells 
to undergo premalignant, neoplastic transforma-
tion and tumor initiation [28, 29, 35]. Moreover, 
in  vivo studies support this M1 macrophage 
activity by demonstrating how inflammatory 
cytokines like TNF-α, IL-1β, and IL-6 enhance 
tumorigenesis by sending out pro-survival sig-
nals to the proliferating neoplastic cells [36, 
37]. Thus, it is the M1 phenotype that is present 
in tumor initiation and causes neoplastic trans-
formation, a phenotypic transition, whereas M2 
macrophages reside in the established tumors 
[27, 38]. “Mixed phenotype” macrophages also 
exist in established tumors. In vivo studies con-
ducted to ascertain the TAM population in 
tumors suggest the presence of TAMs express-
ing M1 and M2 markers. Pro-inflammatory M1 
macrophages express inducible nitric oxide syn-
thase (iNOS), which is utilized to metabolize 
arginine to nitric oxide (NO) or reactive nitro-
gen species (RNS). In contrast, M2 immunosup-
pressive macrophages express arginase and 
metabolize arginine to urea and L-ornithine. 
This difference in arginine metabolism is one of 
the major indicators of the M1 vs M2 pheno-
type. However, TAMs of certain solid tumors 
express both arginase and iNOS, suggesting the 
presence of both phenotypes in the TME.

A study by Auffray et al. shows that macro-
phage phenotype can switch from M1 to M2, and 
vice versa, based on tissue environment [39]. 
This heterogeneity and plasticity of the macro-
phages modulates with the signals present in the 
TME. As the cancer progresses, the phenotype of 
the macrophage changes in accordance with the 
secretory factors of the tumor environment. At 
any given time point during tumorigenesis and 
advancement, there will be diversity of macro-
phages present at various stages of M1, M2, or 
intermediate transition.

2	 �Specificity of the Thyroid 
Tumor Microenvironment

2.1	 �Anatomy of the Thyroid Gland

The thyroid is a highly vascular, butterfly-shaped 
gland, located in the anterior neck, overlaying the 
trachea. The thyroid gland weighs approximately 
15–25 grams in adults. It is the largest endocrine 
gland, consisting of two pear-shaped lateral lobes 
connected by the isthmus. The thyroid gland is 
surrounded by a dense fibrous capsule of connec-
tive tissue. This capsule also encloses four small 
parathyroid glands which are located posterior to 
the thyroid gland. Externally, the capsule is 
enveloped by pretracheal fascia (false capsule of 
deep cervical fascia) encompassing the vessels 
entering and leaving the gland. Overall, the thy-
roid gland has a rich blood supply of 5 mL/g/min, 
which includes the dense network of connecting 
vessels. The lymphatic vessels drain into the 
lymph nodes as well as directly into the veins. 
The gland receives its vasomotor innervations 
from cervical sympathetic ganglia [40–43]. The 
adult thyroid consists of about three million 
spherical-shaped follicles. These follicles are 
lined by a single epithelial cell layer and serve as 
the major functional units [41, 44]. Each follicle 
is composed of a colloid filled central cavity con-
taining thyroglobulin (Tg) glycoprotein and is 
surrounded by a single layer of thyroid follicular 
cells. In addition, there are small numbers of 
parafollicular cells (C cells, parenchymatous 
cells) in the space surrounding the follicles. The 
primary function of C cells is to secrete calcito-
nin, a hormone that reduces blood calcium [45].

2.2	 �Thyroid Cancer

Thyroid cancer is the most prevalent endocrine 
malignancy, comprising more than 95% of all 
such malignancies in the United States [46–48]. 
It is the most rapidly rising cancer in the United 
States, with its incidence having tripled in the last 
30 years [49]. Pathologically, thyroid cancer can 
be classified into four morphological types – pap-
illary, follicular, anaplastic (undifferentiated), 
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and medullary thyroid cancer. Papillary thyroid 
cancer (PTC) and follicular thyroid cancer (FTC) 
are the differentiated thyroid cancer (DTC) types 
and are derived from thyroid epithelial cells. PTC 
and FTC represent 90–95% of all thyroid can-
cers. Interestingly, PTC alone makes up 75–85% 
of all thyroid cancers [50]. Medullary thyroid 
cancer (MTC) is derived from parafollicular C 
cells and makes up 5–10% of cases. The rarest 
and most fatal thyroid cancer is anaplastic (undif-
ferentiated) thyroid carcinoma.

2.3	 �Heterogeneity of Thyroid 
Cancer Cells

The dynamic heterogeneity of tumors encom-
passes the transient presence of various cell pop-
ulations, signaling cascades, and metabolism 
associated with tumorigenesis, which eventually 
becomes an established feature of the tumor 
microenvironment (TME). Clonal evolution 
occurs as a result of somatic mutations in a popu-
lation of cells which gradually accumulate over a 
period of time, leading to tumor initiation. These 
clonal cells further propagate, gaining branch 
mutations, which give rise to subclonal popula-
tions of cells under the influence of various fac-
tors present in the TME.  Such clonal and 
subclonal alterations lead to the formation of 
intratumoral genetic heterogeneity with geneti-
cally distinct clones existing within the same 
tumor. Such a phenomenon of evolutionary diver-
gence of cellular variants is present in all solid 
tumors, including advanced thyroid cancer [51]. 
The heterogeneous genetic and epigenetic altera-
tions in cancer cells offer a selective advantage to 
the cells in the TME for the promotion of growth 
and metastasis. Studies of breast cancer cells 
have denoted that only a few cancer cells are 
needed with such accrued genetic variants to 
drive the progression of cancers with individual-
ized genotypes [52].

Thyroid cancer consists of a heterogeneous 
group of neoplasms as well, which are classified 
histologically based on the cells of origin. The 
exact etiology of thyroid cancer remains unclear 
to date, but it is considered to have a multifacto-

rial etiopathogenesis. External environment fac-
tors such as radiation and dietary iodine can 
influence the incidence of thyroid cancer. Case 
studies have shown that patients with preexisting 
thyroid diseases such as goiter or autoimmune 
disorders – Hashimoto’s thyroiditis and Graves’ 
disease – have a constitutional predisposition to 
thyroid cancer in the future. Most thyroid cancers 
are sporadic in nature, with genetic and epigene-
tic modifications that are promoted by external 
factors as mentioned above [53]. Only about 5% 
of cases have familial cancer incidence, elucidat-
ing the role of molecular pathogenesis in thyroid 
cancer. Based on the tumorigenesis model of a 
number of other cancers, it has been proposed 
that thyroid cancers arise from the sequential 
accretion of genetic and epigenetic alterations.

The multistep tumorigenesis model suggests 
that the accumulation of multiple genetic altera-
tions in the genome of thyrocytes leads to the 
generation of thyroid cancer. The damage in the 
genome can occur in the oncogenes or tumor sup-
pressor genes, promoting neoplastic conversion. 
A complete analysis of the papillary thyroid can-
cer (PTC) genomic landscape was done by the 
TCGA Network (The Cancer Genome Atlas 
Network) recently, which suggested a low occur-
rence of overall somatic gene alterations in well-
differentiated thyroid cancer. Unlike other 
cancers, only a handful of recurrent mutations are 
present in PTC. This means that PTC and follicu-
lar thyroid cancer (FTC) can be derived from 
activating mutations in RAS (13%) and/or BRAF 
(60%) genes or rearrangements of fusion proteins 
associated with receptor tyrosine kinases such as 
RET/PTC, NTRK1/3, and ALK [54]. Although 
the abovementioned genetic alterations are found 
in PTC, thyrocytes give rise to FTC due to point 
mutations in RAS gene or a rearrangement of 
PAX8/PPARγ genes. Interestingly, as with breast, 
ovarian, and pancreatic cancers, it was observed 
that the original somatic mutations were present 
in the metastases. Moreover, the secondary meta-
static lesions contained additional genetic lesions, 
offering a greater genetic instability in tumori-
genesis [55]. This multistep tumorigenesis model 
also suggests that poorly differentiated and undif-
ferentiated thyroid cancer, such as anaplastic 
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thyroid cancer (ATC), arises due to progression 
in acquisition of these small numbers of genetic 
mutations during dedifferentiation.

This provides two options for ATC formation; 
it arises either de novo or by dedifferentiation 
from preexisting well-differentiated thyroid can-
cer (WDTC), including PTC and FTC. The evi-
dence points toward the latter with the existence 
of WDTC in ATC specimens, as well as the pres-
ence of BRAF and RAS gene mutations in dif-
ferentiated and undifferentiated thyroid cancer. 
Cellular heterogeneity is also consequential to 
tumor progression. It incorporates both different 
kinds of cells and similar cells that possess differ-
ent metabolic phenotype – aiding in cancer pro-
liferation. Breast and ovarian cancers have a large 
population of associated fibroblasts in the TME, 
which not only are key for cancer progression but 
can also be used to predict the prognosis. Cellular 
heterogeneity is also important in thyroid cancer; 
however, the infiltration of the stromal and 
immune cells varies based on the aggressiveness 
of the tumor. Among the well-differentiated thy-
roid cancers, FTC is mostly considered homoge-
neous, whereas PTC has a large number of 
cancer-associated fibroblasts. In contrast, ATC 
has a higher infiltration of TAMs in the TME. The 
immune cell infiltrates are associated with poor 
outcomes in patients; however, the mechanism 
behind it is still being explored [52].

This heterogeneity of thyroid cancer with an 
accumulation of very few mutations offers a 
uniqueness to thyroid cancer. Standard treatment 
modalities and targeted therapies have made 
WDTC, especially PTC, curable. However, the 
same cannot be said about malignant/metastatic 
PTC, PDTC, or undifferentiated ATC. This pro-
pensity of ATC to develop metastasis still needs 
to be explored.

2.4	 �Anaplastic Thyroid Cancer

Anaplastic thyroid carcinoma (ATC) is an aggres-
sive, undifferentiated cancer responsible for less 
than 1.7% of all thyroid cancer cases in the 
United States. Although rare, it remains one of 
the most fatal forms of the disease, representing 

an end stage of thyroid tumor progression. The 
median survival of patients with ATC is 5 months 
and the 1-year survival rate is less than 20% [56]. 
ATC is categorized as stage IV cancer with sub-
groups based on the involvement of adjacent 
neck structures or distant sites. Patients with 
intrathyroidal undifferentiated tumors are stage 
IVA, extrathyroidal extensions are stage IVB, 
whereas distant metastases are stage IVC. At the 
time of diagnosis, almost 90% of patients are in 
stage IVB and about 20% have distant metasta-
ses. ATC has a rapid onset; hence, patients usu-
ally present with symptoms suggestive of 
tracheal, esophageal, and nerve compression due 
to the rapidly growing neck mass [56, 57].

The undifferentiated phenotype of ATC may 
arise due to dedifferentiation of preexisting well-
differentiated thyroid carcinomas, such as incom-
pletely treated papillary thyroid cancer (PTC) 
and follicular thyroid cancer (FTC). There is also 
evidence that about 80% of ATC patients have a 
long-standing goiter. Histologically, ATC com-
pletely loses the thyroid differentiation features 
and the normal thyroid cellular architecture. 
Instead, tumors are highly invasive with mitotic 
figures, multinucleated giant cells, large atypical 
nuclei, and widespread necrosis present [57–59].

Compared to other types of thyroid cancer, 
ATC frequently metastasizes, is more aggressive, 
and is largely incurable, which emphasizes the 
importance in understanding the molecular and 
cellular mechanisms contributing toward the dis-
ease progression.

2.5	 �Amplified Metastatic 
Propensity of Anaplastic 
Thyroid Cancer

The genetic burden carried by papillary thyroid can-
cer (PTC) is lower than that of aggressive thyroid 
cancers, such as anaplastic thyroid cancer (ATC). 
Despite the presence of a number of mutually 
exclusive genetic alterations, clinically, PTC is 
indolent in nature, therefore making it an easy target 
for available drugs. In contrast, ATC has unfavor-
able clinical outcomes accompanied by fast grow-
ing tumors, metastasis, and invasion of distant sites. 
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In addition to these pathological manifestations, 
ATC also exhibits resistance to current therapies, 
thus leading to poor prognosis of the disease. The 
fundamentals behind the aggressive nature of ATC 
have not been elucidated completely.

The metastatic ability of ATC is a fascinating 
property that is worth investigating to understand 
the pathogenesis of the disease. The metastatic 
cascade is said to be associated with the multistep 
tumorigenesis process. The gain of mutations, 
aside from the initial driver mutations, aids in 
progressive dedifferentiation of the cancer cells. 
The dedifferentiated cells have the ability to 
undergo epithelial to mesenchymal transition and 
invade the local structure at the primary site and 
travel to distant secondary sites.

Very limited information is available regard-
ing the genomic basis of ATC. Aside from the 
mutations present in PTC, there is an additional 
accumulation of diverse mutations in TP53, 
PIK3CA, and the β-catenin encoding gene, spe-
cifically during the dedifferentiation process, 
thus contributing toward the aggressive nature of 
ATC. TP53 is the most common mutation found 
in ATC, followed by RAS, BRAF, β-catenin, and 
PIK3CA.  A number of studies have suggested 
this claim concerning the gain of additional epi-
genetic and genetic alterations rather than a sin-
gle genetic event in transforming the differentiated 
cancer cells into undifferentiated cells. This 
information is made possible due to the availabil-
ity of whole exome sequencing and ultradeep 
sequencing of ATC specimens [54]. Moreover, 
next-generation sequencing (NGS) of PDTC and 
ATC has revealed that these tumors may have a 
unique genetic background that is distinct from 
the DTCs they originate from [60, 61]. However, 
it is important to note that most of the abovemen-
tioned mutations are pan-mutations commonly 
found in a number of other cancers.

Although a number of driver mutations (such 
as BRAF and RAS, as well as additional second-
ary mutations) that cause nuclear instability and 
dedifferentiation have been assessed with respect 
to ATC, it is quite evident that genetic lesions 
alone cannot define the ATC phenotype. The fact 
that ATC is still unresponsive to the current tar-
geted therapies against driver mutations and pos-

sesses a very high metastatic propensity suggests 
that there are other factors influencing its patho-
genesis. Multiple cancer studies have shown that 
targeting a single driver mutation will ultimately 
result in evolution of clones that propagate using 
alternate pathways. The signals for such evolu-
tion can be intrinsically derived from the cancer 
cells, or can come from other host factors such as 
the tumor microenvironment (TME), leading to 
thyroid cancer progression.

2.6	 �Thyroid Cancer 
and Inflammation

Several genetic and epigenetic factors affect the 
irreversible initiation of carcinoma. However, the 
advancement of tumorigenesis requires a promot-
ing agent that induces proliferation of cancer cells. 
Chronic inflammation is regarded as a promoting 
agent for several types of cancer. Persistent infec-
tion causing chronic inflammation leads to recruit-
ment of immune cells that secrete pro-inflammatory 
factors in the tissue microenvironment, causing 
DNA damage in the proliferating cells. These can 
permanently alter the genetic makeup of the prolif-
erating cells, by way of point mutations, deletions, 
or rearrangements, triggering tumor promotion. 
The axiom of chronic inflammation and cancer is 
illustrated by bacterial or viral infections leading 
to associated malignancies, such as H. pylori, 
causing gastric ulcers, and hepatitis B virus, caus-
ing hepatocellular carcinoma [29]. Inflammation 
is an important process linked to tumor develop-
ment and progression in thyroid cancer as well. It 
enhances cell proliferation by providing an envi-
ronment rich in growth factors. It is suggested that 
inflammation is to be referred to as the seventh 
hallmark of solid tumors [62].

2.7	 �Dynamic Nature 
of the Thyroid Tumor 
Microenvironment

In the last two decades, several studies have 
demonstrated the importance of stromal cells 
in thyroid cancer progression [63, 64]. 
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Papillary thyroid cancer (PTC) stroma consists 
of the ECM, along with a variety of stromal 
cells, namely, fibroblasts (and myofibroblasts), 
inflammatory cells, and blood vessels [65]. 
The thyroid cancer cells interact with the stro-
mal cells, changing the behavior and coevolv-
ing with these stromal cells, whereby the tumor 
cells build a supportive environment for their 
own proliferation and propagation. Hence, 
there is a well-defined reciprocal relationship 
between the cancer cells and stromal cells in 
the thyroid cancer tumor microenvironment 
(TME).

Studies have shown that angiogenesis in the 
thyroid TME is in fact initiated due to paracrine 
signaling from the secretory factors of thyroid 
cancer cells and endothelial cells. This interac-
tion may be influenced by the role of estrogen in 
promotion of metastatic thyroid cancer. It was 
observed that estrogen-stimulated VEGF secre-
tion in turn promotes angiogenesis and tumor 
growth [66, 67]. Moreover, the new blood vessels 
formed in the tumor are branched and leaky, 
encouraging a more metastatic environment for 
thyroid cancer [68].

There is a heterogeneous population of cancer 
cells in the thyroid TME. This heterogeneity may 
contribute to the presence of cancer stem cells 
(CSCs) in the thyroid TME. Thyroid cancer fol-
lows the dynamic cancer stem cell (CSC) model, 
where the cells interconvert between CSCs and 
non-CSC cells. Such interconversion can be 
spontaneous or induced by certain processes such 
as EMT [69–71]. Most interestingly, thyroid 
CSCs are invasive and highly resistant to conven-
tional treatment modalities, resulting in relapse 
[72].

Evidence has shown the existence of a 
mixed population of lymphocytes and macro-
phages in and around primary thyroid tumors. 
Thus, there exists a crucial relationship 
between thyroid cancer cells and immune cells. 
An association between the differentiated thy-
roid carcinoma and inflammatory microenvi-
ronment has been strongly recommended over 
the last decade [73].

2.8	 �Immune Cell Remodeling 
of the Thyroid Tumor 
Microenvironment

How does the interplay between thyroid cancer 
cells and immune cells impact the composition of 
the thyroid tumor microenvironment (TME), spe-
cifically? In terms of natural killer cells, when 
comparing infiltration of NK cells in papillary 
thyroid cancer (PTC) patients versus patients 
with goiters or healthy individuals, greater infil-
tration of CD56high CD16low NK cells is observed 
in the PTC patients. The percentage of immuno-
regulatory NK cells present is inversely corre-
lated to the stage of disease. Although not a major 
presence, NK cytotoxic cells CD56low CD16high 
are also present in PTC, which is positively cor-
related with disease stage. In accordance with 
PTC trends, anaplastic thyroid cancer is accom-
panied by a lesser extent of cytotoxic NK cell 
infiltration, supporting tumor promotion [74, 75]. 
Thus, the thyroid TME has a mixture of different 
NK cells, and based on the predominant cell type, 
the phenotype of thyroid cancer can undergo 
alteration.

Another immune cell that bridges the gap 
between the innate and adaptive arms of the 
immune system is a type of professional antigen-
presenting DCs. There exists a mutual relation-
ship between thyroid cancer cells and DCs. PTC 
cells recruit DCs toward the tumor, and in return, 
DCs engulf the tumor-associated antigen to prime 
the host immune response. DC infiltration is 
observed more in PTC compared to follicular 
thyroid cancer (FTC) or adenomas. In contrast, 
DC infiltration is almost absent in poorly differ-
entiated thyroid cancer, such as anaplastic thy-
roid cancer (ATC) [76, 77]. This might be due to 
T cells eliminating PTC better than the aggres-
sive thyroid carcinomas, or with a decreased abil-
ity for the DCs to find, package, and present 
tumor-associated antigens from poorly differenti-
ated cancers.

Thyroid cancer cells interact with mast cells in 
an opposite manner to their interaction with DCs. 
PTC attracts the mast cells at the tumor cell axis, 
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and in return mast cells secrete cytokines promot-
ing tumor growth, vascularization, and prolifera-
tion. Hence, PTC and FTC had a higher density 
of mast cells compared to adenomas or healthy 
thyroids [16, 78]. Mast cells also secrete interleu-
kin-8 (IL-8) into the thyroid TME, which induces 
EMT in thyroid cancer cells, promoting the inva-
siveness of the cancer [79].

Within the adaptive immune system, thyroid 
cancer research involving the polarization of 
CD4+ T cells into Th1, Th2, and Treg cells has 
gained interest in the last decade. Many studies 
conducted on PTC samples have shown higher 
loads of infiltration of FoxP3+ Tregs. There is a 
direct correlation between the percentage of Treg 
cell infiltration in PTC and the aggressiveness of 
the disease. The higher the infiltration, the poorer 
the prognosis [80–82].

CD8+ cytotoxic T lymphocytes are conven-
tionally believed to be anti-tumorigenic when 
present in abundance in the TME. However, dif-
ferent studies offer contradictory roles of CTLs 
in thyroid cancers. An immune-histological study 
was conducted in differentiated thyroid cancer 
(DTC) patients with chronic lymphocytic thy-
roiditis that associated an increase in CD8+ T-cell 
infiltration with improved disease-free survival. 
On the other hand, DTC patients with CD8+ T 
cells and increased Cox-2 expression also had 
higher relapse rates. Moreover, BRAFV600E-
mutated PTC tumors showed a low CD8+/
Foxp3+ ratio signifying the presence of immuno-
suppressive environment in BRAF-mutated 
tumors, thereby promoting the PTC microenvi-
ronment. Hence, low CD8+ T-cell recruitment to 
the tumor site may be the cause of proliferating 
thyroid cancer [83, 84]. It can be ascertained that 
the relationship between T cells and thyroid TME 
is very different from that observed in thyroid 
autoimmune disease (Hashimoto’s thyroiditis) as 
the lymphocytes in the latter disease actually 
eliminate the target cells. The double negative T 
cells are considered the dominant T cells in thy-
roid cancer, and they downregulate the expres-
sion of CD8+ and CD4+ T cells. Such 
immunoediting in the thyroid cancer microenvi-
ronment may lead to better survival of the devel-
oping thyroid tumor.

In addition to the important immunomodula-
tory roles of NK cells, DCs, and T cells as 
described above, one of the largest players in 
immune remodeling in thyroid cancer is tumor-
associated macrophages. With TAM infiltration 
being an important facet of thyroid cancer, many 
studies have investigated its role in clinicopatho-
logical aspects of the disease. Qing and col-
leagues provided documented evidence that high 
levels of TAMs are associated with papillary thy-
roid carcinoma lymph node metastasis [85]. In 
addition, the presence of TAMs in the thyroid 
cancer microenvironment is correlated with 
larger tumor size, increased dedifferentiation, 
and decreased survival rates. Poorly differenti-
ated thyroid cancer had higher density of TAMs, 
which was correlated with capsular invasions and 
extrathyroidal extensions [86, 87]. Ryder et  al. 
also showed that conditional activation of BRAF 
in adult mice thyroids induced PTC along with 
TAM infiltration. The thyroid cancer cells secrete 
chemokines and cytokines that act as chemoat-
tractants for the TAMs. Most of these TAMs 
belong to the immunosuppressive M2 phenotype, 
where their depletion reduces tumor growth [88]. 
Thus, several in  vivo and human tissue studies 
indicate the presence of TAMs positively leading 
to tumor progression. Interestingly, the role of 
macrophages in differentiated thyroid cancer 
(DTC) differs from poorly differentiated thyroid 
cancer (PDTC) [89]. There is a strong association 
between the density of TAMs present in thyroid 
TME and its advanced histological grade. More 
than 50% of ATC tissues consist of TAMs with a 
peculiar microglial-like morphology. There is a 
very dense network of TAMs interlinked with 
cancer cells in ATC [90]. Intrinsic and extrinsic 
signals from the TME modulate the functions of 
TAMs to support the metastatic processes. Poorly 
differentiated and undifferentiated thyroid can-
cers had higher density of TAMs infiltrating the 
tumor, resulting in an increased aggressiveness of 
the tumor.

Although tissue-associated macrophages with 
various functional states are found to coexist in 
the same tumor [91], the preponderance of mac-
rophage polarization and their role in thyroid 
tumor progression is still understudied. In addi-
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tion, it is believed that crosstalk between TAMs 
and epithelial cells (ECs) facilitates induction of 
epithelial to mesenchymal transition (EMT), 
which is directly associated with cancer progres-
sion. Thus, thyroid cancer represents a complex 
bionetwork where cell-cell and cell-matrix inter-
actions provide mutual influences resulting in 
cancer promotion, invasion, and metastasis. 
Thyroid cancer cells express mutated proteins 
that are recognized as non-self, activating the 
host immune system for their elimination. One 
aspect of the immune system is to recruit inflam-
matory cells to the tumor site to protect the host 
tissues. However, there is another side to this 
tumor-immune cell interaction. Tumor cells have 
their own secretory profile that recruits and acti-
vates immune cells. The immune cell secretory 
mediators are in turn utilized by the tumor cells 
to promote their own proliferation, migration, 
and invasion [92]. This to-and-fro interaction 
between cancer and immune cells is mediated 
through several secretory cytokines, chemokines, 
and exosomes, which form the secretome for the 
thyroid TME. The secretome majorly influences 
thyroid cancer growth, promotion, and advance-
ment. Thus, it becomes important to understand 
the functionality of the soluble mediators of thy-
roid cancer-immune network.

2.9	 �Immune Surveillance 
in the Thyroid Tumor 
Microenvironment

The foremost immune response that occurs in a 
tumor microenvironment (TME) is the elimina-
tion of the cancer cells by a process called cancer 
immune surveillance. This mechanism was also 
explored in thyroid cancer relating the presence 
of T cells, B cells, and macrophages, as well as 
the absence of dendritic cells (DCs) with a better 
or worse prognosis in DTC patients, respectively 
[89]. However, some aggressive cancer cells 
escape elimination and proliferate in a less immu-
nogenic environment, maintaining an equilib-
rium stage, and then eventually escaping from the 
immune surveillance. To hide from the host 
immune response, cancer cells recruit immune 

suppressive cells such as regulatory T cells 
(Tregs) and MDSC which secrete anti-
inflammatory cytokines [80]. This makes the 
TME conducive for the growth and proliferation 
of the cancer cells. Contrary to previously men-
tioned reports, some researchers demonstrated 
that leukocytic infiltration of thyroid TME as 
well as tumor-associated lymph nodes, in fact, 
leads to thyroid cancer progression [81, 85]. The 
tumor-associated lymphocytes in well-
differentiated thyroid cancers majorly consist of 
a mixture of T cells and macrophages, either 
inside or surrounding the thyroid cancer, which 
are pro-tumorigenic. The extensive leukocytic 
infiltration also correlates with the increase in 
tumor invasion, lymph node metastasis, and 
decrease in patient survival rates [93, 94]. This 
suggests that aggressive form of papillary thyroid 
cancer (PTC) as well as anaplastic thyroid cancer 
(ATC) might take up several immune escape 
mechanisms including, but not limited to, con-
comitant recruitment of immune suppressive and 
pro-tumorigenic immune cells in the thyroid 
TME.

2.10	 �Evolution of the Metastatic 
Phenotype Via Macrophages

It is believed that triggering epithelial to mesen-
chymal transition (EMT) in thyroid tumor cells 
depends on an assortment of external signals [95, 
96]. These signals are present in the tumor micro-
environment (TME) in the form of various secre-
tory mediators such as cytokines, chemokines, or 
secretory molecules – exosomes. The inflamma-
tory microenvironment plays an important role in 
thyroid cancer occurrence and advancement. 
Patients with preexisting chronic inflammatory 
conditions tend to get advanced thyroid cancer, 
denoting a link between the inflammatory micro-
environment and increased migratory capacity of 
the thyroid cancer cells. Deciphering the secre-
tome pattern of inflammatory cells in the thyroid 
TME aids in bettering understanding that link 
[97, 98], specifically the effect of macrophage 
secretory components on the thyroid cancer phe-
notype. Based on macrophage polarization, the 
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secretory mediators in the TME change. To 
understand the initiation and progression of thy-
roid cancer, it is important to assess the role of 
major secretory players which induce 
EMT.  Moreover, the regulators of EMT do not 
just initiate the tumor progression, but rather 
influence the increase in cell survival and resis-
tance to apoptosis/senescence, deeming the cur-
rent therapies inadequate to treat aggressive 
invasive thyroid cancer. In the future, innovative 
therapeutic strategies could be explored that will 
target EMT regulators to curb advanced thyroid 
cancer, especially anaplastic thyroid cancer 
(ATC).

2.11	 �Interacting Molecules 
of the Thyroid Tumor 
Microenvironment

2.11.1	 �Cytokines and Chemokines
Cytokines are immune molecules secreted by the 
cells of the innate and adaptive immune system in 
the presence of cellular stress. Apart from the 
immune cells, tissue cells, like thyroid follicular 
cells, also secrete these immune mediators. In 
thyroid cancer, cytokines and chemokines are 
released from cancer cells, which act as a che-
moattractant for inflammatory cells at the tumor 
site. As discussed above, preexisting inflamma-
tion is an important predisposing factor for thy-
roid cancer. The presence of persistent 
inflammation leads to excessive production of 
cytokines and chemokines, which causes tissue 
destruction and DNA damage in proliferating 
cells, thus contributing to the pathogenesis of 
thyroid cancer.

TAMs infiltrating thyroid cancer form a major 
component of the thyroid cancer immune stromal 
network. M2 TAMs are present in a significantly 
higher density in papillary thyroid cancer (PTC) 
patients. These M2 polarized macrophages are 
immunosuppressive in nature and release anti-
inflammatory IL-4, IL-13, and IL-10. These cyto-
kines have a dual role; they exert a stimulatory 
effect on the tumor cells while suppressing the 
activation of cytotoxic T cells, thus promoting 
thyroid cancer survival and progression [99]. 

Moreover, PTC patients with concomitant 
Graves’ disease exhibited higher levels of IL-10 
and IL-4, suggesting contribution of anti-tumor 
immunity [100].

Pro-inflammatory cytokines produced in the 
thyroid tumor microenvironment (TME) consist 
of IL-1, IL-6, IL-8, TNF-α, TGFβ, and MCP-1 
(monocyte chemotactic protein-1). In vitro stud-
ies done in WDTC and anaplastic thyroid cancer 
(ATC) cell lines denote that these pro-
inflammatory cytokines are secreted by thyroid 
cancer cells. Numerous studies have been per-
formed to understand the role of these cytokines 
in PTC proliferation. Oncogenes upregulate the 
expression of these cytokines in PTC.  Studies 
have shown that PTC with RET/PTC, RAS, and/
or BRAF mutations have higher expression of 
these cytokines signifying the correlation of 
inflammation, oncogene activation, and tumor 
invasion [101–103]. IL-1 induces thyroid tumor 
growth and proliferation by activating pro-
metastatic genes, angiogenesis, and other pro-
inflammatory cytokines. Higher levels of IL-1β 
are found in the serum of PTC patients when 
compared to thyroiditis patients, suggesting its 
contribution in tumor pathogenesis [104]. IL-6 is 
another important interleukin for thyroid cancer 
survival and proliferation. It increases the migra-
tion and invasive properties of thyroid cancer 
cells by inducing EMT and stemness [79, 99].

Like IL-1, TNF-α is an acute response pro-
inflammatory cytokine that activates several 
immune cells. It has multiple roles in cancer pro-
gression; it can induce apoptosis or necrosis, or 
cause increased angiogenesis, migration, and 
invasion of cancer cells. TNF-α is secreted by the 
TAMs in thyroid tumor environment, and its 
action depends on the particular downstream sig-
naling in addition to its interaction with other 
cytokines [99, 105]. TNF-α is an important 
inflammatory stimulus with higher serum con-
centrations in several cancers. However, its role 
for thyroid cancer progression needs further 
investigation. TGFβ is another cytokine with a 
plethora of functions in cancer promotion. TGFβ 
promotes Tregs and hence induces a pro-
tumorigenic response by suppressing cytotoxic T 
cells. Murine studies have shown that TAMs as 
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well as thyrocytes produce TGFβ, which induces 
EMT in thyrocytes. Moreover, there was a higher 
expression of TGFβ in PTC tissue samples, sug-
gesting its role in enhancing the invasion of thy-
roid cancer. Hence, the presence of TGFβ is 
associated with higher aggressiveness of the can-
cer [106, 107].

Oncogenic activation of MAPK pathways 
leads to release of a number of chemokines, such 
as CXCL1, CXCL8, CXCL9, CXCL10, and 
CXCL11. In vitro studies have revealed that PTC 
and ATC cell lines normally release huge quanti-
ties of IL-8 into the TME, which is enhanced by 
IL-1 or TNF-α stimulus. This IL-8 can induce 
EMT and stemness in thyroid cancer cells. 
Activation of the RET/PTC1 oncogene exoge-
nously induced expression of IL-8  in normal 
human thyrocytes. PTC human tissues also dis-
played higher expression of IL-8 and CCL20 
when compared to thyroiditis or normal tissues. 
A study suggests that this expression pattern may 
be due to a higher number of TAMs secreting 
IL-8 in PTC, thereby responsible for invasion and 
metastasis [79, 93, 103, 108]. Among all the che-
mokines present in thyroid TME, CXCL8 and its 
role in cancer survival and metastasis has been 
explored the most.

Although various cytokines and chemokines 
might be present in the thyroid TME, the focus in 
this chapter will be on the pro-inflammatory 
cytokines. Since these soluble mediators of 
inflammation are secreted by cancer cells and the 
stromal cells, it is safe to accept that there exists 
a mutual link between these TME components.

2.11.2	 �Exosomes
The various factors secreted in the thyroid tumor 
microenvironment (TME) consist not only of the 
soluble mediators – cytokines and chemokines – 
but other secretory mediators from inflammatory 
cells. An example of these additional secretary 
mediators comes in the form of small vesicles 
known as exosomes. Exosomes secreted by the 
tumor cells and inflammatory stromal cells, espe-
cially TAMs, offer a physical means of commu-
nication and transfer of regulatory molecules in 
the thyroid TME. Recent research has uncovered 
the important role exosomes play in the 

TME.  Exosomes, once considered as “garbage 
bags,” are “cup”-shaped nanovesicles 30–100 nm 
in diameter and 1.13–1.19  g/mL in density. 
Although earlier considered as a means to remove 
unwanted materials from the cell, recently exo-
somes have gained much spotlight due to their 
role in the immune response. Exosomes contain 
functional proteins and nucleic acids, including 
microRNAs (miRNAs), messenger RNAs 
(mRNA), and DNA fragments, as their cargo 
[109, 110]. Exosomes are secreted actively by 
normal, tumor, and stromal cells through exocy-
tosis pathways. They act as a shuttle for intercel-
lular communication and crosstalk [111]. Tumor 
cells secrete a large number of exosomes, which 
provide a physical means to transfer intracellular 
molecules into the tumor stroma, where the 
inflammatory cells reside [112]. Thus, exosomes 
represent a novel link between cancer and inflam-
matory cells in the TME, especially in thyroid 
cancer.

Based on the cargo of these vesicles, they can 
either be degraded by the lysosome or released in 
the extracellular environment as exosomes. 
Exactly how the cargo gets sorted into the exo-
somes is not yet fully understood, but endosomal 
sorting complex required for transport (ESCRT)-
dependent and ESCRT-independent methods are 
involved. The outer surface of exosomes consists 
of a complex lipid bilayer with integral mem-
brane proteins, whereas the interior consists of 
sorted cargo [113]. The secretion or release of 
exosomes into the extracellular compartment 
occurs through MVBs/exosomal fusion with the 
cellular plasma membrane. Some of the compo-
nents of this endocytic and exocytic machinery 
consist of Rab GTPases, cytoskeleton regulatory 
proteins, annexin, myosin, and fusion proteins 
such as SNAREs (SNAP (soluble NSF attach-
ment protein) receptor) [109, 114]. Once secreted, 
the exosomes can travel to distant sites where 
they fuse with the target cell releasing their con-
tents into the recipient cells. The regulatory sig-
nals thus pass on from the parent cell to secondary 
cells by way of exosomes.

Over 4000 different proteins have been iso-
lated and purified from exosomes of patient sam-
ples as well as in  vitro cell lines. The protein 
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cargo of the exosomes contains many endosomal 
network-associated proteins. Some of these pro-
teins are as follows: proteins involved in exosome 
biogenesis, membrane trafficking, and fusion, 
such as Rab proteins, GTPases, tumor suppressor 
gene 101, and annexin; heat shock proteins 
(Hsp70, Hsp60, and Hsp90); cytoskeletal pro-
teins such as myosin, actin, and tubulin; adhesion 
proteins such as tetraspanins (namely, CD9, 
CD63, CD81, and CD82); and certain signal 
transducers, lipid-related proteins, metabolic 
enzymes, and MHC [115].

The complex lipid bilayer surrounding the 
exosomal core is enriched in a number of lipids, 
such as phospholipids, including phosphatidyl-
serine (PS), phosphatidylcholine (PC), phospha-
tidylethanolamine (PE), and phosphatidylinositol 
(PI), sphingolipids (sphingomyelin and 
ceramide), diglycerides, and cholesterol. The 
exosomes are stable in the biological fluids and 
cell culture media because of the rigidity offered 
by the lipid bilayer. The presence of PS on the 
outer membrane of exosomes aids in the recogni-
tion and internalization of exosomes by the recip-
ient cell. Exosomes also function as lipid carriers, 
aiding in shuttling immunosuppressive lipids in 
the TME, and thus aiding cancer progression 
[115, 116]. The exosomal lipid content differs 
from the parent cells’ as the exosomes contain 
lipids not just from the plasma membrane of the 
origin cells, but also from the Golgi apparatus. 
Thus, exosomes undergo selective protein and 
lipid sorting [117].

The nucleic acid content of the exosomes con-
sists of various RNAs, such as mRNA, ribosomal 
RNA, long noncoding RNA (lncRNA), miRNA, 
and some DNA.  The microRNAs, which are 
small noncoding RNA, form the major composi-
tion of the nucleic acids and are very important in 
the cellular regulation at posttranscriptional lev-
els. The miRNAs can bind to the complementary 
sequences in the 3′-untranslated regions of the 
mRNA resulting in translational regulation 
affecting the protein expression. As the exosome 
shuttles from the parent cell to the secondary 
recipient cell, the cargo, including the miRNAs, 
gets transported. These miRNAs are responsible 

for a number of regulatory functions related to 
cellular growth, differentiation, and apoptosis.

ExoCarta is an assimilation of data on exo-
somal cargo, identifying more than 1600 mRNA, 
around 800 miRNAs, and over 4000 proteins in 
exosomes from different species and tissues. The 
protein and nucleic acid contents within the exo-
somes represent the cell from which it originated. 
However, different cell types, physiological con-
ditions, or pathological entities cause variation in 
the exosomal content, making the exosomal 
cargo specific for that particular disease state. 
The major function of exosomes is the transport 
of biological molecules containing genetic and 
epigenetic information to target cells. Thus, it 
becomes important to study exosomes with 
respect to the TME, since various cells in the 
tumor secrete and uptake exosomes, which even-
tually regulates the cancer development [109].

Recently, interest has been generated regard-
ing the role of exosomes in the immune response, 
especially the tumor immune response. This line 
of thought was instigated decades ago when it 
was first observed that APCs utilize exosomes 
enriched with MHC immunomodulatory mole-
cules for antigen presentation. Studies have 
shown that dendritic cell and B-cell exosomes 
generate a strong immunogenic response by 
direct or indirect T-cell activation. Immature den-
dritic cells secrete exosomes that are taken up by 
neighboring mature dendritic cells releasing the 
antigen-MHC complex. This effectively increases 
the DC response against the specific processed 
antigen by the DCs who have not yet encountered 
a pathogen [114, 118, 119]. A study by Skokos 
and colleagues displayed that the administration 
of mast cell-derived antigen-containing exo-
somes into naïve mice led to the maturation of 
immature dendritic cells against that particular 
antigen to elicit specific immune response [120]. 
One way the exosomes elicit an immune response 
is by carrying bioactive cytokines as cargo, along 
with certain inflammasome components and 
IL-1β. Dendritic cell exosomes contain high 
quantities of TNF-α, which suggests the role of 
exosomes in activating the innate and adaptive 
branches of the immune system. This effect is 
further amplified by the nucleic acid cargo of 
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exosomes that are released at the site of the 
responsive recipient cell [121, 122]. Another 
important aspect of exosome functionality is 
their role as carriers of surface molecules and 
genetic information. Due to inter- and intracellu-
lar shuttling of exosomes, surface protein from 
one cell can be induced into the recipient trans-
formed or untransformed cells. The proteins con-
tained within the exosomes include oncoproteins 
such as MET and KRAS, which are important for 
tumor formation and proliferation. Horizontal 
transfer of these oncoproteins to neighboring 
and/or distant normal cells enhances the potential 
for tumor propagation by transforming normal 
cells to neoplastic cells. Exosomes, as a multimo-
lecular messenger, mediate cell-cell communica-
tion in autocrine, paracrine, and endocrine 
manners. Exosomal cargo has the ability to initi-
ate signaling responses in tumorigenic cells, thus 
aiding and encouraging tumor survival and 
advancement.

In thyroid cancer, tumor cells and the stromal 
inflammatory cells, together, command the com-
position of the extracellular milieu. The inter- 
and intracellular communications occur in an 
autocrine and paracrine manner, involving solu-
ble mediators such as growth factors, cytokines, 
chemokines, and exosomes. These interactions of 
cancer cell mediators can regulate TME to fur-
ther maintain EMT and continue dissemination 
of the tumor to secondary sites [123, 124]. Thus, 
exosomes play an important role in modulating 
the TME in favor of disease progression [125]. 
Although miRNAs secreted by tumor-derived 
exosomes have been explored in a number of dis-
eases, including breast, colon, lung, pancreatic, 
as well as other cancers, the search for exosomes 
and miRNAs in thyroid cancer is in nascent 
stages.

Circulating miRNAs from the serum of papil-
lary thyroid cancer (PTC) and follicular thyroid 
cancer (FTC) have been studied in the past to 
understand their role in thyroid tumor progres-
sion. miR-146b-5p, miR-221-3p, and miR-
222-3p are consistently found to be overexpressed 
in well-differentiated thyroid cancer as well as 
anaplastic thyroid cancer (ATC) [126]. Moreover, 
there is overexpression of circulating miRNAs, 

such as let-7e, miR-151, and miR-222  in the 
serum of papillary thyroid cancer (PTC) patients 
[127]. It was only recently shown that these miR-
NAs have been identified to be present in the 
PTC-derived exosomes [128]. Yu et  al. further 
explored the role of miRNAs as biomarkers for 
the differential diagnosis of various thyroid can-
cers. They found that the expression of miR-
124-3p, miR-9-3p, and miR-5691 was 
significantly upregulated in PTC patients, 
whereas there was a downregulation of miR-
4701 and miR-196b-5p. When the expression 
patterns were compared between benign nodules 
and PTC patients, miR-124-3p and miR-9-3p 
were found to be overexpressed in PTC patients, 
suggesting a distinct potential signature of 
PTC. Contrastingly, miR-196b-5p was expressed 
higher in benign nodules compared to PTC [129]. 
Another study by Li et al. showed that serum of 
PTC patients had that higher expression of circu-
lating miR-25-3p and miR-451a when compared 
to benign nodules, suggesting their role in PTC 
differential diagnosis [130]. In order to distin-
guish PTC and FTC patients based on the plasma 
exosomal content, Samsonov et al. carried out a 
study in 60 patients with different thyroid nodal 
pathologies. They demonstrated a higher expres-
sion of miR-126, miR-145, and miR-31 in PTC-
derived exosomes and an upregulation of 
miR-21 in FTC-derived exosomes. Interestingly, 
reciprocal and inversely related expression pat-
terns of miR-21-5p (miR-221-3p) and miR-
181a-5p were observed in PTC and FTC, 
respectively [131]. Such comparative analysis 
provides us with factors that are useful for distin-
guishing PTC and FTC by noninvasive methods.

A number of in  vitro and patient sample-
derived studies have focused on the expression 
pattern of the miR-146 family, making it an 
important effector in thyroid cancer. The miR-
146 family, consistently overexpressed in differ-
entiated thyroid cancer and ATC, has been 
isolated from patient serum and tumor-derived 
exosomes. The family consists of two genes: 
miR-146a and miR-146b. Both are under the reg-
ulation of transcription factor NFκB which in 
turn is activated to increase the invasiveness of 
the tumor by inducing EMT. Overall concomitant 
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activation of signaling pathways (NFκB and Wnt 
pathways) and transcription of miR-146 family 
genes promote the aggressiveness of thyroid can-
cer, making it an important target for future ther-
apies [132, 133].

ATC is characterized by the aggressive nature 
of the undifferentiated cancer cells to grow rapidly 
and cause metastasis. Loss of tumor suppressor 
genes, accumulations of genetic alteration, and 
impairment of important signaling pathways 
(MAPK and PI3K signaling pathways) contribute 
toward the pathogenesis of the anaplastic pheno-
type. Recent studies attribute this dysregulation to 
expression of miRNAs secreted into the TME by 
the anaplastic cancer cells and surrounding stro-
mal cells. MicroRNAs, such as miR-146b, miR-
221, and miR-222, are upregulated in ATC as well 
as differentiated thyroid cancer such as PTC and 
FTC.  However, certain distinct expressions of 
miRNAs are associated only with 
ATC.  Investigation of ATC samples from ten 
patients by Visone et al. revealed downregulation 
of certain miRNAs with tumor suppressor proper-
ties by influencing p53 transcription. These miR-
NAs include miR-30d, miR-125b, miR-26a, and 
miR-30a-5p. Complementary to this study, down-
regulation of let-7 and miR-200 families, and an 
upregulation of miR-221, miR-222, miR-17-92, 
and miR-125a-3p, was observed. Out of these, 
miR-200 and miR-30 family miRNAs are known 
to be involved in EMT regulation. The miR-30 
family also blocks autophagy by repressing 
Beclin1 protein and preventing formation of 
autophagosomes. This is important as autophagy 
is known to cause resistance in ATC to chemother-
apy. Thus, overexpressing miR-30 in ATC is a way 
to increase the sensitivity of the cancer cells to 
chemotherapeutic drugs [132, 134–136]. miR-17-
92 clusters consist of seven different miRNAs. 
This cluster is associated with the BRAFV600E 
mutation and is present in PTC as well as 
ATC. Since the presence of this cluster has been 
associated with the aggressiveness of ATC and 
various other cancers, blockage of miRNAs asso-
ciated with this cluster inhibited the growth of 
ATC by inducing apoptosis [132, 137]. A meta-
analysis of various studies conducted in 2015 sug-
gested that there are variation and discrepancies in 

the miRNA expression pattern of ATC. One pos-
sible reason for such discrepancy is the drastic 
change in the miRNA expression profiles of the 
tumor cell as it transforms from differentiated to 
undifferentiated thyroid carcinomas [133].

Moreover, most of the abovementioned stud-
ies were performed with the circulating miRNAs. 
Since the composition of totally circulating miR-
NAs differs from the tumor-derived exosomal 
miRNAs, it is important to evaluate the miRNA 
content of ATC-secreted exosomes and compare 
it to other thyroid cancers.

3	 �Cellular Communication 
in the Tumor 
Microenvironment

Although it is known that EMT is important for 
tumor cell progression and metastasis, and macro-
phages aid in tumor cell metastasis by inducing 
EMT in epithelial cells, the exact role of macro-
phages in thyroid cancer progression and induc-
tion of EMT in thyroid cancer cells remained 
understudied for quite some time. Tiwari et  al. 
evaluated the crosstalk between macrophages and 
thyroid cancer cells using an in vitro model system 
and human thyroid cancer tissues, and reported 
that EMT is induced in thyroid cancer cells by pro-
inflammatory macrophage secretory components. 
This was indicated by the enhanced expression of 
mesenchymal markers, and phenotypic changes, 
such as increased scattering and elongation of can-
cer cells. In addition, the migratory properties of 
the thyroid cancer cells under the influence of 
macrophages are also enhanced. They also ana-
lyzed the secretory components of macrophages, 
including cytokines and exosomes isolated from 
conditioned media, that cause phenotypic switch-
ing in thyroid cancer cells. These secretory ele-
ments activate macrophages at the tumor site, thus 
aiding thyroid cancer dissemination by induction 
of EMT in thyroid cancer cells, especially 
ATC. This establishes the EMT process as a basis 
for the metastatic propensity of ATC.  Moreover, 
ATC cells secrete cytokines and exosomal miR-
NAs which aid in recruitment and activation of 
inflammatory cells, ripening the TME for EMT.
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Hence, this mutual interaction between the 
inflammatory and cancer cells not only helps to 
decipher “EMT-associated tumor secretome” 
[97] but also specifies novel markers of thyroid 
cancer dissemination which can be targeted to 
suppress the metastatic potential. Overall, this 
indicates that the mutual interaction and cross-
talk between cancer and inflammatory cells 
modulate the thyroid cancer phenotype  – with 
crosstalk ultimately taking place between the 
tumor cells, the antigen-presenting cells, and the 
T cells.

M1 polarized pro-inflammatory macrophage 
secretory factors induce epithelial to mesenchy-
mal transition in thyroid cancer cells as evidenced 
by repressed cell adhesion molecules, such as 
E-cadherin and β-catenin; increased expression 
of transcription factors such as NFκB, Twist, and 
Slug more prominently in ATC than PTC; a halt 
in proliferation; enhanced migration of thyroid 
cancer cells; and a change in morphology by 
acquiring mesenchymal phenotype as observed 
with cells becoming elongated and scattered indi-
cating gain of mobility.

Reciprocal interaction between ATC cells and 
pro-inflammatory macrophages through chemo-
tactic and secretory mediators (cytokines and 
exosomal miRNA) defines metastatic phenotype 
that is defined by pro-inflammatory cytokines/
chemokines such as TNF-α, TGFβ, IL-6, IL-8 
and IL-1, as well as chemotactic factors like 
MCP-1/2, MIP-1, and eotaxin-2, along with reac-
tive oxygen species, present within the thyroid 
TME causing alteration in thyroid cancer cell 
phenotype; activated macrophage-secreted exo-
somes induce EMT in thyroid cancer cells  – 
modulation of EM markers, change in 
morphology to mesenchymal phenotype, and 
decrease in proliferation; ATC cell-secreted exo-
somes activate tumor-associated macrophages; 
ATC cell-secreted exosomes contain a distinct 
group of tumor suppressive miRNAs that are 
downregulated.

Macrophage plasticity provides a conducive 
pro-inflammatory environment in thyroid cancer 
for phenotypic transition as observed in the 
human tissues by the presence of a mixed popula-
tion of TAMs, present in ATC and malignant 

PTC, with a higher infiltration and greater inter-
action with tumor cells in ATC; pro-inflammatory 
M1 polarized macrophages infiltrate anaplastic 
as well as malignant PTC, which provides a niche 
for inducing epithelial to mesenchymal transition 
and promoting metastasis.

4	 �Future Directions

There are several other requisite features to any 
solid tumor including thyroid cancer. Hanahan 
and Weinberg have listed these unique traits of 
tumor cells which enable them to have sustained 
growth and metastasis. These well-known “hall-
marks of cancer” include sustained proliferation, 
evasion of apoptosis and suppression, growth 
promotion, angiogenesis, invasion, and metasta-
sis capabilities. Tumor formation is a multistep 
process resulting from the simultaneous occur-
rence of the above processes. In most cases, the 
initiation of the tumorigenesis is believed to be 
due to the acquisition of genetic mutations. The 
genetic alteration leads to transformation of a 
benign cell to malignant cells, leading to aggres-
sive cancer formation (Hanahan & Weinberg, 
2011). As such, looking at how these processes 
are impacted by alterations within the TME by its 
interacting components can shape future studies 
within this field.

4.1	 �Novel Targets of Therapeutic 
Intervention

The thyroid tumor microenvironment secretome 
offers early markers and putative targets for thy-
roid cancer metastasis and dissemination. The 
thyroid TME is composed of thyroid cancer cells 
in addition to stromal cells consisting of macro-
phages, fibroblast, mast cells, PMNs, and stem 
cells. Chronic inflammation is a key initiator of 
thyroid cancer. This was determined by a strong 
association found between the presence of preex-
isting inflammatory benign thyroid disease and 
the incidence of cancer in later years. Moreover, 
histopathological analysis of thyroid cancer has 
shown a dense infiltration of innate and adaptive 
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immune cells surrounding, as well as within, thy-
roid cancer. This clearly indicates the presence of 
infiltrating lymphocytes and macrophages in thy-
roid tumors.

The spectrum of infiltrating stromal and 
immune cells in anaplastic thyroid cancer (ATC) 
differs from that in DTC. There is a higher num-
ber of T cells in papillary thyroid cancer (PTC) 
and a greater infiltration of TAMs in ATC.  In 
either case, lymphocytic infiltration of thyroid 
cancer has been associated with poor disease out-
comes. Studies conducted in breast, ovarian, and 
hepatocellular carcinoma have examined the role 
of TAMs in tumor proliferation and progression. 
TAMs release certain chemokines and cytokines 
which cause corresponding changes in the cell. 
These macrophages are usually in the form of 
inactive blood monocytes. They become acti-
vated in the presence of specific signals from the 
surrounding microenvironment. Under normal 
conditions, during the activation, monocytes are 
differentiated into either M1 (pro-inflammatory) 
or M2 (anti-inflammatory) phenotype, depending 
on the type of signals. Macrophages in general 
have a complex transcriptome, and they are 
polarized to specific subtypes based on the spe-
cific function they have to perform. In the case of 
the TME, they are needed to accomplish the vital 
task of supporting the tumor [101, 138, 139]. 
Given the relationship between inflammation and 
thyroid cancer, further investigations into the 
interaction between M1 polarized pro-
inflammatory macrophages and thyroid cancer 
cells, especially the more resilient ATC, and 
methodologies by which to remodel the macro-
phage polarization or the level of inflammation 
within the TME will have major treatment 
relevance.

TAMs infiltrate the tumor site and get acti-
vated by the secretory factors present in the 
TME. The activation and polarization of macro-
phages to a pro-inflammatory phenotype lends 
further support to thyroid cancer cells for prolif-
eration and dissemination. The Tiwari lab has 
demonstrated that the secretory mediators of 
ATC cell lines, consisting of chemotactic factors 
and pro-inflammatory cytokines, recruit and acti-
vate the THP-1 monocytes to macrophages. 

Thus, cell-cell communication takes place 
between the anaplastic cancer cells and macro-
phages, which stimulates the macrophages to 
perform pro-inflammatory functions. However, 
such cellular interactions are not unidirectional. 
There exists reciprocal communication between 
the cancer and stromal cells in the TME as wit-
nessed in a number of cancers [140, 141].

This crosstalk is facilitated by a number of 
secretory factors, including soluble mediators – 
cytokines/chemokines, growth factors, and exo-
somes with their miRNA cargo. Through 
examination of the secretome of the thyroid 
TME, and exploration of the mediators of cell-
cell communication, the Tiwari lab found that 
M1 polarized macrophages expressed higher 
amount of IL-6 and iNOS.  Additionally, the 
secretory profile of these activated macrophages 
was distinct from the un-activated monocytes. 
These activated M1 macrophages secreted che-
motactic and pro-inflammatory cytokines such as 
IL-6, MIP-1α/β, TNF-α, IL-1β, ICAM-1, 
GMCSF, IL-8, IL-16, TGF-β1, RANTES, and 
MCP-1/2, further demonstrating M1 polariza-
tion. Similarly, cytokine profiles of thyroid can-
cer cells revealed certain distinct secretory 
profiles of each histological type of thyroid can-
cer. PTC cell lines secreted high amounts of IL-6, 
IL-8, and TIMP-2. IL-6 is secreted by the PTC in 
the range of 1530–1560 pg/ml. Follicular cancer 
cell lines secreted IL-6 (about 1240 pg/ml), IL-8, 
MIP-1α, RANTES, TIMP2, and very high quan-
tities of TGFβ (about 800 pg/ml). Anaplastic can-
cer cell lines on the other hand secreted high 
levels of chemotactic and pro-inflammatory cyto-
kines consisting of IL-1α, TGFβ (about 750 pg/
ml), MIP-1α/β, eotaxin 2, MCP-1, and 
PDGF-BB. Most of these cytokines are usually in 
an undetectable range in healthy individuals. 
Only in cases of inflammation, injury, or disease 
does the cytokine levels modulate in accordance 
with the cellular responses. Hence, the detection 
of cytokines above normal physiological levels 
suggests some pathology offering clinicians and 
researchers the means to monitor disease 
occurrence and progression. The physiological 
level of IL-6 is less than 10 pg/ml, while TNF-α 
and TGFβ are less than 100  pg/ml, so if these 
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pro-inflammatory mediators are extremely high 
in thyroid cancer patients, they could be impor-
tant tools in diagnosis and prognosis.

The Tiwari lab also observed the secretion of a 
number of other pro-inflammatory cytokines by 
tumor cells to attract and recruit pro-tumorigenic 
immune cells (Table 1). The secretory profile we 
obtained from the thyroid cancer cells and the 
macrophages clearly suggests the presence of 
pro-inflammatory chemokines and cytokines in 
the TME.  All of these cytokines have major 
implications for regulating the signaling cascade 
in cancer cells to promote tumorigenesis. The 
distinct cytokine profiles of papillary cancer and 
ATC denote the variation in the cellular makeup 
of each histological type of thyroid cancer. Thus, 
one way that the cells communicate with each 
other is through soluble mediators such as 
cytokines.

Other means of cellular crosstalk include 
reactive oxygen species and exosomes. Oxidative 
stress generates reactive oxygen species, which 
cause recruitment of infiltrating immune cells, as 
well as damage the cellular DNA.  The latter 
results in initiation of a repair mechanism which 
leads to further accumulation of genetic muta-
tions and activation of oncogenic pathways, pro-
moting tumorigenesis.

Exosomes are being developed as cancer ther-
apy targets and drug delivery systems. We have 
seen that exosomes and the cargo within play a 
critical role in tumor progression. Hence, to tar-
get this aspect, strategies are under development 
to control the release of exosomes from the tumor 
cells. This is thought to curb the signals that pro-

mote tumor formation. Moreover, dendritic cell 
exosomes, also known as dexosomes, are being 
developed as immunotherapeutic agents, whereby 
dexosomes are pulsed with tumor-derived pep-
tides to activate the cytotoxic T-cell response 
against cancer. Lastly, due to good biodistribu-
tion, biocompatibility, and biostability, exosomes 
are being considered as drug carriers to deliver 
short interfering RNA (siRNA) and active drugs 
like paclitaxel to the target cells [109, 117, 154].

Thus, exosomes and their cargo regulating 
EMT have huge implications in finding putative 
therapeutic targets for cancer progression and 
metastasis. Exosomes are considered to be diag-
nostic and prognostic biomarkers due to the 
uniqueness of their cargo, particularly miRNA 
(depending on the pathology). Differences have 
been noted in the cargo profile of exosomes 
obtained from serum of healthy versus cancer 
patient, further emphasizing the use of exosomes 
as a prognostic marker. Higher levels of miR-
195, miR-145, and let-7a in various cancers, fol-
lowed by decrease in their expression 
postoperatively, suggest their role as prognostic 
marker. Additionally, the stability offered by the 
lipid bilayer makes the exosomes resistant to 
degradation under non-physiological conditions. 
This makes exosomes an easy tool for disease 
screening or using it as a noninvasive biomarker 
obtained from bodily fluids [155].

The Tiwari lab observed that anaplastic cancer 
cells under the influence of activated macrophage 
conditioned media generated higher levels of 
ROS. This suggests an unexplored role of reac-
tive oxygen species generated from TAMs in 

Table 1  Functions of various pro-inflammatory cytokines profiled in conditioned media

Cytokine/Chemokine Significance References
RANTES (CCL5) Chemoattractant for tumor infiltrating macrophages [142–145]

Higher affinity to bind with CCL5 receptors tumor cells
Tumor growth, proliferation, migration, and invasion

MIP-1α and β Chemoattractant for tumor infiltrating lymphocytes [146–148]
Pathogenesis of inflammatory disease

1 L-1β Important in the induction of inflammation [149–151]
Induces invasive capabilities of malignant cells

1 L-8 Chemoattractant and activator of lymphocytes and neutrophils [150, 152, 153]
Mitogenic, angiogenic, and increases metastasis of tumor cells
Transdifferentiations of epithelial cells
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enhancing the proliferative and malignant pro-
pensity of ATC cells. Conversely, THP-1 mono-
cytes, as well as macrophages, treated with 
anaplastic cancer cell conditioned media gener-
ated higher levels of ROS.  Such a reciprocal 
induction of ROS accumulation between ATC 
cells and TAMs, which has never been observed 
earlier, elucidates that ATC cells generate ROS 
which aids in tumor progression and recruitment 
of macrophages. This effect of ROS along with 
the secreted chemotactic cytokines by ATC indi-
cates an additive effect in recruiting the macro-
phages at the tumor site. Previous work by our 
group has characterized the miRNA content of 
activated THP-1 cells using the immunopathol-
ogy pathway miRNA PCR arrays. The Tiwari lab 
went one step further and characterized the 
miRNA content of the exosomes secreted by the 
thyroid cancer cells.

Researchers are now concentrating on the 
miRNA functionality for diagnosis and treatment 
modalities. However, most of the studies per-
formed are focused on the circulating 
miRNA. The exploration of exosomal miRNA is 
still in its budding stage. Exosomes can be iso-
lated from bodily fluids in a noninvasive way, and 
hence can become a very important diagnostic 
marker based on their content. The exosomal 
cargo predominantly consists of miRNAs, which 
are highly conserved noncoding RNA that regu-
late the posttranscriptional or translational pro-
tein expression. Distinct expression of miRNA 
from ATC-secreted exosomes when compared to 
PTC- or FTC-secreted exosomes can be observed. 
Comparative analysis indicated that eight miR-
NAs were downregulated in FTC-secreted exo-
somes compared to papillary. On the other hand, 
ten miRNAs were downregulated in anaplastic 
8505C-secreted exosomes compared to papillary 
BCPAP, whereas three miRNAs were downregu-
lated and four miRNAs upregulated in anaplastic 
8505C-secreted exosomes in comparison to fol-
licular CGTHW1. The specific miRNA, miR-30, 
inhibits the TGFβ1-induced EMT by downregu-
lating transcription factor Snail [156], and inter-
estingly an upregulation of this miRNA was 
observed in 8505C compared to CGTHW1-
secreted exosomes. Another definite miRNA, 

miR-155, enhances cellular proliferation [128, 
157], which was positively correlated in 
8505C-secreted exosomes expressing higher lev-
els of this miRNA compared to CGTHW1-
secreted exosomes. Increased expression of 
miR-30c and miR-155  in 8505C-secreted exo-
somes suggests their imperative role in enhanced 
growth and dissemination of ATC.

An important miRNA that is considered a can-
cer biomarker is miR-21-5p. It is associated with 
an increase in cellular proliferation in aggressive 
cancer [158–160]. However, contrary to pub-
lished studies, we observed a downregulation of 
exosomal miR-21-5p in CGTHW1 and 8505C in 
comparison to BCPAP.  Another miRNA, miR-
138, which is known to suppress cancer metasta-
sis and invasion [161, 162], was downregulated 
in CGTHW1 and 8505C when compared to 
BCPAP-secreted exosomes. The specific 
microRNA, miR-26, is associated with different 
biological processes pertaining to gene regula-
tion. miR-26 is supposed to possess tumor sup-
pressive activity [163], and its downregulation is 
associated with resistance to chemotherapy drugs 
[158]. Downregulation of this miRNA as 
observed in 8505C opposes apoptosis and 
induces tumorigenesis in ATC.

Another such miR-125-5p functions as 
oncomiR in a few cancers and as a tumor sup-
pressor in a number of solid tumors including 
thyroid cancer. An earlier study by Visone and 
group indicated that an overexpression of this 
miRNA led to inhibition of cellular growth [136]. 
Moreover, miR-125b is associated with repres-
sion of migration and invasion of ATC by target-
ing PIK3CD via PI3K/Akt/mTOR pathway 
[164]. This suggests a tumor suppressive action 
of miR-125b. The chemosensitivity to cisplatin is 
enhanced in osteosarcoma with overexpression 
of miR-125b, indicating that downregulation of 
this miRNA may be associated with resistance to 
chemotherapeutics, as observed in aggressive 
and malignant cancers. This tumor suppressive 
miRNA was downregulated in our ATC cell line 
8505C-secreted exosomes in comparison to 
BCPAP.

Another set of tumor suppressive miRNAs 
consist of miR-148a and miR-152-3p, belonging 
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to the miR-148/152 family. Among the miRNAs 
from this family, miR-152 is known to act as 
tumor suppressor by targeting PIK3CA [165], 
whereas miR-148a is associated with inhibition 
of cancer stemness and self-renewal ability of the 
cancer cells [166, 167]. Both these miRNAs are 
downregulated in 8505C-secreted exosomes 
compared to other thyroid cancer cell-secreted 
exosomes. Downregulation of this family of 
miRNAs promotes tumor growth and prolifera-
tion in anaplastic cancer cells. Previous studies 
have shown that downregulation of miR-191  in 
medulloblastoma, acute myelogenous leukemia, 
and melanoma is associated with poor prognosis. 
Overexpression of miR-191 in thyroid follicular 
adenoma and carcinoma is associated with 
decreased cellular proliferation and migration by 
targeting CDK6. Earlier studies have shown a 
downregulation of this miRNA in FTC but not in 
PTC or ATC [168]. We observed a downregula-
tion of miR-191  in anaplastic cancer cell line-
secreted exosomes compared to papillary cancer 
cell line-secreted exosomes. Thus, our group has 
identified a distinct set of tumor suppressive 
miRNAs consisting of miR-125b, miR-138, 
miR-148a, miR-152, miR-191, and miR-26b, 
which are downregulated in ATC cell-secreted 
exosomes. This distinct miRNA profile of thyroid 
cancer is proposed to influence the metastatic 
proclivity/tendency of the cancer as observed 
here in ATC. A number of these miRNAs, such as 
miR-146a, miR-21-5p, and miR-138-5p, were 
upregulated in activated macrophage-derived 
exosomes. Moreover, miR-146a and miR-132-3p 
also promote the activation of monocytes [169].

Different biological functions are associated 
with the miRNAs. The cells in TME secrete exo-
somes that are shuttled from primary to second-
ary recipient cells. They carry within them these 
functional miRNAs, which are transcribed and 
translated to biologically relevant proteins that 
regulate cellular processes. This implies that cel-
lular crosstalk is mediated by soluble mediators 
and exosomes, ultimately promoting tumorigen-
esis. Previous studies have focused on circulating 
or tissue miRNAs associated with thyroid can-
cers, generally in PTC. However, the exploration 
of miRNA cargo of exosomes secreted from ATC 

cells is still in its nascent stage. Previous studies 
have revealed the profile and functionality (to 
some extent) of the deregulated miRNAs in ATC 
tissues [132, 170]. The three major families of 
miRNAs downregulated in ATC are miR-200 
family, miR-30 family, and let-7 family. In our 
comparative analysis between the various thyroid 
cancer-secreted exosomal miRNAs, we did not 
observe any variation in expression profile of 
miR-200 family or let-7 family. Common miR-
NAs upregulated in ATC tissues consist of miR-
146, miR-221/222, and cluster miR-17-92 [132, 
136, 170]. These miRNAs were not observed to 
be upregulated in ATC-secreted exosomes com-
pared to other thyroid cancers. Thus, we can say 
that the profile of miRNAs obtained from ATC-
secreted exosomes can be different from that 
obtained from the tissue.

The pro-tumorigenic functions of the 
exosome-derived miRNAs, through the regula-
tion of genes in the recipient cells, have recently 
started to gain research interest. The role of exo-
somes as a drug delivery system, and for diagnos-
tic purposes, has further added to their clinical 
relevance. However, only a handful of studies 
have examined the miRNA profile of circulating 
tumor-derived exosomes in FTC or PTC [131]. 
Exosomal miRNA cargo is understudied in 
ATC. In this study, we have come across a group 
of miRNA present in the exosomes secreted by 
ATC cells that have tumor suppressive effects. 
The fact that these miRNAs are downregulated 
suggests a profile of a huge set of genes that are 
regulated by these miRNAs, contributing to the 
metastatic phenotype in ATC.

The studies here are a clear indication that 
phenotype is regulated by epigenetic phenome-
non of which miRNAs constitute a major cargo. 
We have defined the ATC phenotype based on 
miRNAs – miR-125b, miR-138, miR-148a, miR-
152, miR-191, and miR-26b – that play a func-
tional role in suppressing the ATC phenotype. 
Their downregulation paves the way for procure-
ment of metastatic ATC phenotype, and as such, 
can be considered as “tumor suppressors.” Their 
biological function and specificity to ATC, how-
ever, remains to be determined. The other mode 
to establish whether PTC to ATC phenotype is 
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linked is to examine the presence and gradual 
disappearance of these markers in the serum of 
patients. The steady disappearance of these 
miRNA from the serum designates them as a 
transition biomarker for early detection of ATC 
phenotype, and should be pursued further.
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1	 �Tumor Microenvironment

Carcinogenesis is a multistep process sup-
ported by a host of factors that involve not only 
the aberrant physiology of the malignant cells, 
but a plethora of changes occurring in the tis-
sue surrounding the tumor during this malig-
nant transformation. Tumor is a heterogeneous 
mass of resident and infiltrating host cells and 
various secreted factors that make up the tumor 
supportive niche, known as the tumor microen-
vironment (TME). The TME refers to the cel-
lular environment surrounding the tumor that 

incorporates tumor vasculature and lymphat-
ics, stromal cells such as pericytes and fibro-
blasts, immune cells, extracellular matrices, 
the signaling mediators, and secretory factors. 
The TME plays an extremely crucial role in 
determining the course of tumor progression 
and therapeutic response. During later stages 
of tumorigenesis, the cancer cells reshape the 
TME in a way that bolsters the tumor develop-
ment while suppressing antitumor activities, 
such as immune cell-mediated cytotoxicity. In 
order to promote indefinite growth, enhanced 
survival, proliferation, and long-term mainte-
nance, cancer cells rewire their cellular metab-
olism and secretome composition. This 
reprogramming is responsible for progressive 
pathological alterations in nonmalignant com-
ponents of the TME.  These transformed non-
malignant components and the tumor cells 
collectively decide the therapeutic outcome in 
the patients. The constant dialogue between 
the tumor cells and the nonmalignant compo-
nents of the TME is at the heart of several hall-
marks of cancer [1, 2]. In order to develop an 
effective therapeutic regimen, a holistic under-
standing of the TME is crucial.
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2	 �Cellular Constituents

The TME is extremely heterogeneous and 
dynamic in nature. The cellular constituents of 
the TME can be divided into two broad catego-
ries – immune cells and nonimmune cells.

2.1	 �Immune Cells

The hypothesis of “immune surveillance” was 
formulated by Frank Macfarlane Burnet and 
Lewis Thomas in the 1950s [3–6]. The hypothe-
sis suggested that the cells of the immune system 
should detect and kill the tumor cells. This con-
cept was further developed and the new theory of 
immunoediting was coined in 2004 by Dr. Old 
and Dr. Screiber [7]. They suggested that immu-
noediting is a process that consists of three steps: 
elimination, equilibrium, and escape [7]. As the 
field of tumor immunology progressed over time, 
we have identified specific components of the 
tumor microenvironment that dictate each of 
these three steps, and this knowledge has helped 
us understand the dynamic nature of the immune 
landscape in different tumors. The immune cell 
infiltrates and secreted cytokines and chemokines 
collectively make up the tumor immune microen-
vironment (TIME). The cellular infiltrates might 
be composed of all major types of immune cells, 
such as CD4, CD8, and γδ T lymphocytes, regu-
latory T lymphocytes (Tregs), regulatory B lym-
phocytes (Bregs), tumor-associated macrophages 
(TAMs), natural killer (NK) cells, dendritic cells 
(DC), and mast cells [8]. The proportion of the 
cellular infiltrates vary greatly not only between 
but also within cancer types. A recent study that 
integrated gene expression and clinical outcome 
data of over 18,000 human tumors noted a stark 
difference in relative leukocyte composition 
between different tumors [9]. These immune 
cells are considered as adjuvant therapeutic tar-
gets in cancer and to devise novel strategies to 
circumvent resistance.

2.1.1	 �Macrophages
Tumors initiated by extrinsic factors often start 
out as an uncontrolled inflammatory reaction 

brought about by the innate cells of the immune 
system. One of the most prominent innate 
immune cells is the macrophage. Macrophages 
are usually found in both the center of the tumor 
and at the invasive margins and/or tumor stroma. 
Macrophages can be polarized into inflammatory 
M1 (classical Th1-activated) or immunosuppres-
sive M2 (Th2-activated) phenotypes. These cells 
are usually responsible for defending the body 
against pathogens and aiding in wound healing 
and tissue repair. Comprehensive lineage tracing 
has shown that macrophages originate from at 
least three different embryonic precursors (from 
erythro-myeloid progenitor (EMP) in the yolk 
sac and fetal liver and from macrophage/den-
dritic cell progenitor cells (MDPs) in the bone 
marrow) and differentiate into tissue resident 
macrophages [10–12]. These tissue resident mac-
rophages are usually maintained by self-renewal. 
Recruitment of these immune cells in the TME is 
largely dictated by the genetic lesions and tran-
scription factors expressed by the tumor cells. 
Some of the key transcription factors such as 
STAT3, HIFα, and NFκB are activated by onco-
gene activation and chronic inflammation which 
are two of the key events during cancer initiation. 
Recruitment of macrophages further enriches the 
mutagenic environment via secretion of pro-
inflammatory cytokines like interleukin 6 (IL-6), 
tumor necrosis factor alpha (TNFα), and inter-
feron gamma (IFNγ). Macrophages are also 
responsible for secretion of oncogenic growth 
factors, such as epidermal growth factor (EGFR) 
and WNTs. The tumor-associated macrophages 
(TAMs) diversify into a unique population, in 
terms of cell surface protein expression and tran-
scription factors. The specific population of mac-
rophages are involved in enhanced angiogenesis 
[13], metastasis [14], invasion [15], tumor cell 
extravasation [16], and immunosuppression [17]. 
Each of these functions is carried out by a sub-
population of macrophages with a different tran-
scriptome and cell surface markers.

2.1.2	 �Dendritic Cells (DCs)
Dendritic cells (DCs) bridge the gap between the 
innate and adaptive immune system. DCs sequen-
tially develop from common myeloid progenitors 

S. Chakraborty et al.



35

(CMPs) and macrophage DC progenitors 
(MDPs). These cells are responsible for eliciting 
pathogen-specific T cell response. DCs stimulate 
adaptive immune response by sampling the tumor 
antigens, processing them, and presenting them 
in the context of MHC class II at the secondary 
lymphoid organs. During the process, the acti-
vated DCs secrete pro-inflammatory cytokines 
and upregulate the co-stimulatory molecules on 
their surface that help in activating the T cells in 
turn. DCs can be subdivided into three main cat-
egories, namely, the conventional DCs (cDCs), 
the plasmacytoid DCs (pDCs), and the monocyte-
derived DCs (moDCs). The differentiation of 
DCs into specific subsets is dictated by specific 
transcription factors. The differentiation of con-
ventional DCs is driven by Id2 [18], whereas dif-
ferentiation of pDCs is favored by E2-2 [19]. 
Under normal physiological conditions, cDCs 
further differentiate into CD103+, CD11b+, and 
CD8+ subsets in the lymphoid and non-lymphoid 
organs. The tumor microenvironment modulates 
this differentiation, and in this unique condition, 
pre-DCs differentiate into two rare populations of 
DCs: CD11b+ DCs (cDC1) and CD103+ DCs 
(cDC2). cDC1s are specialized in presenting 
antigens in the context of MHC I molecules to 
CD8 T cells, while cDC2s specialize in present-
ing antigens on MHC II molecules to CD4 T 
cells. The antigen cross-presentation capability 
of the DCs in the tumor microenvironment is 
heavily impaired, resulting in poor response to 
immunotherapeutic strategies that rely on T cell 
activation via DCs. Some of the factors respon-
sible for this impaired activity of DCs are 
hypoxia, high concentration of lactate [20–22], 
low pH [23, 24], and accumulation of adenosine 
[25].

2.1.3	 �Natural Killer (NK) Cells
Natural killer cells are a group of cytotoxic innate 
lymphoid cells (ILCs) that are extremely crucial 
components of cancer immune surveillance and 
can eliminate cancer cells very efficiently via 
secretion of cytotoxic granules or immunomodu-
latory cytokines upon stimulation. However, the 
complex cellular architecture of the TME of thy-
roid tumors interferes with the accessibility of 

the tumor cells resulting in poor homing and 
infiltration and low killing efficiency. In vitro 
analyses confirm susceptibility of TC cells to 
NK-mediated lysis [26], which suggests their 
potential as an immunotherapeutic option for the 
patients where intratumoral NK infiltration has 
been reported. In contrast to T lymphocytes, 
which are known as the main players of tumor-
specific immune response, NK cells intrinsically 
express a wide variety of germline encoded acti-
vating and inhibiting membrane receptors, hence 
do not require antigen specificity. An extremely 
common strategy adopted by tumor cells to evade 
immune surveillance is downregulation of MHC 
expression. Interestingly, this phenomenon is 
responsible for impaired T cell activity which is 
dependent on TCR/MHC interaction. However, 
this same phenomenon triggers the activating 
receptors on NK cells because of “missing self-
recognition” on the tumor cells. Thus, NK cell 
activity complements the antitumor activity of 
the T cells. Some of the central activating and co-
activating NK cell receptors include the NKp46, 
NKp30, and NKp44, CD16, NKG2D, NKG2C, 
natural cytotoxicity receptors (NCRs), DNAX 
accessory molecule-1 (DNAM-1), and 2B4 [27, 
28]. A recent study has identified a less functional 
CD56hiCD16hi/lo NK population which is associ-
ated with thyroid malignancy. Interestingly, these 
NK cells were associated with exhaustion mark-
ers programmed cell death protein 1 (PD-1) and 
T cell immunoglobulin and mucin domain-
containing-3 (TIM-3), and blockade of these 
receptors could reinvigorate the NK cells [29]. 
Previous studies have shown that these NK cells 
are associated with unique receptors such as 
CD62L, CXCR3, CCR7, and CXCR4 that facili-
tate their homing to inflamed tissues. Some of the 
common features adopted by the tumor cells to 
evade NK cells include downregulation of NK 
cell activating receptor (NKAR) ligands, down-
regulation of death receptors, increased secretion 
of immunosuppressive cytokines, hypoxia-
dependent autophagy activation, and hypoxia-
dependent extracellular adenosine synthesis. In 
order to fully leverage the antitumor activity of 
the NK cells, supporting strategies, such as IL-15 
agonist, BiKEs, and TRiKEs targeting activating 
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receptors of the NK cells, immune checkpoint 
inhibitor antagonists, should be introduced in a 
combinatorial setting.

2.1.4	 �T Lymphocytes
Tumor-infiltrating T lymphocytes (TILs) are 
influential in dictating the response of the immune 
system against the tumor. Most mature T cells 
circulate in a resting, naïve state. Upon the recog-
nition of cognate antigen, the cells become acti-
vated, undergo clonal proliferation, and finally 
differentiate into effector T cells. Naïve CD8+ T 
cells differentiate into cytotoxic T cells, while 
differentiation of CD4+ T cells is largely dictated 
both spatially and temporally by microenviron-
mental cues. They can differentiate into an array 
of different types of helper (i.e., T helper cell type 
1 [Th1], Th2, Th17) or regulatory T cells (Treg) 
depending on the cues. Immunologically, tumors 
can be classified into two broad categories. T 
cell-inflamed tumors are characterized by pres-
ence of immune activation and extensive T cell 
infiltration and are amenable to immunomodula-
tory therapies. Non-T cell-inflamed tumors are 
devoid of inflammation and T cell infiltration and 
are refractory to such therapeutic approaches. 
The former is known as an immunologically 
“hot” tumor and the latter “cold.” The goal of a 
successful immunotherapy is to turn immuno-
logically cold tumors into hot tumors. Homing of 
T cells to the tumor site is dictated by various 
factors. The tissue-specific homing signals for T 
cells are composed of a specific combination of 
receptors (e.g., E-selectin and P-selectin ligands 
and chemokine receptors CXCR3). Stimulation 
of T cells induces the activation of integrins, pri-
marily LFA-1 and VLA-4 (very late antigen 4), 
which bind to receptors ICAM-1 and VCAM-1 
expressed on inflamed tissues [30]. Inside the tis-
sues, these cells are often organized into cellular 
aggregates, which are commonly referred to as 
tertiary lymphoid structures (TLS) or ectopic 
lymphoid structure (ELS). Within these struc-
tures, there is usually a follicular zone with 
CD20+ B cells, which is surrounded by a mix of 
CD3+ T cells and lysosome-associated membrane 
glycoprotein+ (LAMP1+) DCs. This cellular 
architecture facilitates cross presentation to local 

tumor antigens by DCs and activation of effector 
T cells. This also helps with the generation of 
antibody producing plasma cells. Presence of 
such cellular architecture inside a solid tumor is 
often indicative of a favorable prognosis.

2.2	 �Nonimmune Cells

2.2.1	 �Neuroendocrine Cells
Neuroendocrine (NE) cells display both nerve 
and endocrine cell characteristics. They are capa-
ble of receiving and interpreting signals from the 
nervous system and respond to these stimuli 
through the production and release of hormones 
directly into the bloodstream.

NE cells frequently inhabit sites of tumor for-
mation. Although these NE cells are nonimmune 
cells, they have a critical impact on the expres-
sion and function of immune system components 
and contain a highly concentrated cytosolic load 
of neurosecretory granules that synthesize neuro-
peptides and receptors [31].

Important immune modulations via NE cells 
occur through neurotransmitter release. For 
example, the regulation of migration and cyto-
toxicity of natural killer (NK) cells occurs 
through neurotransmitter intervention [8]. 
Norepinephrine has been attributed to the modu-
lation of T cell activity, through the blocking of 
tumor necrosis factor alpha (TNFα) synthesis, 
which inevitably leads to the inhibition of antitu-
mor cytotoxic T lymphocytes (CTLs) [8]. 
Substance P, a neuropeptide that plays a role in 
neuromodulation, can also be released by NE 
cells. This neuropeptide has been shown to 
induce leukocyte cytokine production. 
Additionally, substance P has been identified to 
prevent β1-integrin-mediated T lymphocyte 
adhesion. This activity leads to an increase in T 
lymphocyte migration to the tumor site [8]. An 
important effector function of NE cells regarding 
the immune modulation of the TME is their role 
in chemotaxis. The upregulation of tumor-
associated macrophages (TAMs) in the TME is 
attributed to their recruitment by NE cells through 
chemotactic mechanisms – specifically via secre-
tion of CXCL10 and CXCL11 [32].
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The primary markers of NE cells include 
neuron-specific enolase (NSE), chromogranin A 
(CgA), and interleukin-2 (IL-2), as well as endo-
thelial growth factor (EGF), which is identified 
more specifically as a targeting marker. NE cells 
can lead to the formation of specific tumor types 
in various physiological realms. For example, in 
colorectal cancer, differentiation (distribution or 
dispersion of NE cells within a tumor environ-
ment) of NE cells is one of the primary drivers of 
poor prognosis. This poor prognosis has been 
speculated to be attributed to an increased amount 
of tumor-associated macrophages within colorec-
tal adenocarcinomas that express increased NE 
cell differentiation [33]. Although an NE cell-
derived tumor is rare in the thyroid, under spe-
cific physiological conditions, this specific form 
of tumor can still be established. This tumor 
development is more likely to occur in the event 
of elevated calcitonin levels, although calcitonin-
negative tumors have also been identified. 
Medullary thyroid carcinoma (MCT) is typically 
described as the form that persists when discuss-
ing NE derivation [34].

TNF-α is an example of a cytokine that can 
lead to induction of NE cell differentiation within 
small cell lung cancer (SCLC) cell lines. This 
increase in NE cell differentiation via TNF-α 
exposure occurs through the induction of NE cell 
gene expression, as well as the induction of NE 
cell-related proteins [35]. Pulmonary NE cells 
release a specific secretory factor known as 
gastrin-releasing peptide (GRP). GRP is respon-
sible for the chemoattraction of macrophages and 
lymphocytes to any site of lung tissue injury, and 
can serve as a competent biomarker for NE cell 
differentiation within the TME [35].

Forkhead box A1 (FOXA1) is a transcription 
factor that is responsible for differentiation of 
prostate epithelial cells. It has been shown that 
the absence or loss of FOXA1 can lead to an 
increase in NE cell differentiation, which occurs 
through the downstream activation of MAPK, a 
promoting factor of NE cell differentiation in 
prostate cancer cells. Therefore, the inhibition of 
NE cell differentiation can be regulated by the 
expression of FOXA1. When FOXA1 is present, 
it binds to an IL-8 promoter leading to an inhibi-

tion of its expression, which inevitably leads to a 
downstream inhibition of mitogen-activated pro-
tein kinase (MAPK) activation, decreased eno-
lase 2 (ENO2) expression, and the inhibition of 
NE cell differentiation [36]. Other signal trans-
duction pathways associated with NE cell differ-
entiation include JAK/STAT3 and PI3K/AKT 
[36].

2.2.2	 �Adipose Cells
Adipose cells, or adipocytes, are the primary 
component of adipose tissue, and are specifically 
derived from mesenchymal stem cells through a 
process called adipogenesis. Inflammatory 
responses generate an influx of immune cells to 
targeted areas. There is a defined correlation 
between an increase in adipose tissue and the 
generation of inflammatory responses. This phe-
nomenon is explained through the correlation 
between elevated adipose tissue levels and an 
increased risk in the initial and further develop-
ment of cancer [37]. Adipocytes have been noted 
to secrete local and systemic factors that can pro-
mote the development of tumors. There is an 
active interaction that exists between tumor cells 
and adipose tissue. This can serve as a priming 
factor in adipocyte alteration, which can lead to 
the increase in their secretion of adipokines, such 
as vascular endothelial growth factor (VEGF) 
and leptin [38].

Adipose tissue can differ in relative density, 
which categorizes this tissue as either metaboli-
cally active (brown adipose) or metabolically 
inactive (white adipose). Brown adipose tissue 
(BAT) contains an extensive amount of mito-
chondria, which supports its critical role in ther-
mogenesis and lipid oxidation. Another distinct 
characteristic of BAT is the elevated expression 
of uncoupling protein 1 (UCP1). White adipose 
tissue (WAT) is associated with the regulation of 
lipid metabolism, and serves as an energy reser-
voir. It also can play an endocrine role, as it 
secretes hormones and chemokines that support 
inflammation, thus rendering WAT as the primary 
focus when discussing the TME [38].

Hyperadiposity has been shown to render 
altered behavior when compared to traditional 
adipose tissue function, since areas of inflamed 
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adipose tissue greatly resemble tissue injury. 
Recognition of an injury site is what causes the 
induction of an inflammatory response, and thus 
the infiltration of immune-related cells to the 
area. With this being said, adipose cells are non-
immune cells, but they play a critical role in the 
modulation of immune cell infiltration, activity, 
and response to inflamed tissue, thus rendering a 
large impact on the establishment and develop-
ment of the TME [37]. Adipose inflammation can 
remodel and impact the TME due to the physio-
logically established chronic inflammatory 
response. This is possible because the TME phe-
notypically resembles the immune environment 
that is established after tissue injury or wound 
formation. The infiltration of immune cells and 
the generation and proliferation of pro-
inflammatory mediators occur through adipose 
tissue induction. As adipocytes increase in num-
ber, the adipose tissue will eventually exhibit 
growth that greatly surpasses their available 
blood supply. This leads to instances of oxygen 
deprivation, or hypoxia, which in turn greatly 
contributes to adipocyte stress, and potentially 
death. Adipocyte stress and death, in turn, leads 
to an increase in the production of monocyte che-
moattractant protein-1 (MCP-1), which then 
leads to the upregulation of macrophage prolif-
eration. Macrophage influx leads to the envelop-
ment of adipocytes, forming crown-like structures 
(CLSs), which are known to serve as an impor-
tant biomarker of inflammation. Formation of 
these structures eventually leads to the release of 
free fatty acids (FFAs) from the internalized adi-
pocyte and can result in the activation of toll-like 
receptor (TLR) 4. TLR4 activation leads to the 
initiation of the signal transduction pathway 
involved in the upregulation of nuclear factor 
kappa B (NFκB), thus increasing expression lev-
els of NFκB-related genes. These genes include 
those that encode for the pro-inflammatory cyto-
kines TNF-α and IL-1β, further contributing to 
the inflammatory environment [37].

2.2.3	 �Endothelial Cells
Endothelial cells (ECs) are a morphologically 
and functionally heterogeneous population of 
cells that form a continuous and uniform mono-

layer of the inner lining of blood and lymphatic 
vessels. Under normal physiological conditions, 
ECs serve critical functions in vascular stabiliza-
tion, homeostasis, angiogenesis, and immune cell 
trafficking [39–42]. In a normal, healthy state, 
ECs are typically non-proliferating, or quiescent. 
However, upon activation by environmental 
stressors, activated ECs promote a pro-thrombotic 
and pro-immunogenic phenotype, with the abil-
ity to return to quiescence following removal of 
the stressor [39]. In the context of cancer, ECs 
form the inner lining of the blood vessels that 
make up part of a growing tumor. These tumor 
endothelial cells (TECs), while not cancer them-
selves, are essential to cancer progression, 
becoming dysregulated morphologically and 
phenotypically, similar to the tumor [40]. TECs 
are irregular in shape and size, with ruffled mar-
gins and long cytoplasmic projections, and their 
metabolic and genetic phenotype markedly 
altered. Notably, they are highly proliferative and 
upregulate proangiogenic, ECM remodeling, and 
stemness genes, causing enhanced immunomod-
ulatory cytokines and altered cell surface recep-
tors [41]. Some of the TEC-specific markers 
identified are CD276, CXCR7/ACKR3, VEGF, 
and EGF when compared to normal ECs [41]. As 
a consequence of hypoxia, cancer cells express 
these angiogenic factors and proangiogenic che-
mokines and receptors to initiate neo-
angiogenesis (aka “angiogenic switch”) [39]. 
This angiogenesis is guided by EC proliferation 
via VEGF, and therefore, the newly formed blood 
vessels can supply oxygen and nutrients to the 
tumor, supporting tumor progression and metas-
tasis. In addition to hypoxia, chronic growth fac-
tor stimulation also causes endothelial 
dysfunction, which results in EC turnover 
20–2000 times the rate of normal tissues [40]. 
VEGF-A alone is sufficient to induce most of the 
morphological changes (tortuosity, excessive 
branching, and leakiness) observed in the tumor 
vasculature, as VEGF signaling induced by 
hypoxia loosens EC tight junctions, leading to 
tumor cell intravasation during invasion and 
metastasis [40, 42]. TECs are not only promoting 
tumor angiogenesis but serve as key mediators of 
immune regulation in the TME, playing 
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functional roles in immune cell transmigration 
and affecting T cell priming, activation, and pro-
liferation by acting as antigen-presenting cells. 
TECs also form a barrier to immune-stimulatory 
cells promoting “endothelial anergy,” the loss of 
protective anticancer immunity [39]. Therefore, 
it is evident TECs influence the response to anti-
angiogenic and immune checkpoint inhibitor 
therapies that attempt to re-regulate the 
TME.  Endothelial cells’ functions of lining of 
vasculature, diameter extending, and abnormal 
growth of the blood vessels promote angiogene-
sis, extravasation, hypoxia, proliferation, and 
resistance of tumor cells to therapy. Furthermore, 
the function in ECM remodeling and alteration of 
the immune response promotes lymphangiogen-
esis and cancer progression [39].

2.2.4	 �Mesenchymal Cells
Mesenchymal stem cells (MSCs) are non-
hematopoietic multipotent stem cells existing in 
a variety of tissues with high differentiation 
potential and self-renewal abilities [43–45]. 
Three minimal criteria that define human MSCs 
are as follows: (1) expression of CD105, CD90, 
and CD73 and lack of expression of CD45, 
CD34, CD14 or CD11b, CD79 or CD19, and 
HLA-DR surface molecules; (2) they must adhere 
to plastic in culture and differentiate into osteo-
cytes, chondrocytes, and adipocytes; and (3) pos-
sess unique immunophenotypic, tissue repair, 
and immunoregulatory capacities [43]. In addi-
tion to their normal residence in areas such as the 
bone marrow, fat, and dental pulp, MSCs are 
found in circulation and accumulate in areas of 
tissue damage [44–45]. Here, they are considered 
important regulators of tissue homeostasis and 
integrity. This strong tropism for wounds and 
damaged tissue to promote regenerative activities 
also promotes homing to the tumor they are 
recruited by [44]. Depending on cancer type, the 
effect of MSCs on tumor progression could be 
proliferative or inhibitory, depending on the bal-
ance between anti- and pro-inflammatory pheno-
type, respectively. Evidence suggests that the 
anti-inflammatory MSCs support tumor growth 
and metastasis via stimulation of proliferation, 
migration, and invasion while also supporting 

tumor vasculature by promotion of angiogenesis, 
and immunosuppression. MSCs have demon-
strated interactions with tumor cells, especially 
via signaling from those that are hypoxic and 
necrotic, facilitating cancer progression via direct 
contact and secretion of cytokines, chemokines, 
growth factors, and soluble factors and media-
tors, such as TGFB, OPN, CCL5, SDF1a, and 
lactate [45]. These pro-tumorigenic activities of 
MSCs are enhanced in response to tumor pertur-
bation, therefore explaining tumor regrowth and 
resistance to therapy. While it is widely accepted 
that MSCs tend to be more pro-tumorigenic than 
anti-tumorigenic, MSCs have antitumor effects 
including suppression of proliferation and angio-
genesis. Anticancer immunity is induced by pro-
motion of a massive inflammatory cell infiltration. 
This is also achieved via the secretion of cytokine 
and chemokines by MSCs [43]. However, an 
explanation for this could be a polarization of 
MSCs, similar to macrophages, in response to 
secreted factors by the tumor driving tumor-
promoting or tumor suppressive functions of 
MSCs [45]. In summation, MSCs form the fibro-
vascular network that maintains the TME via 
secretion of cytokines and differentiation of 
fibroblasts and vascular pericytes.

2.2.5	 �Fibroblasts
Fibroblasts are the most common type of cell 
found in connective tissue, in which their classi-
cal function is to produce extracellular matrix 
components responsible for maintaining the tis-
sue structural integrity, and subsequently tissue 
homeostasis and function, via the synthesis of 
collagen proteins [46–48]. These include fibril-
lar collagens, proteoglycans, fibronectin, gly-
cosaminoglycans, and other glycoproteins and 
fibrils. Fibroblasts are non-epithelial, nonim-
mune cells with a likely mesenchymal origin. In 
normal tissues, they are commonly present in 
the interstitial space and exhibit a spindle-
shaped morphology. Moreover, in normal tis-
sues, they are usually indolent, with insignificant 
metabolic and transcriptomic activity, and con-
sidered to be in a quiescent state. In this context, 
they are identified by α-smooth muscle actin 
(αSMA; also known as ACTA2) expression, a 
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cytoskeletal protein associated with smooth 
muscle cells [46]. Their ability to become acti-
vated is demonstrated in the process of wound 
healing and tissue fibrosis. They are important 
for the deposition of extracellular matrix and 
scar tissue is formed via fibroblast over prolif-
eration [47]. Furthermore, they generate cyto-
kines and chemokines that recruit immune cells, 
and exert physical forces to modify tissue archi-
tecture [46]. Classic wound healing recruits 
inflammation, immune cells, and fibroblasts to 
promote angiogenesis and deposition of 
ECM. Once the tissue is repaired, the activated 
fibroblasts undergo apoptosis. However, under 
chronic wound healing, or tissue fibrosis, fibro-
blasts exhibit continuous activation controlled 
partly epigenetically by enhancing anti-
apoptotic pathways and promoting proliferation 
[46]. Normal fibroblasts are considered antitu-
mor due to the “neighbor suppression phenom-
enon” in which upon contact, will inhibit the 
growth of adjacent abnormal or transformed 
cells [48]. However, fibroblasts can also act as 
tumor promoters. Within a dominant part of the 
tumor stroma, studies have suggested a role of 
fibroblasts in cancer initiation, progression, and 
metastasis. Tumors are considered “wounds that 
do not heal” and initiate the chronic wound 
healing response mentioned previously, initiat-
ing signaling cascades altering cancer cell pro-
liferation, invasion, metastasis, EMT, 
tumor-promoting inflammation, and angiogene-
sis [46]. This also is considered to require epi-
genetic modifications. These fibroblasts are 
called cancer-associated fibroblasts (CAFs), 
which can be identified by expression of 
PDGFRα/β, αSMA, fibroblast-associated pro-
tein (FAP), and fibroblast-specific protein 1 
(FSP1) [48]. Their recruitment to the tumor is 
largely due to growth factors secreted by cancer 
cells and infiltrating immune cells, including 
TGFB, PDGF, and FGF2 [48]. There, CAFs 
hijack the physiological functions of normal 
fibroblast in the TME, as these irreversibly acti-
vated fibroblasts are more migratory due to their 
constant exposure to different stimuli. They 
exhibit functions including secretion of cyto-
kines, chemokines, growth factors, matricellular 

proteins, and production of ECM to change the 
physical, biomechanical, and biochemical prop-
erties of the microenvironment. CAFs are 
emerging as central players in immune regula-
tion that shapes the TME to be more immuno-
suppressive and growth-promoting. The 
mechanism by which this occurs is the orches-
tration of immune cell recruitment, such as 
myeloid cells and regulatory T cells, driving an 
immunosuppressive function of these immune 
cells, including TAMs, MDSCs, T cells, and 
DCs, and directly inhibiting cell-mediated kill-
ing of cytotoxic lymphocytes, including NK 
cells and T cells [49]. An immunosuppressive 
environment is also a direct result of the ECM 
remodeling and fibrosis. All in all, the secretion 
of cytokines, ECM proteases, and other factors 
results in the tumor drug resistance, prolifera-
tion, metastasis, and promotion of angiogenesis, 
ECM remodeling, immunosuppression, and 
cancer progression through the targeting of 
tumor cells, endothelial cells, T lymphocytes, 
and other cells of the TME [49].

3	 �Dynamic Nature 
of the Tumor 
Microenvironment

Cancer progression coincides with a dynami-
cally evolving TME.  It has been demonstrated 
that the acellular components, immune cells, 
and nonimmune cells are together perpetuating 
the different stages of cancer progression via 
interaction with the growing tumor. Regarding 
tumors as complex tissues in which cancer cells 
have recruited and manipulated normal cells to 
conspire in their neoplastic agenda, it is evident 
these interactions between the genetically 
altered malignant cells and these supporting co-
conspirators are critical in cancer pathogenesis 
[1]. Therefore, it can be said that this milieu 
evolves functionally and acts synergistically in 
cancer progression as the intrinsic factors of the 
cancer cells and the TME together determine the 
tumor trajectory [50]. The TME is not only the 
tumor and supporting cells, but the environmen-
tal changes that accompany this interaction, 
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including oxygen tension, nutrient composition, 
pH/redox potential, and interstitial pressure [1, 
51]. The cancer cells can adapt to these nutri-
tional changes and restrictions via modulation 
of their metabolism [52]. This crosstalk can 
alter the growth and therapeutic resistance of 
the tumor cells, such as by induction of the 
Warburg phenotype of cancer cells [52]. 
Typically, oxygen nutrients, pH, and drugs are 
mostly concentrated at the outer zones, while 
their concentration decreases as they diffuse 
inside the tumor mass, where waste and CO2 are 
highly concentrated [53]. This leads to TME 
acidification and subsequently metabolic repro-
gramming, tumor malignancy, and immunosup-
pression, resulting in cancer progression [52].

Together with the CAFs, MSCs, immune 
infiltrate, epithelium, environmental pressures, 
vascular and nervous networks, and ECM and 
proteases, the dynamical balance can be tipped 
toward a tumor-promoting or tumor-suppressing 
TME [1]. The TME should be considered a mul-
tispecies ecosystem in which the cytokines, che-
mokines, growth factors, and proteases are 
intricately secreted to provide a positive feed-
back loop to the growing tumor [54]. For exam-
ple, PDGF, TGFB, and IL1B, to name a few, are 
affecting the ECM, CAFs, endothelial cells, 
pericytes, and immune cells surrounding the 
tumor [54]. In turn, proliferation is induced by 
providing an environment rich in growth fac-
tors, interventions are resisted, and tumors can 
remain dormant over long periods [54]. This 
coincides with the view that carcinogenesis is 
both an ecological and evolutionary process 
whereby the accumulation of advantageous 
mutations selects for a permissive TME for the 
tumor cells to grow [50]. The genetic and epi-
genetic alterations of the surrounding cells can 
act on cell intrinsic and extrinsic factors of the 
tumor. The tumor cells are dependent on the aid 
of these cells and therefore can create an eco-
system where they can thrive [57] as the epigen-
etic dysregulation of these cells reshapes the 
TME from an antitumor environment to an 
immunosuppressive environment [55]. The 
plasticity is exhibited through cell polarization, 
driven by distinct transcriptional programs 

enabling cells with the functions that are essen-
tial during tissue regeneration or for tumor 
development [56]. This leads to a microenviron-
ment induced by CAFs, TAMs, growth factors, 
cytokines, etc. that can manipulate the growing 
tumor via inflammation, senescence, or injury 
[51]. The TME is accompanied by a dynamic 
inflammatory process that supplies these mole-
cules and factors that stimulate tumor growth 
and progression. This is evident in persistent 
infections causing chronic inflammation, which 
leads to recruitment of the immune cells secret-
ing pro-inflammatory factors in the tissue 
microenvironment that causes DNA damage in 
the proliferating cells. These can permanently 
alter the genetic makeup of the proliferating 
cells by ways of point mutations, deletion, or 
rearrangements, triggering tumor promotion. 
Inflammation drives tumor initiation, growth, 
progression, and metastasis as the entirely 
altered immune environment plays a significant 
role in cancer progression [56]. Immunoediting 
is the dynamic process by which immune cells 
modulate tumor progression, creating a selec-
tive pressure leading to immune-resistant tumor 
cells [57]. This, in turn, leads to the inhibition of 
eradication of the tumor [57]. Editing the TME, 
therefore, provides great potential for sensitiz-
ing cancer immunotherapy to augment the anti-
tumor response [55].

This extensive crosstalk is also pertinent to 
the metastatic dissemination of the primary 
tumor. The supportive stroma of the primary 
tumor fuels the progression to an invasive car-
cinoma. Ultimately, this results in the capabil-
ity for activation of invasion and metastasis of 
the cancer cells. Metastasis, responsible for 
90% of cancer-related deaths, requires angio-
genesis and the escape of epithelial cancer 
cells from the primary tumor site. Following 
metastatic dissemination, when micrometasta-
ses reach a permissive niche, stromal cells are 
recruited to the seeded metastasis. Then, mac-
rometastases signal metastatic growth, and 
establish a supportive stroma. The local inva-
sion, the first step of metastatic dissemination, 
can be achieved through the process of epithe-
lial-mesenchymal transition (EMT). A number 
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of genetic and epigenetic changes that occur 
inside a cancer cell make it conducive to EMT 
induction by heterotypic tumor microenviron-
ment signals [59–62]. During tumorigenesis, 
tumor stromal mediators may amplify a num-
ber of oncogenic pathways, which promote 
EMT.  This is associated with a malignant 
transformation increasing the motility and 
invasiveness of the tumor cells. Mesenchymal 
cells also possess a lot of ECM proteins that 
are more resistant to apoptosis and senescence, 
making them more aggressive and difficult to 
control, in comparison to epithelial cells. 
Collectively, the transcription factors and cyto-
skeletal proteins function to transition cells 
from a less aggressive polarized phenotype to a 
more motile one. These inter- and intracellular 
changes take place based on the extracellular 
signals the cell receives, and hence, EMT is not 
a direct lineage switch but rather encompasses 
a spectrum of changes that are not always seen 
all together. The completion of EMT is denoted 
by the degradation of the basement membrane, 
which creates the passage for the mesenchymal 
cells to migrate away from the primary site.

These invasive-metastatic tumor cells have the 
capability to break loose, enter the bloodstream 
or lymphatics, and form tumors at distant second-
ary systemic sites where they go through the 
reverse, mesenchymal-epithelial transition 
(MET). It is this property to metastasize that 
majorly influences the prognosis of the disease, 
and the TME components play this vital role in 
the establishment of a favorable environment that 
allows for tumor growth and survival [58]. 
Metastasis promotes drug resistance and there-
fore, disease recurrence [51].

The transition of cells from one state to 
another during such processes as EMT, cell 
migration, MET, and metastasis is strongly influ-
enced and regulated by inflammation, cytokines, 
and growth factors [56]. The cells of the TME are 
involved in reciprocal activation, inhibition, and 
differentiation that influence plasticity and con-
sequently tipping the scale to promotion of tumor 
development [56]. It is evident the TME can be 
critical to several of the established hallmarks of 
cancer [53].

4	 �Specificity of the Thyroid 
Tumor Microenvironment

4.1	 �Immune Landscape 
in Anaplastic Thyroid Cancer

The genetic lesion BRAFV600E and transcrip-
tion factor STAT3, which is frequently linked to 
aberrant oncogenic signaling, have been shown 
to drive expression of IL-6, IL-10, and VEGF, 
cytokines that encourage a tolerogenic 
monocyte-derived DC phenotype in vitro [63], a 
phenomenon that could potentially modulate 
their antigen presentation efficiency and dampen 
antitumor T cell response in vivo. This process is 
facilitated by BRAFV600E-mediated upregula-
tion of WNT/β-catenin which induces ATF3, a 
transcriptional suppressor of the chemokine 
CCL4. A diminished amount of this cytokine is 
associated with polarization of dendritic cells 
(DCs) toward a tolerogenic phenotype which is 
incapable of optimal antigen presentation. Also, 
two reports have suggested immunosuppressive 
cytokine secretion by tumor cells harboring the 
KRASG12D mutation. These studies have 
shown that cells with these mutations secrete 
granulocyte-macrophage colony-stimulating 
factor (GM-CSF), which in turn recruits 
myeloid-derived suppressor cells (MDSCs) and 
leads to poor prognosis in mouse models of pan-
creatic adenocarcinoma [64]. In this study, this 
mutation was associated with recruitment of 
Gr1+CD11b+ double-positive cells which repre-
sent a heterogeneous population composed of 
MDSCs, monocytes, and immature myeloid 
cells in mice. At the molecular level, KRAS 
induces expression and secretion of the suppres-
sive cytokines IL10 and TGFβ-1 by cancer cells 
in a MEK/ERK/AP-1 dependent way which pro-
mote Treg induction [65]. A recent study by 
Julianna et al. has shown that tumor-specific loss 
of P53 can reorchestrate the immune microenvi-
ronment toward an immune suppressive type 
where CD8+T cell activity is diminished [66]. 
Interestingly, these are some of the high-ranking 
somatic mutations identified in ATCs by multi-
ple studies. Activation of oncogenic pathways 
drives production of cytokines triggering recruit-
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ment of innate immune cells, namely, macro-
phages. These macrophages in turn contribute to 
cancer progression by producing pro-inflamma-
tory mediators such as IL-6, tumor necrosis fac-
tor (TNF), and interferon-γ (IFNγ) and growth 
factors including epidermal growth factor (EGF) 
and WNTs which create a highly mutagenic 
microenvironment. These cytokines upregulate 
transcription factors promoting tumorigenesis. 
This complex cytokine milieu controls the 
immune surveillance in TC via recruitment of 
immune cells conducive to tumor progression. 
Conception of this pro-tumorigenic niche pre-
cludes the tumor cells from immune surveillance 
via recruitment of tolerogenic immune cells that 
secrete primarily immune suppressive cytokines 
dampening T cell response leading to immune 
escape.

4.2	 �Immune Surveillance 
in Thyroid Cancer

During the process of tumorigenesis, from the 
early stages of transformation to the emergence 
of clinically detectable full-blown neoplasia, the 
tumor cells are aided by avoidance or subversion 
of detection by the immune system, known as 
immune surveillance. Cells of both innate and 
adaptive immune systems are engaged in the pro-
cess of immune surveillance in thyroid cancer. 
Tumor-associated macrophages (TAMs) are one 
of the most crucial cell types possessing diver-
gent roles in tumor progression, which has been 
reported in thyroid carcinogenesis [67]. In PTCs, 
TAMs correlated with lymph node metastasis, 
larger tumor size, and poor survival [68–70]. In 
PDTC, TAM density correlated with capsular 
invasion, extrathyroidal extension, and poor sur-
vival [70]. TAMs represent more than 50% of 
immune cells in ATCs, forming a “microglia-
like” interconnected cellular supportive network 
in close contact with cancer cells [71]. These 
TAMs secrete inflammatory cytokines such as 
IL-23 and IL-17 that trigger tumor-elicited 
inflammation that in turn promote tumor growth. 
TAMs also provide essential support required for 
tumor metastasis.

DCs are responsible for sampling tumor anti-
gens and presenting them to T cells in the drain-
ing lymph nodes. Unfortunately, tumor-associated 
DCs are usually immature with impaired antigen 
presentation skill. Presence of CD1a+ DCs is 
reported in PTC, which supports the hypothesis 
of immature DC and inadequate antigen presen-
tation in TC [72].

As discussed in the previous section, MDSCs 
are attracted to tumor site by multiple factors and 
impart a strong local as well as global immune 
suppressive environment. An increase in periph-
eral blood MDSC level was observed in ATC 
patients compared to healthy controls which cor-
related with the serum IL-10 level, pointing 
toward a correlation between MDSCs and sys-
temic immunosuppression [73]. Other immune 
cells involved in immune surveillance, like natu-
ral killer (NK) cells, are also sparse in ATC com-
pared to DTC and FTC.

Optimally primed CD8+ T cells execute anti-
tumor activity via perforin- and granzyme-
mediated lysis of tumor cells. Hence, 
tumor-infiltrating T lymphocytes (TILs) are 
instrumental for mounting a potent antitumor 
immune response. In a study conducted with a 
wide cohort of DTC patients, including PTC and 
FTC, immunohistochemical analysis revealed 
that the combined enrichment of CD8+ cells and 
Cox-2 overexpression correlated with the highest 
risk of disease relapse. In most of the tumor sam-
ples analyzed (68%), CD8+ cells were granzyme 
B negative, suggesting an anergic state [74]. TILs 
are often associated with better prognosis as 
observed in melanoma [75], ovarian cancer [76], 
lung cancer [77], bladder cancer [78], and 
colorectal cancer [79]. Interestingly, a low intra-
tumoral CD8+/Foxp3+ ratio was reported in 
human BRAFV600E PTC, which was also asso-
ciated with an increased expression of the immu-
nosuppressive molecules arginase-1, indoleamine 
2,3-dioxygenase 1 (IDO1), and programmed 
death-ligand 1 (PD-L1) [80]. A recent study 
reported data on the PD-L1 expression in 407 pri-
mary TCs with a median 13.7 years of follow-up, 
studying the associations between PD-L1 expres-
sion and clinicopathologic features, such as 
TERT promoter, disease progression, and BRAF 
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status. Tumoral PD-L1 expression was observed 
in 6.1% of PTCs, 7.6% of follicular thyroid can-
cer (FTCs), and 22.2% of ATCs. Another study 
noted that the proportions of PD-L1-positive fol-
licular cells in ATCs were more than 80% [81]. 
These observations confirm the lack of effective 
immune surveillance in ATC that might promote 
immune escape and progression of the cancer via 
upregulation of the checkpoint molecule PD-L1. 
This molecule interacts with PD-1 on T cells and 
is responsible for induction of T cell exhaustion. 
Immune checkpoint molecules physiologically 
prevent excessive immune responses and the 
development of autoimmunity [82]. These mole-
cules are largely responsible for immune evasion 
observed in aggressive immunogenic cancer.

4.3	 �Evolution of the Metastatic 
Phenotype

Anaplastic thyroid cancer and advanced differen-
tiated thyroid cancers are aggressive and meta-
static in nature. At the time of diagnosis, most of 
the patients with anaplastic thyroid cancer pres-
ent with either lymph node metastasis or distant 
metastasis. Such metastasis of tumor cells 
requires the escape of epithelial cancer cells from 
the primary tumor site, which relates to the plas-
ticity of the cellular phenotypes in thyroid cancer. 
The local invasion, the first step of metastatic dis-
semination, exploits this plasticity when the thy-
roid cancer cells gain a mesenchymal phenotype. 
This can be achieved through a process called 
epithelial-mesenchymal transition (EMT). EMT 
is a complex biological process by which polar-
ized epithelial cells, with their basal surface 
interacting with the basement membrane, acquire 
mesenchymal cell-like properties resulting in 
various cellular phenotypic changes  – such as 
increased migratory and invasive properties  – 
necessary for cell metastasis.

Epithelial cells have an apicobasal polarity 
and are closely adjoined to each other forming 
layers. Distributed throughout the epithelial cells 
are membrane structures such as tight junctions, 
desmosomes, adherens, and gap junctions and 
adhesion molecules, including cadherins and 

integrins, that provide stationary stability. The 
actin cytoskeleton offers polarity to the epithelial 
cells, and the basal lamina forms the basal sur-
face that interacts with the basement membrane. 
The cell surface adhesion proteins are present on 
the lateral cell-cell junctions which prevent 
detachment. Alternatively, this polarization, cell-
cell adhesion, and basement membrane attach-
ment are absent in the mesenchymal cells, 
making them more motile with the ability to pen-
etrate the ECM compartment. Mesenchymal 
cells possess a lot of ECM proteins, such as fibro-
nectin and vimentin, and are more resistant to 
apoptosis and senescence. This makes them more 
aggressive and difficult to control, in comparison 
to epithelial cells. During the process of EMT, 
epithelial cells undergo complex changes in cel-
lular architecture as well as behavior. A loss of 
epithelial characteristics like apicobasal polarity 
and cell-cell contact surface proteins leads to 
cytoskeleton remodeling. At the same time, the 
cells gain this mesenchymal phenotype, mani-
festing greater migratory and invasive properties. 
These inter- and intracellular changes take place 
based on the extracellular signals the cell receives 
[59–62]. Hence, EMT is not a direct lineage 
switch but rather encompasses a spectrum of 
changes that are not always seen all together.

One of the most prominent hallmarks of EMT 
is the loss of E-cadherin protein. E-cadherin is a 
calcium-dependent transmembrane glycoprotein 
important for cell-cell adhesion. E-cadherin is 
also considered a tumor suppressor since its tran-
scriptional loss was noticed in several carcino-
mas and re-expression of the protein in some 
cancers transformed them to their less aggressive 
forms. Adherens junction proteins such as zona 
occludens-1 (ZO-1), occludin, and claudin are 
also essential in maintaining the epithelial integ-
rity required for cell-cell adhesion. Initiation of 
EMT leads to destabilization of these junction 
proteins. E-cadherin is cleaved from the mem-
brane surface and ultimately degraded. β-catenin, 
no longer in association with E-cadherin, local-
izes to the nucleus and acts as a transcription fac-
tor [83, 84]. Downregulation of genes encoding 
the other adherens junction and tight junction 
proteins along with loss of desmosomes during 
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EMT results in detachment of the cells from the 
basement membrane. They are now free to invade 
the ECM and migrate to distant sites. E-cadherin 
and β-catenin disruption during EMT causes 
reorganization of actin filaments to form mem-
brane projections that facilitate cell mobility. 
Another hallmark associated with EMT is cad-
herin switch, whereby the decrease in E-cadherin 
is counter-adjusted by an increase in N-cadherin 
(mesenchymal neural cadherin) expression. 
Simultaneous to the loss of epithelial factors is 
the gain of mesenchymal characteristics such as 
scattering and elongation of cells, as well as the 
acquisition of mesenchymal markers like vimen-
tin, FSP-1, fibronectin, and smooth muscle actin. 
A number of transcription factors regulate each 
other and also regulate E-cadherin. Snail, Slug, 
Twist, NFκB, SIP1, FOXC2, E47/E2A, and ZEB 
(zinc-finger E-box-binding protein) are some of 
the transcription factors that regulate the expres-
sion of epithelial and/or mesenchymal genes on 
initiation of EMT [59, 83–85]. Snail is a DNA 
binding factor that recognizes and binds to the 
E-box motif of the E-cadherin promoter. Slug, a 
closely related gene to Snail, also targets the 
same E-box motif. Similarly, Zeb and Twist tran-
scription factors, when overexpressed, repress 
E-cadherin. Hence, these transcription factors 
negatively regulate E-cadherin-mediated cell-cell 
adhesion, promoting cellular migration and inva-
sion [86–90]. However, downregulation or sup-
pression of E-cadherin and other adhesion 
proteins is not solely sufficient for EMT to occur. 
A proper balance between the loss of epithelial 
factors and procurement of mesenchymal fea-
tures is necessary for the initiation and mainte-
nance of EMT state in a cell [59, 91]. Thus, EMT 
is initiated by various essential transcription fac-
tors such as Snail, Slug, Twist, and cell surface 
proteins like cadherins and catenin; rearrange-
ment of the cellular cytoskeleton proteins such as 
vimentin and cadherin; as well as ECM degrad-
ing enzymes, all of which are all involved in 
increasing cell migration and invasiveness. The 
completion of EMT is denoted by the degrada-
tion of the basement membrane, which creates 
the passage for the mesenchymal cells to migrate 
away from the primary site. Collectively, the 

transcription factors and cytoskeletal proteins 
function to transition cells from a less aggressive 
polarized phenotype to a more motile one. These 
factors also act as a biomarker to represent the 
occurrence of EMT in cells. However, there 
might be concomitant expression of epithelial 
and mesenchymal markers in the cell undergoing 
EMT. The lineage switch between epithelial and 
mesenchymal phenotype may not be sudden or 
immediate but is rather a continuous process 
where intermediary cells expressing both pheno-
types in differing ratios may be present, indicat-
ing that transition is taking place [92, 93]. In 
summation, the cellular changes associated with 
EMT are loss of cytokeratin expression, 
E-cadherin protein, and epithelial cell polarity, 
with acquisition of a fibroblast  – like shape, 
motility, invasiveness, mesenchymal gene expres-
sion, N-cadherin, protease secretion, vimentin 
expression, fibronectin, PDGF receptor, and 
αVβ6 integrin expression. This coincides with 
the progression from cell-cell adhesion with low 
motility, or static, characteristics of the epithelial 
cells to the highly motile mesenchymal cells with 
high matrix production and cell-matrix interac-
tions. These malignant transformations disrupt 
and weaken cell-cell adhesion and instead pro-
mote cell membrane movement via cell-ECM 
adhesion molecules such as integrins, laminin 
receptors, and CD44, and motility via RhoGTPase 
regulation.

The signal transduction pathway for EMT 
goes hand in hand with its regulation. All the 
oncogenic signaling and regulation pathways 
converge at repression of E-cadherin. A number 
of growth factors such as EGF, FGF, HGF, and 
IGF2 can induce EMT by binding to their respec-
tive RTKs (receptor tyrosine kinases). The down-
stream signaling is mediated by numerous 
different effectors. The SRC family of effector 
molecules rearranges the cellular architecture by 
phosphorylating cytoskeletal and focal adhesion 
proteins. WNT/β-catenin signaling, commonly 
activated in cancer, leads to translocation of 
β-catenin to the nucleus, activates Snail-Slug, 
and represses the transcription of E-cadherin. 
Some other pathways such as Notch signaling 
and integrin linked kinase signaling downregulate 
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the epithelial genes and induce EMT [83, 90, 94]. 
Oxidative damage, Oxidative damage which 
leads to production of reactive oxygen species 
also induces transcription of Snail and EMT [95]. 
RAS is a very important downstream effector of 
receptor tyrosine kinases. Signaling from RAS 
involves the PI3K-AKT as well as the RAF-
MEK-ERK pathway to activate NFκB, Snail, and 
Slug, and consequently induces EMT [96]. 
TGFβ, a potent inducer of EMT, mediates the 
process through the PI3K-AKT pathway. Bakin 
et al. used a murine mammalian cell line to dem-
onstrate the molecular and cellular changes under 
the effect of TGFβ [97]. PI3K-AKT pathway 
activation leads to regression of E-cadherin, 
ZO-1, and other tight junction cell-adhesion pro-
teins as well as morphological changes, whereby 
cuboidal cells gain spindle-like elongated mor-
phology [94]. Tumor necrosis factor alpha 
(TNFα) is a very important mediator of cancer-
related inflammation and is also an inducer of 
EMT by contributing to cellular transformation. 
It has angiogenic and tumor-promoting effects. It 
is produced abundantly by the tumor stromal 
cells such as fibroblasts, macrophages, astro-
cytes, and tumor cells as well. Multiple studies 
on TNFα suggest that this cytokine activates the 
AKT signaling pathway leading to NFκB stimu-
lation. This in turn upregulates and stabilizes 
Snail, ultimately inducing EMT, further encour-
aging the migration and invasion of tumor cells 
[90, 98, 99]. Thus, in a cell going through EMT, 
a number of signaling pathways cross their path 
with the transcription factors under the influence 
of inter- and intracellular mediators. This offers 
more complexity in an already intricate cellular 
transition process.

Development of metastasis is a multistep pro-
cess, and EMT is the starting step. The cells that 
undergo the process of EMT are usually located 
at the invasive front of the tumor and eventually 
undergo invasion and metastasis. Regarding the 
stages that occur for this process, the primary 
tumor undergoes localized invasion. Invasion 
involves translocation across ECM barriers and 
cell migration via lysis of matrix proteins with 
proteases. Matrix metalloproteinases (MMPs) 
are calcium-dependent proteases controlled by an 

increase in transcriptional expression. This local-
ized invasion is followed by intravasation and 
release into circulation. Hence, angiogenesis is 
required for metastasis. Following circulation 
survival and transport, tumor cells arrest in 
microvessels of capillary beds at various distant 
organs. Here, extravasation can occur where they 
penetrate and colonize the secondary site. A 
micrometastasis is formed and colonization 
occurs, forming a macrometastasis. An interest-
ing aspect about EMT is its reversibility, as cells 
frequently undergo a reverse process called 
mesenchymal-epithelial transition (MET). So, 
these invasive-metastatic tumor cells have the 
capability to break loose, enter the bloodstream 
or lymphatics, and form tumors at distant second-
ary systemic sites where it goes through the 
reverse MET. Hence, the secondary tumors histo-
logically resemble the primary tumor they arose 
from. It is this property to metastasize that 
majorly influences the prognosis of the disease. 
This is important to consider when it comes to 
the theories of organ selectivity. The two major 
theories are mechanistic via blood flow/lymphat-
ics and “seed and soil” via metastatic tropisms. 
This argues that there is a need for appropriate 
growth factors or an ECM environment with 
compatible adhesion sites and selective chemo-
taxis attracting tumor cells. This is why different 
carcinomas metastasize to different secondary 
locations. Furthermore, different carcinomas 
have varied tendencies toward malignancy. 
However, ATC is known to be very malignant and 
rapidly gives rise to secondary metastasis making 
it a difficult target for treatment. Hence, it 
becomes necessary to explore all possible ave-
nues that can direct us to the mechanisms 
involved in rendering high degree of malignancy 
and poor prognosis to some cancers.

During tumorigenesis, tumor stromal media-
tors such as HGF, EGF, PDGF, TGFβ, and TNFα 
may amplify a number of oncogenic pathways, 
which promote EMT. This is associated with a 
malignant transformation increasing the motility 
and invasiveness of the tumor cells. In tumor 
cells, the aberrant signaling causes the Ras path-
ways to be constitutively active. A number of epi-
thelial cancers have shown activated AKT 
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signaling, which affects the epithelial morphology 
by downregulating the cell adhesion proteins and 
inducing EMT [100]. An in vitro study done by 
Baquero et  al. indicated that the BRAFV600E 
mutation mediates an upregulation of transcrip-
tional repressor Snail by activation of the MEK-
ERK pathway, thus inducing EMT in aggressive 
thyroid cancer [101]. TGFβ has dual roles in 
tumorigenesis. On one hand, it induces senes-
cence and apoptosis, and on the other hand, it 
suppresses epithelial cell proliferation and 
induces EMT-mediated metastasis of tumor cells.

The exploration of EMT for thyroid cancer 
advancement started about a decade ago. Very 
few studies have been done correlating EMT with 
differentiated thyroid cancer and even fewer in 
ATC. Hardy and colleagues [102] found the pres-
ence of the transcription factors Snail and Slug in 
a significant percent of tumors from well-
differentiated thyroid carcinoma patients. 
Moreover, increased expression of vimentin in 
PTC was associated with enhanced invasion and 
lymph node metastasis [103]. A study by the 
Wiseman team demonstrated higher downregula-
tion of E-cadherin and beta-catenin expression in 
anaplastic thyroid carcinomas compared to dif-
ferentiated carcinomas [104]. To fortify this 
result, an in  vitro study was performed in ana-
plastic thyroid cancer cell lines and showed 
upregulation in Twist, a repressor of E-cadherin 
[105]. Another in  vitro study demonstrated the 
role of N-cadherin in the promotion of growth 
and invasiveness of PTC via activation of MAPK/
ERK, PI3K/AKT, and p16/Rb signaling path-
ways [106]. It is believed that triggering EMT in 
thyroid tumor cells depends on an assortment of 
external signals [107, 108]. These signals are 
present in the tumor microenvironment in the 
form of various secretory mediators such as cyto-
kines, chemokines, or secretory molecules – exo-
somes. The inflammatory microenvironment 
plays an important role in thyroid cancer occur-
rence and advancement. Patients with preexisting 
chronic inflammatory conditions tend to get 
advanced thyroid cancer denoting some link 
between inflammatory microenvironment and 
increased migratory capacity of the thyroid can-
cer cells. Hence, there is increasing interest to 

decipher the patterns of secretory factors (the 
secretome) of inflammatory cells in the thyroid 
tumor microenvironment [109, 110]. In order to 
understand the initiation and progression of thy-
roid cancer, it is important to assess the role of 
major secretory players which induce 
EMT.  Moreover, the regulators of EMT do not 
just initiate the tumor progression, but rather 
influence the increase in cell survival and resis-
tance to apoptosis/senescence making the current 
therapies inadequate to treat aggressive invasive 
thyroid cancer. Hence, innovative therapy strate-
gies are needed to be explored that will target 
EMT regulators to curb the advanced thyroid 
cancer, especially anaplastic thyroid cancer.

4.4	 �Interacting Molecules

4.4.1	 �ATC Has a Complex Cytokine 
Milieu

The association between an inflammatory micro-
environment and DTC has been implicated in 
multiple studies [111, 112]. The immune micro-
environment in TC is extremely complex in 
nature with a combination of pro- and anti-
inflammatory cytokines and immune cell infil-
trates [113]. Our study revealed an 
immunosuppressive microenvironment in ATC 
with high expression of IL10 and IDO1. IL10 is 
an extremely potent immunosuppressive cyto-
kine secreted by TAMs and tumor cells them-
selves in both PTC and ATC [114]. This cytokine 
has pleiotropic effects in both immunoregulation 
and inflammation. It dampens the expression of 
Th1 cytokines, MHC class II antigen presenta-
tion, and co-stimulatory molecules on macro-
phages. IDO1 is an enzyme that catalyzes the 
first and rate-limiting step in tryptophan catabo-
lism to N-formylkynurenine. Expression of this 
enzyme in DCs, monocytes, and macrophages 
regulates T cell activity by controlling pericellu-
lar catabolism of tryptophan and limiting its 
availability to T cells. This is a prominent immu-
nosuppressive cytokine responsible for dampen-
ing antitumor T cell response. High expression of 
IDO1  in our clinical samples corroborates with 
previous reports of upregulated IDO1 during thy-
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roid carcinogenesis [115]. In this study, the 
authors observed five- to tenfold higher expres-
sion of IDO1 and more Treg polarization in ATC 
compared to PTC. The study also confirmed that 
expression of IDO1 in the tumor cells was IFNγ 
inducible. This depicts another possible mecha-
nism of induction of immune tolerance in ATC.

4.4.2	 �Immune Targets on the Tumor 
and Its Tripartite Cell-Cell 
Communication

The complex immune contexture of ATC tumor 
microenvironment involves dynamic interaction 
between the tumor cells and the components of 
the adaptive immune system, such as various 
subsets of T cells and antigen-presenting cells. 
This interaction is facilitated by several cell sur-
face receptors and their cognate ligands expressed 
on the T cells, antigen-presenting cells, and the 
tumor cells. These molecules are under stringent 
spatial and temporal regulation and help in the 
formation of immunological synapse between 
these different cellular subtypes. In the next sec-
tion, we would focus on these unique molecules, 
which are responsible for shaping the local and 
systemic antitumor immune response.

4.4.3	 �T Cell Co-signaling Molecules
T cell activation, differentiation, and effector 
function are intricate processes, controlled by 
molecular interactions and biochemical signaling 
pathways triggered by interaction between co-
stimulatory receptors and their cognate ligands 
(Fig.  1). These molecules belong to two major 
families, the TNF receptor superfamily 
(TNFRSF) and immunoglobulin superfamily 
(IgSF). CTLA4 and PD-1 belong to IgSF. These 
receptors and ligands usually interact within fam-
ilies, as evidenced by interaction of CTLA4 and 
CD28 or CD80/86 or PD-1 with PD-L1. However, 
co-signaling molecule from TNFRSF, herpesvi-
rus entry mediator (HVEM) interacts with mem-
bers of both families, and each interaction 
uniquely shapes T cell activation status.

Currently, it is evident that the expression of 
many co-stimulatory and co-inhibitory molecules 
on the T cell surface is induced following activa-
tion and their expression pattern changes in an 

overlapping manner as T cells continue to prolif-
erate and differentiate. This underscores the 
importance of understanding their regulation and 
unique signal transduction mechanisms.

4.4.4	 �Immune Checkpoint Molecules 
in Cancer

Immune checkpoint molecules physiologically 
prevent excessive immune responses and the 
development of autoimmunity. Optimal T cell 
responses require three signals, which are trans-
duced via formation of a functional immune syn-
apse between naïve T cells and an 
antigen-presenting cell through surface recep-
tors and ligands (Fig. 1). The first activation sig-
nal comes through ligation of MHCI/II and T 
cell receptor (TCR). APCs process foreign anti-
gens into small peptides which are presented to 
the T cell in an MHC-bound form. This interac-
tion is followed by ligation of co-stimulatory 
molecule CD28 on T cells and their cognate 
ligands CD80/86 on APCs. This interaction pro-
vides the second signal for optimal stimulation 
of the T cells. Only signal 1  in the absence of 
signal 2 leads to T cell anergy, when T cells lose 
their functionality for a prolonged period and 
cannot be restimulated. These two signals are 
also not enough for optimal T cell activity. The 
third signal comes via the cytokines secreted by 
APCs that help in T cell differentiation and pro-
liferation. IL-6, IL-12, and TGF-β are some of 
the cytokines produced by APCs that help in T 
cell differentiation. This is the third signal for 
optimal T cell activation. Interestingly, in order 
to put a brake on T cell activity, there are certain 
activation induced checkpoint molecules in 
place controlling T cell activity. Unfortunately, 
prolonged expression of these immune check-
point molecules is often observed on the T cells, 
especially in the case of cancer. This leads to a 
generalized dampening of antitumor T cell 
response and promotes immune escape. 
Cytotoxic T lymphocyte antigen 4 (CTLA4) was 
the first such molecule that was characterized for 
its immune checkpoint activity in cancer. CTLA4 
is an activation induced immune checkpoint 
molecule that competes with CD28 for binding 
to CD80/86 [116]. Unfortunately, CTLA4 binds 
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CD80/86 with much higher avidity than CD28. 
This leads to absence of signal 2 during T cell 
activation eventually leading to T cell anergy. 
Interestingly, ligation of CTLA4 on CD4+ T 
cells with DCs has been shown to trigger induc-
tion of IDO1  in DCs which in turn dampens 
CD8+ T cell responses [117]. Subsequently, 
another immune checkpoint molecule PD-1 was 
discovered on T cells which interacted with 
PD-L1 on APCs. PD-1/PD-L1 interaction was 
initially implicated in case of viral infection-
mediated chronic exhaustion of T cells [118]. 
Subsequent investigations revealed that the dis-
tribution and functionality of these two mole-
cules extend far beyond viral infection and 
autoimmune conditions. Targeting these mole-
cules in cancer has revolutionized the field of 
tumor immunotherapy. The therapeutic antibody 
ipilimumab, targeting CTLA-4, was the first 
checkpoint inhibitor to be approved by US FDA 
in 2011 for clinical use in metastatic melanoma 
[119, 120]. It is undergoing clinical trials for the 
treatment of non-small cell lung carcinoma 

(NSCLC), small cell lung cancer (SCLC), blad-
der cancer, and metastatic hormone-refractory 
prostate cancer. Unfortunately, patients on ipili-
mumab therapy soon developed severe immune-
related adverse effects (IrAE) including but not 
limited to diarrhea, colitis, enterocolitis, large 
and small intestinal perforations, rash, hypothy-
roidism, and hypopituitarism. Most of the IrAEs 
were dermatological, followed by gastrointesti-
nal and then endocrine [121]. This promptly 
called for the development of a second immune 
checkpoint inhibitor targeting PD-1/PD-L1 
interaction. The rationale behind this was that 
these two molecules activate two unique down-
stream pathways in order to execute their effect 
which suggested a possible difference in their 
toxicity profile also. Two drugs, pembrolizumab 
and nivolumab targeting PD-1, were approved 
by US FDA for unresectable melanoma in 
December 2014. So far, nivolumab has been 
approved for NSCLC, renal cell carcinoma, 
Hodgkin’s lymphoma, head and neck cancer, 
urothelial carcinoma, and small cell lung cancer 

Fig. 1  Immune synapse between T cells, APC, and tumor cells
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[122]. This drug has not been approved for meta-
static advanced thyroid cancers, like PDTC and 
ATC. This could be due to the failure of success-
ful clinical trials with these patients due to rapid 
progression and mortality. However, several pre-
clinical studies noted moderate response to pem-
brolizumab in combination with a BRAFV600E 
inhibitor in animal models of immune competent 
ATC [123]. A recent report suggested pembroli-
zumab could act as a safe and effective salvage 
therapy when added to kinase inhibitor (KI) 
therapy at the earliest sign of progression or 
sooner in the course of KI therapy in order to 
attain maximum clinical and survival benefit 
from this combination therapy. The authors pro-
posed that prolonged treatment with KI might 
alter the immune microenvironment into a less 
permissive type during progression [124]. 
Currently, pembrolizumab is undergoing phase 2 
clinical trials for ATC patients (NCT02688608). 
Nivolumab-associated toxicities are also not 
uncommon, and they also include dermatologic 
toxicity, gastrointestinal toxicity, and endocrine 
toxicity. Unfortunately, late onset of neurologi-
cal toxicities is also being reported with 
nivolumab treatment [125, 126]. IrAEs take at 
least weeks to months to appear and usually 
present as a rash initially, but they often persist 
even after discontinuation of treatment. This 
points toward a systemic reprogramming of the 
immune system during these checkpoint inhibi-
tions that is not reversed after treatment termina-
tion and might have a debilitating consequence.

CTLA4 and PD-1 are not the only molecules 
involved in regulation of T cell activity. There are 
a plethora of such immunomodulatory molecules 
which act in their unique way to modulate T cell 
responses. Most of these molecules are under 
strict spatiotemporal regulation which suggests 
that they could be tapped in a combinatorial treat-
ment regimen, depending on the patient’s 
response. This warrants a thorough characteriza-
tion of these molecules in the context of T cell 
activation and inhibition and identification of 
novel targets which might be able to circumvent 
the problem of IrAE experienced with ipilim-
umab and nivolumab.

4.4.5	 �ATC Has T Cell-Inflamed 
Immune Microenvironment

Profiling of the immune infiltrate in our clini-
cal ATC samples revealed a significantly higher 
number of TILs compared to normal, more 
than 80% of which were CD8+ T cells. Studies 
in our laboratory noted the presence of CD4+ T 
cells, but they were not intratumoral. A recent 
study suggests the existence of two distinct 
immune phenotypes in TC  – PDTC-like and 
ATC-like. In this study, they observed a signifi-
cantly higher number of CD8+ T cells in ATC, 
compared to PDTC [127]. They also noted 
higher expression of CCL2, CCL3, CCL4, 
CCL5, CXCL9, and CXCL10  in ATC com-
pared to PDTC. We detected more TILs in ATC 
compared to PTC, which might be attributed to 
preferential secretion of CXCL9 and CXCL10 
by the ATC cells, which act as chemoattractant 
for T cells. Interestingly, their study detected 
simultaneous upregulation of several T cell 
exhaustion markers such as TIM3, LAG3, and 
TIGIT and co-stimulatory molecules, like 
GITR, 4-1BB, and OX40 at a high extent ATC, 
and to a lesser extent in PTC, but not at all in 
PDTC.  Our observation corroborated this 
study, and we believe the immune microenvi-
ronment of ATC should be categorized as T 
cell-inflamed or “hot” as opposed to the tradi-
tional belief of being “cold” (Fig.  2). This 
observation opens the immense possibility of 
immune checkpoint blockade therapy for these 
patients. One of our primary objectives was to 
explore this new avenue to find a novel thera-
peutic approach.

4.4.6	 �Immune Modulatory Molecules 
in ATC: An Unexplored Realm

The last decade of immune checkpoint inhibitor 
therapy has revolutionized the field of tumor 
immunotherapy. Ipilimumab, an anti-CTLA-4 
antibody, was the first immune checkpoint inhibi-
tor (ICI) to be FDA-approved in 2011 for meta-
static melanoma. Subsequently, five other 
immune checkpoint-targeted therapies have been 
approved, all directed against PD-1 or PD-L1, for 
the treatment of melanoma, non-small cell lung 
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cancer (NSCLC), renal cell carcinoma (RCC) 
and several other tumor types, in monotherapy 
and combinatorial regimen. Several clinical trials 
investigating PD-1/PD-L1 inhibitors as mono-
therapy or in combination in ATC are presently 
underway (NCT02688608, NCT03181100, 
NCT03211117, NCT03246958). One of the 
major hallmarks of immunotherapy is the dura-
bility of the responses that can be translated into 
survival benefit for the patient. ICI prolonged 
survival in patients; however, the response was 
not universal.

A substantial variation in responsiveness 
toward ICI is observed among patients with same 
malignancy and among different malignancies. 
The degree of responsiveness often correlates 
with tumor mutational burden (TMB), though it 
alone is not sufficient to predict clinical response. 
High TMB with additional elevated levels of 
tumor neoantigen expression plays a crucial role 
in antitumor immunity. However, there are sev-
eral tumor-intrinsic and tumor-extrinsic factors 

that shape the final response. Extrinsic factors 
include quality of T cell infiltrates, composition 
of cytokines, and percentage of immune suppres-
sor cells such as MDSCs. All these eventually 
shape the immune response in a highly individu-
alized manner. High percentage of TAMs and 
immune suppressive cytokines are well-
established features of the immune landscape in 
ATC.  Some preliminary studies have shown 
promising results with PD-1 blockade, but they 
are not yet approved for ATC.

5	 �Consequences of Three-Way 
Communication

The outcome of this three-way communication 
described above is dependent on not only the 
strength and affinity of the receptor-ligand inter-
action but also the cytokine milieu as we will see 
in the following sections.

Fig. 2  Characteristic features of immunologically hot tumor microenvironment (made with BioRender)
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5.1	 �Inflammation and Immune 
Checkpoint Molecules: 
A Complex Interplay

Until recently, the crosstalk between cytokines 
and immune checkpoint proteins was underap-
preciated. Recent reports focusing on a complex 
regulation of PD-L1 by IL-6 and IL-8 reinvigo-
rated the perception of a complex interplay 
between the cytokine milieu and the immune 
checkpoint molecules. The concentration of cyto-
kines varies significantly between serum and 
tumor tissues. A study by Young et al. on CRC 
reported almost four times higher concentration 
of intratumoral IL-8 than its serum level [128]. 
Serum concentration of IL-8 and TNFɑ is usually 
higher in inflammatory cancers, and higher con-
centration of IL-8 has been reported in ATC.

Our study has also established HVEM, BTLA, 
and CD160 as IFNγ-inducible genes. There is a 
heterogeneous level of sensitivity observed 
across the different cell lines which could be 
attributed to the inherently heterogeneous nature 
of the tumor cells. This was an interesting obser-
vation, and it points toward the possibility of 
upregulation of these molecules in the presence 
of IFNγ secreted by activated T cells and other 
immune cells in the T cell-inflamed 
TME. Previous study in our lab has shown that 
the thyroid cancer cells secrete several pro-
inflammatory cells that have pleotropic functions 
and can support tumor growth and upregulate 
proliferation. IL-8 and TNFα are two most prom-
inent pro-inflammatory cytokines secreted by TC 
cells and the tumor-infiltrating M1 macrophages 
commonly observed in ATC. We observed a com-
plex regulation of HVEM in ATC cell lines by 
IL-8 and TNFα. In our study, IL-8 and TNFα 
upregulated HVEM expression at transcript level 
which can be attributed to multiple binding sites 
for STAT3 and RELA/NFκB p65 in the promoter 
of HVEM. Interestingly, we observed solubiliza-
tion of HVEM post-IL-8 and TNFα treatment. 
HVEM ELISA confirmed presence of soluble 
HVEM in the conditioned media from ATC cell 
lines. Interestingly, we observed increased 
expression of a metalloprotease ADAM17 in the 
ATC cell lines when subjected to the inflamma-

tory cytokine treatment, especially TNFα. This 
enzyme is responsible for ectodomain shedding 
of members of TNFSF and TNFRSF [129]. There 
is an increasing appreciation of ADAM17 in car-
cinogenesis and is being implicated in different 
malignancies such as lung adenocarcinoma, 
breast cancer, colon cancer, and so on [130–133]. 
Our preliminary observation suggests that we 
might be able to detect soluble HVEM in ATC 
patients’ sera which could potentially act as a 
biomarker.

6	 �HVEM/CD160/BTLA Axis 
in ATC

In our laboratory, we performed a thorough pro-
filing of four ATC cell lines for expression of 
novel immune checkpoint molecules and identi-
fied HVEM/CD160/BTLA as a potential target. 
Constitutively high expression of HVEM, BTLA, 
and CD160 genes was detected in the ATC cell 
lines. HVEM acts as a bidirectional switch which 
can transduce either co-stimulatory or inhibitory 
signal into the T cells depending on the receptor/
ligand it is interacting with. HVEM itself is a 
ligand for the TNF superfamily members 
LIGHT.  Binding of T cell-expressed LIGHT to 
HVEM expressed by APCs results in enhanced T 
cell proliferation and cytokine production. On the 
contrary, when HVEM engages BTLA – a mem-
ber of the immunoglobulin superfamily  – or 
CD160 on T cells, it triggers inhibitory signals 
resulting in decreased T cell proliferation and 
cytokine production [134].

Tumor cell expression of HVEM has recently 
been reported in ovarian serous adenocarcinoma 
tissues. In this study, expression of HVEM was 
evaluated in 40 ovarian serous adenocarcinoma 
tissue samples by IHC. 72.5% of the cases were 
positive for expression of HVEM.  Tumors at 
stage III and IV had significantly higher cytoplas-
mic expression of HVEM, and the expression 
also positively correlated with lymph node 
metastasis [135]. In our study, HVEM expression 
was identified in both the cytoplasm and plasma 
membrane of follicular cancer cells in ATC tis-
sues, but there was no expression in normal 
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thyroid follicular cells. High HVEM expression 
was also observed in the PTC tissues in our study 
which were aggressive variants with previous 
history of thyroiditis and with capsular invasion 
and extrathyroidal extensions. Takashi et  al. 
looked at HVEM expression in 234 colorectal 
cancers (CRCs) by IHC. 49.6% of the cases had 
intermediate expression of HVEM and 19.2% of 
the cases had strong HVEM expression. They 
also found that HVEM positivity correlated with 
disease stage, and they concluded that HVEM 
could act as an independent prognostic factor for 
CRC [136]. The authors observed a graded 
expression pattern of HVEM, where normal 
colonic epithelium had a minimal expression fol-
lowed by 24% adenomas positive for HVEM and 
more than 50% of CRC samples had high HVEM 
expression [136]. Expression of these proteins in 
the aggressive forms of TC indicates that HVEM/
BTLA pathway might be actively involved in 
development and progression of aggressive vari-
ants of PTCs into ATC. This pathway is capable 
of successful induction of immune evasion in the 
tumor cells, which is one of the novel hallmarks 
of cancer.

6.1	 �Novel Targets of Therapeutic 
Intervention

The Cancer Research Institute (https://app.
emergingmed.com/cri/trials/#partnerhome) 
Clinical Trials for adult cancer treatment of thy-
roid cancer indicated 15 ongoing clinical trials in 
Phase 1 and 2 utilizing immunotherapy, chemo-
therapy, monoclonal antibodies, and cell therapy. 
Some molecular targets include CD279, CTLA4, 
PD1, PDCD1, and BRAF, to name a few 
(Table 1).

7	 �HVLA/BTEM Axis as Potential 
Therapeutic Target

Overexpressed in ATC, common drug targets are 
serine-threonine kinases and tyrosine kinases 
such as BRAFV600E, VEGFR, EGFR, PDGFR, 
and RET.  The presence of multiple genetic 

lesions in ATC including BRAFV600E, the third 
most common after TERT and P53, makes ATC 
patients suitable candidates for BRAFV600E-
directed targeted therapy with small molecule 
inhibitors. BRAFV600E-positive PTCs display 
the constitutively activated RAF/ERK pathway 
which leads to repression of downstream path-
ways responsible for regulation of many thyroid-
specific genes, leading to cellular 
dedifferentiation, tumor progression, and acqui-
sition of more aggressive phenotypes eventually 
leading to ATC.  The BRAFV600E mutation is 
closely associated with aggressive clinical and 
pathologic features of thyroid cancer such as 
aggressive and highly proliferative cancers, lym-
phatic metastases, extrathyroidal capsular inva-
sion, advanced clinical stage, recurrence, and 
morbidity. Vemurafenib is a widely used antican-
cer drug that targets constitutively active 
BRAFV600E. Unfortunately, reports of acquired 
resistance are extremely common. As a ligand-
independent activator of MAPK, BRAFV600E is 
thought to induce “oncogene addiction” in thy-
roid cancer and melanoma. In previous sections, 
we have discussed the small molecule inhibitors 
currently in use and in clinical trials for 
ATC.  However, eventual development of resis-
tance is inevitable. Resistance against small mol-
ecule inhibitors can manifest itself in three 
different forms: innate, acquired, and adaptive. 
Innate and acquired resistance are often associ-
ated with novel mutations and expansion of 
mutated clonal population in response to the 
drug, respectively. Adaptive resistance is very 
interesting in that they rewire the signaling mech-
anism to bypass the effect of the specific inhibi-
tor. Adaptive resistance is often associated with 
reactivation of the same molecular pathway or 
activation of compensatory pathways which 
transform the tumor into a more resistant pheno-
type and alter its microenvironment at the same 
time. One such mechanism responsible for 
acquired resistance against BRAFV600E inhibi-
tors in ATC is activation of the HGF/MET axis 
[137]. Interestingly, this study noted a higher 
expression of HGF with increased copy number 
of MET in murine model of ATC, suggesting the 
activation of an autocrine loop supporting tumor 
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growth. Increasing reports of acquired and intrin-
sic resistance against the small molecule inhibi-
tors emphasize the need for development of 
alternative therapeutic approaches for ATC 
patients. A good indicator of development of 
adaptive resistance is reactivation of the MAPK 
pathway via activation of CRAF.  Remarkably, 
most of the studies on resistance mechanism 
against PLX4032 focus on reactivation of MAPK 
pathways during development of resistance, but 
there is a paucity of studies characterizing immu-
nological implications of this treatment and their 
contribution to development of therapeutic resis-
tance from the perspective of tumor cells (Fig. 3).

Owing to the extremely refractory nature of 
ATC, we began examining the feasibility of a 
combinatorial therapeutic approach with MEK 
inhibitor and antagonistic antibodies in ATC. We 
saw that vemurafenib treatment modulates 
expression of multiple immunomodulatory mol-
ecules including HVEM, BTLA, and CD160 in 
thyroid cancer cell lines at transcript level. 
However, transient treatment with vemurafenib 
does not change the expression of these proteins 

in the cells. This points toward induction of an 
immunosuppressive molecular signature in ATC 
during treatment with PLX4032. This type of 
immunosuppressive environment usually corre-
lates with worse clinical outcomes. This phenom-
enon supports the rationale for monitoring the 
immune profile of the patients alongside clinical 
course and clinical responses to treatments and 
tailors the therapeutic regimen based on the 
patient-specific molecular and immune 
signature.

We observed a significantly higher expression 
of active CRAF in PLX4032 resistant phenotype 
compared to the sensitive phenotype in our study. 
Immunological consequences of this adaptive 
resistance are not well characterized and com-
pletely unknown in ATC.  We believed a better 
understanding of the adaptive resistant pheno-
type would help us identify better actionable tar-
gets in these patients that could be targeted in a 
combinatorial therapeutic approach. Two 
BRAFV600E inhibitor (PLX4032) resistant cell 
lines were generated in the lab over 7 months of 
slowly escalated drug treatment. BRAFV600Ei – 

Table 1  Ongoing clinical trials with immunotherapeutic agents in thyroid cancer
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PLX4032 – resistant ATC cell lines in our study 
had a completely different expression profile of 
the immunomodulatory compared to the sensi-
tive phenotype. We saw that acquired resistance 
to PLX4032 or vemurafenib is associated with 
increased expression of HVEM, BTLA, CD160, 
TIM3, and LGALS9B in BRAFV600E-positive 
ATC cell lines at transcript level. Expression of 
HVEM was more than 100-fold higher in the 
resistant cell lines compared to the sensitive cell 
lines. BTLA had more than tenfold upregulation 
in the resistant cell lines compared to normal. 
PD-L1, TIM3, and LGALS9B expressions were 
highly upregulated in the resistant phenotype. 
Resistance-associated increase in surface expres-
sion of HVEM suggests an increased immuno-
modulatory potential of the PLX4032 resistant 
ATC cells in the tumor microenvironment which 
might support immune evasion. This suggests 
activation of cellular processes during develop-
ment of resistance that finally culminates into 
upregulation of these immunomodulatory mole-
cules. These observations underscore the impor-

tance of a multipronged approach while 
considering a new treatment modality for a 
patient who started out as a BRAFV600Ei-
sensitive phenotype but eventually developed 
resistance. It is of utmost importance to profile 
the tumor intermittently as the patient is on one 
specific small molecule inhibitor for a prolonged 
period. The development of adaptive resistance 
might alter the tumor phenotype in a way that the 
tumor becomes more amenable to another type of 
therapeutic intervention.

Combination therapy, including BRAFV600E 
inhibitor PLX4032 and MEK inhibitor tra-
metinib, has modest impact on expression of 
HVEM in the PLX4032-sensitive tumor cells, 
as the expression was mildly dampened but was 
persistent in the resistant cells. However, once 
the cells acquire resistance against 
BRAFV600Ei, this combination therapy is not 
sufficient to control the expression of HVEM, 
and the patient might develop a unique and 
unforeseen immune interaction at the tumor 
site. Most of the compensatory pathways acti-
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vated during development of BRAFV600Ei 
resistance eventually leads to upregulation of 
ERK. Activation of HGF/MET pathway or acti-
vation of STAT3 during development of resis-
tance eventually culminates into upregulation of 
ERK [137–140]. This indicates that an ERK 
inhibitor might be more suitable for hyperpro-
liferative cancers where the patients are prone to 
develop resistance against standard BRAF and 
MEK inhibitors. A recent study using ERK 
inhibitor LY3214996  in a panel of cell lines, 
including melanoma, colorectal cancer, pancre-
atic cancer, and NSCLC, demonstrated prefer-
ential in vitro sensitivity toward the inhibitor in 
the cell lines harboring ERK pathway altera-
tions (BRAF, KRAS, NRAS, MEK1, or NF1 
mutations) [141]. As discussed before, recent 
multicenter NGS studies have confirmed that 
most of these genetic lesions are extremely fre-
quent in ATC, which indicates that ERK inhibi-
tors might be a better drug of choice as small 
molecule inhibitors. A careful examination 
needs to be done to assess the potential off tar-
get effect of ERK inhibitors in ATC. Expression 
of HVEM and BTLA in ATC patients, and their 
further upregulation in the resistant phenotype, 
suggests that these patients might benefit from a 
combination of antagonistic antibodies target-
ing HVEM/BTLA signaling axis and ERK 
inhibitors depending on their tumor profile. 
Overall, we have concluded that transient treat-
ment with vemurafenib or PLX4032 upregulates 
expression of certain immunomodulatory genes 
and a significantly higher constitutive surface 
expression of HVEM persists in PLX4032 resis-
tant cells upon combination therapy with 
BRAFV600Ei and MEKi. Our studies have con-
cluded that HVEM fundamentally supports 
tumorigenesis and its interaction with the cog-
nate ligand LIGHT triggers activation of tumor 
associated MAPK signaling in ATC.

The expression profile of the components of 
the HVEM/BTLA/CD160 axis in ATC strongly 
suggests an alternate therapeutic avenue that 
could be explored in these patients. The ideal 
outcome of this therapeutic approach should be 
increased activation of effector T cells accom-
panied with diminished tumor cell prolifera-

tion and redifferentiation. A combination of 
ERK inhibitor and antagonistic antibodies tar-
geting the HVEM/BTLA axis seems to be a 
rational combination based on the following 
observations:

	1.	 Anaplastic thyroid cancer cells have high con-
stitutive expression of HVEM, BTLA, and 
CD160 on their surface which can be targeted 
by antibodies.

	2.	 Antagonistic antibody targeting BTLA can 
disrupt the cis interaction between HVEM 
and BTLA on the tumor cells and trans inter-
action between tumor cells and T cells, thus 
preventing activation of NFκB in the tumor 
cells in the first case and dampening of antitu-
mor immune response in the latter.

	3.	 Blocking BTLA would also prevent differen-
tiation of effector T cells into regulatory T 
cells and in turn help immune activation.

	4.	 As we observed in our study, anaplastic thy-
roid cancer cells can develop resistance 
against BRAFV600E inhibitor, and the resis-
tant cells have much higher expression of 
HVEM, BTLA, CD160, TIM3, and galectin9 
genes and significantly higher surface expres-
sion of HVEM protein.

	5.	 A combination of BRAFV600E inhibitor 
vemurafenib (PLX4032) and MEK inhibitor 
(trametinib) does not modulate the expres-
sion of HVEM in the resistant tumor cells 
205.

	6.	 Introduction of an ERK inhibitor with anti-B 
6. Introduction of an ERK inhibitor with 
anti-BTLA antibody might help induce redif-
ferentiation in the dedifferentiated follicular 
cells which would be accompanied with 
increased expression of NIS and re-sensitize 
the patient toward radioiodine ablation 
therapy.

	7.	 Also, inhibition of ERK would downregulate 
the transcription of crucial transcription fac-
tors responsible for upregulation of HVEM 
and BTLA in the tumor cells, such as cJun, 
STAT3, c-fos, ATF2, and c-Myc. Our study 
has identified the HVEM/BTLA axis as a 
potential immunotherapeutic target in ana-
plastic thyroid cancer.
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8	 �Importance of TME 
Interacting Components 
Targets

Development of adaptive resistance to targeted 
therapies is inevitable, and a combination therapy 
targeting the immune microenvironment can 
forestall therapeutic resistance in ATC and pro-
vide a promising outcome. The dynamic nature 
of the TME including the immune cells, nonim-
mune cells, and acellular components can be 
valuable combination therapy targets in ATC. It 
has been demonstrated that the cells in the TME 
serve as double-edged swords in which they 
could be tumor-suppressing or tumor-promoting 
depending on the context. Studies have examined 
the positive and negative feedback loops affect-
ing signal transduction and gene expression of 
cancer cells and the cells in the tumor stroma. 
Recent insights on this plasticity in cancer pro-
gression and relapse have demonstrated the need 
for new and combinatorial therapies. The goal of 
these would be to inhibit specific cell markers, 
interfere with stemness and EMT signaling, and 
affect the components of the TME. It is evident 
that the polarization of the cells in the TME is 
functionally and structurally different but also 
expresses different genes and cell surface mark-
ers. Therefore, these different phenotypes specif-
ically can potentially provide the generation of 
novel biomarkers that provide an insight into the 
interaction with cancer cells and therefore guide 
the stage of cancer development and subse-
quently the treatment. Tipping the scale to an 
immunogenic TME will come with immunother-
apy, antiangiogenic therapy, and stroma normal-
izing. The immunoactivation can be achieved via 
decreasing the tortuosity and permeability while 
increasing the blood perfusion of the vasculature.  
The decrease in immune checkpoint expression 
along with increase in immune activation of DCs 
and antigen presentation can further promote an 
immunogenic tumor suppressive TME.  The 
recruitment of immune cells such as the increase 
of CD8+ T cells and the decrease of Tregs and 
MDSCs while polarizing immune cells and non-
immune cells alike to their tumor suppressive 
phenotype should also be considered. This can 

potentially be achieved by blocking of the tumor-
promoting polarized cells via their specific cell 
surface markers with mAbs.

This will not only promote a normoxic envi-
ronment but one in which the tumor cytokines 
and chemokines are immune-activating rather 
than immune-suppressing. Many are pleiotropic 
in nature and may alter their specific effects 
based on tumor type and other factors. But, for 
example, this can include secretion of IFNY and 
IL-2 while tipping the scale away from secretion 
of IL-6, CCL2, IL-10, CCL5, and CXCL12.

9	 �Further Studies in ATC: 
Cytokines, miRNAs, 
Exosomes, etc.

Reciprocal communication exists between the 
cancer and stromal cells in the tumor microen-
vironment as witnessed in a number of cancers 
[142, 143]. This crosstalk is facilitated by a 
number of secretory factors which comprise of 
soluble mediators  – cytokines/chemokines, 
growth factors, as well as exosomes (nanovesi-
cles packed with miRNA cargo). The secretory 
profile we obtained from the thyroid cancer 
cells and the macrophages clearly suggests the 
presence of pro-inflammatory chemokines and 
cytokines in the tumor microenvironment. All 
of these cytokines have major implications for 
regulating the signaling cascade in cancer cells 
to promote tumorigenesis. Other means of cel-
lular crosstalk are reactive oxygen species and 
exosomes. Oxidative stress generates reactive 
oxygen species, which cause recruitment of 
infiltrating immune cells as well as damage the 
cellular DNA. The latter results in initiation of 
repair mechanisms that lead to further accumu-
lation of genetic mutations and activation of 
oncogenic pathways, promoting tumorigenesis. 
Our work elucidated that anaplastic thyroid 
cancer cells generate ROS which aids in tumor 
progression and recruitment of macrophages. 
This effect of ROS along with the secreted che-
motactic cytokines by ATC indicates an addi-
tive effect in recruiting the macrophages at the 
tumor site.
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Additionally, we characterized the miRNA 
content of the exosomes secreted by the thyroid 
cancer cells. Researchers are now concentrating 
on the miRNA functionality for diagnosis and 
treatment modalities. However, most of the studies 
performed are focused on the circulating 
miRNA.  Exosomes can be isolated from bodily 
fluids in a noninvasive way and hence can become 
a very important diagnostic marker based on their 
content. The exosomal cargo predominantly con-
sists of miRNAs, which are highly conserved non-
coding RNA that regulate the posttranscriptional 
or translation protein expression. The cells in 
tumor microenvironment secrete exosomes that 
are shuttled from primary to secondary recipient 
cells. They carry within them these functional 
miRNAs, which are transcribed and translated to 
biologically relevant proteins that regulate cellular 
processes. This implies that cellular crosstalk is 
mediated by soluble mediators and exosomes, ulti-
mately promoting tumorigenesis. Previous studies 
have revealed the profile and functionality (to 
some extent) of the deregulated miRNAs in ATC 
tissues [144, 145]. The three major families of 
miRNAs downregulated in ATC are miR-200 fam-
ily, miR-30 family, and let-7 family. In our com-
parative analysis between the various thyroid 
cancer secreted exosomal miRNAs, we did not 
observe any variation in expression profile of miR-
200 family, or let-7 family. Common miRNAs 
upregulated in ATC tissues consist of miR-146, 
miR-221/222, and cluster miR-17-92 [144–146]. 
These miRNAs were not observed to be upregu-
lated in anaplastic thyroid cancer secreted exo-
somes compared to other thyroid cancers. Thus, 
we can say that the profile of miRNAs obtained 
from ATC secreted exosomes can be different 
from that obtained from the tissue. The pro-tumor-
igenic functions of the exosome-derived miRNAs, 
through the regulation of genes in the recipient 
cells, have recently started to gain research inter-
est. The role of exosomes as a drug delivery sys-
tem and for diagnostic purposes has further added 
to their clinical relevance. However, only a hand-
ful of studies have examined the miRNA profile of 
circulating tumor-derived exosomes in FTC or 
PTC [147]. Exosomal miRNA cargo is understud-
ied in anaplastic thyroid cancer.

In our study, we have come across a group of 
miRNA present in the exosomes secreted by ana-
plastic thyroid cancer cells that have tumor sup-
pressive effects. The fact that these miRNAs are 
downregulated suggests a profile of a huge set of 
genes that are regulated by these miRNAs, con-
tributing to the metastatic phenotype in ATC. The 
studies here are a clear indication that phenotype 
is regulated by epigenetic phenomenon of which 
miRNAs constitute a major cargo. We have 
defined the ATC phenotype based on miRNAs – 
miR-125b, miR-138, miR-148a, miR-152, miR-
191, and miR-26b – that play a functional role in 
suppressing the ATC phenotype. Their downreg-
ulation paves the way for procurement of meta-
static ATC phenotype, and as such can be 
considered as “tumor suppressors.” Their biolog-
ical function and specificity to ATC however 
remain to be determined. The other mode to 
establish whether PTC to ATC phenotype is 
linked is to examine the presence and gradual 
disappearance of these markers in the serum of 
patients. The steady disappearance of these miR-
NAs from the serum designates them as a transi-
tion biomarker for early detection of ATC 
phenotype, and should be pursued further.

The molecular therapies that target genetic 
mutations and aberrant signaling pathways are 
paving ways toward a cure of the disease. Current 
therapies target the bulk of well-differentiated 
thyroid cancer but fail to address the aggressive 
resilient cancer cells. This leads to high recur-
rence and relapse of thyroid cancer. Targeted 
therapies are being used for DTC, but undifferen-
tiated ATC still remains unresponsive to the 
newer available drugs. Microarray analysis and 
genomic screening has helped us in understand-
ing the complex molecular profile associated 
with ATC. Thus, determining the effect of vari-
ous tumor microenvironmental factors will help 
in defining the spectrum of molecular mecha-
nisms fundamental to the signaling in metastatic 
thyroid cancer. We have established that there 
exists a reciprocal relationship between the 
immune infiltrates and the cancer cells in the 
thyroid TME that aids in cancer progression as 
the thyroid TME secretome characterizes and 
polarizes the tumor infiltrates. Additionally, the 
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distinct exosomal miRNA profile of anaplastic 
thyroid cancer can be used as an important diag-
nostic and prognostic marker. The chemokine 
and cytokine profile of ATC is also characteristic 
as the tumor infiltrates, and cancer cells regulate 
the secretory factors. Monitoring the serum lev-
els of these pro-inflammatory soluble mediators 
can aid in assessing prognosis of the disease.

Therapies can also be devised against the 
secretory mediators of thyroid TME that promote 
cancer progression. Anti-cytokine therapies as 
well as silencing miRNAs can be used to dampen 
their pro-tumorigenic effect. Drugs targeting pro-
inflammatory cytokines such as TNFα, IL-6, and 
IL-1 and their receptors are being tested for 
inflammatory diseases such as rheumatoid arthri-
tis, Crohn’s disease, and certain cancers such as 
multiple myeloma and renal cell cancer with 
promising results [148]. Moreover, overexpres-
sion of the distinct tumor suppressor miRNAs is 
proposed to revert the metastatic properties of the 
ATC cells. Though this approach is in its initial 
stages, cellular model studies of transfecting 
these miRNAs in cancer cells result in the transi-
tion of the cells to more differentiated phenotype, 
making them more receptive to standard thera-
pies [149–154]. The secretory mediators of thy-
roid cancer modulate the thyroid cancer 
phenotype by inducing EMT leading to increased 
migration and invasion of cancer cells. Molecular 
markers that define the process of EMT can help 
in the identification of early markers of thyroid 
cancer cell differentiation as well as allowing for 
the possible development of targeted therapy 
designed at inhibiting EMT and subsequent sup-
pression of thyroid cancer metastasis and dis-
semination. Thus, targeting the metastatic thyroid 
carcinoma microenvironment could offer poten-
tial additional therapeutic benefits and should be 
explored further in preclinical/translational mod-
els of human metastatic thyroid cancer.
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1	 �The Bone Marrow 
Microenvironment

The adult hematopoietic system is primarily 
located in the bone marrow (BM). BM is con-
tained within the central cavity of long and axial 
bones (e.g., femur, tibia, ribs) and intra-trabecular 
spaces of spongy bones [1]. In healthy BM, 
hematopoietic stem cells (HSCs) are the most 
primitive cells within the hematopoietic hierar-
chy. Throughout an individual’s lifespan, HSCs 
are the source of blood and immune cells. The 
differentiation process is regulated by cells of the 
BM microenvironment, via molecular and envi-
ronmental cues [2]. In order to sustain this pro-
cess over the long term, HSC numbers are 
maintained through asymmetric division, 

enabling these cells to self-renew [3]. In other 
reports, it appears that HSCs ensure their survival 
by a percentage remaining quite dormant unless 
needed by hematopoietic stress.

Our understanding of the hematopoietic sys-
tem has improved dramatically over recent 
decades, challenging the concept of a more tradi-
tional hematopoietic hierarchy on the basis of 
studies that have stem cell fate are governed on a 
single-cell level or by cell autonomous method 
[4–7]. Together, such studies suggest that lineage 
commitment may not be as rigid as previously 
believed and that there are several ways by which 
stem cell fate can be regulated. This concept is 
underscored by contemporary studies that reveal 
a high degree of interdependency between HSCs 
and the BM microenvironment (BMM) [8].

As a whole, BMM includes but is not limited 
to hematopoietic cells (e.g., HSCs, hematopoietic 
progenitors), cells that comprise the BM stromal 
compartment (e.g., endothelial cells, osteolin-
eage cells, adipocytes, sympathetic neurons, non-
myelinating Schwann cells, mesenchymal stem 
cells (MSCs), CXCL12-abundant reticular 
(CAR) cells, macrophages, and megakaryo-
cytes), extracellular matrix, and secreted factors 
(e.g., secretome). More specifically, HSC fate is 
orchestrated by discrete regions of the BMM 
known as “niches” which exhibit distinct cellular 
and physical compositions [9–11]. This highly 
complex system supports the number, location, 
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proliferation, self-renewal capacity, and differen-
tiation of HSCs. The relationship between the 
major BM niches - endosteal and perivascular - 
and HSC maintenance is briefly explored in the 
following sections.

1.1	 �Endosteal Niche

HSCs were first shown to reside close to the bone 
surface, or endosteal niche, in 1975 [12]. Later 
reports demonstrated that HSCs are in close con-
tact with the endosteum and that this contact is 
responsible for the seemingly unlimited prolifer-
ative capacity and maturation inhibition of HSCs 
[13]. Further, scanning electron microscopy and 
histology of opened rat bone provided morpho-
logical evidence of the presence of HSC niches in 
association with the endosteum [14]. In the sub-
sequent years, these phenotypic studies were bol-
stered by functional studies, which revealed that 
the endosteal HSCs have long cycling times with 
approximately one division every 30–60 days 
[15, 16]. Together, these results provide irrefut-
able evidence of the presence of non-proliferative, 
dormant HSCs as well as multipotent progenitors 
in the endosteal region of the BM, suggesting that 
the endosteal niche is the site for long-term main-
tenance of the quiescent HSCs.

1.2	 �Perivascular Niche

The BM perivascular niche is considered to be 
the region surrounding the arterioles and 
sinuses, the intersection between the systemic 
circulation and the BM cavity [17]. Due to the 
large number of perivascular HSCs, the vascular 
niche is widely considered to be the area of HSC 
proliferation and self-renewal [18]. HSCs from 
this niche are generally considered to be “active” 
or highly proliferative and are predisposed to 
differentiation since they are conveniently 
located for subsequent mobilization in the 
bloodstream [19]. However, this has been chal-
lenged by the idea that there may indeed be dis-
tinct vascular niches for quiescent and 
non-quiescent HSCs. Studies have shown that 

by ablating the arteriolar vascular niche, HSCs 
localized to sinusoidal niches where the HSCs 
became proliferative [20, 21].

2	 �Exosomes

To reiterate, there is an immense amount of 
heterotypic cell-cell communication within the 
BMM that regulates cell fate. Communication 
can be direct (e.g., gap junction, adhesion mol-
ecules) or indirect interactions (e.g., secre-
tome). The “secretome” encompasses all 
soluble (e.g., cytokine, chemokines, growth 
factors, neuronal peptides, hormones) and 
insoluble factors (e.g., extracellular vesicles, 
exosomes) released from cells. Although all 
modes of communication are vital to proper 
function, the secretome, and its microvesicles 
in particular, is emerging as a critical player in 
hematopoietic regulation [9, 22–24]. 
Microvesicles are lipid bilayer-delimited par-
ticles released from cells that serve as a means 
of indirect intercellular communication by fus-
ing to and incorporating with nearby cells [25]. 
Importantly, extracellular vesicles are found in 
all biological fluids and can also be collected 
from cells in  vitro [25]. In this section, exo-
somes, a specific subclassification of extracel-
lular vesicles, are discussed.

2.1	 �Characterization

To reiterate, there are various classes of extracel-
lular vesicles, including microvesicles, apoptotic 
bodies, and exosomes. Each subcategory is dis-
tinguished based on size and membrane-bound 
markers. Exosomes range in diameter from 30 to 
150 nm and express several membrane markers: 
CD63 (a membrane-bound protein), ALG2 (an 
interacting protein), TSG101 (tumor susceptibil-
ity gene 101), and HSC10 (a proteasome compo-
nent) [26]. Further, exosomes have more recently 
been divided into two subpopulations: small exo-
somes (Exo-S) with diameters from 60 to 80 nm 
and large exosomes (Exo-L) with diameters from 
90 to 120 nm [27].
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2.2	 �Biogenesis

As compared to other subclasses of extracellular 
vesicles, exosomes originate in the endosome. 
Early endosomes are formed through inward 
budding of the plasma membrane and mature into 
late endosomes and multivesicular bodies 
(MVBs) [28]. MVBs are endosomes that contain 
internalized portions of the limiting membrane, 
forming “intraluminal vesicles” (ILVs) [29]. 
MVBs are then transported to the plasma mem-
brane where they fuse and release their ILVs into 
the extracellular space as exosomes [28].

The biogenesis of exosomes is primarily con-
trolled by the endosomal sorting complex 
required for transport (ESCRT) [30]. The ESCRT 
family is comprised of four proteins (ESCRT-0, 
ESCRT-I, ESCRT-II, and ESCRT-III) which act 
to sort ILVs into endosomes. Briefly, the endo-
some sorting cycle begins when ESCRT-0 is 
recruited to the endosome, subsequently recruit-
ing ESCRT-I, ESCRT-II, and ESCRT-III to the 
endosomal membrane, forming a large complex 
[31, 32]. AAA ATPase Vps4 complex breaks 
apart the ESCRT-III subunit causing the rest of 
the complex to dissociate from the membrane, 
recycling the ESCRT machinery for subsequent 
cycles of sorting [33].

The ability of ILVs to form in the absence of 
ESCRT components has led researchers to inves-
tigate alternate ESCRT-independent pathways 
for vesicle formation [34]. Tetraspanins, a class 
of transmembrane proteins enriched in exosomes, 
have also been implicated for their involvement 
in ESCRT-independent exosome biogenesis [35–
37]. Furthermore, small integral membrane pro-
teins of the lysosome/late endosome (SIMPLE) 
have also been suggested to play a role in exo-
some formation [38]. Additionally, it is thought 
that the organization of certain lipids, such as 
lysobisphosphatidic acid and ceramides, into 
specialized regions results in changes in mem-
brane curvature, leading to inward bending of the 
endosomal membrane and the subsequent forma-
tion of ILVs [39, 40]. Several studies have shown 
the involvement of lipids by targeting specific 
lipid-modifying enzymes, such as neural sphin-
gomyelinase 2 (nSMase2) and phospholipase D2 

(PLD2) [39, 41–43]. In total, it is important to 
note that due to challenges of separating these 
machineries experimentally, it is possible that 
ESCRT-dependent and ESCRT-independent 
pathways may be synergistic rather than discrete. 
Moreover, specific subpopulations of exosomes 
could be derived through these processes as well 
as cell type and microenvironmental conditions.

2.3	 �Cargo

Exosomes were originally proposed to be cellu-
lar waste receptacles [44]. However, contempo-
rary studies have uncovered the important role 
of exosomes as crucial intercellular couriers that 
deliver messages through distinct molecular 
contents. Exosome content has been shown to 
vary depending on the cell from which they are 
released, indicating that their cargo is directly 
related to the cell of origin [45–47]. Exosomes 
contain a wide variety of proteins, lipids, metab-
olites, and nucleic acids, including messenger 
RNA (mRNA), microRNA (miRNA), noncod-
ing RNAs (ncRNA), circular RNA (cRNA), and 
DNA [48, 49]. The exosomal contents change 
depending on growth conditions, treatments, 
and external factors [50]. The selectivity under-
lying packaging of discrete cargo into exosomes 
remains unclear. However, a sequence that con-
trols the loading of miRNAs into exosomes 
through sumoylated heterogeneous nuclear 
ribonucleoprotein A2B1 (hnRNPA2B1) has 
been identified [51]. In addition, KRAS has 
been implicated in loading of miRNA and asso-
ciated regulatory proteins into exosomes [52, 
53]. Regarding exosomal mRNA, these mole-
cules have enriched 3’ UTRs which may guide 
their preferential sorting into exosomes [54]. 
Also, studies have demonstrated that ubiquiti-
nated proteins are highly enriched within exo-
somal cargo, suggesting that ubiquitin tagging 
may serve as a mechanism for sorting of pro-
teins into exosomes [55, 56]. The idea of selec-
tive exosomal packing is further supported by 
the differences in cargo between Exo-S and 
Exo-L exosome subclassifications. Exo-S con-
tain proteins associated with endosomes and 
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MVBs, while Exo-L contain proteins associated 
with the plasma membrane, cell-cell contacts, 
Golgi network proteins, and the remnants of late 
endosomes [27].

2.4	 �Docking and Release

MVBs are transported from the cytoplasm for 
docking on the plasma membrane through inter-
actions with the cytoskeletal network of actin 
and microtubules [57, 58]. Upon their arrival, 
MVBs must fuse with the plasma membrane in 
order to release exosomes into the extracellular 
environment. Proteins involved in membrane 
fusion include soluble N-ethylmaleimide-
sensitive factor attachment protein receptors 
(SNAREs) and Rab GTPases. SNARE proteins 
are well-known for their role in fusion of vesi-
cles with various target membranes [59]. Studies 
have shown impairment of MVB fusion with the 
plasma membrane, and ultimate exosome 
release, when interfering with the SNARE com-
plex formation [60–63]. Also, the Rab GTPase 
family of proteins has been well characterized 
for its regulatory role in exosome secretion [64]. 
For instance, studies have shown that silencing 
of Rab27a and Rab27b prevents exosome secre-
tion [65]. In addition, through studies using 
dominant-negative Rab11 mutant K562 leuke-
mia cells, exosome release was shown to be 
inhibited [66]. This observation has been more 
recently supported through Rab11 depletion 
studies in Drosophila [60].

The question of whether all MVBs can fuse 
with the plasma membrane or whether there is 
specificity in this process remains unanswered. It 
has been shown that only MVBs with higher cho-
lesterol content fuse with the membrane and 
release their exosomes [67]. Furthermore, it has 
been determined that exosomes secreted from the 
apical and basolateral side of polarized cells dif-
fer in composition, supporting the existence of 
distinct MVB populations [68–70]. Although 
interesting, additional studies are required to con-
fidently resolve this issue.

2.5	 �Uptake and Downstream 
Effects

Exosomes are rapidly taken up by target cells 
[71]. Endocytosis is a broad term that applies to a 
range of pathways through which exosomes can 
be internalized, including clathrin-mediated 
endocytosis, caveolin-dependent endocytosis, 
micropinocytosis, and phagocytosis [72, 73]. 
Tetraspanins are proteins that are known to be 
important for mediating exosome endocytosis 
[74]. For instance, blocking of CD81 or CD9 on 
target cells using antibodies led to reduced vesi-
cle uptake [75]. Moreover, overexpression of 
Tspan8 was accompanied by enhanced vesicle 
uptake [36]. In addition to protein-receptor inter-
actions, exosomes are capable of fusing directly 
with the plasma membrane of target cells to 
deliver their cargo since exosomes also exhibit 
lipid bilayer membranes [76, 77].

Once incorporated into the target cell, exo-
somes regulate specific downstream pathways 
through their molecular cargo, giving them the 
ability to modulate local and distant microenvi-
ronments through paracrine and autocrine sig-
naling [78]. The role of exosomes in the healthy 
BMM is illustrated in Fig. 1. In the context of 
cancer, however, exosomes play a major role in 
tumor progression and metastasis. Exosomes 
have been implicated in the formation of pre-
metastatic niche and support of tumor progres-
sion through the promotion of angiogenesis, 
immune system modulation, and parenchymal 
tissue remodeling [79]. Cancer cells secrete 
exosomes that can activate receptors or change 
miRNA or general RNA expression in healthy 
neighboring cells that alter their biological phe-
notypes [80]. Additionally, exosomes originat-
ing from cancer cells have been shown to alter 
the immune response by inactivating the prolif-
eration of lymphocytes and natural killer cells 
while also triggering the immune response to 
create an inflammatory microenvironment [81]. 
During metastasis, cancer cells release exo-
somes that led to the cells undergoing epithelial-
to-mesenchymal transition (EMT). These 
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changes led to mobilization and ultimately, 
metastasis of the EMT cells [82]. In the follow-
ing sections, bidirectional exosome-mediated 
communication will be discussed in through the 
lens of specific BMM cells and malignant cells, 
hematologic malignancies, and BC.

3	 �Bone Marrow-Associated 
Cancers

Worldwide, one in three men and one in five 
women are expected to be diagnosed with cancer 
in their lifetime, contributing to over 200 million 
disability-adjusted life years [83]. The BM is an 
organ associated with several malignancies due 
to its abundance of cells and signaling factors. 
Not surprisingly, cancers of the hematopoietic 

system, referred to as hematologic malignancies, 
originate in the BM.  Furthermore, cancer cells 
from other solid tumors elsewhere in the body are 
reported to metastasize to BM, including cells 
from breast, gastric, prostate, colon, and lung 
cancers [84]. In order to narrow the scope of this 
chapter, we will specifically focus on BC in BM 
herein.

In addition to the putative role of the BMM in 
their progression, these malignancies affect sub-
stantial populations of Americans each year. 
Hematologic malignancies (“BM cancers,” 
“blood cancers,” or “liquid tumors”), such as leu-
kemias (acute myelogenous leukemia [AML], 
chronic myelogenous leukemia [CML], acute 
lymphoblastic leukemia [ALL], chronic lympho-
blastic leukemia [CLL]), lymphomas, and myelo-
dysplastic disorders (multiple myeloma [MM]), 

Fig. 1  Exosomes in the healthy bone marrow micro-
environment. The healthy bone marrow microenviron-
ment (BMM) is comprised of a heterogeneous population 
of cells that are distributed across the perivascular and 
endosteal niches. BMM cells communicate with hemato-
poietic stem cells (HSCs) in these niches to regulate their 
stemness and differentiation. (1) HSCs in the perivascular 
niche are more proliferative than those in the endosteal 

niche, a phenotype that is regulated through the bidirec-
tional exchange of exosomes between mesenchymal stem 
cells (MSCs), CXCL12-abundant reticular (CAR) cells, 
endothelial cells, and HSCs. (2) In the endosteal niche, 
HSCs exhibit a dormant phenotype in which they are 
cycling quiescent. This is regulated through the exchange 
of exosomes between macrophages, MSCs, stroma, osteo-
blasts, and HSCs
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were the subject of 176,000 new diagnoses and 
56,000 American deaths in 2019 alone [85]. 
Moreover, in BC, over 315,000 cases are esti-
mated to be diagnosed in the United States in 
2019, representing 15.2% of all new cancer cases 
and resulting in approximately 41,000 deaths 
[86]. Of these, a whopping 81% are expected to 
be invasive/metastatic BC diagnoses, affecting an 
estimated 268,600 and 2,670 women and men, 
respectively [86]. Specifically, presence of BCC 
in the BM is associated with poor prognosis 
[87–89].

In summary, as a result of their association 
with BM and their prevalence in the clinic, the 
remainder of this chapter will focus on hemato-
logic malignancies and BM-metastatic breast 
cancer (BC).

4	 �Microenvironment 
in Maintaining Cancer Stem 
Cells

The tumor microenvironment has been described 
as a “complex adaptive system” due to its unique 
and dynamic characteristics [9, 90]. Moreover, 
there is mounting evidence to suggest an intricate 
relationship between cancer cells and cells native 
to the BMM. In particular, cancer cells are able to 
appropriate the established mechanisms used for 
the BM to support healthy HSCs to promote their 
own survival. For example, leukemia cells have 
been shown to hijack the secretome of the BMM 
to induce leukemogenesis, progression, and ther-
apy resistance [22, 23, 91]. Also, experimental 
models have established a variety of alterations in 
the BMM perturb normal hematopoiesis and pro-
mote malignant transformation [92–97]. 
Furthermore, in terms of BM-metastatic BC, dis-
seminated BC cells (BCCs) have also been 
reported to hijack the BMM. The BMM confers 
BCCs with a dormant phenotype, characterized 
by cell cycling quiescence and chemoresistance 
[98–101]. By displaying this dormant phenotype, 
BCCs can evade the immune system and persist 
within the marrow for decades. Upon eventual 
activation, dormant BCCs can metastasize to ter-
tiary sites and lead to cancer resurgence.

Additionally, dormant BCCs, like leukemia 
stem cells, exhibit properties of cancer stem cells 
(CSCs); they act as tumor-initiating cells which 
exhibit self-renewal capacities, resist conven-
tional treatments, and express typical stem cell 
markers [102]. In the hematopoietic compart-
ment, CSCs take advantage of the resources uti-
lized by the HSCs. This poses a challenge for the 
treatment of CSCs in BM because disrupting 
BMM-HSC crosstalk with the primary aim of 
disrupting BMM-BCC crosstalk can be detri-
mental for the HSCs and, undoubtedly, the 
patient. It should be noted that much of the data 
derived observing one type of cancer in the BM 
can be applied to other cancers in the BM due to 
similarities between CSCs of different origins 
and the HSC-supportive mechanisms they 
commandeer.

5	 �Exosome-Mediated 
Communication: 
Hematologic Malignancies

5.1	 �Endothelial Cells

ECs promote normal HSC maintenance in vitro 
and in vivo [103–107]. This is thought to occur 
both indirectly through soluble factors and 
directly through SLAM receptors [108–110]. 
More recently, EC-derived exosomes, specifi-
cally, have also been shown play an important 
role in hematologic cancer progression. In terms 
of angiogenesis, exosomes from K562 CML cells 
induce angiogenic activity in human umbilical 
endothelial cells (HUVECs) via transfer of miR-
92a and inhibition of oncogenic signaling via the 
mutated Src kinase BCR-ABL [111–113]. In 
vitro tube formation and tube length were twice 
that of control ECs. Importantly, another study 
found that CML exosomes released under 
hypoxic conditions promote more robust tube 
formation due to increased levels of miR-210 
which downregulates ERNA3, a known inhibitor 
of angiogenesis [114]. This is consistent with the 
current understanding that hypoxia is a driver of 
angiogenesis. Alternatively, MM cells secrete 
exosomes enriched with miR-135b [112]. This 
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miRNA targets the FIH-1 gene in ECs, increasing 
hypoxic tube formation via HIF-FIH pathway 
in vitro and enhancing neovascularization in vivo 
[112]. Furthermore, hypoxia upregulates expres-
sion of the miR-17-92 family, stimulating angio-
genesis in tumor-associated ECs via direct 
repression of secreted antiangiogenic molecules 
TSP-1 and CTGF [115].

The importance of exosomal interactions with 
ECs is not limited to angiogenesis. Recent studies 
consider EC-derived miR-126 to be a regulator of 
self-renewal in leukemia SCs in CML [116]. 
Additionally, exosomes from CLL cells have been 
shown to be incorporated by ECs and MSCs 
inducing inflammatory phenotype and transforma-
tion into cancer-associated fibroblast cells [117]. 
Increases were observed in the proliferation and 
inflammatory cytokine secretion as well as angio-
genic capacities of exposed BMM cells [117].

5.2	 �Mesenchymal Stem Cells 
(MSCs)

Normal perivascular HSCs are supported by a 
variety of mesenchymal cells, such as MSCs, 
CXCL12-abundant reticular (CAR) cells, and 
pericytes. These cells are located adjacent to 
sinusoids and are co-localized with HSCs. The 
niche cells exert significant effects within the 
BMM, including synthesis of factors to regulate 
HSC functions, such as the production of stem 
cell factor (SCF) and CXCL12 [118–121]. 
Nestin+ MSCs can be further categorized as peri-
arteriolar (NG2+) or perisinusoidal (LEPR+). 
Activation of HSC cycling was shown mediate 
the relocation of HSCs from NG2+ periarteriolar 
niches to LEPR+ perisinusoidal niches, indicating 
that periarteriolar niches are critical for HSC qui-
escence while sinusoidal niches support HSC 
proliferation [20].

In addition to their role in normal hematopoi-
esis, several studies implicate MSCs and their 
exosomes in hematologic malignancies. PKH26-
labeled AML-derived exosomes have been shown 
to be taken up readily by BM-derived MSCs 
[122]. These exosomes carry several RNA tran-
scripts relevant to leukemia pathogenesis, includ-

ing FLT3, NPM1, CXCR4, MMP9, or IGF-1R, 
as well as miR-150 which directly targets CXCR4 
[122]. MSCs and other stromal cells release 
CXCL12, the ligand CXCR4 expressed on HSCs 
and leukemic SCs homing to the BM [123]. Due 
to increased abundance of miR-150, migration 
toward CXCL12 decreased as a result of reduced 
CXCR4 surface expression in target cells, sug-
gesting that leukemia exosomes promote their 
own growth through modulation of MSCs [122]. 
This finding is highlighted in studies that com-
pare MSCs before and after exposure to malig-
nant cells. For instance, exosomes released from 
BM-MSCs, which were exposed to multiple 
myeloma (MM), contained higher levels of onco-
genic proteins, cytokines, and adhesion mole-
cules relative to exosomes from unexposed 
BM-MSC [124]. When taken up by MM cells, 
MM-exposed BM-MSC exosomes promote MM 
growth, while MM-naïve BM-MSC exosomes 
inhibited cell growth [124]. In addition, another 
study showed BM stromal cells promoting MM 
cell migration through exosomal transfer of che-
motactic proteins [125].

MSCs are well-known for their ability to mod-
ulate the immune response, a characteristic that is 
leveraged by malignant cells to promote their 
own survival. Chronic lymphoid leukemia 
(CLL)-derived exosomes transfer miRNAs and 
proteins into MSCs that induce an inflammatory 
phenotype and transform MSCs into cancer-
associated fibroblasts [117]. MSC-derived exo-
somes have also been shown to inhibit 
proliferation of activated lymphocytes [126]. 
Moreover, like MSC plasma membranes, MSC 
exosomes express galectin-1 [127, 128]. 
Galectin-1 has been shown to induce apoptosis of 
activated T cells and promote the generation of 
regulatory T cells (Tregs) [129, 130]. Similarly, 
PD-L1, a negative costimulatory molecule for 
PD-1, is expressed on MSC exosomes, promot-
ing proliferation and function of Tregs [131, 
132]. In addition, exosomes from MSCs express 
TGF-β which is a notable inducer of Tregs [133, 
134]. Altogether, these studies demonstrate that 
MSC exosomes promote immune tolerance and 
cancer progression through their cargo and sur-
face proteins.
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5.3	 �Macrophages

The role of macrophages in maintenance of nor-
mal and malignant hematopoietic cells continues 
to be investigated. Previous studies demonstrated 
that macrophages inhibit osteoblast function and 
elicit a robust HSPC mobilization [135]. In addi-
tion, macrophages treated with CML-derived 
exosomes exhibited reduced levels of nitric oxide 
and reactive oxygen species and increased levels 
of TNF-α and IL-10, suggesting that these exo-
somes may alter the local BMM to become 
leukemia-reinforcing [136].

5.4	 �Osteoblasts

Osteoblasts within the BM endosteal niche can 
also support hematopoiesis [137–139]. 
Interestingly, the number of HSCs is increased 
in areas where new trabecular bone is formed, 
and, as such, its surface is enriched with osteo-
blasts [140]. Although these studies were per-
formed in the context of normal hematopoiesis, 
the information can be extrapolated to under-
stand how osteoblasts contribute to BM niche-
mediated support of dysregulated 
hematopoiesis and hematological malignancy. 
Hematological malignancy can influence 
BMM, including cancer-derived exosomes as 
mediators. For instance, MM can survive in 
within bone lesions, consequent to imbalanced 
osteoblast-osteoclast ratio. This imbalance has 
been shown to be caused by MM cell-derived 
exosomes, resulting in increased IL-6 produc-
tion in MSCs. The IL-6 then suppressed osteo-
blastic differentiation, resulting in increased 
osteoclasts [141]. This observation has been 
corroborated by other studies that demon-
strated dysregulation of osteoblast differentia-
tion and function with enhanced osteoclast 
through exosomal transfer of Dickkopf WNT 
signaling pathway inhibitor-1 (DKK-1) [142]. 
Also, AML-derived exosomes downregulated 
normal osteogenesis-related genes and upregu-
late genes associated with AML survival and 
growth [23].

6	 �Exosome-Mediated 
Communication: Bone 
Marrow-Metastatic Breast 
Cancer

6.1	 �Endothelial Cells

The primary BC microenvironment is highly vas-
cularized and facilitates BC metastasis to second-
ary organs, such as BM. Nonmetastatic BCCs 
induce vascular permeability through secretion 
of miR-105 which targets the tight junction pro-
tein ZO-1, facilitating metastasis to secondary 
organs, such as BM [143]. Conversely, inhibition 
of miR-105 in highly metastatic BCCs mitigates 
vascular permeability and metastasis [143]. As 
such, miR-105 levels in the circulation and tumor 
during clinical premetastatic stages correlate to 
ZO-1 expression, serving as a potential diagnos-
tic biomarker for metastatic progression in early-
stage BC.  Furthermore, similar to the primary 
tumor, upon metastasis to BM, vascularity of BM 
increases [144]. Exosomes from BCCs activate 
VEGF signaling in endothelial cells promoting 
angiogenesis within the tumor niche. Inhibition 
of exosome release by direct targeting of HSP90 
potentiated the function of bevacizumab, a VEGF 
inhibitor [145]. However, it has been shown that 
MSC exosomes can suppress proliferation and 
migration of ECs through the downregulation of 
VEGF expression in BCCs [146].

6.2	 �Mesenchymal Stem Cells

The role of MSC-derived exosomes in metasta-
sis, invasion, and premetastatic niche formation 
has been studied. The low invasive/metastatic 
MCF7 BCCs exhibit enhanced migratory capac-
ity following treatment with MSC exosomes. 
Furthermore, exosome treatment led to signifi-
cant increases in β-catenin mRNA and protein 
levels and expression of WNT target genes, sug-
gesting that MSC exosomes promote BCC migra-
tion [147]. Furthermore, CAR cells, a subtype of 
MSCs, are located on the abluminal region of the 
vasculature and are characterized primarily by 
high expression of CXCL12. As discussed previ-
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ously, the CXCL12-CXCR4 signaling axis is 
critical for homing of normal and malignant SCs 
to the bone marrow [123]. Additionally, CXCL12-
CXCR4 signaling is critical for recruitment of 
BCCs into the BM [148, 149].

Similar to hematologic malignancies, MSCs 
are implicated in regulating immune phenotype, 
differentiation, cycling quiescence, and chemore-
sistance of BCCs. Increased miR-23b and 
decreased myristoylated alanine-rich protein 
C-kinase substrate (MARCKS) in BM-MSC exo-
somes have been shown to induce cycling quies-
cence and chemoresistance of BCCs [98, 150]. 
Furthermore, MSC exosomes have also been 
implicated in the differentiation of myeloid-
derived suppressor cells into M2 macrophages, 
supporting tumor growth [151]. TGF-β can act as 
mediator in MSC-induced tolerance of BCCs in 
the BMM through suppression of CD8+ T cells 
and NK function with concomitant increase of 
Tregs [152].

6.3	 �Macrophages

Depending on the microenvironmental cues, 
macrophages can promote or suppress BC devel-
opment in the BM niche. A recent study indicated 
that BCC-derived exosomes educate macro-
phages to release pro-inflammatory cytokines 
that potentially recruit other immune cells, and 
ultimately, enhance metastasis [153]. 
Interestingly, BCC-derived exosomes activated 
toll-like receptor (TLR)-2 to induce NF-kB sig-
naling in macrophages, which resulted in the 
secretion of pro-inflammatory cytokines to 
increase tumor metastasis [153]. In addition, 
BCC-derived exosomes facilitate macrophage 
polarization into an M2 phenotype to promote 
metastasis from the primary site to lymph nodes 
[154].

Since the crosstalk between macrophages and 
BCCs is bidirectional, exosomes released from 
macrophages can reprogram cancer cells to facil-
itate survival or decrease tumor burden. For 
instance, apoptotic BCCs enhance the release of 
exosomes from macrophages that further the 
progress of the tumor by inducing IL-6 signaling 

and increasing Cyclin-D1 levels [155]. 
M1-derived exosomes have antitumor properties 
by stimulating caspase-3 signaling in BCCs and 
can serve as a carrier of therapeutic agents, such 
as paclitaxel, to reduce tumor growth [156]. Our 
previous studies demonstrated that M2 macro-
phages can form gap junctional intercellular 
communication (GJIC) with breast CSCs in the 
BM and this was important for maintaining dor-
mancy [47]. An opposite effect was observed 
with M1 macrophages, which promoted BCC 
metastasis to distant organs via exosomes [47].

6.4	 �Osteoblasts

BCCs migrate from the perivascular niche of the 
BM toward the endosteum. Osteoblasts are bone-
depositing cells critical for the maintenance of 
bone structure. An imbalance between bone 
removal and deposition can be advantageous for 
cancer cells to establish within the niche. Such 
impairment has been reported in rodents and 
humans with metastatic BCC in which lesions 
are often presented as a hallmark of bone metas-
tasis. In the endosteal niche, osteoblasts become 
educated by BCCs which results in achievement 
of cellular dormancy and stemness in the latter 
[157]. Another study indicated that osteoblasts 
can support cellular dormancy in BCCs in a 
Notch2-dependent manner. Disruption of Notch 
signaling resulted in BCC migration, prolifera-
tion, and decreased stemness [158]. In addition, 
BCCs release miRNAs such as miR-218 within 
extracellular vesicles to target collagen type-I 
alpha-1 chain (Col1α1) to decrease collagen 
secretion and suppress bone remodeling [159]. 
BCC-derived exosomes carrying miR-940 con-
tribute to differentiation of MSCs into osteoblasts 
by targeting ARHGAP1 and FAM134A to induce 
bone lesions in vivo and facilitate metastasis to 
the niche [160]. Furthermore, osteoblasts treated 
with BCC-derived exosomes induced expression 
of pro-osteoclast factors and cytokine release 
involved in the regulation of osteoclastogenesis 
[161]. Overall, osteoblasts in the endosteal niche 
are critical for the establishment and stabilization 
of BCC dormancy in BM.
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7	 �Therapeutic Strategies

7.1	 �Current Therapies

Cancer treatment mainly consists of chemother-
apy and/or radiotherapy which targets rapidly 
dividing cancer cells as well as rapidly dividing 
healthy cells. As a result of this lack of specific-
ity, many patients experience untoward effects 
like hair loss, gastrointestinal symptoms, and 
myelosuppression. In addition, these treatments 
inadvertently induce selection of treatment-
resistant clones that are implicated in cancer 
resurgence and an associated increase in mortal-
ity rates. At present, chemotherapy continues to 
be the first-line treatment for liquid and solid can-
cers despite poor patient prognoses.

Treatment for hematologic malignancies can 
combine chemotherapy with HSC transplanta-
tion (HSCT), radiotherapy, or newly developed 
molecular-based targeted therapies. HSCT is 
considered to be an adjuvant therapy option for 
patients resistant to chemotherapy and some-
times as post-remission therapy [162, 163]. 
HSCT involves transferring HSCs from the 
patient (autologous) or a donor (allogenic) into 
the patient following ablation of the patient’s 
dysfunctional hematopoietic system. Although 
this procedure has undergone massive improve-
ments over recent decades, major disadvantages 
of these therapies continue to include graft-
versus-host disease (GvHD), drug toxicities, and 
risk of relapse due to presence of residual cancer 
cells [164, 165]. Altogether, HSCT has higher 
therapeutic benefit compared to standard chemo-
therapy and radiotherapy strategies, but its use is 
limited due to potential complications.

To minimize limitations of conventional ther-
apies, many US Food and Drug Administration 
(FDA) clinical trials have been initiated for novel 
targeted therapies (most commonly monoclonal 
antibodies or molecular agents) that specifically 
interfere with molecular mechanisms that con-
tribute to the growth and survival of cancer cells 
[166–168]. These targeted approaches aim to 
spare healthy cells, reducing adverse side effects 
experienced by patients. Remarkably, recent 
advances in high-throughput sequencing tech-

nologies have provided important insight into 
cancer initiation, progression, and heterogeneity. 
For instance, multi-omics investigations of 
genetic variants in liquid tumors have revealed 
over 120 genes that act as “drivers” for cancer 
cell survival [22]. Such genetic alterations can be 
utilized in precision medicine to improve the 
diagnosis of hematologic malignancies and iden-
tify targeted therapies to address the disease [169, 
170].

Recently, several targeted therapies have been 
approved by the FDA to treat acute myeloid leu-
kemia (AML) such as midostaurin (tyrosine 
kinase inhibitor) [171], gilteritinib (FLT3 inhibi-
tor) [172], enasidenib and ivosidenib (isocitrate 
dehydrogenase inhibitors) [173, 174], glasdegib 
(hedgehog pathway inhibitor) [175], venetoclax 
(BCL2 inhibitor) [176], and gemtuzumab ozo-
gamicin (monoclonal anti-CD33 conjugated anti-
body) [177]. Disadvantages of these approved 
strategies include inability to effectively address 
genetic heterogeneity and resistance developed 
by malignant cells either through alteration of the 
structure of the targeted molecule or the mecha-
nistic pathway involved in cancer progression 
[178, 179].

7.2	 �Exosome-Based Therapies

Furthermore, as discussed in previous sections, 
increasing evidence suggests that the BMM is 
involved in the development of cancer through 
intercellular mediators, such as exosomes [180, 
181]. Thus, it is theorized that current treatments 
lack clinical efficacy due to the role of the BMM 
[9, 10, 91, 182]. Hence, therapeutic strategies tar-
geting exosome production, secretion, and uptake 
may be a viable avenue for improving therapeutic 
efficacy in patients with hematologic or 
BM-metastatic cancers. To address this need, 
numerous ongoing preclinical and clinical trials 
aim to identify targetable exosome-associated 
pathways involved in cancer progression and 
drug resistance. Inhibition of exosome formation 
by dimethyl amiloride resulted in reduced func-
tion of myeloid-derived suppressor cells that are 
implicated in cancer support by dampening the 

C. A. Moore et al.



77

immune response [183]. Inhibiting B-cell lym-
phoma exosome production via indomethacin 
has also been shown to improve sensitivity of 
B-cell lymphoma to doxorubicin and pixantrone 
[184]. Similarly, MM cells show increased sensi-
tivity to bortezomib when combined with admin-
istration of nSMase inhibitor GW4869 [142]. 
AML-derived exosomes have also been found to 
transfer chemoresistance from drug-resistant 
cells to sensitive cells, making targeting of exo-
some production and release a viable therapeutic 
route [185]. Along a similar vein, researchers 
have also attempted to develop technologies to 
remove pathogenic exosomes. Based on previ-
ously reported affinity hemodialysis technologies 
for other conditions [186–188], one group 
attempted to clear tumorigenesis-specific exo-
somes from bodily fluids which could act as a 
potential route for adjuvant therapy [189].

Targeting of specific exosome cargo has also 
been investigated for therapeutic uses. For exam-
ple, intricate high-throughput microscopy studies 
revealed that PC12 cell-derived exosomes taken 
up by BM-MSCs elicit miR-21-dependent down-
regulation of TGF-β receptor II and tropomyosin-
1 expression, two proteins implicated in cancer 
progression [190]. This study also identified that 
the PC12 cell-derived exosomes were endocy-
tosed via clathrin-mediated endocytosis and 
micropinocytosis, allowing for several potential 
points of therapeutic intervention [190]. In addi-
tion, comparison of exosomes of imatinib-
resistant and imatinib-sensitive CML cells proved 
that exosomes derived from imatinib-resistant 
CML cells contained a significantly higher abun-
dance of miR-365, indicating that miR-365 may 
be a viable therapeutic target to increase imatinib 
sensitivity [191].

Furthermore, exosomes are attractive as drug 
delivery vehicles due to their nanoscale dimen-
sions and ability to deliver their cargo to target 
cells [192]. An ideal drug delivery system enables 
controlled, site-specific delivery of therapeutic 
agent, avoids recognition, and prevents prema-
ture degradation by the immune system. 
Exosomes are less likely to be considered immu-
nogenic or cytotoxic than synthetic delivery sys-
tems due to their endogenous origin. In addition, 

exosomes may protect encapsulated agents from 
rapid clearance in the blood, reducing systemic 
cytotoxicity. This is bolstered by the fact that 
exosomes show little long-term accumulation in 
any specific organ or tissue [193]. Therapeutic 
agents have successfully been loaded into exo-
somes. For example, paclitaxel was loaded into 
MSCs which subsequently released the drug via 
exosomes [194]. Treatment with paclitaxel-
loaded exosomes led to decreased proliferation 
of pancreatic cancer cells compared to control 
exosomes, indicating successful packaging and 
delivery of active drug via exosomes [194]. 
Additionally, another group loaded exosomes 
with catalase, a potent antioxidant, for the treat-
ment of Parkinson’s disease [195]. Of the five 
drug loading processes trialed, sonication, extru-
sion, and permeabilization with saponin resulted 
in high catalase loading efficiency, sustained 
release, preservation of catalase against protease 
degradation, and satisfactory uptake of exosomes 
by neuronal cells [195].

The exosome-based therapeutic strategies 
described throughout this section are summa-
rized in Fig. 2.

7.3	 �Limitations of Exosome-Based 
Therapies

Exosome-based drug delivery and therapeutic 
strategies appear promising, but there are several 
issues that must be addressed before safe and 
effective implementation in the clinical setting. 
First, ensuring the purity and abundance of exo-
somes is critical for development of exosome-
based therapies. Therefore, exosome isolation 
and purification processes must be optimized and 
subsequently standardized in order to eliminate 
contaminants and improve reproducibility. 
Similarly, donor cells that provide a stable source 
of exosomes must be identified and their exo-
somes fully characterized. Culture conditions for 
these cells must be optimized and standardized to 
mitigate any effects on exosome production and 
encapsulated cargo. Moreover, more efficient 
processes to load drugs into exosomes must be 
developed to maximize efficiency of production 
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and delivery of therapeutic agents. These pro-
cesses must also be standardized to decrease 
inadvertent disruption of exosome integrity.

7.4	 �3D BMM: In Vitro Approaches 
to Improve Clinical Efficacy

Studies report FDA approval rates for drugs con-
tinually hovering around 10% [196, 197]. Of all 
drugs, cancer drugs have the lowest overall suc-
cess rate, with only 5.1% of drugs that enter 
Phase 1 trials ultimately achieving FDA Approval 
[197]. Fifty-four percent of investigational drugs 
fail in late-stage clinical development (during or 
after Phase 3) [198]. Of these failed drugs, 57% 
failed due to “inadequate efficacy,” indicating 
that research and development approaches must 
evolve in order to improve clinical efficacy [198]. 
One approach to reduce the drug clinical trial 
failure rate is incorporation of three-dimensional 
(3D) in vitro cell culture systems into preclinical 

biomedical research. It is well-understood that 
subjecting cells to a 3D landscape that mimics 
the nature of the desired native tissue elicits cel-
lular responses that are more similar to that of 
cells in vivo than two-dimensional (2D) culture 
[199, 200]. As such, 3D culture provides a more 
physiologically relevant step in which potential 
drugs can be vetted preclinically, bridging tests in 
2D systems and animal models, consequently 
lessening failures in the clinic. Thus, 3D models 
are vital for efficient drug development and 
improving understanding of the tissue in both 
health and disease.

Historically, BM has proven to be a compli-
cated organ to study in  vitro due to its pliant 
structure and complex cellular landscape. 
Although challenging, several groups have 
attempted to recapitulate the HSC niche in 3D 
in vitro models. Recent work has demonstrated 
increased maintenance of immature human and 
mouse hematopoietic cells when cultured in 3D 
scaffolds composed of polyurethane foam with 

Fig. 2  Strategies for leveraging exosomal communica-
tion for cancer therapeutics. Exosomes are transferred 
bidirectionally between bone marrow (BM)-associated 
cancer cells and BM cells (left). Through this communica-
tion, the BM is made more conducive for cancer survival 
through supporting proliferation or dormancy of cancer 
cells. Exosomes can be used for therapeutics in several 

ways, for example (right), (1) blocking the release or pro-
duction of exosomes, (2) inhibition of pro-cancer cargo or 
enhancement of anti-cancer cargo, and (3) interfering 
with uptake or downstream pro-cancer signaling, increas-
ing anticancer downstream signals, or introducing releas-
ing drugs carried via exosomes
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stromal support cells [201], cancellous bone with 
MSC-derived osteoblasts as support cells [202], 
poly(D,L-lactide-co-glycolide) or polyurethane 
with collagen type-1 [203], and porous polyvinyl 
formal resin with stromal support cells [204]. 
Furthermore, maintenance and expansion of 
primitive human HSCs co-cultured with MSCs 
was demonstrated in 3D collagen-I and fibrin gel 
matrices [205, 206]. It was suggested in these 
studies that 3D scaffolds act as a stimulus and 
encourage the MSCs to mimic the BM microen-
vironment, indirectly providing critical cues to 
the HSCs. In terms of applicability for cancer 
pathophysiology and exosomes, silk scaffolds 
have been used to investigate the influence of 
exosomes from normal BM-MSCs and 
MM-exposed BM-MSCs on MM cells [124]. 
This study enabled the identification of several 
molecules that are distinct to MM-exposed 
BM-MSCs that may serve as candidate therapeu-
tic targets. The 3D tissue-engineered BM model 
developed by de la Puente and colleagues allowed 
for physiologically relevant interactions between 
BMM cells and MM cells, including soluble gra-
dients and induced drug resistance, as well as 
MM cell proliferation [207]. The group plans to 
utilize this model for the development of person-
alized therapies for MM patients, and this model 
is also ripe for use for the study of exosomes in 
the normal and malignant BMM, enabling identi-
fication of specific exosomal targets.

8	 �Conclusion

The BMM plays an undeniable role in mainte-
nance of normal hematopoiesis. However, this 
mechanism through which HSCs depend on the 
BM is exploited by malignant cells. Through the 
exchange of exosomes among other factors, cells 
from hematologic malignancies and 
BM-metastatic BC derive support from distinct 
cell types in the BMM and, ultimately, promote 
their own survival. Current and future studies 
will gain a better understanding of exosomal het-
erotypic interactions in the tumor microenviron-
ment. This will allow scientists to develop more 
effective therapies that take into account the role 

of the BMM. Exosome-based therapies are prom-
ising approaches to target intercellular communi-
cation that can serve also as an adjuvant to current 
approved therapies. The method by which to 
deliver develop exosomal treatment remain a 
challenge. By integrating 3D in in vitro modeling 
into the target identification and exosome therapy 
development paradigm, we can ensure higher 
rates of effective translation into preclinical and 
clinical settings.
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Structural Biology of the Tumor 
Microenvironment

Joseph W. Freeman

1	 �Structural Biology 
of the TME

Cancers can be described as “rogue organs” [1] 
because they are composed of multiple cell types 
and tissues. The transformed cells can recruit and 
alter healthy cells from surrounding tissues for 
their own benefit. It is these interactions that cre-
ate the tumor microenvironment (TME). The 
TME describes the cells, factors, and extracellu-
lar matrix proteins that make up the tumor and 
the area around it; the biology of the TME influ-
ences tumor progression. Changes in the TME 
can lead to the growth and development of the 
tumor, the death of the tumor, or tumor metasta-
sis. Metastasis is the process by which cancer 
spreads from its initial site to a different part of 
the body. Metastasis occurs when cancer cells 
enter the circulatory system or lymphatic system 
after they break away from a tumor. Once the 
cells leave, they can travel to a different part of 
the body and form new tumors. Therefore, under-
standing the TME is critical to fully understand 
cancer and find a way to successfully combat it. 
Knowledge of the TME can better inform 
researchers of the ability of potential therapies to 
reach tumor cells. It can also give researchers 

potential targets to kill the tumor. Instead of 
directly killing the cancer cells, therapies can tar-
get an aspect of the TME which could then halt 
tumor development or lead to tumor death. In 
other cases, targeting another aspect of the TME 
could make it easier for another therapy to kill the 
cancer cells, for example, using nanoparticles 
with collagenases to target the collagen in the 
surrounding environment to expose the cancer 
cells to drugs [2].

The TME can be split simply into cells and the 
structural matrix. Within these groups are fibro-
blasts, structural proteins, immune cells, lympho-
cytes, bone marrow-derived inflammatory cells, 
blood vessels, and signaling molecules [3–5]. 
From structure to providing nutrients for growth, 
each of these components plays a critical role in 
tumor maintenance. Together these components 
impact cancer growth, development, and resis-
tance to therapies [6]. In this chapter, we will 
describe the TME and express the importance of 
the cellular and structural elements of the TME.

2	 �Cellular Elements

2.1	 �Fibroblasts

Fibroblasts are an important part of the TME [7–
9]. Fibroblasts include endothelial cells which 
are responsible for tumor structure and protection 
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from immune cells [5]. Cancer-associated fibro-
blasts (CAFs), also called myofibroblasts, make 
up the majority of the cells in the stroma [1, 10]. 
After injury fibroblasts in the tissue respond to 
paracrine signals by becoming CAFs [1, 11]. The 
creation of myofibroblasts can create fibrosis in 
organs, which increases cancer risk [12, 13]. The 
CAFs maintain and modify the ECM within the 
tumor [14]. CAFs come from several different 
cells including smooth muscle cells, endothelial 
cells, mesenchymal stem cells, and myoepithelial 
cells [1, 15–18]. Early tumor development is 
characterized by changes in the composition and 
mechanical properties of the ECM [19–21]. 
CARs can increase the tumor mass by producing 
more collagen [22]. As more collagen is pro-
duced, it is cross-linked with other ECM mole-
cules like elastin using lysyl oxidase (LOX) [19, 
21–23].

The presence of CAFs is also important for 
angiogenesis. When fibroblast growth factor-2 
(FGF-2) secretion from CAFs is inhibited, there 
is a reduction in angiogenesis [19, 24]. Along 
with controlling angiogenesis locally, fibroblasts 
express stromal cell-derived factor-1 (SDF-1/
CXCL12) which is a signal for circulating imma-
ture endothelial cells. This leads to cancer vascu-
larization and metastasis [25].

CAFs secrete mitogenic growth factors for 
malignant cells; these include hepatocyte growth 
factor (HGF), fibroblast growth factor (FGF), and 
insulin-like growth factor 1 (IGF1) [15–18]. 
CAFs also support tumor growth through attract-
ing immune cells and enhancing neovasculariza-
tion [25]. The arrangement of CAFs differs 
depending on the cancer. CAFs can be arranged 
into fibrovascular cores that extend throughout 
the body of the tumor [21]. In other cancers, the 
CAFs are around the malignant cells housed 
within dense supportive tissue that fills the space 
in the tumor increasing its density [21].

2.2	 �Adipocytes

In intra-abdominal tumors that metastasize into 
the omentum, adipocytes recruit malignant cells 

and promote their growth. The malignant cells 
use fatty acids for energy [1, 26].

2.3	 �Vascular Endothelial Cells

Vascular endothelial cells are important for the 
TME because they provide the vasculature which 
allows the tumor to receive necessary nutrients 
and waste transport to increase in size. This arises 
from an exchange of factors between malignant 
cells and the vascular endothelial cells. These 
factors include platelet-derived growth factors 
(PDGFs), vascular endothelial growth factors 
(VEGFs), and fibroblast growth factors (FGFs) 
[1, 27]. This communication is typically stimu-
lated by hypoxic conditions in the TME; hypoxia 
causes malignant cells and inflammatory cells to 
secrete these factors which then stimulate new 
vessels to sprout from existing ones toward the 
TME [1, 27].

2.4	 �Pericytes

Pericytes, or perivascular stromal cells, provide 
structure to the blood vessels [1, 28]. In clinical 
studies, it has been shown that a low amount of 
pericyte coverage in the blood vessels is linked to 
a higher degree of metastasis and poor prognosis 
[29, 30]. In mouse models, low pericyte levels 
were linked to suppressed tumor growth and 
increased hypoxia, epithelial-mesenchymal tran-
sition (EMT), and mesenchymal-epithelial tran-
sition (MET) [1, 31].

2.5	 �Lymphatic Endothelial Cells

Just as blood vessels can grow into and within the 
TME lymphatic vessels can also be drawn into 
and developed within the TME, this occurs 
through the production of VEGFC or VEGFD [1, 
32]. Malignant cells can invade existing lym-
phatic vessels. Malignant cells and macrophages 
can also sponsor lymphatic sprouting through the 
secretion of VEGFC and VEGFD.  Along with 
lymphatic sprouting, this can also lead to the 

J. W. Freeman



93

enlargement of lymphatic vessels and lymph 
nodes. Lymphatic tissues within the TME (cells 
and vessels) are involved in the movement of 
malignant cells and changing the host immune 
response to the tumor [33].

2.6	 �Immune Cells

Immune cells also play an important role in the 
TME. Granulocytes, lymphocytes, and macro-
phages are found in the TME [5]. Most adult 
solid tumors contain leukocytes (including both 
myeloid- and lymphoid-lineage cells) [6, 34]. 
These immune cells are involved in different 
immune responses such as inflammatory reac-
tions orchestrated by the tumor that lead to pro-
mote survival. The most prominent immune cell 
type in the TME is the macrophage [35, 36]. 
These tumor-associated macrophages (TAMs) 
are plentiful in most cancers and are typically 
tumorigenic [1, 37]. They aid in the migration, 
invasion, and metastases of malignant cells [38]. 
The presence of a large population of TAMs has 
been linked to poor cancer prognoses [39].

Macrophages can suppress antitumor immune 
responses and promote metastasis by aiding in 
the release of tumor cells into the vasculature 
[35]. Metastasis is the primary cause of mortality 
and morbidity due to cancer [40]; it is estimated 
that approximately 90% of cancer deaths are due 
to metastasis [40, 41]. Studies have shown that 
macrophages help circulating cancer cells leave 
blood vessels from areas far from the initial 
tumor site [3, 4, 42]. Immune cells in this space 
can express proteolytic enzymes to remodel and 
change the properties of the surrounding 
ECM. The effects of the enzymes can also alter 
the function of the ECM as well, leading to 
changes in cellular proliferation, altering cellular 
differentiation, and releasing bioactive agents 
[43].These enzymes include metallo, serine, and 
cysteine proteases [6, 43]. These immune cells 
can also create growth mediators that stimulate 
the proliferation of cancer cells and nearby stro-
mal cells [6, 44]. These mediators include growth 
factors (such as fibroblast growth factors (FGFs), 
epidermal growth factor (EGF), transforming 

growth factor-β (TGF-β), and tumor necrosis 
factor-α (TNF-α)), interleukins (ILs), chemo-
kines, histamine, and heparins [6, 44]. As this 
chapter focuses on the structural biology of the 
TME, it will only focus on macrophages that 
exhibit behavior that affects aspects of the TME 
structure (ECM, vasculature, lymphatic system).

There are several different types of T cells that 
are found within the TME. CD8+ memory T cells 
(CD8  +  CD45RO+) are typically found in 
patients with a good prognosis [1, 45]. These 
cells are supported by helper T cells, CD4 + T 
helper 1 (TH1) cells. Other cells include TH2, 
TH17, and immunosuppressive T regulatory cells 
(Tregs), which aid in tumor growth [1, 45]. Tregs 
inhibit the recognition and removal of tumor cells 
by the immune system [1, 46]. In some cases, 
Tregs can also suppress tumor development [1, 
47–49].

Similar to fibroblasts, macrophages are also 
involved in TME angiogenesis [1, 50, 51]. 
Oligonucleotide arrays of TAMs indicate that 
they are highly encoded for angiogenic mole-
cules [52]. The behavior of the macrophages is 
modulated by the nature of the TME. As the den-
sity of the TME increases, the level of hypoxia 
within the TME increases. As with fibroblasts, 
the angiogenic behavior of the TAMs is stimu-
lated by hypoxia. TAMs amass in TMEs that are 
necrotic or hypoxic. TAMs are attracted to these 
areas by the release of VEGF, endothelial-
monocyte-activating polypeptide 2 (EMAP2), 
and endothelins [53]. In fact, researchers have 
identified a hypoxia-induced pro-angiogenic 
macrophage phenotype in humans [1, 54, 55].

Along with macrophages, neutrophils may 
also involve with development of the 
TME.  Several studies have shown that tumor-
associated neutrophils (TANs) promote tumor 
growth and development and tumor angiogenesis 
[56–58]. Additional studies have shown that 
TANs can suppress the immune system and 
degrade the existing ECM [59, 60]. On the other 
hand, other studies have shown that neutrophils 
possess antitumor abilities after cytokine/immu-
nological activation or through the inhibition of 
TGF-β [61–64].
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3	 �Structural Elements

3.1	 �Vasculature

Vasculature within the TME is unlike “normal” 
vasculature, the vessels are abnormal in several 
aspects [1, 65]. Blood vessels in the TME are not 
homogenous; they are highly branched and tortu-
ous with uneven vessel lumen. These vessels are 
also leaky; this leakiness increases interstitial 
fluid pressure leading to unevenness of blood 
flow, oxygenation, and nutrient distribution in the 
TME.  These less than ideal conditions lead to 
more hypoxia in the TME which can lead to 
metastasis [27].

Vascular cells (vascular endothelial cells and 
pericytes) are responsible for bringing the vascu-
lature to the cancer cells, providing nutrients and 
getting rid of waste [66]. Tumor vasculature 
arises from preexisting blood vessels that branch 
toward the tumor or from endothelial progenitor 
cells [5, 36].

As stated earlier, the tumor vascular network 
is disorganized and leaky. This would be a disad-
vantage in normal tissues. Disorganization 
increases the surface area but does not efficiently 
oxygenate tissues or remove waste. Leaky ves-
sels steal nutrients away from needy cells and 
prevent waste from efficiently flowing out of the 
tissues. In tumors however these characteristics 
are major advantages. This leakiness increases 
the permeability of the vessels which drives fur-
ther tumor-induced angiogenesis, disturbs blood 
flow, allows for the infiltration of inflammatory 
cell, and creates opportunities for tumor cell 
extravasation and metastasis [67]. Disorganization 
allows for longer vessels inside of the tumors to 
create more opportunities for angiogenesis and 
metastasis.

Tumor vasculature is composed of a series of 
vessels, composed of endothelial cells sur-
rounded by pericytes. In normal, healthy vessels, 
the endothelial cells form the inner lining of the 
vessel, the portion that contacts the blood; the 
pericytes surround the surface of the vessel [68]. 
The absence of pericytes leads to vessels that are 
leaky or extremely dilated [68]. There are several 

important differences between normal blood ves-
sels and tumor blood vessels.

As in every tissue/organ, increasing access to 
blood leads to increased access to nutrients and 
increased proliferation. This should be seen in 
tumors. In mouse models, increasing angiogene-
sis increases cancer cell proliferation, while 
inhibiting angiogenesis reduces the amount of 
hyperproliferation [6, 69–72]. In microvascular 
endothelial cell (HMEC-1) and breast cancer cell 
(MDA-MB-231) co-cultures, there is a signifi-
cant cross talk between the two populations, cre-
ating chemical cues that make angiogenesis more 
favorable [73]. MDA-MB-231 significantly 
increased expression of ANG2 mRNA (20-fold 
relative to monoculture). In addition, 
MDA-MB-231 and HMEC-1 co-cultures pro-
duced increased levels of ANG2 and VEGF pro-
tein coupled with decreased expression of ANG1 
compared to the cells in monoculture. This shifts 
the ANG1/ANG2 ratio toward ANG2, which cor-
relates with vessel destabilization and sprouting 
in vivo. These behaviors are indicators of neovas-
cularization. In another experiment, a functional 
angiogenesis assay showed well-defined micro-
vascular endothelial cell (TIME) tube formation 
when cultured in media collected from 
MDA-MB-231/HMEC-1 co-cultures [73]. This 
behavior was seen in bilayered collagen I tumor 
model where TIME cells co-cultured with the 
MDA-MB-231 cells showed an increase in cell 
number, elongated morphology, and invasive 
sprouted into the underlying acellular collagen I 
layer [74]. In both studies, co-culture with less 
aggressive cancer cells did not create a robust 
angiogenic response [73, 74]. This connection to 
angiogenesis links fibroblast cancer cell migra-
tion from the primary tumor locations leading to 
metastasis [5].

3.2	 �Extracellular Matrix

The ECM is defined as a system of macromole-
cules such as collagens, enzymes, and glycopro-
teins that provide biomechanical strength and 
structure in the body [36, 42, 75, 76]. Along with 
providing physical structure, the ECM also has a 
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dynamic role in the growth, development, and 
spread of cancers [1, 75]. The ECM also influ-
ences cellular behaviors such as proliferation, 
adhesion, migration, invasion, and communica-
tion between cells [8, 75, 77, 78]. This is done 
through the modulation of cellular adhesion and 
presence of a variety of growth factors including 
angiogenic factors and chemokines that interact 
with cell surface receptors and cause cells to 
secrete new structural proteins and cross-link 
them to alter tensile and compressive strength 
and elasticity [75, 79].

Cell-ECM adhesion is accomplished largely 
through interactions of integrin receptors with 
various motifs present in the matrix such as RGD 
in collagen [80]. Integrins are heterodimeric 
transmembrane proteins composed of one alpha 
and one beta subunit; with 18 different alpha 
units and 8 different beta units, there are a total of 
24 identified integrins in the human body [81]. 
This heterogeneity of integrin receptors is further 
modified by alternative splicing and intercellular 
signaling which can regulate integrin binding 
affinity [80, 81]. In addition to integrin binding to 
collagen through RGD, many integrins have 
shown binding to other motifs allowing binding 
of other extracellular matrix proteins: laminin, 
fibronectin, vitronectin, ICAM-1, ICAM-2, C3b, 
fibrinogen, VCAM-1, factor X, thrombospondin, 
and osteopontin [80] (maybe do a table showing 
which integrins bind which ECM molecules).

Integrins set up the formation of focal adhe-
sions which structurally secure the cell to the 
matrix and sense forces in the matrix, the type of 
the matrix, and topology of the matrix. Integrins 
often act in concert with growth factor receptors, 
which are activated by sequestered growth fac-
tors either released or presented to the receptors 
due to interactions with molecules present on the 
surface of the cell membrane [76]. This informa-
tion is transmitted to the cell through recruitment 
of intracellular kinases linked to integrin and 
growth factor receptors or directly through 
mechanically transmitting forces to the nucleus 
through mechanosomes altering transcription 
[76, 82]. These signals drive many cellular pro-
grams involved in cell proliferation, differentia-
tion, and migration depending on many factors: 

integrin type, matrix type, matrix forces, pres-
ence of matrix-bound growth factors, and cell 
type.

Due to their involvement in signaling respon-
sible for proliferation, adhesion, and migration, 
overexpression of many integrin types has been 
found to be correlated with worse prognosis in 
cancer, such as αvβ3, αvβ5, αvβ6, α4β1, α5β1, 
and α6β4 [83–94]. Additionally, some of these 
receptors should be absent in fully developed 
adult epithelial tissues, specifically αvβ3, αvβ6, 
and α5β1 integrins. This has led to the targeting 
of these receptors and downstream effectors with 
antibodies or other small molecules to inhibit 
their action. On the other hand, some integrin 
types have been found to inhibit cancer metasta-
sis such as α2β1, whose expression is often lost 
in breast cancer. It is found that re-expression of 
α2β1 has reversed the malignant phenotype of 
breast cancer and prevents metastasis to other tis-
sues [95]. A more complete review of integrins 
and their involvement in cancer was conducted 
previously by Desgrosellier et al. [81].

3.3	 �ECM Structural Proteins

Collagens are a family of structural proteins and 
represent the main component of extracellular 
matrix present within many epithelial tissues. 
There are several types of collagen with varying 
abundance depending on the tissue. Collagens 
form triple helical strands of varying lengths that 
self-assemble into fibrils, fibers, and/or bundles 
of varying geometry and microstructure depend-
ing on the type [96]. Type I collagens, for 
instance, make up the skin, bone, tendons, and 
ligaments serving functional roles in each of the 
tissues. In bone collagen provides a scaffold for 
calcium deposition creating a composite material 
that resists both compression and tension. Within 
tendons and ligaments, it forms fiber bundles 
which tether muscle to bone or bone to bone, 
respectively. Another type of collagen, type III, 
forms the reticulum a mesh of fine collagen fibers 
that acts to organize the tissue above the base-
ment membrane, while yet another type collagen 
IV forms the actual basement membrane.
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Usually, the ECM of tumors is stiffer than sur-
rounding tissues; this is created my modifications 
from CAFs. Within the TME, CAFs rearrange 
collagen and elastin while cross-linking them 
together using lysyl oxidase and transglutamin-
ase [23, 97]. This process increases the stiffness 
of the tumor. In order to remodel the ECM malig-
nant cells, TAMs and CAFs secrete matrix metal-
loproteinases (MMPs) that degrade ECM 
proteins. Their degradation releases chemokines, 
growth factors, and angiogenic factors that lead 
to further growth of the tumor. These changes 
also enable migration of cancer cells, while adhe-
sion gradients within the ECM and ECM concen-
tration alter cancer cell migration within the 
tumor [98, 99]. There is also an upregulation of 
cathepsins which process and activate hepari-
nases that aid in metastasis, angiogenesis, and 
inflammation [100, 101].

Laminins are structural proteins often found 
in the basement membrane of tissues and have 
been shown to act as ligands for several integrin 
receptors. Laminins are heterotrimeric ecm pro-
teins consisting of combinations of α-, β-, and 
γ-chains that come in various combinations. 
LamB1 laminin contains an internal ribosomal 
entry site (IRES) implicated in cancer develop-
ment. Specifically, LamB1 has been found to 
translate at increased levels through IRES sites 
on its transcript following binding of La protein 
during EMT of cancer cells [102]. Laminin5 is a 
marker of invading human cancer cells and is 
coexpressed with urokinase plasminogen activa-
tor on budding colon adenocarcinoma. 67  kDa 
laminin receptor is a marker for cancer.

Fibronectin is yet another protein component 
of the ECM. It contains binding domains for inte-
grin, collagen, fibrin, and heparan sulfate proteo-
glycans often serving as a link between cellular 
integrin receptors and the ECM.  In addition to 
being present in the ECM, fibronectin exists 
within the plasma portion of blood as a soluble 
inactive form; here it helps with clotting upon 
vascular injury. Fibronectin is a dimer that con-
sists of two identical subunits connected through 
a pair of disulfide bonds.

Proteoglycans are proteins modified with 
polysaccharide chains which serve structural and 

signaling purposes. ECM environments rich in 
glycosaminoglycan (GAG) hyaluronan (HA) 
trigger EMT through activating cellular CD44 
receptors [103–106]. Tenascin C a glycoprotein 
has also been shown to be increased in expression 
in late-stage mammary invasive ductal carcino-
mas around the border of the tumor. It then con-
tributes to metastasis by regulating 
tyrosine-protein kinase src and focal adhesion 
kinase signaling within cancer cells enabling 
EMT [107, 108]. The heparan sulfate proteogly-
can (HSPG) syndecan-1 is also involved as CAF 
can begin to express it in addition to the cancer-
ous cells in a tumor; cancer cells can sense this 
shift in expression and this triggers EMT [109]. 
However not all ECM proteins help tumor growth 
and metastasis as illustrated by an ecm protein 
tubulointerstitial nephritis antigen-like 1 
(TINALG1). TINALG competitively binds to 
alpha5beta1, alphaVbeta1, and epidermal growth 
factor receptor (EGFR) to inhibiting tumors 
driven by FAK/EGFR signaling [110].
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1	 �Introduction

Tumor and its microenvironment are highly com-
plex and heterogeneous. Tumor microenviron-
ment (TME) contains stromal cell of different 
types including fibroblasts, immune cells, as well 
as endothelial cells having varied influence on 
the local metabolic activity. Recent advances in 
our understanding of complexity of the TME 
have revealed that a multifaceted interaction 
between tumor cells with their neighboring 
stroma is essential for tumor growth and metasta-
sis. The tumor stroma responds to various signals 
present in the microenvironment and helps to 
establish cancer-associated fibroblasts (CAFs). 
The tumor stroma also helps in recruitment of 
other host cells via tumor cell-derived signals. 
Molecular interactions in the tumor microenvi-
ronment are dynamic, and allow reciprocal 
exchange of nutrients, secretory molecules, and 
other signals between tumor and stromal cells. 
These interactions between tumor cells and non-
malignant stromal cells in the tumor microenvi-
ronment not only promote tumor development 
and progression, but largely control most of the 
characteristic hallmarks of tumorigenesis and 

stimulate chemotherapeutic drug resistance. 
Shared interactions between tumor and stromal 
cells facilitated either directly by cell-to-cell con-
tact or via the release of secretory molecules, 
including cytokines, chemokines, and extracellu-
lar matrix (ECM) remodeling proteins activate 
signaling pathways that encourage cell growth, 
survival, and overall development. The secretory 
molecules reciprocally shared among tumor cells 
and neighboring cells instigate epithelial-
mesenchymal transition (EMT), tumor cell 
migration, invasion, and dissemination to sec-
ondary sites.

The multidimensional interactions between 
tumor and stromal cells also allow enhanced 
access to nutrients and other factors in the local 
environment and lead to a metabolic repro-
gramming. The metabolic activities in the 
microenvironment are prone to get altered by 
the influence of both tumor and stromal factors 
present in the microenvironment. Metabolic 
reprogramming allows in the fulfillment of 
demands associated with the cancerous growth 
of cells. Tumor-stroma interactions further fuel 
this process and help in satisfying elevated 
demands within a complex microenvironment. 
Different stromal components in the tumor 
microenvironment provide additional nutrients 
that supplement local nutrient pool. Stromal 
cells present in the immediate proximity of 
tumor cells are inevitably affected by the meta-
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bolic alterations caused by neighbor cancerous 
cells. Stromal fibroblasts present in the tumor 
microenvironment also known as cancer-
associated fibroblasts (CAFs) have a key role 
in metabolic reprogramming. CAFs are pre-
dominantly resident mesenchymal cells in ori-
gin that get activated and reprogrammed in 
response to signals from cancer cells. The met-
abolic reprogramming of CAFs in the tumor 
microenvironment alters multiple signaling 
pathways that allow enhanced tumor-stroma 
interactions, which further accelerate growth 
and development of cancer. Tumor cells dis-
play heightened glucose uptake, and even 
under normoxic conditions display increased 
generation of lactate through pyruvate conver-
sion by aerobic glycolysis, also known as the 
Warburg effect. This adaptation not only allows 
generation of biosynthetic precursors for added 
nutritional demands of tumor cells but also 
directs the metabolic reprograming of neigh-
boring stromal cells. Lactate generated as a 
result of metabolic reprograming of tumor 
cells and stromal cells plays diverse role in the 
tumor microenvironment. Both tumor and stro-
mal CAFs consume and secrete lactate differ-
ently which makes it an integral modulating 
factor in tumor microenvironment. Molecular 
evidences collected over the last several years 
have directed toward a deeper examination of 
interactions between tumor cells and stromal 
cells in diverse microenvironments.

In this chapter, we provide information 
about metabolic reprogramming in cancer 
cells, molecular interactions between tumor 
and stromal cells, focusing primarily on CAFs 
and tumor cell interaction. We have covered 
the role of cytokines, chemokines, and lactate 
in driving tumor-stroma interactions in the 
microenvironment. Here, we have discussed 
the pro-tumorigenic molecular interactions in 
between tumor cells and CAFs mediated via 
altered signaling pathways, cytokines, chemo-
kines, and lactate in the tumor vicinity. A bet-
ter understanding of the complex cancer 
cell-CAF interactions will help in designing 
successful therapeutic strategies targeting the 
stromal-rich tumors in the clinic.

2	 �Metabolic Alterations 
in Cancer Cells

Cancer cells alter the metabolism for their own 
need. Cells acquire energy and accumulate the 
building blocks necessary for their growth and 
proliferation through breaking down nutrients by 
means of metabolic pathways. The energy gener-
ated within cells by these metabolic pathways is 
stored in the form of adenosine triphosphate 
(ATP) molecules. Normal or quiescent cells 
depend primarily on aerobic respiration/oxida-
tive phosphorylation to fulfill their energy 
demands; however, cancer cells grow rapidly and 
hence have increased demands for energy which 
they meet quite differently. To maintain the con-
stant pools of ATP, cancer cells make an effort to 
increase the import of nutrients from their cellu-
lar environment and additionally procure carbon 
intermediates that fulfill the elevated demands of 
building blocks necessary for DNA, protein, and 
lipid synthesis for biomass generation [88]. Otto 
Warburg made the first groundbreaking observa-
tion in the 1920s in the field of cancer metabo-
lism and discovered that tumors took up strikingly 
higher levels of glucose compared to normal tis-
sues [86]. He further showed that, even in the 
presence of sufficient oxygen, cancer cells pro-
duced drastically more lactate than normal tis-
sues signifying the glycolytic fermentation [85]. 
Seminal findings by Warburg established that 
altered metabolism was exclusive to cancer cells; 
however, his hypothesis that altered metabolism 
was a result of mitochondrial defects was later 
found to be not correct as mitochondria in most 
of the tumor are not defective in terms of per-
forming oxidative phosphorylation. Instead, fur-
ther studies made it evident that proliferating 
cancer cells have reprogrammed mitochondrial 
metabolism to meet the demands of macromo-
lecular synthesis, a possibility never thought-out 
by Warburg [87].

Resting cells maintain basal levels of nutrients 
including glucose and amino acids by lineage-
specific growth factor signaling, which allows 
optimal level of macromolecular synthesis and 
ATP production, required to maintain cellular 
homeostasis. Cells in the absence of extrinsic sig-
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nals often employ autophagic degradation of 
organelles and macromolecules, which ultimately 
results in cell death. However, cancerous cells, in 
contrast, show heightened ligand signaling that 
instigates cells to take up nutrients at higher rate 
and divert them into metabolic pathways that 
support enhanced ATP and macromolecule 
synthesis including nucleic acids, proteins, and 
lipids. Glycolysis in resting cells allows conver-
sion of glucose to pyruvate at basal rate, which is 
further oxidized in the TCA cycle. However, can-
cer cells with high glycolytic flux subsequently 
convert pyruvate to lactate with the help of lac-
tate dehydrogenase enzyme, which restores 
NAD+ from NADH. The regenerated NAD+ per-
mits glycolysis to continue, and the resultant lac-
tate is secreted by the cell [25]. Work done by 
Hanahan and Weinberg established the ground-
work behind cancer reprograming by deciphering 
the remarkable abilities shared by almost all of 
human cancer types. They showed that cancer 
cells display six essential alterations in normal 
cellular physiology that collectively drive toward 
malignant cellular growth. Cancer cells adapt 
themselves and display self-sufficiency in growth 
signals, become insensitive to antigrowth signals, 
evade apoptosis, and acquire limitless replicative 
potential, interminable angiogenesis, tissue inva-
sion, and metastasis. Acquisition of these physi-
ologic capabilities not only results in tumor 
development but also allows successful breach-
ing of various anticancer signaling and control 
mechanisms present in the cells [33].

In the last few decades, accumulating evi-
dence in the field of cancer metabolism have pro-
vided valuable insights and have enhanced our 
understanding of aerobic glycolysis and other 
metabolic adaptations observed in cancer cells, 
which help to keep up the anabolic requirements 
related with cell growth and proliferation [87]. 
Recent advances have highlighted the remarkable 
metabolic differences between proliferative and 
quiescent cells by active metabolic reprogram-
ming led by proto-oncogenes and tumor suppres-
sors. This altered metabolism serves as a prime 
feature driving tumorigenesis [87]. Tumor devel-
opment is dependent on the metabolic repro-
gramming and is a common feature. Oncogenic 

mutations driving this process directly or indi-
rectly help accelerated growth of the tumor. 
Metabolic reprogramming in the cancer cell 
helps in acquisition of necessary nutrients from 
an often nutrient-poor environment. The cancer 
cell exploits opportunities to acquire these nutri-
ents to support viability and build new biomass. 
The metabolic reprogramming results in altered 
intracellular and extracellular levels of metabo-
lites which have significant effects on level of 
gene expression, cellular differentiation, and 
eventually the entire tumor microenvironment. 
These cancer-associated metabolic changes pri-
marily cause a deregulated uptake of glucose and 
amino acids, practicing opportunistic modes of 
nutrient acquirement, using glycolysis/TCA 
cycle intermediates for biomass generation and 
NADPH production, elevated demand for nitro-
gen, and modifications in metabolite-driven gene 
regulation. Most tumors display several of the 
abovementioned hallmark changes, while a few 
tumors display all of them [65]. The metabolic 
reprogramming or altered tumor cellular bioener-
getics drives malignant transformation, tumor 
development, invasion, and metastasis. The 
whole complex and dynamic process of meta-
bolic reprogramming reflects robustness of tumor 
cells even under unfavorable conditions [92].

3	 �Signaling Pathways 
Promoting Metabolic 
Alterations in Tumor

It has been previously established that, to fulfill 
the elevated demands of growth and prolifera-
tion, cancer cells rewire their cellular metabolism 
or metabolic reprogramming and the diversity of 
the metabolic alterations of a cancer cell then dic-
tates heterogeneity in the metabolic needs of the 
cell. This heterogeneity is influenced by genetic 
and nongenetic factors, which allow metabolic 
flexibility in terms of nutrient utilization by 
tumor cell and facilitate its growth. Apart from 
pathways of aerobic glycolysis, other pathways 
including glutamine-dependent anaplerosis, de 
novo lipid biosynthesis, and cellular mediators of 
gene expression pathways such as phosphati-
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dylinositol 3-kinase (PI3K)/Akt/mTOR signal-
ing, Myc, and hypoxia-inducible factor 1 (HIF1) 
also play a major role in this reorganization of 
metabolic activities that helps in maintaining cel-
lular bioenergetics, macromolecular synthesis, 
and cell division [25]. One of the ways of meta-
bolic reprogramming is also a result of mutations 
in enzymes or a changed enzyme isoform expres-
sion that can force different metabolic pathways. 
These altered metabolic enzymes may provide 
oncogenic signals and may impact specific path-
ways and alter overall metabolic regulation [34]. 
One of the metabolic enzymes playing a vital role 
in metabolic reprogramming is lactate dehydro-
genase (LDH). It is the primary enzyme that 
allows interconversion of pyruvate to lactate and 
helps in exchange of metabolic fuel by tumor-
stroma interaction [56].

Cancer cells display deregulations in signal-
ing pathways, and transcription factors including 
PI3K, mTOR, MYC, and hypoxia-inducible fac-
tor can drive metabolic alterations or metabolic 
transformation and hence serve as important tar-
gets in cancer metabolism-based therapeutics. 
Further, isoforms of metabolic enzymes highly 
expressed in specific cancers may also serve as 
novel druggable targets with improved therapeu-
tic potential [78]. Aerobic glycolysis in tumor 
cells is influenced by multiple signaling path-
ways. Oncogenic stimulation of signaling path-
ways activated by the loss of p53 tumor suppressor 
or activation of PI3K oncoprotein alters signaling 
pathways that further modifies cellular metabo-
lism. PI3K activated AKT stimulates glycolysis 
by activating mTOR and by regulating glycolytic 
enzymes. mTOR changes metabolism in broader 
ways, and it influences glycolytic phenotype by 
augmenting activity of hypoxia-inducible factor 
1 (HIF1), which modulates hypoxia-adaptive 
transcriptional profile. HIF1 increases expression 
of glycolytic enzymes, glucose transporters 
(GLUT), and pyruvate dehydrogenase kinase iso-
zyme 1 (PDK1), limiting entry of pyruvate into 
tricarboxylic acid (TCA) cycle. MYC, in a HIF-
mediated manner, also helps in activating several 
other genes of the glycolytic pathway. 
Deregulated signaling pathways elicit responses 
from tumor cells, further modulating metabolic 

adaptations. These adaptations help in tumor pro-
liferation by providing sufficient levels of energy, 
macromolecular biosynthetic ability, and a bal-
anced maintenance of the redox status. Metabolic 
adaptations are a necessity for proliferating tumor 
cells, so that they can effectively respond to the 
signals put out by oncogenic signaling pathways 
[16]. Another metabolic adaptation in some of 
the proliferative cancer cell is the preferential 
expression of the pyruvate kinase (PKM2) lesser 
active M2 isoform. With the use of alternative 
pathways, the less active PKM2 consequently 
results in an accumulation of 3-phosphoglycerate 
(3PG), which is diverted into serine biosynthetic 
pathway. Together, these metabolic adaptations 
promote distinct metabolic phenotypes among 
proliferating cells [83].

4	 �Signaling Pathway 
Alterations in Tumor-
Associated Stroma

Apart from cancer cells, stromal cells also dis-
play deregulated signaling pathways to promote 
tumor growth, development, and response to 
therapy. Highly abundant cancer-associated 
fibroblasts particularly influence this process by 
interacting with different cells, including endo-
thelial and immune cells and other components 
of TME, such as collagens, fibronectin, and elas-
tin. CAFs benefit by receiving both physical and 
chemical signals produced in the TME, and 
accordingly change their phenotype from being 
quiescent fibroblasts to a more proliferative and 
secretory phenotype. CAFs have gained more 
clinical interest in driving disease progression 
and have emerged as a prominent molecular tar-
get in designing future clinical therapeutic strate-
gies [22]. Gene expression profiling is highly 
advantageous in identifying stromal gene signa-
tures associated with cases with advanced tumor 
grade and metastasis and may suggest the role of 
microenvironment in influencing cancer initia-
tion, and metastatic progression [81]. Some of 
the tumor-associated genes that are significantly 
upregulated in the stroma include components of 
extracellular matrix and matrix metalloprotein-
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ases. Tumor-associated stroma continuously 
undergoes gene expression changes during the 
process of cancer progression, allowing transi-
tion from preinvasive to invasive tumor growth. 
This transition to high-grade tumors with aggres-
sive invasive growth is often dependent upon the 
increased expression of different matrix 
metalloproteinases, such as MMP2, MMP11, and 
MMP14 [49]. Molecular components of the 
microenvironment such as matrix metallopro-
teinases and factors including transforming 
growth factor-beta1, platelet-derived growth fac-
tor, and hepatocyte growth factor are the impor-
tant mediators of tumor cells-CAF interaction, 
and can hence be exploited as possible molecular 
targets for anticancer therapy [55].

Transcriptomic analysis in colorectal cancer 
(CRC) patient-derived CAFs identified deregu-
lated genes related to Wnt signaling and TGFβ 
signaling [1]. Further, CAFs were found as the 
primary source of WNT2, and organotypic co-
culture assay shows that WNT2 facilitated fibro-
blast motility, promoted extracellular matrix 
remodeling, and enhanced CRC cell invasion. 
This finding highlights stromal-derived WNT2 
and its receptor as favorable stromal targets [43]. 
Single-cell RNA and protein technologies 
revealed a deeper role of stromal CAFs in regu-
lating heterogeneity in pancreatic cancer. It was 
found that progression toward proliferative phe-
notype with invasive epithelial-to-mesenchymal 
transition is associated with deregulated MAPK-
STAT3 signaling (mitogen-activated protein 
kinase and signal transducer and activator of 
transcription 3). Stromal abundance not only 
leads to intratumoral heterogeneity but is also 
associated with varied clinical outcomes in 
human pancreatic ductal carcinoma [45].

As the brain is one of the primary sites of 
relapse for different cancers, understanding the 
mechanisms behind brain metastasis is a neces-
sity. The complexity of the microenvironment in 
brain tumor makes it challenging to investigate. 
Recently, it was found that malignant cells in the 
brain shift to epithelial and neuronal-like lineage 
programs to adapt in the brain TME, and differ-
ent regions of the brain have specific transcrip-
tional hallmarks of metastasis. Further, it was 

revealed that tumor stroma undergoes co-
adaptation in the brain [89]. Resident fibroblasts 
coming in contact with tumor epithelial cells 
(TEC) can get activated and irreversibly convert 
to cancer-associated fibroblasts that instigate 
oncogenic signaling in TEC.  Transcriptomic 
study done in pancreatic cancer using KPC mice 
model (KRAS/mut p53-induced pancreatic can-
cer) showed that treatment with Minnelide, an 
anticancer compound, deregulated TGFβ signal-
ing in CAF resulting in reversal of activated state 
to a non-proliferative quiescent state. Further, 
TEC treated with conditioned media from drug-
treated CAFs demonstrated reduced oncogenic 
signaling, expressed through downregulated tran-
scription factor Sp1. Through early clinical find-
ings, this study encourages the use of Minnelide 
to target cross talk between TEC and CAFs. 
Using Minnelide may help in actively reducing 
the reactive stromal fibroblasts underscoring the 
importance of stromal-based anticancer strate-
gies for effective treatment of the disease [23].

In lung cancer, it was found that stromal cells 
activate expression of genes that support onco-
genesis. It was shown that expression of genes of 
mammalian target of rapamycin (mTOR) path-
way and extracellular matrix (ECM) was primar-
ily involved in driving this process. Further, 
expression of two distinct genes, IL-6 and BMP1, 
in lung cancer-associated stroma was found to be 
activated in lung cancer patients [74]. Similarly, 
the reactive stroma in the TME of prostate cancer 
also displays upregulated expression of genes 
associated with ECM remodeling and immune 
functions. Also, the reactive stroma displayed 
significant metabolic alterations, which makes 
prostate cancer more prone to biochemical recur-
rence [4].

5	 �Stromal Heterogeneity 
in the Tumor 
Microenvironment

Tumor cells engage in active cross talk with the 
non-transformed cells in the tumor vicinity, and 
as a result of this cross talk, metabolic adapta-
tions not only are restricted to tumor cells but 
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also affect proximal nontumor cells. Solid tumors 
can be considered as abnormal organs that are 
composed of different cell types and extracellular 
matrix. The stromal components of the tumor 
organ can be divided into different components, 
including the stromal cells, and the ECM which 
is composed of fibrous proteins (collagen, 
fibronectin, and laminin), proteoglycans, and 
hyaluronic acid. The stromal cells include mes-
enchymal supporting cells such as fibroblasts and 
adipocytes. The other types of stromal cells 
include the cells of immune and vascular system. 
Tumor-promoting or tumor-inhibiting role of 
some of the non-transformed cells including nor-
mal epithelial cells, myoepithelial cells, mesen-
chymal stem cells, fibroblasts, adipocytes, 
endothelial cells, perivascular cells, bone 
marrow-derived cells, dendritic cells, etc. is 
reviewed elsewhere [28]. Accumulating evidence 
over the years have built the basis for the tumor-
promoting role of metabolic reprogramming, and 
its direct association with tumorigenesis is now 
being more and more appreciated as is the impor-
tance of tumor microenvironment in directly sup-
porting cell growth and metastasis. Tumor stroma 
is an active player in cancer and is comprised of 
multiple supporting players including stromal 
fibroblasts, immune cells, vascular networks, and 
the extracellular matrix. Cancer cells can alter 
behavior of normal cells (non-transformed cells) 
for their development, so that they can benefit 
from growth factors and chemokines that support 
tumor growth, and matrix-degrading enzymes 
that increase invasion and metastasis of tumor. In 
addition, these non-transformed cells can act as 
support system by controlling environmental 
conditions caused by stromal changes like 
increased interstitial pressure and flow within the 
tumor [36].

Not all tumors behave in a similar manner by 
exhibiting identical metabolic phenotype; rather, 
they may display differential nutrient uptake and 
metabolism. Unraveling metabolic heterogeneity 
may provide beneficial information regarding 
metabolic signatures that could be investigated 
for their therapeutic potential [17]. In the past, 
most of the investigations into dysregulated genes 
and their functional consequences in cancer biol-

ogy have been focused on cancer cells. However, 
recent investigations have started looking at 
tumors as complex tissues, with an intricate col-
lection of cancer cells along with subverted nor-
mal cell populations. The cancer cells and the 
supposedly normal stromal cells work in active 
collaboration promoting neoplastic growth. 
Molecular interactions between malignant cells 
and supporting stromal cells promote heightened 
tumor growth, development, and escape from 
antitumor therapies [33]. The different types of 
stromal cells, including the resident fibroblasts, 
pericytes, endothelial cells, and immune cells, 
make the microenvironment rich and diverse. 
Stromal components of tumor stroma may be of 
prognostic value, and deeper understanding 
tumor stroma molecular interactions within the 
tumor microenvironment particularly between 
tumor cells and cancer-associated fibroblasts will 
allow development of complementary stroma-
targeted therapies in addition to conventional 
tumor cell directed therapies for cancer control in 
the future [67].

Tumor development encompasses the coevolu-
tion of transformed cells together with the stroma, 
and the successful outgrowth of tumors is depen-
dent upon the tumor-promoting adaptations in the 
stromal cells which can be grouped into three 
broad classes including cancer-associated fibro-
blastic (CAF) cells, infiltrating immune cells 
(IICs), and angiogenic vascular cells (AVCs). The 
stromal cells present in the tumor microenviron-
ment impact almost all of the hallmarks or charac-
teristics of cancer cells [31–32]. Among the wide 
variety of cells including T lymphocytes, B lym-
phocytes, NK cells, tumor-associated macro-
phages (TAMs), myeloid-derived suppressor cells 
(MDSCs), dendritic cells, adipocytes, and vascular 
endothelial cells in the tumor microenvironment, 
the CAFs are receiving special attention for their 
tumor-promoting role [10]. A recent study carried 
out on mouse and human pancreatic ductal adeno-
carcinoma (PDAC) using single-cell transcrip-
tomics analysis identified three subsets of CAF, 
specifically myofibroblastic (myCAFs), inflam-
matory (iCAFs), and antigen-presenting CAFs 
(apCAFs) along with their putative roles in various 
aspects of tumor progression [29].
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The role of non-transformed cells in the com-
plex tumor microenvironment in supporting and 
satisfying metabolic demands of cancer cells is 
less well studied. Nonmalignant stromal cells in 
the immediate proximity, also called tumor-
associated stromal cells, are unavoidably affected 
by the changes happening in the cancerous 
neighborhood. Tumor-associated stromal cells can 
augment the tumor growth by serving as additional 
nutrient support that can supplement nutrient pool 
provided by the local vasculature. They secrete a 
wide variety of metabolites that support biosyn-
thetic and bioenergetics pathways of cancer cells. 
Recently, it was proposed by Schwörer et al. that 
metabolites released and consumed by tumor cells 
act as paracrine factors and drive regenerative 
response in stromal cells by controlling the non-
malignant cellular composition of a developing 
tumor [75]. Normal cells can support growth and 
survival of cancer cells by releasing nutrients in a 
nutrient limiting environment. Cancer cells benefit 
by forming a symbiotic association with non-
transformed cells via metabolic activities not 
active in cancer cells including utilization of fatty 
acids released by adipocytes, astrocyte-mediated 
de novo glutamine synthesis, bone marrow stro-
mal cell-mediated cysteine release, and amino 
acids generated by degradation of intracellular 
proteins which can serve as bioenergetic fuel and 
nutrients sources for cancer cells [63]. The meta-
bolic alteration in cancer cells creates predictable 
gradients of extracellular metabolites that drive the 
phenotypic diversity of cells within the tumor 
milieu. These gradients might act as tumor mor-
phogens and convey spatial information in tumors 
to organize embryonic tissues, imposing a certain 
hierarchical order within the microenvironment 
[18]. Genetic alterations as well as environmental 
factors impact the metabolic heterogeneity across 
a variety of tumors. Availability of nutrients in the 
cellular vicinity of tumor is varied because of 
abnormal tumor vasculature. This leads to a dif-
ferential availability of oxygen and nutrients, and 
affects pH.  The altered gradient and availability 
levels of substrates of metabolic pathways includ-
ing glucose, amino acids, and lipids are also sensed 
by signaling mechanisms which in turn affect 
overall tumor metabolism [84].

6	 �CAFs as Mediators of Tumor-
Stroma Interaction

The normal stroma differs profoundly from the 
stroma associated with a carcinoma, in which 
fibroblasts play a well-recognized role. They 
directly play role in the synthesis, deposition, and 
remodeling of the ECM in tumor stroma. They 
serve as a source of paracrine growth factors that 
influence the tumor growth [14]. Additionally, 
they support cancer cells through all stages of 
cancer progression, not only by supplying growth 
factors and chemokines but also by angiogenic 
recruitment of cells including endothelial cells 
and pericytes [38]. Neoplastic transformation 
causes initial insult that instigates the coevolution 
of the tumor niche comprising transformed and 
non-transformed cell types within the tumor 
environs.

Stromal mesenchymal stem cells (MSCs) are 
multipotent cells with the capacity to differenti-
ate into a phenotype similar to CAFs. MSCs are 
known to participate in cancer progression and 
act in concert with CAFs in the inflammatory 
tumor microenvironment. Cancer-associated 
fibroblasts (CAFs) are one such mesenchyme-
derived cell type of non-transformed cell that 
have significant plasticity and can diverge accord-
ing to its origin, localization, activation status, 
and stress response. They are one of the major 
cellular components of the tumor microenviron-
ment, and compared with normal fibroblasts, 
CAFs significantly promote tumorigenesis by 
exhibiting increased proliferation, distinctive 
cytokine secretion profile, and extracellular 
matrix (ECM) production [37]. Cancer-associated 
fibroblasts differ from normal fibroblasts (NFs) 
by specific differences in their gene expression 
pattern. Cooperative interaction between hetero-
typic fibroblasts and tumor cells supports tumor 
growth and invasion and may also confer thera-
peutic resistance [80]. Early stages of malignant 
tumor growth coordinates host stromal response 
leading to generation of CAFs from activated 
fibroblasts [44]. Cancer cells then signal CAFs to 
produce components of extracellular matrix, 
growth factors, tumor supporting cytokines, che-
mokines, enzymes, and metabolites to expedite 
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their own survival and proliferation [39]. A dia-
bolic interplay between CAFs and cancer cells 
activates epithelial-mesenchymal transition and 
acquisition of stem cell properties and stimulates 
the metabolic reprogramming of both cancer 
cells and stromal cells [20]. Pro-tumorigenic 
functions of CAFs may help to foster metabolic 
reprogramming and shaping of the tumor micro-
environment of tumors [39].

Immunomodulation is one of the mechanisms 
through which CAFs encourage tumor growth 
and support metastasis. Regulating immune 
response in the TME plays a vital role in influ-
encing disease outcome. Functional interactions 
between CAFs and immune cells regulate differ-
ent signaling axis that disseminate immunosup-
pressive microenvironment. CAFs from stroma 
of human breast cancer and mammary tumors of 
transgenic mice show significantly upregulated 
Chi3L1. Genetic disruption of Chi3L1 led to a 
diminished tumor growth, macrophage recruit-
ment, and differentiation to M2-like phenotype. 
It also resulted in an altered tumor immune 
microenvironment by increasing CD8+ and 
CD4+ T cell tumor infiltration, supporting a Th1 
phenotype [21]. Targeting molecular interactions 
of stromal cells that promote immune suppres-
sion to expedite tumor progression and metasta-
sis can be of clinical relevance in different 
cancers. As shown for lung squamous cell carci-
noma, CAFs were found to foster tumor progres-
sion by encouraging immunosuppression through 
controlling the recruitment and differentiation of 
monocytes. It was further shown that CAFs 
caused differentiation of monocytes to a ROS-
generating, myeloid-derived suppressor cell 
(MDSC) phenotype, highlighting the advantages 
of abolishing CAF-MDSC axis for a possible 
therapeutic approach to negate CAF-mediated 
immunosuppressive microenvironment [90]. It 
has also been shown that CAFs produce elevated 
levels of IL-33 that acts on the tumor-associated 
macrophages (TAMs) instigating them to undergo 
M1 to M2 transition. IL-33-stimulated TAMs 
exhibited greater than 200-fold surge of MMP9 
that provoked the IL-33/ST2/NF-κB/MMP9/lam-
inin pathway directed tumor stroma-mediated 
metastasis. Together, this data provides mecha-

nistic insights pertaining to CAF-TAM associa-
tion in cancer metastasis and specifies a promising 
therapeutic target for cancer treatment [5].

7	 �Chemokines in Driving 
Tumor-Stroma Interactions

Chemokines are soluble, small molecular, che-
motactic cytokines that bind to their G-protein-
coupled receptors (GPCRs) to provoke cellular 
response, primarily by stimulating migration of 
the cells [72]. These chemotactic cytokines are 
regulators of cell migration and can regulate 
growth of tumors by inducing cancer cell prolif-
eration and inhibiting cell death. Chemokines 
also regulate tumor growth by indirectly control-
ling tumor stromal cells in the tumor microenvi-
ronment [19]. However, cancer cells do not 
always express receptors for chemokine. Often, 
they gain the expression of chemokine receptors 
either by gene mutation, fusion, or conditions in 
the native environment including hypoxia. 
Depending upon the local chemokine ligand con-
centration, cancer cells expressing chemokine 
receptor can migrate to distant sites in response 
to the chemokine gradient. Also, under certain 
conditions, acquisition of chemokine receptor by 
tumor cells makes them more prone to invade and 
spread. Chemokine ligand present at the tumor 
site can communicate proliferative, anti-apoptotic 
signals and induce a pro- inflammatory environ-
ment in the neighboring stroma [8, 9]. 
Chemokines, secreted by tumor as well as stro-
mal cells, are one of the vital components of the 
TME and play a driving role in tumorigenesis. 
They can act either in an autocrine or paracrine 
way to support tumor cell growth by promoting 
tumor angiogenesis in the harsh acidic microen-
vironment. Further, growing evidence points to 
their involvement in tumor cell-CAF interactions. 
Tumor cells and CAFs display bidirectional cross 
talk which augment CAFs ability to secrete dif-
ferent tumor-promoting chemokines, which fos-
ters tumor cell proliferation, migration, and 
invasion [57]. Of particular importance is the 
CXCL12-CXCR4 axis which aids metastasis to 
distant organs. Tumor cells in the generally 
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hypoxic environments upregulate their CXCR4 
expression which prepares them to migrate 
toward a CXCL12 gradient established by CAFs 
within a normoxic microenvironment [69]. A 
wide variety of human tumor cells originated 
from epithelial, mesenchymal, and hematopoi-
etic cancers express CXCR4, although not all 
cancer cells are CXCR4 positive in the primary 
tumor site and may be associated with the more 
aggressive and metastatic phenotype [8, 9]. 
Molecular signals from the stromal cells from the 
microenvironment also have a significant influ-
ence on the progression of these cancers. 
Mesenchymal cells (marrow-derived nonneo-
plastic stromal cells) present in a large proportion 
in the tumor milieu secrete chemokine stromal 
cell-derived factor-1 (SDF-1/CXCL12) constitu-
tively. CXCL12 secreted by stromal cells aids in 
attracting cancer cells through receptor CXCR4, 
which is expressed predominantly by cancer 
cells. CXCR4 supports tumor progression 
directly by promoting metastatic spread to distant 
cellular niches, allowing better tumor cell sur-
vival, and indirectly by a paracrine mechanism 
dependent on stromal-derived CXCL12 [15]. In 
breast cancer stroma, elevated CXCL1 expres-
sion correlates with bad patient prognosis. 
Further, CXCL1 expression is negatively con-
trolled by TGF-β signaling and is specifically 
localized to α-SMA, FSP1 positive fibroblasts 
further highlighting that decreased TGF-β signal-
ing in CAFs enhances CXCL1 expression [94].

In breast cancer, it was found CAFs and 
tumor-conditioned media (TCM)-exposed human 
bone marrow-derived MSCs stimulated TNF-α 
and IL-1β expression and further encouraged the 
release of chemokines, including CCL2, CXCL8 
and CCL5. Release of chemokines was found to 
promote pro-cancerous environment in breast 
tumors [41]. Prolonged exposure to tumor-
conditioned medium (TCM) results in a CAF-
like myofibroblastic phenotype of mesenchymal 
stem cells (hMSCs) derived from human bone 
marrow. These phenotypically differentiated 
hMSCs cells also display functional properties of 
CAFs and exhibit myofibroblast marker expres-
sion including alpha-smooth muscle actin and 
sustained stromal cell-derived factor-1 (SDF-1) 

expression. Further, as revealed by gene expres-
sion profiling, TCM-exposed hMSCs and CAFs 
both show similarities in gene expression profile 
[58]. Gene expression analysis revealed a signifi-
cant upregulation of stromal cell-derived factor-1 
(SDF-1) in MSCs exposed to TCM. Exposure to 
TCM and recombinant SDF-1 both activated 
downstream STAT3/ERK signaling in human 
MSCs, and the treatment with MAPK/ERK 
kinase (MEK) inhibitor PD98059 led to a signifi-
cant impairment in hMSC migration. 
Additionally, focal adhesion kinases (FAKs) and 
paxillin were also found to be activated after the 
exposure to TCM in the hMSCs, which were 
associated with F-actin filament reorganization in 
hMSCs [30]. CAFs display traits of myofibro-
blasts, promote tumor growth by secreting stro-
mal cell-derived factor-1 (SDF-1, also called 
CXCL12), and mediate recruitment of endothe-
lial progenitor cells (EPCs) at tumor sites [61]. 
SDF-1-CXCR4 signaling pathway plays signifi-
cant tumor-promoting role in the microenviron-
ment, as CAF-derived SDF-1 directly interacts 
with the CXCR4 receptor present on tumor cells 
and promotes neo-angiogenesis via the recruited 
endothelial progenitor cells (EPCs) at tumor sites 
[62].

MSCs are very similar to macrophages in 
terms of cell plasticity, as both can undergo phe-
notypic changes depending upon their local envi-
ronment. Gene expression analysis carried out on 
macrophage-conditioned medium-exposed 
MSCs revealed pro-inflammatory phenotype-
associated gene expression profile, with an 
increased expression of chemokines, including 
IL-8, CCL2, CCL5, CCL7, CCL20, and CXCL6. 
This finding helped in developing a better under-
standing of the influence of macrophage-rich 
microenvironment on MSCs in solid tumors [6]. 
Chemokine stromal cell-derived factor-1 (SDF-
1)/CXCL12 required for MSC migration was 
found to be controlled by tumor suppressor p53. 
It was found that P53 inhibits MSC migration in 
response to tumor cells via a decrease in CXCL12 
transcription, suggesting direct involvement of 
stromal p53 in the recruitment of MSCs to solid 
tumors [46]. It was found that breast cancer cells, 
which often grow under hypoxic conditions 
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(1.5% O2), secrete elevated levels of IL-6 to acti-
vate and attract MSCs. The secreted IL-6 acts in 
a paracrine manner to enhance migratory ability 
and cell survival by activating MAPK and STAT3 
signaling pathways [70]. IL-8 also plays a very 
important role in MSC migration, by stimulating 
increased expression of SDF-1 by MSCs, via 
activating protein kinase C (PKC) zeta isoform 
[66]. A knockdown of SDF-1 expression inhib-
ited migration of MSCs toward CM from tumor 
cells, suggesting its requirement for migratory 
responses in the tumor microenvironment [54]. 
Apart from the abovementioned chemokines, 
proteins such as cyclophilin B and hepatoma-
derived growth factor also promote MSC chemo-
taxis [47].

8	 �Lactate in Driving Tumor-
Stroma Interactions

Lactate, in recent years, has emerged as a key 
regulator of cancer development and progression. 
The oncogenic hypoxic environment stimulates 
glycolytic metabolism in cancers, thus directing 
lactate production. Contrary to previous con-
cepts, lactate is now known to do more than just 
being a by-product of glycolysis. It can act as a 
metabolic fuel as well as act as a signaling mol-
ecule in cancer cells. The lactate shuttles allow-
ing exchange of lactate among cancerous cells 
are regulated by the enzyme lactate dehydroge-
nase (LDH), which allows interconversion of lac-
tate to pyruvate and through monocarboxylate 
transporters (MCTs), which allow transport of 
lactate in and out of cells [27]. Lactate levels in 
many types of tumors are found to be directly 
correlated with enhanced metastasis, recurrence, 
and poor outcome. Lactate is not limited to influ-
encing cancer cell metabolism but also affects 
neighboring stromal cells that support tumori-
genesis. Lactate can be metabolized by tumor 
cells as energy source as well as can be shuttled 
to adjacent stromal cells for stimulating meta-
bolic reprogramming. Lactate also promotes 
tumor inflammation that fuels tumor angiogene-
sis [26]. It has also been reported to stimulate the 
transcription of genes associated with stemness 

that promotes cancer recurrence and metastasis, 
contributing to a poor clinical outcome [50, 52].

Lactagenic (lactate-producing) cancer cells 
exhibit enhanced glucose uptake, increased activ-
ity and expression of glycolytic enzymes, reduced 
mitochondrial function, and amplified produc-
tion, accumulation, and release of lactate with 
upregulated expression of monocarboxylate 
transporters for lactate exchange. Mutated onco-
genes and tumor suppressors drive lactagenic 
cancer cells to display heightened aerobic gly-
colysis in a highly orchestrated manner. Apart 
from cancer cell metabolism, directly or indi-
rectly, lactate is involved in all essential steps of 
carcinogenesis, fostering angiogenesis, migra-
tion, metastasis, and immune escape [73]. Role 
of lactate in the tumor microenvironment as a 
metabolic fuel and as a signaling molecule is cur-
rently being investigated with renewed enthusi-
asm given its emerging role in the TME.  It has 
been found that lactate is a key player driving 
metabolic cross talk between tumor cells and 
adjacent stromal cells including CAFs, endothe-
lial cells, and immune cells present in the tumor 
microenvironment. The metabolic symbiosis 
among these cells supports cancer aggressiveness 
and response to therapy. In the tumor microenvi-
ronment, lactate plays the role of a signaling 
oncometabolite that drives molecular interactions 
in between cancer-cancer cells and cancer-
stromal cells [11]. As solid tumors are metaboli-
cally heterogeneous, the metabolic symbiosis 
between glycolytic and oxidative tumor cells 
countenances higher nutritional availability 
dependent upon the cellular location. MCTs are 
differentially expressed and are very important in 
this process; MCT4 transporter is preferentially 
expressed by glycolytic cancer cells (hypoxic) 
favoring lactate export, whereas MCT1 expressed 
by oxidative cells (normoxic) allows enhanced 
lactate import. The imported lactate is utilized as 
an energy source via conversion to pyruvate 
which then enters the TCA cycle in the mito-
chondria. Thus, lactate permits a metabolic sym-
biosis between glycolytic and oxidative cancer 
cells. Apart from glycolytic tumor cells, cancer-
associated fibroblasts (CAFs) with a glycolytic 
phenotype may also be a major source of lactate 
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production, although this may be a small portion 
of the CAFs present in the TME which are mainly 
oxidative. CAFs can exchange lactate with oxida-
tive tumor cells; this cross talk fuels metabolic 
reprogramming of cancer as well as stromal cells 
in the TME [24]. Symbiotic association between 
tumor cells and CAFs drives metabolic repro-
gramming, which is dependent upon exchange of 
chemokines as well lactate in between both of 
these components. It was found that some of the 
breast cancer cells (MDA-MB-231) secrete 
higher levels of lactate, and this lactate specifi-
cally helps in the recruitment of hMSCs toward 
tumor, by activating pathways that enhance cell 
migration. Further, it was also shown that stromal 
hMSCs and CAFs in the tumor vicinity have the 
ability to take up the expelled lactate in the 
microenvironment and use it as an energy source. 
NMR spectroscopic analysis revealed that the 
lactate taken up by hMSCs and CAFs is con-
verted to (13)C-alpha ketoglutarate confirming 
that stromal cells can utilize lactate produced by 
tumor cells [71]. Later, it was reported that lac-
tate taken up by stromal CAFs is used for the ful-
fillment of energetic demands of their own and of 
tumor cells after recycling, which suggests a 
reciprocally supportive, lactate-pyruvate meta-
bolic relationship in the tumor microenvironment 
(TME) [64] (Fig. 1).

Another example of cancer cell-induced CAFs 
reprogramming is observed in pancreatic ductal 
adenocarcinomas (PDACs) based on their dis-
tinct reliance on branched-chain α-ketoacid 
(BCKA) in stromal-rich tumors. These branched-
chain amino acids (BCAAs) present in stromal-
rich tumor milieu are utilized by a mutualistic 
metabolism [93]. The stromal cues in the PDAC 
milieu evoke a rapid adaptive response, causing a 
changed transcriptional profile along with an 
altered metabolome within the cancer cell. 
Stroma-induced changes cause increased histone 
acetylation that contribute toward accelerated 
tumor growth, suggesting indispensable stromal 
inputs [76]. PDAC is a lethal type of cancer and 
is typically composed of pancreatic malignant 
cells surrounded by stromal-rich tumor microen-
vironment consisting of CAFs, immune cells, 
endothelial cells, and ECM; cross talk between 

the tumor cells and stromal cells drive PDAC dis-
ease progression [77]. Targeting pathways asso-
ciated with metabolic reprogramming of CAFs, 
including lactate transporter pathway, oxidative 
stress pathway, and autophagy, can result in dis-
ruption of the metabolic cross talk between can-
cer and stromal cells, and break the subservience 
to tumor cells of stromal fibroblasts [7].

9	 �Epigenetic Reprogramming 
in the Tumor 
Microenvironment

Role of cancer cells in the epigenetic reprogram-
ming of fibroblasts has recently started garnering 
attention, and the molecular mechanisms driving 
this process are being investigated more closely. 
The significant findings about functional and 
mechanistic contributions of CAFs have been 
gleaned from studies carried out in breast can-
cers. CAFs are a heterogeneous population of 
cells and show diverse phenotypes that differ 
from their normal counterparts on the basis of 
different epigenetic modification with altered 
DNA methylation patterns [3]. The conversion of 
MSCs into CAFs is often associated with exten-
sive epigenetic reprogramming and is usually 
manifested by extensive loss of DNA methyla-
tion with gain of cytosine hydroxymethylation at 
specific promoters. CAFs in breast cancer are 
specifically known to secrete various soluble 
growth factors, cytokines, and components 
responsible for remodeling extracellular matrix, 
which help in initiating and promoting tumor 
growth and metastasis and developing therapeu-
tic resistance. These soluble factors play lead role 
in CAF reliant reprograming of cancer cells by 
affecting a large number of genes of multiple sig-
naling pathways, including metabolism, inflam-
mation, proliferation, and epigenetic modulation. 
This CAF-mediated reprograming of breast can-
cer cells is based upon cross talk between cancer-
ous and stroma components and results in a 
changed gene expression pattern. It was revealed 
by RNAseq analysis that several genes were sig-
nificantly upregulated in the presence 
CAF-secreted factors via change in DNA meth-
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ylation pattern, suggesting an epigenetic control 
of these genes [53] (Fig. 2).

Very recently, it was revealed that CAFs dis-
play a glycolytic phenotype with metabolic shift 
toward lactate production, and a depletion or sup-
pression in its production alters metabolic profile 

of tumor and inhibits tumor growth. Hypoxia 
induces pro-glycolytic phenotype, with CAF-like 
transcriptome in normal fibroblast. Epigenetic 
reprogramming mediated via HIF-1α and glyco-
lytic enzymes helps in sustaining glycolytic 
phenotype of the CAFs. The pro-glycolytic CAFs 

Fig. 1  In vitro model depicting tumor-stromal CAF-mediated interactions in the TME
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support breast tumor growth by attaining epigen-
etic control of glycolysis [12]. Secretory metabo-
lites such as lactate released by cancer cell in the 
immediate milieu help in driving this conversion. 
Stromal cells in the immediate vicinity of tumor 
can incorporate lactate flux generated by tumor 

cells. Lactate flux in pancreatic CAFs leads to 
TET activation, alpha ketoglutarate production, 
and increased cytosine hydroxymethylation [13] 
(Fig. 2).

Similarly, epigenetic changes in prostatic 
CAFs instigate a series of stromal-epithelial 

Fig. 2  Lactate-mediated epigenetic reprogramming in the TME
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interactions that facilitates growth of lethal pros-
tate cancer and resistance to androgen depriva-
tion therapy (ADT) [59].

Human gastric cancer-associated stromal 
myofibroblasts also show epigenetic alterations 
in the form of widespread hypomethylation [35]. 
Similarly, CAFs in pancreatic ductal adenocarci-
noma (PDAC) were shown to be reprogramed via 
tumor-mediated alterations in genomic DNA 
methylation [91]. CAFs facilitate inception of 
pro-invasive tumor microenvironment via multi-
ple mechanisms, and one such mechanism is via 
the pro-inflammatory cytokine LIF (leukemia 
inhibitory factor) that reprograms fibroblasts into 
a pro-invasive phenotype. This process allows 
remodeling of extracellular matrix and facilitat-
ing cancer cell invasion. Mechanistically, expo-
sure to LIF prompts an epigenetic switch which 
results in a constitutively activated JAK1/STAT3 
signaling pathway promoting the pro-invasive 
activity of CAFs. DNA methyltransferases play 
primary role in maintaining this constitutively 
activated JAK1/STAT3 signaling [2]. An increas-
ing number of reports are now highlighting the 
importance of epigenetic reprogramming in can-
cer cell induced by stromal cell and vice versa.

10	 �Therapeutic Targeting 
of Molecular Interaction 
Between Tumor and Stroma

Targeting the molecular interactions between 
tumor and stroma can serve as a highly effective 
approach for designing future anticancer thera-
pies in addition to standard chemotherapy 
directed to cancer cells. Aiming to disrupt the 
metabolic symbiosis between cancer and stromal 
cells could help in successful inhibition of tumor 
progression and metastasis. Metabolic repro-
gramming allows changes that are necessary for 
the synthesis of biomass and bioenergetics of 
tumor cells and contributes to activation of CAFs 
resulting in enhanced interaction between tumor 
cells and stromal cells. Designing innovative 
strategies that can target molecular interactions 
between tumor and stroma will lead to eradica-
tion of the pro-tumorigenic activity of CAFs as 

well as other cells in the TME and will help in 
development of unique complementary therapeu-
tics for improved treatment outcome. These ther-
apies should be targeted to important nontumor 
cell types within the TME to generate maximum 
benefit.

It has been shown that CAFs induce tamoxi-
fen resistance. Co-culturing fibroblasts with 
estrogen receptor-positive (ER+) MCF7 cells 
drives tamoxifen and fulvestrant resistance with 
significant decrease in apoptosis compared with 
homotypic MCF7 cell cultures. Furthermore, 
supplementing high-energy mitochondrial fuels 
including L-lactate or ketone bodies to cultured 
MCF7 cells is enough to induce tamoxifen resis-
tance and mimics the fibroblast co-culture effects. 
Engaging complementary pharmacological 
approaches for the treatment of fibroblast-
induced tamoxifen resistance by using mitochon-
drial “poisons,” specifically metformin and 
arsenic trioxide (ATO), helped overcomes the 
resistance in MCF7 cells, further emphasizing on 
the role of tumor microenvironment as a common 
mechanism for convening drug resistance [50, 
52]. Similarly, loss of caveolin-1 (Cav-1) expres-
sion by stromal CAFs is a novel biomarker to 
predict inferior clinical outcome in breast cancer 
patients. It was found that epithelial cancer cells 
may induce Cav-1 downregulation in neighbor-
ing normal fibroblasts, thus promoting CAF phe-
notype. Further, it was found that Cav-1 
downregulation facilitated via autophagic/lyso-
somal degradation signifies a critical initiating 
factor, driving the activation of stromal fibroblast 
during tumorigenesis. This highlights the use of 
autophagy/lysosome inhibitors or chloroquine as 
another CAF directed therapeutic agent in treat-
ing cancer [51]. A wide variety of cancers, 
including breast cancer, show heightened glucose 
consumption, with associated lactate production. 
Extruded lactate consequently causes acidifica-
tion of the TME, which is associated with 
increased tendency for cell proliferation, inva-
sion, migration, angiogenesis, and higher rate of 
cell survival. As breast carcinoma patients show 
upregulated MCT1 expression, inhibiting lactate 
transport can be a potential approach for breast 
cancer treatment. Knockdown of MCT1/

D. Mishra and D. Banerjee



115

MCT4 in basal-like breast carcinoma via siRNA 
reduced cell proliferation, migration invasion, 
and tumor cell aggressiveness in  vitro further 
emphasizing MCTs as promising targets in can-
cer therapy [60].

Metabolic coupling in mitochondria in can-
cer cells and catabolism in stromal CAFs fosters 
tumor growth, relapse, metastasis, and resis-
tance to anticancer drugs. Catabolic-associated 
fibroblasts (CAFs) contribute the essential fuels 
including L-lactate, ketones, fatty acids, gluta-
mine, and other amino acids to anabolic cancer 
cell metabolism. This catabolic metabolism 
allows glycolytic reprogramming in the 
TME.  Oncogenes provide the momentum for 
inception of CAF phenotype in neighboring 
normal fibroblasts through the paracrine oxida-
tive stress. This oncogene driven transition is 
associated with loss of caveolin-1 (Cav-1) 
expression and increased MCT4 expression in 
adjoining stromal fibroblasts, functionally 
reproducing an overall catabolic metabolism 
phenotype in the TME.  Therapeutic strategies 
that allow metabolic uncoupling of oxidative 
cancer cells and their adjoining glycolytic 
stroma could be highly beneficial in targeting 
lethal subtype of cancers [48]. It is now well 
established that metabolic symbiosis besides 
promoting tumor growth and metastasis also 
promotes resistance to anticancer therapies. 
Targeting this metabolic association via combi-
natorial treatment using a glycolysis inhibitor 
(3PO) for efficiently inhibiting tumor growth 
and a complementary genetic ablation of MCT’s 
expression may help in overcoming resistance 
and serve as an appealing possibility for devel-
opment of anticancer therapy in patients [68].

Components of extracellular matrix and CAFs 
regulate tumor progression at every step of 
growth, development, and resistance to chemo-
therapies. Tumor growth is highly amplified in 
stromal-rich tumors including pancreatic, biliary, 
and breast cancers, certain types of hepatocellu-
lar cancer (HCC), and several other cancers. The 
molecular interaction between CAFs, ECM, and 
tumor cells involves a variety of mechanisms tar-
geting ECM remodeling, enriched angiogenesis, 
and elevated secretion of pro-tumorigenic and 

immunosuppressive cytokines for better immu-
nosuppression. As CAFs express α-smooth mus-
cle actin (α-SMA) and fibroblast activation 
protein (FAP) and display upregulated expres-
sion of platelet-derived growth factor receptor β 
(PDGFRβ), they are similar to activated myofi-
broblasts/hepatic stellate cells (HSC). If a parti-
cle (nanoparticles) is designed with suitable size 
and zeta potential, it can be injected specifically 
at the tumor site. A few nanoparticles have been 
tested and found to be effective in delivering 
drugs specifically to target activated HSC/myofi-
broblasts in the liver. This is a promising approach 
and further development of nanocarriers will help 
in designing stroma-based cancer therapies to 
target stroma-rich cancers [40]. Stromal-targeting 
agent such as all-trans retinoic acid (ATRA) in 
combination with chemotherapy has been shown 
to be effective in suppression of tumor growth in 
stromal-rich tumors like pancreatic ductal adeno-
carcinoma. These encouraging results warrant 
repurposing of drugs/agents in clinical studies for 
effective stromal targeting in pancreatic cancer 
[42].

Tumor stroma can impact the action and effi-
cacy of chemotherapeutic agents against their 
specific target tissues in different ways, such as 
by generating high interstitial pressure and fibro-
sis, as well as via degradation of drugs by stromal 
enzymes expediting resistance to anticancer ther-
apy and disease recurrence. Impenetrable fibrosis 
makes access of therapeutic agents to cancer cells 
limited by generating a barrier of the extracellu-
lar matrix; it further promotes degradation of 
drugs via stromal cytochrome P450 (CYP); and 
increased interstitial pressure prevents the entry 
of therapeutic agents [82]. Currently, chemother-
apies are designed to target tumor cells; however, 
for more effective therapies with better outcome, 
it is necessary to control the tumor stroma as 
well. Such approach should be designed keeping 
in mind that the source of stromal cells is normal 
cells in the host and can be unintentionally 
harmed [79]. Further, it should always be taken 
into consideration that stroma-targeting agents 
used to eliminate cancer cannot eradicate tumor 
growth completely, but can work effectively as a 
complementary approach.
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11	 �Conclusion

Studies in the last few decades have begun 
exploring the role of the tumor microenviron-
ment and its components in determining fate of 
tumor growth and metastasis. CAFs have sur-
faced as significant players among other stromal 
cells as they are highly abundant in a wide variety 
of solid tumors. The interaction between tumor 
cells and adjoining CAFs largely occurs by para-
crine signals in the form of cytokines and metab-
olites or via the intricate components of the 
proximate extracellular matrix. Here, we have 
discussed some of the molecular mechanisms 
underlying tumor cells and stromal CAF-
mediated regulation of tumor progression. 
Molecular interactions between tumor and stroma 
provide distinctive structural features that differ 
significantly from their corresponding normal tis-
sue. Cancer cells respond to the molecular sig-
nals that promote cell migration by changes 
allowing reorganization of cytoskeletal shape, as 
well as adhesion by secretion of chemokines, 
cytokines, and proteolytic enzymes. Additionally, 
signals derived from tumor cell help in the activa-
tion and recruitment of host cells, including 
MSCs, fibroblasts, and monocytes present in the 
tumor microenvironment. Thus, the active recip-
rocal molecular interactions between tumor and 
stromal cells within the tumor microenvironment 
orchestrate events associated with tumor 
progression.

In the past few decades, efforts have been 
directed toward investigating diverse types of 
tumor-stromal cell interactions and identifying 
key players driving these interactions using differ-
ent experimental model systems. Studies done in 
this field have highlighted the role of cellular com-
ponents of the TME such as CAFs as well as the 
molecular components such as chemokines and 
other molecules such as lactate in driving tumor 
progression. Dissecting these molecular interac-
tions will help in developing novel molecular tar-
gets for future drug discovery targeting cancer cell 
invasion, migration, and survival. In this chapter, 
we have provided an overview of the metabolic 
interactions in between tumor and stromal cells 
within the tumor microenvironment. We have 

highlighted on the role metabolic reprogramming 
mediated via tumor-stroma interactions in cancers 
and discussed some of the factors governing this 
process. Role of chemokines and lactate in driving 
the metabolic interactions in between tumor cells 
and CAFs emphasizes the influence of stromal 
factors on the growth and development of tumor. 
This is especially important as metabolic targets 
impacted via CAF can be proposed as potential 
secondary therapeutic strategies for cancer con-
trol. Additionally, we have also discussed the role 
of epigenetic factors underlying the tumor-stroma 
metabolic interaction. Addressing the reciprocal 
metabolic exchange of nutrients in between cancer 
and stromal CAFs will help in developing a better 
understanding of metabolic heterogeneity in the 
TME.  Investigating the metabolic cross talk will 
be advantageous in identifying novel targets for 
therapeutic advances. It has been our sincere 
attempt to cite important studies in the field, and 
we regret the inadvertent and unintentional omis-
sion of studies that would have benefitted this 
section.

References

	 1.	Aizawa, T., Karasawa, H., Funayama, R., Shirota, 
M., Suzuki, T., Maeda, S., Suzuki, H., Yamamura, 
A., Naitoh, T., Nakayama, K., & Unno, M. (2019, 
October). Cancer-associated fibroblasts secrete Wnt2 
to promote cancer progression in colorectal cancer. 
Cancer Medicine, 8(14), 6370–6382. https://doi.
org/10.1002/cam4.2523

	 2.	Albrengues, J., Bertero, T., Grasset, E., Bonan, S., 
Maiel, M., Bourget, I., Philippe, C., Herraiz Serrano, 
C., Benamar, S., Croce, O., Sanz-Moreno, V., 
Meneguzzi, G., Feral, C. C., Cristofari, G., & Gaggioli, 
C. (2015, December 15). Epigenetic switch drives the 
conversion of fibroblasts into proinvasive cancer-
associated fibroblasts. Nature Communications, 6, 
10204. https://doi.org/10.1038/ncomms10204

	 3.	Allen, M., & Louise, J.  J. (2011). Jekyll and Hyde: 
The role of the microenvironment on the progression 
of cancer. The Journal of Pathology, 223(2), 162–176. 
https://doi.org/10.1002/path.2803

	 4.	Andersen, M.  K., Rise, K., Giskeødegård, G.  F., 
Richardsen, E., Bertilsson, H., Størkersen, Ø., Bathen, 
T.  F., Rye, M., & Tessem, M.  B. (2018, September 
24). Integrative metabolic and transcriptomic pro-
filing of prostate cancer tissue containing reactive 
stroma. Scientific Reports, 8(1), 14269. https://doi.
org/10.1038/s41598-018-32549-1

D. Mishra and D. Banerjee

https://doi.org/10.1002/cam4.2523
https://doi.org/10.1002/cam4.2523
https://doi.org/10.1038/ncomms10204
https://doi.org/10.1002/path.2803
https://doi.org/10.1038/s41598-018-32549-1
https://doi.org/10.1038/s41598-018-32549-1


117

	 5.	Andersson, P., Yang, Y., Hosaka, K., Zhang, Y., 
Fischer, C., Braun, H., Liu, S., Yu, G., Liu, S., Beyaert, 
R., Chang, M., Li, Q., & Cao, Y. (2018, October 18). 
Molecular mechanisms of IL-33-mediated stromal 
interactions in cancer metastasis. JCI Insight, 3(20), 
e122375. https://doi.org/10.1172/jci.insight.122375

	 6.	Anton, K., Banerjee, D., & Glod, J. (2012). 
Macrophage-associated mesenchymal stem cells 
assume an activated, migratory, pro-inflammatory 
phenotype with increased IL-6 and CXCL10 secre-
tion. PLoS One, 7(4), e35036. https://doi.org/10.1371/
journal.pone.0035036

	 7.	Avagliano, A., Granato, G., Ruocco, M.  R., 
Romano, V., Belviso, I., Carfora, A., Montagnani, 
S., & Arcucci, A. (2018, June 5). Metabolic 
Reprogramming of Cancer Associated Fibroblasts: 
The Slavery of Stromal Fibroblasts. BioMed 
Research International, 2018, 6075403. https://doi.
org/10.1155/2018/6075403

	 8.	Balkwill, F. (2004a, July). Cancer and the chemokine 
network. Nature Reviews. Cancer, 4(7), 540–550. 
https://doi.org/10.1038/nrc1388

	 9.	Balkwill, F. (2004b, June). The significance of cancer 
cell expression of the chemokine receptor CXCR4. 
Seminars in Cancer Biology, 14(3), 171–179. https://
doi.org/10.1016/j.semcancer.2003.10.003

	10.	Balkwill, F. R., Capasso, M., & Hagemann, T. (2012). 
The tumor microenvironment at a glance. Journal 
of Cell Science, 125(Pt 23), 5591–5596. https://doi.
org/10.1242/jcs.116392

	11.	Baltazar, F., Afonso, J., Costa, M., & Granja, S. 
(2020, March 18). Lactate beyond a waste metabo-
lite: Metabolic affairs and signaling in malig-
nancy. Frontiers in Oncology, 10, 231. https://doi.
org/10.3389/fonc.2020.00231

	12.	Becker, L. M., O’Connell, J. T., Vo, A. P., Cain, M. P., 
Tampe, D., Bizarro, L., Sugimoto, H., McGow, A. K., 
Asara, J. M., Lovisa, S., McAndrews, K. M., Zielinski, 
R., Lorenzi, P.  L., Zeisberg, M., Raza, S., LeBleu, 
V. S., & Kalluri, R. (2020, June 2). Epigenetic repro-
gramming of cancer-associated fibroblasts deregu-
lates glucose metabolism and facilitates progression 
of breast cancer. Cell Reports, 31(9), 107701. https://
doi.org/10.1016/j.celrep.2020.107701

	13.	Bhagat, T. D., Von Ahrens, D., Dawlaty, M., Zou, Y., 
Baddour, J., Achreja, A., Zhao, H., Yang, L., Patel, 
B., Kwak, C., Choudhary, G. S., Gordon-Mitchell, S., 
Aluri, S., Bhattacharyya, S., Sahu, S., Bhagat, P., Yu, 
Y., Bartenstein, M., Giricz, O., … Verma, A. (2019, 
November 1). Lactate-mediated epigenetic repro-
gramming regulates formation of human pancreatic 
cancer-associated fibroblasts. Elife, 8, e50663. https://
doi.org/10.7554/eLife.50663

	14.	Bhowmick, N.  A., Neilson, E.  G., & Moses, H.  L. 
(2004). Stromal fibroblasts in cancer initiation and 
progression. Nature, 432(7015), 332–337. https://doi.
org/10.1038/nature03096

	15.	Burger, J. A., & Kipps, T. J. (2006, March 1). CXCR4: 
A key receptor in the crosstalk between tumor cells 

and their microenvironment. Blood, 107(5), 1761–
1767. https://doi.org/10.1182/blood-2005-08-3182

	16.	Cairns, R.  A., Harris, I.  S., & Mak, T.  W. (2011). 
Regulation of cancer cell metabolism. Nature Reviews. 
Cancer, 11(2), 85–95. https://doi.org/10.1038/
nrc2981

	17.	Cantor, J.  R., & Sabatini, D.  M. (2012). Cancer 
cell metabolism: One hallmark, many faces. 
Cancer Discovery, 2(10), 881–898. https://doi.
org/10.1158/2159-8290.CD-12-0345

	18.	Carmona-Fontaine, C., Deforet, M., Akkari, L., 
Thompson, C. B., Joyce, J. A., & Xavier, J. B. (2017). 
Metabolic origins of spatial organization in the tumor 
microenvironment. Proceedings of the National 
Academy of Sciences of the United States of America, 
114(11), 2934–2939. https://doi.org/10.1073/
pnas.1700600114

	19.	Chow, M.  T., & Luster, A.  D. (2014, December). 
Chemokines in cancer. Cancer Immunology Research, 
2(12), 1125–1131. https://doi.org/10.1158/2326-
6066.CIR-14-0160

	20.	Cirri, P., & Chiarugi, P. (2012). Cancer-associated-
fibroblasts and tumour cells: A diabolic liaison 
driving cancer progression. Cancer Metastasis 
Reviews, 31(1–2), 195–208. https://doi.org/10.1007/
s10555-011-9340-x

	21.	Cohen, N., Shani, O., Raz, Y., Sharon, Y., Hoffman, 
D., Abramovitz, L., & Erez, N. (2017, August). 
Fibroblasts drive an immunosuppressive and growth-
promoting microenvironment in breast cancer via 
secretion of Chitinase 3-like 1. Oncogene, 36(31), 
4457–4468. https://doi.org/10.1038/onc.2017.65

	22.	D’Arcangelo, E., Wu, N.  C., Cadavid, J.  L., & 
McGuigan, A.  P. (2020, March). The life cycle of 
cancer-associated fibroblasts within the tumour 
stroma and its importance in disease outcome. British 
Journal of Cancer, 122(7), 931–942. https://doi.
org/10.1038/s41416-019-0705-1

	23.	Dauer, P., Zhao, X., Gupta, V. K., Sharma, N., Kesh, 
K., Gnamlin, P., Dudeja, V., Vickers, S. M., Banerjee, 
S., & Saluja, A. (2018, March 1). Inactivation of 
cancer-associated-fibroblasts disrupts oncogenic 
signaling in pancreatic cancer cells and promotes 
its regression. Cancer Research, 78(5), 1321–1333. 
https://doi.org/10.1158/0008-5472.CAN-17-2320

	24.	de la Cruz-López, K.  G., Castro-Muñoz, L.  J., 
Reyes-Hernández, D.  O., García-Carrancá, A., & 
Manzo-Merino, J. (2019, November 1). Lactate in 
the regulation of tumor microenvironment and thera-
peutic approaches. Frontiers in Oncology, 9, 1143. 
https://doi.org/10.3389/fonc.2019.01143

	25.	DeBerardinis, R. J., Lum, J. J., Hatzivassiliou, G., & 
Thompson, C. B. (2008, January). The biology of can-
cer: Metabolic reprogramming fuels cell growth and 
proliferation. Cell Metabolism, 7(1), 11–20. https://
doi.org/10.1016/j.cmet.2007.10.002

	26.	Doherty, J. R., & Cleveland, J. L. (2013, September). 
Targeting lactate metabolism for cancer therapeu-
tics. The Journal of Clinical Investigation, 123(9), 

Metabolic Interactions Between Tumor and Stromal Cells in the Tumor Microenvironment

https://doi.org/10.1172/jci.insight.122375
https://doi.org/10.1371/journal.pone.0035036
https://doi.org/10.1371/journal.pone.0035036
https://doi.org/10.1155/2018/6075403
https://doi.org/10.1155/2018/6075403
https://doi.org/10.1038/nrc1388
https://doi.org/10.1016/j.semcancer.2003.10.003
https://doi.org/10.1016/j.semcancer.2003.10.003
https://doi.org/10.1242/jcs.116392
https://doi.org/10.1242/jcs.116392
https://doi.org/10.3389/fonc.2020.00231
https://doi.org/10.3389/fonc.2020.00231
https://doi.org/10.1016/j.celrep.2020.107701
https://doi.org/10.1016/j.celrep.2020.107701
https://doi.org/10.7554/eLife.50663
https://doi.org/10.7554/eLife.50663
https://doi.org/10.1038/nature03096
https://doi.org/10.1038/nature03096
https://doi.org/10.1182/blood-2005-08-3182
https://doi.org/10.1038/nrc2981
https://doi.org/10.1038/nrc2981
https://doi.org/10.1158/2159-8290.CD-12-0345
https://doi.org/10.1158/2159-8290.CD-12-0345
https://doi.org/10.1073/pnas.1700600114
https://doi.org/10.1073/pnas.1700600114
https://doi.org/10.1158/2326-6066.CIR-14-0160
https://doi.org/10.1158/2326-6066.CIR-14-0160
https://doi.org/10.1007/s10555-011-9340-x
https://doi.org/10.1007/s10555-011-9340-x
https://doi.org/10.1038/onc.2017.65
https://doi.org/10.1038/s41416-019-0705-1
https://doi.org/10.1038/s41416-019-0705-1
https://doi.org/10.1158/0008-5472.CAN-17-2320
https://doi.org/10.3389/fonc.2019.01143
https://doi.org/10.1016/j.cmet.2007.10.002
https://doi.org/10.1016/j.cmet.2007.10.002


118

3685–3692. https://doi.org/10.1172/JCI69741. Epub 
2013 Sep 3.

	27.	Draoui, N., & Feron, O. (2011, November). Lactate 
shuttles at a glance: From physiological para-
digms to anti-cancer treatments. Disease Models & 
Mechanisms, 4(6), 727–732. https://doi.org/10.1242/
dmm.007724

	28.	Egeblad, M., Nakasone, E.  S., & Werb, Z. (2010). 
Tumors as organs: Complex tissues that inter-
face with the entire organism. Developmental 
Cell, 18(6), 884–901. https://doi.org/10.1016/j.
devcel.2010.05.012

	29.	Elyada, E., Bolisetty, M., Laise, P., Flynn, W.  F., 
Courtois, E.  T., Burkhart, R.  A., Teinor, J.  A., 
Belleau, P., Biffi, G., Lucito, M.  S., Sivajothi, S., 
Armstrong, T. D., Engle, D. D., Yu, K. H., Hao, Y., 
Wolfgang, C.  L., Park, Y., Preall, J., Jaffee, E.  M., 
… Tuveson, D.  A. (2019, August). Cross-species 
single-cell analysis of pancreatic ductal adenocarci-
noma reveals antigen-presenting cancer-associated 
fibroblasts. Cancer Discovery, 9(8), 1102–1123. 
https://doi.org/10.1158/2159-8290.CD-19-0094. 
Epub 2019 Jun 13.

	30.	Gao, H., Priebe, W., Glod, J., & Banerjee, D. (2009). 
Activation of signal transducers and activators of tran-
scription 3 and focal adhesion kinase by stromal cell-
derived factor 1 is required for migration of human 
mesenchymal stem cells in response to tumor cell-
conditioned medium. Stem Cells, 27(4), 857–865. 
https://doi.org/10.1002/stem.23

	31.	Hanahan, D., & Coussens, L. M. (2012). Accessories 
to the crime: Functions of cells recruited to the tumor 
microenvironment. Cancer Cell, 21(3), 309–322. 
https://doi.org/10.1016/j.ccr.2012.02.022

	32.	Hanahan, D., & Weinberg, R. A. (2011). Hallmarks of 
cancer: The next generation. Cell, 144(5), 646–674. 
https://doi.org/10.1016/j.cell.2011.02.013

	33.	Hanahan, D., & Weinberg, R. A. (2000, January 7). 
The hallmarks of cancer. Cell, 100(1), 57–70. https://
doi.org/10.1016/s0092-8674(00)81683-9

	34.	Hirschey, M.  D., DeBerardinis, R.  J., Diehl, A.  M. 
E., Drew, J.  E., Frezza, C., Green, M.  F., Jones, 
L.  W., Ko, Y.  H., Le, A., Lea, M.  A., Locasale, 
J.  W., Longo, V.  D., Lyssiotis, C.  A., McDonnell, 
E., Mehrmohamadi, M., Michelotti, G., Muralidhar, 
V., Murphy, M.  P., Pedersen, P.  L., … Target 
Validation Team. (2015, December). Dysregulated 
metabolism contributes to oncogenesis. Seminars in 
Cancer Biology, 35(Suppl), S129–S150. https://doi.
org/10.1016/j.semcancer.2015.10.002

	35.	Jiang, L., Gonda, T. A., Gamble, M. V., Salas, M., 
Seshan, V., Tu, S., Twaddell, W. S., Hegyi, P., Lazar, 
G., Steele, I., Varro, A., Wang, T.  C., & Tycko, B. 
(2008, December 1). Global hypomethylation of 
genomic DNA in cancer-associated myofibroblasts. 
Cancer Research, 68(23), 9900–9908. https://doi.
org/10.1158/0008-5472.CAN-08-1319

	36.	Joyce, J. A. (2005). Therapeutic targeting of the tumor 
microenvironment. Cancer Cell, 7(6), 513–520. 
https://doi.org/10.1016/j.ccr.2005.05.024

	37.	Junttila, M. R., & de Sauvage, F. J. (2013). Influence 
of tumour micro-environment heterogeneity on thera-
peutic response. Nature, 501(7467), 346–354. https://
doi.org/10.1038/nature12626

	38.	Kalluri, R., & Zeisberg, M. (2006). Fibroblasts in can-
cer. Nature Reviews. Cancer, 6(5), 392–401. https://
doi.org/10.1038/nrc1877

	39.	Kalluri, R. (2016, August 23). The biology and func-
tion of fibroblasts in cancer. Nature Reviews. Cancer, 
16(9), 582–598. https://doi.org/10.1038/nrc.2016.73

	40.	Kaps, L., & Schuppan, D. (2020, September 3). 
Targeting cancer associated fibroblasts in liver fibrosis 
and liver cancer using nanocarriers. Cell, 9(9), 2027. 
https://doi.org/10.3390/cells9092027

	41.	Katanov, C., Lerrer, S., Liubomirski, Y., Leider-Trejo, 
L., Meshel, T., Bar, J., Feniger-Barish, R., Kamer, 
I., Soria-Artzi, G., Kahani, H., Banerjee, D., & Ben-
Baruch, A. (2015, May 1). Regulation of the inflam-
matory profile of stromal cells in human breast cancer: 
Prominent roles for TNF-α and the NF-κB pathway. 
Stem Cell Research & Therapy, 6(1), 87. https://doi.
org/10.1186/s13287-015-0080-7

	42.	Kocher, H. M., Basu, B., Froeling, F. E. M., Sarker, 
D., Slater, S., Carlin, D., deSouza, N. M., De Paepe, 
K.  N., Goulart, M.  R., Hughes, C., Imrali, A., 
Roberts, R., Pawula, M., Houghton, R., Lawrence, 
C., Yogeswaran, Y., Mousa, K., Coetzee, C., Sasieni, 
P., … Propper, D.  J. (2020, September 24). Phase 
I clinical trial repurposing all-trans retinoic acid 
as a stromal targeting agent for pancreatic cancer. 
Nature Communications, 11(1), 4841. https://doi.
org/10.1038/s41467-020-18636-w

	43.	Kramer, N., Schmöllerl, J., Unger, C., Nivarthi, H., 
Rudisch, A., Unterleuthner, D., Scherzer, M., Riedl, 
A., Artaker, M., Crncec, I., Lenhardt, D., Schwarz, T., 
Prieler, B., Han, X., Hengstschläger, M., Schüler, J., 
Eferl, R., Moriggl, R., Sommergruber, W., & Dolznig, 
H. (2017, September 28). Autocrine WNT2 signal-
ing in fibroblasts promotes colorectal cancer pro-
gression. Oncogene, 36(39), 5460–5472. https://doi.
org/10.1038/onc.2017.144

	44.	LeBleu, V.  S., & Kalluri, R. (2018, April 19). A 
peek into cancer-associated fibroblasts: Origins, 
functions and translational impact. Disease Models 
& Mechanisms, 11(4), dmm029447. https://doi.
org/10.1242/dmm.029447

	45.	Ligorio, M., Sil, S., Malagon-Lopez, J., Nieman, L. T., 
Misale, S., Di Pilato, M., Ebright, R. Y., Karabacak, 
M. N., Kulkarni, A. S., Liu, A., Vincent Jordan, N., 
Franses, J.  W., Philipp, J., Kreuzer, J., Desai, N., 
Arora, K.  S., Rajurkar, M., Horwitz, E., Neyaz, A., 
… Ting, D.  T. (2019, June 27). Stromal microenvi-
ronment shapes the intratumoral architecture of pan-
creatic cancer. Cell, 178(1), 160–175.e27. https://doi.
org/10.1016/j.cell.2019.05.012

	46.	Lin, S.  Y., Dolfi, S.  C., Amiri, S., Li, J., Budak-
Alpdogan, T., Lee, K.  C., Derenzo, C., Banerjee, 
D., & Glod, J. (2013, December). P53 regulates the 
migration of mesenchymal stromal cells in response 
to the tumor microenvironment through both 

D. Mishra and D. Banerjee

https://doi.org/10.1172/JCI69741
https://doi.org/10.1242/dmm.007724
https://doi.org/10.1242/dmm.007724
https://doi.org/10.1016/j.devcel.2010.05.012
https://doi.org/10.1016/j.devcel.2010.05.012
https://doi.org/10.1158/2159-8290.CD-19-0094
https://doi.org/10.1002/stem.23
https://doi.org/10.1016/j.ccr.2012.02.022
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/s0092-8674(00)81683-9
https://doi.org/10.1016/s0092-8674(00)81683-9
https://doi.org/10.1016/j.semcancer.2015.10.002
https://doi.org/10.1016/j.semcancer.2015.10.002
https://doi.org/10.1158/0008-5472.CAN-08-1319
https://doi.org/10.1158/0008-5472.CAN-08-1319
https://doi.org/10.1016/j.ccr.2005.05.024
https://doi.org/10.1038/nature12626
https://doi.org/10.1038/nature12626
https://doi.org/10.1038/nrc1877
https://doi.org/10.1038/nrc1877
https://doi.org/10.1038/nrc.2016.73
https://doi.org/10.3390/cells9092027
https://doi.org/10.1186/s13287-015-0080-7
https://doi.org/10.1186/s13287-015-0080-7
https://doi.org/10.1038/s41467-020-18636-w
https://doi.org/10.1038/s41467-020-18636-w
https://doi.org/10.1038/onc.2017.144
https://doi.org/10.1038/onc.2017.144
https://doi.org/10.1242/dmm.029447
https://doi.org/10.1242/dmm.029447
https://doi.org/10.1016/j.cell.2019.05.012
https://doi.org/10.1016/j.cell.2019.05.012


119

CXCL12-dependent and -independent mechanisms. 
International Journal of Oncology, 43(6), 1817–1823. 
https://doi.org/10.3892/ijo.2013.2109

	47.	Lin, S. Y., Yang, J., Everett, A. D., Clevenger, C. V., 
Koneru, M., Mishra, P. J., Kamen, B., Banerjee, D., 
& Glod, J. (2008, October 15). The isolation of novel 
mesenchymal stromal cell chemotactic factors from 
the conditioned medium of tumor cells. Experimental 
Cell Research, 314(17), 3107–3117. https://doi.
org/10.1016/j.yexcr.2008.07.028

	48.	Lisanti, M. P., Martinez-Outschoorn, U. E., & Sotgia, 
F. (2013, September 1). Oncogenes induce the cancer-
associated fibroblast phenotype: Metabolic symbiosis 
and “fibroblast addiction” are new therapeutic targets 
for drug discovery. Cell Cycle, 12(17), 2723–2732. 
https://doi.org/10.4161/cc.25695

	49.	Ma, X. J., Dahiya, S., Richardson, E., Erlander, M., & 
Sgroi, D. C. (2009). Gene expression profiling of the 
tumor microenvironment during breast cancer pro-
gression. Breast Cancer Research, 11(1), R7. https://
doi.org/10.1186/bcr2222

	50.	Martinez-Outschoorn, U.  E., Goldberg, A., Lin, Z., 
Ko, Y.  H., Flomenberg, N., Wang, C., Pavlides, S., 
Pestell, R. G., Howell, A., Sotgia, F., & Lisanti, M. P. 
(2011a, November 15). Anti-estrogen resistance in 
breast cancer is induced by the tumor microenviron-
ment and can be overcome by inhibiting mitochondrial 
function in epithelial cancer cells. Cancer Biology & 
Therapy, 12(10), 924–938. https://doi.org/10.4161/
cbt.12.10.17780

	51.	Martinez-Outschoorn, U. E., Pavlides, S., Whitaker-
Menezes, D., Daumer, K.  M., Milliman, J.  N., 
Chiavarina, B., Migneco, G., Witkiewicz, A.  K., 
Martinez-Cantarin, M.  P., Flomenberg, N., Howell, 
A., Pestell, R. G., Lisanti, M. P., & Sotgia, F. (2010, 
June 15). Tumor cells induce the cancer associated 
fibroblast phenotype via caveolin-1 degradation: 
Implications for breast cancer and DCIS therapy with 
autophagy inhibitors. Cell Cycle, 9(12), 2423–2433. 
https://doi.org/10.4161/cc.9.12.12048

	52.	Martinez-Outschoorn, U.  E., Prisco, M., Ertel, 
A., Tsirigos, A., Lin, Z., Pavlides, S., Wang, C., 
Flomenberg, N., Knudsen, E. S., Howell, A., Pestell, 
R. G., Sotgia, F., & Lisanti, M. P. (2011b, April 15). 
Ketones and lactate increase cancer cell “stemness,” 
driving recurrence, metastasis and poor clinical 
outcome in breast cancer: Achieving personalized 
medicine via Metabolo-Genomics. Cell Cycle, 10(8), 
1271–1286. https://doi.org/10.4161/cc.10.8.15330

	53.	Mathot, P., Grandin, M., Devailly, G., Souaze, F., 
Cahais, V., Moran, S., Campone, M., Herceg, Z., 
Esteller, M., Juin, P., Mehlen, P., & Dante, R. (2017, 
October 23). DNA methylation signal has a major role 
in the response of human breast cancer cells to the 
microenvironment. Oncogenesis, 6(10), e390. https://
doi.org/10.1038/oncsis.2017.88

	54.	Menon, L.  G., Picinich, S., Koneru, R., Gao, H., 
Lin, S. Y., Koneru, M., Mayer-Kuckuk, P., Glod, J., 
& Banerjee, D. (2007, February). Differential gene 
expression associated with migration of mesenchymal 

stem cells to conditioned medium from tumor cells 
or bone marrow cells. Stem Cells, 25(2), 520–528. 
https://doi.org/10.1634/stemcells.2006-0257

	55.	Micke, P., & Ostman, A. (2005, December). Exploring 
the tumour environment: Cancer-associated fibro-
blasts as targets in cancer therapy. Expert Opinion 
on Therapeutic Targets, 9(6), 1217–1233. https://doi.
org/10.1517/14728222.9.6.1217

	56.	Mishra, D., & Banerjee, D. (2019). Lactate dehydro-
genases as metabolic links between tumor and stroma 
in the tumor microenvironment. Cancers (Basel), 
11(6), 750. Published 2019 May 29. https://doi.
org/10.3390/cancers11060750

	57.	Mishra, P., Banerjee, D., & Ben-Baruch, A. (2011, 
January). Chemokines at the crossroads of tumor-
fibroblast interactions that promote malignancy. 
Journal of Leukocyte Biology, 89(1), 31–39. https://
doi.org/10.1189/jlb.0310182

	58.	Mishra, P.  J., Mishra, P.  J., Humeniuk, R., Medina, 
D.  J., Alexe, G., Mesirov, J.  P., Ganesan, S., Glod, 
J.  W., & Banerjee, D. (2008, June 1). Carcinoma-
associated fibroblast-like differentiation of human 
mesenchymal stem cells. Cancer Research, 68(11), 
4331–4339. https://doi.org/10.1158/0008-5472.
CAN-08-0943

	59.	Mishra, R., Haldar, S., Placencio, V., Madhav, A., 
Rohena-Rivera, K., Agarwal, P., Duong, F., Angara, 
B., Tripathi, M., Liu, Z., Gottlieb, R. A., Wagner, S., 
Posadas, E. M., & Bhowmick, N. A. (2018, October 
1). Stromal epigenetic alterations drive metabolic and 
neuroendocrine prostate cancer reprogramming. The 
Journal of Clinical Investigation, 128(10), 4472–
4484. https://doi.org/10.1172/JCI99397

	60.	Morais-Santos, F., Granja, S., Miranda-Gonçalves, 
V., Moreira, A. H., Queirós, S., Vilaça, J. L., Schmitt, 
F.  C., Longatto-Filho, A., Paredes, J., Baltazar, F., 
& Pinheiro, C. (2015, August 7). Targeting lactate 
transport suppresses in  vivo breast tumour growth. 
Oncotarget, 6(22), 19177–19189.

	61.	Orimo, A., Gupta, P.  B., Sgroi, D.  C., Arenzana-
Seisdedos, F., Delaunay, T., Naeem, R., Carey, V. J., 
Richardson, A.  L., & Weinberg, R.  A. (2005, May 
6). Stromal fibroblasts present in invasive human 
breast carcinomas promote tumor growth and angio-
genesis through elevated SDF-1/CXCL12 secretion. 
Cell, 121(3), 335–348. https://doi.org/10.1016/j.
cell.2005.02.034

	62.	Orimo, A., & Weinberg, R.  A. (2006). Stromal 
fibroblasts in cancer: A novel tumor-promoting 
cell type. Cell Cycle, 5(15), 1597–1601. https://doi.
org/10.4161/cc.5.15.3112

	63.	Palm, W., & Thompson, C. B. (2017). Nutrient acquisi-
tion strategies of mammalian cells. Nature, 546(7657), 
234–242. https://doi.org/10.1038/nature22379

	64.	Patel, B. B., Ackerstaff, E., Serganova, I. S., Kerrigan, 
J. E., Blasberg, R. G., Koutcher, J. A., & Banerjee, D. 
(2017, March 1). Tumor stroma interaction is mediated 
by monocarboxylate metabolism. Experimental Cell 
Research, 352(1), 20–33. https://doi.org/10.1016/j.
yexcr.2017.01.013

Metabolic Interactions Between Tumor and Stromal Cells in the Tumor Microenvironment

https://doi.org/10.3892/ijo.2013.2109
https://doi.org/10.1016/j.yexcr.2008.07.028
https://doi.org/10.1016/j.yexcr.2008.07.028
https://doi.org/10.4161/cc.25695
https://doi.org/10.1186/bcr2222
https://doi.org/10.1186/bcr2222
https://doi.org/10.4161/cbt.12.10.17780
https://doi.org/10.4161/cbt.12.10.17780
https://doi.org/10.4161/cc.9.12.12048
https://doi.org/10.4161/cc.10.8.15330
https://doi.org/10.1038/oncsis.2017.88
https://doi.org/10.1038/oncsis.2017.88
https://doi.org/10.1634/stemcells.2006-0257
https://doi.org/10.1517/14728222.9.6.1217
https://doi.org/10.1517/14728222.9.6.1217
https://doi.org/10.3390/cancers11060750
https://doi.org/10.3390/cancers11060750
https://doi.org/10.1189/jlb.0310182
https://doi.org/10.1189/jlb.0310182
https://doi.org/10.1158/0008-5472.CAN-08-0943
https://doi.org/10.1158/0008-5472.CAN-08-0943
https://doi.org/10.1172/JCI99397
https://doi.org/10.1016/j.cell.2005.02.034
https://doi.org/10.1016/j.cell.2005.02.034
https://doi.org/10.4161/cc.5.15.3112
https://doi.org/10.4161/cc.5.15.3112
https://doi.org/10.1038/nature22379
https://doi.org/10.1016/j.yexcr.2017.01.013
https://doi.org/10.1016/j.yexcr.2017.01.013


120

	65.	Pavlova, N.  N., & Thompson, C.  B. (2016). The 
emerging hallmarks of cancer metabolism. Cell 
Metabolism, 23(1), 27–47. https://doi.org/10.1016/j.
cmet.2015.12.006

	66.	Picinich, S. C., Glod, J. W., & Banerjee, D. (2010). 
Protein kinase C zeta regulates interleukin-8-mediated 
stromal-derived factor-1 expression and migration of 
human mesenchymal stromal cells. Experimental Cell 
Research, 316(4), 593–602. https://doi.org/10.1016/j.
yexcr.2009.11.011

	67.	Pietras, K., & Ostman, A. (2010, May 1). Hallmarks 
of cancer: Interactions with the tumor stroma. 
Experimental Cell Research, 316(8), 1324–1331. 
https://doi.org/10.1016/j.yexcr.2010.02.045

	68.	Pisarsky, L., Bill, R., Fagiani, E., Dimeloe, S., 
Goosen, R. W., Hagmann, J., Hess, C., & Christofori, 
G. (2016, May 10). Targeting metabolic symbiosis to 
overcome resistance to anti-angiogenic therapy. Cell 
Reports, 15(6), 1161–1174. https://doi.org/10.1016/j.
celrep.2016.04.028

	69.	Raman, D., Baugher, P. J., Thu, Y. M., & Richmond, 
A. (2007, October 28). Role of chemokines in tumor 
growth. Cancer Letters, 256(2), 137–165. https://doi.
org/10.1016/j.canlet.2007.05.013

	70.	Rattigan, Y., Hsu, J.  M., Mishra, P.  J., Glod, J., & 
Banerjee, D. (2010). Interleukin 6 mediated recruit-
ment of mesenchymal stem cells to the hypoxic tumor 
milieu. Experimental Cell Research, 316(20), 3417–
3424. https://doi.org/10.1016/j.yexcr.2010.07.002

	71.	Rattigan, Y. I., Patel, B. B., Ackerstaff, E., Sukenick, 
G., Koutcher, J.  A., Glod, J.  W., & Banerjee, D. 
(2012, February 15). Lactate is a mediator of meta-
bolic cooperation between stromal carcinoma asso-
ciated fibroblasts and glycolytic tumor cells in 
the tumor microenvironment. Experimental Cell 
Research, 318(4), 326–335. https://doi.org/10.1016/j.
yexcr.2011.11.014

	72.	Rot, A., & von Andrian, U. H. (2004). Chemokines 
in innate and adaptive host defense: Basic chemoki-
nese grammar for immune cells. Annual Review of 
Immunology, 22, 891–928. https://doi.org/10.1146/
annurev.immunol.22.012703.104543

	73.	San-Millán, I., & Brooks, G.  A. (2017 Feb 1). 
Reexamining cancer metabolism: Lactate production 
for carcinogenesis could be the purpose and explana-
tion of the Warburg Effect. Carcinogenesis, 38(2), 
119–133. https://doi.org/10.1093/carcin/bgw127

	74.	Sandri, B.  J., Masvidal, L., Murie, C., Bartish, M., 
Avdulov, S., Higgins, L., Markowski, T., Peterson, M., 
Bergh, J., Yang, P., Rolny, C., Limper, A. H., Griffin, 
T. J., Bitterman, P. B., Wendt, C. H., & Larsson, O. 
(2019, August 1). Distinct cancer-promoting stro-
mal gene expression depending on lung function. 
American Journal of Respiratory and Critical Care 
Medicine, 200(3), 348–358. https://doi.org/10.1164/
rccm.201801-0080OC

	75.	Schwörer, S., Vardhana, S.  A., & Thompson, C.  B. 
(2019). Cancer metabolism drives a stromal regen-
erative response. Cell Metabolism, 29(3), 576–591. 
https://doi.org/10.1016/j.cmet.2019.01.015

	76.	Sherman, M.  H., Yu, R.  T., Tseng, T.  W., Sousa, 
C.  M., Liu, S., Truitt, M.  L., He, N., Ding, N., 
Liddle, C., Atkins, A.  R., Leblanc, M., Collisson, 
E.  A., Asara, J.  M., Kimmelman, A.  C., Downes, 
M., & Evans, R.  M. (2017, January 31). Stromal 
cues regulate the pancreatic cancer epigenome and 
metabolome. Proceedings of the National Academy 
of Sciences of the United States of America, 
114(5), 1129–1134. https://doi.org/10.1073/
pnas.1620164114

	77.	Sperb, N., Tsesmelis, M., & Wirth, T. (2020). 
Crosstalk between tumor and stromal cells in pan-
creatic ductal adenocarcinoma. International Journal 
of Molecular Science, 21(15), 5486. Published 2020 
July 31. https://doi.org/10.3390/ijms21155486

	78.	Tennant, D. A., Durán, R. V., & Gottlieb, E. (2010). 
Targeting metabolic transformation for cancer ther-
apy. Nature Reviews. Cancer, 10(4), 267–277. https://
doi.org/10.1038/nrc2817

	79.	Tran, E., Chinnasamy, D., Yu, Z., Morgan, R.  A., 
Lee, C. C., Restifo, N. P., & Rosenberg, S. A. (2013, 
June 3). Immune targeting of fibroblast activation 
protein triggers recognition of multipotent bone 
marrow stromal cells and cachexia. The Journal of 
Experimental Medicine, 210(6), 1125–1135. https://
doi.org/10.1084/jem.20130110

	80.	Tripathi, M., Billet, S., & Bhowmick, N. A. (2012). 
Understanding the role of stromal fibroblasts in can-
cer progression. Cell Adhesion & Migration, 6(3), 
231–235. https://doi.org/10.4161/cam.20419

	81.	Tyekucheva, S., Bowden, M., Bango, C., Giunchi, 
F., Huang, Y., Zhou, C., Bondi, A., Lis, R., Van 
Hemelrijck, M., Andrén, O., Andersson, S.  O., 
Watson, R. W., Pennington, S., Finn, S. P., Martin, 
N. E., Stampfer, M. J., Parmigiani, G., Penney, K. L., 
Fiorentino, M., … Loda, M. (2017, September 4). 
Stromal and epithelial transcriptional map of initia-
tion progression and metastatic potential of human 
prostate cancer. Nature Communications, 8(1), 420. 
https://doi.org/10.1038/s41467-017-00460-4

	82.	Valkenburg, K.  C., de Groot, A.  E., & Pienta, K.  J. 
(2018, June). Targeting the tumour stroma to 
improve cancer therapy. Nature Reviews. Clinical 
Oncology, 15(6), 366–381. https://doi.org/10.1038/
s41571-018-0007-1

	83.	Vander Heiden, M. G., Lunt, S. Y., Dayton, T. L., 
Fiske, B. P., Israelsen, W. J., Mattaini, K. R., Vokes, 
N. I., Stephanopoulos, G., Cantley, L. C., Metallo, 
C. M., & Locasale, J. W. (2011). Metabolic path-
way alterations that support cell proliferation. 
Cold Spring Harbor Symposia on Quantitative 
Biology, 76, 325–334. https://doi.org/10.1101/
sqb.2012.76.010900

	84.	Vander Heiden, M.  G. (2011). Targeting cancer 
metabolism: A therapeutic window opens. Nature 
Reviews Drug Discovery, 10(9), 671–684. Published 
2011 Aug 31. https://doi.org/10.1038/nrd3504

	85.	Warburg, O. (1956). On the origin of cancer cells. 
Science, 123(3191), 309–314. https://doi.org/10.1126/
science.123.3191.309

D. Mishra and D. Banerjee

https://doi.org/10.1016/j.cmet.2015.12.006
https://doi.org/10.1016/j.cmet.2015.12.006
https://doi.org/10.1016/j.yexcr.2009.11.011
https://doi.org/10.1016/j.yexcr.2009.11.011
https://doi.org/10.1016/j.yexcr.2010.02.045
https://doi.org/10.1016/j.celrep.2016.04.028
https://doi.org/10.1016/j.celrep.2016.04.028
https://doi.org/10.1016/j.canlet.2007.05.013
https://doi.org/10.1016/j.canlet.2007.05.013
https://doi.org/10.1016/j.yexcr.2010.07.002
https://doi.org/10.1016/j.yexcr.2011.11.014
https://doi.org/10.1016/j.yexcr.2011.11.014
https://doi.org/10.1146/annurev.immunol.22.012703.104543
https://doi.org/10.1146/annurev.immunol.22.012703.104543
https://doi.org/10.1093/carcin/bgw127
https://doi.org/10.1164/rccm.201801-0080OC
https://doi.org/10.1164/rccm.201801-0080OC
https://doi.org/10.1016/j.cmet.2019.01.015
https://doi.org/10.1073/pnas.1620164114
https://doi.org/10.1073/pnas.1620164114
https://doi.org/10.3390/ijms21155486
https://doi.org/10.1038/nrc2817
https://doi.org/10.1038/nrc2817
https://doi.org/10.1084/jem.20130110
https://doi.org/10.1084/jem.20130110
https://doi.org/10.4161/cam.20419
https://doi.org/10.1038/s41467-017-00460-4
https://doi.org/10.1038/s41571-018-0007-1
https://doi.org/10.1038/s41571-018-0007-1
https://doi.org/10.1101/sqb.2012.76.010900
https://doi.org/10.1101/sqb.2012.76.010900
https://doi.org/10.1038/nrd3504
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1126/science.123.3191.309


121

	86.	Warburg, O.  P., & Negelein, E. (1927). Uber den 
Stoffwechsel der Carcinomzelle. Biochemische 
Zeitschrift, 152, 309–344.

	87.	Ward, P.  S., & Thompson, C.  B. (2012). Metabolic 
reprogramming: A cancer hallmark even Warburg did 
not anticipate. Cancer Cell, 21(3), 297–308. https://
doi.org/10.1016/j.ccr.2012.02.014

	88.	Weyandt, J. D., Thompson, C. B., Giaccia, A.  J., & 
Rathmell, W. K. (2017). Metabolic alterations in can-
cer and their potential as therapeutic targets. American 
Society of Clinical Oncology Educational Book, 37, 
825–832. https://doi.org/10.1200/EDBK_175561

	89.	Wingrove, E., Liu, Z.  Z., Patel, K.  D., Arnal-
Estapé, A., Cai, W.  L., Melnick, M.  A., Politi, K., 
Monteiro, C., Zhu, L., Valiente, M., Kluger, H. M., 
Chiang, V.  L., & Nguyen, D.  X. (2019, April 23). 
Transcriptomic hallmarks of tumor plasticity and 
stromal interactions in brain metastasis. Cell Reports, 
27(4), 1277–1292.e7. https://doi.org/10.1016/j.
celrep.2019.03.085

	90.	Xiang, H., Ramil, C. P., Hai, J., Zhang, C., Wang, H., 
Watkins, A. A., Afshar, R., Georgiev, P., Sze, M. A., 
Song, X. S., Curran, P. J., Cheng, M., Miller, J. R., 
Sun, D., Loboda, A., Jia, Y., Moy, L.  Y., Chi, A., 
& Brandish, P.  E. (2020, April). Cancer-associated 
fibroblasts promote immunosuppression by inducing 
ROS-generating monocytic MDSCs in lung squa-
mous cell carcinoma. Cancer Immunology Research, 
8(4), 436–450. https://doi.org/10.1158/2326-6066.
CIR-19-0507

	91.	Xiao, Q., Zhou, D., Rucki, A. A., Williams, J., Zhou, 
J., Mo, G., Murphy, A., Fujiwara, K., Kleponis, J., 
Salman, B., Wolfgang, C. L., Anders, R. A., Zheng, 
S., Jaffee, E. M., & Zheng, L. (2016, September 15). 
Cancer-associated fibroblasts in pancreatic cancer 
are reprogrammed by tumor-induced alterations in 
genomic DNA methylation. Cancer Research, 76(18), 
5395–5404. https://doi.org/10.1158/0008-5472.
CAN-15-3264

	92.	Yoshida, G. J. (2015). Metabolic reprogramming: The 
emerging concept and associated therapeutic strate-
gies. Journal of Experimental & Clinical Cancer 
Research, 34, 111. Published 2015 Oct 6. https://doi.
org/10.1186/s13046-015-0221-y

	93.	Zhu, Z., Achreja, A., Meurs, N., Animasahun, O., 
Owen, S., Mittal, A., Parikh, P., Lo, T.  W., Franco-
Barraza, J., Shi, J., Gunchick, V., Sherman, M.  H., 
Cukierman, E., Pickering, A.  M., Maitra, A., Sahai, 
V., Morgan, M. A., Nagrath, S., Lawrence, T. S., & 
Nagrath, D. (2020, August). Tumour-reprogrammed 
stromal BCAT1 fuels branched-chain ketoacid 
dependency in stromal-rich PDAC tumours. Nature 
Metabolism, 2(8), 775–792. https://doi.org/10.1038/
s42255-020-0226-5

	94.	Zou, A., Lambert, D., Yeh, H., Yasukawa, K., Behbod, 
F., Fan, F., & Cheng, N. (2014, October 24). Elevated 
CXCL1 expression in breast cancer stroma predicts 
poor prognosis and is inversely associated with 
expression of TGF-β signaling proteins. BMC Cancer, 
14, 781. https://doi.org/10.1186/1471-2407-14-781

Metabolic Interactions Between Tumor and Stromal Cells in the Tumor Microenvironment

https://doi.org/10.1016/j.ccr.2012.02.014
https://doi.org/10.1016/j.ccr.2012.02.014
https://doi.org/10.1200/EDBK_175561
https://doi.org/10.1016/j.celrep.2019.03.085
https://doi.org/10.1016/j.celrep.2019.03.085
https://doi.org/10.1158/2326-6066.CIR-19-0507
https://doi.org/10.1158/2326-6066.CIR-19-0507
https://doi.org/10.1158/0008-5472.CAN-15-3264
https://doi.org/10.1158/0008-5472.CAN-15-3264
https://doi.org/10.1186/s13046-015-0221-y
https://doi.org/10.1186/s13046-015-0221-y
https://doi.org/10.1038/s42255-020-0226-5
https://doi.org/10.1038/s42255-020-0226-5
https://doi.org/10.1186/1471-2407-14-781


123© Springer Nature Switzerland AG 2021 
D. Banerjee, R. K. Tiwari (eds.), Tumor Microenvironment: Cellular, Metabolic and Immunologic 
Interactions, Advances in Experimental Medicine and Biology 1350, 
https://doi.org/10.1007/978-3-030-83282-7_6

Interacting Genetic Lesions 
of Melanoma in the Tumor 
Microenvironment: Defining 
a Viable Therapy

R. R. Maniyar, S. Chakraborty, T. Jarboe, R. Suriano, 
M. Wallack, J. Geliebter, and R. K. Tiwari

Melanoma results from the transformation of 
melanocytes as a consequence of genetic muta-
tions, which leads to uninhibited growth and pro-
liferation [1]. It is the least common, however the 
most aggressive, of skin cancers.

1	 �Types of Melanoma

There are primarily four types of cutaneous mel-
anoma, i.e., occurring on the skin. It manifests 
most commonly as superficial spreading mela-
noma which accounts for about 70% of all cases 

in the age range of 30–50. Here, it presents as a 
lesion with irregular borders, color variegation, 
and a large diameter, usually 6–8 mm. Nodular 
melanoma occurs in patients above 50 years of 
age, and accounts for approximately 15% of all 
cases, making it the second most commonly 
occurring form of melanoma. It manifests as a 
raised dark brown-back papule or nodule and can 
appear independently from existing moles/skin 
lesions. It is often accompanied with bleeding 
and ulceration. Presenting with a thickness 
greater than superficial spreading melanoma, it is 
associated with worse outcomes and a poor 
response to therapies including BRAF targeted 
therapy [2]. Lentigo maligna melanoma accounts 
for approximately 10% of melanoma cases and is 
commonly found on the faces of elderly people 
whose skin has undergone sun damage. Acral 
lentiginous melanoma is the rarest form and 
occurs in only 5% of melanoma cases. It is often 
found in darker skinned individuals and can 
develop anywhere on the body including on nail 
beds [1, 2].

2	 �Therapeutic Options

Until 2011, when the first therapy targeting the 
BRAFV600E genetic lesion was approved, thera-
pies for metastatic melanoma were extremely 
limited and mainly included surgery, radiother-
apy, and chemotherapy.
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	(a)	 Surgery: Primary melanoma tumors are sur-
gically excised, wherein the tumor is resected 
along with a margin of surrounding healthy 
tissue to ensure complete removal of cancer 
cells [3]. In cases where it is deemed benefi-
cial, resection is carried out for distant metas-
tasis, slightly improving survival rates [4, 5].

	(b)	 Radiotherapy: Melanoma has long been 
known as a radioresistant cancer, prior to 
fine-tuning and improvements in radiation 
therapy protocols [6]. Multiple cases of mel-
anoma occur in elderly patients who are unfit 
for surgery. In such cases, definitive radiation 
therapy is administered. Radiation therapy as 
an adjuvant to surgery is administered to pri-
mary lesions in cases of cutaneous mela-
noma with a high risk of recurrence. In cases 
of metastatic melanoma, radiation therapy is 
administered to the lesions that are symp-
tomatic. However, many lesions, particularly 
those in the bowel, are not treatable with 
radiation therapy, limiting its use [7].

	(c)	 Chemotherapy: In advanced melanoma, 
with radiation therapy administered for tar-
getable symptomatic lesions, chemotherapy 
remained a mainstay treatment until recently. 
Alkylating agents like dacarbazine, the only 
chemotherapeutic drug approved by the FDA 
for melanoma, is a standard chemotherapeu-
tic drug used for metastatic melanoma, albeit 
is not the first line of treatment anymore. It 
acts by introducing alkyl groups to guanine 
bases, inducing DNA damage and eventually 
cell death by apoptosis. It has advantages in 
being able to cross the blood-brain barrier 
and target brain metastases; however, the 
response rate to dacarbazine is a meager 20% 
[8, 9]. Combination therapies with dacarba-
zine have been under investigation for sev-
eral years but are yet to demonstrate 
significant improvements over single agent 
treatments, to gain the “standard of care” sta-
tus. The Dartmouth regimen combines four 
chemotherapeutics in a treatment regimen 
against melanoma. These include dacarba-
zine, cisplatin (a platinum drug that cross-
links with purine bases and causes DNA 
damage and interferes with DNA repair and 

consequently cellular apoptosis [10]), 
tamoxifen (a nonsteroidal selective estrogen 
receptor modulator that binds and inhibits 
the function of estrogen receptor), and car-
mustine (a nitrosourea alkylating agent with 
a similar mechanism of action to dacarba-
zine, but with a higher toxicity) [11]. In a 
trial that compared the Dartmouth regimen to 
single agent dacarbazine therapy in patients 
with malignant melanoma, there was no sig-
nificant difference in the overall survival 
between the two treatment groups [12, 13]. 
With these poor treatment outcomes, there 
was a dire need for new therapeutics.

However, due to this seemingly untreatable 
disease, the focus on melanoma had considerably 
reduced until the discovery of the genetic lesion 
BRAFV600E in melanoma [14] which rekindled 
interest in melanoma research around the year 
2002.

3	 �Genetic Lesions 
and Immunogenicity 
in Melanoma

Cancers are typically caused by an accumulation 
of somatic mutations resulting in either gain of 
function or loss of function in oncogenes and 
tumor suppressor genes, respectively. These 
mutations are associated with exposure to muta-
gens and/or carcinogenic environments. One of 
the hallmarks of melanoma is the exceptionally 
high somatic mutational rate (16.8 mutations/
Mb) owing largely to UV exposure [15–17]. 
Mutations occur in several key driver pathways in 
melanoma [18, 19]. The Cancer Genome Atlas 
(TCGA) published a study with 331 melanoma 
patients and found 13 significant hot-spot muta-
tions in key driver pathways. These included 
BRAF, N-RAS, CDKN2A, TP53, ARID2, IDH1, 
PPP6C, PTEN, DDX3X, RAC1, MAP 2  K1, 
NF1, and RB1 [20].

A pan-cancer analysis confirmed that owing to 
the high mutational rate in melanoma, and the 
high number of amino acid substitutions, mela-
noma also has the highest number of neoepitopes 
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[21]. This, theoretically, makes melanoma an 
extremely immunogenic cancer. Not all the 
melanoma-associated antigens are as strongly 
immunogenic in the context of an MHC-I peptide 
complex. Development of a strong immune 
response against differentiation antigens, like 
tyrosinase, is stunted owing to self-tolerance 
mechanisms. Even cancer testis-specific antigens 
like MAGE have demonstrated an extremely 
poor immunogenicity in patients [22]. However, 
there is still an immune response mounted against 
melanoma, evidenced by T cell infiltration, par-
tial regression, and antibodies against melanoma-
associated antigens like gp100 [23–26]. Despite 
this high mutational burden, large amount of neo-
epitopes, and high immune infiltration into the 
tumor, melanoma manages to escape immune 
clearance and persists. This is in major part due 
to the immunosuppressive tumor microenviron-
ment elicited by melanoma and its genetic 
lesions, particularly the BRAFV600E lesion, and 
in another part due to ligands for checkpoint mol-
ecules expressed on melanoma cells, e.g., PDL1.

4	 �The Melanoma Tumor 
Microenvironment

Melanoma develops as a cell autonomous event 
as a result of interactions with genetic factors, 
environmental factors, and host factors, e.g., the 
immune system, and metabolism. Melanoma 
cells do not exist in isolation in the tumor micro-
environment. The importance of the tumor micro-
environment was first thought about as the 
concept of the “seed and soil” theory coined by 
an English pathologist, Stephen Paget in 1889 
based on his observations in breast cancer 
patients’ metastases developing mainly in the 
bones and visceral organs. He proposed that 
metastasis was not a random occurrence; instead, 
tumor cells would only metastasize and grow in 
favorable organ microenvironments, like a seed 
will only germinate if the environment or “soil” 
is fertile and conducive to its germination [27]. 
This theory was proved correct almost a century 
later by a veterinary surgical oncologist, Isaiah 
Fidler. Fidler injected radiolabeled melanoma 

cells into mice and discovered that only 0.01% of 
the injected cells survived and only metastasized 
in the lung. He realized that some organs were 
more conducive to developing metastatic lesions 
than others and designed a defining experiment to 
prove this theory. He transplanted lung and kid-
ney tissues into the muscle of mice. He then 
injected radiolabeled melanoma cells intrave-
nously. He found that while the same number of 
melanoma cells populated the transplanted lung 
and kidney tissue in the muscle, only the lungs 
and the transplanted lung tissue developed meta-
static lesions. This experiment conclusively 
proved that the organ microenvironment played a 
prominent role in the development and spread of 
cancer, proving the Paget “seed and soil” theory 
for metastasis correct [28].

In the decades that followed, research into the 
tumor microenvironment gathered steam. We 
now know that in addition to the malignant cells, 
a tumor comprises supporting stroma which 
includes immune cells, tumor-associated fibro-
blasts, endothelial cells, and soluble molecules in 
the extracellular matrix. There is a constant bidi-
rectional interaction that is established between 
malignant cells and the rest of the components in 
the tumor microenvironment, which begins right 
from the time of initial tumor development with 
promotion of angiogenesis and continues as the 
tumor adapts mechanisms to evade the immune 
system and progress. These interactions are 
exploited by the tumor to promote its own sur-
vival and growth. They can be direct receptor/
ligand interactions or driven by cytokines and 
chemokines secreted by tumor cells and the other 
cellular components of the microenvironment.

As malignant cells rapidly proliferate, they 
have a high nutrient and oxygen consumption, 
leading to a hypoxic and nutrient-depleted envi-
ronment. However, in order to sustain growth, 
invasion, and metastasis, malignant cells need to 
replenish oxygen and nutrients and get rid of 
metabolic waste products that accumulate. To 
this end, one of the most crucial steps in tumor 
progression is the induction of angiogenesis. 
There exists evidence for the role of environmen-
tal factors like estrogen and ethanol playing a 
role in the induction and promotion of 
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angiogenesis [29, 30]. Additionally, one of the 
primary drivers for induction of angiogenesis in 
the tumor microenvironment is hypoxia. Hypoxia 
leads to the stabilization of HIF-1α, which in turn 
leads to the expression of proangiogenic factors, 
from malignant cells and the surrounding endo-
thelial cells, vascular endothelial growth factor 
(VEGF) and VEGF receptor (VEGFR), respec-
tively [31]. Hypoxia also induces angiogenesis 
indirectly by stabilizing proangiogenic factors, 
e.g., via the induction of phosphoducin-like-3 
that stabilizes VEGFR2 expression [32]. In 
microvascular endothelial cells, hypoxia has 
been shown to induce the expression of integrins 
including integrin β3 to enhance tube formation 
[33]. These discoveries led to the development of 
antiangiogenic drugs like the anti-VEGF mono-
clonal antibody bevacizumab, which in case of 
melanoma demonstrated improved disease-free 
intervals, but did not provide an improved overall 
survival benefit [34].

One family of molecules that play a role in 
normal tissue remodeling and wound healing are 
matrix metalloproteinases. They lead to the deg-
radation of extracellular matrix proteins and 
allow for cell migration and tissue replacement 
and remodeling [35]. Tumors co-opt this mecha-
nism. The hypoxic environment in the tumor 
leads to tissue remodeling by way of upregulat-
ing matrix metalloproteinases like MMP2 and 
MMP9 either directly or indirectly via the induc-
tion of VEGF and other chemokines and growth 
factors [36]. Secretion of MMP2 and MMP9 by 
malignant cells enables their increased migra-
tion, invasion, and metastasis [37, 38]. Targeting 
MMPs has been an attractive therapeutic 
approach, however a largely unsuccessful one 
owing to multiple reasons, including large-scale 
systemic adverse effects [39].

While tissue remodeling, angiogenesis, inva-
sion, and metastasis involve endothelial cells, 
stromal cells, fibroblasts, extracellular matrix 
proteins, and the malignant cells, one other major 
cellular component in the tumor microenviron-
ment is the immune cell compartment. Owing to 
the high immunogenicity of melanoma due to the 
presence of high mutational burden, and mela-
noma antigen-specific T cells in the melanoma 

microenvironment, targeting melanoma with 
immunotherapeutic modalities has always been 
an attractive approach. The cellular components 
of the immune landscape in the tumor microenvi-
ronment include both innate and adaptive compo-
nents of the immune system. Suppressive cells 
include pro-tumorigenic macrophages, FoxP3+ 
regulatory T cells, regulatory B cells, and 
myeloid-derived suppressor cells (MDSCs). 
Antitumor components include antigen-
presenting dendritic cells and macrophages, 
CD8+ cytotoxic T cells, CD4+ effector T helper 
cells, B cells, natural killer (NK) cells, and NKT 
cells. Multiple studies have positively correlated 
the presence of tumor-infiltrating lymphocytes 
(TILs) in melanoma with an improved prognosis, 
a reduction in risk of recurrence, and improved 
clinicopathological features [40, 41]. However, 
these findings are not unanimous, as other studies 
have found that only an increase in TILs in pri-
mary melanomas did not necessarily correlate 
with better prognosis, but the sentinel lymph 
node should also be included for a better predic-
tion [42]. Thus, a high TIL infiltration in the 
tumor does not always indicate a good clinical 
outcome. This underscores the importance of bet-
ter understanding the immune cell make up in the 
tumor microenvironment. Defining immune cell 
heterogeneity, and ratios of cytotoxic T cells to T 
regulatory cells or activated effector T cells to 
exhausted T cells, provides stronger associations 
between clinical outcomes and tumor TIL infil-
tration [43].

The primary lymphocyte that plays a crucial 
and active role in an antitumor immune response 
is the CD8+ cytotoxic T cell. It specifically rec-
ognizes tumor cells via MHCI-peptide complex/T 
cell receptor interaction and kills them using 
cytotoxic granules like perforin and granzyme or 
via the interaction of FasL with Fas receptors on 
target cells. T cell activation is a complex process 
involving cellular interactions via their cell sur-
face molecules, and secreted cytokines. The first 
signal for T cell activation is the T cell receptor 
recognizing the MHC-peptide complex on its 
interacting cell (either an antigen-presenting cell 
or a virus-infected/tumor cell). However, this 
alone is insufficient, and there is a second signal 
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involving CD28 on the T cell binding CD80/86 
on the antigen-presenting cell, in order to fulfill 
the two-signal criteria for T cell activation. Then 
came the discovery of the inhibitory CTLA-4 
molecule that competitively binds CD80/86 and 
renders effector T cells inactive, and in a state of 
exhaustion (PMID: 8596936). The binding of 
CTLA-4 to CD80/86 is a naturally occurring pro-
cess that prevents an overactive immune response 
and hence autoimmunity. The discovery of addi-
tional costimulatory and co-inhibitory molecules 
led to the understanding that T cell activation/
inactivation was a way more complex and finely 
balanced process than was once thought, evolv-
ing the two-step hypothesis [44]. The interaction 
between PD-1 on the T cell and PD-L1 on the 
APC or the tumor cell was another major discov-
ery involved in T cell inactivation and subsequent 
exhaustion [45]. As the state of T cell exhaustion 
was further examined, it was discovered that T 
cell exhaustion is a state of dysfunction. This 
dysfunctional state is present in settings of per-
sistent antigen-driven TCR signaling like in 
chronic infections, and in cancer. Thus, tonic sig-
naling plays a key role in inducing T cell exhaus-
tion [46]. Exhausted T cells are transcriptionally, 
phenotypically, and functionally distinct from 
effector T cells. The transcription factor TOX has 
been recently shown to be the driver of T cell 
exhaustion [47, 48]. TOX expression is driven via 
NFAT activation through TCR signaling. Deletion 
of TOX led to the abrogation of exhaustion in T 
cells. A phenotypic characteristic of this dysfunc-
tional T cells is the upregulation of multiple 
inhibitory receptors like TIM3, LAG3, PD-1, 
CTLA-4, CD38, and CD69. They also lose their 
ability to secrete IFN-γ and TNF [49].

Another key lymphocyte in determining a pro 
vs antitumor immune response is the 
FoxP3  +  CD4+ T regulatory cell. Ligation of 
CTLA-4, constitutively expressed as a result of 
FoxP3, on T regulatory cells leads to an enhanced 
immunosuppressive environment by way of 
increased IL-10 and TGFβ secretion [50, 51]. 
With these discoveries of inhibitory molecules 
driving, in part, the dysfunctional T cell pheno-
type came the two current mainstay therapies that 
have effectively replaced chemotherapy and radi-

ation as first-line standard of care in melanoma. 
Ipilimumab is a monoclonal antibody that binds 
CTLA-4, neutralizing it and thus preventing it 
from inactivating a T cell, and also abrogating T 
regulatory cell activation, serving as a dual 
pronged approach in alleviating some of the 
immunosuppressive effects observed within the 
tumor microenvironment [52, 53]. Preclinical 
studies in a B16 melanoma mouse model demon-
strated that a combination of GMCSF and 
CTLA4 blockade has an effect on the tumor-
infiltrating T regulatory cell population, altering 
the intratumoral T regulatory cell to T effector 
cell ratio to favor tumor clearance [54]. Preclinical 
studies using CTLA-4 blockade along with PD-1 
blockade demonstrated antitumor activity in 
murine colorectal tumor models, along with 
enhanced T cell infiltration. Additionally, it led to 
a favorable T regulatory cell to T effector cell 
ratio, increasing the secretion of pro-inflammatory 
cytokine and activation of tumor-specific effector 
T cells [55].

MDSCs also play a key role in promoting an 
immune suppressive environment in melanoma. 
They have been demonstrated to have a predic-
tive value; their presence negatively correlated 
with a patient’s response to ipilimumab therapy 
[56]. MDSCs are activated by a sleuth of soluble 
factors in the tumor microenvironment, including 
IL-6, GM-CSF, IL-10, and VEGF [57–59]. Once 
activated, MDSCs produce nitric oxide and 
upregulate arginase-1 which leads to further 
nutrient deprivation in the tumor microenviron-
ment leading to a cell cycle arrest in effector T 
cells. It also leads to a reduction in expression of 
ζ-chain in the T cell receptor, destabilizing effec-
tor T cells and suppressing their functions [60]. 
In B16 melanoma mouse models, a combination 
of CTLA-4 and PD-1 blockade led to a depletion 
of T regulatory and myeloid suppressor cells, and 
an effective increase in the T effector/MDSC and 
T effector/T regulatory cell ratio [53]. The reduc-
tion of T regulatory cells on treatment with 
CTLA-4 blockade was mainly attributed to the 
presence of FcγR expressing macrophages that 
infiltrated the tumor microenvironment [61]. The 
preclinical studies and the enhancement of 
immune activation as a result of CTLA4 and PD1 
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blockade led to clinical trials targeting these two 
molecules.

Trials with ipilimumab showed an increase in 
overall survival compared to a control arm of 
gp100 peptide vaccine [62]. However, coupled 
with an improved overall survival were immune-
related adverse effects [63]. Nivolumab targets 
PD-1, binding it and preventing its ligands from 
binding and inactivating T cells. Initial trials with 
nivolumab showed a higher response rate of 
about 41%, with, comparatively, a more accept-
able safety profile [64–66]. A trial combining ipi-
limumab and nivolumab demonstrated a much 
higher response rate of 57.6% in untreated mela-
noma cases and in advanced melanoma with a 
2-year overall survival of 53% [67–70].

While we have two effective therapies as our 
first-line standard of care in metastatic mela-
noma, there is still significant room for improve-
ment in terms of response rates and therapeutic 
efficiency. To this end, explorations into alterna-
tive immune stimulators and checkpoint mole-
cules have begun. T cell activation is an extremely 
intricate and well-balanced process involving not 
only signal 1 and 2 as previously described but 
multiple other molecules. In addition to CTLA4 
and PD1, there are numerous other receptors that 
interact with their respective ligands to fine-tune 
T cell activation and prevent overactive T cells. 
These molecules belong to various superfamilies 
of receptors, the primary families being the tumor 
necrosis factor receptor superfamily (TNFRSF) 
and the immunoglobulin superfamily (IGSF) 
which includes the CD28 and B7 molecule fam-
ily along with the TIM family of proteins [44].

4.1	 �Immunoglobulin Superfamily

The immunoglobulin superfamily includes mul-
tiple subfamilies of molecules. The B7 family 
and the CD28 family are two members of the 
immunoglobulin superfamily, among many oth-
ers including cell adhesion molecules and growth 
factor receptors, and are the most well studied 
[71]. This family is characterized by the presence 
of a conserved fold structure comprised of two β 
pleated sheets with multiple strands [71, 72]. The 

members of the IgSF primarily bind to ligands 
that also belong to the same family [44]. CD226, 
a member of the immunoglobulin superfamily, is 
a costimulatory molecule on the T cell, which on 
binding CD155 (poliovirus receptor) or CD112 
(nectin-1) leads to T cell activation [44, 73]. It 
competes with TIGIT for the same epitope on 
CD155. TIGIT binds CD155 with an affinity 
100X greater than CD226 [74]. CD226 also 
serves as an activating receptor for natural killer 
(NK) cells. The binding of CD226 with its ligands 
leads to the activation/inactivation balance tip-
ping toward activating the NK cell. ICOS, another 
costimulatory molecule in this superfamily, pres-
ent on the T cell leads to T cell activation when 
bound by its ligand ICOSL [75]. Among the 
checkpoint molecules exists CTLA4 which, as 
previously elaborated, binding B71/2 also called 
CD80/86, PDL1 binding to PD1, and LAG3 
binding to MHCII all leading to a dampened T 
cell activation. A subfamily of the immunoglobu-
lin superfamily is the TIM (T cell immunoglobu-
lin and mucin domain) family of genes which 
includes TIM3 binding to galectin-9 which leads 
to a dampened T cell response. Among the TIM 
family of proteins, TIM1 is a costimulatory mol-
ecule present on T cells. When bound to TIM4, it 
is said to play a role in allergic responses leading 
to Th2 cell hyper-proliferation [76]. With the dis-
covery of these multiple immunomodulatory 
molecules, and the clinical success observed with 
ipilimumab and nivolumab in melanoma, multi-
ple targets and diseases started to be investigated 
in clinic.

4.2	 �Tumor Necrosis Factor 
Receptor Superfamily

The TNFRSF proteins are structurally diverse. 
However, they all contain extracellular cysteine-
rich domains. They can be stimulatory or inhibi-
tory in nature, their function not correlated with 
their structure [77]. The costimulatory molecules 
of this TNFRSF include herpesvirus entry media-
tory (HVEM) when it binds LIGHT; death recep-
tor-3 (DR3) when it binds TL1A; CD40 
interacting with CD40L, and GITR interacting 
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GITRL. OX-40, also belonging to the TNFRSF, 
is a costimulatory molecule on T cells which 
when bound with its ligand OX40L leads to T 
cell activation [44]. Usually members of the 
TNFRSF interact with ligands that belong to the 
tumor necrosis factor superfamily (TNFSF). 
However, one extremely intriguing exception to 
this rule is HVEM. Belonging to the tumor necro-
sis factor superfamily, it not only interacts with 
LIGHT, a TNFSF member, but also with BTLA 
and CD160, both belonging to the immunoglobu-
lin superfamily. The ligand bound by HVEM dic-
tates its effect on T cell activation. When HVEM 
on the T cell binds LIGHT on an antigen-
presenting cell, or in its soluble form, it leads to 
T cell activation. In contrast when HVEM on an 
antigen-presenting cell binds CD160 or BTLA 
on a T cell, both belonging to the immunoglobu-
lin superfamily, it leads to dampening of T cell 
activation.

The role of these immunomodulatory targets, 
while well-defined in the vacuum of the immune 
synapse, is yet to be defined in the context of the 
malignant cell as there is increasing evidence that 
these molecules do not exist in isolation. In addi-
tion to their presence on cells involved in immune 
activation, co-stimulatory and co-inhibitory mol-
ecules  are also expressed by a third player, the 
tumor cells themselves, and have been demon-
strated to have a prognostic significance 
[78–86].

In gastric cancer, the presence of BTLA and 
HVEM, in the cytoplasm of cancer cells detected 
by immunohistochemistry, was associated with 
progression and poor prognosis [82]. HVEM 
interacts with BTLA and CD160 on the T cell, to 
render the T cell inactive [44]. In some melanoma 
cases, BTLA remains highly expressed on CD8+ 
T cells, leaving them susceptible to HVEM-
mediated inactivation [87]. BTLA on effector T 
cells has been demonstrated to bind HVEM on T 
regulatory cells and increase their immunosup-
pressive activity [88]. Thus, the presence of 
BTLA on cancer cells might play a similar role in 
binding HVEM on T regulatory cells and enhanc-
ing their immunosuppressive functions. These 
interactions make the HVEM/BTLA/CD160 axis 

tempting targets to add to the existing repertoire 
of checkpoint inhibitors.

5	 �Expression of Immune 
Targets on Melanoma Cells

We characterized five patient-derived melanoma 
cell lines, MEL2, MELV, 3MM, KFM, and 
GLM2, and three established melanoma cell 
lines, SKMEL-28, SKMEL-37, and SKMEL-103, 
for the expression of 23 immunomodulatory mol-
ecules by RT-PCR and compared them to adult 
normal melanocytes (Fig.  1). Additionally, we 
explored this expression based on the 
BRAFV600E status of these cells. Checkpoint 
molecules are differentially expressed in mela-
noma cell lines and adult normal melanocytes. 
Individual patient-derived melanoma cells have a 
distinct expression profile of immune checkpoint 
molecules. The presence of BRAFV600E pro-
motes constitutive expression of ICOS, CTLA4, 
and HVEM (Fig. 2).

Among the checkpoint molecules, HVEM 
was significantly downregulated in the melanoma 
cells compared to normal melanocytes, indepen-
dent of BRAFV600E status. HVEM is an intrigu-
ing molecule since it functions as a bidirectional 
switch. When HVEM binds to BTLA or CD160, 
it leads to dampening of T cell activation. When 
HVEM binds to LIGHT, it leads to T cell activa-
tion (Fig. 1). Additionally, HVEM ligand BTLA 
demonstrated a similar difference in the overall 
survival of patients with higher expression. 
Patients positive for the BRAFV600E lesion 
demonstrated a better overall survival with higher 
expression of BTLA.  This was reversed in 
patients without the BRAFV600E lesion who 
demonstrated a poorer overall survival in case of 
higher BTLA expression. CD160, the other 
ligand of HVEM, though showing no difference 
in overall survival, demonstrated a statistically 
significant downregulation in BRAFV600E-
positive cell lines compared to normal melano-
cytes. Moreover, HVEM belongs to the tumor 
necrosis factor receptor superfamily, and its abil-
ity to bind to proteins of the immunoglobulin 
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Fig. 1  Immunomodulatory molecule expression in 
patient-derived melanoma cells. RT-PCR for mRNA 
expression of costimulatory molecules in melanoma cells 
relative to adult normal melanocytes. Mean fold change of 

N = 3 independent experiments. Multiple Student’s t-tests 
were used to compare mean fold change between normal 
melanocytes and melanoma cells. *p < 0.05 **p < 0.01 
***p < 0.001

Fig. 2  Immunomodulatory molecule expression in 
patient-derived BRAFV600E-positive and 
BRAFV600E-negative melanoma cells. RT-PCR deter-
mining log2 fold change of checkpoint molecules in 
BRAFV600E-positive (n = 6) and BRAFV600E-negative 
melanoma cells (n = 2) relative to adult normal melano-

cytes. Mean  ±  SEM of N  =  3 independent experiments 
was calculated. One-way ANOVA followed by a Tukey’s 
post-test was used to compare fold changes between nor-
mal melanocytes and BRAFV600E-positive and 
BRAFV600E-negative melanoma cells. *p  <  0.05 
**p < 0.01 ***p < 0.001
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superfamily (CD160 and BTLA) makes this trio 
of molecules an interesting set to explore.

Since these molecules are usually expressed 
on cells involved in an immune response, e.g., T 
cells and antigen-presenting cells, this observa-
tion opens up a new area for potential exploration 
of the role of these molecules on the third major 
player in the antitumor response: the tumor cells. 
While much is known about the roles of these 
positive and negative regulators in the immuno-
logical synapse, there remains to be seen the role 
played by these molecules in the context of the 
tumor cell with respect to manipulating an 
immune response. Molecules that have shown a 
poor prognosis when present in tumor samples 
include HVEM, BTLA, and CD160 [79, 82].

In an effort to visualize the location of the 
immunomodulatory molecules in melanoma 
cells, immunofluorescence was performed in all 
our cell lines. We observed that HVEM, BTLA, 
and CD160 are present on the membranes as well 
as in the cytoplasm of the melanoma cells. Some 
cells were brightly stained and some dimly 
stained within a field of view, this time pointing 
out the intra-cell line heterogeneity (Fig.  3). 
Checkpoint molecules HVEM, BTLA, and 
CD160 are present in the cytoplasm as well as on 
the membrane of melanoma cells, determined by 
flow cytometry surface staining (Fig. 4). There is 
a heterogeneity in the expression level of these 
molecules in each cell line. Moreover, the pres-
ence of the BRAFV600E genetic lesion corre-
lates with a higher surface expression of 
immunomodulatory molecules in melanoma 
cells (Fig. 5).

The hot-spot somatic mutation for BRAF 
results in a valine residue at the 600th position 
being replaced by a glutamic acid (V600E) or 
lysine (V600K) residue. As seen with the muta-
tions in RAS, different mutations in BRAF also 
lead to different outcomes. The presence of 
BRAFV600K in cutaneous melanoma has been 
linked with highly aggressive tumors that metas-
tasize faster than BRAFV600E tumors [89]. 
However, the most frequently found BRAF 
genetic lesion is BRAFV600E [90]. The presence 
of BRAFV600E is associated with poor progno-

sis in cancers, including skin cutaneous mela-
noma [91, 92].

The presence of the BRAFV600E genetic 
lesion in melanoma aids in immune escape. It 
was observed that inhibiting BRAFV600E with a 
small molecule inhibitor led to an upregulation of 
MHC-I molecules on melanoma cells [93]. 
Additionally, inhibiting mutated BRAF with 
interfering RNA reduced the production of 
immunosuppressive cytokines like IL-10 and 
VEGF [94]. Various studies, including our group, 
have observed that treatment with a BRAFV600E 
inhibitor leads to an increased expression of 
melanoma-associated antigens and consequently 
better immune activation via T cell recognition 
[95, 96]. The efficacy of adoptive T cell transfer 
was also enhanced on treatment of melanoma 
cells with BRAFV600E and MEK inhibitors 
[97]. BRAFV600E-positive melanoma cell lines 
demonstrated an increased IL-1 expression. IL-1 
was shown to enhance the immunosuppressive 
activity of tumor-associated fibroblasts. 
Treatment of tumor-associated fibroblasts with 
IL-1 led to reduced proliferation and function of 
melanoma-specific cytotoxic T cells [98]. 
BRAFV600E was also shown to govern T regula-
tory cell infiltration during tumorigenesis. The 
induction of BRAFV600E oncogene led to a 
localized accumulation of FoxP3+ T regulatory 
cells within 1  week of increases in melanoma-
associated antigen expression [99]. With this dis-
covery, a new class of drugs was added to the 
then existing, extremely limited treatment palate 
for melanoma.

	(a)	 Small Molecule Inhibitors.

With profound impacts on melanoma pro-
gression and survival, as well as immune 
escape, it was reasonable to assume that inhibi-
tion of BRAFV600E, in addition to causing 
melanoma regression, would also alleviate 
metastasis and the immunosuppressive envi-
ronment. To that end, the therapeutic landscape 
of melanoma became vastly different with the 
discovery of small molecule inhibitors of 
BRAFV600E, like vemurafenib, that gained 
FDA approval in August 2011 and quickly 
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Fig. 3  Localization of 
immunomodulatory 
molecules in cytoplasm 
of melanoma cells. 
Immunofluorescence 
was carried out for 
HVEM, BTLA, and 
CD160 on melanoma 
cells. Blue, nucleus; red, 
immunomodulatory 
molecule. Images are 
400X magnified
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Fig. 4   
Immunomodulatory 
molecule surface 
expression on 
melanoma cells. Flow 
cytometry was carried 
out for HVEM, BTLA, 
and CD160, on 
melanoma cells. Gray, 
unstained control; 
colored histogram, 
stained cells. Top right 
corner shows the 
percentage of positive 
cells and mean 
fluorescence intensity 
from one representative 
of n = 3 independent 
experiments
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became the first line of treatment for many 
melanoma patients [100].

Treatment with vemurafenib, however, was 
accompanied with side effects and a rapid 
development of adaptive and acquired resis-
tance. Melanoma cells acquire resistance to 
vemurafenib treatment by upregulating PDGFR 
like receptor tyrosine kinases and thus enhanc-
ing signaling through the pAKT pathway, as 
well as N-RAS [101–103]. Beta-catenin is 
known to interact with Stat3 and confer resis-
tance to vemurafenib treatment [104]. 
Additional mechanisms, like upregulation of 
FOXD3 [105], BAG3 [106], AEBP1 [107], and 
the fusion gene AGAP3-BRAF [108], have 
been identified, leading to acquired resistance 
to vemurafenib treatment. Additionally, side 
effects like keratoacanthomas were observed 
on treatment with vemurafenib [109]. In an 
effort to circumvent some of these side effects 
and acquired resistances, small molecule 
inhibitors of MEK like trametinib or cobi-
metinib were added as a combination treatment 
with BRAFV600E inhibitors like dabrafenib or 
vemurafenib and showed an improved survival 
and safety [110]. While the phenomenon of 
small molecule-mediated inhibition of 

BRAFV600E was yet unfolding, owing to the 
enhanced immunogenicity as well as unwanted 
immunosuppressive microenvironment, the 
interest in immunotherapeutic intervention for 
melanoma persisted.

Given our observations of immune modula-
tory molecules being expressed on melanoma 
cells, and the small molecule inhibitors working 
primarily on tumor cells, it was important to 
understand the effect of treating malignant cells 
with small molecules on the expression of the 
HVEM/BTLA/CD160 axis which remains as yet 
unexplored and can bear a crucial significance in 
the ability of tumor cells to escape immune clear-
ance, as well as in designing a combinatorial 
regimen combining small molecule inhibitors 
and checkpoint inhibitors. We observed that inhi-
bition of BRAFV600E with PLX4032 leads to an 
upregulation of HVEM, BTLA, and CD160 tran-
scripts in melanoma cells that harbor the genetic 
lesion (Fig. 6).

Moreover, the treatment does not diminish the 
protein expression of these molecules, nor change 
localization of these molecules in the cell. 
Additionally, HVEM, BTLA, and CD160 are 
expressed in melanoma patient tissues as 
observed via IHC (Figs. 7 and 8).

Fig. 5  Percentage of BRAFV600E-positive and 
BRAFV600E-negative melanoma cells positive for the 
expression of immunomodulatory molecules on their 
surface. Five-color flow cytometry was carried out for 
HVEM, BTLA, CD160, TIM1, and CD226 on melanoma 

cells. Gates were drawn on the cells positive for expression 
and percentage of positive cells determined. Bars represent 
mean ± SEM percent positive cells from n = 3 independent 
experiments. One-way ANOVA with Tukey’s post hoc test 
was carried out to determine statistical significance
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6	 �Perspectives

Cancer growth and progression can be attributed 
to two major drivers: accumulation of genetic 
mutations in key driver pathways that give cancer 
cells a survival advantage and the ability of can-
cer cells to evade the immune system. We 
attempted to dissect the relationship between the 
most frequently found genetic lesion, 
BRAFV600E, and the expression of novel immu-
nomodulatory molecules in melanoma, identify-
ing BTLA as a potential immunotherapeutic 

target, amenable to a combinatorial therapeutic 
regimen with small molecule inhibitors of the 
MAPK pathway.

Melanoma has the highest mutational rate 
among all cancers. These somatic mutations can 
occur in molecules of key driver pathways lead-
ing to the activation of oncogenes and subse-
quently cellular proliferation and cancer 
progression. High somatic mutations also lead 
to an increase in neo-epitopes that subsequently 
lead to melanoma having an increased immuno-
genicity. However, melanoma is notorious for 
immune evasion, negating the effect of immu-

Fig. 6  Expression of immunomodulatory molecules on 
inhibition of BRAFV600E in patient-derived melanoma 
cells. Patient-derived melanoma cells were serum starved 
(5% charcoal stripped FBS containing RPMI), treated with 
DMSO (1:1000 vehicle control), or BRAFV600E inhibitor, 
10 μM PLX4032. RT-PCR was carried out and fold change 

relative to complete RPMI was calculated. Heat maps repre-
sent mean fold change relative to complete media control of 
n = 3 independent experiments. Two-way ANOVA followed 
by a Tukey’s multiple comparisons test was carried out to 
determine statistical significance. *p  <  0.05 **p  <  0.01 
***p < 0.001 ****p < 0.0001
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Fig. 7  Protein expression of immunomodulatory mol-
ecules in human melanoma and normal skin tissues. 
Immunohistochemistry staining for (A) HVEM, (B) 
BTLA, and (C) CD160 was evaluated in BRAFV600E-
negative (n  =  8) and BRAFV600E-positive (n  =  2; red 

border) melanoma tissues and melanocytes in normal skin 
tissues (n = 4). The top left corner indicates the site of sur-
gical excision. Pictures are 200X magnified. Insets are 
100X magnified
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Fig. 7  (continued)
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nogenicity. Thus, a rational therapy would 
involve targeting melanoma at both drivers, acti-
vation of oncogenes and immune evasion.

An effective therapy should:

	1.	 Disrupt the inhibitory signal between antigen-
presenting cells and effector T cells.

	2.	 Disrupt the inhibitory signal imposed by the 
tumor cell on an activated effector T cell.

	3.	 Inhibit T regulatory cell activation.

7	 �HVEM/BTLA/CD160 
Interactome

Herpesvirus entry mediator (HVEM) belongs to 
the TNFR superfamily. It is a checkpoint mole-
cule when it binds B and T lymphocyte attenua-
tor (BTLA) or CD160 on the T cell. BTLA and 
CD160 belong to the immunoglobulin superfam-
ily and play a critical role in the HVEM/BTLA/
CD160 axis interaction. They are unique mole-
cules in that despite being a member of the 
immunoglobulin superfamily, they interact with a 
member of the TNFR superfamily, HVEM [44]. 
BTLA or CD160 on the T cell interacting with 
HVEM on the antigen-presenting cell leads to T 
cell inactivation [111].

While the role of BTLA in immune cell inter-
actions is fairly well elucidated, its role in cancer 

cells remains to be explored. The presence of a 
high expression of BTLA is associated with a 
poor prognosis in gastric cancer patients [82]. 
Here we report, by immunohistochemistry, that 
BTLA is also expressed in tumor cells in mela-
noma tissues. The expression of BTLA in mela-
nocytes of normal skin and melanoma patient 
tissues was the same. However, the frequency of 
melanocytes within the subepidermal layer of 
normal skin is very low compared to a melanoma 
tumor, 5–10%. We believe that this gives BTLA a 
quantitative advantage in the tumor microenvi-
ronment. Moreover, the presence of BTLA on the 
membrane of patient-derived melanoma cells, as 
evidenced by flow cytometry and immunofluo-
rescence, makes BTLA an easy molecule to tar-
get with a therapeutic blocking antibody. We also 
report the presence of HVEM, and CD160, on the 
surface of patient-derived melanoma cells in vitro 
and in melanoma tissue sections by immunohis-
tochemistry. Increased expression of HVEM is 
also associated with poor prognosis in gastric 
cancer [82]. HVEM on a T regulatory cell being 
engaged by BTLA leads to an increased T regula-
tory cell effector function [88]. We speculate that 
BTLA on the tumor cell may engage HVEM on 
the T regulatory cell and lead to an enhanced T 
regulatory cell effector function. HVEM silenced 
ovarian cancer cells were more susceptible to T 
cell-mediated killing compared to ovarian cancer 

Fig. 8  Immunomodulatory molecule expression in 
human melanoma and normal skin tissue melanocytes by 
immunohistochemistry. Melanoma (n  =  10) and normal 
skin (n  =  4) tissues were stained for HVEM, BTLA, and 
CD160. (a) Percent positive melanocytes in normal skin and 

melanoma tissues. Line and bars represent 
mean ± SEM. Student’s t-test was used to determine statisti-
cal significance **p < 0.01. (b) Percent positive melanoma 
cells in BRAFV600E-positive (n  =  2) and BRAFV600E-
negative (n = 8) melanoma tissues. Line represents the mean
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cells expressing HVEM [112]. Thus, HVEM on 
the tumor cell could bind to BTLA and CD160 
on T effector cells, rendering them inactive.

Thus, targeting BTLA meets all the criteria 
defined in this study:

	1.	 It disrupts the T cell inactivating signal 
between HVEM on an antigen-presenting cell 
and BTLA on the T effector cell.

	2.	 It disrupts the negative signal between HVEM 
on the tumor cell and BTLA on the T effector 
cell.

	3.	 It would lead to an inhibition of T regulatory 
cell activity by disrupting the interaction of 
BTLA on the tumor cell with HVEM on the T 
regulatory cell.

Additionally, singularly targeting BTLA 
might not lead to as robust a clinical response as 
combining it with FDA-approved small molecule 
inhibitors of the MAPK pathway: BTLA and 
MAPK inhibitors.

We report that treatment of BRAFV600E-
positive patient-derived melanoma cell lines 
leads to an upregulation of BTLA, HVEM, as 
well as CD160. Moreover, there is a persistent 
protein expression on the surface of melanoma 
cells on inhibition of the MAPK pathway, thus 
BTLA and HVEM on tumor cells can potentially 
interact with immune cells, aiding in immune 
suppression and immune escape. Combining 
small molecule inhibitors of the MAPK pathway 
with an antibody blocking BTLA interactions 
might lead to an enhanced tumor clearance by 
way of reduced T regulatory cell activation, and 
enhanced T effector cell function leading to a bet-
ter overall survival in melanoma patients. Thus, a 
combination of BTLA blockade and MAPK 
pathway inhibition with small molecule inhibi-
tors should be tested in preclinical models.
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1	 �Introduction

1.1	 �Overview of the Thyroid 
Gland

1.1.1	 �Normal Thyroid Differentiation 
and Thyroid Hormone 
Synthesis

The thyroid is a butterfly-shaped organ that is 
situated anterior to the trachea at the level of the 
C5 to T1 vertebrae. The gland is endodermal in 
origin, derived from the foramen cecum posi-
tioned at the base of the tongue and descends the 
midline of the neck [1]. At its native position, the 
thyroid gland has symmetrical lateral lobes and a 
centrally located isthmus. Dual blood supply, 
from the superior and inferior thyroid arteries, 

provides a disproportionate share of cardiac out-
put relative to its size. This rich blood supply 
allows the endocrine organ to detect and secrete 
circulating hormones as well as offset the cellular 
energetic demands [1].

Histologically, the thyroid is enclosed by a 
fibrous capsule and organized into follicles, a cir-
cular structure composed of a single layer of fol-
licular cells and a central collection of the colloid. 
The colloid is acellular and eosinophilic and con-
tains a reservoir of thyroglobulin (Tg). Follicular 
thyroid epithelial cells are responsible for the 
synthesis and secretion of the thyroid hormones 
T4 and T3 which are derived from the precursor 
Tg. Normally differentiated follicular cells 
express transcription factors paired box gene 8 
(PAX8) and NK2 homeobox 1 (NKX2-1). Key 
features of the basolateral membrane include thy-
rotropin receptors (TSHR) and the sodium-iodide 
transporter (SLC5A5). The apical membrane 
contains a chloride-iodide exchanger (SLC26A4) 
and thyroperoxidase (TPO). In between follicles 
is a second cell type known as parafollicular 
cells, or C cells, that are responsible for the pro-
duction of calcitonin. A third, rarer cell type is 
oncocytic cells called Hürthle cells that are rich 
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in mitochondria and are of unknown function. 
These cells are often found in chronic autoim-
mune thyroid diseases, such as Graves’ disease 
and Hashimoto’s thyroiditis [2].

1.1.2	 �Thyroid Hormone Production 
and Regulation

Thyrotropin-releasing hormone (TRH) is 
secreted by the hypothalamus and stimulates 
release of thyrotropin thyroid-stimulating hor-
mone (TSH) from basophil cells in the anterior 
pituitary. TSH is a glycoprotein hormone that 
binds to TSHR on the surface of follicular epithe-
lial cells in the thyroid gland to stimulate thyroid 
hormone production. This initiates the import of 
iodide from the basolateral membrane of follicu-
lar cells via SLC5A5 and expression of Tg. 
Iodide then is transported across the apical mem-
brane via SLC26A4 and organified and incorpo-
rated onto Tg by TPO.  Iodination occurs on 
tyrosine residues of Tg and coupling of these 
iodinated residues to form iodothyronine resi-
dues. The predominant form of iodothyronine 
contains four iodine atoms and acts as a precursor 
to T4. Iodinated Tg from the colloid is then endo-
cytosed and processed in an endovesicle, where 
free T4 and T3 are produced and released into 
circulation. T4 is converted into the more active 
T3 hormone at target tissues via the deiodinase 
DIO1, upregulating cellular metabolism, protein 
synthesis, neuronal maturation, and the response 
to catecholamines. Regulation of thyroid hor-
mone exists along the hypothalamic-pituitary 
axis, whereby circulating T4 or products of 
peripheral deiodination (T3 and rT3) inhibit TSH 
and TRH release [3].

1.2	 �Papillary Thyroid Carcinoma

1.2.1	 �Classification of Thyroid 
Cancers

Thyroid malignancies were formerly classified 
based on their histopathological characteristics 
and cell type the cancer is derived from. All thy-
roid malignancies, with the exception of medul-
lary carcinoma, are derived from follicular cells 
[4]. A large majority (>80%) of all thyroid can-

cers are papillary thyroid carcinomas (PTC), 
named for the specific papillary architecture 
observed histologically. Follicular thyroid can-
cer (FTC) is the second most common subtype 
and retains features of normal thyroid architec-
ture, including a ring of follicular cells sur-
rounding a central colloid [5]. Either of these 
cancers can progress to more dedifferentiated 
and aggressive variants, such as poorly differen-
tiated papillary thyroid cancer (PDPTC) and 
anaplastic thyroid cancer (ATC) [6]. Recent 
molecular classification by The Cancer Genome 
Atlas [4] and other groups [7] have stratified the 
subtypes of PTC and FTC along a spectrum, 
whereby BRAF-mutant, papillary cancers are 
more dedifferentiated and likely to metastasize, 
while RAS-mutant and RAS and BRAF-
nonmutant tumors are better differentiated and 
less aggressive.

1.3	 �Diagnostic and Therapeutic 
Approach to Thyroid Nodules

1.3.1	 �Initial Evaluation of a Thyroid 
Nodule

The first sign of a thyroid malignancy typically 
begins with a physical exam finding of a neck 
nodule or as an incidental finding on imaging. 
The initial test following identification of a 
thyroid nodule is a TSH measurement to deter-
mine if the nodule is autonomously producing 
thyroid hormone (also known as a functional or 
“hot” nodule). A low TSH indicates elevated 
levels of thyroid hormone, and the next diag-
nostic step is scintigraphy with either techne-
tium (99mTc), 123I, or 131I [8]. A focal uptake 
of radioactive material in the nodule with 
reduced uptake in the remainder of the thyroid 
is diagnostic for a functional adenoma, which 
bears a very low risk of malignancy, and the 
patient is subsequently evaluated and treated 
for thyrotoxicosis. In the setting of normal or 
elevated TSH levels, ultrasound-guided fine 
needle aspiration (FNA) biopsy is recom-
mended in the next step as cytologic assess-
ment is critical for determining good candidates 
for surgical intervention [9].
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1.3.2	 �FNA and Current Molecular 
Classifiers

The interpretation of FNA biopsy is made using 
the Bethesda class II classification schema [10]. 
Classes I and II are considered benign and only 
require nodule surveillance with serial ultra-
sound, while classes V and VI warrant primary 
treatment for malignancy. Classes III and IV are 
considered indeterminate and the clinical deci-
sion at this point is more complex. FNA can be 
repeated in an attempt to obtain a more definitive 
cytological finding. Recently, molecular classifi-
ers such as the Afirma Gene Expression Classifier 
[11] or the ThyroSeq sequencing classifier [12] 
use mutational status and expression levels from 
FNA samples to guide therapeutic decisions. 
Finally, patients with indeterminate FNA biop-
sies who also have radiologic or sonographic 
findings suggestive of malignancy may be 
directed to definitive treatment with lobectomy or 
total thyroidectomy.

1.3.3	 �Treatment Modalities
For patients with PTC or suspected PTC, thyroid 
and neck imaging with ultrasound or CT/MRI is 
performed to identify tumor-bearing lymph 
nodes and possible extension of the primary into 
nearby structures. Results from imaging also 
guide the surgical approach, including the deci-
sion to perform total thyroidectomy or lobectomy 
and removal of cervical lymph nodes. Lobectomy 
can successfully treat a patient with small PTC 
tumors and without extrathyroidal extension 
while preserving thyroid function and minimizes 
risk of complications (e.g., hypocalcemia) [13]. 
Specific indications for total thyroidectomy 
include tumor diameter >4 cm, evidence of nodal 
or distant metastasis, extrathyroidal extension, or 
bilateral, multifocal disease.

For patients with residual disease that is unre-
sectable in the neck, postsurgical management 
involves serial TSH and Tg monitoring to detect 
recurrence and 123I or 131I total body imaging 
to determine if remaining cancer cells are respon-
sive to radioactive iodine (RAI). Responsive 
tumors are then treated with whole body 131I, 
also called RAI ablation. This combination of 
surgical removal of primary disease followed by 

RAI therapy has led to an overall 5-year survival 
rate of >95%, making PTC among the most 
effectively treated human malignancies [14].

1.3.4	 �Potential Role of Novel 
Biomarkers

Despite the high rate of success with modern 
diagnostic and therapeutic algorithms, there are 
significant areas where the management of PTC 
can be improved. Aggressive PTC subtypes that 
are refractory to RAI therapy carry a much worse 
prognosis and account for the majority of PTC-
related deaths [15]. Thus, methods that could 
accurately classify RAI avidity could better tailor 
the therapeutic approach by identifying patients 
with resistant subtypes of the disease earlier. To 
date methods for determining the response to 
RAI carry significant drawbacks. Low-dose 131I 
imaging may cause a phenomenon known as 
“thyroid stunning” whereby the use of 131I for 
imaging reduces the efficacy of subsequent high-
dose therapeutic 131I use, resulting in incom-
plete ablation of remaining disease [16]. An 
alternative isotope, 123I, does not cause this 
stunning phenomenon but is more expensive and 
not as widely available. Serum Tg level may act 
as an indicator of thyroid differentiation and, 
therefore, avidity to RAI; however, endogenous 
TSH levels and the presence of anti-Tg antibod-
ies, such as in autoimmune thyroiditis, can con-
found Tg measurements. Recent evidence 
suggests that thyroid differentiation character-
ized by gene expression signatures is directly 
associated with RAI avidity [17]. These metrics 
are inelastic to TSH levels or endogenous thyro-
globulin (TG) antibodies. Additionally, gene 
markers bypass adverse effects of 131I imaging 
such as radiation exposure and thyroid stunning 
[18].

When trying to detect tumor-positive lymph 
nodes in the neck, current imaging methods have 
low sensitivity [19, 20]. With low specificity, 
these tests allow too many false negative results 
to be presented to patients, thus not allowing 
them to receive the treatment that they need. As 
lymph node metastasis is present in roughly 40% 
of all adult PTC cases, higher specificity in these 
tests is a clinical need, especially since lymph 
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node metastases are associated with reduced sur-
vival and higher recurrence rates [21–23]. Using 
molecular markers as adjuvants with ultrasound 
imaging has been shown to improve the detection 
of lymph node metastasis [24]. Additionally, 
development of more sensitive and specific detec-
tion methods that allow unnecessary surgeries to 
be avoided is of the utmost importance. For 
example, routine practice shies away from the 
use of prophylactic cervical lymph node dissec-
tions guided by single-gene mutation profiles 
(e.g., BRAF) [25–27]. The discovery of novel 
biomarkers better suited toward predicting lymph 
node metastases could identify the PTC patient 
subset most likely to benefit from lymph node 
dissection.

1.4	 �lncRNAs in Papillary Thyroid 
Cancer

1.4.1	 �Structure and Function 
of lncRNAs

The body of large-scale, unbiased gene expres-
sion analysis in PTC has focused on the coding 
transcriptome, specifically mRNAs and microR-
NAs [4, 28]. However, protein-coding genes con-
stitute only 2% of the entire genome, and recent 
genome-wide investigations have uncovered long 
noncoding transcripts of 200 nucleotides or 
greater that are transcribed in unique genomic 
positions [29, 30]. These long noncoding RNAs 
(lncRNAs) have diverse regulatory potential in 
gene expression, alternative splicing, posttran-
scriptional mRNA modification, and epigenomic 
alterations [31–33]. Many lncRNAs have tissue-
specific expression [34, 35]. Furthermore, there 
are lncRNAs that have been demonstrated to play 
key roles in cancer progression and prognosis 
[35–37]. However, lncRNAs are not being 
exploited as biomarkers or therapeutic targets 
currently, despite their elucidated effects on 
oncogenesis [32, 38, 39]. For example, in thyroid 
cancer, dysregulation of lncRNAs has been cor-
related with a more aggressive phenotypes; how-
ever, this has yet to be exploited therapeutically 
[40, 41]. Hence, the identification of differen-
tially expressed lncRNAs could fill the gap in 

knowledge and applications in PTC diagnosis, 
prognosis, and treatment.

1.4.2	 �lncRNA Investigation 
in Papillary Thyroid Cancer

There have been implications for the potential 
use of lncRNAs in PTC diagnosis, prognosis, 
and treatment via the utilization of genome-
wide studies of patient samples. Most of the 
transcriptomic data is from microarray and 
quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) with this data analy-
sis uncovering the dysregulation of lncRNAs in 
cancerous tissue [42–45]. Unfortunately, this 
methodology only probes for a fraction of the 
noncoding transcriptome [46, 47]. Whole-
exome RNA sequencing of a small number of 
patient samples has revealed an association of 
certain lncRNAs with molecular and clinical 
characteristics of PTC [48, 49]. The Cancer 
Genome Atlas Thyroid Carcinoma (TCGA 
THCA) study further demonstrated this with 
larger patient sample sizes [41, 50, 51]. 
However, it should be noted that RNA sequenc-
ing by the TCGA may not have captured all 
lncRNAs, specifically those lacking polyadenyl-
ated tails, due to the sequencing on polyA-
purified RNA [52, 53]. In order to circumvent 
that caveat, the J. Geliebter lab performed RNA 
sequencing on 45 matched-paired PTC tumors 
with more diverse staging than those previously 
described, and normal adjacent tissue samples 
utilizing rRNA-depleted total RNA.  The goal 
was to supplement existing analyses while max-
imizing detection of differentially expressed 
(DE) lncRNAs in PTC that associated with clin-
ical characteristics including thyroid differenti-
ation and lymph node metastasis. The 
identification of these lncRNAs was done via 
the examination of their co-expression with 
mRNAs.

Relative to protein-coding genes, lncRNAs 
are underutilized as biomarkers and underrepre-
sented and not fully enriched in the existing 
datasets. This work saw that relative to the 
TCGA, there was a greater detection of anti-
sense, sense intronic, sense overlapping, and 3′ 
overlapping lncRNAs. It was speculated the 
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decrease in long intergenic RNA (lincRNA) 
detection was due to poly-adenylation of inter-
genic transcripts that facilitates higher enrich-
ment by the poly-A RNA isolation methods 
mentioned above [53].

2	 �lncRNAs Highly Associated 
with Thyroid Differentiation 
and Tissue-Specific 
Expression

For a particular tissue, cells are differentiated; 
they have gone from pluripotent to unipotent 
with the capability of doing the one function of 
this tissue. As cells differentiate, they are 
restricted to how many of them can then be pro-
duced. Differentiation is a regulated process of 
gene expression and via accumulation of muta-
tions, cancer can form. Cancer is a disease of 
proliferation due to the loss of normal controls 
on cell growth as well as dedifferentiation 
resulting typically in cells that are undifferenti-
ated or partially differentiated. Anaplastic cells 
are those that are undifferentiated or poorly dif-
ferentiated, as they cannot be identified as a spe-
cific tissue cell due to the loss of the defining 
characteristics such as markers or morphology. 
Thyroid cancer has enormous heterogeneity 
regarding morphology and prognosis. Anaplastic 
thyroid cancer (ATC) is the most advanced and 
aggressive form of thyroid cancer. It is one of 
the fastest growing and these cells do not look 
or behave at all like thyroid cells. Poorly differ-
entiated thyroid cancer (PDTC) is another rare 
and aggressive form of thyroid cancer. The 
cause is unknown; however, it has been seen to 
arise from differentiated thyroid cancers such as 
PTC or follicular thyroid cancer (FTC). While 
most types of thyroid cancer are associated with 
a relatively good prognosis, ATC and PDTC are 
associated with an increased risk of recurrence 
and death. These more aggressive forms are dif-
ficult to treat due to their ease of spreading and 
metastasis.

Dedifferentiation can clinically manifest as 
unresponsiveness to RAI therapy and, therefore, 
impairs the ability to treat unresectable or meta-

static malignancies [4]. The BRAFV600E muta-
tion is present in the vast majority of 
dedifferentiated tumors; however, not all BRAF-
mutant patients have poorly differentiated PTC 
[4]. This indicates that the BRAFV600E muta-
tion is necessary but not sufficient for the devel-
opment of RAI-resistant cancer [4]. Thus, 
additional markers/variables are needed to better 
stratify patients based on the differentiation sta-
tus of their disease. Furthermore, this line of 
investigation may also reveal molecular targets to 
rescuing differentiation of thyroid cancer cells 
and make previously RAI-refractory disease 
amenable to RAI therapy.

A recent clinical trial of the BRAF inhibitor 
vemurafenib in RAI-refractory thyroid cancer 
used an expanded thyroid differentiation score 
(eTDS) as a proxy for differentiation status and 
showed RAI responsiveness was associated with 
an increase in eTDS scores [17]; thus, the authors 
concluded that the eTDS as a molecular marker 
may better predict RAI responsiveness compared 
to existing serum biomarkers such as Tg or TSH 
levels.

Long noncoding RNAs are increasingly 
investigated for their role in a variety of can-
cer-related processes, yet underutilized as bio-
markers relative to protein-coding genes [32, 
54, 55]. Furthermore, many lncRNAs are 
exquisitely tissue-specific and stable enough to 
be detected in serum [56], making them excel-
lent candidate biomarkers and potential thera-
peutic targets. In PTC, lncRNAs have been 
identified as key regulatory elements in medi-
ating proliferation, apoptosis, angiogenesis, 
invasion, metastasis, and differentiation [57–
61], and as such, the use of these tissue- and 
stage-specific lncRNAs could be a potential 
treatment option to induce differentiation or 
suppress dedifferentiation.

The Geliebter lab used the TDS score first 
described by the TCGA Thyroid Carcinoma 
(THCA) project and correlated the TDS to every 
annotated and expressed lncRNA to identify 
noncoding transcripts that showed strong posi-
tive and negative associations with thyroid dif-
ferentiation. These include FAM95C and 
AC004603, respectively (Spearman = 0.842 and 
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Spearman = −0.571). This strong positive cor-
relation of FAM95C led to the investigation of 
this previously uncharacterized long intergenic 
RNA (lincRNA). A lincRNA is distinguished 
from the broader transcript class of lncRNA as 
they are located between protein-coding genes 
and are transcribed independently [62]. They do 
not overlap with protein-coding genes and will 
usually have their own promoters and regulatory 
elements. FAM95C is located on the short arm 
of chromosome 9 and is downstream to the 
3′end of the ANKRD18A gene, a potential epi-
genetic regulator that is commonly downregu-
lated in thyroid cancer [63, 64]. FAM95C is also 
co-expressed with ANKRD18A, suggesting 
possible cis-regulatory activity.

Intriguingly, FAM95C outperformed the 
TDS constituent genes in predictivity of TDS 
with the exception of TPO.  Notably, TPO 
expression can be influenced by TSH levels and 
inflammatory cytokines, making its use as a 
molecular marker limited in thyroid cancer 
patients with concomitant hypothyroidism or 
thyroiditis [65, 66]. Next, patient tumors were 
subdivided into four groups based on high or 
low FAM95C expression and BRAF mutational 
status. Tumors that were BRAFV600E positive 
with low FAM95C expression showed signifi-
cantly lower TDS scores compared to the other 
groups and detected 88% of tumors with a 
TDS < −2 (denoting a fourfold mean reduction 
in thyroid differentiation genes). This provided 
preliminary evidence of the possibility that 
these two metrics of BRAF status and FAM95C 
expression could characterize differentiation 
status.

Additionally, the expression of FAM95C in 
TCGA normal tissues was examined to determine 
if FAM95C is expressed in a tissue-specific man-
ner. This analysis revealed that the first and second 
highest transcript levels of FAM95C were in the 
testis and thyroid, respectively. The GTEx data 
were also examined and indicated the top five tis-
sues with highest transcript levels of FAM95C 
were endocrine organs, including the testis, thy-
roid, pituitary gland, pancreas, and prostate. This 
indicates it may be detected reliably in a tissue-
specific manner, especially in females.

3	 �lncRNAs Expressed 
in Primary Tumors that 
Predict LNM

Detection of lymph node metastasis (LNM) in 
the preoperative setting can guide the surgical 
approach as well as postoperative decision-
making regarding the use of RAI. Furthermore, 
patients with LNM have higher rates of recur-
rence and reduced overall survival [21–23]. 
Consistent with the advantages sought when 
identifying molecular markers for thyroid differ-
entiation, the large-scale regulatory function 
[31], tissue-specific expression [34, 62], and dys-
regulation in cancer [57] make lncRNAs poten-
tial mediators of LNM and good candidate 
biomarkers as well as therapeutic targets. 
However, there was not a gene expression marker, 
such as the TDS for thyroid differentiation, that 
can be used as a proxy for identifying lncRNAs 
that are significantly associated with 
LNM. Furthermore, since the vast majority of the 
noncoding transcriptome is poorly characterized, 
there is no currently available functional annota-
tion method for lncRNAs as there is for protein-
coding genes (e.g., KEGG pathway and GO 
enrichment analyses).

A common method for identifying the func-
tional role of lncRNAs in large-scale transcrip-
tomics experiments is by constructing 
co-expression networks of mRNAs and 
lncRNAs [67]. This method allows one to infer 
the biological role of noncoding transcripts by 
functionally annotating the mRNAs co-
expressed within the same gene network. A pop-
ular method for creating co-expression networks 
from transcriptomics data is by using weighted 
gene coexpression analysis (WGCNA) first 
developed by the Horvath lab [68]. WGCNA not 
only allows gene networks to be formed from a 
global analysis but also provides a method to 
associate co-expression networks to clinical, 
demographic, and genomic features via linear 
regression for continuous variables (e.g., age, 
tumor size) or logistic regression for categorical 
variables (e.g., lymph node status, stage, gen-
der). Thus, gene networks derived from 
WGCNA identify sets of genes, including 
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noncoding ones, tightly associated with disease 
states and potential therapeutic targets [69].

To identify lncRNAs associated with LNM in 
PTC, WGCNA was used to identify a gene co-
expression module that was significantly corre-
lated with LNM.  This module contained 
approximately 730 genes, 74 of which were 
lncRNAs. Functional annotation of protein-
coding genes in this module revealed enrichment 
of biological processes including epithelial-
mesenchymal transition, hypoxia, and TNFa acti-
vation, all of which have been implicated in 
cancer metastasis [70, 71]. Given this module’s 
statistical and biologic association with LNM, 
we next examined lncRNAs within the module. 
Ranked by module membership (MM) score 
denoting the importance of a gene within a mod-
ule, the lncRNA MEG3 was most predictive of 
LNM.  Transcriptomic analysis showed that 
MEG3 is expressed higher in tumors with LNM 
compared to those without LNM and high MEG3 
expression is associated with lower overall sur-
vival, particularly among patients with BRAF-
mutant tumors.

Interestingly, these findings regarding MEG3 
contrast much in the current cancer literature 
[72–75]. Wang and colleagues specifically 
showed in PTC that MEG3 may prevent invasion 
and metastasis by inhibiting GTPases, such as 
RAC1, that promote cell motility and cytoskele-
tal rearrangement [76–78]. As many studies of 
MEG3  in the cancer biology literature have 
focused on the role in tumor cells, we hypothe-
sized that our seemingly contrasting findings 
may be due to the expression of MEG3 within the 
tumor microenvironment from nonmalignant cell 
types. Cancer cells engage in complex interac-
tions with infiltrating immune cells, vasculature, 
extracellular matrix, and stromal cells [79]. Using 
deconvolution methods for bulk RNA sequencing 
data to predict cell types in PTC tumors, we 
found MEG3 expression was highly correlated 
with infiltration of cancer-associated fibroblasts 
(CAF). CAFs have been shown to be key media-
tors of tumor invasion and metastasis via the role 
in extracellular matrix remodeling [80]. 
Furthermore, recent findings from the cardiovas-
cular literature have shown that MEG3 expres-

sion in cardiac fibroblasts is associated with 
cardiac remodeling post-coronary infarction via 
increased expression of ECM processing genes 
such as MMP-2 [81]. We also found MEG3 
expression to be highly correlated with MMP-2 
expression in PTC tumors. These findings may 
indicate that, while MEG3 may typically func-
tion as a tumor suppressor in cancer cells, the 
expression of MEG3 in CAFs may indicate pro-
pensity for LNM via higher rates of ECM 
processing.

4	 �lncRNas as Regulators 
of Molecular Phenotype 
and Interaction 
with Components of TME

Papillary thyroid cancer generally bears a favor-
able prognosis, oftentimes curable, as tumors are 
most often slow-growing and surgically resect-
able. However, PTC can transition into aggres-
sive subtypes and metastasize in certain patients 
that nullifies the otherwise high survival rate 
[21]. Extended longevity has been achieved via a 
combination of pharmaceutical, surgical, and 
radiation-based therapies; however, it is difficult 
to predict which of these patients will benefit 
from these interventions [18, 25]. With the 
increased accessibility and decreased cost of 
high-throughput sequencing, novel biomarkers in 
PTC could be identified to fill the gap in knowl-
edge and indicate which clinical approach would 
be best [82].

A common thread through these lines of 
investigation is the role key regulators, namely, 
the actions of lncRNAs, play in the development 
and progression of thyroid cancer. Using 
transcriptome-wide and genome-wide sequenc-
ing methods as well as a suite of computational 
tools, the aims were to identify specific regula-
tory actions of molecules that mediate the onset 
and progression of PTC that can be exploited for 
diagnostic and therapeutic purposes.

It is known that lncRNAs are involved in 
transcriptional regulation of protein-coding 
genes; oftentimes, however, this complexity is 
not easily integrated into clinical phenotypes. 
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Since RAI is a mainstay of metastatic PTC treat-
ment, it was pertinent to explore lncRNAs asso-
ciated with iodine handling and thyroid 
differentiation, key factors that lead to RAI 
resistance and increased mortality in this nor-
mally well-managed disease [18, 23]. Overall, 
the work in the J. Geliebter lab demonstrates a 
simpler metric for differentiation looking at just 
FAM95C expression and BRAF mutation sta-
tus, as opposed to the arguably more complex 
parallel quantification of 16 genes that could 
pose more issues rather than not [17]. This two-
factor metric could yield a cost-effective, sim-
pler, but more precise assessment of 
differentiation compared to obtaining the TDS 
or eTDS in patient samples.

There are other studies utilizing TCGA, 
Genotype-Tissue Expression (GTEx) and Gene 
Expression Omnibus (GEO) datasets, to iden-
tify and investigate differentially expressed 
lncRNAs in thyroid cancer. Interestingly, there 
are few studies that investigate the role of 
lncRNAs in ATC. As mentioned, lncRNAs 
have implicated roles at essentially all steps of 
tumorigenesis. A July 2020 systematic review 
of studies of lncRNAs in ATC, there were only 
30 lncRNAs that were identified for their role 
in ATC as oncogenes or tumor suppressors 
[83]. These potent biomarkers would be revo-
lutionary in detection at early stages as this 
significantly increases the chances of survival. 
Their aberrant expression in cancer and corre-
lation with steps in tumorigenesis as well as 
their role in differentiation would allow for a 
promising role as a prognostic and diagnostic 
biomarker in thyroid cancer. This would help 
prevent the more aggressive ATC that derives 
from dedifferentiation of the less aggressive 
PTC and FTC. Therefore, in the case of catch-
ing PTC or FTC early, one can hopefully pre-
vent the progression to the more lethal 
ATC.  Furthermore, targeting of the specific 
lncRNAs could also pose as a valuable treat-
ment option via preventing or reversing this 
dedifferentiation process and making this usu-
ally refractory form of thyroid cancer more 
responsive to standard treatment options.
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