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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
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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-

Inflammatory Components of the Thyroid Cancer Microenvironment: An Avenue for Identification…



4

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].

T. Jarboe et al.
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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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