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Introduction
Thyroid cancer is the most common endocrine malignancy and 

is predicted to be the 4th most commonly diagnosed cancer by 2030 
[1]. Follicular thyroid carcinoma (FTC) is the second most commonly 
diagnosed form of thyroid cancer. Approximately one-half of FTCs 
contain genetic alterations in RAS family members, most notably 
NRAS and HRAS, and these mutations are also frequently found in 
adenomas, suggesting MAPK activation is an early event in thyroid 
carcinogenesis [2]. In addition to MAPK signaling, the importance of 
the PI3K/Akt signaling pathway in thyroid tumorigenesis has also been 
acknowledged [3]. Germline mutations that result in loss of PTEN, a 
negative regulator of PI3K signaling, predisposes for the development 
of FTC in humans [4]. Further, in addition to activation of the MAPK 
signaling pathway, RAS can also activate the PI3K pathway. Mutations 
that lead to MAPK and PI3K activation commonly co-occur in more 
advanced thyroid cancers, such as poorly differentiated thyroid cancer 
(PDTC), however these mutations occur throughout the spectrum of 
disease from benign tumors to FTC to PDTC [5]. Therefore, it has been 
suggested that activation of MAPK signaling via oncogenic RAS and 
PI3K signaling cooperate to promote FTC initiation and progression 
to PDTC.

Despite its well differentiated characteristics, FTCs are often 

invasive, growing into vascular structures within the thyroid gland 
and the neck [6] and FTC metastasis most commonly occurs through 
blood vessels to distant sites in the body including the lungs, bone, and 
brain [7-9]. Unlike papillary thyroid cancers, metastasis to the lymph 
nodes is very uncommon in FTC [10,11]. Further, PDTC patients with 
distant metastasis are more likely to succumb to disease than those with 
locoregional spread to the lymph nodes [12]. The mechanisms that 
dictate the spread of FTC/PDTC to distant sites in the body are currently 
unknown. This observation, along with the decreased responsiveness of 
these tumor types to standard therapies for thyroid cancer, underscores 
the need for development of novel treatment strategies for PDTC 
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and the identification of biomarkers that are predictive of disease 
progression toward a poorly differentiated state. 

The bidirectional communication established between tumor 
cells and their microenvironment is essential for tumor progression. 
In addition to tumor cells, the tumor microenvironment (TME) is 
comprised of stromal cells and non-cellular components such as 
extracellular matrix proteins and growth factors [13]. It is now widely 
accepted that the interactions between tumor cells and the cellular 
and non-cellular components of the TME has a profound effect on all 
aspects of tumorigenesis and can contribute to therapeutic resistance, 
further complicating the already challenging task of treating cancer 
[14]. However, our knowledge regarding how oncogenic signals 
derived from tumor cells changes the TME to promote progression and 
metastasis of thyroid cancer is minimal.

Tumor infiltrating leukocytes are a hallmark of many different types 
of cancers and have been shown to directly impact various aspects of 
tumorigenesis including metastasis and immunosuppression [15-
17]. Innate and adaptive immune cells including myeloid-derived 
suppressor cells (MDSCs), tumor associated macrophages (TAMs) and 
regulatory T cells (Tregs) have all been shown to contribute to tumor 
induced immune suppression and angiogenesis in the TME of breast, 
head and neck, pancreatic cancers and melanoma [18-21]. While it has 
been well established that these types of immune cells play a pivotal 
role in tumorigenesis and resistance to therapy in several cancer types, 
it is largely unknown as to whether this is the case in thyroid cancer 
progression. 

To identify potential mechanisms of FTC progression in the context 
of the TME, a novel model of thyroid cancer progression (HrasG12V/
Pten-/-/TPO-Cre) was created and the TME dissected to identify factors 
that influence thyroid tumorigenesis. Activation of Hras and Pten loss 
cooperate in the development of FTCs that progress to PDTC and 
metastasize to the lungs in 56% of animals by one year of age. The 
TME of this model is characterized by an immune-rich tumor stroma 
comprised of MDSCs, M2-like TAMs, and Foxp3+Tregs. Further, stable 
tumor cell lines isolated from HrasG12V/Pten-/-/TPO-Cre tumors (Hras1, 
H245T, H340T) display increased secretion of cytokines that play a 
direct role in promoting immune suppression and angiogenesis in the 
TME, including TGFβ1 and MCSF. Unlike Braf driven thyroid tumors 
[22], the tumor stroma of HrasG12V/Pten-/-/TPO-Cre is not enriched with 
fibroblasts, type 1 collagen, or lysyl-oxidase, suggesting that activation 
of closely related MAPK effectors leads to distinct remodeling of the 
TME in thyroid cancer. Based on these observations, we hypothesize 
that activation of Ras and loss of Pten in the TME leads to the robust 
recruitment of immune cells that in turn, directly augment FTC 
metastasis and immune escape. These findings suggest that novel 
immunotherapies that have shown promise in other cancer types may 
provide a viable therapeutic option for advanced thyroid cancers for 
which current treatment strategies are unfortunately limited. 

Materials and Methods
Experimental animals

All animal experiments were performed at the University of 
Arkansas for Medical Sciences and approved by the IACUC. The FR-
HrasG12V, Ptenfl/fl, and thyroid peroxidase promoter (TPO)-Cre strains 
have been previously described [23-25]. Mice were on pure 129SVJ 
genetic backgrounds. Genotypes were determined by PCR as previously 
described [23-25].

Histology and immunohistochemistry

Thyroid tissues were fixed in 10% formalin buffered acetate and 
embedded in paraffin. Five-micrometer sections were prepared and 
histological diagnosis performed by a thyroid pathologist. Paraffin-
embedded tissues were dewaxed in xylene and rehydrated in alcohol. 
Following citrate antigen retrieval (Thermo Scientific), tissue sections 
were blocked with 12% BSA fraction V for immunofluorescence 
(Pierce, Rockford, IL, USA) or goat serum for DAB staining and 
incubated overnight at 4°C with the following antibodies at the 
specified dilutions: CD45-FITC (BioLegend, 1:200), F4/80 (Abcam, 
1:200), Arginase-1 (Santa Cruz, 1:200), and Foxp3 (Abcam, 1:100). 
For immunofluorescence staining, primary and secondary antibodies 
were diluted in 12% Fraction V BSA. Immunofluorecence slides were 
mounted in SlowFade mounting medium containing 4′,6-diamidino-
2-phenylindole (Invitrogen) and imaged using the EVOS FL Auto 
Cell Imaging System. Staining with Diaminobenzidine (DAB) was 
performed using the Elite ABC KIT (Vector Labs) according to 
the manufacturer’s protocol and visualized on a an Olympus DP73 
microscope equipped with a Nikon eclipse 8400 camera. Images were 
acquired using Cell Sens Entry software (Olympus).

Cell lines

Hras1, H340T and H245T tumor cell lines were establish from 
thyroid tumors from HrasG12V/Pten-/-/TPO-Cre mice. Thyroid tumors 
were dissected and minced, followed by digestion in a solution of 
1 mg/ml collagenase Type I (Sigma) and dispase (Gibco) in Hank’s 
Balanced Salt Solution at 37°C with gentle shaking for 1.5 hours. 
Following digestion, samples were centrifuged at 1200 rpm for 3 
minutes and resuspended in F12 medium (Gibco) supplemented with 
10% fetal bovine serum (FBS, Gibco), 2 mM L-Glutamine (Gibco), and 
Penicillin/Streptomycin/Fungizone (Sigma). The samples were then 
plated into tissue culture flasks and maintained at 37°C in 5% CO2. To 
ensure removal of contaminating stromal cells and purity of the tumor 
cell lines, all cell lines were genotyped using primers specific for Pten 
and Pten recombination [24]. 

TGFβ ELISA analysis

Hras1 and WT primary thyrocytes were seeded in six-well tissue 
culture plates in 10% FBS. Once the cells had reached 85% confluency, 
they were serum-starved for 18 hours. The conditioned medium was 
collected, briefly centrifuged at 5000 rpm to remove any contaminating 
debris, and immediately assayed using the Quantikine TGF β1 ELISA 
(R and D Systems) according to the manufacturer’s protocol. 

RT-PCR analysis

Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen). 
Equal amounts of RNA template were reverse transcribed using the 
Verso cDNA synthesis kit (Thermo Scientific). Mcsf and 18s mRNA 
expression was measured using TaqMan Mastermix and pre-designed 
Taqman assays (Applied Biosystems). Four µl of cDNA from tumor 
samples and independent passages of each cell line were run in triplicate 
on a Bio-Rad CFX96. Q-Gene software [26] was used to determine 
relative normalized expression to 18s. Data analysis was based on the 
Ct method. 

FACS analysis

Tumors from HrasG12V/Pten-/-/TPO-Cre mice were dissected, minced 
and digested in a solution of serum free DMEM (Gibco) containing 1 
mg/ml Collagenase I (Sigma) and 1 mg/ml Dispase (Sigma) for 1.5 hours 
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at 37°C with gentle shaking. The digested samples were then filtered 
through 70 μm nylon strainers (Fisher Scientific) into 10 cm tissue culture 
dishes containing 10 mL of PBS. The samples were then treated with 100 
ug/mL DNAse I (Sigma) for 5 minutes at room temperature, centrifuged 
for 5 minutes at 1400 rpm, and resuspended in 1 mL red-cell lysis buffer. 
The cell suspensions were filtered again through 70 μm nylon strainers, 
centrifuged, and resuspended in FACS buffer containing 2 mM EDTA. 
Before incubation with antibodies specific for immune populations, 
the cell suspensions were treated with Fc receptor blocking antibody 
(BD biosciences) for 20 minutes on ice in order to block unspecific 
binding of the constant region (Fc) of primary antibodies to Fc receptors 
expressed on immune cells within the cell suspensions. After Fc receptor 
blocking, antibodies specific for the following immune cell populations 
were added to the cell suspensions and incubated for 25 minutes at 4°C 
in the dark: CD45-PECy7, Gr-1-APC, F4/80-FITC, CD11B-PE, CD8-
FITC, Foxp3-PE, PerCP-Cy5.5 CD25, APC-CD4, and APC-CY7 CD3 
(all from Biolegend). The samples were then washed with FACS buffer, 
centrifuged, and resuspended in FACS buffer containing Zombie Aqua 
viability dye (Biolegend) and immediately run on a FACS Aria (BD) cell 
sorter. The data were analyzed using Flow Jo V.10 (Tree Star, INC). 

Cytokine secretion analysis

Equal numbers of Braf1, B297T, H340T and Hras1 cells were 
seeded at a high density in six-well tissue culture plates in 10% FBS. 
After 24 hours of incubation, the cell lines were at equal densities in the 
wells at 85% confluency. The cells were then serum-starved for 18 hours 
to allow for secretion of cytokines for the analysis. The conditioned 
medium was collected, briefly centrifuged at 5000 rpm to remove any 
contaminating debris, and immediately assayed using the Proteome 
Profiler Mouse Chemokine Array (R and D Systems) according to the 
manufacturer’s protocol. 

Statistical analysis

All data were analyzed using Prism 6 software (GraphPad). 
Differences with P values of ≤ 0.05 were considered statistically 
significant.

Results
HrasG12V and Pten cooperate in the development of FTCs that 
progress to PDTC in HrasG12V/Pten-/-/TPO-Cre mice 

Approximately one-half of FTCs contain genetic alterations in 
RAS family members [27]. Furthermore, Cowden’s disease, which 
is characterized by loss of PTEN, predisposes for the development 
of FTC in humans [28]. Given that PTEN is a negative regulator of 
PI3K signaling, we hypothesized that simultaneous MAPK activation 
via HrasG12V and PI3K activation via Pten loss would cooperate in 
FTC initiation and progression to advanced disease. To determine 
whether HrasG12V and PI3K signaling could cooperate in thyroid cancer 
development in vivo, FR-HrasG12V mice were crossed with Ptenflox/flox/
TPO-Cre mice to generate mice in which HrasG12V is conditionally 
activated and Pten is homozygously inactivated through thyroid-
specific Cre recombinase activation (HrasG12V/Pten-/-/TPO-Cre). The 
majority of HrasG12V/Pten-/-/TPO-Cre mice (13/16) developed well-
differentiated FTC or FTC that had progressed to PDTC by one year of 
age (Figure 1A). Survival of HrasG12V/Pten-/-/TPO-Cre mice is 100% at 
the time of sacrifice; however homozygous activation of HrasG12V leads 
to FTC that progresses to PDTC and is lethal by 40 weeks of age in 
HrasG12V/G12V/Pten-/-/TPO-Cre mice (Figure 1B). 

HrasG12V/Pten-/-/TPO-Cre tumors are multifocal (Figure 2B) and 
display many of the classical hallmarks of high grade human FTC and 
PDTC including extrathyroidal extension and invasion into surrounding 

Figure 1: HrasG12V and Pten loss leads to FTCs that progress to PDTC in HrasG12V/Pten-/-/TPO-Cre mice. (A) Top panel: Gross histology of wild-type (WT, left) and 
HrasG12V/Pten-/- (right) thyroid at 50 weeks of age. Tr=Trachea. HrasG12V/Pten-/- thyroid is significantly enlarged. (A) Bottom panel: H and E staining of 5 μm thick tissue 
sections from WT (left) and HrasG12V/Pten-/- (right) thyroid tissue. Th=Thyroid tissue, Tr=Trachea. WT thyroid contains organized follicles filled with colloid, in contrast 
to HrasG12V/Pten-/- thyroids, in which the normal follicular architecture is disrupted. 20X magnification, scale bar is 100 μM. (B) Survival of mice with heterozygous 
activation of HrasG12V (black line) is 100% at one year of age, while homozygous activation of HrasG12V (red line) is lethal by 40 weeks of age, with no mice surviving 
past this time point. 
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tracheal cartilage and soft tissue (Figures 2C and 2D), as well as 
lymphovascular invasion (Figure 2E). In patients, FTCs metastasize 
primarily via the bloodstream to distant sites, frequently the lungs, bones 
and brain [7,8]. Our next objective was to determine if HrasG12V/Pten-/-/
TPO-Cre mice developed de novo metastasis to relevant sites. Although 
there was no detection of macro-metastases to the bones and/or brain, 
spontaneous metastasis to the lungs was observed in 56% (n=9/16) of 
HrasG12V/Ptenhom/TPO-Cre mice at one year of age (Figure 2F). 

Immune cells are recruited to HrasG12V/Pten-/-/TPO-Cre tumors 

We next sought to identify the cellular components within the 
tumor microenvironment (TME) of FTC that contribute to tumor 
progression and metastasis. In order to quantify the overall number 
of immune cells within the TME, FACS analysis was performed on 
whole HrasG12V/Pten-/-/TPO-Cre thyroid tumors. Strikingly, a large 
quantity of immune infiltrate was observed. HrasG12V/Pten-/-/TPO-Cre 
thyroid tumors were comprised of 68.5 ± 11.79% CD45+ cells, in stark 
contrast to wild-type (WT) thyroids which were comprised of 20.2 ± 
14.5% CD45+ cells (Figures 3A and 3B). Histological analysis of H & 
E stained tumor sections from HrasG12V/Pten-/-/TPO-Cre mice revealed 
populations of cells with similar morphology to leukocytes (Figure 3C, 
arrows). We further confirmed immune recruitment to HrasG12V/Pten-/-/
TPO-Cre tumors via immunostaining with CD45 (Figure 3D, arrows), 
a cell surface marker expressed on all immune cells [29].

Myeloid derived suppressor cells and macrophages are 
recruited to HrasG12V/Pten-/-/TPO-Cre tumors

Immune infiltration into the TME has been well documented 

in many different solid tumor types and can play a pivotal role in 
dictating tumor progression. Further, recent studies suggest the 
involvement of myeloid and lymphoid derived cell types in thyroid 
cancer pathogenesis [30-32]. Myeloid-derived suppressor cells 
(MDSCs) and macrophages are myeloid derived cell types that have 
been shown to promote angiogenesis, provide key growth factors for 
tumor cells, and suppress the tumor killing capacity of innate and 
adaptive immune cells [33,34].

Using FACS analysis with cell-surface specific antibodies, we first 
characterized the myeloid compartment (MDSCs and macrophages) 
of HrasG12V/Pten-/-/TPO-Cre thyroid tumors (Figures 4A and 4B). Of all 
CD45+ cells, 53.1 ± 10.9% were of myeloid-lineage (CD11b+), consisting 
of 60.1 ± 16.8% non-classical macrophages (F4/80+Gr-1- ) and 19 ± 
7.6% MDSCs (F4/80-Gr-1+). The presence of macrophages and their 
tumor location was further validated in HrasG12V/Pten-/-/TPO-Cre via 
immunohistochemical analysis of tumor sections with F4/80 antibody 
(Figure 4C), which revealed macrophage infiltration into the tumor. We 
next determined whether the macrophages in HrasG12V/Pten-/-/TPO-Cre 
tumors were polarized toward a tumor promoting M2 phenotype in 
the TME. Immunohistochemical analysis of HrasG12V/Pten-/-/TPO-Cre 
tumor sections with anti-Arginase-1 (Arg-1), a marker expressed by 
M2 macrophages, revealed positive cells within the tumors (Figure 
5A). Further, stable tumor cell lines isolated from HrasG12V/Pten-/-/TPO-
Cre tumors (Hras1, H245T, H340T) displayed increased secretion of 
TGFβ1 and expression of Mcsf, cytokines that can induce polarization 
of macrophages toward a tumor-promoting M2 phenotype (Figures 5B 
and 5C).

Figure 2: HrasG12V/Pten-/-/TPO-Cre mice develop tumors with features of classical and aggressive FTC that metastasize to the lungs. H and E stained 5 μm thick tumor 
sections from wild type and HrasG12V/Pten-/- thyroid sections. (A) 10X image of wild type thyroid. Scale bar=200 μM. (B) 10X image of HrasG12V/Pten-/- tumor tissue 
with multiple foci (arrows). (C) 10X image of tumor tissue invading into tracheal cartilage (arrow). (D). 10X image of tumor displaying extrathyroidal extension into 
surrounding soft tissue (arrow). (E) 40X image showing invasion of tumor tissue into lymph vessel (arrow). Scale bar=50 μM. (F) Gross histological image of lungs 
from a HrasG12V/Pten-/-/TPO-Cre mouse, dashed line highlights the perimeter of metastatic nodule. By one year of age, 56% of HrasG12V/Pten-/-/TPO-Cre mice (n=16) 
with FTC develop metastasis to the lungs. 
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Figure 3: Robust recruitment of immune cells to HrasG12V/Pten-/-/TPO-Cre tumors. (A) Representative FACS analysis of CD45+ (immune) cells in pooled wild type 
thyroids (left) and a HrasG12V/Pten-/-/TPO-Cre tumor (right). (B) Quantification of the percentage of CD45+ cells detected out of all live, single cells analyzed from 2 
separate pools of 10 wild-type (WT) thyroids and 8 HrasG12V/Pten-/-/TPO-Cre tumors. (C) 20X images of H and E stained sections from WT (left) or HrasG12V/Pten-/- /
TPO-Cre tumor tissue (right). Arrows point to immune infiltration. Scale bar=100 μm. (D) 20X image of HrasG12V/Pten-/-/TPO-Cre tumor section immunostained with 
CD45-FITC antibody (green). Arrows point to clusters of CD45+ cells. Nuclei are counterstained with DAPI. Scale bar=100 μm. 

Figure 4: Macrophages and MDSCs are recruited to HrasG12V/Pten-/- tumors. (A) Top: Representative FACS analysis of myeloid (CD11b+) cells within a HrasG12V/
Pten-/- thyroid tumor. Bottom: Representative FACS analysis of macrophage (F4/80+Gr-1-) and MDSC (F4/80-Gr-1+) populations within a HrasG12V/Pten-/- thyroid tumor. 
(B) Average percentages of MDSCs and Macrophages out of all myeloid derived cells (CD11b+) in HrasG12V/Pten-/- thyroid tumors (N=8). (C) 20X image of 5 μm thick 
HrasG12V/Pten-/- tumor section immunostained with F4/80 to confirm presence of macrophages (arrow) Scale bar=100 μm. 
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HrasG12V/Pten-/-/TPO-Cre tumors contain significant numbers 
of CD4+ T cells, but very few CD8+ T cells

Cytotoxic T cells (CD11b-CD3+CD8+) and T helper cells (CD11b-

CD3+CD4+) are lymphoid derived immune cells that can aid directly 
and indirectly in the destruction of tumor cells. However, in the TME 
these cells types are often induced into a state of anergy by tumor cells, 
MDSCs, and macrophages, allowing the tumor to avoid detection and 
destruction by the immune system [35,36]. Using FACS analysis, the 
populations of cytotoxic (CD8+) or helper T cells (CD4+) recruited to 
HrasG12V/Pten-/-/TPO-Cre tumors were evaluated. The majority of T cells 
in HrasG12V/Pten-/-/TPO-Cre tumors were identified as CD4+ T cells, 
with very few CD8+ T cells identified by FACS analysis (Figure 6A). Due 
to the large proportion of CD4+ T cells in the lymphoid compartment, 
we sought to determine whether these cells were anti-tumorigenic 
effector (Teff) or pro-tumorigenic, immunosuppressive regulatory (Treg) 
T cells. FACS analysis revealed a double positive CD4+ CD25+ T cell 
population, indicating the presence of Tregs (versus Teffs) within HrasG12V/
Pten-/-/TPO-Cre tumors (Figure 6A). Tumor sections were then 
immunostained for Foxp3, a transcription factor specifically expressed 
by Tregs. Foxp3 nuclear staining was present within HrasG12V/Pten-/-/
TPO-Cre tumors, indicating active immunosuppression [37] within 
the TME (Figure 6B). Although we did detect a significant amount of 
background DAB staining in wild-type thyroid tissue (Figure 6B, far 
left), this is non-specific staining due to the presence of colloid within 
the thyroid follicles and no nuclear staining of Foxp3 was detected. 
Cytokine analysis of conditioned medium from independently isolated 
HrasG12V/Pten-/-/TPO-Cre tumor cell lines (Hras1 and H340T) revealed 
significant differences in secretions in comparison to cell lines isolated 
from BrafV600E/Pten-/-/TPO-Cre tumors (Braf1 and B297T) (Figure 6C). 

Despite the variability in cytokine secretions of SDF-1, ITAC, CCL9/10, 
and IL-16 observed between the two independently isolated Hras 
tumor-derived cell lines, the overall secretion of these cytokines in 
both cell lines was significantly higher than that of both Braf tumor-
derived cell lines. In contrast, MIP-2 and CXCL16 secretion levels were 
significantly higher in both Braf-driven cell lines in comparison to both 
Hras-driven cell lines. These factors have been reported to play a direct 
role in the chemotaxis of immune cells and thus could contribute to 
the differential recruitment of myeloid and lymphoid derived cell types 
observed between these two tumor subtypes. 

Discussion
Solid tumors are not just a homogenous mass of tumor cells, 

but instead a complex ecosystem to which many different cell types 
are recruited and corrupted by tumor cells to serve as accessories to 
the crime. The TME is formed by communication networks that are 
established between transformed cells and non-malignant immune and 
non-immune derived cells, which often function to promote all aspects 
of tumorigenesis [38]. In the last decade, there has been an exponential 
increase in studies that address the effect of the TME on tumor 
progression, yet most focus on one cell type or matrix component 
versus the cross-talk between multiple components. In this study, we 
dissected the immune-derived cellular components within the TME of 
thyroid cancer in order to understand how the presence of these cell 
types contributes to thyroid cancer progression. 

After BRAFV600E, RAS mutations are the second most common 
mutation in thyroid cancer and are found with increased frequency in 
FTC and PDTC as opposed to other thyroid tumor subtypes [27]. Our 
data demonstrate that thyroid specific activation of HrasG12V and PI3K 

Figure 5: HrasG12V/Pten-/- tumors are positive for Arginase-1 and express cytokines that induce M2 polarization. (A) 20X (top) and 40X (bottom) images of 5 μm thick 
HrasG12V/Pten-/- tumor sections immunostained with Arginase-1, a marker of M2 polarization. Scale bar=100 μm for 20X image, 200 μm for 40X. (B) Elisa analysis of 
TGFβ1 secretion from primary wild-type (WT) thyrocytes and tumor cells isolated from a HrasG12V/Pten-/- tumor (H340T). (C) RT-PCR analysis of mcsf expression in 
primary WT thyrocytes and three independent tumor cell lines isolated from HrasG12V/Pten-/- tumors (Hras1, H245T, and H340T). 
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in mice leads to the development of FTC/PDTCs that metastasize to 
the lungs by one year of age. Recent studies have demonstrated that 
mutations in RAS not only alter intracellular signaling in tumor cells, 
but also modulate the tumor microenvironment by inducing various 
pro-tumorigenic factors such as TGFβ1 [39,40]. Further, oncogenic 
RAS is heavily implicated in the recruitment and immunosuppression 
of immune cells in the TME [41-44]. In agreement with these 
observations, our data demonstrate that activation of Hras and PI3K 
signaling in thyrocytes results in the development of an immune rich 
tumor stroma in HrasG12V/Pten-/-/TPO-Cre tumors, characterized by 
robust recruitment of macrophages, MDSCs, and Foxp3+Tregs (Figure 
7). In this model, we propose that activation of HrasG12V and loss of Pten 
in thyroid tumor cells leads to upregulation and secretion of factors 
that recruit both myeloid and lymphoid derived cells to the TME. 
Via the action of tumor and stromal derived cytokines, macrophages, 
MDSCs, and Tregs are induced toward a protumorigenic phenotype. We 
hypothesize that these cells in turn secrete factors that support tumor 
cell growth, immune suppression, and angiogenesis-ultimately leading 
to tumor progression and metastasis.

HrasG12V/Pten-/-/TPO-Cre tumors contained a striking amount of 
immune infiltration in comparison to WT thyroids, which contain at 
most 20% CD45+ cells. Both myeloid and lymphoid derived immune 
cells are prevalent in HrasG12V/Pten-/-/TPO-Cre tumors, including 
macrophages, MDSCs, and Treg cells, however cytotoxic CD8+ T 
cell numbers are very rare. Unlike BrafV600E/Pten-/-/TPO-Cre tumors 
[22], activation of HrasG12V in the thyroid did not result in enhanced 
fibroblast recruitment or remodeling of the tumor matrix via increased 
collagen deposition (data not shown). These data indicate that in 
the context of Pten loss, activation of Hras, but not Braf, results in 

a robust recruitment of immune cells to the TME of thyroid cancer, 
which promotes tumor progression and potentially metastasis. We 
are intrigued that the activation of closely associated MAPK pathway 
effectors in the same tissue type results in the development of drastically 
different tumor landscapes. Although our results are consistent with 
mounting evidence demonstrating that activation of RAS in tumor 
cells leads to recruitment of immune cells to the TME [40,45], future 
studies are needed to unravel the molecular basis by which RAS and 
RAF activation results in the differential recruitment of distinct cell 
types to the TME of thyroid cancer. Cytokine arrays indicate that 
HrasG12V/Pten-/- tumor cells display increased secretion of factors that 
are chemotactic for MDSCs, T-cells, and macrophages in comparison 
to BrafV600E/Pten-/- tumor cells, and more careful molecular analysis is 
needed to determine how these MAPK effectors differentially regulate 
cytokine and chemokine production and secretion.

Eighty percent of all myeloid cells in HrasG12V/Pten-/-/TPO-Cre tumors 
were identified as macrophages or MDSCs (60% and 20%, respectively). 
These cell types promote angiogenesis, provide key growth factors for 
tumor cells, and suppress the tumor killing capacity of innate and adaptive 
immune cells-including T cells [36]. Tregs suppress the anti-tumor effects of 
antigen presenting cells and cytotoxic T cells in the TME. A high ratio of Tregs 
versus CD8+ T cells in the TME is predictive of a poor prognosis in breast 
cancer [46]. The majority of all T cells in HrasG12V/Pten-/-/TPO-Cre tumors 
were identified as Tregs while less than 1% were CD8+. We hypothesize that 
the known pro-tumorigenic effects exerted by Tregs are exacerbated by the 
lack of CD8+ T cells in the TME, which collectively contributes to a more 
aggressive tumor phenotype. In addition, Tregs were Foxp3+, indicating that 
these cells are actively functioning as immune suppressors in the TME of 
HrasG12V/Pten-/-/TPO-Cre tumors. 

Figure 6: Recruitment of immunosuppressive Tregs to HrasG12V/Pten-/- thyroid tumors. (A) Representative image of FACS analysis showing gating used to identify T cell 
populations. CD3+ cells (T-cells) were gated out of all CD45+CD11b- immune cells and further classified according to CD8 expression (cytotoxic T cells) and CD4 expression 
(T helper cells). CD4 T cells were classified as regulatory T cells (Treg) based on expression of CD25. (B) 20X images of 5 μm thick WT or HrasG12V/Pten-/- tumor tissue 
sections immunostained with Foxp3, a transcription factor exclusively expressed by immunosuppressive regulatory T cells. In WT thyroid, non-specific DAB staining 
occurs in thyroid follicles due to presence of colloid, however there no observed Foxp3 nuclear staining in thyrocytes or T-cell populations. Scale bar=100 μm. (C) Cytokine 
densitometry analysis from conditioned medium isolated from independent tumor cell lines derived from BrafV600E/Pten-/- (Braf1, B297T) and HrasG12V/Pten-/- (Hras1, H340T) 
thyroid tumors. *, P<0.01, significant difference observed between genotypes (Hras1 versus Braf 1, H340T versus B297T); a, P<0.05, significant difference between values 
obtained from cell lines of the same genotype (Hras1 versus H340T, Braf1 versus B297T) based on two-way ANOVA with post-hoc analysis (Tukey). 
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We found that tumor cells derived from HrasG12V/Pten-/-/TPO-Cre 
tumors secrete high levels of TGFβ1 and M-CSF, which are cytokines 
that induce recruitment of proliferation of MDSCs, macrophages, 
and also inhibit the cytotoxic function of CD8+ T cells and CD4+ T 
cells [47-50]. Further, these cytokines also induce the polarization of 
macrophages toward an M2 phenotype [51]. It is therefore likely that 
these cytokines contribute to macrophage recruitment and polarization 
in the TME of HrasG12V/Pten-/-/TPO-Cre tumors, and future studies will 
test this hypothesis as well as identify additional tumor-promoting roles 
of these cytokines in this model. 

Arginase-1 metabolizes L-arginine, which is necessary for the 
function of T cells [51]. Immunohistochemical analysis of HrasG12V/
Pten-/-/TPO-Cre tumors revealed Arginase-1 positive cells in the TME. 
Arginase-1 is expressed by M2 macrophages in mice and is routinely 
used as a marker of macrophage polarization [52-54], however its 
expression is not exclusive to M2 macrophages [55]. It is possible that 
macrophages and/or other cell types including tumor cells and MDSCs 
express Arginase-1 in the TME of HrasG12V/Pten-/-/TPO-Cre tumors; 
however regardless of the source of Arginase-1, its presence is highly 
suggestive of active immunesuppression within the TME. Future 
studies will identify the cell type(s) that express Arginase-1 in HrasG12V/

Pten-/-/TPO-Cre tumors to better understand their roles in promoting 
tumor progression.

Much emphasis has been placed on the development of treatments 
for thyroid cancers that target common oncogenic mutations seen in 
this disease. However, the use of MAPK pathway inhibitors in advanced 
disease has been modest, suggesting that in addition to the oncogenic 
mutations in the tumor cells, there are other factors within the TME 
that contribute to therapeutic resistance. In recent years, immune 
checkpoint inhibitors such as CTLA-4 and PD-1 antibodies, which 
work to activate the immune cells in the TME to attack tumor cells, 
have shown great promise in treating human melanoma, bladder, and 
lung cancers [56,57]. Our data suggests that thyroid cancer patients 
harboring RAS mutations may benefit from these treatments as well, 
and futures studies are needed to validate our findings in human 
thyroid tumors.

The TME is essential for tumorigenesis; however, few studies 
address the effects of tumor cell on the surrounding stroma and the 
reciprocal effects of the stroma on tumor cell behavior. In order to 
unravel the molecular mechanisms by which thyroid tumors escape 
immune surveillance and are resistant to targeted therapies, we must 

Figure 7: Proposed model of HrasG12V driven remodeling of the TME that contributes to progression of thyroid cancer. Activation of HrasG12V and loss of Pten in thyroid 
cells leads to transformation of thyroid epithelial cells and development of FTCs that progress to PDTC. HrasG12V/Pten-/- tumor cells stimulate the recruitment of myeloid 
and lymphoid derived immune cells, including macrophages, CD4+ Tregs, and MDSCs, to the TME via secretion of key cytokines that are chemotactic for these cell 
types. HrasG12V/Pten-/- tumor cell derived TGFβ1 and MCSF induces macrophages, CD4+ T cells, and MDSCs to upregulate immune suppressive molecules including 
IL-10, TGFβ, and CTLA4, as well as pro-angiogenic factors such as VEGFA. This results in further immune suppression and angiogenesis in the TME, promoting 
thyroid cancer progression.
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acquire a global perspective of the TME and acknowledge its complexity. 
This study is the first to identify and implicate the interaction between 
tumor cells and immune cells in Ras-driven thyroid cancer progression, 
opening the door to more effective therapeutic approaches for aggressive 
forms of thyroid cancer that target multiple components of the TME.
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