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Abstract
Background

A high prevalence of thyroid papillary cancer was reported in hepatitis-C-virus (HCV) posi-
tive patients. However, the mechanistic role of hepatic-fibrosis in thyroid malignancy pro-
gressions is still unclear.

Aim
We aimed to study the immune-modulatory interactions between thyroid papillary carci-
noma and hepatic-fibrosis.

Methods

Hepatic-fibrosis was induced in nude-nu-male mice by intra-peritoneal administration of car-
bon-tetrachloride. To induce thyroid-tumor, a thyroid papillary carcinoma cell line (NPA)
was injected subcutaneously in the backs. Fibrotic profile was estimated by a-smooth-
muscle-actin (aSMA) expression in liver tissue extracts using western-blots and RT-PCR.
Intra-hepatic NK cells were isolated and stained for NK activity (CD107a) by flow cytometry.
Liver histopathology (H&E staining), thyroid tumor mass and serum alanine aminotransfer-
ase (ALT), serum vascular endothelial growth factor (VEGF) and free-T4 levels were also
assessed.

Results

Ex-vivo: NPA cells were co-cultured with intra-hepatic NK cells isolated from fibrotic mice
with/without the tumor were analyzed for CFSE-proliferations. Both tumor groups (with/with-
out hepatic-fibrosis) excreted higher serum free T4 levels. Hepatic-fibrosis increased tumor
weight and size and serum free-T4 levels. In addition, tumor induction increased liver injury
(both hepatic-fibrosis, necro-inflammation and serum ALT levels). In addition, tumor-
bearing animals with hepatic-fibrosis had increased NK activity. NPA tumor-bearing animals
increased fibrosis in spite of increased NK activity; probably due to a direct effect through
increased serum free-T4 excretions. Serum VEGF levels were significantly increased in the
fibrotic- bearing tumor groups compared to the non-fibrotic groups. In-vitro, NK cells from
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fibrotic tumor-bearing animals reduced proliferation of NPA cells. This decrease is attributed
to increase NK cells activity in the fibrotic animals with the NPA tumors.

Conclusions

Our results propose that NK cells although were stimulated in advanced fibrosis with tumor,
they lost their anti-tumor and anti-fibrotic activity probably due to secretions of T4 and VEFG
and may explain increased risk of thyroid tumors in chronic HCV patients.

Introduction

Thyroid cancer is the most common endocrine malignancy and accounts for the majority of
endocrine cancer deaths each year [1, 2]. Papillary subtype of thyroid carcinoma (PTC) is the
most common of all thyroid cancers and represents more than 75% of thyroid cancer [3]. A
rise in thyroid cancer incidence, especially of the papillary type, has been reported in several
countries, including the United States, during the past several decades, and the factors respon-
sible for the increase remain unknown [3]. Overall, thyroid cancer is three times more common
in women than men, with the greatest gender differences observed between the ages of 25 and
64 [4].The striking gender differences in incidence strongly suggest that sex steroid hormones
may be involved in the development of this disease [5]. On the other hand, it is well known
that clinical signs of hypogonadism are common in patients with liver fibrosis [6].

In addition to hepatic-fibrosis, an oncogenic role of hepatitis C virus (HCV) in the patho-
genesis of different kinds of extra-hepatic tumors has been suggested; for example, malignant
lymphoma and pancreatic cancer [7, 8]. Furthermore, some studies have reported a high preva-
lence of thyroid papillary cancer in patients with HCV infection [9-13]. Exactly what mecha-
nisms transduce the HCV oncogenic potential in thyroid cancer remains to be investigated.

Hepatic fibrosis is the result of chronic liver injury, regardless of etiology, during which
hepatic stellate cells (HSCs) proliferate and differentiate into matrix-producing cells [14].
HSCs represent main source of scar tissue during liver fibrosis and cirrhosis [15, 16]. Our pre-
vious studies showed that CD8 lymphocyte-subsets mediate hepatic-fibrosis [17] while Natural
killer (NK) cells have an anti-fibrotic effect through stimulation of HSCs killing [18]. On the
other hand, NK cells are a subset of lymphocytes that play a central role in the innate immune
response to tumors and infections [19, 20]. Natural killer (NK) cells are a subset of large granu-
lar lymphocytes defined by a lack of T-cell receptor (CD3) and by the surface expression of
CD56 [21]. This subset of lymphocytes plays an integral role in the control of a number of viral
infections and in tumor cell clearance [22]. Lysosomal-associated membrane protein-1
(CD107a) has been described as a marker of CD8+ T cell and NK cell degranulation following
stimulation [20].

Recent studies have found that thyroid hormones, T3 and T4, are important for activation
of primary HSCs both in vitro and in vivo [23]. Moreover, hypothyroidism prevents liver cir-
rhosis in a thioacetamide (TAA) rat model of fibrosis [24] and that hypothyroidism also helps
regression of established liver cirrhosis [25].

Because HSCs activation is essential process in the liver fibrosis progressions, it is important
to better understand the mechanism(s) by which thyroid papillary carcinoma regulates this
process.

Vascular endothelial growth factor (VEGF or VEGF-A) also known as vascular permeability
factor (VPF), is a potent mediator of both angiogenesis and vasculogenesis in the fetus and in
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adults [26]. Its expression correlates with tumor aggressiveness and metastatic potential. An
increased expression of VEGF-D and its specific receptors VEGFR-2 and VEGFR-3 has been
found in metastatic tissue of papillary thyroid cancer (PTC) and is correlated with an increased
lymph vessel density [27, 28]. The data about the serum VEGF levels in subjects affected by
thyroid papillary cancer are few [29].

The aim of this study is to investigate the immune-modulatory interactions between thyroid
papillary carcinoma and hepatic fibrosis.

Materials and Methods
In-vivo studies

Animals. Nude-nu male mice (9-10 weeks old) received care accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes
of Health.

The protocol was approved by the Committee on the Ethics of Animal Experiments of the
Hebrew University of Jerusalem. All surgery was performed under Ketamine/ Xylazine anes-
thesia, and all efforts were made to minimize suffering.

Mice fibrosis models. Carbon tetrachloride (CCly; Sigma, Cream Ridge, NJ, USA, C-
5331) was used to induce hepatic- fibrosis [19, 30]. CCl, was diluted 1:9 with corn oil and
administered by bi-weekly intra peritoneal (IP) injections of 0.5 pl pure CCl,/g body weight
along 6 weeks.

Animal experimental design. To study the in vivo thyroid tumorgenicity outcome in liver
fibrosis model; we induced thyroid papillary carcinoma cell line (NPA) through subcutaneous
(S.C) injections. Four groups of animals were included: (A) Fibrotic tumor bearing animals.
(B) Fibrotic animals without NPA injection (C) Non-fibrotic tumor bearing animals (D) Naive
animals without NPA cell line injections. The conditions of the animals were monitored on a
daily basis following tumor inductions. Following ketamine/xylazine anaesthesia, mice were
killed by cervical dislocation at weeks 6.

Serum alanine aminotransferase (ALT) and thyroxine (T4) levels. Blood samples were
collected from the inferior vena cava and ALT was measured using an automated enzymatic
assay with the Vistros Chemistry Systems 950 while T4 serum levels were measured by immu-
noradiometric (IRMA) assay (Dynotest Tg S, Brahms, Berlin, Germany).

Serum VEGF Measurements. Serum VEGF measurements were performed in batches
using the Quantikine Mouse VEGF sandwich enzyme immunoassay (R&D Systems, Minneap-
olis, MN) after 1-3 months of storage time at -70°C. A polyclonal antibody specific for mouse
VEGEF has been pre-coated onto a micro-plate. Standards, Control, and samples are pipetted
into the wells and any mouse VEGF present is bound by the immobilized antibody. After wash-
ing away any unbound substances, an enzyme-linked polyclonal antibody specific for mouse
VEGF is added to the wells. Following a wash to remove any unbound antibody-enzyme
reagent, a substrate solution is added to the wells. The enzyme reaction yields a blue product
that turns yellow when the Stop Solution is added. The intensity of the color measured is in
proportion to the amount of mouse VEGF bound in the initial step. The sample values are then
read off the standard curve [31].

Alpha smooth muscle actin immunoblot. Immunoblot analysis of o smooth muscle
actin (aSMA) in liver extracts was performed with modifications as previously described [32].
Whole liver protein extracts were prepared in liver homogenization buffer (50 mmol/L Tris-
HCI [pH 7.6], 0.25% Triton-X 100, 0.15 M NaCl, 10 mM CaCl, and complete mini EDTA-free
protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany)). Next, proteins (30 pg
per lane) were resolved on a 10% (wt/vol) SDS-polyacrylamide gel (Novex, Groningen, The

PLOS ONE | DOI:10.1371/journal.pone.0132463 July 7, 2015 3/17



@’PLOS ‘ ONE

NK Cells Impairment in Thyroid Cancer

Netherlands) under reducing conditions. For immunoblotting, proteins were transferred to a
Protran membrane (Schleicher & Schuell, Dassel, Germany). Blots were incubated overnight at
4°C in a blocking buffer containing 5% skim milk and then incubated with either anti-aSMA
(DAKO, cat no. M0851) or B-actin (Sigma) mouse monoclonal antibody, diluted 1/2000, for 2
h at room temperature, and subsequently, with peroxidase- conjugated goat anti-mouse IgG
(PARIS, Compiegne, France) diluted 1/10,000, for 1 h at room temperature. Immunoreactivity
was revealed by enhanced chemiluminescence using an ECL kit (Amersham Pharmacia Bio-
tech, Les Ulis, France).

Tissue RNA extraction. Total cellular RNA was extracted from target tissues using Trizol
reagent (Gibco-BRL, Life Technologies, Grand Island, New York, USA) and followed by DNase
I digestion. Purified RNA was then used as a template for reverse transcription into single-
stranded cDNA using a reverse transcription system (Promega, Madison, Wisconsin, USA).
Synthesized B-actin and aSMA were detected by real-time PCR with the following mice primers:
B-actin- (as a housekeeping gene) Forward, 59-GATGAG- ATT-GGC-ATG-GCT-TT-39;
B-actin-Reverse, 59-AGA-GAA-GTG-GGG-TGG-CTT-TT-39. aSMA-Forward, 59-TCC-
TCCCTG-GAG-AAG AGC-TAC-39; aSMA- Reverse, 59-TAT-AGG-TGG-TTT-CGT~
GGA-TGC-39 [30].

Real-time PCR analysis. Liver RNA was extracted as described above. Synthesis of cDNA
was performed using 2 ug of total RNA per sample with random primers and reagents con-
tained in the Reverse Transcription System kit, according to the manufacturer’s protocol (Pro-
mega Corporation, Madison, WI). The reverse transcriptase product was diluted 20 x in
nuclease-free H,O and 5 pl of each sample was loaded into 96 well plates for real-time PCR in
an ABI Prism 7700 Sequence Detection System (Applied Biosystems). B-actin and o.2-
macroglobulin served as internal controls and H,O served as a negative control. Amplification
reactions included oligonucleotide primers for each target gene, and for B-actin and o2-
macroglobulin, as well as platinum Taq polymerase and SYBR Green DNA-binding dye. Fluo-
rescence signals were analyzed during each of 40 cycles (denaturation 15 s at 95°C, annealing
15 s at 56°C and extension 40 s at 72°C). [Denaturation curves of target genes and B-actin, per-
formed at the end of the PCR], and detection of the PCR products by agarose gel electrophore-
sis confirmed the homogeneity of the DNA products. Relative quantification was calculated
using the comparative threshold cycle (Cr) method [as described in the User Bulletin #2, ABI
PRISM 7700 Sequence Detection System]. Cr indicates the fractional cycle number at which the
amount of amplified target genes a fixed threshold within the linear phase of gene amplification,
and is inversely related to the abundance of mRNA transcripts in the initial sample. Mean Cr of
duplicate measurements would be used to calculate ACry as the difference in Cr. for target and
reference. ACr for each sample was compared to the corresponding control Cr and expressed as
ACr. Relative quantity of product was expressed as fold-induction or repression of the target
gene compared to the control primers, according to the formula 22T [19].

Liver /Spleen lymphocyte and NK isolation. Intra-hepatic and splenic lymphocytes were
isolated by perfusion of the liver with digestion buffer. After perfusion, the liver was homoge-
nized and incubated at 37°C for 30 min. The digested liver/spleen cell suspension was centri-
fuged to remove hepatocytes and cell clumps. The supernatant was then centrifuged to obtain a
pellet of cells depleted of hepatocytes to a final volume of 1 ml. Lymphocytes were then isolated
from this cell suspension using 24% metrizamide gradient separation [31]. Cells were cultured
or counted and stained for FACS analysis. For spleen cells; the spleens were meshed through
cell strainers (40pm BD FALCON, USA), cells were sedimented by centrifugation at 800xg for
3 minutes, and then treated with lysis buffer at RT for 3 minutes, 9mL DMEM added and
spinned as before [33]. Liver/spleen NK from lymphocytes were further isolated using a mag-
netic cell sorting kit (Miltenyi Biotec) according to manufacturer’s instructions.
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Histological assessments of liver injury. The posterior one third of the liver fixed in 10%
formalin was paraffin-embedded in an automated tissue processor. Seven-millimeter liver sec-
tions were cut from each animal. Sections (15mm) were then stained for Hematoxylin and
eosin (H&E) staining for each animal. Knodell score was assessed blindly by an expert hepatic
pathologist (M.LF.) based on H&E, using the modified Histological Activity Index (HAI) crite-
ria, incorporating semi-quantitative assessment of periportal/periseptal interface hepatitis
(0-4), confluent necrosis (0-6), focal lytic necrosis/apoptosis and focal inflammation (0-4)
and portal inflammation (0-4).

Fluorescence-activated cell sorting (FACS) analysis. Harvested NK cells were adjusted to
10%/ml in staining buffer (in saline containing 1% bovine albumin) and were incubated with
antibody on ice for 30 min, washed with staining buffer and fixed with 2% paraformaldehyde.
Fc receptors were blocked by incubation with 1% human plasma for 15 min on ice. Lysosomal-
associated membrane protein-1 (CD107a) as a surface staining has been described as a marker
of CD8+ T cell and NK cell degranulation following stimulation [34]. CD107a is significantly
up-regulated on the surface of NK cells following stimulation and was therefore used in our
study.

In-vitro studies

Thyroid cancer cell line. The human thyroid cancer cell line NPA was used as papillary
thyroid carcinoma cell line [35, 36]. These cell lines were cultured according to the recommen-
dations of the cell bank. The cell lines were maintained in DMEM supplemented with 10%
fetal bovine serum (FBS) and penicillin (100 U/mL)-streptomycin (100 g/mL) at 37°Cina
humidified 5% CO2 atmosphere.

Co-culture conditions. To study the direct interaction between NK cells and NPA cell
line, NK cells derived from the 4 animal groups were co-cultured with NPA in 18 mm dishes
(Nunc Brand Products, Roskilde, Denmark) 10% FCS (Atlantic Biologicals) and incubated for
48h—6 days at 37°C. Adhered- NPA cells were trypsinized/washed for analysis for NPA prolif-
erations by CFSE using flow-cytometry (As described below).

Proliferation Assay. NPA cells were washed and resuspended with PBS, and incubated
for 10 min at 37°C with CFSE (5,6 carboxyfluorescein diacetate succinimidy ester, which was
purchased from Invitrogen,uregon, USA) at a final concentration of 1umol/ml). Briefly, CFSE
staining of NPA cells after labeling is extremely high fluorescence. The majority of CESE ini-
tially taken up by the cells is lost within the first few days following proliferation. The more the
decrease in fluorescence the higher the cells proliferate. The units obtained are the Mean fluo-
rescence intensity (MFI- arbitrary unit). CSFE-proliferations changes in day 3 and day 5 were
compared to day 0 of CSFE staining. Proliferations fold changes analyzed by flow cytometry
were calculated by divided day 0 to day 5.

Statistical Methods. Results are presented as mean values + standard deviation. Student’s
T-Test, Mann-Whitney, Krruskat-Wallis and ANOVA were used to evaluate statistical signifi-
cant correlations between study groups.

Results

Increased in papillary thyroid tumorgenicity following inductions of CCl,-
hepatic fibrosis

In order to determine the tumorgenicity outcome of thyroid papillary carcinoma in liver fibro-

sis model; in vivo S.C injection of NPA cells was performed as described in M&M. In this
model; S.C NPA tumor cells was inoculated in fibrotic model receiving the CCl, and in naive
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Fig 1. Hepatic fibrosis increase NPA tumor weight and size. In vivo S.C injection of NPA cells model was performed as described in M&M. In this model;
S.C NPA-cells tumor was induced in fibrotic and naive (no fibrosis) animals. S.C tumors were explanted at the end of 6 weeks post S.C injection, and
evaluated for tumor weight and volume. (A) and (B) show the external appearance of the tumor in the animal’s back. Tumor weight (C) and volume (D) was
increased significantly from (0.13+0.06gr) and (0.28+0.18ml) in the fibrotic group to (0.05+£0.025 gr) and (0.09+0.01ml) in the non-fibrotic group; p-

value = 0.02 and 0.04, respectively.

doi:10.1371/journal.pone.0132463.g001

(no fibrosis) animals. Fibrotic and naive animals groups without NPA tumor induction were
included as a control groups. S.C tumors were explanted at the end of 6 weeks post S.C injec-
tion, and evaluated for tumor weight and volume (Fig 1C and 1D). The macroscopic examina-
tion of the tumors in the area of inoculation in Fig 1A and 1B is showing a bigger tumor
growth in the back of the fibrotic animals as compared to the naive ones (non-fibrotic group)
with the tumor inoculation. Furthermore, our data showed that tumor weight and volume was
increased significantly from (0.13£0.06gr) and (0.28+0.18ml) in the fibrotic group to (0.05
+0.025 gr) and (0.09+0.01ml) in the non-fibrotic group; p-value = 0.02 and 0.04, respectively
(Fig 1C and 1D). The data suggests a prominent tumoral effect in hepatic fibrosis model.
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Papillary thyroid tumor increases severity of hepatic fibrosis and liver
injury

CCly-hepatic injury was evaluated by immunohistochemical staining with H&E of the necro-
inflammatory liver lesions for the animal groups with the NPA inoculation as well as with
serum ALT levels and by (Fig 2). Following the S.C NPA-injections, secreted serum ALT levels
were weekly obtained. The results obtained following 6 weeks of NPA tumor inoculation
showed that H&E staining showed necrotic infiltrations that were increased in the fibrotic
mice receiving the NPA cells (Fig 2D) as compared to the fibrotic mice without the NPA trans-
plantations (Fig 2C). No inflammatory infiltrates were seen in H&E staining of naive WT with
(Fig 2A) or without the tumor (Fig 2B).

ALT serum levels were significantly increased in fibrotic tumor bearing animals (92.3 + 18.7
U/L) as compared to fibrotic animals without tumor (66+14U/L; p-value = 0.021, Fig 2E). Both
the naive animals (no tumor and no liver fibrosis) and the non-fibrotic tumor bearing ones
had similar levels of reduced serum ALT (p-values were statistically not significant)

The ALT results were in line with liver histology and indicate that NPA tumor induction to
fibrotic animals increase severity of liver injury as compared to the naive group or to the non-
tumor fibrotic group.

We next investigated fibrotic profile by quantifying the expressions of HSCs activation
marker; alpha smooth muscle actin (aSMA), using western-blots and RT-PCR (Fig 3).

Using western blotting from animals’ liver extracts, our results showed prominent expressions
of aSMA in the fibrotic animals receiving the NPA cells as compared to the NPA-untreated
fibrotic mice (Fig 3A, lower panel). Fig 3A (upper panel) shows the calculated ratio of aSMA/
B-actin based on the densitometry readings of the bands. The measured aSMA/ B-actin

ratio was significantly increased to (1.4+0.1) in fibrotic animals receiving the NPA cells when
compared to NPA-untreated fibrotic mice (0.8+0.2; p-value = 0.002). Both naive NPA-
untreated group (no tumor and no fibrosis) and NPA-treated group showed low expressions of
oSMA.

Expressions of mRNA of the aSMA (Fig 3B) were in line to the western blot results. Real-time
PCR data reflect changes in gene expression of t«SMA mRNA expressed as fold change compared
with naive mice. Data is showing 12.7+1.6-fold increase in tSMA mRNA expression on liver tis-
sue from fibrotic animals receiving the NPA cells as compared to 7.0+1.1-fold in NPA-untreated
fibrotic mice and 2.2+0.3 in naive with the tumor (Results are highly significant).

As correlated with our previous studies [37], and as we demonstrate in our current data;
hepatic fibrosis was significantly increase in the CCl, fibrotic group compared the non-fibrotic
group. Moreover, these results showed a significant increase of hepatic fibrosis following NPA
cell induction in fibrotic mice compared with the non-tumor group.

NK cells lost their anti-fibrotic potential in the fibrosis-bearing tumor mice

We have previously showed that NK cells have anti-fibrotic effects through killing of activated
HSCs [33]. We next investigated whether NK cells could still preserve their anti-fibrotic poten-
tials in our fibrotic model after induction of the NPA tumor cells. CD107a (lysosomal-associ-
ated membrane protein-1) is significantly up-regulated on the surface of NK cells following
stimulation and was therefore used in our study as a marker of NK activity. Intra-hepatic NK
cells as well as splenocytes were isolated from the four studied mice groups and were evaluated
for NK activity (CD107a) using flow cytometer, as previously described. Fig 4 shows high
expressions of CD107a on NK cells from fibrotic animals with NPA tumor. The liver NK cells
expressions of CD107a increased from 7.21+1.3% in fibrotic animal to 10.13 £2.7% in the
fibrotic tumor bearing animals; p-value <0.05. In addition, CD107a expressions were
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Fig 2. NPA Tumor inductions increase the severity of CCl4 related hepatic injury. CCl4-hepatic injury was evaluated by hematoxylin and eosin (H&E)
staining of necro-inflammatory liver lesions and ALT serum levels. Immunohistochemical staining with H&E (5X magnification) for the four major animal
groups showed necro-inflammatory lesions and cell infiltrations that were increased in the fibrotic mice receiving the NPA-tumor cells (D) as compared to
fibrotic alone (C). Arrows indicate the area with lymphocyte infiltrations. No inflammatory infiltrates were seen in H&E staining of (A) naive WT and (B) naive
mice receiving the NPA-tumor cells. (E) Serum ALT levels were in line with histological findings and showed increase from (60+25/L) in fibrotic animals
without tumor to (85.5 £ 20.5 U/L) in animals with tumor and hepatic fibrosis; p-value = 0.021.

doi:10.1371/journal.pone.0132463.9002

significantly decreased to 3.9 + 1.9% in the non-fibrotic tumor bearing animals; p-value <0.01.
Similar patterns were seen in the splenic NK; Fig 4B. The data showed a significant activation
of the intrahepatic and splenic NK from the fibrotic group with NPA tumor induction com-
pared to the non-tumor animals.
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Fig 3. Tumor increase severity of hepatic fibrosis. Fibrotic profile was estimated by (A) Western blot
quantitations and (B) RT-PCR expressions of a smooth muscle actin (aSMA). (A) (Lower panel) displays a
representative membrane with examples of aSMA expression as a marker for the HSCs activation (upper
bands) and GAPDH (lower bands) expression by western blotting in the harvested liver protein extracts. (A)
(Upper panel) shows the calculated ratio of aSMA/B-actin based on the densitometry readings of the bands.
(B) Real-time PCR data reflect changes in gene expression of aSMA mRNA expressed as fold change
compared with naive mice. Expression of aSMA mRNA corresponded to the western blot results.
Experiments were repeated 4 times, in each time 4 mice were included in each group. Averages of the 4
experiments were included in the quantitations of western blots and RT PCR.

doi:10.1371/journal.pone.0132463.g003
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Fig 4. NK cell activity and T4 excretions increased in the fibrotic group with NPA tumor induction. (A) Intra-hepatic NK cells as well as (B) NK from
spleen from four groups were isolated and stained for NK activity (CD107a) using flow-cytometry. The data showed a significant activation of the intrahepatic
and splenic NK from the fibrotic group with NPA tumor induction compared to the non-tumor injected animals. (C) Shows serum T4 levels significantly
elevated in animal models of fibrosis following NPA tumor injections.

doi:10.1371/journal.pone.0132463.9004

Recent studies have found that thyroid hormones such as T4 activate HSCs [22]. We aimed
to assess serum T4 levels in our fibrotic models with or without tumor inductions. Blood sam-
ples were collected from the retro-orbital sinus prior to tumor induction and at the endpoint
time. Serum T4 levels were elevated in the fibrotic and naive group after NPA tumor injection
(Fig 4C). In the fibrotic tumor bearing mice, serum T4 level was increased from 16+2.2-nmol/L
pre-tumor inoculation to 19.6+0.5 nmol/L after tumor induction; p-value = 0.01. In the non-
fibrotic tumor bearing mice, serum T4 level was unchanged post tumor induction (Fig 4C). No
significant results were obtained from the naive and fibrotic groups. Our result demonstrates
that Serum T4 levels were significantly elevated in fibrosis animals after NPA tumor injection.
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The current results showed in spite of increased NK cell activity, the NKs lost their anti-
fibrotic potentials to inhibit hepatic fibrosis probably due to high serum T4-excretions.These
results could be consistent with other data [22] which emphasize the role of thyroid hormones
in liver fibrosis.

Increased NK cell activity is suggested to have anti-proliferative tumor
cell effects

In order to study the direct effects of NPA cell line on immune lymphocyte alterations; spleno-
cytes derived from the different animal groups were in-vitro co-cultured with NPA tumor cells.
Adhered- NPA cells post co-cultures with lymphocytes were analyzed for proliferation by
CFSE using flow cytometry as described in M&M. In Fig 5A, NK cells obtained from fibrotic
mice with tumors caused decreased in NPA tumor cell proliferations to 19.85+0.6-fold as com-
pared to their counterparts obtained from the naive group. In additions, NK cells from the
fibrotic as well as the tumor animals induced decreased levels of NPA proliferations to 22.05
10.9-fold and 21.7+1.3-fold; respectively. Fig 5B shows a representative histogram of the NPA
cells following incubations with NK cells of fibrosis and tumor mice. The histogram shows
CSFE-proliferations changes in day 3 and day 5 as compared to day 0 of CSFE staining. The
most significant changes were seen following day 5, therefore proliferations fold changes were
calculated by divided day 0 to day 5.

Among all four groups, NPA tumor cell proliferation level was the lowest when co-culture
with NK cells form the fibrotic tumor bearing mice and as showed earlier in this study, this
group had elevated expressions CD107a indicating an increased in their NK cells activities. All
together, our data indicated that increased NK cell activity is suggested to have anti-prolifer-
ative tumor cell effects, and on the other hand; in the in-vivo setting, fibrosis increase tumor
mass in spite of increased NK activity. Although NK cells play a central role in the innate
immune response to tumors [20], this anti-tumor effect in NPA tumor development was not
sufficient to keep better outcome of tumor growth in spite of increased NK cell activation,
probably due to pro-tumor serum mediators.

Increased VEGF serum levels in the fibrosis-bearing tumor mice

Taking all the data together, we next sought to determine potential effects of pro-tumor serum
mediators which could play an important role for thyroid tumor development; we used the
Quantikine Mouse VEGF immunoassay and the IRMA assay in order to detect the serum level
of vascular endothelial growth factor (VEGF) and Estradiol, respectively. Estradiol serum levels
were below the detected ranges of the IRMA assay (data not shown). Fig 6 showed that VEGF
serum levels at the end point (euthanasia) were significantly increased from 1.5+2.2 pg/ml in
the naive group to 12.1+6.2 pg/ml and 13.7+2.3 pg/ml in the fibrotic group without tumor
induction and in the non-fibrotic tumor bearing group, respectively. Statistical significant of
elevated VEGF serum levels were found in the fibrosis-bearing tumor mice as compared to
both the fibrotic and non-fibrotic tumor-bearing group with tumor induction.

Discussion

In the present study we investigated the effects of liver fibrosis in the progressions of NPA pap-
illary thyroid carcinoma. In order to address the study objectives, we applied in vitro and in
vivo setting studies. In the vivo settings, nude mice were induced for liver fibrosis by CCl,
injections and were then tested for thyroid tumorgenicity through subcutaneous administra-
tions of NPA papillary thyroid carcinoma. In the in-vitro settings, co-culture conditions
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Fig 5. In vitro co-culture of lymphocytes with NPA cell line. Adhered-NPA cells post co-culture with NK cells from different animal groups were analyzed
for proliferation by CFSE using flow cytometry. (A) Direct co-culture of NPA cells with spleen NKs from fibrotic mice with tumor significantly decreased NPA
tumor cell proliferation compared to the fibrotic mice without tumor, indicating highly stimulated NK cells effects; p-value = 0.001. (B) A representative
histogram of the NPA cells following incubations with NK cells of fibrosis and tumor mice. The histogram shows CSFE-proliferations changes in day 3 and
day 5 as compared to day 0 of CSFE staining. Proliferations fold changes were calculated by divided day O to day 5.

doi:10.1371/journal.pone.0132463.9005

representing the interactions between NPA cell line and lymphocytes derived from the differ-
ent animal groups.

Chronic liver injury caused by viral hepatitis, alcohol and drugs results at first in fibrosis,
and if the injury persists, leads to liver cirrhosis [15]. The incidence of thyroid cancer has more
than doubled in recent decades [38-40]. Debate continues on whether the increasing incidence
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Fig 6. VEGF serum levels. Quantikine Mouse VEGF immunoassay serum levels was significantly increased
in the fibrotic group bearing tumor as compared to tumor alone (p = 0.01) or fibrosis alone groups (p = 0.04).
No statistical significant differences were found in VEGF serum levels between the fibrotic and non-fibrotic
group with tumor induction.

doi:10.1371/journal.pone.0132463.9g006

is a result of an increased detection of small neoplasms or other factors. Recently the data indi-
cate that the increasing incidence of thyroid cancer cannot be accounted for fully by an
increased detection of small neoplasms [41]. Antonelli et al. showed a significantly higher prev-
alence of papillary thyroid cancer in HCV+ patients than in naive controls [41, 42]. The precise
mechanism by which HCV causes these malignancies is unknown. Moreover, an oncogenic
role for HCV has been demonstrated in the case of hepatocellular carcinoma complicating
chronic HCV infection, with or without cirrhosis as an intermediate [43]. Because HCV is an
RNA virus that cannot be integrated in the host genome, its oncogenic potential must be
exerted through indirect mechanisms [44, 45]. Therefore, the results of the epidemiologic stud-
ies showing an association between HCV infection and thyroid cancer need to be confirmed;
what mechanisms transduce the HCV oncogenic. Non-liver-related malignancies are increas-
ingly seen in patients infected with hepatitis C virus (HCV). Whether this phenomenon is
related to the increasing prevalence of chronic hepatitis C (CHC) or to a direct causal role by
HCV is unknown [46].

Natural killer (NK) cells are a key component of the innate immune system and play a criti-
cal role in the early stages of the immune response against tumor cells, as well as those infected
by viral and microbial pathogens [47]. NK are immune cells sensing and eliminating foreign,
stressed, transformed and senescent cells through specialized surface receptors [48]. On the
other hand, our previously results imply that NK cells are an anti-fibrotic subset, a conclusion
supported by a number of clinical observations in chronic liver diseases [19].

In the current study, we showed that NPA tumor cell line caused a significant increase in
NK activity in CCly hepatic fibrosis model. Fig 4A and 4B showed a significant activation of the
intrahepatic and splenic NK from the fibrotic tumor bearing group compared to the non-
tumor injected animals. In addition, NPA tumor induction increases serum T4 secretions in
the circulation. Blood samples were collected from the retro-orbital sinus prior to tumor induc-
tion and at the endpoint time. Serum T4 levels were unchanged in the fibrotic and naive tumor
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bearing groups after tumor injection while our data demonstrated significantly elevated serum
T4 levels after NPA tumor injections in the fibrotic animals (Fig 4C). Furthermore, these
results showed a significant increase of hepatic fibrosis after NPA cell induction in fibrotic
group with NPA tumor compared the non-tumor fibrotic group (Fig 2). NPA tumor induction
to fibrotic animals increased significantly the severity of liver injury (evaluated by serum ALT
levels and H&E- stained necro-inflammatory liver lesions) compared to the naive group or to
the non-tumor fibrotic group. Fibrotic profile estimated by HSCs aSMA expressions and quan-
titations showed also increased in hepatic fibrosis after NPA cell induction compared the non-
tumor group.

In our experimental model, although NK cells have an anti-fibrotic effect in liver fibrosis
[19], CCl,-injected mice with tumor induction still develop increased fibrosis, in spite of the
higher state of NK activation, suggested that the anti-fibrotic effect of NK cells was not suffi-
cient enough to decrease fibrosis in our experiments, probably due to high serum T4-excretions
(Fig 4) [22]. In addition, these results might confirm others [22], which emphasize that thyroid
hormones play an important role in activation of primary HSCs and liver fibrosis. The main
effect of T3 and T4 is up-regulation of tSMA expression and accelerated activation of HSCs in
vitro, and the effect of T3 on oSMA is transcriptional and abolished by T3 antagonist [22].
Recent studies have found that thyroid hormones, T3 and T4, are important for activation of
primary HSCs both in vitro and in vivo [22]. They show that T3 and T4 enhance activation of
HSCs by three different mechanisms: direct up-regulation of aSMA, increased expression of
p75NTR and, rapid direct activation of Rho [22].

Our data also suggested a prominent tumoral effect of hepatic fibrosis in NPA tumor
model. Tumor weight and volume was significantly increased in the fibrotic group compared
to the non-fibrotic group (Fig 1) in spite of increased NK activation. In the in vitro setting,
NPA tumor cell co-cultured with the expected activated NK cells derived the fibrotic tumor
bearing mice significantly decreased their proliferation compared to the fibrotic mice without
tumor (Fig 5).

In the current study, we propose that NK cell alterations in their release of granzymes
(CD107a) are involved in the tumorgenicity of thyroid papillary carcinoma. Although NK cells
play a central role in the innate immune response to tumors [17]; fibrotic animals with sus-
tained NK activity still propagate tumor mass, in spite of increase NK activation, suggesting
that anti-tumor effect of NK cells in NPA tumor development was not enough sufficient to
keep better outcome of tumor, probably due to pro-tumor serum mediators. These results
might confirm others, which suggest those pro-tumor serum mediators; including hormones,
cellular proteins [2], platelet-activating factor (PAF) [40], serum response factor (SRF) [35];
are important for thyroid tumor development.

An increased expression of VEGF, along with VEGF-C, and their receptors VEGFR-2 and
VEGFR-3 are reported in thyroid cancer and correlated with lymph node metastasis [49, 50].
Vascular endothelial growth factor (VEGF), a principal stimulant to endothelial cell growth
and migration, is a 32-to 46-kDa homodimeric glycoprotein that promotes endothelial regen-
eration, stimulates the formation of collateral blood vessels, increases vascular permeability,
and inhibits the function of antigen-presenting cells [51]. Several reports suggest that expres-
sion of VEGF by thyroid cancer cells is associated with a more aggressive phenotype in both
animal models and clinical studies [34].

On the basis of the large body of information demonstrating the importance of VEGF
expression in thyroid cancer, we hypothesized that serum VEGF levels would be significantly
higher in the mice with the larger mass tumor. Furthermore, because the substantially greater
incidence of thyroid cancer in women compared with men and the peak incidence during the
reproductive years in women and the fact that hypogonadism are common in patients with
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liver cirrhosis has led us to hypothesize that estradiol serum level would be increased in the
fibrotic tumor bearing mice.

In the current study, the estradiol serum levels were below the detected level of the assay.
More studies are warranted to investigate the role of Estradiol in thyroid papillary carcinoma.
On the other hand, VEGF level was significantly increased in the fibrotic groups and in the
non-fibrotic tumor-bearing group compared to the naive one. In additions, fibrotic tumor
bearing animals showed elevated levels of serum VEGF levels and were significant as compared
to both fibrotic and non-fibrotic tumor-bearing groups. These results suggest that the tumor-
genicity of thyroid papillary carcinoma in fibrotic mice could be affected by serum levels of
VEFG in additions to several factors that are mentioned in literature.

The molecular and immunological mechanisms underlying the pro-malignant actions of
HCYV are manifold and not completely characterized. Accumulating evidences demonstrated
that antiviral therapy can reduce the risk of some malignancies and can increase tumor-free
survival following successful tumor-directed therapy. Thus, the role of antiviral therapy for
CHC could possibly be expanded to include treatment of certain subgroups of patients with
the associated cancers if HCV is identified as a causative agent of these malignancies [49].

In conclusion of the current study results, we demonstrate that NK activation accompanied
tumor progression was not effective as anti-tumor or anti-fibrotic. NPA tumor cell increased
NK cells activity in CCl, hepatic fibrosis model and increased fibrosis severity, probably due to
stimulated effects of serum T4 effect on HSCs activations. On the other hand, hepatic fibrosis
increased tumor mass, m/p due to serum pro-tumor mediators. Further immune-molecular
and mechanistic investigations of the relationship between HCV/hepatic fibrosis and thyroid
carcinoma are warranted. These investigations may contribute to the understanding of the
oncogenic process of thyroid papillary carcinoma and to establish a therapeutic approach for
treatment of HCV-related thyroid carcinoma.

Author Contributions

Conceived and designed the experiments: JA RS. Performed the experiments: NM AS. Ana-
lyzed the data: NM JYS. Contributed reagents/materials/analysis tools: RS. Wrote the paper:
JA.

References

1. Sarlis NJ. Expression patterns of cellular growth-controlling genes in non-medullary thyroid cancer:
basic aspects. Reviews in Endocrine Metabolic Disorders. 2000; 1: 183-196. PMID: 11708296

2. Segev DL, Umbricht C, Zeiger MA. Molecular pathogenesis of thyroid cancer. Surgical Oncology. 2003;
12: 69-90. PMID: 12946479

3. Briseis A, Mary H, Mona M, Susan S. Thyroid Cancer Incidence Patterns in the United States by Histo-
logic Type. Thyroid. 2011; 21: 1996—2006.

4. Brito JP, Davies L. Is there really an increased incidence of thyroid cancer? Curr Opin Endocrinol Dia-
betes Obes. 2014; 21: 405-408. doi: 10.1097/MED.0000000000000094 PMID: 25102407

5. Horn-Ross PL, Canchola AJ, Ma H, Reynolds P, Bernstein L. Hormonal Factors and the Risk of Papil-
lary Thyroid Cancer in the California Teachers Study Cohort. Cancer Epidemiol Biomarkers Prev.
2011; 20: 1751-1759. doi: 10.1158/1055-9965.EPI-11-0381 PMID: 21791618

6. Foresta C, Schipilliti M, Ciarleglio FA, Lenzi A, D'Amico D. Male hypogonadism in cirrhosis and after
liver transplantation. J Endocrinol Invest. 2008; 31: 470-478. PMID: 18560267

7. FerriC, LaCivita L, Zignego AL, Pasero G. Hepatitis-C virus infection and cancer. Int J Cancer. 1997;
71:1113-1115. PMID: 9185719

8. Fiorino S1, Cuppini A, Castellani G, Bacchi-Reggiani ML, Jovine E. HBV- and HCV-related infections
and risk of pancreatic cancer. JOP. 2013; 14: 603-609. doi: 10.6092/1590-8577/1948 PMID:
24216545

PLOS ONE | DOI:10.1371/journal.pone.0132463 July 7,2015 15/17


http://www.ncbi.nlm.nih.gov/pubmed/11708296
http://www.ncbi.nlm.nih.gov/pubmed/12946479
http://dx.doi.org/10.1097/MED.0000000000000094
http://www.ncbi.nlm.nih.gov/pubmed/25102407
http://dx.doi.org/10.1158/1055-9965.EPI-11-0381
http://www.ncbi.nlm.nih.gov/pubmed/21791618
http://www.ncbi.nlm.nih.gov/pubmed/18560267
http://www.ncbi.nlm.nih.gov/pubmed/9185719
http://dx.doi.org/10.6092/1590-8577/1948
http://www.ncbi.nlm.nih.gov/pubmed/24216545

@’PLOS ‘ ONE

NK Cells Impairment in Thyroid Cancer

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Antonelli A, Ferri C, Fallahi P. Thyroid cancer in patients with hepatitis C infection. JAMA 1999; 281:
1588-1692.

Antonelli A, Ferri C, Fallahi P, Nesti C, Zignego AL, Maccheroni M. Thyroid cancer in HCV-related
mixed cryoglobulinemia patients. Clin Exp Rheumatol. 2002; 20: 693—-696. PMID: 12412202

Montella M, Crispo A, De Bellis G, 1zzo F, Frigeri F, Ronga D, et al. HCV and cancer: a case—control
study in a high-endemic area. Liver. 2001; 21: 335-341. PMID: 11589770

Montella M, Pezzullo L, Crispo A, Izzo F, Amore A, Marone U, et al. Risk of thyroid cancer and high
prevalence of hepatitis C virus. Oncol Rep. 2003; 10: 133—-136. PMID: 12469158

Antonelli A, Ferri C, Fallahi P, Giuggioli D, Nesti C, Longombardo G, et al. Thyroid involvement in
patients with overt HCV-related mixed cryoglobulinaemia. QJM. 2004; 97: 499 506. PMID: 15256607

Friedman SL. Molecular regulation of hepatic fibrosis, an integrated cellular response to tissue injury. J
Biol Chem. 2000; 275: 2247-2250. PMID: 10644669

Bataller R, Brenner DA. Liver fibrosis. J Clin Invest. 2005115:209-218.

Friedman SL. Mechanisms of hepatic fibrogenesis. Gastroenterology. 2008; 134: 1655—1669. doi: 10.
1053/j.gastro.2008.03.003 PMID: 18471545

Safadi R, Ohta M, Alvarez CE, Fiel |, Bansal M, Mehal W, et al. Immune stimulation of hepatic fibrogen-
esis by CD8 lymphocytes and its attenuation by transgenic interleukin 10 from hepatocytes. Gastroen-
terology. 2004; 127: 870-882. PMID: 15362042

Melhem A, Muhanna N, Bishara A, Alvarez CE, llan Y, Bishara T, et al. Anti-fibrotic Activity of NK cells
in Experimental Liver Injury through Killing of Activated HSC. J of Hepatology. 2006; 45: 60-71.

Alter G, Malenfant JM, Altfeld M. CD107a as a functional marker for the identification of natural killer
cell activity. J Immunol Methods. 2004; 294:15e22.

Moretta A, Bottino C, Mingari MC, Biassoni R, Moretta L. What is a natural killer cell? Nat Immunol.
2002; 3:6-8. PMID: 11753399

Cooper MA, Fehniger TA, Caligiuri MA. The biology of human natural killer-cell subsets. Trends Immu-
nol. 2001; 22:633-640. PMID: 11698225

Yokoyama WM, Scalzo AA. Natural killer cell activation receptors in innate immunity to infection.
Microbes Infect. 2002; 4: 1513-1521. PMID: 12505523

Zvibel |, Atias D, Phillips A, Halpern Z, Oren R. Thyroid hormones induce activation of rat hepatic stel-
late cells through increased expression of p75 neurotrophin receptor and direct activation of Rho. Lab
Invest. 2010; 90: 674—84. doi: 10.1038/labinvest.2010.48 PMID: 20231820

Oren R, Dotan |, Papa M, Marravi Y, Aeed H, Barg J, et al. Inhibition of experimentally induced liver cir-
rhosis in rats by hypothyroidism. Hepatology. 1996; 24: 419-423. PMID: 8690414

Bruck R, Weiss S, Traister A, Zvibel |, Aeed H, Halpern Z, et al. Induced hypothyroidism accelerates
the regression of liver fibrosis in rats. J Gastroenterol Hepatol. 2007; 22:2189-2194. PMID: 18031379

Byrne AM, Bouchier-Hayes DJ, Harmey JH. Angiogenic and cell survival functions of vascular endothe-
lial growth factor (VEGF). J Cell Mol Med. 2005; 9: 777-794. PMID: 16364190

Yasuoka H, Nakamura Y, Zuo H, Tang W, Takamura Y, Miyauchi A, et al. VEGF-D expression and
lymph vessels play an important role for lymph node metastasis in papillary thyroid carcinoma. Modern
Pathology. 2005; 18: 1127-1133. PMID: 15803188

Scarpino S, Di Napoli A, Melotti F, Talerico C, Cancrini A, Ruco L. Papillary carcinoma of the thyroid:
low expression of NCAM (CD56) is associated with downregulation of VEGF-D production by tumor
cells. Journal of Pathology. 2007; 212: 411-419. PMID: 17573672

Lai CW, Chen KY, Hung CS, Kuo SW, Chang YJ, Lin MT, et al. Serum vascular endothelial growth fac-
tor-D levels correlate with cervical lymph node metastases in papillary thyroid carcinoma. Growth Fac-
tors. 2011; 29: 57-62. doi: 10.3109/08977194.2011.557373 PMID: 21319951

Muhanna N, Doron S, Wald O, Horani A, Eid A, Pappo O, et al. Activation of hepatic stellate cells follow-
ing phagocytosis of lymphocytes: a novel pathway of fibrogenesis. Hepatology. 2008; 48: 963e77.

Tuttle R, Martin F, Francis G, Robbins RJ.Serum Vascular Endothelial Growth Factor Levels Are Ele-
vated in Metastatic Differentiated Thyroid Cancer but Not Increased by Short-Term TSH Stimulation. J
Clin Endocrinol Metab 2002; 87:1737—1742. PMID: 11932308

Muhanna N, Abu Tair L, Doron S, Amer J, Azzeh M, Mahamid M, et al. Amelioration of hepatic fibrosis
by NK cell activation. Gut. 2011; 60: 90-98. doi: 10.1136/gut.2010.211136 PMID: 20660699

Graubardt N, Fahrner R, Trochsler M, Keogh A, Breu K, Furer C, et al. Promotion of liver regeneration
by natural killer cells in mice is dependent on extracellular ATP phosphohydrolysis. Hepatology. 2013;
57:1969-1979. doi: 10.1002/hep.26008 PMID: 22898900

PLOS ONE | DOI:10.1371/journal.pone.0132463 July 7,2015 16/17


http://www.ncbi.nlm.nih.gov/pubmed/12412202
http://www.ncbi.nlm.nih.gov/pubmed/11589770
http://www.ncbi.nlm.nih.gov/pubmed/12469158
http://www.ncbi.nlm.nih.gov/pubmed/15256607
http://www.ncbi.nlm.nih.gov/pubmed/10644669
http://dx.doi.org/10.1053/j.gastro.2008.03.003
http://dx.doi.org/10.1053/j.gastro.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18471545
http://www.ncbi.nlm.nih.gov/pubmed/15362042
http://www.ncbi.nlm.nih.gov/pubmed/11753399
http://www.ncbi.nlm.nih.gov/pubmed/11698225
http://www.ncbi.nlm.nih.gov/pubmed/12505523
http://dx.doi.org/10.1038/labinvest.2010.48
http://www.ncbi.nlm.nih.gov/pubmed/20231820
http://www.ncbi.nlm.nih.gov/pubmed/8690414
http://www.ncbi.nlm.nih.gov/pubmed/18031379
http://www.ncbi.nlm.nih.gov/pubmed/16364190
http://www.ncbi.nlm.nih.gov/pubmed/15803188
http://www.ncbi.nlm.nih.gov/pubmed/17573672
http://dx.doi.org/10.3109/08977194.2011.557373
http://www.ncbi.nlm.nih.gov/pubmed/21319951
http://www.ncbi.nlm.nih.gov/pubmed/11932308
http://dx.doi.org/10.1136/gut.2010.211136
http://www.ncbi.nlm.nih.gov/pubmed/20660699
http://dx.doi.org/10.1002/hep.26008
http://www.ncbi.nlm.nih.gov/pubmed/22898900

@’PLOS ‘ ONE

NK Cells Impairment in Thyroid Cancer

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.
44.

45.

46.

47.

48.

49.

50.

51.

Alter G, Malenfant JM, Altfeld M. CD107a as a functional marker for the identification of natural killer
cell activity. J Immunol Methods. 2004; 294:15e22.

Kim HJ, Kim KR, Park HS, Jang KY, Chung MJ, Shong M, et al. The expression and role of serum
response factor in papillary carcinoma of the thyroid. Int J Oncol. 2009; 35: 49-55. PMID: 19513551

Koike K, Fuijii T, Nakamura AM, Yokoyama G, Yamana H, Kuwano M, et al. Activation of protein kinase
C delta induces growth arrest in NPA thyroid cancer cells through extracellular signal-regulated kinase
mitogen-activated protein kinase. Thyroid. 2006; 16: 333—-341. PMID: 16646678

Muhanna N, Horani A, Doron S, Safadi R. Lymphocyte—hepatic stellate cell proximity suggests a direct
Interaction. Clinical and Experimental Immunology. 2007; 148: 338—-347. PMID: 17437422

Cramer JD, Fu P, Harth KC, Margevicius S, Wilhelm SM. Analysis of the rising incidence of thyroid can-
cer using the Surveillance, Epidemiology and End Results national cancer data registry. Surgery. 2010;
148:1147-1152. doi: 10.1016/j.surg.2010.10.016 PMID: 21134545

Enewold L, Zhu K, Ron E, Marrogi AJ, Stojadinovic A, Peoples GE, et al. Rising thyroid cancer inci-
dence in the United States by demographic and tumor characteristics, 1980—-2005. Cancer Epidemiol
Biomarkers Prev. 2009; 18: 784—791. doi: 10.1158/1055-9965.EPI-08-0960 PMID: 19240234

Lubina A, Cohen O, Barchana M, Liphshiz |, Vered |, Sadetzki S, et al. Time trends of incidence rates of
thyroid cancer in Israel: what might explain the sharp increase. Thyroid. 2006; 16:1033—-1040. PMID:
17042690

Antonelli A, Ferri C, Fallahi P. Thyroid cancer in patients with hepatitis C infection. JAMA. 1999; 281:
1588-1592.

Antonelli A, Ferri C, Fallahi P, Pampana A, Ferrari SM, Barani L, et al. Thyroid cancer in HCV-related
chronic hepatitis patients: a case-control study. Thyroid. 2007; 17: 447-751. PMID: 17542674

Hoofnagle JH. Hepatitis C: The clinical spectrum of disease: Hepatology. 1997; 26: (Suppl 1)15S-20S.

Ferri C, Sebastiani M, Giuggioli D, Cazzato M, Longombardo G, Antonelli A, et al. Mixed cryoglobuline-
mia: demographic, clinical, and serological features, and survival in 231 patients. Semin Arthritis
Rheum. 2004; 33: 355-374. PMID: 15190522

Ferri C, Caracciolo F, Zignego AL, La Civita L, Monti M, Longobardo G, et al. Hepatitis C virus infection
in patients with non-Hodgkin’s lymphoma. Br J Haematol. 1994; 88: 392—394. PMID: 7803287

Lutchman G, Nguyen M. Hepatitis C Virus and Cancers: How Strong Is the Relationship? Current Hep-
atitis Reports 2009; 8: 141-147.

Biron CA, Nguyen KB, Pien GC, Cousens LP, Salazar-Mather TP. Natural killer cells in antiviral
defense: function and regulation by innate cytokines. Annu Rev Immunol 1999; 17:189-220. PMID:
10358757

Textor S, Fiegler N, Arnold A, Porgador A, Hofmann TG, Cerwenka A. Human NK cells are alerted to
induction of p53 in cancer cells by upregulation of the NKG2D ligands ULBP1 and ULBP2. Cancer Res.
2011; 71:5998-6009. doi: 10.1158/0008-5472.CAN-10-3211 PMID: 21764762

Nakamura Y, Yasuoka H, Zuo H, Takamura Y, Miyauchi A, Nakamura M, et al. Nitric oxide in papillary
thyroid carcinoma: induction of vascular endothelial growth factor D and correlation with lymph node
metastasis. Journal of Clinical Endocrinology and Metabolism. 2006; 91: 1582—-1585. PMID: 16418215

Yu XM, Lo CY, Chan WF, Lam KY, Leung P, Luk JM. Increased expression of vascular endothelial
growth factor C in papillary thyroid carcinoma correlates with cervical lymph node metastases. Clinical
Cancer Research. 2005; 11:8063-8069. PMID: 16299237

Dvorak HF, Nagy JA, Feng D, Brown LF, Dvorak AM. Vascular permeability factor/vascular endothelial
growth factor and the significance of microvascular hyperpermeability in angiogenesis. Curr Top Micro-
biol Immunol. 1999; 237: 97-132. PMID: 9893348

PLOS ONE | DOI:10.1371/journal.pone.0132463 July 7,2015 17/17


http://www.ncbi.nlm.nih.gov/pubmed/19513551
http://www.ncbi.nlm.nih.gov/pubmed/16646678
http://www.ncbi.nlm.nih.gov/pubmed/17437422
http://dx.doi.org/10.1016/j.surg.2010.10.016
http://www.ncbi.nlm.nih.gov/pubmed/21134545
http://dx.doi.org/10.1158/1055-9965.EPI-08-0960
http://www.ncbi.nlm.nih.gov/pubmed/19240234
http://www.ncbi.nlm.nih.gov/pubmed/17042690
http://www.ncbi.nlm.nih.gov/pubmed/17542674
http://www.ncbi.nlm.nih.gov/pubmed/15190522
http://www.ncbi.nlm.nih.gov/pubmed/7803287
http://www.ncbi.nlm.nih.gov/pubmed/10358757
http://dx.doi.org/10.1158/0008-5472.CAN-10-3211
http://www.ncbi.nlm.nih.gov/pubmed/21764762
http://www.ncbi.nlm.nih.gov/pubmed/16418215
http://www.ncbi.nlm.nih.gov/pubmed/16299237
http://www.ncbi.nlm.nih.gov/pubmed/9893348

