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Introduction: Thyroid eye disease (TED) is an autoimmune disease of the orbits. Once
developed, complete cure is rare. Plasminogen activator inhibitor type 1 (PAI-1) contributes
to remodeling of connective tissue and has a central role in the pathogenesis of TED. We
aimed to test if the 4G/5G polymorphism of PAI-1 is a predictor of the development of
moderate-to-severe TED.

Methods: A total of 185 patients with Graves’ disease, 87 of them with TED, 98 without
TED, as well as 201 healthy controls, were studied. Genomic DNA was isolated from
peripheral blood samples. The 4G/5G polymorphism of the PAI-1 gene was analyzed by
allele-specific PCR, and the distribution of genotypes was calculated in each group. Plasma
PAI-1 and thyroid hormone levels were measured by ELISA and ECLIA, respectively.
Results: The 4G/4G genotype was associated with the development of moderate-to-severe
TED (OR = 2.54; 95% CI: 1.26-5.14; p < 0.01). The 4G/5G polymorphism of PAI-1 was not
a predictor of plasma PAI-1 levels.

Conclusion: The 4G/4G genotype of PAI-1 is a risk factor for the development of
moderate-to-severe TED. Patients with Graves’ disease who harbor this genotype may be
candidates for special attention towards the development of TED.
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Introduction

Thyroid eye disease (TED) is an autoimmune disease of the orbital tissues which
accompanies Graves’ disease (GD) in 30% of the cases. This disfiguring disease is
affecting mostly women. The facial character change has a deep and long-continued
impact on quality of life."” Once developed, complete cure is rare. The distinction
between mild and moderate-to-severe TED is substantiated as both the prognosis and
the treatment modalities used are different in these stages.> The most severe cases may
result in the loss of vision. Up to now, only few genetic risk factors for TED have been
identified.*

Recently, we have shown that plasminogen activator inhibitor-1 (PAI-1) driven
remodeling in the orbital connective tissue has a central role in the pathogenesis of
TED.’ PAI-1, a clade E member of the serine protease inhibitor (SERPIN) family, is the
main regulator of fibrinolysis and plasmin dependent pericellular proteolysis by inhi-
biting tissue-type plasminogen activator (t-PA) and urokinase-type plasminogen acti-

vator (u-PA) [reviewed in®’ and®]. Increased PAI-1 expression and/or activity
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stabilizes extracellular matrix and inhibits its clearance via
inhibition of plasmin and subsequent matrix metalloprotei-
nase activation. This maintains a supporting scaffold for
proliferation and leads to connective tissue expansion,
which has a key role during the course of TED.” In addition,
PAI-1 may be able to mediate the immune response indepen-
dent of its influence on plasmin activity; PAI-1 contributes to
innate immunity, prolongs the duration of inflammation by
blocking the clearance of apoptotic neutrophils'® and by
activation of macrophages through Toll-like receptor 4
(TLR4)'" acting as a damage-associated molecular pattern
(DAMP).” DAMPs could be held responsible for the unre-
solved chronic inflammation leading to autoimmune thyroid
diseases like GD.'? Elevated plasma PAI-1 levels in GD due
to hyperthyroidism were described and interpreted as a risk
factor for hyperthyroidism induced endothelial dysfunction
and hypercoagulation.'* '3

A common 4G/5G single guanine insertion/deletion poly-
morphism in the promoter region of the PAI-1 gene is of
functional importance in regulating PAI-1 expression.'® The
presence of the 4G allele does not influence serum PAI-1
levels under normal conditions; however, it is linked to
higher PAI-1 level and/or activity under the effect of certain

factors, including interleukin-lo (IL-1a),'®"”

angiotensin
I1,'® very low-density lipoprotein,'® and upstream stimula-
tory factor 1 (USF-1) transcription factor.?

We aimed to test if the 4G/5G polymorphism of PAI-1
is a predictor of the development and severity of TED in

patients with GD.

Materials and Methods

Two hundred and twenty unrelated patients with Graves’
disease (GD) in the database of the Endocrine Clinic of the
University of Debrecen were studied. The inclusion criter-
ion was a history of GD that started more than 2 years ago;
the median time since the onset of GD was 10 years
(minimum 2 years and maximum 53 years). The pre-
sence/absence of TED was verified. Severity was defined
as the most severe stage detected during the course of TED
according to the ETA-EUGOGO severity scale;® if this
could not be verified retrospectively, the patient was
excluded from the analysis. Another exclusion criterion
was the initiation of interferon or insulin therapy between
the diagnosis of GD and the onset of TED. The study
population of this case—control study included 185 GD
patients: 87 with TED and 98 without TED, as well as
201 sex-matched controls who were unrelated healthy
volunteers living in the same area as the patients.

Blood was drawn from patients and controls and the
resulting whole blood, serum and plasma samples were
stored at —70°C until use. Genomic DNA was isolated from
peripheral blood samples by silica adsorption method using
the NucleoSpin Blood kit (Macherey-Nagel GmbH, Diiren,
Germany) according to the manufacturer’s instructions. The
concentration and purity of the isolated genomic DNA were
measured by a Nanodrop 2000 (Thermo Fisher Scientific Inc,
Waltham, MA, USA) spectrophotometer. To detect the PAI-1
4G/5G polymorphism, an allele-specific polymerase chain
reaction (PCR) method was used as described by

Prabhudesai et al.?!

Two PCR reactions were prepared per
sample, each containing a common oligonucleotide primer
and an internal standard primer (which is not specific for
either allele but serves as a control for the PCR reaction) and
a primer specific for the 4G or 5G allele per reaction. The
oligonucleotide sequences of the primers were as follows:
forward primer (internal control): 5~ AAGCTTTTACCATG
GTAACCCCTGGT-3', 4G allele primer: 5-GTCTGG
ACACGTGGGGA-3', 5G allele primer: 5-GTCTGGAC
ACGTGGGGGA-3', and the common downstream primer:
5-TGCAGCCAGCCACGTGATTGTCTA-3". The primers
used were manufactured by Eurofins Genomics (Ebersberg,
Germany). PCR reactions were performed in a volume of 20
pL with the following composition: 100 ng DNA sample, 2
puL 10x buffer, 1 pL allele-specific primer (10 pmol), 1 pL
common primer (10 pmol), 0.2 uL internal standard primer
(10 pmol), 1 pL of 25 mM MgCl,, 0.2 pL of 25 mM
deoxyribonucleotide triphosphate (ANTP) mix, 0.2 pL of
SU/uL Taq polymerase (Thermo Fisher Scientific Inc,
Waltham, MA, USA) in nuclease free water in a Bio-Rad
T100™ Thermal Cycler (Bio-Rad Laboratories, Hercules,
CA, USA). The setup was 94°C for 5 minutes, 30 cycles:
94°C for 1 minute, 60°C for 50 seconds and 72 °C for
1 minute 15 seconds, then 72°C for 5 minutes and storage
at 4°C. PCR products were separated by gel electrophoresis
(2% agarose gel, 100 V, 50 minutes) using a Wide Mini-Sub
Cell GT System (Bio-Rad Laboratories, Hercules, CA,
USA), stained with GelRed (Biotium Inc, Fremont, CA,
USA) and visualized using a UV transilluminator (Analytik
Jena, Jena, Germany).

The concentration of PAI-1 protein in plasma samples
was measured by ELISA (PAI-1 DuoSet ELISA kit, R&D
Systems, Minneapolis, USA). Serum thyrotropin (TSH), free
thyroxine (fT4) and free triiodothyronine (fT3) were mea-
sured by ECLIA (Roche Diagnostics GmbH, Mannheim,
Germany). The reference ranges are: TSH: 0.3—4.2 mU/L,
fT4: 12-22 pmol/L and fT3: 2.4-6.3 pmol/L.
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GraphPad Prism (GraphPad Software, San Diego, CA,
USA) and STATISTICA (StatSoft Inc., Tulsa, OK, USA)
software were used for statistical analyses. Genotype and
allele frequencies were expressed in absolute numbers and
percentages. Plasma PAI-1 and serum TSH, fT4 and fT3
concentrations were expressed as median and interquartile
range. In controls, Hardy—Weinberg equilibrium was
checked by Chi-square test. Comparison of genotype and
allele frequencies was also performed by Chi-square for
trend test in an additive (5G/5G vs 4G/5G vs 4G/4G), and
Chi-square test in a multiplicative (4G vs 5G), a dominant
(4G/4G + 4G/5G vs 5G/5G), and a recessive (4G/4G vs
4G/5G + 5G/5G) model. The additive model indicates that
the risk of disease is increased r-fold (factor » > 1) for
genotype 4G/5G and by 2r-fold for genotype 4G/4G rela-
tive to the genotype 5G/5G. The multiplicative model
indicates that the risk of disease is increased r-fold with
each additional 4G allele. The dominant model indicates
that either one or two copies of 4G allele are required for
an r-fold increase in disease risk, while the recessive
model indicates that two copies of 4G allele are required
for an r-fold increase in disease risk.”” Risk assessment
was performed by calculating odds ratio (OR) with 95%
confidence interval (CI). Chi-square test and Kruskal—
Wallis H-test were used to compare demographic and
biochemical parameters. A value of p <0.05 was consid-
ered statistically significant. The Bonferroni correction
was applied for comparisons with multiple genetic models.

Results

The genotype distribution and the allele frequency of the
4G/5G polymorphism of PAI-1 did not differ between
patients with or without TED, if all TED patients were
included in the analysis irrespective of disease severity
(after the Bonferroni correction, p > 0.0125). Details are
provided in Table 1.

Statistical analysis was also performed by comparing
patients with moderate-to-severe TED according to the ETA-
EUGOGO criteria® as one group (n=49), with patients with
no or only mild TED (n=136) as the other group. In the
recessive model, the 4G/4G genotype was more common in
patients with moderate-to-severe TED (p = 0.008, Table 2).
In this comparison, ie, moderate-to-severe TED vs no or mild
TED, with these sample sizes the highest statistical power is
offered also by the recessive model (76%) with medium
effect size (OR = 2.54). These results show that two copies
of 4G allele are required for increased risk of moderate-to-
severe TED in patients with GD.

For the control population, we found that there is
a Hardy—Weinberg equilibrium for the 4G/5G polymorph-
ism of PAI-1, ie, the observed genotype distribution did
not differ from the expected genotype distribution (p =
0.29); the distribution of the PAI-1 4G/5G genotype and
allele frequency in patients with GD (if all GD patients
irrespective of the presence or absence of TED were
analyzed) were similar to that of the control population
in any of the models studied (Table 3). However, the latter
comparison did not have sufficient statistical power to
detect a true difference.

Laboratory parameters of the thyroid function, plasma
PAI-1 levels, male-to-female ratio, age at inclusion, age at
diagnosis of GD, and GD duration did not differ in GD
patients with different 4G/5G genotypes (Table 4).

Discussion

PAI-1 is the major inhibitor of the plasminogen-plasmin
system. In addition to its role in fibrinolytic processes, it
contributes to tissue homeostasis and regulates immunity
by controlling immune cell migration and regulating clear-
ance of apoptotic and necrotic cells by macrophages.”
Furthermore, PAI-1 can influence the duration and magni-
tude of immune responses.'®'' Presumably, PAI-1 level or
activity may be potential factors in the development of
autoimmune diseases. The 4G/5G insertion/deletion poly-
morphism of the PAI-1 gene influences PAI-1 expression
in response to several stimuli, including IL-10.'” % For its
role in autoimmune diseases, systemic lupus erythemato-
sus (SLE) and rheumatoid arthritis have been studied,**
and an association has been found between the 4G allele
and the development of SLE.?>~°

Data on PAI-1 polymorphisms in TED, up till now, have
not been published, and only few candidate other genes have
been studied in this respect. CTLA-4,> vitamin D receptor,*®
TNF, IL-10* and deiodinase-2 polymorphisms®® were
recently described in patient cohorts of comparable size.
However, unlike these genes which are immune response
related, PAI-1 acts on the other side of the orbital process,
stabilizing the extracellular matrix and facilitating its expan-
sion, which explains nearly all signs and symptoms of TED.
This may link the 4G/4G genotype to clinically more severe
disease.

In Graves’ disease, we found that the 4G/4G genotype
of PAI-1 was more frequent in patients with moderate-to-
severe TED compared to patients with mild TED or with-
out TED, representing a risk factor for moderate-to-severe
TED (OR = 2.54, p <0.01). It is not known which immune
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Table I Comparison of Genotype and Allele Frequencies of the PAI-1 4G/5G Polymorphism in GD Patients without TED vs GD
Patients with TED Including All Severities

No TED (n=98) TED (n=87) P OR (95% CI)
Additive model
4G/4G 20 (20%) 29 (33%) 0.043 2.4650 (0.9374-6.4817)
4G/5G 61 (62%) 48 (55%) 1.3377 (0.5616-3.1861)
5G/5G 17 (18%) 10 (12%) |
Multiplicative model
4G 101 (52%) 106 (61%) 0.069 1.4662 (0.9694-2.2177)
5G 95 (48%) 68 (39%) |
Dominant model
4G/4G + 4G/5G 81 (83%) 77 (89%) 0.260 1.6160 (0.6969-3.7475)
5G/5G 17 (17%) 10 (11%) |
Recessive model
4G/4G 20 (20%) 29 (33%) 0.047 1.9500 (1.0045-3.7855)
4G/5G + 5G/5G 78 (80%) 58 (67%) |

Notes: Genotype and allele frequencies are presented as absolute numbers (percentages). Chi-square for trend test and Chi-square test were used for the additive model
and for the other models, respectively. The Bonferroni correction was applied and p < 0.0125 was considered statistically significant.
Abbreviations: PAI-1, plasminogen activator inhibitor-1; GD, Graves’ disease; TED, thyroid eye disease; OR, odds ratio; Cl, confidence interval.

Table 2 Comparison of Genotype and Allele Frequencies of the PAI-1 4G/5G Polymorphism in GD Patients with No or Mild TED vs
GD Patients with Moderate-to-Severe TED

No TED or Mild TED Moderate-to-Severe TED P OR (95% CI)
(n=136) (n=49)
Additive model
4G/4G 29 (21%) 20 (41%) 0.015 3.0345 (0.9843-9.3546)
4G/5G 85 (63%) 24 (49%) 1.2424 (0.4255-3.6255)
5G/5G 22 (16%) 5 (10%) |
Multiplicative model
4G 143 (53%) 64 (65%) 0.030 1.6981 (1.0515-2.7421)
5G 129 (47%) 34 (35%) |
Dominant model
4G/4G + 4G/5G 114 (84%) 44 (90%) 0310 1.6982 (0.6054—4.7639)
5G/5G 22 (16%) 5 (10%) |
Recessive model
4G/4G 29 (21%) 20 (41%) 0.008 2.5446 (1.2610-5.1349)
4G/5G + 5G/5G 107 (79%) 29 (59%) |

Notes: Genotype and allele frequencies are presented as absolute numbers (percentages). Chi-square for trend test and Chi-square test were used for the additive model
and for the other models, respectively. The Bonferroni correction was applied and p < 0.0125 was considered statistically significant.
Abbreviations: PAI-1, plasminogen activator inhibitor-1; GD, Graves’ disease; TED, thyroid eye disease; OR, odds ratio; Cl, confidence interval.

mediators may exploit the fact that the presence of the 4G
allele in homozygote form in an individual makes him/her
prone to more severe TED. The main candidate is IL-1a,
a cytokine with emerging importance in the initiation and
maintenance of inflammation,®' which is known to upre-
gulate PAI-1 expression with higher efficacy in cells

carrying the 4G allele of the PAI-1 gene.'®'” IL-1a may
have a role in the pathogenesis of TED, as positive asso-
ciation has been found between the T allele of IL-10. —889
C/T polymorphism, characterized by higher promoter
activity of IL-1a gene, and the susceptibility to TED.*
Serum IL-1a levels were higher in TED patients than in
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Table 3 Comparison of Genotype and Allele Frequencies of the PAI-1 4G/5G Polymorphism in Controls vs Graves’ Disease

Irrespective of the Presence/Absence of Thyroid Eye Disease

Controls (n=201) GD (n=185) p OR (95% CI)
Additive model
4G/4G 59 (29%) 49 (26%) 0.815 0.9843 (0.5205-1.8612)
4G/5G 110 (55%) 109 (59%) 1.1744 (0.6598-2.0905)
5G/5G 32 (16%) 27 (15%) |
Multiplicative model
4G 228 (57%) 207 (56%) 0.216 0.9692 (0.7290-1.2884)
5G 174 (43%) 163 (44%) |
Dominant model
4G/4G + 4G/5G 169 (84%) 158 (85%) 0.718 1.1080 (0.6353—1.9325)
5G/5G 32 (16%) 27 (15%) |
Recessive model
4G/4G 59 (29%) 49 (26%) 0.531 0.8671 (0.5552—1.3544)
4G/5G + 5G/5G 142 (71%) 136 (74%) |

Notes: Genotype and allele frequencies are presented as absolute numbers (percentages). Chi-square for trend test and Chi-square test were used for the additive model
and for the other models, respectively. The Bonferroni correction was applied and p < 0.0125 was considered statistically significant.
Abbreviations: PAI-1, plasminogen activator inhibitor-1; GD, Graves’ disease; OR, odds ratio; Cl, confidence interval.

Table 4 Lack of Correlation Between Clinical Parameters and PAI-1 4G/5G Genotypes in Patients with Graves’ Disease

4G/4G (n = 49) 4G/5G (n = 109) 5G/5G (n = 27) P
Male/female (n) 9/40 21/88 5/22 0.990
Age (years) 55 (47-64) 53 (40-64) 55 (42-68) 0.652
Age at GD onset (years) 37 (30-47) 40 (28-50) 43 (24-52) 0.830
Time since GD onset (years) 13 (5-21) 8 (4-15) 12 (6-16) 0.217
TSH (mUIL) 1.38 (0.40-3.57) 1.16 (0.40-3.13) 1.86 (0.64-6.12) 0.311
fT4 (pmol/L) 18.5 (15.8-21.0) 18.4 (15.8-21.4) 17.3 (14.2-22.2) 0.634
fT3 (pmol/L) 4.40 (3.99-5.30) 4.65 (4.00-5.40) 4.50 (4.10-5.20) 0.524
PAI-1 (ng/mL) 2.48 (1.62-4.15) 2.39 (1.32-3.44) 2.03 (1.51-2.84) 0.399

Notes: Male/female ratio is presented in absolute numbers and analyzed using Chi-square test, other parameters are presented as median (interquartile range) and analyzed
using Kruskal-Wallis H-test. p < 0.05 was considered statistically significant. The reference ranges are: TSH: 0.3—4.2 mU/L, fT4: 12-22 pmol/L, fT3: 2.4-6.3 pmol/L.
Abbreviations: PAI-1, plasminogen activator inhibitor-1; GD, Graves’ disease; TSH, thyrotropin; fT4, free thyroxine; fT3, free triiodothyronine.

controls,33 and in vitro activation of human orbital fibro-
blasts upregulates the synthesis of IL-1a.** The level of
IL-1a in the tear samples of GD patients, even without
TED, was higher compared to controls.>> Our previous
finding, that PAI-1 concentration in the tear of TED
patients is higher than in patients without TED® further
supports the potential role of an IL-1a — PAI-1 interaction.
The locally elevated cytokine level in the orbital connec-
tive tissue during TED development may lead to increased
PAI-1 synthesis by orbital fibroblasts, and this process may
be more marked in the presence of the 4G allele. The
consequent high local PAI-1 level may have an adverse
effect on the development and course of TED by increas-
ing the amount of extracellular matrix, stabilizing it, and

promoting immune cell migration.” On the other hand,
increase of local PAI-1 level or activity in the orbits is
not necessarily accompanied by a similar change of
plasma PAI-1 levels.

TED is more common in younger women, but more
severe in men and patients older than 50 years,>’ suggest-
ing that sex hormones may affect the course of the disease.
Both estrogen and testosterone can regulate PAI-1 expres-
sion in endothelial cells;*®*° however, the potential role of
sex steroids in the orbital connective tissue remodeling of
TED patients remains to be elucidated.

Smoking is one of the major risk factors for the develop-
ment and worsening of TED.*° Elevated PAI-1 expression was
found in endothelial cells and in alveolar epithelial cells
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in vitro after treatment with cigarette smoke extract.*'*

Moreover, in smokers, significantly higher plasma levels of
PAI-1 were found in patients with untreated essential hyper-
tension carrying 4G/4G genotype as compared with 4G/5G
and 5G/5G genotypes.*> Based on these studies, one may
assume, that smoking can potentiate the effect of 4G/4G
genotype on PAI-1 level in tissues of GD patients, leading to
increased risk for TED. Unfortunately, insufficient data avail-
able on smoking status at the time of GD onset prevented us
from analyzing the interaction between PAI-1 polymorphism
and smoking.

One limitation of our study is the small sample size. The
incidence of moderate-to-severe TED is 1 per 100 000

population***

which explains the limited access to these
patients. Second, in the GD vs control comparison, due to
the lack of power, the similarity of genotype and allele fre-
quencies of the 4G/5G polymorphism cannot be considered
conclusive. Further, the potential presence of an as of now
unknown linkage disequilibrium might lead to overestimation
of the effect size and misinterpretation of the results.

Plasma PAI-1 levels in GD patients did not differ signifi-
cantly between groups with different 4G/5G genotypes. Of the
patients included in this study, the active phase of GD and
TED had ended in the past, and we have no information on
how patients’ plasma and/or tissue PAI-1 levels behaved when
GD and TED developed. Further, the major source of PAI-1 in
the circulation are endothelial cells,*® therefore, plasma level
may not reflect the PAI-1 level in tissues, including orbital
connective tissue. Hyperthyroidism per se results in higher
PAI-1 levels,'> " and theoretically, this may be exaggerated
in GD patients carrying the 4G allele, contributing to TED
development. T3 induces PAI-1 expression at transcription
level, but the thyroid hormone response element in the pro-
moter region of the PAI-1 gene is localized at positions —327/-
312, which does not overlap with the 4G/5G polymorphism
at position —675.'¢ USF-1 can regulate the 4G/5G polymorph-
ism-dependent PAI-1 expression in mast cells,”® and is
involved in T3 responsiveness of hepatocytes.*® The potential
interaction between USF-1 and T3 in the 4G/5G polymorph-
ism-dependent regulation of PAI-1 expression remains to be
elucidated in cell types relevant in TED.

Identification of genetic susceptibility may identify
individual patients who are prone to the development of
TED during the course of GD. According to our data, the
4G/4G genotype of PAI-1 is a risk factor for the develop-
ment of moderate-to-severe TED. Patients with Graves’
disease who harbor this genotype may be candidates for
special attention towards TED during the course of their

thyroid disease. Preventive measures, and treatment mod-
alities of Graves’ hyperthyroidism which do not facilitate
the development or worsen the course of TED, may be
required for these patients.
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