Immunologic Research (2018) 66:768-776
https://doi.org/10.1007/512026-018-9062-z

ORIGINAL ARTICLE

@ CrossMark

A novel third-generation TSH receptor antibody (TRAD)
enzyme-linked immunosorbent assay based on a murine
monoclonal TSH receptor-binding antibody

Johannes J. Roggenbuck' - Miklos Veiczi® - Karsten Conrad? - Peter Schierack* -
Gerd Wunderlich" - Joerg Kotzerke' - Dirk Roggenbuck?®* - Klaus Zéphel

Published online: 26 January 2019
© The Author(s) 2019

Klaus Zophel

Abstract

TSH receptor (TSHR) autoantibody (TRAD) is the serological hallmark of Graves’ disease (GD). Third-generation en-
zyme-linked immunosorbent assays (ELISAs) using monoclonal TRAbs instead of TSH have been found useful for TRAb
analysis recently. For the first time, a mouse monoclonal antibody (mAb) against TSHR was analyzed for TRAb detection
and compared with human mAb M22 and TSH by the same competitive binding assay technique. A mouse monoclonal
antibody (T7) binding to the TSH receptor and inhibiting TSH binding was generated and used for TRAb analysis in a
third-generation ELISA. Obtained TRAD levels were compared with a second-generation TRAD assay employing bovine
TSH and a third-generation assay with human mAb M22 as TSHR-binding reagents by investigating 89 patients with GD,
56 with Hashimoto’s thyroiditis (HT), 73 with non-autoimmune thyroid diseases, 17 with rheumatoid arthritis, and 100
healthy subjects. The T7-based TRAb ELISA did not reveal a significantly different assay performance (area under the
curve [AUC]) in contrast to the TSH and M22-based TRAb ELISAs by receiver operating characteristic (ROC) curve
analysis (AUC-T7 0.967, AUC-TSH 0.972, AUC-M22 0.958, p > 0.05, respectively). After adjustment of cutoffs by ROC,
all three TRAb ELISAs demonstrated sensitivities and specificities above 89.9% and 96.0%, respectively. Both third-
generation TRAb ELISAs showed a tendency for a higher prevalence of TRAD positives in HT in contrast to the second-
generation ELISA. Mouse mAbs against the TSHR may be used for the reliable detection of TRAD by third-generation
TRADb ELISA. The earlier reported higher sensitivity of third-generation TRAb ELISA in GD needs to be considered in the
context of a slightly lower specificity regarding HT.
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TBAD appear to share common overlapping epitopes of the
TSH-binding site which hinders them to be distinguished by
competitive and bridge TRADb assays [3-5].

Competitive binding TRAb assays depend on TRADb inhi-
bition of labeled TSH binding to TSHR preparations in fluid
phase (first generation) or immobilized TSHR on solid phases
(second generation) [6—9]. Third-generation competitive
TRADb assays use immobilized TSHR for bound/free separa-
tion and monoclonal antibodies (mAbs) like the human stim-
ulatory moAb M22 or recombinant mouse mAb mimicking
the binding of TSH to the TSHR for the competitive assay
environment [10, 11]. There has been a continuous improve-
ment of assay performance from test generation to test gener-
ation [12]. Thus, the high affinity of M22 being the first mAb
used for TRAD analysis by ELISA, its slow dissociation rate,
and intrinsic stability rendered it a particularly suitable TSHR
ligand, paving the way for the third-generation of competitive
binding TRAD assays [13].

We generated the mouse mAb T7 which interacts with the
TSH-binding site on the TSHR to investigate whether mouse
mAb can be used for TRAD analysis, too. Thus, we developed
and evaluated a third-generation TRAb competitive detection
environment by using (i) a mAb for TSHR immobilization on
an ELISA solid phase not interfering with the TSH-TSHR
interaction and (ii) the TSHR-binding mAb T7 inhibiting
TRAD binding to the TSHR.

Patients and methods

Serum samples of 218 adult patients attending the thyroid unit
of the Department of Nuclear Medicine of the University
Hospital Carl Gustav Carus, TU Dresden, were recruited for
the study (Table 1). The patients suffered from Graves’ disease
(GD, n=189), Hashimoto’s thyroiditis (HT, n = 56), and non-
autoimmune thyroid disease (NAITD, n =70). Age, sex, thy-
roglobulin antibodies (TgAb), thyroid peroxidase antibodies
(TPOAD), TSH, and thyroid hormone levels are shown in
Table 1. Furthermore, 16 rheumatoid factor-positive patients
with rheumatoid arthritis (RA) and 100 healthy subjects (in.-
vent, Hennigsdorf, Berlin) were included as controls into the
study.

GD was diagnosed on the basis of clinical symptoms, bio-
chemical confirmation of hyperthyroidism, and additional di-
agnostic information, such as goiter, ophthalmopathy, thyroid
ultrasound, and thyroid scintigraphy. The patients were at var-
ious stages of their diseases (e.g., some were on thyroid med-
ication, had radioiodine treatment, or thyroidectomy previous-
ly). The time interval between initial diagnosis and TRAb
determination was high and ranged from 1 month to 3.5 years.

We established a patient cohort with well-defined HT by
recruiting patients suspected of suffering from autoimmune
thyroid disease with repeated examinations. A history of

transient and often only slightly intense thyrotoxicosis follow-
ed by gradually developing hypothyroidism, high titers of
TPOADb and/or TgAb, hypoechoic lesions on ultrasound, and
lymphocytic infiltrates on fine needle aspiration cytology
were considered to support the diagnosis of HT. This diagno-
sis was then reviewed at every follow-up to reach a very high
probability for HT. Of note, a small uncertainty for misclassi-
fication still remains, particularly in the population with bor-
derline or low-positive TRAb we examined here. Most of
these patients were on thyroid hormone medication, but no
one had a long period of anti-thyroid drug medication or a
definitive treatment.

Non-autoimmune thyroid disease (NAITD) was diagnosed
on the basis of clinical symptoms, biochemical confirmation
of hyperthyroidism, and additional diagnostic results, such as
diffuse and/or nodular goiter, thyroid ultrasound, and thyroid
scintigraphy.

Third-generation TRAb assays based on a murine
monoclonal antibody

Mouse mAD against the TSHR were generated by immunization
of mice with human TSHR expressed on cells similarly to an
approach described elsewhere to develop a third-generation
TRADb ELISA (Medizym T.R.A. human, Medipan GmbH,
Germany) [14]. Briefly, a mouse mAb binding to the TSHR
and not interfering with TSH binding was selected and coated
on the surface of polystyrene 96-well plates (MaxiSorp, Thermo
Fisher Scientific GmbH, Germany) to immobilize human TSHR.
Neat patient serum or calibrators were incubated for 2 h at room
temperature (RT) while shaking. After another wash cycle (three
times for 1 min each), biotinylated mAb T7 was added and
incubated at RT for 2 h while shaking. Specific binding of bio-
tinylated T7 to the remaining immobilized TSHR not bound by
TRADb was revealed by incubating streptavidin-poly-horseradish
peroxidase (Thermo Fisher Scientific GmbH) and 3,3',5,5-
tetramethylbezidine (Seramun Diagnostica GmbH, Germany)
consecutively. After stopping the enzymatic turnover of the sub-
strate by sulfuric acid, optical densities were measured by a pho-
tometer at 450 nm against 620 nm and used for TRAD detection
by a software program.

In the first instance, a cutoff of 1.5 international units (IU)/
L was established. Inter-assay coefficients of variation (CV)
were determined in accordance with CLSI protocol EP15-A2
using 3 different lots at 3.7% and 6.0% for sera with TRADb
values of 0.9 IU/L and 14.3 IU/L, respectively.

Established second- and third-generation TRAb
assays

Two commercially available assays were used for the compari-

son with the novel third-generation TRAb ELISA. A second-
generation TRAb (Medizym T.R.A., Medipan GmbH,
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Germany) based on the ability of TRADb to inhibit the binding of
biotinylated bovine TSH to porcine TSHR was employed.
Following the manufacturer’s recommendations, TRAb values
below 1.5 TU/L were defined as negative in this TRAD assay.
Further, a third-generation TRAb ELISA (Medizym TRADb
clone, Medipan GmbH, Germany) based on the ability of
TRAD to inhibit the binding of the biotinylated human mAb
M22 to TSHR of porcine origin was used as described elsewhere
[15]. M22-biotin binding to the TSHR immobilized on the solid
phase was detected by addition of streptavidin peroxidase. The
manufacturers’ recommended cutoff limit for the M22-based
TRAD ELISA is 0.4 IU/L. Both assays were calibrated against
WHO standard NIBSC 90/672.

The analytical sensitivities (lower detection limit), the inter-
assay variations, and functional assay sensitivities (fas) for both
assays were determined previously [15—17]. Thus, the Medizym
TRA and the Medizym TRADb clone have fas 0of 0.9 and 0.3 TU/L,
respectively.

Statistical analysis

Statistical analysis was performed using the MedCalc® program
(MedCalc software, Belgium). The two-tailed, Mann-Whitney
and Kruskal-Wallis tests were used to test for statistically signif-
icant differences of independent samples in 2 and more groups,
respectively. Prevalence comparison between groups was per-
formed by two-tailed Fisher’s exact test. Method comparison
was performed by the Passing-Bablok regression model which
is a linear regression procedure with no special assumptions re-
garding the distribution of the samples and the measurement
errors. The result of the analysis does not depend on the assign-
ment of the TRAD values to X and Y. The slope and intercept are
calculated with their 95% confidence interval (CI). Further, assay
performance data like specificity, sensitivity, and positive and
negative likelihood ratios as well as area under the curve
(AUC) were determined by receiver operating characteristic
(ROC) curve analysis. Significance was defined as p < 0.05.

Results

Demographic and thyroid laboratory characteristics
of patients and controls

Patients with GD (n =89) were compared with an age- and
sex-matched group of 246 disease controls and HS (Table 1).
However, in terms of comparison with single control cohorts,
there was a significant difference of age and sex of GD pa-
tients with NAITD patients (p < 0.05, respectively).

In terms of thyroid hormone levels, patients with HT dem-
onstrated a significantly higher TSH level and both signifi-
cantly lower fT3 as well as fT4 levels compared with GD
patients (p < 0.05, respectively).
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Regarding autoantibody levels, GD patients and HT pa-
tients showed both significantly higher TPOAb and TgAb
levels in contrast to NAITD patients (p < 0.05, respectively).

Functional assay sensitivity of the T7-based TRAb
ELISA

The fas of the mouse mAb T7-based TRAb ELISA was deter-
mined by inter-assay CV of eight determinations for eight TRAb-
positive sera on five different days in accordance with the CLSI
protocol EP15-A2. A value of 0.9 IU/L was determined as fas.
The assay was calibrated against the WHO international standard
for thyroid-stimulating antibody (NIBSC code 08/204).

Regression analysis of the T7-based with second-
and third-generation TRAb assays

All 335 sera were run in the mouse mAb T7-based TRADb
assay and obtained TRAD levels were compared with those
ofthe bovine TSH-based (second generation) as well as of the
human mAb M22-based TRAD (third generation) assays by
Passing-Bablok regression analysis and residual plots (Fig. 1).
The comparison of the T7-based TRAb ELISA with the two
latter TRAD assays revealed the following regression equa-
tions: y=0.01+0.99 x and y=—1.83 +2.24 x, respectively
(Fig. 2). For both regression analyses, there is a significant
deviation from linearity by CUSUM test (p < 0.01, respective-
ly). The residual plots demonstrate a tendency for lower
TRAD values detected by the T7-based TRAD third-
generation ELISA. However, there appears to be no propor-
tional difference as well as no difference by a constant amount
between the T7-based third-generation and the TSH-based
second-generation TRAb ELISA since the slope 95% CI con-
tains the value 1.00 (95% CI 0.89—1.11) and the value 0 was
covered by the intercept 95% CI (- 0.05-0.07). In contrast,
the comparison of both third-generation TRAb ELISAs (T7-
based with the M22-based TRAD assay) showed a proportion-
al difference (slope 95% CI 1.96-2.70) as well as a difference
by a constant amount (intercept 95% CI —0.33 to —0.08).
Noteworthy, the TSH-based and M22-based TRAb ELISA
differ by a constant amount and a proportional difference,
too (y=0.07+0.51 x, intercept 95% CI 0.05-0.10, slope
95% CI 0.47-0.54).

Comparison of qualitative TRAb results in patients
with GD and controls

Qualitative TRAD results using the recommended cutoff for
each TRAb ELISA are shown in Table 2. The comparison of
all 335 patients and controls obtained for the T7-based TRAb
ELISA with those of the TSH-based and M22-based TRAb
ELISA revealed significant differences (4.9%, 95% CI 2.2—
5.6%, p=0.0005; 18.2%, 95% CI 14.2-20.3%, p <0.0001,
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Table 1 Demographic and
serological data of patients and GD HT NAITD RA HS
controls
n (female) 89 (78) 56 (49) 73% (53) 17 (7) 100 (79)
Age (median, IQR) 53 (25) 53 (26) 61%* (23) 55 (25) 56 (22)
TSH mU/L <03 52 4% 30% nd nd
0.3-4.0 29 41% 40%* nd nd
>4.0 7 11 2 nd nd
Median 0.07 1.90* 0.44 nd nd
IQR 1.38 2.64 0.96 nd nd
fT4 pmol/L <94 5 2 1 nd nd
9.4-25.0 65 54% 61 nd nd
>25.0 18 0* 10 nd nd
Median 173 16.0%* 17.0 nd nd
IQR 8.3 4.0 1.8 nd nd
fT3 pmol/L <34 3 3 0 nd nd
3.4-72 53 51* 61* nd nd
>72 32 2% 11%* nd nd
Median 6.2 4.6%* 54 nd nd
IQR 5.4 0.7 2.6 nd nd
TgAb (U/mL) cutoff 50 U/mL <50 42 1* 67 nd nd
>50 47 55% 6* nd nd
Median 68 48 20% nd nd
IQR 353 196 0 nd nd
TPOAb (U/mL) cutoff 50 U/mL <50 11 1% 50% nd nd
>50 78 55% 23 nd nd
Median 1938 2162 20% nd nd
IQR 3167 5057 301 nd nd

GD Graves’ disease, HT Hashimoto’s thyroiditis, /OR interquartile range, NAI/TD non-autoimmune thyroid
disease, nd not determined, RA rheumatoid arthritis, 7gAb thyroglobulin antibody, TPOAb thyroid peroxidase

antibody

* p < 0.05 regarding the comparison of Graves' disease patients with control cohorts

respectively). Whereas there were no significant differences
for the comparison of the T7-based with the TSH-based TRAb
ELISA in accordance with the McNemar test regarding the
various cohorts, HT patients revealed a significant difference
in terms of the comparison of both third-generation TRAb
ELISAs (T7-based vs. M22-based TRAb ELISA, Table 3).
This was due to the significantly higher number of positives
by the M22-based TRADb ELISA in contrast to the T7-based
one (28/56 vs. 11/56, p=0.0013).

Thus, the M22-based TRAb ELISA demonstrated the
highest sensitivity with 94.4% vs. 91.0% and 93.3% (TSH-
based and T7-based TRAb ELISA), respectively, of all three
TRADb ELISA but was rather unspecific (85.0% vs. 97.6% and
94.3%, respectively).

Receiver operating characteristic curve analysis

To compare all three TRAb ELISA on a quantitative level,
ROC curve analysis was performed (Fig. 3). The AUC of

the T7-based TRAb ELISA was not significantly different
from the AUCs of the other two TRAb ELISAs.
Noteworthy, the TSH-based TRAb ELISA demonstrated the
highest AUC which was not significantly higher than the low-
est AUC determined for the M22-based TRAb ELISA. In
accordance with the ROC curve analysis of the patient and
control cohorts of this study, the following optimized cutoff
values were determined for the TSH-, M22-, and T7-based
TRAD assays: 1.4 IU/L, 0.8 IU/L, and 2.0 IU/L, respectively.

Comparison of qualitative TRAb results in patients
with GD and controls after cutoff adjustment

Based on the optimized cutoff values, TRAD positives were
determined in the patients and HS cohorts (Table 2, Fig. 2).
Thus, the T7-based TRAb ELISA demonstrated the highest
sensitivity (92.1% vs. 89.9% and 91.0%; TSH-based and
M22-based TRAb ELISAs respectively) of all three TRAb
ELISA with a corresponding specificity of 96.3%. The
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Fig. 1 Bland-Altman and corresponding residual plots for the
comparison of TRAb ELISA. a T7-based third-generation vs. TSH-
based second-generation TRAb ELISA. b T7-based third-generation vs.

comparison of all qualitative 335 patient’s and control’s
TRAD data of the three TRAb ELISAs with the optimized
cutoff values did not reveal significant differences between
the methods (p > 0.05, respectively). Accordingly, no

M22-based third-generation TRAb ELISA. ¢ M22-based third-generation
vs. TSH-based second-generation TRAb ELISA

significant differences were determined in the single pa-
tient and control cohorts.

Please note that 79 out of 89 GD patients (88.8%) scored
positive and 6 (6.7%) negative in all three TRAb assays
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Fig. 2 Comparison of TRAD levels determined by second- and third-
generation (TRADb) ELSIA using different TSH receptor-binding mole-
cules for competing with TRAb in 89 patients with Graves’ disease (GD),
56 with Hashimoto’s thyroiditis (HT), 73 with non-autoimmune thyroid
diseases (NAITD), 17 with rheumatoid arthritis (RA), and 100 healthy
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T7-based 3rd TRAb ELISA (IU/L)

M22-based 3rd TRAb ELISA (IU/L)

subjects (HS). The diagonal line demonstrates the line of equality. The
vertical and horizontal lines represent recommended and adjusted cutoff
values of the T7-based (1.5 IU/L, 2.0 TU/1), M22-based (0.4 1U/1, 0.8 TU/
L), and TSH-based TRADb ELISA (1.5 IU/L, 1.4 TU/L), respectively
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Table 2

Comparison of TRAb positivity, diagnostic sensitivity,
specificity, positive likelihood ratio (+LR), and negative likelihood ratio
(—-LR) in the bovine TSH-based second-generation TRAb, M22-based

third TRAD, and T7-based third TRAb ELISA in 335 serum samples

from patients with Graves’ disease (GD, n = 89), Hashimoto’s thyroiditis
(HT, n=56), non-autoimmune thyroid diseases (NAITD, n=73), and
healthy subjects (HS, n =100)

Number positive/total number Sensitivity (%) Specificity (%) ~ +LR ~ -LR
TRAB ELISA [cutoff] GD HT NAITD RA HS
TSH-based second TRAb ELISA [1.5 TU/L]*  79/89  5/56  0/73 0/17  0/100 91.0(83.1-96.0) 97.6(94.8-99.1) 37.31 0.09
M22-based third TRAb ELISA [0.4 TU/L]* 85/89  28/56 11/73 /17 2/100 944 (87.4-982) 85.0(79.9-89.2) 628 0.07
T7-based third TRAb ELISA [1.5 TU/L]* 83/89 11/56  4/73 0/17  0/100 93.3(85.9-97.5) 94.3(90.6-96.9) 16.39 0.07
TSH-based second TRAb ELISA [1.4 TU/L]**  80/89  5/56  0/73 0/17  0/100 89.9 (81.7-953) 98.0(95.3-99.3) 4422 0.10
M22-based third TRAb ELISA [0.8 TU/L]** 81/89  6/56  0/73 0/17  0/100 91.0(83.1-96.0) 97.6 (94.8-99.1) 3731 0.09
T7-based third TRAb ELISA [2.0 TU/L]** 82/89  8/56  1/73 0/17  0/100  92.1 (84.5-96.8) 96.3(93.2-983) 25.18 0.08

*Cutoff values recommended by the manufacturer

**Cutoff values obtained by receiver operating characteristic curve analysis

Table 3

Contingency tables for the comparison of qualitative TRAb

results of the T7-based third TRAb ELISA with the TSH-based second
TRAD and M22-based third TRAb ELISA in 89 patients with Graves’
disease (GD), 56 with Hashimoto’s thyroiditis (HT), 73 with non-

autoimmune thyroid diseases (NAITD), and 100 healthy subjects (HS)
using recommended and receiver operating characteristic curve analysis-

adjusted cutoff values

T7-based TRAb ELISA

T7-based TRAb ELISA

(>1.51U/L) (>2.0 IU/L)
pos neg pos neg

GD (n=89)

TSH-based TRAb ELISA (> 1.5 IU/L) pos 79 0 TSH-based TRAb ELISA (> 1.4 IU/L) pos 80 0

dif 4.5% (95% CI —0.9-4.5%) neg 4 6 dif 2.2% (95% CI —1.5-2.2%) neg 2 7

M22-based TRAb ELISA (>0.4 TU/L) pos 82 3 M22-based TRAb ELISA (>0.9 IU/L) pos 80 1

dif 2.2% (95% CI —2.8-4.4%) neg 1 3 dif 2.2% (95% CI —1.5-2.2%) neg 2 6
HT (n=56)

TSH-based TRAb ELISA (> 1.5 IU/L) pos 4 1 TSH-based TRAb ELISA (> 1.4 IU/L) pos 3 2

dif 10.7% (95% CI —0.8-14.2%) neg 7 44 dif 5.4% (95% CI —5.2-11.6%) neg 5 46

M22-based TRAb ELISA (>0.4 IU/L) pos 9 19 M22-based TRAb ELISA (>0.8 IU/L) pos 3 3

dif 30.4% (95% CI — 14.7-36.2%)* neg 2 26 dif 2.3% (95% CI —4.8-7.7%) neg 5 45
NAITD (n="73)

TSH-based TRAb ELISA (> 1.5 IU/L) pos 0 0 TSH-based TRAb ELISA (> 1.4 IU/L) pos 0 0

dif 5.5% (95% CI —1.1-5.5%) neg 4 69 dif 1.4% (95% CI —1.3-1.4%) neg 1 72

M22-based TRAb ELISA (>0.4 IU/L) pos 1 10 M22-based TRAb ELISA (>0.8 IU/L) pos 0 0

dif 9.6% (95% CI — 1.4-16.0%)* neg 3 59 dif 1.4% (95% CI —1.3-1.4%) neg 1 72
RA (n=17)

TSH-based TRAb ELISA (> 1.5 IU/L) pos 0 0 TSH-based TRAb ELISA (> 1.4 IU/L) pos 0 0

dif 0% neg 0 17 dif 0% neg 0 17

M22-based TRAb ELISA (>0.4 TU/L) pos 0 1 M22-based TRAb ELISA (>0.8 IU/L) pos 0 0

dif 5.6% (95% CI —5.3-5.6%) neg 0 16 dif 0% neg O 17
HS (n=100)

TSH-based TRAb ELISA (> 1.5 TU/L) pos 0 0 TSH-based TRAb ELISA (>1.4 IU/L) pos 0 0

dif 0% neg 0 100 dif 0% neg 0 100

M22-based TRAb ELISA (>0.4 IU/L) pos O 2 M22-based TRAb ELISA (>0.8 IU/L) pos 0 0

dif 2.0% (95% CI —1.4-2.0%) neg 0 98 dif 0% neg 0 100

*p < 0.05, McNemar test, dif, difference
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Fig.3 Comparison of receiver operating characteristic (ROC) curve
analysis of second- and third-generation TRAb ELISA using the
TRAD levels of 89 patients with Graves’ disease (GD) as disease
variable and TRAD levels of 56 with Hashimoto’s thyroiditis (HT),
73 with non-autoimmune thyroid diseases (NAITD), 17 with rheu-
matoid arthritis (RA) as well as 100 healthy subjects (HS) as con-
trol variable. The following areas under the curve (AUC) were
obtained: T7-based third-generation TRAb, AUC=0.967; 95% CI
0.949-0.987. M22-based third-generation TRAb, AUC =0.958;
95% CI 0.931-0.977. TSH-based second-generation TRAD,
AUC=0.972; 95% CI 0.949-0.987. The AUC differences between
the three TRAb ELISAs were not significant (p >0.05)

after adjustment of cutoffs. Thus, all three TRAb ELISA
demonstrated an agreement higher than 95% within GD
patients. The six GD patients with negative results in all
three TRAb ELISAs had normal TSH and thyroid hormone
levels and were positive for either TPOAb or TgAb or both.
Likewise, the two single TRAb-positive GD patients de-
tected by either of the third-generation TRAb ELISA
showed normal TSH and thyroid hormone levels and were
positive for either TPOAb or TgAb or both, too.

In terms of disease controls, three HT patients dem-
onstrated positive TRAD levels by all three TRAb ELISA
after ROC-based adjustment of the cutoff values. Two of
them showed reduced TSH levels below 0.3 mU/L,
whereas the remaining HT patient had an elevated TSH
level (9.9 mU/L). All three patients were either positive
for TPOAb or TgAb or both, received thyroid hormone
replacement therapy, and had euthyroid hormone levels.

One out of the five single-positive HT patients detect-
ed by the T7-based TRAb ELISA had a slightly elevated
TSH level (5.4 mU/L) with normal thyroid hormones.
The remaining four patients showed normal TSH and
hormone levels.
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Discussion

The generation of mAbs directed against the TSH recep-
tor which could be used for the immobilization thereof
onto solid phases without interfering with the TSH bind-
ing and mAbs inhibiting TSH binding ushered in the era
of competitive binding third-generation TRAD assays [2,
6, 11, 18-20]. The thyroid-stimulating human mAb M22
derived from peripheral blood mononuclear cells of a GD
patient was employed to set up the first third-generation
TRAb ELISA [15, 21].

Recently, a non-competitive TRAb bridge assay was re-
ported which demonstrated similar assay performance like
competitive binding assay variants [11]. Notably, both com-
petitive and non-competitive TRAb assays do not differentiate
TBAb from TSAD [22-24]. However, TSHR bioassays, the
sole assay variants enabling TSAb/TBAD differentiation, have
not been introduced into routine laboratories widely yet, al-
though they have proven practical usefulness despite their
challenging assay design [25, 26].

We generated the mouse mAb T7 inhibiting TSH binding
to human TSHR in accordance with a methodology described
elsewhere [27]. The novel T7-based third-generation TRAb
ELISA has a fas of 0.9 IU/L which is below the recommended
cutoff of 1.5 IU/L. Hence, this TRAb ELISA can be used for
the serological discrimination of TRAb-positive from TRAb-
negative patients.

Comparison of the novel TRAb ELISA with the first third-
generation TRAb assay based on the human mAb M22 and a
second-generation TRAb ELISA revealed no statistical differ-
ences with regard to assay performance analyzed by ROC
curve analysis. Thus, all three assay designs may be used for
the detection of TRAD aiding in the serological diagnosis of
GD. To the best of our knowledge, this is the first comparison
of second- and third-generation TRADb assays by employing
the same assay technique. Hence, it may be less influenced by
assay characteristics like labelling methods and readout vari-
ants. Given the similar assay performance of all three TRAb
assays investigated, the use of different sources of TSHR did
not appear to have an effect on the comparability of TRADb
assays. This finding supports earlier studies which could not
determine differences in the TRAb assay performance com-
paring for instance human and porcine TSHR preparations for
TRAD analysis [16].

Passing-Bablok regression analysis and Bland-Altman
plots revealed a good correlation of mean TRADb values up
to 10 IU/L. Mean TRAb values above 10 IU/L tend to be
determined higher in the TSH-based second-generation in
contrast to the third-generation TRAb ELISA. Both third-
generation TRAb ELISAs did not reveal a clear tendency in
that respect that might have an impact on treatment choices in
GD [28], since higher TRAD levels are associated with a
higher risk of relapse in GD patients [29, 30].
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Applying the cutoff values recommended by the manufac-
turer, the M22-based third-generation TRAb assay demon-
strated the highest sensitivity (94.4%) in contrast to the other
TRAD assays (91.0% for the TSH-based and 93.3% for the
T7-based) of this study but a lower specificity of 85.0%. This
finding is in line with previous reports of a higher sensitivity
of third-generation in contrast to second-generation TRAb
assays. However, the lower specificity might be due to the
higher number of patients with HT and NAITD recruited in
this study in contrast to previous ones [17, 31]. The HT cohort
described here revealed 28/56 (50.0%) positives for the M22-
based third-generation TRAb ELISA compared to the previ-
ously reported frequency of 9/26 (34.6%) [17]. Previous stud-
ies indicated that about 10% of patients with HT might dem-
onstrate TRAb detectable by second-generation TRAb assays
[6, 32, 33]. For the latter assay technique, this value was
reproduced in this study, whereas the novel T7-based third-
generation TRAb ELISA demonstrated a twice higher posi-
tivity rate in this patient cohort. Notably, even TSAb could be
detected by a bioassay in HT patients particularly in those with
ophthalmopathy [34]. However, none of our patients with HT
scoring positive in the third-generation TRAb ELISA was
diagnosed with ophthalmopathy. Altogether, the novel T7-
based third-generation as well as the TSH-based second-gen-
eration TRAb ELISA revealed specificities well beyond 90%
for all control cohorts.

Of note, the ROC curve analysis performed in this study
revealed different cutoff values in contrast to the ones obtained
by earlier assay performance analyses. In particular, the adapted
cutoff values of the third-generation TRADb assays deviated
from the recommended ones (M22-based TRAb ELISA,
0.8 TU/L vs. 0.4 IU/L; T7-based TRAb ELISA, 2.0 IU/L vs.
1.5 TU/L). As a fact, the qualitative discrepancies between the
three TRAb ELISAs were reduced after adjustment of all three
cutoff values in accordance with the ROC curve analysis. Both
third-generation TRAb ELISAs benefited from their respective
higher cutoff values, which diminished the number of positives
in the control groups. Further, the adjusted cutoff of 0.8 TU/L
for the M22-based third-generation TRAb ELISA is well dis-
criminated from the previously reported fas of 0.3 IU/L which
improves its precision [15]. A somewhat poorer imprecision
was recently reported for the M22-based TRAb ELISA by
Liu et al. [35]. The authors determined a fas of 1.8 TU/L; how-
ever, they used a different assay design with shorter incubation
times than originally reported in 2004 [15].

After adjustment of the cutoff values, the T7-based third-
generation TRAb ELISA demonstrated the highest sensitivity
0f 92.1% but a lower specificity of 96.3% compared with the
other two TRADb ELISAs. First of all, this was due to the
higher number of positive HT patients (8/56, 14.3%) in this
TRAb ELISA which was slightly higher than the 10% in av-
erage reported elsewhere [3, 7]. In contrast, a recently pub-
lished third-generation TRAD fluoroenzyme assay employing

a mouse recombinant mAb did not detect elevated TRAD in
HT, whereas a radioimmunometric as well as a bridge TRAb
assay did in that study [11].

Notably, 3 HT patients showed elevated TRAD levels in all
three ELISA of our study, whereas two of them demonstrated
TSH levels below 0.3 mU/L while having thyroid hormone
replacement therapy. Altogether, all three TRAb ELISAS re-
vealed acceptable specificities beyond 96.0%. Furthermore,
all three TRAb ELISAs were not affected by rheumatoid fac-
tor positivity which underscores the satisfactory specificity of
the competitive binding TRAb ELISA reaction environment.

A certain limitation of the present study might be the re-
cruitment of patients whose diagnosis was established by using
routinely determined TRADb levels of a bovine TSH-based sec-
ond-generation TRAb radioimmunoassay. It may be that some
sera from potential GD patients with TRADb values below
0.6 TU/L in the TRAb radioimmunoassay were positive in
the second- or third-generation TRAb ELISAs. As a result,
these patients would not have been included in our patient
population. Moreover, samples from HT or NAITD patients
with higher TRAbD levels in the TRAb radioimmunoassay
might have been scored negative in the TRAb ELISA and
would not have been included in our patient cohorts either.

In summary, the present second- and third-generation
TRAb ELISA demonstrated a comparable assay performance
in terms of the serological diagnosis of GD. Mouse mAbs may
be used instead of human ones like the M22 for the reliable
detection of TRAD in daily clinical routine. The higher sensi-
tivity of third-generation TRAb ELISA in GD needs to be
considered in the context of a lower specificity regarding HT
and NAITD.
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