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Abstract

Graves’ disease is an autoimmune disease of the thyroid gland mediated by T cells. CD28, a mem-
ber of costimulatory molecules, plays a pivotal role in regulating T-cell responses. Plasma-soluble
CD28 is one form of CD28 in peripheral blood. To investigate the concentrations of soluble CD28 in
patients with Graves’ disease, we used a sensitive dual monoclonal antibody sandwich enzyme-linked
immunosorbent assay (ELISA) to detect the soluble form of CD28. Our results suggested that mean
concentrations of soluble CD28 in plasma of patients with Graves’ disease were 1.79 +1.52 ng/ml,
and levels of soluble CD28 in healthy subjects were only 0.83 +1.35 ng/ml. Concentrations of soluble
CD28 detected in patients with Graves’ disease were significantly higher than those of healthy subjects
(p < 0.01). Moreover, there was a significant positive correlation between the concentrations of sol-
uble CD28 in plasma and levels of FT3 (r = 0.663), FT4 (r = 0.624) and TRAb (r = 0.728) in serum,
but a negative correlation was found between sCD28 levels and TSH (r = —0.726). Through in vitro
experiments we observed that engagement of soluble CD28 protein and B7-1/B7-2 molecules expressed
on dendritic cells could exert the secretion of cytokine IL-6, which may promote the production of au-
toantibody and aggravate Graves’ disease. Therefore, aberrant elevation of plasma-soluble CD28 in
patients with Graves’ disease may reflect the dysregulation of immune system, and may serve as a useful

biomarker in Graves’ disease diagnosis.
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Introduction

Graves’ disease (GD), a well-known multi-systemic
autoimmune disorder, is characterised by the presence of
autoantibodies that bind to the thyroid follicular cells to
induce unregulated production of thyroid hormone, and by
the infiltration of inflammatory cells into the thyroid tissue.
An autoantibody specific for thyroid-stimulating hormone
receptor (TSH-R) induces thyroid follicular cells to over-
produce thyroid hormones. Moreover, in clinical diagnosis
patient follow-up, prediction of relapse and GD treatment
monitoring, a test that specifically and sensitively detects
TSH-R autoantibodies (TRAD) is a very useful tool.

In the initiation of the adaptive immune response,
T-cell activation is a critical event . Costimulation is nec-
essary for T cells to achieve maximal activation by T-cell
receptor (TCR) interacting with major-histocompatibili-
ty-complex (MHC complex). To achieve the full effect,
TCR and CD28 costimulatory molecules are needed to be
temporally coincident and spatially proximal. Physiolog-
ical engagement of CD28 alone is insufficient to induce
T cells to proliferate or conduct effective function. En-
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gagement of CD28 expressed on T cells with its ligands
B7-1 (CD80) or B7-2 (CD86) on the antigen presenting
cells plays a central role in the early stage of T cells acti-
vation [1]. In nadve T cells, CD28 costimulation enhances
cell cycle entry and potently stimulates the production of
IL-2, the activation of an anti-apoptotic program and the
formation of immune synapse [2-4]. Some studies have
shown that CD28-deficient mice reduce responses to infec-
tious pathogens as well as allograft or contact hypersensi-
tivity antigens [5, 6]. The B7-CD28/CTLA-4 costimulation
can regulate T cell chemotaxis and differentiation, proba-
bly through the activation of inflammatory cytokines and
chemokines [7, 8]. However, the above reports about the
functions of CD28 molecules were all based on studies of
membrane-bound forms on the cell surface.

Previous studies indicated that costimulatory molecules
have two forms in vivo. As well as the membrane-bound
form, a soluble form had been found and investigated in
plasma from patients with autoimmune diseases [9-15].
Therefore, the dysregulation of T-cell functions by aberrant
elevation of soluble costimulatory molecules and proin-
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flammatory cytokines and chemokines may lead to inflam-
mation, particularly in systemic lupus erythematosus (SLE)
patients with more severe disease [16]. Elevated plasma
levels of soluble CD40L have been shown to be associated
with disease activity in SLE or unstable angina, and serum
levels of 4-1BBL are prognostic factors for progression of
myelodysplastic syndrome [17-20]. Similar findings have
been noted in subjects with several chronic liver diseases,
in terms of sSCD95L concentrations [21]. Apart from these
findings, recent studies have demonstrated that there is
a significant increase of serum soluble CD28 (sCD28) con-
centration in SLE patients compared with healthy control
subjects [22]. Aberrant elevation of sCD28 form in patients
with inactive and active disease concurs with the results re-
ported from another study [16]. However, it is still not clear
that the concentration and functional capacity of plasma
soluble CD28 in the patients with GD.

In present study, we established enzyme-linked immu-
nosorbent assay (ELISA) for quantitative detection to eval-
uate plasma soluble CD28 (sCD28) levels in patients with
Graves’ diseases, for the first time, to our knowledge, and
analysed its correlation with clinical parameters. To explore
the biological significance of soluble CD28 in patients with
Graves’ disease, we also measured IL-2 and IL-6 secretion
in the culture supernatant of dendritic cells at 24 hours after
using soluble CD28 fusion protein to interact with B7-1 or
B7-2 molecules, on immature dendritic cells in vitro. Solu-
ble CD28 may be involved in the development of GD and
may be considered as a biomarker of GD.

Material and methods

Blood donors and blood samples

Sixty-nine Chinese patients with GD (51 women,
18 men, mean age: 43.7 £15.8 years) were recruited from
Suzhou municipal hospital. All patients with GD were di-
agnosed by ultrasonography of thyroid volume (patients
with thyroid goitre size greater than 5 cm were included),
measurement of circulating thyrotropin receptor antibodies
(TRAD), suppression of serum TSH (less than 3.5 mIU/I),
elevation 3,5,3’,5’-tetraiodothyronine (thyroxin, T4) (high-
er than 25 pM) and 3,5,3’-triidothyronine (T3) (higher
than 5.5 nM) was processed. Biochemical, immunological
assays and clinical characteristics of the probands were
performed according to the previous report [23, 24]. Fif-
ty-seven sex- and age-matched healthy Chinese donors
(34 women, 21 men, mean age: 35.7 £12.6 years) were
recruited from Suzhou Blood Centre as control subjects,
and all volunteers with disease status were excluded. Ten
millilitres of venous peripheral blood were collected in
heparin from all the patients and control subjects. The
plasma samples were centrifuged, collected and stored at
—70°C before determination. This study was approved by
the Ethical Committee of the hospital.
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Detection of soluble CD28 by ELISA

The concentration of sCD28 in plasma was evaluated
by ELISA. Briefly, 96-well ELISA Plates (Costar, USA)
were coated with 4 pg/ml anti-CD28 mAb (prepared in
our lab, clone 2F5) and incubated at 4°C overnight. Un-
binding sites on the plates were blocked with 1% BSA in
phosphate buffer saline (PBS) at 37°C for 2 hours. After
washing, recombinant human CD28 protein (R&D Sys-
tems, Abingdon, UK) and samples were triplicately added
and incubated for 2 hours at 37°C. After washing twice,
soluble CD28 captured by coating the antibody was incu-
bated with biotin-conjugated anti-CD28 mAb (prepared in
our lab, clone 2D5), followed by HRP-streptavidin (Sig-
ma, MO, USA) incubation for 1 hour at 37°C and then
reacted with the substrate TMB (KPL, UK). Absorbance
values were measured at 450 nm. In addition, stability
was analysed by the detection with four known soluble
CD28 concentrations (1 ng/ml, 5 ng/ml, 10 ng/ml and
15 ng/ml) after plate coating and preservation at 4°C for
60 days. Measurement precision was determined by spik-
ing four serial two-fold dilutions of sCD28 into four dif-
ferent levels of known sCD28 concentrations. Specificity
was analysed by the measurement of recombinant human
CD80/Fc, CD86/Fc, CTLA-4/Fc and OX40L/Fc fusion
proteins (all from R&D Systems, UK). The results are ex-
pressed as ng/mL, mean + SD.

The effect of soluble CD28 on dendritic cell
response

Dendritic cells (DCs) were generated as described pre-
viously [25]. Human peripheral blood was obtained from
Suzhou Blood Centre. Briefly, peripheral blood mononu-
clear cells (PBMCs) were isolated as described above and
were allowed to adhere in six-well plate at a density of
5 x 108cells/ml at 37°C in RPMI 1640 with 10% FCS. Two
hours later, non-adherent cells were removed. The adherent
cells were cultured in 3 ml RPMI 1640 with 10% FCS,
750IU GM-CSF and 500 IU IL-4 (Essex Pharma, Niirn-
berg, Germany), 100 U/ml penicillin and 100 pg/ml strep-
tomycin in each well for seven days to generate DCs. The
culture media along with the cytokines was changed every
three days. After 7 days’ culturing, clusters of large non-ad-
herent cells displaying the cytological morphology of DCs
appeared in the wells. Cytokines secreted by DCs were an-
alysed at 24 hours after interacting the dendritic cells with
sCD28-Ig fusion proteins (20 pg/ml) or control IgG.

Measurement of the cytokines

Culture supernatants from dendritic cells were sampled
at 24 hours after interaction of sCD28 and DCs. IL-2 and
IL-6 ELISA were performed by commercially available
kits according to the manufacturer’s instructions (Dia-
clone, France).
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Fig. 1. Establishment of sandwich ELISA for detecting sol-
uble CD28. sCD28-Ig samples of four serials of two-fold
dilution were added to an ELISA plate precoated with 2F5
mADb. After sufficient washing, 2D5 mAb labelled with
biotin and streptavidin-HRP was added. Then results were
revealed with TMB substrate and stop reagent (H,SO,)
at 450 nm and 620 nm as reference. The detection linear
range of sCD28 was from 0.25 to 32 ng/ml. Dots represent-
ed the mean value of three parallel well of sSCD28

Statistical analyses

Since Gaussian distribution was not seen on levels of
sCD28, the Mann-Whitney rank sum test was used to ana-
lyse the differences on sCD28 concentrations between pa-
tients and controls. The linear regression test was used to
compare sCD28 concentration with optical density value.
Student’s ¢ test was used for comparison of two groups,
and the Pearson or Spearman rank was used to assess cor-
relations. All analyses were performed using the Statistical
Package for Social Sciences (SPSS) statistical software for
windows, version 9.0 (SPSS, IL, USA). A p value < 0.05
was considered as statistically significant.

Results

Establishing soluble CD28 detection

For quantitative detection of sCD28, a sandwich ELISA
method was successfully established by using 2F5 mAb
as the capturing antibody and 2D5 mAb for detection. To
draw the best linear curve of sCD28, we calculated the
average absorbance values for each set of triplicates and
finally created a linear work curve by regression analysis
of the mean absorbance values for each standard concen-
tration on the ordinate against the sCD28 concentration
on the abscissa. From our results, the ELISA method for
detecting sCD28, prepared by ourselves, showed that the
detection range of ELISA permitted reliable sCD28 con-
centration from 0.25ng/ml up to 32ng/ml, and showed that
a sensitivity of approximately 0.06 ng/ml based upon re-
sults of tests with commercial standard concentration of
CD28/Fc fusion protein (Fig. 1). To extensively explore
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the practical application of this established sCD28 ELISA,
we also analysed the stability, precision and specificity of
the method. After pre-coating with 2F5, the plates were
preserved at 4°C for 0, 20, 40 or 60 days, and four known
sCD28 concentrations (1 ng/ml, 5 ng/ml, 10 ng/ml and
15 ng/ml) were analysed, respectively. Our results showed
that the mean sCD28 concentration and the coefficient of
variation were not significantly decreased in single sam-
ple concentrations at different times during 60 days at 4°C
(CV % < 7.61%). It demonstrated that storage of plates
coated with 2F5 mAb over prolonged periods did not affect
the detection of sCD28. The spike recovery ranged from
93% to 109% through spiking four serial two-fold dilu-
tions of sCD28 into four different levels of known sCD28
concentrations. To further evaluate the specificity, four
related soluble proteins (CD80/Fc, CD86/Fc, CTLA-4/Fc
and OX40L/Fc) were respectively added to recombinant
CD28/Fc positive control. Our results revealed that the
above-mentioned costimulatory molecules did not have
significant cross-reactivity or interference with detection
of sCD28. Therefore, the quantitative detection method of
sCD28 can be applied for the evaluation of concentrations
of sCD28 in samples.

Soluble CD28 increased in plasma of GD patients

Using the above-mentioned sandwich ELISA for de-
tecting sSCD28 concentrations, we measured sCD28 levels
in plasma from healthy donors and patients with GD. Our
results suggest that mean concentrations of sCD28 in the
plasma of patients with GD were 1.79 +1.52 ng/ml, but
levels of sCD28 in healthy subjects were 0.83 +1.35 ng/ml.
Concentrations of sCD28 detected in patients with GD
were significantly higher than those detected in healthy
subjects (p < 0.001). Four patients with GD had very high
levels of sCD28 (> 5 ng/ml) (Fig. 2). These patients had
significant goitre, proptosis and exophthalmos. Moreover,
there was a positive correlation between the concentrations
of sCD28 in plasma and FT3 (r = 0.663, p < 0.01), FT4
(r=0.624, p <0.01) and TRAD (r = 0.728, p < 0.01) levels
in serum, but a negative correlation was found between
sCD28 levels and TSH (r = -0.726, p < 0.01) (Fig. 3). In-
terestingly, for treated GD patients, sCD28 concentrations
in patients with GD were gradually decreased. In addition,
concentrations of sCD28 in culture supernatants of T cells
activated by PHA were significantly higher than those of
resting T cells (0.67 £0.15 vs. 0.34 £0.11 ng/ml, p < 0.05).

IL-6 secretion was induced by soluble CD28 ir vitro

To investigate whether CD28-Ig fusion protein could
display a functional response to human dendritic cells, we
assessed the production of IL-2 and IL-6 in culture su-
pernatants of dendritic cells treated with CD28-Ig fusion
protein and control IgG at 24 hours. Our results suggest-
ed that the concentration of IL-6 induced by sCD28 was
much greater than that of control groups (870.52 £73.61
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Fig. 2. Detection of sCD28 in patients and healthy control samples. A) Plasma of patients with Graves’ disease and
healthy donors was collected; concentrations of sCD28 were measured by the above-established sandwich ELISA.
The level of sCD28 from each sample was calculated in terms of separated and triplicated experiments. The differences
between Graves’ disease patients and control subjects were determined by non-parametric Mann-Whitney rank sum test;
p <0.01. B) sCD28 was detected in culture supernatants of resting T cells and activated T cells with PHA; p < 0.05

A B
30

25 4

[\
(=]
1

FT3 (pmol/l)
o
1

FT4 (pmol/l)

54 10 A

0 T T T T 0 T T T T
0 2 4 6 8 10 0 2 4 6 8 10

sCD28 (ng/ml) sCD28 (ng/ml)

0.30

0.254

0.20

0.154

sTSH (mIU/1)
TRAb (IU/I)

0.104

0.054

10 7

0 T T T T O T T T T
0 2 4 6 8 10 0 2 4 6 8 10

sCD28 (ng/ml) sCD28 (ng/ml)
Fig. 3. Correlation between concentration of plasma sCD28 and FT3, FT4, sTSH and TRAD in patients with Graves’
disease
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pg/ml vs. 4.25 £2.83 pg/ml), but the level of IL-2 secreted ~ but compared with control subjects, IL-2 levels were found
by sCD28 and control IgG showed no significant differ-  to decrease in plasma of GD patients (11.54 +1.72 pg/ml
ence (Fig. 4). Similarly, concentrations of cytokine IL-6  vs. 15.36 £1.48 pg/ml) Thus, sCD28 fusion protein could
in plasma were also significantly higher than those in  induce dominant production of cytokine IL-6, which may
healthy donors (73.46 £9.18 pg/ml vs. 8.27 +3.24 pg/ml),  be involved in GD development.
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Fig. 4. Cytokine concentrations of Graves’ disease patients and culture supernatants induced by sCD28 on dendritic
cells. Monocyte-derived dendritic cells were exposed to sCD28 fusion protein and IgG (control). After 24 hours, the
supernatants were harvested to measure the IL-2 (A, p > 0.05) and IL-6 (B, compared with control, p < 0.01) concentra-
tions. In addition, plasma of healthy donors and patients with Graves’ disease was also collected to detect levels of IL-2
(C, compared with healthy subjects, p < 0.05) and IL-6 (D, compared with Graves patients, p < 0.01) according to the kit
instructions. All data represented by the mean concentrations of cytokines was from three separate experiments
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Discussion

In autoimmunity, recent efforts have focused on iden-
tifying novel disease biomarkers and their biological char-
acteristics. The B7 family of costimulatory molecules is
critical in regulating T-cell responses. CD28, the ligand
of B7.1 or B7.2, has been demonstrated in previous stud-
ies to have costimulatory functions, and this protein has
sCD28 could be produced by shedding of the membrane
form or could result from alternative mRNA splicing, but
recently RT-PCR analysis has shown that only the full-
length CD28 transcript can be detected in T cells from SLE
patients exhibiting SCD28, suggesting that the elevation of
sCD28 found in patients may be attributed to the shedding
of the membrane [26, 27]. In accordance with the results,
our data revealed that detection of membrane CD28 ex-
pression on T cells from GD patients who had a high cir-
culating sCD28 level but showed a decreased expression,
was comparable with the control subjects. Moreover, the
exclusive full-length soluble form of CD28 in serum was
confirmed by western blot. In addition, RT-PCR analyses
confirmed that exclusive full-length CD28 expression is
detected in activated T lymphocytes, as previously report-
ed [22]. sCD28 in culture supernatants of T cells activated
with PHA was demonstrated by ELISA method, but sCD28
forms were undetectable in culture supernatants of rest-
ing T cells. These results might give some insight into the
close relationship between the elevation of sCD28 and the
activated state of peripheral T cells.

B7-CD28/CTLA-4 costimulation can regulate T-cell
chemotaxis and differentiation, probably through the ac-
tivation of inflammatory cytokines and chemokines [7,
8]. Therefore, the dysregulation of T-cell functions by the
elevation of sCD28 and proinflammatory cytokines and
chemokines is involved in the development of airway in-
flammation and airway hyperresponsiveness [28] and may
lead to inflammation, particularly in SLE patients with
more severe autoimmune disease [16]. However, it is not
clear from the present studies whether aberrant expression
of costimulatory molecules, such as sCD28, in GD patients
represents a primary existence in autoimmune diseases or
only represents the self-regulation mechanism of GD.

As is already known, the interaction of B7 and CD28
can exert a positive effect on the initiation and proliferation
of T cells, but our results and previous studies demonstrat-
ed that sCD28 could lead to dendritic-cell-induced IL-6
production. Similar results were demonstrated by using
mouse CD28-Ig to treat mouse dendritic cells [29, 30].
However, it is not clear from present studies whether el-
evation of sCD28 in GD represents a primary defect that
directly contributes to disease or just represents a second-
ary event. In addition, our data showed that aberrant ex-
pression of sCD28 in plasma has a significantly positive
correlation with IL-6 production (y = 0.792, p < 0.01).
We speculated that with the development of disease, the
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shedding of membrane CD28 molecules on T cells might
promote the production of sCD28, which can interact with
B7-1/B7-2 on the cell surface of DCs. The reverse signal
produced by the ligation of sSCD28 and B7-1/B7-2 can lead
to the production of IL-6, which plays an important role as
a cytokine in the development of B cells and in the pro-
duction of thyroid stimulating hormone receptor antibodies
(TRAD). The ligation of anti-TRAb and thyroid stimulat-
ing hormone (TSH) receptors may result in a decreased
level of TSH and increased level of free T3 and T4. There-
fore, in any event, aberrant production of sCD28 represents
a hallmark in GD and may provide a useful biomarker.

In summary, we established sandwich ELISA for de-
tecting SCD28 in biological samples, and demonstrated
elevated concentrations of plasma sCD28 in GD patients,
which had a significant association with laboratory pa-
rameters. Simultaneously, ligation of sCD28 fusion pro-
tein and B7-1/B7-2 expressed on DCs could promote DC
activation and IL-6 secretion. Based on the above findings,
sCD28 molecules in plasma were functional and had a re-
verse correlation with positive percentages of membrane
CD28 on T cells of GD patients.
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