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Purpose: The suppression of tumorigenicity 2 (ST2) protein is a member of the interleukin-
1 receptor family with the transmembrane (ST2L) and soluble (sST2) subtypes and plays an
important role in several diseases. Therefore, the present study aimed to establish and
validate a novel amplified luminescent proximity homogeneous immunoassay (AlphaLISA)
for the detection of sST2 in human serum.

Materials and Methods: Based on a sandwich-type immunoassay format, sST2 was
captured using two different anti-sST2 antibodies. One of the antibodies was biotinylated
while the other one was coated with AlphalLISA chemibeads. Thereafter, multiple tests were
conducted to optimize the working conditions and validate analytical performance.
Results: The optimum concentration of the biotinylated antibodies was 1 pg/mL while the
optimal dilution ratio for the anti-sST2 antibodies and conjugated chemibeads was 1:500. In
addition, the optimal antigen-antibody reaction time was 15 minutes (min). Notably, the
developed method showed a short turnaround time of about 25 min. Moreover, the assay
exhibited high sensitivity with a limit of detection (LOD) of 0.176 ng/mL and a limit of
quantification (LOQ) of 0.8 ng/mL. Furthermore, the intra-assay precision and inter-assay
precision values were 5.29-7.10% and 9.41%—13.66%, respectively. It is also noteworthy
that the test results deviated by less than £10% when samples had <10.0 ng/mL of triglycer-
ides, <0.5 mmol/L of bilirubin, <5.0 g/L of triglyceride, and <250 pg/L of biotin.
Additionally, the developed assay was almost consistent with the commercially available
PresageTM ST2 assay kit, with a Spearman correlation coefficient of 0.916 and an R* of
0.963 as well as a slope of 0.957 from linear regression analysis.

Conclusion: The present study showed that the sandwich AlphalISA is a rapid, high-
throughput, and reliable test for studying the levels of sST2 in a variety of diseases.
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Introduction

The suppression of tumorigenicity 2 (ST2) protein belongs to the Interleukin-1
Receptor-like-1 (IL1RL1) superfamily. In addition, the ST2 gene, located on the
human chromosome 2q12, is expressed in four protein isoforms and its two main
products are a transmembrane receptor (ST2L) and a soluble, serum circulating
receptor (sST2)."* Previous studies demonstrated that sST2 is involved in home-

ostasis/pathogenesis of various cancers as well as inflammatory and cardiovascular
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diseases.> Moreover, it was shown that sST2 values have
low biological variability and are independent of age, renal
function, and body mass index, hence displaying important
features of a biomarker.*>

In a bid to develop sST2 as a potential biomarker for the
detection/diagnosis, treatment, and monitoring of a range of
clinical conditions, particularly cardiac diseases, a robust
method that is highly accurate, sensitive, and gives high
throughput is needed. Notably, current analytical methods
for sST2 are mainly Enzyme-Linked Immunoassays
(ELISA), among which the Presage ST2 assay (Critical
Diagnostics, San Diego, CA, USA) is the only FDA-
approved and CE-marked method currently available in
the market.®” Nonetheless, the method has a number of
limitations including lack of concordance across platforms,
insufficient capture of protein markers to the surface-
anchored antibodies, a relatively large sample volume, and
long diffusion times required for antigen-antibody binding.
Additionally, ELISAs are heterogeneous methods that
inevitably require multiple and time-consuming incubation
as well as wash cycles.® Consequently, all these factors
affect the quality of the results and limit their subsequent
application.

Therefore, to address these limitations, the present study
developed an amplified luminescent proximity homogeneous
immunoassay (AlphalLISA) for the quantification of sST2.
This was achieved through a nanoparticle-based technology,
in which the proximity (<200 nm) of 2 types of beads could
lead to the emission of light through Chemiluminescence
(CL). This AlphalLISA technology developed from the
Luminescent Oxygen Channeling Immunoassay (LOCI)
simplifies the analysis process and directly generates detec-
tion signals without resorting to the separation steps of the
detectably labeled specific binding members.”'* Therefore,
contrary to the conventional ELISA techniques, the proposed
methodology exhibited the advantages of simpler and faster
analysis. Consequently, the purpose of the present study was
to establish and validate the characteristics of this novel
immunoassay for the determination of sST2 concentrations
in human serum.

Materials and Methods

Chemicals and Apparatus

Streptavidin-coated sensibeads, unconjugated chemibeads
and 96-well microplates were provided by Beyond Biotech
(Shanghai, China). In addition, the recombinant human
ST2 protein (cat. no. ab233601) with a purity of >95%

(from SDS-PAGE analysis) and anti-ST2 antibodies (cat.
no. ab233433 and cat. no. ab196525) were purchased from
Abcam (Cambridge, UK). On the other hand, EZ-LinkTM
Sulfo-NHS-LC-LC-Biotin (cat. no. 21,338) was purchased
from Thermo Fisher Scientific, Inc. (Waltham, MA, USA).
The interfering substances, including triglycerides, biliru-
bin, hemoglobin, and biotin were bought from Sigma
Aldrich (St. Louis, MO, USA). Additionally, Bovine
Serum Albumin (BSA) and Proclin 300 were sourced
from Solarbio (Beijing, CN). The dilution solution for
the biotinylated anti-sST2 antibodies and anti-sST2 anti-
bodies-bound chemibeads was 0.01 M Phosphate-buffered
Saline (PBS, pH7.4) with 0.5% (w/v) BSA and 0.1% (v/v)
Proclin 300. The sST2-depleted serum was also provided
by Beyond Biotech (Shanghai, China). Moreover, highly
purified distilled and de-ionized water, produced through
Direct-Q 3UV (Millipore) was used throughout the study.
All the other chemicals were of analytical grade and used
as received. Furthermore, the PresageTM ST2 assay kit
that served as a comparative method was provided by
Critical Diagnostics (San Diego, CA, USA). Finally, the
AlphalLISA signal was measured on the Light Initiated
Chemiluminescent Assay (LICA)
Biotech).

system (Beyond

Clinical Samples

Serum samples were obtained from the Tianjin Chest
Hospital and included 42 patients with heart failure and
10 healthy subjects. Briefly, blood was collected into
vacutainers containing a separating gel with a serum
separator. They were then centrifuged at 3500 rpm for 5
min and the supernatants (serum) stored in aliquots at —20°
C for subsequent steps. Additionally, sample pools at high
(141.63 ng/mL) and low (35.27 ng/mL) concentration
levels were prepared by spiking mixed samples, in order
to perform all the method development and validation
experiments. Repeated freezing/thawing was avoided.
Moreover, written informed consent was provided by all
patients while collection and storage of serum samples was
approved by the Ethics Committee of Tianjin Chest
Hospital.

Biotinylation of Anti-ST2 Polyclonal
Antibodies

Anti-ST2 polyclonal antibodies were biotinylated accord-
ing to the manufacturer’s protocol. Briefly, a 10 mM solu-
tion of the biotin reagent was prepared by dissolving
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2.0 mg of EZ-Link Sulfo-NHS-LC-LC-Biotin in 0.3 mL of
0.01 M PBS. Thereafter, an appropriate volume of the
anti-ST2 polyclonal antibody solution was added into the
biotin reagent solution at a molar ratio of 1:20, before
incubation on ice for 2 hours (h). In order to remove non-
reacted biotin, the labeled antibodies were further purified
by dialysis (molecular weight cutoff of 10 kDa) using 0.01
M PBS (pH7.4). The prepared biotinylated anti-ST2 anti-
bodies were then stored at 4°C for further use.

Coupling of Monoclonal Anti-ST2
Antibodies to Chemibeads

Prior to labeling, the chemibeads (1 mg) were washed
twice with ultrapure water through a brief vortex.
Afterwards, the pre-washed beads were resuspended in
0.05 M carbonate buffer (pH9.6). The obtained solution
was then added to 0.05 mg of monoclonal anti-ST2 anti-
bodies after which the mixture was incubated under agita-
tion at 37°C for 24 h. Afterwards, an aqueous solution of
NaBH, (10 pL, 8 mg/mL) was dropped into the mixture
and incubation continued for 2 h at Room Temperature
(RT). In order to eliminate nonspecific binding and block
unconjugated sites, a solution of glycine (40 pL, 75 mg/
mL) was added to the reaction before incubation at RT for
1 h. The resulting conjugate was then centrifuged (10 min,
5000xg) and washed with ultrapure water. Finally, the
beads were dispersed in 200 pL of storage buffer contain-
ing 20mM HEPES, 0.2% (w/t) BSA, and 0.1% (v/v)
Proclin-300 at a concentration of 5 mg/mL and stored at

The AlphaLISA sST2 Procedure

The diagrammatic summary of the creation and applica-
tion of the proposed AlphalLISA sST2 with a sandwich
chemiluminescent assay format is illustrated in Figure 1.
Briefly, a mixture of 20 puL serum sample or sST2 stan-
dards, 20 pL biotinylated antibodies, and 25 pL suspen-
sion of antibodies-conjugated chemibeads was added into
a 96-microtiter well plate. The plate was then incubated
under agitation at 37°C for 15 min to form a sandwich of
immuno-complexes. Thereafter, 150 pL (100 pg/mL) of
streptavidin-coated sensibeads was added and incubated in
the dark at 37°C while shaking for another 10 min. Finally,
a chemiluminescence reaction was produced and the signal
intensity was determined as the Relative Light Units
(RLU), using a LICA reader. The concentration of sST2
in serum was then calculated based on the standard cali-
bration curve.

Statistical Analysis

The samples and standards were assayed in duplicate. In
addition, continuous variables were presented as mean =+ 2
Standard Deviation (SD). A standard curve was then con-
structed by plotting the logarithm of RLU (Y) against
the logarithm of analyte concentration (X) and fitting the
results into a four-parameter logistic model using the
ELISACalc data program. Additionally, Spearman correla-
tion was performed to examine the relationship between
the proposed method and the commercially available
Presage™ sST2 assay kit. The equation was generated

4°C. through simple linear regression analysis. Moreover,
Excitation . Emission
680 nm 0, 615nm
y/ —F
_—
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Streptavidin-coated Biotinylated anti-sST2 sST2 antigen Anti-sST2 conjugated
sensibeads chemibeads
Figure | Schematic representation of AlphaLISA for the measurement of sST2 in a double-antibody sandwich format.
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Bland-Altman analysis was used to evaluate the consis-
tency of the two detection methods. Analyses were per-
formed using the GraphPad Prism software, version 7.0
(San Diego, California, USA). Statistical significance was
considered as two-sided P < 0.05.

Results

Optimization of AlphaLISA sST2

In order to develop a highly effective AlphalL.ISA sST2,
the effects of several factors that could affect the sensi-
tivity of the method were studied and optimized. Such
included the concentration of biotinylated anti-sST2
antibodies, dilution ratios of the chemibeads coated
with anti-sST2 antibodies and the incubation time of
the first reaction step.

Optimization of the Concentration of
Biotinylated Anti-sST2 Antibodies

Appropriate concentrations of antibodies were crucial for
the sensitivity of the immunoassay. Therefore, biotinylated
anti-sST2 antibodies were diluted to 0.2, 1, and 5 ug/mL to
obtain the titration curves shown in Figure 2A. The results
revealed that the CL signal intensity increased with
increasing concentrations of the biotinylated antibodies
within the range of 0.2—-1 pg/mL. However, a decrease in
CL signal intensity was observed when the concentration
of biotinylated antibodies was higher than 1pg/mL.
Consequently, the optimal titration level for the biotiny-
lated anti-sST2 antibodies was chosen to be 1 pg/mL for
use in subsequent experiments.

Optimization of the Dilution Ratios for
the Chemibeads Coated with Anti-sST2
Antibodies

It is noteworthy that an appropriate quantity of chemibeads
is essential for analytical performance. For instance, an
excess amount of chemibeads might increase the probabil-
ity of random collision between two types of nanoparti-
cles, resulting in an increase in the background signal and
a decrease in sensitivity. On the other hand, an extremely
low amount of chemibeads might decrease the intensity of
CL, thus reducing the sensitivity of the assay. The results
demonstrated that the CL signal reached a maximum at the
dilution ratio of 1:500 (Figure 2B). Therefore, the dilution
titration of 1:500 at a concentration of 10 pg/mL was used
as the optimal dilution ratio for the anti-sST2 antibody-
conjugated chemibeads.
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Figure 2 Optimization of the AlphaLISA sST2 working conditions. The effect of
a single variable on the intensity of CL was examined by making the other factors
constant. (A) Effect of the concentration of biotinylated anti-sST2 antibodies; (B)
Effect of the dilution ratios of chemibeads coated with anti-sST2 antibodies; (C)
Effect of incubation time. The error bars of some points were invisible because they
were shorter than the height of the symbol. Low: low levels of sST2 serum pool
(35.27 ng/mL); High: high levels of sST2 serum pool (141.63 ng/mL).

Optimization of Incubation Time

The study then investigated the length of the immunoreac-
tion step between the antigens and antibodies in order to
assess the effect of incubation time on the performance of
the assay. Figure 2C shows that the value of CL increased
with incubation time between 5 and 15 min. However,
only a slight increase in CL intensity was observed after
15 min, indicating that the reaction had reached an equili-
brium. Therefore, an incubation time of 15 min was used

in the subsequent steps.
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Validation of AlphaLISA sST2

After the optimal working conditions for sST2 were estab-
lished, the analytical performance of AlphalISA sST2 was
investigated. This involved a series of experimental para-
meters, including the calibration curve, sensitivity, precision,
recovery, anti-interference, analysis of clinical samples, and
method comparison. Notably, validation of performance was
mainly conducted in accordance with provisions of the
Clinical and Laboratory Standards Institute (CLSI).

The Standard Curve

Figure 3 illustrates the AlphalLISA sST2 standard curve
obtained from a series of dilutions of ST2 standards under
optimal reaction conditions. The ST2 protein was diluted
proportionally in sST2-depleted serum to create 6 working
standards with specific concentrations of 0, 1, 5, 25, 100,
and 400 ng/mL. Additionally, the line of fit was obtained
using the formula; Y= (5.59-2.63)/[1 + (X/10.06) *%°] +
2.63, with a correlation coefficient of 0.998. Notably, the
intensity of CL saturation or hook effect was observed
after the concentration of ST2 exceeded 400 ng/mL.

Sensitivity of AlphaLISA sST2
The Limit of Detection (LOD) for the sST2 assay corre-
sponded to the minimum dose distinguishable from 0 or
the minimum detected concentration. It was assessed by
adding 2 SD to the mean value of twenty zero standard
replicates and calculating the corresponding concentration
based on the dose—response curve. As a result, the LOD of
the current assay system was found to be 0.176 ng/mL.
Additionally, the ST2 protein was diluted with sST2-
free serum samples to achieve 5 solutions of 0.10, 0.20,

10°7 Y= (5.59-2.63) / [1 + (X/10.06)°%°] + 2.63
105+

3 104
(14

103

1 O z-ﬁmmq
10 10° 10° 102 103
ST2 concentration (ng/mL)

Figure 3 The standard calibration curve generated using the AlphalISA with
solutions containing recombinant ST2 at selected concentrations.

0.40, 0.6, and 0.80 ng/mL, in order to determine the
Limit of Quantification (LOQ) of the test. The obtained
low-level samples were tested in duplicates in five con-
secutive days. In addition, the Coefficient of Variation
(CV) for each sample was calculated using the follow-
ing formula: CV(%)= (SD/mean)x100. Moreover, the
LOQ was obtained by plotting CV against the mean
concentration and the concentration whose correspond-
ing CV was <20% identified as the LOQ.
Consequently, an LOQ of 0.8 ng/mL was obtained, as

was

shown in Figure S1.

Imprecision of AlphaLISA sST2

Intra-assay variation was examined by analyzing 20 repli-
cates of serum pools containing a low or high concentra-
tion (35.27 or 141.63 ng/mL, respectively) of sST2, in
a single run. On the other hand, inter-assay variation was
examined by running the serum pools in a similar manner
but on five separate occasions. The intra- and inter-assay
CV values ranged between 5.29-7.10% and 9.41-13.66%,
respectively (Table 1). Therefore, the results showed
acceptable imprecision given that both CVs were below
or close to 15%.

Recovery of AlphaLISA sST2

The recovery rate is an important indicator of the testing
accuracy of detection systems. Therefore, five solutions
were prepared for the recovery study. The first and fifth
solutions were the above-mentioned (previous section)
serum pools with low and high concentration of sST2,
respectively. However, the second solution was obtained
by spiking the first solution with the fifth one at a volume
ratio of 3:1 to obtain the mixture. Similarly, the third and
fourth solutions were obtained by mixing the first and fifth
ones at a volume ratio of 2:2 and 1:3, respectively. The
results revealed that all recoveries were within 90—110%
and are shown in Table 2.

Table | Intra- and Inter-Assay CV for AlphalISA sST2 Using
Repetitive Measurements

Serum Pool Intra-Assay (n=20) | Inter-Assay(n=100)
(ng/mL)

Mean | SD | CV | Mean | SD Ccv

(%) (%)

Low 36.45 1.93 | 529 | 3464 | 501 13.66

High 139.78 | 9.92 | 7.10 | 142.26 | 13.39 | 9.4I

Notes: Low: the low levels of sST2 serum pool (35.27 ng/mL); High: the high levels
of sST2 serum pool (141.63 ng/mL).
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Table 2 Recovery of AlphaLISA sST2

Solution Theoretical Detection Value (ng/ Recovery
Compounding | Value (ng/ mL) (%)

mL)

Rep | | Rep2 | Mean

L 3527 35.26 37.08 36.17 -
3L:IH 61.86 60.34 57.63 58.99 95.36
2L:2H 88.45 90.87 92.15 91.51 103.46
IL:3H 115.04 120.2 11886 | 119.53 | 103.90
H 141.63 140.15 | 144.69 | 14242 | -

Notes: L: the low levels of sST2 serum pool (35.27 ng/mL); H: the high levels of
sST2 serum pool (141.63 ng/mL).

Anti-Interference Capability of AlphaLISA
sST2

Sample components, including structurally similar ana-
lytes, degradants, metabolites, impurities, or matrix com-
ponents may affect the quantitation of the analyte of
interest. Therefore, the test for interference was performed
by adding known amounts of triglycerides, bilirubin,
hemoglobin, and biotin to serum pools.'* Additionally,
the rate of interference was calculated based on the per-
centage difference before and after adding the interfering
substance. Notably, the rate of interference was shown to
be acceptable as it was within the range of + 10%.
Moreover, no significant difference was observed in the
presence of triglycerides, bilirubin, hemoglobin, and biotin
up to the concentrations of 10.0 g/L, 0.5 mmol/L, 5.0 g/L,
and 250 pg/L, respectively (Figure S2).

Analysis of Clinical Samples

Alphal.ISA was then used to determine the concentration
of sST2 in samples obtained from 42 patients with acute or
chronic heart failure and 10 healthy individuals. No sig-
nificant difference was obtained in the serum sST2 levels
of patients with heart failure and healthy individuals, as
shown in Figure S3 (P=0.052).

Correlation Between AlphaLISA sST2 and
the Presage™ sST2 Assay

In order to further validate the assay, the levels of sST2 in
52 clinical serum samples were evaluated in parallel using
the present method (X-axis) and the Presage™ ST2
ELISA assay (Y-axis) as a reference. The Presage™ ST2
method
marked

is currently the only FDA-approved and CE-
assay in the market. Interestingly, the results

demonstrated some similarity between the two methods
(r=0.916, P<0.0001). Additionally, a good linear relation-
ship was observed between the methods (Figure 4A) and
the corresponding equation for the linear regression curve
was Y= 0.96X+1.56 (R?=0.963, P<0.0001). Bland-Altman
analysis further validated the results, with a mean bias of
0.265 ng/mL and a 95% limits of agreement value of
between —11.97 and 12.50 (Figure 4B).

Discussion

sST2 is recognized as a noninvasive diagnostic and prog-
nostic marker of a range of diseases. Over the recent years,
a better understanding of this biomarker as well as its
diverse clinical applications have raised the need for
a more rapid, high-throughput and sensitive method for
its detection. Consequently, the present study for the first
time developed a method that established a homogeneous
chemiluminescent sandwich immunoassay for the rapid
quantitative detection of sST2. Notably, this method elimi-
nated the tedious wash steps required in the currently used
ELISA-based assays. The AlphalLISA technology is
a beads based method with simple, hypersensitive, and
high-throughput screening characteristics.'® '® In addition,
this analysis method is mainly composed of two types of
polystyrene microparticles, namely sensibeads and chemi-
beads. Sensibeads are modified with phthalocyanine as
a photosensitizer, which can transform adjacent ambient
oxygen (0,) to an excited form of singlet oxygen ('0,)
under irradiation at 680 nm. Therefore, when the two
nanospheres are close to each other through the biological
interaction of antigen-antibody and biotin-streptavidin, the
singlet oxygen molecules transfer to the surface of the
chemibeads within a distance of 200 nm then react with
thioxene derivatives and Eu (III) dopant to generate
520-620 nm of light emission.

Unlike the typical ELISA method which inevitably
requires multiple washing cycles and incubation steps,®
the AlphaLISA technique is a homogeneous immunoassay
procedure that does not require any separation or washing
step. It instead employs a two-step chemiluminescence
assay as a detection technique using polystyrene micro-
particles. Consequently, this mix-and-read property led to
the rapid quantitation of sST2 within as little as 25 min
and was therefore more time efficient. Moreover, the pre-
sent sST2 assay in a plate format offered a higher through-
put compared to the conventional single-tube detection
methods, such as the Chemiluminescent Immunoassay
(CLIA) and Electrochemiluminescence (ECLIA).
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Figure 4 Graphical comparisons between the novel method and commercial ELISA kits in the determination of sST2 concentration in serum samples. (A) Linear regression
analysis of the present method and reference products in the detection of sST2; (B) Bland-Altman plot of the present method and reference products in the detection of
sST2 levels in serum samples. The data is presented as mean values from duplicate measurements.

The AlphaLISA sST2 assay also showed good sensi-
tivity with an LOD of 0.176 ng/mL and an LOQ of 0.8 ng/
mL, which is great considering the increasing need for
a highly sensitive measurement. Additionally, the preci-
sion results showed that the assay had good performance,
evidenced by the low intra-and inter-assay CVs which
were all below 15%. These therefore indicated that the
developed AlphalISA sST2 method complied with the
generally accepted standards.

Given that the Alphal.ISA sST2 technique is a wash-
free method, it is possible that it is more susceptible to
interference from abnormal clinical samples that could
result from jaundice, hemolysis, and hyper-lipemic blood.
In addition, biotin causes interference in many streptavidin-
biotin-based immunoassays, resulting in false-decrease
results in sandwich immunoassays.'>'® Nonetheless, no
significant interference was observed from the parameters
assayed in this study, within the indicated ranges of
concentration.

Moreover, applicability of the assay for the detection of
sST2 was investigated using sera from patients with heart
failure and healthy controls. The results revealed no signifi-
cant difference in the concentration of sST2 between the two
groups, indicating that it might not have been a diagnostic
maker of heart failure in the study population. Recent studies
demonstrated that an elevated concentration of soluble ST2
was a predictor of adverse cardiovascular outcomes in both
acute and chronic heart failure.'” ' Therefore, sST2 may be
a prognostic biomarker that can help in therapeutic decision-
making in both chronic and acute heart failure.

Furthermore, the validity of AlphalLISA sST2 was
further confirmed by the good, overall correlation analysis

results (r =0.916 and P<0.0001) obtained between the
developed method and the only commercially approved
kit (Presage™ ST2 Assay Kit). Satisfactory results were
also obtained from Bland-Altman analysis.

Conclusion

The study for the first time developed an AlphalLISA
immunoassay for measuring the concentration of sST2 in
human serum. The assay exhibited acceptable analytical
characteristics, and was largely similar to the standard
method, making it promising as an alternative for ELISA
in both research and clinical practice.
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