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Abstract If the biomarker potential of intact heteromers and
their free subunits is different, differentiation between these
forms may reveal important clinical information. Such differ-
entiation may however be analytically challenging. One pos-
sible way of circumventing this challenge is by performing a
dual-immuno-MS approach. In the present paper, a two-step
immunoaffinity sample preparation step is succeeded by di-
gestion and subsequent LC-MS analysis to provide high-
sensitivity quantification and differentiation between the het-
erodimer human chorionic gonadotropin (hCG) and its free 3-
subunit in serum. Intact and free variants are captured in two
separate immunoextraction steps in order to increase the dif-
ferentiation power of the method. Intact heterodimer variants
were depleted prior to free subunit variants in order to incor-
porate a method quality control. The method was optimized
for serum samples. A fully validated immuno-MS method was
used as foundation, and partial validation according to the
European Medicines Agency’s (EMA) guidelines on valida-
tion of bioanalytical methods was performed for the dual ap-
proach. An accelerated digestion step was incorporated mak-
ing batch processing of samples within 1 day possible
(approx. 3.5 h of sample preparation including digestion).
Acceptable linearity (R*>0.990 for four variants and R? of
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0.920 and 0.966 for the remaining two) and specificity were
demonstrated, and the method was robust toward varying
levels of intact heterodimer versus free subunit. The method
was also successfully tested on realistic samples, demonstrat-
ing both the differences in total hCG and the distribution be-
tween intact hCG and its free 3-subunit in real samples.
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Introduction

Heteromeric protein biomarkers used for clinical purposes
have been suffering from difficulties when it comes to differ-
entiation between the intact heteromer and the free subunits.
This has somehow hampered the utilization of the inherent
potential of some of these biomarkers, as free subunits may
report different biological conditions than the intact hetero
mer. Examples of such heteromeric protein biomarkers with
differential biomarker potential are neuron-specific enolase
(NSE) (heterodimer; homodimeric and monomeric conforma-
tions also occur) [1-4], coagulation factor XIII (FXIII;
heterotetramer) [5—12], and human chorionic gonadotropin
(hCG; heterodimer) [13].

hCG is a glycoprotein hormone (GPH), which for several
years has been utilized as a biomarker for the selection of
biological and pathological conditions, first and foremost in
pregnancy diagnostics, predicting the pregnancy outcome and
revealing abnormalities [13—19]. hCG is also an important
biomarker for several types of cancer [13, 18-29]. The prog-
nostic value of hCG is of such strength that it alone can be an
incentive for the onset of cancer treatment [13, 29-32]; reli-
able high-sensitivity quantification methods are therefore a
premise for clinical use of hCG analysis.
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hCG consists of an «-subunit (hCGx, 92 amino acids),
common to all GPHs, and a 3-subunit (hCGf3, 145 amino
acids), which is specific for hCG [13]. The most common
protein backbone variants of hCG are the intact heterodimer
(intact hCG) and the free subunits, most importantly the spe-
cific 3-subunit (hCGf) and its degradation products, includ-
ing hCGf core fragment (hCGf3cf) and nicked hCG variants
(hCGn, hCGpn)—all gathered under the collective term 2CG
[29, 33, 34].

Different variants of hCG are associated with different
biological/pathological conditions or stages of these [19, 35].
As a cancer biomarker, intact hCG is observed in elevated
concentrations in most cases of gestational trophoblastic dis-
ease (GTD) and about half of the cases of testicular germ cell
tumors [13]. Raised levels of hCGf are found in 10-30 % of
most cancers, and for some types of cancers, the percentage is
even higher. In addition, nontrophoblastic tumors are often
associated with increased production of free hCGf3 alone
[29, 35]. High serum levels of free hCGf are strongly con-
nected with poor disease outcome for the cancer patient, as it
is usually a clear sign of aggressive disease and therewith poor
prognosis [29]. Free hCGf is a valuable prognostic marker for
most cancers, which can help distinguish malignant tumors
from benign [13, 29, 35-37]. Monitoring of hCGf{ levels
can also reveal development of therapy resistance [37-39]
and thus evoke for personalized medicine.

The biomarker quality of free hCG3 emphasizes the im-
portance of being able to analytically differentiate between
free hCGP and hCGf as part of the intact dimer. Unfor
tunately, many immunoassays are designed to detect hCG
and hCGf together. These assays cannot differentiate between
the two, and the “total hCG” concentration is based on the
biological activity (international units, IU) of hCG, which is
close to 15-fold higher than that of hCGf (if compared in
molar concentrations) [13, 29]. The contribution of hCGf3 to
the measured “total hCG” concentration will thus often be
negligible, even if the levels of hCGf3 are elevated. Specific
immunoassays for hCGf3 are available but these are often of
insufficient sensitivity for detection of the serum hCGf3 con-
centrations typically occurring in cancer patients [13]. Serum
measurements are preferred for the quantification of hCG and
hCGQ, rather than urine measurements, with the large day-to-
day variation of protein concentrations in urine taken into
account [13, 29]. Assays used for the quantification of serum
hCG should ideally detect both intact hCG, hCGf3, nicked
hCG forms, and hCGf3cf, as degraded hCG variants may be
found in the serum of cancer patients [29, 33, 34].

Previously, our group has developed a highly specific and
sensitive immuno-MS method for quantification of intact
hCG, hCGf, hCGfn 45/46, hCGn 47/48, and hCGfcf, all
in one analysis [40]. One major drawback of this method is its
incapability to differentiate between intact hCG and free
hCGf. Recently, this was partly addressed, and a method able
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to differentiate between the most common hCG variants in
urine was described [41]. A two-step immunoextraction pro-
cedure was applied; first free h(CGf3 and hCGfcf were isolat-
ed and then intact hCG, and the complete sample preparation
time was close to 24 h.

As serum is the most common matrix for the determination
of cancer markers, the present work was set out to develop a
setup capable to differentiate between all hCG variants (in-
cluding the nicked ones) in serum through a dual-immuno-MS
analysis. In order to incorporate a quality control feature, in-
tact hCG variants were extracted in the first step. In addition,
efforts were made to reduce the total sample preparation time
(including digestion) to within one working day.

Materials and methods
Chemicals

Different hCG sources were used; Ovitrelle® (recombinant
hCG) was obtained from Merck Serono Europe Limited
(London, UK) and Pregnyl® (hCG extracted from human
urine from pregnant women) from N.V. Organon (Oss,
Netherlands). In addition, the WHO 1st international reference
reagents (IRRs) for intact hCG (IRR 99/688), hCGf3 (IRR 99/
650), hCGn (IRR 99/642), and hCGn (IRR 99/692) respec-
tively, were obtained from the National Institute of Biological
Standards and Controls (NIBSC) (Hertfordshire, UK). The
monoclonal antibodies (mAbs) used (ISOBM-387, ISOBM-
389, ISOBM-411, ISOBM-414, ISOBM-419, ISOBM-425,
ISOBM-436, ISOBM-446, and ISOBM-447) were from the
second ISOBM TD-7 workshop [42], and 1,4-dithiothreitol
(DTT) (analytical grade), iodoacetic acid (IAA) (analytical
grade), formic acid for mass spectrometry (~98 %), TPCK-
treated and lyophilized sequencing grade trypsin from bovine
pancreas (T8802), and the stable isotope-labeled (SIL) internal
standard peptides were purchased from Sigma-Aldrich (St.
Louis, MO, USA). All other chemicals used were of analytical
grade. Human serum from healthy individuals was provided
by Oslo University Hospital, Ullevaal (Oslo, Norway).

Preparation of hCG-spiked serum samples

Initial experiments were performed with either one of the
pharmaceutical preparations Pregnyl® or Ovitrelle® as hCG
source. For the method development experiments, urinary
hCG isolated from pregnant women (Pregnyl®) was mainly
used as hCG source in serum samples spiked prior to the
immunoextraction procedure. Due to its origin, Pregnyl®
may contain free subunits and degradation products of hCG.
Recombinant intact hCG (Ovitrelle®) was used in some ex-
periments. The hCG source used is specified for the respective
experiments.
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The hCG concentrations of Pregnyl® and Ovitrelle® were
converted from [U/milliliter to molar by the conversion factor
given by Stenman et al. [13].

Pregnyl® samples

A stock solution of hCG was made by resolving one ampulla
of Pregnyl® (5000 IU hCG ~15 nmol) in 1 mL of Milli-Q™
water. The stock solution was further diluted to 1.5 pM hCG
with water of the same quality. Subsequently, human serum
was spiked with this stock solution to the desired hCG
concentration.

Ovitrelle® samples

One Ovitrelle® syringe with a concentration of ~40 uM was
diluted to a stock solution of 1.5 uM with Milli-Q™ water.
The stock solution was used to spike human serum to the
desired hCG concentration.

Reference reagents for hCG and associated molecules

Standard solutions of IRRs for intact hCG (IRR 99/688),
hCGp (IRR 99/650), intact hCGn (IRR 99/642), and
hCGpn (IRR 99/692) were prepared separately by reconstitu-
tion of the lyophilized content of the respective ampoules with
phosphate buffer saline pH 7.4 (PBS) containing 10 mg/mL
bovine serum albumin added in volumes obtaining an IRR
concentration of 1 uM. Aliquots of standard solutions were
stored at —32 °C and used to spike human serum samples.

Dual immunocapture

The samples were run through a dual immunocapture proce-
dure depicted in Fig. 1: the first step capturing intact hCG
variants with mAb ISOBM-414 and the second step capturing
hCGf and other free variants with mAb ISOBM-419. A
method previously developed by our group [40] was used as
basis for both immunoextraction steps. Apart from the choice
of mAb in step 1, the only differences were that tryptic diges-
tion was adapted to fit into a high-speed format, the DTT
reduction temperature was reduced from 95 to 60 °C to reduce
the chances of protein aggregation [43] (no decrease in signal
intensity was observed; data not shown), and the solid-phase
extraction step was omitted. The derived immunoextraction
method was found to have similar performance as the conven-
tional method (see Electronic supplementary material (ESM)
Fig. S1).

The immunocapture method (based on [44]) was per-
formed as follows: Step 1: (1) 500 uL PBS with 0.05 %
Tween 20 was added to a LoBind Eppendorf® tube from
Eppendorf AG (Hamburg, Germany), and (2) 40 uL magnetic
beads (10 mg beads/mL) coated with 15 pg mAb ISOMB-

414/mg beads was added to the tube. (3) The sample tube was
mixed before it was placed in an Invitrogen DynaMag-2 mag-
netic rack (Carlsbad, CA, USA) withholding the magnetic
beads, and the washing solution was removed. (4) A 1-mL
serum sample was added before the sample was incubated for
1 h on a HulaMixer™ at room temperature (Invitrogen). (5)
The sample was placed in the magnet rack and the sample
solution transferred to a new tube (further preparation of the
transferred sample solution is described in point (11)). (6) The
magnetic beads were then washed in the given order: (I)
500 puL PBS with 0.05 % Tween 20, (II) 500 uL PBS, and
(III) 500 pL of 10 mM Tris(hydroxymethyl)aminomethane
hydrochloride (Tris-HCI) pH 7.4. Between all washing steps,
the Eppendorf tube was mixed before the washing solution
was removed. (7) One hundred microliters of freshly prepared
50 mM ammonium bicarbonate (ABC) with 0.001 % polyeth-
ylene glycol (PEG) was added. Step 2 (derived from [40]): (8)
point (1) was repeated with a new Eppendorf® tube, and (9)
20 pL magnetic beads coated with 15 ug mAb ISOMB-419/
mg beads (10 mg beads/mL) were added to the tube. (10)
Point (3) was repeated before (11) 1 mL of the serum sample
from point (5) was transferred to the new tube and extracted
for 1 h on a HulaMixer™ at room temperature. (12) The
serum was removed and the magnetic beads were washed as
described in points (6) and (7).

Tryptic digestion and internal standards

In accordance with a previous work [45], an accelerated
digestion method with a 1:1 (w/w) trypsin-to-protein ra-
tio and only 45 min digestion time was performed sub-
sequent to the immunocapture. The 100-uL samples ob-
tained from steps 1 and 2 of the dual immunocapture
were run separately through tryptic digestion in the fol-
lowing manner: 6 pL of 100 mM DTT (freshly pre-
pared in Milli-Q™ water) was added to each sample
and the samples were left at 60 °C for 15 min on a
Thermomixer comfort (Eppendorf®) at 1100 rpm. After
being cooled to room temperature, 9 uL of 400 mM
IAA (freshly prepared in Milli-Q™ water) was added
to the samples, which were then placed in a dark envi-
ronment for 15 min. Seven microliters of 500 pg/mL
trypsin (freshly prepared in 50 mM ABC with
0.001 % PEG) was added to the samples, which were
subsequently kept at 37 °C for 45 min on a
Thermomixer comfort at 1100 rpm. The sample tubes
were mixed before they were placed in a magnetic rack
withholding the magnetic beads, allowing the sample
solution to be transferred to the new tubes. As the sam-
ple solutions were removed from the beads, they were
immediately mixed with 4 pL concentrated formic acid
to stop the digestion process. No further sample cleanup
was performed prior to injection to the LC-MS system.

@ Springer



7382

S.V. Egeland et al.

Fig. 1 Dual-immuno-MS
workflow. The numbering
corresponds to the numbers in the
procedure description in the
“Dual immunocapture” section
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Heavy labeled synthetic analogs (SIL peptides) of the
hCGa (hCGx-T2; [HJAYPTPLR[OH]) and hCGf
(hCGB-T5; [HIVLQGVLPALPQVVCNYR[OH]) signa-
ture peptides were used as internal standards (IS):
[HIAYPTPL[R'?C'>N]J[OH] and
[HIVLQGVLPALPQVVCNY[R'*C'°N][OH], respective-
ly. The SIL IS peptides were added to each sample to a
final concentration of 10 nM, before injection to the
LC-MS system. Signal intensities of hCGx-T2 and
hCGf-T5 were monitored and displayed relative to the
signal intensity of their respective SIL IS peptide. The
IS was introduced after the dual immunocapture diges-
tion and corrected for MS-variability only. Both IS’
were prepared according to recommendations in the
product description and as described by Lund et al.
[40].

Liquid chromatography-tandem mass spectrometry
(LC-MS/MS)

The LC-MS/MS analysis was carried out by the use of a TSQ
Quantum Access triple quadrupole (TSQ) from Thermo
Scientific (Thermo Fisher Scientific Inc., Waltham, MA,
USA) coupled to a Dionex UltiMate 3000 chromatographic
system. This instrumentation, the LC-MS/MS method, mobile
phases, and column were identical to those used by Lund et al.
[40]: Chromatographic separation was carried out on a
Biobasic-C8 column (50 mm x 1 mm i.d., pore size 300 A,
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particle diameter 5 um from Thermo Scientific) using a flow
rate of 50 uL/min. The mobile phases consisted of the follow-
ing—A: 20 mM formic acid and MeCN (95:5 v/v) and B:
20 mM formic acid and MeCN (5:95 v/v). A linear gradient
was run from 0 to 40 % B in 8 min, followed by a linear
gradient from 40 to 46 % in 4 min. Then, the elution strength
was increased to 95 % B within 0.1 min and kept constant for
2 min prior to returning to starting conditions within 1 min.
The column was regenerated to starting conditions for at least
10 column volumes. Sample aliquots of 40 uL. were injected
to the system. An overview of the signature peptides and their
SRM transitions can be found in Table 1. Details about the
mass spectrometric detection are provided in the Experimental
part of the ESM.

Method validation

The cross-validation of the complete dual-immuno-MS meth-
od with the previously published method [40] was carried out
in accordance with key elements from the European
Medicines Agency’s (EMA) guidelines on validation of
bioanalytical methods [46].

Data processing
The data was processed manually by the use of the Thermo

Xcalibur™ Qual Browser (version 2.0.7 software, Thermo
Scientific).
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Table 1 hCG signature peptides, their structural origin, and the monitored SRM transitions
hCG variant Signature Amino acid sequence Origin of signature Monitored Collision energy
peptide peptide transition (%)
Step 1 Step 2
hCGa subunit hCGu-T2 AYPTPLR Intact Intact hCG* 409.4 — 583.4 20
hCG
hCGp subunit hCGp-T5 VLQGVLPALPQVVCNYR Intact Free 9642 —1036.3 30
hCG hCGR®  1317.8
Nicked hCGf3 subunit (47/ hCGRn-T5 VLPALPQVVCNYR Intact Free 765.7—1036.3 30
48) hCGn hCGpn® 6592
519.1
Nicked hCGf subunit (44/ hCGpn-T5' LQGVLPALPQVVCNYR Intact Free 914.7— 10363 30
45) hCGn hCGpn® 1317.8
hCGf core fragment hCGRcf-T9 GVNPVVSYAVALSCQCAL N.A. hCGfcf 955.7—926.1 30
740.0
Internal standard o subunit hCGx-T2 IS AYPTPL[R'*C'°N] N.A. NA. 4143 —5924 20
Internal standard 3 subunit hCGB-T5IS ~ VLQGVLPALPQVVCNY[R'C'*N] N.A. NA. 969.3 — 1046.3 30

1327.8

N.A. not applicable

#Used as a method quality control; detection is a sign of insufficient capture of intact hCG in step 1
PIfhCGo-T2 is detected in step 2, these variants may also originate from intact hCG/hCGn

Results and discussion

The aim of the present work was to explore the possibility to
differentiate between heterodimers and free subunits using
hCG as a model analyte. A dual-immuno-MS method capable
to differentiate between intact hCG, free hCG[3, and associat-
ed variants of these, through two separate immunoextraction
steps, was developed. By capturing intact hCG variants in the
first immunoextraction step and free hCGf3 variants in the
second, the present method also incorporates a quality control
of the method efficiency, as any hCG«x detected in step 2 will
be a sign of insufficient capture of intact hCG in step 1.
Tryptic peptides were obtained subsequent to immuno
extraction and used as basis for the LC-MS analysis; the sig-
nature peptides (previously defined by Lund et al. [40, 47])
and the hCG variants they originate from are listed in Table 1.

Optimization of immunoextraction step 1
Choice of mAb for the capture of intact hCG

To enable the capture of intact hCG in a separate
immunoextraction step prior to the extraction of remain-
ing free hCGf} variants in the serum sample, a range of
ISOBM-mAbs (ESM Fig. S2) specific for intact hCG var-
iants only, with affinity for either the ¢, c,, or c; epitope
on hCG, were selected and screened based on previous
mAb mapping [42, 44]. Efficient step 1 capture of all
intact hCG variants is crucial, as the ISOBM-mAb used
in step 2, ISOBM-419, has affinity to the [34-epitope on

hCGf3 and thus has potential antigens in both intact hCG
and free hCGf} variants.

The efficiency of all ISOBM-mAbs screened for in
immunoextraction step 1 was evaluated by means of sig-
nal intensity of hCGx-T2 and hCG-T5 in step 1 and the
remaining intact hCG in step 2 (signal of hCGx-T2 in
step 2). The less hCGx-T2 detected in step 2, the more
efficient the mAb in step 1. The relative standard devia-
tion (RSD) was <10 % for both hCGx-T2 and hCG3-T5
in step 1 for all but two of the mAbs (ISOBM-436 and
ISOBM-446); the higher RSDs observed for these two
were most likely due to their low signal intensities in step
1, as shown in Fig. 2. From Fig. 2, it can also be seen that
ISOBM-414 was superior regarding both extraction effi-
ciency in step 1 and remains in step 2: The use of
ISOBM-414 in the first immunoextraction step yielded
significantly higher signal intensities of both hCG«x-T2
and hCGR-T5 compared to the other ISOBM-mAbs
screened (and with satisfactory repeatability: RSD 2.6
and 8.2 % for hCGa-T2 and hCGp-TS5, respectively
(n=S5, both)), and the remains of intact hCG in step 2
were lower than the method’s lower limit of quantification
(LLOQ). mAb ISOBM-414 was consequently chosen for
extraction of intact hCG in step 1 and was followed by
ISOBM-419 in step 2.

The order in which the intact versus free protein
variants are captured combined with the choice of anti-
body in step 2 supplies an important quality control
feature to the method: Any remaining intact hCG from
step 1 will be captured by the ISOBM-419 mAb and

@ Springer
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Fig. 2 Step 1 mAD screening. The diagram presents signal intensities of
hCGa-T2 (blue) and hCGB-T5 (red) (relative to corresponding IS) in
both steps of dual-immuno-MS runs of 1.5 nM hCG (Pregnyl®) in serum

revealed by a hCGux signal in the MS analysis of step
2.

Capacity of step 1 and optimization of mAb-bead
concentration

The capacity of the first immunoextraction step was deter-
mined by analysis of spiked serum samples of increasing
hCG level (Pregnyl®) after preparation by the dual-immuno-
MS method. At levels of 6 nM and above, the capacity of the
mAbs in step 1 was surpassed (see ESM Fig. S3). These re-
sults indicated an upper LOQ of <6 nM for intact hCG (step
1). As this capacity was considered to be too low, the amount
of ISOBM-414-coated magnetic beads (initially 20 nL) added
in step 1 was optimized. Increasing volumes (20—-100 uL) of
mADb ISOBM-414-coated magnetic beads (10 mg beads/mL,
15 ug mAb ISOBM-414/mg beads) were added to serum
samples spiked with 6 nM hCG (Pregnyl®). Significantly in-
creased hCG[3-T5 signal intensity was seen in step 1 of the
immunoextraction when the ISOBM-414 amount was raised
from 20 to 40 uL (ESM Fig. S4), and the corresponding
hCGf3-T5 signal in step 2 was close to be eliminated. No
significant increase in hCG[3-T5 signal intensity in step 1 or
decrease in step 2 was detected when the [SOBM-414 amount
was further increased (>40 pL); hence, the ISOBM-414
amount in the final dual-immuno-MS method was set to
40 pL.

The capacity of the method (>6 nM) is by such suf-
ficiently high for diagnostic purposes, and due to the
quality control feature of the dual-immuno-MS method,
intact hCG concentrations beyond the extraction capac-
ity of step 1 will be reported by the remains of intact
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(n=5). The mAb in step 1 was interchanged, while ISOBM-419 was
used in step 2 for all experiments. The data is normalized and the signal
intensity ratio of the most efficient antibody (ISOBM-414) is set to 100 %

hCG (presented as hCGw-T2) in step 2. If this is ob-
served, the samples should be diluted and reanalyzed in
order to fit within the concentration limits. Lund et al.
have previously appointed a capacity >15 nM for the
ISOBM-419 extraction constituting the second
immunoextraction step of the present method [40].

Cutoff values and reference levels of serum hCG

hCG and hCGf may occur in healthy men and non-
pregnant women at lows levels (hCG: ~3 pM (men),
~9 pM (women); hCGf3: ~2 pM (men/women) [13,
33]). In addition, due to structural similarities, cross-
reactivity with other GPHs may occur; the mAb used
in the first step of immunoextraction, ISOBM-414, is
known to have cross-reactivity with LH, and ISOBM-
419 in step 2 may also have modest affinity to LH [42].
In healthy individuals, GPHx is produced in quite high
levels in the pituitary, and LH normally occurs in con-
centrations more than 10-fold that of hCG [13]. Due to
the natural occurring levels of GPH«, a cutoff value for
baseline hCGo (or GPH«x), monitored through the sig-
nature peptide hCGx-T2, was therefore assessed for the
method. The baseline was determined by running blank
serum samples from four different healthy individuals
through the dual-immuno-MS method (n=2). In
immunoextraction step 1, the hCGa-T2 cutoff value
was set to 4 % (area of peak relative to area of internal
standard hCG«-T2 in sample); in step 2, the cutoff val-
ue was 1 %. The cutoff value for hCGB3-T5 in both
immunoextraction steps was less than the limit of detec-
tion (LOD).
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Method validation

As the basis for the dual-immuno-MS method was a
fully validated method [40], partial validation in accor-
dance with the EMA guidelines on bioanalytical method
validation [46] was carried out to evaluate the dual-
immuno-MS method. For the validation, the 1st IRR
preparations of intact hCG (IRR 99/688), hCGf3 (IRR
99/650), hCGn (IRR 99/642), and hCG{3n (IRR 99/692)
were used to spike serum samples. hCGfcf was consid-
ered specific and compatible with the dual-immuno-MS
method through analysis of Pregnyl®-spiked serum sam-
ples and based on previous experiments performed by
Lund et al. [40, 47].

Linearity

The linearity of the present dual-immuno-MS method
was investigated by separate analyses of IRR serum
preparations of hCG (IRR 99/688), hCGn (IRR 99/
642), hCGR (IRR 99/650), and hCGPn (IRR 99/692).
As can be seen from Fig. 3, the method is linear for all
hCG variants, R*>=0.920-0.999, within a concentration
range of 10-3000 pM for intact hCG (Fig. 3a) and
hCGp (Fig. 3c) and 100-2000 pM for intact hCGn
(Fig. 3b(, ii)) and hCGPn (Fig. 3d(, ii)). The intact
hCGn and free hCGf3n were included to give an indi-
cation of the performance of the nicked variants. As the
IRRs containing hCGn (IRR 99/642 and IRR 99/692)
are combinations of two nicked variants and, in addition
as discussed in the next section, also contain a known
contamination of intact hCG, only three concentration
levels were applied for these IRRs.

Specificity: free versus intact variants

The specificity of the separate dual-immuno-MS extraction
steps was characterized through analysis of the different IRR
serum preparations within a concentration range of 10—
3000 pM for hCG and hCGf3 and 100-2000 pM for hCGn
and hCGf3n.

Intact hCG (IRR 99/688) was efficiently depleted in
step 1 of the dual-immuno-MS method, as shown in
Fig. 4a. At intact hCG concentrations <500 pM,
hCGf-TS in step 2 remains below the LOQ, and at
intact hCG concentrations >500 pM, the hCG{-T5 sig-
nals in step 2 were below 4 % of the signal in step 1.
Free hCG (IRR 99/650), on the other hand, was effi-
ciently captured in step 2. At hCGf concentrations
<500 pM, hCGR-T5 was observed in step 1 in amounts
below LOQ, and at hCGf3 concentrations >500 pM,
hCGR-T5 signals in step 1 were below 4 % of the
amount in step 2. This can be seen in Fig. 4b. The

nicked free variant, hCGfRn (IRR 99/692), was detected
in step 2 only, and no traces of hCGpn-T5 (Fig. 4d(i))
or hCGp3n-T5" (Fig. 4d(ii)) were observed in step 1. For
the nicked intact variant, hCGn (IRR 99/642) on the
contrary (Fig. 4c(i, ii)), intact hCGn seems to be insuf-
ficiently captured in step 1. This is concurrent with the
known fact that ISOBM-414 (step 1) has lower affinity
to hCGn than ISOBM-419 (step 2) [44], although it also
might be due to a hCGPn contamination of the intact
nicked standard. In addition, hCGn (IRR 99/642) has
previously been shown to contain a cross-
contamination of ~20 % intact hCG [42, 44], and
Lund et al. suggested the possibility of a free hCGfpn
contamination in the intact hCGn standard (IRR 99/642)
[44, 47]. From ESM Fig. S5a, it can be seen that intact
hCG (detected in step 1) is a main contaminant of IRR
99/642. In addition, hCGx-T2 is also detected in both
steps, indicating that at part of the nicked variants de-
tected in step 2 is due to insufficient capture of the
intact nicked variants in step 1. Minute amounts of free
hCGf3 can also be seen at the highest concentration
level (detected in step 2). The free nicked standard
(IRR 99/692) is much cleaner (ESM Fig. S5b), and only
small amounts of free hCG(3 are seen as the highest
level, similar to those in the intact nicked standard
(IRR 99/642). The cross-contamination of hCGn (IRR
99/642) and the fact that the nicked standards are com-
binations of two nicked forms complicate the use of
these IRR preparations for standardized method valida-
tion for hCGn (intact and nicked). The linearity de-
scribed above for the intact nicked standard (IRR 99/
642) was based on the step 1 analysis of hCGn as only
these signals were considered relevant for the analysis
of intact hCGn.

Robustness toward varying variant levels

To investigate if the specificity of the dual-immuno-MS
method was influenced by varying analyte levels, serum
samples were spiked with intact hCG (IRR 99/688) and/
or free hCGf (IRR 99/650) at different levels (high=
1000 pM, low =100 pM, zero=not added). Eight con-
centration combinations of hCG (IRR 99/688) and/or
free hCGR (IRR 99/650) were investigated: high-high,
low-high, high-low, low-low, high-zero, low-zero, zero-
high, or zero-low. From Fig. 5a, it can be seen that the
captured amount of intact hCG (determined in step 1)
was independent of the level of free hCGf3 in the sam-
ple: The circle representing the signal ratio is of similar
size for all three conditions at low-level intact hCG and
at high-level intact hCG. A similar result is seen for
free hCGR (determined in step 2) in Fig. 5b. These
results demonstrate that varying levels of hCG variants
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Fig. 3 Calibration curves, including R* values, for the different hCG
variants. Spiked serum samples of a intact hCG (IRR 99/688), b intact
hCGn (IRR 99/642), ¢ free hCGf3 (IRR 99/650), and d free hCG{3n (IRR
99/692) were run separately through the dual-immuno-MS method (n>

do not influence the specificity of the dual-immuno-MS
method. Small amounts of hCGB-T5 were detected in
step 1 at the “zero-high” concentration of free hCGf3, as
well as in step 2 at the “high-zero” concentration of
intact hCG (Fig. 5). These amounts constituted of less
than 2 % of the measured total hCGB-T5 and by such
did not significantly reduce the method specificity al-
though it indicates some cross-reactivity with hCGf3 in
step 1 (Fig. 5a; condition zero-high) and some overload
of the mAb in step 1 at high levels of intact hCG
(Fig. 5b; condition high-zero). These results are concur-
rent with the observations in the specificity experiments.

Sensitivity, precision, and recovery

The sensitivity of the dual-immuno-MS method was de-
termined on the basis of hCGP-TS signal intensities
from serum samples spiked with intact hCG (IRR 99/
688) in step 1, or free hCGP (IRR 99/650) in step 2.
LOD was defined as 3-fold the signal in a blank sample
(noise) and LOQ 10 times the “noise.” For both intact
hCG and free hCG the LOD was 3 pM and the LOQ

@ Springer

2). hCG and hCGf} are monitored through hCG3-T5 (a, ¢). hCGn and
hCGfn are monitored through hCGpn-T5 (b i, d i) and hCGBn-T5' (b i,
d ii). Signal intensities are given relative to IS of respective signature
peptides

10 pM. These limits are considered sufficiently low for
cancer diagnostics, thus providing gained diagnostic
power, as intact and free variants are differentiated in
serum.

The repeatability (precision) of the method was eval-
uated using coefficients of variation (CV), and the re-
sults for the dual-immuno-MS method are given in
Table 2. At the low concentration level, CV was
<28 %, and at the high concentration level, the CV
was <11 %. Although the CV of the low concentration
samples is slightly above the requirements set by EMA
[46], the repeatability of the dual-immuno-MS method
was considered sufficient.

The recovery was determined on the basis of hCGf3-
TS signals from hCG (Pregnyl®)-spiked serum samples
(1500 pM) run through the dual-immuno-MS method,
which was compared to aqueous hCG (Pregnyl®) sam-
ples (150 nM) digested in solution without prior
immunoextraction. The ratio between extracted and
nonextracted hCGp-T5 was multiplied by a correction
factor, taking into account the differences in injection
volumes and preconcentration throughout the sample
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Fig. 4 The specificity of the separate dual-immuno-MS extraction steps
for a intact hCG (IRR 99/688), b free h(CG3 (IRR 99/650), ¢ intact hCGn
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preparation. The dual-immuno-MS method was found to
have a mean recovery of 34 % (CV=8 %) in step 1,
which is in accordance with that determined by Lund
et al. [40] (~40 %; that method included a solid-phase
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corresponding to their signal (relative to IS). The samples were spiked

b Free hCGp (IRR 99/650)

hCGB-T5

o:.
\
§
\
|
2
l_‘,;
f“"——"‘ | _“ ‘
e " D

Concentration (pM)

Free hCGpn - IRR 99/692
i. hCGBN-T5 ii. h\CGBN-T5'

Q

o

e
|
|
|

hCGBn-T5/hCGB-T5 IS ratio
>
e !
|
hCGBn-T5/hCGB-T5 IS ratio
5
|

o
o
4
= |
=
o“.&
q
|
|

500 500 2000

Concentration (pM) Concentration (pM)

monitored through hCG3-T5 (a, b). hCGn and hCGf3n are monitored
through hCGRn-T5 (¢ 7, d i) and hCGBn-T5’ (¢ ii, d ii). Signal intensity is
given relative to IS for their respective signature peptides (n =2)

extraction preconcentration subsequent to the
immunoextraction). It was not investigated which parts
of the procedure had the biggest impact on recovery.
Most likely, it is a combination of the capture step
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with either intact hCG (IRR 99/688) and free hCG3 (IRR 99/650) at
different concentration levels (high-high, low-high, high-low, or low-
low) (n=6), or intact hCG (IRR 99/688) or free hCG[3 (IRR 99/650)
(high-zero, low-zero, zero-high, or zero-low) (n=3)
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Table 2 Method performance

data of dual-immuno-MS method LOD (S/N=3) LOQ (S/N=10) Recovery (%) Intraday precision (n = 12)
Concentration® (pM) CV® (%)
Step 1 3 10 34 100 28
1000 11
Step 2 3 10 ND 100 22
1000 10
ND not determined

 Concentration of hCG (IRR 99/688) in step 1 and of hCG3 (IRR 99/650) in step 2
® Calculated from relative signal intensities (\CGB-T5/hCGB-T5 IS)

and the tryptic digest step. The ISOBM-414 was shown
to be considerably more efficient in capturing intact
hCG than the other antibodies evaluated, so it might
be reasonable to assume that the major contribution to
the low recovery is the combined step of releasing hCG
from the antibody and digestion. It has previously been
shown [47] that hCG is partly released from ISOBM-
419 (used in step 2) during the reduction and alkylation
step and it is likely to assume that the same is true for
ISOBM-414. In addition, the efficiency of in-solution
digestion is dependent on various factors such as
trypsin-to-protein ratio and absolute protein concentra-
tion [45]. As standards and unknown samples will be
treated in the same manner, the recovery was considered
satisfactory as sufficient sensitivity was achieved with
satisfactory repeatability (CV =8 % in the recovery
experiment).

In contrast to a previously published work [41], the
present dual-immuno-MS method provides a serum-
tailored method capable to differentiate between all in-
tact hCG and free hCG protein backbone variants. By
permutation of the immunoextraction steps, and thus
incorporation of the quality control feature, efficient
method performance for every sample is ensured, which
is of high importance for the utilization of such
methods for clinical purposes. In addition, the incorpo-
ration of the accelerated digestion step reduces the pro-
cedure to sample preparation time of 3.5 h providing
the possibility of batch processing of samples within
one working day.

Application to realistic samples

Urinary hCG-spiked serum samples

To demonstrate the differentiation power of the present
dual-immuno-MS method, serum samples spiked with

urinary hCG (Pregnyl®) were analyzed. One concentra-
tion within the method capacity range (1.5 nM) and one
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concentration exceeding the method capacity (12 nM)
was chosen to give both an example of efficient capture
of intact hCG in step 1 and illustrate the method quality
control concept when swamped mAb capacity in step 1
results in intact hCG remains in step 2. The highest
concentration also ensures signals above the LOD for
all hCG variants. As can be seen from both panels a
and c of Fig. 6, intact hCG is captured in step 1 and
reported by hCGR-T5 and associated hCGx-T2. In step
2, Fig. 6b, d, free hCG3 variants are captured; these
include free hCGp, free hCGn47/48, free hCGn44/45,
and hCGpcf. Only in step 2 analysis of the high con-
centration (Fig. 6d) can all these variants be seen, as the
concentration of the degradation products, as well as
free hCGf3, is <LOD at the low Pregnyl® concentration
(Fig. 6b), and consequently, only the internal standards
are detected. In addition, hCG«-T2 is observed in
Fig. 6d as a result of swamped mAb capacity in step
1. Due to high initial hCG concentration exceeding the
capacity of the method, only hCGfcf can be reliably
tracked back to a free hCG[ variant in Fig. 6d. The
signature peptides hCGp-T5, hCGpn-T5, and hCGf3n-
T5" can also originate from intact hCG variants as
hCG«-T2 is detected, reporting the presence of intact
hCG in step 2, a cause of insufficient intact hCG cap-
ture in step 1. However, detection of nicked variants
only in step 2 indicates that these variants most likely
are free subunits. Figure 6 illustrates two important fea-
tures of the dual-immuno-MS method: the ability to
detect intact and free hCG variants from the same sig-
nature peptides in two different immunoextraction steps,
and the incorporated quality control offered by hCGo-
T2, as remains of this signature peptide in step 2 is a
sign of insufficient step 1 extraction.

Cancer patient samples

In addition to the Pregnyl®-spiked samples, a set of
cancer patient serum samples were analyzed to
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investigate if the dual-immuno-MS method allowed for
the determination of ratios between intact hCG and free
hCGp variants in real samples. The cancer patients

Fig. 7 Serum samples from five
different individuals diagnosed
with testicular cancer (n=1). a
Total amount of hCG in each
serum sample presented as total
amount of hCG3-T5 (relative to
corresponding IS). b Ratio of
intact hCG to free hCGf3 in each
serum sample
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and free hCG. Sample numbers 1 and 4 contain con-
siderably lower amounts of total hCG compared to sam-
ple numbers 2, 3, and 5 (see Fig. 7a). Sample numbers
1 and 5 show a high ratio of intact hCG to free hCGf3
(5.6 and 8.2, respectively), while samples 2, 3, and 4
have a low ratio of intact hCG to free hCGp (0.54,
0.52, and 0.42, respectively). A low ratio is the result
of high amounts of free hCGf3 compared to intact hCG
and indicates that the patients behind these samples are
most likely to suffer from aggressive cancer [29]. These
results present the indisputable strength of the present
method; by combining the specificity and differentiation
power of dual immunoextraction and the sensitivity of
the MS, the dual-immuno-MS method provides extended
knowledge regarding the proportions of intact hCG ver-
sus free hCGf variants compared to existing immuno-
MS methods developed for the clinics [40]. As large
proportions of free hCGf3 may be a poor prognosis
indicator for the patient, this additional information
may be crucial in order to tailor the cancer treatment
for the individual and by such hopefully increase the
survival rate.

Concluding remarks

For heteromeric proteins, when the intact protein and its free
subunits have different biomarker potential, differentiation be-
tween these forms potentially will lead to a more precise di-
agnosis. The current paper demonstrates how this can be en-
abled in LC-MS/MS-based targeted biomarker analysis of
hCG by including a dual immunocapture step prior to LC-
MS/MS analysis. It is shown that efficient depletion of the
desired variants can be achieved by careful selection of the
antibodies, and how this in turn ensures robust quantification.
We believe that also other existing immuno-MS methods can
be appended by the concept of dual-immuno-MS, introducing
strengthened differentiation power into the targeted biomarker
analysis.
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