Calcified Tissue International (2020) 106:194-207
https://doi.org/10.1007/500223-019-00618-w

ORIGINAL RESEARCH q

Check for
updates

A Novel Sandwich ELISA for Tartrate-Resistant Acid Phosphatase
5a and 5b Protein Reveals that Both Isoforms are Secreted

by Differentiating Osteoclasts and Correlate to the Type | Collagen
Degradation Marker CTX-I In Vivo and In Vitro

Laia Mira-Pascual’ - Christina Patlaka’ - Suchita Desai' - Staffan Paulie? - Tuomas Néreoja' - Pernilla Ldng'
Goran Andersson'’

Received: 17 May 2019 / Accepted: 21 September 2019 / Published online: 25 October 2019
© The Author(s) 2019

Abstract

Tartrate-resistant acid phosphatase type 5 (TRAP) exists as two isoforms, 5a and 5b. 5b is a marker of osteoclast number
and 5a of chronic inflammation; however, its association with bone resorption is unknown. In this study, a double-TRAP
5a/5b sandwich ELISA measuring 5a and 5b protein in the same sample was developed. TRAP 5a and 5b protein levels
were evaluated as osteoclast differentiation/activity markers in serum and in culture, and their correlation to the resorption
marker CTX-I was examined. Serum TRAP 5a and 5b concentrations in healthy men were 4.4 +0.6 ng/ml and 1.3 +0.2 ng/
ml, respectively, and they correlated moderately to each other suggesting that their secretion is coupled under healthy condi-
tions. A correlation was also observed between serum TRAP 5a and 5b with CTX-I, suggesting that both TRAP isoforms
associate with osteoclast number. During osteoclast differentiation on plastic/bone, predominantly 5b increased in media/
lysate from M-CSF/RANKL-stimulated CD144+ PBMCs. However, substantial levels of 5a were detected at later stages
suggesting that both isoforms are secreted from differentiating OCs. More TRAP 5b was released on bone indicating a con-
nection to osteoclast resorptive activity, and a peak in TRAP 5b/5a-ratio coincided with rapid CTX-I release. At the end of
the culture period of M-CSF+ RANKL-stimulated CD14+ PBMCs, there was a correlation between the secretion of TRAP
5a and 5b proteins with CTX-I. The correlation of not only 5b but also 5a with collagen degradation, both in serum and
osteoclast cultures indicates that a considerable proportion of the TRAP 5a originates from osteoclasts and may reflect a
hitherto undisclosed regulatory mechanism during bone resorption and bone remodeling.
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Introduction

Tartrate-resistant acid phosphatase type S (TRAP; ACPS,
EC 3.1.3.2) has been linked to osteoclast (OC) biology for
decades, both with respect to the physiological function
[1] and as a biomarker for bone resorption correlating to
OC number [2].

TRAP has two isoforms in human sera, 5a and 5b.
TRAP is translated as a monomeric protein, referred to as
TRAP 5a of ~35 kDa in which a peptide loop (aa 165-177
in P13686, UniProt) interacts with the active site to prevent
phosphatase activity [3]. Proteolytic cleavage in the loop
region [3] results in the dimeric TRAP 5b (16 +23 kDa)
[3] with augmented phosphatase activity. TRAP 5a has
been regarded as a pro-form, however, it does have growth
factor activity [4]. TRAP 5b has been implied to regulate
OC migration by dephosphorylation of osteopontin (OPN)
[5], and inactivation of the human TRAP gene (Acp5)
leads to hyperphosphorylation of OPN [6].

OC differentiation is initiated by receptor activator
of nuclear factor kappa-B ligand (RANKL) leading to
upregulated NFATc1 expression [7], inducing terminal
OC differentiation by upregulation of OC-specific genes
including Acp5 [8]. OC polarization increases TRAP
expression and secretion into the ruffled border and
resorption lacuna [9]. Secreted TRAP 5a in the resorption
lacuna is processed, e.g., by cathepsin K (ctsK), to TRAP
5b [10] which is also present in the transcytotic pathway
and secreted from the functional secretory domain (FSD)
[9]. In transcytotic vesicles, TRAP 5b could originate from
two sources; (1) endocytosis of TRAP 5b, ctsK and bone
degradation products in the resorption lacuna [9] and (2)
fusion of acidic intracellular vesicles containing TRAP
with vesicles trafficking along the transcytotic axis [9].

Today, there are commercially available TRAP assays
measuring total TRAP or TRAP isoforms separately. Their
chemistry is based on immuno-immobilization activity
assays (ITAA), capturing total TRAP, i.e. TRAP 5a+ 5b,
or specifically TRAP 5a and then measuring enzyme activ-
ity at respective pH optima for the two isoforms [11-13],
or sandwich ELISA measuring TRAP 5a or total TRAP
concentration [14-18].

TRAP 5b activity measured using ITAAs correlates to
OC number in vitro [2, 19] and in vivo [19], markers of
bone turnover [20], and bone mineral density (BMD) [21].
Further, TRAP 5b measured using ITAAs has shown to
be related to bone-associated disorders, e.g. rheumatoid
arthritis (RA) [22, 23], hyperparathyroidism [24], and
bone metastasis [25]. On the other hand, TRAP 5a has
been shown to correlate to rheumatoid factor antibodies
in RA and to the severity of the disease [26], although
this correlation was suggested to originate from activated

macrophages and therefore reflects only the inflammatory
load [27]. Recently, TRAP 5a has also been shown to cor-
relate to adipose tissue hyperplasia and body mass index
(BMI) [28].

A key aspect to fully understand the relevance of TRAP
5a and 5b in OC biology is to be able to measure 5a and 5b
protein separately, from the same sample, as measurement of
TRAP activity can be confounded by different variables, e.g.
redox state, composition of the active site, and the presence
of bound serum proteins, e.g. alpha 2 macroglobulin (a2M).
However, to date, there are no commercially available assays
measuring TRAP 5b protein or both TRAP 5a and 5b protein
at the same time from the same sample.

Thus, the aim of this study was to develop a double-sand-
wich ELISA able to quantitate TRAP 5a and 5b protein from
the same sample simultaneously. Using the assay, we studied
the correlation of TRAP isoforms and resorption marker,
type I collagen c-terminal telopeptide (CTX-I) in the sera of
healthy men. With human monocytes cultured on plastic or
bone in vitro, we studied the use of TRAP 5a, 5b and 5a/5b
as potential markers for OCs differentiation and function.

Materials and Methods

For a description of the methods regarding recombinant
human TRAP 5a and 5b production, generation, and puri-
fication of monoclonal antibodies against human TRAP
5a and total TRAP (5a+ 5b), bone chips and bone-coated
coverslips, TRAP activity staining of OC cultures, mono-
clonal antibodies (mAbs) affinity of mAb46 and mAb25.44
in the sandwich ELISA, culture of human OC, measurement
of CTX-I and immunocytochemical TRAP staining of OC
cultures, please see Supplementary Materials and Methods.

Human Serum Samples and hPBMCs

Healthy human adult male serum samples (Novakemi AB,
Handen, Sweden) were used as quality control samples.
They were aliquoted and stored at —20 °C. Median age
was 47.8 years (range 29 —65 years). Human peripheral
blood monocytes (WPBMC) were isolated from buffy coats
of donated blood of healthy men at Karolinska University
Hospital Laboratory, Huddinge, Sweden. The surplus blood
products were coded for research use. The study was per-
formed in accordance of guidelines from Swedish Research
Council and Karolinska Institutet. All donors involved in the
study gave written informed consent in accordance with the
Helsinki Declaration.
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Fig. 1 Schematic outline of the double-TRAP 5a/5b sandwich ELISA for TRAP isoform separation and quantification

Design of the Double-Sandwich ELISA Measuring
TRAP 5a and 5b Protein from One and the Same
Sample

In order to separate TRAP S5a from TRAP 5b, the method
was designed as follows (Fig. 1): In the first step, a sample
was added to TRAP 5a-specific antibody (mAb 46)-coated
wells. TRAP 5a was captured on mAb 46 antibodies and,
after overnight incubation at +4 °C, the sample, depleted
of TRAP 5a but having the original amount of TRAP 5b,
was transferred to wells coated with mAb 25.44, recogniz-
ing both isoforms. Subsequently, the bound TRAP 5a in the
first well was detected using biotinylated mAb 12.56 biotin/
streptavidin-conjugated HRP and the remaining TRAP 5b in
the second well was measured using biotinylated mAb 12.56
and biotin/streptavidin-conjugated HRP.

Optimization of the Double-TRAP 5a/5b Sandwich
ELISA Quantifying Human TRAP Isoforms 5a and 5b
Protein Independently in One and the Same Sample

General protocol for double-sandwich ELISA quantifying
TRAP 5a and 5b protein independently in one and the same
sample: 96-well ¥2 volumes ELISA plates (Costar, New
York, NY) were coated with 5 pg/ml (100 pl/well) mAb 46
or (50 pl/well) mAb 25.44 diluted in PBS (0.01 M pH 7.4)
and left at 4 °C overnight. Next day, mAb 46-coated plates
were washed 3 times in TBST (200 pl/well; 25 mM Tris
7.6, 150 mM NaCl, 0.1% Tween 20). After washing, pre-
treated standards and samples, for procedure see “Sample
preparation: pre-treatment” (65 pl/well) were added to mAb
46-coated plate and incubated overnight at 4 °C. Supernatant
(samples and TRAP 5a standard curve) was then transferred
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(50 pl/well) from mADb 46-coated plate to mAb 25.44-coated
plate (Fig. 1). Also, fresh standard curve for TRAP 5a was
added to the mAb 25.44-coated plates and incubated for 2 h
at room temperature. Plates were washed 3 times in TBST
(200 pl/well) and incubated with 0.25 pg/ml biotinylated
detection mADb 12.56 (50 pl/well) diluted in 0.1% bovine
serum albumin (BSA)+ TBST for 1 h at room temperature.
Next, plates were washed 3 times in TBST (200 pl/well)
and incubated with streptavidin-HRP (Mabtech) diluted
1:1000 in 0.1% BSA +TBST (50 pl/well) for 1 h at room
temperature. Finally, plates were washed 3 times in TBST
(200 pl/well) and developed using K-Blue® Substrate (TMB)
(Neogen, Lansing, MI) (50 pl/well) and the reaction was
stopped with 1 M H,SO, (50 pl/well). Absorbance was read
at 450 nm using BioTek’s PowerWave HT microplate spec-
trophotometer (BioTek, Winooski, VT). Affinities of mAb
46 and mAb 25.44 were compared in a sandwich ELISA.
TRAP 5a and TRAP 5b standards were added to mAb 46- or
mAb 25.44-coated plates followed by incubation overnight.
Next day, ELISA assay was performed as described above.

Total TRAP Sandwich ELISA

Total TRAP sandwich ELISA was performed as the pre-
viously described TRAP 5a ELISA [28] and as described
above under section “General protocol for double sand-
wich ELISA quantifying TRAP 5a and 5b protein inde-
pendently in one and the same sample” with the exception
that plates were coated with 5 ug/ml mAb 25.44 and no
transfer is needed.
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Limit of blank (LoB), limit of detection (LoD), and
limit of quantification (LoQ) were calculated as previously
described [29].

Inter-assay variation was estimated by calculating CV %
of four separate runs. It was calculated using human serum
samples with TRAP concentrations above or equal to LoD
(see “Human Serum Samples”) (n=18).

Intra-assay variation was determined using 16 technical
replicates of 11 human serum samples of TRAP 5a and 5b
concentrations at different points of the detection range
(see “Human Serum Samples”).

Pre-treatment of Samples and Standard Curves

For pre-treatment, serum samples (30 pl) were diluted 1:1
with 1.5 M glycine pH 2.5 (30 pl) and incubated for 1 h at
37 °C. After incubation, samples were neutralized by addi-
tion of 1 volume (30 pl) 1 M Tris—HCI pH 8.5. Samples
were further diluted by an additional 3 volumes (90 pl) of
Diluent ELISA (Mabtech) leading to final dilution of serum
samples 1:6. Standard curves were directly diluted in 1.5 M
glycine pH 2.5, followed by the addition of 1 volume 1 M
Tris—HCI pH 8.5, and 3 volumes of Diluent ELISA giving
a final dilution of 1:6.

Correction of TRAP 5a Carry-over When Quantifying
TRAP 5b

First, the amount of TRAP 5a on mAb 46 plate was calcu-
lated from the TRAP 5a standard curve. Then the TRAP 5a
standard curve was transferred to mAb 25.44 plate and the
values from samples were recorded to produce a carry-over
standard curve to obtain the expected absorbance left over at
different concentrations. The carry-over of TRAP 5a value
was then subtracted from the TRAP 5b sample values from
mADb 25.44 before the actual concentrations were interpo-
lated from the TRAP 5b standard curve.

Statistical Calculations

Standard curves for TRAP 5a and TRAP 5b were compared
using curve fit with linear regression. Serum total TRAP and
TRAP 5b+ 5a without and with correction were analyzed
using Wilcoxon matched-pairs signed-rank test. Correla-
tions between CTX-I, TRAP 5a, and TRAP 5b were made
using Spearman correlation. Differences in TRAP 5a and
5b protein levels in lysate and media were analyzed using
Mann—-Whitney U test. p values <0.05 were considered
significant.

Results

Optimization of the Double-TRAP 5a/5b Sandwich
ELISA

The sandwich ELISA (Fig. 1) using mAb 46 as capture anti-
body, raised against the loop region specific for TRAP 5a,
detected in a dose-dependent manner specifically TRAP 5Sa,
but not TRAP 5b (p=0.0003; Fig. 2a), in line with previ-
ous studies [28]. mAb 25.44 capture antibody detected both
TRAP 5a and 5b in a dose-dependent manner with the same
affinity (p =0.9591; Fig. 2b). In cross screening of antibod-
ies raised against recombinant TRAP 5a, detector antibody
mAbI12.56 was superior against both capture antibodies.

Examination of TRAP 5a and 5b carry-over showed that
TRAP 5b protein concentration was not affected by previ-
ous incubation on mAb 46 (Fig. 2¢). However, a fraction of
TRAP 5a was not immobilized on mAb 46 but was carried
over to mAb 25.44 during sample transfer (Fig. 2c). This
carry-over of TRAP 5a would lead to falsely high TRAP 5b
protein levels, since the mAb 25.44 does not discriminate
between the isoforms. The error caused by carry-over TRAP
5a could be compensated by transferring also the TRAP 5a
standard curve to mAb 25.44 and subtracting the amount
of TRAP 5a carry-over to the wells detecting TRAP 5b
(Fig. 2d, f). In serum, correcting for TRAP 5a carry-over
resulted in TRAP 5a+ 5b protein concentrations that were
equal to total TRAP protein concentration while the sum
of TRAP 5a+ 5b protein concentrations without correction
gave significantly higher TRAP concentrations than total
TRAP measurement (Fig. 2e).

In serum, TRAP can be found in a complex formed with
a2M, which may impair TRAP 5a and 5b detection, there-
fore the effect of pre-treatment of serum samples using
acidification to promote dissociation of a2M-TRAP com-
plexes was investigated. TRAP 5a concentrations measured
in pre-treated serum were significantly higher (p <0.0450)
compared to non-treated samples (Fig. 3a). On the other
hand, pre-treatment of serum had no effect on amount of
TRAP 5b or total TRAP detected on mAb 25.44 (Fig. 3b,
c). This effect of pre-treatment on TRAP 5a on mAb 46 was
not observed with the recombinant proteins or samples from
in vitro human OC cultures (data not shown).

TRAP 5a and TRAP 5b Correlate to Each Other
as Well as to Resorption Marker CTX-1 in the Sera
of Healthy Men

Both inter- and intra-assay variations for TRAP 5a and

TRAP 5b in the double-TRAP 5a/5b sandwich ELISA were
within an acceptable range (below 20%) (Table 1). The LoD
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Fig.2 Antibody specificity and TRAP 5a carry-over correction. a
TRAP 5a 0-2 ng/ml and TRAP 5b 0-2 ng/ml were added in the sand-
wich ELISA using mAb 46 as capture antibody. The curves were fit-
ted using linear regression (n=3). b TRAP 5a 0-2 ng/ml, TRAP 5b
0-2 ng/ml were added in the sandwich ELISA using mAb 25.44 as a
capture antibody and fitted using linear regression (n=3). ¢ Measure-
ment of 0—4 ng/ml TRAP 5a and TRAP 5b on mAb 25.44 sandwich
ELISA after overnight incubation on mAb 46 (n=3). d Measurement
of 2 ng/ml TRAP 5b diluted in 0-2 ng/ml TRAP 5a with or with-
out correction for remaining TRAP 5a carry-over (n=3). e Concen-
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ment of TRAP 5a and TRAP 5b on mAb 46 and mAb 25.44, respec-
tively. Concentrations were calculated with or without background
correction for TRAP 5b measurement carry-over. TRAP 5a+TRAP
5b were compared to total TRAP using Wilcoxon matched-pairs
signed-rank test (n=16). Values are given as mean absorbance +SD
in a, b and mean=+SD in c—f. *p <0.05. f Measurement of 0-2 ng/ml
TRAP 5b in 2 ng/ml TRAP 5a with or without correction for TRAP
Sa carry-over (n=3)
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Fig.3 Serum acid pre-treatment
increases detection of TRAP 5a
but not TRAP 5b. a Absorb-
ance of serum samples on mAb
46 sandwich ELISA with or
without serum pre-treatment
(mean + SD, n=06), measur-

ing TRAP 5a. b Absorbance

of serum samples on mAb
25.44 sandwich ELISA with or
without serum pre-treatment
(mean + SD, n=06) after trans-
fer, measuring TRAP 5b. ¢ The
absorbance of serum samples
on 25.44 sandwich ELISA with
or without serum pretreatment
(mean + SD, n=6) without
transfer, measuring total TRAP
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Table 1 TRAP 5a and TRAP 5b measurement in sera of healthy men and inter-, intra-assay CV %, lower limit of blank, lower limit of detection,
and lower limit of quantitation for TRAP 5a (mAb 46) and TRAP 5b (mAb 25.44)

TRAP 5a TRAP 5b
Mean +SD (ng/ml) (n=18) 4.4+0.6 14+0.2
Lower 95% CI of mean (ng/ml) 4.2 0.9
Upper 95% CI of mean (ng/ml) 5.8 1.8
Ratio+SD (%) 75.3+6.9 24.7+6.9
Lower limit of blank (LoB) (ng/ml) 0.23+0.01 0.04+0.02
Lower limit of detection (LoD) (S/N=3) (ng/ml) 0.30 0.05
Lower limit of quantitation (LoQ) (ng/ml) 0.35° 0.09°
Low (ng/ml) High (ng/ml) Low (ng/ml) High (ng/ml)
Inter-assay mean CV % (N=4) 13.7 (n=6)* 94 (n=12)8 154 (n=10)" 17.7 (n=8)®
Intra-assay mean CV % (N=16) 16.7 (n=5)° 12.54 (n=6)° 16.1 (n=6)° 12.9 (n=5)°

Technical parameters describing assay performance are presented as measured values in respect to the standard curve, while concentrations of
the clinical samples are shown as the true serum concentration

For inter- and intra-assay “Low” is defined as a group of samples with a concentration below and “High” as a group of samples with a concen-
tration above mean serum TRAP 5a or 5b

#Calculated from a sample with measured concentration of 0.35 ng/ml and CV % 12.9, the final serum concentration of 0.35*6 (dilution fac-

tor)=2.1 ng/ml

bCalculated from a sample with measured concentration of 0.09 ng/ml and CV % 8.2, the final serum concentration of 0.09*6 (dilution fac-

tor)=0.5 ng/ml

AConcentration range TRAP 5a (2.1-3.1 ng/ml) and 5b (0.5-1.3 ng/ml)
BConcentration range TRAP 5a (4.4-11.6 ng/ml) and 5b (1.4-2.5 ng/ml)
CConcentration range TRAP 5a (0.9—4.4 ng/ml) and 5b (0.9-2.2 ng/ml)
DConcentration range TRAP 5a (5.3-9.6 ng/ml) and 5b (2.2-3.6 ng/ml)
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Fig.4 Correlation between TRAP 5a and TRAP 5b in the sera of
healthy men and the resorption marker CTX-I. a Correlation between
TRAP 5b and TRAP 5a (n=14). b Correlation between TRAP 5b
and CTX-I (n=14). ¢ Correlation between TRAP 5a and CTX-I
(n=14). Correlation analysis was done using Spearman’s correlation

values were 0.3 ng/ml and 0.05 ng/ml for TRAP 5a and 5b,
respectively. No degradation of TRAP 5b recombinant pro-
tein or decrease in TRAP 5b protein concentrations in serum
samples was seen over time (Supplementary figure 1).

In healthy adult men, TRAP 5a concentration was
4.4+0.6 ng/ml and TRAP 5b was 1.3 +0.2 ng/ml, respec-
tively (Table 1). Thus, isoform 5a constituted 75% of serum
TRAP protein while isoform 5b accounted for 25%, i.e. a
ratio of 3:1 (Table 1). In serum, TRAP 5a and 5b protein

@ Springer

concentrations correlated moderately positively (for defini-
tion see [30]) to each other (Fig. 4a). Also, TRAP 5b pro-
tein levels correlated moderately positively with the collagen
degradation marker CTX-I (Fig. 4b) which is in line with
previous results [31]. Interestingly, TRAP 5a also showed a
positive moderate correlation to CTX-I (Fig. 4c¢).

Osteoclast Differentiation of CD14+ Peripheral
Blood Monocytes (PBMCs) on Plastic and Bone

To validate TRAP isoforms as biomarkers, we measured
their production on active (bone) and inactive (plastic)
substrates by human CD14+ PBMCs. The PBMCs were
isolated from 6 healthy male donors and cultured on cell
culture plastic in the presence of 30 ng/ml macrophage
colony stimulating factor (M-CSF) and 2 ng/ml RANKL
or 30 ng/ml M-CSF alone as a control. In the presence of
RANKL + M-CSF, multinucleated TRAP-positive osteo-
clast-like cells started to appear at day 4, whereas in cul-
tures with M-CSF alone, aggregated cell clusters and a few
TRAP-positive mononuclear cells but no multinucleated
cells were observed at this time-point (Supplementary fig-
ure 3A). On day 6 with RANKL and M-CSF, there were
abundant osteoclast-like multinuclear cells with strong
TRAP signal and only a few TRAP-positive mononuclear
cells. With M-CSF alone, there was an abundance of mono-
nuclear TRAP-positive cells but no multinucleated cells.

On bone, the difference between RANKL + M-CSF
and M-CSF alone on CD14+ PBMCs was even more pro-
nounced, however, the time course of OC differentiation
was somewhat delayed compared to differentiation on plas-
tic (Supplementary figure 3B). At day 4, with both M-CSF
alone and RANKL + M-CSF, only TRAP-positive mono-
nuclear cells were attached to bone, whereas at day 8 and
onwards, TRAP-positive multinucleated cells appeared only
in M-CSF + RANKL-stimulated cultures. With M-CSF
alone, there were only few TRAP-positive mononuclear
cells. Furthermore, deep resorption pits were observed on
bone slices on which RANKL-stimulated cells were cul-
tured, confirming their identity as OCs (Supplementary fig-
ure 3C). These pits were stained TRAP-positive, especially
the edges of the pit, indicating secretion of TRAP during
resorption.

Distribution of TRAP 5a and 5b Isoforms
in Osteoclasts and Mononuclear Cells on Glass
and Bone

To confirm that the mAb 46 and mAb 25.44 indeed iden-
tify different targets and different timepoints of OC differ-
entiation and function, we conducted immunocytochemical
(ICC) staining of the TRAP isoforms. The distribution and
localization of intracellular TRAP isoforms 5a and 5b in
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TRAP 5a

A Actin

Fig. 5 Immunocytochemical staining of TRAP isoforms in M-CSF-
and RANKL-stimulated cultures of CD144+ PBMCs. a Staining for
TRAP isoforms TRAP 5a (green), total TRAP (magenta), and actin
(gray) of stimulated PBMCs with 30 ng/ml M-CSF and 2 ng/ml
RANKL on glass for 4 and 7 days. In the merged image of TRAP
5a and total TRAP, areas shown in white have TRAP 5a and TRAP
5b and areas staining exclusively magenta have predominantly TRAP

CD14+ PBMC:s differentiated with M-CSF-and RANKL
were analyzed by ICC staining with TRAP 5a-specific
mAb 46 and total (5a+ 5b) polyclonal TRAP-antibody
on glass (Fig. 5a) or on bone (Fig. 5b) using confocal

Mergeof TRAP5a

total TRAP andtotal TRAP

sse|o

auog

5b. b Staining for TRAP 5a (green) total TRAP (magenta) and actin
(gray) using ICC in OC differentiated from CD14+ PBMCs-stim-
ulated M-CSF and RANKL for 4 and 8 days on bone-coated cover-
slips. In the merged image, areas shown in white have TRAP 5a and
TRAP 5b and areas staining exclusively magenta have predominantly
TRAP 5b

microscopy. M-CSF + RANKL-treated PBMCs cultured
on glass demonstrated TRAP 5a signal (green) at 4 days
of culture in a vast majority of both mono- and multinu-
clear cells (Fig. 5a). In addition, total TRAP (magenta)
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was present in most cells, although a small population of
mononuclear as well as a few multinuclear cells displayed
very high total TRAP staining (Fig. 5a). The levels of
total TRAP staining varied considerably between cells,
and in the cells with high total TRAP signal, the isoforms
appeared to be predominantly co-localized (white areas) in
a perinuclear area of the cells. At day 7, both mononuclear
and multinucleated cells stained positive for TRAP 5a, but
the multinucleated cells displayed only weak intracellu-
lar total TRAP staining, whereas high total TRAP signals
were detected in a subset of mononuclear cells. Further-
more, the co-localization of TRAP 5a and total TRAP in
multinucleated cells was lower on day 7 compared to day
4, suggesting that the antibodies stain different compart-
ments, and the compartments stained exclusively magenta
in the merged figure could represent stored TRAP 5b.

On bone-coated coverslips [32], TRAP 5a was more
widely spread throughout the cell compared to total TRAP
and abundant in both mono- and multinuclear cells stim-
ulated with M-CSF+ RANKL (Fig. 5b). At day 4, most
mononuclear cells were positive for TRAP 5a, whereas a
subset of these mononuclear cells were also positive for total
TRAP. The localization of the two stains showed very little
overlap on day 4 and several compartments stained exclu-
sively magenta in the merged image, suggesting the presence
of intracellular compartments with TRAP 5b (Fig. 5b). The
most striking difference regarding TRAP 5a was observed in
multinucleated cells exhibiting actin structures resembling
sealing zones at day 8. These cells exhibited perinuclear
structures that were strongly stained for TRAP 5a and this
staining overlapped to a high degree with staining for total
TRAP (Fig. 5b), indicating the presence of TRAP 5a also in
resorbing multinuclear cells. In addition to the strong perinu-
clear staining, a few vesicles in the same cells were positive
for only total TRAP. Similar vesicles positive for only total
TRAP, indicating the presence of TRAP 5b, were found also
in other multinuclear and mononuclear cells (Fig. 5b).

Intracellular Production and Secretion of TRAP
5a and 5b from CD14+ PBMCs Cultured on Plastic
and Bone in Response to RANKL

To assess kinetics of generation and secretion of TRAP iso-
forms from CD14+ derived OCs, intracellular (cell lysate)
and extracellular (culture media) TRAP 5a and 5b concen-
trations were measured (Fig. 6). In cultures on plastic, secre-
tion (medium) of TRAP 5b and TRAP 5a from cultures dif-
ferentiated with RANKL +M-CSF were significantly higher
from day 4 onwards compared to day 3 of culture (Fig. 6a).
Concentrations of TRAP 5b showed a constant increase over
the culture period and it was the predominant secreted iso-
form throughout the culture. Cells stimulated with M-CSF

@ Springer

alone secreted low basal amounts of both isoforms without
a significant increase over the culture period.

On plastic, intracellular (lysate) TRAP 5b protein con-
centrations increased rapidly between days 3 and 4 in
M-CSF + RANKL-stimulated cells and were significantly
higher from day 4 of culture. The increase of TRAP 5a con-
centrations occurred later and they were significantly higher
from day 6 of culture. In the cell culture lysates stimulated
with M-CSF alone, concentrations of both TRAP isoforms
were low, consistent with the TRAP activity staining (Sup-
plementary figure 3). During OC differentiation, TRAP 5b
concentrations increased over 20-fold, both in lysate and
medium, compared to day 3 where no multinuclear cells
were present.

In cultures grown on bone chips, a significant increase
in the secretion of TRAP 5b was apparent from day 6 of
culture in M-CSF 4+ RANKL-stimulated cells compared to
day 4 (Fig. 6¢).

Thus, secretion occurred later on bone than in cultures
grown on plastic, and secreted concentrations were much
higher than on plastic, both matching observations from
the TRAP activity staining (Supplementary figure 3). Also,
secretion of TRAP 5a increased significantly on day 8 of
culture in M-CSF + RANKL-stimulated cells (Fig. 6¢), but
remained lower than secreted TRAP 5b. Overall, the pat-
tern of TRAP isoform secretion seems to be similar on bone
and plastic. In lysates, there was a corresponding increase
in both isoforms (high for TRAP 5b and moderate for 5a),
from day 8 coinciding with the appearance of OCs (cf. Sup-
plementary figure 3B). Put together, cultures grown on bone
produced more TRAP isoforms prompting us to investigate
its connection with bone resorption, especially as cells with
sealing zones display high levels of intracellular TRAP iso-
forms (Fig. 5b).

The bone resorption marker CTX-I was detectable in
medium from day 6 and increased progressively to day 12
(Fig. 6e). Intracellular TRAP 5b was detectable prior to pro-
duction of CTX-I, indicating that TRAP production emerges
before onset of resorption and intracellular processing of
TRAP 5ato TRAP 5b (Fig. 6c, e). The ratio of CTX-I/TRAP
5b in the medium showed a strong increase on day 8 of
the culture period suggesting an active role for TRAP 5b in
facilitating bone resorption activity (Fig. 6f). The relative
ratios of TRAP isoforms 5b/5a and CTX-1/5a increased up
to day 8 and decreased thereafter. This decrease was due to
a continued secretion of TRAP 5a at later culture time points
and coincided with gradual saturation of CTX-I-output.

Concentrations of TRAP 5a and 5b protein from in vitro
OC differentiation on bone correlated moderately high, and
positively to each other (Fig. 6g). Also, both TRAP 5a and
TRAP 5b protein levels correlated positively with CTX-I
(Figs. 4i, 6h) similar to the observation in human serum
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(cf. Fig. 3), suggesting that a considerable fraction of serum Discussion

TRAP 5a could derive from differentiating OCs.

The assay design used for the double-TRAP 5a/5b sandwich
ELISA was to capture TRAP 5a with a high-affinity TRAP
Sa-specific antibody (mAb 46) [28] and then transfer the

@ Springer



204

L. Mira-Pascual et al.

«Fig.6 TRAP 5a and 5b production, secretion, and correlation during
RANKL-dependent OC differentiation from CD14+ cells on bone
and plastic. All cells in the in vitro cultures were treated with 30 ng/
ml M-CSF or 30 ng/ml M-CSF and 2 ng/ml RANKL a Measurement
of secreted TRAP 5a and 5b protein in media from OC differentiated
from CD14+ PBMCs on plastic (n=6). b Measurement of intracel-
lular TRAP 5a and 5b protein in lysate from OC on plastic from OC
differentiating CD144+ PBMCs (n=6). ¢ Measurement of secreted
TRAP 5a and 5b protein in media from OC differentiated from
CD14+ PBMC:s stimulated on bovine bone discs (n=4). d Measure-
ment of intracellular TRAP 5a and 5b protein lysate from OC differ-
entiating CD14+ PBMCs stimulated on bovine bone discs (n=4). E.
Detected increased of CTX-I in medium from day 4 to 12. Concentra-
tions on day 4-12 were compared to day 3 or 4 using Mann—Whit-
ney U test. Values are given as mean+SEM. *p <0.05; **p<0.01;
*##%p <0.001. f Ratio of CTX-I compared to TRAP 5a and TRAP 5b.
g Positive correlation between TRAPS5a and TRAP 5b (n=19) from
CD14+ CD14+ PBMCs stimulated on bovine bone discs for a period
of 12 days. h Positive correlation between TRAP 5b and CTX-I
(n=19) from CD14+ PBMCs stimulated on bovine bone discs for a
period of 12 days. i Positive correlation between TRAP 5a and CTX-1
(n=19) from CD14+ PBMCs stimulated on bovine bone discs for a
period of 12 days. Correlation analysis was done using Spearman’s
correlation. *p <0.05; **p <0.01; ***p <0.001

supernatant, containing TRAP 5b, to a well coated with a
capture antibody recognizing both isoforms with equal affin-
ity (mAb 25.44). Both isoforms were then detected with a
biotin-labeled pan TRAP 5a/5b antibody (mAb12.56). This
design allowed quantification of both isoforms from a sin-
gle sample and circumvented the requirement for produc-
ing TRAP 5b-specific antibodies. However, TRAP 5a was
partly carried over to mAb 25.44 when measuring TRAP 5b
on mAb 25.44 after TRAP 5a capture. Sample-dependent
carry-over is a known problem and there are established
protocols to detect and compensate for it [33]. The extent of
TRAP 5a carry-over was inferred from transferred TRAP
5a standard curve and subtracted from the measured TRAP
5b signal in the double-TRAP 5a/5b sandwich, thus ena-
bling measurement of TRAP 5b protein concentrations. No
statistical difference was seen between expected concentra-
tion and corrected concentrations of TRAP 5b, although a
slight under recovery is possible, e.g. due to non-specific
binding. Validation of the TRAP 5a/5b double ELISA was
made according to Armbruster [34] when/if the ELISA will
be subject for commercialization/diagnostic use in labora-
tories, validation in accordance with the FDA guidelines for
method validation, “Bioanalytical Method Validation Guid-
ance for Industry” will be applied.

TRAP 5a and 5b were measured in serum where TRAP
5a levels in healthy men were in the same range as for the
TRAP 5a ELISA [28], but slightly lower than reported for
serum TRAP 5a using other assays [35, 36]. Comparing
serum TRAP 5b protein levels in healthy men to previously
published TRAP 5b assays [12, 37] was not feasible since
these ITAAs are based on antibody capture followed by
TRAP activity measurement. However, human serum TRAP
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5a and 5b protein have been separated by chromatography
followed by TRAP measurement showing that TRAP 5a
constitutes ~87% while TRAP 5b is~13% of total TRAP
protein in human serum [38]. This is comparable to 75% vs
25% for TRAP 5a and 5b protein in human serum measured
with the double-TRAP 5a/5b sandwich ELISA.

Serum TRAP 5a and 5b protein levels were found to be
positively, moderately correlated in healthy men, while
TRAP 5a and 5b activities were not correlated [21]. The
specific activity of TRAP 5b at pH 5.8-6.0 is approxi-
mately 10 times higher than for TRAP 5a [39]; however,
serum concentration of TRAP 5a is 3-5 times higher than
TRAP 5b. In an ITAA, where an antibody captures both
isoforms and the read-out is based on TRAP enzyme
activity, the contributions of the TRAP 5a and TRAP 5b
isoforms are in the range of 35-50% and 50-65%, respec-
tively, when considering the relative abundance and phos-
phatase activity as a compound read-out [3]. However,
even this estimation is sensitive to the redox state of TRAP
in the sample and to any interference from TRAP-binding
proteins, e.g. a2M [40]. Therefore, it is important to meas-
ure TRAP 5a and 5b protein concentrations independent
from their enzyme activity.

Serum TRAP 5b, marker of OC number, was also mod-
erately and positively correlated to the resorption marker
CTX-I, in line with previous studies showing that TRAP 5b
measured using ITAA is positively correlated to CTX-I in
women [37, 41]. Interestingly, our results showed that TRAP
Sa also correlated moderately positive to CTX-I in healthy
men, indicating a coupling between TRAP 5a protein levels
and bone resorption activity in healthy men.

The moderate correlation of TRAP 5a and TRAP 5b with
CTX-I led us to investigate the production and secretion of
TRAP isoforms in RANKL-differentiated CD14+ OCs on
plastic and bone in vitro, in order to assess how the presence
and secretion of TRAP isoforms are related to the resorption
and differentiation of OCs. In relation to TRAP 5a and 5b
proteins, some TRAP activity (TRAP staining) was observed
in M-CSF-stimulated cells, consistent with the reported dif-
ferentiation stage of CD14+-circulating monocytes [42],
meaning that they express minute levels of TRAP. In addi-
tion, with ICC, TRAP 5a protein was found in the major-
ity of RANKL-stimulated mononuclear and osteoclast-like
cells and OCs, and it exhibited a diffuse cytoplasmic locali-
zation. Conversely, there was more variation in TRAP 5b
(i.e. the difference between ICC signal for TRAP 5a and
total TRAP), as a few mononuclear and multinucleated
cells stained very bright, while most cells showed a low
signal. This, in part, further validated that the antibodies
used in the ELISA indeed bind different intracellular tar-
gets. In resorbing OCs, TRAP 5a and 5b co-localized in a
perinuclear compartment and some TRAP 5b was confined
to vesicular compartments. The presence of TRAP 5b was
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not exclusively observed in multinuclear cells, suggesting
that the processing of TRAP 5a to 5b starts already in some
mononuclear pre-OCs.

With the novel ELISA, intracellular TRAP 5b protein
levels were shown to increase during RANKL-stimulated
OC differentiation rapidly and significantly, simultaneously
with the formation of TRAP + multinucleated cells. Con-
comitantly, significant amounts of TRAP 5b were secreted
into the medium, consistent with previous reports [43]. Both
intracellular and extracellular TRAP 5b concentrations were
constantly higher than TRAP 5a concentrations, indicating
efficient proteolytic processing of TRAP 5a in differentiating
OCs. In addition, the steady increase in extracellular TRAP
5b concentration occurred slower than the increase in intra-
cellular concentration. Together with the steady secretion
measured in the ELISA, this observation could suggest that
intracellular TRAP 5b generation by proteolytic processing
may precede resorption and secretion.

Intracellular TRAP 5a protein levels increased upon
RANKL stimulation although not to the same extent as
TRAP 5b. In line with this, TRAP 5a secretion was also
increased after RANKL stimulation on both plastic and
bone. Measured concentrations of intracellular and secreted
TRAP 5a and 5b are in line with a previous study [44].
Interestingly, secretion of TRAP 5a increased progressively
while TRAP 5b gradually decreased, possibly indicating that
increased 5a secretion during later stages of the resorption
cycle could exert distinct roles from 5b. In diagnostic set-
tings, this observation could facilitate identification of cases
where the balance of bone remodeling switches towards
resorption.

However, much higher amounts of TRAP 5a and 5b were
secreted from CD14+-derived OCs cultured on bone than
on plastic, indicating that stimulus to begin resorption leads
also to augmented secretion of TRAP 5b. This suggests
that TRAP 5a is secreted in high amounts upon resorption
which could be consistent with the observed stronger TRAP-
activity staining on bone slices and TRAP ICC staining in
resorbing OCs. Therefore, TRAP isoforms reflect not only
OC numbers but also activity.

These observations are consistent with the model of OC
differentiation where RANKL stimulus leads to NF-kB acti-
vation that activates transcription and dephosphorylation of
NFATecl1 that in turn induces transcription of OC-associated
genes including Acp5 [8, 45]. This signaling accounts for the
initial TRAP production. The higher TRAP concentrations
on bone compared to plastic are likely due to osteoclast-
associated receptor (OSCAR)-mediated recognition of min-
eralized collagen combined with RGD recognition by integ-
rin oy P53 [46]. The rise and fall of the TRAP 5a/5b ratio, not
observed in individual measures of 5a, 5b or CTX-I suggest
that it may be a more sensitive biomarker for OC activity and
fluctuations in bone resorption.

Serum TRAP 5a and 5b correlated moderately and posi-
tively not only to each other but also resorption marker,
CTX-I. As there is a chance that moderate correlation
between biological variables does not show a true biologi-
cal relationship, we continued to investigate the relationship
between TRAP 5a, 5b and CTX-I also in an in vitro OC
system. Similarly, in the in vitro model, TRAP 5a and 5b
concentrations correlated moderately-high and positively to
each other, and to CTX-I throughout the culture. However,
there are changes in the concentration in respect to each
other over the culture period, and the pattern of secretion
for the TRAP isoforms did not fully coincide with CTX-I
production. The positive correlation in both serum and the
in vitro OC system indicates that there is a interdepend-
ence between TRAP 5a, 5b and CTX-I. Future studies
should therefore aim to investigate this relationship in larger
cohorts to establish the clinical relevance of such a correla-
tion. From a diagnostic perspective, these findings suggest
that in healthy conditions, at least part of serum TRAP 5a
is linked to OC-dependent secretion of TRAP 5a. Further-
more, as shown by the difference between in vitro cultures
on plastic and bone, TRAP 5b reflects not only number of
OCs but also their activity. In clinical use, our new TRAP
5a/5b ELISA could be useful in the characterization of bone
pathologies such as pycnodysostosis [47] where osteoclast
numbers increase, while resorption activity remains low
and presumably the distribution of TRAP isoforms will be
altered.

In conclusion, a new TRAP sandwich ELISA measuring
both TRAP 5a and 5b protein levels independently from the
same sample has been developed and validated. The meas-
urement of serum TRAP 5a and 5b protein levels shows
differences compared to IIAAs, strengthening the impor-
tance of measuring protein levels directly. Applying the new
double-TRAP 5a/5b sandwich ELISA revealed that TRAP
Sa correlates moderately to TRAP 5b in healthy males, and
to the resorption marker, CTX-I. The new ELISA could also
verify that in vitro-cultured CD14+-derived OC secreted
both TRAP 5a and 5b proteins, and that this secretion was
correlated moderately high to each other as well as to CTX-
I. This indicates that not only TRAP 5b isoform in human
blood is derived from osteoclasts, but that also a consider-
able proportion of the TRAP isoform 5a originates from
osteoclasts and may reflect a hitherto undisclosed regulatory
mechanism during bone resorption and bone remodeling.
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