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Chemical Characterization and Quantification
of Circulating Intact PTH and PTH Fragments by High-
Resolution Mass Spectrometry in Chronic Renal Failure

Kittrawee Kritmetapak,®® Louis A. Losbanos,? Jolaine M. Hines,® Katherine L. O’Grady,® Candice Z. Ulmer,?
Hubert W. Vesper,® Felicity T. Enders,® Ravinder J. Singh,* and Rajiv Kumar®9+

BACKGROUND: The precise concentrations of full-length
parathyroid hormone (PTH1-84) and the identity and
concentrations of PTH fragments in patients with vari-
ous stages of chronic renal failure are unknown.

METHODS: We developed a liquid chromatography-high
resolution mass spectrometry (LC-HRMS) method to
characterize and quantify PTH1-84 and PTH fragments
in serum of 221 patients with progressive renal dysfunc-
tion. Following capture by matrix-bound amino-termi-
nal or carboxyl-terminal region-specific antibodies and
elution from matrix, PTH1-84 and PTH fragments
were identified and quantitated using LC-HRMS. PTH
was simultaneously measured using an intact PTH
(iPTH) immunoassay.

RESULTS: Full-length PTH1-84 and 8 PTH fragments
(PTH28-84, 34-77, 34-84, 37-77, 37-84, 38-77, 38-
84, and 45-84) were unequivocally identified and were
shown to increase significantly when an ¢eGFR declined
to <17-23 mL/min/1.73m>. Serum concentrations of
PTH1-84 were similar when measured by LC-HRMS
following capture by amino-terminal or carboxyl-
terminal immunocapture methods. In patients with an
eGFR of <30 mL/min/1.73 m”, serum PTH concentra-
tions measured using LC-HRMS were significantly

lower than PTH measured wusing an iPTH
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immunoassay. PTH7-84 and oxidized forms of PTH1-
84 were below the limit of detection (30 and 50 pg/mL,
respectively).

concLusioNs: LC-HRMS identifies circulating PTH1-
84, carboxyl-terminal PTH fragments, and mid-region
PTH fragments, in patients with progressive renal fail-
ure. Serum PTH1-84 and its fragments markedly rise
when an eGFR decreases to <17-23 mL/min/1.73 m?.
PTH concentrations measured using LC-HRMS tend
to be lower than those measured using an iPTH immu-
noassay, particularly in severe chronic renal failure. Our
data do not support the existence of circulating PTH7-
84 and oxidized PTH1-84.

Introduction

Parathyroid hormone (PTH) is synthesized in parathy-
roid glands (PTGs) as preproPTH, which is cleaved
within the endoplasmic reticulum to yield proPTH,
which is further processed in the Golgi complex to yield
bioactive full-length PTH1-84 (1). Following secretion,
circulating PTH1-84 is cleared by Kupffer cells, by pro-
teolysis into amino-terminal (N-terminal) and carboxyl-
terminal (C-terminal) fragments (2, 3). N-terminal
PTH fragments are degraded in situ, whereas C-termi-
nal PTH fragments are released into the circulation and
cleared by the kidneys (4-6). C-terminal PTH frag-
ments are also secreted by PTGs (7, 8). Plasma PTH
fragment concentrations rise in chronic kidney disease
(CKD) due to increased PTG function and impaired re-
nal clearance (9).

Intact PTH (iPTH) immunoassays yield variable
results in CKD, making it difficult to assess true PTH1-
84 concentrations (10-17). To overcome difficulties as-
sociated with measurement of PTH1-84, and to define
the nature and concentrations of PTH fragments in
patients with CKD over a broad range of estimated glo-
merular filtration rates (eGFR), we developed a liquid
chromatography-high resolution mass spectrometry
(LC-HRMS) method that identified and quantified
PTH1-84 and PTH fragments (18). While previous MS
studies have measured PTH1-84 and PTH fragments in
small patient numbers, no studies have determined
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PTH1-84 and PTH fragment concentrations using MS
with isotope-labeled internal standards (IS) in patients
with varying eGFR (19-21). Knowledge of concentra-
tions of PTH1-84 and its fragments is clinically relevant
because serum iPTH concentrations in CKD are poorly
correlated with the severity of renal osteodystrophy
and fracture incidence. Moreover, PTH effects on
bones are believed to be blocked by circulating PTH7-
84 (22, 23).

Materials and Methods

STUDY COHORT

The Mayo Clinic Institutional Review Board approved
the study. Residual waste serum samples were obtained
from the routine clinical laboratory tests at the Central
Clinical Laboratory from July through November 2019.
The study was determined to be exempt from the re-
quirement for the informed consent in accordance with
applicable HIPAA regulations (45 CFR 46.116d, cate-
gory 1). Non-identified information was used in order
to protect the patient data confidentiality. For specimen
collection, 5mL of blood was collected into a serum-
separating tube (SST), centrifuged for 5-10min at
3200 rpm, and stored at 4 °C before analysis on the
Roche Cobas iPTH immunoassay. Immediately after
analysis, a 1.5-3.0 mL serum aliquot was removed from
the SST and pipetted into a 13 x 75 mm polypropylene
tube, and stored at —80 °C for the LC-HRMS method.
Serum samples were analyzed within 3 months of collec-
tion, undergoing a single freeze/thaw cycle. Patients
with a kidney transplant, primary hyperparathyroidism,
recombinant PTH1-34 therapy, or biotin supplementa-
tion were excluded. The Chronic Kidney Disease
Epidemiology Collaboration creatinine equation was
used to classify CKD severity (CKDI1: eGFR >90;
CKD2: eGFR 60-89; CKD3a: eGFR 45-59; CKD3b:
eGFR 30-44; CKD4: eGFR 15-29; and CKD5: eGFR
<15 mL/min/1.73 m?).

REAGENTS

Recombinant PTHI1-84 (95/646) was from the
National Institute for Biological Standards and Control
(NIBSG; Hertfordshire, UK). Synthetic PTH peptides
(PTH28-84, 34-77, 34-84, 37-77, 37-84, 38-77, 38-
84, 45-84) and respective stable isotope-labeled IS
("’C/">N-PTH28-84, '>C/"’N-PTH34-77, '>C/"’N-
PTH34-84, °C/"°N-PTH37-77, °C/'°N-PTH37-84,
PC/°N-PTH38-77,  "C/"°N-PTH38-84,  and
C/'>N-PTH45-84) were synthesized by Innovagen.
U-"’N-PTH1-84, PTH7-84, and U-""N-PTH7-84
were synthesized by GoldBio (online Supplemental
Table 1). DDC Mass Spect Gold® serum (MSG®, vita-

min D-free, human delipidized) was obtained from
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Golden West Biologicals. Synthetic peptide standards
were prepared gravimetrically and stored in low protein
binding Eppendorf tubes in 33% acetonitrile, 0.4% tri-
fluoroacetic acid (TFA), and 0.05% bovine serum albu-
min (BSA) in water. Neat solutions of each unlabeled
and stable-isotope labeled PTH peptide were analyzed
by HPLC-UV for purity and by UHPLC-HRMS at
each charge state for the presence of interfering species.
Amino acid analysis was performed on powdered stand-
ards to determine the net peptide content. The stock
concentrations were cotrected based on purity of the sol-
utions. Stock solutions (0.012—0.061 mg/mL for recom-
binant PTHI1-84 and synthetic PTH peptides, and
0.019-0.057 mg/mL for IS) were prepared separately in
33% acetonitrile with 0.4% TFA and 0.05% BSA in
water. Two intermediate concentrations of calibrator
and 7 working calibrator solutions were prepared in
MSG® serum, with final dilutions generating a calibra-
tion curve containing 0-10000 pg/mL of each PTH
peptide. Stock IS solutions of labeled PTH peptides
were added to MSG® serum to achieve a working IS
concentration of 19-42 ng/mL for each PTH peptide.
Three ranges of concentrations (40-150, 150-500, and
500-2000 pg/mL) of quality control material were cre-
ated by spiking calibration standard material into pooled
human serum (SeraCare). Working solutions in MSG®
serum and neat solutions (stocks and intermediate cali-
brators) were stable for 6 and 12 months, respectively,
covering the duration of this study.

IMMUNOCAPTURE
Two immunocapture methods were developed. The C-
terminal immunocapture method has been previously
described (24). Briefly, polystyrene beads coated with af-
finity purified murine monoclonal anti-PTH (44-84)
antibody (Immulite™ 2000 iPTH assay; Siemens) were
placed into wells of a 96-well Isolute PPT+ filter plate
(Biotage; one bead/well). Calibrators, quality controls,
and patient serum samples were thawed, vortexed, and
placed on ice prior to pipetting 1 mL of each into the
plate. Fifty microliters of working IS mixture was added
to each well. The plate was sealed, vortexed, and shaken
at 20°C for 4h at 2500 rpm. After incubation, serum
was discarded using a positive pressure manifold
(Chrom Tech) and beads were washed first with 1.8 mL
and then with 1.0 mL of 1X phosphate buffered saline.
C-terminal PTH peptides bound to the antibody-bead
were eluted with 330 pL of 1% formic acid into 96-well
plates and stored at 4 °C until analysis.

For the N-terminal immunocapture method,
200 pL of calibrator, quality control or patient serum
sample and 50 pL of IS were combined with 200 pL of
biotinylated monoclonal anti-PTH (26-32) (antibody
(2.3mg/L) in a 96-well plate. The plate was sealed,
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vortexed and placed on an orbital plate shaker at 20°C
for 90 min. After incubation, 200 uL of streptavidin
magnetic beads (0.72 mg/mL; Roche iPTH reagent)
were added to each well and the plate was incubated on
a plate shaker for 90 min. The plate was placed on a
magnetic separator (Epigentek) and supernatant serum
was aspirated. Beads were washed twice with 200 pL of
1X phosphate buffered saline and N-terminal PTH
peptides bound to antibody were eluted with 330 uL of
1% formic acid, transferred into a 96-well plate, and
stored at 4 °C until analysis.

LIQUID CHROMATOGRAPHY-HIGH RESOLUTION MASS
SPECTROMETRY

PTH peptides in serum samples were measured using a
Thermo UltiMate 3000 UHPLC system coupled to a
Thermo Q Exactive Plus HRAM hybrid quadrupole-
orbitrap mass spectrometer with a heated electrospray
ionization source. Full MS centroided data were ac-
quired in positive ion mode over mass-to-charge ratio
(m/z), 303-800 m/z, with a 70 000 resolution relative to
m/z 200 (Supplemental Table 2). To separate PTH1-84
and PTH fragments, reversed-phase chromatography
was performed with a ProSwift RP-4H, monolithic
HPLC column (1 x 250 mm) coupled to a 4 x 2.0 mm,
C18 guard cartridge (Phenomenex). Mobile Phase (MP)
A comprised 5% dimethylsulfoxide (DMSO) and 0.4%
formic acid in water. MP B comprised 5% DMSO and
0.4% formic acid in acetonitrile. DMSO was utilized as
a supercharging agent. Injection volume was 100 puL at a
starting flow rate of 150 uL/min, 100% MP A. This
flow was held for 2 min after injection. MP B was in-
creased to 50% over 15min. The flow rate was in-
creased to 320 uL/min over 1.5min and was kept
constant for 4.5 mins while MP B increased to 95% to
wash the column. At 25-min, solvent was switched to
100% MP A and the flow rate was decreased to 150 puL/
min over 3 min.

Retention time and optimal charge states of each
PTH peptide were established by single peptide injec-
tions using 1.2-5.0 ng/mL solutions. Two or more
charge states were monitored for each PTH peptide
with a single charge state selected for quantitation based
on intensity, reproducibility, and limited interference
observed in serum samples (Supplemental Table 3). The
same charge states were monitored for the unlabeled
and labeled forms of the PTH peptide. Final monitored
charge states for quantification were as follows: PTH1-
84 at z=+15, PTH28-84 at z=-+11, PTH34-77 at
z=+8, PTH34-84 at z=49, PTH37-77 at z=+7,
PTH37-84 at z—=+10, PTH38-77 at z=+7, PTH38-
84 at z=+49, and PTH45-84 at z=+8. For serum oxi-
dized PTH1-84, we acquired theoretical mass isotopic
distribution profiles of 2 singly-oxidized and doubly-

oxidized forms of PTHI1-84: PTH1-84M8(QO) +14,
+15, +16; PTH1-84M18(0O) +14, +15, +16; and
PTHI1-84M8(0)18(0) +14, +15, +16 (Supplemental
Fig. 1).

Mass spectra were analyzed using the Thermo
Xcalibur Qual Browser, v4.2. Sample analysis and quan-
tification were performed using TraceFinder Clinical,
v4.1. Theoretical masses of each PTH peptide and
charge state were calculated using Molecular Weight
Calculator, v6.50 and confirmed by injection of respec-
tive calibration standards. Quantitation was performed
using a calibration curve with analyte-to-IS peak area ra-
tios for each PTH peptide charge state with linear re-
gression analysis and 1/X weighting. The 10 most-
abundant isotopic masses for each charge state (for both
PTH peptides and IS) were summed for quantitation.
The mass tolerance was set to 10 ppm. IS recovery and
retention time were monitored for PTH peptides

ANALYTICAL VALIDATION OF LC-HRMS

The criteria for assay acceptance included 7-point cali-
bration curves with an R* >0.995 and no individual
point exceeding +20% of the expected value for
PTH peptides. The limit of detection (LOD) was de-
fined as a signal-to-noise ratio >3 in the lowest-
concentration calibrators (ranging from 24 to 81 pg/
mL), and the lower limit of quantification (LLOQ)
was calculated from inter-assay imprecision of quality
control material (Supplemental Figs. 2 and 3;
Supplemental Table 4). The LLOQ for all PTH pep-
tides was achieved by summing of 10 isotopic ions
within each charge envelope combined with the super-
charging effects of DMSO in the MP, which reduced
the charge states from ~10 to ~3 (Supplemental Fig.
4). For chromatographic peaks lacking Gaussian distri-
bution, spectral data and isotopic envelopes were
reviewed. Retention time acceptance criteria and IS
peak area flagging were used as qualitative criteria for
the acceptability assessment. Quality control materials
consisting of pooled human serum spiked with PTH
peptides were used for imprecision studies. Intra-assay
imprecision was determined by assaying 12 replicates
of each of 3 quality control samples within 1 assay,
and inter-assay imprecision was calculated from 10
replicates of each of 3 quality control samples across 5
batches. Imprecision was expressed as the percentage
coefficient of variation (%CV). Recovery was deter-
mined by spiking 100, 500, and 1000 pg/mL of each
synthetic PTH peptide into 4 patient serum matrices
of varying PTH concentrations. Expected values were
determined by summing the spiked concentration
with the endogenous concentration. Percent recovery
was determined as (Measured/Expected concentration)
x100.
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ROCHE IPTH IMMUNOASSAY

Serum iPTH concentrations were measured using an
iPTH electrochemiluminescence immunoassay and a
Roche Cobas €411 analyzer. A biotinylated monoclonal
antibody reacts with the N-terminus (amino acids 26—
32) and a ruthenium-labeled monoclonal antibody
reacts with the C-terminus (amino acids 37-42) of
PTH. The method has a %CV of <20% and LLOQ of
6 pg/mL.

To determine if PTH fragments cross-react with an
iPTH immunoassay, synthetic PTH fragments (PTH7-
84, 28-84, 34-84, 35-84, 37-84, 38-84, 45-84, 48-84)
were spiked individually and in combination at concen-
trations between 30 and 3000 pg/mL in vitamin D-de-
pleted serum prior to measurement.

DETERMINATION OF STABILITY OF PTH AND PTH FRAGMENTS
The stability of PTH1-84 and PTH fragments in
freshly-collected serum samples and serum samples
stored at —80°C was assessed in patients with eGFRs
>60 and <30 mL/min/1.73 m>. Serum concentrations
of Roche iPTH, LC-HRMS PTH1-84, and PTH frag-
ments were measured at baseline and 1-week apart. To
show that PTH fragments were not generated in vitro,
vitamin D-depleted serum, human stripped serum, and
patient serum samples were spiked with PTH1-84 or
PTH7-84 to induce forced degradation at room temper-
ature. The effect of freeze-thaw cycles on PTH1-84 and
PTH fragment stability was evaluated in patient serum
samples.

STATISTICAL ANALYSES

Continuous variables were compared using one-way
ANOVA or the Kruskal-Wallis test with Bonferroni cor-
rection for multiple comparisons. For non-normally dis-
tributed variables, median with interquartile ranges
(IQ25 and 1Q75) are presented. Categorical variables
were compared using the chi-square test. We examined
interrelationships of analytes using Pearson’s correlation
coefficients. A segmented regression model was used to
detect thresholds at which a statistically significant
change was observed in the slope of serum analyte con-
centrations in relation to eGFR (25). PTH concentra-
tions measured by LC-HRMS and iPTH immunoassay
were compared using Bland-Altman analysis. Analyses
were performed using Stata version 14.0. P values
<0.05 were considered statistically significant.

Results
A total of 221 patients with varying eGFR were in-
cluded in the study. The mean age of subjects was

61.4 * 14.8 years and 43% were men. Serum phosphate
concentrations remained unchanged across CKD1-3
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stages, and then increased progressively in patients with
CKD4-5. Serum iPTH and intact fibroblast growth fac-
tor 23 (iFGF23) concentrations increased modestly in
patients with CKD1-3. Only patients with CKD4-5
demonstrated statistically significant increases in serum
iPTH and iFGF23 concentrations relative to patients
with CKD1-2 (Table 1).

PERFORMANCE CHARACTERISTICS OF LC-HRMS

Calibrators and quality control materials containing
PTHI1-84 and synthetic PTH fragments were analyzed
by N-terminal and C-terminal immunocapture meth-
ods. We detected PTH1-84 by LC-HRMS in similar
concentrations following N-terminal and C-terminal
immunocapture (Fig. 1). The LOD for PTH1-84 with
both  immunocapture methods was 50 pg/mL.
Calibration curves were linear and reproducible (R?
>0.995) for both methods. Mean intra-assay and inter-
assay %CVs were 17% and 19% for PTH1-84, and
were 18% and 23% for other PTH peptides, respec-
tively. Mean percent recovery of PTH peptides in hu-
man pooled serum was 107% (range 88% to 126%).
Peak shape was shown to be reproducible over time and
retention time changes were minimal between lots of
MPs and analytical columns. Carryover, monitored by
performing a blank injection after the highest calibrator
was acceptable, defined as less than the LOD for each
PTH peptide.

SPECIES OF HUMAN PTH FRAGMENTS DETERMINED BY LC-
HRMS

We detected 8 species of PTH fragments in human se-
rum: PTH28-84, 34-77, 34-84, 37-77, 37-84, 38-77,
38-84, and 45-84 (Fig. 2; Supplemental Figs. 5 and 6).
No N-terminal PTH fragments (e.g., PTH1-34) were
detected using the N-terminal immunocapture method.
The LOD of the C-terminal immunocapture method
for circulating PTH fragments ranged from 24 to 81 pg/
mL. Serum PTH7-84 was below the LOD (30 pg/mL)
using both immunocapture methods (Supplemental Fig.
7). Synthetic PTH1-34 and PTH7-34 added to serum
matrix were readily detected with the N-terminal immu-
nocapture method. While synthetic PTH35-84 was cap-
tured using the C-terminal immunocapture method,
C'"N-PTH35-84 was unstable and therefore quanti-
tative data were not obtained. Synthetic PTH48-84 had
poor analytical sensitivity using the C-terminal immu-
nocapture method, and appropriate calibration could
not be generated (R* <0.995).

Serum concentrations of PTH1-84 and PTH frag-
ments increased as eGFR declined (Table 2), and in-
creased significantly when an eGFR decreased to <17-
23 mL/min/1.73 m? (Fig. 3, Supplemental Table 5).
The greatest change in circulating PTH fragment
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Fig. 1. Correlation between serum concentrations of PTH1-84 measured using N-terminal and C-terminal
immunocapture LC-HRMS methods. The shadowed area represents 95% confidence interval for the regression

concentrations with decreasing eGFR was observed with
PTH38-77. Serum concentrations of PTH fragments
increased in  parallel as PTHI1-84 increased
(Supplemental Fig. 8, Supplemental Table 6). There
were weak or no associations between serum PTH frag-
ments and serum  phosphate  concentrations
(Supplemental Fig. 9).

STABILITY OF PTH AND PTH FRAGMENTS

Mean changes of serum concentrations of Roche iPTH,
LC-HRMS PTHI1-84, and PTH37-84 after 1-week
storage at —80°C (n=4) were -2.7% (95% CI, -
7.15% to 5.68%; P=10.78), +14% (95% CI, -19.56%
to 20.92%; P=0.46), -9% (95% CI, -14.68% to
6.69%; P=0.65), respectively. Characterized PTH
fragments were not generated in vitro in vitamin D-de-
pleted serum, human stripped serum, and freshly col-
lected serum from patients with high or low eGFRs
spiked with PTH1-84 and PTH7-84 and stored at
room temperature for 6 or 16 h (Supplemental Figs. 10
and 11). Spiked serum concentrations of LC-HRMS
PTH1-84 and PTH fragments changed —25 to +24%
after 1 freeze-thaw cycle, and changed —45% to +24%
after 2 freeze-thaw cycle (Supplemental Table 7). In the
spike-and-recovery experiment (n=4 per group), per-
cent recovery of LC-HRMS PTH1-84 between high-
and low-eGFR patient serum samples were 84% and
86%, respectively, (mean difference of 2.23%; 95% CI,
—8.74% to 13.12%; P=10.63).
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DETERMINATION OF OXIDIZED PTH1-84 BY LC-HRMS
Singly-oxidized or doubly-oxidized forms of PTH1-84
[PTH1-84M8(O) +14, +15, +16; PTH1-84M18(O)
+14, +15, +16; and PTHI1-84M8(0)18(0) +14,
+15, +16] were undetectable in patient serum samples
with high or low ¢eGFR and with PTH1-84 concentra-
tions of <1000 pg/mL.

METHOD COMPARISON

Significant correlations between serum PTH concentra-
tions measured using the Roche iPTH immunoassay
and LC-HRMS method were observed in patients with
CKD3-5 (Fig. 4). Bland-Altman analysis demonstrated
that serum PTH measured using LC-HRMS were 58%
lower than those determined by an iPTH immunoassay
(95% CI: —150% to 35%). The negative bias for the
LC-HRMS method compared with an iPTH immuno-
assay in patients with CKD3, CKD4, and CKD5 was —
13% (95% CI: -93% to 68%), —74% (95% CI: —
135% to —13%), and —86% (95% CI: —132% to —
40%), respectively (Supplemental Fig. 12).

Serum iPTH concentrations increased modestly in
patients with CKD1-3 and then increased significantly in
CKD4-5, whereas serum LC-HRMS PTH1-84 concen-
trations increased significanty only in patients with CKD5
versus CKD1-2 (P=0.02). In patients with CKD4-5, se-
rum concentrations of PTH measured using LC-HRMS
method were significantly lower than those measured using
an iPTH immunoassay (Supplemental Fig. 13).
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Fig. 2. Chromatogram depicting PTH1-84 and PTH fragments in a patient with stage 5 CKD. All peptides were determined by
the C-terminal immunocapture LC-HRMS method and serum concentrations were as follows: PTH1-84 (204 pg/mL), PTH28-84
(193 pg/mL), PTH34-77 (225 pg/mL), PTH34-84 (1,043 pg/mL), PTH37-77 (551 pg/mL), PTH37-84 (799 pg/mL), PTH38-77
(1,716 pg/mL), PTH38-84 (396 pg/mL), PTH45-84 (414 pg/mL).

Table 2. Serum concentration of LC-HRMS PTH1-84 and PTH fragments according to stages of renal function.

PTH peptides
PTH1-84
PTH28-84
PTH34-77
PTH34-84
PTH37-77
PTH37-84
PTH38-77
PTH38-84
PTH45-84

Al

82 (66-120

5(56-118)
113 (68-307)
219 (97-554)
206 (99-349)
126 (64-327)
177 (91-605)

80 (39-206)
153 (110-277)

Estimated GFR

(mL/min/1.73 m?)

>60
0(67-95)
5(49-70)
9 (45-78)
99 (67-213
105 (96-181
69 (54-122
2(53-123
5(25-61)
132 (95-158)

)
)
)
)

45-59
2(58-93)
8(58-141)
6 (47-66)

165 (81-413

103 (82-179
7(

124 (77-221

45 (29-81)

125 (74-165)

)
)
52-184)
)

'P<0.05;
"P<0.01;
P <0.001.

Values are shown as median (interquartile range, pg/mL).
it Compared with patients with eGFR >60 mL/min/1.73 m:

30-44
6 (61-95)
8(61-111)
109 (97-125)
206 (93-298)
116 (50-227)
)
)

4 (65-175

133(77-235
48 (32-83)

135(108-159)

15-29

7 (58-93)

1 (49-96)
114 (88—134)”

231 (149-362)

140 (95-206)
121 (76-224)
140 (87-289)

53 (35-109)
140 (98-156)

<15
115 (81-189)"
112(80-180)"
285 (194-393)
1,026 (480-1,498)"
345 (206-483)'
456 (236-771)"
901 (337-2,147)"
265 (104-429)"
381 (215-587)

P for trend

0.008
0.009
0.004
0.006
0.008
0.006
0.008
0.009
0.005
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Fig. 3. The associations of estimated GFR with log-trans-
formed concentrations of PTH1-84 and PTH fragments:
PTH1-84 (y=2.0552e %%°2%; R? — 0.42; P=0.039),
PTH28-84 (y = 2.0928e °%°%; R? = 0.31; P=0.004),
PTH34-77 (y = 2.3084e *°%%; R? = 0.36; P=0.005),
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PTH38-84 (y = 2.2597e %%, RZ — 0.32; P=0.009),
PTH45-84 (y = 2.3842e %°%; R? = 0.27; P=0.020).

Cross-Reactivity of PTH Fragments with Roche iPTH
Immunoassay Synthetic PTH fragments (PTH28-84,
34-84, 35-84, 37-84, 38-84, 45-84, 48-84), tested indi-
vidually and in combination, showed negligible cross-
reactivity with an iPTH immunoassay. Conversely, an
iPTH immunoassay detected synthetic PTH7-84 at
close to 100% cross-reactivity (Supplemental Table 8).

Discussion

We identified and quantitated serum full-length PTH1-
84 and PTH fragments (PTH28-84, 34-77, 34-84, 37-
77, 37-84, 38-77, 38-84, 45-84) using LC-HRMS in
patients with varying eGFR values. Serum PTH7-84
and oxidized forms of PTH were not detected. We
show here that serum concentrations of PTH fragments
rise significantly when an eGFR falls to <17-23 mL/
min/1.73 m?. In patients with an eGFR of <30 mL/
min/1.73 m?, serum PTH concentrations measured us-
ing LC-HRMS are significantly lower than those mea-
sured using an iPTH immunoassay.

While some studies have identified PTH7-84 as an
abundant circulating PTH fragment (16, 26), others
have shown that PTH7-84 is undetectable using MS in
human plasma (19-21). The latter results are consistent
with our findings of PTH7-84 concentrations below the
LOD (30 pg/mL). Thus, PTH7-84 may not be present

in concentrations sufficient to alter bioactivity of

850 Clinical Chemistry 67:6 (2021)

PTH1-84 in vivo (19-21). These findings are important
because of the antagonistic effects of synthetic PTH7-
84 on PTH1-84 bioactivity in bones and kidneys (22,
27,28).

In a previous study (19), circulating PTH frag-
ments were measured using matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF)
MS; 4 PTH fragments (PTH34-84, 37-84, 38-84, 45-
84) were identified in 4 CKD patients, and in 6 healthy
women given PTH1-84 parenterally. A subsequent
study using post-immunocapture trypsin digestion fol-
lowed by MALDI-TOF MS found similar PTH frag-
ments plus five additional PTH fragments (PTH28-84,
34-77, 37-77, 38-77, 48-84) from the plasma of 12
healthy and 12 CKD5 patients (21).

Our LC-HRMS method offers advantages over pre-
viously published MS methods (Supplemental Table 9).
By including analytical standards and stable isotope-
labeled IS, we definitively quantify serum PTH1-84 and
PTH fragments. Intact protein analysis using LC-
HRMS allows specific detection of all captured PTH
peptides while maintaining analytical sensitivity (29).
Assays using enzymatic digestion are difficult to opti-
mize, and rely on unique tryptic peptides that must ion-
ize efficiently and be traceable back to each specific
PTH peptide (18, 30). An additional advantage of oper-
ating in full scan mode is the ability to detect circulating
PTH fragments for which analytical standards are
unavailable. Furthermore, the addition of 5% DMSO
to solvents during ionization of peptides facilitates en-
hanced ionization efficiency and coalescence of ion cur-
rent into fewer charge states, resulting in higher quality
spectra and greater analytical sensitivity.

We confirmed the absence of circulating N-termi-
nal PTH fragments, and the presence of C-terminal and
mid-region PTH fragments. The generation of C-termi-
nal PTH fragments in the PTGs is associated with en-
dopeptidase activity in the Golgi complex (31), whereas
lysosomal cathepsin D activity produces C-terminal
PTH fragments in Kupffer cells (32). Some mid-region
PTH fragments detected (PTH34-77, 37-77, 38-77)
could be generated by C-terminal proteolytic cleavage of
longer PTH fragments (33). Previous studies in which
PTH fragments with N-termini at amino acid 24, 35,
41 and 43 were identified, were performed in animal
models using radioactive-labeled PTH (6, 31, 32, 34).

We showed that no statistical difference was ob-
served for the eGFR thresholds at which serum Roche
iPTH and LC-HRMS PTHI1-84 increased. The low
prevalence of hyperphosphatemia in our cohort might
result in the development of a lesser iPTH increase at a
lower eGFR compared with previous studies (35, 36).
We observed a significant increase in circulating PTH
fragment concentrations when eGFR decreased to
<17-23 mL/min/1.73 m”. The potential mechanisms
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Fig. 4. Correlations between LC-HRMS PTH1-84 and Roche iPTH results obtained in (A) CKD3-5, (B) CKD3, (C) CKD4, and (D)
CKDS5. The shadowed area represents 95% confidence interval for the regression line. CKD, chronic kidney disease.

underlying this phenomenon are the decreased renal
clearance and increased secretion of PTH fragments
from the hyperplastic PTGs. The kidneys remove circu-
lating C-terminal PTH fragments by glomerular filtra-
tion and fragments are subsequently metabolized in
renal tubular cells; therefore, a reduction in eGFR con-
tributes to the increase in circulating PTH fragments
(4-6, 37). However, PTH1-84 is rapidly transported
through the basolateral membrane and is then degraded
within proximal tubular cells; hence, a decrease in eGFR
might have less impact on circulating PTH1-84 concen-
tration (38).

Differences in serum iPTH concentrations are
noted with various iPTH immunoassays. A study
comparing the serum iPTH measured with 13 iPTH
immunoassays in CKDS5 patients, found that a me-
dian bias of 44.9% to 123.0% existed between a
given iPTH immunoassay and the reference Allegro
iPTH immunoassay (10). Our study confirms inter-
assay discrepancies in iPTH results, and highlights

the need for more accurate methods for the PTH
measurement (11, 12).

Serum LC-HRMS PTHI1-84 concentrations were
approximately 13% lower in CKD3 and 74% to 86%
lower in CKD4-5 compared with Roche iPTH concen-
trations. Several factors might account for these differen-
ces. First, some PTH fragments undetected by LC-
HRMS may cross-react with iPTH immunoassays.
Second, partial degradation of PTH could occur during
sample storage. PTH remained stable at -80°C for
1 week; however, we did not test stability for any longer
period of time. Third, heterophile antibodies may cause
interference with iPTH immunoassays (39). Fourth,
uremic toxins in CKD may confer interference through
the “matrix effects” (40). Notably, in this study, PTH
standardization was attained using the same interna-
tional standard (NIBSC 95/646) for both methods.
Although oxidized PTH was claimed to cross-react with
iPTH immunoassays (41), it was below the LOD
(50 pg/mL) for PTH1-84 by our LC-HRMS.
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The strengths of our study include the measure-
ment of serum PTHI-84 and PTH fragments in
patients with varying eGFRs and the use of LC-HRMS
method specifically developed for the peptides of inter-
est. Our study has certain limitations. First, the immu-
nocapture method could potentially fail to capture some
PTH fragments. The LLOQ for PTH peptides is lim-
ited but it could be optimized with increased serum vol-
ume and improvements in chromatographic techniques.
Lastly, we lack data on the correlations between serum
concentrations of PTH1-84, including PTH fragments,
and bone histomorphometry. Further studies are also
needed to assess the accuracy of LC-HRMS method.

Conclusions

LC-HRMS identifies circulating PTH1-84, C-terminal
PTH fragments, and mid-region PTH fragments in
patients with renal dysfunction. Serum PTHI1-84 and
its fragments increase as eGFR declines. PTH concen-
trations measured using LC-HRMS tend to be lower
than those measured using an iPTH immunoassay, par-
ticularly in advanced CKD. Our data do not support
the existence of circulating PTH7-84 and oxidized
PTHI1-84.

Supplemental Material

Supplemental material is available at Clinical Chemistry
online.

Nonstandard Abbreviations: PTH, parathyroid hormone; PTGs,
parathyroid glands; N-terminal, amino-terminal; C-terminal, car-
boxyl-terminal; CKD, chronic kidney disease; iPTH, intact PTH;
LC-HRMS, liquid
chromatography-high resolution mass spectrometry; IS, internal stan-
dard; SST, serum-separating tube; NIBSC, National Institute for
Biological Standards and Control; MSG, Mass Spect Gold®; TFA,

eGFR, estimated glomerular filtration rate;

UHPLC, ultra-

high-performance liquid chromatography; rpm, revolutions per min-

trifluoroacetic acid; BSA, bovine serum albumin;

ute; /2, mass-to-charge ratio; MP, mobile phase; DMSO, dimethyl
sulfoxide; LOD, limit of detection; LLOQ, lower limit of quantita-
tion; CV, coefficient of variation; IQR, interquartile range; iFGF23,
intact fibroblast growth factor 23; MALDI-TOF, matrix-assisted laser
desorption/ionization-time of flight.
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