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Abstract In human medicine, procalcitonin (PCT) is a very
common and well-established biomarker for sepsis. Even
though sepsis is also a leading cause of death in foals and
adult horses, up to now, no data about the role of equine PCT in
septic horses has been available. Based on monoclonal antibo-
dies targeted against human PCT, we report here the deve-
lopment of a sandwich ELISA for the quantification of equine
PCT in equine plasma samples. The ELISAwas characterized
for intra- and interassay variance and a working range from 25
to 1,000 ng mL−1 was defined as within this range; both intra-
and interassay variances were below 15 %. The target recov-
ery ranged between 73 and 106 %. The ELISA was used to
determine the equine PCT concentration in 24 healthy and 5

septic horses to show the potential for clinical evaluation of
equine PCT. Significantly different (P=0.0006) mean equine
PCT concentrations were found for the healthy control group
and the sepsis group (47 and 8,450 ng mL−1).
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Introduction

Endotoxemia is a leading cause of mortality and morbidity in
horses and especially in foals [1]. In healthy horses, large
amounts of lipopolysaccharides (LPS) reside in the large
intestine [2].Whereas the keratinized epithelium of the dermis
and the mucous lining of the body cavities discourage patho-
logic colonization, tight junctions between epithelial cells,
secretion from epithelial cells, and resident bacteria all togeth-
er contribute to an effective defense mechanism that prevents
absorption of large amounts of LPS into the circulation [2, 3].
Endotoxin, the LPS portion of the outer cell wall of gram
negative bacteria, may enter the systemic circulation in several
ways. If the amount of LPS entering the portal circulation is
large enough, the clearance capacity of the liver can be
overwhelmed [1]. This may occur secondarily to various
conditions that compromise blood flow to the bowel, includ-
ing colics. Alternatively, LPS that originates from other
sites of the body, such as the peritoneal cavity, may bypass
the portal circulation and directly enter the systemic circu-
lation [4]. The clinical syndrome of endotoxemia includes
alterations in mucous membrane color, tachycardia and
dehydration [3], fever, signs of abdominal pain, and diar-
rhea. Leukopenia, hypoxemia, metabolic acidosis, and
hyperlactatemia are also common [5].

In human sepsis, systemic infection, or severe inflamma-
tion, the serum levels of procalcitonin (PCT) usually increase
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markedly [6] and PCTwas recognized as a highly specific and
early marker for microbial infections and sepsis [7]. Kumar
et al. [8] showed the importance of an early diagnosis of sepsis
in human patients. PCT is a precursor protein of the hormone
calcitonin, which controls the calcium balance. In human
beings, it consists of 116 amino acids (aa) with a molecular
weight of 13 kDa. The equine PCT consist of 115 aa with a
molecular weight of 12.5 kDa. Toribio et al. could show that
equine PCT has a homology within the aa sequence to the
human PCTwith more than 74 % [9].

The same phenomenon of increased PCT serum levels has
been found to occur in hamsters, pigs, rats, and baboon,
suggesting PCTas a possible early sepsis marker in veterinary
medicine [10–13]. So far, data about the role of PCT in equine
sepsis is very rare. Pusterla et al. found no increase in PCT
gene expression in blood of neonatal foals with sepsis [14]. At
present, equine sepsis diagnosis is based on bacteriological
blood cultures, which last 48 to 72 h and still cannot identify
all cases of sepsis [14]. In order to identify sepsis earlier,
sepsis scoring systems (SSS) may also be helpful. The first
SSS was developed for equine neonates in 1988. Only in
2012, Breuer et al. developed the first SSS for adult horses
[15].

Due to these facts, the aim of this study was the develop-
ment of a sandwich enzyme linked immunosorbent assay
(ELISA) for the detection of equine PCT for the diagnosis of
bacterial infections and sepsis. In an earlier project, antibodies
against human PCT were generated, and based on them an
ELISA [16] and a fluorescence immunoassay for a point-of-
care-testing application [17] were developed for sepsis diag-
nosis. These antibodies bind on human and equine PCT
because of the highly conserved target region, so the possibil-
ity to detect equine PCT was assumed. With the developed
assay, a set of equine plasma samples from healthy and sick
horses were successfully measured. Furthermore, equine re-
combinant PCT (erPCT) was produced, the first time to our
knowledge, for use as standard within the sandwich ELISA.

Materials and methods

Monoclonal antibodies

The rat monoclonal antibodies (mAb) against the N-terminus
region of human recombinant PCT (hrPCT), CALCA 3B12,
CALCA 4F6, CALCA 4F6-B, CALCA 4A6, and CALCA
4A6-B, anti-human-calcitonin mAbs CALCA 4H6, CALCA
3C5, CALCA 2F3, and CALCA 2F3-B as well as the anti-
human-katacalcin mAbs CALCA 2H8, CALCA 2H8-B,
CALCA 6H5, CALCA 6H5-B, and CALCA 7D4 were pro-
duced in-house [16]. Also the unspecific rat mAb to reduce
unspecific binding was produced in-house. The murine mAbs
against the N-terminus region of human PCT, anti-PCT Cat

4PC47 mAb 27A3, and anti-PCT Cat 4PC47 mAb 6F10 were
obtained from HyTest Ltd. (Turku, Finland). These are re-
ferred to as HyTest 27A3 and HyTest 6F10.

Production of equine recombinant PCT

Preparation of the expression constructs

A synthetic construct for equine recombinant procalcitonin
(erPCT) including N-terminal His6 and SUMO-tags was pur-
chased from IDT (Leuven, Belgium). The construct was
subcloned using XbaI and XhoI into the XbaI/XhoI-digested
pET-24d(+) vector yielding the expression construct His6-
SUMO-erPCT (1–115). The construct was verified by
sequencing.

Protein expression and purification

The His6-SUMO-erPCT (1–115) construct was transformed
into Escherichia coli strain BL21 (DE3) and cultured at 20 °C
in 2-L flasks containing 500 mL ZYM 5052 autoinduction
medium [18] and 30 μg mL-1 kanamycin. Cells were harvest-
ed by centrifugation after reaching saturation, resuspended in
30 mL lysis buffer (50 mM Tris–HCl, 300 mM NaCl, 20 mM
imidazole, 10 mM MgSO4, 10 μg mL-1 DNaseI, 1 mM
AEBSF HCl, 0.2 % (v/v) NP-40, 1 mg mL-1 lysozyme,
0.02 % (v/v) 1-thioglycerol, pH 8.0), and lysed by sonication.
The lysates were clarified by centrifugation (40,000×g) and
filtration (0.2 μM). The supernatant was applied to a 5-mL
HiTrap Chelating HP column (GE Healthcare), equilibrated in
buffer A (50mMTris–HCl, 300 mMNaCl, 20mM imidazole,
0.01 % (v/v) 1-thioglycerol, pH 8.0) using an Äkta Purifier
(GE Healthcare). The column was washed with buffer A,
buffer A containing 1 M NaCl, and buffer A containing
50 mM imidazole until a stable baseline was reached (moni-
tored at 280 nm). Bound proteins were eluted with buffer B
(50 mMTris–HCl, 300 mMNaCl, 300 mM imidazole, 0.01%
(v/v) 1-thioglycerol, pH 8.0) and fractions containing protein
pooled and dialyzed overnight at 4 °C against 1 L buffer A in
the presence of dtUD1 (SUMO hydrolase) (Weeks, 2007) in a
1:200molar ratio (dtUD1:protein). The cleaved off erPCTwas
further purified by affinity chromatography as described
above and the flow-through and protein containing wash
fractions were pooled and dialyzed overnight at 4 °C against
1 L buffer C (50 mMTris–HCl, 100 mMNaCl, and 0.01% (v/
v) 1-thioglycerol, pH 8.0). This was subsequently applied to a
6-mL Resource Q column (GE Healthcare), equilibrated with
buffer C. The flow-through containing the majority of the
erPCTwas collected and concentrated to less than 5 mL. This
was subsequently subjected to size exclusion chromatography
using a HiLoad 16/600 Superdex 200 column (GE
Healthcare), equilibrated in buffer D (50 mM Tris–HCl,
300 mM NaCl, and 0.01 % (v/v) 1-thioglycerol, pH 8.0).
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The main elution peak containing erPCT was collected, con-
centrated to approx. 4 mg mL-1, and mixed with an equal
volume of glycerol. The protein was flash frozen in liquid
nitrogen in 0.5-mL aliquots and stored at −80 °C. The protein
concentration was determined by measuring the absorbance at
280 nm using specific absorbance for erPCT (1–115) of
0.357 mL mg-1.

Development of sandwich ELISA for ePCT

Sandwich ELISA protocol

The ELISA was performed in 96-well microtiter plates. A
capture antibody was coated in a final concentration of
10 μg mL-1 in 40 mM carbonate buffer (15 mM Na2CO3,
35 mM NaHCO3, pH 9.7) to the plate and incubated at 4 °C
over night. After an automated washing step using three times
200 μL well-1 of 4 mM phosphate-buffered saline with
Tween® 20 (PBST, 0.5 mM NaH2PO4, 3.5 mM Na2HPO4,
10 mM NaCl, 0.05 % (v/v) Tween® 20, pH 7.6), free binding
sites were inhibited with 300 μL well-1 3,3 % (w/v) BSA in
40 mM phosphate-buffered saline (PBS, 5 mM NaH2PO4,
35 mM Na2HPO4, 100 mM NaCl, pH 7.6) and incubated at
RT (RT) for 1-h shaking at 450 rpm. Subsequently, plates
were washed again and standards of equine recombinant
procalcitonin (erPCT) in concentrations ranging from 0 to
50,000 ng mL-1 in equine blood plasma of a healthy horse
(referred to as zero plasma) and dilutions of horse samples
(100, 10, 1, 0.1, and 0.01 % (v/v) diluted in zero plasma) were
applied in volume of 100 μL well-1 to the immunoplate and
incubated (RT, 1 h, 450 rpm). Both standards and samples
were spiked with 50 μg mL-1 of a rat antibody against unspe-
cific binding. After the next washing step, 100 μL well-1 of a
biotinylated detection antibody was added as a 1:2,000 dilu-
tion of the stock solution. After its incubation (RT, 1 h,
450 rpm), the plate was washed again and 100 μL well-1 of
a 50 ng mL-1 solution of horseradish peroxidase (HRP) la-
beled streptavidin in 40 mM PBS were added and incubated
(RT, 1 h, 450 rpm) which was followed by a final washing
step. Finally, by applying 100 μL well-1 3,3′,5,5′-
tetramethylbenzidine (TMB) substrate solution (200 μL 1 %
H2O2, 800 μL of 6 mg/mL TMB in DMSO, dissolved in
50 mL 0.1 M sodium acetate buffer, pH 5.5), enzyme reaction
was started in the dark. After 5 min, the color reaction was
stopped by adding 50 μL well-1 2 M sulfuric acid. Absorption
of the resulting yellow product was measured at 450 nm,
reference 650 nm, using a photospectrometer.

Animals

Five horses presented to the Equine Clinic of the Free Uni-
versity of Berlin for various reasons and 24 clinic-owned
healthy horses were classified according to a sepsis-score

adapted from Breuer et al. [15], including data from the
clinical examination at the time of first presentation and lab-
oratory data. The parameters general condition, heart and
respiratory rate, inner body temperature, color of mucous
membranes, presence of petechiae, diarrhea, wounds, dys-
pnoea, and digital pulsation were included into the clinical
examination. Laboratory data included white blood cell count
(WBC), thrombocytes, lactate, ionized calcium, and fibrino-
gen. The five ill horses (two mares, three geldings, age: 15±
4 years, bodyweight: 520±68 kg) were classified as positive
for sepsis (group A, ≥7 score points). In the control group, 4
healthy horses (3 geldings and 1 mare, age: 14±5 years,
bodyweight: 575±86 kg) were classified as questionable for
sepsis (group B, 4–6 score points) and 20 healthy horses (14
geldings and 6 mares; age: 13±5 years, BDW: 529±58 kg)
were classified as negative for sepsis (group C, ≤3 score
points).

Blood sample collection and handling

Venous blood was obtained from venipuncture of the jugular
vein at the time of first presentation of the horse. EDTA-
plasma samples were prepared immediately by centrifugation
and stored at −20 °C until shipping. The samples were blinded
and shipped with dry ice to the immunoanalytic laboratory
and stored at −20 °C before ePCT quantification with the here
shown sandwich ELISA that took place in a standardized
manner.

Results and discussion

Expression and purification of erPCT

The equine recombinant PCT expression construct was made
by cloning a synthetic DNA block consisting of the N-
terminal His6 and SUMO tags and the full-length ePCT gene
(1–115) into the pET-24d(+) vector backbone. The Sumo-tag
was chosen because of its good solubilizing abilities [19] and
the additional advantage that no extra residues are added to the
N-terminus of the target protein upon tag removal. The con-
struct was well-expressed in E. coli in a soluble form and
purified by immobilized metal affinity chromatography
(IMAC). A yield of approx. 28 mg L−1 of culture was
obtained.

Development and characterization of a new ELISA for ePCT

A detailed description and results of the development and
optimization of the new ePCT ELISA can be found in the
Electronic Supplementary Material. Briefly, two antibodies
from HyTest against hPCT and nine antibodies developed in
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a further cooperation against hPCT [16] were screened using
the above-described sandwich ELISA protocol. Three possible
pairs of the tested mAbs against hPCT turned out to be useful
(see Electronic Supplementary Material Fig. S1): CALCA
3C5/CALCA 4F6-B, CALCA 2F3/CALCA 4F6-B, and
HyTest 6F10/CALCA 2F3-B. The mAb combinations
HyTest6F10/CALCA 2F3-B and CALCA 3C5/CALCA
4F6-B were then compared with regard to the possibility to
detect native ePCT in comparison to erPCT. The pair
HyTest6F10/CALCA 2F3-B did not recognize the erPCT in
the same way as the native ePCT in the plasma sample.
CALCA 3C5/CALCA 4F6-B on the contrary showed identi-
cal courses for both kinds of PCTand was therefore chosen for
further optimization (see Electronic Supplementary Material
Fig. S2). Different additives were tested in order to reduce
background signals. The addition of goat serum showed no
effect on the background signal (data not shown). LowCross-
Buffer® only achieved acceptable reduction of the back-
ground in concentrations of at least 20 % (v/v) (data not
shown), whereas the addition of rat mAbs in a concentration
of 50 μg mL−1 could reduce the background signal of origi-
nally 80 % of the maximum signal to 2.3 % (see Electronic
Supplementary Material Fig. S3).

The developed sandwich ELISA was characterized by
interassay coefficient of variation (IeA-CV) and
intraassay CV (IaA-CV). Standard curves were
established using the protocol mentioned above and
IaA-CV, IeA-CV, and WR were calculated like described

in the Electronic Supplementary Material under Data
analysis and statistical evaluation. From three separately
made standard rows (Fig. 1) with identical samples of
zero plasma spiked with erPCT, IaA-CV was calculated
depending on the used concentration. The working range
was set to 25 to 1,000 ng mL−1. In this range, IeA-CV
and IaA-CV were determined <15 % (Table 1) and
thereby fulfill the FDA’s requirements for bioanalytical
method validation [20].

Finally, cross reactivity was identified by comparing stan-
dard curves of hrPCT and erPCT using the identical setup of
the ELISA for both proteins (data not shown). By Eq. 2 in the
Electronic Supplementary Material, the CR value was

Fig. 1 Mean standard curve was calculated by mean ±SD of three plates using separately made standards. The working range is indicated by red broken lines

Table 1 Interassay CVs as well as recovery values for the sandwich
ELISA

Ctarget ng mL−1 Cactual ng mL−1 Interassay CV % Recovery %

5 9±2 22 +78

10 13±4 26 +35

25 26±3 11 +6

50 44±4 9 −13
100 73±7 9 −27
250 214±25 12 −13
500 438±39 9 −12
1,000 848±108 13 −15
2,500 1587±524 33 −37
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determined as 409. As the tested horse samples showed much
higher PCTconcentration as it is reported for humans [17], the
difference in detection is irrelevant.

Equine plasma samples

For the control group, we choose plasma samples of 24 horses
without a history of disease which were classified either
negative for sepsis (group C, ≤3 score points) or questionable
for sepsis (group B, 4–6 score points). The sepsis group
consists of five horses with clinical symptoms of sepsis which
were classified positive for sepsis (group A, ≥7 score points).
All plasma samples were tested in the optimized and fully
characterized sandwich ELISA. Since the used zero plasma
was taken from a physically healthy horse without further
purification, the measured absorptions can only provide rela-
tive concentrations referring to the ground level of PCTof this
animal. In further experiments, it could be shown that samples
of other healthy and ill horses spiked with known concentra-
tions of erPCT and diluted in zero plasma result in the correct
concentration (data not shown). However, dilution of plasma
samples with very high concentrat ions of ePCT
(>10,000 ng mL−1) showed irregularities. That means a ten-
fold dilution in zero plasma did not result in a tenfold smaller
concentration value. In order to diminish this effect, the
amount of the unspecific mAb was doubled and addition
of 20 % LowCross buffer was tested, which, however,
lead to the same result. So, we hypothesize that either
agglomeration (dimerization) of PCT at high concentra-
tions occurs or the ePCT in seriously ill horses is de-
graded to several up to now unknown fragments, which
do not follow the calibration curve of our erPCT.

Nevertheless, we found a significantly higher (P=0.0006)
median ePCT concentration of,8450 ng mL−1 in the sepsis
group in contrast to 47 ng mL−1 for the control group (Fig. 2).
Two horse plasma samples were identified as statistical out-
liers in the control group. Both horses were considered as
clinical healthy and were classified as negative for sepsis (0
and 1 score points). From both horses, a second clinical
evaluation with the same result (negative for sepsis) was done
and plasma samples were analyzed also 3 weeks later with the
same result (2,523 and 3,109 ng mL−1 erPCT). The reason for
this is up to now still unclear. The five ill horses included in
this study were classified as septic because of the physical and
hematological alterations adapted to the sepsis score of Breuer
et al. [15]. All plasma samples of the sepsis group showed
inc reased ePCT concen t r a t i ons f rom 2 ,593 to
198,520 ng mL−1, indicating the relevance of ePCT as a
possible marker in equine sepsis.

Conclusions

The immunoanalytic quantification of hPCT in human medi-
cine is state of the art for sepsis diagnosis, course control of the
disease, and antibiotic stewardship. In this communication,
we present for the first time, an ELISA for the quantification
of ePCT in equine plasma samples. Although the lower WR is
still quite high (25 ng mL−1), it was possible to see huge
differences between healthy control horses and septic horses
demonstrating the great potential of ePCT as possible sepsis
marker in equine veterinary medicine. In further clinical stud-
ies, the overall specificity and sensitivity of ePCT for sepsis
diagnosis will be determined by receiver operating

Fig. 2 Box plot of plasma ePCT
concentrations for the control and
sepsis group. The median is
indicated by the dotted line. In the
control group, two outliers were
identified by the software
(crosses)
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characteristic (ROC) for a bigger number of horses with
clearly defined sepsis (sepsis score with proof of infection
by blood culture or PCR). Also, the possible applications of
ePCT for antibiotic stewardship and the role of ePCT in colic
cases for (mortality-) prognosis or indication for surgery could
be future-applied research issues.
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