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A B S T R A C T

Clinical trials showed renal protective effects of bovine intestinal alkaline phosphatase (AP) in patients
with sepsis-associated acute kidney injury (AKI). Subsequently, a human recombinant chimeric AP
(recAP) was developed as a pharmaceutically acceptable alternative. Here, we investigated the
biodistribution and pharmacokinetics (PK) of recAP and developed a translational population PK model.
Biodistribution was studied during LPS-induced AKI in rats. Iodine-125-labeled recAP was primarily
taken up by liver, spleen, adrenals, heart, lungs and kidneys followed by the gastro-intestinal tract and
thyroid. Tissue distribution was not critically affected by endotoxemia. PK parameters were determined
in rats and minipigs during IV bolus injections of recAP, administered once, or once daily during seven
consecutive days. Plasma concentrations of recAP increased with increasing dose and disappeared in a
biphasic manner. Exposure to recAP, estimated by AUC and Cmax, was similar on days 1 and 7.
Subsequently, population approach nonlinear mixed effects modeling was performed with recAP rat and
minipig and biAP phase I PK data. Concentration versus time data was accurately described in all species
by a two-compartmental model with allometric scaling based on body weight. This model provides a
solid foundation for determining the optimal dose and duration of first-in-man recAP studies.
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1. Introduction

Alkaline phosphatase (AP) is an endogenous membrane-bound
enzyme, ubiquitously present in the human body. Four different
iso-enzymes exist, the nomenclature of which refers to the tissue
that each was originally identified in, namely germ cell, intestinal,
placental and tissue-nonspecific (liver/bone/kidney) AP (Millan,
2006). Endogenous AP has several functions under physiological
conditions; intestinal AP is involved in e.g. regulation of
bicarbonate secretion, surface pH and lipid absorption (Lalles,
2014), while bone-derived AP plays a role in bone mineralization
(Millan, 2006). Alternatively, there is increasing evidence that AP
plays a significant role in regulating intestinal barrier function as
well as host defense and innate immunity, in particular protection
against acute inflammatory reactions induced by endotoxins, such
as lipopolysaccharides (LPS) (Su et al., 2006; Verweij et al., 2004).
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LPS are embedded in the outer membrane of Gram-negative
bacteria and are considered one of the principal biological
substances causing sepsis (Cohen, 2002). Sepsis is characterized
by the release of various pro-inflammatory molecules from
damaged necrotic and apoptotic cells, exerting toxic effects,
including ATP (Eltzschig et al., 2012). Likely, AP exerts protective
effects through the dephosphorylation of detrimental molecules,
including LPS and extracellular ATP, thereby reducing the
inflammatory response (Peters et al., 2014). The protective effects
were demonstrated in several animal models of systemic
inflammation. In mice, treatment with placental and intestinal
AP improved survival rates, reduced fever and attenuated serum
nitric oxide levels during Escherichia coli-induced inflammation,
and reduced systemic inflammation and organ damage induced by
cecal ligation and puncture (Beumer et al., 2003; van Veen et al.,
2005; Verweij et al., 2004). In addition, treatment with intestinal
AP attenuated systemic cytokine levels in sheep and piglets with
septic shock caused by fecal peritonitis and LPS injection,
respectively (Beumer et al., 2003; Su et al., 2006).

Subsequently, the anti-inflammatory role of AP was investigat-
ed in critically ill patients suffering from sepsis-associated acute
kidney injury (AKI) (Heemskerk et al., 2009; Pickkers et al., 2012), a
condition with substantial mortality (Oppert et al., 2008). Prior to
two exploratory phase IIa clinical trials, conducted with bovine
derived intestinal AP (biAP), the safety of this enzyme was
evaluated in a phase I trial (Pickkers et al., 2009). BiAP
administration in healthy male volunteers did not raise safety
concerns and anti-drug antibodies were not detected. According to
the clinical data available from two phase IIa studies, biAP infusion
improved kidney function in patients with sepsis-associated AKI
and showed a trend towards prevention of AKI development in
patients diagnosed with sepsis, but that had no signs of AKI at
inclusion (Heemskerk et al., 2009; Pickkers et al., 2012). The
precise mechanism of action underlying these protective effects
remains to be elucidated further, but it is known that endogenous
AP is lost from the brush border membrane of proximal tubular
epithelial cells in the kidney following an ischemic insult, while AP
levels in urine are increased (Coux et al., 2002; Khundmiri et al.,
1997).

Although biAP administration showed promising effects
during sepsis-associated AKI, application of animal-derived
enzymes in humans is not warranted as bovine spongiform
encephalopathy (BSE)-free sources of bovine-derived enzyme are
difficult to obtain. Also, repeatedly administering animal-sourced
AP is likely to provoke immune reactions. As an acceptable
alternative to bovine-sourced AP for human application in sepsis-
associated AKI, a human recombinant chimeric AP (recAP) was
developed by replacing the crown domain of a human intestinal
AP with the crown domain of human placental AP, resulting in a
stable and highly active enzyme (Kiffer-Moreira et al., 2014). In
validation studies, enzymatic properties and substrate specificity
of biAP and recAP were comparable, but recAP was found to be
more temperature-stable compared to biAP (Kiffer-Moreira et al.,
2014).

Insight into the pharmacokinetic (PK) properties of biAP in
human subjects could support understanding the translational PK
properties of recAP, which will ultimately help to predict the
human PK of recAP. Subsequently, simulations of plasma PK
profiles will improve the design of first-in-man recAP studies.
Therefore, the aim of this study was to analyze clinical PK studies
with biAP and preclinical PK studies with recAP to investigate
recAP PK properties and translate these to a putative clinical
application. In addition, to understand the relative distribution
into various organs, a biodistribution study was performed with
iodine-125 (125I)-labeled recAP in rats during endotoxemia-
induced AKI.
2. Materials and methods

2.1. Biodistribution study

2.1.1. Animals
For the biodistribution study, male Sprague–Dawley (SD) rats

(Charles River Laboratories, L’Arbresle, France; n = 43), weighing
285–329 g, were housed under routine laboratory conditions at the
Preclinical Image Centre of the Central Animal Laboratory at the
Radboud university medical center (Nijmegen, The Netherlands).
For the pharmacokinetic studies, male SD rats (Charles River
Laboratories, Portage, Michigan; n = 27), weighing 330–372 g, and
male Göttingen Minipigs (Marshall BioResources, North Rose, NY;
n = 18), weighing 7–13 kg, were housed under routine laboratory
conditions at MPI Research (Mattawan, MI). Water was available ad
libitum. Standard laboratory chow was available ad libitum to rats
and was offered to minipigs twice daily via rationated feeding,
except during fasting periods. Animal experiments were per-
formed according to the National Institutes of Health guidelines
and protocols were approved by the institutional review board for
animal experiments.

2.1.2. 125I labeling
For the biodistribution study, recAP (AM-Pharma BV, The

Netherlands) was radiolabeled with 125I using the chloramine-T
procedure (Greenwood et al., 1963). Briefly, 2 mg recAP (3873 U/
ml), Na 125I solution (37 MBq in 10 mL; PerkinElmer, Groningen,
The Netherlands), 100 mL 5 mM Tris Buffer (pH 8.0; Sigma–Aldrich,
Zwijndrecht, The Netherlands) and 14 mL of freshly prepared
chloramine-T solution (10 mg/ml in sterile water; Sigma–Aldrich)
were added into a 1.5 mL Lo-Bind Eppendorf tube. Reaction was
allowed to stir for 1 min at room temperature. The labeling
reaction was quenched by addition of 30 mL tyrosine solution
(10 mg/mL in water; Sigma–Aldrich) and purified by gel filtration
(PD10 column; GE Healthcare, Hoevelaken, The Netherlands)
eluted with saline (0.9%). Fractions of 0.5 mL were collected and
radioactivity in each fraction was measured in a dose calibrator
(Capintec, Ramsey, NJ). Fractions containing the desired radio-
iodinated product were pooled. Radiochemical purity was
evaluated by thin layer chromatography (TLC) on silica gel-coated
instant TLC strips (ITLC-SG; Agilent Technologies, Palo Alto, CA)
with 10% trichloroacetic acid (Sigma–Aldrich) as eluent. Enzyme
activity was verified by the AP colorimetric assay kit (Abcam,
Cambridge, United Kingdom) and shown to be essentially
unchanged after radiolabeling. The solution of radiolabelled 125I-
recAP was then diluted to �1 mg/mL with saline. The 125I-recAP
dose prepared in saline for injection contained 200 U/kg enzyme
activity (approximately 111 mg, 444 kBq per animal). Radiochemi-
cal purity of all preparations was >99%.

2.1.3. Study design
Rats received an IV bolus of 10 mg/kg LPS (E. coli 0127:B8;

Sigma–Aldrich, Zwijndrecht, The Netherlands; dissolved in saline;
group G8-G14), or placebo (saline, group G1–G7; n = 3 per group;
group G14: n = 4; Supplemental Table 1) two h preceding the IV
bolus injection of 111 mg 125I-recAP (444 kBq, �200 U/kg; n = 43).
This dose of LPS demonstrated induction of renal nitric oxide and
inducible nitric oxide synthase expression levels (Berg et al., 2007),
resulting in endotoxemia-induced AKI (Heemskerk et al., 2006).
Blood was collected at 2, 10, 15 and 30 min, 1, 2, 3, 4, 6, 12 and 24 h
post 125I-recAP injection through a tail vein puncture using a
Multivette (Sarstedt, Etten-Leur, the Netherlands). At 10 min,
30 min, 1, 2, 4, 6 or 24 h post 125I-recAP injection, animals were
euthanized by CO2 inhalation, followed by exsanguination by
cardiac puncture. Twelve hour after 125I-recAP injection, the group
of rats to be sacrificed at 24 h received 1 mL saline (subcutaneous)
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to prevent dehydration. From each animal, the adrenal gland, fat,
heart, kidney, large and small intestines, liver, lung, muscle,
stomach, spleen, and thyroid were harvested. Tissue and blood
samples were weighed and radioactivity, expressed as percentage
of injected dose per g of tissue (%ID/g), was measured using
Wizard2 Gamma Counter (2480 model, Perkin Elmer, Groningen,
The Netherlands). AP enzyme activity was determined in serum
samples by the AP colorimetric assay kit according to manufac-
turer’s protocol (dilution range: 1:12–1:400). One rat was excluded
from group G11 (see Supplementary Table 1) due to failed 125I-
recAP injection. Data is represented as mean (SD). Statistical
differences between groups were estimated by an unpaired
Student’s t-test, differences between groups over time were
estimated by two-way ANOVA with post-hoc comparisons using
Bonferroni’s multiple comparison test.

2.2. Pharmacokinetic biAP study

Data describing human PK properties of biAP were previously
published (Pickkers et al., 2009).

2.3. Pharmacokinetic recAP studies

In the first part, rats and minipigs received a single intravenous
(IV) dose of 0.08 (50 U/kg), 0.32 (200 U/kg) or 1.6 mg/kg (1000 U/
kg) recAP at a dose volume of 2.5 mL/kg, diluted in saline (n = 3 per
group; Table 1). Blood was collected into tubes containing lithium
heparin and aprotinin from the jugular vein predose and 2.5 min,
5 min, 15 min, 30 min, 1, 2, 4, 8, 12, 24 and 48 h postdose. In rats, the
jugular vein was cannulated and following each blood sample the
volume collected was replaced by sterile saline. In the second part,
rats and minipigs received IV doses of respectively 0.08 (50 U/kg),
0.32 (200 U/kg) or 1.6 mg/kg (1000 U/kg) recAP, once daily for
7 consecutive days, at a dose volume of 2.5 mL/kg, diluted in saline
(Table 1). In rats (n = 6 per group), blood was collected from the
jugular vein predose and 2 min, 4 min, 10 min, 30 min, 1, 6 and 24 h
postdose at day 1 and 7, and prior to dosing at day 3–6 (alternating
sampling per time-point in two cohorts of n = 3). In minipigs
(n = 3 per group), blood was sampled from the anterior vena cava
2.5 min, 5 min, 15 min, 30 min, 1, 4, 12, and 24 h postdose at day 1
and 7, and prior to dosing at day 3–6. Blood was collected in tubes
containing lithium heparin and aprotinin. Animals were observed
at least twice a day for morbidity, mortality, injury and availability
of food and water. A detailed clinical examination, including but
not limited to evaluation of skin, fur, eyes, ears, nose, oral cavity,
Table 1
Dosing schedule of pharmacokinetic studies.

biAP recAP IV 

n = 29 n = 36 Day

Animal cohort – Part 1a 18a

Group 1 – 3 50 

Group 2 – 3 200
Group 3 – 3 100
Animal cohort – Part 2a 18a

Group 1 – 3b 50 

Group 2 – 3b 200
Group 3 – 3b 100
Human cohort (Pickkers et al., 2009) 29
Group 1 6 – 7.5
Group 2 6 – 22.
Group 3 6 – 67.
Group 4 6 – – 

Group 5 5 – 67.

a The studies of the animal cohort were conducted in rats and minipigs.
b Alternating sampling per time-point in two cohorts of n = 3.
c Loading dose was administered over 10 min. BiAP, bovine intestinal alkaline phosp
thorax, abdomen, external genitalia, limbs and feet, and respirato-
ry, circulatory, autonomic and nervous system effects, was
conducted predose and just prior to euthanasia. After the final
blood sample, rats were euthanized by CO2 inhalation, followed by
exsanguination by puncturing the abdominal vena cava. Minipigs
were euthanized via an IV overdose of sodium pentobarbital under
Telazol sedation (intramuscular). PK parameters, determined from
serum concentration-time data for recAP, included maximum
concentration (Cmax), time to reach Cmax (tmax), terminal elimina-
tion half-life (t1/2), area under the plasma concentration-time
curve from time 0 to infinity (AUC0�1), time 0 to 24 h (AUC0�24),
time 0 to 48 h (AUC0�48), clearance (CL) and volume of distribution
at steady state (Vss). RecAP bioanalysis was performed using a
validated electrochemiluminescent ligand-binding procedure
(lower limit of quantitation: 15.6 ng/ml and 25.6 ng/ml for rat
and minipig serummatrix, respectively). The activity of AP was
measured by routine laboratory analysis. All PK data, represented
as mean (SD), were summarized in tabular or graphical form and
descriptive statistics were given. PK parameters were determined
by non-compartmental methods using WinNonlinTM Professional,
Version 6.1 (Pharsight Corporation, Mountain View, CA).

2.4. Population PK model development

Population approach nonlinear mixed effects modeling was
performed with the software package NONMEM (version 7.2.0,
Icon Development Solutions, Ellicott City, MD). First, models of
biAP and recAP were built separately, where after an integrated
model with all biAP and recAP data was developed. Nonlinear
mixed effect modeling considered repeated PK observations as a
function of time in a population of individuals. The model to
describe these observations adopted a common structural model
and distribution of residuals, while allowing the parameters in the
model to vary between individuals. The location (typical value or
fixed effect) and spread between individuals (variability or random
effect) were estimated for the model parameters by fitting the
model to the data by minimizing an objective function based on
the log likelihood (�2 � LL). The random effects structure that was
applied included a residual error distribution and distributions for
the inter-individual variability of the PK parameters. Additive,
proportional or combined residual error structures were investi-
gated, while log-normal distribution for the inter-individual
variability was assumed. The distribution of these individual
parameters were compared per dataset with the theoretical
distribution based on the population values (median and 80, 90, or
loading dose (U/kg) IV infusion

 1 Day 2–7 Dose (U/kg/24 h) Duration (h)

– – –

 – – –

0 – – –

50 – –

 200 – –

0 1000 – –

c – – –

5c – – –

5c – – –

– 200 24
5c – 177.5 72

hatase; RecAP, human recombinant alkaline phosphatase.
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95% prediction interval) and residual variability and shrinkage
were reported, which were considered acceptable when below
35%. Finally, various types of variance–covariance matrices were
tested for the inter-individual variability. In order to find the
simplest model adequately describing PK observations, different
models were compared with increasing complexity in the
structural model and the number of random effects. The likelihood
ratio test was used, which compares the difference between
�2*log-likelihoods of the models (difference in objective function
value, DOFV) to a Chi-square distribution with degrees of freedom
corresponding to the difference in number of parameters between
the two models. Hence, with a difference of at least 6.63 points
(P < 0.01) the model with one additional parameter was preferred
over its parent model.

Graphical analysis was another tool used to help assessing
differences between models. These goodness-of-fit plots included:
(1) population predicted and individual predicted vs. observed
concentrations, (2) conditional weighted residuals with interac-
tion (CWRESI) vs. predicted concentration and vs. time, where
most CWRESI should be normally distributed around zero and be
within the acceptance criterion of �2 to 2, (3) frequency
distribution of the CWRESI, (3) frequency distributions of the
post hoc individual estimates of h’s, and (4) correlation plots with
their Pearson’s correlation coefficient of all parameters with inter-
individual variability (Pearson, 1895). The uncertainty of parame-
ter estimates was determined by the relative standard error (RSE;
Fig. 1. Tissue distribution of 125I-recAP in rats during endotoxemia. Rats were pretr
administration of an IV bolus injection of 125I-recAP. Animals were sacrificed at several 

injected dose per g of tissue, was determined. Data is expressed as mean with standard de
all organs at t = 2 (LPS); n = 4 for t = 24 h (LPS). *P < 0.05, **P < 0.01, ***P < 0.001 compare
phosphatase; IV, intravenous; LPS, lipopolysaccharide; 125I, Iodine-125; %ID/g, % of inje
standard error/parameter estimate � 100%) and considered ac-
ceptable when the RSE was less than 50%. For the parameter
estimates of inter-individual variability (IIV), shrinkage was
reported as a measure of identifiability and considered acceptable
when below 35%. The translational population PK component
focussed on identifying a compartmental structural model to
describe the preclinical- and clinical datasets of biAP simulta-
neously by allometric scaling between species; the pharmacoki-
netic parameters CL and volume of distribution were scaled, based
on bodyweight, according to Eq. (1),

ui ¼ uTV � BWi

70

� �exponent

ð1Þ

where ui is the PK parameter for CL or volume of distribution for
the ith individual, uTV its typical population value and BWi the
bodyweight of the ith individual in kg (normalized for the typical
bodyweight of humans; 70 kg). The exponents were set at 0.75 and
1 for CL and volume of distribution, respectively (Boxenbaum,
1982). The biAP model was employed to describe the population
PK of recAP in rats and minipigs, using the allometric scaling
factors discovered for biAP. To investigate the possibility of
difference in PK properties between biAP en recAP, potential
differences were quantified in terms of a scaling parameter for
each PK parameter. The scaling parameters were accepted when
the 95% confidence intervals did not overlap with zero and utilized
to translate the biAP PK in humans to a prediction of recAP PK in
eated for 2 h with LPS (lower panel) or placebo (upper panel), followed by the
time-points post 125I-recAP injection and radioactivity, expressed as percentage of
viation. N = 3 per time-point, except for adrenal gland at t = 30 min (n = 2; LPS) and for
d to placebo, determined by two-way ANOVA. RecAP, human recombinant alkaline
cted dose per g of tissue.
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humans. Data analysis using the approach described was
performed using NONMEM. The first-order method with condi-
tional estimation and interaction (FOCEI) was used for the
maximum likelihood parameter estimation. Additionally, R
2.12.0 was used for graphical presentation, evaluation of goodness
of fit, covariate selection, and model evaluation (R, 2010). The
analyses closely followed the FDA and EMA guidelines for
performing and reporting population pharmacokinetic analyses
(EMA, 2007; FDA, 1999).

3. Results

3.1. Biodistribution of recAP

The biodistribution of 125I-recAP (111 mg, �200 U/kg) was
investigated in rats, pretreated with LPS (10 mg/ml) or placebo to
determine the effect of systemic inflammation. Blood samples
were collected and organs were harvested at several time-points
after 125I-recAP administration (Supplementary Table 1). LPS
treatment caused shivering, diarrhea, pilo-erection, polyuria,
reduced spontaneous activity, and mean weight loss (SD) after
24 h (Placebo: 2 (1.6)% vs. LPS: 14 (0.8)%; P < 0.05), consistent with
the presence of systemic inflammation. Mean serum 125I-recAP
radioactivity rapidly decreased after infusion and was higher in the
LPS-group 2 and 10 min after injection compared to the placebo
group (2 min: Placebo: 3.1 (0.3) vs. LPS: 4.2 (1.0) %ID/g; P < 0.001;
10 min: Fig. 1 and Supplemental Table 2). Within the first 2 h after
125I-recAP administration, relative uptake was highest in the liver,
followed by the spleen, adrenal gland, heart, lung and kidney (Fig.1
and Supplemental Table 2). LPS treatment increased accumulation
in the heart 10 min post-125I-recAP injection (P < 0.001), in the
kidney 24 h post administration (P < 0.05) and in the adrenal gland
at several time-points (P < 0.05; Supplemental Fig. 1). In addition,
increased distribution was observed to the gastro-intestinal tract
and thyroid gland (Fig. 1 and Supplemental Table 2), which was
Table 2
PK parameters after non-compartmental analysis.

Part Dose (U/kg) Cmax
f (ng/mL) AUC0�24

g,h

Ratsa 1 50 1100 (155) 1730 (240) 

200 6740 (695) 9590 (1370
1000 39900 (4760) 48200 (926

2c,k 50 1910 3080 

200 7100 9330 

1000 37100 43500 

Minipigsa 1 50 947 (249) 3880 (651) 

200 3700 (179) 18400 (114
1000 24300 (3160) 88400 (618

2c 50 814 (85) 7940 (1180
200 4390 (173) 37700 (192
1000 28300 (1380) 151000 (56

Humansb (Pickkers et al., 2009) 7.5 82.8 (17.4) – 

22.5 167.3 (45.6) – 

67.5 501.2 (86.6) – 

200d 61.8 (13.2) 1282.3 (345
177.5e 272.4 (33.4) 1084.3 (167

a recAP treatment.
b biAP treatment.
c Day 7.
d Per hour during 24 h.
e Per hour during 72 h, preceded by loading dose (67.5 U/kg).
f U/L for biAP.
g U h/L for biAP.
h AUC0�48 for part 1.
i Per 1.73 m2 (L/h) for biAP.
j Determined for recAP treatment only.
k Alternating sampling per time-point in two cohorts of n = 3. Data presented as me
more pronounced in septic animals compared to placebo at 4 h
(large intestine, P < 0.001), 6 h (small intestine, P < 0.05) and 24 h
(stomach, P < 0.05) post injection (Supplemental Fig. 1). The
absolute median accumulation in organs after LPS compared to
placebo increased by a factor of 2.1 [1.6–6.4] (Fig. 1). Accumulation
in muscle and fat was negligible at all time-points (Supplemental
Table 2).

3.2. RecAP pharmacokinetics in rats

PK parameters, as presented in Table 2, were determined in rats
during IV bolus injections of 50 U/kg, 200 U/kg or 1000 U/kg recAP
(n = 3), administered once, or once daily during seven consecutive
days. Repeated administration of recAP was well tolerated and no
test article-related changes in morbidity, mortality, clinical
observations and food consumption were noted. Plasma concen-
trations of recAP increased with increasing dose and disappeared
in a biphasic manner on days 1 and 7. After a single dose, AUC0�1,
AUC0�48 and AUC0�tlast increased more than in proportion to dose
between 50 and 200 U/kg and in approximate proportion to dose
between 200 and 1000 U/kg. Cmax increased in approximate
proportion to dose over the entire dose range. CL was slightly
higher and Vss and t1/2 were slightly lower at 50 U/kg than at the
two higher doses. RecAP was not detectable after 12 h at the lowest
dose. Following seven days of dosing, AUC0�1, AUC0�24 and Cmax

increased in approximate proportion to dose over the entire dose
range. Tmax was 2.5 min (first sampling time) at all dose levels on
day 1 and day 7 and CL, Vss and t1/2 were similar across the dose
range on both days. AUC0�24 and Cmaxwere similar on days 1 and 7;
accumulation ratios ranged from 0.528 to 1.04. At termination,
there were minimal to marked dose-dependent elevations in AP
enzyme activity in all treatment groups relative to expected
ranges. Relative to rats receiving 50 U/kg, terminal AP activity was
elevated 1.5-fold and 4.6-fold in animals receiving 200 and 1000 U/
kg, respectively. These changes were anticipated and considered
(h ng/mL) AUC0�1
g (h ng/mL) CLi (mL/min/kg) t1/2 (h) Vssj (mL/kg)

1840 (268) 0.74 (0.12) 5.7 (1.2) 321 (46)
) 10200 (1470) 0.53 (0.07) 12.7 (1.2) 443 (47)
0) 51700 (9910) 0.53 (0.10) 13.5 (2.2) 427 (84)

– 0.35 9.3 260
– 0.50 8.3 285
– 0.48 9.7 381

4480 (782) 0.30 (0.06) 15.9 (4.1) 386 (71)
0) 32800 (3550) 0.16 (0.02) 44.3 (10.4) 574 (90)
0) 203000 (111000) 0.16 (0.08) 60.8 (43.1) 603 (220)
) – 0.10 (0.06) 24.1 (13.2) 157 (22)
0) – 0.05 (0.01) 38.2 (3.4) 166 (7)
80) – 0.07 (0.02) 38.1 (20.9) 199 (37)

364.4 (175.7) 1.6 (0.8) 12.2 (8.6) –

405.7 (176.5) 4.1 (1.1) 5.0 (1.0) –

642.5 (192.4) 7.8 (1.9) 3.8 (0.3) –

.3) 2005.1 (375.7) 7.2 (1.5) 11.9 (5.9) –

.4) 3472.8 (574.9) 4.7 (0.8) 8.3 (0.7) –

an (SD).
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test-article related. In addition, during endotoxemia, while AP
enzyme activity levels were significantly increased 2 min after
injection compared to placebo (Placebo: 2273 (1614) vs. LPS: 4263
(1090) U/L; P < 0.001), no differences were observed between
terminal t1/2 (Placebo: 16.5 (2.8) vs. LPS: 19.9 (2.6) h; NS).

3.3. RecAP pharmacokinetics in minipigs

Subsequently, PK parameters were investigated in minipig
during IV bolus injections of 50 U/kg, 200 U/kg or 1000 U/kg recAP
(n = 3), administered once, or once daily during seven consecutive
days (Table 2). RecAP administration was well tolerated without
treatment-related effects on morbidity and mortality. Plasma
recAP concentrations increased with increasing dose and dis-
appeared in a biphasic manner (Fig. 2). Plasma AP enzyme activity
levels followed a similar pattern as plasma recAP concentrations;
after reaching a maximum, AP activity decreased rapidly followed
by a slower decline (Fig. 2), and mean AP activity-time profiles
displayed a dose-dependent increase in AP activity following
administration of increasing doses of recAP.

After a single dose, recAP PK parameters AUC0�1, AUC0�48 and
AUC0�tlast,Cmax, Vss and t1/2 in minipigs followed a comparable
pattern to those in rats. Following seven-day recAP treatment, all
animals had mild elevations in activated partial thromboplastin
Fig. 2. Plasma recAP and AP activity in healthy minipigs on day 1 and day 7. Serum recAP
several time-points after IV bolus injection of recAP, once daily for 7 consecutive days. D
recombinant alkaline phosphatase; IV, intravenous.
time (APTT; up to 1.4-fold) and mild elevations in urine pH relative
to pretest values (pH range: 7.0–8.5 vs. 5.5–7.5). Based on the small
magnitude, these changes are considered to be of minimal biologic
relevance. RecAP AUC0�1, AUC0�24 and Cmax increased more than
in proportion to dose between 50 and 200 U/kg and in approximate
proportion to dose between 200 and 1000 U/kg on days 1 and 7.
Tmax occurred at the first or second sampling time. CL was higher at
50 U/kg than at the two higher doses on Days 1 and 7. Vss and t1/2
were similar across the dose range on day 1 and day 7. CL and Vss
were slightly reduced on day 7 as compared to day 1; t1/2 was
similar on both days. Exposure to recAP, as estimated by AUC and
Cmax, was similar on days 1 and 7; mean accumulation ratios
ranged from 1.05 to 2.39. AP enzyme activity AUC0�1, AUC0�24 and
Cmax increased in approximate proportion to recAP dose between
50 and 1000 U/kg/day on day 1 and day 7 (data not shown). Tmax

and t1/2 did not vary with dose or duration of recAP treatment (data
not shown).

3.4. Pharmacokinetic modeling

As initial assessment of the data suggested that a two-
compartment PK model with first-order elimination would be
required to describe the concentration versus time data, model
development started with this model. Data below the lower limit
 concentrations (upper panel) and AP activity levels (lower panel) were determined
ata is expressed as mean with standard deviation (n = 3 per group). RecAP, human



Table 3
Parameter estimates of the best population PK model for biAP and recAP.

Parameter Units Typical value biAP (%RSE) Typical value recAP (%RSE) IIV (%) Shrinkage (%)

CL L/h 10.3 (10.1) 0.494 (4.11) 33.3a 5.5
V1 L 8.30 (8.62) 4.22 (6.68) 32.2a 15.1
Q L/h 11.8 (13.0) 7.36 (9.64) 55.2a 8.95
V2 L 39.9 (26.3) 23.6 (5.36) – –

c0 ng/mL 4.73 (5.75) – – –

t1/2a
b h 0.25 0.32

t1/2b
b h 5.3 41.2

Proportional error 0.0788

a Estimated species-independently.
b Derived parameter. c0, baseline concentration; IIV, inter-individual variability derived by 100*sqrt(exp(v2) � 1), where v2 is the variance of IIV; RSE, relative standard

error derived by standard error/estimate � 100%.
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of quantification were removed from the data set (>25% per subset)
(Ahn et al., 2008). For the separate translational PK models for biAP
and recAP, two-compartmental models with proportional error
and inter-individual variability on CL best described the observed
data. For biAP, a quantifiable baseline concentration was identified
in the initial assessment of the data for which was corrected
accordingly (c0). Allometric scaling based on body weight (Eq. (1))
allowed accurate description of the PK observations in all species.
The best model describing both biAP and recAP data simulta-
neously was therefore also parameterized in terms of CL, volume of
distribution of the central compartment (V1), intercompartmental
exchange (Q) and volume of distribution of the peripheral
compartment (V2). A proportional error structure best described
the residual error. This model was extended by (species-indepen-
dent) inter-individual random effects to CL, V1 and Q, as the OFV
decreased with 197, 98 and 115 points respectively. Consecutive
inclusion of a full variance covariance matrix to these three
parameters improved the OFV by 33 points and was therefore kept
in the best model structure. The parameter estimates obtained are
summarized in Table 3. Values for RSE and shrinkage were all well
Fig. 3. Goodness of fits plots. Upper left: observed (DV) versus population predicted (PR
predicted concentrations (IPRE) with a line of unity (black). Lower left: conditional wei
acceptance criterion (grey line). Lower right: CWRESI versus time (TIME), with accepta
within the acceptance criteria. The goodness-of-fit plots are
represented in Fig. 3. The population predicted versus observed
concentrations plot indicates that the model is structurally sound,
as the observations are mostly centred around the line of unity.
After inclusion of inter-individual variability (individual predic-
tions, IPRED) the observations are more closely aligned to the line
of unity, indicating improved descriptive properties. The CWRESI is
close to being normally distributed around zero for the entire
concentration range, indicating no bias for specific concentration
ranges. Also for CWRESI over time clear bias is absent, although
there are a few outliers outside the acceptance criterion. The
frequency distribution of the CWRESI was slightly skewed to the
right, the frequency distributions for the inter-individual variabili-
ty parameters closely approached normal distributions (data not
shown). From the correlation plots, a statistically significant
relation between dose vs. IIV of V1 and dose vs. IIV on Q was found
(r2: 0.32 and 0.34, respectively), hinting towards nonlinearity of AP,
as did the results from the non-compartmental analysis. Therefore,
a nonlinear Michaelis–Menten kinetics model was fitted to the
data. The goodness-of-fits plots did not improve as was also
ED) concentrations, with a line of unity (black). Upper right: DV versus individual
ghted residuals (CWRESI) versus population predicted concentrations (PRED), with
nce criterion (grey line).



Fig. 4. Model performance on individual level. Individual predicted (solid line), population predicted (dotted line) and observed (open circles) plasma recAP/biAP
concentrations over time. Per species, one typical individual is depicted for both a single and multiple dosing regimen. Part 1 represents the single dose regime, Part
2 represents the multiple dose regimen.
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concluded from the lack in improvement in fit (DOFV; �5.33). The
estimated Km was approximately 20-fold higher than the highest
observed concentration, and the coefficient of variation of Km and
Vmax was >75%. The high uncertainty in the population parameter
estimates resulted in overparameterization when attempts were
made to add IIV on any of the parameters. Applying nonlinear PK to
recAP or BiAP separately did also not improve the model fits. These
results clearly indicate that the concentration range of the data lies
within the range of the Michaelis–Menten elimination rate-
concentration relationship that approaches a linear relationship.
Hence, a nonlinear model approach was abandoned. Fig. 4
represents individual predictions and population predictions with
their actual data points, for typical individuals from each species
dataset. For biAP administered to humans, both the observed data
after a short 10 min infusion as well as the data after 24 h IV
infusion are well described. The same accounts for recAP after
single- and multiple-dose administration. These results indicate
that kinetics of both biAP and recAP are accurately described by the
two-compartmental population PK model with allometric scaling
based on body weight.

4. Discussion

In this study, we successfully developed a translational
population PK model of recAP to support the design and selection
of dose levels to be investigated in the first-in-man trial as novel
treatment strategy of sepsis-associated AKI. RecAP was developed
as a suitable alternative to bovine-sourced intestinal AP, which was
previously demonstrated to improve renal function in critically ill
patients with sepsis-associated AKI (Pickkers et al., 2012). In
addition, we performed an animal study to investigate the tissue
distribution of recAP in vivo. Rats received LPS (or placebo) to
induce systemic inflammation and, subsequently, endotoxemia-
induced AKI, to assess the pharmacokinetic behavior of recAP in a
preclinical model more closely representing the targeted patient
population. After two hours, when systemic inflammation reached
its peak (Pickkers et al., 2006), 125I-labeled recAP was injected, and
at several time-points radioactivity levels in diverse tissues were
determined. As circulating AP is normally cleared through uptake
by the hepatic asialoglycoprotein receptor (Blom et al., 1998; Tuin
et al., 2006), the liver was the major site of accumulation and
removal of 125I-recAP; most radioactivity was captured by this
organ within 10 min after injection and disappeared after two to
four hours. In addition, spleen, adrenal gland, heart, lung and
kidney showed uptake shortly after 125I-recAP infusion, followed
by the gastro-intestinal tract and thyroid gland. The presence of
radioactivity in intestines can be explained by a fast distribution of
125I-recAP into the liver and subsequent excretion into the
intestine via bile (enterohepatic circulation). The ductus chol-
edochus ends at the beginning of the duodenum. As the duodenum
is in close proximity to the stomach, the stomach would have to be
dissected carefully by an incision through the pyloric sphincter in
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order to assess the relative importance of enterohepatic circulation
versus distribution to the stomach. Macroscopically during
dissection we could not distinguish the pyloric sphincter from
the duodenum, therefore enterohepatic circulation cannot be
excluded as a possible explanation for the observed radioactivity in
the stomach.

Furthermore, serum recAP radioactivity and AP enzyme activity
levels were significantly higher directly after 125I-recAP injection in
endotoxemic rats compared to healthy rats, as was the radioactive
content in the heart. These differences are likely to be explained by
LPS-induced reduction of the mean arterial blood pressure, which
is known to occur in this model within one hour after the induction
of endotoxemia (Kox et al., 2012). Beyond these observed
differences, endotoxemia did not critically affect the 125I-recAP
tissue distribution and enzymatic terminal half-life.

Single and multiple doses of recAP (50, 200 or 1000 U/kg) were
administered to rats and minipigs. Repeated dosing was well
tolerated, without significant accumulation or discernible effects
on morbidity, mortality and clinical observations, indicating that in
these species repeated dosing of recAP could be done without any
safety concerns. Both plasma recAP concentrations and AP
enzymatic activity increased with increasing recAP dose and
disappeared in a biphasic manner. With respect to dose-
proportionality, Cmax increased in proportion to dose over the
entire dose range in nearly all protocols after non-compartmental
analysis, while AUC increased slightly more than dose-propor-
tional between the lowest and middle dose, and in proportion to
dose between the middle and highest dose. In accordance, plasma
clearance was higher at the lowest dose compared to the middle
and highest dose, possibly suggesting that recAP PK was more
affected by liver uptake mechanisms at the lowest dose level
tested.

Subsequently, a two-compartmental translational population
PK model with allometric scaling based on body weight was
developed that accurately described both the PK of biAP and recAP.
Due to lack of specificity of the AP enzyme activity assay, biAP data
required correction for baseline endogenous AP circulating in the
plasma. The inability to separate endogenous enzyme activity from
exogenously added biAP may be causative to the increased
uncertainty (%RSE) of biAP PK parameters compared to recAP
parameters. After non-compartmental analyses, we observed a
slight under-estimation at the highest dose levels versus popula-
tion prediction, which indicates that first-order elimination might
not be valid at that dose range. However, it might be attributed to
random effects due to the small number of subjects in the highest
dose group. Because inclusion of nonlinear kinetics did not
improve the prediction at these dose levels, we did not include
nonlinear elimination in the model. Furthermore, biAP was rapidly
eliminated from dosed volunteers, presumably by the asialogly-
coprotein receptor on liver cells (Blom et al.,1998). The high degree
of sialylation of recAP could increase the terminal half-life of recAP,
which is in agreement with the approximately 7.8-fold increase of
apparent terminal half-life comparing recAP to biAP. The remain-
ing PK parameters were in the same order of magnitude compared
to biAP, confirming that the difference in PK profile between recAP
and biAP should be attributed mainly to a difference in clearance
rate.

In conclusion, the results presented in this study indicate that
the tissue distribution of recAP is not critically affected by
endotoxemia. In addition, we generated a translational two-
compartmental model with allometric scaling based on body
weight that can be used to simulate the predicted human plasma
PK profile for different recAP dosing regimens. This model is
expected to provide valuable insights into the choice of dosing
scheme and dose levels for the first-in-man trial of recAP,
essentially contributing to the clinical development of recAP as
a potential new treatment option for sepsis-associated AKI.
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