Recombinant human tissue non-specific alkaline phptatase successfully

counteracts lipopolysaccharide induced sepsis in oe

B. BENDER', M. BARANYI ', A. KEREKES", L. BODROGI", R. BRANDS’, P. UHRIN®,
Z. BOSZE'

'Rabbit Genome and Biomodel Group, NARIC-AgricultiBitechnology Institute, Goddi)
Hungary, ?Amrif BV, Wageningen, The Netherlanddnstitute of Vascular Biology and
Thrombosis Research, Center for Physiology and rRdewslogy, Medical University of

Vienna, Austria

Short title: Alkaline phosphatase and sepsis


Stadnikova
Pre-press


Summary

Sepsis is a life threatening condition that arigé®n the body's response to an infection
injures its own tissues and organs. Sepsis cantteadlock, multiple organ failure and death
especially if not recognized early and treated gottyn Molecular mechanisms underlying the
systemic inflammatory response syndrome assochitd sepsis are still not completely

defined and most therapies developed to targetathie inflammatory component of the

disease are insufficient. In this study we inveseg a possibility of combating sepsis in a
mouse model by intravenous treatment with reconmtihaman tissue non-specific alkaline
phosphatase (rhTNAP) derived from transgenic rabtilik. We induced sepsis in mice by

intraperitoneal injection of LPS and three houtsrdreated experimental group of mice by
intravenous injection with rhTNAP derived from tsgenic rabbits. Such treatment was
proved to be physiologically effective in this mgdas administration of recombinant

rhTNAP successfully combated the decrease in bedypeérature and resulted in increased
survival of mice (80% vs. 30% in a control groufn. a control experiment, also the

administration of bovine intestinal alkaline phoafase by intravenous injection proved to be
effective in increasing survival of mice treatedtlwiLPS. Altogether, present work

demonstrates the redeeming effect of the recombitissue non-specific AP derived from

milk of genetically modified rabbits in combatingpsis induced by LPS.
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Introduction

Sepsis is defined by an overwhelming systemic mniffeatory response syndrome to
pathogens or pathogen associated molecular pattéhes most severe form of sepsis can
result in septic shock characterized by multiplgaor failure. Unfortunately, treatment
strategies are limited and a number of promisingngpts to combat this medical condition
have failed in clinical trials (Riedemann et aDP3; Angus and van der Poll, 2013). Although
thanks to intensive campaign the mortality in th&t lyears in severe septic patients decreased
in some countries to 30% (Levy et al., 2010), thailability of effective therapy is of critical
importance in septic patients. Septic shock carnindaced experimentally in response to
endotoxin lipopolysaccharide (LPS), an essentialmmnent of the outer membrane of Gram
negative bacteria, resulting in an uncontrolle@¢ask of pro-inflammatory mediators (Heine
et al., 2001; Uhrin et al., 2013).

In our study, we investigated a possibility of catibg sepsis in a LPS-induced
murine model of sepsis, by treatment of mice we&hombinant human tissue non-specific
alkaline phosphatase (rhTNAP) derived from milkkrainsgenic rabbits previously generated
in our laboratory (Bodrogi et al., 2006).

Tissue-nonspecific alkaline phosphatase (TNAP) isemnber of a family of alkaline
phosphatases (APs) consisting of at least thredéi@ual, distinct - but related alkaline
phosphatases: intestinal, placental and placek&l{ALPPL2). TNAP is expressed in a
variety of tissues and cells including bone, cag#, liver and kidney (Hoshi et al., 1997). In
humans, genetic deficiency of TNAP results in hypmgpatasia, a disorder of bone
mineralization (Henthorn et al., 1992). Inactivatiaf TNAP in knockout mice causes growth
impairment and development of epileptic seizures tdudefective metabolism of vitamin B-6
(Waymire et al., 1995; Narisawa et al., 1997).

Members of the group of APs were shown to exhibde#oxifying effect on LPS
through its dephosphorylatian vitro (Poelstra et al., 1997a; Poelstra et al., 1997h)ia
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vivo (Koyama et al., 2002). Subsequently, usage of &fiveld from calf intestine or human
placenta was demonstrated to be beneficial in sepsdels attenuating LPS toxicity (Bentala
et al., 2002; Beumer et al., 2003; Verweij et 2004; Su et al., 2006). In our study we show
now the redeeming effect of administration of th& MAP in combating sepsis in a LPS-
induced model of sepsis in mice.

Methods

Partial purification of rhnTNAP and endotoxin determination

Rabbit milk samples containing rhrTNAP were obtaifrein homozygous transgenic
females (Bodrogi et al., 2006). Control samplesengerived from milk of non-transgenic
females. Briefly, animals were separated over nigbin their pups, i.p. injected with
oxytocin (2 IU, Kela N.V., Belgium) and milked. Ait centrifugation of fresh milk samples
for 20 min at 800 g and 4°C, the upper fat fractioas collected and resuspended in milliQ
water. To extract rhTNAP from milk fat globule merabes, a single phase extraction method
previously elaborated for obtaining of AP was ug&dn and Snow, 1993). Briefly, n-butanol
in a final concentration of 10% (v/v) was used tioe extraction of fat globule membranes
binding in the case of transgenic milk the rhrTNARe samples were kept shaking for 30 min
at room temperature and centrifuged for 90 min @C4and 100.000 .g Water phase
containing the rhTNAP fraction was collected, atitpd, freeze-dried and re-dissolved in
sterile 0.9% (w/v) NaCl. This procedure yielded NAP at concentration of 7.8 - 11.7 U per
1 ml of transgenic rabbit milk. Some aliquots afknextracts were also re-dissolved in water
and used for testing for contamination with endotpxising Limulus Amoebocyte Lysate

(LAL) Assay (Endotoxin Detection Service, Hyglos Gy Regensburg, Germany).

SDSPAGE and determination of AP activity
Milk extracts derived from transgenic and non-tgersc rabbits were examined on
10% gels on their residual protein content and Afvigdy. Protein content was estimated
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using SDS-PAGE gels and Coomassie Brillant BluePRgéBlue, Vilnius, Lithuania) and
silver staining (Sigma, St. Louis, MO). AP activityprotein extracts was determined by 10%
native-PAGE gels by staining with a mixture of ®mo-4-chloro-3-indolyl-1-phosphate
(BCIP) and nitro blue tetrazolium (NBT) (WesternuBl Stabilized Substrate for Alkaline

Phosphatase, Promega, Madison WI, USA).

Animals and experimental design

Two months old male Balb/c mice (obtained from HaylWobe Ltd., Hungary) were
subjected to LPS-induced model of sepsis. The dsimere divided into two groups
consisting of 10 mice (designated as LPS+rhTNAP andPS+control group). Both groups
were treated by i.p. injection of LPS (Escheriotwdt 0111:B4, L5293 Sigma, St. Louis MO,
USA, 15 ug/g body weight, dissolved in 200 ul &% NacCl). Three hours later animals in a
group LPS+rhTNAP received i.v. injected 9 unitsrbTNAP, dissolved in 500 ul of 0.9%
(w/v) NaCl. Mice in the LPS+control group were texh by injecting of milk extract
dissolved in 500 ul of 0.9% (w/v) NaCl derived framan-transgenic rabbit milk and lacking
rhTNAP activity. Body temperature of mice was meadu by rectal thermometry
immediately before the LPS injection, and at tinefs 3 hours and 21 hours later. At these
time points, 50 pl of blood were collected by abitpunction into tubes without
anticoagulants to determine AP activity. Survivhhuce was monitored for at least up to 7
days.

In a subsequent experiment three groups of two Insomid Balb/c male mice
consisting of 10 mice per group were studied. Mire treated with i.p. LPS injection
followed by i.v. injection of 9 units of rhTNAP, af 9 units of bovine intestinal alkaline
phosphatase (bIAP, Alloksys Life Sciences B.V., BunThe Netherlands, dissolved in 500
pl of 0.9% (w/v) NaCl) or of control milk fractiomAlso in this experiment survival of mice

was monitored for up to 7 days.



All animal experimental protocols complied with tHeuropean Guidelines on
Laboratory Animal Care and were performed uponajy@roval of the Directorate for Animal

Care Committee (Reg. number: 22.1/1911/2007).

Determination of AP activity

The AP activity of the partially purified proteimatctions and of the serum samples
was determined with penitrophenol-phosphate (pNPP) chromogenic basedaddgiCyboron
and Wuthier, 1981). Here, the colorless pNPP wasdtyzed by AP at room temperature and
at pH 9.6 forming yellow frep-nitrophenol. The change in optical density at A@bper unit
time was indicative of AP activity, where one umiitactivity is defined as 1 pumol of substrate
hydrolyzed per min using the molar absorption doiffit €) of 1.87 cni/umole of p-
nitrophenol at 405 nm. Volume activity (U/ml) wastérmined by measuring the change in
absorbance per min over the linear portion of e and using this value in the following
calculation:

(A Es05 nm/ Min) x V;
Volume activity U / ml = —-----=-mmmmmmmeee - x dilution factor
\{X e

where \{ is the final volume of reaction mix (ml), and ¥ the sample volume (ml).

Satistical analysis.
Values are expressed as mean * standard devi@tada.were analyzed by GraphPad
Prism 5 software. For survival analysis we perfedniog rank tests with Kaplan—Meier

curves. Criteria for significance for all experiniemwere p < 0.05.



Results

Characterization of protein extracts derived from transgenic and non-transgenic rabbit milk
by gel electrophoresis, determination of AP activity and of endotoxin content

We examined protein content and AP activity in mabracts derived from milk of
transgenic and control non-transgenic rabbits iIS$HAGE gels by Coomassie (Fig. 1a) and
silver staining (Fig. 1b). Subsequently, we provied AP activity in milk extracts derived
from transgenic rabbits, contrary to those derifrech control milk samples, by treatment of
gels with a mixture of BCIP and NBT (Fig. 1c) arstimated residual protein by Coomassie
staining (Fig. 1d).

We further quantified the AP activity in samplesrided from milk of transgenic
rabbits by spectrophotometry using chromogenic tsates Based on the outcome of these
analyses, we diluted samples to achieve the ARigctf 9 U per 500 pl. Control samples
derived from milk of non-transgenic rabbits werdudid in a similar way under the
consideration of the residual protein content (aatashown).

As the contamination of samples derived from milithnexcessive endotoxin LPS
could influence the outcome of the vivo model of sepsis, we determined endotoxin levels
by LAL assay. Indeed, levels of endotoxin in theg&acts were very low (7.1 pg and 5.3 pg
in 500 ul volume used for i.v. injection, respeetyy. Altogether, we can conclude that the
biological effects reported in our study are atttdnl to the enzymatic activity of the rh TNAP

protein and not to relatively minor contaminatidrpoobes with endotoxin.

Pilot experiment to determine the effective amount of rhTNAP and the optimal time of
administration

We treated Balb/c mice (3 mice per group) with 38guLPS (i.p.), followed by the i.v.
injection of the milk extracts containing 3, 6 addinits of rhTNAP at 1, 2, 3 and 4 hours
after LPS injection. Based on the outcome of thiet gexperiment (data not shown), we
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selected usage of 9 units of rhnTNAP for treatmdmhice, 3 hours after the LPS injection. As
described below, next we determined AP activityelewn serum of mice upon such treatment

and monitored body temperature and mice survival.

AP activity in blood serum

Intravenous injection of 9 units of rhTNAP resultedrelatively high levels of AP
activity detected in the serum of blood samplegnak min after administration of rhTNAP
(Fig. 2). Since the injection of the recombinanbtpm through the tail vein is a delicate
procedure (and not reproducible with 100% accuréby) levels of AP in their serum ranged
between 1.38 to 5.11 U/ml. At 21 hours after adstration, AP activity levels in serum
decreased in all animals to the background leviilg. (2), consistent with the observed
plasma elimination curves of calf intestinal phasplse determined in a previous study

(Beumer et al., 2003).

Body temperature

LPS injection in control group of mice, similarlg & the interleukin beta-1 deficient
mouse model (Kozak et al., 1995) and in E. coliucetl sepsis (Beumer et al., 2003),
decreased body temperature of mice. Importantlyyelver, the temperature in a group of
mice treated with rhTNAP reached at 24 after LH8ction, upon an initial decrease, normal

levels indicating beneficial effect of treatmentloé animals with rhTNAP (Fig. 3).

Increased survival of animals treated with rhTNAP

The above treatment of mice with 9 units of rhTNApplied 3 hours upon LPS
injection dramatically increased survival of mi¢eg( 4), as only 2 of 10 animals died in this
group, contrary to a control group of mice treatath a control fraction derived from non-

transgenic rabbits (7 out of 10 mice died within3Mhours after LPS administration). Indeed,
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the two animals in LPS+ rhTNAP group that died iagl lowest AP activity levels in their
blood upon rhTNAP injection (mice with ID 7 and and levels .38 and 1.77 U/ml,
respectively, Fig. 2), further pointing to the mctve effect of circulating AP regarding the
survival. Mice that did not die within 48 hours pemently survived the experiment, as

revealed by monitoring for at least 7 following day

Increased survival of animals treated with bovine intestinal alkaline phosphatase (bl AP)

To underline that the beneficial effects of rhTNA®P combating of LPS-induced
decreased body temperature and mortality are indeedo AP activity, in additional control
experiment we treated 10 mice, 3 hours after LR&iion, with 9 units of bIAP, in parallel
with 10 mice treated with 9 units of rhTNAP and d@mals treated with control extracts
derived from non-transgenic rabbit milk. Indeedthbtypes of APs, the bIAP and rhTNAP,
similarly restored body temperature to normal Iswelthin 21 hours (Fig. 5). Both type of
treatment also increases survival, as in a groupioé treated with bIAP and rhTNAP 3 and
2 mice died, respectively, compared to 7 mice goatrol group (Fig. 6). Altogether, these
results demonstrate the beneficial effects of meat with APs in a LPS induced model of

sepsis.

Discussion

A number of strategies have been explored to tifeathreatening complications of
sepsis in patients (Lam et al., 2013). Detoxifmatiof LPS itself represents a promising
strategy to this problem (Schulte et al., 2013)wdis Poelstra et al. who first suggested the
role of APs in the protection against endotoxirulhsypical for Gram negative bacteria by
showing that LPS is a substrate for AP (Poelsti@.etl997a; Poelstra et al., 1997b). In their
subsequent study the authors demonstrated theigpabhuman placental AP to detoxify
LPS, which was achieved by dephosphorylation ofifisi A moiety (Bentala et al., 2002).
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When mice received human placental AP immediatébr édhe LPS challenge, the survival
rate was 100% compared to 57% in a control groign{@a et al., 2002). Beneficial effect of
using human placental AP was also shown in sepsidemin mice treated with E. coli
(Verweij et al., 2004), and of intestinal AP in gpsis model induced by feces injection in
sheep (Su et al., 2006). Usage of bovine and ctdéiinal alkaline phosphatase was shown to
milder inflammatory response in a murine cecal tigga and puncture (CLP) model of
polymicrobial sepsis, lowering the levels of inflamatory cytokines TNF-alpha, interleukin-6
and macrophage chemoattractant protein 1 and of ihffemmation and liver damage (van
Veen et al., 2005; Ebrahimi et al., 2011). Latatyestinal alkaline phosphatase was shown to
prevent the systemic inflammatory response assatiaith necrotizing enterocolitis in rats
(Riggle et al., 2013). The clinical success usiadf mtestinal AP was demonstrated by
ongoing clinical trials targeting sepsis in humanal patients, leading to the improvement of
their renal function (Heemskerk et al., 2009; Patisket al., 2012; Peters et al., 2013; Peters et
al., 2014) and in cardiac surgery patients (Katalget2012). Besides the ability of alkaline
phosphatase to reduce inflammation through deplooglaiion detoxifying LPS, alkaline
phosphatase was shown to convert adenosine triphtespreleased during cellular stress
caused by inflammation and hypoxia, into adenosimd anti-inflammatory and tissue-
protective effects, thus eliminating its detrimemtidects (Peters et al., 2014).

In our study we investigated the potentially theam in vivo effect of the rhTNAP derived
from milk of transgenic rabbits (Bodrogi et al.,0B). We received a protein fraction with
high activity of rhnTNAP and used it for treatmeritroice in a LPS-induced model of sepsis.
Three hours after LPS administration, mice receibsgdi.v. injection 9 units of rhTNAP
which was efficiently taken up by the peripherabdd system, as revealed by the high AP
activity in the serum of treated mice. Although #ié activity at 21 hours later decreased to
background levels, consistent with rather high Adver observed in a model of sepsis

induced by E. coli infection (Beumer et al., 2008)ch treatment was also in our model of
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LPS-induced sepsis efficient. It is important tdenthat the lower temperature determined in
case of control-treated animals was most probadlged by the fact that the measurement of
the temperature of these animals was in fact ddlagee to the spent handling time needed
for the intravenous injection of the experimentabup with TNAP or with bovine AP.
Crucially though, the treatment of the animals thei with TNAP or with bovine AP —
contrary to the control situation — reverted therdase in body temperature and significantly
increased survival of mice, an effect that wassesn in control-treated animals. Our study
also shows that treatment of mice with i.p. injdateTNAP fraction was effective even after
3 hours of LPS administration.

In summary, our work demonstrates beneficial effe¢tadministration of rhTNAP in
a LPS induced model of sepsis. The milk of thedgamic rabbits generated in our laboratory
could be the source for large scale productioniatbfgically active rhTNAP supplementing
other mammalian phosphatases currently used to $meeral inflammatory conditions in

patients.
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Legend to Figures

Fig. 1. Gel electrophoresis of protein extractsivier from transgenic and non-transgenic
rabbit milk. SDS-PAGE with (a), Coomassie stainargd (b), silver staining to determine
residual total protein content. (c), Native-PAGEIaBCIP/NBT treatment to confirm AP
activity in protein extracts derived from transgerabbit milk. (d), Coomassie staining after
native-PAGE and BCIP/NBT treatment to analyse reaigirotein content. Lane 1: molecular
weight markers, from top to bottom: (A and B), Kia, 130 kDa, 100 kDa, 70 kDa, 55 kDa,
35 kDa, 25 kDa; (C and D), 240 kDa, 160 kDa, 6 akbBs kDa, 25 kDa. Lane 2: rhTNAP

extract from transgenic rabbit milk. Lane 3: APragt from control rabbit milk.

Fig. 2. Alkaline phosphatase activity in blood serupon rhTNAP injection. Mice were i.p.
injected with LPS and 3 hours later treated byinjection of rhTNAP or control fraction. AP
activity was measured in serum derived from blodatamed 5 min after rhTNAP
administration and 21 hours later. Animals labelgth asterisk died within 10 to 24 hours

upon LPS administration.

Fig. 3. Effect of LPS and rhTNAP on body temperatur mice. Mice were i.p. injected with
LPS and 3 hours later treated by i.v. injectionrlefNAP or control fraction. rhTNAP

treatment normalized body temperature of mice (@50.

Fig. 4. Survival of mice within 48 hours after LRfection and upon rhTNAP administration.

Mice were i.p. injected with LPS and 3 hours ldteated by i.v. injection of rhTNAP or

control fraction. rhTNAP treatment significantly<{@.05) increased survival of mice.
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Fig. 5. Effect of LPS and rhTNAP or bIAP on bodynggerature in mice. Mice were i.p.
injected with LPS and 3 hours later treated by imyection of rhTNAP, bIAP or control

fraction. Both, rhTNAP, and bIAP treatment normetizody temperature of mice (p<0.05).

Fig. 6. Survival of mice within 48 hours after Lirfection and upon rhTNAP or bIAP
administration. Mice were i.p. injected with LP8lléwed by i.v. injection with rhTNAP,
bIAP or control fraction 3 hours later. Both, rhTRANd bIAP treatment significantly

(p<0.05) increased survival of mice.
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