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Summary 
Diseases in which LPS plays an important role are a major healthcare problem. 

World-wide, millions of people suffer from diseases like sepsis, inflammatory 

bowel disease (IBD) or liver fibrosis.  

Angus et al reported that in a large study the incidence of sepsis in the US is about 

3 cases per 1000 population (3). With a present US population of 300 million people 

and a European population of 800 million people, this results in an estimate of 

about 3.3 million cases of sepsis in the US and Europe together.  

In contrast to sepsis, the incidence of IBD world-wide is more difficult to estimate 

because of the geographic variation of its incidence. The incidence of IBD is higher 

in industrialized areas like Western and Northern Europe and North America and 

lower in regions like central and southern Europe, Asia, Japan, Africa and South 

America (19). According to the Annual Report of the Crohn’s and Colitis 

Foundation of America, in America 1.4 million people suffer from either Crohn’s 

disease (CD) or ulcerative colitis (UC) 

(www.ccfa.org/media/pdf/AR2006/ar2006fullfinalfinal.pdf). This means that IBD 

affects at least several millions of people world-wide. 

The condition though, which affects most people globally, is undoubtedly liver 

fibrosis. Liver fibrosis can have many underlying causes e.g. hepatitis B and C, 

schistomiasis and alcohol abuse. World-wide, it was estimated by the World 

Health Organization that respectively 350, 150 and 200 million people suffer from 

hepatitis B, C and schistomiasis. A considerable amount of these patients will 

develop fibrosis and ultimately cirrhosis. The most common cause of cirrhosis in 

Western society though, is alcohol abuse, accounting for several other millions of 

cases of liver fibrosis.  

In the National Vital Statistics Reports number 54 of the National Center for Health 

Statistics, about causes of death in the US, septicemia and chronic liver diseases 

and cirrhosis represent the 10th and 12th cause of death among people in the U.S. 

(4). 

 

Taken together, sepsis, IBD and liver fibrosis affect tens of millions of people 

world-wide and represent a tremendous burden on the healthcare system. 
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A common problem of these diseases in which LPS is an important player is their 

complexity and multi-factorial character, which hampers adequate treatment. A 

major cause of disease complexity is the fact that LPS initiates a cascade of events, 

resulting in the activation of numerous pathways (Fig. 1). Amongst others, LPS is 

known to induce massive production of inflammatory cytokines (TNFα, IL-1β and 

IL-6), lipid mediators, chemokines and oxygen radicals (12). In addition, LPS also 

initiates coagulation pathways by inducing tissue factor expression on endothelial 

cells.  

 

 
 

Figure 1: Scheme of initiated cascades and produced mediators during Gramnegative sepsis. 

Picture from David (13).  

 

Most therapies so far are designed to eliminate one mediator or shutdown one 

pathway, but as so many pathways are involved, this is often not sufficient. 

In the field of sepsis, much progress has been made in understanding the 

pathology of sepsis. Despite this progress, the development of anti-sepsis 

therapeutics has not been very successful. There have been many clinical trials 

using e.g. antibiotics, volume resuscitation, vasoactive agents, anti-TNFα 

antibodies, IL-1 receptor antagonists, anti-LPS anti-bodies, lipid A analogs, 

glucocorticoids, NO-synthesis inhibitors, antithrombine III, tissue factor pathway 

inhibitor and activated protein C ((15; 40) for an overview of clinical trials, which 

use a variety of anti-sepsis strategies, see Riedemann et al (36)).  
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Of all these therapeutics, only activated protein C (APC) did show a small but 

significant reduction in mortality in septic patients (7; 8; 46). In the large PROWESS 

trial, APC resulted in a significant reduction of 6.1 % in absolute mortality (8). 

However, patients which had an increased risk of bleeding upon administration of 

the natural anticoagulant APC, e.g. patients with renal failure or recent surgery, 

were excluded from the study (8). In addition, the effectiveness of APC appeared 

to be related to the risk of mortality. Post-hoc analysis of the data generated from 

the PROWESS trial revealed that APC was beneficial in patients with a high risk of 

death, i.e. APACHE scores above 25, and that an absolute reduction in mortality of 

13% could be achieved in this subset of patients (41). In contrast, APC appeared to 

be potentially harmful in patients with a low risk of death (18). For this reason, the 

U.S. Food and Drug Administration (FDA) approved APC only for the use in 

severe septic patients and asked for additional clinical trials for assessing the 

effects of APC on severe septic patients with a lower risk of death. A recent study 

of Abraham et al in which only severe septic patients were included with a low risk 

of death, i.e. APACHE scores less than 25, confirmed the lack of efficacy of APC in 

this group of severe septic patients (1).  

So, the restricted use of APC for a subset of severe septic patients and the fact that 

sepsis is still the 10th cause of death in the US emphasizes that there is obviously 

still a need for the development of better and more effective anti-sepsis therapies. 

After the approval of APC though, no other effective therapeutic compounds have 

been approved by the FDA so far. 

 

Regarding inflammatory bowel disease, treatment is dependent on the severity, 

activity and etiology (Crohn’s disease or ulcerative colitis) of the disease. A nice 

overview of the current treatment options is given in a review of Domenèch (17). 

Briefly, the therapeutic compounds currently in use to treat IBD are: therapeutics 

which have 5-aminosalycilyc acid (5-ASA) as their active compound (sulfalazine 

and mesalazine), corticosteroids and other non-steroid immunosuppressive drugs 

(cyclosporine A, thiopurines, methotrexate and since recently infliximab) and 

antibiotics. The chimeric anti-TNFα antibody (infliximab) has shown to be very 

successful in the treatment of severe to moderately severe UC (26). In severe cases, 



 
Summary, General Discussion and Future Perspectives  

 141 

when treatment yields insufficient results, surgery in which part of the intestine is 

removed, may be necessary.  

Despite the array of available therapeutics, quite a number of people experience 

drawbacks of the treatments mentioned above. Corticosteroids for example 

occasionally have numerous side effects. These may be “mild”, e.g. acne, obesity 

and fluid retention or more severe in patients, e.g. bone loss (osteoporosis), 

metabolic complications (hyperglycemia or hyperlipaemia), hypertension, 

psychosis, ocular effects and immunosuppression, leading to other infectious 

diseases (17; 38). In addition, quite a number of people do not respond to steroids 

and are steroid-resistant, also called steroid-refractory. Besides corticosteroids, also 

compounds having 5-ASA as their active compound and immunosuppressives are 

known to have side-effects. In particular side-effects of immunosuppressives can 

be quite serious when they are used for a longer period. As LPS is thought to play 

an important role in the perpetuation of chronic inflammatory bowel diseases (2; 

11; 21; 28) and as the current treatment options are almost all accompanied by side 

effects, ranging from mild to severe, exploration of anti-LPS therapies in IBD might 

be worthwhile, especially for patients for which the current therapies are not an 

option. 

 

When looking at all therapies that are currently available for the treatment of 

diseases in which LPS has an important role (17; 35; 36), it is striking that of all 

these therapies, only few are directed at the LPS molecule itself.  

After Poelstra et al discovered in 1997 that the enzyme alkaline phosphatase (AP) 

was able to dephosphorylate and thereby detoxify AP; a possible new anti-LPS 

therapeutic protein was discovered. This research was extended by Bentala, 

Verweij and Beumer, who demonstrated beneficial effects of AP in several animal 

models of sepsis (6; 9; 45). 

 

The research described in this thesis further extends the research on the effects of 

AP in sepsis, but we also explored the possibility of AP as a new therapeutic 

compound in another LPS-associated disease; inflammatory bowel disease. 

Whereas LPS is the causative agent in sepsis, the role of LPS in IBD is not that of 

the causative agent, but LPS is thought to play a role in the perpetuation of the 
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inflammatory process once the disease has started. In addition, we tried to 

elucidate the mechanism by which endogenous AP activity is regulated. As 

outlined in chapter 2, endogenous AP levels are often elevated or downregulated 

during LPS-mediated diseases. If AP is important in these diseases, insight in the 

mechanism of AP up- or downregulation may be used to design new therapies. 

 

The liver is the major LPS-removing organ in the body, and it is also an organ that 

expresses endogenous AP. As AP is able to detoxify LPS, we wanted to explore 

whether the liver itself is capable of LPS-detoxification and whether there is a 

relation between LPS and endogenous AP levels in the liver (chapter 3). In 

addition, we also explored the efficacy of calf intestinal AP (ciAP) in LPS-induced 

sepsis in rats. Staining of liver sections of normal and fibrotic rats showed that the 

liver itself is not only capable of removing LPS from the circulation (37; 44), but is 

also capable of dephosphorylating several LPS-serotypes. Moreover, LPS proved to 

be an inducer of AP mRNA in the livers of normal as well as fibrotic rats. This 

induction was seen in vivo and in vitro in freshly prepared liver slices. Induction of 

AP by LPS has not been reported before and indicates a close relation between LPS 

and AP, which was even more emphasized when we demonstrated a co-

localization between the LPS receptor CD14 and AP at sites were possible 

pathogens, e.g. Gramnegative bacteria, may enter the body (e.g. lung epithelium, 

intestine) or where LPS may accumulate (liver, kidney). Finally, we demonstrated 

a therapeutic effect of intestinal AP (derived from calf: ciAP). Placental AP, which 

has a long half-life in serum, had already been proven successful in septic mice (6) 

and we now wanted to see if ciAP, which has a short half-life in serum, is also 

capable of influencing sepsis parameters. We first demonstrated in vitro and in vivo 

that the short-half life of ciAP is due to its rapid uptake by hepatocytes via the 

asialoglycoprotein receptor. Despite this rapid uptake, ciAP caused a significant 

reduction in TNFα and NO production by LPS-stimulated liver slices. In addition, 

in vivo, preservation of hepatic glycogen could be demonstrated when rats with 

LPS-induced sepsis were treated with ciAP. From the studies described in this 

chapter, we concluded that there is a close relation between LPS and AP and that 

ciAP, despite its short half-life in plasma, is also capable of reducing levels of 



 
Summary, General Discussion and Future Perspectives  

 143 

important sepsis mediators in vitro and in vivo. The latter was confirmed by a study 

of Beumer et al and ciAP is currently evaluated in clinical trials (9). 

 

As we found in chapter 3 that liver AP could be induced by LPS, we wanted to 

study the mechanism of AP regulation in more detail. Chapter 4 therefore focused 

on the mechanism of AP-induction. In HepG2 cells and McA-Rh7777 cells, we tried 

to induce AP activity with the compounds butyrate, a fermentation product of 

anaerobic bacteria in the colon (49), and retinoic acid. Reports have been published 

that these compounds increase AP activity (22; 23; 27). Butyrate indeed induced AP 

activity in both cell lines whereas retinoic acid did not. We subsequently tried to 

induce AP mRNA levels by incubating the cells with LPS. In contrast to our in vivo 

experiments described in chapter 3, we did not find any induction of AP mRNA by 

LPS. This led us to the hypothesis that perhaps cytokines are needed to induce AP 

activity. We therefore incubated rat liver slices and measured the mRNA levels of 

TNFα, IL-1β, IL-6 and AP, and found that peak levels of TNFα and IL-1β mRNA 

were reached several hours before the peak level of AP mRNA. This might be an 

indication that AP mRNA induction occurs via cytokines. The fact that Kupffer 

cells, which produce high amounts of cytokines upon LPS stimulation, are present 

in liver slices but absent in cultured cell lines, might serve as an explanation for the 

different results obtained in cell lines and slices after LPS stimulation. In vivo, LPS 

induced elevated AP mRNA levels already 2 hr after LPS administration, but 24 hr 

after LPS administration, levels had gone back to basic levels.  

Despite our results obtained with freshly prepared liver slices, which suggested 

that cytokines are involved in the mechanism of AP induction, other in vitro 

studies did not provide further evidence for this hypothesis. Besides butyrate and 

retinoic acid, we also added cytokines and cytokine-rich medium from 

macrophages that were stimulated with LPS to the cell lines. Unfortunately, none 

of these resulted in a significant induction of AP activity in the cells. So, no 

conclusion can be drawn yet on the mechanism of AP-induction in the liver by 

LPS. We think it is likely that induction of AP by LPS in vivo is the result of a 

complex of factors which is difficult to mimic in vitro. Because we saw AP 

induction in slices and because we think cytokines are involved in the mechanism 

of AP induction, experiments with slices in which the Kupffer cells are silenced 
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might be the next step to provide further evidence for our hypothesis. An option 

could be the compound gadolinium chloride (GdCl3), which inhibits the Kupffer 

cell response upon LPS, and has even been shown to protect rats from sepsis-

induced hepatic injury (25; 47). Caution should be taken though when using GdCl3, 

as conflicting results have been published about the inhibition of cytokine 

production by Kupffer cells after GdCl3 administration. 

 

In chapter 5 we examined the effect of plAP and ciAP on LPS-induced sepsis in 

mice. In addition, we introduced a new assay for LPS measurement. Our new 

assay for the detection of LPS uses the compound pentamidine. This compound 

fluoresces upon binding to LPS, but not upon binding to monophosphoryl lipid A. 

If one of the 2 core phosphate groups is removed from the LPS, pentamidine is not 

able to bind anymore (14). This assay therefore allows us to discriminate between 

LPS and dephosphorylated LPS. The assay is currently used to measure LPS 

concentrations in buffer solutions, but in the future we hope to optimize the assay 

for LPS measurements in serum. The second part of this chapter describes an in 

vivo study in which effects of plAP and ciAP on LPS-induced mice are studied. It 

appeared that both plAP and ciAP induced a significant effect on TNFα levels in 

serum, 2 hr after LPS administration. Serum TNFα is an early parameter for 

systemic inflammatory response syndrome (SIRS). Despite the fact that ciAP levels 

in serum decreased much faster than plAP levels, the net effect on the reduction of 

TNFα levels was almost exactly the same. This indicates that AP probably has its 

effect shortly after its administration. Besides exploring the effect of AP on an early 

sepsis parameter, we also evaluated the effect of plAP on a late sepsis parameter, 

i.e. the influx of neutrophils in the lungs. plAP clearly attenuated the influx of 

intrapulmonary neutrophils.  

 

In chapter 6, we investigated the possibility to use AP as a therapeutic protein in 

IBD and we explored the expression of AP in the human intestine in normal and 

IBD patients. AP mRNA levels in the human small intestine appeared to be much 

higher than in the human colon. Despite the lower levels in the colon, these levels 

could decrease to even lower levels during ulcerative colitis (UC). In contrast, 

Crohn’s disease did not significantly influence AP levels in the intestine. 
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As AP has already been proven effective in sepsis, we now wanted to examine its 

effects in a disease with a completely different etiology, but in which LPS also 

exerts an important role, colitis. To examine whether AP could have a beneficial 

effect in this disease, we induced colitis in rats and studied the effect of daily oral 

administration of AP-tablets. Oral administration of AP had very significant effects 

on several inflammatory parameters and parameters reflecting colon integrity. AP-

treatment of colitic rats resulted in amongst others a better morphology of the 

colon, less influx of neutrophils and lower mRNA levels of inflammatory cytokines 

in the colon. We concluded from this experiment that AP strongly reduced the 

inflammatory effects of colitis. Moreover, at this moment, effects of ciAP 

administration on the progression and severity of UC in humans are examined. 

 

Discussion and Future perspectives 
The research described in this thesis has resulted in a more clear view on the 

relation between alkaline phosphatase (AP) and LPS. Furthermore, we provided 

evidence that AP might have the potency to become a therapeutic protein in 

patients with IBD. Significant effects of AP administration in a rat model of colitis 

were obtained. This, and other preclinical work has been taken forward and as 

mentioned above, currently, 2 clinical trials using calf intestinal AP (ciAP) are 

ongoing. The first trial is a phase II clinical trial in which ciAP is administered to 

septic patients. The second trial is a phase I clinical trial in which UC patients that 

do not respond to other treatment, receive ciAP via an oral probe, which passes the 

stomach and delivers the AP directly in the intestine. The latter is necessary 

because the low pH in the stomach would destroy the enzyme activity of AP.  

 

Most of the research presented in this thesis was done on sepsis and IBD. In 

addition, pilot studies were performed to study the role of AP and LPS in rats with 

liver fibrosis (not described in this thesis). In this study, we modified the enzyme 

AP with a cyclic peptide that binds to the PDGF receptor (5). These studies were 

conducted to examine whether the active enzyme can be delivered to specific 

designated receptors. Secondly, recent evidence shows that hepatic stellate cells 

(HSC) are activated directly by LPS (33) and activated HSC play a crucial role in 
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the progress of fibrosis leading to liver cirrhosis. During liver fibrosis, the 

expression of the PDGF receptor on the cell membrane of activated HSC is highly 

upregulated (34). These receptors might therefore serve as a target to deliver active 

enzymes. Our studies resulted in the coupling of several cyclic peptides to AP, 

after which the enzyme still had enzymatic activity, although the specific activity 

was lower than before the synthesis procedure. We could also demonstrate 

binding of the construct, AP-PDGF, to 3T3 fibroblasts (Fig. 2), that is, cells that 

express the PDGF receptor.  

 

   

 
Figure 2: Binding of plAP conjugated with cyclic peptides recognizing the PDGF receptor 

(left) and control plAP (right) to 3T3 fibroblasts (a full color version of this picture can be 

viewed on page 171). The brown staining in the left picture reflects AP activity of the AP-

PDGF construct that is bound to the cells.  

 

The specific delivery of AP at sites were it is needed may open new possibilities for 

the use of AP as a therapeutic protein. It is now possible to deliver AP in a specific 

cell type that plays a crucial role in liver fibrosis. The enzyme can be directed to 

cells that are sensitive to LPS, in other words, it is possible to let AP and LPS 

“meet” and thereby enable AP to dephosphorylate and thus detoxify LPS. 

Stimulation of LPS-sensitive cells might thereby be avoided. These studies will be 

pursued in the coming years. 

 

Direction of AP to LPS-sensitive cells, though, should be done early in the disease 

process of diseases in which LPS has a central role. The half-life of LPS in serum is 
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quite short (44) and LPS is quickly removed from the circulation by predominantly 

Kupffer cells and to a minor extent by hepatocytes (37; 44). Hereafter, cytokines, 

which are the important mediators of the inflammatory process, are already 

present in serum and the inflammatory process will have been initiated. Early 

administration of AP thus is of crucial importance. 

 

At first sight, this seems unfavorable for the use of AP as a therapeutic protein. 

Most patients, for example septic patients, that are admitted to the hospital are 

already very ill and the LPS that caused the systemic inflammation will have been 

removed from the blood by the time of admission. The cytokines and other 

inflammatory mediators that have been produced in response to LPS levels are still 

present in serum and they induce many effects. Amongst others, these mediators 

may induce an enhanced vascular permeability, also in the intestinal wall. In this 

way, cytokines may cause a “second” elevation of systemic LPS levels. High levels 

of circulating cytokines and other inflammatory mediators and locally produced 

gut-derived cytokines, especially IFNγ and TNFα, can cause an increased 

permeability of the intestinal wall (16; 20; 43; 48; 50), and hence an increase in 

bacterial translocation from the intestinal lumen to the blood and/or lymph. This 

may lead to the “second” elevation of systemic LPS levels, and this in turn results 

again in the production of high amounts of cytokines and other mediators, which 

may increase the intestinal permeability even further; this may lead to a vicious 

circle. Although AP might often not be present at the very start of this circle, it can 

be administered later to break this vicious process. Many people suffering from 

elevated LPS levels due to a disease often do not die from the initial LPS overload, 

but from the vicious process in which their condition gradually worsens.  

 

Therefore, AP can very well be beneficial for septic patients in whom the 

inflammatory process has already started but it could also be beneficial in a chronic 

inflammatory disease like inflammatory bowel disease in which the role of AP is 

then the interruption of the chronic inflammatory process. This is currently 

investigated in clinical trials.  
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Next to sepsis and IBD, applicability of AP in other diseases might be an 

interesting issue for research in the near future. The general concept of AP being 

able to detoxify LPS might be beneficial in many other LPS-associated diseases. 

Diseases or conditions one could think of are for instance rheumatoid arthritis, 

burns, meningococcal disease (24; 32), ischemia/reperfusion after intestinal surgery 

(30) and liver fibrosis (42).  

Regarding rheumatoid arthritis, a very recent study has pointed out LPS as an 

important causative agent in rheumatoid arthritis in moist buildings (29). If further 

research indeed identifies LPS as the main causative agent, AP administration 

might decrease the inflammatory symptoms. 

Also burn patients could profit from AP administration. Obviously, the skin as a 

barrier for infectious agents is damaged, but it is also known that shortly after 

burns, the intestinal permeability is increased due to ischemia/reperfusion injury, 

leading to bacterial translocation (31; 39). If AP is administered before the increase 

in intestinal permeability, and hence before bacterial translocation occurs, a 

systemic inflammatory reaction upon gut-derived LPS may be avoided. 

In case of fibrosis, AP could also have beneficial results because fibrosis is almost 

always accompanied with liver inflammation. In liver fibrosis, the targeting of 

modified AP to “LPS-sensitive cells” like HSC (10; 33), the ECM-producing cells in 

the fibrotic process, is of importance. For an optimal LPS-detoxifying effect of AP, 

it is essential to bring AP and LPS together at crucial sites. Another important 

aspect in fibrosis is that the fibrosis state can have many underlying etiologies. 

Eradication of the fibrosis is only possible if also the underlying cause is treated. 

So, in the case of hepatitis B and C, combination therapies of targeted AP with 

antiviral compounds might be an option in the future. 

 

In summary, clinical trials using AP as a therapeutic protein in sepsis and IBD are 

already ongoing and hopefully in the future, the use of AP as a therapeutic 

compound may be extended to several other diseases associated with elevated LPS 

levels. 
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