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1 Introduction 

 

Chronic obstructive lung diseases are already the fifth most common cause of 

death worldwide. They are predicted to make up nearly 20% of deaths per year 

worldwide by 2020. Globally, in terms of mortality, incidence, prevalence and 

costs, respiratory diseases rank second (after cardiovascular diseases). In 

some countries (e.g. the UK), they are already the leading killer (Mannino et al., 

2002). Next to genetic factors, smoking and chemical air pollution, air borne 

microbia causing pulmonary infection or inflammation are considered major 

causes of these diseases (http://www.european-lung-foundation.org).  

 

1.1 Occupational lung disease 

Exposure to high quantities of microbia in the air has been identified as a cause 

of numerous occupational lung diseases. These cause a range of symptoms 

from general malaise to chronic disease, e.g. farmer’s lung (Radon et al., 2002) 

and ‘building-related-illness’ (Bardana, 2003). Whether the exposure to 

microbiological material via the air leads to the development of disease 

symptoms depends on numerous factors: the particles must be small enough to 

be inhaled, the sensitivity and immune status of the individual determines his or 

her susceptibility and the duration and extent of the exposure are important 

factors. Vegetable and cereal processing and storage plants, chicken and pig 

farms, paper and wood factories, composting plants, waste recycling and 

sewage plants and the metal industry belong to the working environments with 

the highest microbial burden in the air (Rylander, 1999; Abrams et al., 2000; 

Dutkiewicz et al., 2001; Fishwick et al., 2001; Radon et al., 2002; Tarlo, 2006). 

However, office buildings, especially those with badly maintained air 

conditioning systems and home environments, i.e. old buildings made of 

organic building materials or new buildings with excessive insulation which traps 

the moisture, may harbor a high burden of bacteria, fungi and their components 

in the air (Hodgson et al., 1998; Reynolds et al., 2001; Chao et al., 2002). 



 

1.2 Pyrogens  

Pyrogens are by definition all fever-inducing substances. They are usually 

derived from microorganisms, i.e. bacteria, molds, yeasts and viruses. While 

lipopolysaccharide (LPS, endotoxin) from the outer membrane of Gram-

negative bacteria remains the prototypic pyrogen, substances such as 

lipoteichoic acid (LTA) and peptidoglycan from Gram-positive bacteria and 

others are increasingly recognized as potent immune stimuli (Morath et al., 

2001; Schindler et al., 2003; von Aulock et al., 2003; Martis et al., 2005). 

Pyrogens represent pathogen-associated molecular patterns (PAMPs) which 

are recognized by pattern recognition receptors (PRRs) on cells of the innate 

immune system, mainly monocytes and macrophages. Binding of these 

pyrogens to the receptors initiates and intracellular signaling cascade, 

culminating in the expression and release of cytokines. The cytokines are signal 

mediators which initiate and control the immune defense response. The pro-

inflammatory cytokines, such as interleukin 1β (IL-1β), TNFα and IL-6, reach the 

blood-brain barrier via the circulatory system. There they bind to receptors on 

the blood-brain barrier and cause the release of prostaglandin E2 in the brain, 

which in turn changes the temperature set-point in the hypothalamus, setting off 

the fever response (Dinarello, 2004). 

1.3 Methods of pyrogen detection 

Current methods to assess the microbiological burden in the air have little 

physiological relevance: Dust is collected and weighed, though this gives no 

indication of its pathogenic potential. Live bacteria and molds may be collected, 

cultured and identified. Although specific pathogenic species may be detected 

by this method, only the approximately 10% of bacteria or molds that grow 

under standard culture conditions are recorded, and dead bacteria and their 

components, which still have inflammatory activity in the lung are not 

detectable.  

Air samples may be collected by impingement or filtration and subjected to 

endotoxin measurement by Limulus amebocyte lysate test (LAL). These 

methods of sample collection are limited in the first case by the solubility of the 

sample and in the second case by the recovery of the sample from the filter. 

The LAL test which follows is blind to other pyrogens. Further, it can only 



 

determine the content of total endotoxin, but does not reflect its inflammatory 

activity in a human, which is vastly different between endotoxins of different 

bacterial species.  

Recently an in vitro method was developed at the Chair of Biochemical 

Pharmacology in Konstanz to replace the rabbit pyrogen test for parenterals 

(Hartung and Wendel, 1995b; Hartung and Wendel, 1996). This method is 

based on the innate response to pyrogens. Blood from a healthy human donor 

is challenged with the sample. After overnight incubation at body temperature, 

the release of the pro-inflammatory cytokine IL-1β is measured in the 

supernatant by ELISA. This human whole blood assay known as the In vitro 

Pyrogen Test (IPT) was validated in an international EU study (Hoffmann et al., 

2005; Schindler et al., in press). In this thesis, the IPT was adapted to the 

assessment of the pyrogenic burden in the air by collecting the microbial 

contaminations on filter membranes encased in sampling monitors. These 

membranes were then incubated with diluted human whole blood inside the 

collection device, and the release of IL-1β was analyzed.  

1.4 Role of fungal spores as airborne pyrogens 

Initial field studies using the IPT for air sampling were performed in parallel with 

a microbiological evaluation of total live and culturable bacteria and fungi. Good 

correlations were found between the total microbia in the air and the total 

inflammatory activity. We found that the airborne microbia consist of fairly equal 

shares of bacteria and fungi, including yeasts and molds. Although much is 

known about bacterial pyrogens, the pyrogenic activity of yeasts and molds and 

their components is far less well studied.  

Belonging to the most species-rich genus, filamentous fungi are omnipresent 

saprophytes and opportunists. Next to the main risk group for fungal infections, 

i.e. immunosuppressed individuals, e.g. AIDS patients, cancer patients 

receiving chemotherapy, patients receiving corticosteroids, etc., 

immunocompromised individuals, such as elderly or very young individuals and 

socially disadvantaged groups present targets of fungal infection (Rolston, 

2001; Lionakis and Kontoyiannis, 2003; Stratigos and Katsambas, 2003; 

Chayakulkeeree et al., 2006). Only few fungal species are considered 

pathogenic, but the role of fungi in causing the inflammatory health effects 



 

associated with environmental exposure is not yet clearly defined (Ponton et al., 

2000; Idemyor, 2003; Pfaller and Diekema, 2004; Lednicky and Rayner, 2006). 

In this thesis, it was investigated how the innate immune system, represented 

by human whole blood, responds to a vast array of different fungal spores by 

characterizing and comparing the pattern of cytokine release initiated by the 

spores, by following the kinetics of cytokine release and by investigating the 

interindividual variance in the cytokine response to fungal spores between 

different blood donors.  

 

1.5 Pyrogenic components of fungal spores 

Glycans 

Our knowledge on the immune recognition of bacteria teaches us that the 

innate immune system recognizes conserved structures common and specific 

to groups of pathogens. The O-antigens of lipopolysaccharide (LPS) from 

different Gram-negative bacteria vary greatly in their length and use of sugar 

chains between different species, but this part of LPS triggers only the adaptive 

immune response leading to antibody formation. On the other hand, the 

structure of the lipid anchor of LPS is common to almost all Gram-negative 

bacteria and has been shown to be sufficient to trigger the innate immune 

response, i.e. to induce cytokine formation by monocytes/ macrophages 

(Rietschel et al., 1994). Similarly, lipoteichoic acid (LTA) is common to most 

Gram-positive bacteria and we have been able to show that again, the lipid 

anchor is sufficient to trigger cytokine induction (Morath et al., 2001). These two 

substructures are recognized by two toll-like receptors, i.e. TLR-4 for LPS 

(Poltorak, 1998) and TLR-2 for LTA (Lehner et al., 2001). Thus, the innate 

immune response recognizes invasion by a broad spectrum of bacteria via this 

very conserved mechanism. 

For fungi, surface glycans and fatty acids anchored in the fungal cell wall are 

suggested to act as fungal PAMPs. α- and β-(1-2) and (1-6)-linked mannans 

(Dalle et al., 2003; San-Blas et al., 2005)as well as β(1-3)- and β(1-6)-linked 

glucans are thought to be the main sugars composing the fungal cell wall 

(Hearn and Sietsma, 1994; Majtan et al., 2005). Recently it was suggested that 

the glucan receptor dectin-1 expressed on macrophages and dendritic cells can 



 

recognize fungal β-glucans in collaboration with TLR-2, initiating an immune 

response (Gantner et al., 2003). The role of TLR-4 in immune recognition of 

fungi is also discussed (Meier et al., 2003; Netea et al., 2003; Braedel et al., 

2004; Overland et al., 2005). As these studies were always only performed on 

single pathogenic species of yeasts or molds and led to controversial results, 

the large collection of fungal species available was used to assess whether 

sugar chains are involved in the initiation of the innate immune response and 

what role the toll-like receptors 2 and 4 play in this process. 

 

Amphiphiles 

Only little indications for a role of sugar chains in the induction of an immune 

response to fungal spores was found but a role of TLR-2 was confirmed for all 

fungal species tested. In light of these results, the molecular structure of the 

known bacterial agonists of TLR-2 and TLR-4 were considered. Lipoteichoic 

acids of Gram-positive bacteria and synthetic Pam3Cys as well as 

lipopolysaccharides (LPS) of Gram-positive bacteria are amphiphilic glycolipids. 

Following the hypothesis that the immunostimulatory principle of fungal spores 

may also be a glycolipid, spores from the filamentous fungus Cladosporium 

cladosporioides were extracted with butanol and subjected to hydrophobic 

interaction chromatography, an extraction method optimized for the preparation 

of LTA, and the immunostimulatory activity of the resulting preparation was 

compared with that of the whole spores.  

1.6 Further applications of the In vitro Pyrogen Test 

Following the adaptation of the IPT to detect airborne pyrogens in the air by 

collecting them on a filter, the idea was developed that this approach could also 

be used to separate pyrogens from toxic or immunomodulatory parenterals. 

These include chemotherapeutic drugs like paclitaxel or daunorubicin, which 

are toxic in the rabbit pyrogen test as well as corticosteroids for injection which 

would suppress the fever response in the rabbit. This was realized with 

macroporous acrylic beads decorated with immobilized human serum albumin, 

which is the carrier of lipophilic substances in human plasma, to adsorb and 

accumulate pyrogens. After incubation with the sample, the beads could be 

separated and washed before being employed in the human whole blood assay.  



 

A further use for this approach is the testing of large volume parenterals such 

as dialysis fluids.  Patients on renal dialysis are exposed to hundreds of liters of 

fluid per week. Even low level pyrogenic contaminations are thought to cause 

chronic pathologies in these patients. The sensitivity of the IPT was greatly 

increased by incubating large volumes of sample with the albumin-linked beads. 

These collected the pyrogens from the sample and were then used to induce 

cytokine release upon expose to human whole blood.  
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2 Aims of the study 

Numerous adverse respiratory health effects are have been associated with air-

borne fungi. However, the immunological research on the health effects of fungi 

is often focused on fungal infection by pathogenic species, not on exposure to 

air-borne fungi and the inflammatory consequences. The methods commonly 

used to measure the biological burden in the air are limited in their relevance, 

as they are selective and do not reflect a physiological human response.  

The aims of present thesis were on the one hand to develop a method to detect 

the total inflammatory burden in the air using a method that would reflect the 

human immune response and, on the other hand, to investigate the contribution 

of air-borne fungi to this inflammatory burden.  

The first aim was approached by adapting the human whole blood test originally 

developed as an alternative method to detect pyrogenic contaminations in 

parenterals to the evaluation of air-borne pyrogens. For this, a sampling device 

including an integrated collection filter was developed, a more relevant standard 

material was developed, blood donor variance was assessed and first field 

studies were performed. Comparisons with other available methods were 

performed.   

The second aim was approached by examining the inflammatory properties of a 

representative number of the most prevalent fungal spores, including 

pathogenic species such as Aspergillus fumigatus and Candida albicans. This 

was accomplished by comparing the induced cytokine patterns, the kinetics of 

cytokine release, and blood donor variance. It was further evaluated how the 

immune response of blood cells and lung macrophages to fungal spores differs. 

To investigate the cellular mechanism and molecules involved in the interaction 

between the spores and the immune system, the role of the pattern recognition 

receptors TLR-2 and TLR-4 were examined as was the role of surface sugar 

chains as possible immunostimulatory molecules. In parallel the hypothesis was 

followed that the immunostimulatory principle may have structural similarity with 

other TLR agonists.   

The method developed for air borne pyrogens lead to the idea that a similar 

principle could be used to enable pyrogen testing of immunomodulatory or toxic 

parenterals and that the sensitivity of the test could be increased to allow a 
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better evaluation of low level pyrogenic contamination of dialysis fluids and 

other large volume parenterals for safety and quality assurance. 

. 
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3 A new method to measure air-borne pyrogens 

based on human whole blood cytokine response 

 

Ilona Kindinger1, Mardas Daneshian1, Hans Baur2, Thomas Gabrio3, Andreas 

Hofmann4, Stefan Fennrich1, Sonja von Aulock1 and Thomas Hartung1 

 
J Immunol Meth, 2005, 298:143-53 

 
1 Biochemical Pharmacology, University of Konstanz, Konstanz, Germany 

2 Landwirtschaftliche Berufsgenossenschaft Baden-Württemberg, Stuttgart, 

Germany 
3 Landesgesundheitsamt Baden-Württemberg, Stuttgart, Germany 
4 Phytos GmbH, Neu-Ulm, Germany 

 

Abstract 

Air-borne microorganisms, as well as their fragments and components, are 

increasingly recognized to be associated with pulmonary diseases, e.g. organic 

dust toxic syndrome, humidifier lung, building-related illness, “Monday 

sickness”. 

We have previously described and validated a new method for the detection of 

pyrogenic (fever-inducing) microbial contaminations in injectable drugs, based 

on the inflammatory reaction of human blood to pyrogens. We have now 

adapted this test to evaluate the total inflammatory capacity of air samples. Air 

was drawn onto PTFE membrane filters, which were incubated with human 

whole blood from healthy volunteers inside the collection device. Cytokine 

release was measured by ELISA.  

The test detects endotoxins and non-endotoxins, such as fungal spores, Gram-

positive bacteria and their lipoteichoic acid moiety and pyrogenic dust particles 

with high sensitivity, thus reflecting the total inflammatory capacity of a sample. 

When air from different surroundings such as working environments and animal 

housing was assayed, the method yielded reproducible data which correlated 

with other parameters of microbial burden tested. We further developed a 
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standard material for quantification and showed that this assay can be 

performed with cryopreserved as well as fresh blood. 

The method offers a test to measure the integral inflammatory capacity of air-

borne microbial contaminations relevant to humans. It could thus be employed 

to assess air quality in different living and work environments.  

 

Introduction 

Air-borne microorganisms of many different species are found in work and 

home environments. Inhaled bacterial and viral pathogens, organic dusts, 

components of the cell wall of Gram-negative bacteria (e.g. endotoxin, 

lipopolysaccharide), of Gram-positive bacteria (e.g. lipoteichoic acid), or of 

fungal spores, may have infectious, allergic and/or immunostimulatory 

consequences (Nowak, 1998; Schwartz, 2002). 

They appear to contribute to organic dust toxic syndrome, chronic obstructive 

pulmonary disease, building-related illness, humidifier lung, or “Monday 

sickness”. Epidemiological studies have shown that in occupational exposure 

the concentration of inhaled lipopolysaccharide (LPS) in bio-aerosols is strongly 

and consistently associated with reversible airflow obstruction (Milton et al., 

1996).  

Sampling and analysis of air quality is therefore the first step to determine 

whether the environment poses a potential threat to exposed people. Many 

different sampling methods and devices in use are based on impaction or 

filtration of air and the identification of live microorganisms by culturing. This 

latter method underestimates the total number of microbes in the air, since not 

all species grow on standard media. Moreover, culturing times differ and 

overgrowth of slow-growing species is a problem.  Another method is to 

determine the amount of dust in the air by gravimetric methods. However, 

although microbial cell wall components are known to be present in high 

concentrations in organic dust (Rylander et al., 1985), the dust weight gives no 

indication of biological activity. The Limulus amoebocyte lysate (LAL) assay 

specifically measures endotoxins of Gram-negative bacteria. Therefore, it 

reflects only a small part of the whole spectrum of air-borne microorganisms. 
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Also, fungal glucans and DNA interfere with endotoxin detection in the LAL 

assay.  

One major problem in this field is the lack of a standardized relevant 

methodology measuring total inflammatory burden and the lack of accepted 

threshold values. Thus, our aim was to develop a test method with an endpoint 

reflecting the human body’s response to the complex mixture of compounds 

and organisms in a sample by means of a practicable and robust sampling and 

measuring methodology.  

In 1995, we described a new method for the detection of pyrogenic (fever-

inducing) substances (Hartung and Wendel, 1995b). This whole blood assay 

utilizes the inflammatory response to pyrogens, including components of Gram-

negative and Gram-positive bacteria as well as fungi. Recognition of pyrogens 

by immune cells initiates the release of many signaling molecules, such as 

cytokines and eicosanoids. In the blood, monocytes are the main producers of 

the proinflammatory signal molecule interleukin-1β (IL-1β) (Boneberg and 

Hartung, 2002), which changes the set-point for thermoregulation in the brain 

and causes a fever reaction in the organism. This is a very sensitive and 

conserved reaction. Cytokine release can be measured in vitro in the 

supernatant of human blood by an enzyme-linked immunosorbent assay 

(ELISA). Injectable drugs are the main area of application in which this test has 

recently been validated successfully in a collaborative European study 

((Hoffmann et al., 2005) and Schindler et al., submitted), the next step being 

incorporation into pharmacopoeias.  

Here, we adapted the whole blood test to the measurement of air-borne 

pyrogens. Air was drawn through filters to collect the microbial contaminations 

using a pump, the filter membranes were then incubated with diluted human 

whole blood inside the collection device, and the release of IL-1β was analyzed 

after an overnight incubation. The air-sampling device, which was developed for 

this purpose, is a styreneacrylnitrile monitor system equipped with a 

polytetrafluoroethylene (PTFE) membrane filter (PALL Life Sciences, Ann 

Arbor, MI, USA). After air-sampling, the device can be closed and stored until 

measurement.  
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Materials and methods 

Air sampling 

Air was sampled with Personal Air Sampling Pumps (Model HFS-513 A, Gilian 

Sensidyne, Clearwater, USA, or Dräger accuro constant pump, Dräger Safety 

Schweiz AG, Dietlikon, Switzerland). Flow-rates were between 0.2 l/min and 3.5 

l/min as indicated. For multiple measurements with one pump, 5 polypropylene 

tubes were connected to the pump and the air flow was regulated by flowmeters 

(Key Instruments, Trevose, USA) adjustable between 0.1 and 1 l/min (Figure 1). 

Air monitor cassettes of styreneacrylnitrile with a diameter of 37 mm with 

polytetrafluoroethylene filters (specially manufactured and generously provided 

by PALL Life Sciences, Ann Arbor, USA) were used for collection. Dust samples 

were collected with a photometric particle sampler (Respicon TM, Hund, 

Wetzlar, Germany). 

 

Figure 1: Air-sampling set-up and sampling monitor 
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Whole blood incubation 

Differential blood cell counts were routinely performed with a Pentra 60 (ABX 

Diagnostics, Montpellier, France) to exclude acute infections of blood donors. 

300 µl or 500 µl of heparinized blood freshly taken from healthy volunteers was 

diluted 12-fold with isotonic saline solution (Berlin-Chemie AG, Berlin, Germany) 

and incubated overnight at 37°C without agitation according to the protocol of 

the Endosafe-IPT kit (Endosafe-IPT kit, Charles River Endosafe, Charleston, 

USA). Initial control experiments with the polytetafluorethylene filters (PALL Life 

Sciences) were performed in Petri dishes in a total incubation volume of 6000 

µl.  

Whole blood incubations in air monitor cassettes were carried out in a total 

volume of 3600 µl. The IL-1β response to the filters contaminated with air 

samples was compared with the response to a concentration-response curve to 

lipopolysaccharide (LPS) without filters, or to unused filters plus known 

concentrations of LPS added to the incubation, and to the basal response 

induced by clean filters.  

The control stimuli, LPS from Escherichia coli strain O-113 (WHO reference 

material, a generous gift from Dr. S. Poole, National Institute for Biological 

Standards and Controls, Hertfordshire, UK) or LTA from Bacillus subtilis 

(prepared in-house according to (Morath et al., 2001) and provided in the 

Endosafe-IPT kit were applied to the filter membranes in a volume of a twelfth 

of the total incubation volume, i.e. 300 or 500 µl. Incubations were carried out in 

the presence of 5 % CO2 at 37°C overnight. Blood suspensions were then 

transferred to 14 ml polystyrene tubes (Greiner, Germany). Cell-free 

supernatants were obtained by centrifugation at 3500 g for 2 min and used for 

cytokine determination immediately, or stored at -80°C. 

To measure lymphokine release after 48 or 72 h incubations, blood was diluted 

in RPMI 1640 (Bio Whittaker, Verviers, Belgium) instead of saline. The 

superantigen staphylococcal enterotoxin B (SEB, Sigma, Deisenhofen, 

Germany) was used as control stimulus here (Hermann et al., 2003). 

To test the inflammatory response to fungal spores, 1000 µl isotonic saline were 

pipetted into a 1.5 ml polypropylene reaction tube (Eppendorf, Hamburg, 

Germany) and 100 µl fungal spore suspension or LPS and 100 µl whole blood 
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were added and incubated as described.  Fungal spores from the different 

species were obtained in suspensions from T.G., Landesgesundheitsamt 

Baden-Württemberg, Stuttgart, Germany. The spore cultures were inoculated 

on sterile polycarbonate filters and cultured on malt-agar plates. 

After incubation, the tubes were shaken and blood cells were sedimented by 

centrifugation (16 000 g, 2 min).  

In some experiments polymyxin B (Sigma-Aldrich, Deisenhofen, Germany) was 

added to a final concentration of 5 µg/ml.  

 

Incubations with cryopreserved blood 

Cryopreserved blood was prepared as described (Schindler et al., in press). 

Briefly, the heparinized blood was pre-cooled in ice water for 15 min. Clinical 

grade dimethylsulfoxide (DMSO, Waco Chemicals, Dessau-Thornau, Germany) 

was added to the blood in 50 ml centrifugation tubes (Greiner bio-one, 

Frickenhausen, Germany) in small amounts to a final concentration of 10% 

under constant gentle agitation. Blood was pipetted as 4 ml aliquots into pre-

cooled cryotubes (1.8, 3.6 or 4.5 ml, Nunc, Wiesbaden, Germany) and put into 

the rack of a pre-cooled to 4°C Nicool Plus PC (Air Liquide, Marne-la-Vallée 

Cedex 3, France). The blood was cooled down to – 5°C at a rate of 1°C/min. 

The temperature Tx in the freezing chamber was set to – 30°C. The 

crystallization temperature was –12°C. When this temperature was reached, the 

blood was cooled down to – 40°C at a rate of 2°C/min. The blood was given 

120 s to stabilize before being cooled down to –120°C at a rate of 10°C/min. 

After freezing, the tubes were removed from the freezer and put immediately 

into the vapor phase of liquid nitrogen (nitrogen tank, Air Liquide, Kryotechnik, 

Düsseldorf, Germany). After thawing for 30 min at 37°C, the blood was used as 

described above for fresh blood without washing steps to remove the DMSO. 

 

ELISA 

IL-1β was measured with Endosafe-IPT (In Vitro Pyrogen Test kindly provided 

by Charles River Laboratories, Charleston, USA) according to the 

manufacturer’s instructions. Other cytokine measurements were done with 

sandwich ELISAs, based on antibody pairs against human IL-1β, IL-6 (both 

R&D Systems, Wiesbaden, Germany), IL-8, IFN-γ (both Endogen, Eching, 
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Germany) and IL-5 (BD Biosciences, Heidelberg, Germany). Recombinant 

cytokines serving as standards (IL-1β, IL-6 and IL-8) were gifts from Dr. S. 

Poole (National Institute for Biological Standards and Controls). Standards for 

IFN-γ and IL-5 were obtained from Endogen and BD Biosciences, respectively. 

 

Limulus assay 

The kinetic chromogenic Limulus amoebocyte lysate assay (LAL) was 

performed according to the manufacturer’s instructions (Endochrome-K, 

Charles River Endosafe). After air sampling, the filter material (either PTFE or 

glass fiber) was rinsed with 10 ml pyrogen-free water containing 0.05% (v/v) 

polyoxyethylenesorbitan-monolaurate (Tween 20). Filters were shaken for 60 

min on an orbital shaker at room temperature.  The extract was centrifuged at 

1000 g for 10 min. One clean filter was treated in the same way as a negative 

control. 100 µl of the supernatant were employed in the LAL and the obtained 

value was multiplied by 100 to obtain the endotoxin per 10 ml sample. 

 

Sampling of bacteria and fungi 

For determination of air-borne bacteria and fungi, samples were drawn with an 

impaction air sampler SAS Super 90 (International pbi S.p.A., Milano, Italy) with 

either CASO agar plates or Sabouraud–4% glucose-agar plates (Merck, 

Darmstadt, Germany) with 50 mg/l chloramphenicol (Sigma-Aldrich, 

Taufkirchen, Germany) attached. The sampling volume was 100 l for outside air 

and 10 l for indoor air. The Sabouraud plates were incubated at 25°C for 3-5 

days, the CASO plates at 37°C for 3-5 days. The colony counts were corrected 

with a correction table to adjust colony counts for the Impactor as instructed 

before calculating the final colony forming units (CFU) per m3. 

 

Gram-staining 

100 µl of 500 µg/ml dust suspensions of ground dust material (obtained by 

sampling dust in different pig pens and fractionized with a fluidized opposed bed 

jet mill with a grind pot diameter of 200 mm and 6 bar pressure, Sympatec 

GmbH, Augsburg, Germany) were spread on blood agar plates (Columbia, 

Heipha, Heidelberg, Germany) and incubated at 37°C for 3 days. After counting 

the CFU, single representative colonies of each morphotype were picked and 
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smeared on slides. After drying, the smears were heat-fixed with a Bunsen 

flame. Gram-staining was done with a Gram-staining set (Merck) according to 

the manufacturer’s instructions and evaluated by microscopic examination. 

 

Development of a standard material 

Dust from various pig pens was collected, by dusting rafters. Dust grains from a 

sample of this material were fractionated by size and a sample was ground to a 

particle size smaller than 10 µm (90% of sample) that represents inhalable 

particles. The endotoxin content of the dust material in suspension was 174 

EU/mg as determined by LAL. In the whole blood assay we determined a signal 

equivalent to 150 EU/ml. This value was calculated from dose response curves 

of 8 donors, by comparison with the reaction towards LPS from E. coli O-113. 

When the dust suspension was spread on blood agar plates and incubated at 

37°C, many different bacterial (3.5 x 103 CFU/mg dust) and fungal colonies 

were counted, (4 x 103 CFU/mg dust). Most of the bacterial CFU were Gram-

negative rods, but we also found some Gram-positive coccoid forms. 

Pasteurization (80°C for 10 min) reduced the number of CFU to a tenth. In the 

presence of the antimycotic amphotericin B only one bacterial strain grew with a 

large number of colonies, while no fungi grew. In the presence of the antibiotics 

penicillin and streptomycin 3 to 5 fungal colonies and 2 to 4 P/S resistant 

bacterial strains grew.  

 

Statistics 

One-way ANOVA with Dunnet’s post test was performed using GraphPad Prism 

3.0 (GraphPad Software, San Diego, CA, USA). *, p<0.05; **, p<0.01. 

 

Results 

Suitability of filter material 

To adapt the IPT to the measurement of air samples, we required a pyrogen-

free material with no interference in the whole blood test. Different 

concentrations of LPS from Escherichia coli and LTA from Bacillus subtilis were 

applied to the polytetrafluoroethylene (PTFE) filters before incubation with 
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whole blood. The IL-1β response to LPS or LTA in the presence of these filter 

materials was compared with the response of the blood to LPS or LTA without 

filter material in the same experiment.  The hydrophobic PTFE showed no basal 

cytokine induction and did not interfere with the pyrogen-induced response to 

the control stimuli. As endotoxin accumulation is expected at particle sizes 

between 3.5 and 8.5 µm (Attwood et al., 1986), the pore size 5 µm was chosen 

since this would not block as readily as smaller sizes. These filters were 

inserted into the air-monitor cassettes on top of a watertight cellulose support 

pad supplied by PALL Life Sciences. 

  

Field measurements 

Air samples from animal housing were taken in field measurements, as the 

contamination of air in such locations is especially problematic for people 

working there (Nowak, 1998).  

Data from air samples from a cattle shed, showed a clear correlation with the 

sampling time and a good reproducibility with a c.v. of 11 to 15% (Figure 2). 
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Figure 2: Release of IL-1β in human whole blood induced by defined LPS concentrations on 
PTFE membranes in air sampling monitors (n=1, left half) or contaminated in a cattle shed (n=5 
± SD) by collecting 5, 10 and 15 l at 1 l/min (right half). 
 

Compared to a dose-response curve of LPS, the sampling time of 5 min 

showed IL-1β-inducing activity equivalent to 83 pg LPS, i.e. 0.83 EU. 1 EU is 

defined as 100 pg of the WHO reference LPS from E. coli O-113. Thus, EEU 
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(endotoxin equivalent unit) means IL-1β release equivalent to that in response 

to the reference LPS in EU. It should be noted that the comparison to the 

cytokine induction by LPS does not indicate how much LPS is contained in the 

sample as other potent pyrogens, such as structures from Gram-positive 

bacteria or from fungal spores likely make up a significant proportion of the 

inflammatory capacity of the air sample.   

The value after 15 min of sampling is not higher than after 10 min. This implies 

that some form of saturation does eventually take place. This may result from 

saturation of the filters, saturation of the blood cells or saturation of the ELISA. 

These limitations of the test will need to be defined more closely in further 

experiments to set guidelines for the measurement in different environments. 

We followed the time course of one day in a calf shed to correlate the 

inflammatory potential with the CFU counts and working conditions (Figure 3). 

We found a good correlation between CFU/m3 and the IL-1β signal with the 

highest signals during working periods. 
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Figure 3: Air-sampling over one day at different places on a farm. Air-sampling was carried out 
in air monitor cassettes in 5-fold values for each time point. Sampling volume was 5 l at 1 l/min. 
Colony forming units were determined by counting colony growth after sampling air (10 l) at the 
indicated times. *, p<0.05; **, p<0.01 vs. control. 
 



 19 

We then performed similar comparative measurements in different animal 

housing and at working places in which high concentrations of microbes were 

expected (Table 1). Pig pen 1 had wooden boards with gaps in between. Pig 

pen 2 was a traditional structure with straw on earthen ground. Further 

measurements were done in a calf shed and a plastic recycling plant, where 

rubbish is screened for reusability by hand. The samples were drawn next to a 

conveyor belt. As can be seen in Table 1, the IL-1β release corresponded better 

to the dust concentrations than to the measured CFU. This can be explained by 

the fact that the immune stimulatory potency of the different germs varies from 

species to species, that not all bacteria grow on standard agar plates, and that 

the presence of non-living inflammatory material is neglected in the CFU 

determinations. 

 

Table 1: Release of IL-1β in human whole blood induced in response to air 

samples from different surroundings. 

Locationa EEU/ml ± SDb mg dust/m3c CFU/m3 

pig pen 1 4.6 ± 0.17 0.9 17 000 

pig pen 2 16 ± 0.12 1.5 50 000 

calf shed 0.9 ± 0.12 0.5 14 000 

Recycling plant 0.2 ± 0.22 0.1   7 000 

 
a sampling volume 5 l at 1 l/min.  
b means of 5-fold measurements ± SD.  
c dust and CFU were determined in parallel. 
 

Airborne fungal contaminations, both the spores themselves and their toxic 

metabolites pose a health hazard for humans (Fischer and Dott, 2003). Using 

cultures of four common airborne fungal spore species (Alternaria alternata, 

Penicillium crustosum, Cladosporium cladosporoides, Aspergillus versicolor) we 

could demonstrate that they are also detected dose-dependently in the IPT. The 

cytokine response to the fungal spores was not inhibited by polymyxin B. 

Fungal glucan is known to interfere with the lysate of the Limulus assay, giving 

false-positive results. When the β-glucan pathway was blocked with an 

endotoxin-specific-buffer BG 120 containing carboxymethylated curdlan 
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(Charles River Endosafe), the spores resulted in no detectable signals in the 

LAL. We verified this result by inhibiting potential LPS signaling with polymyxin 

B.  

 

Comparison of IPT with LAL 

We compared the measurement of air samples drawn in parallel in the whole 

blood assay and in the Limulus amoebocyte lysate assay (LAL). As the LAL can 

only be used in clear fluids, not on a solid phase material, samples had to be 

rinsed from the monitor and the obtained values were multiplied by the dilution 

factor. For this reason, it is not possible to control by LAL how well the sample 

has been solubilised from the collection material. The IPT allows direct contact 

of the blood with the sample.  Air samples were collected in a cattle shed and a 

pig pen. As was expected, the values determined in comparison to the same 

reference LPS were lower in the LAL by a factor of 2 to 25, illustrating the 

difference between the endotoxin content and the total inflammatory capacity 

relevant to humans detected by the whole blood system. In addition, the 

solubilisation of the sample for the LAL measurement may have variable 

efficiency depending on the material used for collection and the rinsing 

conditions. However, this cannot be controlled with this method. Therefore, the 

supernatant does not necessarily represent the entire spectrum of collected air-

borne particles. In the whole blood test, however, the monocytes are able to 

reach even particles which are embedded in the filter pores, as they are in 

direct contact with the filter material. 

To confirm these results, we collected air in a cattle and a pig pen. After 

sampling 4 monitors in parallel, one filter membrane was transferred from the 

monitor into a sterile petri-dish and washed with 10 ml pyrogen-free water 

containing Tween 20. After shaking for 1h and centrifugation, as required for 

LAL measurements, the wash solution was employed in the LAL assay and for 

comparison in the IPT. The washed filter was transferred to a new air-sampling 

monitor and also tested in the IPT to determine the effectiveness of the washing 

procedure. Three monitors with unwashed filters were measured directly in the 

IPT (Table 2). The measurement of the lavage in both assays shows increasing 

values between 5 and 30 min sampling time in both cases, although the results 

in the IPT appear lower. This may be explained by the presence of fungal 
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glucans in the samples, which give a false-positive result in the LAL. More 

importantly, the washed filters still give high signals in the IPT, indicating that 

the rinsing procedure only washes a small amount of the pyrogen from the filter. 

Thus the advantage of the IPT system lies not only in its ability to react to more 

than endotoxin from Gram-negative bacteria, but also in the fact that the direct 

contact between filter sample and blood results in a more representative 

measurement. 

 

Table 2: Comparison of air samples taken in a calf shed and a pig pen. 

place of measurement                 calf sheda pig 

penb 

sampled air volume  5l 10l 30l 1l 

      

treatmentc assay EEU/sample 

lavage (A) LAL 0.9 7.5 19 1.6 

lavage (A) IPT 2.1 4.5 6 1.4 

filter in monitor (B) IPT 9 ± 

0.06 

16 ± 

0.05 

> 50 ± 

0.12 

42 ± 

0.14 

washed filter  in monitor (B) IPT 3 1 > 50 31 

 
a drawn at 1l/min  
b drawn at 0.2 l/min.  
c Monitors were sampled in parallel; three were assayed directly in the IPT, the filter of one was 
extracted as required for the LAL assay. The lavage (A) was tested in LAL and IPT. Of the total 
lavage volume (10 ml), 100 µl were employed in both test systems and results calculated for 
total sample. Filters in monitors (B) were assayed in the IPT (values ± SD). Controls of the 
lavage solution without a filter and lavage with a clean filter were carried out but gave no 
significant response in either test system. EEU values were calculated based on the same 
reference LPS used in both test systems.  
 

Development of a standard material 

As LPS contributes only a part of the total inflammatory capacity of an air 

sample, we produced a standard dust material as a more relevant comparison. 

The cytokine response to the different particle sizes of the dust showed similar 

potencies in all fractions in comparison to the original, unground as well as the 

ground material (Figure 4). Therefore, the entire dust was ground to 90% < 10 

µm. This dust was now characterized in terms of comparing the cytokine profile 

induced in blood to that of LPS. The kinetics of cytokine induction by dust were 
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similar to those induced by LPS. IL-8 was secreted after 2 h, IL-1β and IL-6 

after 4 h of incubation. Release of IFN-γ was measured after 48 h while IL-5 

induction was not detectable, even after 72 h incubation (control stimulus in this 

case was SEB).  
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Figure 4: Dust fractions of different particle size from a pig pen induce IL-1β release in human 
whole blood, mean of double values.  
 

Use of cryopreserved instead of fresh blood 

The major concerns about using human blood for this type of test are individual 

differences of donors, availability of blood and possible threat of blood-

transmitted infections. These have recently been overcome by the development 

of a procedure to cryopreserve blood, allowing pooling of blood from different 

donors, pre-testing reactivity as well as ruling out typical infectious risks 

(Schindler et al., submitted). Here we show that the dose response curves for 

LPS (Figure 5A) and the ground dust material (Figure 5B) had similar shapes 

for fresh and cryopreserved blood, indicating that the assay can also be 

performed with cryopreserved blood.  

 

Do persons allergic to house dust and mites represent suitable blood donors? 

The cytokine response of blood from five donors diagnosed as allergic to dust 

and/or mites by a prick test but not in a hypersensitive phase or on 

antihistaminic medication was compared to blood from five donors with no such 

allergic history. The differential blood cell counts showed no difference between 
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the groups regarding eosinophil count, confirming that the donors were not 

hypersensitized. This blood was exposed to various concentrations of LPS, 

pigpen dust or samples collected from a cattle shed. The allergic donors tended 

towards slightly, though not significantly, higher IL-1β release in response to 

each of the stimuli over the dose response curves (Fig. 6). Thus, persons with 

known allergies towards air-borne allergens should probably be excluded as 

blood donors for the test. This can easily be achieved by the provision of 

pretested, cryopreserved blood. 
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Figure 5: Fresh and cryopreserved human whole blood releases comparable amounts of IL-1β 
in response to LPS from E. coli strain O-113 (A) and pig dust particles (B), mean of 4 blood 
donors ± SEM. 
 

Discussion 

To develop a new method to evaluate the total inflammatory potential of air 

samples, we needed to find a relevant endpoint, establish a suitable sampling 

method, determine whether the detection spectrum encompasses all likely 

targets, develop a standard or reference material and perform initial field 

studies. 

The basic strategy of the human whole blood assay (IPT) is to determine 

pyrogenic contaminations relevant to humans by exploiting the endogenous 

defense reaction to these substances. Thus, we decided to adapt this test for 

the purpose of evaluating the total inflammatory capacity of the microbial 
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burden in air. Sampling with the monitors proved practicable as they could be 

closed, stored and transported after collection. Moreover, as the incubation 

could be performed directly inside the monitors the filters did not have to be 

handled. Apart from immune stimuli already well characterized in this system, 

i.e. LPS from Gram-negative and LTA from Gram-positive bacteria, we showed 

that the test sensitively detects common air-borne fungal spores in a dose-

dependent manner. As a highly purified endotoxin standard is not ideally suited 

for comparison with highly complex air samples, the pig dust was collected and 

characterized as a reference material. The field studies performed showed the 

feasibility of the approach giving correlations with, but at the same time 

highlighting, differences from the microbiological culture or the LAL. Finally, the 

difficulty of obtaining standardized and pretested blood to perform the assay 

was dispelled by showing that cryopreserved blood can be used instead of fresh 

blood. Also, as a precaution, only blood from donors with no known allergies 

towards air-borne allergens should be used. To the best of our knowledge there 

is no comparable test system that can cover dead and living material in an 

integral manner. 

The highly effective uptake of inhaled substances by the 100 square meters of 

mucous membrane in the lung results in effects similar to injection of these 

substances. Safety measurements in workplaces and correlation with 

environmental hazards and their consequences for human health are therefore 

important both to identify problematic areas and to judge the effectiveness of 

mitigating measures. The key remaining problem in judging the risk is the lack 

of accepted threshold values and the lack of representative methods to 

measure the exposure. As seen by the comparison of the LAL with the IPT 

measurement, the LAL is not only limited to the measurement of endotoxin but 

is likely severely limited by requiring a clear fluid for measurement, i.e. solids 

must be rinsed and measurements performed in the rinsing solution. This result 

has serious implications for other applications of the LAL, such as for the safety 

testing of medical devices and for other uses of rinsing solutions of solid bodies, 

such as the rabbit pyrogen test for medical devices.  

The crucial advantage of this new test is that the model mirrors the cytokine 

reaction that the total burden would evoke in the blood of humans, thereby 

reflecting the potential danger to humans. However, it cannot reflect the entire 
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spectrum of immune reactions that might be triggered in the lung, i.e. mucosal 

immune reactions, responses of the adaptive immune system, etc.  
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Figure 6: Similar response of blood from donors allergic to house dust and mites (black bars) 

and blood from non-allergic donors (white bars) to various concentrations of LPS, pig dust and 

air samples from a cow shed, mean of 5 blood donors ± SEM. 

 

Further developments and standardizations of the test will entail the 

determination of the volume of air required for a representative sample under 

various conditions, definition of controls and reference materials to allow (semi-) 

quantitative analysis of the air load as well as the definition of the number of 

replicates required for the different procedural steps as quality controls. It would 

possible to measure the reaction of the blood of exposed persons towards 

samples from their environment, thus also taking possible sensitization or other 

individual factors into account. Here again, the use of pretested, standardized 

cryopreserved blood from non-allergic donors as a comparison would be 

valuable. A whole blood pyrogen test based on animal blood (Schindler et al., 

2003) could be developed to estimate the inflammatory reaction of animals 

living in a pen or shed and to compare their sensitivity to that of humans.  

We intend to evaluate this innovative method further with partners from 

environmental and occupational medicine, work safety and industry to optimize 

the methodological developments described for the specific areas of 

application.  

The new test system developed here opens the opportunity to monitor 

exposures to inhalable inflammatory stimuli in an integrative manner for the first 

time. Following the standardization undertaken here, epidemiological studies 

will allow assessment of the contribution of air-borne pyrogens to various 

pulmonary diseases. 
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4.1 Summary 

Investigation of the innate immune response to fungal spores could aid us to 

understand, avoid and treat fungal infections and health effects caused by 

inhaled spores.  

We examined the cytokine release patterns induced by spores of 44 

filamentous fungal and yeast species in human whole blood. All species 

induced IL-1β, TNF, IL-6 and IL-8. They induced G-CSF, IL-10 or both, but only 

nine species induced IFNγ. The cytokine response was determined by the 

fungal surface area employed rather than spore count. IL-1β and TNF release 

became detectable after 6h incubation, 4h later than for LPS, LTA or zymosan. 

To evaluate inter-individual variations, blood from 16 individuals was stimulated 

with fungal spores in parallel. The relative IL-1β response to all stimuli was 

highly consistent. The absolute response was determined by the individuals’ 

monocyte counts. As environmental exposure to fungal spores occurs mainly 

via the lung, we compared the response of human blood with that of a murine 

alveolar macrophage cell line (MH-S). The high correlation in TNF release 

(r>0.99) suggested that blood is a suitable surrogate for the pulmonary 

macrophage response.  
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These data suggest that fungal species share conserved surface structures that 

induce a uniform inflammatory response in monocytes and macrophages. 

 

4.2 Introduction 

The increasing number of immunocompromised individuals is associated with 

the increasing incidence of fungal infections. Next to patients with AIDS, risk 

groups include patients with temporary immunosuppression, such as cancer, 

diabetes and transplantation patients, and other individuals treated with 

corticoids, e.g. for allergies, as well as socially disadvantaged and aged citizens 

(Gerba et al., 1996; Johnson, 2000; Lionakis and Kontoyiannis, 2003; Stratigos 

and Katsambas, 2003; Badiaga et al., 2005). Additionally, nosocomial and 

medical device-related fungal infections, e.g. catheter-associated candidiasis, 

are common (Mukherjee et al., 2005; Pierce, 2005). Few yeasts and 

filamentous fungi are generally considered to be human pathogens, but medical 

case reports about a variety of fungal species previously considered to be non-

pathogenic are accumulating (Lyratzopoulos et al., 2002; Martino and Subira, 

2002; Stark et al., 2003; Patterson, 2005). 

As important decomposers, filamentous fungi and their air-borne spores are 

ubiquitous in nature. Most of the prevalent fungal species found outdoors and 

indoors belong to Alternaria, Aspergillus, Cladosporium and Penicillium species 

(Shelton et al., 2002; Bardana, 2003). The composition and concentration of 

their spores in the air depends on numerous factors, such as the season, 

temperature, moisture, wind conditions, etc. Improved insulation of houses 

trapping moisture indoors as well as indoor compost collection and air 

conditioning systems may be causes for the increased prevalence of fungi in 

the indoor environment. Excessive exposure to fungal spores and fragments is 

considered the cause of a number of chronic inflammatory occupational 

diseases and allergies (Reijula, 2004; Tarlo, 2006). Considering that every 

individual breathes about 25 m3 air per day, it is clear that the lung is the main 

organ exposed to fungal spores and hence the alveolar macrophage is the first 

line of defense. 
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An adequate immune response to invading organisms depends on the 

recognition of pathogen-associated molecular patterns (PAMPs), conserved 

structures usually exposed on the pathogens’ surface, by cells of the innate 

immune system. These cells express pattern recognition receptors (PRRs), 

which are responsible for the effective clearance of invading microbia. The toll-

like receptors (TLRs) TLR-2, which is required e.g. for the recognition of Gram-

positive bacterial structures, such as lipoteichoic acids (Lehner et al., 2001; 

Opitz et al., 2001) and peptidoglycan (Asai et al., 2001; Palaniyar et al., 2002; 

Uehara et al., 2002), and TLR-4, which is responsible for the recognition of 

lipopolysaccharides (LPS) from Gram-negative bacteria (Beutler and Poltorak, 

2001), belong to these PRRs. Both have been shown to be involved in the 

recognition of Aspergillus fumigatus (Netea et al., 2003; Netea et al., 2004a; 

Netea et al., 2004b). In addition, Dectin-1, a receptor present on dendritic cells 

and macrophages, recognizes fungal surface glucans, leading also to 

inflammatory reactions (Steele et al., 2005). 

Activation of the innate immune system results in the release of cytokines and 

chemokines, which drive and coordinate the immune response. IL-1β, TNF, IL-6 

and IFNγ are proinflammatory cytokines, while IL-8 is a prototypic chemokine 

and IL-10 and G-CSF have anti-inflammatory properties. This cytokine 

spectrum is known to be induced by the pathogenic fungi Aspergillus fumigatus 

and Candida albicans (Antachopoulos and Roilides, 2005), however, it is 

unclear whether or how the inflammatory cytokine response to these species 

differs from that to others, especially non-infectious ones.  

We aimed to analyze and compare cytokine patterns of a representative 

number of different filamentous fungal species and yeasts considered to be 

pathogens and non-pathogens. For this purpose, we mainly employed human 

whole blood as an indicator system for different reasons: 1) primary human 

immune cells in their natural environment should best reflect the physiological 

reactions in vivo; 2) blood monocytes are precursors of tissue macrophages, 

thus also of alveolar macrophages, suggesting that this system could model the 

immune reaction in the lung; 3) soluble modulators of plasma involved in the 

inflammatory cascade such as CD14 and LPS binding protein (LBP) are 

present; 4) the method is highly standardized. 
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4.3 Material and Methods 

Cultivation of fungi 

Filamentous fungi collected from environmental sources and identified 

microscopically (Table 1) were grown at 23 °C on malt extract agar (MEA) 

plates; yeasts were cultivated on saubauroud agar plates (Merck, Darmstadt, 

Germany). Fungi were plated on the surface of polycarbonate membrane filters 

with a pore diameter of 0.8 µm (Millipore, Billerica, MA, USA). After 3-6 days the 

filters with the fungal spores were removed and transferred to 50 ml falcons with 

10 ml 0.9% saline (Berlin Chemie AG, Berlin, Germany). Vigorous mixing led to 

detachment of the spores from the membrane filters. Spores were separated 

from fruit bodies and remaining hyphae by polyamide filters (Franz Eckert 

GmbH, Waldkirch, Germany); filters with pore diameters of 20 or 40 µm were 

used, depending on the fungal spore size. Fungal spore purity was verified by 

microscope. Fungal spore counts were determined in a Neubauer cytometer. 

 

Table 1: Average surface area of fungal spores and induction of G-CSF, 
IFNγ and IL-10 in whole blood by fungal spores.  
 
Spores of all 44 species induced IL-1β, TNF, IL-6 and IL-8; +, detectable; -, not detectable. 
Detection limits were 5 pg/ml for G-CSF and IFNγ and 7.8 pg/ml for IL-10. 
 

Species 
spore 

size [µm2] 
G-CSF IFNγ IL-10 

Aspergillus candidus 36.1 + - - 

Aspergillus flavus 35.4 + - - 

Aspergillus fumigatus 35.1 + - + 

Aspergillus niger 56.5 + - + 

Aspergillus ochraceus 41.2 - - - 

Aspergillus terreus 17.2 - - + 

Aspergillus versicolor 37.9 - - - 

Absidia corymbifera 62.2 + - - 

Acremonium strictum 17.6 - - - 

Alternaria alternata 1133.1 + + - 

Aureobasidium pullulans 53.6 + - + 

Candida albicans 78.1 - + + 

Chaetomium globosum 962.5 - - - 
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Cladosporium cladosporoides 126.2 + - + 

Cladosporium herbarum 35.2 + - + 

Cladosporium sphaerospermum 53.5 + - - 

Curvularia geniculata 962.3 - - - 

Doratomyces sp. 100.1 + + - 

Emericella nidullans 53.3 - - + 

Eurotium amstelodami 83.8 - - + 

Eurotium herbariorum 87.8 - - + 

Fusarium eumartii 74.7 + - + 

Fusarium solani 95.6 + + + 

Geotrichum candidum 46.5 - - - 

Moniliella acetoabutens 147.5 + - + 

Mucor genovensis 113 + - + 

Mucor plumbeus 140.7 + - - 

Penicillium brevicompactum 29.9 + - + 

Penicillium chrysogenum 44.3 + - + 

Penicillium crustosum 53.6 + - + 

Penicillium digitatum 75.3 + - - 

Penicillium expansum 41.2 + - + 

Penicillium glabrum 40.1 + - + 

Penicillium olsonii 33.6 - - + 

Penicillium roqueforti 32.1 + + + 

Paeciliomyces variotii 165.3 - - - 

Peziza sp. 43.5 - + + 

Phialophora fastigiata 47.6 + + + 

Phoma glomerata 90.1 - - + 

Rhodotorula minuta 56.2 + + + 

Scopulariopsis brevicaulis 124.4 - - - 

Stachybotrys chartarum 216.2 + - - 

Ulocladium chartarum 1457.3 + + - 

Wallemia sebi 25.1 - - - 

 

Fungal surface determination 

Pictures of the spores were taken at a magnification of 90x with an Axioskop 2 

microscope (Zeiss, Jena, Germany). Length and diameter of at least ten spores 
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per species was determined with the program Axiovision Software Rel. 3.0 

(Zeiss). The surface area of the spores was estimated as O=2πr2 for spherical 

spores and as O=2πr(r+h) for cylindrical spores, O being the surface, r the 

radius und h the respective height.  

 

Other immune stimuli 

LPS from Escherichia coli O-113 (a gift from Dr. S. Poole, National Institute for 

Biological Standards and Controls, Hertfordshire, UK), lipoteichoic acid (LTA) 

from Staphylococcus aureus, isolated in-house by n-butanol extraction (Morath 

et al., 2001), and zymosan A from Saccharomyces cerevisiae (Sigma, 

Deisenhofen, Germany) were used. 

 

Whole blood incubation 

Differential blood cell counts were routinely performed with a Pentra 60 (ABX 

Diagnostics, Montpellier, France) to exclude donors with acute infections. 

Heparinized whole blood was diluted tenfold in 0.9% saline (Berlin Chemie AG) 

in polypropylene vials (Eppendorf, Hamburg, Germany) and stimulated with 

fungal spores, LPS, LTA and zymosan. After incubation for 20 h at 37°C in a 

humidified atmosphere with 5% CO2, the vials were closed, shaken and spun 

down. Supernatants were stored at -80°C until cytokine measurement. 

 

Alveolar macrophages 

The murine alveolar macrophage cell line MH-S (ATCC, CRL-2019), derived by 

SV40 transformation of an adherent cell-enriched population of mouse alveolar 

macrophages, were cultured in a humid atmosphere at 37°C and 5% CO2 in 

RPMI 1640 with 2 mM L-glutamine (Cambrex, Vervies, Belgium) and 5 mM 

ultraglutamine 1 (Cambrex), adjusted to contain 1.5 g/l sodium bicarbonate 

(PAA, Cölbe, Germany), 4.5 g/l glucose (Sigma), 10 mM HEPES (PAA), 1 mM 

sodium pyruvate (PAA), 0.05 mM 2-mercaptoethanol (Sigma), 10% heat 

inactivated FCS and 1% penicillin/streptomycin (both Biochrom, Berlin, 

Germany). Cells were plated at 2.5 x 105 cells/well in 96-well culture plates 

(Greiner bio-one, Frickenhausen, Germany) for at least two hours to allow 

adherence before stimulation.  
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Cytokine determination 

In-house ELISA were based on antibody pairs against TNF, IL-8, IFNγ 

(Endogen, Perbio Science, Bonn, Germany), IL-1β, IL-6, G-CSF (R&D Systems, 

Wiesbaden-Nordenstadt, Germany) and IL-10 (BD Biosciences, Heidelberg, 

Germany). Murine TNF (DuoSet, R&D Systems) was measured according to 

manufacturer’s instructions. Binding of biotinylated antibody was quantified 

using streptavidin-peroxidase (Biosource, Camarillo, CA, USA) and the 

substrate TMB (3,3’,5,5’-tetramethylbenzidine, Sigma).  

 

Statistics 

Statistical analyses were performed using GraphPad Prism program 4.01 

(GraphPad Software, San Diego, USA). Statistics on 3 or more groups were 

performed using one-way ANOVA followed by Bonferroni’s Multiple Comparison 

Test. For two groups we used the unpaired t-test. Data are means ± SEM. A p-

value ≤0.05 was considered significant. p≤0.05, *; p≤0.01, **; p≤0.001, ***. All 

statistical analyses are based on raw data.  

For calculation of the minimal cytokine inducing spore count or spore surface 

area, linear regression was performed on increasing mean data points from a 

dose response curve in Excel (Microsoft, Redmond, CA, USA).  

 

4.4 Results 

Cytokine induction is determined by spore surface area rather than spore count 

Fungal spores differ greatly in their surface area as shown in Table 1. For the 

comparison of cytokine induction by spores in whole blood, two points of 

reference are therefore possible: spore count and spore surface. Figure 1 

shows the differences between relating the cytokine induction of fungal spores 

to spore count or spore surface. When using the spore count, the variance 

between the minimal spore numbers required to induce cytokine secretion 

varies between 3 and 5 log orders. When the average surface area is 

considered, the variation is only 2 log orders for all cytokines measured. 
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The median spore surface required for fungal spores to elicit cytokine release in 

1 ml whole blood incubation (10% blood) is 5.6 ± 0.8 mm2 for IL-1β, 11.8 ± 3.3 

mm2 for TNF, 2.5 ± 0.4 mm2 for IL-8, 7.7 ± 3.3 mm2 for IL-6, 21.2 ± 4.8 mm2 for 

G-CSF, 14.3 ± 8.8 mm2 for IFNγ and 32.2 ± 7.3 mm2 for IL-10. Thus, the 

minimum surface area required to induce cytokine release is remarkably 

conserved for various cytokines. Pathogenic species did not differ from the non-

pathogenic ones. 
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Figure 1: Cytokine response in human whole blood is determined by the 
fungal surface area rather than by the spore count.  
 
Human whole blood was stimulated with different numbers of fungal spores and cytokines were 
measured in the supernatants by ELISA. The minimal spore surface areas and spore count 
required to induce cytokine induction were calculated by linear regression. Filled icons (e.g. ■) 
represent the calculated surface areas in mm2; transparent icons (e.g. □) represent the 
corresponding spore counts. Dashes show the means. Data represent pooled values from three 
independent experiments. Each entailed triplicates for every data point with pooled blood from 4 
– 6 donors. 
 
 

Characterization of the cytokine pattern induced by fungal spores 

Like bacteria and yeasts, fungal spores induce both pro- and anti-inflammatory 

cytokines in human whole blood. We compared the characteristic pattern of 

cytokines induced by LPS from E. coli O-113, LTA from S. aureus and zymosan 

(Figure 2A) employed in concentrations inducing approximately the same 

amount of IL-1β with the cytokine patterns induced by the fungal spores (Figure 

2B). As expected, the cytokine pattern of LPS, LTA and zymosan differed: LTA 

induced no IFNγ, but seven- and tenfold more IL-8 than zymosan and LPS, 

respectively, at the concentrations employed.  
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For comparison of the immunostimulatory capacity of the fungal spores, we 

calculated the areas under the concentration response curves (AUC) up to 100 

mm2 fungal surface area for each fungal species and induced cytokine. This 

calculation considers the shape of the dose response curves, allowing better 

comparison of the immunostimulatory capacity of fungal conidia and yeasts. 

All 44 species homogenously induced IL-1β, TNF, IL-8 and IL-6 production 

(Figure 2). Conidia of almost all species induced more IL-8 than IL-6, more IL-6 

than IL-1β, and more IL-1β than TNF. The prominent pathogenic species, i.e. 

Candida albicans, Aspergillus fumigatus, Aspergillus terreus or Stachybotrys 

chartarum, did not stand out in any respect. 27 species induced G-CSF and 25 

species induced IL-10, with 16 species initiating both IL-10 and G-CSF release. 

Only spores of nine of the tested fungi induced IFNγ release, and only four 

species induced G-CSF, IFNγ and IL-10. Nine species induced neither IL-10 nor 

G-CSF nor IFNγ (Table 1). Induced cytokine patterns did not correlate with 

phylogenetic relationships, i.e. no species-specific cytokine pattern was 

discernable. 
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Figure 2: Cytokine patterns induced by purified stimuli and by spores of 
44 different fungal species.  
 
A, cytokine patterns induced by LPS (E. coli strain O-113), LTA (S. aureus) and zymosan (S. 
cerevisiae) in human blood measured by ELISA; B, cytokine patterns induced by 44 fungal 
spores given as area under the curve calculated over 0, 0.1, 0.2, 0.3, and 1 mm2 fungal spores 
per µl blood.; CV, coefficient of variation given in %. Data represent pooled values from three 
independent experiments. Each entailed triplicates for every data point with pooled blood from 4 
– 6 donors. 
Kinetics of IL-1β production in response to fungal stimulation 

We compared the kinetics of cytokine induction in blood in response to fungal 

spores with those induced by the purified stimuli LPS, LTA and zymosan. Figure 

3 shows time-dependent cytokine response curves of 8 exemplary fungal 

species. LPS, LTA and zymosan led to significant IL-1β and TNF (not shown) 
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production after 2 hours, whereas cytokine release in response to all of the 44 

tested mould and yeast species started only after at least 6 hours incubation. 

Thus, cytokine release inducible by spores is delayed compared to isolated 

bacterial and yeast immune stimuli. 

 

Variance of donor responsiveness to fungal stimuli 

We recruited 16 blood donors who stated they felt healthy, had normal white 

blood cell counts and had no known allergies. We compared the ability of their 

blood to react to fungal spores of 32 species and to LPS, LTA and to zymosan 

by measuring IL-1β release. Figure 4A shows for examples of arbitrarily 

selected spores that the relative response of the blood from different donors to 

the spores is the same for all stimuli employed. For example, Candida albicans 

elicited the strongest IL-1β response from every donor and Aspergillus 

fumigatus induces hardly any cytokine response in any of the donors.  

As, in blood, IL-1β is chiefly produced by the monocytes, we asked whether the 

differences in the absolute response of the different donors is determined by 

their different monocyte counts. We normalized the IL-1β release to the 

respective monocyte counts determined prior to stimulation. Figure 4B shows 

that this normalization to monocyte counts leveled out the IL-1β response of the 

different donors. Thus, the inter-individual variations are clearly determined 

strongly by the monocyte count. 
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Figure 3: Kinetics of IL-1β production in response to LPS, LTA, zymosan 
and fungal spores in human whole blood.  
 
Human whole blood was stimulated with the given stimuli and IL-1β release was determined by 
ELISA at the given time points. A, kinetics of IL-1β induction in response to LPS, LTA and 
zymosan; B, kinetics of IL-1β production in response to fungal spores; 8 of 44 tested fungal 
species are shown exemplarily. Data points are triplicates of pooled blood from 6 donors. 
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Figure 4: Uniform relative response of blood from different donors to 
fungal spores.  
 
A, IL-1β induction in blood from 16 donors in response to fungal spores and to LPS, LTA and 
zymosan; B, IL-1β induction per 106 monocytes in blood from 16 donors; The IL-1β response to 
spores from seven fungal species is illustrated exemplarily for 33 species tested in total. Data 
are means ± SD of triplicates for each donor. 
Responsiveness of human blood compared to murine alveolar macrophages 

As the main exposure to fungal spores occurs via the lung, we investigated 

whether the response of human blood is a suitable model for that of alveolar 

macrophages. As no human alveolar macrophage cell line is currently available, 
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we compared TNF induction by spores of 21 fungal species in murine alveolar 

macrophages with that in human blood. 

Figure 5 shows that there is a strong positive correlation (r > 0.99) between the 

human and the murine TNF response upon fungal stimulation; note that every 

point in the plot corresponds to spores of a different fungal species. The 

minimum ratio was found to be 0.8 and the maximum 1.1, whereas the MH-S 

cells produced more TNF than human blood cells in 19 of 21 cases. 
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Figure 5: TNF induction in human whole blood by fungal spores is similar 
to TNF induction in alveolar macrophages.  
 
Defined fungal spore surface areas of 21 fungal species were incubated with human blood and 
with the murine alveolar macrophage cell line MH-S; AUC were calculated over 0, 10, 20, 30, 
and 100 mm2. Data points represent triplicates. The figure is representative for two independent 
experiments. 

4.5 Discussion 

Two points of reference can be used to compare cytokine induction by fungal 

spores in human whole blood, i.e. fungal spore count, which is usually 

measured in hygiene, or fungal spore surface. This is an important aspect to 

consider, because the average size of the fungal spores varies greatly between 

the different species: an Aspergillus terreus spore has an average surface area 

of 17 µm2 while an Ulocladium chartarum spore has an average surface of 1456 

µm2. We found that cytokine induction by the fungal spores depends more on 

the fungal surface area employed that on the spore count, and that the 
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induction of the inflammatory cytokines IL-1β, TNF, IL-6 and IL-8 is very 

homogenous between the different species when related to the surface area 

employed. This observation suggests that the human immune system targets 

not each fungal spore as a whole but rather a component on the surface of 

fungal conidia that is common to different species and probably an essential 

building block of the outside wall. A variety of suggestions has been made with 

regard to the nature of immunostimulatory structures of fungi, including sugar 

chains, hydrophobins, etc. (Rudd et al., 2001; Kataoka et al., 2002; Tada et al., 

2002; Paris et al., 2003). However, the primary immunostimulatory structure has 

not yet been elucidated. 

The lack of induction of the pro-inflammatory cytokine IFNγ may be the reason 

for efficient immunotherapy of fungal infections with pro-inflammatory cytokines 

particularly with IFNγ (Roilides et al., 2002; Roilides et al., 2003). On this note it 

seems conceivable that the avoidance of IFNγ induction could be an adaptive 

development of fungi to coexist with the host. 

The comparison of spore-induced cytokine patterns with those of LPS, LTA and 

the yeast extract zymosan revealed that overall fungal immunostimulatory 

capacity is more similar to LTA than to LPS or zymosan, because of the high 

levels of IL-8 and general lack of IFNγ induction which corresponded with 

previous reports (Hermann et al., 2002; von Aulock et al., 2003). Whether the 

latter is due to a lack of IL-12 induction, as seen for LTA (Hermann et al., 2002), 

remains to be investigated. Surprisingly, the prominent pathogenic species, 

such as Candida albicans, Aspergillus fumigatus, Aspergillus terreus or 

Stachybotrys chartarum did not stand out from the other species in any regard. 

The delayed kinetics of cytokine induction upon stimulation with all the fungal 

spores as compared with the other stimuli implies that other processes or 

pathways are also involved here. Perhaps PRR recognition only occurs after 

uptake and partial digestion of the spores.  

Comparison of the individual response of different blood donors to a variety of 

fungal spores and control stimuli revealed that the relative response of every 

donor to every stimulus was highly consistent. The absolute response was 

mainly determined by the individual monocyte counts.  
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The relevance of using human blood to characterize inhalable pyrogens like 

fungal spores was evaluated by comparing it with alveolar macrophages. As we 

did not have access to primary human alveolar macrophages and because no 

human alveolar macrophage cell line is available, we used the murine alveolar 

macrophage cell line MH-S. Despite the species difference and despite the 

comparison of primary cells with a cell line, we found a very strong correlation (r 

> 0.99) of the response.  

Taken together, it appears that fungal spores share a common surface structure 

that is recognized by monocytes and macrophages, resulting in the release of a 

specific cytokine pattern, prominently lacking IFNγ. Identification and 

characterization of this structure could provide a new target for pharmaceutical 

intervention. Our results indicate that inflammatory diseases of the lungs 

caused by environmental exposure to fungal spores are likely attributable not to 

single pathogenic fungal species but rather to the total burden of inflammatory 

activity in the air.  
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5.1 Abstract  

While the induction of an inflammatory response by bacterial surface structures 

via toll-like receptors (TLR) is well studied, neither ligand(s) nor receptor(s) 

involved in the recognition of filamentous fungi or yeasts are well defined. While 

fungal sugar moieties are being discussed as inflammatory principles, immune 

recognition of fungi has been suggested to involve TLR-2, TLR-4, as well as 

dectin-1. 

To examine the role of surface glycans as inflammatory structures, we 

subjected spores of 8 different fungal species to hydrazinolysis and enzymatic 

digestion. The products obtained after hydrazinolysis increased IL-1β induction 

by spores 2- to 5-fold in human blood. Enzymatic digestion of sugar bonds did 

not alter the inflammatory capacity of any of the fungal spores except Candida 

albicans. Subjection of C. albicans to α- and β- glucosidases significantly 

attenuated IL-1β induction by 44 and 41% respectively. Furthermore, we tested 

sugar structures suggested to be β-glucan receptor (dectin-1) antagonists and 

could show that the concentrations considered to be inhibitory were either toxic 

or pyrogenic and therefore these substances appear to be of little physiological 

relevance. 
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Stimulation of bone marrow cells of TLR-2 and TLR-4 deficient mice and 

respective wild types with 21 fungal species showed that TLR-2 is required for 

full cytokine induction while the presence of TLR-4 limits cytokine release. Only 

C. albicans required both TLR-2 and TLR-4 for full inflammatory activity.  

In summary, it appears that the immunostimulatory activity of fungal spores 

cannot be attributed to surface glycans alone. The involvement of TLR points to 

amphiphilic pathogen-associated molecular patterns.  

 

5.2 Introduction 

Next to bacteria and viruses, yeasts as well as filamentous fungi may pose a 

microbial challenge to the human immune system (Lucey et al., 1996). Although 

much is known about the interaction of bacteria with human immune cells, our 

knowledge on interactions with fungi remains in its infancy. However, scientific 

interest in the immune recognition of as well as the stimulation and possibly 

modulation of host defense by fungi is growing with the increasing recognition of 

their pathogenic activity (Anaissie et al., 1989; Shoham and Levitz, 2005). 

Analysis of medical case reports reveals that most filamentous fungal species 

can act as facultative pathogens (Idemyor, 2003).  

Over 120’000 species of filamentous fungi inhabit the earth, living mainly as 

important decomposers. Inhalation of their abundant spores is suspected to 

cause chronic inflammatory diseases of the airways that represent common 

occupational diseases (Reynolds et al., 2001; Reijula, 2004) as well as allergic 

sensitization (Kurup et al., 2000; Cooley et al., 2004). Extrinsic allergenic 

alveolitis (hypersensitivity pneumonitis), organic dust toxic syndrome and 

building related illness are terms used to describe the manifold disease patterns 

caused by fungi (Patel et al., 2001; Rylander, 2004). Air-borne fungal spores 

are small enough to be breathed into the lung (Madsen et al., 2006) and may 

also reach the alveoli where alveolar macrophages are responsible for 

recognizing and disposing them (Brummer et al., 2005; Adhikari et al., 2006). 

However, it remains uncertain, whether only certain fungal species cause these 

diseases or whether they develop from a general overload of the defense 

capacity of the lung.  
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Following the latter hypothesis, we developed a test to evaluate the total 

inflammatory burden of an air sample. The test measures the release of the 

proinflammatory cytokine IL-1β, which mediates the fever reaction in the brain, 

in human whole blood in response to dust samples collected on a filter 

(Kindinger et al., 2005a). IL-1β is released mainly by the blood monocytes, 

which are precursors of tissue macrophages and also of alveolar macrophages. 

Until now, most research on the interaction of fungi with the human immune 

system has focused on the fungal species most commonly associated with 

mycosis, i.e. Aspergillus fumigatus and Candida albicans (Martino and Subira, 

2002), while it is unclear whether and how the immune response towards these 

species differs from that towards others (Pfaller and Diekema, 2004; Patterson, 

2005). We recently compared the cytokine induction of 44 fungal species and 

found a surprisingly homogenous pattern, especially with regard to the induction 

of proinflammatory cytokines (Daneshian et al., submitted), indicating that fungi 

share a common immunostimulatory principle. 

Two classes of conserved surface structures of fungi have been previously 

proposed to be immunostimulatory: sugar chains, i.e. glycans, and structures 

containing fatty acids, i.e. ergosterol (Mishra et al., 1992). The most common 

surface glycans are mannans composed of α and β (1-2) and (1-6) glycosidic 

linked mannose residues (Dalle et al., 2003; San-Blas et al., 2005), and 

glucans, β(1-3) and β(1-6) glucose residues (Hearn and Sietsma, 1994; Majtan 

et al., 2005). Dectin-1, expressed on macrophages and dendritic cells, seem to 

be a major β-glucan receptor which collaborates with the toll-like receptor 2 

(TLR-2) (Gantner et al., 2003; Gantner et al., 2005; Willment et al., 2005). β(1-

3) and β(1-6) glucans, e.g. laminarin, lichenan, curdlan, and α(1-6) mannan 

were postulated to be inhibitors of dectin-1 activation (Brown and Gordon, 

2001). 

It could be shown that Aspergillus fumigatus is recognized by TLR-2 (Netea et 

al., 2004b; Balloy et al., 2005). Notably, the role of TLR-4 in the immune 

response to fungal stimulation is a contentious issue (Meier et al., 2003; Netea 

et al., 2003; Braedel et al., 2004; Overland et al., 2005). However, it is currently 

not definitely clarified whether TLRs can recognize sugar chains. Repurification 

of peptidoglycan, previously considered a TLR-2 agonist, removed the TLR-2 

dependent activity (Travassos et al., 2004). Instead, TLR-2 recognizes 
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lipoteichoic acids of Gram-positive bacteria (Morath et al., 2001; Opitz et al., 

2001) and synthetic Pam3Cys (Takeuchi et al., 2002), i.e. amphiphilic 

compounds.  

The surface glycans on eukaryotic cells are O- or N-glycosidically linked to 

peptides, proteins (Martinez-Lopez et al., 2004; Pardo et al., 2004) and to lipids 

(Costachel et al., 2005). Fungal cell wall proteins are in general anchored in the 

cell wall by glycosylphosphatidylinositol (GPI) anchors (Damveld et al., 2005). 

Hydrophobic surface compounds like GPI anchor or conidial hydrophobins from 

Aspergillus fumigatus (Penalver et al., 1996; Fontaine et al., 2003; Paris et al., 

2003) and lipomannans from Candida albicans (Jouault et al., 2003) belong to 

aliphatic compounds bearing non-peptidoglycosidic bonded oligo- and 

polysaccharides, though their inflammatory activity has not yet been sufficiently 

evaluated. 

The aim of the present work was to investigate the role and relevance of sugar 

moieties on fungal surface structures for the activation of the human immune 

system and furthermore to clarify whether fungal surface structures are 

generally recognized by TLR-2 and/or TLR-4 by employing 21 fungal species 

that are common in middle Europe and North America and belong to pathogenic 

as well as to opportunistic species.  
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5.3 Material and methods 

Fungal cultivation 

Filamentous fungi collected from environmental sources and identified 

microscopically were grown at 23 °C on malt extract agar (MEA) plates and 

yeasts were cultivated on saubauroud agar plates (Merck, Darmstadt, 

Germany). Fungi were plated on the surface of polycarbonate membrane filters 

with a pore diameter of 0.8 µm (Millipore, Billerica, MA, USA). After 3-6 days the 

filters with the fungal spores were removed and transferred to 50 ml falcons with 

10 ml 0.9% saline (Berlin Chemie AG, Berlin, Germany). Vigorous mixing led to 

detachment of the spores from the membrane filters. Spores were separated 

from fruit bodies and remaining hyphae by polyamide filters (Franz Eckert 

GmbH, Waldkirch, Germany); filters with pore diameters of 20 or 40 µm were 

used depending on fungal spore size. Fungal spore purity was verified by 

microscope. Fungal spore counts were determined in a Neubauer cytometer. 

1x106/ml spores were employed to stimulate blood or bone marrow cells. The 

cultivated species were Absidia corymbifera (Ab. cor.), Alternaria alternata (Al. 

alt.), Aspergillus candidus (A. can.), Aspergillus flavus (A. flav.), Aspergillus 

fumigatus (A. fum.), Aspergillus niger (A. nig.), Aspergillus terreus (A. ter.), 

Aureobasidium pullulans (Au. pul.), Candida albicans (C. alb.), Cladosporium 

cladosporoides (Cl. cla.), Cladosporium herbarum (Cl. her.), Emericella 

nidullans (Em. nid.), Eurotium herbariorum (Eu. her.), Fusarium eumartii (F. 

eum.), Mucor genevensis (M. gen.), Penicillium brevicompactum (P. bre.), 

Penicillium chrysogenum (P. chr.), Penicillium digitatum (P. dig.), Phoma 

glomerata (Ph. glo.), Rhodotorula minuta (Rho. min.) and Stachybotrys 

chartarum (St. cha.). 

 

Other immune stimuli 

Lipopolysaccharide (LPS) from Escherichia coli O-113 (a gift from Dr. S. Poole, 

National Institute for Biological Standards and Controls, Hertfordshire, UK), 

lipopolysaccharide from Salmonella abortus equi (Sigma), lipoteichoic acid 

(LTA) from Staphylococcus aureus, isolated in-house by n-butanol extraction 
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(Morath et al., 2001), and zymosan A from Saccharomyces cerevisiae (Sigma, 

Deisenhofen, Germany) were used. 

 

Hydrazinolysis 

Anhydrous hydrazine (AlfaAesar, Karlsruhe, Germany) was used to release N- 

and O-linked glycans from the surface of fungal spores and other stimuli 

according to Patel et al. (Patel et al., 1993) described for hydrazinolysis of 

glycoproteins. Briefly, vials with 1 x 106 spores were speed-vacced and 

incubated for 4 h at 95°C in 1 ml hydrazine (98.5%), then centrifuged for 20 min 

at 16’000 g. The supernatants were transferred to pyrogen-free tubes. The 

hydrazine was removed by evaporation. 

 

Enzymatic digestion 

For digestion of 1 x 106 fungal spores and other stimuli, 1 units of α-

mannosidase from jack bean (EC: 3.2.1.24), snail β-mannosidase (EC: 

3.2.1.25), rice α-glucosidase (EC: 3.2.1.20), almond β-glucosidase (EC: 

3.2.1.21) and β-galactosidase from Aspergillus oryzae (EC: 3.2.1.23) were 

employed in 0.5 ml 0.1 M ammonium acetic acid. All enzymes were purchased 

from Sigma. The mannosidase reactions were performed at 25°C, the 

glucosidase reactions at 37°C and the galactosidase reaction at 30 °C. After 4 h 

incubation time the spores were separated by centrifugation at 5’000 g for 5 min 

and the enzymatic reactions were stopped by heating to 95°C for 15 min. 

Ammonium acetic acid was removed by evaporation.   

 

HPLC-Analysis 

Mannose and glucose content of samples was assayed by high-pH anion-

exchange chromatochraphy with pulsed amperometric detection (HPAEC/PAD). 

The PAEC/PAD was performed with a Dionex BioLC-System (Dionex Corp., 

Mississauga, Ontario) equipped with a quaternary gradient pump (GS50), a 

pulsed-electrochemical detector (PED) with gold electrode (ED-50), and an 

autosampler (AS50). Data was transfered through a multichannel interface (DX 

LAN) to a computer and analysed using the Dionex Chromeleon 6 software. 

The PED, operating in the pulsed-amperometric detection (PAD) mode had 
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electrode potentials set as E1, 0.1 V; E2, -2.0 V; E3, 0.6 V and E4, -0.1 V; with 

410-, 20-, 10- and 60-ms applied durations, respectively. Integration was 

performed over 200 ms beginning at 200 ms and the response time was set at 1 

s. The eluent used to affect the separation of compounds was 500 mM NaOH. 

Analysis of samples (20 µl and up to 200 nmol) were performed. Samples were 

subjected onto a Dionex CarboPac MA-1 analytical column (4.6 x 250 mm), 

equipped with a guard precolumn previously equilibrated in 500 mM NaOH. The 

response factor of the PAD for the sugars and sugar phosphates were 

determined by repeated injections (20 µL) of standard mixtures (10-200 nmol). 

A dilution series with 100 µM, 10 µM, 1 µM, 100 nM, 10 nM and 1 nM of D-

glucose and D-mannose (p.A., both Sigma) were generated for calculation of 

enzymatic and chemically released sugars. 

 

Whole blood incubation 

Human whole blood incubations were performed as described previously 

(Hartung and Wendel, 1995a). Differential blood cell counts were routinely 

performed with a Pentra 60 (ABX Diagnostics, Montpellier, France) to exclude 

donors with acute infections. Heparinized whole blood was diluted tenfold in 

0.9% saline (Berlin Chemie AG) in polypropylene vials (Eppendorf, Hamburg, 

Germany) and stimulated with fungal spores, LPS, LTA and zymosan. After 

incubation for 20 h at 37°C in a humidified atmosphere with 5% CO2, the vials 

were closed, shaken and spun down. Supernatants were stored at -80°C until 

cytokine measurement. 

 

Vitality test 

The Alamar blue reduction assay was employed to measure the activity of the 

cellular mitochondria as turnover of Alamar blue (Biosource, Camarillo, USA) to 

the fluorescent product resorufin, which can be detected at 544 nm excitation 

and 590 nm emission wavelengths (Nociari et al., 1998). Blood cells from 

incubation vials were spun down and resuspended in 200 µl prewarmed 10% 

Alamar blue in RPMI 1640 (Cambrex, Verviers, Belgium). After 2 h incubation at 

37°C in a humid atmosphere with 5% CO2 the vitality was quantified in a 

fluorometer. 100 µl fresh blood cells were employed as positive control, and 100 



 50 

µl blood cells were killed by incubation with 10% DMSO for 15 minutes to 

provide a negative control. 

 

Preparation of murine bone marrow cells 

TLR-4 deficient (C3H/HeJ) and wild type (C3H/HeN) mice were purchased from 

Charles River Laboratories (Sulzfeld, Germany). TLR-2 deficient and 

corresponding wild type mice (129Sv/B57BL/6) were a kind gift from Tularik 

(South San Francisco, CA, USA) and were bred in the animal facilities at the 

University of Konstanz. Mice were killed by terminal pentobarbital anesthesia 

(Narcoren, Merial, Halbergmoos, Germany). The humeri and femurs of the mice 

were lavaged with 10 ml ice-cold sterile PBS (Life Technologies, Karlsruhe, 

Germany). The lavages were transferred to siliconized glass tubes (Vacutainer, 

BD Bioscience, Heidelberg, Germany) and bone debris was removed. After 

centrifugation at 500 g for 10 min and resuspension, the cell counts were 

determined. Bone marrow cells were transferred to RPMI 1640 supplemented 

with 10% heat-inactivated FCS (Biochrom, Berlin, Germany), 100 IU/ml 

penicillin / streptomycin (Biochrom) and 5 x 105 cells per well were plated to 96-

well culture plates and stimulated as described. After 24 h incubation at 37°C 

and 5% CO2, cytokines in the supernatants were measured by ELISA. 

 

Cytokine determination 

Sandwich ELISA for human whole blood was based on antibody pairs against 

IL-1β (R&D Systems). Binding of biotinylated antibody was quantified using 

streptavidin-peroxidase (Biosource) and the substrate TMB (3,3’,5,5’-

tetramethylbenzidine, Sigma). Cytokine release was induced in pooled fresh 

blood of six donors and data are means ± SEM of triplicates. Murine TNF 

(DuoSet, R&D Systems) was measured in the supernatants of murine cells 

according to the manufacturer’s instructions. 

 

Statistics 

Statistical analyses were performed using GraphPad Prism program 4.01 

(GraphPad Software, San Diego, USA). Statistics on 3 or more groups were 

performed using one-way ANOVA followed by Bonferroni’s Multiple Comparison 
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Test. For two groups we used the unpaired t-test. Data are means ± SEM. A p-

value ≤0.05 was considered significant; *, p≤0.05; **, p≤0.01; ***, p≤0.001. All 

statistical analyses are based on raw data. 
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5.4 Results  

Hydrazinolysis of fungal spores does not reduce inflammatory capacity of fungal 

spores 

As the majority of cell surface proteins and secreted polypeptides of eukaryotes, 

including filamentous fungi, carry polysaccharides, the detachment of these 

covalently-bonded compounds from fungal spore surfaces should give an 

insight into their role as ligands in the inflammatory reaction. The hydrazinolysis 

reaction simultaneously releases both N- and O-glycosidically bonded 

polysaccharides from glycoproteins (Patel et al., 1993) and from lipids (Nakano 

et al., 1994). We employed this reaction to release glycans from fungal spore 

surfaces. The detachment of sugars were proved by HPLC analytics (Table 1). 

There was no significant alteration in IL-1β induction capacity of LPS and 

zymosan upon hydrazinolysis (Figure 1A). Figure 1B shows cytokine induction 

by naive and hydrazine-treated spores of eight different fungal species. 

Surprisingly, in all cases, a significant increase between 2 and 4-fold in the pro-

inflammatory capacity of spores was observed after hydrazinolysis. The 

supernatants gained after the hydrazinolysis induced only low levels of IL-1β 

release. These experiments make polysaccharide structures unlikely essential 

components of the fungal immune stimuli. 

 

Table 1. Release of conidial sugars due to glycosidic digestions and 

hydrazinolysis.  

 Eu.her. C.alb. Al. alt. P.chr. A. fum. Cl.cla. St.cha. A. nig. 

α-Mannosidase 0.7 0.6 0.7 0.8 0.8 0.3 0.4 0.6 

β-Mannosidase 0.6 0.7 0.6 0.8 0.8 0.6 0.5 0.2 

α-Glucosidase 0.1 0.2 0.2 0.1 0.4 0.3 0.2 0.4 

β-Glucosidase 0.4 0.3 0.3 0.2 0.3 0.1 0.3 0.4 

Galactosidase 120 x 70 x 70 x 80 x 120 x 110 x 130 x 30 x 

Hydrazinolysis 450 x 830 x 690 x 780 x 680 x 1400 x 1300 x 1200 x 

1x106 spores of 8 different fungal species were subjected to enzymatic deglycosylation and 
hydrazinolysis and released sugars were measured by HPLC; For mannosidase and 
glucosidase reactions the values are in µM calculated by employing mannose and glucose 
dilution series; the multipliers for galactosidase reaction and hydrazinolysis are coefficients of 
difference between recorded peak areas compared with the mean of the smallest detectable 
amounts of mannose and glucose. 
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Figure 1: Hydrazinolysis of fungal spores amplifies the IL-1β response.  

Spores or control stimuli (LPS from S. abortus equi and zymosan) were separated from the 
supernatant after hydrazinolysis and IL-1β induction in human whole blood was measured by 
ELISA. c, saline; c–hydra, empty vial treated in parallel in the absence of hydrazine; c+hydra, 
empty vial treated in parallel with hydrazine; Hydra-pellet, pellet of the spores after 
hydrazinolysis; Hydra-supernatant, supernatant of Hydra-pellet; *,p≤0.05; **, p≤0.01;***, 
p≤0.001 treated vs. untreated spores. 
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Enzymatic digestion of fungal spores with glycosidases 

In current literature there are indications for involvement of α- and β-

glycosidically linked mannose and glucose chains as there are for β-galactosyl 

residues in immune responses. We employed α- and β-glucosidases and 

mannosidases as well as β-galactosidase to evaluate the inflammatory capacity 

of those sugar chains on the spore surfaces. Spores of eight different fungal 

species were digested as were LPS, LTA and zymosan as controls. Enzymatic 

activity resulting in release of sugars from fungal spores were determined by 

employing HPLC chromatography. As Table 1 shows the supernatants of these 

reactions contained between 100 and 800 nM sugar, indicating the effective 

enzymatic digestions. 

Figure 2A shows that, as expected, digestion of LPS and LTA does not result in 

significant changes in IL-1β induction. Excluding Candida albicans, glycosidic 

digestion also did not significantly alter the IL-1β inducing capacity of the fungal 

spores (Figure 2A and B). Only the treatment of C. albicans and zymosan with 

α- and β- glucosidases led to a significant decrease of cytokine release to about 

50%. 
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Figure 2: Glycosidase treatment of fungal spores, LPS, LTA and zymosan.  

The IL-1β inducing activity of fungal spores or LPS O113 (200 ng/ml), LTA (5 µg/ml) or zymosan 
(5 µg/ml) digested with the shown glycosidases was measured by ELISA; *,p≤0.05; **, p≤0.01 
versus undigested stimuli. 
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Inhibition of glucan response with putative dectin-1 inhibitors 

Some α- and β-glycosidically linked sugars, i.e. laminarin, lichenan, curdlan and 

mannan, are suggested to inhibit fungal activation of dectin-1. We employed 

these sugars in comparative studies to further investigate the involvement of 

surface glycans and dectin-1 in inflammatory reactions. We tested laminarin, 

lichenan, curdlan and mannan in human whole blood to determine whether 

these compounds are suitable for co-stimulation studies with fungal spores in 

the proposed optimal concentration of 500 µg/ml (Brown and Gordon, 2001). 

Figure 3 shows cytokine induction by laminarin, lichenan, curdlan and mannan 

(Figure 3A) and vitality test of the blood after this stimulation as assayed by 

Alamar blue metabolism (Figure 3B). 
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Figure 3: Stimulatory capacity and toxic effects of putative dectin-1 

inhibitors.  

Whole blood was incubated with dectin-1 antagonists (laminarin, lichenan, curdlan, mannan) 
and IL-1β release (ELISA) (A) and vitality (Alamar blue reduction) (B) were measured in the 
same samples; *, p≤0.05; ***, p≤0.001 of 100 or 500 µg/ml antagonists versus 10 µg/ml. 
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The compounds themselves induced IL-1β release in human blood at low 

concentrations, i.e. 10 µg/ml of either compound induced as much IL-1β as 5 

µg/ml zymosan. The IL-1β inducing capacity dropped significantly between 10 

µg/ml and 100 µg/ml stimulus and 500 µg/ml of the sugars no longer induced IL-

1β release. The corresponding Alamar blue vitality test (Figure 3B) 

demonstrated that the vitality of the cells decreased with the increasing sugar 

concentration and that 500 µg/ml of the sugars reduced the vitality to 

background levels. Co-stimulation of blood cells with zymosan and subtoxic 

concentrations of dectin-1 antagonists resulted in additive effects (data not 

shown). 
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Figure 4: TLR-2 is required for full immune stimulation by fungal spores.  

Bone marrow cells from TLR-2 deficient and wild type mice were stimulated with fungal spores 
and TNF release was measured by ELISA; *, p≤0.05; **, p≤0.01;***, p≤0.001. 
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The role of TLR-2 and TLR-4 in the recognition of fungal spores 

Contradictory observations have been made regarding the TLR-dependence of 

fungal spore recognition. However, in those studies, always only one or two 

fungal species were tested with regard to TLR dependency. 

We employed bone marrow cells from TLR-2 and TLR-4 wild type and deficient 

mice and exposed them to spores from 21 different species. As controls, 

purified stimuli with known TLR dependency were employed. As expected, the 

recognition of LPS (here from Salmonella abortus equi) was TLR-4 dependent 

and LTA (Staphylococcus aureus) as well as zymosan required TLR-2 for 

immune activation (Figure 4).  

All fungal spores induced significantly less TNF release in cells from TLR-2 

deficient mice, although cytokine induction was not abrogated altogether. 

Figure 5 shows TNF induction in bone marrow cells from TLR-4 wild type and 

knock-out mice. The yeasts, Phoma glomerata, Rhodotorula minuta and 

Candida albicans, induced less TNF release in TLR-4 deficient cells than in the 

wild type cells, showing partial TLR-4 dependency. However, surprisingly, 

spores of 17 filamentous fungal species induced significantly higher TNF in the 

TLR-4 deficient cells than in the wild type cells. Fusarium eumartii induced 

equal cytokine release in cells from both TLR-4 deficient and wild type mice. 

5.5 Discussion 

Considering the diversity of glycosidic linkages and the chemical similarity of 

sugar subunits occurring in nature, it is not surprising that no clear relationship 

between the structures of surface glycans and immune response has been 

found. Thus, it remains open which surface structures, i.e. glycans or lipids are 

primarily responsible for the activation of the immune system. 

The present study investigated the role of surface sugar molecules in the 

immune recognition of fungal spores in human whole blood. We followed three 

strategies: a) detachment of glycans from both proteins and lipids by 

hydrazinolysis, b) enzymatic digestion of spore surface glycans with different 

specific glycosidases and c) use of proposed dectin-1 inhibitors to examine the 

immunostimulatory role of sugar moieties presented on fungal spores. 
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In addition to LPS and LTA, we employed zymosan from Saccharomyces 

cerevisiae for comparison. Contrary to LPS and LTA, which are purified 

preparations, zymosan is composed of a mixture of yeast surface components 

including water-insoluble compounds like mannans and glucans and water-

soluble proteins and fatty acid associated compounds. 
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Figure 5: Role of TLR-4 for immune stimulation by fungal spores.  

Bone marrow cells from TLR-4 deficient and wild type mice were stimulated with fungal spores 
and TNF release was measured by ELISA; *, p≤0.05; **, p≤0.01; ***, p≤0.001. 
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The removal of glycans from fungal spores by hydrazinolysis enhanced their 

proinflammatory potency, suggesting that the main immunostimulatory 

structures may have become better exposed by the treatment. Neither the 

digestion with α- and β-glucosidases nor with α- and β-mannosidases or with β-

galactosidase altered the pro-inflammatory capacity of fungal spores. Candida 

albicans and zymosan digestion with α- and β-glucosidases significantly 

decreased their potency to induce IL-1β compared with undigested spores, 

indicating that surface α- and β-glucans may play a greater role in the pro-

inflammatory immune response to yeasts than to mold spores. The remaining 

activity indicates that other molecules are involved as well. Notably, the 

amounts of enzymaticly and chemically released sugars may not represent the 

complete glycan content of employed fungal spores, but they verify that this 

proceeding result in detachment of detectable amounts sugars from spores. Our 

data from the hydrazinolysis experiments and enzymatic digestion studies taken 

together suggests that structures other than surface glycans play a more 

prominent role in cytokine induction. Possible candidates are GPI anchors 

(Richard et al., 2002b), lipomannan (Trinel et al., 2002), surface proteins 

(Wosten, 2001; Mendes-Giannini et al., 2005) or yet unidentified structures.  

As these data contradicted previously published data (Brown and Gordon, 

2001), we employed the purported inhibitors of the β-glucan receptor dectin-1. 

These had been used to block the binding of fluorescently labeled zymosan 

particles to dectin-1s expressed on the surface of a fibroblast cell line. The 

concentrations of all inhibitors reported to block dectin-1 binding, i.e. 10 – 100 

µg/ml (Brown and Gordon, 2001) either induced IL-1β themselves or were toxic 

to human blood cells. Co-stimulation with zymosan and subtoxic concentrations 

of dectin-1 antagonists resulted in additive cytokine induction. Therefore, these 

substances appear unsuitable for the study of the functional role of surface 

glycans and the dectin-1 receptor in the induction of cytokine release. 

Pattern recognition receptors like dectin-1 and TLR-2 as well as TLR-4 and 

TLR-6 have been suggested to be involved in fungal recognition (Gersuk et al., 

2006), although this has only been studied for a few individual fungal species. 

We could confirm that for all species tested, the TLR-2 receptor is necessary to 

induce full activation as measured by the release of TNF. In contrast, the 

absence of TLR-4 receptors made the cells more responsive to stimulation. This 
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might indicate that the fungal spores activate TLR-4 in a manner that results in 

the inhibition of a signal transduction pathway initiated by activation of another 

receptor such as TLR-2 or dectin-1. The respective double knock-outs could be 

used to test this hypothesis. 

Again, as seen in the other experiments for Candida albicans and zymosan, the 

yeasts presented a different picture with regard to the employment of TLR4, as 

they all showed a requirement for TLR4 expression for full activation. Therefore, 

although zymosan may well represent the inflammatory activity of yeasts, it 

cannot be used as a general representative of other members of the fungal 

kingdom.  

Taken together, our data suggest that sugar moieties on the surface of fungal 

spores may not be central for their recognition by the immune system and do 

not appear to be required to initiate an immune response. The clear 

involvement of TLR2 points to the involvement of an amphiphilic or lipidic 

structure, as the primary known ligands for TLR2 are lipoteichoic acids and the 

synthetic agonist Pam3Cys, while the role of peptidoglycan as a TLR-2 agonist 

has recently been questioned (Travassos et al., 2004). Lipidic structures 

present in yeast zymosan have already been suggested to be responsible for 

TLR activation (Ikeda et al., 2005). This is supported by the finding that 

phospholipomannans of the yeast C. albicans activate TLR signaling (Jouault et 

al., 2003) while mannosylphosphates have no such activity (Hobson et al., 

2004).  

In this regard sugar moieties may be an evolutionary adaptation in order to 

mask vitally important but recognizable surface lipids. Preparation and 

characterization of this or these molecules could provide a better understanding 

of the interactions of fungal species with the immune system and could lead to 

the identification of new targets for pharmacotherapy. 
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6.1 Abstract  

The principle immunostimulatory structures on the surface of Gram-negative 

and Gram-positive bacteria are increasingly well characterized, but the 

corresponding structure by which filamentous fungi are identified by the human 

immune system is not yet known. We chose Cladosporium cladosporioides, a 

common filamentous fungus frequently reported as a cause of adverse health 

effects, as a model fungal organism.  

We prepared spores of C. cladosporioides and extracted water soluble and 

amphiphilic conidial molecules with butanol. Hydrophobic interaction 

chromatography produced a pure, hydrophobic compound. 1H-NMR 

spectroscopy revealed that this compound consists mainly of alkyl chains and 

has sugar substituents. The cytokine response in human whole blood to whole 

spores and to the purified compound revealed similar patterns of IL-1β, TNF, IL-

6, IL-8, G-CSF and IL-10 release. The purified compound had a higher alkaline 

tolerance than LPS. The LPS antagonists Polymyxin B and Limulus anti-

lipopolysaccharide factor (LAL-F) did not influence cytokine production by the 

fungal compound in human whole blood whereas polypropylene glycol 1200 

(PPG) inhibited IL-1β release. Using bone marrow cells from TLR-2 and TLR-4 
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wild type and deficient mice, we found that, like for the whole spores, the 

immune recognition of the purified compound is TLR-2 dependent and the 

presence of TLR-4 restricts TNF release.  

In conclusion, the immune recognition of C. cladosporioides spores seems to be 

mainly determined by amphiphilic surface structures. 

 

6.2 Introduction 

Filamentous fungi represent a large group of lower eukaryotes living as 

important destruents in almost all habitats. Their ubiquitous occurrence is due to 

their air-borne conidia, which are metabolically active entities that survive 

extreme conditions for long time periods (Boer et al., 2005).  

Besides toxic effects induced by secondary metabolites (Fischer and Dott, 

2003; Bunger et al., 2004)), fungal infection can cause multifaceted illnesses 

(Bush et al., 2006)-(Stark et al., 2003)), mainly in immunocompromised 

individuals (Roilides et al., 2002; Patterson, 2005)  (Yonemori et al., 2002)). 

Beside widely known pathogenic fungal species, e.g. Aspergillus fumigatus and 

Candida albicans, many other fungal species have been documented as causes 

of disease (Chayakulkeeree et al., 2006) (Lednicky and Rayner, 2006) 

A(Anaissie et al., 1989). Continuous exposure to high spore concentrations of 

filamentous fungi has been associated with obstructive lung diseases, e.g. 

fungal allergies and asthma, chronic rhinosinusitis and hypersensitivity 

pneumonitis, especially common in certain occupations (Crameri et al., 2006) 

(Matheson et al., 2005) (Ponikau et al., 2005) (Portnoy et al., 2005) (O'Driscoll 

et al., 2005) (Greenberger, 2004) (Lugauskas et al., 2004). 

Although the principle immunostimulatory structures of Gram-negative and 

Gram-positive bacteria, i.e. lipopolysaccharide and lipoteichoic acid 

respectively, are well characterized as are the mechanisms and molecules 

involved in their recognition by the immune system, very little is known in these 

respects about innate immunity to fungi. Sugar moieties exposed on spore 

surfaces, like glucans and mannans, have been suggested to belong to fungal 

pathogen-associated molecular patterns (PAMPs) (Young et al., 2003a) (Young 

et al., 2003b) (Kozel et al., 2004), though this is discussed controversially (Ikeda 
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et al., 2005) (Hobson et al., 2004). We recently showed that the removal of 

surface sugars by hydrazinolysis or with enzymatic digestion did not diminish 

the cytokine inductive capacity of a variety of fungal spores, with the exception 

of the yeast Candida albicans (Daneshian et al., in preparation).  

A β-glucan receptor, dectin-1, present on dendritic cells and macrophages, has 

been shown to be involved in the inflammatory response to fungal stimulation 

(Willment et al., 2005) (Gantner et al., 2005) (Steele et al., 2005). Also, the toll-

like receptor 2 (TLR-2), which mediates the recognition of lipoteichoic acids 

(Lehner et al., 2001) (Opitz et al., 2001) and peptidoglycan from Gram-positive 

bacteria (Palaniyar et al., 2002) (Uehara et al., 2002) (Asai et al., 2001), and 

TLR-4, which is responsible for the recognition of lipopolysaccharides (LPS) 

from Gram-negative bacteria (Beutler and Poltorak, 2001), have both been 

shown to be involved in the recognition of Aspergillus fumigatus (Netea et al., 

2003) (Netea et al., 2004b) (Netea et al., 2004a) (Levitz, 2004). We could 

confirm that the TLR-2 receptor is required for full cytokine induction by a 

variety of fungal spores. However, cells lacking TLR-4 released higher levels of 

cytokines upon stimulation with filamentous fungi and only Candida albicans 

required TLR4 for full inflammatory capacity (Daneshian et al, in preparation). 

Until now, research on the immune recognition of fungal spores has focused 

mostly on well-known pathogenic species (Antachopoulos and Roilides, 2005) 

(Schelenz et al., 1999), but little attention has been paid to host defense against 

other fungal species and the question of whether the immune response differs 

between these two groups. We demonstrated that a broad spectrum of fungal 

species induce highly consistent inflammatory cytokine patterns independent of 

their pathogenicity (Daneshian et al. submitted), which indicates that 

filamentous fungi may share similar spore surface structures that act as 

PAMPs.  

In this study we employed spores of the filamentous fungus Cladosporium 

cladosporoides and isolated and characterized immunostimulatory amphiphilic 

surface structures. C. cladosporioides is an ubiquitous saprophytic mold with 

air-borne and inhalable conidia, which have been associated with a variety of 

health disorders (Hasnain et al., 2004) (Lugauskas et al., 2004) (Shelton et al., 

2002) (Gent et al., 2002) (Stark et al., 2003) (Vieira et al., 2001) (Annessi et al., 

1992). 
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6.3 Material and methods 

Fungal spore cultivation 

Cladosporium cladosporioides provided by Dr. T. Gabrio, 

Landesgesundheitsamt Stuttgart, Germany was grown at 23 °C on malt extract 

agar (MEA) plates plated on the surface of polycarbonate membrane filters with 

a pore diameter of 0.8 µm (Millipore, Billerica, MA, USA). After 5 days the filters 

with the fungal spores were removed and transferred to 50 ml falcons in 

ultrapure water. Vigorous mixing led to detachment of the spores from the 

membrane filters. Spores were separated from fruit bodies and remaining 

hyphae by polyamide filters with 20 µm pores (Franz Eckert GmbH, Waldkirch, 

Germany). Fungal spore purity was verified by microscope. Fungal spore 

counts were determined in a Neubauer cytometer.  

 

Extraction of amphipathic fungal compounds  

1x 1011 Cladosporium cladosporioides spores in 200 ml water were mixed with 

the same volume of 1-butanol (Merck, Darmstadt, Germany) for 15 min at room 

temperature. After centrifugation at 9000 g for 30 min, the aqueous phase was 

collected and the extraction procedure was repeated twice more. The aqueous 

phases were pooled, lyophilized and resuspended in the chromatography start 

buffer (15% 1-propanol, 0.1 M ammonium acetic acid, pH 4.75). This solution 

was subjected to hydrophobic interaction chromatography using an Äkta FPLC 

system (Amersham pharmacia biotech, Uppsala, Sweden) on octyl sepharose 

CL-4B packed in a Vantage L Laboratory Column VL 32 x 250 (Millipore, 

Eschborn, Germany) and eluted with a continuous gradient of 15 to 60% 1-

propanol, 0.1 M ammonium acetic acid, pH 4.75. The immunostimulatory 

fractions identified by cytokine release in human blood were pooled, lyophilized 

and subsequently dissolved in 15 % 1-propanol. A second hydrophobic 

chromatography step was performed using a Shimazu LC-8A HPLC system 

(Kyoto, Japan) with a C18 Eurosphere-100 column (Knaur, Berlin, Germany). 

Matrix bound amphiphilic compounds were eluted with a 1-propanol gradient up 

to 100%. Fractions containing immunostimulatory compounds were identified by 

cytokine induction in human whole blood and pooled for NMR analysis. 



 68 

 

Nuclear magnetic resonance analysis  

1D- and 2D-NMR spectrums were measured with a Bruker Advance DRX 600 

spectrometer (Rheinstetten, Germany) with a 5 mm TXI-H/C/N inverse triple 

resonance probe and shielded Z-gradient. The resonance line averaged 600.13 

MHz and the spectral amplitude intermediate was between 5400 Hz and 6200 

Hz. All measurements were performed at 300 K. The water suppression was 

performed by employing the WATERGATE sequence (Piotto et al., 1992). The 

apparatus was calibrated with TPS (δ = 0 ppm) as the internal standard. For in 

silico analysis MestRe-C 4.8.6 (Coruna, Spain) and XWINNMR 3.6 

(Rheinstetten, Germany) were employed as calculation software. TOCSY 

spectra were recorded with the pulse program mlevgpph19, with a mixing time 

of 100 ms and the spin lock field was constant at 10 kHz. For NOESY the pulse 

program noesygpph was used with a mixing time of 150 ms. 

 

Whole blood incubation 

Human whole blood incubations were performed as described previously 

(Hartung and Wendel, 1995a). Differential blood cell counts were routinely 

performed with a Pentra 60 (ABX Diagnostics, Montpellier, France) to exclude 

donors with acute infections. 100 µl of heparinized whole blood was diluted 

tenfold in 0.9% saline (Berlin Chemie AG, Berlin, Germany) in polypropylene 

vials (Eppendorf, Hamburg, Germany) and stimulated over night at 37°C and 

5% CO2. For all tests, pooled blood from at least six donors was used and 

incubations were performed in triplicate. Supernatants were frozen at -80°C 

until cytokine measurement.  

Stimuli used included spores and extracts of Cladosporium cladosporioides 

described above, lipopolysaccharide (LPS) from Escherichia coli O-113 was a 

gift from Dr. S. Poole (National Institute for Biological Standards and Controls, 

Hertfordshire, UK), LPS from Salmonella abortus equi was purchased from 

Sigma (Sigma-Aldrich Chemie, Deisenhofen, Germany) and lipoteichoic acid 

(LTA) from Staphylococcus aureus was isolated in-house (Morath 2001). For 

detection of immunostimulatory activity in the chromatography fractions, 50 µl of 

each fraction was lyophilized and resuspended in 0.9% saline (Berlin Chemie 
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AG). Inhibitors of LPS, i.e. Polymyxin B (Sigma), LAL-F protein (a gift from F. 

Jordan, Charles River, Charleston, SC, USA) and an inhibitor of LTA, i.e. PPG 

1200 (Fluka, Buchs, Switzerland) were coincubated with immune stimuli in 

some experiments.  

 

Acid-base stability tests 

The acid and base stability of the immunostimulatory fungal compound was 

assessed in comparison to that of LPS from Salmonella abortus equi. 10 µg 

LPS or fungal compound were incubated in 0.25, 0.5, 1, 2 and 4 M NaOH or 

HCl in 20µl aliquots. After 30 minutes the pH was neutralized by adding 20 µl of 

corresponding concentrations of acid or base. The resulting solution was used 

to stimulate human whole blood. IL-1β release was detected by ELISA. 

 

Preparation of murine bone marrow cells 

TLR-4 deficient (C3H/HeJ) and wild type (C3H/HeN) mice were purchased from 

Charles River Laboratories (Sulzfeld, Germany). TLR-2 deficient and 

corresponding wild type mice (129Sv/B57BL/6) were a kind gift from Tularik 

(South San Francisco, CA, USA) and were bred in the animal facilities at the 

University of Konstanz. Mice were killed by terminal pentobarbital anesthesia 

(Narcoren, Merial, Halbergmoos, Germany). The humeri and femurs of the mice 

were lavaged with 10 ml ice-cold sterile PBS (Life Technologies, Karlsruhe, 

Germany). The lavages were transferred to siliconized glass tubes (Vacutainer, 

BD Bioscience, Heidelberg, Germany) and bone debris was removed by 

sedimentation. After centrifugation at 1000 rpm for 10 min and resuspension, 

the cell counts were determined. Bone marrow cells were transferred to RPMI 

1640 supplemented with 10% heat-inactivated FCS (Biochrom, Berlin, 

Germany), 100 IU/ml penicillin / streptomycin (Biochrom). 5 x 105 cells per well 

were transferred to 96-well culture plates and stimulated with LPS (S. abortus 

equi), LTA (S. aureus), spores or purified fungal compound from Cladosporium 

cladosporioides. After 24 h incubation at 37°C and 5% CO2, cytokines in the 

supernatants were measured by ELISA. 
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Cytokine determination 

Sandwich ELISA for human whole blood was based on antibody pairs against 

TNF, IL-8, IFNγ (Endogen, Perbio Science, Bonn, Germany), IL-1β, IL-6, G-

CSF (R&D Systems, Wiesbaden-Nordenstadt, Germany) and IL-10 (BD 

Biosciences, Heidelberg, Germany). Binding of biotinylated antibody was 

quantified using streptavidin-peroxidase (Biosource) and the substrate TMB 

(3,3’,5,5’-tetramethylbenzidine, Sigma).  

Murine TNF (DuoSet, R&D Systems) was measured in the supernatants of 

murine bone marrow cells according to the manufacturer’s instructions. 

 

Statistics 

Statistical analyses were performed using GraphPad Prism program 4.01 

(GraphPad Software, San Diego, USA). Statistics on 3 or more groups were 

performed using one-way ANOVA followed by Bonferroni’s Multiple Comparison 

Test. For two groups we used the unpaired t-test. Data are means ± SEM. A p-

value ≤0.05 was considered significant; *, p≤0.05; **, p≤0.01; ***, p≤0.001. All 

statistical analyses are based on raw data. 

6.4 Results  

Extraction and purification of amphiphilic surface structures of Cladosporium 

cladosporioides spores 

We prepared 1x1011 spores of the filamentous fungus Cladosporium 

cladosporioides and extracted surface structures by shaking the spores in a 

butanol water mixture. The water soluble crude extract was separated by 

hydrophobic interaction chromatography with a continuous propanol gradient. 

Human whole blood was stimulated with samples of the fractions to identify 

fractions containing immunostimulatory compounds by measuring cytokine 

release. Figure 1 shows the capacity of the fractions to induce IL-1β (Fig. 1A), 

IL-8, IFNγ and IL-10 (Fig. 1B). Induction of all tested cytokines except IFNγ 

occurred upon stimulation with fractions 35-55 with a peak in fraction 40, which 

correlated with UV absorption at 254 nm (Fig. 1A and 1B). The calculated 

propanol concentrations for these fractions are 32.5 – 41.5%.  
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We collected FPLC fractions 37-50 and separated the immunostimulatory 

compounds by HPLC using a highly hydrophobic C-18 column. As can be taken 

from Figure 2, the IL-1 β as well as the IL-8 response showed comparable 

curves with a peak activity for both in fraction 29, corresponding to 39% 

propanol.  To collect highly pure compound and to exclude possible degradation 

and hydrolysis products, we pooled HPLC fractions 25-31. This purification 

protocol led to approximately 3.5 mg of immunostimulatory surface compound. 
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Figure 1: Chromatographic separation of hydrophobic immunostimulatory 
spore structures.  
 
Hydrophobic interaction chromatography by FPLC was employed to separate butanol extracted 
conidial compounds by means of a propanol gradient. Stimulation of human whole blood with 50 
µl from each fraction and measurement of cytokine release led to identification of fractions 
containing immunostimulatory compounds; A) UV absorbance is correlated with IL-1β release; 
B) UV absorbance is correlated with IL-8, IFNγ and IL-10 release; note: IL-8 is given in ng/ml. 
The fractions 37-50 were pooled and subjected to HPLC purification. Data show means of 
triplicates of two independent experiments.  
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Structural composition of the immunostimulatory surface compound 

The 1H-NMR spectrum of purified conidial surface structure shows broad peaks, 

which lie mainly between 0.8 and 2.8 ppm, indicating the aliphatic nature of the 

compound (Figure 3). Smaller but also broad peaks occurred between 3.4 and 

4.2 ppm, which are probably sugars associated with the alkyl chains.  
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Figure 2: HPLC purification of Cladosporium cladosporioides conidial 
compound.  
 
Pooled FPLC fractions were subjected to a C-18 column and eluted with a propanol gradient. 
The HPLC fractions used to stimulate human whole blood and IL-1β and IL-8 release was 
measured by ELISA. Data are means of triplicates from two independent experiments. The 
fractions 25-31 were pooled and subjected to NMR analysis. 
 

Signals above 4.5 ppm for aromatic or olefinic substituents could not be 

detected. The 2D-COSY and 2D-TOCSY spectrums showed cohesive aliphatic 

protons between 0.8 and 2.8 ppm, which lie together in the same electron 

system (data not shown). No cross-reactivity could be detected by employing 

2D-COSY and 2D-TOCSY, neither between 0.8 - 2.8 ppm nor between 3.4 - 4.2 

ppm. 

 

The cytokine pattern induced by the purified surface structure correlates with 

the cytokine pattern of whole spores 

We compared the cytokine release in human whole blood in response to 

stimulation with the conidial preparation and to whole Cladosporium 

cladosporioides spores by characterizing cytokine release. Neither whole 
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spores nor the conidial preparation could induce IFNγ release, but the induction 

of IL-1β, TNF, IL-8, IL-6, G-CSF and IL-10 were comparable between 5x106 

spores and 5 µg/ml conidial preparation (Figure 4). 

 

 

Figure 3: One-dimensional 1H-NMR reveals the aliphatic nature of the 
immunostimulatory compound prepared from Cladosporium 
cladosporioides.  
 
Pooled HPLC fractions were lyophilised and resuspended in D2O and analysed by 1H-NMR. 
Peaks between 0.8 and 2.8 ppm indicate alkyl chains and peaks between 3.4 and 4.2 are made 
by sugar moieties. 
 

Effects of inhibitors on cytokine induction by the conidial preparation in 

comparison to LPS and LTA. 

We employed Polymyxin B and the Limulus anti-LPS factor (LAL-F) as potent 

LPS inhibitors and PPG 1200, an LTA antagonist (Traub et al., submitted), to 

investigate whether either inhibitor would affect cytokine induction by the 

conidial preparation in human whole blood. Figure 5A and 5B show that while 

both Polymyxin B and LAL-F inhibit the cytokine response to LPS concentration 

dependently, they do not alter the immune response to the fungal compound, 

even at a concentration of 10 µg/ml at which LPS-induced cytokine release is 

completely blocked. PPG 1200, which at 10 µg/ml blocks the cytokine response 
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to 5 µg/ml LTA in human blood completely, also affected the response to the 

fungal compound by decreasing the cytokine release at the highest employed 

concentration to 75% of the initial activity (Figure 5C). 
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Figure 4: The cytokine response pattern to Cladosporium cladosporioides 
spores appears to be determined by the purified compound.  
 
5x 106 spores of Cladosporium cladosporioides and 5 µg/ml purified surface compound (C.c. 
prep) were employed to stimulate human whole blood. Cytokine release was measured by 
ELISA. Data are pooled data from two independent experiments. 
 
Stability of fungal compound in acidic and alkaline milieu 

As it is known that the exposure of LPS to alkaline solutions neutralizes its 

pyrogenic property, we compared the effect of different concentrations of 

sodium hydroxide (Figure 6A) or hydrochloric acid (Figure 6B) on 10 µg/ml LPS 

of Salmonella abortus equi with 10 µg/ml of the fungal compound (Figure 6A). 

Solutions were neutralized before they were used to stimulate cytokine release 

in human whole blood. After 30 min at 0.5 M NaOH, the LPS activity was 

decreased by a factor of 10, whereas the activity of the purified surface 

compound on cytokine release in human blood was reduced by a factor of 2 

compared with the untreated compound. Both LPS and the fungal compound 

showed no immunostimulatory activity after 30 min exposure to 2 M NaOH. LPS 
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as well as the purified conidial compound were very stable in HCl and only lost 

their immunostimulatory properties after 30 min exposure to 4 M HCl. 
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Figure 5: The fungal compound is not inhibited by LPS inhibitors but is 
partially inhibited by an LTA inhibitor.  
 
200 pg/ml LPS from E. coli O-113, 5 µg/ml S. aureus LTA and 5 µg/ml of the purified fungal 
compound (C.c. prep) were co-incubated with different concentrations of Polymyxin B, LAL-F 
and PPG 1200 in human whole blood and cytokine release was measured by ELISA. *, p≤0.05; 
**, p≤0.01; ***, p≤0.001 compared to stimulus alone. Data are pooled from three independent 
experiments. 
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Figure 6: Acid-base stability of purified fungal compound compared with 
LPS.  
 
LPS from Salmonella abortus equi (S.a.e.) and fungal immunostimulatory compound (C.c. prep) 
were incubated for 30 min with different concentrations of NaOH and HCl. After neutralisation 
the alteration of cytokine induction was measured in human blood. *,p≤0.05; **, p≤0.01;***, 
p≤0.001 versus untreated controls. Data arr pooled from two different experiments. 
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The role of TLR-2 and TLR-4 in the recognition of Cladosporium 

cladosporioides spores and purified conidial compound 

Previous studies of TLR-dependency of fungal surface structures have focused 

on those of Candida albicans and Aspergillus fumigatus with controversial 

results. We employed whole spores of Cladosporium cladosporioides and the 

purified conidial compound and examined the role of TLR-2 and TLR-4 

receptors in the recognition of these compounds. We employed bone marrow 

cells from TLR-2 and TLR-4 wild type and deficient mice and quantified TNF 

release in response. As expected, the recognition of LPS (here from Salmonella 

abortus equi) was TLR-4 dependent and LTA (Staphylococcus aureus) required 

TLR-2 for immune activation (Figure 7). Cladosporium spores as well as the 

purified fungal compound induced significantly less TNF release in cells from 

TLR-2 deficient mice compared to TLR-2 wild type cells, but more TNF in TLR-4 

deficient than in TLR-4 wild type cells. Although cytokine release in response to 

fungal spores was significantly attenuated in cells from TLR-2 knock-out mice, it 

was not completely abrogated, indicating that one or more further receptors 

may be involved in recognition of the spores.  
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Figure 7: TLR-2 is necessary for recognition of both whole Cladosporium 
cladosporioides spores and the purified fungal compound.  
 
Bone marrow cells from TLR-2 deficient and wild type mice and from TLR-4 deficient and wild 
type mice were stimulated with 5x106 Cladosporium cladosporioides spores or 5 µg/ml purified 
conidial surface structure; TNF response to fungal stimuli and to 5 µg/ml S.a.e. LPS and 5 µg/ml 
S.aur. LTA was measured by ELISA; *, p≤0.05; **, p≤0.01; ***, p≤0.001* of deficient in 
comparison to wild-type cells. Data are pooled from two independent incubations. 
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6.5 Discussion 

Although the immunostimulatory surface compounds of bacteria are well-

defined (Trent, 2004) (Morath et al., 2005), little is known about immune 

activating fungal surface structures (Shoham and Levitz, 2005) (Ponton et al., 

2000). The finding that a variety of fungal species induced similar cytokine 

patterns in human whole blood indicated that fungi do share common PAMPs 

(Daneshian et al. submitted). In this study we prepared an immunostimulatory 

compound from the filamentous fungus Cladosporium cladosporioides and 

examined its immunological and structural properties.  

The butanol extraction strategy adapted from the preparation of LTA of the 

Gram positive bacterium Staphylococcus aureus (Morath et al., 2001) combined 

with two hydrophobic chromatography steps effectively separated 

immunostimulatory compound that should be amphiphilic and water soluble with 

a considerable hydrophobic portion. This was confirmed by 1H-NMR analysis, 

which revealed that the molecule consists mainly of alkyl chains, i.e. fatty acids, 

bearing bonded sugar moieties.  

The breadth of the NMR peaks indicates aggregate generations of hydrophobic 

compounds, which is proven by the strong NOE contacts between the protons 

of carbohydrate chains, indicating typical electron spin diffusions. Such micelles 

are well-known from bacterial amphiphilic immunostimulatory surface structures 

such as LPS of Gram negative (Santos et al., 2003) and LTA of Gram positive 

bacteria (Wicken et al., 1986). Further preparation yielding higher amounts of 

fungal compound would give the possibility to evaluate different compositions of 

NMR solvents and recover the structure. Mass spectroscopic examination with 

MALDI-TOF is in preparation and will give an insight to molecular mass of the 

purified compound. 

Few previous studies have dealt with fungal cell wall lipids (Batrakov et al., 

2004) (Warnecke and Heinz, 2003) (Nimrichter et al., 2005) (Levery, 2005). 

Fungal GPI anchors seem to belong to glycosylated wall components being 

essential for fungal morphogenesis (Li et al., 2006) (Mouyna et al., 2000) 

(Richard et al., 2002b). Such membrane lipids are not only necessary because 

of their role in cellular coherence but also because membrane lipids carry 

essential proteins and glycans (Bruneau et al., 2001) (Richard et al., 2002a) 

(Costachel et al., 2005) (Fontaine et al., 2003).  
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Previous studies have suggested glycans like mannans and glucans to be the 

immunostimulatory principle of fungi (Tada et al., 2002) (Majtan et al., 2005) 

(Gantner et al., 2003). In contrast, our preparation of an immunoactive fungal 

compound that reflects the immunostimulatory properties of the whole spores 

confirms our previous findings (Daneshian et al., in preparation) that instead of 

pure sugar chains, amphipathic lipidic structures are responsible for the 

induction of cytokine release. Considering the highly consistent cytokine pattern 

induced by a wide range of fungal species (Daneshian et al. submitted), the 

amphipathic molecule prepared here from Cladosporium cladosporioides could 

be common to all filamentous fungi. This shall be clarified in further studies by 

subjecting spores from other fungal species to the same extraction strategy.  

Comparison of the stability of the fungal compound with LPS in acidic and 

alkaline milieus revealed that the fungal compound is more robust than LPS 

with regard to alkaline solution, while it was similarly stable in acidic conditions. 

In this regard, it will have to be clarified what role the acidic tolerance of fungal 

surface structures plays upon phagocytosis (Wasylnka and Moore, 2003). 

The compound prepared from Cladosporium, like the whole spores, seems to 

share properties with LTA, not only with regard to its lack of IFNγ induction and 

its employment of TLR2 for cytokine induction, but also in the partial inhibition of 

cytokine induction by PPG 1200 and the lack of effect of the LPS inhibitors 

Polymyxin B and LAL-F (Draing et al., submitted).  

Next to TLR-2, TLR-4, the β-glucan receptor dectin-1 and TLR-6 are discussed 

as receptors involved in fungal recognition (Netea et al., 2004b) (Meier et al., 

2003) (Overland et al., 2005) (Gantner et al., 2003) (Gantner et al., 2005). As 

already described for Cladosporium spores, we observed that the fungal 

compound also induced higher cytokine release in the absence of TLR-4. The 

authors are not aware of previous reports of an inhibitory role of TLR-4 on 

cytokine induction. Further studies will investigate the effect of co-stimulation 

with LPS and the fungal compound on cytokine release and shall attempt to 

clarify the intracellular mechanism involved in this phenomenon. Further, as the 

lack of TLR-2 does not completely abrogate cytokine induction by the fungal 

compound, the involvement of the other receptors already suggested by others 

shall be assessed. 
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Taken together, we have isolated and started to characterise a fungal 

compound that reflects the immunostimulatory properties of whole fungal 

spores. Its structural, chemical and biological properties indicate that it is a new 

PAMP with classical features. 
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7.1 Abstract 

Pyrogenic contaminations of some classes of injectable drugs, e.g. toxic or 

immunomodulatory as well as false-positive drugs, represent a major risk which 

cannot yet be excluded due to the limitations of current tests.  

Here we describe a modification of the In vitro Pyrogen Test termed AWIPT 

(Adsorb, Wash, In vitro Pyrogen Test), which addresses this problem by 

introducing a preincubation step in which pyrogenic contaminations in the test 

sample are adsorbed to albumin-coated beads. After rinsing, the beads are 

incubated with human whole blood and the release of the endogenous pyrogen 

interleukin-1β is measured as a marker of pyrogenic activity. Intentional 

contaminations with lipopolysaccharide were retrieved from the 

chemotherapeutic agents paclitaxel, cisplatin and liposomal daunorubicin, the 

antibiotic gentamicin, the antifungal agent liposomal amphotericin B, and the 

corticosteroid prednisolone at lower dilutions than in the standard in vitro 

pyrogen test.  

This  represents a promising new approach for the detection of pyrogenic 

contamination in drugs or in drugs containing interfering additives and should 

lead to improved  safety levels.  
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7.2 Introduction 

Pyrogens are fever-inducing substances usually derived from microorganisms. 

While lipopolysaccharide (LPS) from the outer membrane of Gram-negative 

bacteria remains the prototypic pyrogen, substances such as lipoteichoic acid 

(LTA) and peptidoglycan from Gram-positive bacteria and others are 

increasingly recognized as potent immune stimuli (Morath et al., 2001; 

Schindler et al., 2003; Martis et al., 2005). The presence of pyrogens in the 

body initiates secretion of pro-inflammatory cytokines by monocytes. When high 

concentrations of pyrogens enter the blood stream they cause fever, septic 

shock or even death (Cohen, 2000; Hartung et al., 2001). Therefore, pyrogen 

testing of parenteral drugs was introduced into pharmacopoeias worldwide in 

the 1940s.  

The rabbit pyrogen test measures the change in body temperature after 

injection of the test substance. Major drawbacks are (i) higher threshold 

concentrations compared to humans resulting in a lower sensitivity (Schindler et 

al., 2003), (ii) variations in the response depending on sex, age and strain, (El-

Khalik and Benoliel, 1982; Deeter et al., 1989; Hull et al., 1993); (iii) differences 

between the reactions of rabbits and humans towards different pyrogen classes 

(Schindler et al., 2003), (iv) the rabbit pyrogen test is not suitable for sera, 

radiopharmaceuticals, chemotherapeutics, analgesics, cytokines, 

immunosuppressive agents and others (Hartung et al., 2001). 

The Limulus amoebocyte lysate assay (LAL, also known as bacterial endotoxin 

test, BET), established since the 1970s, is based on the coagulation cascade of 

the hemolymph of an arachnid, the horseshoe crab, which is induced by LPS in 

concentrations as low as 3 pg/ml. Kinetic and chromogenic LAL test variants 

permit the quantification of LPS. However, the LAL has several disadvantages 

eg.  (i) it only detects LPS, thus overlooking other clinically relevant pyrogens 

(van Noordwijk and de Jong, 1977; Hartung et al., 2001) (ii) it gives false 

positive results with glucan-like structures and many herbal medicines, (iii) it 

does not reflect the potency of the LPS in humans (Dehus et al., 2006) and (iv) 

various substances interfere with LPS detection in the LAL (van Noordwijk and 

de Jong, 1977; Hartung et al., 2001).  

As an alternative the In vitro Pyrogen Test (IPT) models the human endogenous fever 

response. It measures the release of the fever-mediator interleukin-1β (IL-1β) in human 
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whole blood upon incubation with the sample substance (Hartung and Wendel, 1995b). 

This test has been validated as a full alternative to the rabbit pyrogen assay in a 

collaborative EU-funded study (Schindler et al., 2001; Hoffmann et al., 2005).  

The whole blood test recognizes all known pyrogens that are relevant to 

humans and reflects their relative potency (Fennrich et al., 1999b). However, 

some therapeutic formulations, i.e. either the drug itself or additives, will 

interfere with this test, e.g. by restricting the response of white blood cells due 

to toxic or immunomodulatory effects. Indeed, the very same substances pose 

difficulties in the rabbit test.  

In the present study, we have addressed such problems using macroporous acrylic beads 

decorated with immobilized human serum albumin. The material was originally 

developed as an extracorporeal endotoxin adsorbing matrix to treat endotoxemia and 

sepsis (Zimmermann et al., 1999; Ullrich et al., 2001; Staubach et al., 2003). Albumin is 

a universal carrier of lipophilic substances such as fatty acids, bilirubin and hormones in 

plasma (Bhattacharya et al., 2000; Petitpas et al., 2001) and also binds LPS, largely via 

hydrophobic interactions in a molar ratio of up to 10:1 (Jurgens et al., 2002).  

We show here that a modification of the IPT allows LPS spikes to be detected in 

complex solutions with a lower detection limit than with the standard IPT by 

adsorbing them to albumin-coated beads and then washing away the interfering 

substances before incubation of the beads with blood and detection of cytokine 

release.  

 

7.3 Materials and Methods 

Pyrogens 

Endotoxin from Escherichia coli O-113 (EC-6, a kind gift from Dr. S. Poole, 

National Institute of Biological Standard and Controls, Herts, UK) was used. 100 

pg of this LPS are defined as 1 endotoxin unit (EU) (Poole and Mussett, 1989). 

LTA from Staphylococcus aureus was isolated and prepared in-house as 

described previously (Morath et al., 2001). Spike concentrations described in 

the text and figures always refer to the concentration in the sample solution. 
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Drug samples 

The drug samples were pharmaceutical preparations with the following 

recommended maximum daily allowances: paclitaxel (Taxol, Bristol-Myers 

Squibb), 4.25 mg/kg; cisplatin (Cisplatin, HEXAL), 3 mg/kg; gentamicin 

(Gentamicin, HEXAL), 14 mg/kg; predisolone (Prednisolut, Jenapharm), 6 

mg/kg; liposomal amphotericin B (AmBisone, NeXstar), 3 mg/kg; and liposomal 

daunorubicin (DaunoXome, NeXstar), 1 mg/kg, according to the package insert, 

assuming a body weight of 70 kg and 1.7 m2 body surface. 

The drug samples were diluted in saline, then spiked with endotoxin and 

incubated at room temperature for 2 h before commencement of the AWIPT 

(see below). This preincubation period allows for possible binding of endotoxin 

to drug components. 

 

In vitro pyrogen test (IPT) 

Heparinized blood was drawn from healthy donors by venous puncture. 

Differential blood cell counts were routinely performed to rule out acute 

infections (Pentra 60, ABX Diagnostics). 100 µl test sample were diluted with 1 

ml 0.9% saline and incubated with 100 µl blood overnight at 37°C and 5% CO2 

in a 1.5 ml polypropylene reaction vial. After incubation, samples were 

resuspended and spun down (2 min at 13 000 g) and supernatants were stored 

at -80°C until cytokine measurements could be performed. Interleukin-1β was 

quantified using an in-house sandwich ELISA based on a matched antibody pair 

(R&D Systems). Binding of biotinylated antibody was quantified using 

streptavidin-peroxidase (Biosource) and the substrate 3,3’,5,5’-

tetramethylbenzidine (Sigma-Aldrich). Recombinant IL-1β was a generous gift 

from Dr. S. Poole (NIBSC). 

 

Preparation of albumin beads 

Macroporous acrylic beads (Eupergit, Degussa) decorated with human serum 

albumin, fraction V (low endotoxin) (Serva, Heidelberg, Germany) via covalent 

carboxyl linkage as described previously (Zimmermann et al., 1999; 

Zimmermann, 2000) were provided by Fresenius Hemocare (St. Wendel, 

Germany) in vacuum sealed sterile cartridges. Approximately 2.5 g were 

transferred into 50 ml polypropylene tubes (Greiner) and rinsed with 50 ml 0.9% 
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saline (Berlin Chemie) to remove residual unbound albumin. After 

sedimentation of the beads, the supernatant was removed and the beads were 

rinsed with 50 ml priming solution (4 mM K+, 1.75 mM Ca2+, 0.5 mM Mg2+, 106.5 

mM Cl-, 134 mM Na+, 36 mM HCO3
-, 5.7 mM citrate, 6.2 mM dextrose, pH 7.2, 

provided by Fresenius Hemocare). 40 ml of supernatant were removed and 2% 

v/v DMSO (Cryo-sure, WAK Chemie) were added to reduce the  buoyancy of 

the beads.  

 

AWIPT (adsorption, washing and in-vitro pyrogen test) 

Adsorption: 100 µl bead suspension, equivalent to 53 mg beads and approximately 0.8 

mg albumin (Zimmermann et al., 1999; Zimmermann, 2000), were transferred to a 2 ml 

reaction tube (Eppendorf). 100 µl sample or LPS spike were added to the beads, and the 

rack with the closed tubes was incubated horizontally overnight at 4°C to allow efficient 

adsorption. 

Washing: 1 ml priming solution supplemented with 0.025% Tween-20 (Sigma, cell 

culture grade) was added to the beads and removed as completely as possible using a 

suction pump after sedimentation (approximately 2 min). This procedure was repeated 

three times with priming solution without Tween-20.  

IPT: The whole blood incubation protocol (see above) was refined as follows: to 

each bead-containing tube, 250 µl saline (Berlin Chemie) and 100 µl 

heparinized blood of a healthy donor were added, and incubated overnight at 

37°C in the presence of 5% CO2.  

 

Data analysis 

According to the standard operating procedure of the IPT, the IL-1β secretion in 

response to the LPS spike must be greater than the mean of the control samples plus 

three times their standard deviation for the test to be valid. A sample was deemed 

interfering with pyrogen detection if the sample spiked with LPS induced IL-1β release 

that was less than 50% or more than 200% of IL-1β released in response to the same 

spike concentration in the absence of sample. 
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7.4 Results 

Detection of endotoxin with AWIPT 

The protocol was optimized with regard to the number of beads, saline volume, blood 

volume and washing steps with the aim of reaching a detection limit of at least 50 pg/ml 

LPS, which corresponds to the fever threshold of the most sensitive rabbit strains. A 

representative example of an endotoxin dilution curve in saline is shown in Figure 1. 

Physiological saline was spiked with a concentration series of LPS (25 pg/ml LPS to 

1600 pg/ml LPS) and underwent the AWIPT procedure. Concentration dependent LPS-

induced IL-1β release was observed. The indicated cut-off (38 pg/ml IL-1β), defined as 

the mean of the negative control plus its threefold standard deviation, corresponds to the 

border value above which a single value is considered positive with p=0.99. The 

amounts of IL-1β induced by 25 pg/ml endotoxin were already significantly different 

from the negative controls (blank). In Figure 1a, the sigmoidal regression of the curve 

(r²= 0.86) demonstrated saturation effects of AWIPT at high concentrations. As shown 

in Figure 1b, linear approximation gave a similar fit (r²= 0.85) over a limited 

concentration range (0 – 200 pg/ml). 
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Figure 1: Endotoxin concentration response curve in AWIPT 

AWIPT was performed with a concentration series of LPS from 0 -1600 pg/ml in 0.9% saline. a) 
Sigmoidal regression according to Boltzman (r²= 0.86). b) Linear approximation over a limited 
concentration range (0 - 200 pg/ml) (r²=0.85). Depicted data correspond to sextuples from one 
blood donor ± SD. Cut-off: mean (blank) + 3x SD. P < 0.05, or p < 0.01 vs. unstimulated control 
(Dunnett's multiple comparison). 
 

Comparison of the LPS binding capacity of unmodified and albumin-

coupled beads 

Native and albumin-coupled beads were incubated with different concentrations 

of LPS for two hours and then employed in the AWIPT procedure. Figure 2 

shows that a concentration dependent response of IL-1β secretion only 

occurred in the presence of the albumin-coupled beads. This suggests that the 

coupled albumin is required to collect LPS from the solution. Stimulation of 

whole blood with the supernatant remaining after incubation of albumin-coupled 

beads with up to 800 pg/ml LPS led to no significant IL-1β release (data not 

shown). 
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 Figure 2: Comparison of LPS binding capacity of unmodified and albumin-

coupled beads. 

Unmodified and albumin-coupled macroporous beads were pre-incubated with 25 – 100 pg/ml 
LPS in a volume of 100 µl and then incubated with whole blood after washing. IL-1β release 
was measured by ELISA. Data are means ± SD of triplicates from one blood donor.  
 

Comparison of IPT and AWIPT with regard to LPS or LTA response 

100 µl samples of LPS (3 to 800 pg/ml) or LTA (1 to 100 µg/ml) were subjected 

to IPT or AWIPT in parallel. Figure 3 shows that IL-1β secretion levels were 

generally higher in the case of the AWIPT, but that IL-1β secretion became 

detectable upon stimulation with the same concentrations of LPS or LTA. Thus, 

although IL-1β secretion was greater in the AWIPT, the sensitivity of pyrogen 

detection was comparable with that in IPT. 
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 Figure 3: Comparison of IL-1ββββ response to LPS and LTA in IPT and AWIPT. 
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100 µl samples of 3 to 800 pg/ml LPS or 1 to 100 µg/ml LTA were employed in parallel in IPT 
and AWIPT. IL-1β release was measured by ELISA. Data represent means ± SD of triplicates 
from one blood donor. 
 

Kinetics of cytokine release in IPT versus AWIPT 

The kinetics of cytokine release in IPT and AWIPT were compared. As shown in 

Figure 4, cytokine release became detectable somewhat later in AWIPT in 

comparison to IPT. However, the cytokine levels attained for the same LPS 

concentration were again higher in AWIPT.  
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Figure 4: Kinetics of IL-1ββββ induction in whole blood test and AWIPT. 

Whole blood assay (IPT) and AWIPT were performed in parallel. Saline spiked with 200 pg/ml 
LPS was used as sample. For each time point and cytokine, a blank was measured as control 
(not shown). Data are depicted as means ± SD of duplicates of 2 blood donors.  
 

Detection of endotoxin in complex therapeutics 

The drug samples were diluted in series, and then spiked with LPS. These 

samples were employed in parallel in IPT and AWIPT. All drugs showed 

interference in the IPT at the highest concentrations used. Interference is 

overcome when the spike recovery reaches a value between 50 and 200% of 

the cytokine induction stimulated by the same amount of LPS in the absence of 

the drug (Hoffmann et al., 2005).  

Table 1 shows that spike recovery was always achieved at lesser dilutions in 

AWIPT in comparison to IPT, except for the case of gentamicin spiked with 25 

pg/ml LPS in which recovery was achieved at the same dilution in both tests. 
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These results are illustrated for the example of liposomal daunorubicin in Figure 

5. 
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Figure 5: Detection of endotoxin spikes in dilutions of liposomal daunorubicin. 

Liposomal daunorubicin (2 mg/ml) was diluted in series and spiked with 25 pg/ml LPS. Samples 
of these dilutions were employed in the IPT and the AWIPT in parallel. IL-1β was measured by 
ELISA. Data are given as means ± SD of triplicates.  50% of cytokine secretion in response to 
the LPS spike are marked by a dashed horizontal line. 
 

Table 1: Minimum dilutions required for recovery of LPS spike in complex 

therapeutics. 

 IPT AWIPT 

paclitaxel 1/100 1/10 

gentamicin 1/30 1/30 

cisplatin 1:100 1/10 

prednisolone n.t. 1/10 

liposomoal amphotericin B 1/10 1/3 

liposomal daunorubicin n.t. 1/30 
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Drugs were diluted in series and spiked with 25 pg/ml LPS. Recovery of spike, defined as 
cytokine release corresponding (50 – 200%) to levels induced by the same concentration of 
LPS in the absence of the drug, was achieved at the given dilutions; n.t., not testable at dilutions 
up to 1/300.  
 

Considering the detection limit of the AWIPT, given by the cut-off value of the 

respective test, a positive signal in samples of these drugs at these dilutions 

would indicate that the stock solutions are contaminated with at least that 

amount of LPS equivalent per ml multiplied by the dilution factor used in the 

test. The crucial contamination level that would induce a fever reaction in a 

patient is 5 EU per kg, i.e. 500 pg of the LPS used. Taking 70 kg as the average 

weight of an adult, 350 EU, equivalent to 35 ng LPS from E. coli O113, can be 

administered without adverse effects. Thus, the maximum daily dosage must be 

included in the calculation. 

Using AWIPT, all drugs except cisplatin could be tested for pyrogenic 

contamination with a sufficient safety margin at concentrations at or below the 

maximal valid dilution. The maximum valid dilution is defined as the endotoxin 

limit concentration multiplied by the concentration of the drug in the test solution 

divided by the sensitivity limit of the assay. The endotoxin limit concentration is 

defined as the LPS threshold per kg (i.e. 500 pg LPS O113 or equivalent) 

divided by the maximum recommended drug dose per kg. The interference of 

cisplatin was reduced in the AWIPT in comparison to the IPT, although the 

safety margin was still overstepped by a factor of 3.  

7.5 Discussion 

The original In vitro Pyrogen Test protocol directly brings together the test 

sample with human whole blood and measures IL-1β secretion in response to 

possible pyrogenic contamination. As some drugs are toxic for blood cells or 

interfere with cytokine production, we adapted the IPT to the testing of such 

substances by including a prior adsorption step, in which possible pyrogenic 

contaminations can bind to albumin-coated microspheres, which are then 

separated from the interfering substance for stimulation of human whole blood. 

The test shows a detection limit of 25 pg/ml LPS. With respect to endotoxin, the 

IPT is less sensitive than the LAL (detection limit of 3 pg/ml) and slightly more 

sensitive than the rabbit test (Hoffmann et al., 2005). Binding of LPS to the 
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albumin beads is probably mediated by hydrophobic interactions (Jurgens et al., 

2002), suggesting that lipopeptides or glycolipids may bind as well. Indeed, 

detection of LTA, a non-endotoxin pyrogen, was possible in the same 

concentrations as in the IPT. Importantly, the binding of the pyrogens is 

sufficiently strong to withstand several washing steps with Tween-20. 

The cytokine release in the AWIPT was higher than that in the IPT at every LPS 

concentration employed, although the amount of blood was the same in both 

assays. This could indicate that the bound LPS is presented to the immune cells 

in an optimal manner by the albumin. The sensitivity of the assays was 

comparable. This is in line with the observation that the beads bound the LPS in 

the solution so efficiently that the remaining supernatant was not able to induce 

cytokine release. 

The kinetics of cytokine release in response to the beads were somewhat 

delayed in comparison to LPS stimulation in the absence of beads. This may 

reflect a requirement for the LPS to dissociate from the albumin and be 

transferred to the cellular receptor. The higher cytokine release detected in 

AWIPT in comparison to IPT may in part be explained by the lower total 

incubation volume used for the AWIPT with the same amount of blood.  

A selection of drugs  known to interfere with the rabbit pyrogen test and in part 

also with the Limulus test, i.e. prednisolone (van Noordwijk and de Jong, 1977; 

Hartung et al., 2001), was used to test the efficiency of pyrogen detection by 

IPT and AWIPT. All drugs interfered with the IPT as expected. The AWIPT 

allowed spike recovery at a dilution at least  3 fold less than in IPT for all drugs 

except for gentamicin spiked with 25 pg/ml LPS where the recovery was the 

same in both tests. The safety margin required to exclude relevant pyrogenic 

contamination was attained for all drugs except cisplatin, where it was missed 

only by a factor of 3.  

Importantly, endotoxin spikes were allowed to bind to the drugs for two hours. 

This critical step is often omitted in the LAL protocols and results in an arbitrary 

spike recovery. The adsorption phase of the proposed test offers a unique 

opportunity for redistribution of bound endotoxin to beads with higher affinity. 

All the drugs tested are known to bind to serum albumin. Some of the drugs 

affect the conformation of albumin and thus the binding of other molecules, and  

some may compete for binding with LPS (Trynda-Lemiesz and Luczkowski, 
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2004). Thus, how well the drug binds to the immobilized albumin and how this 

affects the activity of the drug, i.e. whether its activity is masked or potentiated 

when carried over to the whole blood incubation, and how the binding of the 

drug to albumin affects the affinity of the albumin molecules to bind LPS may all 

have a bearing on the result obtained in the AWIPT. This may explain why the 

AWIPT does not resolve the interference of all the drugs to the same degree. 

However, results obtained in the current study indicate that this theoretical 

interference does not occur to a relevant extent in the drugs studied. As this 

may be different for other similar drugs, every drug to be tested must initially 

undergo an interference test, i.e. a comparison of the cytokine release in blood 

induced by albumin beads exposed to an LPS spike in the presence and in the 

absence of the drug.  

The use of a more specific pyrogen binding molecule, e.g. CD14, as decoration 

of the beads might reduce the interference of drugs even further as they are 

less likely to bind it. However, as the nature of many pyrogens is not yet known, 

it is not clear how this would limit the spectrum of detectable pyrogens. 

Taken together, the inclusion of an adsorption and washing step into the IPT 

procedure improved the detection of pyrogenic contaminations in 

immunomodulatory and toxic drug samples.  This modified procedure offers an 

improvement for the safety testing of products that are administered to patients 

with severe diseases. Application studies of this test for batch control of toxic or 

immunomodulatory medications are required to establish how commonly 

pyrogenic contaminations occur and to what extent some side effects may be 

attributed to them. Also, the applicability of the test to medications similar to 

those chosen here as prototypes must be determined.  
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8.1 Abstract 

The renal dialysis patient is confronted with hundreds of liters of dialysis 

solution per week, which pass the natural protective barriers of the body and 

are brought into direct contact with the blood or tissue. The components can be 

tested for pyrogenic (fever-inducing) contaminations by the endotoxin-specific 

Limulus Amoebocyte Lysate Assay (LAL). However, this assay does not 

adequately reflect the response of a human to the wide variety of possible 

pyrogenic contaminations in dialysis fluids. Furthermore, the test is limited in its 

sensitivity to detect extremely low concentrations of pyrogens, which in their 

sum result in chronic pathologies, e.g. carpal tunnel syndrome, in dialysis 

patients.  

The In vitro Pyrogen Test (IPT) employs human whole blood to detect the 

spectrum of pyrogens to which humans respond by measuring the release of 

the endogenous fever mediator interleukin-1β. Spike recovery checks should 

exclude interference. The test has been validated in an international study for 

pyrogen detection in injectable solutions. 

In this study we adapted the IPT to the testing of dialysis solutions. 

Preincubation of 50 ml spiked samples with albumin-coated microspheres 

enhanced the sensitivity of the assay to detect contaminations down to 0.1 

pg/ml LPS or 0.001 EU/ml in water or saline and allowed pyrogen detection in 

dialysis concentrates or final working solutions.  



 

This method offers high sensitivity detection of human-relevant pyrogens in 

dialysis solutions and components.  

 

8.2 Introduction 

The word “pyrogen” comes from the Greek word “pyros” meaning “fire”. 

Pyrogens induce an inflammatory response characterized among other 

symptoms by a fever reaction. Most known pyrogens are of microbial origin. 

They include bacteria, yeasts and fungi and their components. The best known 

pathogen-associated molecular patterns (PAMPs) responsible for the pyrogenic 

reaction are lipopolysaccharide (LPS, endotoxin) from Gram-negative bacteria, 

lipoteichoic acid (LTA) and peptidoglycan (PGN) from Gram-positive bacteria, 

but also dusts, other organic and inorganic particles may have pyrogenic 

qualities. 

Renal dialysis patients are exposed to hundred of liters of dialysis fluids every 

week with the dialysis membrane being the only barrier between the fluid and 

the blood stream. Although these membranes prevent whole bacteria from 

passing into the blood stream, they display variable efficiency in holding back 

pyrogens (Ledebo, 2004). Thus the development of amyloidosis, 

encephalopathy and osteopathy might be associated with long term exposure to 

pyrogens in dialysis fluids (Furuya et al., 2005; Bommer and Jaber, 2006). The 

maximum pyrogen content of dialysis fluids is defined by various 

pharmacopoeias and the AAMI (Association for the Advancement of Medical 

Instrumentation) and ranges between 0.03 (ultrapure) and 200 endotoxin units 

per ml [Ward, 2004 #3992]. These limits were likely defined based on the 

sensitivity of the detection methods available at the time. The use of ultrapure 

water is today considered state of the art (Ledebo, 2004). 

The content of the best known and highly potent pyrogen LPS can be measured 

by Limulus Amoebocyte Lysate Assay (LAL). This method exploits the immune 

defense reaction of the Limulus crab’s hemolymph, which coagulates when in 

contact with LPS. The most sensitive variants of this method detect 3 pg/ml 

LPS, i.e. 0.03 EU/ml. However, this method has a number of drawbacks: other 

pyrogenic molecules are not detected; numerous substances interfere with the 



 

assay and the test reflects rather the amount of LPS than its actual 

inflammatory potential in humans. Regarding the latter point, we and others 

have shown that LPS from different species differ greatly in their 

immunostimulatory potential (Fennrich et al., 1999a; Darveau et al., 2004; 

Dehus et al., in press). 

The In vitro Pyrogen Test (IPT) is an alternative test which models the human 

fever reaction (Hartung and Wendel, 1996). In the human body, pyrogens are 

recognized by pathogen recognition receptors (PRR) on monocytes in the blood 

and macrophages in the tissues. In response they release proinflammatory 

cytokines such as IL-1β, TNFα and IL-6 into the blood stream. These bind to 

receptors on the blood-brain barrier and cause the release of prostaglandin E2 

in the brain, which in turn changes the temperature set-point in the 

hypothalamus, setting off the fever response (Dinarello, 2004). The IPT detects 

the release of the proinflammatory cytokine IL-1β in human whole blood in 

response to pyrogens. 

The test was originally developed for safety testing of parenterals and has been 

internationally validated for this application (Hoffmann, 2005; Schindler et al., in 

press). Further developments include safety testing of biomaterials (Mazzotti et 

al., submitted), the evaluation of the inflammatory burden in the air (Kindinger et 

al., 2005b), which is associated with the development of chronic obstructive 

lung diseases, and special adaptations for pyrogen testing in 

immunomodulatory or toxic medications, e.g. injectable cortisone or 

chemotherapeutics (Daneshian et al., in press). In the latter study we described 

the use of albumin-linked beads to bind LPS or other pyrogens in the sample. 

This allowed the separation of the pyrogens from the interfering sample. The 

method was termed AWIPT (adsorption, washing and in-vitro pyrogen test). 

In the present study we adapted the AWIPT further to allow the detection of 

extremely low concentrations of pyrogens in dialysis fluids by accumulating 

pyrogenic spikes added to large volumes of fluid on the albumin-linked beads. 

Furthermore, this adaptation allowed the detection of pyrogens in the dialysis 

concentrates and the workings solutions. This adaptation, termed AcWIPT 

(accumulation, washing and in vitro pyrogen test) shall allow a better evaluation 

of the total pyrogenic activity the patient is exposed to per dialysis cycle.  



 

8.3 Materials and Methods 

Pyrogens 

Endotoxin (LPS) from Escherichia coli O-113 (EC-6, a kind gift from Dr. S. 

Poole, National Institute of Biological Standard and Controls, Herts, UK) was 

used. 100 pg of this LPS are defined as 1 endotoxin unit (EU) (Poole and 

Mussett, 1989). LTA from Staphylococcus aureus was isolated and prepared in-

house as described previously (Morath et al., 2001). Spike concentrations 

described in the text and figures always refer to the concentration in the sample 

solution. 

 

Samples 

Dialysis fluids 204, 278, 294, 751, 787 and 200 were kind gifts from Gambro 

Healthcare, Stockholm, Sweden. Their contents are listed in Table 1. In each 

case, the working dilution is 1/35. 

 

Table 1 

 Dialysis concentrates 

Ions [mM] No. 204  No. 278 No. 294 No. 751 No. 787 No. 200 

K+ 70 0 70 70 140 0 

Ca2+ 61.25 43.75 61.25 52.5 52.5 0 

Glucose 0 194.22 194.22 388.43 194.22 0 

Cl- 3885 3885 3885 3885 3885 0 

Mg2+ 17.5 17.5 17.5 17.5 17.5 0 

Na+ 3605 3605 3605 3605 3605 1000 

CO3 
2- 0 0 0 0 0 1000 

 

In vitro pyrogen test (IPT) 

Heparinized blood was drawn from healthy donors by venous puncture. 

Differential blood cell counts were routinely performed to rule out acute 

infections (Pentra 60, ABX Diagnostics). 100 µl test sample was diluted with 1 

ml 0.9% saline and incubated with 100 µl blood over night at 37°C and 5% CO2 

in a 1.5 ml polypropylene reaction vial. After incubation, samples were 



 

resuspended and spun down (2 min at 13 000 g) and supernatants were stored 

at -80°C until cytokine measurement. Interleukin-1β was quantified using an in-

house sandwich ELISA based on a matched antibody pair (R&D Systems). 

Binding of biotinylated antibody was quantified using streptavidin-peroxidase 

(Biosource) and the substrate 3,3’,5,5’-tetramethylbenzidine (Sigma-Aldrich). 

Recombinant IL-1β was a generous gift from Dr. S. Poole (NIBSC). 

 

Preparation of albumin beads 

Macroporous acrylic beads (Eupergit, Degussa) decorated with human serum 

albumin via covalent carboxyl linkage were provided by Fresenius Hemocare 

(St. Wendel, Germany) in vacuum sealed sterile cartridges. Approximately 2.5 g 

were transferred into 50 ml polypropylene tubes (Greiner) and rinsed with 50 ml 

0.9% saline (Berlin Chemie) to remove residual unbound albumin. After 

sedimentation of the beads, the supernatant was removed. In initial 

experiments, the beads were rinsed with 50 ml priming solution (4 mM K+, 1.75 

mM Ca2+, 0.5 mM Mg2+, 106.5 mM Cl-, 134 mM Na+, 36 mM HCO3
-, 5.7 mM 

citrate, 6.2 mM dextrose, pH 7.2, provided by Fresenius Hemocare). 40 ml of 

supernatant were removed and 2% v/v DMSO (Cryo-sure, WAK Chemie) were 

added. In later experiments, these steps were omitted and beads were used 

directly without further treatment. 

 

AWIPT (adsorption, washing and in-vitro pyrogen test) 

The AWIPT was performed as described (Daneshian et al., in press).  

Adsorption: 100 µl bead suspension incubated with 100 µl sample or LPS spike 

in a 2 ml reaction vial at 4°C horizontally overnight. 

Washing: 1 ml saline (Sigma, cell culture grade) was added to the beads, then 

removed using a suction pump after sedimentation. This procedure was 

repeated three times with saline solution.  

IPT: The whole blood incubation protocol (see above) was adapted as follows: 

to each bead-containing tube, 250 µl saline (Berlin Chemie) and 100 µl 

heparinized blood of a healthy donor were added, and incubated over night at 

37°C in the presence of 5% CO2.  

 



 

AcWIPT (accumulation, washing and in vitro pyrogen test) 

Accumulation: 100 µl bead suspension were transferred to a 50 ml reaction 

tube (Greiner bio-one). 50 ml sample with or without LPS spike were added to 

the beads, and the tube was rolled over night at room temperature to allow 

efficient adsorption. The washing and IPT procedure was identical to that 

described for the AWIPT. 

 

Data analysis 

According to the standard operating procedure of the IPT, the IL-1β secretion in 

response to the LPS spike must be greater than the mean of the control 

samples plus three times their standard deviation for the test to be valid. A 

sample is deemed interfering with pyrogen detection if the sample spiked with 

LPS induces IL-1β release that is less than 50% or more than 200% of IL-1β 

released in response to the same spike concentration in the absence of sample. 

 

8.4 Results 

Lack of requirement for priming of beads 

The original protocol developed for preparing the albumin beads required them 

to be “primed” before use by incubation and washing in a special solution. As 

this procedure is time-intensive and beads are lost by repeated washing, we 

evaluated whether this procedure is necessary the beads to be able to absorb 

pyrogens. Comparison of cytokine induction in whole blood induced by 

incubating previously unprimed or primed beads with different concentrations of 

LPS, LTA or zymosan and then with whole blood showed higher absolute 

amounts of IL-1β induced in the unprimed beads while the curve shapes were 

the same and the controls remained non-stimulatory (Fig. 1). Therefore, all 

further experiments were performed with unprimed beads. 
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Figure 1: Treatment of albumin-linked beads with priming solution does 
not increase LPS binding capacity. 
 
LPS from E. coli O113 (in EU/ml, 1 EU = 100 pg/ml), LTA from S. aureus and Zymosan A (both 
in µg/ml) were detected by AWIPT after albumin-linked beads had (A) or had not (B) been 
treated with priming solution. Note the different scales of the Y-axis. Data are mean ± range, 
n=2. 
 

Highly sensitive detection of pyrogens by AcWIPT 

To test the sensitivity of the AcWIPT method in comparison to the AWIPT and 

the standard IPT, we incubated beads with a serial dilution series of LPS in 

water or saline according to the different developed protocols and measured IL-

1β release in human blood. Although the AWIPT procedure led to increased 

levels of IL-1β release in comparison to the IPT, the sensitivity remained 

approximately the same (25 to 50 pg/ml LPS, i.e. 0.25 to 0.5 EU/ml LPS). 

Increasing the volume of sample combined with rolling during the preincubation 

step at room temperature allowed the detection of LPS spikes as low as 0.1 to 

0.2 pg/ml LPS or 0.001 or 0.002 EU/ml in saline or water respectively (Fig. 2).  
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Figure 2: The sensitivity of the AcWIPT procedure for pyrogen detection 
far exceeds that of the IPT and the AWIPT. 
 

Pyrogen-free water or saline was spiked with the given concentrations of LPS from E. coli O113 
and employed in the standard IPT (A), the AWIPT (B) and the AcWIPT (C) procedure. Data are 
means ± SD, n=3 from three independent experiments. *, p<0.05; **, p<0.01 in comparison to 
the control. Only first concentrations that are significantly different from controls are marked. 
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Figure 3: Lacking spike retrieval in dialysis concentrates and working 
solutions by AWIPT. 
100 µl dialysis concentrates and working solutions (1/35) spiked with 5 pg LPS (A), or 5 µg LTA 
(B) were employed in the AWIPT. In parallel, an LPS or LTA concentration/ response curve was 
performed in the AWIPT. The dotted line shows 50% and 200% spike retrieval.  



 

Spike recovery of LPS in diluted dialysis concentrates by AcWIPT 

Dialysis concentrates interfere with pyrogen testing, probably due to their 

osmolarity. Retrieval of the 5 pg LPS spike or 5 µg LTA spike was not possible 

in various undiluted dialysis concentrates by AWIPT. Also upon dilution to the 

working solutions, the spike retrieval was only borderline for two solutions and 

below the limit of 50% with the other solutions tested (Fig. 3). This indicated that 

the high osmolarity of the dialysis concentrates interfered with the binding of 

LPS and LTA to the albumin. The AcWIPT procedure enabled LPS spike 

recovery in two of the undiluted dialysis concentrates tested and of the LTA 

spike in all of the concentrates. The working dilutions produced excellent spike 

recovery in all solutions (Fig. 4), confirming the detection limit of 0.1 pg/ml LPS. 

8.5 Discussion 

Some outbreaks of sterile peritonitis in dialysis patients have been traced back 

to endotoxin contaminations (Karanicolas et al., 1977; Mangram et al., 1998). 

Although variants of the LAL test have a sensitivity of about 3 pg/ml LPS, this 

test does not detect pyrogens other than LPS or reflect the different pyrogenic 

activity of LPS from different species. This is especially pertinent with regard to 

the most prominent contaminant of water: Pseudomonas aeruginosa. The LPS 

of this bacterium is half as potent as the LPS standard used in the LAL, but 

1000 fold less pyrogenic than that LPS in human whole blood (Dehus et al., in 

press). This means that Pseudomonas LPS in water samples is overestimated 

by a factor of about 500. This observation is especially relevant when one 

considers that 80% of pyrogen tests are done on water samples used for 

preparation and production of parenterals and dialysis solutions. Furthermore, 

Gram-positive bacteria and the yeasts, which can form biofilms that are highly 

resistant to disinfection treatment, are likely to be culprits in causing symptoms 

in dialysis patients. A prominent example in which dialysis solutions caused 

aseptic peritonitis was traced back to contaminations with peptidoglycan from a 

Gram-positive bacterial biofilm (Martis et al., 2005). The fact that neither the in 

vivo rabbit pyrogen test nor the LAL were positive for these solutions highlights 

the relevance of employing an assay that can detect all pyrogens that are 

relevant for humans (Martis et al., 2005). It has been estimated that 20 to 50% 



 

of the cytokine-inducing activity in dialysis fluids stems from non-LPS 

contaminants (Ward, 2004). 
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Figure 4: Sensitive spike retrieval in some dialysis concentrates and all 
tested dialysis working solutions by AcWIPT. 
 
50 ml dialysis concentrates and working solutions (1/35) spiked with 5 pg LPS (A), or 5 µg LTA 
(B) were employed in the AcWIPT. In parallel, an LPS or LTA concentration/ response curve 
was performed in the AcWIPT. The dotted line shows 50% and 200% spike retrieval.  
 



 

In this study, we expanded the application of the In vitro Pyrogen Test by 

increasing its sensitivity drastically. This was achieved by building on the 

concept of binding pyrogens in solution to immobilized albumin described 

previously (Daneshian et al., in press) and simply increasing the sample volume 

to allow accumulation of low pyrogenic spikes on the beads. A 

concentration/response curve performed in parallel to an unknown sample 

allows an estimate of the concentration of pyrogen contained in that sample.  

The test was simplified by omitting washing and priming of the beads which 

were shown to be unnecessary for the detection of LPS or of LTA from Gram-

positive bacteria and the yeast extract zymosan. Spike recovery of only 5 pg 

LPS in 50 ml of any of the dialysis solutions measured was possible, proving 

that a concentration of at least 0.1 pg/ml LPS would have been detected. This is 

far below the requirements of 0.3 EU/ml (i.e. 30 pg/ml LPS O113) for ultrapure 

dialysate. Possibly, the fact that the binding step was performed at room 

temperature under rolling, improved the spike recovery in comparison to the 

AWIPT procedure.  

Assuming that a patient is exposed to 200 liters of fluid per session and that 

100% of the pyrogenic load passes the dialysis membrane, dialysis fluid that 

does not induce cytokine release in an AcWIPT assay with a sensitivity of 0.1 

pg/ml LPS or 0.001 EU/ml, would contain a total pyrogenic burden of less than 

2000 endotoxin equivalent units. Assuming a body weight of 70 kg, this 

amounts to 3 EEU/kg. Pyrogen tests for parenterals must be able to detect 

pyrogenic contaminations that would result in 5 EEU/kg. This comparison 

demonstrates that only now, for the first time, the AcWIPT procedure allows 

pyrogen detection in dialysis fluids with a sensitivity that is high enough to truly 

rule out a systemic fever reaction. Regular testing of dialysis fluids with a 

method of this sensitivity combined with the use of a modern dialysis membrane 

that is less permeable to pyrogens could ensure the safety and preserve the 

health of dialysis patients. It might even be considered whether these albumin-

linked beads could not be used as an additional filter for the dialysate. 
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9 Discussion 

To study the inflammatory activity of a substance or a microbe in a human or to 

prove the pyrogenic activity of a contamination in a parenteral, the chosen 

model must reflect the human immune response as closely as possible. In the 

human lung, the immune cells responsible for clearance of potentially infectious, 

air-borne particles are the alveolar macrophages. Obtaining these requires a 

bronchoalveolar lavage performed under sedation. Human whole blood, 

obtained from healthy volunteers by venous puncture, contains representatives 

of the immune cells and the plasma components involved in host defense 

against infection. The blood monocytes are the precursors of tissue 

macrophages, including alveolar macrophages. Therefore, well-standardized 

human blood was chosen to represent the host defense reaction in the lung in 

the method developed to assess the inflammatory burden in air.   

The method was based on the In vitro Pyrogen Test originally developed for the 

detection of pyrogens in parenterals (Hartung and Wendel, 1995a; Fennrich et 

al., 1999b). For the testing of air samples, a suitable sampling method was 

established, measuring parameters were standardized and an adequate 

reference material was developed. Field studies that compared the results of 

the whole blood test with live germ counts of fungi and bacteria in a rural 

environment revealed a good correlation between the pyrogenic activity in the 

air represented by the IL-1β response and the live germs: increasing air 

turbulence correlated with both more air-borne live germs and a greater 

production of IL-1β. The observation that live germ counts in the air consisted of 

about equal shares of bacteria and fungi aroused interest in the contribution of 

the fungal spores to the inflammatory activity in the air and generally in the 

interaction between fungal spores and the immune system.  

 

Therefore, the immune response of blood to a large collection of fungal species 

was assessed in detail. Two points of reference can be used to compare 

cytokine induction by fungal spores in human whole blood, i.e. fungal spore 

count or fungal spore surface. It was found that cytokine induction by the fungal 

spores depends more on the fungal surface area employed that on the spore 



 

count, which is not surprising considering the large variation in size between 

spores from different species. Interestingly, the induction of the inflammatory 

cytokines IL-1β, TNF, IL-6 and IL-8 was very homogenous between the different 

species when related to the surface area employed. This observation suggested 

that the human immune system targets not each fungal spore as a whole but 

rather a component on the surface of fungal conidia that is common to different 

species and probably an essential building block of the outside wall.  

The fungal spores also induced G-CSF or IL-10 release or both, but only a few 

species induced IFNγ release. This lack of IFNγ induction likely leads to a lack 

of activation of cytotoxic T-cells, which may be the reason for efficient 

immunotherapy of fungal infections with pro-inflammatory cytokines, particularly 

with IFNγ (Roilides et al., 2002; Roilides et al., 2003).  

The comparison of spore-induced cytokine patterns with those of LPS, LTA and 

the yeast extract zymosan revealed that the overall fungal immunostimulatory 

capacity is more similar to LTA than to LPS or zymosan, because of the high 

levels of IL-8 and the general lack of IFNγ induction, which corresponded with 

previous reports (Hermann et al., 2002; von Aulock et al., 2003). Surprisingly, 

the prominent pathogenic species, such as Candida albicans, Aspergillus 

fumigatus, Aspergillus terreus or Stachybotrys chartarum did not stand out from 

the other species in any regard.  

The delayed kinetics of cytokine induction upon stimulation with all the fungal 

spores as compared with the other stimuli implied that different processes or 

pathways may be involved response to the fungal spores. On the other hand, 

perhaps PRR recognition only occurs after uptake and partial digestion of the 

spores, accounting for the delayed response.  

Comparison of the individual response of 16 different blood donors to a variety 

of fungal spores and control stimuli revealed that the relative response of every 

donor to every stimulus was highly consistent. The absolute response was 

mainly determined mainly by the individual monocyte counts.  

The relevance of using human blood to characterize inhalable pyrogens like 

fungal spores was evaluated by comparing it with alveolar macrophage cell line 

MH-S. Despite the species difference and despite the comparison of primary 



 

cells with a cell line, we found a very strong correlation (r > 0.99) of the 

response.  

These data suggested that fungal spores share a common surface structure, 

which is recognized by monocytes and macrophages.  

 

Sugar chains exposed on fungal surfaces have been suggested to act as 

PAMPs, but there are no clear conceptions of the structural requirements for 

such activity. The role of surface sugar molecules in the immune recognition of 

fungal spores was investigated in the human whole blood model. Three 

strategies were followed: a) detachment of glycans by hydrazinolysis, b) 

glycosidic digestion of spore surface sugars and c) use of proposed dectin-1 

inhibitors to examine the immunostimulatory role of sugar moieties presented 

on fungal spores. 

In addition to LPS and LTA, zymosan from Saccharomyces cerevisiae was 

employed for comparative studies. The removal of glycans from fungal spores 

by hydrazinolysis enhanced their proinflammatory potency, suggesting that the 

main immunostimulatory structures may have become better exposed by the 

treatment. Neither the digestion with α- and β-glucosidases nor with α- and β-

mannosidases or with β-galactosidase altered the pro-inflammatory capacity of 

fungal spores. Candida albicans and zymosan digestion with α- and β-

glucosidases significantly decreased their potency to induce IL-1β compared 

with undigested spores, indicating that surface α- and β-glucans may play a 

greater role in the pro-inflammatory immune response to yeasts than to mold 

spores. The remaining activity indicates that other molecules are involved as 

well. The data from the hydrazinolysis experiments and enzymatic digestion 

studies taken together strongly suggested that structures other than surface 

glycans play a more prominent role in cytokine induction.  

As these data contradicted previously published data (Brown and Gordon, 

2001), the purported inhibitors of the β-glucan receptor dectin-1 were employed. 

These had been used to block the binding of fluorescently labeled zymosan 

particles to dectin-1s expressed on the surface of a fibroblast cell line. The 

concentrations of all inhibitors reported to block dectin-1 binding, i.e. 10 – 100 

µg/ml (Brown and Gordon, 2001) either induced IL-1β themselves or were toxic 

to human blood cells. Co-stimulation with zymosan and subtoxic concentrations 



 

of dectin-1 antagonists resulted in additive cytokine induction. Therefore, these 

substances appear unsuitable for the study of the functional role of surface 

glycans and the dectin-1 receptor in the induction of cytokine release. 

Pattern recognition receptors like dectin-1 and TLR-2 as well as TLR-4 and 

TLR-6 have been suggested to be involved in fungal recognition (Gersuk et al., 

2006), although this has only been studied for a few individual fungal species. It 

could be confirmed that for all species tested, the TLR-2 receptor is necessary 

to induce full activation as measured by the release of TNF. In contrast, the 

absence of TLR-4 receptors made the cells more responsive to stimulation. This 

might indicate that the fungal spores activate TLR-4 in a manner that results in 

the inhibition of a signal transduction pathway initiated by activation of another 

receptor such as TLR-2 or dectin-1. The respective double knock-outs could be 

used to test this hypothesis. 

Again, as seen in the other experiments for Candida albicans and zymosan, the 

yeasts presented a different picture with regard to the employment of TLR4, as 

they all showed a requirement for TLR4 expression for full activation. Therefore, 

although zymosan may well represent the inflammatory activity of yeasts, it 

cannot be used as a general representative for other members of the fungal 

kingdom.  

The clear involvement of TLR-2 pointed to the involvement of an amphiphilic or 

lipidic structure, as the primary known ligands for TLR-2 are lipoteichoic acids 

and the synthetic agonist Pam3Cys, while the role of peptidoglycan as a TLR-2 

agonist has recently been questioned (Travassos et al., 2004). Lipidic structures 

present in yeast zymosan have already been suggested to be responsible for 

TLR activation (Ikeda et al., 2005). This is supported by the finding that 

phospholipomannans of the yeast Candida albicans activate TLR signaling 

(Jouault et al., 2003) while mannosylphosphates have no such activity (Hobson 

et al., 2004).  

The questionable contribution of surface sugars to inflammatory processes, the 

TLR-2 dependency of fungal spores and the immunostimulatory comparison 

with LTA and LPS suggested that the common fungal immunostimulatory 

principle is an amphiphilic molecule. This hypothesis was followed by 

performing extractions of fungal spores from Cladosporium cladosporioides with 

a method optimized for preparation of LTA. Indeed, 1H-NMR analysis revealed 



 

that the molecule consists mainly of alkyl chains, i.e. fatty acids, possibly bound 

to sugar moieties.  

The breadth of the NMR peaks indicated aggregate generations of hydrophobic 

compounds. Such micelles are well-known from bacterial amphiphilic 

immunostimulatory surface structures such as LPS and LTA. Few previous 

studies have dealt with fungal cell wall lipids. Fungal GPI anchors seem to 

belong to glycosylated wall components essential for fungal morphogenesis 

(Mouyna et al., 2000; Richard et al., 2002b; Li et al., 2006). Such membrane 

lipids are not only necessary due to their role in cellular coherence but also 

because membrane lipids carry essential proteins and glycans (Bruneau et al., 

2001; Richard et al., 2002a; Fontaine et al., 2003; Costachel et al., 2005).  

Previous studies suggested that glycans like mannans and glucans to be the 

immunostimulatory principle of fungi (Tada et al., 2002; Gantner et al., 2003; 

Majtan et al., 2005). In contrast, our preparation of an immunoactive fungal 

compound that reflects the immunostimulatory properties of the whole spores 

strongly suggests that amphiphilic structures are responsible for the induction of 

cytokine release. Considering the highly consistent cytokine pattern induced by 

a wide range of fungal species, the amphiphilic molecule prepared here from 

Cladosporium cladosporioides could be common to all filamentous fungi. This 

shall be clarified in further studies by subjecting spores from other fungal 

species to the same extraction strategy.  

Comparison of the stability of the fungal compound with LPS in acidic and 

alkaline milieus revealed that the fungal compound is more robust than LPS 

with regard to alkaline solution, while it was similarly stable in acidic conditions. 

In this regard, it will have to be clarified what role the acidic tolerance of fungal 

surface structures plays after phagocytosis (Wasylnka and Moore, 2003). The 

compound prepared from Cladosporium, like the whole spores, seems to share 

properties with LTA, not only with regard to its lack of IFNγ induction and its 

employment of TLR-2 for cytokine induction, but also in the partial inhibition of 

cytokine induction by PPG 1200 and the lack of effect of the LPS inhibitors 

Polymyxin B and LAL-F (Draing et al., submitted). As already described for 

Cladosporium spores, the fungal compound also induced higher cytokine 

amounts in the absence of TLR-4.  



 

Taken together, a fungal compound that reflects the immunostimulatory 

properties of whole fungal spores could be isolated and partially characterized. 

Its structural, chemical and biological properties indicate that it is a new PAMP 

with classical features of a glycolipid. 

 

The possibility to adapt the human whole blood system for evaluation pyrogens 

collected on a solid phase, as shown for collected air-borne particles, opens the 

door to new approaches for the assessment of pyrogenic contaminations. 

As some drugs are toxic for blood cells or interfere with cytokine production, the 

IPT was adapted to the testing of such substances by including an upstream 

adsorption step in which possible pyrogenic contaminations can bind to 

albumin-coated microspheres, which are then separated from the interfering 

substance before contact with the human whole blood. 

The test, termed AWIPT, showed a detection limit of 25 pg/ml LPS. With 

respect to endotoxin, the IPT is less sensitive than the LAL (detection limit of 3 

pg/ml) and slightly more sensitive than the rabbit test (Hoffmann et al., 2005). 

Binding of LPS to the albumin beads is probably mediated by hydrophobic 

interactions (Jurgens et al., 2002), suggesting that lipopeptides or glycolipids 

may bind as well. Detection of LTA, a non-endotoxin pyrogen, was possible in 

the same concentrations as in the IPT. 

The cytokine release in the AWIPT was higher than that in the IPT at every LPS 

concentration employed, although the amount of blood was the same in both 

assays. This could indicate that the bound LPS is presented to the immune cells 

in an optimal manner by the albumin. The sensitivity of the assays was 

comparable. This is in line with the observation that the beads bound the LPS in 

the solution so efficiently that the remaining supernatant was not able to induce 

cytokine release. 

The kinetics of cytokine release in response to the beads were somewhat 

delayed in comparison to LPS stimulation in the absence of beads. This may 

reflect a requirement for the LPS to dissociate from the albumin and be 

transferred to the cellular receptor.  

A selection of drugs known to interfere with the rabbit pyrogen test and in part 

also with the Limulus test was used to test the efficiency of pyrogen detection 

by IPT and AWIPT. All drugs interfered with the IPT as expected. The AWIPT 



 

allowed spike recovery at a dilution at least 3 fold less than in IPT for all drugs 

except for gentamicin spiked with 25 pg/ml LPS where the recovery was the 

same in both tests. The safety margin required to exclude relevant pyrogenic 

contamination was attained for all drugs except cisplatin, where it was missed 

only by a factor of 3.  

Importantly, endotoxin spikes were allowed to bind to the drugs for two hours. 

This critical step is often omitted in the LAL protocols and results in an arbitrary 

spike recovery. The adsorption phase of the proposed test offers a unique 

opportunity for redistribution of bound endotoxin to beads with higher affinity. 

All the drugs tested are known to bind to serum albumin. Some of the drugs 

affect the conformation of albumin and thus the binding of other molecules, and  

some may compete for binding with LPS (Trynda-Lemiesz and Luczkowski, 

2004). Thus, how well the drug binds to the immobilized albumin and how this 

affects the activity of the drug, i.e. whether its activity is masked or potentiated 

when carried over to the whole blood incubation, and how the binding of the 

drug to albumin affects the affinity of the albumin molecules to bind LPS may all 

have a bearing on the result obtained in the AWIPT. This may explain why the 

AWIPT does not resolve the interference of all the drugs to the same degree. 

However, results obtained in the current study indicate that this theoretical 

interference does not occur to a relevant extent in the drugs studied. 

Taken together, the inclusion of an adsorption and washing step into the IPT 

procedure improved the detection of pyrogenic contaminations in 

immunomodulatory and toxic drug samples.  

Taking this further, it was investigated whether the albumin-linked beads may 

bind pyrogens in an accumulative way that would allow quantification of 

pyrogens at very low concentration, e.g. in dialysis fluids. Considering that that 

80% of pyrogen tests are done on water samples used for preparation and 

production of parenterals and dialysis solutions a physiological method to detect 

low concentrated pyrogens represent an advantageous approach. 

Some outbreaks of sterile peritonitis in dialysis patients have been traced back 

to endotoxin contaminations (Karanicolas et al., 1977; Mangram et al., 1998). 

The fact that neither the in vivo rabbit pyrogen test nor the LAL mirror the 

physiological importance of humans highlights the relevance of employing an 

assay that can detect all pyrogens that are relevant for humans (Martis et al., 



 

2005). It has been estimated that 20 to 50% of the cytokine-inducing activity in 

dialysis fluids stems from non-LPS contaminants (Ward, 2004), which can not 

be detected by LAL test. 

In this study, we expanded the application of the In vitro Pyrogen Test by 

increasing its sensitivity drastically. This was achieved by building on the 

concept of binding pyrogens in solution to immobilized albumin described 

previously and simply increasing the sample volume to allow accumulation of 

low pyrogenic spikes on the beads. A concentration response curve performed 

in parallel to an unknown sample allows an estimate of the concentration of 

pyrogen contained in that sample.  

The test was simplified by omitting washing and priming of the beads which 

were shown to be unnecessary for the detection of LPS or of LTA from Gram-

positive bacteria and the yeast extract zymosan. Spike recovery of only 5 pg 

LPS in 50 ml of any of the dialysis solutions measured was possible, proving 

that a concentration of at least 0.1 pg/ml LPS would have been detected. This is 

far below the requirements of 0.3 EU/ml (i.e. 30 pg/ml LPS O113) for ultrapure 

dialysate.  

Assuming that a patient is exposed to 200 liters of fluid per session and that 

100% of the pyrogenic load passes the dialysis membrane, dialysis fluid that 

does not induce cytokine release in an AcWIPT assay with a sensitivity of 0.1 

pg/ml LPS or 0.001 EU/ml, would contain a total pyrogenic burden of less than 

2000 endotoxin equivalent units. Assuming a body weight of 70 kg, this 

amounts to 3 EEU/kg. Pyrogen tests for parenterals must be able to detect 

pyrogenic contaminations that would result in 5 EEU/kg. This comparison 

demonstrates that only now, for the first time, the AcWIPT procedure allows 

pyrogen detection in dialysis fluids with a sensitivity that is high enough to truly 

rule out a systemic fever reaction. Regular testing of dialysis fluids with a 

method of this sensitivity combined with the use of a modern dialysis membrane 

that is less permeable to pyrogens could ensure the safety and preserve the 

health of dialysis patients. It might even be considered whether these albumin-

linked beads could not be used as an additional filter for the dialysate. 

Taken together, these adaptations could contribute to solving challenges in the 

quality and safety assessment of certain parenterals. 

 



 

Overall, this thesis is composed of methodological developments for distinct 

applications of pyrogen testing in air and fluid samples and of basic research 

into the interactions between the human immune system and fungal spores, the 

latter including investigations into the mechanisms and molecules involved in 

these interactions.  

 



 

10 Summary 

Human whole blood is an accessible source of primary immune cells and 

plasma components involved in host defense against infection. It can be used 

both to study the human inflammatory reaction to microbes and their pyrogenic 

components and to detect their presence in samples by measuring the 

production of a representative inflammatory factor upon challenge. The latter 

was exploited by developing a method to evaluate the pyrogenic burden in air 

samples collected on filters. As fungal spores represent a large portion of 

airborne microbia, their contribution to the pyrogenic burden in the air was 

evaluated by characterizing their inflammatory activity and studying the 

mechanisms and molecules involved. The strategy to collect pyrogens from the 

air on a solid phase was further developed to enable detection of pyrogens in 

toxic or immunomodulatory drugs and to improve sensitivity for testing of the 

pyrogenic load in dialysis fluids and large volume parenterals by collecting 

pyrogens on albumin-linked beads.  

 

1. An air sampling method to collect pyrogens from the air on a filter and 

assess cytokine release by blood incubated with the filter was established 

and an adequate reference material was developed, enabling field studies. 

These showed a good correlation between the inflammatory activity in the 

air and the live germ count. Donor comparison revealed that the immune 

response of allergic people differed from that of non-allergic individuals. 

Standardized, cryopreserved blood proved a suitable substitute for fresh 

blood that could exclude such donor variances. Comparison of this new 

method with the Limulus amoebocyte lysate test, which is limited to the 

detection of endotoxins, proved as expected that the latter underestimates 

the total inflammatory burden in the air.  

2. The immunostimulatory capacity of fungal spores was assessed by 

characterization of the cytokine pattern they induced in human whole blood. 

The 44 species tested induced a highly homogenous pattern of cytokine 

release with similar kinetics, indicating that fungal spores share a surface 

structure that is targeted by the innate immune system. Analysis of donor 

variance revealed that the cytokine amounts released in human blood, both 



 

in response to fungal spores and to other stimuli employed, is determined 

mainly by the individual monocyte count. The relative response to the 

different stimuli was highly consistent. Comparison of the cytokine response 

of human blood with an alveolar macrophage cell line revealed a high 

correlation, suggesting that the blood monocytes and lung macrophages 

respond similarly.  

3. Analysis of the role of fungal surface glycans by chemical and enzymatic 

detachment of sugar chains strongly questioned their proposed role as the 

immunostimulatory principle of fungal spores. Examination of TLR 

dependency of immune recognition of fungal spores using cells from 

respective knock-out mice revealed that the presence of TLR-2 is necessary 

for full cytokine response to fungal spores. Interestingly, the presence of 

TLR-4 appeared to suppress cytokine release. 

4. The role of TLR-2 in the recognition of fungal spores suggested that the 

immunostimulatory principle might be structurally related to that of other 

TLR-2 agonists. Conidia of Cladosporium cladosporioides were subjected to 

butanol extraction and separation by FPLC and HPLC. This resulted in the 

purification of an immunostimulatory, amphiphilic compound that consists 

mainly of alkyl chains probably bearing sugar moieties as revealed by 1H-

NMR spectroscopic analysis. This compound induces a cytokine pattern 

consistent with that induced by the whole spores and showed the same TLR 

dependency. Its activity was not affected by coincubation with the LPS 

inhibitors Polymyxin B and LAL-F, but the LTA inhibitor PPG 1200 reduced 

its inflammatory capacity. 

5. Developing the idea of collecting pyrogens onto a solid phase, a method 

was developed to collect pyrogens from liquid onto albumin-linked beads. 

This allowed the separation of the pyrogens from immunomodulatory or toxic 

drugs. The beads were washed and then brought into contact with human 

whole blood. It could be shown that the beads bind LPS, LTA or zymosan 

spikes and the sensitivity of detection was comparable to that of the 

standard tests for parenterals. The ability of the test to detect pyrogens 

could be shown in drugs known to interfere with other pyrogen tests, i.e. 

paclitaxel, gentamicin, prednisolone, liposomal amphotericin B and 

liposomal daunorubicin.  



 

6. Further modifications of the setting aimed to accumulate very low 

concentrations of pyrogens in large samples on the albumin-linked beads. 

This increased the sensitivity of the assay by a factor of 250, which is useful 

for measurement of pyrogens in dialysis fluids and large volume parenterals. 

 

The tests developed in this thesis may help to evaluate the health risk of 

working and living environments posed by the burden of air-borne pyrogens and 

to improve drug safety and chronic problems in dialysis patients caused by 

exposure to pyrogens. 

The studies on the immunostimulatory qualities of fungal spores revealed that, 

like Gram-negative and Gram-positive bacteria, fungi also share common 

surface structures that are targeted by the human innate immune system. In 

contrast to previous suggestions, these appear to be amphiphilic molecules. A 

better understanding of the interactions between fungi and the immune system 

may provide new therapeutic targets.  



 

11 Zusammenfassung 

Humanes Vollblut ist eine gut zugängliche Quelle für primäre Immunzellen und 

Plasmakomponenten, welche an Immunabwehrreaktionen beteiligt sind. Es 

kann sowohl genutzt werden, um die humane Abwehrreaktionen gegen 

Mikroben und ihre pyrogenen Komponenten zu studieren als auch um in einer 

Probe eine pyrogene Kontamination durch die Messung eines repräsentativen 

entzündlichen Parameters nachzuweisen. Letztere Möglichkeit wurde genutzt, 

um eine Methode zu entwickeln, durch die durch Beprobung von Filtern mit 

Luftproben deren pyrogene Belastung beurteilt werden kann. Da Pilzsporen 

einen großer Anteil an luftgetragenen Mikroben darstellen, wurde ihr Anteil an 

der pyrogenen Belastung der Luft beurteilt indem ihre entzündliche Aktivität 

charakterisiert und beteiligte Moleküle und Mechanismen untersucht wurden. 

Ferner wurde die Strategie, Pyrogene aus der Luft auf einer Festphase zu 

sammeln, weiterentwickelt, um es zu ermöglichen durch den Einsatz von 

Albumin-gekoppelten Mikrosphären, Pyrogene in toxischen oder 

immunmodulatorischen Medikamenten nachzuweisen und um die 

Nachweisgrenze des Tests so zu erniedrigen, dass auch geringe Pyrogene 

Belastungen in Dialyseflüssigkeiten und grossvolumigen Parenteralia 

nachgewiesen werden können.  

 

1. Eine Luftsammelmethode wurde etablieret, um Pyrogene aus der Luft auf 

Filtermembranen zu sammeln und um die Zytokinausschüttung von 

Blutzellen als Reaktion auf diese Filter zu beurteilen. Dazu wurde auch ein 

entsprechendes Referenzmaterial für Feldstudien generiert. Diese zeigten 

eine gute Korrelation zwischen der Menge an lebenden Mikroben in der 

Luft und der entzündlichen Aktivität der Luft. Spenderanalysen zeigten, 

dass Allergiker eine abweichende Immunreaktion im Verglich zu 

Nichtallergikern haben. Standardisiertes, kryopräserviertes Blut stellte 

einen adäquaten Ersatz für Frischblut dar, was es ermöglicht, die 

Spendervarianz auszuschlielßen. Der direkte Vergleich dieser neuen 

Methode mit dem Limulus-Amoebzytenlysat-Test, welcher nur Endotoxine 

detektiert, zeigte dass letzterer wie zu erwarten die Belastung der Luft 

unterschätzt.  



 

2. Die immunstimulatorische Kapazität von Pilzsporen wurde durch 

Charakterisierung der Zytokinmuster, die durch sie im humanen Blut 

induziert wurden, untersucht. Die 44 getesteten Spezies induzierten sehr 

homogene Zytokinmuster mit ähnlicher Kinetik, was nahe legte, dass 

Pilzsporen gemeinsame Oberflächenstrukturen besitzen, die vom 

Immunsystem erkannt werden. Eine Analyse der Spendervarianzen 

zeigte, dass sowohl die durch Pilze induzierten als auch die durch andere 

Stimuli induzierten Zytokinmengen hauptsächlich durch die individuelle 

Monozytenzahl bestimmt werden. Die relative Antwort auf verschiedene 

Stimuli zeigte sich durchwegs als vergleichbar. Der Vergleich zwischen 

der Zytokinantwort von humanen Blutzellen mit der von murinen 

Alveolarmakrophagen zeigte eine starke Korrelation, was darauf hinweist, 

dass Blutmonozyten und Alveolarmakrophagen ähnlich reagieren.  

3. Die Analyse der Rolle von pilzlichen Glykanen durch chemische und 

enzymatische Spaltung stellte ihre vorgeschlagene Rolle als 

immunstimulatorisches Prinzip von Schimmelpilzen in Frage. Die 

Untersuchung der TLR-Abhängigkeit der Immunerkennung von 

Schimmelpilzen durch den Einsatz von Zellen aus entsprechenden knock-

out Mäusen zeigte, dass für deren Erkennung der TLR-2 Rezeptor 

notwendig ist um das volle Ausmaß an Zytokininduktion zu bewirken. 

Interessanterweise unterdrückt das Vorhandensein von TLR-4 die 

Zytokinproduktion.  

4. Die Beteiligung des TLR-2 Rezeptors an der Erkennung von Pilzsporen 

deutet darauf hin, dass die pilzlichen TLR-2 Agonisten strukturelle 

Ähnlichkeit mit anderen TLR-2 Agonisten haben könnten. Konidien von 

Cladosporium cladosporioides wurden einer Butanolextraktion unterzogen 

und der Extrakt wurde über FPLC und HPLC aufgetrennt. Dadurch konnte 

ein immunstimulatorisches, amphiphiles Molekül aufgereinigt werden, 

welches der 1H-NMR Analyse nach aus Alkylketten besteht und 

möglicherweise Zuckerreste trägt. Diese Verbindung induzierte dieselben 

Zytokinmuster wie die ganzen Sporen und zeigte auch dieselbe TLR 

Abhängigkeit. Koinkubationen mit den bekannten LPS-Inhibitoren 

Polymyxin B und LAL-F beeinflussten die Aktivität der gereinigten 



 

Substanz nicht, aber der LTA Inhibitor PPG 1200 konnte die 

inflammatorische Kapazität dieser Verbindung dämpfen. 

5. Im Zuge der Anpassung des Bluttestes an die Sammlung von Pyrogenen 

auf einer Festphase, wurde eine Methode entwickelt, mit der Pyrogene 

aus Flüssigkeiten an Albumin-gekoppelten Mikrosphären gebunden 

werden konnten. Dadurch konnten die Pyrogene von 

immunstimulatorischen oder toxischen Medikamenten getrennt werden. 

Nach einem Waschvorgang wurden sie erst mit Blut in Kontakt gebracht. 

Es konnte gezeigt werden, dass die Mikrosphären LPS, LTA und zymosan 

binden und dass die Sensitivität der Detektion mit der des Standardtests 

für injizierbare Arzneimittel vergleichbar war. Das Vermögen dieses Tests, 

Pyrogene in schwertestbaren Medikamenten nachzweisen wurde anhand 

von einigen Beispielen nachgewiesen: Paclitaxel, Gentamicin, 

Prednisolone, liposomales Amphotericin B und liposomales Daunorubicin.  

6. Durch weitere Modifikationen des Versuchsaufbaus konnten geringe 

Mengen an Pyrogenen auf den Mikrosphären gesammt werden. Dadurch 

wurde die Sensitivität des Tests um den Faktor 250 erhöht, was den 

Nachweis von Pyrogenen in Dialyseflüssigkeiten und in großvolumigen 

Medikamenten ermöglicht. 

 

Die Tests, die in dieser These entwickelt wurden, können dazu beitragen, 

Risikoeinschätzungen für die pyrogene Belastung am Arbeitsplatz und in 

Innenräumen zu treffen, die Arzneimittelsicherheit in speziellen Fällen zu 

verbessern und um chronische Probleme pyrogenen Ursprungs bei 

Dialysepatienten zu vermeiden. 

Die Untersuchung der immunstimulatorischen Aktivitäten von 

Schimmepilzsporen zeigte, dass Pilze, ähnlich wie Gram-negative und Gram-

positive Bakterien, gemeinsame Oberflächenstrukturen tragen, welche vom 

angeborenen Immunsystem erkannt werden. Diese Strukturen scheinen 

entgegen früheren Vorschlägen, amphiphile Moleküle zu sein. Ein besseres 

Verständnis von der Interaktion zwischen den Pilzen und dem Immunsystem, 

könnte Ansatzpunkte für neue Therapeutika liefern. 
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