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Figure 5. The RAW264.7 macrophages were exposed for 24 hrs to the cytostatic 
drugs doxorubicin or actinomycin D and also the spores of co-cultivated S. 
californicus (Stre) and S. chartarum (Sta), the spore-mixture of separately cultivated 
microbes or these microbes separately. Example histograms indicate the changes in 
cell cycle and the proportion of apoptotic cells (Sub G1). 
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5.4 Genotoxicity (IV) 

It was revealed in study IV that the genotoxic capacity of the spores of S. 
californicus was potentiated by interactions occurring during co-cultivation with S. 
chartarum (Figure 6). DNA damage was detected in RAW264.7 cells by the 
SCG/Comet assay after exposure to even low doses of the spores of microbial co-
culture while this kind of effect required high doses of the spores of S. californicus 
alone (Figure 6A). In contrast, no DNA damage was observed at any tested dose 
after the exposure to the spore-mixture of separately cultivated microbes or the 
spores of S. chartarum alone (Figure 6A). However, the spores of co-cultivated 
microbes and the separately cultivated spore-mixture as well as the spores of S. 
californicus alone all induced p53 accumulation in both the nucleus and the 
cytoplasm (Figure 6B), but ,in contrast, cytoplasmic p53 accumulation was not seen 
after exposure to the spores of S. chartarum alone (see paper IV, Fig. 4).  

 

 

 

 

 

 

 

 

 

 

 

Figure 6. A) DNA damage and B) nuclear p53 level in the RAW264.7 macrophages 
after exposure for 24 hrs to the spores of co-cultivated S. californicus (Stre) and S. 
chartarum (Sta), the spore-mixture of separately cultivated microbes or these 
microbes separately (study IV). The doses used are presented in Table 2 Each 
column represents mean ± SEM of at least three independent experiments and the 
dashed line expresses the control level. * indicates a statistically significant 
difference from control (Kruskall-Wallis, p<0.05). 
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5.5 Production of inflammatory mediators (I, II) 

It was shown in study I that mutual proportions of fungal and bacterial spores in 
simultaneous exposure affect the nature of cellular responses leading to increased or 
suppressed production of inflammatory mediators in mouse RAW264.7 macrophage 
(Figure 7). A significant antagonistic NO response was detected when the co-
exposure contained more bacterial (S. californicus) than fungal (S. chartarum) 
spores compared to the response induced by the bacterial spores alone (Figure 7A). 
Although a low number of fungal spores alone did not trigger the NO production in 
RAW264.7 macrophages, they were able to suppress significantly the response 
evoked by the bacterial spores in the co-exposure. In contrast to the suppressed NO 
production, the synergistic interaction in cytokine production (MIP2, TNFα and IL-
6) of RAW264.7 macrophages was apparent most clearly when co-exposure 
contained more of the fungal spores of S. chartarum than the bacterial spores of S. 
californicus (Figure 7B).  

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Effect of microbial spore ratio on induced A) NO and B) IL-6 production 
in mouse RAW264.7 macrophages after 24 hrs co-exposure (total dose 3×105 
spores/ml) to the spores of S. californicus (Stre) and S. chartarum (Sta) or these 
microbes separately (study I). Each column represents mean ± SEM of four 
independent experiments. * indicates a statistically significant synergistic effect in 
co-exposure (Two-way ANOVA, p<0.05). 
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It was demonstrated in study II that the production of inflammatory mediators in 
RAW264.7 macrophages increased dose and time dependently after the exposure to 
the spores of co-cultivated S. californicus and S. chartarum, the spore-mixture of 
separately cultivated microbes and the spores of S. californicus alone (Figure 8A-B, 
see time course in paper II, Fig. 3B & Fig. 5B). Because microbial exposure caused 
extensive cytotoxicity in RAW264.7 macrophages, the interpretation of the 
measured inflammatory responses was not possible at the highest dose. Instead, the 
spores of S. chartarum alone were unable to cause inflammatory response at any 
tested dose or time point (Figure 8A-B).  

 

 

 

 

 

 

 

 

 

 

Figure 8. Dose dependent effect of induced A) NO and B) IL-6 production in mouse 
RAW264.7 macrophages after 24 hrs exposure to the spores of co-cultivated S. 
californicus (Stre) and S. chartarum (Sta), the spore-mixture of separately cultivated 
microbes or these microbes separately (study II). The used doses are presented in 
Table 2. Each column represents mean ± SEM of at least four independent 
experiments. Control levels were NO 1.7µM and IL-6 0.2 pg/ml.  * indicates a 
statistically significant difference from control (Tukey, p<0.05). 
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mixture and the spores of these microbes alone were capable of triggering oxidative 
stress by inducing intracellular peroxide production in RAW264.7 macrophages (see 
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growth arrest, DNA damage and cytokine production by reducing the ROS 
production in macrophages (Figure 9). In contrast, NAC could not inhibit peroxide 
production triggered by the spores of S. californicus alone (see paper V, Fig. 2A). 
Although cell viability was enhanced and cytokine production declined (see paper 
V, Fig. 4A-B, Fig. 5A-C), S. californicus induced DNA damage and growth arrest 
remained unchanged by NAC (see paper V, Fig. 4D, Fig. 3A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. The RAW264.7 macrophages were exposed for 24 hrs to the spores of co-
cultivated S. californicus and S. chartarum (dose 1×106 spores/ml) with ROS 
scavenger NAC (2.5 mM, 5 mM, 7.5 mM) or without NAC (study V). Each column 
represents mean ± SEM of at least three independent experiments and the dashed 
line expresses the control level. * indicates a statistically significant difference from 
control and † indicates significant changes caused by NAC (Tukey, p<0.05). 
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6 DISCUSSION 

The occupants on moisture damaged buildings are exposed to a complex mixture of 
bioaerosols such as microbial spores, cells, structural components as well as 
biologically active metabolites produced by the micro-organisms (Górny, 2004; 
Hyvärinen et al., 2002). Previous studies have shown that some of the microbes 
isolated from moisture damaged buildings have strong inflammatory potential e.g. 
gram positive bacteria Streptomyces californicus and gram negative bacteria 
Pseudomonas fluorescens, whereas the others are extremely cytotoxic e.g. fungi 
Stachybotrys chartarum and Aspergillus versicolor (Huttunen et al., 2003). 
However, there is only a limited amount of toxicological data available on the 
possible cellular mechanisms accounting for mold-related health effects. In 
particular, little is known about the role of microbial interactions, although the 
complexity of the microbial ecosystem could be anticipated to produce alterations 
which would change the characteristics of any inhaled particles. In this thesis, the 
role of microbial interactions during co-cultivation and co-exposure and the cellular 
mechanisms underpinning the mold-related health effects were studied in detail. 

6.1 Comparison of responses induced by the spores of S. 
californicus and S. chartarum alone (II, IV, V) 

The studied microbes, Streptomyces californicus and Stachybotrys chartarum, 
caused significant cytotoxic responses in RAW264.7 macrophages, but compared to 
the spores of S. chartarum, the spores of S. californicus induced cytotoxicity at 
lower doses. On the other hand, the spores of S. californicus could not trigger 
apoptotic cell death in the manner of the spores of S. chartarum. Thus, S. 
californicus induced cell death was most likely necrotic, which is associated with 
the extensive production of inflammatory mediators. Consistent with earlier 
findings, the spores of S. californicus induced significant inflammatory responses in 
RAW264.7 macrophages, whereas the spores of S. chartarum did not trigger those 
responses at any tested dose (Huttunen et al., 2003). These results support the view 
that the cytotoxicity caused by the spores of S. chartarum may represent a model for 
one type of apoptotic cell death occurring without any major inflammation 
(Rathmell & Thompson, 1999). It is most likely that the induced apoptosis proceeds 
via oxidative stress, since the ROS scavenger NAC was capable of decreasing the 
amount of apoptotic cells when this compound was provided to the RAW264.7 
macrophages exposed to the spores of S. chartarum. This is supported by previous 



53 

studies demonstrating that cellular oxidative stress plays an important role also in 
mycotoxin induced toxicity (Hassen et al., 2007; Nusuetrong et al., 2005). 

Although the spores of S. chartarum were capable of inducing apoptosis, they did 
not induce DNA damage or evoke cell cycle arrest at any tested dose. In contrast, 
the spores of S. californicus caused significant DNA damage, cell cycle arrest and 
p53 accumulation in both the nucleus and the cytoplasm. Several metabolites 
produced by streptomycetes have similar immunosuppressive and genotoxic 
properties (Islaih et al., 2005; Robles et al., 1999). The present study also 
demonstrated that chemotherapeutic drugs DOX, AMD, MMC and PHLEO were 
able to induce cell cycle arrest at G2/M, which has been considered as a typical 
reaction of normal mammalian cells when exposed to a range of compounds capable 
of causing DNA damage (Lin et al., 1999; Robles et al., 1999). Interestingly, the 
ROS scavenger, NAC, could not inhibit the intracellular peroxide production 
induced by the spores of S. californicus alone, since the DNA damage and growth 
arrest in the RAW264.7 macrophages remained unchanged by treatment with NAC. 
Previously it has been proposed that some of the metabolites produced by 
streptomycetes have potent abilities to trigger oxidative damage, but there are also 
compounds inducing DNA damage via different mechanisms of actions e.g. 
topoisomerase inhibition and DNA cross-linkage (Chabner et al., 2001; Mizutani et 
al., 2005). On the other hand, NAC was capable of inhibiting the inflammatory 
responses triggered by S. californicus i.e. NO and cytokine production. The present 
findings suggest that NO production is associated with cytokine production, and 
since NAC was able to prevent S. californicus -induced NO production, the cytokine 
production in macrophages also declined. This reduction in the production of 
inflammatory mediators might also affect the cell survival by enhancing viability of 
macrophages after NAC treatment. 

In many cases, the fungus Stachybotrys chartarum has been considered as the most 
toxic and harmful indoor air microbe in moisture damaged buildings (Hossain et al., 
2004; Kuhn & Ghannoum, 2003), but these results clearly demonstrated that the 
actinobacterium Streptomyces californicus can cause significant cytotoxicity at an 
even lower dose than S. chartarum.  In addition, the spores of S. californicus have 
significant immunosuppressive and genotoxic properties and thus they might be 
capable of acting as cancer-provoking agents. 
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6.2 Microbial interactions during co-cultivation (II-V) 

The spores of co-cultivated S. californicus and S. chartarum were more cytotoxic 
than the spore-mixture of separately cultivated microbes. Both of these spore 
suspensions induced apoptotic and necrotic cell death, but significant responses 
were seen already at a lower dose when they were grown in the co-culture. In 
addition, the co-culture induced apoptosis was detected already at a lower dose than 
that seen after exposure to the spores of S. chartarum alone. Apoptotic cell death 
triggered by the spores of co-cultivated microbes proceeded via mitochondria 
membrane depolarization, leading to caspase-3 enzyme activation and DNA 
fragmentation. A significant collapse of ∆ψm was also detected after exposure to the 
spores of separately cultivated microbes, but they did not induce caspase-3 
activation or DNA fragmentation at the same dose. The results of the MTT-test 
supported the findings pointing to mitochondrial dysfunction because the number of 
functional mitochondria (i.e. viable cells) was significantly decreased after exposure 
to both the co-culture and the mixture. This indicates that both of these spore 
suspensions were able to irritate the mitochondria of RAW264.7 cells, but the spores 
of co-cultivated microbes were more potent at triggering apoptosis than the spores of 
separately cultivated microbes. Increased apoptosis can impair the ability of 
macrophages to protect the host against bioaerosols including micro-organisms 
present in the indoor air. This may lead to immunosuppression, which was seen in a 
previous in vivo study which described a decreased number of splenocytes after 
exposure to the spores of S. californicus (Jussila et al., 2003). In addition, the 
significant inflammatory responses triggered by the spores of both the co-cultivated 
and the separately cultivated microbes may be associated with the observed necrotic 
cell death or oxidative stress.  

The spores of co-cultivated microbes were also capable of inducing DNA damage, 
causing p53 accumulation and triggering significant cell cycle arrest at G2/M already 
at the relatively low dose. Similar genotoxic effects (DNA damage, p53 
accumulation, cell cycle arrest) were also detected after exposure to the spores of S. 
californicus alone, but the responses were not significant until the higher doses of 
spores were used. Thus, co-cultivation with S. chartarum clearly increased the 
ability of the spores of S. californicus to evoke genotoxic and cytostatic effects 
already at lower doses. Since the spores of S. chartarum alone did not induce DNA 
damage or trigger cell cycle arrest at any tested dose, the results suggest that when 
these micro-organisms are growing in the same habitat, S. chartarum potentiates or 
stimulates S. californicus to synthesize some highly toxic components, which caused 
these cytostatic and genotoxic effects. These toxic components are still unidentified, 
but we have already demonstrated that they have similar properties than cancer 
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chemotherapeutic agents such as doxorubicin and actinomycin D. Interestingly, the 
genotoxic activity of these spores was strongly associated with interactions 
occurring during co-cultivation, since no similar responses were detected when the 
RAW264.7 macrophages were exposed to the corresponding spore-mixture of the 
same microbes which were grown separately from each other. Interestingly, the 
spore-mixture of separately cultivated microbes could not induce DNA damage in 
the same way as the spores of S. californicus alone, which means that the genotoxic 
properties of S. californicus was inhibited by the interaction during co-exposure with 
S. chartarum.  

In the search for a plausible mechanism to explain the cellular damages induced by 
the spores of co-cultivated S. californicus and S. chartarum, the ROS scavenger, 
NAC, was used to evaluate the role of oxidative stress. By treating with NAC 
simultaneously during exposure to the co-culture, we were able to demonstrate that 
oxidative stress is involved in all these aspects of cellular damage. NAC prevented 
the co-culture induced apoptosis, growth arrest, DNA damage and cytokine 
production by reducing the intracellular ROS production in macrophages. Previous 
studies have demonstrated that the major targets of oxidative stress are nuclei and 
mitochondria, and that this results in damage to membrane lipids, protein enzymes, 
and deletion or modification of DNA (Sauer et al., 2001). Oxidative stress can also 
lead to apoptosis by inducing the mitochondria permeability transition (Halliwell & 
Gutteridge, 2007). Previously it has been shown that oxidative stress triggers 
RAW264.7 macrophages to undergo activation of growth arrest and either apoptosis 
or cell survival by regulating the genes which encode distinct protein families and 
signaling pathways (Zhang et al., 2005). The p53 protein is one of the factors 
operating as a sensor of ROS, but it also directly regulates ROS levels and further 
mediates the cell cycle arrest and apoptotic cell death (Sharpless & DePinho, 2002). 
These findings further confirm our hypothesis that oxidative stress is the factor 
triggering the cellular damage evoked by the production of these compound(s) and 
this process was stimulated by microbial interactions during co-cultivation. Figure 
10 illustrates the activated cellular mechanisms induced by the spores of co-
cultivated microbes. 
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Figure 10. Summary of the main findings and cellular immunotoxic mechanisms 
triggered by the spores of co-cultivated Streptomyces californicus and Stachybotrys 
chartarum in mouse RAW264.7 macrophages. Co-culturing of these microbes 
increased the ability of the spores to trigger the production of reactive oxygen 
species (ROS) followed by DNA damage. Subsequently cells may die through 
apoptosis or necrosis, which can proceed via the mitochondria. Necrosis is 
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associated with inflammation detected by increased amount of inflammatory 
mediators e.g. cytokines and nitric oxide. Furthermore, increased amounts of 
cytokines and nitric oxide are able to induce apoptotic and necrotic cell death.  ROS 
could also modify on cytokine production and mitochondria functions directly. This 
process is self-amplifying and can provoke also other cellular responses. 

 

Interactions between the microbial agents demonstrated in these studies were induced 
by the co-culture of microbial spores containing five times more S. californicus spores 
than S. chartarum spores. The final proportion of the microbial spores reached during 
the co-cultivation is not predictable, and in real life there might be an infinite number 
of different kinds of co-cultures, depending on their growth conditions and microbial 
species present in moistured building material. Though the presence of different 
micro-organisms in a damp environment is ubiquitous the actual interactions between 
the micro-organisms may be condition-dependent, resulting in the production of 
unique combinations of biologically active compounds with unexpected cellular 
effects. Although these studies as such cannot be directly extrapolated to the real life 
situations, in conjunction with previous studies they demonstrate the importance of 
microbial interactions especially during co-cultivation (Meyer & Stahl, 2003; 
Murtoniemi et al., 2005; Yli-Pirilä et al., 2007). 

6.3 Microbial interactions during co-exposure (I) 

Indoor air of moisture damaged building includes various micro-organisms to which 
residents are exposed simultaneously. Thus, the other aspect of exposure is the 
interactions occurring during co-exposure situation. Previously it has been shown 
that in simultaneous exposure situations, the spores of S. chartarum are able to 
potentiate the inflammatory responses of S. californicus (Huttunen et al., 2004), but 
it is not known how the proportions of microbes affect their interactions and their 
induced inflammatory responses. This study demonstrated that mutual proportions 
of fungal and bacterial spores in simultaneous exposure affect the nature of cellular 
responses leading to increased or suppressed production of inflammatory mediators 
in mouse RAW264.7 macrophage cell line. 

The synergistic interaction in cytokine production (MIP2, TNFα and IL-6) of 
RAW264.7 macrophages was most clearly apparent when co-exposure contained 
more of the fungal spores of S. chartarum than the bacterial spores of S. 
californicus. These results are in line with previous studies performed with 
microbial spores or toxins (Chung et al., 2003; Huttunen et al., 2004; Sugita-Konishi 
& Pestka, 2001; Zhou et al., 1999). In all these studies, the most potent synergistic 
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interaction occurred when the co-exposure contained the lowest amount of the 
bacterial component, which evoked relatively low levels of cytokine production. 
Previously has been demonstrated that the spores of S. californicus are able to 
induce the nuclear binding activity of transcription factor NF-κβ in RAW264.7 cells, 
but the synergistic interaction between S. californicus and mycotoxin trichodermin 
can not be explaned by amount of NF-κβ in the nucleus (Huttunen et al., 2004). 

In contrast to the increased cytokine production, a suppression of NO production was 
detected after co-exposure to the spores. A significant antagonistic response was 
detected when the co-exposure contained more bacterial S. californicus than fungal S. 
chartarum spores compared to the response induced by the bacterial spores alone. 
Although, a low number of fungal spores alone did not trigger the NO production in 
RAW264.7 macrophages, they were able to significantly suppress the response evoked 
by the bacterial spores in the co-exposure. Both potentiating and suppressive 
inflammatory responses were also seen in human macrophages after co-exposure to 
fungal DON and bacterial LPS (Sugita-Konishi & Pestka, 2001). While TNFα 
production was synergistically increased in macrophages, the IL-6 response was 
bidirectional, i.e. significantly suppressed IL-6 production when DON concentration was 
higher than LPS, and significantly increased IL-6 production in cases where bacterial 
LPS was the prevalent compound (Sugita-Konishi & Pestka, 2001). These results 
demonstrate clearly that the mutual proportions of spores present in the exposures can 
affect the nature of interactions leading to changes in the biological responses.  

6.4 Methodological considerations 

6.4.1 Relevance of in vitro assays 

In vitro assays are a useful way to obtain a detailed understanding of biological 
effects induced by potential causative agents present in the indoor environment. 
Moreover, in vitro experiments are ethically and economically preferable and they 
are invaluable in producing essential data on activated cellular mechanisms in 
different cell types in host defence system. Although in vitro studies play an 
important role in proper risk assessment, there are issues that need to be considered 
while evaluating the relevance of in vitro data. The in vitro systems lack the feed-
back mechanisms of tissues and whole organisms, since these experiments are 
conducted using single types of cells, either human or animal cell lines or primary 
cells. The cell lines grow well with a minimal loss of viability. Their responses are 
highly reproducible and well characterized, but the responses (e.g. cytokine 
production) may partly differ from those activated in ‘normal’ cells. Instead, the 
primary cells which are representatives of normal cell systems suffer a loss of 
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viability, especially in prolonged experiments. In addition, the previous exposure 
history of the donor may affect the induced responses in the experimental settings. 
Thus, the reproducibility of the primary cell systems is lower than those which can 
be activated with cell lines.  

As is always the case, direct extrapolation from the experimental data to human risk 
assessment is not possible. Although in vitro experiments produce crucial data for 
risk assessment, it could describe only part of the highly complex local systemic 
responses seen in tissues and whole organs. Therefore, in the search for causative 
agents and pathophysiological mechanisms behind adverse health effects associated 
with damp buildings, in vitro data needs to be combined with experimental animal 
data in vivo, human clinical data and epidemiological findings.  

6.4.2 Cell line and exposure agents 

The primary route of the exposure to the complex mixture of indoor air microbes 
and their constituents is through inhalation. Therefore, immunological cells of the 
host defence are the most relevant for in vitro studies. Macrophages are present not 
only in alveoli-region of the lungs but also in the upper airways (Abbas et al., 2007). 
They are the primary defence cells against inhaled pathogenic and other insoluble 
material, and they can produce large amounts of proinflammatory mediators and 
chemotactic substances, which recruit other inflammatory cell types into airways. 
Previous studies have shown that the mouse RAW264.7 macrophage cell line, which 
was selected for use in the studies of the present thesis, is very sensitive and a 
widely used model for evaluating murine responses to a variety of stimuli (Hirvonen 
et al., 1997; Huttunen et al., 2003; Ji et al., 1998; Wong et al., 1998; Yang et al., 
2000, Zhou et al., 2005). For example, the same dose of microbial spores induced at 
least one hundred fold greater cytokine response in RAW264.7 cells than in human 
28SC macrophages or A549 lung epithelial cells (Huttunen et al., 2003).  

It was recently reported that out of the six studied microbial strains, only 
Stachybotrys chartarum was able to potentiate the inflammatory response of 
Streptomyces californicus (Huttunen et al., 2004). Based on these findings, the 
fungus S. chartarum and the actinobacteria S. californicus were selected for the 
present more detailed experiments focussing on the immunotoxic responses 
triggered by microbial interactions. 

6.4.3 Valid dose level and time point 

While exploring in vitro responses, the measurements must be done at their most 
feasible time-point and dose.  Studies on multiple endpoints relating inflammation, 
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cytotoxicity, genotoxicity and oxidative stress need to be done by using several dose 
levels and exposure times. However, there is no ONE time-point at which one can 
obtain the highest responses to all members of a large scale of parameters. The 
studies on dose response are crucial since a too low dose may be totally ineffective 
and too high might lead to a plateau –effect or overload. 

The initiation of immunotoxic responses can proceed via different membrane 
receptors activated by either soluble or particulate substances. Several in vitro 
studies are done by using soluble agents e.g. mycotoxins, which are commercially 
available pure compounds (e.g. Yu et al., 2006; Zhou et al., 2005). These studies are 
essential to clarify the cellular mechanisms for exact compounds, but as mentioned 
previously in moisture damaged buildings, the occupants are not exposed to a single 
agent. In addition, toxins can be separated from spores by solvent extraction e.g. 
methanol (e.g. Wang & Yadav, 2006). However, it is almost impossible to extract all 
the toxins and bioactive metabolites from the spores, and this process itself may 
affect the spores and released compounds. Since the principal route of the microbial 
exposure in moisture damaged buildings is thought to be the inhalation of particles, 
the doses used in this study are based on equivalent numbers of spores. It was 
hypothesized that the effects of microbial spores would mimic the real life exposure 
to these microbes, because the inhalable spores may as such affect the induced 
responses in lungs. The spore-dose also needs special attention, since the spores of 
the studied microbes are different in their size (aerodynamic diameter of S. 
chartarum 4.6 µm and S. californicus <1 µm).  

It is also well known that even inert particles can cause an oxidative burst, which 
may induce cellular damages in macrophages. In these experiments, inert particles 
were not included as a negative control or as a filler material. A thorough 
consideration of this aspect led us to conclude that in this case the biological 
metabolites carried by the microbial spores are most probably more important than 
the particle effect. This view is supported by the results of previous experiments on 
the inflammatory and cytotoxic responses by both of the studied microbes. It has 
been shown that the same spore concentrations of several Streptomyces strains (i.e. 
the very same particle size) can cause highly strain specific responses (Hirvonen et 
al., 1997). The very specific effects were also induced by different Stachybotrys 
strains (Nielsen et al., 2001; Ruotsalainen et al., 1998). Moreover, there are many 
other properties that affect the particulate induced responses such as particle 
solubility, particle shape, surface area and the bioavailability of the causative 
components in the spores.  

To estimate the macrophage : spore ratio, it is important to bear in mind that at the 
beginning of these exposures the cell culture contained about 2×106 macrophages 
and the total volume was 2 ml. The spore doses of the co-culture or the mixture used 



61 

in this study were between 1×104 - 3×106 spores/ml, meaning that macrophage : 
spore ratio ranged from 100:1 to 1:3. Most of the cellular effects were observed 
already at a dose of 3×105 spores/ml corresponding to a ratio of 3:1 between 
macrophages and microbial spores. Hence, the detected responses cannot be 
explained by overloading effects even at the highest dose used. 

It is difficult to compare the spore doses used in in vitro studies and the factual 
indoor air concentration in moisture damaged buildings. To complicate comparison 
even further, there are remarkable spatial and temporal variations in the 
concentrations measured from the indoor air of moisture damaged buildings 
(Hyvärinen et al., 2001b). In addition, a recent study has shown that indoor air 
microbial concentrations as measured by new techniques, quantitative PCR (qPCR), 
do not necessarily correlate well with cultured based methods (Pietarinen et al., 
2008). However, there is no conclusive evidence that increased concentrations of 
fungi in the indoor air are the direct cause for reported health effects, which suggest 
that other issues (e.g. microbial interactions) may have a crucial role in evoking 
these adverse heath outcomes. 

6.4.4 Comparison of cytotoxicity assays 

Dying cells undergo a complex network of metabolic events resulting in either 
apoptotic or necrotic cell death. One important aspect of this study was to apply 
several new methods for the evaluation of cellular events underlying the cytotoxicity 
evoked by damp building related microbes more precisely. Overall, in this study 
seven different kinds of assays detecting cell viability or cell death were used: the 
live gate analysis, the MTT test, the trypan blue staining, the PI exclusion test, the 
DNA content analysis, the assay for mitochondria membrane depolarization and the 
caspase-3 activity assay. The results were highly repeatable and they correlated very 
well with each other.  

Since the used ‘overall cytotoxicity’ methods (the live gate analysis, the MTT test 
and the trypan blue staining) measure different parameters (see Table 3, page 38), 
the absolute values could not to be expected to be identical. However, the dose 
response curves were surprisingly similar (e.g. see paper IV, Fig. 1, Fig. 2). For 
example, all the used methods indicated that the two highest doses of the co-culture 
were the most toxic. In addition, only the highest dose of the spores of S. chartatum 
was capable of inducing severe cytotoxicity in RAW264.7 cells. 

The DNA content analysis (Sub G1 peak) was mainly used in these experiments to 
determine the proportion of apoptotic cells. This method is widely used and it 
correlates well to other generally used apoptosis assays (Darzynkiewics et al., 1992). 
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We also confirmed the results detected by PI staining by using caspase-3 assay, 
which is a more specific assay for apoptosis (see paper II, Fig. 2 and paper III, Fig. 
5). Our results of caspase-3 enzyme activity assay supported the findings detected 
by DNA content analysis. In addition, detected mitochondrial depolarisation by flow 
cytometric analysis correlates well with the present findings (see paper III, Fig.3). 
The present results demonstrate that a variety of different assays are needed for in-
depth understanding of the pathways of cell death caused by microbial agents, and 
for the proper evaluation of their toxicity. 

6.5 Clinical implications 

Even though the measured microbiological concentrations are not necessarily high 
in the indoor air, dampness, moisture damage and mold growth have been linked 
with several detrimental health problems such as asthma, frequent respiratory 
infections and clusters of autoimmune diseases (Bornehag et al., 2001, 2004; 
Husman, 1996; Kilpeläinen et al., 2001; Jaakkola et al., 2005; Luosujärvi et al., 
2003; Pekkanen et al. 2007; Zock et al., 2002). The current in vitro data showed that 
significant cytotoxic, genotoxic and inflammogenic effects can be observed in 
experimental settings in vitro already at a relatively low spore dose (3×105 
spores/ml), meaning that in the cell culture, the ratio between macrophages and 
microbial spores was 3:1. However, the causal relationships between observed 
health effects, microbial agent and cellular mechanisms are still largely unknown.  

Adverse health effects in moisture damaged buildings are usually associated with an 
inflammatory response (Nielsen et al., 1995). The present data suggest that the 
actinobacterium Streptomyces californicus is one relevant microbe which could 
cause inflammatory related symptoms in the residents of damp buildings.  The 
strong inflammatory potency of S. californicus and its capability to induce oxidative 
stress at relatively low concentrations have been already previously described 
(Hirvonen et al., 1997; Huttunen et al., 2003; Jussila et al., 1999), but the important 
finding here was that these responses triggered by S. californicus were 
synergistically potentiated by interactions after growing with other micro-organisms. 
The present data on immunosuppressive and DNA damaging properties of S. 
californicus link this microbe also to possibility of activation of the complex cascade 
leading to the autoimmune diseases and cancer, although there is still no 
epidemiological data available on this possibility. This finding is supported by a 
previous in vivo study, which indicated that the spores of S. californicus were 
capable of decreasing the number of splenocytes after repeated intratracheal 
instillation in mice (Jussila et al., 2003). In addition, it is well known that 
Streptomyces have the capacity to produce several bioactive secondary metabolites, 
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such as antibiotics, immunosuppressive agents and antitumor substances, which are 
capable of damaging DNA (Behal, 2000). However, S. californicus originated from 
moisture damaged buildings has not been studied as thoroughly as S. chartarum, 
which has been considered as the most toxic indoor air microbe. 

The fungus, Stachybotrys chartarum, can produce a diverse spectrum of mycotoxins 
(Hossain et al., 2004; Kuhn & Ghannoum, 2003; Nielsen, 2003). These agents have 
been characterized and are known to suppress immune function by inducing 
apoptosis (Nasage et al., 2002; Yang et al., 2000). Our studies demonstrated that 
only a rather high concentration of S. chartarum could cause a significant cytotoxic 
response. Previously it has been suggested that neurotoxicity could be one potential 
health effect of exposure to Stachybotrys or its toxins in the indoor air of moisture 
damaged buildings (Islam et al., 2006). It has been also shown that trichothecenes 
produced by Stachybotrys have adverse effects on dendritic cells, which are the most 
potent antigen-presenting cells of the immune system (Hymery et al., 2006). Due to 
the high concentration of S. chartarum required for toxic effects, it is obvious that it 
is difficult to establish an unequivocal link between Stachybotrys and some specific 
health effect reported by the residents of moisture damaged building. 

The present findings suggest that microbial interactions could be one explanation for 
the adverse health effects observed already at relatively low microbial 
concentrations. Although S. chartarum alone did not induce a significant 
immunotoxic response until present at relatively high doses, even a low dose was 
capable of synergistically potentiating the responses triggered by S. californicus. In 
addition, interactions during co-cultivation stimulated the production of highly toxic 
compounds, which significantly inceased the cytotoxic and genotoxic properties of 
the spores causing the responses at lower doses than the microbes alone. Interactions 
between microbial exposures and other indoor exposures can be complex and 
therefore they need to be carefully considered when evaluating the health effects 
experienced by the residents of moisture-damaged buildings. 
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6.6 Future direction 

The present findings clearly demonstrated that there is a need for further studies 
concerning microbial interactions. Firstly, these in vitro results needs to be 
confirmed by experimental animal studies to gain more detailed information on the 
effects induced at the tissue level and in the whole animal. Secondly, it is crucial to 
isolate and identify the biologically active compound(s), the production of which 
was stimulated during microbial co-cultivation. Thirdly, it is important to study also 
other mechanisms (e.g. neurotoxicity, reproductive toxicity), which can be activated 
after non-infectious microbial exposures, and which can contribute to the adverse 
health effects associated with indoor air dampness and microbes.  Fourthly, it is 
noteworthy that the responses seen in the present study were induced by the 
combination of only two microbes. Because a wide variety of microbes are present 
in the moisture damaged buildings, it may be worthwhile to investigating the 
interactions between other microbes.  

In a more practical setting, there is a need to develop and improve toxicological 
methods, which can be used for evaluating the harmfulness of indoor air in moisture 
damaged buildings. Microbiological analyses can reveal the diversity of microbes 
present in indoor air, but these analyses are not able to estimate the toxic properties 
of the microbes, which can be intensified while micro-organisms grow together in 
the same moistured building material. Furthermore, indoor air includes other 
harmful components in addition to those originating from microbes, and thus it is 
important to study this kinds of interactions and synergistic effects e.g. caused by 
moldy house microbes and particles from outdoor sources.  

In summary, a combination of toxicological studies with comprehensive 
microbiological and chemical analysis of indoor samples is crucial if one wishes to 
identify the causal relationship between exposure and adverse health effects 
experienced by the inhabitants of moisture damaged buildings.  
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CONCLUSIONS 

The spores of actinobacterium Streptomyces californicus isolated from a moisture 
damaged building have cytotoxic, cytostatic, genotoxic and inflammogenic 
properties. The spores of fungus Stachybotrys chartarum induced significant 
cytotoxicity at relatively high concentrations, but no cytostatic, genotoxic or 
inflammogenic activity was observed.  

 

During simultaneous exposure, the mutual proportion of these microbes affects the 
nature of cellular responses, leading to either an increased or suppressed 
inflammatory response in RAW264.7 macrophages. 

 

Microbial interactions during co-cultivation of Streptomyces californicus and 
Stachybotrys chartarum can stimulate or potentiate the production of highly toxic 
compound(s), leading to stronger immunotoxic and genotoxic responses in 
RAW264.7 macrophages than those induced by an equal spore-mixture of separately 
cultivated microbes. 

 

Compound(s) produced during co-cultivation of Streptomyces. californicus and 
Stachybotrys chartarum has/have potent cytotoxic, cytostatic and genotoxic 
properties, and the mechanism of cell death resembles the apoptotic pathway evoked 
by the chemotherapeutic drugs, doxorubicin and actinomycin D which themselves 
originate from streptomycetes. 

 

Oxidative stress is involved in all the detected cellular damages caused by the spores 
of co-cultivated Streptomyces californicus and Stachybotrys chartarum. This was 
demonstrated by administering the ROS scavenger, NAC, at the same time as the 
RAW264.7 macrophages were exposed to the spores of co-cultivated microbes.  
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