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Induced production of nitric oxide, tumor necrosisfactor, and
interleukin-6 in RAW 264.7 macr ophages by streptomycetes from
indoor air ofmoldy houses.

| NDOOR Bl OAERCSOLS are inmportant health factors, and they can cause
asthma, bronchitis, repetitive respiratory tract infection, and rhinitis.[1,
2] The tip of the iceberg is seen in noldy houses in which a variety
of fungi and bacteria, especially actinomycetes, are grown; this growth
occurs fromthe excess moisture in structures after accidental |eakage
or from gradual condensation of water.[3] I|nvestigators have not descri bed
satisfactorily the nost inportant causative m crobes anong the m xed
popul ation. In addition, alnpst nothing is known about the cellular
mechani sns, even if the clinical entity associated with exposure has
been descri bed and the exposure levels to the nost preval ent bacteria
and fungi present in nmoldy houses have been characterized.[4,5] W
hypot hesi zed that a likely contributing factor in the etiologica
mechani sm of respiratory synptons could be an inflammatory response
toward specific organic materials in the mcrobes. This mechani sm
woul d include production of inflammtory medi ators, such as cytokines
and nitric oxide (NO, in immnologically active cells.

Cluzel et al.[6] reported that cytokines are well-known nedi ators,
whi ch play an inportant physiological role in the functions of the
i mmune system Activated nacrophages secrete a variety of biologically
active substances (e.g., eicosanoids, oxygen radicals, cytokines [including
tunmor necrosis factor al pha {TNF[ Al pha]} and interleukin-6 {IL-6}]).
Moreover, it is now evident that the highly reactive radical, nitric
oxi de, is an inportant mediator in nonspecific host defense against
m crobes and tunors.[7,8] Recently, investigators have focused nuch
interest on the possible role of NO as an i mune defense nol ecul e. [ 9]
Researchers have suggested that NO is produced by activated macrophages
via a nonspecific i mune response directed against invading nmcroorganisns.
The biol ogi cal source of NOis L-arginine, which is converted to L-
Citrulline and NO i n macrophages by inducible NO synthase (i NOS).[10]
Under normal steady-state conditions, iNOS is not detectable, but
it is induced within a few hours after stinulation by |ipopolysaccharide

(LPS) and various cytokines (e.g., interferon-ganma [| NF[ Gamma] ],
TNF[ Al pha]).[10] Thus, macrophage-derived NO and cytoki nes function
as cytotoxic nolecules, which can kill invading mcroorganisns,[11]

but they al so have inmportant roles in the functions of the i mmune
system and in the pathophysiology of inflammatory diseases[12] and
asthma. [ 13]

In this study, we investigated whether any of the mcrobial strains
typically present in the indoor air of noldy houses (i.e., Candida
sp., Stachybotrys sp., and Streptonyces sp.), or strains bel onging
to the normal flora of indoor air (i.e., Penicilliumsp., C adosporium
sp., and Aspergillus sp.), can induce the production of proinflammtory
cyt oki nes TNF[ Al pha] and IL-6 or activate i NOS with subsequent NO
production in RAW 264.7 macrophage cell I|ine.

Mat eri al and Met hod

Materials. We obtained nouse nacrophage cell |ine RAW264.7 (RAW
from American Type Tissue Collection (Rockville, Maryland). W grew
it on six well plates at 37 [degrees] ¢ (5% [co.SUB.2]) IN rpm MED UM
1640 (gl BCO | AB [Grand Island, New York]), which was suppl ement ed
with 10% fetal bovine serum (Hyclone Lab [Logan, Uah]), 1% L-glutam ne,
and 1% PNS antibiotic mixture (both from G bco Lab). W obtai ned
sul fani | am de, napht hyl et hyl enedi am ne di hydrochl ori de, and 5-brono-
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4-chl oro- 3-i dol yl phosphat e/ ni trobl uetetrazolium (BCI P/ NBT) from Si gma
Chem cal Co. (St. Louis, Mssouri). In addition, we obtained rabbit
nonocl onal 4195 anti body agai nst npuse macr ophage i NOS from Burroughs
Wel come (North Carolina) and antirabbit 1gG from Jackson | mune Research
Lab (West Grove, Pennsylvania).

I solation, identification, and preparation of fungi and bacteria.

We used five strains of fungi (i.e., Candida sp., Aspergillus sp

Cl adosporium sp., Penicilliumsp., and Stachybotrys sp.) and two
strains of nesophilic gram positive bacteria (i.e., actinomycetes
A4 and A91, representing the genus Streptonyces). W isolated the
strains fromindoor sanples of nold problem houses, as described by
Hyvarinen et al. in 1993.[3] W used |light mcroscopy[14,15] to identify
the four strains of fungi (Aspergillus sp., Cladosporiumsp., Penicillium
sp., and Stachybotrys sp.) norphologically. One of the fungal strains
was identified as a yeast, Candi da al bicans, by use of the APl |1D32C
test kit. The actinonycete strains were identified in Deutsche Sam ung
von M cro-organi smen und Zel |l kul turen GrbH as Streptonyces anul at us
(A91) and Streptonyces californicus M.

We cultured the fungal strains on malt extract agar (MEA; Bl akesl ee)
and the strains of actinomycetes on Trypton yeast-glucose agar (Bacto
Pl ate Count agar, Oxoid). The cultures were incubated in the dark
at 20-23 [degrees] C for 7 d. The spore suspensions fromthese cultures
were prepared in a phosphate buffered saline (PBS) mediumthat contained
0. 0001% of Triton X-100.

Treat ment of RAW 264.7 cells. W incubated the RAW 264.7 nmacrophages
for 24 hin a fresh nmediumcontaining 0, 1 x [10.sup.5], 5 x [10.sup.5],
1 x [10.sup.6], 5 x [10.sup.6], or 1 x [10.sup.7] spores/[10.sup. 6]
cells of Candida sp., Aspergillus sp., C adosporiumsp., Penicillium
sp., Stachybotrys sp., or Streptomyces sp. A4 or A91. We studied the
ef fects of spores on cell viability, nitrite production, expression
of i NOS, and production of TNF[ Al pha] and |L-6.

Nitrite analysis. Nitrite produces a chromophore with the Giess
reagent, with an absorbance maxi mum at 543 nm which can then be quantitated
spectrophotonetrical ly[16] with an automated col orinetric procedure.
Briefly, we added 50 [micro]l of cell culture nediumto each wel
of a 96-well plate. We added 50 Jai of Griess reagent (1% sul fanilam de
and 0. 1% napht hyl et hyl enedi am ne di hydrochl oride in 2% phosphoric
acid) and left the plate shaking for 10 min at roomtenperature. W
used a micropl ate reader (Labsystems i EMS Reader MF) to neasure the
[ OD. sub. 540 nm To calculate nitrite concentrations, we conpared them
wi th standard solutions of sodiumnitrite produced in the culture
medi um

Western bl ot analysis. The cells were washed with cold PBS, |ysed
in lysis buffer (50 mM Tris-hydrochloric acid (Tris-HCl), 1 mM ethyl enedi anmi netetra
acid (EDTA), 10 [micro]ml PMSF, and 10 [micro]l/m | eupeptin), and
resuspended on ice for 10 min. The cell suspension was |ysed further
via ultrasound sonicator, and it was centrifuged at 1 400 rpm for
15 min. At the conpletion of this procedure, 4x sanple buffer was
added to the supernatant and heated at 95 [degrees] C for 10 mn.
Lysates (20-[micro]g protein) were subjected to el ectrophoresis via
7.5% SDS- PAGE, and proteins were transferred el ectrophoretically to
a nitrocellulose filter. The filters were incubated overnight at 4
[ degrees] C in blocking buffer (50 mM Tris-HCl, 150 nM sodi um chl ori de
[NaCl], 1 ng/m PEG 2000, 3% BSA). The filters were then incubated
for 2 h at roomtenperature in a washing buffer (50 mM Tri-HCl, 150
mM NaCl, 1 mg/m PEG 2000, 1 ng/m BSA) that contained a dilution
of 1:500 of rabbit nonocl onal antibody 4195 obtai ned agai nst the N
termi nal fragnent of nouse macrophage i NOS.[17] Three 10-m n washes
in washing buffer were conpleted, after which the filters were incubated
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for 1 h at roomtenperature in a washing buffer containing a 1:2 000
di lution of al kaline-phosphatase-conjugated anti-rabbit 1gG Three
10-mi n washes in a washing buffer were conpleted and were foll owed
by exposure of the filters to al kaline phosphat ase devel opi ng buffer
(100 mvi NaCl, 100 mM Tris-Base, 5 mM magnesi um chloride [ MgCl], pH
= 9.5) for 2 min; the filters were devel oped with BCl P/ NBT.

Anal ysis of TNF[ Al pha] and IL-6. W used 100 [micro]l/well of antibody
solution in 0.1 M sodium carbonate buffer (0.1 M Na[ HCO. sup. 3], pH
adjusted to 9.6 with 0.1 M[Na.sub.2][CO sub.3]) to coat the microtiter
strips with a nmonocl onal antibody for IL-6 (1 [mcro]lg/m) or TNF[ Al pha]
(2 [mcrolg/m). The strips were shaken at 200 rpmfor 2 h at room
tenperature. Three washi ngs were conpl eted, after which we bl ocked
nonspeci fic binding by incubating the wells with 200 [micro]l of 1%

BSA in 50 mM Tris-HCl buffer containing 150 nM NaCl (pH = 7.5) at
roomtenperature for 1 h; the strips were again washed three tines.

The sanpl es and standards, diluted in the [DELFI A sup.R] assay buffer,
were added to the strips (200 [micro]l/well) and incubated overni ght

at +4 [degrees] C. The strips were washed three tines, and the biotinylated
second antibody (250 ng/m of IL-6 and 500 ng/m of TNF[ Al pha] was

added to the wells in 200 [micro]l of [DELFIA.sup.R] assay buffer.

The strips were incubated for 1 h at roomtenperature, after which

t hey were washed once, and 200 [m cro]l of Europiumlabelled streptavidin
(100 ng/m) in [DELFI A sup.K] assay buffer was dispensed to the wells.
The strips were incubated at room tenperature at 30 rpm shaki ng and

wer e washed six tinmes. Europium was rendered fluorescent by rel easing

it fromthe streptavidin with [DELFI A sup. K] enhancenent sol ution

(200 [micro]l/well) and by shaking the strips gently for 5 min. After
10-15 min of equilibration, a LKB Wallac 1230 Arcus fl uoroneter[ 18]

used the spline snmoothed algorithmof the RIA Calc software to neasure

fl uorescence.

Cell viability. We calcul ated the percentage of macrophages alive,
after dying the cells with Trypan Blue solution, to nmeasure culture
viability.

Statistical analysis. W used one-way anal ysis of variance and
Duncan's multiple-range test to analyze the data statistically. The
accepted level of statistical significance was p [is |less than] .O05.

Resul ts

Nitrite production and expression of iNOS. Nitric oxide production
in RAW 264. 7 macr ophages was assayed in the culture nedium as the
st abl e NO oxi dati on product, nitrite, and it was significantly and
cl ose dependently increased at 24 h, by all the tested doses of Streptomyces
anul atus (A91) and Streptonyces californicus (M. However, only the
two hi ghest doses of Stachybotrys sp., Candida al bicans sp., and Cl adosporium
sp. slightly increased the nitrite levels in the culture medium whereas
Aspergillus sp. and Penicilliumsp. did not affect NO production (conpared
with controls [Fig. 1]).

[Figure 1 | LLUSTRATI ON OM TTED]

To rul e out NO production induced by endotoxin contam nation in
the two strains of actinomycetes (Streptomyces sp. A4 and A91), we
al so used a spectrophotoneter method to test spore sanples with the
Li mul us Amebocyte Lysate test. Both strains were free of endotoxin
contam nation (i.e, [is less than] 0.005 ng/[10.sup.6] cells).

To definitely denmonstrate the different ability of the tested microorgani sns
to induced NO production in RAW 264.7 macrophages, we al so anal yzed
expression of i NOS. Consistent with the nitrite levels in the culture
medi um Western Bl ot analysis (with antibody against iNOS [1 30 kDa])
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reveal ed that the expression of i NOS was induced only by Streptonyces
A91 and A4, but not by any of the tested fungal strains (Fig. 2)

[Figure 2 | LLUSTRATI ON OM TTED]

Production of TNF[ Al pha] and IL-6. The RAW 264.7 macrophages stinmul ated
by Streptonyces A91 or A4 produced dose-dependent hi gh anmpbunts of
TNF[ Al pha] at 24 h. in addition, the production of TNF[ Al pha] was
i ncreased by the highest dose of Penicilliumsp. and Cl adosporium
sp., conpared with controls (Fig. 3A).

[ Figure 3A | LLUSTRATI ON OM TTED]

I ncubation of the cells with the graded concentrations of spores
of Streptonyces A4 or A91 induced a nmmssive dose-dependent accumnul ation
of IL-6 in the culture medium of RAW 264.7 nacrophages. All the other
nm croorgani sne tested had only a mnor effect on IL-6 production,
compared with controls (Fig. 3B).

[ Figure 3B | LLUSTRATI ON OM TTED]

Cell viability. We explored the viability of RAW 264.7 macrophages

after they were stimulated for 24 h with the tested nicroorganisns
to determine whether the alterations in endogenous NO, TNF[ Al pha],

or IL-6 production were associated with a loss of cell viability.

Only Stachybotrys sp. induced a significant dose-dependent decrease
incell viability (i.e., down to 8% in 24 h, whereas the viability

anong control cells was 97% The other strains of fungi and both strains
of actinomycetes (Streptomyces A4 and A91) either did not appreciably
affect cell viability in the culture or decreased viability only slightly
at the highest dose (Fig. 4).

[Figure 4 | LLUSTRATI ON OM TTED]
Di scussi on

The results of the present study indicate that gram positive bacteria
Streptonmyces californicus (M and Streptonyces anul atus (A91), isol ated
fromthe indoor air of nmoldy buildings, stinulate nmacrophages, which
produce significant anmounts of TNF[ Al pha] and IL6, and induce the
expression of i NOS with subsequent production of NO However, under
the present experinmental situation, NO producing nmacrophages did not
i nduce cytotoxicity. Interestingly, the other nicroorganisns tested,

al so typical to noldy buildings, were without any effect or, at the
nost, caused only a slight increase in the production of inflamuatory
medi at or s.

Streptonyces-i nduced production of NO in nmacrophages is of particular
i nterest because recently Barnes et al.[19] reported that NO was produced
by a variety of cells in the airways, suggesting that respiratory
tract infections may induce i NOS expression.[20] Consistent with this
notion, a marked increase in the concentration of exhal ed NO was descri bed
in asthmatic patients[21,22]; perhaps this resulted fromi NGOS induction
in airway epithelial cells and inflammtory cells (e.g., macrophages).
Sust ai ned production of high amunts of NO by i NOS may exert proinflammatory
ef fects, including vasodil atation, edemn, cytotoxicity, and induction
of cytoki ne-dependent processes.[10]

In this study, we showed that gram positive bacteria Streptomyces
sp. A4 and A91 induced the expression of i NOS and subsequent production
of NOin the sanme manner as was reported by Moncada et al.[23] and
Hirvonen et a.[26] for exposure to interferon-ganma ([|NF.sub.[ Gamma]])
and endotoxin LPS, which is an inportant factor in the cytotoxicity
i nduced by gram negative bacteria. Streptonyces ap. A4 and A91 i nduced
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expression of iNCS, without prior prining of the macrophages, and

this is contrary to the general assunption that iNOS-inducing agents

do not act alone but, rather, in conbination with [INF.sub.[Ganmg]].[ 24]

14 Moreover, neither of the strains of Streptonyces sp. was cytotoxic

to NO produci ng macrophages thensel ves, whereas in earlier studies

by ot hers[25] and us,[26] it was suggested that the |ife span of macrophages,
stinmul ated by LPS and/or [iNF.sub.[Ganma]], correl ated negatively

with their NO production. Only Stachybotrys sp. induced a significant

dose- dependent decrease in cell viability, but it was not rel ated

to NO production of the cells; therefore, perhaps the cellular mechani sns
behind the health effects induced by Stachybotrys sp. are different

fromthose induced by Streptomyces sp. These results are very interesting,
because researchers have speculated that NOis one of the cytotoxic

agents by which activated macrophages kill bacteria, tumor cells,

and a variety of other pathogens--even normal tissue cells during
aut oi mrune reactions.[27] Therefore, whereas NO plays an inportant

i mmunol ogi cal, defensive role in the killing of foreign organisns,
in acute inflammation its excessive production may cause tissue damage. [ 28]

During our search of the plausible cascade of events that |ead

to i NOS expression and NO production in macrophages stinul ated by

gram positive bacteria A4 and A91 Streptonyces sp., we also studied
t he production of proinflanmatory cytokines TNF[ Al pha] and |L-6. Moncada

et al.[23] reported that these cytokines are rel eased by other iNOS
expressi on-i nduci ng agents (e.g., LPS). Both of the strains we tested

i nduced significant rel ease of TNF[Al pha] and IL-6 in cell culture

medi um thereby suggesting that some conmponents of gram positive bacteria
may al so be effective inducers of these nediators. All the other nicroorganisns
that we isolated fromnoldy buildings were w thout effect or, at nost,
caused only a slight increase in IL-6 and TNF[ Al pha] producti on.

I ncreased | evel s of TNF[ Al pha] were associated with el evated | evels

of I'L-6 in macrophages activated by Streptonyces sp. This finding

is supported by the results of Bauman et al.,[29] who specul ated that
TNF[ Al pha] is inportant in the initiation of events that cause the

rel ease of other cytokines (e.g., IL-6). Mreover, these results are
consistent with the assunptions that (a) cytokines are powerful stimulators
of the i NOS pathway in many cell types,[30-32] and (b) lysis of target
cells by activated macrophages can be expl ained by the actions of

cyt oki nes and NO.

The present findings also shed new |light on previous results from

our |l aboratory (i.e., A4 and A91 Streptomyces sp. induced a narked

increase in the production of reactive oxygen netabolites [ROM in

human pol ynor phonucl ear | eukocytes [ PMNLs[[33]). Reactive oxygen netabolites
may significantly increase the cytotoxicity of NO because NO readily
reacts with superoxide to generate a stable peroxynitrite anion, which

once protonated, deconposes to forman extrenely reactive hydroxyl

radical .[34] Both of these radicals are strong oxidants, which may

be involved in tissue damage and in the cytotoxicity attributable
to NO.[34] Investigators have assuned that the reaction of NOwth
superoxi de anion plays a pivotal role in acute and chronic |ung di sease

because proxynitrite induces |ipid peroxidation and interferes with
several enzymatic pat hways.[35,36] Moreover, given that |IL-6 prines
respiratory burst in neutrophils and nonocytes,[37] our present observation
of massive production of IL-6 upon stimulation of macrophages by gram
positive bacteria is consistent with the finding of Ruotsal ai nen et

al.,[33] who reported increased production of ROMin PMULs.

Therefore, it appears that spores of Streptomyces sp., which are
present in the indoor air of noldy buildings and are sufficiently
small (1 [micro]lm to reach the alveoli, can be added to the |ist
of stimuli that induce production of cytokines and NO in murine nacrophages.
I f such production occurs in vivo, cytokines and NO may i ndeed play
a role in the responses evoked by exposure to these nmnicrobes.
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