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Abstract

Occupational and environmental exposure to grain dust can
cause a spectrum of clinical syndromes, including asthma,
acute and chronic changes in airway reactivity, grain fever,
bronchitis, and progressive irreversible airflow obstruction.
Exposure-response studies have shown that declines in lung
function across the workshift are directly related to higher
ambient concentrations of grain dust.  Although the
pathogenesis of grain dust-induced airway disease is not
known, several lines of evidence indicate that the
physiologic response to grain dust is primarily mediated by
an acute non-allergic  inflammatory response in the lower
respiratory tract.  Our results indicate that grain dust-
induced lung disease is primarily caused by endotoxin and
that the alveolar macrophage, airway epithelia, and specific
proinflammatory cytokines appear to be particularly
important in the initial inflammatory response.  Several
lines of evidence will be presented supporting these
findings.  First, we will examine the physiologic and
biologic response to inhaled grain dust and directly
compare this response to the physiologic and biologic
response to inhaled endotoxin.  Second, we will present
results from studies in which we have modified the
concentration of endotoxin in the bioaerosol to determine
the effect that this has on the inflammatory response to
grain dust.  Third, we will present data from studies in
which we modified the ability of the host to respond to
endotoxin and determined whether this affects the
inflammatory response to grain dust.  Finally, we will
present findings from our genetic studies investigating the
genetic basis for endotoxin hyporesponsiveness.  

Introduction

Occupational and environmental exposure to grain dust can
cause a spectrum of clinical syndromes, including asthma,
acute and chronic changes in airway reactivity, grain fever,
bronchitis, and progressive irreversible airflow obstruction
(1).  In North America alone, over 5 million agricultural
workers are exposed to grain dust each year (1-4).  Among
grain handlers, the prevalence of work-shift changes in
FEV1 (> 10% decline) varies between 3.9 and 11% (2-4).
Grain fever, an acute illness consisting of fevers, chills,
headache, myalgias, chest tightness, dyspnea, and a
transient decline in airflow, has been reported in up to 25%
of grain workers (5-7).  Grain dust exposure causes
seasonal decrements in airflow (8-10) and an accelerated

longitudinal decline in FEV1  (11-14).  Chronic bronchitis
occurs in a high prevalence (23 to 37%) of grain handlers
(6, 11, 14, 15).  The effect of cigarette smoking appears to
be additive (12, 16), however, nonsmokers also develop
grain dust-induced airway disease (15, 17, 18).  Moreover,
acute changes in airflow across either the work shift or
work week are consistently associated with accelerated
declines in lung function (9, 12, 13), and chronic
occupational exposure to grain dust is associated with
impaired lung function even among retired grain workers
(19).

Exposure-response studies have shown that declines in lung
function across the work shift are directly related to higher
ambient concentrations of grain dust (4, 20).  Importantly,
15 yr cumulative average dust exposures have been found
to be directly related to chronic phlegm production,
breathlessness on exertion, and lower spirometric measures
of lung function (14).  However, the concentration of
inhaled endotoxin is strongly associated with the
development of airflow obstruction among agricultural
workers, including grain workers (21), swine confinement
workers (22), poultry workers (23), and those exposed to
cotton dust (24-26).  Higher concentrations of endotoxin in
grain facilities have been clearly associated with work-
related symptoms of cough, chest tightness, and shortness
of breath (21).  Furthermore, we have recently shown that,
among swine confinement operators and nonconfinement
farmers, higher ambient concentrations of endotoxin are
associated with longitudinal declines in measures of airflow
(27).  These studies suggest that the ambient concentration
of endotoxin may be particularly important in the
development of impaired lung function in grain workers as
well as other workers chronically exposed to organic dusts.

Although the pathogenesis of grain dust-induced airway
disease is not known, several lines of evidence indicate that
the physiological response to grain dust is primarily
mediated by an acute nonimmunologic inflammatory
response in the lower respiratory tract.  First, although
atopy may play a role in selected cases of grain dust-
induced airway disease, the atopic status and the presence
of specific antibodies have not been consistently associated
with acute (28-30) or chronic (12, 13, 16, 18, 31) airway
responses to inhaled grain dust.  Second, in vitro, grain
dust can activate complement through the alternate and
classical pathways (32-34); however, activation of
complement does not appear to be important in the
development of grain dust-induced airflow obstruction (29-
30).  Third, in vitro studies demonstrated that grain dust
can induce alveolar macrophages to release neutrophil
chemotactic factors (34) and interleukin (IL)-1 (35), and
animal studies have shown that inhaled grain dust causes
a profound neutrophilic response in the lower respiratory
tract (34, 36).  Finally, human inhalation studies have
demonstrated that grain dust can induce airflow obstruction
in previously unexposed individuals (30), grain dust-
induced airflow obstruction occurs within 30 min of
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exposure (29, 30), and this airway response is dependent on
the inhaled dose of grain dust (29, 30).  Humans challenged
with aerosols of grain dust extract will rapidly accumulate
neutrophils in the upper and lower respiratory tract (37).
In summary, these findings strongly suggest that a specific
toxin or combination of agents capable of inducing
neutrophil chemotaxis in previously exposed and
unexposed individuals is responsible for the development
of airway inflammation and airflow obstruction in grain
handlers.

Endotoxin may be the principal component of grain dust
responsible for the development of airway inflammation
and airflow obstruction; however, little research has
directly addressed this hypothesis.  Endotoxin has been
measured in similar concentrations from several of these
vegetable dusts, including corn, wheat, oats, barley, and
cotton (38).  Moreover, recent findings indicate that,
among those exposed to cotton dust, respirable levels of
endotoxin are more predictive of respiratory impairment
(symptoms and airflow obstruction) than are concentrations
of airborne dust (25).  Inhalational exposure of humans to
endotoxin causes predictable decrements in airflow in
previously unexposed subjects (39, 40).  Inhalation of
endotoxin can cause a profound inflammatory response in
the lung that is best characterized by activation of alveolar
macrophages and neutrophil recruitment to the lower
respiratory tract.  Animals challenged with sufficient doses
of respirable endotoxin will acutely recruit neutrophils to
the lung (interstitium, alveoli, and airway) (31, 41).
Inhalation of endotoxin has also been shown to enhance the
in vivo production of alveolar macrophage-derived platelet-
activating factor (41) and results in a dose-dependent
increase in the concentration of tumor necrosis factor
(TNF)-. in bronchoalveolar lavage (BAL) fluid (42).  The
prominent role of the macrophage is further supported by
in vitro studies that have shown that macrophages release
neutrophil chemotactic factors (34), IL-1 (43), and TNF-.

(44) when stimulated with lipopolysaccharide (LPS).
Moreover, LPS-induced neutrophil chemotaxis appears to
be dependent on the generation of TNF-., IL-1�, and the
IL-8 family of cytokines (42, 45, 46).  In fact, animal
studies have shown that inhalation of LPS results in a dose-
dependent influx of neutrophils into the alveoli that can be
partially inhibited by prior treatment with TNF-.-specific
antibodies (42).  These findings suggest that inhaled LPS
initiates a complex interaction between alveolar
macrophages and other inflammatory cells (primarily
neutrophils), and this interaction appears to be mediated by
specific cytokines.  Importantly, the physiologic and
biologic response to inhaled LPS appears to be similar to
the response to inhaled grain dust.

In aggregate, these findings suggest that endotoxin is the
principal component of grain dust responsible for the
development of acute inflammation of the airway as well as
the development of airflow obstruction.  We have
approached this overall hypothesis in three different ways.

First, we have examined the physiologic and biologic
response to inhalation of grain dust and directly compared
that to the physiologic and biologic response to inhalation
of endotoxin.  Second, we altered the concentration of
endotoxin in the bioaerosol to see whether we could alter
the response to grain dust.  Third, we altered the ability of
the host to respond to endotoxin and determined whether
the ability of the host to respond to endotoxin affected the
inflammatory response to grain dust.  In the following
discussion, I will summarize the results from these
exposure-response studies (47-49).

Physiologic and Biologic Response to Grain Dust in
Comparison to Lipopolysaccharide
These exposure response studies in humans were performed
on healthy volunteers.  All of the individuals that were
studied were pre-screened and had normal measures of lung
function, no history of asthma or atopy, and were never
cigarette smokers.  These studies were performed as cross-
over studies where each individual was exposed to two
different agents; saline and to grain dust in the case of
grain workers, and in the case of healthy volunteers, grain
dust and similar concentrations of LPS.  These exposures
were separated by a three-week period of time and each
person was compared to themselves.  Water soluble extracts
of corn dust were prepared using standard techniques (47).
The concentration of endotoxin in the extract was measured
and the exposure over a one-hour period of time was
similar to the amount of endotoxin that a grain worker
would be exposed to during an average work day in the
grain industry.

Our results indicate that grain workers have a profound
decrease in airflow when challenged with corn dust extract
in comparison to the change in airflow when exposed to
buffered saline (figure 1).  This decline in airflow occurs
within 30 minutes of exposure to corn dust extract.
Importantly, the decline in airflow among grain workers
was equivalent to what was observed in healthy volunteers
following exposure to corn dust, suggesting that prior
exposure to corn dust is not a prerequisite to develop
airflow obstruction.  Moreover, among healthy volunteers,
the decline in airflow following exposure to LPS was
equivalent to what was observed following exposure to corn
dust (figure 1).  Four hours after the inhalation challenge,
fiberoptic bronchoscopy was performed on these study
subjects.  This procedure included bronchoalveolar lavage
(BAL) of a subsegmented bronchus, an isolated airway
lavage of the left main stem bronchus with a double balloon
catheter, and an endobronchial brush biopsy of the distal
trachea.  This allows us to examine the inflammation in a
bronchoalveolar unit, inflammation in a large airway, and
the specific response of the airway epithelia.  The BAL
demonstrated a neutrophilic alveolitis within four hours of
exposure to corn dust extract in grain workers and among
healthy volunteers (figure 2).  The neutrophilic alveolitis
was also present following exposure to LPS.  Marked
increases in the concentration of proinflammatory (IL-1�,
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IL-1RA, IL-6, IL-8, and TNF-.) cytokines were observed
in the BAL fluid following inhalation of corn dust extract
in both grain workers and healthy volunteers (figure 3).
Similar increases in the concentration of these cytokines
were seen in healthy volunteers following inhalation of
either corn dust extract or LPS.  Importantly, other
mediators of inflammation, such as histamine, leukotriene
B4, and prostaglandin E2 were not increased when study
subjects were challenged with either corn dust extract or
LPS.  To assess whether inflammatory cells were actively
responding to the inhalation challenge, we examined the
concentration of mRNA in the BAL cells using RT-PCR
(figure 4).  Following exposure to corn dust extract an
increased concentration of mRNA is clearly evident for IL-
1�, IL-1RA, IL-6, IL-8.  Although increases in the
concentration of mRNA for TNF-. are present following
inhalation of corn dust extract, these differences were not
statistically significant and may reflect the four hour delay
between exposure and BAL.  The endobronchial lavage
demonstrated that there is an active inflammatory response
in the main conducting airways that consists primarily of
an increase in the concentration of neutrophils and IL-8
with very little change in the concentration of lymphocytes,
eosinophils, or epithelial cells (data not presented).
Interestingly, examination of the airway epithelia that was
obtained by endobronchial brush biopsy of the distal
trachea demonstrates upregulation of mRNA for IL-8
(figure 5).  Interleukin-8 is a potent cytokine that induces
neutrophil chemotaxis (46) which may play a prominent
role in neutrophil recruitment to the airway and
bronchoalveolar unit.  In summary, the inflammatory
response to grain dust inhalation is characterized by a
neutrophilic alveolitis, activated macrophages that are
producing and releasing cytokines, and airway epithelia
that produce and probably release interleukin-8.  The
inflammatory response, as well as the physiologic response,
is very similar in individuals exposed to either corn dust
extract or LPS; suggesting that LPS plays a prominent role
in the pathogenesis of grain dust-induced airway injury.

Endotoxin Concentration and the Inflammatory
Response to Grain Dust
Endotoxin largely resides in the high molecular weight
fraction (greater than 100 kilodaltons) of corn dust extract
(figure 6).  Stimulation of THP-1 cells, a myelomonocytic
cell line, with the size fractionated solutions of corn dust
extract demonstrate that THP-1 cells release TNF-. when
stimulated with the high molecular weight fraction of corn
dust extract which contains almost all of the endotoxin.  In
contrast, very little TNF-. is released in response to the
other samples of corn dust extract.  Treating the high
molecular fraction of corn dust extract with either
polymyxin B or passing it over an electrostatically charged
filter (Zetapor filter; microfiltr ation products; Meriden, CT)
resulted in a significant reduction in the concentration of
endotoxin (data not presented), making these high
molecular weight solutions of corn dust extract similar in
terms of endotoxin concentration to the solution of corn

dust extract less than 100 kilodaltons.  Using a murine
animal model to test these four different samples of grain
dust extract, we found that the high molecular weight
untreated fraction that contained high concentrations of
endotoxin, resulted in inflammation in the lower
respiratory tract that was most notable for a high
concentration of cells, neutrophils, and TNF-. in the whole
lung lavage fluid (figure 7).  Interestingly, mice exposed to
either the low molecular weight fraction containing
minimal amounts of endotoxin or either of the high
molecular weight fractions that were treated to reduce the
concentration of endotoxin, had substantially less
inflammation in the lower respiratory tract than those
exposed to the high molecular weight untreated sample of
corn dust extract.  Restoring the endotoxin concentration in
the treated samples resulted in complete restoration of the
inflammatory response.  These findings suggest that the
concentration of endotoxin in corn dust extract strongly
influences the inflammatory response to corn dust extract.

LPS Responsiveness and the Inflammatory Response
to Grain Dust
If endotoxin is the principal agent in grain dust that causes
airway inflammation and airflow obstruction, then
modifying the host’s ability to respond to endotoxin should
substantially alter the host’s ability to respond to grain dust.
Fortunately, there is an excellent genetic model of LPS
hyporesponsiveness that is available for investigation.  The
C3H/HeJ mouse is a strain of mice that was identified in
the early 1960’s as being hyporesponsive to endotoxin (50).
LPS hyporesponsiveness in C3H/HeJ mice is partially
reversible following treatment with trypsin, BCG, �-IFN, or
.-IFN.  Inhalation challenge of endotoxin hyporesponsive
mice (C3H/HeJ) with corn dust extract results in a
negligible inflammatory response in the conducting airways
(figure 8).  In contrast, endotoxin sensitive mice
(C3H/BFEJ) challenged with corn dust extract developed a
neutrophilic inflammatory response that was primarily
localized around the conducting airways.  To further
quantify this response, we exposed mice to LPS or to corn
dust extract containing various concentrations of endotoxin
and examined the inflammatory response by whole lung
lavage.  Among endotoxin-sensitive mice, a clear dose-
response effect was evident with increasing concentrations
of endotoxin from either the pure endotoxin solution or the
corn dust extract solution and the concentration of
neutrophils in the whole lung lavage fluid (figure 9).  In
contrast, the endotoxin-resistant mice have a negligible
inflammatory response to solutions containing the highest
concentrations of endotoxin.  Similar and consistent
findings are observed when we used TNF-. in the whole
lung lavage fluid as our measure of lung inflammation
(figure 10).  Increasing concentrations of endotoxin in the
inhalation challenge of either pure endotoxin solution or
corn dust extract solution resulted in significant increases
in the concentration of TNF-. in the lavage fluid.  In
contrast, no inflammatory response was observed among
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endotoxin-resistant mice even at the highest concentration
of inhaled endotoxin.

In the second series of experiments, we investigated
whether acquired endotoxin hyporesponsiveness would
alter the inflammatory response induced by grain dust by
making endotoxin-sensitive mice tolerant to endotoxin.  In
these experiments, endotoxin-sensitive mice were injected
intraperitoneally with increasing daily doses of E. coli LPS
(100, 500, 1,000, and 5,000 µg/kg) in a volume of 0.25 ml
for 4 consecutive days to induce a state of endotoxin
tolerance (51), while control mice were given daily
injections of sterile saline.  On the 5th day, 18 mice (9 mice
from each exposure group) were exposed for 4 h to inhaled
LPS at 44 µg/m3 and 20 mice (10 from each exposure
group) were exposed for 4 h to corn dust extract (endotoxin
conc 3.4 µg/m3).  After exposure, animals were sacrificed
and whole lung lavage was performed.  Acquired tolerance
to endotoxin significantly reduced the inflammatory
response to inhaled corn dust (figure 11).  Endotoxin-
sensitive mice pretreated with intraperitoneal LPS vs.
similar mice pretreated with saline demonstrated tolerance
to parenterally administered endotoxin with a > 60-fold
reduction in serum levels of TNF-..  Moreover, in
comparison to control mice, endotoxin-sensitive mice that
were made tolerant to endotoxin demonstrated a
significantly reduced concentration of lavage cells,
neutrophils, and lavage fluid TNF-. when exposed to
inhaled corn dust extract (figure 11).  Furthermore, each of
the measures of inflammation in mice pretreated with
endotoxin was reduced by > 50% in comparison to control
mice.

In conclusion, our studies have shown that grain dust and
endotoxin have similar physiologic and biologic effects,
that the concentration of endotoxin appears to play an
important role in the acute biologic response to grain dust,
and genetic and acquired hyporesponsiveness to endotoxin
substantially reduces the biologic response to grain dust.  In
aggregate, these findings strongly suggest that endotoxin is
the principal component of grain dust responsible for the
development of acute inflammation of the airway as well as
the development of airflow obstruction.  Since grain dust-
induced airway disease appears to be more prominent
among those exposed to higher concentrations of endotoxin
(21), control of endotoxin concentrations in the workplace
may serve to minimize the development of respiratory
impairment in grain workers.
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Figure 1.  Percentage of baseline forced expiratory volume in one second
(FEV1) after inhalation of buffered saline and corn dust extract in grain
workers and buffered saline and endotoxin in healthy volunteers.

Figure 2. The percentage of neutrophils in the bronchoalveolar lavage fluid
four hours after inhalation of saline and corn dust extract in grain workers and
corn dust extract and endntoxin in healthy volunteers.

Figure 3. Bronchoalveolar lavage cytokine concentration four hours after
inhalation of saline and corn dust extract in grain workers and corn dust
extract and endotoxin in healthy volunteers.
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Figure 4. RT-PCR gel and densitometry of bronchoalveolar lavage cell
mRNA for IL-1�, IL-1RA, IL-6, IL-8, and TNF-. four hours after inhalation
challenge with corn dust extract (c) and saline (s).

Figure 5.  RT-PCR gel and densitometry of airway epithelia mRNA for IL-6,
IL-8, and TNF-. four hours after inhalation challenge with corn dust extract
(c) or saline (s).  

Figure 6.  The concentration of endotoxin is shown for each of the molecular
weight fractions of corn dust extract in the upper graph.  In the lower graph,
the concentration of TNF-. in the cell lysate of THP-1 cells is presented for
each of the size fractions of corn dust extract solution.

Figure 7.  The whole lung lavage concentrations of total cells, neutrophils,
and TNF-. are presented following inhalation exposure to four different
solutions of corn dust extract (> 100,000 Kd untreated, > 100,000 daltons
filtered with an electrostatically charged filter, > 100,000 daltons treated with
polymyxin B and < 100,000 daltons untreated).  

Figure 8.  Histologic sections of mouse lungs following inhalation of corn dust
extract.  The endotoxin-sensitive mice (C3H/HeBFEJ) demonstrates a
profound neutrophilc inflammatory response primarily localized to the
conducting airway while no inflammatory response is observed in the
endotoxin-resistant (C3H/HeJ) mice.  

Figure 9.  Concentration of total neutrophils in whole lung lavage for
endotoxin-resistant (solid line) and endotoxin-sensitive (dash lines) mice in
response to increasing doses of inhaled LPS and corn dust extract.
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Figure 10.  Concentration of total TNF-. in whole lung lavage for endotoxin-
resistant (solid lines) and endotoxin-sensitive (dash lines) of mice in response
to increasing doses of inhaled LPS and corn dust extract.

Figure 11.  Concentration of whole lung lavage neutrophils, TNF-., and IL-
1� after exposure to inhaled corn dust extract for endotoxin-sensitive mice
pretreated with endotoxin (open bars) or saline (solid bars).  


