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A surprising number of cases of hypersensitivity pneumonitis have been observed at work
sites employing automotive machinists. Because hypersensitivity pneumonitis is not typically
associated with exposure to metalworking fluid aerosols, this study examined whether My-
cobacterium immunogenum (M. immunogenum), a rapidly growing mycobacterium isolated
from several affected work sites, could induce hypersensitivity pneumonitis in mice. Hyper-
sensitivity pneumonitis-like histologic changes occurred in mice treated with heat-Kkilled and
lysed M. immunogenum. These lung lesions were characterized by peribronchial and perivas-
cular lymphohistiocytic inflammation and noncaseating granulomas in the parenchyma. The
pathologic changes observed in mice instilled with M. immunogenum-contaminated used met-
alworking fluid were indistinguishable from those observed with M. immunogenum alone. The
role of genetic factors in M. immunogenum-induced lung lesions was examined by comparison
of the response of eight inbred strains of mice. The observed immunologic changes in the lung
were significantly greater in C57Bl/6, 129, and BALB/c mice than in the other strains, suggesting
that genetic factor(s) contribute to the susceptibility of workers exposed to M. immunogenum-
contaminated metalworking fluid aerosols. Thus, these studies provide indirect evidence that
M. immunogenum is an unrecognized class of microorganisms capable of causing hypersensitiv-
ity pneumonitis and plays a role in the outbreaks of hypersensitivity pneumonitis in automotive

plants.

Hypersensitivity pneumonitis has recently been linked to
metalworking fluid aerosol exposure in automotive machin-
ists (Beckett et al., 2005; Bernstein et al., 1995; CDC, 1996;
Fox et al., 1999; Kreiss & Cox-Ganser, 1997; Zacharisen et al.,
1998). In the cases reported by Bernstein and colleagues, several
microbes were isolated from the metalworking fluid and precip-
itin tests demonstrated that antibodies to a number of microbes
were present in the serum of affected workers (Bernstein et al.,
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1995). However, the causative antigen was not identified. Atleast
eight outbreaks of hypersensitivity pneumonitis have been iden-
tified in automotive machining plants in North America (CDC,
1996; Hodgson et al., 2001; Kreiss & Cox-Ganser, 1997; Trout
et al., 2003; Zacharisen et al., 1998). Initial findings regarding
these hypersensitivity pneumonitis outbreaks were reported in
the workshop summary of a joint United Automobile Work-
ers/Chrysler meeting (January 1997) and reviewed by Kreiss
and Cox-Ganser (1997) at an American Automobile Manufac-
turers Association meeting (September 1997).
Hypersensitivity pneumonitis (also known as extrinsic aller-
gic alveolitis) is an interstitial lung disease that is typically as-
sociated with a hypersensitive immune response to inhaled anti-
genic agents. Microbial agents and animal protein are usually
the underlying cause of hypersensitivity pneumonitis, although
chemical agents such as toluene diisocyanate have been associ-
ated with this disease (Charles et al., 1976). The microbes cul-
tured from most “in use” metalworking fluids (Mattsby-Baltzer
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et al., 1989) have not typically been associated with the induction
of hypersensitivity pneumonitis. Hypersensitivity pneumonitis
has been associated with occupational exposure to microbes
such as Thermoactinomyces species (Salvaggio, 1991), but these
microbes are rarely reported in metalworking fluids.

Strong evidence has been presented suggesting that Mycobac-
terium immunogenum and the closely related Mycobacterium
chelonae, mycobacteria that are not typically considered to be
important human pathogens except in immune-compromised in-
dividuals, may play a key role in the production of hypersensi-
tivity pneumonitis in workers exposed to contaminated metal-
working fluid aerosols. First, M. immunogenum or M. chelonae
was isolated from the metalworking fluid storage tanks at half of
the affected work sites (Kreiss & Cox-Ganser, 1997), and they
have since been identified in numerous other samples (Wallace
et al., 2002; Selvaraju et al., 2005) are highly associated with
the use of triazines as a biocide (Watt, 2003). In addition, serum
antibodies to M. immunogenum were more prevalent in exposed
workers than in nonexposed control subjects (Kreiss & Cox-
Ganser, 1997). These findings, however, are not sufficient proof
for establishing causality of hypersensitivity pneumonitis by
the M. immunogenum fraction of metalworking fluid aerosols
(Shelton et al., 1999).

The present study examined whether M. immunogenum could
produce histological evidence of hypersensitivity pneumonitis in
amouse model. Using an established mouse model of hypersen-
sitivity pneumonitis (Donnelly et al., 1996; Perez Zrellano et al.,
1992), mice were treated repeatedly by tracheal instillation with
M. immunogenum that had been isolated from a metalworking
fluid sample taken at an automotive plant in which excess cases
of hypersensitivity pneumonitis occurred.

METHODS

Male mice (21-32 g; C57Bl/6, 129/Sv, BALB/c, C57BL/10,
AKR,DBA/2, C3H/HelJ, and MRL/Mp strains; Jackson Labora-
tory, Bar Harbor, ME) were fed standard rodent chow (Purina, St.
Louis, MO) and water ad libitum and housed in polycarbonate
cages with corn-cob bedding. Animal rooms were maintained
at 20 to 23°C with a 12-h light/dark cycle.

In the first experiment, C57B1/6 mice were instilled twice a
week for 3 wk with sterile, injectable water (n = 8, Abbott Lab-
oratories, North Chicago, IL), Mycobacterium immunogenum
(180 ng protein/instillation, n = 12), used metalworking fluid
(n = 8), and unused metalworking fluid (n» = 7). The used
semisynthetic metalworking fluid sample was composed of 95%
water and 5% metalworking fluid and diluted 1:8 with sterile,
pyrogen-free water before treatment. The unused semisynthetic
metalworking fluid was the same formulation and diluted to 5%
with 95% sterile water and then diluted 1:8 in a manner identical
to that used for the used metalworking fluid. The used metal-
working fluid sample was collected from a storage tank located
at a machining operation where cases of physician-diagnosed
cases of hypersensitivity pneumonitis were reported. The used
sample had 3.3 x 10° colony-forming units (CFU)/ml bacteria

T. GORDON ET AL.

(predominantly M. immunogenum), no measurable endotoxin,
and no detectable CFU/ml of fungi. M. immunogenum isolated
from a metalworking fluid sample (discussed later) was grown in
Middlebrook 7H10 broth containing AODC supplements for 4 to
6 wk; the bacterial suspension was harvested by centrifugation,
washed once and resuspended in sterile, pyrogen-free saline. The
bacterial suspension was processed in an all glass tissue grinder
to make a finely divided suspension. The M. immunogenum in-
stillate contained approximately 5 x 10° CFU/ml and was heat-
pasteurized at 60°C for 30 min and lysed by freeze/thawing. To
insure that any observed effects were not due to living, and thus
potentially infectious, microbes within the used metalworking
fluid, four additional mice were instilled with heat-pasteurized
used metalworking fluid.

Isolates of Mycobacterium were obtained from a contract
microbiology laboratory that performed the initial isolation and
identification of microbial contaminants in bulk metalworking
fluid samples. Six isolates of M. chelonae identified according
to standard microbiological techniques were recovered from the
metalworking fluid samples, and represented the predominant
microbial contaminant found in the metalworking fluid bulk
samples. The identity of the microbial isolates was confirmed
by a second commercial laboratory. The isolates came from sep-
arate metalworking fluid samples but were otherwise identical
and were assumed to be M. chelonae from a common source.
More recent studies have identified a rapidly growing mycobac-
terial species in metalworking fluid that appears to be closely
related to M. chelonae but is a separate species (Bernstein et al.,
1995; Moore et al., 2000; Wilson et al., 2001). This newly rec-
ognized species, M. immunogenum, differs only slightly from M.
chelonae with respect to biochemical and growth characteristic
(CDC, 1996), and it is likely that the M. chelonae isolate used in
this study is this new recognized species. Greater than 90% of
the mycobacterial isolates from metalworking fluid have been
identified as M. immunogenum when the appropriate biochemi-
cal or molecular (polymerase chain reaction, PCR) assays were
performed (Selvaraju et al., 2005; Wallace et al., 2002).

With the exception of recovery mice, animals were sacrificed
4 days after the final instillation. To examine recovery, mice
were sacrificed at 1 mo (n = 1 for water and n = 3 for M.
immunogenum) and 2 mo (n = 1 for water and n = 3 for M.
immunogenum) after the final instillation.

Prior to instillation, mice were rapidly anesthetized using
isofluorane (Abbott Laboratories, King of Prussia, PA). Once
the desired anesthetized state was reached, mice were placed on
a restraining stand angled at 45-55°. A modified laryngoscope
was maneuvered into the mouth and a modified hypodermic
needle was slowly guided through the epiglottis to the carina.
The needle was withdrawn 3 to 4 mm from the carina and the
instillate rapidly dispensed as a bolus.

Mice were euthanized with pentobarbital (260 mg/kg). The
lungs were fixed with 2% gluteraldehyde, embedded in paraf-
fin, sectioned at 5 um, and stained with hematoxylin and eosin
(H&E). A blinded, reproducible assessment and grading of all
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lung sections was performed with severity of each lesion type
graded on a score from O (no change) to 5 (severe change).

In the interstrain susceptibility study, mice were instilled
twice/week for 5 wk with Mycobacterium immunogenum
(180 wg protein/instillation, n = 6/strain) and the lungs were
analyzed at 4 days after the last instillation as described earlier.

Data were analyzed with a one-factor analysis of variance
(ANOVA) (independent factor of treatment or strain in the two
studies) followed by a Student—-Newman—Keuls test for compar-
ison of multiple groups to each other. Values of p < .05 were
considered statistically significant.

RESULTS

Comparison of M. immunogenum and
M. immunogenum-Contaminated Metalworking Fluid

Tracheal instillation of M. immunogenum resulted in lesions
consistent with hypersensitivity pneumonitis in the lungs of
mice. Histologic assessment resulted in two categories of in-
flammatory changes that were used in enumerating pathologic
changes: (1) an immune-mediated granulomatous pneumoni-
tis, characterized by organized, epithelioid lymphocyte granu-
lomas, presence of lymphocytes and plasma cells in peripheral
granulomas, and increased bronchus-associated lymphoid tissue
(BALT); and (2) a cellular interstitial pneumonitis/toxic pneu-
monitis consisting of diffuse or focal cellular infiltration in the
alveolar parenchyma, characterized by disorganized, scirrhous
histiocytic inflammation with diffuse interstitial fibroplasia and
type II pneumocyte hyperplasia.

As shown in Table 1 and Figure 1, in the majority of lung
sections, the M. immunogenum-induced lesions consisted of the
immune-mediated granulomatous inflammatory pattern with in-
flammatory cell infiltrates in the lung parenchyma composed

TABLE 1
Immune-mediated response of mice to treatment
Number Severity
of Number score”
Treatment mice affected®  (mean £ SD)
Water 6 0 0
M. immunogenum 6 6 2.3 £0.5¢
Used, contaminated 8 8 2.8+0.7°
metalworking fluid

Unused, clean 7 1 04+1.1

metalworking fluid

“Number of animals with immune-mediated pneumonitis—
lymphocyte infiltration, granulomas, and induced BALT with LALN
hyperplasia.

bSeverity grading scale for immune-mediated response: 0 = no
change; 1 = minimal; 2 = slight; 3 = moderate; 4 = marked; 5 =
severe.

¢Statistically different (p < .05) from water-treated and unused met-
alworking fluid-treated groups.
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primarily of lymphocytes, plasma cells, macrophages, and scat-
tered neutrophils and eosinophils. These infiltrates were dissem-
inated through the alveolar interstitium, sometimes occurring
in the alveolar air spaces, and were concentrated around the
conducting airways and blood vessels. In the perivascular and
peribronchial locations, the cells formed dense cuffs without in-
filtration into the walls of the vessels or airways. In the lung
sections with the greatest severity of disease, large aggregates
of inflammatory cells were present around the airways and ves-
sels and occasionally in the peripheral lung parenchyma. This
more severe disease was also characterized by extensive peri-
bronchial and perivascular lymphohistiocytic inflammation and
discreet, noncaseating granulomas in the lung parenchyma. The
granulomas were small and loosely organized, and composed of
moderately differentiated macrophages admixed with lympho-
cytes, scattered neutrophils, and rarely erythrocytes (Figure 1).
Additionally, induction of bronchial-associated lymphoid tis-
sue (BALT) and hyperplasia of lung-associated lymph nodes
(LALN) were present in sections of lung from most mice. These
findings recapitulate the lung lesions typically associated with
hypersensitivity pneumonitis in humans and animal models of
the disease (Reyes et al., 1982; Schuyler et al., 1991).

Similar hypersensitivity pneumonitis-like histological
changes were also observed in mice repeatedly instilled with
used metalworking fluid that was contaminated with M.
immunogenum. As shown in Table 1 and Figure 1, there were no
significant differences in the type and severity of pathology be-
tween the groups of mice instilled with M. immunogenum only
or with M. immunogenum-contaminated metalworking fluid.
Treatment with either type of M. immunogenum-containing
solution produced an immune-based pathology. Because the
same types of immunologic lung changes were observed in
mice instilled with pasteurized used metalworking fluid (data
not shown), we could conclude that infection did not play a role
in the production of hypersensitivity pneumonitis-like changes
in the lungs of mice instilled with used metalworking fluids.

Repeated instillation of clean, unused metalworking fluid di-
luted in sterile, pyrogen-free water caused pulmonary lesions
that were characterized by a toxic pneumonitis that was signif-
icantly different than the immunologic lung lesions seen in the
lungs of animals repeatedly instilled with M. immunogenum-
contaminated metalworking fluid (Table 2 and Figure 1). The
pulmonary lesions observed in mice treated with unused met-
alworking fluid were characterized by cellular interstitial pneu-
monitis and a more severe toxic pneumonitis. The pattern of in-
flammation did not contain an apparent involvement of the lym-
phoid immune components of the lung, with BALT and LALN
hyperplasia rarely observed in mice dosed with the unused met-
alworking fluid. Rather, the pattern of inflammation was diffuse
and consisted of poorly organized macrophages forming broad
clusters and scirrhous sheets of loose inflammation. Lympho-
cytes and epithelioid differentiation of macrophages were rarely
seen. The inflammation more readily effaced and distorted the
lung tissue and was accompanied by an early interstitial fibrous
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FIG. 1. Histopathology of lung alterations in representative mice exposed to instillates of water (A), or Mycobacterium immuno-
genum lysate (B, C), metalworking fluid naturally contaminated with M. immunogenum (D), or uncontaminated metalworking
fluid (E, F). (A) Normal lung in control mouse instilled with sterile water (vehicle). Vascular and airway profiles are present. H&E,
40x (B) Multifocal lymphocytic and histiocytic perivascular and peribronchiolar pattern of lung inflammation, following instil-
lation with M. immunogenum lysate. H&E, 20x. (C) Focal lymphohistiocytic inflammation organized into a discreet granuloma
within the lung parenchyma, following instillation with M. immunogenum lysate. H&E, 100x. (D) Discreet, mixed lymphocytic
and histiocytic granuloma within the lung parenchyma, following instillation with M. immunogenum-contaminated metalworking
fluid. H&E, 200x. (E) Focally extensive interstitial fibrosis with scattered lymphohistiocytic inflammation following instillation
with uncontaminated metalworking fluid. H&E, 40 x. (F), Higher magnification of (E), with arrow indicating type II pneumocyte

hyperplasia lining the alveoli. H&E, 200 x.

tissue reaction. Moreover, there was loss of alveolar fine ar-
chitecture and replacement by dilated alveolar spaces lined by
proliferative type II pneumocytes. Overall, this pattern is consis-
tent with a toxic injury response in the lung (Haschek & Witschi,
1991) and suggested that, at the dose administered, the metal-
working fluid was inherently toxic to the mouse lung.

The majority of control animals had no pulmonary changes
(4/6), and the changes seen in two control mice were minimal
and nonspecific. The latter likely represented minor secondary
pulmonary inflammation related to the instillation procedure.

The induction of hypersensitivity pneumonitis-like changes
by M. immunogenum was reversible. In mice allowed to recover
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TABLE 2
Toxic pneumonitis response to treatment
Number  Number Scores”

Treatment of mice  affected” (mean =+ SD)
Water 6 0 0

M. immunogenum 6 0 0
Used, contaminated 8 0 0

machining fluid
Unused, clean 7 5 3.34£2.3¢

machining fluid

“Number of animals with toxic pneumonitis—scirrhous histiocytic
inflammation with fibroplasia and type II pneumocyte hyperplasia.

bSeverity grading scale for toxic pneumonitis response: 0 = no
change; 1 = minimal; 2 = slight; 3 = moderate; 4 = marked; 5 =
severe.

“Statistically different (p < .05) from water-treated, M. immuno-
genum, and used metalworking fluid-treated groups.

for 1 mo after the final instillation of M. immunogenum, there
were only a few granulomatous-like lesions. At 2 mo after ex-
posure, the lungs appeared normal, thus suggesting that contin-
ual presence of antigenic material is necessary for maintaining
hypersensitivity pneumonitis-like changes in the M. immuno-
genum-treated animals. This result is similar to that observed in
human patients who recover from hypersensitivity pneumonitis
if removed from the harmful environment early enough in the
course of disease.

Interstrain Differences in Response to M. immunogenum
Significant interstrain differences in response were observed

in inbred mice repeatedly instilled with M. immunogenum
(Table 3). Although DBA/2, C3H/HeJ, and MRL/Mp mice were

TABLE 3
Interstrain differences in response to M. immunogenum
instillation
Strain Mean score” SEM?
C57B1/6 1.93 0.28
129/Sv 1.78 0.34
BALB/c 1.55 0.17
C57BL/10 0.95 0.21
AKR 0.73 0.10
DBA/2 0.49 0.11
C3H/Hel 0.58 0.09
MRL/Mp 0.60 0.00

“Mean severity score for each strain for immune-mediated pneu-
monitis, which included lymphocyte infiltration, granulomas, and in-
duced BALT with LALN hyperplasia. Severity grading scale for
immune-mediated response: 0 = no change; 1 = minimal; 2 = slight;
3 = moderate; 4 = marked; 5 = severe.

bStandard error of the mean.
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resistant to the immunologic changes induced by M. immuno-
genum, C57B1/6, 129/Sv, and BALB/c mice were classified as
sensitive strains. The same involvement of lymphoid immune
components of the lung seen in the study comparing M. immuno-
genum and M. immunogenum-contaminated metalworking fluid
was observed in the three sensitive inbred strains.

DISCUSSION

Metalworking fluid aerosols are an occupational hazard for
nearly 1 million workers in the United States (NIOSH, 1998).
Despite the strong evidence that metal working fluid aerosols
produce adverse respiratory effects (NIOSH, 1998; Woskie
et al., 1996; Zacharisen et al., 1998), identification of the met-
alworking fluid components responsible for these adverse ef-
fects has been difficult. Metalworking fluids used during ma-
chining processes contain many potentially toxic or irritating
agents. Some of these components are intentionally added to the
metalworking fluid for lubrication, cooling, antimicrobial (e.g.,
formaldehyde-releasing agents), or antifoaming purposes. Inad-
vertent growth of microbes in the metalworking fluids can also
present a health hazard. Identification of the factor(s) contribut-
ing to the production of adverse respiratory effects is further
complicated by the different types of metalworking fluids in use
(straight, soluble, semisynthetic, and synthetic), which contain
many different potentially toxic agents.

A number of cases of physician-diagnosed hypersensitivity
pneumonitis have occurred in automotive workers exposed to
metalworking fluid aerosols. The causative agent has not been
identified and could be any of a number of components of in-
use metalworking fluids. The potentially responsible agents in-
clude the individual chemical components of metalworking flu-
ids, additives (including biocides), and contaminants. Because
the chemical components varied among the affected work sites
(Fox et al., 1999; Kreiss & Cox-Ganser, 1997), a great deal of
interest has focused on the potential ability of microbial contam-
inants to cause hypersensitivity pneumonitis. Microbial agents
such as those found in pigeon dropping extract (Wilson et al.,
1982) and heated swimming pools (Rose et al., 1998) are impli-
cated in hypersensitivity pneumonitis.

Of the numerous microbes present in in-use metalworking
fluids, investigators have suggested that M. immunogenum may
play a significant role in the recent hypersensitivity pneumoni-
tis outbreaks (Fox et al., 1999; Kreiss & Cox-Ganser, 1997).
First, M. immunogenum was cultured from several of the met-
alworking fluid samples collected from the affected work sites
(Wallace et al., 2002). The presence of this rapidly growing my-
cobacterium in metalworking fluid could have resulted from
the overuse of biocides to eliminate other microbes, such as
gram negative bacteria, commonly associated with metalwork-
ing fluid storage facilities (Kreiss & Cox-Ganser, 1997; Mattsby-
Baltzer et al., 1989; Watt, 2003). Alternatively, these reports of
M. immunogenum in the microbial sampling of metalworking
fluids may simply reflect the fact that mycobacteria have not
been looked for in the routine assays of microbial-contaminated
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metalworking fluids. Thus, it is not clear whether the recent pres-
ence of mycobacteria in metalworking fluids is actually novel
or had never before been examined.

Atypical mycobacteria species have the potential to cause
adverse effects but usually only in immunocompromised indi-
viduals (Swetter et al., 1993). Mycobacterium immunogenum is
a common environmental soil contaminant. It is relatively slow-
growing like other mycobacteria, and resistant to drying, and
thus survives a long time in the environment. While simple heat
treatment (e.g., milk pasteurization) can kill M. immunogenum,
it can be hard to eradicate, as demonstrated by the difficulty in
removing it from PVC water supply pipes and bronchoscopes
using standard sterilization techniques (Fraser et al., 1992; Kiely
et al., 1995). Thus, under the right conditions, M. immunogenum
appeared to become the dominant microorganism in the metal-
working fluids at the affected work sites and could have reached
biologically significant levels in the metalworking fluids and
the airborne particles generated by the machining processes.
The presence of whole or fragmented M. immunogenum in res-
pirable metalworking fluid aerosols has not been reported for
the affected work sites.

Epidemiology studies have attempted to use the presence of
serum precipitins in automotive workers as a means of iden-
tifying microbial causes of the hypersensitivity pneumonitis
outbreaks (Kreiss & Cox-Ganser, 1997). This type of identi-
fication is problematic, however, due to the inherent difficulty
in obtaining and testing extracts of all potential antigens and
the observation that cell-mediated immune mechanisms are the
predominant basis for granulomatous diseases (Rose, 1994).
Therefore, to examine the potential role of M. immunogenum
in the recent hypersensitivity pneumonitis outbreaks in auto-
motive plants, we studied the pathologic changes that occur in
mice instilled with M. immunogenum. Although nasal instilla-
tion of mice with M. immunogenum did not have an adverse
effect on the lung (data not shown), intratracheal instillation
clearly produced hypersensitivity pneumonitis-like lesions in
the murine lung. As observed in human hypersensitivity pneu-
monitis (Rose et al., 1998), noncaseating granulomas and other
immune-based changes were observed in mice instilled with
M. immunogenum.

A particularly important finding in our study was that the
type of granulomatous lesion observed in mice instilled with
M. immunogenum alone was also observed in mice instilled
with a used metalworking fluid that was contaminated with
M. immunogenum at the work site. This similar hypersensitivity
pneumonitis-like pathology occurred despite the fact that the
amount of M. immunogenum was possibly three magnitudes
greater in the M. immunogenum-only instillations (approxi-
mately 10° CFU/ml) than in the M. immunogenum-contaminated
metalworking fluid instillations (10° CFU/ml). The actual dif-
ference was probably less than three magnitudes because the
use of CFUs to assess the presence of microbes in metalwork-
ing fluid samples does not account for the presence of dead
microbes (Thorne et al., 1996a). These dead microbes may be
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whole or fragmented but they may still retain biologic, espe-
cially antigenic, activity. Our finding that the pasteurized used
metalworking fluid also produced immune-type lesions includ-
ing granulomas is consistent with the hypothesis that innate anti-
genic properties of M. immunogenum, and not infection by the
bacteria, are responsible for the observed effects. The identi-
fication of the antigen(s)/protein(s) responsible for the induc-
tion of immune-based granulomas could have potential utility
in identification, prevention, and treatment of hypersensitivity
pneumonitis in metalworking fluid workers. Importantly, there
is considerable confusion in the identification of nontuberculin
mycobacteria. The species of Mycobacterium fortuitum, im-
munogenum, and chelonae are closely related and thus difficult
to discern except by rigorous biochemical means or comparison
of DNA sequences.

The lesion type produced by instillation of clean, unused
metalworking fluid was different from the immune-based re-
sponse to an equal dose of the used metalworking fluid. The
pathologic changes of the former were not characterized by in-
volvement of the lymphoid immune components of the lung. A
diffuse pattern of inflammation was observed that consisted of
damage and regeneration of the alveolar respiratory epithelium,
clusters of poorly organized macrophages, and an early fibrous
tissue reaction without lymphocyte recruitment or epithelioid
differentiation of macrophages into granulomas. Thus, unused
metalworking fluid caused a toxic pneumonitis-type reaction in
the lung when the delivered dose was given by intratracheal in-
stillation. These changes, however, were not overtly apparent in
mice that received M. immunogenum-contaminated, used metal-
working fluid; rather, in the M. immunogenum-exposed mice the
immune-mediated inflammatory reaction predominated. This
suggests that, other than the possibility that the used metalwork-
ing fluid had lost some of its toxic physical-chemical proper-
ties, in the presence of an antigen driven response, the higher
order immunologic mechanisms override fundamental inflam-
matory responses to tissue injury and drive the reaction toward
lymphocyte-mediated humoral (not evaluated in this model)
and cell-mediated hypersensitivity mechanisms (Kunkel et al.,
1993).

A key issue to the understanding of the contribution of
M. immunogenum to the induction of hypersensitivity pneu-
monitis is whether the observed changes in the murine lung occur
at realistic exposure concentrations. This was not addressed in
this preliminary study which used the instillation route of expo-
sure. As demonstrated previously in dose-response studies with
inhaled metalworking fluid aerosols (Gordon & Galdanes, 1999;
Schaper & Detwiler, 1991; Thorne et al., 1996b), the adverse
response to the instilled used and unused metalworking fluids
was dose dependent (data not shown). Additional studies with
realistic concentrations of aerosolized M. immunogenum and
M. immunogenum-contaminated metalworking fluids are nec-
essary to assess the true contribution of M. immunogenum to
hypersensitivity pneumonitis in automotive workers exposed to
metalworking fluid aerosols.
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Our experiments also demonstrate that interstrain differences
in response occur in mice instilled repeatedly with M. immuno-
genum. Because inbred mice strains are genetically homogenous
within a strain and less so among strains, this strain dependence
in response suggests that genetic factors contribute to the im-
munologic response to M. immunogenum. The contribution of
multiple genes to granuloma induction in the mammalian lung
has been demonstrated for other immunotoxicants (Rossi et al.,
1987; Donnelly et al., 1996; Wilson et al., 1982). In these ex-
perimental studies, genes within the H-2 locus (the major his-
tocompatibility complex equivalent in mice) were linked to the
induction of granulomas in the mouse lung. C3H/He mice with
an H-2* haplotype responded strongly to the interstitial lung dis-
ease (hypersensitivity pneumonitis) produced by pigeon drop-
ping extract (Wilson et al., 1982), whereas C57B1/10 mice with
an H-2° haplotype had only a mild inflammatory response af-
ter repeated challenge with the pigeon dropping extract. Al-
though these results suggested that the H-2 haplotype controls
the response to the pigeon dropping extract, C3H.SW mice with
an H-2P haplotype (identical to that of low responder C57BL/
10 mice) were also high responders, implying that the induc-
tion of granulomas was multigenetic in nature. Similarly, Rossi
and colleagues (1987) observed that the development of inter-
stitial lung disease in inbred mouse strains is multifactorial with
a variety of immune and nonimmune genes contributing to the
susceptibility. Thus, the role of host genetic factors in M. im-
munogenum-induced lung granulomas is also likely to be poly-
genic in nature. Moreover, such potential genetic susceptibility
factors are consistent with the observation that only a fraction
of exposed metalworking fluid workers develop hypersensitivity
pneumonitis. Although exposure dose may also play a signifi-
cant role in the development of hypersensitivity pneumonitis in
individual workers, more experimental evidence is necessary to
determine the relative contribution of dose and genetic suscep-
tibility as well as other susceptibility factors such as health and
smoking status.

In conclusion, our study has demonstrated that M. immuno-
genum can produce lung lesions in a test animal and that the
immune-based changes in mice are similar to those observed
in patients with hypersensitivity pneumonitis (Rose, 1994). Al-
though this finding provides strong evidence that M. immuno-
genum may be responsible for the recent outbreaks of hypersen-
sitivity pneumonitis among automotive workers, other compo-
nents of in-use metalworking fluids may play significant roles.
Based on our results with unused metalworking fluid and the
observation that hypersensitivity pneumonitis has occurred in
workers exposed to soluble, semisynthetic, and synthetic metal-
working fluid aerosols (Fox et al., 1999; Kreiss & Cox-Ganser,
1997), it is unlikely that chemical components of metalwork-
ing fluids are solely responsible for hypersensitivity pneumoni-
tis. These chemical components and other contaminants may,
however, have a supporting role in the development of hy-
persensitivity pneumonitis. In addition to the contention that
antigen-driven immune responses supersede innate inflamma-
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tory responses, it has also been shown that the nature of the
innate inflammatory response to general tissue injury can influ-
ence the nature of an incipient inflammatory response (Fearon &
Locksley, 1996). Additionally, contaminating metals and micro-
bial agents are ubiquitous in metalworking fluids. Certain met-
als such as nickel and beryllium are known sensitizers (Huang
et al., 1992). Moreover, bacterial endotoxin can be an adjuvant
in the sensitization process (Rylander, 1994), and mycobac-
teria species themselves are used as adjuvants (e.g., complete
Freund’s adjuvant). Thus, it is possible that significant interac-
tions between M. immunogenum and other metalworking fluid
contaminants are involved in the development of hypersensi-
tivity pneumonitis. Finally, it is apparent that the development
of hypersensitivity pneumonitis in automotive workers exposed
to metalworking fluid aerosols is complicated. Not all exposed
workers become sensitized, and not all sensitized individuals de-
velop hypersensitivity pneumonitis. Thus, host factors such as
genetic susceptibility may contribute to hypersensitivity pneu-
monitis among automotive workers, as it does in many other
forms of hypersensitivity pneumonitis (Flaherty et al., 1980). A
similar role for a gene—environment interaction exists for the de-
velopment of adverse immune responses in other occupational
diseases such as chronic beryllium disease (Maier & Newman,
1998).

REFERENCES

Beckett, W., Kallay, M., Sood, A., Zuo, Z., and Milton, D. 2005. Hyper-
sensitivity pneumonitis associated with environmental mycobacteria.
Environ. Health Perspect. 113(6):767-770.

Bernstein, D. 1., Lummus, Z. L., Santilli, G., Siskosky, J., and Bernstein,
I. L. 1995. Machine operator’s lung. A hypersensitivity pneumonitis
disorder associated with exposure to metalworking fluid aerosols.
Chest 108:636-641.

Centers for Disease Control, by Rose, C., et al. 1996. Biopsy-confirmed
hypersensitivity pneumonitis in automobile production workers ex-
posed to metalworking fluids—Michigan, 1994-1995. Morbid. Mor-
tal. Weekly Rep. 45(28).

Charles, J., Bernstein, A., Jones, B., Jones, D. J., Edwards, J. H., Seal,
R. M., and Seaton, A. 1976. Hypersensitivity pneumonitis after ex-
posure to isocyanates. Thorax 31:127-136.

Donnelly, K. B., Brooks, B. O., Cruz, E., and Wassom, D. L., 1996. Ma-
jor histocompatibility complex class II genes control susceptibility
to hypersensitivity pneumonitis in the mouse. Chest 109(3):73S.

Fearon, D. T., and Locksley, R. M. 1996. The instructive role of innate
immunity in the acquired immune response. Science 272(5258):50—
54.

Flaherty, D. K., Braun, S. R., and Marx, J. J. 1980. Serologically de-
tectable HLA-A, -B, and -C loci antigens in farmer’s lung disease.
Am. Rev. Respir. Dis. 122:437-446.

Fox, J., Anderson, H., Moen, T., Gruetzmacher, G., Hanrahan, L., and
Fink, J. 1999. metalworking fluid-associated hypersensitivity pneu-
monitis: An outbreak investigation and case-control study. Am. J.
Ind. Med. 35:58-67.

Fraser, V. J., Jones, M., Murray, P. R., Medoff, G., Zhang, Y., and
Wallace, R. J., Jr. 1992. Contamination of flexible fiberoptic broncho-
scopes with Mycobacterium immunogenum linked to an automated



456

bronchoscope disinfection machine. Am. Rev. Respir. Dis. 145:853—
855.

Gordon, T., and Galdanes., K. 1999. Factors contributing to the
acute and subchronic adverse respiratory effects of machining fluid
aerosols in guinea pigs. Toxicol. Sci. 49:86-92.

Haschek, W., and Witschi, H. 1991. Respiratory system. In Handbook
of toxicologic pathology, eds. W. M. Haschek, and C. G. Rousseaux,
pp. San Diego, CA: Academic Press.

Hodgson, M. J., Bracker, A., Yang, C., Storey, E., Jarvis, B. J., Milton,
D., Lummus, Z., Bernstein, D., and Cole, S. 2001. Hypersensitiv-
ity pneumonitis in a metal-working environment. Am. J. Ind. Med.
39:616-628.

Huang, H., Meyer, K. C., Kubai, L., and Auerbach, R. 1992. An immune
model of beryllium-induced pulmonary granulomata in mice. Lab.
Invest. 678(1):138-146.

Kiely, J. L., Sheehan, S., Cryan, B., and Bredin, C. P. 1995. Isolation
of Mycobacterium immunogenum in a bronchoscopy unit and its
subsequent eradication. Tubercle Lung Dis. 76:163—-167.

Kreiss, K., and Cox-Ganser, J. 1997. Metalworking fluid-associated hy-
persensitivity pneumonitis: A workshop summary. Am. J. Ind. Med.
32:423-432.

Kunkel, S. L., Streiter, R. M., Luckacs, N., and Chensue, S. W. 1993,
Initiation and maintenance of the granulomatous response. Chest
103(3):1355-137S.

Maier, L. A., and Newman, L. S. 1998. Beryllium disease. In Environ-
mental and occupational medicine, 3rd. W. N., Rom, pp. 1021-1035.
Philadelphia, PA: Lippincott-Raven.

Mattsby-Baltzer, 1., Sandin, M., Ahlstrom, B., Allenmark, S., Edebo,
M., Falsen, E., Pedersen, K., Rodin, N., Thompson, R. A., and Edebo,
L. 1989. Microbial growth and accumulation in industrial metal-
working fluids. Appl. Environ. Microbiol. 55:2681-2689.

Moore, J. S., Christensen, M., Wilson, R. W., Wallace, R. J., Jr., Zhang,
Y., Nash, D. R., and Shelton, B. 2000. Mycobacterial contamina-
tion of metalworking fluids: Involvement of a possible new taxon of
rapidly growing mycobacteria. AIHA J. 61:205-213.

NIOSH. 1998. Occupational exposure to metalworking fluids. Criteria
for a recommended standard. Cincinnati: DHHS (NIOSH), publica-
tion 98-102.

Perez Zrellano, J. L., Barrios Gonzalez, N. M., Dominguez, T. M.,
Sanchez Benitez de Soto, M. L., and Jimenez Lopez, A. 1992. Exper-
imental models of hypersensitivity pneumonitis. J. Invest. Allergolol.
Clin. Immunol. 2:219-228.

Reyes, C. N., Wenzel, F. J., and Lawton, B. R. 1982. The pulmonary
pathology of farmer’s lung disease. Chest 81:142—146.

Rose, C. 1994. Hypersensitivity pneumonitis. In Textbook of clinical
occupational and environmental medicine, eds. L. Rosenstock and
M. R. Cullen, pp. 242-248. Philadelphia: W. B. Saunders.

Rose, C. S., Martyny, J. W., Newman, L. S., Milton, D. K., King, T. E.,
Jr., Beebe, J. L., McCammon, J. B., Hoffman, R. E., and Kreiss, K.
1998. Lifeguard lung: Endemic granulomatous pneumonitis in an
indoor swimming pool. Am. J. Public Health 88:1795-1800.

Rossi, G. A., Szapiel, S., Ferrans, V. J., and Crystal, R. G. 1987.
Susceptibility to experimental interstitial lung disease is modified
by immune- and non-immune-related genes. Am. Rev. Respir. Dis.
135:448-455.

Rylander, R. 1994. Endotoxins. In Organic dusts, eds. R. Rylander and
D. Jacobs, pp. 73-78. Boca Raton, FL: CRC Press.

T. GORDON ET AL.

Salvaggio, J. E. 1991. Immune reactions in allergic alveolitis. Eur.
Respir. J. 4:47s-59s.

Schaper, M., and Detwiler, K. 1991. Evaluation of the acute respira-
tory effects of aerosolized machining fluids in mice. Fundam. Appl.
Toxicol. 16:309-319.

Schuyler, M. R., Gott, K., and Haley, P. 1991. Experimental murine
hypersensitivity pneumonitis. Cell. Immunol. 136:303-317.

Selvaraju, S. B., Khan, I. U., and Yadav, J. S. 2005. A new method for
species identification and differentiation of Mycobacterium chelonae
complex based on amplified hsp65 restriction analysis (AHSPRA).
Mol. Cell Probes 19(2):93-99. Epub 15 December 2004.

Shelton, B. G., Glanders, W. D., and Morris, G. K. 1999. Mycobac-
terium sp. as a possible cause of hypersensitivity pneumonitis in
machine workers. Emerging Infect. Dis. 5:270-273.

Swetter, S. M., Kinder, S. E., and Smoller, B. R. 1993. Cutaneous
nodules of M. immunogenum in an immunosuppressed patient with
preexisting pulmonary colonization. J. Am. Acad. Dermatol. 28:352—
355.

Thorne, P. S., DeKoster, J. A., and Subramanian, P. 1996a. Environ-
mental assessment of aerosols, bioaerosols, and airborne endotoxin
in a machining plant. Am. Ind. Hyg. Assoc. J. 57(12):1163-1167.

Thorne, P. S., DeKoster, J. A., and Subramanian, P. 1996b. Pulmonary
effects of machining fluids in guinea pigs and mice. Am. Ind. Hyg.
Assoc. J. 57(12):1168-1172.

Trout, D., Weissman, D. N., Lewis, D., Brundage, R. A., Franzblau, A.,
and Remick, D. R. 2003. Evaluation of hypersensitivity pneumoni-
tis among workers exposed to metal removal fluids. Appl. Occup.
Environ. Hyg. 18(11):953-960.

Wallace, R. J., Jr., Zhang, Y., Wilson, R. W., Mann, L., and Rossmoore,
H. 2002. Presence of a single genotype of the newly described species
Mycobacterium immunogenum in industrial metalworking fluids as-
sociated with hypersensitivity pneumonitis. Appl. Environ. Micro-
biol. 68(11):5580-5584.

Watt, W. D. 2003. Observations on the relationship between triazines
and mycobacteria in metal removal fluids. Appl. Occup. Environ.
Hyg. 18(11):961-965.

Wilson, B. D., Sternick, J. L., Yoshizawa, Y., Katzenstein, A.-L., and
Moore, V. L. 1982. Experimental murine hypersensitivity pneumoni-
tis: Multigenic control and influence by genes within the /-B subre-
gion of the H-2 complex. J. Immunol. 129(5):2160-2163.

Wilson, R. W., Steingrube, V. A., Bottger, E. C., Springer, B., Brown-
Elliott, B. A., Vincent, V., Jost, K. C. Jr., Zhang, Y., Garcia, M. J.,
Chiu, S. H., Onyi, G. O.,Rossmoore, H., Nash, D. R., and Wallace, R.
J. Jr. 2001. Mycobacterium immunogenum sp. nov., a novel species
related to Mycobacterium abscessus and associated with clinical dis-
ease, pseudo-outbreaks and contaminated metalworking fluids: An
international cooperative study on mycobacterial taxonomy. Int. J.
Syst. Evol. Microbiol. 51(Pt. 5):1751-1764.

Woskie, S.R., Virji, M. A., Kriebel, D., Sama, S. R., Eberiel, D., Milton,
D. K., Hammond, S. K., and Moure-Eraso, R. 1996. Exposure as-
sessment for a field investigation of the acute respiratory effects of
metalworking fluids. I. Summary of findings. Am. Ind. Hyg. Assoc.
J. 57:1154-1162.

Zacharisen, M. C., Kadambi, A. R., Schlueter, D. P., Kurup, V. P., Shack,
J. B., Fox, J. L., Anderson, H. A., and Fink, J. N. 1998. The spec-
trum of respiratory disease associated with exposure to metalworking
fluids. J. Occup. Environ. Med. 40(7):640-647.



