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RESEARCH ARTICLE

Early immunopathological events in acute model of mycobacterial hypersensitivity
pneumonitis in mice

Elisabet Johanssona, Gregory P. Boivinb and Jagjit S. Yadava

aDepartment of Environmental Health, Microbial Pathogenesis and Immunotoxicology Laboratory, Division of Environmental Genetics and
Molecular Toxicology, University of Cincinnati College of Medicine, Cincinnati, OH, USA; bDepartment of Pathology and Orthopedic Surgery,
Wright State University, Dayton, OH, USA

ABSTRACT
Prolonged exposure to antigens of non-tuberculous mycobacteria species colonizing industrial metalwork-
ing fluid (MWF), particularly Mycobacterium immunogenum (MI), has been implicated in chronic forms of
hypersensitivity pneumonitis (HP) in machinists based on epidemiology studies and long-term exposure of
mouse models. However, a role of short-term acute exposure to these antigens has not been described in
the context of acute forms of HP. This study investigated short-term acute exposure of mice to MI cell lys-
ate (or live cell suspension) via oropharyngeal aspiration. The results showed there was a dose- and time-
dependent increase (peaking at 2 h post-instillation) in lung immunological responses in terms of the pro-
(TNFa, IL-6, IL-1b) and anti-inflammatory (IL-10) cytokines. Bronchoalveolar lavage and histology showed
neutrophils as the predominant infiltrating cell type, with lymphocytes <5% at all timepoints or concen-
trations. Granulomatous inflammation peaked between 8 and 24h post-exposure, and resolved by 96h.
Live bacterial challenge, typically encountered in real-world exposures, showed no significant differences
from bacterial lysate except for induction of appreciable levels of interferon (IFN)-c, implying additional
immunogenic potential. Collectively, the short-term mycobacterial challenge in mice led to a transient
early immunopathologic response, with little adaptive immunity, which is consistent with events associ-
ated with human acute forms of HP. Screening of MWF-originated mycobacterial genotypes/variants (six
of MI, four of M. chelonae, two of M. abscessus) showed both inter- and intra-species differences, with MI
genotype MJY10 being the most immunogenic. In conclusion, this study characterized the first short-term
mycobacterial exposure mouse model that mimics acute HP in machinists; this could serve as a potentially
useful model for rapid screening of field MWF-associated mycobacteria for routine and timely occupa-
tional risk assessment and for investigating early biomarkers and mechanisms of this understudied
immune lung disease.
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Introduction

Hypersensitivity pneumonitis (HP) is an immunologic lung dis-
ease that can present in any of the three clinical forms viz. acute,
subacute, or chronic (Costabel et al. 2012; Selman & Buendia-
Roldan 2012). HP is caused by the inhalation of a wide variety of
antigenic particles small enough to reach the alveoli, comprised
of microbial, animal, or insect proteins and other constituents.
Environmental mycobacteria of the M. chelonae–M. abscessus
(MCA) group – particularly M. immunogenum – have been asso-
ciated with outbreaks of HP in factory workers inhalationally
exposed to contaminated metalworking fluid (MWF) aerosols
(Kreiss & Cox-Ganser 1997; Moore et al. 2000; Wilson et al. 2001;
Falkinham 2003; Beckett et al. 2005; Tillie-Leblond et al. 2011).
HP cases presenting variable clinical forms (acute, subacute,
chronic) have been observed in machinists exposed to contami-
nated MWF (Freeman et al. 1998; Zacharisen et al. 1998; Beckett
et al. 2005; Rosenman 2009). While there has been increasing
interest in both clinical and research aspects of MWF-associated
HP (Gupta et al. 2009; Tillie-Leblond et al. 2011; Roussel et al.
2011; Burton et al. 2012; Chandra et al. 2013, 2015), differential

diagnosis and immunological mechanisms of this occupational
lung disease are still poorly understood.

HP is a complex Type III/Type IV hypersensitivity disease
where immune response to initial inhalation of provoking anti-
gens is believed to be immune complex-mediated (Type III
response), while prolonged and repeated exposure results in a
cell-mediated Type IV hypersensitivity response (Mohr 2004).
Subacute and chronic HP forms in humans are characterized by
granuloma formation, lymphocytic infiltration, and in the case of
chronic HP form, interstitial and peribronchial fibrosis is prom-
inent. The histopathological features of acute HP, on the other
hand, are less well described (Grunes & Beasley 2013). This may
be in large part due to the rapid onset of acute HP after exposure
to large doses of provoking antigens followed by rapid resolution
of symptoms once exposure ceases, and as a consequence of the
rapid recovery, biopsies are rarely performed (Selman et al.
2012). This raises the need to develop appropriate experimental
models of acute HP.

Animal models of HP are mainly based on the use of antigens
derived from the actinomycete Saccharopolyspora rectivirgula,
which in humans is the cause of Farmer’s lung, a common form
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of HP affecting farmers. The most common subchronic/chronic
murine model of HP involves the nasal instillation of mice with
S. rectivirgula antigen on three consecutive days per week for
three weeks, which results in a strong T-helper cell Type 1
(TH1)-driven immune response and granuloma formation (Denis
et al. 1991; Gudmundsson & Hunninghake 1998; Nance et al.
2004; Jimenez-Alvarez et al. 2010). More recently, M. immunoge-
num isolated from contaminated MWFs has also been shown to
induce chronic HP-like pathology in mice instilled according to
the same regimen (Gordon et al. 2006; Thorne et al. 2006).
However, there are no studies yet on acute HP mouse model for
MWF mycobacteria-linked machinist HP. A few acute or short-
term exposure protocols using S. rectivirgula as the antigen have
demonstrated strong neutrophilic infiltration, and identified neu-
trophils as a source of interferon (IFN)-c sufficient for granu-
loma formation (Schuyler et al. 1994; Nance et al. 2005). Other
reports also indicated the presence of limited delayed lymphocy-
tosis in acute HP (Schuyler 1993; Hunninghake & Richerson
1998; Schuyler et al. 2000).

Thus, development of a more specific animal model that
closely mimics human acute HP characteristics in machinists
could further help elucidate the early events and detailed
immune-pathological features of acute HP. For instance, the
immune responses and lung pathologies detected in animal mod-
els of HP depend to a great extent on time of sacrifice after last
instillation (Jimenez-Alvarez et al. 2010), and early immunopa-
thologic responses may be undetected when sacrifice is per-
formed at the 4-day timepoint commonly used (Gordon et al.
2006; Thorne et al. 2006). Furthermore, existing mouse challenge
studies on MWF-associated HP have been restricted to the use of
one particular causative bacterial species and have not reported
species/strain-dependent variation in immunogenicity and sever-
ity of the disease (Gordon et al. 2006; Thorne et al. 2006). Large-
scale screening of field-collected MWF samples by our laboratory
has revealed prevalence of different species (M. immunogenum,
M. chelonae, M. abscessus) of the MCA group and several unique
genotypes/variants of each of these member species (Khan et al.
2005; Kapoor & Yadav 2012) in these fluids. However, the rela-
tive immunogenicity and HP-inducing potential of individual
mycobacterial genotypes/variants is unclear.

The objective of the study reported here was to characterize
the response to short-term exposure of the TH1-biased mouse
inbred strain C57BL/6J to M. immunogenum as a function of
instillation dose and post-exposure time of sacrifice with intent
to optimize a short-term exposure mouse model of mycobacterial
HP that mimics acute HP characteristics. An additional goal was
to compare intact live bacterial cells with whole cell lysates to
understand the role of cellular context of the causative agent
(M. immunogenum) as prevalent in a real-world exposure scen-
ario. A further goal was to compare the unique collection of 12
distinct strains (genotypes/variants) of MWF-associated mycobac-
teria species M. immunogenum, M. chelonae, and M. abscessus
previously isolated from filed industrial MWF in our laboratory,
to understand their relative immunogenicity and HP-inducing
potential in the developed experimental HP model.

Materials and methods

Mice

C57BL/6J mice (male, 6–8-wk-old) were purchased from the
Jackson Laboratory (Bar Harbor, ME). Mice were housed in PIV
cages under pathogen-free conditions maintained at 22–24 �C
with a 40–43% relative humidity and a 12 h light:dark cycle.

All mice had ad libitum access to standard rodent chow and fil-
tered water. All experimental protocols used here were approved
by the Institutional Animal Care and Use Committee of the
University of Cincinnati.

Bacterial strains and culture conditions

Three member species of the M. chelonae–M. abscessus group
of non-tuberculous mycobacteria, i.e. M. immunogenum,
M. chelonae, M. abscessus originally isolated from field in-use or
used MWFs from geographically diverse automotive industrial
plants (Khan et al. 2005; Kapoor & Yadav 2012) were used in
these studies. A total of 12 strains/genotypes belonging to these
three species, including six M. immunogenum genotypes
(MI 700506, MJY3, MJY4, MJY10, MJY13, and MJY14), four
M. chelonae genotypes (MJY1, MJY2, MJY6, and MJY8), and two
M. abscessus strains/morphotypes, rough (MJY23) and smooth
(MJY25), were included. The mycobacterial species and geno-
types/variants were grown in Middlebrook 7H9 medium (BD
Diagnostics, Sparks, MD) supplemented with 10% Oleic Albumin
Dextrose Catalase (OADC) enrichment (BD Diagnostics, Sparks,
MD) unless otherwise indicated. The actinomycete
Saccharopolyspora rectivirgula used for comparison studies was
grown to generate a whole cell lysate, as described previously
(Gudmundsson & Hunninghake 1998).

Preparation of challenge inoculum

Mycobacterial cell extracts

Using continuous shaking at 200 rpm, M. immunogenum 700506
was grown at 37 �C and all other mycobacterial strains were
grown at 30 �C in Middlebrook 7H9 broth supplemented with
10% OADC enrichment (BD Biosciences, Sparks, MD). When a
reading of 120 Klett units was reached, as measured in a
Klett–Summerson photoelectric colorimeter (Klett Manufacturing
Co., New York, NY), cells were pelleted by centrifugation at 3000
� g, and washed three times with certified endotoxin-free phos-
phate-buffered saline (PBS, pH 7.4). The resulting cell pellet was
resuspended in endotoxin-free PBS, and one ml cell suspension
was added to a sterile 2-ml tube containing 0.4 g acid-washed
glass beads. The tube was shaken in a Mini-Bead beater (Biospec
Products, Bartlesville, OK) four times (each for 1min) with cool-
ing on ice for 2min in between. The resulting homogenate was
decanted from the beads, and the protein concentration then
determined using a DCTM protein assay from BioRad (Hercules,
CA). Resulting whole cell extracts were frozen at �80 �C until
further use.

Monodispersed mycobacterial cells

For the preparation of a monodispersed cell suspension,
M. immunogenum 700506 was grown to a density of 120 Klett
units as described above, except that the growth medium was
Sauton’s broth containing 0.1% Tween-80 prepared in-house per
the following composition: L-asparagine (4 g/L), citric acid
(2 g/L), K2HPO4 (0.5 g/L), MgSO4 (0.5 g/L), ferric ammonium cit-
rate (0.05 g/L), glycerol (35ml/L), and Tween-80 (1ml/L); pH
was adjusted to 7.2 using NaOH solution. The cells were washed
three times with endotoxin-free PBS, and resuspended in the
same medium. The cell suspension was repeatedly passed
through a 23-G needle (10 times), and then through a 26-G nee-
dle (10 times). The resulting cell suspension was centrifuged
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5min at 100 � g, and the supernatant aspirated off. Bacterial
count (in terms of colony-forming units [cfu]/ml) of this mono-
dispersed suspension was determined by plating aliquots of vari-
ous dilutions on Middlebrook 7H10 agar supplemented with 10%
OADC enrichment (BD Biosciences).

Oropharyngeal instillation regimen

Oropharyngeal aspiration method was used to expose the mice
(n¼ 8/group for the optimization experiments; n¼ 5/group for
viable cell exposure; n¼ 4–5/group for genotype screen) to bac-
terial cells or extracts. The mice were anesthetized using isoflur-
ane, and suspended on a restraining board tilted backwards 45�.
The tongue was gently pulled out with tweezers, 50 ll antigen
were added to the base of the tongue, and the nares were imme-
diately blocked to force inhalation through the mouth.
Instillations were done on three consecutive days, once per day
for a total of three instillations. With the exception of the time-
course study, the mice were then euthanized at 4 h after the final
instillation by intraperitoneal injection of EuthasolTM. At nec-
ropsy, the lungs were lavaged with 2� 1-ml Ca2þ, Mg2þ-free
PBS; the two aliquots were then combined. The lavaged lungs
were then placed in formalin for 24 h. The lavage fluid was cen-
trifuged at 4 �C for 10min at 300 � g and the resulting super-
natant then recovered and stored at �80 �C until further use.
The cell pellet was re-suspended in PBS containing 5% fetal
bovine serum (Atlanta Biologicals, Flowery Branch, GA) and the
cells then counted in hemocytometer to obtain total numbers in
bronchoalveolar lavage fluid (BALF). Differential cell counts were
obtained by counting >300 cells on cytospin preparations
(Cytospin3; Shandon Scientific, Cheshire, UK) after staining
using a Hema 3 kit (Fisher Scientific, Waltham, MA).

BALF analyses

Protein concentrations in BALF samples were determined using
a DCTM protein assay (BioRad). The BALF were also analyzed
for various cytokines, e.g. IFNc, tumor necrosis factor (TNF)-a,
interleukin (IL)-1b, IL-6, IL-10, and IL-12 using Ready-Set-Go!VR

ELISA kits (eBioscience, San Diego, CA), according to the manu-
facturer instructions. The level of sensitivity of the kits was 15 pg
IFNc/ml, 8 pg TNFa/ml, 8 pg IL-1b/ml, 4 pg IL-6/ml, 15 pg
IL-10/ml, and 15 pg IL-12/ml. All samples were analyzed in
triplicate.

Histopathology

The formalin-fixed lungs were processed to yield 5-lm sections
that were then stained using H&E. Analysis on three random
slides/group was then performed in a blinded manner using a
light microscope. Various pathological features including peri-
bronchial/perivascular infiltration, alveolar infiltration, granuloma
formation, and overall severity were scored on a subjective scale
of 0–4 as: 0 ¼ no inflammation; 0.5 ¼ very mild; 1 ¼ mild; 2 ¼
moderate; 3 ¼ severe; 4 ¼ very severe. Overall extensiveness of
the lung involvement was scored on the same scale as follows:
0 ¼ no inflammation; 1¼ 0–10%; 2¼ 10–30%; 3¼ 30–50%;
4 ¼ >50%.

Statistical analyses

Statistical analysis was performed using SigmaStat software (SPSS
Inc, Chicago, IL). Log transformation of variables was performed

when necessary to obtain normal distribution. Group means
were compared by one-way analysis of variance (ANOVA).
Multiple comparisons vs. control group, according to Dunn's
Method, were used for post-hoc testing of significance in the
time-course and dose–response analyses. A Holm–Sidak post-hoc
test of significance – including all pairwise comparisons – was
used in analyses of the 12 different genotypes. A Kruskal–Wallis
analysis of variance on ranks was used to analyze the histopatho-
logical scores. Data are reported as means ± SE. For all analyses,
the a level for statistical significance was p< 0.05.

Results

Time-course of lung responses to MI cell extract

Inflammatory and histopathological metrics were studied as func-
tions of the timepoint of sacrifice after the last instillation of MI
dose. The timepoints ranged from 2 to 96 h, and the dose of
mycobacterial protein was 6 lg per instillation. The protein con-
centration in BALF was increased 3.5-fold at 2 h, and remained
at this level for 24 h, returning to base level at 96 h (Figure 1(A)).
The total number of cells in BALF followed a similar pattern,
although the increase at 2 h was not statistically significant as
compared with the base level, nor was the net remaining increase
at 96 h (Figure 1(B)). The total number of neutrophils peaked
between 4 and 12 h, whereas the levels of macrophages and lym-
phocytes were highest at the 24-h timepoint (Figure 1(C)). The
cytokines TNFa, IL-6, IL-10, and IL-1b in BALF showed a sharp
increase at 2 h, followed by decrease back to background levels
albeit at a variable pace. Levels of TNFa and IL-6 showed a
steady decrease back to background levels near the 24 h time-
point (Figure 1(D,E)). IL-1b levels showed a sharp decrease after
2 h but remained steady until 12 h, returning to background by
24 h (Figure 1(G)). However, IL-10 levels remained elevated
through 24 h and returned to near background levels at 96 h
(Figure 1(F)). IFNc levels were not above the background level at
any timepoint (data not shown).

Histopathology analysis showed a very mild-to-mild granu-
loma formation that peaked at 8–12 h after the final instillation,
decreasing slowly after that (Figure 2(A)) and resolving by 96 h.
Peribronchial and perivascular infiltration which was primarily
neutrophilic, was moderate at the 2 h point, and regressed to
very mild-to-mild at the subsequent timepoints. Only some mice
had alveolar infiltration (�50% at 4–24 h timepoints). Overall
severity of the histopathologic lesions showed a significant
gradual decrease from 2 h to 96 h post-instillation, whereas the
overall extensiveness of lesions in the lung remained constant
(Figure 2(B)).

Dose–response relationship (using MI whole cell extract)

The inflammatory response to varying MI (cell extract) doses
(0.2–60 lg) of mycobacterial protein was measured at 4 h post-
final instillation. Total protein content in collected BALF showed
a gradual increase between 0.6 and 20 lg MI protein dose range,
but a strong increase (to 2.4mg/ml) at 60 lg MI protein dose
(Figure 3(A)). Total numbers of cells in BALF also showed a
gradual increase beginning with the 0.6 lg MI dose and a subse-
quent sharp increase (to 2.9� 106 cells) at 20 lg (Figure 3(B)).
The cell count decreased, however, to 1.4� 106 at the highest
dose (60 lg). Though macrophages and lymphocytes showed
mild increases, the majority of the increase in total cell count
was due to an influx of neutrophils (Figure 3(C)). TNFa and
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IL-6 showed an increase beginning at 0.6 lg (Figure 3(D,E)) that
gradually increased and showed a dramatic increase beginning at
20 lg. The levels of IL-10 showed a steady increase over the
entire 0.6–60 lg dose range (Figure 3(F)). IL-1b levels were
mildly increased beginning at 6 lg and showed a steady increase
thereafter (Figure 1(G)). In contrast to other cytokines, IFNc lev-
els were not significantly increased above background at any
dose (data not shown).

The inflammation was primarily restricted to the perivascular
and peribronchiolar regions with granulomas in the alveoli and
diffuse inflammation in alveolar lumens (Figure 4). Granuloma
formation was observed beginning with the 2 lg mycobacterial
protein dose, with moderate granuloma formation at 20 lg, and
severe granuloma formation at 60 lg (Figure 4(A,D,E)).
Peribronchial and perivascular infiltration was seen at doses of
0.2 lg and above, and was primarily neutrophilic. There was dif-
fuse neutrophilic infiltration into the alveoli separate from the
granulomas starting at 2 lg. Both the overall severity and the

extensiveness of lung lesions showed a significant increase over
the 0.2–60 lg test dose range (Figure 4(B)).

Dose–response relationship (using MI live cell suspension)

Responses to intact live cells of M. immunogenum were investi-
gated using three doses (i.e. 106, 107, and 2.5� 107 cells; expressed
as cfu) that corresponded to 0.24, 2.4, and 6 lg, respectively, of
whole cell extract protein preparation used in the preceding experi-
ments. BALF protein levels were significantly increased at the two
highest MI doses, but not at the lowest (106 cfu) dose (Figure
5(A)). The cellularity of the BALF in terms of total cell count of the
immune cells followed the same pattern (Figure 5(B)). Differential
cell counts from the BALF however showed a steady increase in
macrophages at all test doses, with the highest dose causing signifi-
cant increase (Figure 5(C)), and a strong significant increase in
neutrophils at the two highest doses (from basal count of 0.5� 103

cells in controls to 1.9� 105 and 4.8� 105 cells at the 107 and
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2.5� 107 cfu doses, respectively). Although there was a significant
increase in numbers of lymphocytes at the highest dose, lympho-
cytes did not account for >4% of the total number of cells in the
BALF. Levels of TNFa and IL-6 in BALF both were significantly
increased with dose, particularly at the two highest doses (Figure
5(D,E)). BALF IL-1b levels were mildly but significantly increased
at the two highest doses (Figure 5(F)). BALF levels of IFNc were
very slightly increased with dose, with a significant increase at the
highest dose (Figure 5(G)). Anti-inflammatory IL-10 in BALF was
not increased with any dose (data not shown).

Perivascular and peribronchial infiltration ranged from very
mild-to-mild and was mixed neutrophilic\lymphocytic at the 107

cfu dose, and primarily lymphocytic at 2.5� 107 cfu (Figure
6(A)). Alveolar infiltration was primarily neutrophilic or mixed
and very mild at 107 cfu and mild-to-moderate with the
2.5� 107 cfu dose. No significant granuloma formation was seen
with any of the test doses. The overall severity and extensiveness
of lung lesions ranged from very mild-to-moderate for the two
highest doses (Figure 6(B)).

Comparative immunopathological responses to
mycobacterial genotypes/variants

The relative responses in C57BL/6J mice to different mycobacter-
ial genotypes/variants were investigated for six M. immunogenum

genotypes (MI 700506, MJY3, MJY4, MJY10, MJY13, and
MJY14), four M. chelonae genotypes (MJY1, MJY2, MJY6, and
MJY8), and two M. abscessus morphotypes (MJY23 and MJY25).
Animals instilled with S. rectivirgula and endotoxin-free PBS
served as positive and negative (vehicle) controls, respectively.

Immunological responses

Total protein content in the BAL fluids from treated animals was
significantly elevated relative to the vehicle control animals in all
treatment groups except the MJY14 group (Figure 7(A)).
Animals instilled with MJY10 had protein levels that were signifi-
cantly higher than all other groups except MJY8 and MI 700506
(overall ANOVA p< 0.001), while the group with the lowest pro-
tein levels, MJY14, had values that were significantly lower than
groups MI 700506, MJY1, MJY8, MJY10, MJY25, and the com-
parison control S. rectivirgula (p< 0.001). In terms of cellularity,
the total cell count in BAL fluid was increased in all groups,
though increases were only statistically significant for groups
MJY1, MJY3, MJY8, and MJY10 (Figure 7(B)). The group with
the highest cell number, MJY10, had counts that were signifi-
cantly higher than those for groups MI 700506, MJY2, MJY6,
MJY23, MJY25, and S. rectivirgula.

Differential cell counts of immune cells in BALF showed that
all treated mice (except vehicle controls) had pronounced neutro-
philic infiltration in airspaces, with neutrophils accounting for
80–95% of total cell numbers (Figure 7(C)). The MJY10 group
had the highest number of neutrophils/ml BALF (17.6� 105), a
level significantly higher than the total neutrophils in the BALF
from the MJY2, MJY6, MJY14, MJY23, MJY25, MI 700506, and
S. rectivirgula groups. The number of macrophages in BALF was
mildly elevated in only a few groups, with the MJY1 and MJY10
groups having significantly higher counts than the MJY4, MJY6,
and S. rectivirgula groups. While lymphocyte numbers in BALF
were slightly elevated in all groups, the increase was only signifi-
cant for the MJY6 (p¼ 0.026), MJY8 (p¼ 0.007), and MJY10
(p¼ 0.002) groups; in none of the groups did lymphocytes
account for >5% of total number of cells in BALF.

BALF cytokine levels showed variable changes (Figure 8).
IFNc levels were significantly though mildly increased in the
MJY10, MI 700506, and S. rectivirgula groups (to 45.3, 27.2, and
76.6 pg/ml, respectively) from control levels of 9.3 pg/ml (Figure
8(A)). Levels of TNFa were increased in all groups relative to the
vehicle control (3.2 pg/ml) (Figure 8(B)). The MJY10 group had
a mean TNFa concentration of 1241 pg/ml, significantly higher
than that for all other treatment groups except MJY2 and MJY6
(p< 0.05). The MJY14 group had the lowest mean TNFa concen-
tration (203 pg/ml), which was significantly lower than that for
all other treatment groups except MJY1, MJY8, MJY23, and
MJY25. BALF IL-12 levels were mildly but significantly increased
in all groups relative to vehicle control (4.7 pg/ml) (Figure 8(C)).
S. rectivirgula, the comparison control group (positive control),
had the highest level (468 pg/ml) and was significantly (p< 0.05)
greater than values in all other groups except MJY6, MJY10, and
MI 700506. Among the mycobacterial strains, MJY10 resulted in
the highest IL-12 concentration, (210 pg/ml), a value significantly
higher than that seen in the MJY1 and MJY14 groups. IL-10 lev-
els were highly variable; though concentrations trended higher in
all groups relative to the vehicle control (4.6 pg/ml), the increase
was only statistically significant for groups MJY1, MJY10, and
MI 700506, and the comparison control (S. rectivirgula) group
(337 pg/ml). Among the mycobacterial genotypes/variants, MI
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700506 resulted in the highest average concentration (153 pg/ml),
followed by MJY1 and MJY10 at 140 and 135 pg/ml, respectively.

Pathological responses

In general, the inflammation was more extensive in the alveoli
(primarily neutrophilic) than in the perivascular region (primar-
ily lymphocytic). A very mild-to-mild perivascular, primarily
lymphocytic, infiltration was seen in all groups except MJY2 and
MJY23 (Figure 9(A)). All groups had mild-to-moderate primarily
neutrophilic alveolar infiltration, with no statistically significant
differences between the groups. Very mild-to-mild pyogranulo-
mas were found in all groups except MJY2 and MJY25.
Granuloma formation tended to be greater in the MI 700506 and
S. rectivirgula groups, but the differences were not significant.
The overall severity of lung lesions was mild-to-moderate, with
no significant differences noted between the groups (Figure
9(B)). The overall extensiveness of the lesions was,
however, significantly greater in the MJY10 group compared
with the other M. immunogenum groups (overall ANOVA
p¼ 0.023). Among the M. chelonae groups, MJY1 had the

greatest extensiveness of lesions, although the difference was not
significant.

Discussion

Development of subacute and chronic HP is dependent on cell-
mediated immunity involving activation of phagocytes, antigen-spe-
cific T-lymphocytes, and the release of various cytokines by both
these cell types in response to an antigen (Lacasse et al. 2012).
However, consistent occurrence of these immune response events
in the same combination and measure in acute HP is unclear. A
recent study of five human acute HP cases and three subacute or
chronic HP cases with acute exacerbations demonstrated pro-
nounced neutrophilic infiltration, bronchiolocentric inflamma-
tion, and/or bronchiolitis obliterans in all eight cases (Hariri
et al. 2012). Limited controlled studies using animal models and
appropriate causative antigens for farmers’ HP have reported
events characteristic of acute HP (Schuyler 1993; Hunninghake &
Richerson 1998; Schuyler et al. 2000).

In the current study on short-term/acute exposure to myco-
bacterial antigens known to cause machinists HP, exposure
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resulted in robust early IL-6 and TNFa responses but low IFNc
levels (depending on dose type) in the mouse lung. Further, cel-
lularity in BALF and histopathological analyses showed the vast
majority of infiltrating cells were neutrophils, with low percen-
tages of lymphocytes, suggesting the cell-mediated adaptive
immune system was partially activated. These findings collect-
ively suggest that our short-term exposure mouse model largely
mimics the acute HP characteristics.

HP is considered a TH1-driven disease and Type IV delayed
hypersensitivity is a hallmark of subacute and chronic forms of
HP. Although still a matter of debate, it has often been suggested
that Type III immune complex-driven hypersensitivity responses
account for the early stage of acute HP (Kaltreider 1993;
McSharry et al. 2002). In support of this, the majority of patients
have precipitating antibodies that are specific for the offending
antigen (Reboux et al. 2007). This is consistent with our latest
report on positive antibody response specific to MI purified
recombinant antigens in the serum samples from machinists pre-
senting physician-diagnosed HP (Chandra et al. 2015). While
subacute/chronic HP in humans is characterized by strong
increases of lymphocytes in BALF and interstitial infiltrate, in
acute HP early increases in BALF neutrophils and neutrophilic
lung lesions have been noted (Fournier et al. 1985; Hariri et al.
2012), in agreement with a Type III mechanism. Conclusive evi-
dence, however, of a role for immune complexes in HP has not
yet emerged.

Release of inflammatory mediators and increases in neutro-
phils in early phases of microbially-induced acute HP are also

consistent with an innate immune response to pathogen-associ-
ated molecular patterns. Since the mice used in this study were
immune naïve at the time of instillation, it is likely the innate
immune system was largely responsible for the rapid onset of
immune responses observed in this model. The early increase of
TNFa and IL-6 at 2 h after the final instillation followed by an
increase of neutrophils in BALF that peaked between 4 and 12 h
was consistent with neutrophils being recruited by TNFa and IL-
6, both most likely released by alveolar macrophages (Schuyler
et al. 2000). Taken together, the immunopathological observa-
tions in the current study using mycobacterial antigen extracts
were largely consistent with acute HP pathology in human cases,
a pathology characterized by increased neutrophilic infiltrate
(Hariri et al. 2012) and an infectious pneumonia-like clinical
presentation. However, these comparisons may be somewhat lim-
ited by the fact that clinical cases of acute HP may involve pre-
sensitization through earlier low-level exposure to the antigen,
whereas mice used here were immune naïve.

Role of live intact bacterial cells versus cell lysates in
conferring immunogenicity potential

Animal models of HP in general and mycobacterial HP in par-
ticular have been based on the use of whole cell extracts (Thorne
et al. 2006) or heat-killed cells (Gordon et al. 2006) rather than
live microbial cells. It has to be considered, however, that the
response to an antigen may depend on the cellular context
(intact cell versus lysed cell) in which it is presented to the
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immune system (Feng et al. 2010). Furthermore, possible infect-
ivity of viable cells may lead to an altered immune response. In
this study, the responses to MI 700506 viable cells and the
equivalent amounts of cell extract (lysate) were comparable for
majority of the inflammatory cytokine responses except IL-10
(which was not detectably induced by live MI cells). Importantly,
only live MI cells induced appreciable levels of IFNc release and
lymphocyte infiltration (as evident from BALF analysis/histopath-
ology). This suggested pre-formed antigens (present in cell
extracts) were largely responsible for triggering the acute immune
response to short-term airway exposure, whereas viable bacteria
may have additionally elicited some cell-mediated adaptive

immune response. This would be consistent with reports docu-
menting that human acute HP (which may involve exposure to
both live and dead cells) is primarily marked by neutrophilia, but
may also involve some lymphocytosis in the lung (Hunninghake
& Richerson 1998; Schuyler et al. 2000).

Differential immunogenic potential of MWF-associated
mycobacterial genotypes/variants (inter- and intra-species
differences)

While exposure to machining fluids colonized with mycobacteria
has been widely linked with incidence of HP in the exposed
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machine workers, there may be no HP cases in machining environ-
ments using mycobacteria-containing fluids (Khan et al. 2005;
Meza et al. 2013). We hypothesized that differential immunogen-
icity of MWF-associated mycobacteria strains may be responsible
for this disconnect and wanted to test this using the short-term
exposure protocol. The mycobacterial genotypes/variants used for
the strain comparison in this study all belonged to the chelo-
nae–abscessus group of rapidly growing non-tuberculous mycobac-
teria and were previously isolated from used MWF (Khan et al.
2005; Kapoor & Yadav 2012). Since the 16S rRNA gene has limited
sequence variability in the chelonae–abscessus group, a combin-
ation of genotyping techniques, including sequencing of a hsp65
amplicon, phylogenetic analysis of rRNA internal transcribed
spaces sequences, and macro-restriction fragment pattern analysis
based on pulsed field gel electrophoresis (PFGE), was used to reveal
a considerable subspecies diversity among the isolates.

The screening of genotypes/variants showed both inter-species
and intra-species differences in immunogenicity potential. In the
intra-species comparisons, while the closely related variants

(considered to have the same genotype class based on the PFGE-
based genotyping assay employed) showed common response
patterns, limited immune response differences between these var-
iants were also observed. For instance, the M. immunogenum
variants MJY13 and MJY14 used here were identical with regard
to the PFGE characterized genotype class; the immune responses
to these two variants were not statistically different for various
parameters except BALF total protein and TNFa levels. Similarly,
M. chelonae variants MJY1 and MJY8 were also identical with
regard to characterized genotype; immune responses to these var-
iants were of similar magnitude for all parameters except for
extensiveness of lung lesions and IL-10 levels. Such limited
immune response differences between closely-related variants
(with matching pattern on PFGE-based genotyping) could be
because of subtle genomic differences undetectable by the PFGE
genotyping approach originally employed for genotype assign-
ment (Khan et al. 2005).

Among the M. immunogenum genotypes, MJY10 had the
highest immune responses and also the most extensive lung
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lesions, and MJY13 and MJY14 tended to be the lowest
inducers for several parameters, mainly TNFa levels and exten-
siveness of lung lesions (MJY3 and MJY4 also tended to
match MJY13/14 for induction of cytokines). There was no
clear trend for the most immunogenic genotype in M. chelonae
although MJY1, MJY6 and MJY8 tended to induce higher
response for different sets of parameters. MJY23 showed rela-
tively higher immunogenicity potential in many respects as
compared with MJY25 within the M. abscessus species. This
was consistent with a higher virulence of rough morphotype
(colony morphology variant) as compared with smooth variant
of this species in infection-based models, ascribed to reduced
expression of glycopeptidolipids in the cell wall of rough col-
ony variants (Howard et al. 2006). Overall, MJY10 showed the
highest immunogenic potential among all the genotypes/var-
iants from the three species.

The results from this study on the characterized genotype/var-
iants (and future studies using chronic HP models) may aid in
identifying HP-causative antigenic proteins by comparing the
most immunogenic with the least immunogenic genotypes using
differential immunological (Mundt et al. 1996) and modern

immunoproteomic (Gupta et al. 2009; Roussel et al. 2011) profil-
ing. Such identified antigens may become useful tools in diagno-
sis, and may also help the search for therapeutic interventions
against HP induced by mycobacteria in MWFs.

Conclusions

The current study characterized a short-term exposure mouse
model of mycobacterial HP showing pathology mimicking
human cases of acute HP. Specifically, the observed early
onset of immune-pathological response that resolved within 4
days in this model mimicked the early events and transient
immune response characteristic of human acute HP. The
mouse model enabled meaningful profiling of various geno-
types/variants of MWF-isolated mycobacteria species for their
relative immunogenic potential and thus could serve as a
useful tool for routine screening of such isolates for an early
risk assessment and timely intervention in the industrial
workplace. The exposure model is expected to facilitate
development of diagnosis and therapeutic strategies for myco-
bacterial HP in machinists.
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