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ABSTRACT

Nitrogen mustard (NM) is a bifunctional alkylating agent that causes acute injury to the lung that progresses to fibrosis.
This is accompanied by a prominent infiltration of macrophages into the lung and upregulation of proinflammatory/
profibrotic cytokines including tumor necrosis factor (TNF)a. In these studies, we analyzed the ability of anti-TNFa antibody
to mitigate NM-induced lung injury, inflammation, and fibrosis. Treatment of rats with anti-TNFa antibody (15 mg/kg, iv,
every 9 days) beginning 30 min after intratracheal administration of NM (0.125 mg/kg) reduced progressive histopathologic
alterations in the lung including perivascular and peribronchial edema, macrophage/monocyte infiltration, interstitial
thickening, bronchiolization of alveolar walls, fibrin deposition, emphysema, and fibrosis. NM-induced damage to the
alveolar-epithelial barrier, measured by bronchoalveolar lavage (BAL) protein and cell content, was also reduced by anti-
TNFa antibody, along with expression of the oxidative stress marker, heme oxygenase-1. Whereas the accumulation of
proinflammatory/cytotoxic M1 macrophages in the lung in response to NM was suppressed by anti-TNFa antibody, anti-
inflammatory/profibrotic M2 macrophages were increased or unchanged. Treatment of rats with anti-TNFa antibody also
reduced NM-induced increases in expression of the profibrotic mediator, transforming growth factor-b. This was associated
with a reduction in NM-induced collagen deposition in the lung. These data suggest that inhibiting TNFa may represent an
efficacious approach to mitigating lung injury induced by mustards.
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Sulfur mustard (SM) and nitrogen mustard (NM), are cytotoxic
vesicants developed as chemical warfare agents, which target
the respiratory tract (Ekstrand-Hammarstrom et al., 2011;
Malaviya et al., 2012; Razavi et al., 2013; Sunil et al., 2011a;
Weinberger et al., 2011). In general, pulmonary complications
following exposure to SM and NM are similar and include both
acute (eg, chest tightness, hacking cough, rhinorrhea) and

chronic (eg, bronchiolitis, emphysema, fibrosis) pathologies,
which are major determinants of mortality and long-term mor-
bidity (Balali-Mood and Hefazi, 2005; Razavi et al., 2013; Wang
and Xia, 2007; Weinberger et al., 2011). In experimental models,
SM and NM produce analogous histopathological alterations in
the lung, most notably inflammation, perivascular and peribron-
chial edema, bronchiolization of alveolar walls, emphysema,
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bronchiectasis, squamous cell metaplasia, and fibrosis (Balali-
Mood and Hefazi, 2005; Keyser et al., 2014; Malaviya et al., 2010,
2012; Sunil et al., 2011a). Toxicity is largely due to the lipophilic
nature of these vesicants that allows them to rapidly penetrate
tissues and cells and alkylate and cross-link cellular macromo-
lecules including nucleic acids and proteins. This causes oxida-
tive and nitrosative stress, impairment of cellular functioning,
DNA damage, apoptosis, and autophagy (Malaviya et al., 2010,
2012; Shakarjian et al., 2010).

Evidence suggests that cytotoxic/proinflammatory media-
tors, released in large part by macrophages infiltrating into the
lung in response to vesicants, play a role in the pathogenesis of
pulmonary injury (Malaviya et al., 2010, 2012; Sunil et al., 2011a,
2014; Wigenstam et al., 2012). Of particular interest is the pleio-
tropic cytokine, tumor necrosis factor (TNF)a, which has been
reported to increase in the lung following vesicant exposure
(Emad and Emad, 2007; Ghabili et al., 2011; Malaviya et al., 2010;
Mishra et al., 2012; Weinberger et al., 2011). TNFa is known to
stimulate the release of reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS), deplete cellular glutathione, induce
inflammatory cell and epithelial cell proliferation, cytotoxicity
and apoptosis, and to promote pulmonary fibrosis (Aggarwal,
2003; Bradley, 2008; Mukhopadhyay et al., 2006a; Thrall et al.,
1997). TNFa also induces focal accumulation of fibroblasts and
collagen deposition (Piguet et al., 1990). The actions of TNFa are
mediated by signaling through two functionally distinct cell
surface receptors, TNFR1 (p55) and TNFR2 (p75) (Aggarwal, 2003;
Bradley, 2008). Although TNFR1 mediates proinflammatory and
cell death pathways associated with tissue injury, TNFR2 is
involved in tissue repair and angiogenesis (Bradley, 2008). In
previous studies, we reported that mice lacking TNFR1 are pro-
tected from lung toxicity induced by the half mustard, 2-chlor-
oethyl ethyl sulfide (Sunil et al., 2011b). These findings
prompted us to assess the effects of anti-TNFa antibody on lung
injury induced by vesicants, using NM as a model. Our findings
that inhibition of TNFa reduced lung injury, inflammation, and
collagen deposition induced by NM suggest that blocking TNFa

may represent an efficacious strategy to mitigate pulmonary
toxicity induced by mustards.

MATERIALS AND METHODS

Animals and treatments. Male Wistar rats (175–250 g) were pur-
chased from Harlan Laboratories (Indianapolis, Indiana).
Animals were housed in filter top microisolation cages and pro-
vided food and water ad libitum; they received humane care in
compliance with the guidelines outlined in the Guide for the Care
and Use of Laboratory Animals, published by the National
Institutes of Health. Rats were treated with control (PBS) or
freshly prepared NM (0.125 mg/kg mechlorethamine hydro-
chloride, Sigma-Aldrich, St Louis, Missouri) by intratracheal
instillation, as previously described (Sunil et al., 2011a). In earlier
studies, we found that this dose of NM produces progressive
pathologic changes in the lung, which are similar to those
observed in humans after mustard exposure (Balali-Mood and
Hefazi, 2005; Malaviya et al., 2012; Sunil et al., 2011a). Preparation
and instillation of NM, which included the use of double gloves,
safety glasses, and masks, were performed in a designated
room under a chemical hood following Rutgers University
Environmental Health and Safety guidelines. Rats were treated
iv with vehicle (PBS) or recombinant mouse IgG2aj monoclonal
anti-rat TNFa antibody (Janssen Research & Development,
Spring House, Pennsylvania), once every 9 days beginning
30 min after NM or control. Dose-response studies performed

with anti-TNFa antibody demonstrated that optimal decreases
in bronchoalveolar lavage (BAL) protein and cell accumulation
were observed using 15 mg/kg administered once every 9 days
(Supplementary Fig. S1 and not shown), and this was used in all
subsequent experiments. Time-matched controls were run in
all experiments.

Sample collection. Animals were euthanized 3, 7, or 28 days after
administration of NM or control by ip injection of Sleepaway
(2 ml/kg; Fort Dodge Animal Health, Fort Dodge, Iowa). These
post exposure times were selected for analysis as they allowed
us to assess acute lung injury, oxidative stress, initiation of tis-
sue repair/remodeling, and fulminant fibrosis (Malaviya et al.,
2012). For collection of BAL, the trachea was exposed and can-
nulated with a 16 gauge blunted needle. The left lobe was
ligated and right lobes were infused with 8 ml of PBS with a con-
stant infusion pressure maintained by a syringe. BAL was col-
lected and cell and protein content assayed as previously
described (Malaviya et al., 2012). For preparation of histological
sections, the left lobe of the lung was instilled with 3% parafor-
maldehyde in PBS under equivalent inflation pressures using a
syringe, removed and fixed in 3% paraformaldehyde overnight
at 4�C, and then transferred to 50% ethanol. The remaining lung
lobes were removed and stored at �80�C until analysis.

Histology. Sections (5 lm) were stained with hematoxylin and
eosin or Gomori Trichrome stain and examined by light micro-
scopy. Histopathologic changes in the lung were assessed
blindly by a veterinary pathologist (LeRoy Hall, PhD, DVM).
Semiquantitative grades (0–4) were assigned to specimens, with
grade 0 indicating no changes; grade 1, minimal or small
changes; grade 2, medium changes; grade 3, moderate changes;
and grade 4, extensive changes, relative to PBS controls. Images
were acquired using an Olympus VS-120 scanner or an Olympus
light microscope using DP controller software (Ver. 3.3.1.292)
(Olympus Corporation, Center Valley, Pennsylvania).

Immunohistochemistry. Paraffin sections (5 lm) were deparaffi-
nized and endogenous peroxidase quenched using 3% hydrogen
peroxide diluted in methanol. Antigen retrieval was performed
by boiling the specimens for 10 min in 10 mM sodium citrate
buffer (pH 6.0) containing 0.05% Tween-20. To block nonspecific
binding, sections were incubated for 1–2 h at room temperature
in buffer (Tris-buffered saline/Tween-20) containing horse, goat,
or rabbit serum. Sections were then incubated overnight at 4�C
in a humidified chamber with mouse monoclonal anti-CD68
(Bio-Rad Labs, Hercules, California; 1:400) or anti-CD163 anti-
bodies (AbD Serotec, Raleigh, North Carolina; 1:400), or with rab-
bit polyclonal anti-heme oxygenase (HO)-1 (Assay Designs,
Ann Arbor, Michigan; 1:1000), anti-transforming growth factor
(TGF)-b (1:1500), anti-inducible nitric oxide synthase (iNOS)
(1:1000) or anti-cyclooxygenase (COX)-2 (1:1500) antibodies
(Abcam Inc, Cambridge, Massachusetts), rabbit monoclonal
anti-CD11b antibody (Abcam Inc; 1:500) or anti-Ym1 antibody
(Stemcell Technologies, Vancouver, Canada; 1:300), or goat poly-
clonal anti-galectin (Gal)-3 antibody (R&D Systems,
Minneapolis, Minnesota; 1:4000), anti-TNFa antibody, raised
against a peptide mapping at the N-terminus of mouse TNFa

(Santa Cruz Biotechnology Inc., Dallas, Texas; 1:100), or appro-
priate IgG controls diluted in blocking buffer. Sections were
then rinsed and incubated at room temperature for 30 min with
biotinylated secondary antibody (Vectastain Elite ABC kit,
Vector Labs, Burlingame, California). Binding was visualized
using an avidin-biotinylated enzyme complex (Vectastain Elite
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ABC kit) with 3, 30-diaminobenzidine as the substrate (Vector
Labs). Random sections from at least 3 animals per treatment
group were evaluated blindly by 2 individuals. Semiquantitative
grades (0–4) were assigned, depending on the intensity of stain-
ing, with grade 0 indicating no staining; grade 1, minimal stain-
ing; grade 2, medium staining; grade 3, moderate staining; grade
4, extensive staining. The average grades were calculated and
used to select representative sections for presentation
(Supplementary Table S1).

Statistical analysis. Each experimental group consisted of 3–7 ani-
mals. Data were analyzed using GraphPad Prism V6.01
(GraphPad Software Inc, La Jolla, California). A one-way ANOVA
with no matching between groups and Tukey’s multiple com-
parison, or unpaired t test (unequal variance) was used to ana-
lyze differences between groups. A p value of �.05 was
considered statistically significant.

RESULTS

Effects of Anti-TNFa Antibody on NM-Induced Alterations in Lung
Histology and Oxidative Stress
Consistent with previous studies (Malaviya et al., 2012), we
found that NM caused progressive histopathological changes in
the lung. These included multifocal inflammatory lesions, mac-
rophage accumulation, perivascular and peribronchial edema,
bronchial epithelial and goblet cell hyperplasia, interstitial
thickening, bronchiolization of alveolar walls, and fibrin deposi-
tion (Fig. 1A and 1B, Supplementary Fig. S2, and Table 1). These
changes were evident within 3 days of NM exposure and per-
sisted for at least 7 days. Bronchiectasis, characterized by dila-
tion and inflammation of the bronchi, squamous cell
metaplasia, mesothelial cell proliferation, and emphysema-like
changes were also observed in the lung at 3, 7, and 28 days post
NM exposure (Table 1). Fibrotic changes in the lungs including
multiple foci of trichrome staining in the alveolar septal wall
were evident at 3 and 7 days post NM exposure; by 28 days
prominent collagen deposits were noted in subpleural regions
of the lung (Fig. 2, Table 1). Treatment of rats with anti-TNFa

antibody reduced NM-induced structural alterations in the lung
at all post exposure times (Fig. 1A and 1B Supplementary Fig. S2,
and Table 1). Thus, NM-induced lesions were decreased in size
and intensity, and fewer deposits of plasma proteins were noted
in the lung parenchyma. Acute inflammation, edema, bron-
choalveolar hyperplasia and hypertrophy, bronchiectasis, and
goblet cells were also decreased, as well as NM-induced intersti-
tial thickening, macrophage accumulation and increases in squ-
amous cell metaplasia, mesothelial cell proliferation, and
emphysema (Table 1). NM-induced peribronchial and parenchy-
mal fibrotic alterations in the lung were also attenuated by anti-
TNFa antibody. This was correlated with reduced trichrome
staining (Fig. 2). Anti-TNFa antibody, by itself, had no significant
effect on lung histology or collagen deposition in control (PBS
treated) rats at any post exposure time point (Table 1 and not
shown). Histopathological alterations in the lung induced by
NM were associated with alveolar epithelial damage, measured
by increases in BAL protein and cell content at all post NM expo-
sure times (Fig. 3). This was suppressed by anti-TNFa antibody
(Fig. 3).

We also examined the effects of anti-TNFa antibody on NM-
induced oxidative stress assessed by expression of the antioxi-
dant, HO-1. In PBS-treated control rats, low-level expression of
HO-1 was evident in alveolar macrophages (Fig. 4). Following

NM exposure, an increase in HO-1þ macrophages was observed
in the lung; this was most prominent 3 days post exposure.
Anti-TNFa antibody reduced the effects of NM on macrophage
expression of HO-1 at all post exposure times, with no effect on
HO-1 expression in control rats (Fig. 4 and not shown).

Effects of Anti-TNFa Antibody on NM-Induced Macrophage
Accumulation and Inflammatory Mediator Expression in the Lung
CD11b is a b2 integrin expressed on infiltrating monocytes/mac-
rophages (Mazzone and Ricevuti, 1995). Treatment of rats with
NM resulted in increased numbers of CD11bþ macrophages in
the lung, which were evident within 3 days (Fig. 5). With time
following NM, CD11bþ macrophages became enlarged, and by
28 days, appeared mainly in clumps in the airways (Fig. 5). At
this time, CD11b staining was localized predominantly in the
cell membrane. Anti-TNFa antibody treatment had no signifi-
cant effect on the accumulation of CD11bþ macrophages in the
lung. To characterize these inflammatory cells, we assessed
their expression of markers of proinflammatory/cytotoxic M1
(iNOS, COX-2, and TNFa) and antiinflammatory/profibrotic M2
(Ym1, Gal-3, CD68, and CD163) macrophages (Laskin et al., 2011;
Martinez et al., 2008). In PBS-treated control animals, low-level
expression of iNOS, COX-2, and TNFa was noted in macro-
phages, as well as in type II cells (Figs. 6–8). Following NM expo-
sure, marked increases in iNOSþ, COX-2þ, and TNFaþ

macrophages were observed in the lung within 3 days, remain-
ing prominent for at least 7 days. At these times, low-level
staining was also evident in alveolar epithelial cells. iNOSþ and
COX-2þ macrophages were also noted in the lung at 28 days
post NM exposure (Figs. 6 and 7). Treatment of rats with anti-
TNFa antibody caused a marked reduction in numbers of iNOSþ,
COX-2þ, and TNFaþ macrophages in the lung at all post NM
times (Figs. 6–8). Anti-TNFa antibody treatment also resulted in
reduced NM-induced expression of iNOS, COX-2, and TNFa in
alveolar epithelial cells. In contrast, anti-TNFa antibody had no
effect on expression of iNOS or COX-2 in lungs of PBS-treated
control rats (Figs. 6–8 and not shown).

Following NM exposure, we also observed increased num-
bers of lung macrophages staining positively for M2 markers
including Ym1, Gal-3, CD68, and CD163; however, the timing of
their appearance in the tissue was distinct. Thus, although
CD68þ, Ym1þ, and Gal-3þ macrophages were evident in the lung
3 days post NM, CD163þ macrophages were notable after 7–28
days. CD163þ macrophages were also smaller and less numer-
ous than Ym1þ, CD68þ, or Gal-3þ macrophages (Figs. 9–12). At
28 days post NM, all positively staining M2 macrophages were
enlarged, relative to macrophages in control lungs, and were
foamy in appearance. Treatment of rats with anti-TNFa anti-
body resulted in a reduction in NM-induced increases in num-
bers of Ym1þ macrophages in the lung (Fig. 9). In contrast,
numbers of CD163þ macrophages increased (Fig. 10), while
numbers of Gal-3þ and CD68þ macrophages were unaltered
(Figs. 11 and 12). Low numbers of Gal-3þ and CD68þ macro-
phages were identified in the lungs of control rats; these were
unaffected by anti-TNFa antibody (Figs. 11 and 12 and not
shown).

We next analyzed the effects of anti-TNFa antibody on NM-
induced expression of the profibrogenic mitogen, TGF-b. In PBS-
treated control rats, low levels of TGF-b were noted in alveolar
macrophages and epithelial cells (Fig. 13). NM administration
resulted in increased numbers of TGF-bþ macrophages in the
lung at 3 days. TGF-b staining was also noted in epithelial cells
at this time. Treatment of rats with anti-TNFa antibody reduced
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FIG. 1. Effects of anti-tumor necrosis factor (TNF)a antibody on nitrogen mustard (NM)-induced structural changes in the lung. Sections, prepared 3, 7, and 28 days after

exposure of rats to NM or PBS control (CTL), followed by anti-TNFa antibody or PBS, were stained with H&E. Panel A, original magnification, �4; Panel B, original magni-

fication, �200. Arrows, bronchial epithelium hypertrophy and hyperplasia; b, bronchiolization of alveolar septal wall; f, fibrin deposits; e, perivascular edema; em,

emphysema; fib, fibrosis. Representative sections from 1 of 3–7 rats/treatment group are shown. CTL, 3 days post PBS exposure.

TABLE 1. Summary of Effects of Anti-TNFa Treatment on NM-Induced Lung Histopathology

CTL Days Post NM

3 7 28

PBS Anti-TNFa PBS Anti-TNFa PBS Anti-TNFa PBS Anti-TNFa

No. of rats 11 7 7 5 7 5 4 5

Acute inflammation 0.3 6 0.1 0.1 6 0.1 2.7 6 0.2a 1.4 6 0.6 1.9 6 0.5a 1.2 6 0.4 0.0 6 0.0 0.0 6 0.0
Macrophage infiltration 1.3 6 0.1 1.0 6 0.3 2.9 6 0.1a 1.8 6 0.4 2.9 6 0.1a 2.2 6 0.2 2.5 6 0.5a 2.0 6 0.0
Interstitial thickening 0.0 6 0.0 0.0 6 0.0 2.7 6 0.2a 1.8 6 0.6 3.6 6 0.2a 2.2 6 0.2b 2.5 6 0.3a 1.4 6 0.5
Edema 0.5 6 0.2 0.4 6 0.2 2.4 6 0.2a 1.8 6 0.4 2.9 6 0.1a 2.6 6 0.2 1.8 6 0.3 0.7 6 0.5
Goblet cell hyperplasia 0.0 6 0.0 0.1 6 0.1 2.3 6 0.3a 1.6 6 0.6 2.6 6 0.2a 0.8 6 0.4b 1.5 6 0.6a 0.4 6 0.4
Bronchial epithelium hypertrophy

and hyperplasia
0.0 6 0.0 0.1 6 0.1 2.4 6 0.2a 1.4 6 0.7 3.0 6 0.2a 1.0 6 0.5b 2.8 6 0.3a 1.2 6 0.6

Fibrin 0.2 6 0.1 0.0 6 0.0 2.9 6 0.1a 1.6 6 0.7 1.7 6 0.6 1.0 6 0.6 1.8 6 0.8 1.0 6 0.6
Squamous cell metaplasia 0.0 6 0.0 0.0 6 0.0 2.4 6 0.2a 1.8 6 0.7 3.0 6 0.6a 1.0 6 0.6b 1.5 6 0.5 0.8 6 0.4
Mesothelial proliferation 0.1 6 0.1 0.0 6 0.0 1.6 6 0.2a 0.6 6 0.2 2.4 6 0.4a 0.8 6 0.4b 1.0 6 0.4 0.2 6 0.2
Emphysema 0.0 6 0.0 0.0 6 0.0 2.1 6 0.4a 1.4 6 0.6 3.4 6 0.2a 1.4 6 0.5b 2.8 6 0.3a 2.0 6 0.4
Bronchiectasis 0.0 6 0.0 0.1 6 0.1 2.4 6 0.2a 1.6 6 0.7 3.1 6 0.5a 0.8 6 0.6b 2.8 6 0.3a 2.2 6 0.6
Fibrosis 0.0 6 0.0 0.0 6 0.0 0.0 6 0.0 0.0 6 0.0 2.3 6 0.3a 0.6 6 0.4b 2.0 6 0.4a 1.4 6 0.5
Collagen deposits 0.0 6 0.0 0.0 6 0.0 2.1 6 0.2a 1.4 6 0.2 1.6 6 0.2a 1.0 6 0.0 2.5 6 0.3a 1.2 6 0.3b

Histopathologic changes were quantified in H&E stained sections as described in the Materials and Methods. Collagen deposits were assessed in trichrome stained sec-

tions. CTL, combined means 6 SE of data collected 3, 7, and 28 days post PBS control (CTL) treatment of rats administered PBS or PBSþAnti-TNFa. Days post NM,

mean 6 SE of NM or NMþAnti-TNFa treated rats 3, 7, or 28 days post NM exposure. One-way ANOVA comparing mean of each group to other groups using Tukey’s test

was used to calculate p values.
aSignificantly (p� .05) different from CTL.
bSignificantly different (p� .05) from NMþ PBS-treated rats at the same post NM exposure time.
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NM-induced TGF-b expression in both macrophages and epithe-
lial cells with no effect on control rats (Fig. 13 and not shown).

DISCUSSION

TNFa is a proinflammatory cytokine generated mainly by mac-
rophages in response to tissue injury (Gwyer Findlay and
Hussell, 2012; Malaviya et al., 2010; Mukhopadhyay et al., 2006a;

Sunil et al., 2011a). It has been implicated in acute and chronic
inflammatory diseases including asthma, chronic bronchitis,
chronic obstructive pulmonary disease, acute respiratory dis-
tress syndrome, and pulmonary fibrosis, pathologies associated
with injury induced by mustards (Balali-Mood et al., 2011; Ding
et al., 2002; Emad and Emad, 2007; Mukhopadhyay et al., 2006a;
Shimabukuro et al., 2003). These studies demonstrate that anti-
TNFa antibody, administered once every 9 days, was effective in

FIG. 2. Effects of anti-TNFa antibody on NM-induced fibrosis. Lung sections, prepared 3, 7, and 28 days after exposure of rats to NM or PBS control (CTL), followed by

anti-TNFa antibody or PBS, were stained with Gomori trichrome stain. Original magnification, �400. Representative sections from 1 of 3–7 rats/treatment group are

shown. CTL, 3 days post PBS exposure.
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reducing the development of lung injury, oxidative stress, and
inflammation caused by exposure to NM; additionally NM-
induced collagen deposition, a characteristic of fibrosis, was
attenuated. This was correlated with a significant decrease in
cytotoxic/proinflammatory macrophages in the lung, which are
known to release mediators that contribute to pulmonary toxic-
ity (Laskin et al., 2011). These findings suggest that targeting
inflammatory macrophages and TNFa may prove beneficial in
treating humans exposed to mustards.

Treatment of rats with anti-TNFa antibody beginning 30 min
after NM significantly attenuated histopathological alterations
in the lung including acute inflammation, fibrin deposition,
bronchiectasis, alveolar and bronchiolar hyperplasia, and goblet
cell alterations, along with interstitial thickening, squamous
cell metaplasia, mesothelial proliferation, and emphysema.
This was correlated with reduced alveolar-epithelial barrier dys-
function. Notably, anti-TNFa antibody significantly attenuated
NM-induced collagen deposition, suggesting reduced fibrogene-
sis. Similar protective effects of anti-TNFa antibody have been
described in models of lung injury induced by ozone, silica, or
cigarette smoke, as well as in acute asthma and in bleomycin-
induced pulmonary fibrosis, which are characterized by promi-
nent inflammation, cytokine production, and collagen deposi-
tion (Abraham et al., 1995; Catal et al., 2015; Piguet and Vesin,
1994; Thrall et al., 1997). These findings are consistent with a

key role of TNFa in acute and chronic inflammatory
pathologies.

Oxidative stress is known to contribute to vesicant-induced
lung injury (Keyser et al., 2014; Laskin et al., 2010;
Mukhopadhyay et al., 2006b; Weinberger et al., 2011). In response
to oxidative stress, cells upregulate HO-1, a microsomal antioxi-
dant, that catalyzes heme degradation and protects cells from
ROS-induced injury. Following NM exposure, we observed a per-
sistent increase in HO-1þ macrophages in the lung, consistent
with mustard-induced oxidative stress. Both numbers of HO-1þ

macrophages and the intensity of HO-1 staining were reduced
by anti-TNFa antibody indicating reduced oxidative stress.
Evidence suggests a reciprocal relationship between the genera-
tion of ROS and TNFa. Thus, ROS promote the release of TNFa

which in turn can stimulate the generation of ROS (Dapino et al.,
1993; Kao et al., 2006; Tanner et al., 1992). Our findings that anti-
TNFa antibody treatment reduced HO-1 in the lung may be due
to decreased oxidative stress mediated in part by diminished
levels of TNFa.

Macrophages are known to play a role in both the initia-
tion and resolution of inflammatory responses to tissue
injury (Laskin et al., 2011). These diverse biological activities
are mediated by distinct macrophage subpopulations,
broadly referred to as M1 and M2 macrophages. Thus, while
early in the pathogenic response, M1 macrophages accumu-
late in the tissue and release mediators like ROS, RNS, and
TNFa which promote tissue injury, later in the process, M2
macrophages appear, releasing mediators like interleukin-10
and TGF-b which suppress inflammation and initiate wound
repair. Excessive release of mediators by M1 and M2 macro-
phages has been shown to contribute to disease pathogene-
sis and fibrosis (Laskin et al., 2011). Following NM exposure,
we observed a persistent increase in CD11bþ inflammatory
macrophages in the lung, consistent with a prolonged
inflammatory response. Our findings that anti-TNFa anti-
body reduced lung inflammation but had no significant effect
on CD11bþ macrophages in the lung suggest that TNFa

exerted distinct effects on different macrophage subpopula-
tions. To assess this possibility, we analyzed the effects of
anti-TNFa antibody administration on M1 and M2 macro-
phages in the lung after NM. TNFa, iNOS, and COX-2 are
proinflammatory proteins expressed by M1 macrophages
(Laskin et al., 2011; Liu and Yang, 2013). In accord with pre-
vious reports (Malaviya et al., 2010, 2012; Sunil et al., 2011a),
we observed an increase in TNFaþ, iNOSþ, and COX-2þ mac-
rophages in the lung within 3 days of NM exposure, a
response that persisted for 28 days, although at reduced lev-
els. The accumulation of each of these M1 macrophage popu-
lations in the lung was suppressed by anti-TNFa antibody, in
accord with the proinflammatory M1 inducing actions of
TNFa (Aggarwal et al., 2014; Novak and Koh, 2013). Anti-TNFa

antibody treatment has previously been reported to reduce
numbers of M1 macrophages in lesional skin of patients with
pustular psoriasis (Tang et al., 2012). Taken together, these
findings suggest that the therapeutic response following
anti-TNF antibody treatment may be due, in part, to downre-
gulation of M1 macrophages.

Anti-TNFa antibody was also found to reduce numbers of
Ym1þ M2 macrophages in the lung. In contrast, it had no major
effect on Gal-3þ or CD68þ M2 macrophages, and numbers of
CD163þ M2 macrophages increased. These data are consistent
with the concept that there are multiple heterogeneous subpo-
pulations of M2 macrophages that play distinct roles in control-
ling inflammation, wound repair, and fibrosis; moreover, they

FIG. 3. Effects of anti-TNFa antibody on bronchoalveolar lavage (BAL) cell and

protein content. BAL collected 3, 7, and 28 days after exposure of rats to NM or

PBS control (CTL), followed by anti-TNFa antibody or PBS, was analyzed for

BAL protein (upper panel) and cell content (lower panel). CTL, combined

means 6 SE of data collected 3, 7, and 28 days post PBS treatment of rats

administered PBS or PBSþAnti-TNFa. Days post NM, mean 6 SE of NM or

NMþAnti-TNFa treated rats 3, 7, or 28 days post NM exposure. One-way

ANOVA comparing mean of each group to other groups using Tukey’s test

was used to calculate p values. aSignificantly (p� .05) different from CTL;
bSignificantly (p� .05) different from PBS-treated rats at the same time post

NM. CTL, 3 d post PBS exposure.
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are regulated differently (Aggarwal et al., 2014; Novak and Koh,
2013). Findings that CD163þ macrophages are increased after
anti-TNFa antibody treatment are in accord with reports that
TNFa suppresses CD163 expression (Buechler et al., 2000;

Fabriek et al., 2005). Increases in CD163þ M2 macrophages may
contribute to the resolution of inflammation, oxidative stress
and wound repair in anti-TNFa treated animals (Finn et al.,
2012). Conversely, decreases in Ym1þ macrophages may be

FIG. 4. Effects of anti-TNFa antibody on NM-induced heme oxygenase (HO)-1 expression. Lung sections, prepared 3, 7, and 28 days after exposure of rats to NM or PBS

control (CTL), followed by anti-TNFa antibody or PBS, were stained with antibody to HO-1. Binding was visualized using a Vectastain kit. Original magnification, �600.

Representative sections from 1 of 3–7 rats/treatment group are shown. CTL, 3 days post PBS exposure.
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important in attenuating fibrosis. In this regard, depletion of
lung macrophages during fibrogenesis has been shown to
reduce pulmonary fibrosis, a response associated with reduced
numbers of Ym1þ cells in the lung (Gibbons et al., 2011).

Excessive release of growth factors such as TGF-b by
overactivated M2 macrophages can contribute to the develop-
ment of fibrosis (Aggarwal et al., 2014; Novak and Koh, 2013).
Following NM exposure, we observed increased expression of

FIG. 5. Effects of anti-TNFa antibody on NM-induced CD11bþ macrophage accumulation in the lung. Sections, prepared 3, 7, and 28 days after exposure of rats to NM or

PBS control (CTL), followed by anti-TNFa antibody or PBS, were stained with antibody to CD11b. Binding was visualized using a Vectastain kit. Original magnification,

�600. Representative sections from 1 of 3 rats/treatment group are shown. CTL, 3 days post PBS exposure.
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TGF-b at 3 days, which is consistent with early onset of
fibrogenic changes in the lung. The fact that fibrosis
continues to progress in NM-treated rats, despite reduced
levels of TGF-b, suggests that other fibrogenic mediators such

as connective tissue growth factor, platelet-derived growth
factor, and/or fibroblast growth factor contribute to its
development (Araya and Nishimura, 2010; Padilla-Carlin et al.,
2011). Downregulation of TGF-b expression and decreased

FIG. 6. Effects of anti-TNFa antibody on NM-induced inducible nitric oxide synthase (iNOS) expression. Lung sections, prepared 3, 7, and 28 days after exposure of rats

to NM or PBS control (CTL), followed by anti-TNFa antibody or PBS, were stained with antibody to iNOS. Binding was visualized using a Vectastain kit. Original magnifi-

cation, �600. Representative sections from 1 of 3–5 rats/treatment group are shown. CTL, 3 days post PBS exposure.
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bleomycin-induced lung fibrosis have been reported
following local delivery of TNFa antisense nucleotide
(Luo et al., 2013). Similarly, we found that anti-TNFa antibody
reduced TGF-b expression in the lung, as well as collagen

deposition. These data suggest that TNFa plays a role in the
development of vesicant-induced fibrosis and that TGF-b medi-
ates early fibrogenic changes in the lung (Araya and Nishimura,
2010).

FIG. 7. Effects of anti-TNFa antibody on NM-induced cyclooxygenase (COX)-2 expression. Lung sections, prepared 3, 7, and 28 days after exposure of rats to NM or PBS

control (CTL), followed by anti-TNFa antibody or PBS, were stained with antibody to COX-2. Binding was visualized using a Vectastain kit. Original magnification, �600.

Representative sections from 1 of 3–5 rats/treatment group are shown. CTL, 3 days post PBS exposure.
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FIG. 8. Effects of anti-TNFa antibody on NM-induced TNFa expression. Lung sections, prepared 3, 7, and 28 days after exposure of rats to NM or PBS control (CTL), fol-

lowed by anti-TNFa antibody or PBS, were stained with antibody to TNFa. Binding was visualized using a Vectastain kit. Original magnification, �600. Representative

sections from 1 of 3–4 rats/treatment group are shown. CTL, 3 days post PBS exposure.
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Exposure to vesicants causes both acute and long-term
pathologic consequences in the lung, including cytotoxicity, dis-
ruption of tissue architecture, myofibroblast activation, fibro-
blast proliferation, and collagen deposition resulting in fibrosis

(Weinberger et al., 2011). Previous studies have demonstrated
that TNFa is involved in the development of each of these path-
ologies (Bradley, 2008; Miyazaki et al., 1995; Mukhopadhyay
et al., 2006a; Thrall et al., 1997). These studies show that blocking

FIG. 9. Effects of anti-TNFa antibody on NM-induced Ym1 expression. Lung sections, prepared 3, 7, and 28 days after exposure of rats to NM or PBS control (CTL),

followed by anti-TNFa antibody or PBS, were stained with antibody to Ym1. Binding was visualized using a Vectastain kit. Original magnification, �600. Representative

sections from 1 of 3–5 rats/treatment group are shown. CTL, 3 days post PBS exposure.
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TNFa mitigates the acute, as well as the long-term effects of NM
on the respiratory system. In a rodent model of acute asthma,
anti-TNFa antibody therapy was found to reduce the severity of
tissue damage by suppressing inflammatory cell infiltration

into the lung (Catal et al., 2015). Similarly, etanercept, a recombi-
nant soluble TNF receptor that binds to and neutralizes soluble
TNFa, has been reported to reduce the progression of idiopathic
pulmonary fibrosis in humans (Raghu et al., 2008). In our

FIG. 10. Effects of anti-TNFa antibody on NM-induced CD163 expression. Lung sections, prepared 3, 7, and 28 days after exposure of rats to NM or PBS control (CTL),

followed by anti-TNFa antibody or PBS, were stained with antibody to CD163. Binding was visualized using a Vectastain kit. Original magnification, �600.

Representative sections from 1 of 3–4 rats/treatment group are shown. CTL, 3 days post PBS exposure.
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FIG. 11. Effects of anti-TNFa antibody on NM-induced Gal-3 expression. Lung sections, prepared 3, 7, and 28 days after exposure of rats to NM or PBS control (CTL), fol-

lowed by anti-TNFa antibody or PBS, were stained with antibody to Gal-3. Binding was visualized using a Vectastain kit. Original magnification, �600. Representative

sections from 1 of 3–4 rats/treatment group are shown. CTL, 3 days post PBS exposure.
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FIG. 12. Effects of anti-TNFa antibody on NM-induced CD68 expression. Lung sections, prepared 3, 7, and 28 days after exposure of rats to NM or PBS control (CTL), fol-

lowed by anti-TNFa antibody or PBS, were stained with antibody to CD68. Binding was visualized using a Vectastain kit. Original magnification, �600. Representative

sections from 1 of 3–4 rats/treatment group are shown. CTL, 3 days post PBS exposure.
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FIG. 13. Effects of anti-TNFa antibody on NM-induced transforming growth factor (TGF)-b expression. Lung sections, prepared 3, 7, and 28 days after exposure of rats to

NM or PBS control (CTL), followed by anti-TNFa antibody or PBS, were stained with antibody to TGF-b. Binding was visualized using a Vectastain kit. Original magnifica-

tion, �600. Representative sections from 1 of 3 rats/treatment group are shown. CTL, 3 days post PBS exposure.
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studies, the efficacy of anti-TNFa antibody may be attributed to
its unique ability to bind to both soluble and transmembrane
TNFa, and to cross-link transmembrane TNF trimers (Tracey
et al., 2008). Taken together, these studies support the notion
that TNFa is an important mediator of vesicant-induced pulmo-
nary injury. Targeting TNFa with antibodies may be an effica-
cious approach to mitigating the toxic effects of mustards in
humans.
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