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Abstract

Bleomycin is a cancer therapeutic known to cause lung injury which progresses to fibrosis.
Evidence suggests that macrophages contribute to this pathological response. Tumor necrosis
factor (TNF)a is a macrophage-derived pro-inflammatory cytokine implicated in lung injury.
Herein, we investigated the role of TNFa in macrophage responses to bleomycin. Treatment of
mice with bleomycin (3 U/Kkg, i.t.) caused histopathological changes in the lung within 3 d which
culminated in fibrosis at 21 d. This was accompanied by an early (3—7 d) influx of CD11b*

and iNOS* macrophages into the lung, and Arg-1* macrophages at 21 d. At this time, epithelial
cell dysfunction, defined by increases in total phospholipids and SP-B was evident. Treatment of
mice with anti-TNFa antibody (7.5 mg/kg, i.v.) beginning 15-30 min after bleomycin, and every
5 d thereafter reduced the number and size of fibrotic foci and restored epithelial cell function.
Flow cytometric analysis of F4/80* alveolar macrophages (AM) isolated by bronchoalveolar
lavage and interstitial macrophages (IM) by tissue digestion identified resident (CD11b~ CD11c™)
and immature infiltrating (CD11b*CD11c™) AM, and mature (CD11b*CD11c™) and immature
(CD11b*CD11c™) IM subsets in bleomycin treated mice. Greater numbers of mature (CD11c*)
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1.

infiltrating (CD11b*) AM expressing the anti-inflammatory marker, mannose receptor (CD206)
were observed at 21 d when compared to 7 d post bleomycin. Mature proinflammatory (Ly6C*)
IM were greater at 7 d relative to 21 d. These cells transitioned into mature anti-inflammatory/
pro-fibrotic (CD206%) IM between 7 and 21 d. Anti-TNFa antibody heightened the number

of CD11b*™ AM in the lung without altering their activation state. Conversely, it reduced the
abundance of mature proinflammatory (Ly6C*) IM in the tissue at 7 d and immature pro-fibrotic
IM at 21 d. Taken together, these data suggest that TNFa inhibition has beneficial effects in
bleomycin induced injury, restoring epithelial function and reducing numbers of profibrotic IM
and the extent of pulmonary fibrosis.

Introduction

Bleomycin is a highly effective chemotherapeutic against carcinomas and sarcomas (Yu

et al., 2016); however, the fact that it causes pulmonary fibrosis has limited its use. This
adverse effect has been leveraged to the point that bleomycin is now widely used as an
experimental model of acute lung injury and pulmonary fibrosis (Williamson et al., 2015).
An advantage of the model is that a single exposure to bleomycin drives the sequential

and distinct phases of acute inflammation, resolution, and repair. A number of studies have
examined how interfering with these injury phases can alter the outcome of pulmonary
fibrosis (Koyama et al., 2019; Saito et al., 2019; Shariati et al., 2019; Zhang et al., 2019).

While the acute inflammatory phase of bleomycin-induced pulmonary toxicity is dominated
by neutrophil activity, the later phases of injury progression, resolution and fibrogenesis

are regulated by macrophages (Misharin et al., 2017). These cells include tissue resident
macrophages, which are pivotal in homeostatic maintenance, and monocyte-derived
inflammatory macrophages localized in the alveolar and interstitial spaces, which respond
to tissue injury (Misharin et al., 2013; Gibbings et al., 2017). Inflammatory macrophages
have been broadly classified into two distinct populations, M1/proinflammatory and
M2/anti-inflammatory macrophages. Whereas M1 macrophages produce proinflammatory
mediators including tumor necrosis factor (TNF)-a, interleukin (IL)-1, IL-6, and IL-12 and
express inducible nitric oxide synthase (iNOS), M2 macrophages release mediators such as
IL-4, IL-10, IL-13, and TGFp that downregulate inflammation and initiate wound repair.
Excessive release of mediators by M1 and/or M2 macrophages can exacerbate tissue injury
and induce fibrosis (Wynn and Vannella, 2016). Previous studies have shown that during

the acute inflammatory phase of bleomycin-induced lung injury, M1 macrophages dominate,
while during the resolution/fibrogenic phase, M2 macrophages are the major subset (Walters
and Kleeberger, 2008).

TNFa is a proinflammatory cytokine produced mainly by macrophages in response to
tissue injury; it has been implicated in the pathogenesis of a variety of pulmonary diseases
including fibrosis (Malaviya et al., 2017). In addition to promoting myeloid cell recruitment
and differentiation, TNFa induces oxidative and nitrosative stress, as well as necrosis,
apoptosis, angiogenesis, and tissue remodeling (Aggarwal, 2003; Mukhopadhyay et al.,
2006; Blaser et al., 2016). Studies have demonstrated that blocking TNFa activity using
pharmacologic or genetic modulation blunts tissue injury and inflammation induced by

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2023 May 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

\enosa et al.

Page 3

diverse pulmonary toxicants (Piguet and Vesin, 1994; Bhalla et al., 2002; Malaviya et al.,
2015; Malaviya et al., 2017; Ge et al., 2018; Laskin et al., 2019).

In the current studies, we combined histologic analysis with techniques in
immunohistochemistry and flow cytometry to assess the effects of TNFa blockade on
macrophage accumulation and activation in the lung following bleomycin-induced injury,
resolution and fibrogenesis. We found that bleomycin administration was associated with
sequential accumulation of pro- and anti-inflammatory alveolar and interstitial macrophages
in the lung. Anti-TNFa antibody administration was found to alter interstitial macrophage
activation and improve alveolar epithelial type Il cell function. These findings provide new
insights into the potential therapeutic benefit of blocking TNFa during pulmonary injury
and fibrogenesis.

2. Methods

2.1. Animals and treatments

2.2.

C57BL/6 J male mice (8 week old, The Jackson Laboratories, Bar Harbor, ME) were housed
in filter top microisolation cages and provided 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. Mice were treated
with 50 pL bleomycin (3 U/kg) or control (saline solution, 0.9% NaCl) by intratracheal
instillation. In separate studies, bleomycin exposure was followed 15-30 min later by tail
vein administration of chimeric monoclonal IgG2ax anti-mouse anti-TNFa antibody (7.5
mg/kg, 7.v., Janssen Pharmaceuticals Inc., Spring House, PA) or PBS control. Antibody was
subsequently administered once every 5 days.

Bronchoalveolar lavage fluid (BAL) and cell collection

Animals were euthanized by /7.p. injection of Sleepaway (2 mL/kg, Fort Dodge Animal
Health, Fort Dodge, 1A) 3d, 7 d or 21 d post saline control or bleomycin. Anti-TNFa
antibody treated study groups were euthanized at 7 d and 21 d post bleomycin. BAL was
collected by slowly instilling and withdrawing (x 5) 1 mL of ice-cold saline into the lung
through a cannula inserted into the trachea. BAL was centrifuged (300 g, 8 min), and
supernatants analyzed for protein and phospholipid. Cell- free supernatants were assayed for
protein content using a BCA protein assay kit (Pierce Biotechnologies Inc., Rockford, IL)
with bovine serum albumin as the standard. Cell pellets were resuspended in 500 pL of PBS,
enumerated using a Beckman Coulter counter (Indianapolis, IN), and processed for flow
cytometric analysis.

2.2.1. Interstitial macrophage isolation—The right lung lobes were finely diced and
incubated with collagenase 1V (2 mg/mL) at 37 °C in RPMI media containing 5% fetal
bovine serum (FBS) for 30 min, with gentle shaking every 5 min. The lung digests were
filtered through a 70 um cell strainer, washed, centrifuged, and cell pellets resuspended in
100 uL of Ca™*/Mg** free PBS containing 2% FBS and 1 mM EDTA. Cells were then
treated with 0.25 pg rat anti-mouse CD16/32 (clone 93; BioLegend, San Diego, CA) for 5
min at room temperature to block nonspecific binding. An EasySep PE Positive Selection
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Kit (Stem Cell Technologies) was used to isolate F4/80* macrophages from lung digests
following the manufacturer’s directions. Briefly, the filtered lung digest was incubated with
PE conjugated anti-F4/80 antibody (1.5 pg/mL) for 15 min at room temperature. A Selection
Cocktail (100 pL/mL) was added to the cell suspension followed by Magnetic Particles (50
uL/mL) and incubation for 10 min at room temperature. The samples were then diluted with
PBS containing 2% FBS and 1 mM EDTA and F4/80* cells isolated by magnetic separation.

2.2.2. Flow cytometric analysis—BAL cells and tissue digest single cell suspensions
were resuspended in 100 pL of staining buffer. This was followed by 30 min incubation
with FITC-conjugated anti-mouse CD206 (1:100, clone C068C2; BioLegend), PerCP/Cy5.5
conjugated anti-mouse Ly-6C (1:100, clone HK1.4 BioLegend), APC conjugated anti-mouse
CD11b (1:100, clone M1/70; BioLegend), and/or Alexa Fluor 700 conjugated anti-mouse
CD11c (1:100, clone N418; BioLegend) antibodies or appropriate isotype controls at 4

°C and then with eFluor 780-conjugated fixable viability dye (1:1000, eBiosciences). In
experiments with cells collected by lavage, cells were also incubated with PE-conjugated
anti-mouse F4/80 antibody (1:100, clone BM8; eBiosciences, San Diego, CA). Cells were
washed and fixed in 2% paraformaldehyde and analyzed on a Gallios flow cytometer
(Beckman Coulter, Brea, CA). Cell populations were identified based on forward and side
scatter followed by doublet discrimination of live cells. Data were analyzed using Beckman
Coulter Kaluza (version 1.2) software. Viable F4/80* BAL cells were initially analyzed

for expression of CD11c followed sequentially by CD11b and CD206 (mannose receptor);
viable tissue digest cells were analyzed for expression of CD11b followed sequentially by
CD11c and CD206. The number of cells within each subpopulation was calculated from the
percentage of positive cells relative to the total number of F4/80™ viable cells recovered.

2.3. Histology and immunohistochemistry

For preparation of histologic sections, the left lobe was instilled with 3% paraformaldehyde,
removed, fixed in 3% paraformaldehyde overnight at 4 °C, and then transferred to 50%
ethanol. Sections (5 um) were prepared, stained with Hematoxylin and Eosin (H&E), and
analyzed microscopically. Semi-quantitative histological scoring (0 = healthy; 1 = small
foci of injury affecting up to 20% of lung tissue; 2 = increasing numbers of injury foci,
perivascular infiltrate and edema affecting approximately 20-40% of lung tissue; 3 =
increasing numbers of injury foci, perivascular infiltrate and edema affecting approximately
40-60% of lung tissue; 4 = increasing numbers of injury foci, perivascular infiltrate and
edema affecting approximately 60-80% of lung tissue; 5 280% affected lung with extensive
edema and perivascular edema) was based on blinded evaluation of number and size of

foci of injury, perivascular infiltrate, and edema. Lungs were also assessed for fibrosis
using a scaling system previously reported by Izbicki, et al. (I1zbicki et al., 2002). Finally,
morphological measurements of percentage airspace, alveolar wall width, and number of
nuclei per high powered field were made in order to assess lung architectural changes in
response to bleomycin. For immunohistochemistry, tissue sections were deparaffinized with
xylene and hydrolyzed by passing through a gradient of ethanol (100-50%) followed by
water. After antigen retrieval with citrate buffer (10.2 mM sodium citrate, 0.05% Tween 20,
pH 6.0, 10 min) and quenching of endogenous peroxidase with 3% hydrogen peroxide in
methanol (30 min), sections were incubated for 2 h at room temperature with 5% serum
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to block nonspecific binding. This was followed by overnight incubation at 4 °C in a
humidified chamber with a rabbit polyclonal anti-YM-1 (1:800, Stem Cell Technologies,
Vancouver, Canada), CD11b, (1:1000, Abcam, Cambridge, MA), inducible nitric oxide
synthase (iNOS, 1:150, Abcam), arginase-1 (Arg-1, 1:1500, Abcam) or the appropriate
serum/IgG controls diluted in blocking buffer. Sections were then washed and incubated

at room temperature for 30 min with biotinylated secondary antibody (Vectastain Elite
ABC kit, Vector Laboratories, Burlingame, CA). Binding was visualized using a Peroxidase
Substrate Kit DAB (Vector Laboratories). Random sections from at least three mice per
treatment group were assessed for each antibody.

2.4. Surfactant protein analyses

BAL was separated into hydrophobic large aggregate (LA) and hydrophilic small aggregate
(SA) fractions by ultracentrifugation (20,000 g) for 1 h. Phospholipid content in the LA
fraction was quantified by measuring inorganic phosphate content acquired from the lipid
phase (Bligh and Dyer, 1959; Rouser et al., 1966). Total protein content in LA and SA
fractions was measured by the Bradford method using bovine albumin as a standard.
Relative surfactant protein content was determined by western blotting. SP-D content was
measured in whole BAL, while SP-B content was measured in the LA fraction reconstituted
in sodium chloride saline solution (NaCl, 0.9%). Samples of denatured BAL or LA fraction
(2 pg protein) were reduced with dithiothreitol and then fractionated onto 4-12% Bis-Tris
(SP-D) or 3-8% tris-acetate (SP-B) polyacrylamide gradient gels (Invitrogen, Carlsbad,
CA). Proteins were transferred to PVDF membranes, blocked in 10% milk for 40 min

and then incubated with anti-SP-D (Cao et al., 2004) or anti- SP-B (Guttentag et al.,

1997) antibodies (1:20,000) provided by Dr. Michael Beers (University of Pennsylvania,
Philadelphia, PA). The membranes were subsequently incubated with HRP-conjugated
secondary antibody (1:5000) (Santa Cruz Biotechnology, Santa Cruz CA) and developed
following incubation with Amersham ECL Plus (GE Healthcare Bio- sciences, Pittsburgh,
PA\); intensity was quantified using Kodak 440 imaging platform. Background corrected
SP-B and SP-D signal intensity was determined for each sample and reported as mean + SD,
normalized to mean intensity of control within each blot.

2.5. Statistical analysis

Each experimental group consisted of 5-6 animals. Data were analyzed using GraphPad
Prism V6.01 (GraphPad Software Inc., La Jolla, CA). Histological scoring data were
analyzed using Kruskal-Wallis non-parametric one-way ANOVA followed by Mann—
Whitney Rank Sum post-hoc test. A one-way ANOVA with no matching between groups
and Tukey’s multiple comparisons, or unpaired #test (unequal variance) was used to analyze
differences between groups. Western blot data was analyzed by one-way ANOVA followed
by Dunnett’s post-hoc test. A p value of <0.05 was considered statistically significant.

3. Results

3.1.

Bleomycin induces persistent inflammatory changes in the lung

Immunohistochemical analysis of CD11b* myeloid cell infiltration into the lung revealed
a time related increase at 3 d post administration of bleomycin, with peak influx at
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7 d, a time point previously described as representative of the transition from acute
inflammation to tissue remodeling (Guo et al., 2016). At 21 d, a time associated with
fibrogenesis, CD11b™ cells were still present in the lung (Fig. 1, left panels). This increase

in CD11b* cells was reflected in morphological analysis which revealed increased cellularity
at both 7 and 21 days post bleomycin, but no significant alteration of alveolar structure
(supplemental Fig. 1). Phenotypic analysis of inflammatory cells in the lung revealed time
related increases in expression of the proinflammatory protein iNOS beginning 3 d after
bleomycin administration and persisting up to 21 d (Fig. 1, center panels). In contrast,

Arg-1 expression, a marker associated with anti-inflammatory/profibrotic activation, was
only observed 21 d post bleomycin exposure (Fig. 1, right panels).

3.2. Effects of anti-TNFa antibody on bleomycin-induced lung histopathology and
inflammatory cell accumulation in the lung

Consistent with previous studies (Casey et al., 2005), at 7 days post bleomycin
administration, there was an accumulation of inflammatory cells within the peribronchial
and perivascular regions of the lung (Fig. 2A). This was accompanied by collagen
deposition, as evidenced by trichrome staining, a response which increased with time
becoming pronounced by 21 d (Fig. 2B and C). Anti-TNFa antibody, administered
immediately following bleomycin and every 5 days thereafter, had no significant effect on
inflammatory cell accumulation in the lung at 7 d or 21 d or on the extent of alveolar
epithelial disruption and perivascular edema at 7 d (Fig. 2). This was confirmed by
unbiased analysis of alveolar wall thickness and alveolar air space volume, which was not
significantly changed by Anti-TNFa treatment within bleomycin exposed cohorts (Supp.
Fig. 2). Conversely, analysis of fibrotic foci indicated that anti-TNFa therapy effectively
reduced the extent of tissue remodeling and fibrosis at 21 d (Fig. 2A and C).

3.3. Effects of anti-TNFa antibody on the phenotype of macrophages responding to
bleomycin-induced lung injury

We next analyzed the effects of anti-TNFa antibody on the phenotype of activated
macrophage subsets recovered from BAL and tissue digests at 7 d and 21 d post bleomycin
exposure, representing peak inflammation and tissue remodeling/fibrosis, respectively.
Significantly greater numbers of F4/80*CD11b* infiltrating macrophages were observed

in BAL at 21 d relative to 7 d post bleomycin administration (Fig. 3A and B); this

was augmented by anti-TNFa antibody treatment. These infiltrating cells were further
characterized for expression of the macrophage maturity marker, CD11c, and CD206,

a scavenger receptor known to be linked to anti-inflammatory/profibrotic macrophages
(Roszer, 2015; Soldano et al., 2016). A significant increase in CD206" infiltrating
macrophages (F4/80*CD11b™) expressing the CD11c maturity marker was observed at 21 d,
compared to the same cell population analyzed 7 d post bleomycin; anti-TNFa antibody had
no major effect on these cells (Fig. 3C and D). An increase in CD206* alveolar macrophages
(F4/80*CD11b~ CD11c*) was also noted at 21 d, when compared to 7 d; this was correlated
with a decrease in CD206™ alveolar macrophages (Fig. 3E and F). Anti-TNFa antibody had
no effect on these cell populations.
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To gain better perspective of changes in macrophage composition at the interstitial level, we
next analyzed lung digests. In these studies, F4/80" cells were magnetically selected and
analyzed for CD11b, CD11c, CD206and Ly6C to differentiate mature (CD11b*CD11c™) and
(CD11b*CD11c™) immature interstitial macrophages, from resident alveolar macrophages
(CD11b~ CD11c*) (Fig. 4A). No significant differences were observed in the relative
percentage of CD11b* cells or CD11b*CD11c™ interstitial macrophages between 7 d and

21 d post-bleomycin, or between anti-TNFa treated mice and bleomycin + saline treated
mice (Fig. 4B, C and D). In contrast, the relative abundance of CD11b*CD11¢™ immature
interstitial macrophages was reduced at 21 d relative to 7 d after administration of anti-
TNFa antibody (Fig. 4E). Following bleomycin administration, we also noted an increase
in both immature CD11b*CD11c¢™ and mature CD11b*CD11c™ interstitial macrophages
expression of the anti-inflammatory scavenger receptor CD206, at 21 d relative to 7d (Fig.
5A and C). Whereas anti-TNFa antibody had no effect on mature interstitial macrophage
expression of CD206 at 21 d post bleomycin, it blunted increases in CD206 expression

on immature interstitial macrophages (Fig. 5A and B). Further analysis of digested cells pre-
gated on CD11b* expression showed that the relative abundance of mature proinflammatory
CD11c*Ly6C* interstitial macrophages was maximal 7 d post bleomycin; anti-TNFa
antibody significantly reduced their abundance at 7 days with no effect at 21 d (Fig. 5D

and F). Immunohistochemical analysis of the lung for the anti- inflammatory/profibrotic
macrophage protein, YM-1 showed increased and persistent expression in both groups, with
no differences in accumulation patterns or numbers (Fig. 5G).

3.4. Effects of anti-TNFa antibody on bleomycin-induced alterations in lung
phospholipids and surfactant proteins

Previous studies have demonstrated that surfactant producing type Il alveolar epithelial cells
are highly sensitive to bleomycin (Barkauskas and Noble, 2014). Injury to type 11 cells

is associated with reduced levels of lipid-rich alveolar surfactants lining the respiratory
epithelium. In further studies we analyzed the effects of anti-TNFa antibody administration
on bleomycin induced alterations in lung phospholipids, as well as levels of inflammatory
associated SP-D and the “true surfactant”, SP-B. Low levels of phospholipids were detected
in LA fractions of BAL from control mice (Fig. 6A). Whereas bleomycin had no effect on
total BAL phospholipids levels 21 d after exposure, anti-TNFa antibody treatment caused a
significant increase in phospholipid levels (Fig. 6A). Further analysis of BAL lipids revealed
low levels of SP-D in control mice (Fig. 6B). As observed with total phospholipids, although
bleomycin had no effect on SP-D or SP-B levels at 21 d post exposure, anti-TNFa antibody
caused a two- and five-fold increase, respectively, in levels of these proteins in BAL (Fig.

6B and C). Consistent with the notion that bleomycin promotes type Il cell dysfunction,

the ratio of total phospholipids to SP-B ratio, considered a biomarker of surfactant lipid
homeostasis, was increased 21 d following bleomycin administration (12 £3.8 g/A.U. for
control vs 27 + 9.6 g/A.U. for bleomycin) (Fig. 6D). Anti-TNFa antibody treatment reduced
the phospholipid/SP-B ratio to control levels (11 + 4.8 ug/A.U.), suggesting normalization of
type Il cell function.
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4. Discussion

Intratracheal bleomycin administration is a well-established model of acute lung injury that
progresses to fibrosis (Hay et al., 1991; Moeller et al., 2008). The pathologic process of
injury involves both inflammatory activation and repair processes (Hay et al., 1991). Herein,
we showed that the progressive changes that occur within the lung following bleomycin
administration are accompanied by changes in inflammatory macrophage accumulation and
activation within the alveolar space and the interstitium. We also demonstrate that inhibition
of TNFa signaling reduces the extent of bleomycin induced fibrosis, normalizes type Il

cell function, and modifies lung macrophage activation. These findings provide important
insights on the inflammatory processes mediating fibrogenesis.

The recruitment of inflammatory cells to the lung following bleomycin administration
occurs within 3 d as evidenced by the appearance of cells bearing the mobility marker,
CD11b™ in the tissue. These cells persisted for at least 21 d, a time associated with

the resolution of inflammation and fibrogenesis, consistent with a role of infiltrating
myeloid cells in both phases of the inflammatory response (Braga et al., 2016;

Venosa et al., 2016). Our findings of macrophage iNOS expression 3—-21 days post
bleomycin, demonstrate persistent pro-inflammatory activation in the lung (Kobayashi,
2010). Conversely, the prototypical anti-inflammatory/profibrotic marker, Arg-1, was only
expressed in inflammatory cells at 21 d, a time we showed is consistent with fibrosis,

as evidenced by trichrome staining (YYang and Ming, 2014). Together, these observations
support the notion that the activation state of macrophages responding to bleomycin injury is
best represented by a spectrum rather than an dichotomous phenotype (i.e. only M1 or M2)
(Mosser and Edwards, 2008). These findings prompted us to evaluate shifts in macrophage
abundance and activation state following TNFa blockade.

While anti-TNFa antibody treatment had no significant effects on combined
histolopathological score, decreases in the number and severity of fibrotic foci in trichrome
stained sections were observed when compared to bleomycin only groups at 21 d. These
findings are in contrast to previous reports demonstrating that TNFa inhibition reduces
inflammation and/or fibrosis induced by a number of diverse pulmonary toxicants including
bleomycin (Piguet et al., 1989; Piguet and Vesin, 1994; Shvedova et al., 1994; Lee et al.,
2017; Ntusi et al., 2018). It is possible that the limited effects observed acutely in our studies
are due to the intravenous route of administration of the anti-TNFa antibody. It may also

be that additional doses of anti-TNFa. antibody are required to block inflammation, a notion
supported by our findings of reduced fibrosis at 21 d post bleomycin after four doses of the
antibody. Such a repetitive therapeutic approach would be viable in humans as anti-TNFa
antibodies are used chronically with biweekly injections in diseases such as rheumatoid
arthritis.

Despite limited effects on overall histopathology, anti-TNFa antibody therapy successfully
rescued Type Il alveolar epithelial cell function. Type |1 epithelial cells produce both the
surfactant portion of the lung lining fluid, namely the phospholipids, and the surface-active
proteins and collectins, SP-A, -—B, -—C, and --D. To assess these separate functions, we
measured BAL levels of phospholipids and SP-B, along with SP-D during the fibrotic phase
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of injury. We found a reduction in the phospholipid-to-SP-B ratio following bleomycin
administration, indicating dysregulation of surface tension and increased work of breathing
(Massa et al., 2017). These findings are consistent with previous findings of lung lining
fluid changes following lung injury induced by bleomycin, where reductions in relative
SP-B content were related to increased lung collapse and reduced lung function (Savani

et al., 2001; Knudsen et al., 2018). Treatment with anti-TNFa antibody was found to
increase phospholipid, SP-B, and SP-D levels, and to normalize the phospholipid-to-SP-B
ratio. These data suggest an overall upregulation of type Il cell function both in the
production of surface-active material (phospholipids and SP-B), but also in the production
of immunoregulatory collectin (SP-D). Improved type 11 cell function may be protective
against lung injury, a notion supported by previous studies demonstrating a reduction in
bleomycin-injury and fibrosis following administration of anti-TNFa antibody (Piguet et al.,
1989; Piguet and Vesin, 1994)

Our flow cytometric BAL analysis highlighted two populations of F4/80* myeloid cells: one
consisting of resident alveolar macrophages (CD11¢*Cd11b™) and a second group including
CD11b™ infiltrating macrophages (Misharin et al., 2013; Zaynagetdinov et al., 2013).
Alveolar macrophages are responsible for homeostatic maintenance and early response to
exogenous stressors (Joshi et al., 2018). Bleomycin-induced increases in CD206, but not
Ly6C, in alveolar macrophages is indicative of a more reparative function of these cells
(Grabarz et al., 2018). We also found that CD206 levels in alveolar macrophages increased
with time, supporting the idea that fibrotic remodeling is correlated with expression of this
scavenger receptor (Wynn and Vannella, 2016). Anti-TNFa antibody treatment had no effect
on the abundance of CD206™ or Ly6C™ resident alveolar macrophages.

Flow cytometric analysis of CD11b* infiltrating cells confirmed our immunohistochemical
findings of prolonged accumulation of these cells in the lung following bleomycin
administration. This response was greater in the anti-TNFa antibody treated group,
indicating that the drug modulated the response of peripheral myeloid subsets. Recent
evidence suggested that alveolar macrophages developing from monocytic precursors,
termed monocyte-derived alveolar macrophages, are involved in tissue remodeling and
fibrosis (Misharin et al., 2017; Joshi et al., 2020). Our findings that BAL CD11b* cells
upregulate expression of CD11c and CD206 expression over time, support the notion that
as these cells mature, they develop an anti-inflammtory/pro-fibrotic phenotype (Gonzalez-
Juarrero et al., 2003; Misharin et al., 2014). This progression was unaltered by antibody
treatment, suggesting that TNFa does not influence the transition to a mature (CD11c¢™) and
possibly pro-fibrotic (CD206) phenotype.

Interstitial macrophages represent another lung resident population distinct from alveolar
macrophages in ontogeny, phenotype, and function (Tan and Krasnow, 2016; Gibbings
etal., 2017; Liegeois et al., 2018; Schyns et al., 2019). This macrophage subset is
replenished largely from circulating monocytes during homeostatic and stressful conditions.
CD11b has been reported to be expressed by interstitial macrophages (Liegeois et al.,
2018). To examine bleomycin-induced changes in interstitial macrophages, free from
confounding blood monocytes and alveolar macrophages, we thoroughly perfused the lungs
after bronchoalveolar lavage. This was followed by collagenase digestion and magnetic
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selection of F4/80* cells. Our results demonstrated no significant changes in the abundance
of CD11b" interstitial macrophages in the lung following bleomycin administration, or

after anti-TNFa antibody treatment. In accord with recent published gating strategies
(Gibbings et al., 2017), we identified two populations of interstitial macrophages defined

by their differential expression of the maturation marker, CD11c. The subset lacking

CD11c expression was designated as immature interstitial macrophages. Our data show
reduced numbers of immature interstitial macrophages (CD11b*CD11c™) at 21 d post
exposure, a shift likely indicating a transition to a mature phenotype at a time coordinate
with fibrogenesis. Phenotypic analysis of CD11b*CD11c* and CD11b*CD11c™ (immature)
interstitial macrophages identified time related increases in CD206 expression following
bleomycin exposure. Conversely, immature interstitial macrophages expressed significantly
lower levels of the pro-inflammatory marker, Ly6C 21 days post bleomycin. Our observation
that anti-TNFa treatment reduced the relative abundance of Ly6C* interstitial macrophages
7 days post bleomycin exposure, combined with blunted accumulation of CD206* immature
interstitial macrophages at 21 days, supports the notion that anti-TNFa antibody therapy
effectively limits both pro- inflammatory (Ly6C) and pro-fibrotic (CD206) activation in the
lung interstitium (Greiffo et al., 2016; Misharin et al., 2017; Schyns et al., 2018).

In summary, the results of our studies demonstrate that bleomycin produces persistent

lung injury, progressing to fibrosis. This is accompanied by epithelial cell dysfunction and
macrophage activation both within the lung lining (BAL) and the interstitium (digest).
Anti-TNFa antibody therapy produced significant improvement in type 11 cell function and
affected interstitial macrophage influx and activation. Together, these results support the
idea that therapies aimed at improving work of breathing and interstitial cell function may
represent an effective strategy to treat inflammation-induced fibrosis.
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Fig. 1.
Effects of bleomycin on lung inflammation and macrophage activation. Lung sections,

prepared 0 d (CTL), 3 d, 7 d, and 28 d after exposure of mice to bleomycin (3 U/kg), were
immunostained with antibody to CD11b (left panels, 100x magnification), iNOS (center
panels, 400x magnification), and Arg-1 (right panels, 400x magnification). Binding was
visualized using a Vectastain kit. Representative sections from 3 mice/treatment group are
shown.
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Effects of anti-TNFa antibody on bleomycin-induced lung histolopathology and cell counts.
Panel A: Hematoxylin and Eosin and Masson’s Trichrome stain of tissue sections were
prepared 7 d, and 21 d after exposure of mice to bleomycin (Bleo + CTL) or Bleo +
anti-TNFa antibody. Original magnification: 40x (top and bottom panels) and 400x (middle
panels). Representative images from at least 3 mice/treatment group are shown. Panels B
and C: Histopathological scoring of sections was based on qualitative score of perivascular
and peribronchial infiltrate, edema, number and extent of injury foci, alveolar thickening.
Data are represented as median scores. *Significantly different (p < 0.05) from Bleo + CTL

group.
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Fig. 3.

Effects of anti-TNFa antibody on bleomycin-induced macrophage accumulation and
activation in BAL. Panel A. Representative histogram of CD11b expression by F4/80" BAL
cells following Bleo + CTL or Bleo + anti-TNFa administration. Pane/ B Quantification of
CD11b™ cells collected 7 d and 21 d following Bleo + CTL or Bleo + anti-TNFa antibody
administration. Data are mean = SD (n7= 3). Panels C-F. Expression of CD206 and CD11c
by CD11b* cells (Panels C and D) and by CD11b~ cells (Panels £ and F) 7 d and 21 d post
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Bleo + CTL or Bleo + anti-TNFa. Bars, mean = SD (n = 3). *Significantly different (p <
0.05) from other groups
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Fig. 4.
Effects of anti-TNFa antibody administration on bleomycin-induced macrophage

mobilization and activation in lung tissue. Panel A: Gating strategy used to identify myeloid
subsets following F4/80 magnetic selection of collagenase digested tissue collected 7 d

and 21 d post Bleo + CTL or Bleo + anti-TNFa exposure. Panel/ B Quantification of

total CD11b Interstitial Macrophages Panel C-E: Representative dot plot for CD11b and
CD11c cells 7d and 21 d post Bleo + CTL or Bleo + anti-TNFa exposure (Panel

C); CD11b*CD11c, interstitial macrophages (Panel D); and CD11b*CD11c™ , immature
macrophages (panel E) in the tissue 7 d and 21 d post Bleo + CTL or Bleo + anti-TNFa

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2023 May 04.

g .
i R
. ¥
£ —p— v —:——.—
54 o ¢ v 3§
O3 . -
Ig -
’ Id 214
D ..

% COt1p*Co11e”
Imersasal Macrophages
H

|..
R
l 9

Te Nna

)o-;

% Co'Con

Ta el

I
g
|

e Bleo+CTL
o Bleo + anti-TNFx



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Venosa et al.

Page 19

exposure. Data are represented as mean = SD (n = 3). *Significantly different (p < 0.05)
from other groups.
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Effects of anti-TNFa administration on bleomycin-induced macrophage phenotype in lung
tissue. Panel A: Representative dot plot for CD206 and CD11c cells 7 d and 21 d

post Bleo CTL or Bleo + anti-TNFa exposure. Panel B-C: Quantification of CD206*

in CD11b*CD11c™, immature interstitial macrophages (Pane/ B), and CD11b*CD11c*,
interstitial macrophages (Panel C), in the tissue 7 d and 21 d post Bleo + CTL or Bleo +
anti-TNFa exposure. Data are represented as mean + SD (n = 3). Panel D: Representative
dot plot for Ly6C and CD11c cells 7 d and 21 d post Bleo + CTL or Bleo + anti-TNFa
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exposure. Panel E-F: Quantification of immature Ly6C*CD11c™ (Panel E), and mature
Ly6C*CD11c* (Panel F) interstitial macrophages in the tissue 7 d and 21 d post Bleo

+ CTL or Bleo + anti-TNFa exposure. Data are mean + SD (n = 3). Pane/ G: Lung
sections, prepared 7 d and 21 d after exposure to Bleo + CTL or Bleo + anti-TNFa,

were immunostained with antibody to YM-1. Binding was visualized using a Vectastain
kit. Original magnification, 400%. Representative sections from 3 mice/treatment group are
shown. *Significantly different (p < 0.05) from other groups.
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Fig. 6.
Effects of anti-TNFa administration on bleomycin-induced alterations in surfactant protein

expression. Panels A-C:Whole BAL and large aggregate fractions, collected at 0 d (CTL)
and 21 d after exposure to Bleo + CTL or Bleo + anti-TNFa., were assessed for total
phospholipid content (Panel A), SP-D (Panel B) and SP-B (Panel C) by western blot
analysis, respectively. Panel D: Total Phospholipid-to-SP-B ratio at 0 d (CTL) and 21 d
after exposure to Bleo + CTL or Bleo + anti-TNFa., representing a biomarker for type 11
cell function. Quantification of expression was performed using ImageJ and represented as
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arbitrary unit (A.U.) and represented as mean £ SD (n = 3-6). *Significantly different (p <
0.05) from other groups.
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