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A critical role for alveolar macrophages in elicitation of pulmonary immune fibrosis
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SUMMARY

Hapten immune pulmonary interstitial fibrosis (HIPIF) is induced by a recall cell-mediated immune
response against the hapten 2,4,6-trinitrobenzene sulphonic acid (TNBS) in the lung. Studies here
dissect the role of the cellular components of the bronchoalveolar lavage (BAL) cells (alveolar
macrophages [AMs] versus monocytes and immature dendritic cells) in the fibrogenic inflammatory
response. BAL cells from HIPIF mice were generally more activated and produced a greater
amount of tumour necrosis factor-oo (TNF-a) than controls. Liposome-encapsulated dichloro-
methylene diphosphonate (CI,MDP) that was inoculated intranasally (i.n.) into mice selectively
depleted AMs. Following AM depletion, the number of TNF-a-containing cells was reduced, and
both the number of immune inflammatory cells recruited into the alveolar space and the subsequent
collagen deposition (hydroxyproline) were decreased in the sensitized and intratracheally (i.t.)
challenged mice. In conclusion, AMs are required, in part, for the development of pulmonary
fibrosis in HIPIF because AM-derived factors such as TNF-a are needed for initiation of chemokine

and cytokine pathways and accumulation of immune inflammatory cells.

INTRODUCTION

Haptens are protein-reactive chemicals that are ubiquitous in
both the industrial and domestic environment. Haptens
(metals, salts and drugs) are considered major environmental
noxae capable of modifying the immune system of vertebrates.'
The skin and the lung are major sites for individuals to come
into contact with haptens. Also, depending on the route, dose
and frequency, hapten exposure may lead to a resolving contact
hypersensitivity (poison ivy),>* an allergic reaction (penicillin
sensitivity),* ® or as we show here, a non-resolving pulmonary
interstitial fibrosis. Moreover, like viruses, haptens alter self-
antigens and therefore contribute to an ensuing immune
response that may include autoimmune mechanisms.'” The
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autoimmune aetiology of pulmonary interstitial fibrosis was a
factor associated with the identification of activated T cells in
the lung and autoantibodies in patients.''?> Hapten immune
pulmonary interstitial fibrosis (HIPIF) is a unique model
for the study of mechanisms of autoimmune pulmonary inter-
stitial fibrosis potentiated by environmental noxae. Pulmonary
fibrosis is induced in mice by epicutaneous application of the
hapten 2.,4,6-trinitrobenzene sulfonic acid (TNBS), followed
by intratracheal (i.t.) challenge with TNBS.'*"!”7 HIPIF is
antigen specific, requires both CD4™ and CD8™ T cells, and is
dependent on the genetic susceptibility of test animals to
express a contact hypersensitivity response to TNBS.'*!4
Immune mechanisms are critically involved in HIPIF as mice
that are made tolerant to the immunizing hapten do not
develop fibrosis.'® Moreover, HIPIF can be adoptively trans-
ferred with sensitized cells to naive mice prior to i.t. challenge
with TNBS."*'¢

It is well established that resting alveolar macrophages
(AMs) contribute to the creation of an immune-suppressive
environment that limits the initiation of immune responses and
activation of the antigen-specific T lymphocytes in the lung.'®"?
AMs actually release factors that alter the antigen-presenting
capacity of the pulmonary dendritic cells.’® Suppressed
pulmonary immune responses, however, can be overcome
by exposure to infectious agents or foreign antigen.?! During
times of inflammation, there is prominent recruitment of cells
from the periphery®® that changes the composition of the
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bronchoalveolar (BAL) cells and shifts immune responses
towards inflammation rather than suppression.

While the role of AMs in regulating the initiation or
afferent stage of an immune response has been studied in
detail,>*>* there are only a few studies exploring how AMs
might regulate immune responses in the lung during the
efferent stage, i.e. when presensitized or when memory immune
cells from other regions of the body arrive in the lung after local
antigenic challenge.”> We reasoned that a HIPIF pulmonary
environment was compatible with the development of a chronic
immune inflammatory response and the eventual development
of fibrosis, in part, because AMs were not immunosuppressive
during elicitation of the immune response. Thus, the innate
ability of AMs to down-regulate immune responses might
be modified in the presensitized host, or overwhelmed by the
influx of bone marrow-derived inflammatory prone cells
recruited to the alveolar space by pulmonary antigenic
challenge. Indeed, data reported here show that AMs from
lungs of sensitized and lung-challenged mice expressed an
altered functional phenotype (up-regulation of inflammatory
cytokines) that promoted immune responses and recruitment
of inflammatory cells. Moreover, selective removal of AMs
prior to antigen challenge resulted in an absence of infiltrating
cells in the lung after local antigen challenge. In addition,
AMs were absolutely required for the collagen increases
because selective depletion of AMs reduced hydroxyproline
accumulation.

MATERIALS AND METHODS

Animals

Female BALB/c ByJ mice were purchased from Jackson
Laboratory (Bar Harbor, ME) and maintained in Schepens
Eye Research Institute Vivarium until they reached the
desired weight (20-24 g) for the experiments. All animals were
maintained and treated humanely in accordance with NIH
guidelines and the approval of the Schepens’ Animal Care and
Use Committee.

Reagents

Hapten TNBS, normal rat immunoglobulin G (IgG), normal
rabbit IgG, normal hamster serum, ExtrAvidin® fluorescein
isothiocyanate (FITC) conjugate, Brefeldin A and crystal violet
were purchased from Sigma Chemical Co. (St. Louis, MO).
The following reagents were purchased from PharMingen
(San Diego, CA) and used according to the manufacturer’s
instructions: FITC-conjugated anti-CD3e (145-2C11); ‘Fc¢
blocker’ (anti-CD16/32, 2.4G2); FITC-conjugated anti-tumour
necrosis factor-o. (TNF-a) (MP6-XT22); phycoerythrin (PE)-
conjugated anti-interleukin (IL)-12 (C15.6); biotin-conjugated
anti-I-AYI-E¢ (2G9); biotin-conjugated Gr-1 (RB6-8C5); and
Streptavidin Cy-Chrome®™ (Cy5). Anti-Mac-1 (M1/70-15)
was purchased from Caltag Laboratories (Burlingame, CA).
The PermeaFix reagent was purchased from Ortho Diag-
nostic Systems (Raritan, NJ). TNF-a-neutralizing antibody
(AMC3012) was purchased from Biosource International
(Camarillo, CA) and used at a dose of 50000 units/treatment.
Clodronate (dichloromethylene diphosphonate [Cl,MDP]) was
a gift of Roche Diagnostics GmbH (Mannheim, Germany) and
was encapsulated into liposomes, as previously described.?
CILMDP liposomes were inoculated either intranasally (i.n.)

or i.t. at an effective dose of 100 pl, or intravenously (i.v.)
(at 200 pl), as predetermined by preliminary studies.

Animal model

HIPIF. Mice were sensitized on the abdomens with a
water-soluble form of the hapten TNBS (3% in phosphate-
buffered saline [PBS], 100 pul/mouse) on day 0. Five days after
sensitization, the mice were inoculated i.t. with 50 ul of 1%
TNBS."

Adoptive-transfer HIPIF (ADT-HIPIF). Donor mice were
sensitized on their abdomens with 100 ul of 3% TNBS. Five to
7 days after skin sensitization, spleen and draining lymph
nodes (axillary, inguinal and brachial) were harvested and
dissociated into a single cell suspension prior to determining
cell viability by using the Trypan Blue exclusion method.
Recipient mice were irradiated (200 rads) (Mark 1 irradiator;
J. L. Shepherd and Associates, Glendale, CA) 24 hr before
donor cells (3 x 107/mouse) were adoptively transferred via
the tail vein. One day after the adoptive transfer, recipient
mice were challenged (i.t.) with 50 ul of 1% TNBS in PBS.
Control mice received naive cells (3 x 107) via their tail vein.
Each experimental group contained five mice unless otherwise
indicated.

Hydroxyproline assay

Changes in collagen deposition in the lung were measured
by using a colorimetric hydroxyproline assay.?’ In brief,
lungs recovered from experimental mice 14 days post-i.t.
challenge with antigen were minced and hydrolyzed in 6N
HCI (2 ml/lung) for 16 hr at 110°. The samples were filtered
through Whatman no.l filter paper, diluted with H,O,
neutralized with 10N NaOH, and assessed spectrophoto-
metrically (at 557.5 nm) (Milton Roy Spectronic 1201; Milton
Roy Company, Ivyland, PA). The amount of hydroxyproline
in the lungs was calculated according to the standard curve
generated using a serial dilution of trans-4-hydroxy-L-proline
(Sigma Chemical Co.).

Flow cytometric analysis

BAL cells were collected by centrifugation (200 g) of =~ 10 ml
of wash recovered from the alveoli after i.t. inoculation of 1 ml
of PBS 10-15 times. To assess the expression of IL-12 receptor
(IL-12R) on T cells, BAL cells (10%tube) from the lungs of
experimental mice were incubated with recombinant mouse
IL-12 (100 ng/ml; 40 min at 4°) in staining buffer (PBS, 1%
bovine serum albumin [BSA], 0-1% sodium azide) followed
by blocking reagent (‘Fc blocker’ 2 pg/10° cells, rat IgG
20 pg/10° cells, hamster serum 5 pl/10° cells; 20 min at 4°) and
then PE-conjugated anti-IL-12 (1 ug/10° cells) was added. Cells
were co-stained with FITC-conjugated anti-CD3e (1 ug/10°
cells) to identify IL-12R* T cells. To quench macrophage
autofluorescence, cells were permeabilized and fixed with
PermeaFix reagent (1 : 1 diluted with H,O; 0-5 ml/10° cells)
to allow the intracellular access of crystal violet® before the
samples were analysed by using flow cytometry (EPICS XL;
Beckman Coulter, Miami, FL). When cells were evaluated
for intracellular protein, all media contained Brefeldin
A (10 ug/ml) to block secretion. Intracellular TNF-o was
identified by incubating permeabilized cells with FITC-
conjugated anti-TNF-o (1 pg/10° cells) after the cells were
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Figure 1. (a) Flow cytometric analysis of the Mac-1*/Gr-19™ population in peripheral blood after intravenous (i.v.) treatment with
dichloromethylene diphosphonate (ClL, MDP) liposomes. The two-parameter histograms compare the percentage of Mac-1*+/Gr-19m
cells in peripheral blood from naive mice that were treated with or without CI, MDP liposomes (i.v., 200 pul/mouse). The blood was
collected 2 days after the treatment and stained with phycoerythrin (PE)-conjugated Mac-1 antibody and biotin-conjugated Gr-1
antibody plus fluorescein isothiocyanate (FITC)-conjugated ExtrAvidin®. The samples were analysed using flow cytometry.
Peripheral blood monocytes were identified by their Mac-1"/Gr-1™ staining pattern and gated on the histograms. The percentage of
Mac-1*/Gr-19" cells is indicted in each gate by the rectangle. (b) Differential cell counts of alveolar macrophages (AM) in
bronchoalveolar lavage (BAL) following intranasal (i.n.) or intratracheal (i.t.) C,MDP liposome treatment. The histogram shows the
number of AMs in each lung (ordinate) after the naive mice were treated or not treated with C[LMDP liposomes (abscissa). One dose
of 100 pl of CI,MDP liposomes was given i.t. per naive mouse. Three doses of 33 ul (total 99 ul) of CIL,MDP liposomes were given i.n.
per naive mouse during the course of 1 day. BAL was collected 2 days after i.t. or i.n. treatment. BAL cytospins were stained with
Wright-Giemsa and evaluated by light microscopy ( x 40 Nikon). Three mice were used in each group. AMs were identified and
counted by differential cell counts (see the Materials and Methods). The number of AMs in each lung was calculated by multiplying
the total number of cells in the BAL preparation with the percentage of AMs from differential cell counts. The result is presented as
mean +SEM. (c) Hydroxyproline deposition in the lungs of adoptive transfer-hapten immune pulmonary interstitial fibrosis (ADT-
HIPIF) mice treated with Cl,MDP liposomes (i.n.). Recipient mice (groups A’, B’and C’) were treated with CI MDP liposomes (33 pl/
dose x three doses) and irradiated 1 day prior to receiving adoptive transfer of sensitized or non-sensitized cells. The mice in groups A,
B and C were treated with phosphate-buffered saline (PBS) liposomes. One day before i.t. challenge, the mice in groups A and A’
received 3 x 107 2,4,6-trinitrobenzene sulphonic acid (TNBS)-sensitized spleen and draining lymph node (inguinal, brachial, axillary)
cells; mice in groups B and B’ received 3 x 107 naive spleen cells, and lymph node (inguinal, brachial, axillary) cells. Group C mice were
untreated. Fourteen days after i.t. challenge, the lungs from experimental mice (five mice per group) were harvested and analysed for
their hydroxyproline level. The histogram shows the change (A) in hydroxyproline level (experimental hydroxyproline — baseline
hydroxyproline) in each experimental group (mean+SEM). The baseline hydroxyproline concentration was 20 pg/lung and was
calculated as the mean hydroxyproline concentration from five naive mice that were treated with PBS liposomes (i.n.). An asterisk (*)
indicates a statistically significant difference (P=0-05) between indicated groups. The experiment was repeated twice.
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stained with biotin-conjugated anti-I-A%I-E¢ (anti-major
histocompatibility complex [MHC] II, 1 ug/10° cells) and
streptavidin Cy5 (2 pl/tube).

Peripheral blood monocytes were identified as Gr-19m™
Mac-17" cells in whole blood samples. The blood (100 pl/tube)
was incubated for 20 min at 4° with blocking reagent (rat IgG,
20 pg/tube) followed by biotin-conjugated Gr-1 antibody
(1 pg/tube). After washing twice with the staining buffer
(1 ml/tube), the cells were incubated for 20 min on ice with
PE-conjugated anti-Mac-1 (10 pl/tube) and ExtrAvidin®
FITC conjugate (2 ul/tube). Red blood cells were lysed using
the Easy-lyse Whole Blood Erythrocyte Lysing Kit (Leinco
Technologies, Inc., Ballwin, MO) (1 ml/tube) before flow
cytometry analysis.

Differential cell counts

Differential cells counts were performed on cytospins of BAL
cells collected from the various experimental groups. Cells
(5 x 10* cells/slide) were centrifuged onto coated slides (micro
slides; VWR  Scientific, West Chester, PA) in a Shandon
cytocentrifuge (Shandon Southern Products, Ltd, Astmoor,
UK). The cells were then stained vertically in HEMA 3®
(Fisher Scientific, Pittsburgh, PA), according to the manufac-
turer’s instructions. Stained slides were evaluated using light
microscopy (x 100 under oil). A total of 1000 cells were
counted in consecutive areas of an eye piece grid per slide and
categorized according to the following morphology: AMs were
identified by their large size and large cytoplasmic region and
single, round nucleus; monocytes showed a kidney-shaped
nucleus with light blue granules in the cytoplasm; lymphocytes
had a spherical nucleus that was intensely stained, and a small
cytoplasmic region; neutrophils had a ring-shaped nucleus or a
nucleus consisting of two to five lobes linked by fine threads of
chromatin; basophils had a nucleus with irregular lobes and
purple granules in the cytoplasm; and eosinophils contained a
bilobed nucleus and pink granules in the cytoplasm.

Reverse transcription—polymerase chain reaction (RT-PCR)

Total RNA was extracted from 3 x 10° BAL cells by using
Trizol reagent (Gibco, Rockville, MD) and dissolved in 30 ul
of diethylprocarbonate-treated H,O (DEPC; Sigma Chemical
Co.). One microlitre of the RNA sample was used for the one-
step RT-PCR amplification using the Access RT-PCR system
(Promega, Madison, WI) and Gene Amp PCR System 9600
(Perkin Elmer, Norwalk, CT). The primer pairs>®>*° for IL-12R

Bl (sense: CCAGCACAGGAACCACACA; antisense:
CAGAGACGCGAAAATGATG), 1L-12R B2
(sense: AATTCAGTACCGACGCTCT CA; antisense:

ATCAGGGGCTCAGGCTCTTCA) and B-actin (sense:
GTGGGCCGCTCTAGGCACCAA; antisense: CTCTTTG-
ATGTCACGCACGATTTC) were generated by Oligos Etc
(Wilsonville, OR). The RT reaction was one cycle at 48° for
45 min followed by a 2-min incubation at 94°. The PCR
amplification comprised 40 cycles of: 30 seconds at 94°, 1 min
at 60° and 2 min at 68°; this was followed by one cycle at 68°
for 7 min. The PCR products were separated on a 1% agarose
gel and visualized using GelStar® nucleic acid gel stain (FMC
BioProducts, Rockland, ME) and UV illumination. The
density of the bands on the gel was measured by using Gel
Doc 2000 (Bio-Rad, Hercules, CA).

Statistical analyses

The significant differences among data derived from the
experimental groups were determined by analysis of variance
(aNova) and post-hoc tests.’' Differences were considered
significant if P <0-05.

RESULTS

CLLMDP liposome depletion of AMs prevents hydroxyproline
accumulation in the ADT-HIPIF model

Immune cell infiltration is a prominent feature during the
development of inflammation in the lung.?*> The inflammatory
cell recruitment changes the heterogeneity and phenotype of
BAL cells from =90-95% to <60% AMs, depending on the
type and time of inflammation, because of an influx of immune-
inciting bone marrow-derived cells. As the cellular composition
of BAL cells varies according to the immune status of the lung,
we developed a strategy to differentiate the role of AMs versus
monocytes in HIPIF by selectively eliminating AMs in vivo
with CI,MDP liposomes prior to i.t. challenge of hapten-
sensitized mice. CL,MDP liposomes induce apoptosis of cells
that phagocytize them.?®>? In support of previous reports
showing that only macrophages were depleted by Cl,MDP
liposomes,?®3? we were unable to eliminate monocytes (poorly
phagocytic) by direct i.v. inoculation of CI,MDP liposomes
(Fig. 1). The percentage of Gr-19™ Mac-1* (marker for
monocytes) cells in the peripheral blood of naive mouse was no
different from the percentage of peripheral blood monocytes
from the mouse treated with CI,MDP liposomes i.v. 2 days
earlier.

Thepen and colleagues also showed that i.t. inoculation of
CI,MDP liposomes into mouse lungs eliminated AMs but not
interstitial macrophages.?®** To test our ability to selectively
remove AMs, CI,MDP liposomes were inoculated into naive
mice, either i.n. or i.t. Two days after the treatment, BAL cells
were collected and stained with Wright-Giemsa prior to
examination using light microscopy. AMs were identified as
large granular cells containing single round nuclei and multiple
vacuoles in the cytoplasm. By 48 hr, both in. and i.t.
inoculations of CI,MDP liposomes had depleted 80% of the
AMs in the lungs of naive mice (Fig. 1).

After establishing a route for CI,MDP liposome delivery,
we then evaluated the effect of AM depletion on the ability of
treated mice to develop HIPIF. To define the role of AMs in
the secondary immune response in the lungs (as opposed to
the periphery) of hapten-sensitized and i.t.-challenged mice,
we used the adoptive transfer modification of HIPIF, ADT-
HIPIF. Trinitrophenyl (TNP)-sensitized spleen and draining
Ilymph node (axillary, brachial, inguinal) cells were harvested
from donor mice 5 days post skin sensitization and adoptively
transferred i.v. to recipient mice treated with control or
CLLMDP liposomes 1 day before i.t. challenge with hapten. The
depletion of AMs with CI,MDP correlated with a significant
reduction in hydroxyproline on day 14 in recipient mice (Fig. 1).

Effect of AM depletion on the BAL cellular profile in
ADT-HIPIF

As the lungs of (adoptively) hapten-sensitized mice are
associated with an influx of peripheral blood inflammatory

© 2000 Blackwell Science Ltd, Immunology, 101, 501-511
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Figure 2. Infiltrating monocyte/immature dendritic cell counts in the
bronchoalveolar lavage (BAL) of adoptive transfer-hapten immune
pulmonary interstitial fibrosis (ADT-HIPIF) mice treated with
dichloromethylene diphosphonate (CI,MDP) liposomes intranasally
(in.). CLLMDP liposomes were given i.n. to recipient mice 2 days prior
to intratracheal (i.t.) challenge (see the legend to Fig. 1c). BAL was
collected from experimental mouse groups (A, A’ and B) 2 days after
i.t. challenge with 2,4,6-trinitrobenzene sulphonic acid (TNBS).
Differential cell counts were performed using light microscopy ( x 100
under oil) and an eye piece grid. One thousand cells were counted per
slide per animal, and four slides per group (» = 4). Monocytes were
distinguished from other cells as described in the Materials and
Methods. The number of infiltrating monocytes/immature dendritic
cells was calculated and is presented as mean +SEM. An asterisk (*)
indicates a statistically significant difference (P <0-05) between the
indicated group and group A. The experiment was repeated twice.

cells'®!7 after i.t. challenge, we analysed the role of AMs in

recruitment of the adoptively transferred immune inflamma-
tory cells to the lungs of ADT-HIPIF mice. Differential cell
counts were performed on BAL cells from unmanipulated
and AM-depleted ADT-HIPIF mice. In brief, recipient mice
were treated with control or CI,MDP liposomes 2 days prior
to i.t. challenge and BAL was collected 2 days after i.t.
challenge. The percentage and total number of the infiltrating
monocytes/immature dendritic cells were calculated and
compared among the ADT-HIPIF mouse groups treated with
control or CLLMDP liposomes. We observed a decrease
(536+0-22x 10* versus 9274087 x 10%, P=0-007) of
infiltrating monocytes/immature dendritic cells in BAL of
ADT-HIPIF mice treated with CI,MDP liposomes compared
to the mice treated with control liposomes (Fig. 2). Because
CLLMDP liposomes did not decrease the number of monocytes
when directly inoculated i.v., we reasoned that the lack of this
cell population in the lung after i.t. challenge of treated mice
was not a direct effect of the treatment.

As HIPIF is a T-cell-mediated fibrotic response and
requires presensitized T cells,'*!'* we also measured the number
of activated T cells in BAL from ADT-HIPIF mice and
AM-depleted ADT-HIPIF mice. A functional IL-12R expresses
both IL-12RB1 and B2 chains and is commonly expressed on
a T helper 1 (Thl) cell.?3%3* Th2 cells express IL-12Rpl
chain and not the IL-12Rp2 chain. As previous data showed
that HIPIF is a result of a Thl response,”’m’17 we reasoned
that the effector lymphocytes in the lungs of mice developing

© 2000 Blackwell Science Ltd, Immunology, 101, 501-511

fibrosis would express a functional IL-12R (i.e. IL-12Rf1
and IL-12R[32). Because antibodies to the IL-12R chains are
not available, mRNA of IL-12RB1 and -B2 chains in BAL
cells was determined by using RT-PCR. Total RNA was
purified from the BAL cells collected 1 and 2 days after i.t.
challenge of recipient mice. The level of IL-12RB1 and -f2
mRNA was measured by RT-PCR using specific primers for
each subunit. Electrophoresis (1% agarose gel) of the PCR
product was followed by densitometric analyses. In contrast
to conventional wisdom, cells from lungs of mice that were
challenged i.t. expressed IL-12Rp2 chain, regardless of their
sensitization status. However, only presensitized mice that
were challenged i.t. also expressed mRNA for IL-12Rp1 and,
presumably, a functional IL-12R (Fig. 3). AM depletion is
correlated with a decrease in both IL-12RB1 and IL-12Rf32
mRNA, implying a decrease in recruitment of Thl cells
expressing a functional IL-12R (Fig. 3).

Because various cells (T cells, neutrophils and dendritic
cells) may express a functional IL-12R,* flow cytometric
analysis was used to determine the relative number of CD3*
T cells that expressed the IL-12R. BAL cells were collected
1 day after i.t. challenge from mice receiving sensitized cells
that were treated with control (A) or CI,MDP liposomes (A").
Procedures to identify IL-12R* cells were adapted from
a report by Igarashi and colleagues.”® Samples were incubated
with recombinant mouse IL-12 (rmIL-12) followed by
PE-conjugated anti-IL-12 and counterstained with FITC-
conjugated anti-CD3e. The expression of CD3 and IL-12R
on the cells that were gated for their small size and low
granularity was plotted (Fig. 4). An equivalent number of BAL
cells (3-41 404 x 10° versus 4+0-9 x 10>, P=0-58) was found
within these gates in samples from ADT-HIPIF mouse groups,
with or without AMs. However, the number of both CD3™"
IL-12R*, CD3" IL-12R™, and CD3~ IL-12R™" cells in
ADT-HIPIF mice with AMs was significantly higher than the
number of each subpopulation in the ADT-HIPIF mice
without AMs. In fact, the recipient mice receiving sensitized
cells and treated with CI,MDP liposomes prior to i.t. challenge
had 54% less total CD3% cells (1-56+0-36 x 10* versus
344039 x 10*, P=0-026) in the lavage samples compared to
the ADT-HIPIF mice treated with PBS liposomes. Also,
without the AMs present in the lung, there was a significant
difference (0-4 +0-09 x 10% versus 3-41 +0-39 x 10>, P=0-01) in
the number of CD3 " IL-12R* and CD3~ IL-12R * cells in the
BAL samples. T cells are not depleted by the ClL,MDP
liposomes because they are not phagocytic. Thus, in the
absence of AMs, adoptively sensitized mice were less able
to recruit activated T cells (IL-12R* CD3%) after hapten
challenge.

Effect of TNF-a depletion on the BAL cellular profile in
ADT-HIPIF

Activated macrophages produce inflammatory cytokines.
In fact, AMs are known to produce large amounts of TNF-
o during pulmonary inflammatory responses that lead to
fibrosis.***” TNF-a is critical for the development of toxicity-
induced fibrosis.>*® In support of published results,**>® AMs
from the HIPIF mice produced an increased amount of TNF-a,
as indicated by a shift in mean fluorescence intensity (MFI)
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Figure 3. Reverse transcription—polymerase chain reaction (RT-PCR) analyses and densitometry measurements of the mRNA level
of interleukin-12 (IL-12) f1 and B2 subunits in bronchoalveolar lavage (BAL) cells from adoptive transfer-hapten immune pulmonary
interstitial fibrosis (ADT-HIPIF) mice treated with dichloromethylene diphosphonate (CI,MDP) liposomes. (a) BAL was collected
2 days after intratracheal (i.t.) challenge from group A mice (skin sensitized and i.t. challenged) and group B mice (i.t. challenged
only). (b) The recipient mice were treated with CL,MDP liposomes (A’, 33 pl/dose x three doses/mouse) or control phosphate-buffered
saline (PBS) liposomes (A) two days prior to i.t. challenge. BAL was collected 1 day after i.t. challenge. Total RNA was purified
and RT-PCR was performed using IL-12Rf1- and -B2-specific primer sets. The PCR product was separated on a 1% agarose gel
and visualized by using GelStar® nucleic acid gel stain and UV illumination, as shown on the left side of each panel. The histograms
on the right side of each panel show the density of the bands measured using Gel Doc 2000. The relative density of B1 (532 bp) and 32
(399 bp) bands was normalized to B-actin (540 bp). The experiment was repeated three times.

and an increase in the percentage of AMs that were positive
for intracellular TNF-a protein (Fig. 5, Table 1).

To test if the small but consistent increase of TNF-ain BAL
cells was of biological significance, experimental animals in the
ADT-HIPIF model were treated or not treated with TNF-a-
neutralizing antibody prior to i.t. challenge with TNBS. Mice
that received TNP-sensitized cells prior to i.t. challenge showed
a 1-5-2-fold increase in hydroxyproline deposition compared
to mice that received naive cells and control IgG. The group of
mice that received sensitized cells, but were also treated with
TNF-a-neutralizing antibody prior to the i.t. challenge, showed
no increases in hydroxyproline deposition compared with the
toxicity control (challenged only, IgG control group B). Thus,
the relative increases of TNF-a in adoptively sensitized and
challenged mice compared with control groups is of biological
significance in this immune-mediated model of pulmonary
fibrosis (Fig. 5).

In addition to being fibrogenic and directly influencing
the production of collagen, TNF-a is critical for recruitment
of inflammatory cells during the development of fibrotic
lesions.3®37 Therefore, we reasoned that AM-depleted mice
may lack sufficient amounts of AM-derived TNF-a to recruit
the inflammatory cells required for the immune-mediated
fibrogenic response in ADT-HIPIF. To confirm that TNF-a is

Table 1. Expression of tumour necrosis factor-oo (TNF-o) in hapten
immune pulmonary interstitial fibrosis (HPFIF) alveolar macophages
(AMs)

Group A Group B

Isotype Anti-TNF-o Isotype Anti-TNF-o

Exp. MFI MFI (%)  MFI MFI (%)
Exp. 1* 0948 374 (344%) 0-857 269 (20:0%)
Exp. 2* 0797 304 (59-5%) 0-891 221 (46:7%)
Exp. 3** 1-34 517 (311%) 147 418 (17-0%)

Flow cytometric analysis of TNF-o expression in AMs from three
independent experiments. Group A mice were skin sensitized and
challenged intratracheally (i.t.) with 2,4,6-trinitrobenzene sulphonic acid
(TNBS) (HIPIF mice). Group B mice were challenged i.t. with TNBS only
(control mice). Bronchoalveolar lavage (BAL) cells were collected 3 days
after i.t. challenge. BAL cells from naive mice do not produce a measurable
amount of TNF-o.

MFI, mean fluoresence intensity of AMs.

(%), percentage of AMs that were positive for TNF-o staining conpared
with the isotype control.

*BAL cells were stained for surface major histocompatibility complex II
and intracellular TNF-o expression. AMs were selected by their large size
and MHC I14™ expression, as shown in Fig. 5(a).

**BAL cells were stained for intracellular TNF-o expression. AMs were
selected by their large size.

© 2000 Blackwell Science Ltd, Immunology, 101, 501-511
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Figure 4. Flow cytometric dot-plot analyses of CD3" and interleukin-12 receptor-positive (IL-12R*) Iymphocytes in adoptive
transfer-hapten immune pulmonary interstitial fibrosis (ADT-HIPIF) lungs treated with dichloromethylene diphosphonate (Cl MDP)
liposomes intranasally (i.n.). Recipient mice were treated i.n. with CLLMDP liposomes (33 pl/dose x three doses) or control liposomes
2 days prior to i.t. challenge and received sensitized cells 1 day before i.t. challenge. One day after i.t. challenge, bronchoalveolar
lavage (BAL) was collected, stained for surface expression of CD3 and IL-12R (see Materials and Methods) and then analysed using
flow cytometry. (a) Mice were treated with control liposomes. (b) Mice were treated with Cl MDP liposomes. The percentage of the
population that was gated (arrow) is indicated in the forward scatter (FS)/side scatter (SS) dot-plot in (a) and (b) of each panel. To the
right of each panel are dot-plots showing CD3 and IL-12R expression on gated cells. The percentage of CD3" and IL-12R * cells is
indicated in each quadrant. A minimum of three mice was used in each experimental group. The experiment was repeated twice. FITC,

fluorescein isothiocyanate.

indeed required for the recruitment of cells, TNF-a-neutraliz-
ing antibody was given to recipient mice in the ADT-HIPIF
model, i.p., 1 day before transfer of sensitized cells and again,
2 hr after i.t. challenge. The BAL cells were collected 3 days
after i.t. challenge. Wright—Giemsa-stained cytospin prepara-
tions were blinded and differential cell counts performed.
BAL cells from ADT-HIPIF mice treated with TNF-o-
neutralizing antibody (the A’ group) contained fewer lympho-
cytes (2:33+0-27 x 10* versus 894 0-45 x 10*, P=0-0028) and
monocytes/immature dendritic cells (3-23+0-81 x 10* versus
9-58+1-1 x 10%, P=0-0031) than BAL cells from control
antibody-treated HIPIF mice (group A) (Fig. 6). CD3™
T cells in the BAL were further identified by flow cytometric
analyses. The number of CD3* T cells was also significantly
decreased (2-54 +0-31 x 10* versus 5-54 +0-52 x 10%, P=0-0046)
in the ADT-HIPIF mice treated with TNF-o-neutralizing
antibody (group A’) compared with the untreated ADT-HIPIF
mice (group A) (Fig. 6). As the TNF-a-neutralizing antibody
was given to ADT-HIPIF mice prior to i.t. hapten challenge,
we reasoned that this antibody neutralized AM-derived
TNF-a which was necessary for initiating cascades of cytokines
required for extravasation of the adoptively transferred
inflammatory cells. Thus, we concluded that removal of AMs
from lungs prior to antigen challenge in sensitized mice reduced

© 2000 Blackwell Science Ltd, Immunology, 101, 501-511

a cellular source of cytokines (one of which might be TNF-a)
needed for recruitment of inflammatory cells.

DISCUSSION

The primary function of the lung is gas exchange. It appears
that regional specialization of the macrophage allows AMs
to be critical negative regulators of immune responses in the
lung, primarily by releasing nitric oxide to limit the antigen-
presenting capacity of the pulmonary dendritic cells and thus
blocking T-cell activation.'®?%*® As in other specialized regions
of the body (gut, eye, testis),*** the lung has a transforming
growth factor-f (TGF-B)-rich environment that may con-
tribute to local down-regulation of immune cells and their
responses.***> However, during a chronic immune response
induced by a virus or a hapten, this mechanism is broken,
perhaps because the agents alter pulmonary proteins and
remain in the lung as an antigen, thereby contributing to
chronic immune responses. Similarly to pulmonary virus
infections, hapten exposure leads to a chronic autoimmune
response in the lung that progresses into pulmonary interstitial
fibrosis. Here we explored the mechanisms involved in eliciting
a secondary immune response to hapten in the lung, which lead
to the loss of pulmonary immune-suppressive qualities.
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Figure 5. (a) Flow cytometric analysis of intracellular tumour necrosis factor-o. (TNF-a) in hapten immune pulmonary interstitial
fibrosis (HIPIF) alveolar macrophages (AMs). Histograms show the intracellular staining of TNF-o in AMs from mice that were skin
sensitized and challenged intratracheally (i.t.) with 2,4,6-trinitrobenzene sulphonic acid (TNBS) (HIPIF mice, group A) or from mice
that were challenged i.t. only (group B). Three days after i.t. challenge, bronchoalveolar lavage (BAL) was collected. BAL cells were
pooled from three experimental mice in each group and surface markers and intracellular proteins were stained with biotin-conjugated
anti-major histocompatibility complex (MHC) II plus streptavidin Cy-Chrome® (Cy5) and fluorescein isothiocyanate (FITC)-
conjugated anti-TNF-o antibodies, respectively. The group A and B dot-plots show gated cells (rectangle) that were selected as AMs
because of their large size and expression of MHC I19™. The mean fluorescence intensity of MHC I staining is indicated in each dot-
plot. The expression of TNF-a in the gated cells was analysed and is presented as percentage (%) of positive cells. The experiment was
repeated three times. FS, forward scatter. (b) Hydroxyproline deposition in the lungs of adoptive transfer (ADT)-HIPIF mice treated
with TNF-a-neutralizing antibody. The level of hydroxyproline in the lung was compared among experimental groups (A, A’, B and
C). The treatment of recipient mice is described under the abscissa: ADT, adoptive transfer of donor cells (TNBS-sensitized or naive);
Ab, antibody treatment. The donor cells (3 x 10’/mouse) were transferred to the recipient mice 1 day before i.t. challenge. TNF-o-
neutralizing antibody (50 000 units/mouse) or control immunoglobulin G (IgG) was given intraperitoneally (i.p.) 2 days before i.t.
challenge and 2 hours after i.t. challenge (intranasally). Fourteen days after i.t. challenge, lungs were harvested and a hydroxyproline
assay was performed. The histogram shows the change (A) in hydroxyproline level (experimental hydroxyproline — baseline
hydroxyproline) in each experimental group (mean + SEM). The baseline hydroxyproline concentration was the mean hydroxyproline
level of four naive mice and was 180-3 ug per lung. An asterisk (*) indicates a significant difference between the indicated group and
group A.

This report demonstrates that AMs are absolutely required
for eliciting a Thl secondary immune response to hapten, in
part because they are a cellular source of cytokines, such as
TNF-a, needed for recruitment of Thl-related inflammatory
cells. These observations differ from studies examining the role

of AMs in T helper 2 (Th2)-mediated inflammation, where
removal of AMs correlated with increased inflammatory cell
responses,>>*® potentially owing to increases in the concentra-
tion of IL-4.*” Also, the reduction in the number of immune
inflammatory cells recruited to the lungs associated with AM
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Figure 6. Cell counts of infiltrating inflammatory cells in the
bronchoalveolar lavage (BAL) of adoptive transfer-hapten immune
pulmonary interstitial fibrosis (ADT-HIPIF) mice treated with tumour
necrosis factor-oo (TNF-a)-neutralizing antibody. Blinded differential
counts were performed on Wright-Giemsa-stained BAL cytospins. (a)
The bar graph shows the mean number (4+SEM) of infiltrating
lymphocytes and monocytes/immature dendritic cells in the BAL
(ordinate) of experimental mice (groups A, A" and B [abscissa]) 3 days
after intratracheal (i.t.) challenge with 2,4,6-trinitrobenzene sulphonic
acid (TNBS). The T cells in the BAL samples were identified by flow
cytometry of fluorescein isothiocyanate (FITC)-labelled CD3* BAL
cells. (b) The bar graph shows the mean number of CD3 ™ T cells in the
BAL of experimental mice (A, A" and B) 3 days after i.t. challenge. Five
mice were used in each experimental group. An asterisk (¥) indicates a
statistically significant difference (P <0-05) between groups A and A’ or
groups A and B.

depletion ultimately reduced the hydroxyproline deposition in
the pulmonary interstitium.

TNF-a is a known initiator of cell recruitment, in part,
by promoting up-regulation of genes encoding adhesion
molecules, E-selectin and vascular cell adhesion molecule-1
(VCAM-1) in endothelial cells, thus leading to increased
cellular traffic.>”**° However, TNF-o. can also synergize with
IL-1B (another potential macrophage-derived factor in ADT-
HIPIF) and induce the synthesis of inflammatory chemokines
through the nuclear factor kB (NF«kB) pathway in epithelial
cells (and perhaps other cells), thus promoting the recruitment
of immune inflammatory cells.’®! It is probable that AM-
derived TNF-a initiates the inflammatory chemokine pathway
as well as the expression of adhesion molecules during the
development of ADT-HIPIF in the lung.

© 2000 Blackwell Science Ltd, Immunology, 101, 501-511

The role of TNF-a in fibrosis has been studied in detail
and it is common knowledge that TNF-a is a critical cytokine
in the development of toxicity-induced fibrosis.*®*® Although
less physiological in nature, over-expression of TNF-a
correlates with lymphocytic and fibrosing alveolitis.*® TNF-o
is a fibrogenic cytokine, in part because it directly activates
fibroblasts to produce collagen.*® Our data show that during
elicitation of immune inflammation, AM-derived TNF-o
contributes to recruitment of immune inflammatory cells that
respond to the local antigen and initiate the fibrogenic process.

The fact that AMs are crucial for the development of ADT-
HIPIF was directly supported by results from AM-depletion
studies with CI,MDP liposomes. In fact, AM-derived recruit-
ment was necessary for the development of fibrosis, in part
because activated T cells were not present and the local Thl
response was not stimulated and therefore resulted in reduced
fibrosis.

The data in this report showed that the respiratory routes of
inoculation of the toxic liposomes depleted AMs. We, similarly
to others, observed a slight inflammatory response (neutrophil
infiltration) in CI,MDP liposome-treated lungs after inocula-
tion via the it. and in. routes. The neutrophil-mediated
inflammation however, did not lead to an immune inflamma-
tory infiltrate or development of fibrosis when unsensitized
mice were challenged with hapten. Furthermore, the number of
neutrophils did not increase in the ADT-HIPIF mice treated
with CLLMDP liposomes compared to the ADT-HIPIF mice
treated with control liposomes.

The following observations suggest that the liposomes given
into the lung remained locally and had minimal or no effect on
the cells in the periphery:

(1) Liposomes are not able to pass vascular barriers, such as
capillary vessel walls.?®*?

(2) When CI,MDP liposomes were inoculated directly into the
blood, the number of monocytes and immature dendritic
cells (Mac-1" Gr-1) in the peripheral blood remained
unchanged on flow cytometric analyses.

(3) Previously, Thepen and colleagues established that the
inoculation of CI,MDP liposomes i.t. had no effect on
interstitial macrophages in the lung.>?

(4) i.t. instillation of Cl,MDP liposomes into the lungs of
naive mice does not deplete lung dendritic cells or block
their function.*

Hence, there are both published and new experimental data to
support the conclusion that the CI,MDP liposome treatment
in the lung (i.n. or i.t.) of mice selectively removed AMs.

Although the hapten (TNBS) used in these studies may not
be a hapten that is encountered in the environment, many small
reactive chemicals with haptenic properties are ubiquitous in
both the domestic and the industrial environment. The
following environmental haptens could potentially cause lung
disease: formaldehyde is used to treat clothing, rugs and fabrics
before marketing; cigarette smoke, which contains haptens;
and aerosolized urushiol (hapten) from burning poison ivy.
Thus, as with viruses, humans may be constantly exposed
to small reactive chemicals, both on the skin and in the
respiratory tract.

Pulmonary fibrosis induced by an immune response to
haptens provides a paradigm for studying mechanisms that
might be important in some forms of idiopathic pulmonary



510 J. Zhang-Hoover et al.

fibrotic conditions seen in humans. While much of the fibro-
genic immune inflammatory process that occurs in lungs of
ADT-HIPIF mice is understandably caused by the infiltration
of immune inflammatory cells, the infiltration of these cells is,
nevertheless, dependent on an alteration of the suppressive
phenotype of the resident AMs. Understanding mechanisms
that might restore the immunosuppressive phenotype of AMs
in the lung may lead to novel therapies in conditions of
autoimmune pulmonary fibrosis.
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