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The signaling pathways leading to the development of
asbestos-associated diseases are poorly understood.
Here we used normal and protein kinase C (PKC)-�
knockout (PKC��/�) mice to demonstrate multiple
roles of PKC-� in the development of cell prolifera-
tion and inflammation after inhalation of chrysotile
asbestos. At 3 days, asbestos-induced peribronchiolar
cell proliferation in wild-type mice was attenuated in
PKC��/� mice. Cytokine profiles in bronchoalveolar
lavage fluids showed increases in interleukin (IL)-1� ,
IL-4, IL-6, and IL-13 that were decreased in PKC��/�

mice. At 9 days, microarray and quantitative reverse
transcriptase-polymerase chain reaction analysis of
lung tissues revealed increased mRNA levels of the
profibrotic cytokine, IL-4, in asbestos-exposed wild-
type mice but not PKC��/� mice. PKC��/� mice also
exhibited decreased lung infiltration of polymorpho-
nuclear cells, natural killer cells, and macrophages in
bronchoalveolar lavage fluid and lung, as well as in-
creased numbers of B lymphocytes and plasma cells.
These changes were accompanied by elevated mRNA
levels of immunoglobulin chains. These data show
that modulation of PKC-� has multiple effects on peri-
bronchiolar cell proliferation, proinflammatory and
profibrotic cytokine expression, and immune cell
profiles in lung. These results also implicate targeted
interruption of PKC-� as a potential therapeutic op-

tion in asbestos-induced lung diseases. (Am J Pathol

2007, 170:140–151; DOI: 10.2353/ajpath.2007.060381)

Asbestos is a family of crystalline hydrated silicate fibers
that cause pulmonary inflammation and fibrosis, as well
as cancers of the lung and pleura.1,2 To date there is no
effective therapy for these diseases. After inhalation, as-
bestos fibers initially interact with bronchiolar and alveo-
lar epithelial cells and alveolar macrophages, which at-
tempt to engulf the fibers. Alveolar macrophages and
epithelial cells then become activated, releasing tissue-
damaging reactive oxygen species and various cyto-
kines that are thought to initiate alveolitis, fibroblast pro-
liferation, and collagen deposition. Elucidation of the
critical cellular and molecular mechanisms initiating and
contributing to cell proliferation, inflammation, and fibro-
genesis by asbestos fibers is essential to the develop-
ment of effective therapies for asbestos-induced lung
diseases.

The protein kinase C (PKC) family of proteins is com-
prised of at least 12 isozymes with diverse functions.3,4

Different isoforms of PKC have been shown to regulate
various signaling pathways in different immune cells.5

PKC-� is an isoform induced in bronchiolar and alveolar
epithelial cells in vivo and in vitro after exposure to asbes-
tos and after mechanical wounding.6 Although asbestos
activates several isoforms of PKC (�, �, �), PKC-�
uniquely migrates to mitochondria and is causally asso-
ciated with release of cytochrome c, caspase 9 activa-
tion, and apoptosis of lung epithelial cells.7

Other studies indicate direct and indirect roles of
PKC-� in the regulation of collagen synthesis and fibrosis.
PKC-� plays an important role in modulation of fibrosis via
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regulation of collagen gene expression in human pulmo-
nary fibroblasts exposed to transforming growth factor-�8

and in scleroderma fibroblasts.9 Inhibition of PKC-� also
results in a marked reduction in collagen 1�1 (Col1�1)
and collagen 3�1 (Col3�1) mRNA expression and colla-
gen synthesis in lung fibroblasts.8 Other extracellular ma-
trix proteins such as fibronectin are also regulated by
PKC-� in human dermal fibroblasts.10 We have recently
shown in an asbestos inhalation model of fibrogenesis
that transcriptional up-regulation of matrix metalloprotein-
ase (MMP)-12 and MMP-13 occurs via a PKC-�-depen-
dent pathway.11

In addition to direct effects on collagen and MMP
regulation, PKC-� is implicated in regulation of proinflam-
matory and profibrotic cytokines. For example, PKC-�
and other isoforms of PKC are linked to cell signaling
events leading to synthesis of tumor necrosis factor
(TNF)-�, interleukin-1� (IL-1�), and interleukin-6 (IL-6) in
human monocytes.12

Based on these observations, we hypothesized that
PKC-� would modulate parameters of cell proliferation
and inflammation linked to the development of fibrogen-
esis. Using PKC��/� and wild-type (WT) C57BL/6 mice
and a well-characterized murine inhalation model of fi-
brogenesis,13,14 we demonstrate that PKC-� plays multi-
ples roles in the pathogenesis of asbestos-induced fibro-
genesis. These findings suggest that targeted disruption
of the PKC-� pathway could be a novel strategy for the
therapy for asbestos-related diseases in man.

Materials and Methods

Development and Characterization of
PKC��/� Mice

A breeding pair of PKC��/� mice originally bred into the
C57BL/6 background was a kind gift from Dr. K.I. Na-
kayama (Department of Molecular Genetics, Medical In-
stitute of Bioregulation, Kyushu University, Fukuoka, Ja-
pan).15 These mice were subsequently maintained and
bred into the C57BL/6 background for three to six gen-
erations in the UVM facility before use with WT mice in
inhalation experiments. Tail DNA was evaluated and
typed using the polymerase chain reaction (PCR) and
primers for PKC-� obtained from MWG Biotech. Inc.
(High Point, NC). Lung tissue from PKC��/� mice was
examined by Western blot analyses using antibodies for
PKC-� and other PKC isoforms (�, �, �) (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) to confirm compar-
atively that PKC-� protein was selectively absent in
PKC��/� mice and that the expression of other isoforms
was normal.

Western Blot Analysis for Different PKC
Isoforms

Frozen lung tissue was homogenized in a lysis buffer
containing 20 mmol/L Tris, pH 7.6, 1% Triton X-100, 137
mmol/L NaCl, 2 mmol/L ethylenediaminetetraacetic acid,

1 mmol/L Na3VO4, 1 mmol/L dithiothreitol, 1 mmol/L phe-
nylmethyl sulfonyl fluoride, 10 �g/ml leupeptin, and 10
�g/ml aprotinin before incubation on ice for 30 minutes.
Cells were then sonicated and centrifuged at 14,000 rpm
for 15 minutes at 4°C. Supernatants were collected, and
protein concentrations were determined with the Brad-
ford assay (Bio-Rad, Hercules, CA). Western blots with
40-�g lysates were performed as described earlier11 us-
ing antibodies specific for different isoforms of PKC-�
(Santa Cruz Biotechnology) at 1:500 (PKC-�, -�, -�, -�)
dilution. Antibody binding was visualized by enhanced
chemiluminescence (Amersham Pharmacia Biotech, Pis-
cataway, NJ) according to the manufacturer’s protocol.

Inhalation Experiments

Animal experiments were conducted in accordance with
the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (1985), and protocols ap-
proved by the University of Vermont Institutional Animal
Care and Use Committee. In duplicate experiments, six
mice (8 to 12 weeks of age) were exposed to ambient air
or the National Institute of Environmental Health Sciences
reference sample of chrysotile asbestos16 (7 mg/m3 air, 6
hours/day, 5 days/week) for 3, 9, or 40 days as described
previously.13,14

Bronchoalveolar Lavage Fluid (BALF)
and Assays

After asbestos exposure for 3, 9, or 40 days, five to eight
mice at each time point from each of four exposure
groups (sham WT, asbestos WT, sham PKC��/�, asbes-
tos PKC��/�) received a lethal dose of pentobarbital
(Abbott Laboratories, Abbot Park, IL). Chest cavities
were opened, and lungs were cannulated via the trachea
with polyethylene tubing. Lungs were then lavaged in situ
with sterile Ca2�- and Mg2�-free phosphate-buffered sa-
line at a volume of 1 ml. The volume of retrieved phos-
phate-buffered saline (PBS) in BALF was also recorded.
BALFs were centrifuged at 1000 rpm at 4°C to obtain a
cell pellet for total and differential cell counts. Cytocen-
trifuge preparations were stained with Giemsa and May-
Grunwald stains, coverslipped, and 500 cells counted on
each of two slides.

Bio-Plex Analysis of Bronchoalveolar Lavage
Cytokine and Chemokine Concentrations

To quantify cytokine and chemokine levels in BALF su-
pernatant, a multiplex suspension protein array was per-
formed using the Bio-Plex protein array system and a
Mouse Cytokine 22-plex panel (Bio-Rad) as described
previously.14 This method of analysis is based on Lumi-
nex technology and simultaneously measures IL-1�, IL-
1�, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12(p40), IL-
12(p70), IL-13, IL-17, TNF-�, regulated on activation
normal T cell expressed and secreted (RANTES), MIP-
1�, macrophage inflammatory protein (MIP)-1�, mono-
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cyte chemoattractant protein (MCP)-1, keratinocyte-de-
rived chemokine (KC), granulocyte cell-stimulating factor
(G-CSF), granulocyte macrophage-colony-stimulating
factor (GM-CSF), interferon (IFN)-�, and eotaxin protein.
Concentrations of each cytokine and chemokine were
determined using Bio-Plex Manager version 3.0 software.

Histopathology

After collection of BALF, lungs were inflated with a 1:1
mixture of Optimum Cutting Temperature (OCT; Tissue-
Tek, Torrance, CA) and PBS. Lung sections (5 �m in
thickness) were used for immunohistochemistry or
stained with hematoxylin and eosin (H&E), the Masson’s
trichrome technique for detection of collagen, or methyl
green-pyronin to identify plasma cells17 (Sigma-Aldrich,
St. Louis, MO). All lung sections were scored for inflam-
mation (H&E) and collagen deposition (extent and sever-
ity of fibrosis) (Masson’s trichrome) by a board-certified
pathologist (K.J.B.) using a blinded coding and scoring
system.18 More than five mouse lungs were examined in
each group at each time point.

Immunoperoxidase Technique for Ki-67
and CD45

To measure cell proliferation, sections were evaluated
using an antibody to Ki-67, a marker of cycling cells,19 as
described previously.20 Ki-67-positive cells were quanti-
tated in three compartments: distal bronchiolar epitheli-
um/alveolar duct epithelium, the peribronchiolar com-
partment of these same bronchioles, and the lung
interstitium excluding vessels and bronchioles. Distal
bronchioles evaluated were restricted to those with less
than an 800-�m perimeter when viewed at �400 magni-
fication. Ki-67-positive cells in all compartments pre-
sented with distinct brown versus purple nuclei, and the
total number of Ki-67-positive and -negative nuclei from
all bronchioles on a lung section and their peribronchiolar
region were quantitated to obtain an average of the per-
centage of positively stained cells per animal. For the
interstitial compartment, an image of the interstitium of
the lung was viewed at �400 with a 5 � 4 grid superim-
posed. For each image, the percentage of Ki-67-positive
cells in five boxes, excluding blood vessels and bronchi-
oles, was determined to achieve an average (means �
SEM) per animal. To detect lymphocyte staining in lungs,
sections were probed for CD45R/B220 (1:100 dilution;
Pharmingen, Franklin Lakes, NJ) and processed as de-
scribed above for Ki-67.

Ki-67/CD45 Co-Localization Using Dual
Immunofluorescence

Slides were deparaffinized followed by rehydration in a
graded ethanol series. After rinsing with H2O, slides were
placed in antigen retrieval solution (DakoCytomation,
Carpinteria, CA). After antigen retrieval, slides were per-
meabilized in 0.1% Triton X in PBS and were blocked in

10% normal goat serum (Jackson Laboratories, Bar Har-
bor, ME). Ki-67 antibody (rat monoclonal 1:25; DakoCy-
tomation) was applied to each slide and incubated over-
night at 4°C. The following day slides were washed and
incubated in secondary antibody (1:400 goat anti-rat
Alexa Fluor 568; Molecular Probes, Eugene, OR). Next,
slides were fixed in 3% paraformaldehyde for 30 minutes
followed by three washes in PBS. Antigen retrieval was
repeated before the addition of the CD45 primary anti-
body (rat monoclonal 1:500; Caltag, Burlingame, CA)
overnight at 4°C. After two washes in PBS, slides were
incubated with secondary antibody (1:400 goat anti-rat
Alexa Fluor 647; Molecular Probes) for 1 hour at room
temperature. Slides were washed, coverslipped, and vi-
sualized using a MRC1024 ES confocal laser-scanning
microscope (Bio-Rad).

Flow Cytometry of Lung, Spleen,
and BALF Cells

Isolation of Lung and Spleen Cells

Lung mononuclear cells were isolated by collagenase
enzyme digestion and gentle mechanical disruption.21

Spleen cell suspensions were prepared by pressing the
spleen between frosted ends of glass microscope slides
to disrupt the tissue by gentle shearing pressure and then
rinsing with Dulbecco’s modified Eagle’s medium and 5%
fetal bovine serum (FBS).21 Cells were counted using a
hemocytometer before analysis by flow cytometry after
antibody staining.

Surface Antigen Staining

Cell pellets in each tube were resuspended in 100 �l of
PBS-1% FBS-FcBlock (1:200) to block nonspecific adher-
ence of staining antibodies, incubated for 10 minutes at
4°C, and centrifuged, and the supernatant was discarded.
The pellet then was suspended in 100 �l of PBS/FBS con-
taining a mixture of fluorochrome-labeled surface marker
antibodies. The antibodies used are summarized in Table 1.
Cells were stained for 30 minutes in the dark at 4°C and then
washed 2� in 500 �l of PBS/FBS. If secondary antibody
was required, the above procedure was repeated for a
second incubation followed by washes. Finally, cells were
resuspended in 100 �l of 1% paraformaldehyde and 300 �l
of PBS/FBS for flow analysis.

Flow Cytometry

Cell samples after staining were examined in a dual-
laser four-color Coulter EPICS Elite cytofluorograph using
Coulter Elite analysis software (Coulter, Hialeah, FL), and
evaluating at least 40,000 cells per sample. Each sample
population was classified for cell size (forward scatter)
and complexity (side scatter), and a gate of interest was
drawn around the viable small mononuclear cell popula-
tion, excluding debris and erythrocytes. Each cell within
this gate was categorized for fluorescence intensity in the
color channel relevant for each of the surface antigen or
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cytokine antibody fluorochromes. The results were ex-
pressed as the percentage of cells within the size/com-
plexity gate of interest that stained positively for each
marker after subtracting the percentage of positive cells
in the isotype control.

Microarray Analysis

At 9 days, total RNA was isolated from lung tissues of mice
(n � 3 per group) using Trizol reagent (Invitrogen, Life
Technologies, Carlsbad, CA),22 and after purification sam-
ples were submitted to the Vermont Cancer Center Microar-
ray Facility for target preparation using standard Affymetrix
protocols.14 In brief, 3 �g of total RNA from each sample
was reverse-transcribed using oligo-dT primer coupled to a
T7 RNA polymerase binding sequence. After double-
stranded cDNA preparation, biotinylated-cRNA was synthe-
sized using T7 polymerase, and hybridized to Affymetrix
murine genome U74Av2 (Affymetrix Inc., Santa Clara, CA)
oligonucleotide arrays for 16 hours. The arrays were first
incubated with phycoerythrin-conjugated streptavidin, fol-
lowed by sequential incubations with biotin-coupled poly-
clonal anti-streptavidin antibody and streptavidin-phyco-
erythrin as an amplification step. After washing and laser
scanning (Hewlett-Packard GeneArray Scanner; Agilent
Technologies, Inc., Santa Clara, CA), data were collected
and analyzed using GeneSifter software (GeneSifter VizX
Labs, Seattle, WA). Data were log-transformed for analyses.

TaqMan Quantitative Reverse Transcriptase-
Polymerase Chain Reaction (QRT-PCR)

Gene expression data from microarray analysis was con-
firmed by QRT-PCR using primers and probes pur-
chased from Applied Biosystems (Foster City, CA) as
described previously.14 The Perkin-Elmer AB1 7700
Prism sequence detection system (Applied Biosystems)
was used to determine relative levels of expression of
different immunoglobulins and IL-4. All values were nor-
malized to the expression of hprt.

Statistical Analyses

Results were evaluated by one-way analysis of variance
with the Student-Newman-Keul’s procedure for adjust-
ment of multiple pairwise comparisons between treat-
ment groups. For cytokines, statistical analyses were per-

formed using the nonparametric Kruskul-Wallis test
because analysis of variance was inappropriate because
of differing variability in the treatment groups. Differences
of P � 0.05 were considered statistically significant. Data
for severity and extent of fibrosis (n � 8 to 13 mice/group/
per experiment) were analyzed by analysis of variance
using a randomized block design to control for differ-
ences between experiments.

Results

We present data on cell proliferation at 3, 9, and 40 days
and inflammation and cytokines in BALF at 3 and 9 days
(because all cytokine levels were diminished and showed
no statistical changes at 40 days).

PKC��/� Mice Exhibit Selective Depletion of
PKC-� in Lung Tissue

Lung tissues from PKC��/� and WT mice were evaluated
by Western blot analyses for four different PKC isoforms
present in lung or murine epithelial cells (Figure 1A).6,7

These results confirmed that PKC��/� mice lacked only
PKC-� protein, whereas other isoforms of PKCs (�, �, �)
were present. These data indicate that no compensation
for loss of PKC-� protein occurs by other isoforms of PKC
in PKC��/� mice.

PKC��/� Mice Exhibit Less Acute
Peribronchiolar Cell Proliferation than
Asbestos-Exposed WT Mice

We have shown recently that the peak time point of
epithelial cell proliferation, as measured by incorpora-
tion of Ki-67, occurs after 3 days of asbestos inhalation
by C57BL/6 WT mice.14 In studies here, we also mea-
sured cell proliferation in various lung compartments
after 3, 9, and 40 days of asbestos inhalation to deter-
mine whether they were altered by PKC-� status. Bron-
chiolar epithelial cell proliferation was increased (P �
0.05) in both PKC��/� and WT mice at all time points
(Figure 1B). However, peribronchiolar cell proliferation
peaked at 3 days in asbestos-exposed WT mice but
was significantly inhibited (P � 0.05) in asbestos-ex-
posed PKC��/� mice at this time point (Figure 1C).
Numbers of Ki-67-positive cells in the interstitial com-

Table 1. Fluorescence Antibodies Used for Flow Cytometry

Target antigen Target cell type Fluorochrome Reagent source

CD4 Helper/induced T cells Alexa 647 Life Technologies (Philadelphia, PA)
CD8 Suppressed/cytolytic T cells Texas Red 615 Caltag (Burlingame, CA)
�/� TCR T-cell subset Biotin/strep 647 Pharmingen (San Jose, CA)
� TCR T-cell subset Cytochrome Caltag
DX5 (NK cells) NK cells PE Pharmingen
NK1.1 NK cells FITC Pharmingen
B220 B lymphocytes PE Caltag
MAC1 Macrophages FITC Pharmingen
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partment of the lung peaked in both groups of asbes-
tos-exposed mice at 3 days and remained elevated
(P � 0.05) at 9 days (Figure 1D). To determine whether
Ki-67-positive peribronchiolar cells were leukocytes
(CD45�) or fibroblasts (CD45�), dual immunofluores-
cence approaches were used. These studies revealed
that Ki-67 was incorporated by both CD45-positive
leukocytes (green nuclei with red halo) as well as
CD45-negative cells, presumably fibroblasts (green la-
bel alone) (Figure 1E). These data show the involve-
ment of PKC-� in asbestos-induced peribronchiolar
proliferation in different cell types.

PKC��/� Mice Show Different BALF Cytokine
Profiles in Response to Asbestos Exposure
Cytokine analyses on BALF at 3 and 9 days showed low
and comparable levels of cytokines in sham WT and
PKC��/� mice. In asbestos-exposed WT mice at 3 days,
significantly increased levels of many cytokines [IL-1�,
IL-1�, IL-4, IL-5, IL-6, IL-10, IL-12(p40), IL-13, RANTES,
MIP-1�, MIP-1�, MCP-1, KC, G-CSF, and GM-CSF] oc-
curred. Many of these [IL-4, IL-5, IL-10, IL-12(p40), IL-12
(p70), IL-13, RANTES, MIP-1�, MCP-1, KC, and GM-CSF]
were significantly attenuated in asbestos-exposed

Figure 1. PKC��/� mice exhibit selective deple-
tion of PKC��/� protein in lung tissue and atten-
uated distal peribronchiolar proliferation. A:
Western blot analyses of lungs from WT and
PKC��/� mice. B: Distal bronchiolar epithelial
cell proliferation as assessed using an antibody
to Ki-67. C: PKC��/� mice show significantly
attenuated asbestos-induced peribronchiolar
proliferation at 3 days as assessed by Ki-67 stain-
ing. D: Interstitial cell proliferation is unchanged
in PKC��/� asbestos-exposed mice compared
with WT asbestos-exposed mice. E: CSLM show-
ing CD45 and Ki-67 localization in lungs of as-
bestos-exposed WT (left) and PKC��/� mice at 3
days. Arrow shows Ki-67 incorporation (green)
in CD45-positive (red halo) peribronchiolar cell.
Arrowheads show Ki-67-positive (green),
CD45-negative peribronchiolar cells. *P � 0.05
significantly different from respective sham
group. #P � 0.05 significantly different from WT
Asb group. n � 7 to 9 mice per group. Scale
bars � 100 �m.
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PKC��/� mice (Figure 2A). After 9 days of asbestos
exposure, levels of IL-13, MIP-1�, GM-CSF, IL-1�, and
IL-10 were similar in sham- and asbestos-exposed WT
mice whereas other cytokines, MCP-1, IL-12(p40), KC,
IL-1�, IL-4, MIP-1�, G-CSF, and RANTES remained ele-
vated (Figure 2B). Levels of IL-13, MCP-1, IL-5, and
GM-CSF were elevated (P � 0.05) in asbestos-exposed
PKC��/� versus WT mice. Levels of TNF-� were highly
variable between animals, and there was no change in
IFN-�, IL-17, or eotaxin levels between groups at any time
(data not shown). Trends in increased expression of IL-4,
a profibrotic cytokine that was increased in BALF from
asbestos-exposed WT mice selectively at 3 days and in
asbestos-inhaling PKC��/� mice at 9 days (Figure 2),
were confirmed in lungs of mice by both microarray (Fig-
ure 3A) and TaqMan analyses (Figure 3B). Data pre-
sented here show that PKC-� plays an important role in
regulation of many cytokines, which could eventually be
responsible for altered lung pathology of lung in asbes-
tos-exposed PKC��/� mice.

PKC��/� Mice Show Altered Immune Cell
Profiles Compared with WT Mice after Asbestos
Inhalation

The initial characterization of PKC��/� mice showed that
these mice exhibited increased proliferation of B cells in

the spleen and evidence of autoimmunity.15 To determine
possible alterations in the lung and systemic inflamma-
tion that might explain their resistance to asbestos-in-
duced fibrogenesis, we characterized a number of in-
flammatory parameters in lung, spleen, and BALF.

WT mice exposed to asbestos exhibited substantial
elevations in the percentages of polymorphonuclear cells
(PMNs) in BALF at 3 (30%) and 9 (80%) days (Figure 4A).
In contrast, asbestos-exposed PKC��/� mice showed no
increases in PMNs or lymphocytes at 3 days and mod-
estly increased fractions at 9 days. Both sham control
groups had few PMNs or lymphocytes. At 9 days, BALF
from asbestos-exposed PKC��/� mice revealed in-
creases in lymphocytes (P � 0.05) and alveolar macro-
phages in contrast to the predominantly PMN influx
(�80%) observed in WT animals (Figure 4A). In addition,
a significantly increased proportion (P � 0.05) of other
cells that did not conform to characteristics of lympho-
cytes, alveolar macrophages, or PMNs were observed in
asbestos-exposed PKC��/� mice, and they required fur-
ther characterization (see below).

Histological analysis of lung sections from asbestos-
exposed animals at 9 days showed moderate cellular
inflammation and sporadic increases in alveolar-ductal
cellularity (Figure 4B). Increased lung infiltration of mac-
rophages, PMNs, and lymphocytes were observed in
asbestos-exposed WT and PKC��/� animals; however,
lymphocyte infiltration increased whereas PMN numbers
were lower in lungs of PKC��/� mice compared with WT
mice (Table 2).

To identify the proportion of cell types present in lung,
BALF, and spleen, flow cytometric analysis was per-
formed at 9 days using a set of cell type-specific anti-
bodies (Table 1). As shown in Figure 5A, the percentage
of macrophages was significantly attenuated (P � 0.05)
in sham PKC��/� mice compared with sham WT mice.
Data using two antibodies detecting natural killer (NK)
cells (DX5 also stains macrophages and mesenchymal
cells, whereas NK1.1 labels some NK as well as NKT
cells) also indicated decreased proportions in PKC��/�

versus WT mice after inhalation of asbestos. CD4-positive
T cells were increased in lungs of asbestos-exposed WT
and PKC��/� mice (Figure 5A). In BALF preparations,
numbers of NK cells were attenuated in both sham- and
asbestos-exposed PKC��/� mice (Figure 5B), as was
observed in lung tissue (Figure 5A). Increased percent-

Figure 2. Asbestos-induced increases in BALF cytokine levels were attenu-
ated in PKC��/� mice at 3 days. Bioplex assays were performed on the
supernatants of BALF samples collected at 3 (A) and 9 (B) days after asbestos
inhalation as described in the Materials and Methods section. *P � 0.05,
significantly different from respective sham group; #P � 0.05, significantly
different from WT Asb group.

Figure 3. Asbestos-exposed PKC��/� mice exhibit attenuated IL-4 mRNA
levels in lungs at 9 days. RNA obtained from lungs of four groups of mice
after asbestos inhalation for 9 days was subjected to microarray analysis and
results were subsequently validated by real-time quantitative PCR. A: Results
from microarray analysis. Data were log-transformed for analysis using the
GeneSifter program. B: Validation of results by real-time quantitative PCR
(TaqMan). *P � 0.05, significantly different from WT sham group.
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ages of B and T cells also were observed in asbestos-
exposed WT and PKC��/� mice (Figure 5B). In spleen,
both macrophages and NK cells were decreased in
PKC��/� sham- and asbestos-exposed animals, but no
differences in numbers of CD4- and CD8-positive T cells

were observed between groups (Figure 5C). Elevations
(P � 0.05) in B lymphocytes were observed in asbestos-
exposed PKC��/� mice. PKC��/� mice also showed in-
creased spleen weight (Figure 5D) as reported previous-
ly.15 For detailed characterization of B cells, CD19 and

Figure 4. PKC��/� mice show altered inflammatory profiles in BALF after asbestos inhalation. A: Differential cell counts on BALF at 3 and 9 days. *P � 0.05,
significantly different from respective sham group; #P � 0.05, significantly different from WT Asb group. B: Histopathology of distal bronchioles at 9 days after
H&E staining. In comparison to sham mice (left), asbestos-exposed mice show pronounced peribronchiolar inflammation that is characterized by predominantly
neutrophil infiltration (arrows) in WT mice and lymphocytes in PKC��/� mice (arrowheads). Scale bars � 50 �m.

Table 2. Immune Cell Profiles at 9 Days in Lung Tissue

n Macrophages PMNs Lymphocytes

WT sham 13 1.583 � 0.144* 1.077 � 0.077 1.154 � 0.104
WT asbestos 13 3.231 � 0.166† 3.308 � 0.175† 1.846 � 0.191†

PKC-��/� sham 9 1.778 � 0.222 1.000 � 0.000 1.222 � 0.222
PKC-��/� asbestos 9 3.444 � 0.242† 2.889 � 0.200†‡ 3.222 � 0.278†‡

*Score of 1 to 4 based on extent of infiltration.
†P � 0.05 compared with respective sham.
‡P � 0.05 compared with WT asbestos-exposed group.
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IgM antibodies along with B220 were also used (data not
shown).

Both sham- and asbestos-exposed PKC��/� mice
showed unusual patches of cells resembling lympho-
cytes around blood vessels and bronchioles. Further im-
munohistochemical characterization of these lympho-
cytic lesions in lung sections of PKC��/� sham- and
asbestos-exposed mice showed that CD45R/B220-posi-
tive cells were absent from sham WT mice (Figure 6A),
were observed occasionally in asbestos-exposed WT
mice (Figure 6A) and comprised the majority of cells in
lymphocytic patches of both sham- and asbestos-ex-
posed PKC��/� mice (Figure 6A). Methyl pyronin-green
staining of both lung (Figure 6B) and spleen sections
(data not shown) showed the presence of plasma cells in
PKC��/� sham- and asbestos-exposed mice.

Microarray Analyses Show Increased
Expression of Immunoglobulin Chains in
PKC��/� Murine Lung Tissue

Microarray analyses performed on the lungs of mice at 9
days showed increased mRNA levels for several different
immunoglobulin chains in PKC��/� sham- and asbestos-
exposed mice when compared with WT groups (Figure 7)
(data were log transformed for analyses). Microarray data
for increases in expression of IgG heavy chain, Ig joining
chain, Ig active 	 chain, and Ig heavy chain were vali-
dated by QRT-PCR (TaqMan) (Figure 8). Increased
mRNA levels of different fractions of immunoglobulin
chains are additional evidence in support of the presence
of plasma cells in lungs of PKC��/� mice.

Discussion

Idiopathic pulmonary fibrosis and pulmonary fibrosis as-
sociated with the inhalation of asbestos fibers and other

fibrogenic minerals such as silica are devastating diseas-
es.23 Current therapeutic approaches, such as cortico-
steroids and immunosuppressants, are ineffective. Un-
derstanding the mechanisms of pathogenesis of fibrotic
lung diseases and their inhibition allows the development
of new therapeutic paradigms. Data here reveal multiple
effects of PKC-� deficiency on asbestos-induced cell
proliferation, cytokine elaboration, and recruitment of in-
flammatory cell types to lung in a murine model of
fibrogenesis.

Although focal peribronchiolar fibrosis and fibrosis in
adjacent alveolar ducts/peribronchiolar tiers of alveoli
were observed histologically in both asbestos-exposed
WT and PKC��/� mice at 40 days, and the extent of
affected bronchioles was less in PKC��/� mice (data not
shown), biochemical verification of fibrosis by chrysotile
asbestos in mice may require more extended periods of
inhalation. For example, in inhalation studies using rats, a
more sensitive species to the development of lung injury
and fibrosis by particulates, elevations in fibrosis, a bio-
chemical marker of collagen synthesis were observed
after inhalation of crocidolite, but not chrysotile asbestos

Figure 5. Flow cytometric analyses reveals increased B cells and decreased
NK cells in lung, BALF, and spleen of 9-day asbestos-exposed PKC��/� mice.
Both WT and PKC��/� mice were exposed to asbestos for 9 days, and lung,
spleen, and BALF cells were prepared for flow cytometric analyses as de-
scribed in the Materials and Methods section A: Flow analyses on lung
homogenates. B: Flow analyses on BALF cells. C: Flow analyses on spleen
homogenates. D: PKC��/� mice showed increased spleen weight as com-
pared with WT mice. *P � 0.05, significantly different from respective sham
group; #P � 0.05, significantly different from WT with the same treatment.

Figure 6. Lungs of PKC��/� mice show characteristic patches of cells com-
prised of lymphocytes and plasma cells. Formalin-fixed lungs from both WT
and PKC��/� mice with or without asbestos exposure for 9 days were
stained for B lymphocytes or plasma cells as described in the Materials and
Methods section A: Immunoperoxidase staining with a B220/CD45R anti-
body. B: Lung sections stained with methyl pyronin-green to identify plasma
cells. Scale bars � 50 �m. Original magnification, �100 inset.
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at similar airborne concentrations for 20 days.24 These
observations are in agreement with studies in humans
suggesting that chrysotile asbestos is less potent than
crocidolite asbestos in inducing asbestos-associated
diseases.1,2

Chrysotile asbestos-induced fibrogenesis in rodents
occurs proximally to initial sites of deposition of fibers in
the distal bronchioles and alveolar duct region.13,14 In WT
mice, acute increases in distal bronchiolar epithelial cell,
peribronchiolar and interstitial cell proliferation occurred
at 3 days after initial exposure to fibers and decreased
throughout time (Figure 1). In line with many observations
that PKC-� plays complex roles in cell proliferation and
survival,25 PKC��/� mice showed selective inhibition of
peribronchiolar cell proliferation by asbestos. Many Ki-

67-labeled peribronchiolar cells were spindle-shaped in
morphology and CD45-negative, indicating that they
were of mesenchymal origin. The fact that proliferation of
these cells was inhibited in PKC��/� mice that developed
less fibrosis suggests that targeted interruption of PKC-�
may curtail early replication of cells that may contribute to
formation of fibrotic lesions.

Consistent with the documented roles of individual
PKCs in development and modulation of immune re-
sponses in other organs,5 different immune cell profiles
were observed in BALF and lungs from PKC��/� and WT
mice. Most notably, increases in plasma cells and de-
creases in numbers of PMNs were observed in PKC��/�

mice in contrast to asbestos-exposed WT mice. As sug-
gested here and in a model of reperfusion injury after
transient ischemia,26 PKC-� deficiency is associated with
reduced infiltration of PMNs into damaged lung tissue
and impaired neutrophil adhesion, migration, and func-
tion.26 Asbestos-exposed PKC��/� mice also showed
significantly reduced levels of KC, a neutrophil chemoat-
tractant,27 a phenomenon that might explain the lower
numbers of PMNs seen in the BALF of these animals. Our
recent work, using myeloperoxidase knockout mice, sug-
gests that PMN-associated myeloperoxidase activity is
critical to the development of early lung injury and inflam-
mation by asbestos.20 Moreover, in vitro studies show that
co-culture with PMNs exacerbates asbestos-induced cell
injury to alveolar epithelial cells by oxidant-dependent
mechanisms.28

Initial characterization of PKC��/� mice showed
splenomegaly, reflecting increased numbers of periph-
eral B cells, although no noteworthy abnormalities were
observed in T cells.15 Histological examination of the
kidneys of PKC��/� mice revealed evidence of glomer-
ulonephritis, and immunohistochemical staining revealed
deposition of IgG and the complement component C3 in
the mesangial region and along capillary walls. Further-
more, perivascular infiltration of leukocytes was detected
in the kidney, liver, lungs, and salivary glands of PKC��/�

mice. The infiltrating leukocytes were comprised mostly
of B lymphocytes with smaller numbers of T lymphocytes
also present. These observations suggest that B-cell tol-
erance is abrogated in PKC��/� mice because of loss of
the anti-proliferative activity of PKC-�.15 Although NK
cells attenuate bleomycin-induced pulmonary fibrosis in
mice by producing IFN-�,29 numbers of NK cells de-
creased in lung tissue and BALF from asbestos-exposed
WT and PKC��/� mice, suggesting that they are not
critical in the development or control of asbestosis. How-
ever, the fact that numbers of CD4� cells were dimin-
ished in asbestos-exposed PKC��/� mice may explain in
part the inhibition of fibrosis in these animals.

A unique feature of the lungs of both sham- and as-
bestos-exposed PKC��/� mice were peribronchiolar ag-
gregates of plasma cells with lesser numbers of inter-
spersed lymphocytes (Figure 6). The cellular composition
of these aggregates was confirmed by methyl pyronin-
green staining, which showed diffuse staining of plasma
cells, and B220/CD45R immunostaining, which high-
lighted the admixed small lymphocytes. Plasma cell infil-
trates have been described as part of a reparative pro-

Figure 7. PKC��/� mice show increased mRNA levels of immunoglobulins
in lung. Microarray analysis was performed on RNA obtained from lungs of
9-day sham/asbestos-exposed WT and PKC��/� mice. The GeneSifter pro-
gram was used to analyze the data. The data were log transformed for
analyses. *P � 0.05, significantly different from WT sham group; #P � 0.05,
significantly different from WT Asb group.

Figure 8. Real-time quantitative PCR validated the changes in immunoglobu-
lins observed with microarray. RNA obtained from lungs of different groups
of mice was evaluated using specific primers and probes as described in the
Materials and Methods section. *P � 0.05, significantly different from WT
sham group; #P � 0.05, significantly different from WT Asb group.
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cess after various forms of lung injury.30–32 Microarray
analyses revealed immunoglobulin fragments in PKC��/�

mice lungs, a likely contribution of autoreactive antibod-
ies in these mice that die prematurely because of auto-
immune disease.15,33 These results and methyl pyronin-
green staining for plasma cells are consistent with the
observation that plasma cells also accumulate in the
lungs of PKC��/� mice regardless of asbestos exposure.
Although lymphoplasmacytic infiltration can be seen in
pulmonary fibrosis induced by Fas antigen34 and in in-
terstitial lung disease in patients with systemic sclero-
sis,35 sham PKC��/� mice with plasma cell infiltrates did
not develop fibrosis in our studies.

We observed early (3 day) alterations in a number of
chemokines and cytokines in BALF that have been impli-
cated in fibrosis.2 Recent work from our laboratory dem-
onstrated elevations in BALF of several profibrotic Th2
cytokines, ie, IL-4 and IL-6, at 9 days after initiation of
asbestos inhalation.14 Moreover, we report here signifi-
cant elevations in IL-13, a major effector molecule at sites
of Th2 inflammation and lung remodeling,36 in asbestos-
exposed WT mice at 3 days. At this early time point,
several cytokines (MIP-1�, MIP-1�, and RANTES)37 and
MCP-1 were also increased in BALF from these mice.
These cytokines have been implicated as key contribu-
tors to bleomycin- and asbestos-induced fibrosis.38,39 It
is to be noted here that MCP-1, MIP-1�, and MIP-1�
attract and activate NK cells and that both the chemo-
kines and the responder target cells are decreased in
asbestos-exposed PKC��/� mice. In addition, levels of
IL-5, IL-12 (p40), and IL-10 were elevated in asbestos-
exposed WT mice. IL-5 plays a central role in the growth
and differentiation of eosinophils and contributes to sev-
eral disease states, including asthma. The regulation of
IL-5 message is primarily at the level of transcription and
is likely to be controlled, to a large extent, by regulatory
elements in the promoter region that can influence the
transcriptional activity of the gene.40 IL-12 can activate
cytotoxic lymphocytes, stimulate NK cell activity, induce
production of IFN-�, and inhibit the development of var-
ious experimental tumors. Recently it was shown that
IL-12 induces IL-10 production by human T cells and NK
cells, as a negative feedback for IL-12-induced immune
response.41 One study suggests a negative role for
PKC-� and positive role for PKC-
 in the regulation of
LPS-stimulated IL-12p40 secretion from murine macro-
phages.42 IL-10 is an immunosuppressive cytokine, and
PKC-�(II) and � isozymes are essential for the activation
of this cytokine production in human monocytes after
stimulation by HIV-1 Tat protein.43

The Bioplex data in Figure 2 reveal that protein levels
of most cytokines were increased dramatically and sig-
nificantly in asbestos-exposed WT mice in contrast to
PKC��/� mice at 3 days. However, at 9 days, levels of
most cytokines in BALF were lower in asbestos-exposed
WT mice and comparable with [IL-6, MIP-1�, KC, 1L-1�,
G-CSF, IL-1�, IL-10, IL-12 (p70), RANTES], or signifi-
cantly decreased (IL-13, MCP-1, IL-5, GM-CSF) from
amounts seen in asbestos-inhaling PKC��/� mice. This
may reflect the possibility that asbestos fibers stimulating
cytokine elaboration are translocated from sites of initial

deposition in the airways to the peripheral lung through-
out time. On the other hand, populations and properties
of cytokine-producing cell types recruited to lung and
BALF between 3 and 9 days may vary dramatically.

Inhalation of asbestos was also associated with ele-
vated levels in BALF of the NF-�B-dependent proinflam-
matory proteins, GM-CSF and RANTES, which are syn-
thesized by airway epithelial cells and other cell types.
Similar to patterns described above for other cytokines,
asbestos-associated GM-CSF and RANTES levels were
highest in BALF from WT mice at 3 days but comparable
with levels in asbestos-exposed PKC��/� mice at 9 days.
These observations suggest a key role of PKC-� in the
regulation of asbestos-induced NF-�B-dependent gene
expression as has been indicated previously in airway
epithelial cells.44 Although links between PKC-� and syn-
thesis of IL-1� and IL-6 also have been reported in hu-
man monocytes in vitro,12 our data are the first to link
PKC-� deficiency to altered cytokine expression in an
animal model. Whether PKC-� is critical to transcription,
translation, and/or posttranslational modification of spe-
cific cytokines altered in asbestos-exposed PKC��/�

mice requires detailed studies with various lung cell
types in vitro.

We observed many effects of PKC-� deficiency here
including inhibition of asbestos-associated peribronchio-
lar cell proliferation, alteration of immune cell profiles in
lung and BALF, and modulation of cytokine profiles in
BALF. Accordingly, it is difficult to determine whether the
inhibition of asbestosis observed in PKC��/� mice re-
flects indirect or direct effects of PKC-� on lung matrix.
For example, PKC-� is critical in regulation of collagen
gene expression,8,9 and it has been suggested that

Figure 9. Mechanistic framework for increased PKC-� activity by asbestos in
normal (WT) lung and events occurring during the pathogenesis of fibro-
genesis. Asbestos causes increased formation of diacylglycerol (DAG), an
activator of PKCs45 and increased expression of PKC-� in lung tissue.6 This
then leads to increased peribronchiolar proliferation of CD45� leukocytes as
well as CD45� fibroblasts, resulting in fibrosis. In addition, inflammation, the
elaboration of several inflammatory and fibrogenic cytokines, and increased
expression of MMP-12 and MMP-1311 are seen. With knockout of PKC-�,
inhibition of asbestos-associated peribronchiolar cell proliferation occurs. In
addition, altered inflammation and inhibition of inflammatory, neutrophil
chemoattractant, and fibrogenic cytokines are observed as well as decreases
in MMP-12 and MMP-13.11
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transforming growth factor-� requires active PKC-� to
activate the target genes, collagen 1�1 and collagen
3�1, in a variety of cells in vitro including pulmonary
fibroblasts.9 Signaling by PKC-� is also directly involved
in the synthesis of fibronectin10 and MMPs.11 Using in
vitro approaches and PKC��/� mice, we have recently
shown that transcriptional up-regulation of MMP-12 and
MMP-13 by asbestos occurs via a PKC-�-dependent
pathway. Moreover, decreased levels of MMP-12 and
MMP-13 mRNA were observed in the lungs of asbestos-
exposed PKC��/� mice.

Figure 9 presents a schema of events occurring in lung
and BALF of asbestos-exposed WT mice that are altered
in PKC��/� mice. These novel findings and other mech-
anistic research from our laboratory support the hypoth-
esis that modulation of early peribronchiolar cell prolifer-
ation, cytokine production, and immune cell profiles in
BALF, lung, and spleen may alter the pathogenesis of
asbestosis in PKC-� deficiency. Whether these multiple
systemic perturbations or direct effects of PKC-� defi-
ciency on lung matrices are critical to the modulation of
fibrosis is difficult to determine and will require more
protracted inhalation times with more fibrogenic types of
amphibole asbestos. In addition, because PKC��/� mice
develop autoimmune disease,15 we cannot exclude an
effect of autoimmune disease on possible inhibition of
asbestosis. Regardless, the therapeutic administration of
PKC-� inhibitors might be effective in prevention of fibro-
proliferative and other asbestos-associated lung and
pleural diseases.
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