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Th1 inflammation and remodeling characterized by tissue destruction frequently coexist in human diseases. 
To further understand the mechanisms of these responses, we defined the role(s) of CCR5 in the pathogenesis 
of IFN-γ–induced inflammation and remodeling in a murine emphysema model. IFN-γ was a potent stimula-
tor of the CCR5 ligands macrophage inflammatory protein–1α/CCL-3 (MIP-1α/CCL-3), MIP-1β/CCL-4, and 
RANTES/CCL-5, among others. Antibody neutralization or null mutation of CCR5 decreased IFN-γ–induced 
inflammation, DNA injury, apoptosis, and alveolar remodeling. These interventions decreased the expres-
sion of select chemokines, including CCR5 ligands and MMP-9, and increased levels of secretory leukocyte 
protease inhibitor. They also decreased the expression and/or activation of Fas, FasL, TNF, caspase-3, -8, and -9, 	
Bid, and Bax. In accordance with these findings, cigarette smoke induced pulmonary inflammation, DNA 
injury, apoptosis, and emphysema via an IFN-γ–dependent pathway(s), and a null mutation of CCR5 decreased 
these responses. These studies demonstrate that IFN-γ is a potent stimulator of CC and CXC chemokines and 
highlight the importance of CCR5 in the pathogenesis of IFN-γ–induced and cigarette smoke–induced inflam-
mation, tissue remodeling, and emphysema. They also demonstrate that CCR5 is required for optimal IFN-γ 
stimulation of its own ligands, other chemokines, MMPs, caspases, and cell death regulators and the inhibi-
tion of antiproteases.

Introduction
The prototypic Th1/Tc1 cytokine IFN-γ plays a key role in the reg-
ulation of diverse immune responses, including pathogen recogni-
tion, antigen processing and presentation, cellular proliferation, 
microbicidal effector activation, and leukocyte trafficking (1). In 
keeping with its important biologic functions, dysregulated IFN-γ  
production has been implicated in a large number of diseases, 
including atherosclerosis (2), Crohn disease (3), Schistosoma infec-
tion (4), coeliac disease (5), rheumatoid arthritis (6), periodontitis 
(7), Bechet disease (8), aphthous ulcers (9), autoimmune gastritis 
(10), and uveoretinitis (11). An interesting feature of many of these 
responses is the close approximation of Th1/Tc1 inflammation 
and remodeling characterized by tissue atrophy and/or destruc-
tion. This can be appreciated in the joint erosions in rheumatoid 
arthritis, ulcerations in Bechet and aphthous lesions, gingival atro-
phy in periodontal disease, gastric atrophy in autoimmune gastri-
tis, ocular destruction in uveoretinitis, and histologic necrosis in 
mycobacterial granulomas (6–12). This is also seen in pulmonary 
emphysema, where alveolar septal rupture and enhanced type I 
cytokine production, increased numbers of CD3+ and CD8+ cells 
that produce IFN-γ, and increased levels of the IFN-γ target gene 
IP-10/CXCL10 are juxtaposed (13–18). Studies from our labora-

tory have also demonstrated that the transgenic overexpression of 
IFN-γ in the adult murine lung causes pulmonary emphysema (19). 
Surprisingly, although there is an impressive amount of knowl-
edge regarding the mechanisms of IFN-γ–induced immunomodu-
lation (reviewed in ref. 1), the mechanisms of IFN-γ–induced tissue 
inflammation and remodeling have not been adequately defined.

Chronic obstructive pulmonary disease (COPD) is a generic term 
that includes emphysema and chronic bronchitis (20, 21). For more 
than 40 years, the protease-antiprotease hypothesis has dominated 
thinking in this area. This theory proposes that the normal lung 
is protected by an antiprotease “shield” that negates the effects of 
proteases in the airway or parenchyma (20, 21). It also proposes that 
emphysema is generated as a result of an increase in proteases and/
or a decrease in antiproteases, with this proteolytic excess causing 
alveolar septal rupture by digesting septal matrix proteins (20, 21). 
In keeping with recent studies highlighting the Th1/Tc1 inflamma-
tion in lungs from patients with COPD (13, 14, 16, 18, 22, 23) and 
our studies demonstrating that IFN-γ causes protease-antiprotease 
abnormalities and emphysema in the murine lung (19), it has been 
assumed that the Th1/Tc1 inflammatory response is the cause of 
the protease-antiprotease abnormalities in pulmonary emphysema. 
However, recent studies have added complexity to this concept of 
disease pathogenesis by demonstrating that there are also increased 
levels of structural cell apoptosis in lungs from patients with emphy-
sema and animal models of this disorder (24–28). Surprisingly, the 
relationships among the inflammatory, protease-antiprotease, and 
apoptosis alterations in COPD are poorly understood, and the 
effects of interventions that alter inflammation on other aspects of 
this remodeling response have not been adequately evaluated.

CCR5 is a G protein–coupled chemokine receptor that binds 
macrophage inflammatory protein–1α/CCL-3 (MIP-1α/CCL-3,) 
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MIP-1β/CCL-4, and RANTES/CCL-5 and serves as a coreceptor 
for HIV (29). It is expressed on granulocytes, dendritic cells, mac-
rophages, CD8+ cells, memory CD4+ cells, and stromal cells and 
at high levels on Th1 lymphocytes (29–33). CCR5 plays a critical 
role in Th1 inflammation and immunity, where it is required for 
the successful control of a variety of infectious agents, including 
tuberculosis, cryptococcus, and toxoplasma (29, 31, 34–36) and is 
expressed in exaggerated quantities in Tc1-dominated responses, 
including those in tuberculosis, sarcoidosis, Wegner granuloma-
tosis, rheumatoid arthritis, periodontitis, and acute and chronic 
transplant rejection (7, 31, 34, 37–41). In these responses, CCR5 
plays an important role in the pathogenesis of tissue inflamma-
tion, protease production, tissue remodeling (41), and local cell 
death responses (42, 43). Despite its frequent coexpression with 
IFN-γ and its important roles in inflammation, protease produc-
tion, and apoptosis, the roles of CCR5 in the pathogenesis of 
IFN-γ–induced inflammation, tissue remodeling, and pulmonary 
emphysema have not been formally investigated.

We hypothesized that IFN-γ is a potent stimulator of pulmonary 
chemokines and that CCR5-ligand binding plays an important role 
in the pathogenesis of IFN-γ–induced inflammation and remodel-
ing in vivo. To test this hypothesis, we characterized the expression 
of CC and CXC chemokines in transgenic mice in which IFN-γ was 
overexpressed in a lung-specific fashion and defined the effects 
of CCR5 neutralization or a null mutation of CCR5 on IFN-γ–
induced inflammation and remodeling in these animals. These 
studies demonstrate that IFN-γ is a potent stimulator of a vari-
ety of chemokines, including the CCR5 ligands MIP-1α/CCL-3,  

MIP-1β/CCL-4, and RANTES/CCL-5 in the murine lung. They 
also demonstrate that CCR5 neutralization or a deficiency of 
CCR5 significantly decreases IFN-γ–induced inflammation and 
remodeling and that IFN-γ stimulates the production of select 
chemokines, MMPs, and cell death regulators via CCR5-depen-
dent mechanisms. Last, they provide additional disease relevance 
by demonstrating that cigarette smoke exposure induces emphy-
sema via IFN-γ–dependent mechanisms and that this response is 
ameliorated in CCR5-null mutant mice.

Results
Effect of IFN-γ on CCR5 chemokine ligands. To further define the mech-
anisms that mediate IFN-γ–induced tissue alterations, we deter-
mined whether IFN-γ altered the expression and or production of 
CC and CXC chemokines that might be expected to contribute to 
these responses. In lungs from Tg– mice on normal or doxycycline 
(dox) water, the levels of mRNA encoding MIP-1α/CCL-3, MIP-1β/
CCL-4, and RANTES/CCL-5 were at or below the limits of detec-
tion of our assays (Figure 1A). In contrast, IFN-γ was a potent stim-
ulator of MIP-1α/CCL-3, MIP-1β/CCL-4, and RANTES/CCL-5  
mRNA and protein in lungs from Tg+ mice. The mRNA effects 
were seen after as few as 3 days of dox administration and persist-
ed throughout the 3-month study interval in RT-PCR evaluations 
(Figure 1A and data not shown). Similar results were seen with 
real-time RT-PCR mRNA quantification (Figure 1B). Increases in 
levels of cytokine protein were also seen after as few as 3–7 days 
of dox administration and remained significantly elevated after 
1 month of dox administration (Figure 1C). These effects were 

Figure 1
IFN-γ regulation of pulmonary chemokines. Tg– and Tg+ mice were given normal or dox water for up to 1 month. The levels of mRNA encoding 
the noted chemokines in lungs from mice on dox for 1 month were evaluated by RT-PCR (A) and real-time RT-PCR (B), and the levels of BAL 
chemokine protein were evaluated by ELISA (C). Each evaluation in A is representative of a minimum of 4 similar experiments. The values in 
B and C represent the mean ± SEM of evaluations in a minimum of 4 animals. *P < 0.05 in B. In C, P < 0.05 at all time points for MIP-1α and 
MIP-1β and at 7 and 30 days for RANTES. MDC, macrophage-derived protein; TECK, thymus-expressed chemokine; TARC, thymus- and 
activation-regulated chemokine.
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not specific for these cytokine moieties, as prominent induction 
of monocyte chemoattractant protein-1/CCL-2 (MCP-1/CCL-2), 
MCP-2/CCL-8, MCP-5/CCL-12, MIP-2/CXCL2/3, KC/CXCL-1, 
eosinophil neutrophil-activating–78/CXCL-5 (ENA-78/CXCL-5), 
monokine induced by g interferon/CXCL-9 (Mig/CXCL-9), inter-
feron-inducible protein 10/CXCL-10 (IP-10/CXCL-10), interferon-
inducible T cell a chemoattractant/CXCL-11 (I-TAC/CXCL-11), 
stromal cell–derived factor-1/CXCL-12 (SDF-1/CXCL-12), C10/
CCL-6, macrophage-derived chemokine/CCL-22 (MDC/CCL-22), 
and thymus-expressed chemokine/CCL25 (TECK/CCL25) 
were also noted (Figure 1A). In contrast, eotaxin/CCL-11, 
thymus- and activation-regulated chemokine/CCL-17 
(TARC/CCL-17), and lungkine/CXCL-15 were not simi-
larly regulated (Figure 1A). These studies demonstrate 
that IFN-γ is a potent and selective stimulator of pulmo-
nary chemokines.

Effect of IFN-γ on CCR5. Because prominent alterations 
in MIP-1α/CCL-3, MIP-1β/CCL-4, and RANTES/CCL-5 
were noted, studies were next undertaken to define the 
effects of IFN-γ on their receptor, CCR5. Levels of CCR5 
mRNA and protein that were near or below the limits of 
detection of our assays were noted in lungs from Tg– mice 

on normal water or dox water and Tg+ mice on normal water (Fig-
ure 2, A and B and data not shown). In contrast, the levels of CCR5 
mRNA and protein were markedly increased in dox-treated IFN-γ– 
transgenic animals (Figure 2, A and B). To localize this protein, 
immunohistochemistry was also undertaken. These studies dem-
onstrate that CCR5 is in an interstitial location in lungs from Tg+ 
mice (Figure 2, C–F). This staining was CCR5 specific, as it was 
not noted in IFN-γ–transgenic mice with null CCR5 loci, and the 
antibody that was used detected an appropriately sized molecule 
in Western blot evaluations of proteins from lungs from Tg+ mice 
(Figure 2B). In double labeling experiments, confocal analysis 
demonstrated that, in many cases, CCR5 colocalized with vimen-
tin (see Supplemental Figure 1; supplemental material available 
online with this article; doi:10.1172/JCI24858DS1). In contrast, 
CCR5 did not colocalize with CD45, CD3, griffonia lectin, keratin, 
or S100A4 (Supplemental Figure 1 and data not shown). In keep-
ing with recent reports in other experimental systems (30), these 
studies demonstrate that IFN-γ stimulates the expression of CCR5 
on pulmonary interstitial stromal cells.

Role of CCR5 in IFN-γ–induced inflammation. To understand the 
roles of MIP-1α/CCL-3, MIP-1β/CCL-4, RANTES/CCL-5, and 
CCR5 in the generation of IFN-γ–induced tissue alterations, we 

Figure 2
CCR5 in IFN-γ–transgenic mice. Tg– and Tg+ mice were given normal 
or dox water for 1 month. The levels of CCR5 mRNA and protein in 
lungs from these mice were evaluated by real-time RT-PCR (A) and 
Western blot analysis (B), respectively. The CCR5 in the pulmonary 
specimens is compared with that in a thymus-positive control. (C–F) 
Immunohistochemistry was used to compare the CCR5 in lungs from 
Tg– mice stained with anti-CCR5 (C), Tg+ mice stained with anti-CCR5 
(D), Tg+ mice stained with control antibody (E), and Tg+ mice with a 
null mutation of CCR5 stained with anti-CCR5 (F). The values in A 
represent the mean ± SEM of evaluations in a minimum of 4 animals. 
Each evaluation in B–F is representative of a minimum of 4 similar 
experiments. Original magnification, ×40. *P < 0.05.

Figure 3
Effect of CCR5 neutralization/ablation on IFN-γ–induced 
inflammation. (A and B) Tg– and Tg+ mice were placed on 
dox water and treated with anti-CCR5 or control Ig for 4 
weeks. (C and D) CCR5+/+ and CCR5–/– Tg– and Tg+ mice 
were treated with dox water for 4 weeks. BAL cell recovery 
and differential were then evaluated. The values represent 
the mean ± SEM of evaluations in a minimum of 4 mice in 
each group; *P < 0.05. Eo, eosinophil; Neu, neutrophil; Lym, 
lymphocyte; Mac, macrophage.
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compared the inflammation in CC10-rtTA-IFN-γ Tg+ mice that 
had been randomized to normal water or dox water at 1 month 
of age and treated with antiserum against CCR5 or control antise-
rum. We also bred Tg+ mice with CCR5–/– mice and compared the 
effects of transgenic IFN-g in CCR5+/+ and CCR5–/– mice. As previ-
ously reported (19), transgenic IFN-γ caused significant increases 
in bronchoalveolar lavage (BAL) total cell, macrophage, and neu-
trophil recovery and induced a patchy macrophage-rich tissue 
inflammatory response (Figure 3 and data not shown). Treatment 
with anti-CCR5 did not alter the number or differential of the cells 
that were recovered in BAL fluids and did not alter the tissue his-
tology of lungs from Tg– mice on normal or dox water (Figure 3, 
A and B and data not shown). In contrast, this intervention sig-
nificantly decreased BAL total cell and macrophage, neutrophil, 
and lymphocyte recovery and the tissue inflammatory response 
in lungs from dox-treated Tg+ animals (Figure 3, A and B and data 
not shown). Similar alterations were seen in comparisons of BAL 
and tissues from CCR5+/+ and CCR5–/– Tg+ mice (Figure 3, C and D 
and data not shown). Interestingly, this effect was not specific for 
IFN-γ, as a deficiency of CCR5 also decreased LPS-induced pul-
monary inflammation (Supplemental Figure 2). Thus, CCR5 is 
a crucial regulator of the intensity and nature of IFN-γ–induced 
pulmonary inflammation.

Role of CCR5 in IFN-γ–induced alveolar remodeling and destruction. 
To define the role of CCR5 in the pathogenesis of IFN-γ–induced 
alveolar remodeling, we compared the alterations in lung volume, 
alveolar size, and lung compliance in Tg+ mice on dox water that 
had been treated with anti-CCR5 or control Ig and CCR5+/+ and 
CCR5–/– Tg+ mice. In accordance with previous observations (19), 

dox induction of IFN-γ caused an impressive increase in all of 
these parameters (Figure 4 and data not shown). Treatment with 
anti-CCR5 did not alter these parameters in lungs from wild-type 
mice on normal or dox water (Figure 4 and data not shown). In 
contrast, lungs from dox-treated Tg+ mice treated with anti-CCR5 
were significantly smaller and less compliant than lungs from 
Tg+ mice treated with control Ig (Figure 4A and data not shown). 
Alveolar size was similarly decreased when assessed with light 
microscopic or morphometric approaches (Figure 4, B and C). 
Importantly, similar decreases in alveolar remodeling were noted 

Figure 4
Role of CCR5 in IFN-γ–induced remodeling. (A–C) Tg– and Tg+ mice were placed on dox water and treated with anti-CCR5 or control Ig (Ctrl Ig) 
for 4 weeks. (D–F) CCR5+/+ and CCR5–/– Tg– and Tg+ mice were treated with dox water for 4 weeks. Lung volume (A and D), histology (B and 
E; ×10), and chord length (C and F) were evaluated. B and E are representative of a minimum of 5 similar evaluations. The values in the rest of 
the panels represent the mean ± SEM of evaluations in a minimum of 5 mice in each group. *P < 0.05.

Figure 5
Role of CCR5 in transgenic IFN-γ production. (A) Tg– and Tg+ mice 
were placed on dox water and treated with anti-CCR5 or control Ig 
for 4 weeks. (B) CCR5+/+ and CCR5–/– Tg– and Tg+ mice were treated 
with dox water for 4 weeks. BAL IFN-γ was evaluated by ELISA. The 
values represent the mean ± SEM of evaluations in a minimum of 5 
mice in each group.
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in comparisons of lungs from dox-treated CCR5+/+ and CCR5–/– 
Tg+ mice (Figure 4, D–F). Overall, treatment with anti-CCR5 or 
a null mutation of CCR5 caused 52.4% and 51.3% decreases in 
alveolar chord length enlargement, respectively, in dox-treated 
IFN-γ–transgenic mice (P < 0.01 compared with Tg+ dox-treated 
controls). When viewed in combination, these studies demon-
strate that CCR5 plays a critical role in the pathogenesis of IFN-γ– 

induced alveolar remodeling and 
destruction in the murine lung.

Role of CCR5 in IFN-γ elaboration. 
A deficiency of CCR5 could modify 
IFN-γ–induced tissue responses by 
altering the production of transgen-
ic IFN-γ or modulating IFN-γ effec-
tor responses. To determine whether 
alterations in CCR5 regulated the 
production of IFN-γ, we compared 
the levels of BAL IFN-γ in Tg+ and Tg– 
mice treated with anti-CCR5 or con-
trol Ig and CCR5+/+ and CCR5–/– Tg+ 
mice. IFN-γ was not readily appar-
ent in BAL fluids from Tg– mice on 
normal or dox water that had been 
treated with anti-CCR5 or control 
Ig (Figure 5). In contrast, significant 
levels of BAL IFN-γ were observed in 
Tg+ mice on dox water. These levels 
were similar in mice treated with 
anti-CCR5 or the control Ig (Figure 
5A). Comparisons of BAL fluids from 
CCR5+/+ and CCR5–/– Tg+ mice also 
did not reveal differences in IFN-γ 
content (Figure 5B). Thus, treatment 
with anti-CCR5 and null mutations 
of CCR5 altered IFN-γ–induced tissue 
responses by modifying IFN-γ effec-
tor pathway activation.

Role of CCR5 in IFN-γ–induced che-
mokine elaboration. To investigate the 
mechanism(s) by which a deficiency 
of CCR5 ameliorated IFN-γ–induced 
inflammation, we compared the 

expression of selected chemokines in Tg+ mice treated with anti-
CCR5 or control Ig. As noted above, the levels of MIP-1α/CCL-3,  
MIP-1β/CCL-4, RANTES/CCL-5, MCP-1/CCL-2, MCP-2/ 
CCL-8, MCP-5/CCL-12, MIP-2/CXCL-2/3, KC/CXCL-1, ENA 
78/CXCL-5, Mig/CXCL-9, IP-10/CXCL-10, I-TAC/CXCL-11, and 
SDF-1/CXCL-12 mRNA and protein were near or below the lim-
its of detection of our assays in Tg– mice and were significantly 

Figure 6
Role of CCR5 in IFN-γ–induced che-
mokine responses. (A–D) Tg– and 
Tg+ mice were placed on dox water 
and treated with anti-CCR5 or con-
trol Ig for 4 weeks. (E–I) CCR5+/+ and 
CCR5–/– Tg– and Tg+ mice were treated 
with dox water for 4 weeks. Chemokine 
mRNA was evaluated by RT-PCR (A 
and E) and real-time RT-PCR (F). BAL 
chemokines (B–D and G–I) were eval-
uated by ELISA. Each evaluation in A 
and E is representative of a minimum 
of 4 similar experiments. The values 
in the remaining panels represent the  
mean ± SEM of evaluations in a mini-
mum of 4 animals. *P < 0.05.
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increased by transgenic IFN-γ (Figure 6 and data not shown). 
Anti-CCR5 significantly diminished the ability of IFN-γ to stim-
ulate the accumulation of MIP-1α/CCL-3, MIP-1β/CCL-4, RAN-
TES/CCL-5, MCP-1/CCL-2, MIP-2/CXCL-2/3, KC/CXCL-1, IP-10/ 
CXCL-10, and SDF-1/CXCL-12 mRNA (Figure 6A). In all cases, com-
parable decreases in the levels of BAL chemokines were also noted 
(Figure 6, B–D and data not shown). In contrast, anti-CCR5 did 
not alter the ability of IFN-γ to stimulate the expression of MCP-2/ 
CCL-8, MCP-5/CCL-12, Mig/CXCL-9, or I-TAC/CXCL-11 (Figure 
6A). Importantly, similar alterations in the levels of expression 
and production of these chemokines were noted in comparisons 
of dox-treated CCR5+/+ and CCR5–/– Tg+ mice (Figure 6, E–I and 
data not shown). Thus, IFN-γ stimulates pulmonary chemokines 
via CCR5-dependent and -independent pathways, with the CCR5 
ligands MIP-1α/CCL-3, MIP-1β/CCL-4, and RANTES/CCL-3 and 
MCP-1/CCL-2, MIP-2/CXCL-2/3, KC/CXCL-1, IP-10/CXCL-10, 
and SDF-1/CXCL-12 being induced by the former and MCP-2/
CCL-8, MCP-5/CCL-12, Mig/CXCL-9, and I-TAC/CXCL-11 being 
stimulated by the latter.

Role of CCR5 in IFN-γ–induced protease and antiprotease alterations. 
We reasoned that a deficiency of CCR5 could modulate the IFN-γ– 
induced inflammatory and alveolar phenotypes by regulating the 
production of respiratory proteases and or antiproteases. To test 
this hypothesis, we compared the levels of mRNA encoding lung-
relevant MMPs, cathepsins, and antiproteases in Tg– and Tg+ mice 
treated with anti-CCR5 or control Ig and mice with wild-type and 
null CCR5 loci. Comparable levels of mRNA encoding MMP-2, 
MMP-9, MMP-12, MMP-14, cathepsin B, cathepsin H, cathepsin L, 
cathepsin S, α-1 antitrypsin (α1-AT), secretory leukocyte protease 
inhibitor (SLPI), and tissue inhibitor of metalloproteinases 
(TIMPs) 1–4 were noted in lungs from Tg– mice treated with anti-
CCR5 or control Ig and Tg– mice with wild-type and null CCR5 loci 

(Figure 7, A–C). In these mice, the levels of mRNA encod-
ing a number of these moieties were near or below the lim-
its of detection of our assays. In accordance with previous 
studies from our laboratory (19), dox induction of IFN-γ  
increased the levels of expression of MMP-9 and -12 and 
cathepsins B, H, L, and S, while inhibiting the expression of 
SLPI and not altering the expression of α1-AT or the TIMPs 
(Figure 7, A–C). The levels of MMP-9 protein were similarly 
increased (Figure 7D). Interestingly, the neutralization or 
ablation of CCR5 decreased the ability of IFN-γ to stimulate 
the accumulation of MMP-9 mRNA and protein and inhibit 
the expression of SLPI (Figure 7, A–D). It did not, however, 
alter the effects of IFN-γ on the other MMPs, cathepsins, 
and TIMPs. Thus, IFN-γ selectively stimulates MMP-9 and 
inhibits SLPI via CCR5-dependent activation pathways.

Role of CCR5 in IFN-γ–induced DNA injury and cell death. In 
keeping with the proposed role of apoptosis in the patho-

genesis of the alveolar remodeling in emphysema (24–28), studies 
were undertaken to determine whether IFN-γ induced DNA injury 
and apoptosis and define the role(s) of CCR5 in these responses. 
In these experiments, TUNEL and dual propidium iodide/annex-
in V (PI/annexin V) evaluations were used to compare the DNA 
injury and cell death in lungs from Tg– and Tg+ mice that had 
been treated with either anti-CCR5 or control Ig and CCR5+/+ and 
CCR5–/– Tg+ mice. In Tg– mice on normal or dox water, 3% or less 
of cells were TUNEL+ regardless of they type of antibody treat-
ment that was administered (Figure 8, A and B). In contrast, dox 
induction of IFN-γ caused a significant increase in TUNEL stain-
ing in lungs from Tg+ mice (Figure 8, A and B). This response was 
seen after as few as 2 days of dox administration. At its peak (after 
2 weeks of dox), 15–25% of cells were TUNEL+. At this time point, 
TUNEL staining was seen predominantly in alveolar epithelial 
cells, with lesser numbers of endothelial cells and macrophages 
manifesting TUNEL reactions (data not shown). Double annex-
in-V and PI staining demonstrated that the cell death response 
in these mice was predominantly apoptosis that manifested as 
an increase in annexin V staining only (Figure 8C). Significant 
numbers of cells also manifested increases in annexin V and PI 
and were undergoing a response with features of apoptosis and 
necrosis (Figure 8C). Treatment with anti-CCR5 did not alter 
the levels of these responses in lungs from Tg– mice on normal 
or dox water (Figure 8, A and B and data not shown). Treatment 
with anti-CCR5 did, however, cause a significant decrease in DNA 
injury and cell death in dox treated Tg+ animals (Figure 8, A and 
B and data not shown). Similar decreases in DNA injury and cell 
death were seen with TUNEL and dual PI/annexin V evaluations 
of lungs from dox-treated CCR5+/+ and CCR5–/– Tg+ mice (Figure 
8, C–E). When viewed in combination, these studies demonstrate 
that IFN-γ is a potent inducer of DNA injury, apoptosis, and a 

Figure 7
Role of CCR5 in IFN-γ–induced protease and antiprotease 
responses. (A) Tg– and Tg+ mice were placed on dox water and 
treated with anti-CCR5 or control Ig (anti-CCR5–) for 4 weeks. 
(B–D) CCR5+/+ and CCR5–/– Tg– and Tg+ mice were treated 
with dox water for 4 weeks. Protease and antiprotease mRNAs 
were evaluated by RT-PCR (A and B), and MMP-9 mRNA and 
protein were evaluated by real time RT-PCR (C) and Western 
blotting (D), respectively. Each evaluation is representative of a 
minimum of 4 similar experiments. a1-AT, a-1 antitrypsin.
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mixed apoptosis/necrosis cellular response. They also demon-
strate that these responses are mediated by pathways that are, at 
least partially, CCR5-dependent.

Contributions of CCR5 to IFN-γ–induced apoptosis. To further under-
stand the mechanisms by which CCR5 regulated DNA injury and 
cell death, the expression and activity of caspases and key cell 
death regulators were evaluated in mice that were treated with 
anti-CCR5 or control Ig and CCR5+/+ and CCR5–/– Tg+ mice. The 
levels of mRNA encoding Fas, FasL, TNF-a, caspase-3, -8, and -9, 
Bid, and Bax in Tg– mice were at or near the limits of detection in 
our assays and were not significantly altered by CCR5 neutraliza-
tion or ablation (Figure 9, A–C). IFN-γ was a potent stimulator 
of these moieties that increased the levels of Fas, FasL, TNF-a, 
caspase-3, -8, -9, and Bid and Bax mRNA and the levels of TNF-a 
protein (Figure 9, A–E and data not shown). IFN-γ also activated 

caspase-3, -8, and -9 and Bid, causing readily detectable 
increases in caspase bioactivities and truncated Bid (tBid) 
accumulation (Figure 9, F and G). In all cases, these events 
were CCR5 dependent, as anti-CCR5 treatment or a null 
mutation of CCR5 decreased the levels of mRNA encoding 
Fas, FasL, TNF-a, caspase-3, -8, and -9, Bid, and Bax, the 
levels of TNF-a protein, and caspase and Bid activation 
(Figure 9). When viewed in combination, these studies 
demonstrate that IFN-γ is a potent activator of the extrin-
sic/death receptor and intrinsic/mitochondrial apoptosis 
pathways and that these activation events are, at least in 
part, CCR5 dependent.

Role of CCR5 in cigarette smoke–induced inflammation and 
alveolar remodeling. The studies noted above demonstrate 
that CCR5 plays a key role in the pathogenesis of IFN-γ– 
induced inflammation and emphysema. Since human 
pulmonary emphysema is often caused by cigarette smoke 
exposure (20), studies were undertaken to define the role 
of CCR5 in the pathogenesis of cigarette smoke–induced 
emphysema. Studies were first undertaken to determine 
whether IFN-γ plays an important role in cigarette smoke–
induced emphysema and stimulates the production of 
CCR5 ligand chemokines. In these experiments we first 
compared the emphysema induced by cigarette smoke in 
wild-type and IFN-γ–null mice. As can be seen in Figure 
10A, cigarette smoke caused notable emphysema in wild-
type mice. Importantly, this emphysematous response 
was significantly ameliorated in the IFN-γ–null animals 
(Figure 10A). In additional experiments, we measured the 
levels of CCR5 ligand chemokines in BAL fluids from cig-
arette smoke– and room air–exposed mice. These experi-
ments demonstrated that cigarette smoke stimulates 
MIP-1α/CCL-3, MIP-1β/CCL-4, and RANTES/CCL-5 in 

the murine lung (Figure 10B).
Because cigarette smoke induction of emphysema was IFN-γ 

dependent and associated with the induction of CCR5 ligands, we 
next evaluated the roles of CCR5 in these responses. This was done 
by comparing the responses in wild-type and CCR5-null mice that 
were chronically exposed to cigarette smoke or room air. In these 
studies, cigarette smoke caused a macrophage-rich BAL and tissue 
inflammatory response. This response was most prominent after 2 
months of smoke exposure and persisted throughout the 6-month 
exposure interval (Figure 10, C and D and data not shown). It also 
caused DNA injury/apoptosis that could be observed with TUNEL 
evaluations (Figure 10E) and histologically and morphometrical-
ly apparent emphysema (Figure 10, F and G). In all cases, these 
responses were CCR5 dependent, since tissue and BAL inflamma-
tion, TUNEL staining, and emphysema were all decreased in ciga-

Figure 8
Role of CCR5 in IFN-γ–induced DNA injury and cell death. (A 
and B) Tg– and Tg+ mice were placed on dox water and treat-
ed with anti-CCR5 or control Ig for 4 weeks. (C–E) CCR5+/+ 
and CCR5–/– Tg– and Tg+ mice were treated with dox water for 
4 weeks. TUNEL evaluations (A and D; ×40), TUNEL quantifi-
cation (B and E), and dual PI/annexin V evaluations (C) were 
undertaken. Each evaluation in A, C, and D is representa-
tive of a minimum of 4 similar experiments. The values in the 
remaining panels represent the mean ± SEM of evaluations 
in a minimum of 4 animals. *P < 0.05.
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rette smoke–exposed CCR5–/– and CCR5+/+ mice (Figure 10, C–G 
and data not shown). These studies demonstrate that CCR5 plays 
a critical role in cigarette smoke–induced chemokine induction, 
inflammation, DNA injury/apoptosis, and alveolar remodeling.

Discussion
To further understand the cellular and molecular events involved 
in IFN-γ–induced phenotype generation, we took advantage of a 
transgenic system developed in our laboratory in which IFN-γ effec-
tor pathways can be selectively assessed in vivo and used this system 
to characterize the chemokine response that is induced by IFN-γ 
in this setting. These studies demonstrate that IFN-γ is a potent 
inducer of a number of CXC and CC chemokines. Prominent on 
this list are the CCR5 ligands RANTES/CCL-5, MIP-1β/CCL-4, 
and MIP-1α/CCL-3. These effects were not specific for these moi-

eties, as IFN-γ also stimulated the production of MCP-1/CCL-2, 
MCP-2/CCL-8, MCP-5/CCL-12, MIP-2/CXCL-2/3, KC/CXCL-1, 
ENA 78/CXCL-5, Mig/CXCL-9, IP-10/CXCL-10, I-TAC/CXCL-11, 
SDF-1/CXCL-12, C10/CCL6, MDC/CCL22, and TECK/CCL25. 
These effects were, however, at least partially specific, as eotaxin/
CCL-11, TARC/CCL-17, and lungkine/CXCL-15 were not similarly 
regulated. Importantly, these studies also demonstrate that inter-
ventions that neutralize or abrogate CCR5 diminish the ability of 
IFN-γ to induce inflammatory, DNA injury, cell death, and remod-
eling responses in the murine lung. They also define the chemo-
kine cascades, protease and antiprotease alterations, and apoptosis 
regulatory events that are dependent on CCR5 in these responses. 
When viewed in combination, these studies provide insights into 
the pathogenesis and complexity of IFN-γ–induced inflammatory 
and remodeling responses in the setting of type I tissue reactions.

Figure 9
Role of CCR5 in IFN-γ regulation of cell death pathways. (A, D, and F) Tg– and Tg+ mice were placed on dox water and treated with anti-CCR5 or 
control Ig. (B, C, E, and G) CCR5+/+ and CCR5–/– Tg– and Tg+ mice were treated with dox water for 4 weeks. mRNA was evaluated by RT-PCR (A 
and B) and real-time RT-PCR (C). BAL TNF levels were evaluated by ELISA (D and E). (F) Caspase-3, -8, and -9, Bid, and truncated Bid (tBid) 
were evaluated by Western blot analysis. (G) Caspase bioactivity was evaluated. Each evaluation in A, B, and F is representative of a minimum 
of 4 similar experiments. The values in the remaining panels represent the mean ± SEM of evaluations in a minimum of 5 animals. *P < 0.05.
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Chemokines are small cytokines (44, 45) that have been sub-
divided into CXC, CC, C, and CXXC families based on sequence 
considerations. The CC and CXC chemokine groups are large and 
contain more than 50 identified ligands. Although in vitro char-
acterization would suggest that there is impressive redundancy 
in this system, examinations in vivo have demonstrated that their 
production is often organized in a coordinated manner and that 
their effector functions can be restricted to different stages of 
disease development and/or pathology (44–48). Thus, in vivo, a 
deficiency of an individual ligand or its receptor can cause strik-
ing alterations in tissue phenotype. Our studies demonstrate that, 
although IFN-γ is a potent stimulator of a wide variety of CC and 
CXC chemokines, the selective neutralization and/or ablation of 
CCR5 caused an impressive decrease in IFN-γ–induced inflamma-
tion and tissue remodeling responses. One could hypothesize that 
this previously unappreciated relationship between IFN-γ and 
CCR5 is the result of the amelioration of the stimulatory effects 
of RANTES/CCL-5, MIP-1α/CCL-3, and/or MIP-1β/CCL-4. Our 
studies, however, demonstrate that this is only part of the mecha-
nism. Specifically, they demonstrate that CCR5 signaling plays a 
critical role in, and is required for, an optimal IFN-γ–induced che-
mokine response, with the induction of MCP-1/CCL-2, MIP-1α/ 
CCL-3, MIP-1β/CCL-4, MIP-2/CXCL-2/3, RANTES/CCL-5, KC/
CXCL-1, Mig/CXCL-9, SDF-1/CXCL-12, and IP-10/CXCL-10  

being mediated by a CCR5-dependent mechanism. Cigarette 
smoke induction of RANTES/CCL-5, MIP-1α/CCL-3, and MIP-1β/ 
CCL-4 was also shown to be CCR5 dependent. Interestingly, CCR5 
signaling did not contribute to the induction by IFN-γ of a variety 
of other chemokines, including MCP-2/CCL-8, MCP-5/CCL-12, 
Mig/CXCL-9, and I-TAC/CXCL-11. These studies highlight, for 
the first time to our knowledge, the ability of CCR5 to contrib-
ute to the autoinduction of its own ligands, RANTES/CCL-5,  
MIP-1α/CCL-3, and MIP-1β/CCL-4. They also highlight, for the 
first time to our knowledge, the existence of a CCR5-dependent 
chemokine cascade that contributes to the induction, intensity, 
and character of IFN-γ–induced and cigarette smoke–induced tis-
sue inflammatory and remodeling responses.

Although 18 million people in the United States and millions 
more worldwide suffer from emphysema, the mechanisms of 
emphysematous alveolar remodeling and destruction are poorly 
understood. In keeping with the belief that Tc1 responses contrib-
ute to the pathogenesis of pulmonary emphysema, a CD8 cell–, 
mononuclear cell–, and neutrophil-rich inflammatory response 
has been noted in tissues from patients with COPD (18, 20, 49–51), 
and previous studies from our laboratory demonstrated that the 
prototypic Th1/Tc1 cytokine IFN-γ induces pulmonary emphyse-
ma when expressed in the murine lung (19). In the present studies, 
we add to this understanding by demonstrating that CCR5 plays 

Figure 10
Role of IFN-γ and CCR5 in ciga-
rette smoke–induced responses. 
(A) IFN-γ+/+ and IFN-γ–/– mice were 
exposed to cigarette smoke (CS) 
for 6 months. (B–G) Tg– mice with 
wild-type and null CCR5 loci were 
exposed to cigarette smoke for 2 
(B–E) or 6 (F and G) months. Alve-
olar chord length (A and G); BAL 
RANTES/CCL-5, MIP-1α/CCL-3, 
and MIP-1β/CCL-4 (B); total BAL 
cell recovery (C); the differential 
distribution of the recovered BAL 
cells (D); TUNEL staining (E); and 
alveolar histology (F; ×10) were 
assessed. Each evaluation in F is 
representative of a minimum of 4 
similar experiments. The values in 
the remaining panels represent the 
mean ± SEM of evaluations in a 
minimum of 4 animals. *P < 0.05.
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a key role in Th1-induced and cigarette smoke–induced remod-
eling responses in the lung. By demonstrating that interventions 
that neutralize and or ablate CCR5 only partially abrogate these 
responses, we also highlight the CCR5-dependent and -indepen-
dent mechanisms that are operative in these settings. Last, we pro-
vide insights into the multiple mechanisms that CCR5 may use in 
this setting. Specifically, the protease-antiprotease hypothesis sug-
gests that alveolar destruction is induced in the lung by an increase 
in proteases and/or a decrease in antiproteases (20). In accordance 
with this concept, our studies demonstrate that the decrease in 
IFN-γ–induced remodeling that is seen after CCR5 neutralization 
and/or ablation is associated with a decrease in the expression of 
MMP-9 and an increase in the expression of the antiprotease SLPI. 
Most recently, structural cell apoptosis has been proposed to con-
tribute to the pathogenesis of pulmonary emphysema (24–28). 
In accordance with this concept, our studies demonstrate that 
transgenic IFN-γ is a potent inducer of epithelial cell apoptosis 
and that this response is mediated via a mechanism that is, at least 
in part, CCR5 dependent. Recent studies have also demonstrated 
that CCR5 ligands are impressively potent stimulators of CD8 cell 
migration (52). In combination, these studies demonstrate that 
CCR5 signaling contributes to IFN-γ–induced inflammatory, pro-
teolytic, antiprotease, DNA injury, and cell death responses in the 
lung. Our demonstration that cigarette smoke causes emphysema 
via an IFN-γ–dependent mechanism and that null mutations of 
CCR5 diminish the inflammatory and remodeling alterations that 
are induced by chronic cigarette smoke inhalation further sup-
port the relevance of our transgenic studies and our CCR5-based 
investigations to human COPD. These studies provide what we 
believe to be the first mechanistic link between inflammation and 
apoptosis in COPD and, when combined with our transgenic stud-
ies, demonstrate that IFN-γ is necessary and sufficient to induce 
pulmonary emphysema. When viewed in combination, they also 
suggest that interventions that alter CCR5-ligand binding and/or 
CCR5 signaling may be therapeutically useful in the treatment of 
this often-times devastating disorder.

Although cell death can be triggered by a vast array of stimuli and 
mediated via an increasingly complex series of pathways, the vast 

majority of signals engage the cell death machinery at the level of 
the cell membrane or at the level of the mitochondria. The mem-
brane (“extrinsic”) pathway triggers cell surface “death receptors” 
such as Fas, which bind FasL, and TNF receptor 1 (TNFR1), which 
binds TNF and lymphotoxin and subsequently activate caspase-8.  
Other stimuli use mitochondrial dysfunction to signal death 
responses. In this “intrinsic” response, BH3 domain–only family 
members such as Bid are activated to tBid and interact with Bax-
type proteins to form or interact with mitochondrial pores, release 
cytochrome c, activate caspase-9, and induce cell death (53, 54). 
Thus, to further understand the mechanism(s) by which CCR5 
regulates IFN-γ–induced cell death responses, we characterized the 
intrinsic and extrinsic pathways in mice treated with anti-CCR5 or 
control Ig and mice with wild-type and null CCR5 loci. These stud-
ies demonstrate that IFN-γ activates both the intrinsic and extrinsic 
cell death pathways. They also demonstrate that CCR5 contributes 
to these responses in a variety of ways, including regulating the lev-
els of mRNA encoding Fas, FasL, TNF, TNFR1, TNFR2, caspases, 
Bid, and Bax; the levels of TNF protein; and the activation and bio-
activity of caspase-3, -8, and -9 and Bid. These are the first studies 
to our knowledge to demonstrate a prominent role for CCR5 in the 
regulation of IFN-γ–induced cell death responses and the first to 
demonstrate a prominent role of CCR5 in structural cell apoptosis. 
These observations, however, are not without precedent, as CCR5 
has been shown to be a coreceptor for HIV, where it activates Fas 
and caspase-8 and induces CD4 cell death (42). They also agree with 
the recent demonstration that, in contrast to Th2 responses, Th1 
granulomatous responses are preferentially associated with the 
induction of genes that are involved in tissue injury and apoptosis 
(4). It is clear from these studies that CCR5 is a multifunctional 
regulator of IFN-γ–induced apoptotic and necrotic responses in the 
lung. Our demonstration that CCR5-null mice are protected from 
the DNA injury and cell death induced by cigarette smoke further 
substantiates the disease relevance of these findings in Th1/Tc1 
responses and oxidant injury states.

In summary, these studies demonstrate that IFN-γ is a potent stim-
ulator of a variety of CC and CXC cytokines, including the CCR5 

Table 2
Real-time RT-PCR primers, conditions, and products

Genes	 S/AS	 Primer sequence (5′ to 3′)	 Product (bp)
Ccl3	 S	 tattttgaaaccagcagccttt	 103
	 AS	 attcttggacccaggtctcttt	
Ccl4	 S	 tcctgctgtttctcttacacctc	 113
	 AS	 cctcttttggtcaggaatacca	
Ccl5	 S	 atatggctcggacaccactc	 131
	 AS	 tccttcgagtgacaaacacg	
Mmp9	 S	 caatccttgcaatgtggatg	 130
	 AS	 agtaaggaaggggccctgta	
Casp3	 S	 atgggagcaagtcagtggac	 137
	 AS	 cgtaccagagcgagatgaca	
Casp8	 S	 cttcgagcaacagaaccaca	 102
	 AS	 ttcttcaccgtagccattcc	
Bid	 S	 ctgcctgtgcaagcttactg	 142
	 AS	 gtctggcaatgttgtggatg	
Actb	 S	 agagggaaatcgtgcgtgac	 137
	 AS	 caatagtgatgacctggccgt	
Ccr5	 S	 attctccacaccctgtttcg	 388
	 AS	 gttctcctgtggatcgggta	

 

Table 1
RT-PCR primers, conditions, and products

RT-PCR	
Gene	 S/AS	 Primer sequence (5′ to 3′)	 Product (bp)
Cxcl1	 S	 ctgggattcacctcaagaacat	 173
	 AS	 ttacttggggacaccttttagc	
Cxcl5	 S	 ctgccccttcctcagtcata	 249
	 AS	 gtgcattccgcttagctttc	
Cxcl9	 S	 tcttcctggagcagtgtgg	 196
	 AS	 tccggatctaggcaggttt	
Cxcl10	 S	 aagtgctgccgtcattttct	 186
	 AS	 gtggcaatgatctcaacacg	
Cxcl12	 S	 gctctgcatcagtgacggta	 184
	 AS	 taatttcgggtcaatgcaca	
Cxcl11	 S	 ctgctcaaggcttccttatgtt	 167
	 AS	 cctttgtcgtttatgagccttc	
Cxcl15	 S	 cgtccctgtgacactcaaga	 205
	 AS	 taattgggccaacagtagcc	

S, sense; AS, antisense. 
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ligands RANTES/CCL-5, MIP-1α/CCL-3, and MIP-1β/CCL-4.  
They also demonstrate that CCR5 plays a critical role in the gen-
eration of IFN-γ–induced inflammation, DNA injury, cell death, 
and tissue remodeling and illustrate important CCR5-dependent 
pathways that IFN-γ uses to stimulate chemokines, proteases, anti-
proteases, and the intrinsic and extrinsic cell death pathways. Dys-
regulated Th1 inflammation and exaggerated IFN-γ production 
are prominent findings in emphysema and a wide variety of other 
disorders, including diabetes, atherosclerosis (2), Crohn disease (3), 
Schistosoma infection (4), coeliac disease (5), rheumatoid arthritis (6) 
periodontitis (7), Bechet disease (8), aphthous ulcers (9), autoim-
mune gastritis (10), and uveoretinitis (11). Our studies suggest that 
IFN-γ contributes to the genesis of the inflammation and tissue 
destruction that are seen in these settings and that these responses 
are mediated, at least in part, by a CCR5-dependent pathway. These 
studies also suggest that interventions that block the activation 
and/or signaling of CCR5 may be therapeutic in these disorders. 
Additional investigation of the roles of CCR5 in the pathogenesis 
of these diseases and the utility of CCR5-based interventions and 
therapeutics in their treatment is warranted.

Methods
Transgenic and genetically modified mice. CC10-rtTA-IFN-γ mice that had been 
generated in our laboratory were used in these studies (19). These are dual 
transgene-positive animals in which the reverse tetracycline transactivator 
(rtTA) drives the expression of the murine IFN-γ gene in a lung-specific and 
externally regulatable fashion. The transgene in these mice was activated by 
adding dox to the animals’ drinking water. On a Balb/c background, these 
mice get emphysema after 2–4 weeks of dox administration. On a C57BL/6 
background, these mice get emphysema after 4–6 weeks on dox. Thus, mice 
bred for at least 10 generations onto a Balb/c or C57BL/6 background 
were employed. These mice were maintained as dual transgene (+) het-
erozygotes (referred to as Tg+). The details of both genetic constructs, the 
methods of microinjection and genotype evaluation, the inducibility and 
the emphysematous and inflammatory phenotype of CC10-rtTA-IFN-γ 
mice have been previously described (19).

CCR5-null mutant (–/–) mice, generated by W. Kuziel and colleagues (55), 
were obtained from The Jackson Laboratory after breeding for more than 
10 generations onto a C57BL/6 background. CCR5+/+ or CCR5–/– CC10-
rtTA-IFN-γ mice were generated by breeding C57BL/6 background IFN-γ– 
overexpressing mice with the CCR5–/– animals. PCR was used to define 
the transgenic status of all offspring, using primers that detected rtTA 
and/or the junction region of the murine IFN-γ–human growth hormone 
construct. The CCR5 loci were evaluated by PCR using primers: upper, 5′-
attctccacaccctgtttcg-3′ and lower, 5′-gttctcctgtggatc-
gggta-3′, which detect a 388-bp reaction product. All animal protocols 
were approved by the Institutional Animal Care and Use Committee of Yale 
University School of Medicine.

Dox water administration. CC10-rtTA-IFN-γ mice and littermate controls 
were maintained on normal water until they were 4–6 weeks old. They were 
then randomized to normal or dox water as previously described (19).

Immunologic interventions. Four- to 6-week-old Balb/c Tg– and Tg+ 
mice were randomized to receive rat monoclonal anti-CCR5 (Research 
Diagnostics Inc.) or an isotype control (rat IgG2c) Ig (control Ig) (500 
µg i.p. every other day). Two days later they were randomized to normal 
or dox water and maintained on this regimen for 10 days. At the end of 
this interval, the animals were sacrificed, and pulmonary phenotype was 
assessed as described below.

BAL and quantification of IFN-γ. Mice were euthanized, the trachea was iso-
lated by blunt dissection, and tubing was secured in the airway. Three vol-

umes of 0.6 ml of PBS were then instilled and gently aspirated and pooled. 
Each BAL fluid sample was centrifuged, and the supernatants were stored 
at –70°C until used. The levels of IFN-γ were determined using a commer-
cial ELISA (R&D Systems Inc.) as per the manufacturer’s instructions.

Histologic analysis. Animals were anesthetized, a median sternotomy was 
performed, and right heart perfusion was accomplished with calcium- and 
magnesium-free PBS to clear the pulmonary intravascular space. The lungs 
were then fixed to pressure (25 cm) with neutral buffered 10% formalin, 
fixed overnight in 10% formalin, embedded in paraffin, sectioned, and 
stained. H&E stains were performed in the Research Histology Laboratory 
of the Department of Pathology at Yale University School of Medicine.

LPS administration. BAL was performed on wild-type and CCR5-null 
mice 6 hours after nasal application and aspiration of LPS (20 µg/ml or 
1 µg/ml) (Escherichia coli serotype 0.55:B5; Sigma-Aldrich) or the appro-
priate vehicle control.

mRNA analysis. mRNA levels were assessed using RT-PCR and real-time 
RT-PCR as previously described by our laboratory (19, 56–58). In these 
assays, gene-specific primers were used to amplify selected regions of each 
target moiety. The primers for targeted genes that were not described in 
prior publications are detailed in Tables 1 and 2.

Chemokine measurements. The levels of selected chemokines in BAL flu-
ids were evaluated by ELISA using commercial assays (R&D Systems) as 
described by the manufacturer.

Lung volume, morphometric, and compliance assessment. Lung volume, alveolar 
size, and lung compliance were assessed via volume displacement and mor-
phometric chord length assessments as previously described (19, 57, 58). In 
brief, the trachea was cannulated, the lungs were degassed, and the lungs 
and heart were removed en bloc and inflated with PBS at 25 cm of pressure. 
The size of the lung was evaluated via volume displacement. Compliance 
was calculated as the change in volume divided by the change in pressure. 
Alveolar size was estimated from the mean chord length of the airspace.

CCR5 immunohistochemistry. For tissue staining, lungs were fixed in Streck 
Tissue Fixative (Streck Inc.) and embedded in paraffin. Sections were depa-
raffinized, and if needed, antigen retrieval was performed as described 
below. Slides were then blocked with an avidin/biotin blocking kit (Dako-
Cytomation) as per the manufacturer’s instructions and incubated in 5% 
normal horse serum/PBS for 20 minutes, and the primary antibodies were 
applied overnight at 4°C. For 2-color staining, the antibodies were mixed 
together and then applied to the slide. Antibodies used include goat anti-
CCR5 (catalog M-20; Santa Cruz Biotechnology Inc.), mouse anti-vimentin 
(clone V9; DakoCytomation), rat anti-CD45 (BD Biosciences — Pharmin-
gen), rabbit anti-keratin (catalog Z0622; DakoCytomation), anti-CD3 (BD 
Biosciences — Pharmingen), S100A4 (BD Biosciences — Pharmingen), and 
biotinylated Griffonia Simplicifolia GSI-B4 lectin (Vector Laboratories). 
For staining with anti-CCR5 or GSI-B4, no antigen retrieval was needed. 
For anti-keratin and -vimentin, trypsin 0.1% for 20 minutes was used. For 
CD45, DakoCytomation antigen retrieval solution was used for 20 min-
utes. Anti-CCR5 was developed either with donkey anti-goat Alexa 547 
(Molecular Probes; Invitrogen Corp.) for 2-color stains or biotinylated 
donkey anti-goat followed by streptavidin-HRP and diaminobenzidine 
(DakoCytomation). For 2-color stains, slides were blocked with 2% normal 
goat serum, then appropriate species-specific biotinylated antisera fol-
lowed by streptavidin Alexa 488 (Molecular Probes; Invitrogen Corp.) were 
applied, except for the GSI-B4 lectin, in which case streptavidin–Alexa 488 
was applied directly. After washing, tissue was counterstained with ToPro3 
(Molecular Probes; Invitrogen Corp.), then mounted in ProLong Gold 
(Molecular Probes; Invitrogen Corp.). Light microscopy was examined on 
an Olympus Bx41 with a Canon PowerShot A60 camera. Fluorescent slides 
were examined on a Zeiss LSM 510 Meta confocal microscope. All slides 
were examined with a pinhole set to an optical thickness of 1 mm.
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TUNEL evaluations. End labeling of exposed 3′-OH ends of DNA frag-
ments in paraffin-embedded tissue was undertaken with the TUNEL 
In Situ Cell Death Detection Kit AP (Roche Diagnostics Corp.) using 
the instructions provided by the manufacturer. Staining specificity was 
assessed by comparing the signal that was seen when terminal transferase 
was included and excluded from the reaction. After staining, a minimum 
of 20 fields of alveoli were randomly chosen, and 2,000 nuclei were counted 
per lung. The labeled cells were expressed as a percentage of total nuclei.

Annexin V and PI evaluation. The trachea was cannulated with 20-gauge 
tubing, the lungs were filled with 2 ml Dispase (Roche Diagnostic Corp.) 
followed by 0.5 ml of 1% low-melting-point agarose, and the agarose was 
allowed to harden under crushed ice. The lungs were then placed in 2 ml 
of Dispase (1 hour, room temperature) and transferred to DMEM with 
25 mM HEPES with 0.01% DNAse I (Sigma-Aldrich). After teasing apart 
the digested tissue, the resulting cell suspension was sequentially filtered 
through nylon mesh filters and collected after centrifugation (8 minutes, 
130 g). Annexin V and PI staining were undertaken with the annexin V–
FITC apoptosis detection kit (BD Biosciences) as described by the manu-
facturer. Analysis was undertaken by flow cytometry (BD).

Double immunohistochemistry and TUNEL evaluations. In selected experi-
ments, TUNEL evaluations and immunohistochemistry for surfactant apo-
protein-C (SP-C) were simultaneously undertaken. In these experiments, 
slides were deparaffinized with xylene and graded ethanol and taken to 
water. Microwave antigen retrieval was done with Dako pH 6 antigen retriev-
al solution, and slides were treated with Dako protein block and rinsed 
(DakoCytomation). TUNEL (Roche Diagnostics Corp.) staining was then 
undertaken as described above and developed with alkaline phosphatase/
BCIP/NBT (blue). Afterward, tissue was counterstained with goat anti–SP-C  
(Santa Cruz Biotechnology Inc.), anti-CD3, anti-CD31, or anti–Mac-1 
(Santa Cruz Biotechnology Inc.) overnight and developed with biotinylated 
anti-goat/streptavidin peroxidase/AEC (red). Immunohistochemistry was 
undertaken as previously described by our laboratory (59).

Cigarette smoke exposure. Female C57BL/6 wild-type, CCR5-null, and IFN-γ– 
null mice were purchased from The Jackson Laboratory. Starting at 10 

weeks of age, they were exposed twice a day, 5 days a week, to room air or 
the smoke from 2 nonfiltered standard research cigarettes (2R4; Univer-
sity of Kentucky) using the smoking apparatus described by Hautamaki et 
al. (60). After 2 months, BAL and TUNEL evaluations were undertaken as 
described above. After 6 months, the mice were anesthetized and sacrificed, 
and the trachea was cannulated. After ligation of the right main bronchus, 
the left lung was inflated with 0.5% low temperature–melting agarose in 
10% PBS-buffered formalin at a constant pressure of 25 cm. This allowed 
for homogenous expansion of lung parenchyma as described by Halbower 
et al. (61). The lungs were then fixed in 10% PBS-buffered formalin for 24 
hours, sectioned, and evaluated using histologic, immunohistologic, and 
morphologic methods as described above.

Statistics. Normally distributed data are expressed as mean ± SEM and were 
assessed for significance by Student’s t test or ANOVA as appropriate. Data 
that were not normally distributed were assessed for significance using the 
Wilcoxon’s rank-sum test for groups of 2 or the Kruskal-Wallis statistic for 
groups of 3 (human tissue results). Statistical analysis was performed using 
Stata (version 7.0; StataCorp LP) and DeltaGraph (RockWare Inc.). Statisti-
cal significance was defined at a level of P < 0.05.
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