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Acute lung inflammation can be caused by a variety of
respirable agents, including cigarette smoke. Long-
term cigarette smoke exposure can cause chronic ob-
structive pulmonary disease (COPD), a serious illness
that affects >10 million Americans. Cigarette smoke is
a known inducer of inflammation and is responsible
for approximately 90% of all COPD cases. RelB, a
member of the NF-�B family, attenuates cigarette
smoke–induced inflammatory mediator production in
mouse lung fibroblasts in vitro. We hypothesized that
overexpression of RelB in the airways of mice would
dampen acute smoke-induced pulmonary inflamma-
tion. Mice received a recombinant adenovirus encoding
RelB by intranasal aspiration to induce transient RelB
overexpression in the lungs and were subsequently ex-
posed to mainstream cigarette smoke. Markers of in-
flammation were analyzed after smoke exposure. Neu-
trophil infiltration, normally increased by smoke
exposure, was significantly and potently decreased after
RelB overexpression. Cigarette smoke–induced proin-
flammatory cytokine and chemokine production, cyclo-
oxygenase-2 expression, and prostaglandin E2 produc-
tion were also significantly decreased in the context of
RelB overexpression. The expression of intercellular
adhesion molecule 1, an NF-�B–dependent protein, was
decreased, indicating a potential mechanism through
which RelB can regulate inflammatory cell migration.
Therefore, increased expression and/or activation of
RelB could be a novel therapeutic strategy against acute

lung inflammation caused by respirable agents and pos-
sibly against chronic injury, such as COPD. (Am J

Pathol 2011, 179:125–133; DOI: 10.1016/j.ajpath.2011.03.030)

Chronic obstructive pulmonary disease (COPD), a dis-
ease characterized by airflow obstruction and destruc-
tion of the alveolar walls,1,2 is the fourth leading cause of
death in the United States,3 with �10 million Americans
being diagnosed as having COPD in 2007.4 Despite its
high prevalence, there is no cure and current therapies
neither prevent nor reverse the associated pathological
changes.2 Available anti-inflammatory agents are subop-
timal. Almost 25% of Americans smoke, and cigarette
smoking is responsible for roughly 90% of all COPD
cases.1–3 Cigarette smoke contains nearly 5000 chemi-
cals, many of which are known carcinogens5,6 and in-
duce injury and inflammation.7,8

Inflammation is the normal physiological response to
tissue damage and is typified by increased leukocyte,
particularly neutrophil and macrophage, infiltration.9,10

Cellular inflammation is typically associated with in-
creased cytokine production,11,12 cyclooxygenase-2
(Cox-2) expression, and Cox-2–derived prostaglandins,
particularly prostaglandin E2 (PGE2).7,8,13 More impor-
tant, sustained inflammation is a risk factor in the devel-
opment of COPD and lung cancer.2,8,14 In humans with
COPD, neutrophils, macrophages, and other inflamma-
tory cells accumulate around airways. In mouse models,
cigarette smoke increases neutrophil infiltration into the
bronchoalveolar space and around airways10,11 and in-
creases production of several proinflammatory cytokines,
such as IL-6, macrophage inflammatory protein 2
(MIP-2), and keratinocyte-derived chemokine (KC).11,12
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In vitro, cigarette smoke stimulates Cox-2 expression and
PGE2 production in lung epithelial cells and fibroblasts.7,8

Little is known about the mechanisms surrounding ciga-
rette smoke–induced pulmonary inflammation, but evi-
dence implicates involvement of the NF-�B pathway.

NF-�B is a complex signaling pathway involved in nu-
merous cellular functions, including inflammatory media-
tor production, adhesion molecule expression, and lym-
phocyte activation.15,16 Although many family members
are proinflammatory,15–19 recent evidence7,20–23 has
shown that the NF-�B family member, RelB, has anti-
inflammatory activity. RelB, which is normally bound to
p100 in the cytosol, translocates to the nucleus and stim-
ulates its target genes on activation.15 More important,
NF-�B signaling is dysregulated in the lungs of some
patients with COPD24; and selective NF-�B inhibition is
an emerging therapeutic strategy against COPD and
other inflammation-associated diseases.18,25–29

RelB is an understudied protein with significant trans-
lational potential as an attenuator of inflammation. Loss of
RelB expression promotes production of inflammatory
mediators both in vitro and in vivo, and reconstitution of
RelB dampens inflammation.7,11 Furthermore, RelB-defi-
cient mice exhibit severe inflammation in tissues in which
RelB is normally expressed.22 RelB regulates chemokine
expression in human macrophages and mouse kidney
fibroblasts.20,21,23 Together, these data suggest that
RelB may be a critical dampener of inflammation.

We hypothesized that lung-targeted overexpression of
RelB would protect against cigarette smoke–induced in-
flammation by reducing inflammatory mediator produc-
tion. To our knowledge, no published data exist showing
that RelB overexpression dampens inflammation in any
system. The experiments detailed herein demonstrate
that RelB is a novel therapeutic target in the treatment of
inflammation-associated lung diseases induced by ciga-
rette smoke.

Materials and Methods

Mice

Wild-type female C57BL/6 mice were purchased at the
age of 7 to 8 weeks from The Jackson Laboratory (Bar
Harbor, ME) and were housed at the University of Roch-
ester (Rochester, NY). All animal procedures were per-
formed with permission from the University Committee on
Animal Research.

Adenovirus Gene Delivery

To overexpress RelB in the airways of mice, a replication-
deficient (E1- and E3-deleted) recombinant human type 5
adenovirus containing the human RelB gene (Cell Bio-
labs, San Diego, CA) was administered to age- and sex-
matched C57BL/6 mice by intranasal aspiration. To ad-
minister the virus, isoflurane (2% vapor in air) was given
to lightly anesthetize the mice; and 35 �L of sterile saline
containing 5 � 108 plaque-forming units of the virus was
inhaled into the lungs through the nose of each mouse.

Two doses of this virus were administered to each mouse
24 hours apart. Control mice were treated with a DL-70
control recombinant adenovirus containing an empty
vector.30

Cigarette Smoke Exposure

Three days after the second dose of adenovirus, mice
were exposed to cigarette smoke, as previously de-
scribed.11 Mice were placed in individual compartments
within a wire cage, which was sealed in a Plexiglas box
connected to the smoke source. Mainstream smoke was
generated from research cigarettes (2R4F; University
of Kentucky, Lexington) with a Baumgartner-Jaeger
CSM2072i cigarette smoking machine (CH Technologies,
Westwood, NJ), according to the Federal Trade Commis-
sion protocol (1 puff per minute of cigarette, 2-second
duration, in a 35-mL volume). The concentration of the
smoke (total particulate matter per cubic meter of air) was
monitored with a MicroDust Pro aerosol monitor (Casella
CEL, Bedford, UK) and confirmed by gravimetric sam-
pling. The smoke was diluted with filtered air to a nominal
value of 300 mg total particulate matter/m3 air. The aver-
age true exposure for these experiments was 335 � 56
mg total particulate matter/m3 air. (The true CS exposure
is represented as mean � SD.) Mice received two 1-hour
exposures, spaced 1 hour apart, for 3 days and were
euthanized on the fourth day. Control mice were exposed
to filtered air.

Tissue Harvest and Bronchoalveolar Lavage

Mice were anesthetized with Avertin (2,2,2-tribromoetha-
nol, 250 mg/kg i.p.; Sigma-Aldrich, St. Louis, MO) and
euthanized by exsanguination. The lungs were excised
and lavaged twice with 0.5 mL of PBS. The bronchoal-
veolar lavage (BAL) fluids were centrifuged, and the su-
pernatants were frozen at �80°C for later analysis. The
BAL cell pellets were resuspended in PBS, and the total
cell number was determined by counting on a hemocy-
tometer. Differential cell counts were performed after Cy-
tospin slide preparation (Thermo Shandon, Pittsburg, PA)
and staining with Three Step Stain (Thermo Scientific,
Waltham, MA). The left and right lungs were frozen im-
mediately in liquid nitrogen and stored at �80°C for later
analysis.

BAL Fluid Analysis

Proinflammatory cytokines IL-6, MIP-2, KC, JE (also
known as MCP-1 or monocyte chemoattractant protein-
1), and tumor necrosis factor (TNF)-� were detected in
the BAL supernatants with DuoSet enzyme-linked immu-
nosorbent assay kits (R&D Systems, Minneapolis, MN).
Granulocyte-macrophage colony-stimulating factor, LPS-
induced CXC chemokine (LIX), interferon (IFN)-�, and
IL-10 were measured by cytokine multiplex analysis (Mil-
liplex MAP kit MPXMCYTO-70K; Millipore, Billerica, MA)
and analyzed with a Luminex 100 (Luminex, Austin, TX).
PGE2 was detected by competitive enzyme immunoas-

say, as previously described.31
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Western Blot Analysis

Mouse lungs were homogenized in an NP40 lysis buffer
containing a protease inhibitor cocktail (Sigma) and
were centrifuged to remove debris. The total protein
concentration was determined with a bicinchoninic
acid detection assay (Pierce, Rockford, IL). Total pro-
tein, 5 to 30 �g, was separated via 8% SDS-PAGE,
transferred onto Immobilon-P (Millipore), and blocked
with 10% nonfat dry milk in 0.1% Tween 20 in PBS.
Antibodies targeting RelB (sc-226; Santa Cruz Biotech-
nologies, Santa Cruz, CA), Cox-2 (160112; Cayman
Chemical, Ann Arbor, MI), intercellular adhesion mole-
cule 1 (ICAM-1; AF796; R&D Systems), �-tubulin
(2146; Cell Signaling Technology, Beverly, MA), and
total actin (CP01; Calbiochem, San Diego) were diluted
according to the manufacturers’ instructions. Protein
was visualized using Immobilon Western chemilumi-
nescent horseradish peroxidase substrate (Millipore)
and developed on Classic blue-sensitive X-ray film
(Laboratory Product Sales, Rochester) with an X-OMAT
1000A film developer (Eastman Kodak, Rochester).
Densitometric analysis was performed with Kodak 1D
Imaging Software (Eastman Kodak).

Histological Analysis and Immunohistochemistry

Mouse lungs that were not lavaged were fixed with 10%
neutral-buffered formalin, embedded in paraffin, and
sectioned. RelB was detected with an antibody specific
to the human RelB isoform (ab33917; Abcam, Cam-
bridge, MA). Neutrophils were detected with an anti–
mouse neutrophil antibody (MCA771GA; Serotec, Ox-
ford, UK). Both were developed with NovaRed (Vector
Laboratories, Burlingame, CA) and counterstained with
hematoxylin. ICAM-1 was targeted with an ICAM-1–spe-
cific antibody (AF796; R&D Systems) and detected with a
Texas Red–conjugated secondary antibody. Slides were
coverslipped, viewed, and photographed, as previously
described.7 All pictures were taken at �400 magnifica-
tion.

Myeloperoxidase Assay

Frozen mouse lungs were homogenized in 0.5 mL of 50
mmol/L potassium phosphate buffer, pH 6.0, containing
0.5% hexadecyltrimethylammonium bromide and a pro-
tease inhibitor cocktail (Sigma), were subjected to one
freeze-thaw cycle in a dry ice–ethanol bath, and were
centrifuged at 10,000 � g for 10 minutes. Myeloperoxi-
dase (MPO) activity was detected in the supernatants by
monitoring the oxidation of o-dianisidine dihydrochloride
(Sigma) at 460 nm with a UV-Vis diode array spectropho-
tometer (8453; Hewlett Packard, Palo Alto, CA), as pre-
viously described.11,32

Statistical Analysis

Statistical analysis was performed with GraphPad Prism
v4.0 (GraphPad Software, San Diego). All results are

presented as the mean � SEM. Statistically significant
differences were assessed with either a one-way analysis
of variance with a Tukey posttest or a two-way analysis of
variance with a Bonferroni posttest.

Results

RelB Recombinant Adenovirus Delivery by
Intranasal Aspiration Increases RelB Expression
in Mouse Lungs

We first established that targeted RelB overexpression in
mouse lungs could be accomplished by adenoviral gene
delivery. Mice were treated with the RelB virus, and the
left lungs were harvested 3, 5, and 7 days after the initial
infection to confirm overexpression of RelB protein using
Western blot (Figure 1A). Control mice were treated with
either sterile saline or the control virus. At no time did the
control adenovirus induce RelB expression. Densitomet-
ric analysis in Figure 1B revealed sevenfold, ninefold,
and fivefold increases at 3, 5, and 7 days, respectively,
after the first adenovirus dose compared with control
levels. Furthermore, RelB was significantly overex-
pressed 5 days after initial infection, confirming that RelB
overexpression in mouse airways can be accomplished
with this technique and that it is maintained for the dura-
tion of the experiment. Overexpression of RelB was also
confirmed 7 days after initial treatment by immunohisto-

B

A

RelB

Actin

Day 3 Day 5 Day 7Sali
ne

Control

RelB

Sali
ne

Contro
l

Day
 3

Day
 5

Day
 7

0

2

4

6

8

10

12

Fo
ld

 D
iff

er
en

ce
 in

 R
el

B
 E

xp
re

ss
io

n
(N

or
m

al
iz

ed
 to

 A
ct

in
)

*

RelB

C

D

Figure 1. RelB recombinant adenovirus delivery by intranasal aspiration
induces RelB overexpression in mouse lungs. A: Overexpression of hu-
man RelB was induced with an RelB recombinant adenovirus delivered by
intranasal aspiration [two doses of 5 � 108 plaque-forming units (pfu) per
mouse delivered 24 hours apart], and RelB expression was detected in
whole mouse left lung homogenates using Western blot 3, 5, and 7 days
after the first adenovirus dose. Saline indicates saline treated; Control,
control virus treated (two doses of 5 � 108 pfu per mouse delivered 24
hours apart, both 7 days after initial treatment). B: Densitometric analysis
revealed sevenfold, ninefold, and fivefold increases in RelB expression 3,
5, and 7 days, respectively, after the first treatment. RelB overexpression
was confirmed 7 days after the initial treatment by IHC with an antibody
specific to the human RelB isoform. C: Control virus. D: RelB virus. n �
3 for each group except saline treated, for which n � 1. *P � 0.05 for
statistical significance relative to the control-treated mice (one-way anal-
ysis of variance with a Tukey posttest).
chemistry (IHC) (Figure 1, C and D).
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Targeted RelB Overexpression in Mouse Lungs
before Cigarette Smoke Exposure Significantly
Reduces Neutrophilic Inflammation

To determine whether RelB overexpression dampens in-
flammation in mouse lungs, we first looked at the effects
of RelB on neutrophil and macrophage infiltration into the
bronchoalveolar space. Mice received two doses of the
RelB virus by intranasal aspiration, as previously de-
scribed (days 0 and 1); 3 days later, mice were exposed
to cigarette smoke twice a day for 3 days (days 4–6) and
were euthanized 24 hours after the final exposure (day 7).
Days 4 through 6 were chosen for smoke exposure be-
cause they corresponded to peak RelB expression (Fig-
ure 1). Control mice were treated with the control virus
and filtered air. No differences in the number of neutro-
phils or macrophages were seen between control virus–
treated and untreated mice (data not shown). Cells pres-
ent in the bronchoalveolar space were detected in BAL
fluids collected during the harvest by Cytospin analysis.
Cigarette smoke exposure induced a significant increase
in the total BAL cells (Figure 2A) that could be entirely
attributed to an increase in the number of neutrophils. Over-
expression of RelB in the airways of mice significantly re-
duced the number of neutrophils recovered by BAL (P �
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Figure 2. RelB overexpression before cigarette smoke exposure signifi-
cantly affects bronchoalveolar cell populations. Mice received either the RelB
or control virus (two doses of 5 � 108 plaque-forming units per mouse
delivered 24 hours apart) and either cigarette smoke or filtered air (two
1-hour exposures per day for 3 days). Cells present in the bronchoalveolar
space were collected by lavage, counted, and analyzed after Cytospin slide
preparation. Cigarette smoke exposure significantly increased the total num-
ber of cells (combined neutrophils and macrophages) present in the bron-
choalveolar space (A). Significant increases in the total number and percent-
age of neutrophils (B and C, respectively) accounted for this increase, but
RelB overexpression before smoke exposure damped these increases by
more than threefold. RelB overexpression before smoke exposure also sig-
nificantly increased the total number of macrophages present compared with
the smoke-treated control group (D). No significant differences were seen
between air-treated mice. *P � 0.05, **P � 0.01, and ***P � 0.001 (two-way
analysis of variance with a Bonferroni posttest; n � 5 to 6 per group). E:

Images representative of these observations are shown (black arrows indi-
cate neutrophils; white arrows, macrophages).
0.001; Figure 2, B and C). Interestingly, significantly fewer
macrophages were recovered by BAL in the smoke-
treated, compared with the air-treated, control mice, but
RelB overexpression before smoke exposure significantly
increased the number of recovered macrophages (Figure
2D). Furthermore, no significant differences were seen be-
tween either air- and smoke-treated mice in which RelB was
overexpressed or control- or RelB-treated mice exposed to
filtered air. Cytospin images representative of these obser-
vations are shown in Figure 2E.

To confirm that neutrophil infiltration was decreased in
RelB-treated mice, we assessed neutrophils in unla-
vaged mouse lung sections by IHC. As seen in Figure 3,
neutrophil infiltration into the alveolar space was in-
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Figure 3. RelB overexpression reduces cigarette smoke–induced neutro-
philic inflammation. Mice were treated with either the RelB or control virus
(two doses of 5 � 108 plaque-forming units per mouse delivered 24 hours
apart) and were exposed to either cigarette smoke or filtered air (two 1-hour
exposures per day for 3 days). Unlavaged left mouse lungs were formalin
fixed, sectioned, stained for neutrophils (red), and counterstained with he-
matoxylin. Few neutrophils were present in the lungs of air-treated mice
(A and B), but neutrophil infiltration dramatically increased after cigarette
smoke exposure (C). However, this increase was dramatically reduced after
RelB overexpression (D). Black arrows indicate neutrophils.

Figure 4. RelB overexpression reduces cigarette smoke–induced MPO ac-
tivity. Mice were treated with either the RelB or control virus (two doses of
5 � 108 plaque-forming units per mouse delivered 24 hours apart) and with
either smoke or filtered air (two 1-hour exposures per day for 3 days). MPO
activity was detected in whole right lung homogenates, as described. MPO
activity was significantly increased in smoke-treated mice. This was blocked

by RelB overexpression. *P � 0.05 and **P � 0.01 (two-way analysis of
variance with a Bonferroni posttest; n � 4 per group).
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creased after smoke exposure, but RelB overexpression
abated this increase. We also examined MPO activity in
whole mouse lungs that had not been lavaged. MPO is an
enzyme present in neutrophils that is integral to the oxi-
dative burst and is a marker of neutrophilic inflamma-
tion.32 MPO activity was increased in mouse lungs on
exposure to cigarette smoke, but RelB overexpression
before smoke exposure significantly reduced MPO activ-
ity (Figure 4). The mean basal MPO activity was also
lowered on RelB overexpression, but this did not achieve
statistical significance.

Targeted RelB Overexpression Significantly
Reduces Cigarette Smoke–Induced
Proinflammatory Cytokine and Chemokine
Production

The levels of proinflammatory cytokines and chemokines
were determined in BAL fluids by either enzyme-linked im-
munosorbent assay or cytokine multiplex analysis. As seen
in Figure 5, RelB overexpression dampened the smoke-
induced increase in neutrophil (MIP-2, KC, and LIX) and
macrophage (JE and granulocyte-macrophage colony-
stimulating factor) chemokines12,33–37 and cytokines that
were otherwise involved in leukocyte recruitment and acti-
vation (IL-6, TNF-�, and IFN-�),34,35,38–40 by roughly 50%.
IL-6 production (Figure 5A) was reduced by almost sixfold.
Only the reductions in MIP-2 and LIX (Figure 5, B and G,
respectively) did not achieve statistical significance. Inter-
estingly, the mean basal production of IL-6, MIP-2, KC, JE,
and TNF-� were lowered on RelB overexpression (Figure 5,
A–E, respectively), but only basal JE production was signif-
icantly reduced (Figure 5D). Production of IL-10 (Figure 5I)
was not significantly affected by either cigarette smoke ex-

posure or RelB overexpression.
Targeted RelB Overexpression Significantly
Reduces Cigarette Smoke–Induced Cox-2
Expression and PGE2 Production

Next, we looked at whole-lung expression of Cox-2, the
NF-�B– dependent proinflammatory enzyme involved
in prostaglandin, particularly PGE2, production.7,8,19

Increased Cox-2 activity can also promote tumorigen-
esis.41 Left and right whole mouse lungs were homog-
enized after lavage, and Cox-2 expression was de-
tected using Western blot (Figure 6A). Densitometric
analysis confirmed a 4.5-fold decrease in smoke-in-
duced Cox-2 expression after RelB overexpression
(Figure 6B). Mean basal Cox-2 expression was also
lowered after RelB overexpression, but this difference
did not achieve statistical significance. Furthermore,
significant decreases in both basal and smoke-in-
duced production of PGE2, a potent proinflammatory
lipid mediator that regulates cytokine production, va-
sodilation, and angiogenesis,7,8 were detected in the
BAL fluids after RelB overexpression (Figure 6C).

Targeted RelB Overexpression in Mouse Lungs
Reduces Cigarette Smoke–Induced ICAM-1
Expression

Next, we looked for changes in expression of ICAM-1, the
predominant cell adhesion protein on both the endothelium
and epithelium of the lung.42–45 The expression of ICAM-1,
an NF-�B–dependent protein,45–47 is regulated by IL-6,
TNF-�, IFN-�, and PGE2

48–54 and is increased in vitro on
exposure to cigarette smoke extract.55 ICAM-1 is also a
marker of inflammation and malignancy in the lung.56 Both
immunofluorescent detection and Western blot analysis

Figure 5. RelB overexpression reduces ciga-
rette smoke–induced proinflammatory cytokine
production in mouse lungs. Mice received either
the control or RelB virus (two doses of 5 � 108

plaque-forming units per mouse delivered 24
hours apart) and either air or smoke (two 1-hour
exposures per day for 3 days). Cytokine produc-
tion was detected in the BAL fluids by either
enzyme-linked immunosorbent assay (A–E) or
cytokine multiplex assay (F–H). Cigarette smoke
exposure significantly increased production of
each cytokine, whereas RelB overexpression re-
duced the production of IL-6 (A), MIP-2 (B), KC
(C), JE (D), TNF-� (E), granulocyte-macrophage
colony-stimulating factor (F), LIX (G), IFN-� (H),
and IL-10 (I). Only MIP-2 (B) and LIX (G) did not
achieve statistical significance. Basal production
of JE was also significantly reduced on RelB
overexpression (D). *P � 0.05, **P � 0.01, and
***P � 0.001 (two-way analysis of variance with
a Bonferroni posttest; n � 5 to 6 per group).
(Figure 7, A and B, respectively) demonstrated that RelB
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overexpression dampened the cigarette smoke–induced
increase in ICAM-1 expression. Densitometric analysis of
the Western blot confirmed a significant sixfold reduction in
smoke-induced ICAM-1 expression in RelB-treated mice
compared with control groups (Figure 7C).

Figure 6. RelB overexpression reduces cigarette smoke–induced Cox-2 expres-
sion and PGE2 production. Mice were treated with either the control or RelB
virus (two doses of 5 � 108 plaque-forming units per mouse delivered 24 hours
apart) and were exposed to either smoke or air (two 1-hour exposures per day
for 3 days). A: Cox-2 expression was detected in homogenates of both the left
and right lungs using Western blot (n � 3 mice per group). B: Densitometric
analysis of both blots confirmed that cigarette smoke significantly increased
Cox-2 expression by 4.5-fold and that RelB overexpression before smoke expo-
sure completely dampened this increase (n � 6 per group). C: PGE2 production,
detected in the BAL fluids of the same mice, was significantly increased on
smoke exposure, but RelB overexpression dampened this increase. *P � 0.05,
**P � 0.01, and ***P � 0.001, two-way analysis of variance with a Bonferroni
posttest (n � 5 to 6 per group).
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Discussion

Acute lung inflammation results from exposure to toxi-
cants, infections, and a variety of other injurious pro-
cesses, including cigarette smoking.7,8 Long-term ex-
posure to cigarette smoke promotes the development
of various inflammation-associated lung diseases,
such as COPD,1–3 that affect �10 million people in the
United States alone.4 No cure exists for these dis-
eases, and current therapies are limited to symptom-
atic treatments.57–59 The available anti-inflammatory
agents have limited efficacy.

NF-�B activation, which is induced by cigarette
smoke,60,61 is generally thought to be proinflamma-
tory,15–18 but researchers7,20–22 have shown that RelB
has anti-inflammatory properties. We hypothesized that
transient overexpression of the NF-�B family member,
RelB, in the airways of mice would dampen the proinflam-
matory effects of cigarette smoke and offer a potential
new therapy against lung inflammation. To accomplish
this, we administered a recombinant adenovirus contain-
ing the RelB gene to age- and sex-matched wild-type
C57BL/6 mice by intranasal aspiration and measured
RelB expression 3, 5, and 7 days after initial infection
(Figure 1). The human RelB gene was used in these
experiments because it interacts faithfully with mouse
NF-�B and can be distinguished from mouse RelB. We
found that administering two half doses of the virus 24
hours apart minimized variability between animals and
between the left and right lungs in individual mice (data
not shown).

**

Smoke

Air
Smoke

Figure 7. RelB overexpression reduces cigarette
smoke–induced ICAM-1 expression in mouse
lungs. Mice were treated with either the RelB or
control virus (two doses of 5 � 108 plaque-
forming units per mouse delivered 24 hours
apart) and exposed to filtered air or smoke (two
1-hour exposures per day for 3 days). A: Unla-
vaged left lungs were formalin fixed, sectioned,
and probed for ICAM-1 expression. Cigarette
smoke increased ICAM-1 expression (red), but
RelB overexpression before smoke exposure
dampened this increase. Nuclei were detected by
DAPI staining (blue). B: ICAM-1 was also de-
tected in whole left lung homogenates using
Western blot. C: Densitometric analysis con-
firmed that smoke exposure significantly in-
creased ICAM-1 expression and that RelB over-
expression significantly dampened this increase.
RelB overexpression did not significantly affect
basal ICAM-1 expression. **P � 0.01, two-way
analysis of variance with a Bonferroni posttest
(n � 3 per group).
**

RelB
l RelB
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Cigarette smoke is a known inducer of neutrophilic
inflammation. We determined that RelB overexpression
significantly dampened cigarette smoke–induced neutro-
phil accumulation in the lungs of mice by approximately
70% (Figures 2–4). Inhaled corticosteroids, by compari-
son, have varying effects on neutrophil accumulation in
the lungs of smokers and patients with COPD. Therefore,
current treatment strategies against neutrophilic lung in-
flammation are limited in their efficacy; and more effective
treatment strategies are needed. However, recent re-
search25,26,29 suggests that lung-targeted inhibition of
NF-�B may dampen neutrophil accumulation. These find-
ings highlight the significant therapeutic potential of RelB
overexpression in dampening the effects of lung inflam-
mation.

Interestingly, RelB overexpression prevented the cig-
arette smoke–induced reduction in the number of BAL
macrophages (Figure 2D). Resident macrophages in the
bronchoalveolar space may migrate to the interstitium in
response to smoke exposure, and RelB overexpression
may reduce this phenomenon. RelB overexpression may
also decrease the expression of adhesion molecules on
macrophages, which may be increased by cigarette
smoke and could decrease the ease of their recovery by
lavage. Therefore, cigarette smoke may not truly affect
the total number of macrophages within the bronchoal-
veolar space. If these numbers are changing, then
changes in macrophage-derived cytokines would also
likely be observed, but it is unclear if the cytokines col-
lected by BAL are derived from macrophages or other
cell types. Other cell types present in the lung may com-
pensate for the decrease in macrophage-derived cyto-
kines. RelB overexpression may also promote the recruit-
ment of certain macrophage subtypes, such as the M2
population, which has anti-inflammatory properties.62,63

Numerous inflammatory mediators are involved in in-
flammatory cell accumulation in the lung. We demon-
strated that RelB overexpression almost completely ab-
lated production of IL-6, TNF-�, and IFN-� (Figure 5, A, E,
and H, respectively), proinflammatory mediators linked to
neutrophil recruitment and activation. The production of
neutrophil chemokines, MIP-2, KC, and LIX was also
dampened by approximately one third, but of these, only
the reduction in KC achieved statistical significance
(Figure 5, B, C, and G, respectively). RelB overexpres-
sion also dampened the cigarette smoke–induced in-
creases in both Cox-2 expression and PGE2 production
(Figure 6). PGE2 regulates cytokine production, vasodi-
lation, and cell motility8,13,64; therefore, decreasing the
production of this mediator should dampen inflammatory
cell migration. Thus, it is likely that RelB overexpression
dampens neutrophilic inflammation through a combina-
tion of mechanisms involving, at least in part, the regula-
tion of these inflammatory mediators. Corticosteroids re-
duce production of the neutrophil chemokine IL-8 in the
lungs of both long-term smokers and patients with COPD
by as much as 40%, but these compounds have limited
effects on neutrophil accumulation in the lungs in these
studies.65–67 However, inhaled corticosteroids reduce
IL-6 production in the lungs of patients with COPD by

26%,68 but they do not significantly affect PGE2 produc-
tion69; their effects on Cox-2 expression have not yet
been established. These findings further underline the
limitations of current therapies for inflammatory diseases
and highlight the need for newer approaches. In addition
to dampening neutrophilic inflammation, selective NF-�B
inhibitors have decreased proinflammatory cytokine pro-
duction in the lungs26,29 and dampen cigarette smoke–
induced Cox-2 expression and PGE2 production in hu-
man tracheal smooth muscle cells in vitro.26 Collectively,
these data indicate that modulation of NF-�B, particularly
RelB, expression may be advantageous in treating or
preventing lung inflammation.

The expression of ICAM-1, the predominant cell adhe-
sion protein in the lung epithelium and endothe-
lium,42–46 was examined in addition to the previously
mentioned inflammatory mediators. ICAM-1, an NF-�B–
dependent protein,45–47 is typically up-regulated during
inflammation to promote leukocyte infiltration into af-
fected tissues.42,70 However, as seen in Figure 7, RelB
overexpression dampened the cigarette smoke–induced
increase in ICAM-1 expression, highlighting another
mechanism through which RelB influences inflammatory
cell migration in the lung. Because ICAM-1 is also regu-
lated by IL-6, TNF-�, IFN-�, and PGE2,48–54 all of which
are significantly decreased on RelB overexpression, RelB
overexpression is likely dampening cigarette smoke–in-
duced inflammation in the lungs through multiple com-
plex mechanisms. By contrast, inhaled corticosteroids do
not significantly affect ICAM-1 expression in the lungs,67

although the oral corticosteroid, prednisone, did reduce
ICAM-1 expression by approximately 30%.71 ICAM-1 ex-
pression has also been reduced in human tracheal
smooth muscle cells in vitro using NF-�B inhibitors,26

indicating that modulation of key NF-�B family members,
including RelB, would be a novel therapeutic strategy
against acute lung inflammation.

New and efficacious therapeutic options for lung in-
flammation are needed. Current therapeutic strategies
target symptoms and are limited in their efficacy.57,59

Alternative approaches, including the use of pharmaco-
logical inhibitors, remain largely in development.25 Our
findings indicate that transient overexpression of RelB in
the lungs of mice significantly reduces cigarette smoke–
induced inflammation. Conversely, abnormally low RelB
expression could predispose humans to a proinflamma-
tory phenotype. Although we induced RelB overexpres-
sion with a recombinant adenoviral vector, such vectors
are controversial in human gene therapy. Nevertheless,
RelB could be targeted by next-generation gene therapy
vectors, microRNAs, small-interfering RNAs, or small
molecule activators and inhibitors. The up-regulation of
RelB via these techniques could be a novel and powerful
therapeutic strategy against acute and chronic lung in-
flammation and inflammatory diseases, such as COPD.
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