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Abstract

 

The objective of this study was to investigate the contri-
bution of the interaction between CD40 and its ligand
(CD40L) to antigen-induced airways inflammatory re-
sponses. To this end, we used a model involving ovalbumin
(OVA) sensitization followed by OVA aerosol challenge in
CD40L knockout (KO) mice. OVA-specific IgE and IgG

 

1

 

were detected in the serum of the sensitized control, but not
in CD40L-KO mice. After antigen challenge, sensitized con-
trol mice developed airway inflammation that was prima-
rily eosinophilic. This inflammatory response was dramati-
cally reduced in CD40L-KO mice. In contrast, similar
numbers of eosinophils were observed in both the bone mar-
row and the peripheral blood in the sensitized controls and
mutant strains after antigen challenge. To investigate the
mechanisms underlying these findings, we examined levels
of the cytokines IL-5, IL-4, and TNF

 

a

 

 in both bronchoalve-
olar lavage (BAL) and serum. Similar levels of IL-5 were de-
tected in BAL and serum of control and CD40L-KO mice;
however, negligible levels of IL-4 in BAL and serum and of
TNF

 

a

 

 in BAL were detected in CD40L-KO mice when com-
pared with control mice. Furthermore, we demonstrated
that endothelial cell expression of vascular cell adhesion
molecule 1 in OVA-sensitized and -challenged CD40L-KO
mice was, as detected by immunohistochemistry, markedly
decreased compared with that observed in similarly treated
control mice. In addition, we locally overexpressed IL-4 and
TNF

 

a

 

 by using an adenoviral (Ad)-mediated gene transfer
approach. Intranasal administration of either Ad/TNF

 

a

 

 or
Ad/IL-4 into OVA-sensitized and -challenged CD40L-KO
mice did not reconstitute airway eosinophilia. However,
concurrent administration of Ad/TNF

 

a

 

 and Ad/IL-4 upreg-
ulated endothelial expression of vascular cell adhesion mol-
ecule 1, and resulted in full reconstitution of the inflamma-
tory response in the airways. Together, these findings
demonstrate the importance of the CD40-CD40L costimu-
latory pathway in the full expression of the inflammatory

response in the airways. (
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 1998. 101:1342–
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Introduction

 

A central hallmark of the pathogenesis of asthma is the devel-
opment of a certain type of immune inflammatory response
that includes both cellular and humoral components (1–3).
While a defining feature of asthmatic bronchial inflammation
is peripheral blood and tissue eosinophilia, there is increasing
evidence that lymphocytes, particularly T cells, are the primary
initiators of the asthmatic inflammatory reaction (1, 4). With
respect to humoral components, it is apparent that IgE is criti-
cal for generating allergic responses, and hence may play an
important role in asthmatic bronchial inflammation (5). The
ability to reproduce these cardinal features of asthma in mu-
rine models involving sensitization and aerosol challenge with
ovalbumin (OVA; references 6–10)

 

1

 

 suggests that studies using
these experimental models may yield knowledge relevant to
the basic pathogenesis of asthmatic inflammation.

The CD40-CD40L interaction plays a well-defined role in
humoral immune responses. The cognate interaction of CD40L
(also referred to as gp39) expressed on CD4

 

1

 

 T lymphocytes
with CD40 expressed on B cells is, together with IL-4 (12), es-
sential for the IgE isotype switch (11). However, CD40 and
CD40L are also expressed on a number of other cell types in-
cluding monocytes, dendritic cells, eosinophils, and endothe-
lial cells (11, 13–16), suggesting broader involvement of this re-
ceptor–ligand interaction in immune responses. In this regard,
three recent studies investigating immune inflammatory re-
sponses to parasites in CD40- (17) and CD40L-knockout (KO)
mice (18, 19) have established the importance of the CD40-
CD40L signaling system in cellular immune responses as well.

In this study, we wished to investigate the involvement of
the CD40–CD40L interaction in a murine model of allergic
airways inflammation. To this end, we used CD40L-KO mice
that were first sensitized, and then aerosol-challenged with
OVA. We found that CD40L-KO and control littermates de-
veloped a similar bone marrow eosinopoietic response consis-
tent with similarly increased levels of IL-5 in both the serum
and BAL. However, the inflammatory response of CD40L-
KO mice in both the BAL and the lung/airways was markedly
abrogated. In contrast to control littermates, CD40L-KO mice
had undetectable levels of OVA-specific IgE and IgG

 

1

 

 in the
serum, and negligible levels of IL-4 in both BAL and serum
and TNF

 

a

 

 in BAL. In addition, endothelial cell expression of
VCAM-1 was markedly decreased in the mutant strain after
aerosol challenge. Local replacement of both TNF

 

a 

 

and IL-4
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by means of an adenoviral-mediated gene transfer approach
resulted in upregulation of VCAM-1 expression and full re-
constitution of the inflammatory response in the airways.
These findings demonstrate the importance of CD40-CD40L
interactions in the development of antigen-induced immune-
inflammatory responses in the airways. 

 

Methods

 

Animals. 

 

Female CD40L-KO (6–8 wk, B6, 129-Cd40l

 

tm1Imx

 

) and con-
trol mice were purchased from The Jackson Laboratory (Bar Harbor,
ME) and were maintained in Level B housing conditions in a 12-h
light–dark cycle. Level B is an access-restricted area; all cages, food,
and bedding are autoclaved, and all mice manipulations are carried
out in a laminar flow hood by gloved and masked personnel only. All
the experiments described in this manuscript were approved by the
Animal Research Ethics Board of McMaster University.

 

Sensitization and antigen challenge protocol. 

 

The sensitization and
challenge protocols we followed have been described previously (6).
In brief, mice were sensitized at days 0 and 5 of the protocol by an in-
traperitoneal injection of 0.5 ml aluminum hydroxide–precipitated
antigen containing 8 

 

m

 

g ovalbumin (Sigma Chemical Co., St. Louis,
MO) adsorbed overnight at 4°C to 4 mg of aluminium hydroxide (Al-
drich Chemical Co., Milwaukee, WI) in PBS. 12 d later, mice were
placed in a Plexiglas chamber (10 cm 

 

3 

 

15 cm 

 

3 

 

25 cm) and exposed
to aerosolized OVA (5mg/ml in 0.9% saline) for 1 h on two occasions
4 h apart. The aerosolized OVA was produced by a Bennet nebulizer
at a flow rate of 10 liter/min. 

 

Collection and measurement of specimens.

 

At various times dur-
ing sensitization and after antigen challenge, mice were killed, and
broncho-alveolar lavage (BAL) fluid, blood, bone marrow, and lung
tissue were collected. To collect BAL fluid, the lungs were dissected
and the trachea was cannulated with a polyethylene tube (Becton
Dickinson, Sparks, MD). The lungs were lavaged twice with PBS
(0.25, 0.20 ml each time), and 

 

z 

 

0.4 ml of the instilled fluid was con-
sistently recovered. Total cell numbers were counted with a hemocy-
tometer. After centrifugation, supernatants were stored at 

 

2

 

70

 

8

 

C for
cytokine measurements by ELISA, and cell pellets were used to pre-
pare cytospins. Blood samples were obtained by retroorbital bleed-
ing, and blood smears were prepared. Serum was obtained by centrif-
ugation after incubating blood for 30 min at 37

 

8

 

C. Total white cell
number in peripheral blood was counted after red blood cell lysis.
Bone marrow cells were collected from femoral bone according to a
previously described procedure (6). In brief, one femur from each
mouse was flushed with HBSS (Gibco Laboratories, Grand Island,
NY), and a single-cell suspension was obtained after red blood cell ly-
sis using distilled water. The cells were washed twice in HBSS and re-
suspended in 2 ml of RPMI 1640 (Gibco Laboratories) containing
2 mM glutamine, 10% FBS, 100 U/ml of penicillin, and 100 

 

m

 

g/ml of
streptomycin, and the total cell number was counted. Smears of BAL
cells and bone marrow cells were prepared by cytocentrifugation
(Shandon Inc., Pittsburgh, PA) at 300 rpm for 2 min. All smears were
stained with Diff-Quik stain (Baxter, McGraw Park, IL). Differential
cell counts in BAL were determined from at least 500 leukocytes us-
ing standard hemocytological criteria to classify the cells as either
neutrophils, eosinophils, lymphocytes, or other mononuclear leuko-
cytes (macrophages and monocytes). The lung tissue was fixed with
periodate-lysin-paraformaldehyde solution, and was embedded in
paraffin. 3-

 

m

 

m-thick sections were stained with hematoxylin and
eosin (H&E).

 

Spleen cell culture. 

 

Spleens from either mock or OVA-sensitized
mice were harvested 5 d after the second intraperitoneal injection,
and single-cell suspensions were prepared. Spleens were injected
from both ends with 1 ml 100 U/ml collagenase II (Worthington Bio-
chemical Corp., Freehold, NJ), cut into pieces, and incubated in 1 ml
400 U/ml collagenase for 7 min at 37°C. Subsequently, spleens were
ground between frosted slides and filtered through a Nylon mesh

(HD 352; B&SH Thompson & Co., Scarborough, Ontario). Red
blood cells were lysed with ACK buffer. Total spleen cells were cul-
tured at 8 

 

3 

 

10

 

5

 

 cells/well in flat-bottomed 96-well plates in RPMI
1640 (Gibco Laboratories) supplemented with 2 mM glutamine, 10%
FBS, 100 U/ml penicillin and 100 

 

m

 

g/ml streptomycin in the presence
or absence of 200 

 

m

 

g/ml OVA. Cell proliferation was assessed by
[

 

3

 

H]thymidine incorporation [1 

 

m

 

Ci/well] at day 3. Results are ex-
pressed as stimulation index (OVA-induced proliferation divided by
background proliferation). Cell supernatants for IL-4 and IL-5 cyto-
kine analysis were harvested at day 5 and stored at 

 

2

 

20°C.

 

Cytokine assay.

 

ELISA kits for mouse TNF

 

a

 

, IL-5, and IL-4
were purchased from Amersham International (Buckinghamshire,
United Kingdom). The sensitivity of detection is 5 pg/ml for all three
cytokines.

 

IgE measurement. 

 

Levels of OVA-specific mouse IgE were de-
tected using a previously described antigen-capture ELISA method
(20). In brief, ELISA plates (Maxisorb F96; Nalge Nunc Interna-
tional, Naperville, IL) were incubated with 50 

 

m

 

l monoclonal anti–
mouse IgE (MoME-3; Université de Louvain, Belgium) at a concentra-
tion of 5 

 

m

 

g/ml in 0.2 M borate-buffered saline (pH 8.3) for 16–18 h at
4°C. After discarding the coating solution, the remaining binding sites
on the plate were blocked with 1% wt/vol BSA in PBS for 2 h at room
temperature. The plates were washed, and 50 

 

m

 

l mouse serum diluted
between 1:5 and 1:40 in PBS containing 0.3% wt/vol BSA was added
to each well. Then, the plates were incubated for 16–18 h at 4°C. Af-
ter extensive washing, 50 

 

m

 

l of a 1 

 

m

 

g/ml solution of biotin-conjugated
OVA in 0.3% wt/vol BSA/PBS was placed in each well, and the
plates were incubated for 2 h at room temperature. After further
washing, the plates were incubated with a 1:1,000 dilution of alkaline-
phosphatase–conjugated streptavidin (Intermedico, Mississauga, On-
tario), and the plate-bound alkaline phosphatase activity was de-
tected using alkaline phosphatase substrate tablets (Sigma Chemical
Co.) and assessed using an ELISA reader at 492 nm. Each sample
was examined in duplicate, and the mean values recorded. A stan-
dard curve for each assay was obtained using biotin-conjugated IgE,
and results were expressed as ng of specific IgE per ml of serum rela-
tive to the standard curve.

 

IgG

 

1

 

 measurement.

 

OVA-specific IgG

 

1

 

 was determined using a
standard ELISA protocol. In brief, F96 Maxisorb NUNC-Immuno-
plates (Gibco Laboratories) were coated with 100 

 

m

 

l OVA (5 

 

m

 

g/ml;
Sigma Chemical Co.) in borate-buffered saline (pH 8.6; 0.15 M NaCl,
0.05 M boric acid, 0.04 M Borax, and 0.02% NaN

 

3

 

) for 1 h at 37°C.
Subsequently, the coating solution was discarded, and the plates were
blocked with 150 

 

m

 

l BSA (10 mg/ml; Sigma Chemical Co. ) in PBS for
1 h at 37°C. After discarding the blocking solution, serial dilutions of
serum samples were incubated for 1 h at 37°C. The plates were
washed with PBS-Tween and incubated with 100 

 

m

 

l of 1:5,000 diluted
alkaline phosphatase (Sigma Chemical Co.) for 1 h at 37°C. After
washing, the plates were developed with 1 mg/ml of p-nitrophenyl
phosphate and read at 405 nm. Units of OVA-specific IgG

 

1

 

 were de-
termined by comparison to a standard serum.

 

Delivery of adenoviral constructs into the airways. 

 

To overexpress
IL-4 and TNF

 

a

 

 in the airways compartment, we elected to use ade-
noviral vectors expressing either the IL-4 or the TNF

 

a

 

 transgene,
whose construction has been previously reported (21, 22). In brief,
the shuttle plasmid pCAIL-4p was generated by insertion of the
cDNA for murine IL-4 into the plasmid pCA13, which contains the
human cytomegalovirus immediate early (HCMV IE) promoter and
the SV40 polyadenylation signals. The shuttle plasmid pmTNF-wt
was generated by inserting the cDNA for murine TNF

 

a

 

 into the plas-
mid pMH4, which contains MCMV promoter and the SV40 polyade-
nylation signals. The recombinant viruses AdCAIL-4 and AdmTNF-
wt were obtained by cotransfection of 293 cells with shuttle plasmids
pCAIL-4 or pmTNF-wt and pBGH10 and homologous recombina-
tion between overlapping sequences. Since these plasmids lack the E1
sequences necessary for viral replication, recombinant viruses de-
rived from them are replication-deficient in cells other than 293s.
Henceforth, these constructs will be referred to as Ad/IL-4 and Ad/
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TNF

 

a

 

. Adl 70-3, which has a deletion in E1 and a deletion/substitu-
tion in E3, was used as a negative control vector (23).

For intranasal delivery, Ad/IL-4, Ad/TNF

 

a

 

, and the control vec-
tor Adl 70-3 were diluted to 0.01 

 

3 

 

10

 

9

 

 pfu in a total volume of 30 

 

m

 

l.
This volume was divided into two halves that were slowly applied into
the nasal orifices of anaesthesized mice that were manually held in an
upright position. In experiments involving OVA sensitization and
challenge, adenoviral constructs were delivered to sensitized mice 4 d
before aerosolized OVA challenge.

 

VCAM-1 immunohistochemistry. 

 

Tissues were processed as pre-
viously described (24). In brief, mouse lung tissues were fixed in peri-
odate-

 

L

 

-lysine paraformaldehyde and dehydrated through a sucrose
gradient. The tissues were embedded with Tissue-Tec OCT com-
pound (Miles Laboratories) in liquid nitrogen and stored at 

 

2

 

70°C.
Serial cryostat sections (6-

 

m

 

m thick) were cut onto slides coated with
3 aminopropyltrietoxysilane (Sigma Chemical Co.). To remove OCT
compound, slides were rinsed in PBS for 5 min three times. After
blocking nonspecific protein binding with 1% BSA (Sigma Chemical
Co.) in PBS, sections were incubated with appropriate dilutions of
specific primary antibodies overnight at 4°C. The antibodies used
were rat monoclonal anti–mouse VCAM-1 (PharMingen, San Diego,
CA) and rat IgG

 

2

 

 (PharMingen) as a negative control. Slides were
washed with PBS and incubated with rabbit anti–rat IgG (DAKO
Corp., Carpinteria, CA) for 60 min at room temperature, and further
incubated with rat alkaline phosphatase antialkaline phosphatase
complex (DAKO Corp.) for 60 min after washing with PBS. Alkaline
phosphatase substrate in the presence of levamisole (Vector Labora-
tories, Inc., Burlingame, CA), at a concentration of 5 mM to block en-
dogenous alkaline phosphatase, was used for signal detection (New
Fuchsin Substrate System; DAKO Corp.). Counterstaining was per-
formed with Mayer’s hematoxylin (Sigma Chemical Co.) for 2 min,
and was mounted with GVA-mount (Zymed Laboratories, Inc.,
South San Francisco, CA).

 

Assessment of VCAM-1 expression. 

 

Tissue sections were ana-
lyzed with a Zeiss photomicroscope. VCAM-1 staining was evaluated
by performing a systematic sampling of fields within a lung section
combined with a grading system described previously (25). The inten-
sity of positive endothelial cell labeling was scored as weak, moder-
ate, and intense within each microscopic field by using a calibrated
10

 

3

 

 eyepiece graticule and a 20

 

3

 

 objective. The size of the section
determined the number of fields sampled per slide. VCAM-1 expres-
sion of vascular endothelium was assessed by a semiquantitative scor-
ing method that included the number of positively stained vessels as
well as the staining intensity: grade 0, no visible staining; grade 1,

 

 

 

a
few vessels with weak staining; grade 2, moderate staining of a few
vessels with weak staining of surrounding vessels; grade 3, intense
staining of most vessels in specific regions with weak or moderate
staining of surrounding vessels; and grade 4, intense staining of most
vessels. Samples were evaluated blindly in random order.

 

Data analysis. 

 

Data were expressed as mean

 

6

 

SEM. Wherever
suitable, interpretation of results included ANOVA. Differences
were considered statistically significant when

 

 P 

 

, 

 

0.05.

 

Results and Discussion

 

Renshaw et al. documented that CD40L-KO mice develop
normally and show no apparent health abnormalities (26).
These mice have normal numbers of B and T cells, but they
have significantly lower basal levels of IgA, IgG

 

1

 

, and IgG

 

2b

 

 as
well as undetectable levels of IgE in the serum compared with
control littermates. Furthermore, they are unable to mount a T
cell–dependent secondary humoral response for all isotypes
with the exception of IgM (26, 27). 

 

IgE and IgG

 

1

 

 content in serum. 

 

As previously indicated,
the interaction of CD40 with its ligand is, together with IL-4,
essential for the IgE isotype switch. This response is of critical

importance to the activation of resident tissue cells bearing
IgE receptors (FcRI or FcRII) such as mast cells, monocytes,
or dendritic cells that, upon subsequent antigen cross-linking,
will release a variety of inflammatory mediators. It was thus
necessary to verify humoral responses in our experimental sys-
tem. As shown in Table I, whereas IgE and IgG

 

1

 

 responses
were readily measured in control mice, IgE and IgG

 

1

 

 serum
levels were virtually undetectable in CD40L-KO mice in ac-
cordance with previous findings (26). 

 

Cellular changes in BAL and lung of sensitized and chal-
lenged mice. 

 

We have previously shown that intraperitoneal
OVA sensitization per se does not significantly change the cel-
lular profile in the BAL as compared with naive (unsensitized)
mice (6). It is also well-established that aerosol antigen chal-
lenge in sensitized mice elicits an airways inflammatory re-
sponse that can be detected in both BAL and peribronchial ar-
eas (6–10). Fig. 1 shows the changes in BAL cells in CD40L-KO
mice and control littermates at 6, 24, and 72 h after aerosol
challenge. Pronounced increases in the number of monocyte/
macrophages, lymphocytes, neutrophils, and eosinophils were
observed in sensitized control mice after challenge. In agree-
ment with our previous data, this inflammatory response was
maximal at day 3 after challenge, with the exception of neutro-
phils, which increased in number at as early as 3 h, peaked at
24 h, and had declined 72 h after challenge. In contrast, the
changes in inflammatory cells observed in the BAL of sen-
sitized CD40L-KO mice after challenge were significantly
smaller. With respect to mononuclear cells, monocyte/mac-
rophages and lymphocytes were reduced by 

 

z 

 

60 and 80%, re-
spectively, in CD40L-KO mice compared with control litter-
mates. Regarding granulocytes, the reductions were 

 

. 

 

60%
and 

 

. 

 

90% for eosinophils and neutrophils, respectively.
Histological evaluation of the lung/airways confirmed these

findings. Fig. 2 (

 

a

 

 and 

 

b

 

) illustrates the predominantly eosino-
philic nature of the inflammatory infiltrate in sensitized con-
trol mice observed 3 d after antigen challenge. Fig. 2 (

 

c

 

 and 

 

d

 

)
shows histology of tissues also obtained 3 d after aerosol chal-
lenge at a low magnification to provide an overall impression
of the extent of the inflammatory response, showing marked
differences between CD40L-KO and control littermate mice.
These observations, together with the BAL findings, demon-
strate that a perturbed CD40-CD40L interaction has a major
impact on the development of antigen-induced inflammatory
responses in the airways.

 

Cellular changes in peripheral blood and bone marrow.

 

The influx of inflammatory cells into the tissue after challenge

 

Table I. OVA-specific IgE and IgG

 

1

 

 Levels in Serum*

 

OVA-specific IgE OVA-specific IgG

 

1

 

CD40L-KO
Control

mice CD40L-KO
Control

mice

 

ng/ml ng/ml U/ml U/ml

 

Naive 0 0

 

,

 

 5

 

,

 

 5
Sensitized 0 46.5

 

6

 

8.5

 

,

 

 5 9800

 

6

 

2400
Sensitized/challenged 0.3

 

6

 

0.1 45.1

 

6

 

0.2

 

,

 

 5 6497

 

6

 

1800

*Values represent m

 

6

 

SEM (

 

n

 

 

 

5

 

 4–8). Serum samples from sensitized/
challenged mice were obtained 6 h after the aerosol challenge.
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is partly related to the content of such cells in the peripheral
circulation which is, in turn, dependent on the hemopoietic re-
sponse in the bone marrow (6). Table II shows the total cell
and differential count of naive CD40L-KO and control litter-
mate mice. No significant differences were observed in periph-
eral cell counts between the two strains, with the exception of
neutrophils whose population was significantly smaller in
CD40L-KO mice. An increase in the absolute number of both
eosinophils and neutrophils after sensitization and immedi-
ately before challenge was observed in both strains. Fig. 3
shows cellular changes in the bone marrow at day 3 after chal-
lenge. Based on our previous documentation, this is the time
point of maximal response in the bone marrow after aerosol
challenge (6). The total cell number as well as the number of
mature granulocytes, neutrophils, and eosinophils significantly
increased compared with values in naive mice, but no signifi-
cant differences were observed between CD40L-KO and con-
trol mice. Thus, these findings reveal an interesting paradox:
while CD40L-KO mice appear to have an intact hemopoietic
capability and similar numbers of mononuclear cells and gran-
ulocytes in peripheral blood just before antigen challenge com-
pared with control littermates, the inflammatory response ob-
served in both BAL and tissue is markedly reduced in the
CD40L-deficient strain. This result suggests a defect in recruit-
ment of blood-borne inflammatory cells into the tissue in
CD40L-KO mice.

Hogan et al. (28) have recently reported that sensitized
CD40 KO mice have peripheral blood and airway eosinophilia
after challenge that are similar to those observed in wild-type
control mice. Thus, there is agreement that the CD40-CD40L
pathway is not required to generate eosinophilia, at least in pe-
ripheral blood, and, as we show here, in the bone marrow.
There is an apparent discrepancy with respect to the require-
ment of this pathway for recruitment of eosinophils into the
tissue. However, it is critical to note that the experimental pro-
tocol of sensitization and challenge used by Hogan et al. is
markedly different than the one we used here, in that mice
were exposed to greater concentrations of OVA, and sub-
jected to many repeated aerosolizations. As a result, the histo-
pathological process caused by the Hogan protocol is remark-
ably different and much more severe than that caused by our
protocol. This process includes intense and widespread inflam-
mation, not only of the airways, but also of the parenchyma in-
volving alveolitis, gross structural alterations, microvascular
leakage, mucosal edema, and the presence of particulate exu-
dates in the airways lumina and alveolar septa. We suggest
that, under these conditions, the fine immunological mecha-
nisms regulating inflammatory cell recruitment are over-
whelmed and overridden by the intense lung (airway and pa-
renchyma) damage.

 

IL-5, IL-4, and TNF

 

a

 

 content in serum and BAL. 

 

Consider-
able evidence supports the notion that these cytokines play im-

Figure 1. Cellular changes in the BAL in OVA-sensitized mice subjected to an OVA aerosol challenge. Data represent mean6SEM (n 5

4–8 per point). *P # 0.05 between CD40L-KO and control littermate mice.
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Figure 2. Light photomicrograph of paraffin-embedded sections of lung tissues stained with H&E obtained from sensitized control littermate 
(a–c) and CD40L-KO (d) mice at day 3 after OVA aerosol challenge. V, Vascular compartment; B, bronchi; I, areas of inflammation; En, endo-
thelium. Triangles in b indicate eosinophils within and outside the vascular space; arrows in c illustrate blood-borne cells in close proximity to the 
vascular endothelium. (a) 4003; (b) 6403; (c and d) 2003.
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portant roles in regulating allergic inflammatory responses of
the airways. IL-5 is likely the most important cytokine mediat-
ing eosinophilia (29–31). In addition to a critical role in IgE
isotype switch, IL-4 as well as TNFa synergistically upregu-
lates endothelial cell integrins required for the influx of inflam-
matory cells, particularly eosinophils and lymphocytes, into
the tissue (32). Fig. 4 illustrates IL-5 levels in the serum and
BAL of sensitized mice after antigen challenge. The time
course of these changes is in agreement with our previous data,
and it is apparent that CD40L-KO and control littermate mice
generated a very substantial and similar IL-5 response. This
finding is consistent with the observation that bone marrow
eosinopoietic responses were similar in the mutant and control
strains. To further examine IL-5 responses in CD40L-KO
mice, we studied IL-5 production by spleen cell cultures in
vitro. As shown in Table III, we detected similar amounts of
IL-5 in the supernatant of spleen cells isolated from OVA-sen-
sitized CD40L-KO and control littermates rechallenged in
vitro with OVA. In contrast to IL-5, we found only marginal
amounts of IL-4 and TNFa in the BAL and, in the case of IL-4,
in the serum after aerosol challenge of CD40L-KO mice com-
pared with control mice (Figs. 5 and 6). Experiments with

spleen cells isolated from OVA-sensitized mice show that cells
isolated from CD40L-KO mice, upon rechallenge with OVA
in vitro, yielded about a third the amount of IL-4 produced by
cells isolated from control littermates.

Table II. Changes in Peripheral Blood Cells of Naive and Sensitized Mice*

CD40L-KO Control

WBC Mo Ly Neu Eos WBC Mo Ly Neu Eos

103/ml 103/ml 103/ml 103/ml 103/ml 103/ml 103/ml 103/ml 103/ml 103/ml

Naive 7097.46 226.96 6262.336 334.26 269.06 6809.36 387.16 5568.26 580.96 273.16

667.5 40.3 558.4 48.0 81.3 699.3 87.5 663.3 53.7‡ 53.5
Sensitized§ 8275.36 340.26 6739.26 566.86 673.46 6746.36 388.66 4894.16 1075.16 388.66

2106.1 56.3 1811.8 19.8 265.6 608.3 67.0 488.2 184.7‡ 76.2

*Values represent m6SEM (n 5 4–8). ‡P , 0.05 comparing control and CD40L-KO mice. §Blood samples were obtained immediately before aerosol
challenge. As indicated in Methods, challenge was carried out 12 d after sensitization. WBC, white blood cells; MO, monocytes; Ly, lymphocytes;
Neu, neutrophils; Eos, eosinophils.

Figure 3. Cellular changes in the bone marrow of sensitized mice at 
day 3 after OVA aerosol challenge. Data represent mean6SEM (n 5 

6–8 per point). *P # 0.05 between naive and sensitized–challenged 
control littermate mice. No statistically significant differences were 
observed between CD40L-KO and control littermate mice. 

Figure 4. Levels of IL-5 in serum (top) and BAL (bottom) in sensi-
tized mice after OVA aerosol challenge. Data represent mean6SEM 
(n 5 4–8 per point). *P # 0.05 between CD40L-KO and control lit-
termate mice.



1348 Lei et al.

Endothelial expression of VCAM-1. That VCAM-1 is es-
sential for eosinophil recruitment has been recently demon-
strated in VCAM-1–deficient mice that fail to develop airways
eosinophilia in response to OVA (25). Hence, we examined
endothelial expression of VCAM-1 by immunohistochemistry.
Using the semiquantitative evaluation method described above,
VCAM-1 staining in naive control littermate mice as well as in
mice sensitized with OVA and exposed to a control aerosol
challenge with PBS was scored as grade 1. In contrast, staining
of OVA-sensitized and -challenged mice was scored as grade
3–4 at both 12 and 72 h after challenge. Staining of CD40L-
KO OVA-sensitized and aerosol-challenged mouse tissue was
also scored as grade 1 (Fig. 7). Thus, endothelial expression of
VCAM-1 in OVA-sensitized and -challenged CD40L-KO
mice is remarkably reduced compared with that observed in
control littermates. 

Effect of IL-4 and TNFa overexpression on airways eo-
sinophilia and VCAM-1 expression. Based upon these previ-
ous findings, we hypothesized that replacement of TNFa, IL-4,
or both in the tissue would upregulate VCAM-1 expression
and reconstitute airways inflammation. Since recombinant cy-
tokines have extremely short half-lives, we elected to use an
adenoviral-mediated gene transfer approach with replication-
deficient adenovirus in order to achieve sustained levels of
transgene in the airways. Our objective was to overexpress
TNFa and IL-4 in the BAL of CD40L-KO mice at levels simi-
lar to those detected in OVA-sensitized and -challenged con-
trol littermates. Hence, we first performed dose-response and
time-course studies for both Ad/TNFa and Ad/IL-4 adminis-
tered intranasally (data not shown). Based on these initial ex-
periments, we chose a dose of 1 3 107 pfu for both constructs,
resulting in z 400 pg/ml and 1,000 pg/ml of TNFa and IL-4, re-
spectively, in the BAL at day 4 after intranasal administration
of Ad/TNFa and Ad/IL-4. Fig. 8 shows the inflammatory cell
content in the BAL of OVA-sensitized and -challenged
CD40L-KO mice that received Ad/TNFa and Ad/IL-4 intra-
nasally 4 d before challenge. Administration of either con-
struct alone did not reconstitute airway inflammation. How-
ever, concurrent overexpression of TNFa and IL-4 fully

Table III. In Vitro Proliferation and Cytokine Responses in 
CD40L KO Mice

Sensitization Recall

Wild-type mice CD40L-KO mice

SI IL-4 IL-5 SI IL-4 IL-5

pg/ml ng/ml pg/ml ng/ml

Mock Medium 3 0 1 0
OVA 1.3 0 0 1.5 0 0

Mock Medium 0 0 1 0
OVA 0.8 3 0 1.4 0 0

OVA Medium 5 0 0 0
OVA 3.1 413 19 4.5 139 15

OVA Medium 5 1 8 1
OVA 3.7 375 25 2.8 110 21

Each individual value represents the average results of two mice. SI,
stimulation index.

Figure 5. Levels of IL-4 in serum (top) and BAL (bottom) in sensi-
tized mice after aerosol challenge. Data represent mean6SEM (n 5 

4–8 per point). *P # 0.05 and **P # 0.01, respectively, between 
CD40L-KO and control littermate mice.

Figure 6. Levels of TNFa in the BAL in sensitized mice after aerosol 
challenge. Data represent mean6SEM (n 5 4–8 per point). *P # 0.05 
between CD40L-KO and control littermate mice.
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Figure 7. VCAM-1 immunostaining. Light photomicrograph of paraffin-embedded sections of lung tissues from OVA-sensitized and challenged 
control littermate (a–c) and CD40L-KO (d) mice obtained at day 3 after aerosol challenge. Tissues shown in a, b, and d were stained with a mono-
clonal anti VCAM-1 antibody; tissue shown in c was stained with a control anti IgG2 antibody. V, Vascular compartment. (a) 3203; (b and c) 
5403; (d) 6403. Note that intense endothelial reactivity (red) is observed only in OVA-sensitized and -challenged control littermate mice (a 
and b).
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reconstituted airway eosinophilia, monocytosis, and lymphocy-
tosis, while equivalent intranasal administration of control ad-
enoviral vector did not induce significant airway inflammation.
Histopathological assessment confirmed the BAL findings, as
illustrated in Fig. 9. In addition, concurrent overexpression of
TNFa and IL-4, but not of either cytokine alone, upregulated
endothelial cell expression of VCAM-1, which was semiquan-
titatively scored as grade 3. Finally, only minimal airway in-
flammation was observed after administration of both Ad/
TNFa and Ad/IL-4 into nonsensitized, nonchallenged CD40L-
KO mice.

The role of the CD40-CD40L interaction in immune effec-
tor responses is a controversial issue under intense investiga-
tion. Oxenius et al. examined responses to viral antigens (lym-
phocytic choriomeningitis virus and vesicular stomatitis virus)
in CD40- and CD40L-deficient mice, and demonstrated that
CD41 T cells isolated from infected control and deficient mice
secreted similar amounts of IL-2 and IFNg upon in vitro re-
stimulation (33). However, Yang and Wilson have recently
demonstrated that while CD41 T cells isolated from CD40L-
deficient mice infected in vivo with adenoviral vectors have in-
creased basal levels of Th1 (IL-2 and IFNg) and Th2 (IL-4 and
IL-10) cytokines, these cells fail to respond to in vitro restimu-
lation with viral antigens (34). We examined IL-5 because this
is a cytokine critical for the eosinophilic response in both the

bone marrow and the airways in our experimental model. De-
tection of IL-5 in very substantial amounts after antigen chal-
lenge in CD40L-KO mice in vivo and in spleen cells in vitro in-
dicates that OVA-specific T cell activation and recall were not
compromised in these mice under these experimental condi-
tions.

The discrepancy between IL-5 vs. IL-4 and TNFa re-
sponses is of interest. A recent study investigating susceptibil-
ity to Leishmania amazonensis infection in CD40L-KO mice
has demonstrated that these mice are not intrinsically deficient
in their ability to produce IL-4 and TNFa in response to mito-
gens (19). Hence, the low levels of IL-4 and TNFa in CD40L-
KO mice that we observed both in vivo and in vitro suggests
cellular sources other than lymphocytes. In this regard, Garlisi
et al., using a similar model of OVA sensitization and chal-
lenge, have recently demonstrated that lung T cells are the
main source of IL-5, but not of IL-4 mRNA expression after
aerosol challenge (35). It is of course well-known that mono-
cytes are important producers of TNFa, and that mast cells can
also produce TNFa as well as IL-4 (36–38). Furthermore,
there is evidence in human airway eosinophilic inflammation,
asthma, and allergic rhinitis, that mast cells are an important
source of IL-4 and TNFa immunoreactivity in the tissue (39,
40). Arguably, the lack of IgE and IgG1 in CD40L-KO mice
would preclude arming of tissue cells bearing the receptor for

Figure 8. Cellular changes in the BAL of OVA-sensitized and -challenged mice. CD40L-KO mice were treated intranasally with control virus 
(dotted bar), or with Ad/IL-4 and Ad/TNFa alone (hatched bars, left to right), and together (double-hatched bars). The positive controls in these 
experiments were OVA-sensitized and -challenged control littermate mice (solid bar). Data represent mean6SEM (n 5 3–4 per intervention). 
*P # 0.05 between interventions in CD40L-KO mice, i.e., Ad/IL-4 1 Ad/TNFa vs. treatment with either construct alone or with control virus.
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Figure 9. Light photomicrograph of paraffin-embedded sections of lung tissues stained with H&E obtained from sensitized and challenged 
CD40L-KO mice at day 3 after OVA aerosol challenge. Before challenge, mice were treated intranasally with the following adenoviral con-
structs: Ad/control (A), Ad/TNFa (B), Ad/IL-4 (C), and Ad/TNFa 1 Ad/IL-4 (D). v, vascular compartment; b, bronchi. Arrows point at areas 
of inflammation which in A–C are minimal. (A) 1603; (B–D) 2003.
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these immunoglobulins including monocyte/macrophages, mast
cells, and eosinophils, and thus prevent subsequent cytokine
production upon antigen exposure. However, our in vitro data
showing that splenocytes from CD40L KO mice have a normal
IL-5 response, but a markedly reduced IL-4 response may sug-
gest different costimulatory requirements for induction of IL-4
and IL-5 in T cells.

Whatever the trigger for TNFa and IL-4 production in the
airways, the importance of these cytokines to eosinophil re-
cruitment was established by experimentation using a replica-
tion-deficient adenovirus to overexpress these cytokines lo-
cally. We used this approach because adenoviral vectors that
result in relatively prolonged transgene expression are clearly
superior instruments for gene transfer (41). The relatively low
doses of Ad/TNFa and Ad/IL-4 that we used in CD40L-KO
mice resulted in levels of transgene in the BAL that were rea-
sonably similar to those detected in sensitized–challenged con-
trol littermates, bearing in mind that it is almost impossible to
recapitulate these levels precisely with adenovectors. Under
these conditions, the fact that either construct alone com-
pletely failed to upregulate VCAM-1 and to reconstitute air-
ways inflammation was quite remarkable. In contrast, adminis-
tration of both constructs resulted in full reconstitution of
inflammatory events, representing an in vivo demonstration of
the well-known synergistic effects of these two cytokines in in
vitro systems. 

In summary, this study confirms that CD40L-KO mice
have a major defect in humoral responses, as manifested by
undetectable levels of IgE and IgG1, and shows that they are
unable to generate IL-4 and TNFa responses after antigen
challenge. We propose that these two events are related, sup-
porting the notion that IgE- and/or IgG1-bearing cells are,
upon antigen cross-linking, the main cellular source of these
two cytokines in the airways. Our findings also demonstrate
that CD40L-KO mice generate a vigorous IL-5 response upon
antigen challenge, but this and the expected bone marrow
eosinopoietic response are not sufficient to cause airway in-
flammation. Our data show that a disrupted CD40-CD40L
interaction has a major impact on development of airways in-
flammation, likely the result of impaired recruitment of in-
flammatory cells into the tissue. We suggest that the CD40–
CD40 ligand interaction may be an important pharmacological
target in regulating antigen-induced airway inflammatory re-
sponses. 
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