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Controversy persists pertaining to the role of CCR4
ligands , namely CCL17 (or thymus and activation regulated chemokine; TARC) and CCL22 (or macrophagederived chemokine; MDC) , in Th2-type cytokine-dominated responses in the lung. Accordingly, the
present study addressed the relative role of each of
these CC chemokines during an evolving pulmonary
granulomatous response elicited by the intrapulmonary embolization of live Schistosoma mansoni eggs
into S. mansoni-sensitized mice. CCL22 protein expression peaked at day 4 , but CCL17 levels were not
increased significantly at any time after egg challenge.
CCR4 transcript and protein expression were highest
at day 8 after egg embolization and CCR4 protein was
prominently expressed in macrophages surrounding
S. mansoni eggs. Systemic immunoneutralization of
CCL22 from the time of egg injection into S. mansonisensitized mice for 8 days significantly decreased
CCR4 protein expression , the eosinophil content, the
overall size of the egg granuloma , and its hydroxyproline content. Whole lung levels of interferon-␥ were also significantly increased at day 8 in
anti-CCL22-treated mice. The systemic immunoneutralization of CCL17 had a lesser effect on all of the
granuloma parameters listed above , but this antibody
treatment significantly decreased granuloma hydroxyproline content to a greater extent than the
anti-CCL22 antibody treatment. In addition , the immunoneutralization of CCL17 significantly increased
whole lung levels of interleukin (IL)-4 , IL-5 , IL-13,
transforming growth factor-␤ , IL-12 , and tumor necrosis factor-␣ at day 8 after egg infusion. Thus , these

studies demonstrate a major role for CCL22 and a
lesser role for CCL17 during an evolving S. mansoni
egg granuloma in the lung. (Am J Pathol 2004,
165:1211–1221)

Understanding the biology of chemotactic cytokines or
chemokines and their receptors continues to challenge a
number of researchers working in diverse fields such as
inflammation, immune regulation, angiogenesis, virology,
and lymphoid development.1–3 Consistent with their first
recognized role, chemokines direct cell movement and
positioning in every organ and tissue examined to date,
and it is this property that has garnered considerable
interest among investigators pursuing therapies for a
myriad of inflammatory diseases that play a significant
role in the recruitment of leukocytes during an inflammatory response.4,5 This task is daunting considering that
more than 40 human chemokines have been discovered
and these factors bind to at least 17 receptors, many in a
redundant and promiscuous manner.6
The recognition that certain chemokines direct the recruitment of both Th2 cells and other effector cells of
allergic inflammation led to the pursuit of therapeutic
strategies that relied on the targeting of these chemokines.7 Unfortunately, it has become clear that chemokines and chemokine receptors detected in diseased
clinical tissue do not necessarily reflect an actual role for
these mediators and their receptors in the disease process. For example, increased CCR48 –11 and its corresponding ligands CCL17 (TARC)12–16 and CCL22
(MDC)14,15,17 have been detected in various clinical samples from asthmatic and allergic patients. However, the
relative role for these chemokines and its receptor in
experimental forms of these diseases remains controversial because some groups report a role for CCL1718 and
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CCL2219 but a lack20,21 or partial22,23 role for CCR4
during Th2-type cytokine-driven allergic airway responses in mice.
Although originally described as thymus-specific chemokines,24 both CCL17 and CCL22 are expressed in a
number of organs including lung, liver, and skin. CCL17
expression has been associated with normal human
bronchial epithelial cells,8,12 fibroblasts,25 and smooth
muscle cells,26 and this chemokine is regulated by both
Th1- and Th2-type cytokines. CCL22 is highly expressed
constitutively in mononuclear cells including macrophages, B cells, and monocyte-derived dendritic
cells,27,28 but not in other immune cells such as natural
killer cells, monocytes, and CD4 lymphocytes until appropriately stimulated.28 Nonimmune cells such as those
of epithelial, endothelial, or fibroblastic origin do not constitutively nor are they induced to express CCL22.27 Both
ligands bind CCR4,28,29 a chemokine receptor shown to
be expressed on various T-cell subsets including Th2
cells,11,28,30,31 natural killer cells,32 dendritic cells, and
macrophages.33
The pulmonary granulomatous response is a highly
effective albeit potentially tissue-damaging response to
the presence of poorly digestible elements in several
organ systems including the lung.34 Chemokines have
emerged as major players in the orchestration of the
inflammatory leukocytes that comprise the granuloma35
but they also participate directly in the activation of structural cells, which provide critical components such as
extracellular matrix to the granuloma.36 To examine more
thoroughly the relative contribution of CCL17 and CCL22
to heavily-skewed pulmonary Th2-type cytokine response, we used a model initiated by the sensitization of
mice to Schistosoma mansoni egg antigen followed by an
intravenous bolus of live S. mansoni eggs.37 Previous
studies have demonstrated that this granulomatous response is mediated exclusively by Th2 cells,38,39 and is
modulated by interleukin (IL)-10,40 IL-12,41 IL-13,42 and
CCL2.43,44 In the present study, we examined the relative
expression of CCR4 and it ligands after the intravenous
introduction of live S. mansoni eggs into S. mansoni-sensitized mice. Using specific immunoneutralization approaches, the relative roles of CCL17 and CCL22 were
also examined after pulmonary embolization into mice.
Together, these data show a major role for CCL22 over
CCL17 in the initiation and maintenance of the Th2 granulomatous response elicited by S. mansoni eggs in the
sensitized lung.

Materials and Methods
S. mansoni Egg-Induced Pulmonary Granuloma
Model
Female, CBA/J mice, 6 to 8 weeks of age (Jackson Laboratories, Bar Harbor, ME) were immunized intraperitoneally with 3000 live, mature S. mansoni eggs as described
in detail previously.37 Live S. mansoni eggs were purified
from Swiss-Webster mice heavily infected with S. mansoni, which were kindly provided by Dr. Fred Lewis (Bio-

medical Research Laboratory, Rockville, MD). Fourteen
days later, secondary, synchronous pulmonary granulomas were subsequently induced in S. mansoni egg-sensitized mice by an intravenous infusion of 3000 live S.
mansoni eggs. Groups of 10 mice were examined immediately before egg infusion (ie, T ⫽ 0) and similarly sized
groups of mice were examined at days 4 and 8 after S.
mansoni egg embolization.

Isolation and Culture of Primary Pulmonary
Fibroblast Lines
Whole lungs from five S. mansoni-sensitized mice at day
8 after S. mansoni egg infusion were prepared as previously described in detail.36,45 Briefly, each mouse was
euthanized by a sodium pentobarbital overdose, and
whole lung samples were dissected free from the thoracic cavity. The whole lung samples were then finely
dispersed on sterile steel mesh and the dispersed cells
were then placed into 150-cm2 cell culture flasks (Corning Inc., Corning, NY) containing Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 15% fetal
bovine serum (DMEM-15). Normal fibroblasts were obtained from five noninflamed, SPF mice according to the
same protocol. The dispersed lung cells were maintained
in DMEM-15 at 37°C in a 5% CO2 incubator and were
serially passaged a total of five times to yield pure populations of lung fibroblasts as previously described.46
Our previous characterization of these primary fibroblast
cell lines is described in detail elsewhere.36,45 Each well
in a six-well tissue culture plate was seeded with ⬃2.5 ⫻
105 fibroblasts. Twenty-four hours later, the DMEM
growth medium was replaced with RPMI containing 10%
fetal bovine serum (RPMI 10) containing IL-4, interferon
(IFN)-␥, or IL-13 at 10 ng/ml. All cytokines were obtained
from R&D Systems (Minneapolis, MN). Twenty-four hours
later, cell-free supernatants were removed from each well
for the measurement of CCL17 levels by enzyme-linked
immunosorbent assay (ELISA) (see below).

Alveolar Macrophage Isolation and Culture
Alveolar macrophages were isolated from bronchoalveolar lavage samples taken from S. mansoni-sensitized
mice at day 8 after S. mansoni egg infusion. Bronchoalveolar lavages were obtained through the multiple intratracheal introduction of 1 ml of phosphate-buffered saline
containing 50 mmol/L ethylenediaminetetraacetic acid.
Preparations of alveolar macrophages were typically
greater than 95% pure, and these cells were suspended
in RPMI 1640 containing 10% fetal bovine serum (RPMI
10) at 1.0 ⫻ 105 cells/well of a six-well tissue culture
plate. Individual wells were then exposed to RPMI 10
alone for 24 hours. Cell-free supernatants were subsequently removed from each well for the measurement of
CCL17 and CCL22 levels by ELISA (see below).
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Anti-CCL17 and Anti-CCL22 Therapy During
Pulmonary Granulomatous Responses to
Embolized S. mansoni Eggs
Anti-CCL17 and anti-CCL22 neutralizing antibodies have
both been previously used in in vivo studies directed at
understanding their roles in experimental Th2-cytokinemediated allergic airway disease.18,19 Both antibodies
were tested for cross-reactivity and neither polyclonal
antibody cross-reacted with a panel of CC and CXC
chemokine ligands (CCL1-CCL28 and CXCL1-CXCL8).
In the present study, groups of 15 mice received intraperitoneal injections of 20 g/dose of either anti-CCL17
or anti-CCL22 antibodies (goat anti-mouse antibodies,
R&D Systems) dissolved in 500 l of sterile normal saline
starting immediately after the S. mansoni egg infusion and
every other day thereafter until days 4 or 8. Control
groups received a 20 g/dose of normal goat IgG (R&D
Systems) dissolved in 500 l of sterile normal saline via
the intraperitoneal route throughout the same time
course. Mice were then examined at days 4 or 8 after the
induction of the pulmonary granulomatous response. At
both times after egg embolization, whole lung samples
from each mouse were subjected to molecular, ELISA,
histological, morphometric, and immunohistochemical
analysis (see below). The effects of anti-CCL17 and antiCCL22 antibodies on the S. mansoni egg granulomatous
response were examined in three separate experiments.

Real-Time TaqMan Polymerase Chain Reaction
(PCR) Analysis
Total RNA was isolated from right lung lobes from groups
of five mice at days 0 (ie, immediately before eggs), 4,
and 8 after the S. mansoni egg infusion. A total of 0.5 g
of total RNA was reverse-transcribed to yield cDNA, and
CCL17, CCL22, and CCR4 gene expression were analyzed by real-time quantitative reverse transcriptase-PCR
procedure using an ABI PRISM 7700 sequence detection
system (Applied Biosystems, Foster City, CA). GAPDH
was analyzed as an internal control. All primers and
probes were purchased from Applied Biosystems. Gene
expression was normalized to GAPDH before the fold
change in gene expression was calculated. The fold
increases in CCL17, CCL22, and CCR4 gene expressions were calculated via the comparison of gene expression of this chemokine receptor in naı̈ve mice. CCR4
levels in naı̈ve mice were assigned a value of 1.

Lung Histological, Morphometric, and
Immunohistochemical Analysis
Whole lungs from untreated, anti-CCL17 antibody, antiCCL22 antibody, and control IgG groups of mice (n ⫽
5/group/time point/experiment) at days 4 or 8 after the S.
mansoni egg challenge were fully inflated with 10% formalin, dissected, and placed in fresh formalin for an
additional 24 hours. Routine histological techniques were
used to paraffin-embed the entire lung, and 5-m sec-

tions of whole lung were stained with hematoxylin and
eosin (H&E) or with Masson trichrome. Inflammatory infiltrates and structural alterations were examined around
individual (ie, containing a single egg) pulmonary granulomas using light microscopy at a magnification of
⫻200. Morphometric analysis of egg granuloma size was
performed as previously described in detail.37 A minimum of 15 granulomas per lung section was analyzed for
granuloma size. Once the average granuloma size in
each mouse was determined, these measurements were
then used for the group mean analysis. Routine immunohistochemical techniques were used to stain whole lung
samples for murine CCR4 [goat anti-mouse CCR4 antibody (N-terminal); Capralogics, Hardwick, MA] and
F4/80 (rat anti-mouse monoclonal antibody; Abcam Inc.,
Cambridge, MA) at day 8 after IgG, anti-CCL17, or antiCCL22 antibody treatment in egg-challenged mice. Control goat IgG was applied to whole lung sections as a
negative control.

ELISA Analysis
Murine chemokine (CCL1, CXCL5, CXCL10, CXCL13,
CCL17, and CCL22) and cytokine [IL-4, IL-5, IL-13, transforming growth factor (TGF)-␤, IFN-␥, IL-12, and tumor
necrosis factor (TNF)-␣] levels were measured in 50-l
samples from cell-free supernatants either from whole
lung homogenates and/or from tissue culture plates using
a standardized sandwich ELISA technique. Each ELISA
was screened to ensure antibody specificity and recombinant murine cytokines, and chemokines were used to
generate the standard curves from which the concentrations present in the samples were derived. The limit of
ELISA detection for each cytokine was consistently
greater than 50 pg/ml. The cytokine levels in each sample
were normalized to total protein levels measured using
the Bradford assay.

Hydroxyproline Assay
Left lobe samples from anti-CCL17, anti-CCL22, and control IgG groups of mice (n ⫽ 5/group/time point/experiment) at days 4 and 8 after the S. mansoni egg challenge
were measured for hydroxyproline using a previously
described assay.47 Briefly, a 500-l sample of lung homogenate prepared for ELISA analysis (see above) was
added to 1 ml of 6 N HCl for 8 hours at 120°C. To a 5-l
sample of the digested lung, 5 l of citrate/acetate buffer
(5% citric acid, 7.2% sodium acetate, 3.4% sodium hydroxide, and 1.2% glacial acetic acid, pH 6.0) and 100 l
of chloramine-T solution (282 mg chloramine-T, 2 ml of
n-propanol, 2 ml of distilled water, and 16 ml of citrate/
acetate buffer) were added. The resulting samples was
then incubated at room temperature for 20 minutes before
100 l of Ehrlich’s solution (Aldrich, Milwaukee, WI), 9.3 ml
of n-propanol, and 3.9 ml of 70% perchloric acid were
added (Aldrich). These samples were incubated for 15
minutes at 65°C and cooled samples were read at 550 nm
in a Beckman DU 640 spectrophotometer. Hydroxyproline
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Figure 1. Whole lung CCL17 and CCL22 transcript levels before and at days
4 and 8 after S. mansoni egg infusion into S. mansoni-sensitized mice. RNA
was isolated from whole lung samples as described in the Materials and
Methods section, and TaqMan PCR was used to quantify chemokine transcript levels. Data are mean ⫾ SEM of n ⫽ 5 per group. *, P ⱕ 0.05 compared
with chemokine transcript levels measured in whole lung samples removed
from S. mansoni-sensitized mice immediately before egg injection (ie, day 0).

concentrations were calculated from a hydroxyproline standard curve (0 to 100 g of hydroxyproline/ml).

Statistical Analysis
All results are expressed as mean ⫾ SEM (SE). A oneway analysis of variance and a Dunnett’s multiple comparisons test were used to reveal statistical differences
between the IgG control, anti-CCL17 antibody, and antiCCL22 antibody groups before and at days 4 and 8 after
the S. mansoni egg challenge; P ⬍ 0.05 was considered
statistically significant.

Results
Temporal Changes in CCL17 and CCL22
Transcript and Protein Expression During S.
mansoni Egg-Induced Pulmonary Granuloma
Formation
Quantitative TaqMan analysis for CCL17 and CCL22 transcripts during the course of S. mansoni egg challenge in
S. mansoni-sensitized mice is shown in Figure 1. Transcript levels for both CC chemokines were significantly
increased in a time-dependent manner, and the highest
expression for both was observed at day 8 after egg
infusion (Figure 1). These data showed that the introduction of S. mansoni eggs into S. mansoni-sensitized mice
resulted in a progressive and significant increase in transcript levels for both CCL17 and CCL22.
Immunoreactive CCL17 and CCL22 in whole lung samples removed before egg infusion (ie, day 0) and at days
4 and 8 after S. mansoni egg infusion are shown in Figure
2. Although higher levels of CCL17 than CCL22 were
found in all whole lung samples analyzed, whole lung
CCL17 levels were not significantly elevated above baseline levels (ie, those detected in naı̈ve mouse lung; indicated by dashed lines in Figure 2) during the 8-day

Figure 2. Whole lung CCL17 and CCL22 protein levels before and at days 4
and 8 after S. mansoni egg infusion into S. mansoni-sensitized mice. Whole
lung samples were processed as described in the Materials and Methods
section, and ELISA was used to determine specific chemokine levels in
cell-free supernatants. Data are mean ⫾ SEM of n ⫽ 5 per group. *, P ⱕ 0.05
compared with chemokine levels detected in whole lung samples removed
from S. mansoni-sensitized mice immediately before egg injection (ie, day
0). , P ⱕ 0.05 compared with chemokine levels detected in naı̈ve mice
(mean ⫾ SEM denoted by solid and dashed lines, respectively).

course of the S. mansoni egg challenge. In contrast,
whole lung CCL22 was significantly elevated at day 4
after egg infusion. Together, these data indicate that
CCL22 levels are altered during the pulmonary granulomatous response to embolized S. mansoni eggs.

Cellular Sources of CCL17 and CCL22 Include
Alveolar Macrophages and Pulmonary
Fibroblasts
The cellular sources of CCL17 and CCL22 have been
extensively studied and it is generally accepted that immune cells generate CCL17 and CCL22 whereas structural cells generate CCL17 but not CCL22.28,33 In the
present study, we examined the synthetic capacity of
alveolar macrophages and pulmonary fibroblasts derived
from naı̈ve and S. mansoni-sensitized mice at day 8 after
egg infusion. As shown in the top panel of Figure 3,
alveolar macrophages from naı̈ve mice did not constitutively generate CCL17 or CCL22 after 24 hours in culture.
Conversely, the same number of alveolar macrophages
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Figure 4. Quantitative TaqMan PCR analysis of CCR4 transcript expression in
whole lung sample removed before (ie, day 0) and at days 4 and 8 after S.
mansoni egg infusion into S. mansoni-sensitized mice. The fold-increase in
CCR4 transcript expression above transcript levels in naı̈ve mouse lungs is
shown. Data are mean ⫾ SEM of n ⫽ 5 per group. *, P ⱕ 0.05 compared with
CCR4 transcript levels detected in whole lung samples removed from S.
mansoni-sensitized mice immediately before egg injection (ie, day 0).

Temporal Changes in CCR4 Transcript
Expression During S. mansoni Egg-Induced
Granulomatous Responses

Figure 3. Spontaneous CCL17 and CCL22 generation by isolated alveolar
macrophages (top) from naı̈ve (ie, normal) and S. mansoni-sensitized and
-challenged mice. Spontaneous and cytokine-induced CCL17 generation by
cultured pulmonary fibroblasts (bottom) from naı̈ve and S. mansoni-sensitized and -challenged mice. ELISA was used to determine specific chemokine
levels in cell-free supernatants removed at 24 hours after culture. Data are
mean ⫾ SEM of triplicate or quadruplicate samples. *, P ⱕ 0.05; **, P ⱕ 0.01;
***, P ⱕ 0.001 compared with chemokine levels detected in culture wells
containing normal alveolar macrophages or pulmonary fibroblasts. , P ⱕ
0.05 compared with chemokine levels detected in tissue culture wells containing media-treated S. mansoni pulmonary fibroblasts. , P ⱕ 0.05 compared with chemokine levels detected in tissue culture wells containing IL-4or IL-13-treated S. mansoni pulmonary fibroblasts.

from S. mansoni-challenged mice generated both CCL17
and CCL22.
In cultures of pulmonary fibroblasts, CCL17, but not
CCL22, was detected constitutively and after cytokine
treatment for 24 hours (Figure 3, bottom). Significantly
greater levels of CCL17 were detected in cultures of S.
mansoni pulmonary fibroblasts compared with cultures
that contained the same number of normal fibroblasts.
Although none of the cytokine treatments affected CCL17
synthesis by normal fibroblasts, IL-4 and IL-13 were
strong inducers whereas IFN-␥ strongly inhibited CCL17
synthesis by S. mansoni pulmonary fibroblasts (Figure 3).
Thus, these data show that S. mansoni egg challenge in
S. mansoni-sensitized mice dramatically alters the spontaneous and cytokine-induced synthetic capacity of alveolar macrophages and pulmonary fibroblasts to generate
CCL17 and/or CCL22.

The primary G-protein-coupled CC chemokine receptor
that binds CCL17 and CCL22 is CCR4,24,28,29 although
CCL17 has been shown to exhibit binding affinity for
CCR8.48 Using quantitative TaqMan PCR and immunohistochemical analyses, we examined whether CCR4 expression was altered during the 8-day course of the egg
granulomatous response. As shown in Figure 4, CCR4
transcripts in whole lung samples removed at day 8 after
egg infusion were significantly increased fourfold above
transcript levels in naı̈ve mouse lung. In addition, the
fold-change in CCR4 transcript expression observed at
day 8 after egg embolization was significantly greater
than the fold change in CCR4 transcript expression observed in S. mansoni-sensitized mice before egg embolization (day 0 group; Figure 4).

Immunoneutralization of CCL17 or CCL22
Markedly Decreased the Presence of CCR4Positive Lung Cells in the Egg Granuloma
Previous studies in our laboratory suggested that the
endogenous generation of CCL17 and CCL22 required
the presence of CCR4,23 suggesting major sources of
both chemokines included CCR4-expressing cells. Our in
vitro studies described above suggested that alveolar
macrophages and recruited monocytes isolated from the
lungs of S. mansoni-sensitized mice at day 8 after egg
embolization were an excellent source of both chemokines. Consistent with our hypothesis that these cells also
expressed the receptor for both chemokines, abundant
CCR4 protein was localized predominantly to alveolar
macrophages and recruited monocytes situated around
egg granulomas (Figure 5B). Confirmation that the CCR4positive cells were of monocyte/macrophage origin was
confirmed by double staining of these cells with a mono-
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Figure 5. Immunohistochemical analysis of CCR4 protein expression in
formalin-fixed and paraffin-embedded whole lung samples from S. mansonisensitized mice at day 8 after S. mansoni egg infusion. Control IgG antibody
staining is shown in A, C, and E. Representative CCR4 expression is shown
for the control group (B), anti-CCL17 antibody group (D), day 4 (F), and
anti-CCL22 antibody group. Original magnifications, ⫻400.

clonal antibody directed against the specific macrophage marker, F4/80, and the anti-CCR4 antibody (staining not shown). In the present study, we examined
whether the immunoneutralization of either CCL17 or
CCL22 affected the presence of CCR4-positive cells in
the lung. As shown in Figure 5, compared with the control
IgG group (Figure 5B), immunoneutralization of either
CCL17 (Figure 5D) or CCL22 (Figure 5F) markedly diminished the presence of CCR4-positive mononuclear cells
in interstitial as well as peri-oval areas in the lung. Additional immunohistochemical analysis using the anti-F4/80
monoclonal antibody demonstrated the absence of F4/
80-positive monocytes/macrophages around embolized
S. mansoni eggs in both antibody treatment groups (immunostaining not shown). Thus, CCL17 and CCL22 appeared to be responsible for the presence of CCR4expressing cells in the lung during secondary S. mansoni
egg granulomatous responses.

Immunoneutralization of CCL22 Significantly
Reduced the S. mansoni Egg Granuloma Size
and Eosinophilia
Given that immunoneutralization of CCL17 or CCL22 dramatically reduced the presence of CCR4-expressing
cells around the egg granulomas, we next examined
whether either antibody treatment altered the overall size
of the S. mansoni egg granuloma. At day 4 after egg
challenge, egg granulomas in the anti-CCL17 antibodytreated group, but not the anti-CCL22 antibody-treated

Figure 6. Effects of anti-CCL17 and anti-CCL22 antibodies on the size (top)
and eosinophil cellularity (bottom) of secondary granulomas at days 4 and
8 after egg infusion into S. mansoni-sensitized mice. Mice received IgG,
anti-CCL17 antibody, or anti-CCL22 antibody by intraperitoneal injection
beginning immediately after intravenous S. mansoni egg infusion and every
other day thereafter. Data are mean ⫾ SEM of n ⫽ 5 per group. **, P ⱕ 0.01;
***, P ⱕ 0.001 compared with granuloma size or eosinophil counts in egg
granulomas in S. mansoni-sensitized mice infused with S. mansoni eggs and
treated with IgG.

group, were significantly smaller than egg granulomas
measured in the IgG control group (IgG ⫽ 11.9 ⫾ 0.8,
anti-CCL17 ⫽ 8.7 ⫾ 0.5, and anti-CCL22 ⫽ 10.0 ⫾ 0.6;
⫻103 m2) (Figure 6, top). At day 8 after egg challenge,
egg granulomas were significantly smaller in both antibody-treated groups compared with the IgG control
group (Figure 6, top). The greatest reduction in S. mansoni
egg granuloma size was observed in the group of mice that
received the anti-CCL22 antibody treatment until day 8 after
egg challenge (IgG ⫽ 16.0 ⫾ 0.9, anti-CCL17 ⫽ 11.6 ⫾
1.0, and anti-CCL22 ⫽ 6.2 ⫾ 0.4; ⫻103 m2).
S. mansoni egg granulomas are composed of a number of immune and nonimmune cells including eosinophils, macrophages, lymphocytes, neutrophils, mast
cells, and fibroblasts.49 Given the strong Th2-driven response invoked by the S. mansoni egg, eosinophils typically comprise between 50 to 70% of the cells present in
the circumoval granulomas.50 The effects of antibody
treatment on eosinophil counts in egg granulomas at
days 4 and 8 after S. mansoni egg infusion are shown in
Figure 6 (bottom). Eosinophils counts were significantly
lower in granulomas analyzed from anti-CCL17 antibodytreated mice compared with granulomas analyzed in the
control IgG group at day 8 after egg challenge (day 4,
0.47 ⫾ 0.03 versus 0.75 ⫾ 0.03 eosinophils per 100-m2
area in the egg granuloma; day 8, 0.55 ⫾ 0.10 versus

CCR4 Ligands and Lung Granuloma Formation 1217
AJP October 2004, Vol. 165, No. 4

Figure 8. Whole lung CCL1, CXCL5, CXCL10, and CXCL13 at day 8 after S.
mansoni egg infusion into S. mansoni-sensitized mice that received control
IgG, anti-CCL17 antibody, or anti-CCL22 antibody. Whole lung samples were
processed as described in the Materials and Methods section, and ELISA was
used to determine specific chemokine levels in cell-free supernatants. Data
are mean ⫾ SEM of n ⫽ 5 per group. *, P ⱕ 0.05; **, P ⱕ 0.01 compared with
chemokine levels detected in whole lung samples removed from the IgG
control group at day 8 after S. mansoni egg embolizaton. , P ⱕ 0.05
compared with chemokine levels detected in anti-CCL17 antibody-treated
mice.

Figure 7. Whole lung IL-4, IL-5, IL-13, TGF-␤, IFN-␥, IL-12, and TNF-␣ at day
8 after S. mansoni egg infusion into S. mansoni-sensitized mice that received
control IgG, anti-CCL17 antibody, or anti-CCL22 antibody. Whole lung samples were processed as described in the Materials and Methods section, and
ELISA was used to determine specific cytokine levels in cell-free supernatants. Data are mean ⫾ SEM of n ⫽ 5 per group. *, P ⱕ 0.05 compared with
chemokine levels detected in whole lung samples removed from the IgG
control group at day 8 after S. mansoni egg embolizaton. , P ⱕ 0.05
compared with cytokine levels detected in anti-CCL17 antibody-treated mice.

1.26 ⫾ 0.11 eosinophils per 100-m2 area in the egg
granuloma). In the anti-CCL22 antibody treatment group,
eosinophils counts were significantly lower at day 4 after
egg embolization compared with the IgG control group
(0.51 ⫾ 0.03 versus 0.75 ⫾ 0.03 eosinophils per 100-m2
area in the egg granuloma), and these cells were completely absent in granulomas in the anti-CCL22 antibodytreated group at day 8.

Anti-CCL17 Antibody Treatment Increased the
Whole Lung Protein Levels of Th1 and Th2
Cytokines in the Lung Whereas Anti-CCL22
Antibody Treatment Selectively Increased Whole
Lung IFN-␥
At day 8 after S. mansoni egg infusion, whole lung samples were removed from each group of mice and ELISA
analysis was performed. As shown in Figure 7 (top), the
treatment of S. mansoni egg-challenged mice with antiCCL17 antibody significantly increased the whole lung
levels of Th2-associated cytokines including IL-4, IL-5,
IL-13, and TGF-␤ greater than levels detected in whole
lung samples from the control IgG group and in the

anti-CCL22 antibody group (for IL-5 and IL-13). The antiCCL17 antibody treatment also significantly increased
whole lung levels of IL-12 and TNF-␣ greater than those
whole lung levels detected in the control IgG and antiCCL22 antibody groups (Figure 7, bottom). However, the
anti-CCL17 antibody treatment did not significantly alter
whole lung levels of IFN-␥, instead the anti-CCL22 antibody treatment resulted in significant elevations in this
Th1-type cytokine in whole lung samples compared with
the control IgG group (Figure 7, bottom). Thus, the immunoneutralization of CCL17 generally increased whole
lung Th2- and Th1-type cytokines whereas the immunoneutralization of CCL22 appeared to selectively increase
whole lung IFN-␥ in S. mansoni-sensitized mice challenged with S. mansoni eggs.

Anti-CCL17 Antibody Treatment Increased the
Whole Lung Protein Levels of CC and CXC
Chemokines in the Lung
Chemokines are prominently expressed and involved in
S. mansoni egg antigen-driven pulmonary granulomatous
responses.35,51 In the present study, we examined a
large panel of CC and CXC chemokine ligands at day 8
after egg challenge in the control IgG and antibodytreated groups. We observed that anti-CCL17 antibody
treatment significantly increased whole lung levels of
CCL3, CXCL5, CXCL10, and CXCL13 protein compared
with the control and anti-CCL22 antibody treatment
groups (Figure 8). Thus, the immunoneutralization of
CCL17 significantly increased the levels of CC and CXC
chemokine ligands in the egg-challenged lung.

Hydroxyproline Levels in Lung Homogenates
from Anti-CCL17 and Anti-CCL22 AntibodyTreated Mice
Peri-oval and lung fibrosis are prominent features of granulomatous response to S. mansoni eggs.50,52 This response is driven by Th252–54 and regulated by Th155
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Figure 9. Whole lung hydroxyproline at day 8 after S. mansoni egg infusion
into S. mansoni-sensitized mice that received control IgG, anti-CCL17 antibody, or anti-CCL22 antibody (bottom). Whole lung samples were processed as described in the Materials and Methods section. Data are mean ⫾
SEM of n ⫽ 5 per group. Dashed line at bottom indicates mean hydroxyproline in S. mansoni-sensitized mouse lungs immediately before egg
infusion (7.9 ⫾ 1.5 g/mg protein) *, P ⱕ 0.05 compared with hydroxyproline levels detected in whole lung samples removed from the IgG-treated
group at day 8 after S. mansoni egg embolization.

cytokines. Biochemical analysis of hydroxyproline levels
in whole lung samples is routinely used to assess the
degree of peri-oval and lung fibrosis evoked by S. mansoni eggs. The impact of anti-CCL17 and anti-CCL22
antibody treatments on the pulmonary fibrotic response
elicited during the egg granulomatous response is shown
in Figure 9. The highest whole lung hydroxyproline levels
were measured in the control IgG and the lowest levels of
whole lung hydroxyproline were measured in the antiCCL17 antibody group (Figure 9). Statistically significant
differences were observed between the antibody treatment groups and the control IgG group at the day 8 time
point after egg embolization (Figure 9). Thus, CCL17 and
CCL22 contribute to the fibrotic response elicited by S.
mansoni egg embolization into S. mansoni-sensitized
mice.

Discussion
Although CCL17, CCL22, and CCR4 have all been shown
to be associated with clinical diseases associated with a
strong Th2 response such as allergy and asthma, the
relative role of these CC chemokines and CCR4 in experimental Th2 diseases remains controversial. Consequently, debate persists as to whether CCR4 and/or its
ligands should be targeted in these diseases.56 In the
present study, we addressed the relative roles of CCL17
and CCL22 in a heavily skewed Th2-type granuloma
response elicited by the intravenous infusion of S. mansoni eggs into S. mansoni-sensitized mice. Examination of
this secondary granuloma model has revealed the critical
role for Th2 cytokines38,52,57 and CCL237 in the development of these aggressive granulomas. First, we observed
that CCL22 and CCR4 levels were markedly increased
during the course of this pulmonary granulomatous response. Next, we observed that the immunoneutralization

of CCL22, more so than CCL17, resulted in changes in
several parameters associated with the formation of egg
granulomas in S. mansoni-sensitized mice. These parameters included the presence of CCR4, granuloma size, eosinophil content of the granulomas, whole lung cytokine
levels, and the fibrotic response around the egg granuloma.
Together, these data show that CCL22 and CCL17, to a
lesser extent, are integrally involved in the Th2-driven granuloma response elicited by S. mansoni eggs.
Cellular sources of CCL17 and CCL22 have been extensively examined and it is widely accepted that both
chemokines are generated by immune cells27,58,59
whereas nonimmune cells generate CCL17 but not
CCL22.28 The induction of CCL17 and CCL22 in immune
cells has been shown to be dependent on the presence
of Th2 cytokines such as IL-4 and IL-13, but it has been
shown that IFN-␥ is also a potent stimulus for CCL17
synthesis by bronchial epithelial cells.12,60 This effect of
IFN-␥ may be restricted to bronchial epithelial cells because airway smooth muscle cells26 and fibroblasts25 do
not appear to increase CCL17 synthesis in response to
this Th1 cytokine. In addition, we observed that IFN-␥
significantly decreased CCL17 synthesis by murine pulmonary fibroblasts grown from day 8 S. mansoni eggchallenged lungs. However, the ability of IFN-␥ to regulate
CCL17 production lends support to its immunomodulatory
role recently elucidated by Katakura and colleagues.61
They recently showed that CCL17, collaboratively with IL10, is a potent inhibitor of the generation and activation of
classically activated macrophages (ie, those macrophages
critical to antimicrobial innate immunity). The selective generation of CCL17 by structural cells such as fibroblasts may
provide a protective mechanism to prevent overt activation
of macrophages, and possibly other immune cells, in its
environment. In the present study, we observed that CCL22
but not CCL17 levels were increased during the course of
the egg granulomatous response, and this finding is consistent with those of Qui and colleagues34 who showed a
marked increase in CCL22 protein levels during schistosomal antigen-elicited pulmonary granuloma formation. However, these investigators did not examine changes in
CCL17 protein in their study. The selective increase in
CCL22 in the S. mansoni egg granuloma model may reflect
the fact that CCL22-generating immune cells were recruited
to the lung, or that the resident immune cells were induced
to generate this chemokine. Both scenarios are possible,
but our in vitro data showed that the spontaneous release of
both CCL17 and CCL22 was significantly increased by lung
macrophages isolated from day 8 S. mansoni egg-challenged lungs versus the same number of macrophages
from naı̈ve lungs.
Numerous investigations have documented that CCR4
is expressed on T cells; not only Th28,28,62 but also other
T-cell subsets.30,31,63– 65 Although considerable attention
has given to T-cell expression of this chemokine receptor,
more recent studies have elucidated CCR4 expression
on a wide array of immune and nonimmune cells.66,67
Using immunohistochemistry, we observed in the present
study that resident alveolar macrophages in the naı̈ve
lung stained intensely for CCR4 but other resident cells
including bronchial epithelium and smooth muscle were

CCR4 Ligands and Lung Granuloma Formation 1219
AJP October 2004, Vol. 165, No. 4

negative. The resident lung phagocytic macrophage is a
key cell in the formation and maintenance of the egg
granulomatous response34 so it is perhaps not surprising
that this cell is equipped to immediately respond to
CCL17 and CCL22 in the context of lung inflammatory
events.
Numerous studies have shown the therapeutic effect of
immunoneutralizing either CCL17 or CCL22 during allergic or Th2-cytokine-driven lung inflammation in mice.
Specifically, it has been shown that targeting either
CCL1718 or CCL2219 with specific antibodies attenuated
ovalbumin-induced airway eosinophilia and diminished
the degree of airway hyperresponsiveness. The immunoneutralization of CCL17 also decreased Th2 cytokine
levels.18 Later studies indicated that CCL22 was responsible for progressive increase in CCR4-positive cells in
more chronic allergic airway responses to ovalbumin.22
The relative role of CCL17 and CCL22 in these responses
has been questioned by other data showing that targeting CCR4 either by gene deletion20 or specific antibody21
fails to prevent the development of allergic airway responses although CCR4 does appear to be involved in
the maintenance of chronic allergic responses to Aspergillus fumigatus.23 The present study confirmed that
CCL22 and CCL17, in part, are critical for the development of aggressive Th2 granulomatous responses in the
lung. However, our studies also point to immunomodulatory effects of CCL17 that may explain the lack of antiinflammatory effect observed in acute allergic airway
models in which CCR4 was targeted. In our hands, the
immunoneutralization of CCL17 clearly augmented a
number of Th2 cytokines that can participate in Th2 responses but at least in the context of the S. mansoni egg
granulomatous response, this increase was balanced by
a concomitant increase in IL-12, which is a potent downregulator of the granulomatous response.41,55 In addition,
anti-CCL17 antibody treatment significantly increased
whole lung levels of certain CC and CXC chemokine
ligands such as CCL1, CXCL5, CXCL10, and CXCL13.
Specifically, the profound increases in whole lung
CXCL10 and CXCL13 levels after anti-CCL17 antibody
treatment are interesting and require further investigation.
CXCL10 is a potent Th1-associated chemokine68
whereas CXCL13 is the major chemoattractant for B cells,
which can induce the apoptosis of CD4(⫹) T cells during
schistosomal granuloma responses.69 In contrast, the
immunoneutralization of CCL22, which had the most dramatic effect on all granulomatous parameters examined
selectively increased IFN-␥. Thus, although CCL17 and
CCL22 have demonstrable regulatory effects on the secondary granulomatous response to S. mansoni eggs, it is
plausible that the mechanism through which this regulation is achieved differs markedly between the two CCR4
ligands.
CCL17 appeared to have a greater effect than CCL22
on the presence of extracellular matrix within the granulomatous lung. Although it is not know whether either
chemokine directly activates pulmonary fibroblasts to
generate collagen, both chemokines have been shown to
regulate the movement of eosinophils into the lung.18,19
Human70 and mouse71 eosinophils express CCR4 partic-

ularly during an allergic inflammatory response, and
these cells have been implicated in experimental and
clinical fibrotic responses in the lung.72 In the present
study, we observed that the immunoneutralization of either CCL17 or CCL22 significantly reduced the eosinophilia associated with the egg granuloma. The relative
contribution of recruited eosinophils to the fibrotic response in granulomas requires further investigation but it
is possible that the absence of these cells in the egg
granuloma modulated the fibrotic response evoked in this
model.
Thus, the present study demonstrates the relative roles
for CCL17 and CCL22 during the development of secondary S. mansoni egg granulomas in S. mansoni-sensitized mice. CCL22 appeared to have a more important
role than CCL17 in the granulomatous response studied
herein, presumably because this chemokine did not appear to have the same immunomodulatory properties as
CCL17. In addition, it has recently been reported that
CCL22 was a potent and rapid inducer of CCR4 internalization, whereas CCL17 did not induce the same effect.73
The authors of this study speculate that CCL17’s effects
may be limited to the endothelial surface where its interaction with CCR4 may be important in vascular recognition whereas CCL22 may exert its major effects within the
tissue microenvironment where its interaction with CCR4
guides the localization of various immune cells.73 Regardless of their exact roles, both chemokines appeared
to be important in the egg granulomatous response and
thus both chemokines may be important targets in pathological granulomatous responses that exhibit a type-2
cytokine phenotype in the lung.
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