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Role of CCL7 in Type I Hypersensitivity Reactions in Murine
Experimental Allergic Conjunctivitis

Chuan-Hui Kuo,* Andrea M. Collins,* Douglas R. Boettner,* YanFen Yang,* and
Santa J. Ono* ™!

Molecules that are necessary for ocular hypersensitivity reactions include the receptors CCR1 and CCR3; CCL?7 is a ligand for these
receptors. Therefore, we explored the role of CCL7 in mast cell activity and motility in vitro and investigated the requirement for
CCL7 in a murine model of IgE-mediated allergic conjunctivitis. For mast cells treated with IgE and Ag, the presence of CCL7
synergistically enhanced degranulation and calcium influx. CCL7 also induced chemotaxis in mast cells. CCL7-deficient bone
marrow—derived mast cells showed decreased degranulation following IgE and Ag treatment compared with wild-type bone
marrow—derived mast cells, but there was no difference in degranulation when cells were activated via an IgE-independent
pathway. In vivo, CCL7 was upregulated in conjunctival tissue during an OVA-induced allergic response. Notably, the early-
phase clinical symptoms in the conjunctiva after OVA challenge were significantly higher in OVA-sensitized wild-type mice than
in control challenged wild-type mice; the increase was suppressed in CCL7-deficient mice. In the OVA-induced allergic re-
sponse, the numbers of conjunctival mast cells were lower in CCL7-deficient mice than in wild-type mice. Our results dem-
onstrate that CCL7 is required for maximal OVA-induced ocular anaphylaxis, mast cell recruitment in vivo, and maximal
FceRI-mediated mast cell activation in vitro. A better understanding of the role of CCL7 in mediating ocular hypersensitivity

reactions will provide insights into mast cell function and novel treatments for allergic ocular diseases.
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cular allergies affect ~20% of the United States pop-
O ulation (1, 2). Mast cells, which originate in the bone
marrow, play a critical role in allergic pathogenesis. In
subsequent exposures following sensitization, cross-linking of
allergen to IgE bound to FceRI triggers signaling cascades that
lead to activation of kinases, phosphatases, and GTPases. These
enzymes induce degranulation and subsequently cause mast cells
to release inflammatory mediators, including those already pre-
formed in the cell (e.g., histamine, leukotrienes, and proteases)
and others that are newly synthesized upon cell activation (e.g.,
cytokines, chemokines, and growth factors) (3, 4).
A growing body of evidence suggests that costimulatory
molecules can enhance FceRI-mediated mast cell activation.
CC chemokines are key regulators of the early and late effector
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phases. Chemokines and their receptors are essential mediators
in allergic reactions, because they control leukocyte migration
and activity (5). Chemokines are highly expressed in a variety
of allergic diseases, and polymorphisms in the genes encoding
chemokines and their receptors may be risk factors for allergic
diseases (6). Two CCLs, CCL3/MIP-1a and CCL11/eotaxin-1,
appear to have critical roles in regulating mast cells in ocular
allergy. These ligands bind to CCR1 and CCR3, respectively,
exerting effects on the maturation and activation of mast cells
(7, 8).

CCL11 does not induce mast cell degranulation (7, 9, 10), but it
does promote mast cell differentiation (11). We reported that mice
deficient for CCL11 or treated with a neutralizing Ab to this
chemokine displayed reduced mast cell degranulation and im-
paired immediate hypersensitivity responses (12). Furthermore,
mice deficient for CCR3 showed reductions in early-phase allergic
symptoms, vascular leakage, and conjunctival eosinophil recruit-
ment in a mouse model of allergic conjunctivitis (13-15).

In contrast to CCL11, CCL3 acts as a classical costimulatory
factor, binding to CCR1 and enhancing FceRI-mediated mast
cell activation. CCL3 was reported to stimulate human mast cell
degranulation in vitro (16) and murine mast cell degranulation
in vitro and in vivo (7, 17). We found that treatment of mast
cells with CCL3 and Ag results in greater degranulation than
does cross-linking of FceRI alone (8, 17). Mice in which CCL3
is deficient or neutralized fail to display typical allergic symp-
toms after ocular exposure to allergen. In other allergic diseases,
mice deficient for CCR1 display reduced inflammatory responses
(18-20), and treatment with a CCR1 antagonist reduced in-
flammation in a mouse model of allergic asthma (21). CCR1 is
expressed by conjunctival mast cells, and subconjunctival in-
jection of CCL3 increases conjunctival mast cell number and
degranulation in vivo (7). The conjunctival mast cells in these
mice displayed decreased degranulation compared with mast
cells in wild-type mice (7).
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Most analyses of FceRI signaling focused on stimulation of the
IgE receptor alone; the cellular events occurring in response to
costimulation remain largely unexplored. We demonstrated pre-
viously that immediate cellular responses to costimulation of
CCR1 and FceRI include phosphorylation of p38 MAPK and
production of the intermediate filament vimentin (22). We are
particularly interested in the chemokines and cytokines produced
in response to mast cell activation and identified genes that are
upregulated in response to costimulation of FceRI and CCR1 on
mast cells. CCL7 was upregulated very strongly in our study (23).
CCL7, previously known as monocyte-specific CCL3/MCP-3,
belongs to the MCP subfamily of CCLs. CCL7 binds to CCRI1,
CCR2, and CCR3, is expressed at multiple sites of inflammation,
and is produced by monocytes, fibroblasts, endothelial cells, and
mast cells (24-26). Several studies suggest that CCL7 may be
involved in vascular pathologies in which proliferation of smooth
muscle cells plays an important role (27). CCL7 was shown to
activate monocytes, basophils, and eosinophils, and it acts as a
chemoattractant for a variety of cells, including those associated
with allergy (e.g., monocytes, memory T lymphocytes, eosino-
phils, basophils, dendritic cells, and NK cells) (28-30). CCL7 was
further linked to the pathology of a variety of allergic and in-
flammatory disease, including asthma (31, 32), airway inflam-
mation in response to oxidative stress (33), aspirin allergy (34),
and allergic rhinitis (35). CCL7 production is increased in mice
that develop allergic lung inflammation in response to Arizona
sand dust (36) and in mice challenged with respiratory allergens
(37). CCL7 recruits neutrophils as part of airway inflammation in
response to oxidative stress (33), and pretreatment of mice with
anti-CCL7 reduces the inflammation and eosinophilia associated
with respiratory allergy (37).

Although mast cells produce CCL7 and express receptors for
CCL7, the role of this chemokine in regulating mast cell function is
poorly characterized, and CCL7-deficient mice have yet to be used
for studies of allergic diseases. In this study, we hypothesize that
CCL7 is essential for maximal mast cell activation and recruitment
and that CCL7 contributes to the development of allergic con-
junctivitis symptoms in vivo. This hypothesis was tested using a rat
basophilic leukemia (RBL)-2H3 cell line expressing CCR1 and
bone marrow—derived murine mast cells that endogenously ex-
press CCRs, as well as by comparing symptoms of experimental
conjunctivitis between wild-type and CCL7-deficienct mice.

Materials and Methods

Animals

CCL7~"~ mice were obtained from the Jackson Laboratory (Bar Harbor,
ME) and were maintained inbred on the C57BL/6J background. Age- and
sex-matched wild-type animals were maintained under identical condi-
tions. The present study conformed to all regulations for laboratory animal
research outlined by the Animal Welfare Act, National Institutes of Health
guidelines, and the Association for Research in Vision and Ophthalmology
statement regarding the experimental use of animals and was approved by
Cincinnati Children’s Hospital Medical Center Committee on Animal
Welfare.

Cell culture

RBL-CCRI cells and RBL-2H3 cells (ATCC CRL-2256) (38) were
maintained as monolayers in DMEM (+4500 mg/1 glucose, +GlutaMAX,
+pyruvate) supplemented with 15% FBS and 100 U/ml penicillin and
streptomycin. The cells were maintained at 3.5 X 10> cells per milliliter
and cultured at 37°C in 5% CO,. Culture medium was refreshed every 3 d.
Geneticin (G-418 sulfate, 1 mg/ml) was added to the medium of RBL-
CCRI1 cells, as described previously (8). To generate primary bone
marrow—derived mast cells (BMMCs), low-density mononuclear cells
were isolated from CCL7 /" and wild-type mice and cultured in RPMI
1640 medium containing 10% FBS, 2 mM glutamine, 100 U/ml penicillin, 10
ng/ml streptomycin, 0.1 mM nonessential amino acids, 50 uM 2-ME, and

10 mM HEPES in the presence of 20 ng/ml recombinant murine IL-3 and 10
ng/ml recombinant murine stem cell factor (both from PeproTech) for 4-6 wk
(39). Tissue culture media and cell culture supplements were from Life
Technologies, Invitrogen.

Cell phenotype was characterized by morphological examination after
staining with toluidine blue or Giemsa stain (Diff-Quik) on Cytospin slides
and by flow cytometry following staining with FITC-conjugated anti-FceRI
(eBioscience, San Diego, CA) and PE-conjugated anti—c-Kit (BioLegend).
More than 90% of cultured cells were double positive for the mast cell
markers FceRI and c-Kit. Data were analyzed using FlowJo software
(TreeStar, San Carlos, CA).

Induction and clinical evaluation of experimental allergic
conjunctivitis

To induce experimental allergic conjunctivitis (EAC), mice were sensitized
and challenged using an established protocol. In brief, mice were sensitized
three times with 50 g of OVA (grade V; Sigma-Aldrich) and 1 mg of
aluminum hydroxide (Thermo Scientific) in 200 wl of sterile saline, using
i.p. injections spaced 2 wk apart. Five weeks after the initial sensitization, a
final challenge of 5 pl of saline, with or without 500 pwg of OVA, was
administered as eye drops. Control mice were mock sensitized in a similar
manner using alum in saline and challenged using Ag solution. After the
final challenge, four clinical responses were evaluated within the first
30 min and graded from O to 4, using defined criteria, by an ophthal-
mologist blinded to the treatment condition for each mouse (7). The cu-
mulative clinical score was the sum of the scores for each of these four
parameters (0—16).

Degranulation assay

RBL-CCRI cells were cultured (4 X 10* cells per well) in DMEM culture
media (Thermo Scientific) containing 10% FBS (Atlanta Biological), with
or without 25 ng/ml anti-DNP IgE mAb (SPE7; Sigma-Aldrich), in a flat-
bottom 96-well tissue culture plate overnight at 37°C. Subsequently, cells
were washed twice with serum-free DMEM containing 0.1% BSA (Sigma-
Aldrich) and stimulated or not for 20 min with 10 ng/ml DNP-human
serum albumin (DNP-HSA; Sigma-Aldrich) and/or various concentrations
of recombinant human CCL7 (R&D Systems) at 37°C. For BMMCs,
100 ng/ml DNP-IgE, recombinant mouse CCL7 (R&D systems), and
Tyrode’s solution were used. In some experiments, BMMCs were stimu-
lated using different concentrations of calcium ionophore (0-10* nM;
Sigma-Aldrich) for 20 min. After the stimulation, (3-hexosaminidase ac-
tivity in the supernatants was measured with 4-Nitrophenyl N-acetyl-3-D-
glucosaminide (Sigma-Aldrich) in 0.1 M sodium citrate buffer (pH 4.5) for
60 min at 37°C. The reaction was stopped by the addition of 0.2 M glycine
buffer (pH 10.5). The release of 4-p-nitrophenol was detected by absor-
bance at 405 nm. Total B-hexosaminidase activity was determined by
lysing the cells in DMEM containing 0.1% Triton.

Calcium influx measurements

BMMCs were harvested and resuspended in standard culture medium,
with or without 100 ng/ml IgE. After overnight culture at 37°C, the cells
were harvested, washed with HEPES buffer, and incubated with 1 uM
Fluo-4 AM (Molecular Probes), a calcium-sensitive fluorescent dye, for
60 min at 37°C. Cells were washed twice and suspended at 1 X 10° cells
per milliliter in a calcium-free assay solution. Twenty-second mea-
surements were collected prior to and immediately after the addition of
10 ng/ml DNP-HSA in the presence or absence of 10-100 ng/ml
recombinant mouse CCL7. The subsequent release of internal stores
of calcium was detected by assessing Fluo-4 fluorescence using a
FACSCanto II flow cytometer (BD Biosciences, San Diego, CA) with
excitation at 488 nm and emission at 520 nm. Data were analyzed using
FlowlJo software.

Chemotaxis assay

The assay was performed using 24-well Transwell cell culture chambers
with 8.0 and 5.0 wm pore size (Corning Glass). RBL-CCR1 cells and
BMMCs (1 X 10° cells/ml) were sensitized for 6 h with 25 and 100 ng/ml
anti-DNP-IgE, respectively. After washing, the sensitized cells (2 X 10*
cells in 100 wl of DMEM containing 0.5% BSA) were seeded in the upper
compartment, and the lower compartment was filled with 500 wl of the
same medium containing rCCL7. The chambers were incubated for 4 h at
37°C in 5% CO,. The reaction was stopped by adding cold PBS containing
2% paraformaldehyde. The number of cells that passed through the
membrane was quantified by staining with 0.4% trypan blue (Life Tech-
nologies, Invitrogen) and counting the number of cells present in at least
four microscopic fields at 400X magnification.
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ELISA

CCL7 and histamine were measured using a mouse MCP-3 Instant ELISA
kit (eBioscience) and a histamine ELISA kit (Beckman Coulter), respec-
tively. Total IgE, OVA-specific IgE, or OVA-specific IgG; in serum was
measured using a Mouse IgE ELISA kit (eBioscience), an OVA-IgE
ELISA kit (MD Bioproducts), or an OVA-IgG; ELISA kit (Alpha Diag-
nostic), respectively.

RNA extraction and quantitative real-time PCR

Total RNA was extracted using TRIzol Reagent (Invitrogen) and treated with
DNase I (QIAGEN) before reverse transcription using the iScript cDNA Syn-
thesis Kit (Bio-Rad), as per the manufacturer’s instructions. Real-time RT-PCR
was conducted using cDNA (20 ng), iQ SYBR Green Supermix (Bio-Rad), and
the following individual primer sets: /16, 5'-AATTCGGTACATCCTCGACGG-
3" (forward), 5'-GGTTGTTTTCTGCCAGTGCC-3’ (reverse); Ccl7, 5'-
TGTCCTTTCTCAGAGTGGTTCT-3" (forward), 5'-TGCTTCCATAGGGA-
CATCATA-3' (reverse); /l4 (encoding IL-4), forward 5'-CTGTAGGGCTTC-
CAAGGTGCTTCG-3', reverse 5'-CCATTTGCATGATGCTCTTTAGGC-3';
1113 (encoding IL-13), forward 5’-CATGGCGCTCTGGGTGACTG, reverse
5'-CGGCCAGGTCCACACTCCATAC-3'; and the housekeeping gene Actb,
forward 5’-CGATGCCCTGAGGCTCTTTTCC-3', reverse: 5'-CATCCTGT-
CAGCAATGCCTGGG-3'. Primers corresponding to Ccl2, Ccl3, Ccl4, and
Gapdh were described previously (40). All primers were synthesized
by MWG-Biotech. Fold changes were calculated after normalization
to endogenous Gapdh using the comparative Ct method of relative
quantification (41).

Western blotting

RBL-CCRI cells and BMMCs were sensitized and then stimulated or not for 5
or 15 min with 10 ng/ml DNP-HSA (Sigma-Aldrich) and/or various con-
centrations of recombinant human CCL7 (R&D Systems) at 37°C. Total ex-
tracts of RBL-CCRI1 cells were prepared in mammalian protein extraction
reagent (M-PER and NE-PER; Pierce Chemical, Rockford, IL) containing
protease inhibitors (cOmplete, Roche Diagnostic). BMMCs were prepared in
RIPA lysis buffer containing protease and phosphatase inhibitors (Thermo-
Fisher, Florence, KY). Protein concentrations were determined using a BCA
Protein Assay Kit (Pierce). Equal amounts of RBL-CCR1 protein were sep-
arated using a 12% polyacrylamide SDS gel and transferred to a polyvinyli-
dene fluoride membrane (both from Bio-Rad). After 1 h of blocking in 5%
milk/TBS-Tween (0.1%), the membrane was incubated overnight at 4°C with
rabbit polyclonal anti-B actin (ab8227; Abcam, Cambridge, MA), rabbit
polyclonal anti—phospho-Akt (Ser*’?), or rabbit polyclonal Akt (Cell Signaling
Technology) Ab. Then the membrane was incubated with HRP-conjugated
anti-rabbit IgG (Cell Signaling Technology). Protein expression was visualized
using ECL chemiluminescent substrate (Pierce). Equal amounts of protein
from BMMCs were separated using a 4-12% Bis-Tris Gel (NuPAGE Novex;
Invitrogen) and transferred to a Nitrocellulose Pre-Cut Blotting Membrane
(Invitrogen). After 1 h of blocking in Odyssey Blocking Buffer (TBS)
(LI-COR), the membrane was incubated overnight at 4°C with rabbit Eo]y—
clonal anti—B-actin (Abcam), rabbit polyclonal anti-phospho-Akt (Ser*”), or
rabbit polyclonal Akt Ab (both from Cell Signaling Technology). Then the
membrane was incubated with IRDye 800CW goat anti-rabbit secondary Abs
(LI-COR). Protein expression was visualized using a scanner, and data were
analyzed with Image Studio Lite software (both from LI-COR).

Flow cytometric analysis

Cells were blocked with unconjugated anti-FcyRII/IIT (2.4G2; BD Biosci-
ences) and stained with FITC-conjugated anti-mouse FceRla (eBioscience),
PE-conjugated anti-mouse CD117 (c-Kit) (BioLegend), FITC-conjugated
anti-mouse CCR1 (BD Biosciences), or FITC- and PE-conjugated isotype-

FIGURE 1. CCL-7 synergistically induces de- 100 7
granulation in RBL-CCRI1 cells and mouse
BMMCs. RBL-CCR1 cells and BMMCs were
cultured or not with 25 or 100 ng/ml anti-DNP IgE
for 16 h and then stimulated for 20 min with or
without 10 ng/ml DNP-HSA and six concentrations
of recombinant human or mouse CCL7. 3-hexos-
aminidase activity was measured. Data are mean *+
SEM and are representative of four separate ex-

Net degranulation (% of total)
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matched control Ig (eBioscience). Cells were analyzed using FACSDiva (BD
Biosciences), and data were analyzed with FlowJo software.

Histological analyses

After sensitization and stimulation with rCCL7, RBL-CCRI1 cells were
fixed with 4% paraformaldehyde for 20 min. Then cells were washed with
PBS and permeabilized with PBS containing 0.2% Triton X-100. After
blocking with PBS containing 0.5% BSA, the cells were stained with
0.1 pg/ml tetramethylrhodamine (TRITC)-conjugated phalloidin (Sigma-
Aldrich) for 30 min. Harvested eyes (including conjunctivas and eyelids)
were fixed in 10% formaldehyde and embedded in paraffin, ensuring a
cross-sectional orientation of all tissues. Sections (5 wm thick) were cut
and stained metachromatically with 0.1% toluidine blue or naphthol AS-D
chloroacetate esterase cytochemical. Mast cells in the lamina propria
mucosae of the tarsal and bulbar conjunctivas were counted by blinded
observers (42). The number of mast cells per square millimeter was de-
termined using computer-generated image analysis (Image-Pro Plus; Me-
dia Cybernetics, Silver Spring, MD). For CCL7 detection in conjunctival
tissue, ocular sections were stained with goat polyclonal anti-MCP-3 Ab
(Santa Cruz Biotechnology) at 4°C overnight and then with Alexa Fluor
555-conjugated donkey anti-goat IgG (Invitrogen) for 1 h at room tem-
perature. For detection of mast cell-inducing mouse (m)MCP-4 in con-
junctival tissue, ocular sections were stained with goat polyclonal anti—
mMCP-4 (MyBioSource) and anti-FceRI at 4°C overnight and then with
Alexa Fluor 555—conjugated donkey anti-goat IgG (Invitrogen) for 1 h at
room temperature. Coverslips were mounted using Anti-Fade Dapi-
Fluoromount-G (SouthernBiotech).

The extent of ruffling of each cell was scored by a researcher blinded to the
treatment conditions using a scale of 0 to 2, with 0 = no ruffles present, 1 =
ruffling confined to one area of the cell (no more than 25% of the cell’s cir-
cumference), and 2 = two or more discrete areas of the cell contain ruffles. One
hundred cells were assessed for each condition in three separate experiments.

Statistics

All analyses were performed with Prism 6.0 software (GraphPad, San Diego,
CA). Statistical significance comparing two experimental groups was de-
termined using the Student ¢ test. When comparing multiple experimental
groups, statistical differences were analyzed with one-way nonparametric
ANOVA and ANOVA; p < 0.05 was considered statistically significant. Data
are expressed as mean = SEM, unless otherwise stated.

Results
CCL-7 and Ag synergistically induce degranulation in
RBL-CCRI cells and mouse BMMCs

Because CCL7 is a ligand for CCR1, we examined whether CCL7
could stimulate CCR1 and contribute to mast cell activation in a
manner similar to that observed for another ligand, CCL3 (8). RBL-
CCRI cells and BMMCs derived from wild-type mice, which both
display characteristics of mucosal-type mast cells, express CCR1;
RBL-CCRI1 cells express CCR1 but no other CCRs, whereas
BMMCs cultured with stem cell factor express CCR1-5 (43). As
shown in Fig. 1, degranulation of both cell types was significantly
higher in the presence of Ag compared with the absence of Ag
(RBL-CCRI, 28.4 £ 0.8 versus 8.1 = 2.4%; BMMCs, 17.1 = 0.5
versus 2.5 * 0.02%; p < 0.01 for both). Significant enhancement of
degranulation was observed with the addition of CCL7 to Ag—
cross-linked RBL-CCR1 cells and BMMCs, starting at 10 ng/ml

o
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CCL7 conc. (ng/ml)

DNP-HSAconc. -¢- 0 ng/ml -& 10 ng/ml
*  kk 100 7
RBL-CCR1 BMMC
T g0
2
P
o
60 ke ok
c *k
o dok ok ok
] *k
E 40 A
ke
s .
9 20 _i*
o -
8 L
z '_./.""—_—.—_—.
r T " 01N T r T )
10° 10 10? 10° 0 10' 10? 10°

CCL7 conc. (ng/ml)



648

MAXIMAL IgE-DEPENDENT OCULAR HYPERSENSITIVITY REQUIRES CCL7

x>

control

700 | Ag
Ag#+ CCL710

Ag+ CCL7100

500

Fluo-4 relative fluorescence

300

B

Fluo4 fluorescence/F0
w

&
W
&
x

T e e S
Ot 400

Time(S)

T

600

o)

FIGURE 2. CCL-7 synergistically induces a significant increase in calcium influx in mouse BMMCs. Studies were performed with cultured BMMCs
loaded with Fluo-4 AM. Fluorescence was measured over time before and after treatment with DNP-HSA with and without recombinant mouse CCL7. (A)
Intracellular Ca®* transient release and dose-response curves to CCL7. The arrow indicates the time of addition of DNP-has, with or without CCL7. The
graph represents the average fluorescence intensity from cultured BMMCs. (B) The Fluo-4 ratio represents mean fluorescence after treatment (20-300 s)/
mean baseline fluorescence before treatment (0-20 s). Data are mean = SEM. The data shown are the average of the Fluo-4 ratio of four separate ex-
periments. These studies were performed in the absence of extracellular calcium. *p < 0.05 from four experiments.

for RBL-CCRI1 cells and at 0.1 ng/ml for BMMCs (Fig. 1). CCL7
induced a dose-dependent increase in the degranulation of RBL-
CCR1 cells and BMMC:s in the presence of Ag but not when Ag
was absent in RBL-CCR1 cells (Fig. 1). A similar pattern was ob-
served for calcium influx. A rise in intracellular calcium was ob-
served from O s to 10 min for BMMCs (Fig. 2A), and the cells
displayed a significant increase in calcium influx when costimulated
with Ag and CCL7 compared with Ag alone (Fluo-4 fluorescence/FO
ratio: 2.0 = 0.4 versus 3.3 = 0.3 or 3.7 = 0.3, p < 0.05; Fig. 2B). A
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free medium were transferred to the upper
compartment of a Transwell chamber; the
lower compartment was filled with serum-free
medium containing one of six concentrations
(0-100 ng/ml) of recombinant human or
mouse CCL7. Cells were incubated for 3 h
before quantifying the number of migrated
cells. (B) After sensitization with anti-DNP
IgE, RBL-CCRI cells were stimulated with 1
ng/ml recombinant human CCL7 or were
left unstimulated. Then cells were fixed and
processed for polymerized actin staining with
TRITC-conjugated phalloidin. Original mag-
nification X40. (C) Ruffling for individual
cells stimulated with control or CCL7 was
assessed. For each group, 100 cells were
counted per condition in three separate ex-
periments. Data are mean = SEM. *p < 0.05,
*#p < 0.01, ANOVA.
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similar degree of influx was observed for RBL-CCRI cells (data not
shown). Therefore, CCL7 might contribute to mast cell activation
through cross-talk between the CCR1-mediated signaling pathway
and the IgE receptor—mediated signaling pathway.

CCL7 induces chemotaxis of RBL-CCRI cells and mouse
BMMCs

CCL7 significantly and dose-dependently induced chemotaxis in
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FIGURE 4. The Akt inhibitor wortmannin inhibits Wortmannin (uM)
synergistic induction of degranulation by CCL7. (A)
After sensitization, RBL-CCR1 cells were treated
with wortmannin (10 wM) for 1 h before stimulation
with CCL7 (10 and 100 ng/ml), with or without Ag
(10 ng/ml), for 15 min. Cells were lysed, and Western
blotting was performed using Abs against total Akt
and phospho-Akt (Ser*’?). Data are from one repre-
sentative of two separate experiments. (B) After sen-
sitization, BMMCs were treated with wortmannin
(1 or 10 uM) or left untreated and then stimulated or
not for 20 min with 10 ng/ml DNP-HSA and/or
recombinant mouse CCL7. B-hexosaminidase activity
was measured as a reflection of degranulation. Data
are mean = SEM and are representative of three
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membrane in response to CCL7, even at 1 ng/ml; for 100 ng/ml,
a =7-fold increase was observed (Fig. 3A). Rearrangement of
the actin cytoskeleton is a crucial component of chemotaxis
(44, 45). When actin changes in RBL-CCRI cells were moni-
tored by staining with TRITC-labeled phalloidin, dramatic
membrane ruffling was observed within 60 s for CCL7-treated
cells compared with control-treated cells (Fig. 3B). The extent
of ruffling for each cell was scored, and the result showed that a
higher proportion of cells displayed maximal membrane ruf-
fling with CCL7 treatment compared with control (14 % 3.06

versus 74.67 = 4.98%, p < 0.01; Fig. 3C). The results indicate
that CCL7 acts as a chemoattractant for mast cells in vitro.

CCL7 synergistically induces activation of the Akt pathway in
RBL-CCRI cells

Numerous chemoattractants trigger activation of PI3K in leuko-
cytes. PI3K activation results in phosphorylation and activation of
Akt/protein kinase B, a molecule that transmits signals that
stimulate cell movement (46). Cross-linking of FceRI in mouse
mast cells also induces phosphorylation and enzymatic activation
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of Akt, and PI3K-mediated Akt signaling is necessary for FceRI-
mediated degranulation (47, 48). To determine whether PI3K
signaling pathways contribute to CCL7-induced mast cell activa-
tion, cells were treated with the PI3K/Akt inhibitor wortmannin
for 1 h prior to treatment with CCL7. The PI3K/AKT inhibitor
reduced levels of p-AKT associated with CCL7 treatment
(Fig. 4A) and completely abrogated degranulation of RBL-CCR1
cells treated with DNP-HSA alone or with DNP-HSA and CCL7
(20.1 = 2.8 versus 6.8 * 0.3% and 29.9 * 7.3 versus 7.1 = 1.1%,
respectively; p < 0.05 for both; Fig. 4B). The data suggest that the
activation of mast cells by CCL7 is through PI3K/Akt pathways.

CCL7-deficient BMMCs show impaired degranulation in
response to IgE-Ag stimulation

The potentiation of Ag-mediated degranulation may occur via
autocrine secretion of G protein—coupled receptor ligands, such as
CCLY7, resulting in activation of signaling pathways. To determine
whether autocrine CCL7 is required for optimal activation and
motility of mast cells, we generated BMMCs from CCL7 '~
mice. CCL7~/~ BMMCs and wild-type BMMCs displayed similar
morphology, proliferation during maturation, and expression of
the surface markers FceRI and c-Kit (Fig. 5A, 5C). Therefore,
CCL7 is unlikely to be involved in mast cell differentiation and
maturation. In contrast, degranulation induced by IgE-Ag was
significantly and dramatically reduced for CCL7 '~ BMMCs
compared with wild-type BMMCs (15.5 = 2.4 versus 31.1 *
2.6%, p < 0.05, Fig. 5D). To test possible autocrine secretion of
CCL7 through IgE-mediated activation in mast cells, we further
measured CCL7 release and expression during sensitization.

lonophore lnM)

CCL7 transcription was induced under sensitization (Fig. 6A).
CCL7 was also released continuously from 3 h to overnight by
mast cells under IgE sensitization compared with untreated cells
(Fig. 6B) (3 h: 121.6 = 18.21 versus 16.06 * 2.56 pg/ml; 6 h:
111.2 = 10 versus 7.04 = 0.43 pg/ml; 9 h: 88.9 = 10.19 versus
21.43 = 2.43 pg/ml; overnight: 173.3 = 17.84 versus 17.04 =
0.99 pg/ml, p < 0.05). To determine whether this is [gE-FceRI
pathway dependent, we also induced mast cell degranulation using
calcium ionophore; there was no difference between CCL7 '~
BMMCs and wild-type BMMCs (30.13 £ 3.52 versus 31.2 *
3.36%, p = 0.83, Fig. 6C). To determine whether Akt activity is
affected by CCL7 deficiency, its phosphorylation status was fur-
ther studied in CCL7 '~ BMMCs and wild-type BMMCs after
IgE sensitization and Ag cross-linking. Western blot analysis
showed that phosphorylation of Akt was reduced upon cross-
linking of the IgE receptor, whereas total Akt levels remained
constant (4.79 £ 0.50 versus 2.99 = 0.48%, p < 0.05, Fig. 6D).
Taken together, autocrine CCL7 production is critical for optimal
IgE-mediated activation of mast cells through PI3K/Akt pathways.

CCLY7 is upregulated during early-phase allergic responses in
an in vivo model of allergic conjunctivitis

To further examine the role of CCL7 in situ, we examined its
function in a model of EAC. In this model, an allergic reaction is
induced in mice by systemically immunizing with OVA and then
applying allergen locally via eye drops to the conjunctiva (Fig. 7A).
A 6-fold increase in the expression of conjunctival Ccl7 tran-
scripts was observed within 30 min of local allergen exposure
(p < 0.05 versus challenge with saline, Fig. 7B). Protein levels of
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challenge, and Ccl7 expression levels were examined
using real-time PCR. (C) Serum of mice was col-
lected for ELISA analysis at 3 h after the final
challenge. Data are mean = SEM for n = 5 (B) and
n = 10 (C) per group and are representative of four
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CCL7 in the serum of OVA-challenged mice were also increased
significantly compared with saline challenge (75.5 % 6.3 versus
244 * 6.2 pg/ml, p < 0.01, Fig. 7C). The CCL7 is likely pro-
duced by early-phase effector cells, because production of CCL7
by activated mast cells was reported (23). Neither CCL7 mRNA in
the conjunctiva nor CCL7 protein in the serum was detected in
CCL7-deficient mice (Fig. 7B, 7C). Histological analysis of CCL7
protein in ocular tissue showed widespread expression in OVA-
challenged conjunctivas of wild-type mice, with the strongest
intensity in the connective tissue, compared with ocular tissues
from saline-challenged or CCL7-deficient mice (Fig. 7D).

CCL7 ™"~ mice display markedly reduced clinical symptoms of
ocular allergy

To evaluate the role of CCL7 in mast cell function in vivo, we
compared acute-phase symptoms of ocular allergy in CCL7 '~ and
wild-type mice. Clinical symptoms of ocular allergy were scored
within 30 min of ocular challenge with OVA. Acute clinical
symptoms of immediate hypersensitivity, known to be medi-
ated by mast cells, were significantly suppressed in CCL7 '~
mice (Fig. 8A). Indeed, every symptom of clinical disease
(i.e., conjunctival edema, lid edema, redness, tearing, and
squinting) was reduced, albeit by differing degrees (data not
shown). CCL7 clearly contributes to optimal mast cell activity
in vivo. The low levels of histamine detected in the serum of
CCL7~'~ mice were similar to those in the serum of wild-type
mice (Fig. 8B), indicating the local nature of the allergic response.
The inductive phase of immune responses involves several bio-
logical pathways. Prior to secretion of allergen-specific IgE, Ag
processing and presentation, B cell maturation, and class switch-
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* %k *k A CCL-I,,L
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ing driven by Th2 cells must occur. Therefore, we examined the
synthesis of Igs in CCL7 '~ mice challenged with OVA. OVA
challenge resulted in significantly higher levels of total IgE, OVA-
specific IgE, and OVA-specific IgG; (all indicative of Th2
responses) in the serum of wild-type and CCL7 /"~ mice (Fig. 8C-E).
Surprisingly, total IgE and OVA-specific IgE concentrations were
significantly lower in the serum of OVA-challenged CCL7~'~ mice
compared with wild-type mice (p < 0.001), whereas OVA-IgG,
levels were comparable for the two mouse strains (Fig. 8E).
Therefore, the effects of CCL7 on Th2-driven Ab production are
restricted to the generation of IgE Abs.

Mast cell recruitment following allergen challenge is reduced
in CCL7™~ mice

To determine whether the mast cell chemotaxis response observed
in vitro is reflected in the in vivo mouse model of ocular allergy,
the number of mast cells in the ocular tissue of wild-type and
CCL7 '~ mice exposed to OVA was determined. A reduction in the
number of conjunctival mast cells was observed with toluidine blue
staining (33.4 £ 6.3 to 15.7 = 2.6 per square millimeter, p < 0.01,
Fig. 9A) and with chloroacetate esterase staining (Fig. 9B). No
statistically significant difference in the number of conjunctival
mast cells was observed between wild-type and CCL7 '~ mice for
saline-challenged eyes (11.14 * 2.4 versus 11.57 = 1.6 per square
millimeter, p = 0.34, Fig. 9A).

Mast cell activation induces degranulation and release of in-
flammatory mediators, including histamine, cytokines, proteo-
glycans, and proteases. Mast cell expression of neutral proteases
(mMCP-4, mMCP-5, mMCP-6, and carboxypeptidase A) is typi-
cally ascribed to the connective tissue mast cell (CTMC) subset
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FIGURE 8. CCL7 '~ mice have impaired
allergen-induced immediate hypersensitivity
reactions. Levels of IgE Abs, but not IgG; Abs,
are reduced in the serum of CCL7 ™/~ mice
with experimental allergen-induced conjuncti-
vitis. (A) Wild-type control mice and CCL7 ™~
mice were sensitized and challenged with OVA
or saline control. The allergen-induced clinical
symptoms (clinical scores, taking into account
conjunctival edema, lid edema, redness, tear-
ing, and squinting) were analyzed 15 min after
the final challenge as parameters of immediate
hypersensitivity. (B) Histamine levels in the
serum of the mice, obtained 3 h after the final
challenge, were analyzed by ELISA. The data
are representative of four separate experiments.
Levels of total IgE (C), OVA-specific IgE (D),
and IgG; (E) in the serum of saline-challenged
(control) or OVA-challenged wild-type and
CCL7™"~ mice were determined by ELISA.
Data are mean = SEM and are represen-
tative of four separate experiments (n = 6
per group). *p < 0.05, **p < 0.01, ANOVA. ns,
not significant.

(49). To further characterize local mast cells in the allergic con-
junctiva, we performed immunofluorescence staining to identify
mMCP-4—containing mast cells. A significant reduction in the
number of mMCP-4* mast cells was observed in the conjunctival
samples from CCL7 '~ mice compared with wild-type mice when
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exposed to OVA (8.83 £ 1.85 versus 21.22 *£ 1.77 per square
millimeter, p < 0.005, Fig. 10). No statistically significant dif-
ference in the number of mMCP-4" mast cells was observed be-
tween wild-type mice and CCL7 '~ mice challenged with saline
(4.57 = 1.56 versus 7.5 = 2.5 per square millimeter, p = 0.61,

FIGUREY. CCL7 '™ mice display reduced mast
cell recruitment in allergen-induced conjunctivitis.
Conjunctival tissue of wild-type control mice and
CCL7™'~ mice sensitized and challenged with
OVA and saline was harvested, fixed, serially sec-
tioned, and stained for mast cells using toluidine
blue or chloroacetate esterase staining. (A) Total
mast cell number was counted in toluidine blue—
stained conjunctival tissue 3 h after final Ag
or control challenge. (B) Chloroacetate esterase—
stained conjunctival tissue from OVA-sensitized
wild-type and CCL7~’~ mice was examined to
detect the localization of mast cells (red) (arrows)
3 h after the final Ag challenge. Original magnifi-
cation X10. Data are mean = SEM and are rep-
resentative of four separate experiments (n = 7 per
group). *p < 0.05, Student ¢ test.
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FIGURE 10. CCL7 '~ mice display reduced
numbers of mMCP-4" mast cells during allergen-
induced conjunctivitis. Conjunctival tissues of
wild-type control mice and CCL7™'~ mice, sensi-
tized and challenged with OVA or saline, were
harvested, fixed, serially sectioned, and stained for
mMCP-4, c-kit, and FceRI. (A) Conjunctival tissue
was examined to detect the localization of mMCP-4*
mast cells (green immunofluorescence) (arrows)
3 h after the final challenge with Ag or control in
OVA-sensitized wild-type and CCL7 ™'~ mice.
Original magnification X20, Blue, DAPI. (B)
mMCP-4* mast cell number was counted in con-
junctival tissues 3 h after the final challenge. Data
are mean * SEM and are representative of four
separate experiments (n > 5 per group). **p <
0.01, ANOVA.

Fig. 10B). Taken together, these data suggest that CCL7 contrib-
utes to recruitment of mast cells to the conjunctiva in mice ex-
periencing allergic hypersensitivity reactions.

CCL7™"™ mice display reduced levels of chemokines and
cytokines in allergen-induced conjunctivitis

Various chemokines and cytokines are synthesized upon activation
of mast cells via cross-linking of FceRl (40, 50). To examine
whether the absence of CCL7 affects the production of inflam-
matory mediators in allergic conjunctivitis, mRNA expression
of representative CCLs and cytokines was measured using real-
time PCR. In wild-type mice, expression of the chemokines Cc/2,
Ccl3, and Ccl4 and the cytokines /4, 1l6, and 1113 increased
following OVA challenge compared with control challenge in
OVA-sensitized mice (Fig. 11). For CC7~'~ mice challenged
with OVA, expression levels of Cci2, Ccl3, Ccl4, and 1l4 were
reduced significantly compared with wild-type mice; levels of 7/6
and /113 were comparable (Fig. 11). No significant differences in
expression were observed between control-challenged CCL7 '~
and wild-type mice. These data suggest that CCL7 deficiency
reduces the production of chemokines and cytokines and might,
by this mechanism, limit mast cell recruitment and possible mast
cell activation in allergic conjunctivitis.

Discussion

Development of better therapies for immunological disorders, such
as allergy, will require identification of mediators of IgE-dependent
mast cell activation. To our knowledge, this study is the first report
of CCL7’s contributions to mast cell function in allergen-induced
conjunctivitis. CCL7-mediated enhancement of mast cell activa-
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tion was observed for RBL-CCR1 cells, which express only one
CCL7 receptor, and for BMMCs, which express all three CCL7
receptors (CCR1, CCR2, and CCR3); this suggests that CCL7 acts
via CCR1 to enhance Ag-mediated mast cell activation. We fur-
ther demonstrated that CCL7 acts as a mast cell chemoattractant,
as well as an inducer of mast cell activation, and that CCL7-
mediated phosphorylation of Akt likely contributes to degranula-
tion. Akt is one of the major players of the signaling cascade; it
can be activated by G protein—coupled receptors that induce
production of phosphatidylinositol (3,4,5)-trisphosphates by PI3K
(48). Phosphorylation of Akt at Ser*”* stimulates full enzymatic
activity. In this study, CCL7 increased Akt phosphorylation in
mast cells, and wortmannin, a specific inhibitor of PI3K, signifi-
cantly attenuated Akt phosphorylation and degranulation of mast
cells in the presence of Ag and CCL7. Previously, we found that
CCL3 synergistically enhances FceRI-mediated expression of
cytokines and chemokines (e.g., CCL2, CCL7, TNF-«, and IL-6)
by mast cells. CCL7 is strongly upregulated in mast cells that are
stimulated by FceRI cross-linking alone and, to a greater extent,
by costimulation of FceRI and CCR1 (1, 23), which suggests
autocrine contributions of CCL7 to mast cell function. Cultured
CCL7~’~ BMMCs expressed surface markers of mast cells, and
there was no proliferation difference during maturation between
wild-type and CCL7~'~ BMMCs; therefore, CCL7 might not be
critical for mast cell differentiation. However, the induction of
CCL7 during mast cell sensitization and the decreased degranu-
lation observed for mast cells lacking CCL7 suggest that autocrine
CCL7 is essential for mast cell activation. The reduction in Akt
phosphorylation observed in Ag—cross-linked mast cells lacking
CCL7 suggests a role for autocrine CCL7 in mast cell function
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through activation of the PI3K/Akt pathway. Other investigators
reported that CCL7 alone did not stimulate degranulation (51) or
migration (52) of HMC-1 human mast cells or histamine release
by mouse peritoneal mast cells (53); however, our studies focus on
CCL7 in the presence of Ag, and mast cells from different tissues
are known to have different responses (54).

The reductions in allergic symptoms and mast cell recruitment
observed for CCL7-deficient mice provide a particularly com-
pelling argument for the importance of this chemokine in pro-
moting acute hypersensitivity reactions. The importance of CCL7
is further supported by the increase in its production observed in
wild-type mice exposed to ocular allergens. Serine proteinases with
trypsin-like (tryptase) and chymotrypsin-like (chymase) properties
are major constituents of mast cell granules. Humans express only
one mast cell chymase, whereas mature murine mast cells express
mMCP-1, mMCP-2, mMCP-4, and/or mMCP-5, depending on
tissue location, substrate specificity, and affinity for proteoglycans.
Mast cell expression of neutral proteases typically ascribed to the
mucosal mast cell subset (mMCP-1 and mMCP-2) or the CTMC
subset (mMCP-4, mMCP-5, mMCP-6, and carboxypeptidase) was
examined (49). We reported previously that mast cells in the
murine conjunctiva are CTMCs (55), a finding that was confirmed
in this study by immunostaining for mMCP-4. Expression of
mMCP-4 was reduced, as was expression of chemokines and
cytokines, in the allergic conjunctiva of CCL7-deficient mice. This
implies that CCL7 plays a critical role in the functions of mast
cells in vivo. Other investigators reported that CCL7 produced by
B cells facilitated the mobilization of monocytes from bone
marrow and triggered monocyte migration into injured heart tissue
(56). We found that mature and undifferentiated BMMCs were

E 18 [l Control
=2 W CCLT7+
% * *%
- 10
E
@
=
s 5 7
[}
m ‘l‘
™
S n [
control OVA
* 8
2
F * *
< 67
Z
E
[ 4 )
=
3 ' I
S o
OVA control OVA
*
*k
8 *%
ns = ns
3
< 81
=
['4
E 4
@
=
S 21
m ’l‘
bl
= 0 A
OVA control OVA

attracted to rCCL7 (data not shown), suggesting that CCL7 might
recruit mast cell progenitors from bone marrow to allergic tissues.

CCL7 was reported to be an important molecular effector of host
resistance to infection. CCL7 recruits IL-4* Th2 leukocytes to the
site of Leishmania infection and cooperates with CCL2 to regulate
IL-4 production during intracellular infection (57). CCL7 directly
regulates IL-4 through engagement of CCR2 on dendritic cells.
CCR2-deficient bone marrow—derived dendritic cells produce IL-4
and stimulate production of IL-4 by T cells (58). It is interesting
that CCL7 deficiency affected Ag sensitization (i.e., production of
allergen-specific IgE Abs) in our model of allergic conjunctivitis.
During allergic responses, activated mast cells and other cells
produce the Th2 cytokines IL-4 and IL-13, which bind to recep-
tors containing IL-4Ra on a variety of cells, including T cells,
B cells, monocytes, endothelial cells, epithelial cells, and fibro-
blasts. Upon binding of IL-4 or IL-13 to IL-4Ra, STAT6 is
phosphorylated. STAT6 function is critical for allergy, because
STAT6-deficient mice have impaired Th2 function and B cell class
switching to IgE (59). Numerous IL-4 and IL-13 gene variants
were associated with elevated IgE levels and atopic conditions,
including ocular allergy (6, 60). We also observed reduction of //4
expression in CCL7 '~ mice with EAC. CCL7 '~ mice might
have a defect in STAT6 activation or function, which would result
in decreased levels of allergen-specific IgE. This, in turn, would
manifest in depressed mast cell degranulation upon challenge,
because the level of mast cell receptor for Ag would be affected.
However, FceRI expression is comparable in the conjunctiva of
untreated CCL7 '~ and wild-type mice (data not shown), and
there was no difference in the level of OVA-IgG; in CCL7 '~
mice compared with wild-type mice; therefore, the impaired mast



The Journal of Immunology

cell activation may not entirely relate to levels of Ig. CCL7 defi-
ciency could decrease mast cell activation and clinical symptoms
in a direct or indirect manner. Ccl2, Ccl3, and Ccl4 were all re-
duced in CCL7 '~ mice with EAC. These chemokines are potent
mediators of chemotaxis for basophils, eosinophils, and mono-
nuclear cells (61, 62). They are also involved in the activation of
eosinophils and basophils during allergic inflammation (63).
CCL2 is produced by a wide variety of cells, including mast cells
(43), and a role for the CCL2/CCR2 axis in recruiting mast cell
progenitors was reported in the context of pulmonary inflamma-
tion (64). The reduction in expression of other CCLs as a result of
CCL7 deficiency supports a possible role for CCL7 in mast cell
activation and motility.

Mast cell activity may be increased in an autocrine fashion by
activating or secreting chemicals during the early-phase allergic
response or even at the sensitization phase, and factors secreted by
mast cells can influence other cell types that contribute to allergic
responses, particularly during the late phase. Future work should
address the potential involvement of CCL7 in late-phase reactions,
because CCL7 was reported to affect motility and activity of eo-
sinophils (28, 30).

In conclusion, we demonstrated that CCL7 plays roles in mast
cell motility and maximal FceRI-mediated mast cell activation
in vitro and is essential for the development of maximal acute
responses in allergen-induced conjunctivitis. The findings of these
studies will have important implications for chemokine-targeting
treatments of hypersensitivity responses.
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