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CCR8 leads to eosinophil migration 
and regulates neutrophil migration 
in murine allergic enteritis
Frank Blanco-Pérez   1, Yoichiro Kato2, Irene Gonzalez-Menendez3, Jonathan Laiño   1, 
Masaharu Ohbayashi4, Manja Burggraf5, Maren Krause1, Jörg Kirberg6, Yoichiro Iwakura   7,  
Manuela Martella3, Leticia Quintanilla-Martinez3, Noriyuki Shibata2, Stefan Vieths1, 
Stephan Scheurer1 & Masako Toda1,5,8

Allergic enteritis (AE) is a gastrointestinal form of food allergy. This study aimed to elucidate cellular 
and molecular mechanisms of AE using a murine model. To induce AE, BALB/c wild type (WT) mice 
received intraperitoneal sensitization with ovalbumin (an egg white allergen) plus ALUM and feeding an 
egg white (EW) diet. Microarray analysis showed enhanced gene expression of CC chemokine receptor 
(CCR) 8 and its ligand, chemokine CC motif ligand (CCL) 1 in the inflamed jejunum. Histological and FACS 
analysis showed that CCR8 knock out (KO) mice exhibited slightly less inflammatory features, reduced 
eosinophil accumulation but accelerated neutrophil accumulation in the jejunums, when compared 
to WT mice. The concentrations of an eosinophil chemoattractant CCL11 (eotaxin-1), but not of IL-5, 
were reduced in intestinal homogenates of CCR8KO mice, suggesting an indirect involvement of CCR8 
in eosinophil accumulation in AE sites by inducing CCL11 expression. The potential of CCR8 antagonists 
to treat allergic asthma has been discussed. However, our results suggest that CCR8 blockade may 
promote neutrophil accumulation in the inflamed intestinal tissues, and not be a suitable therapeutic 
target for AE, despite the potential to reduce eosinophil accumulation. This study advances our 
knowledge to establish effective anti-inflammatory strategies in AE treatment.

The prevalence of food allergy appears to have increased over the past decade. Food allergy causes clinical symp-
toms systemically and/or locally in cutaneous, respiratory, ocular, and gastrointestinal tissues1–3. Gastrointestinal 
forms of food allergy, which include allergic enteritis and colitis, are observed most frequently in pediatric 
patients with cow’s milk, or soy allergy, and also in adult patients allergic to other foods, including eggs of hens 
and wheat4,5. Biopsies have shown varying degrees of villous atrophy, tissue edema, crypt abscess formation, and 
eosinophil infiltration in the inflamed tissues of patients with allergic enteritis and colitis6. In addition to eosino-
phils, infiltration of lymphocytes, neutrophils, and/or mast cells has also been observed6,7. However, compared to 
other clinical phenotypes of food allergy, such as atopic dermatitis, allergic asthma, urticaria and anaphylaxis, the 
pathological mechanism underlying allergic enteritis is not well understood.

We previously established a murine model of allergic enteritis (AE) using ovalbumin (OVA, a major allergen 
of egg white) as model allergen8. To this end, BALB/c mice were sensitized intraperitoneally (i.p.) by injection 
with OVA in alum and challenged by intake of an egg white (EW) diet. The OVA-sensitized mice on the EW-diet 
exhibited clinical symptoms, e.g., weight loss, decrease in body temperature, and inflammation in the small intes-
tine8,9. To elucidate the molecular and cellular mechanism underlying AE, in this study, we performed a microar-
ray gene analysis using the described model. Microarray analysis showed that, among many others, the gene 
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expression of CC chemokine receptor 8 (CCR8) and its ligands, CC chemokine ligand 1 (CCL1, known as I309 in 
human and TCA3 in mice) was upregulated in inflamed intestinal tissues of AE mice.

Leukocyte trafficking is controlled by tissue-specific expression of chemokines and chemokine receptor 
expression on the cell surface of leukocytes10,11. CCR8 expression has been detected in various types of immune 
cells, including diverse subsets of T cells (Th1 cells, Th2 cells, and T-reg cells), monocytes, dendritic cells (DCs), 
macrophages and epithelial cells, in a tissue and inflammatory status-dependent manner12–17. Several studies 
showed an essential role of the CCR8/CCL1 axis in the recruitment of Th2 cells and the development of inflam-
mation in murine models of allergic asthma or atopic dermatitis18–24. Based on these studies, the potential of 
CCR8 antagonists to treat allergic asthma has been discussed25,26. However, the importance of CCR8 in allergic 
asthma has been debated, since additional studies have shown a dispensable role of CCR8 in the recruitment of 
Th2 cells into inflamed respiratory tissues of experimental mice27–29.

CCR8 also induced homing of skin IL-10 producing T cells to the inflamed tissue30. Yabe et al. showed that 
CCR8 regulates migration of DCs from the skin to the draining lymph nodes in inflammation related to contact 
allergy (Type IV allergy)31. The role of CCR8 in the development of AE remains to be elucidated. In the pres-
ent study, we aimed to assess the role of CCR8 in the development of AE using CCR8KO mice. We found that 
the absence of CCR8 engagement reduces expression of CCL11 (eotaxin-1) and eosinophil accumulation but 
enhances neutrophil accumulation in the AE tissues.

Materials and Methods
Animals.  BALB/c mice and CCR8KO mice (C.129P2-Ccr8tm1Yiw) on BALB/c N8 background31 were bred 
and maintained under pathogen free conditions in the animal facility of the Paul-Ehrlich-Institut. Animal exper-
iments were performed in compliance with national law approved by local authority: Regierungspräsidium 
Darmstadt (the Darmstadt Regional Administrative Council, Germany). License number is F107/1020.

Induction of AE.  Mice (female, 6 to 8 weeks old) were sensitized with 10 μg of OVA (grade V, Merck KGaA, 
Darmstadt, Germany) and 1 mg of ALUM (Thermo Fisher Scientific, Darmstadt, Germany) in 500 µl of PBS, or 
treated only with PBS or Alum by i.p. injection twice at a two-week interval8. Two weeks after the second sensiti-
zation, the mice were fed an EW-diet for 7 days as the longest. The EW diet is a pellet-based diet containing 100% 
EW as source of 20% of the protein8. The diets were prepared at ssniff Spezialdiäten GmbH (Soest, Germany).

Microarray analysis.  BALB/c mice were sensitized with OVA plus ALUM twice at two-week intervals 
and fed EW-diet, or a control casein (CN) diet containing a cow CN as source of 20% of the protein (ssniff 
Spezialdiäten GmbH) for 3 days (see immunization schedule in Fig. 1A). The jejuna were harvested from the 
mice and homogenized in Trizol reagent (Thermo Fisher Scientific, Bonn, Germany) for RNA extraction. RNA 
amplification, labelling, cRNA microarray hybridization, gene expression analyses and bioinformatics analyses 
were performed at Miltenyi Biotec Genomic Services (Bergisch Galdbach, Germany). To produce Cy3-labeled 
cDNA, RNA samples were amplified and labeled using the Agilent Low Input Quick Amp Labelling kit (Agilent 
Technologies, California, USA). The Cy3-labeled fragmented cDNA (1.65 µg) was hybridized overnight (17 hours, 
65 °C) to an Agilent Whole Mouse Genome Oligo Microarrays 4 × 44 K using the Agilent Gene Expression 
Hybridization kit (Agilent Technologies). Finally, the microarrays were washed, and fluorescence signals of the 
hybridized Agilent Microarrays were detected using Agilent’s Microarray Scanner System. The Agilent Feature 
Extraction Software (FES) was used to read out and process the microarray image files. For determination of dif-
ferential gene expression, FES derived output data files were analyzed using the Rosetta Resolver gene expression 
data analysis system (Rosetta Biosoftware, Washington DC, USA).

In bioinformatics analyses, the intensity data was background corrected and quantile normalization was con-
ducted between the arrays. The normalized intensities were log2 transformed and used as a basis for further 
analysis. Significant expression differences between sample groups were determined by a two-sided t-test with 
equal variance on the normalized log2 intensity data. The statistical tests were complemented by a non-statistical 
quantification of the mean expression difference between the conditions. The mean distances between the 
sample groups were computed (the mean log2 normalized intensity data for each group was subtracted from 

Figure 1.  Immunization schedule. BALB/c mice were i.e. sensitized with OVA plus ALUM twice at a two-week’s 
interval. (A) In order to perform microarray analysis, two weeks after the last sensitization, the mice were fed 
EW-diet or casein diet for three days. (B) In the majority of experiments, two weeks after the last sensitization, 
the mice were fed EW diet for seven days.
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one another). The fold change and log2-ration values between the samples were appended to the t-test results. 
Additional to an adjusted p-value ≤ 0.05, genes selected as reliable candidates were required to show an at least 
2-fold average expression difference between the groups.

Measuring serum levels of antibodies.  The serum levels of OVA-specific IgE, IgG1 and IgG2a Abs were 
measured by ELISA as reported previously8. Briefly, ELISA antibodies are listed in Table S3. Microtiter plates 
(Sarstedt, Nümbrecht, Germany) were coated with 100 µg/ml of OVA in 50 mM sodium carbonate buffer (pH 
9.6) at 4 °C overnight. After blocking with 5% BSA, serum samples were applied to the wells and IgE binding was 
detected by biotin-conjugated rat anti-mouse IgE antibodies (R35–72, BD Bioscience, Heidelberg, Germany) and 
HRPO-conjugated streptavidin (BD Bioscience). For detection of IgG1 and IgG2a antibodies, HRPO-conjugated 
goat anti-mouse IgG1 and HRPO-conjugated rabbit anti-mouse IgG2a antibodies were used (Thermo Fisher 
Scientific). The peroxidase substrate was 3, 3′, 5, 5′-tetramethylbenzidine (BD Bioscience).

Measuring T-cell cytokine production.  Mesenteric lymph nodes (MLN) and spleens were isolated from 
OVA-sensitized mice on day 7 of EW-diet. CD4+ T-cells were isolated from MLNs and spleen using an isolation 
kit (Miltenyi Biotec). CD4+ T-cells (1.0 × 106 cells/ml) and mitomycin-treated syngenic splenocytes (2.0 × 106 
cells/ml) were stimulated with 1.0 mg/ml of LPS free OVA for 72 h. The concentrations of IL-4 and IL-5 in the 
culture supernatant were determined using ELISA. Antibodies used in cytokine ELISA are listed in Table S3.

Measuring T-cell frequency in spleens and MLNs.  MLNs and spleens were isolated from 
OVA-sensitized and/or EW-diet-fed mice. CD4+ T-cells in the tissue’s cell suspension were stained with 
PE-conjugated anti-mouse CD4 mAb, APC-conjugated anti-mouse CD25 mAb and PE-Cy5-conjugated 
anti-mouse Foxp3 mAb after FcR-blocking using anti-CD16/CD32 monoclonal antibody (Thermo Fisher 
Scientific). Cell permeabilization for Foxp3 staining was performed using the Anti-mouse/Rat Foxp3 Staining 
set (Thermo Fisher Scientific). Data was analyzed using LSR II flow cytometer and FlowJo Engine v3.04910 (BD 
Bioscience). Antibodies used in FACS analysis are listed in Table S4.

Analysis of eosinophil and neutrophil frequency in intestinal lamina propria cells.  Intestinal lam-
ina propria cells were prepared according to a protocol described by Weigmann et al. with slight modifications32. 
BALB/c mice were sensitized with OVA plus ALUM twice at two-week intervals and fed EW-diet for 3 days (see 
immunization schedule in Fig. 1B). Small intestines were harvested from OVA-sensitized, or non-sensitized mice 
on day 7 of EW-diet. After removal of Peyer´s patches, intestines were cut into 4–5 cm pieces, wash with cold PBS, 
and opened longitudinally. The tissues were then cut into 1 cm. pieces, and treated with HBSS (Thermo Fisher 
Scientific) containing 5 mM DTT (Molekula, Dorset, UK) at 37 °C for 20 min, and HBSS containing 5 mM EDTA 
and 10 mM HEPES at 37 °C for 20 min. Remaining pieces were washed with HBSS containing 10 mM HEPES at 
37 °C for 10 min, and digested in PBS containing 500 µg/ml Collagenase D (Merck KGaA, Darmstadt, Germany), 
500 µg/ml DNase I (Merck KGaA) and 0.5 U/ml Dispase II (Merck KGaA). After washing with PBS, the cells were 
treated with anti-CD16/CD32 mAb, Fixable Viability Dye eFluor 450 (Thermo Fisher Scientific), and stained with 
FITC-conjugated anti-CD45 mAb and eFluor 660-conjugated anti-CD170 (SiglecF) mAb to identify eosinophils, 
or with FITC-conjugated anti-CD45 mAb, PE-Cy5-conjugated anti-CD11b mAb and PE-conjugated anti-Ly6G 
mAb to identify neutrophils. Antibodies used in FACS are listed in Table S4.

Measuring cytokine, chemokine and mMCP1 concentrations in intestinal tissue homogenates.  
Longitudinal sections of intestinal tissue (5 cm) were taken from the jejunum as described above. Peyer’s patches 
were removed. The tissue was washed with cold PBS and frozen in liquid nitrogen. Tissues were minced using a 
mortar and pistil until obtain a fine powder. The powder was resuspended in 300 µl of cold PBS containing protease 
inhibitors, centrifuged at 12.000 g for 20 min, and the supernatant transferred into a fresh tube. Protein concentration  
was determined by BCA assay (Thermo Fisher Scientific) and adjusted to 5.0 mg/ml. Concentrations of CCL1, 
CCL11, CCL8, IL-5, IL-13, IL-33 and mMCP1 in the homogenate were determined by ELISA. Antibodies used in 
the ELISA are listed in Table S3.

Histological analysis.  Longitudinal sections of intestinal tissue (2 cm) were taken from jejunum (9.5 cm dis-
tal to the duodenum). The tissues were fixed in 4% formalin and embedded in paraffin. Sections 5 µm thick were 
prepared and stained with hematoxylin and eosin (H&E) for morphologic analysis and detection of eosinophils. 
In addition, Eosinophil-Mast Cell Stain Kit (Teomics, USA) was used to visualize eosinophils.

Statistical analysis.  Comparison of mean values between different groups was performed by student t-test 
in GraphPad Prism 7 (San Diego, USA), or by ANOVA followed by Dunnett’s test in IBM SPSS statistics (Chicago, 
USA). p values < 0.05, and < 0.01 were designated with * and ** respectively, and considered significant.

Results
CCL1 expression is upregulated in the inflamed intestinal tissues of AE mice.  First, a microarray 
analysis on inflamed intestinal tissues of AE mice was performed in order to identify the molecules involved 
in the development of AE. BALB/c WT mice were i.p. sensitized with OVA in combination with ALUM, and 
challenged by feeding an EW-diet for 3 days to trigger AE or on a casein (CN) diet as control (see immunization 
schedule in Fig. 1A). Microarray analysis showed that the gene expression of CCL1 and CCL8 was highly up-reg-
ulated in the jejunum of OVA-sensitized and EW-diet fed (OVA/EW) WT mice (41.66 and 47.91 folds respec-
tively) when compared to that in the OVA-sensitized and casein-diet fed mice, i.e., the control group (OVA/CN 
WT mice; Fig. 2A and Table S1).
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CCL1 binds to CCR8 specifically, whereas CCL8 binds to CCR4 and CCR5 in addition with CCR810,11. The 
enhanced gene expression of CCR8 and the presence of CCR8 expressing cells were detected in the jejunum of 
OVA/EW WT mice (Table S2 and Fig. S1). To verify the results of the microarray analysis, the protein concentra-
tion of CCL1 was measured in intestinal homogenates of OVA/EW WT mice, ALUM/EW mice, or non-sensitized 
and EW-diet-fed (NC/EW) WT mice. Increased concentrations of CCL1 in OVA/EW WT mice were then 
detected, when compared to those in NC/EW WT mice or OVA/CN WT mice (Fig. 2B).

CCR8 deficiency reduced eosinophil accumulation, but enhanced neutrophil accumulation in 
AE tissues.  To determine if CCR8 is involved in the development of clinical symptoms and AE, we used 
CCR8KO mice. WT and CCR8KO mice were sensitized with OVA in combination with ALUM and fed on an 
EW-diet for 7 days (see immunization schedule in Fig. 1B). During the EW diet, OVA/EW WT mice significantly 
reduced body weight and temperature, when compared to NC/EW mice (Fig. S2A–C). OVA/EW CCR8KO also 
reduced body weight and temperature. However, the levels of reduction in OVA/EW CCR8KO tended to be lower 
than those of OVA/EW WT mice. The results suggest that CCR8 is partially involved in the development of clin-
ical symptoms induced by allergenic diet.

Next, we isolated jejunum tissues from the mice for histological analysis. HE-stained tissues showed that 
OVA/EW WT and OVA/EW CCR8KO mice developed inflammation, which is characterized by irregular villi, 
a thickened muscular layer, crypt elongation, and accumulation of granulocytes in the lamina propria (Fig. 3). 
A histology scoring analysis, which is based on grade of accumulation of granulocytes, villi morphology, and 
presence or absence of edema, indicated that inflammation levels were higher in OVA/EW WT mice, compared 
to OVA/EW CCR8KO mice (Table S5). Morphological changes were not observed in the tissues of non-sensitized 

Figure 2.  Expression of CCL1 in inflamed tissues of AE mice. (A) BALB/c mice (n = 3/group) were i.p. 
sensitized with OVA plus ALUM twice at a two-week’s interval. Two weeks after the last sensitization, the mice 
were fed EW-diet or casein diet for 3 days. The jejunums were harvested from the mice and the levels of gene 
expression in the tissues were assessed by microarray analysis. (B) The jejunums were harvested from mice 
(n = 3–4/group), which were sensitized with OVA plus ALUM, or treated with ALUM only, or non-sensitized, 
and fed EW-diet for 7 days. The concentrations of CCL1 in homogenates of the tissues were measured by ELISA. 
Each symbol represents an individual mouse. The data are pooled of two independent experiments. OVA/EW; 
OVA-sensitized and EW-diet fed, ALUM/EW; ALUM-treated and EW-diet fed, NC/EW; non-treated and EW-
diet fed. **p < 0.01.
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mice, NC/EW WT and NC/EW CCR8KO mice (Fig. 3). Animals that received ALUM alone and were fed an 
EW-diet did not develop AE neither8. Interestingly, immunohistochemical analysis revealed that the profile of 
granulocyte accumulation was different in the different groups. OVA/EW WT mice presented intensive infiltra-
tion of eosinophils and neutrophils (Figs 4A and S3), while OVA/EW CCR8KO mice showed reduced accumula-
tion of eosinophils, but increased accumulation of neutrophils (Figs 4A and S3). The numbers of mast cells were 
similar in both OVA/EW WT and OVA/EW CCR8KO mice (Fig. S4).

To verify the results of the histological analysis, FACS analysis was performed using lamina propria cells; 
the samples were prepared using the small intestine tissues of WT or CCR8KO mice. OVA/EW WT mice and 
OVA/EW CCR8KO mice exhibited longer length of small intestines, compared to their NC/EW control animals 
(Fig. S5A). The length of intestines and the numbers of isolated lamina propria cells from OVA/EW WT mice 
and OVA/EW CCR8KO mice were comparable (Fig. S5A,B). However, (i) a decreased frequency of eosinophils 
(CD11b+SiglecF+ cells) and (ii) an increased frequency of neutrophils (CD11b+SiglecF−Ly6G+ cells) among 
the lamina propria leukocytes (CD45+ cells) was observed in OVA/EW CCR8KO mice, compared to that in 
OVA/EW WT mice (Fig. 5A,B). FACS analysis also showed presence of Ly6G−SSChigh and Ly6G+SSChigh cells 
in CD11b+SiglecF+ eosinophil population (Fig. 5A). A previous study reported that CD11b+SiglecF+Ly6G+ 
cells is an eosinophil subpopulation, although the cells express Ly6G, a neutrophil marker33. The frequencies of 
CD11b+SiglecF+Ly6G−SSChigh and CD11b+SiglecF+Ly6G+SSChigh cells tended to be lower in OVA/EW CCR8KO 
mice, compared to OVA/EW WT mice (Fig. 5B).

Figure 3.  Development of AE in CCR8KO mice. WT mice and CCR8KO mice were i.p. sensitized with OVA 
plus ALUM, or treated only with PBS, and fed EW-diet for 7 days. The jejunums were harvested from the mice, 
and stained with H&E. All images were taken in same magnification. OVA/EW; OVA-sensitized and EW-diet 
fed, NC/EW; non-sensitized and EW-diet fed. The data are representative for three independent experiments.
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In addition, we tried to quantify the number of eosinophils and neutrophils in the small intestines, based on 
the cell frequency given by FACS analyses and the length of small intestines isolated from mice, or the numbers of 
lamina propria cells isolated from the small intestines. The results indicate that the numbers of eosinophils were 
reduced, whereas those of neutrophils were increased in OVA/EW CCR8KO mice (Fig. S5C,D). The number of 
leukocyte common antigen (CD45) positive cells in lamina propria cells were comparable in OVA/EW WT mice 
and OVA/EW CCR8KO mice (Fig. S5E). The result suggests the differential involvement of CCR8 in eosinophil 
and neutrophil migration to the inflamed tissues in AE.

CCR8 deficiency partly affect Th2 immune response but no IL-5 production by T-cells.  A pre-
vious study showed reduced eosinophil accumulation in allergen-induced airway inflammation of CCR8KO 
mice due to defective Th2 immune response34. To determine whether CCR8 influences the development of adap-
tive immunity in a murine model of AE, we assessed T-cell and antibody responses in WT and CCR8KO mice. 
Mesenteric lymph node (MLN)-derived T-cells and splenic T-cells from OVA/EW WT and OVA/EW CCR8KO 

Figure 4.  Reduced eosinophil accumulation in CCR8KO mice. WT mice and CCR8KO mice were i.p. 
sensitized with OVA plus ALUM, or treated only with PBS, and fed EW-diet for 7 days. (A) The harvested 
jejunums were stained with vital new red solution to visualize eosinophils. Arrows indicate eosinophils in 
the inflamed tissues of OVA/EW WT and CCR8KO mice. The data are representative for two independent 
experiments.
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mice produced similar levels of IL-4, and IL-5, Th2 cytokines that induce IgE production and eosinophil matura-
tion/migration respectively in response to OVA (Fig. 6A,B). The frequencies of CD4+ T-cells in MLNs and spleens 
were comparable between OVA/EW WT and OVA/EW CCR8KO mice (p = 0.689 and p = 0.154, respectively) 
(Fig. 6C). There was also no significant difference in the frequency of T-reg cells (CD4+ CD25+ Fox p 3+ cells) in 
MLNs and spleens between OVA/EW WT and OVA/EW CCR8KO mice (p = 0.079 and p = 0.988, respectively), 
although the frequency was higher in NC/EW WT mice, compared to NC/EW CCR8KO mice (Fig. 6D). In 
addition, serum levels of OVA-specific IgE, IgG1, and IgG2a antibodies were comparable in both groups of mice 
on day 7 of EW-diet (p = 0.149, p = 0.146, and p = 0.378, respectively), although CCR8KO mice showed lower 
IgE and IgG2a levels before beginning the EW-diet (Fig. 7A–C). Increased levels of mMCP1, a marker of mast 
cells activation, were similarly detected in the sera of OVA/EW WT and OVA/EW CCR8KO mice (Fig. 7D). 
The results suggest that the absence of CCR8 does not influence on the development of Th2-mediated immune 
responses.

Figure 5.  Reduced frequency of eosinophils and increased frequency of neutrophils in the inflamed intestinal 
tissues of CCR8KO mice. WT and CCR8KO mice (n = 4/group) were sensitized with OVA plus ALUM, and 
fed EW-diet for 7 days. The jejunums were harvested from the mice, and subjected to enzymatic treatment 
for preparation of lamina propria cells. (A) Eosinophils (CD11b+SiglecF+Ly6G− and CD11b+SiglecF+Ly6G+ 
cells) and neutrophils (CD11b+SiglecF−Ly6G+ cells) in lamina propria CD45+ cells population were analyzed 
by FACS. (B) The frequencies of eosinophils and neutrophils in lamina propria CD45+ cells population were 
analyzed by FACS. The data in Fig. 5B are shown as mean ± standard deviation for each group (bars). All data 
are representative for three independent experiments. *p < 0.05, **p < 0.01.
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CCR8 deficiency reduced CCL11 expression in AE tissues.  In addition to IL-5, several chemokines 
e.g., CCL11, CCL24, and CCL26 can directly induce eosinophil migration10,11. Among them, enhanced gene 
expression of CCL11 in the intestinal tissues of OVA/EW WT mice was detected by microarray analysis (see 
Table S2). Therefore, we assessed whether the absence of CCR8 influences protein expression of CCL11 in the 
intestinal tissues of WT and CCR8KO mice. Notably, CCL11 concentrations were significantly lower in the tissue 
homogenates of OVA/EW CCR8KO mice, when compared to those in the tissue homogenates of OVA/EW WT 
mice (Fig. 8A). These results suggest that CCR8 is involved in CCL11 expression in AE sites.

In addition to the eosinophil chemoattractants, CCL8, a ligand of CCR8 potentially involved in eosinophil 
migration by recruiting IL-5-producing Th2 cells35. However, CCL8 concentrations were comparable between the 
tissue homogenates of OVA/EW WT and OVA/EW CCR8KO mice, suggesting that CCL8 is not crucially engaged 
in the eosinophil recruitment in AE (Fig. 8B).

Figure 6.  Comparable T-cell frequency and responses in WT and CCR8KO mice. WT and CCR8KO mice were 
sensitized with OVA plus ALUM and fed EW-diet for 7 days. CD4+ T-cells were isolated from the mesenteric 
lymph nodes (MLN) and spleen. CD4+ T-cells (1.0 × 106 cells/ml) were co-cultured with mitomycin-treated 
syngenic splenocytes (2.0 × 106 cells/ml) in the presence of 1 mg/ml of OVA for 72 hours. Concentrations of IL-4 
and IL-5 in the cell culture supernatants of CD4+ T-cells isolated from (A) MLN, or (B) spleen were measured 
by ELISA. The data are representative for two independent experiments using n = 3/group. The data are shown 
as mean ± standard deviation for each group (bars). (C) The frequency of CD4+ T-cells and (D) the frequency 
of Treg (CD4+ CD25+ Fox p3+) cells in MLN and spleen was determined by FACS. The data are pooled of three 
independent experiments using n = 2–4/group. *p < 0.05.
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Next, in order to analyze the expression of cytokines in the intestinal tissues, we measured Th2 type associ-
ated cytokines IL-5, IL-13, and IL-33 levels in intestinal tissues homogenates of OVA/EW WT and OVA/EW 
CCR8KO mice. The concentrations of IL-5 were comparable in the homogenates of OVA/EW WT, OVA/EW 
CCR8KO mice and their control NC/EW animals (Fig. 8C). In addition, the concentrations of IL-13 (Fig. 8D) 
and IL-33 (Fig. 8E) were similar in the homogenates of mice from OVA/EW WT and OVA/EW CCR8KO mice. 
Furthermore, the concentration of mMCP1 in the intestinal tissue homogenates (Fig. 8F) and the number of 
intestinal mast cells (Fig. S4) were comparable in OVA/EW WT and OVA/EW CCR8KO mice, suggesting that 
mast cell activation was similar in the intestinal tissues of both type of mice.

Discussion
Eosinophils have long been observed in the inflamed tissues of allergic patients and have been proved to be thera-
peutic targets in allergic diseases36,37. Therefore, it is essential to identify which chemokine receptor and its ligands 
that contribute to the migration of eosinophils to allergic inflammatory sites. CCR3/CCL11 and IL-5 receptor/
IL-5 are well known to act in eosinophil migration to peripheral tissues, including the gastrointestinal tract38,39. 
In this study, we have found a contribution of CCR8 in eosinophil migration to the inflamed AE tissues. However, 
unlike CCR3 and IL-5R, CCR8 seems to be only indirectly involved in eosinophil migration by inducing CCL11 
expression. It is consistent with a previous study by Islam et al. showing that CCL11 expression was reduced in 
the skin of allergen-sensitized CCR8KO mice35. Furthermore, we have found that CCR8 deficiency influences 
neutrophil migration. CCR8KO mice showed increased neutrophil accumulation and developed AE, although 
eosinophil accumulation in the intestinal tissues was reduced. There is increasing evidence that neutrophils play 
an important role in the pathogenesis of allergic inflammation by mediating direct tissue injury or by releasing 
pro-inflammatory mediators40. Increased neutrophil numbers have also been detected in AE patients5. The poten-
tial of CCR8 antagonists has been considered to treat allergic asthma, since several studies have shown a role 
for CCR8 in the recruitment of Th2 cells and in the development of inflammation in murine models of allergic 
asthma22,29,41. However, our results suggest that CCR8 is not a suitable target in AE treatment.

Diverse roles for CCR8 in allergic asthma have been reported so far: e.g., involvement in the development of 
systemic Th2-type immune response and migration of Th2 cells, or regulatory T-cells, into the inflamed airway 

Figure 7.  Comparable levels of OVA-specific antibody responses in WT and CCR8KO mice. WT and CCR8KO 
mice (n = 3–5/group) were i.p. sensitized with OVA plus ALUM, and fed EW-diet for 7 days. The serum levels 
of (A) IgE, (B) IgG1 and (C) IgG2a Abs specific for OVA and (D) mMCP1 on days -7 and 7 of EW-diet were 
measured by ELISA. Each symbol represents an individual mouse. The data are pooled of three independent 
experiments. *p < 0.05, **p < 0.01.
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tissues18,20,42. Using models of Schistosoma mansoni soluble egg antigen-induced granuloma formation, as well as 
OVA and cockroach antigen-induced asthma, Chensue et al. have shown that eosinophil recruitment is reduced 
in CCR8KO mice34. This reduction in eosinophil recruitment in inflamed airway tissues was explained by a sys-
temic reduction in IL-5 concentration due to defective development of Th2-type immune responses. Islam et al. 
have shown that CCR8 recruits IL-5 expressing Th2 cells in atopic dermatitis using CCR8KO mice35. However, 
we detected IL-5 production in splenic and MLN T-cells from OVA/EW WT and OVA/EW CCR8KO mice com-
parably. In addition, IL-5 concentrations in intestinal tissue homogenates of both mice were comparable. The fre-
quency of regulatory T cells was comparable in spleens and MLNs of both mice. These results suggest that a defect 
in systemic Th2-type immune response or induction of regulatory T cells is not the main mechanism underlying 
reduced eosinophil accumulation in the inflamed tissues of CCR8KO mice.

Several studies have shown that histamine released from mast cells induces CCL11 expression in epithelial 
cells of allergen-challenged skin and lung. However, it is very unlikely that CCR8 is involved in mast cell acti-
vation and, subsequently, in CCL11 expression by epithelial cells. This postulation is supported by the fact that 
the number of mast cells and the concentration of mMCP1, a marker of mast cell activation, were comparable 
in intestinal tissues of OVA/EW WT and OVA/EW CCR8KO mice. In addition to epithelial cells, type 2 innate 
lymphoid cells (ILC2) could be a source of CCL1143. ILC2 have been associated with the allergic sensitization 
to foods due to their capacity to produce high amounts of IL-5 and IL-13 in intestinal mucosa44. IL-33 has been 
reported to induce activation of ILC244,45. However, it is also unlikely that CCR8 influences the induction or 
activation of ILC2, since the concentrations of IL-5, IL-13, and IL-33, which are associated with ILC2 activation 
and function, were comparable in the intestinal tissue homogenates of OVA/EW WT and OVA/EW CCR8KO 
mice. Alternatively, intestinal macrophages could act as CCL11 producing cells. Waddell et al. have shown that 
F4/80 positive cells are the producer of CCL11 in inflamed colon using a murine model of colitis46. In our study, 
we found that OVA/EW WT mice exhibited higher numbers of macrophages (CD68 positive cells) in villi of 
their small intestines, compared to OVA/EW CCR8KO mice (Fig. S6). However, immunohistochemical analysis 
showed that the CD68 positive cells do not express CCR8 (Fig. S7), suggesting macrophages are not the producer 
of CCL11. CCL11 producing cells in the inflamed small intestines still need to be identified.

FACS analysis showed that the total frequencies of CD11b+SiglecF+Ly6G− and CD11b+SiglecF+Ly6G+ cells 
were reduced in CCR8KO mice. Ly6G is a marker of neutrophils and used to identify the cells47,48. However, 
Percopo et al. have shown the CD11b+SiglecF+Ly6G+ cells are eosinophil subpopulation33. Several studies 

Figure 8.  Reduced expression of CCL11 in the inflamed intestinal tissues of CCR8KO mice. WT and CCR8KO 
mice (n = 3–5/group) were i.p. sensitized with OVA plus ALUM, or non-sensitized, and fed EW-diet for 7 days. 
Small intestines were harvested from the mice. The concentrations of (A) CCL11, (B) CCL8, (C) IL-5, (D) 
IL-13, (E) IL-33 and (F) mMCP1 in the intestinal tissue homogenates were measured by ELISA. Each symbol 
represents an individual mouse. The data are pooled of three independent experiments. *p < 0.05., **p < 0.01.
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have shown that eosinophils tend to present higher side scatter (SSC: a parameter for cell density) than neu-
trophils47,48. Our study is consisted with the previous studies, as SSC of CD11b+SiglecF+Ly6G− cells and 
CD11b+SiglecF+Ly6G+ cells were similar, and tended to be higher than that of CD11b+SiglecF−Ly6G+ cells (neu-
trophils) (see Fig. 5A). Further analysis is necessary whether functions (e.g. cytokine and chemokine production) 
of CD11b+SiglecF+Ly6G− and CD11b+SiglecF+Ly6G+ cells are also similar in AE.

It was unexpected that CCR8 deficiency accelerated neutrophil accumulation in the intestinal tissues. In stud-
ies on the allergic asthma using CCR8KO mice, such accelerated neutrophil accumulation has not been reported. 
CCR8 deficiency might enhance expression of neutrophil chemoattractants, such as IL-8, leukotriene B4 (LTB4), 
and formyl-methionyl-leucyl-phenylalanine (fMLP), in intestinal tissues. The accelerated neutrophil accumula-
tion may also be explained by a consequence of higher growth factor availability due to the less accumulation of 
eosinophils in CCR8KO mice. For instance, granulocyte-macrophage colony-stimulating factor stimulates both 
eosinophils and neutrophils and enhances survival of these cells49,50. Interestingly, Cheng et al. have shown that 
CCL11 expression counter-regulates accumulation of neutrophils in a murine model of endotoxemia51. It sug-
gests that reduced CCL11 expression could lead to the enhanced neutrophil accumulation in the intestinal tissues 
of OVA/EW CCR8KO mice.

OVA/EW CCR8KO mice tended to exhibit lower levels of clinical symptoms, i.e. reduction of body weight 
and temperature, compared to OVA/EW WT mice. The development of clinical symptoms upon i.p. sensitization 
with OVA and feeding of the EW diet is induced by FcεRI-engaged mechanism in BALB/c mice (manuscript in 
preparation.). CCR8KO mice showed lower IgE levels before beginning the EW-diet, which could reduce the 
development of clinical symptoms.

A limitation of our study is that, we used BALB/c WT mice as controls, which were bred separately from 
CCR8KO mice, but not the littermate controls of the gene modified animals. We bred WT controls and CCR8KO 
mice in the same room. However, in addition to strain differences, breeding and maintenance in separated 
cages (even in the same room) could be factors altering gut microbiota composition in animals52. The intestinal 
immune system is connected with the vast diversity of microbiome present in the gut53. Therefore, we could not 
exclude a possibility that altered gut microbiota influenced on the levels of granulocyte accumulation and inflam-
mation in CCR8KO mice.

In summary, we have identified a chemokine receptor that leads to eosinophil recruitment in AE sites. To our 
knowledge, this is the first study to show a contribution of CCR8 in eosinophil recruitment in intestinal tissues. 
However, our study also suggests a potential involvement of CCR8 in the regulation of neutrophil recruitment 
in AE tissues. In the future study, it would be necessary to assess whether CCR8 antagonists enhance neutrophil 
accumulation in AE. The findings in our study will have important implications to elucidate pathological mecha-
nism for AE and to establish AE treatments that target chemokine receptors.

Data Availability
The datasets generated during the current study are available upon reasonable request.
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Materials and Methods:  31 

Microarray analysis 32 

BALB/c mice were sensitized with OVA plus ALUM twice at two-week intervals and fed EW-diet 33 

for 3 days (see immunization schedule in Fig.1A). The jejunums were harvested from the mice 34 

and homogenized in Trizol (Thermo Fisher Scientific, Bonn, Germany) for RNA extraction. RNA 35 

amplification, labelling, cRNA microarray hybridization, gene expression analyses and 36 

bioinformatics analyses were performed at Miltenyi Biotec Genomic Services (Bergisch 37 

Galdbach, Germany). To produce Cy3-labeled cDNA, RNA samples were amplified and labeled 38 

using the Agilent Low Input Quick Amp Labelling kit (Agilent Technologies, California, USA). The 39 

Cy3-labeled fragmented cDNA (1.65 µg) was hybridized overnight (17 hours, 65°C) to an Agilent 40 

Whole Mouse Genome Oligo Microarrays 4 x 44K using the Agilent Gene Expression 41 

Hybridization kit (Agilent Technologies). Finally, the microarrays were washed, and fluorescence 42 

signals of the hybridized Agilent Microarrays were detected using Agilent's Microarray Scanner 43 

System. The Agilent Feature Extraction Software (FES) was used to read out and process the 44 

microarray image files. For determination of differential gene expression, FES derived output 45 

data files were analyzed using the Rosetta Resolver gene expression data analysis system 46 

(Rosetta Biosoftware, Washington DC, USA).  47 

In bioinformatics analyses, the intensity data was background corrected and quantile 48 

normalization was conducted between the arrays. The normalized intensities were log2 49 

transformed and used as a basis for further analysis. Significant expression differences between 50 

sample groups were determined by a two-sided t-test with equal variance on the normalized log2 51 

intensity data. The statistical tests were complemented by a non-statistical quantification of the 52 

mean expression difference between the conditions. The mean distances between the sample 53 

groups were computed (the mean log2 normalized intensity data for each group were subtracted 54 

from one another). The fold change and log2-ration values between the samples were appended 55 

to the t-test results. Additional to an adjusted p-value ≤0.05, genes selected as reliable 56 

candidates were required to show an at least 2-fold average expression difference between the 57 

groups.   58 

 59 

Analysis of eosinophil and neutrophil frequency in intestinal lamina propria cells 60 

BALB/c mice were sensitized with OVA plus ALUM twice at two-week intervals and fed EW-diet 61 

for 3 days (see immunization schedule in Fig. 1B). Small intestines were harvested from OVA-62 

sensitized, or non-sensitized mice on day 7 of EW-diet. After removal of Peyer´s patches, 63 

intestines were cut into 4-5 cm pieces, wash with cold PBS, and opened longitudinally. The 64 

tissues were then cut into 1 cm. pieces, and treated with HBSS (Thermo Fisher Scientific) 65 
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containing 5 mM DTT (Molekula, Dorset, UK) at 37°C for 20 min, and HBSS containing 5 mM 66 

EDTA and 10 mM HEPE at 37°C for 20 min. Remaining pieces were washed with HBSS 67 

containing 10 mM HEPES at 37°C for 10 min, and digested in PBS containing 500 µg/ml 68 

Collagenase D (Merck KGaA, Darmstadt, Germany), 500 µg/ml DNase I (Merck KGaA) and 0.5 69 

U/ml Dispase II (Merck KGaA). After washing with PBS, the cells were treated with anti-70 

CD16/CD32 mAb, Fixable Viability Dye eFluor 450 (Thermo Fisher Scientific), and stained with 71 

FITC-conjugated anti-CD45 mAb and eFluor 660-conjugated anti-CD170 (SiglecF) mAb to 72 

identify eosinophils, or with FITC-conjugated anti-CD45 mAb, PE-Cy5-conjugated anti-CD11b 73 

mAb and PE-conjugated anti-Ly6G mAb to identify neutrophils. Antibodies used in FACS are 74 

listed in Table S4. 75 

 76 

Histological analysis 77 

Longitudinal sections of intestinal tissue (2 cm) were taken from jejunum (9.5 cm distal to the 78 

duodenum). In order to assess development of inflammation, tissues were fixed in 4% formalin 79 

and embedded in paraffin. To observe lymphedema, the tissues were fixed in 4% 80 

paraformaldehyde, and frozen in OCT compound. Sections 5 mm thick were prepared and 81 

stained with hematoxylin and eosin (H&E) for assessment of inflammation levels, and with 82 

toluidine blue for detection of mast cells. Criteria for assessment of inflammation levels is 83 

indicated in Table S5.  84 

To detect CCR8 and CD68, frozen tissues were blocked with goat sera, and stained with goat 85 

anti-mouse CCR8 polyclonal antibodies (Abcam, Tokyo, Japan) and rat anti-mouse CD68 86 

monoclonal antibody (BioLegend, Tokyo, Japan).  As isotype controls, normal Goat IgG 87 

antibodies (PM094 MBL) and Rat IgG2a antibodies (BioLegend) were used. After incubating 88 

with the primary antibodies or isotype controls, the tissues were treated with Alexa Fluor 647-89 

conjugated donkey anti-goat IgG H&L Abs pre-adsorbed (Life technologies, Tokyo, Japan) and 90 

Alexa Fluor 488-conjugated donkey anti-rat IgG H&L Abs pre-adsorbed (Life technologies).  91 
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Table S1. Microarray analysis - significant upregulated genes 
Symbol Gene name/description Genbank 

Accession 
Fold 
Change 

Gsdmcl-ps 
 

Adult male testis cDNA, RIKEN full-length 
enriched library 

AK016931 
 

100.00 
 

Gsdmc2 Gasdermin C2 (Gsdmc2) NM_177912 100.00 
Retnla Resistin like alpha (Retnla)  NM_020509 93.30 
Retnla Resistin like alpha (Retnla) NM_020509 93.56 
Sprr2a Small proline-rich protein 2A (Sprr2a) NM_011468 100.00 

Pla2g4c Phospholipase A2, group IVC (cytosolic, 
calcium-independent) (Pla2g4c) 

NM_001004762 100.00 

Pla2g4c 

Cell embryo 1 cell cDNA, RIKEN full-
length enriched library, 
clone:I0C0013F18 product:weakly similar 
to Cytosolic phospholipase A2 gamma 
[Homo sapiens], full insert sequence 

AK145339 
 

100.00 
 

Retnlb Resistin like beta (Retnlb) NM_023881 100.00 

Duoxa2 Dual oxidase maturation factor 2 
(Duoxa2) 

NM_025777 100.00 

Ccl8 Chemokine (C-C motif) ligand 8 (Ccl8)  NM_021443 47.91 
Defb1 Defensin beta 1 (Defb1) NM_007843 46.27 
Defb1 Defensin beta 1 (Defb1) NM_007843 43.24 
Tpsab1 Tryptase alpha/beta 1 (Tpsab1) NM_031187 30.24 
A_51_P226791 Unknown  40.26 

Ear11 Eosinophil-associated, ribonuclease A 
family, member 11 (Ear11) 

NM_053113 
 

42.53 
 

St3gal4 ST3 beta-galactoside alpha-2,3-
sialyltransferase 4 (St3gal4) 

NM_009178 
 

50.32 
 

Ear6 
 

Eosinophil-associated, ribonuclease A 
family, member 6 (Ear6) 

NM_053111 34.43 

Sprr2e Small proline-rich protein 2E (Sprr2e) NM_011471 37.49 
Il6 Interleukin 6 (Il6) NM_031168 47.57 
Ccl1 Chemokine (C-C motif) ligand 1 (Ccl1) NM_011329 41.66 

AK088994 

2 days neonate thymus thymic cells 
cDNA, RIKEN full-length enriched library, 
clone:E430034M04 
product:unclassifiable, full insert 
sequence 

AK088994 
 

45.86 

Atp13a4 ATPase type 13A4 (Atp13a4) NM_172613 15.50 

Cyp11a1 
Cytochrome P450, family 11, subfamily a, 
polypeptide 1 (Cyp11a1), nuclear gene 
encoding mitochondrial protein 

NM_019779 
 

75.19 
 

Ms4a2 Membrane-spanning 4-domains, 
subfamily A, member 2 (Ms4a2), mRNA  

NM_013516 
 

68.02 
 

Cma2 Chymase 2, mast cell (Cma2) NM_010779 69.30 

Fcer1a Fc receptor, IgE, high affinity I, alpha 
polypeptide (Fcer1a) 

NM_010184 
 

46.80 
 

Gp1ba Glycoprotein 1b, alpha polypeptide 
(Gp1ba) 

NM_010326 74.26 

Mcpt2 Mast cell protease 2 (Mcpt2) NM_008571 98.50 
Mcpt1 Mast cell protease 1 (Mcpt1)  NM_008570 92.52 
Cpa3 Carboxypeptidase A3, mast cell (Cpa3) NM_007753 73.56 
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  92 

Mcpt4 Mast cell protease 4 (Mcpt4)  NM_010779 81.99 
Mcpt9 Mast cell protease 9 (Mcpt9) NM_010782 78.25 

Cyp11a1 
Cytochrome P450, family 11, subfamily a, 
polypeptide 1 (Cyp11a1), nuclear gene 
encoding mitochondrial protein 

NM_019779 70.00 

Ccdc129 Coiled-coil domain containing 129 
(Ccdc129)  

AK085190 30.60 

Gsdmc1 Gasdermin C1 (Gsdmc1) NM_031378 100.00 
Gsdmc3 Gasdermin C3 (Gsdmc3) NM_183194 100.00 
Cma1 Chymase 1, mast cell (Cma1) NM_010780 97.46 
Cma1 Chymase 1, mast cell (Cma1) NM_010780 95.63 

E130202H07Rik 

Mus musculus 0 day neonate eyeball 
cDNA, RIKEN full-length enriched library, 
clone:E130202H07 
product:unclassifiable, full insert 
sequence 

AK053684 98.82 

Chi3l4 Chitinase 3-like 4 (Chi3l4) NM_145126 88.60 
Cst9 Cystatin 9 (Cst9) NM_009979 97.84 
Chi3l3 Chitinase 3-like 3 (Chi3l3) NM_009892 89.13 
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Table S2. Selected significant upregulated genes (Genearray analysis) 
Symbol Gene name/description Genbank 

Accession 
Fold 
Change 

Ccl8 Chemokine (C-C motif) ligand 8 (Ccl8)  NM_021443 47.91 
Il6 Interleukin 6 (Il6) NM_031168 47.57 
Ccl1 Chemokine (C-C motif) ligand 1 (Ccl1) NM_011329 41.66 
Il4 Interleukin 4 (Il4) NM_021283 7.17 
Il17b Interleukin 17B (Il17b) NM_019508 6.16 
Ccr8 Chemokine (C-C motif) receptor 8 (Ccr8) NM_007720 5.93 
Il9 Interleukin 9 (Il9) NM_008373 5.14 
  93 
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Table S3. ELISA antibodies  
Name Clone Catalog Company Location 

Purified Anti-mouse IgE R35-72 
 

553413 
 

BD 
biosciences 

Heidelberg, 
Germany 

Biotin Rat Anti-mouse IgE 
R35-
118 

 

553419 
 

BD 
biosciences 

Heidelberg, 
Germany 

Anti-human/mouse IL-5 purified 
 

TRFK5 
 14-7052-85 Thermo Fisher 

Scientific  
Darmstadt, 
Germany 

Anti-mouse IL-5 biotin 
 

TRFK4 
 

13-7051-85 
 

Thermo Fisher 
Scientific  

Darmstadt, 
Germany 

Anti-mouse IL-4 purified 11B11 14-7041-85 Thermo Fisher 
Scientific 

Darmstadt, 
Germany 

Anti-mouse IL-4 biotin BVD6-
24G2 13-7042-85 Thermo Fisher 

Scientific 
Darmstadt, 
Germany 

Goat anti-mouse IgG1 (ᵧ1) 
horseradisch peroxidase conjugate  A10551 

 
Thermo Fisher 

Scientific  
Darmstadt, 
Germany 

HRP-Rabbit Anti-mouse IgG2a 
  610220 

 
Thermo Fisher 

Scientific  
Darmstadt, 
Germany 

Murine Eotaxin (CCL11) Standard 
ABTS ELISA Development Kit  900-K68 

 
Peprotech Hamburg, 

Germany 
Mouse CCL1/TCA-3 DuoSet ELISA 
  DY845 

 
R&D systems 

 
Wiesbaden, 

Germany 
Mouse CCL8/MCP-2DuoSet ELISA 
  DY790 

 
R&D systems 

 
Wiesbaden, 

Germany 
MCPT1 Mouse Uncoated ELISA Kit 
  15561167 

 
Thermo Fisher 

Scientific  
Darmstadt, 
Germany 

Ready Set Go! Anti-mouse IL-13  88-7137-22 Thermo Fisher 
Scientific  

Darmstadt, 
Germany 

Ready Set Go! Anti-mouse IL-33  88-7333-22 Thermo Fisher 
Scientific  

Darmstadt, 
Germany 

  94 
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Table S4. FACS antibodies  
Name Clone Catalog Company Location 

FITC anti-mouse CD45, Rat IgG2b, 
kappa 30-F11 103108 Biolegend Fell, 

Germany 

Anti-mouse CD16/CD32 purified 93 14-0161-85 Thermo Fisher 
Scientific 

Darmstadt, 
Germany 

Anti-mouse Ly6G (Gr1) PE RB6-8C5 12-5931-82 Thermo Fisher 
Scientific 

Darmstadt, 
Germany 

CD170 (Siglec F) Rat anti-Mouse, 
eFluor 660 1RNM44N 50-1702-82 Thermo Fisher 

Scientific 
Darmstadt, 
Germany 

Anti-mouse CD11b PE-Cyanine5 M1/70 15-0112-82 Thermo Fisher 
Scientific 

Darmstadt, 
Germany 

Anti-mouse CD4 PE GK1.5 12-0041-83 Thermo Fisher 
Scientific 

Darmstadt, 
Germany 

Anti-mouse CD25 APC PC61.5 17-0251-81 Thermo Fisher 
Scientific 

Darmstadt, 
Germany 

Anti-mouse/rat FoxP3 PE-Cyanine5 FJK-16s 15-5773-82 Thermo Fisher 
Scientific 

Darmstadt, 
Germany 

  95 
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Table S5. Assessment of inflammation levels in WT and CCR8KO mice. 
Group Inflammation Villi Edema Total 

WT (OVA/EW) 3.75**(1),*(2)± 0.5 0.75 ± 0.5 0.75 ± 0.5 5.25**(1),*(2)± 1.5 

WT (NC/EW) 0.00 ± 0.0 0.00 ± 0.0 0.00 ± 0.0 0.00 ± 0.0 

CCR8KO (OVA/EW) 2.75**(3) ± 0.5 0.75 ± 0.5 0.50 ± 0.6 4.00**(3) ± 0.8 

CCR8KO (NC/EW) 0.00 ± 0.0 0.00 ± 0.0 0.00 ± 0.0 0.00 ± 0.0 
 96 

WT and CCR8KO mice were i.p. sensitized with OVA plus ALUM, or treated only with PBS, and 97 

fed EW-diet for 7 days. The jejunums were harvested from the mice, and stained with H&E. 98 

Inflammation levels in the tissues were assessed as follows: Inflammation grade (I) 0 rare 99 

granulocytes, isolated cells detected in the mucosa of villi and between the crypts; 1: few 100 

granulocytes scattered in the mucosa; 2: a solitary group of less than 10 granulocytes; 3: 2-3 101 

groups up to 10 granulocytes; 4: more than 3 groups of granulocytes and larger than 10 cells. 102 

Villi (V) 0: normal, 1: shorter villi – diffused and homogeneous mild atrophy of the villi due to 103 

intestinal dilation with obvious central lumen. Edema (E) 0: not present; 1: diffused edema in the 104 

lamina propria.  The total histological score represents the sum of the inflammation grade, villi 105 

and edema score. Score ranges from 0 to 6 (total score = I + V + E). OVA/EW; OVA-sensitized 106 

and EW-diet fed, NC/EW; non-sensitized and EW-diet fed. * p<0.05, ** p<0.01. (1)  vs WT 107 

(NC/EW); (2) vs CCR8KO (OVA/EW); (3) vs CCR8KO (NC/EW).  108 

 109 

 110 

 111 

 112 

 113 

 114 

 115 

 116 

 117 

 118 

 119 

 120 

 121 

 122 

 123 



  Blanco-Pérez et al. 

10 
 

   124 

 125 

 126 

 127 

 128 

 129 

 130 

 131 

 132 

 133 

 134 

 135 

 136 

 137 

 138 

 139 

 140 

 141 

 142 

 143 

 144 

 145 

 146 

 147 

 148 

 149 

 150 

 151 

 152 

 153 

 154 

 155 

 156 

 157 

 158 

O
VA

/E
W

 
N

C
/E

W
 

Fig. S1 

O
VA

/E
W

 

CCR8 (Alexa Alexa647 ) Isotype control 



  Blanco-Pérez et al. 

11 
 

W T  (N C /E W )

C C R 8 K O  (O V A /E W )

C C R 8 K O  (N C /E W )

W T  (O V A /E W )

0 1 2 3 4 5 6 7
8 0

8 5

9 0

9 5

1 0 0

1 0 5

1 1 0

E W -d ie t  fe e d in g  (7  d a y s )

B
o

d
y

 w
e

ig
h

t
(%

 o
f 

in
it

ia
l 

w
e

ig
h

t)

* *

 159 
 160 

 161 

 162 

 163 

 164 

 165 

 166 

 167 

 168 

 169 

 170 

 171 

 172 

 173 

 174 

 175 

 176 

 177 

 178 

 179 

 180 

 181 

 182 

 183 

3 2

3 4

3 6

3 8

4 0

4 2

E W -d ie t  fe e d in g  (7 d a y s )

B
o

d
y

 t
e

m
p

e
ra

tu
re

 (
°C

)

W T  (O V A /E W )

C C R 8 K O  (O V A /E W )

W T  (N C /E W )

C C R 8 K O  (N C /E W )

*

* *

* *

A 

B 

Fig. S2 

C 

7 0

8 0

9 0

1 0 0

1 1 0

1 2 0

     

E W -d ie t  fe e d in g  (7 d a y s )

B
o

d
y

 w
e

ig
h

t
(%

 o
f 

in
it

ia
l 

w
e

ig
h

t)

* *
* *

W T  (O V A /E W )

C C R 8 K O  (O V A /E W )

W T  (N C /E W )

C C R 8 K O  (N C /E W )



  Blanco-Pérez et al. 

12 
 

 184 

 185 

 186 

 187 

 188 

 189 

 190 

 191 

 192 

 193 

 194 

 195 

 196 

 197 

 198 

 199 

 200 

 201 

 202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 

 210 

 211 

 212 

 213 

 214 

 215 

 216 

 217 

 218 

WT 

CCR8 KO 

(O
VA

/E
W

) 
(O

VA
/E

W
) 

Fig. S3 



  Blanco-Pérez et al. 

13 
 

 219 

 220 

 221 

 222 

 223 

 224 

 225 

 226 

 227 

 228 

 229 

 230 

 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 

 239 

 240 

 241 

 242 

 243 

 244 

 245 

 246 

 247 

 248 

 249 

 250 

 251 

 252 

 253 

Fig. S4 

B 

A 

O
VA

/E
W

 
N

C
/E

W
 

2X 

2X 

CCR8KO WT 

WT (OVA/EW) 
CCR8KO (OVA/EW) 



  Blanco-Pérez et al. 

14 
 

 254 

 255 

 256 

 257 

 258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 

 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 

 285 

 286 

 287 

 288 

Fig. S5 

A B 

C D 

E 

0

5×1 0 6

1×1 0 7

1 .5×1 0 7

2×1 0 7

L
P

 c
e

ll
n

u
m

b
e

r/
in

te
s

ti
n

e W T
C C R 8 K O

O V A /E W N C /E W

* *

0

2×1 0 4

4×1 0 4

6×1 0 4

8×1 0 4

C
D

4
5

+
 c

el
ls

n
u

m
b

e
r/

in
te

s
ti

n
e

O V A /E W N C /E W

W T
C C R 8 K O

0

1 0

2 0

3 0

4 0

5 0
S

m
a

ll
 i

n
te

s
ti

n
e

 (
c

m
)

W T
C C R 8 K O

O V A /E W N C /E W

* *
* *

0

5×1 0 3

1×1 0 4

1 .5×1 0 4

E
o

si
n

o
p

h
il

n
u

m
b

e
r/

in
te

s
ti

n
e W T

C C R 8 K O

O V A /E W N C /E W

*

*
*

0

5×1 0 2

1×1 0 3

1 .5×1 0 3

N
e

u
tr

o
p

h
il

n
u

m
b

e
r/

in
te

s
ti

n
e

O V A /E W N C /E W

W T
C C R 8 K O

*
*

*



  Blanco-Pérez et al. 

15 
 

 289 

 290 

 291 

 292 

 293 

 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 

 302 

 303 

 304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 

 321 

 322 

 323 

WT 
OVA/EW 

WT 
NC/EW 

CCR8KO 

 OVA/EW 
CCR8KO 

 NC/EW 

A 

B 

Fig. S6 

0

5

1 0

1 5

2 0

2 5

N
u

m
b

e
r 

o
f 

C
D

6
8

+
 c

e
lls

/v
ill

u
s

C C R 8 K O  (N C /E W )

W T  (O V A /E W )

W T  (N C /E W )

C C R 8 K O  (O V A /E W )

*
* *

*
A

B

C

D

A            B            C             D

M o u s e  g ro u p



  Blanco-Pérez et al. 

16 
 

 324 

 325 

 326 

 327 

 328 

 329 

 330 

 331 

 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 

 355 

 356 

 357 

 358 

Fig. S7 

CCR8 (Alexa Alexa647 ) 

CD68 (Alexa 488) 

Isotype controls 



  Blanco-Pérez et al. 

17 
 

Figure Legends 359 

Fig. S1: CCR8 expression in the inflamed intestinal tissues of WT mice. WT mice were i.p. 360 

sensitized with OVA plus ALUM, and fed EW diet for 7 days. As controls, mice fed EW-diet 361 

without sensitization. The jejunums were harvested, and treated with anti-CCR8-Abs (red) or its 362 

isotype control plus propidium Iodide (blue). OVA/EW; OVA-sensitized and EW-diet fed. NC/EW; 363 

Non-sensitized and EW-diet fed. The data are representative for two independent experiments. 364 

Fig. S2: Reduced development of clinical symptoms in CCR8KO mice. WT and CCR8KO 365 

mice were i.p. sensitized with OVA plus ALUM and fed EW-diet for 7 days. As controls, mice fed 366 

EW-diet without sensitization. (A) During EW-diet feeding, weight of the mice was monitored. 367 

The data are shown as mean ± standard deviation for each group (bars), and are representative 368 

for three independent experiments. ** p<0.01 vs NC/EW WT mice. (B) Weight loss of individual 369 

mice on day 7 of EW diet was indicated as a symbol. (C) On day 5 of EW diet, body temperature 370 

of the mice was measured. Each symbol represents an individual mouse. The data are pooled of 371 

three independent experiments. *p<0.05, **p<0.01. OVA/EW; OVA-sensitized and EW-diet fed. 372 

NC/EW; Non-sensitized and EW-diet fed.  373 

Fig. S3: Neutrophil accumulation in the inflamed intestinal tissues of CCR8KO mice. WT 374 

and CCR8KO mice were i.e. sensitized with OVA plus ALUM, and fed EW-diet for 7 days. The 375 

jejunums were harvested from the mice, and stained with H&E. Eosinophils and neutrophils in 376 

their inflamed tissues mice are indicated by thin and thick arrows respectively. OVA/EW; OVA-377 

sensitized and EW-diet fed.  378 

Fig. S4: Comparable number of mast cells in the inflamed intestinal tissues of WT and 379 

CCR8 KO mice. WT mice and CCR8 KO mice (n=3) were i.p. sensitized with OVA plus ALUM, 380 

and fed EW diet for 7 days. The jejunums were harvested from the mice, fixed in 4% 381 

paraformaldehyde, and embedded in paraffin. The tissues were cut and stained with toluidine 382 

blue. The numbers of stained mast cells in the tissues were counted under microscope. (A) Mast 383 

cells in jejunum. (B) Number of mast cells in muscle-submucosa and mucosa. The data are 384 

shown as the average ± SD for each group (bars), and are representative of two independent 385 

experiments. 386 

Fig. S5: Reduced eosinophil accumulation and increased neutrophil accumulation in AE 387 

tissues of CCR8KO mice. WT and CCR8KO mice were i.p. sensitized with OVA plus ALUM 388 

and fed EW-diet for 7 days. As controls, mice fed EW-diet without sensitization. On day 7 of EW 389 

diet, small intestines were harvested from the mice. (A) The length of small intestines from the 390 

mice was measured. (B) The numbers of lamina propria cells isolated from the small intestines 391 



  Blanco-Pérez et al. 

18 
 

were counted. (C) The numbers of eosinophils and (D) the number of neutrophils in the small 392 

intestines were estimated, based on the data of Fig. 5B and Fig. S5A. (E) The number of CD45 393 

positive cells in the laminar propria cells was estimated.  OVA/EW; OVA-sensitized and EW-diet 394 

fed. NC/EW; Non-sensitized and EW-diet fed. The data are shown as mean ± standard deviation 395 

for each group (bars), and are representative for three independent experiments. *p<0.05, 396 

**p<0.01. 397 

Fig. S6: Reduced number of CD68 positive cells in AE tissues of CCR8 KO mice. WT mice 398 

and CCR8KO mice were i.p. sensitized with OVA plus ALUM and fed EW-diet for 7 days. As 399 

controls, mice fed EW-diet without sensitization. On day 7 of EW diet, jejunums were harvested 400 

from the mice. (A) The tissues were stained with anti-CD68 mAb (green) and propidium Iodide 401 

(blue). (B) The averaged numbers of CD68 positive cells/villus in the jejunum of the mice were 402 

counted. OVA/EW; OVA-sensitized and EW-diet fed. NC/EW; Non-sensitized and EW-diet fed. * 403 

P<0.05.   404 

Fig. S7: CD68 and CCR8 expression in the inflamed tissues of WT mice. WT mice were i.p. 405 

sensitized with OVA plus ALUM and fed EW-diet for 7 days. On day 7 of EW diet, jejunums were 406 

harvested from the mice. The tissues were stained with anti-CD68 mAb (green), anti-CCR8-Abs 407 

(red), or isotype controls plus propidium Iodide (blue).  408 
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