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Summary

Food allergy is a major public health problem. Studies have shown that

long-term interactions between activated leucocyte cell adhesion molecule

(ALCAM/CD166) on the surface of antigen-presenting cells, and CD6, a co-

stimulatory molecule, influence immune responses. However, there are

currently no studies on the functions of ALCAM in food allergy. Therefore,

we aimed to identify the functions of ALCAM in ovalbumin (OVA)-induced

food allergy using ALCAM-deficient mice. Wild-type (WT) and ALCAM-

deficient (ALCAM–/–) mice were sensitized intraperitoneally and with orally

fed OVA. The mice were killed, and parameters related to food allergy and T

helper type 2 (Th2) immune responses were analysed. ALCAM serum levels

increased and mRNA expression decreased in OVA-challenged WT mice.

Serum immunoglobulin (Ig)E levels, Th2 cytokine mRNA and histological

injuries were higher in OVA-challenged WT mice than in control mice, and

these were attenuated in ALCAM–/– mice. T cell proliferation of total cells,

CD31CD41 T cells and activated T cells in immune tissues were diminished

in OVA-challenged ALCAM–/– mice. Proliferation of co-cultured T cells and

dendritic cells (DCs) was decreased by the anti-CD6 antibody. In addition,

WT mice sensitized by adoptive transfer of OVA-pulsed ALCAM–/– BM-

derived DCs showed reduced immune responses. Lastly, serum ALCAM

levels were higher in children with food allergy than in control subjects. In

this study, serum levels of ALCAM were elevated in food allergy-induced

WT mice and children with food allergy. Moreover, immune responses and

T cell activation were attenuated in OVA-challenged ALCAM–/– mice. These

results indicate that ALCAM regulates food allergy by affecting T cell

activation.
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Introduction

Food allergy is a serious public health problem, especially

as the prevalence has increased significantly in recent years

[1,2]. Despite the increasing incidence, the immune

responses to food allergens in the gastrointestinal tract are

not yet well understood. The gastrointestinal tract, which is

the main organ involved in food allergy, is the largest

immunological barrier in the body, and constantly encoun-

ters microbial antigens and dietary proteins [3]. When the

balance between tolerance and allergy is disrupted, orally

ingested food allergens are processed as small fragments

and presented to T cells by antigen-presenting cells (APCs)

[4]. This interaction leads to T cell proliferation and secre-

tion of T helper type 2 (Th2) cytokines, such as interleukin

(IL)-4, IL-5 and IL-13 [5,6].

Allergen presentation to T cells by APCs is a key compo-

nent of the immune response. Activation of T cells is

dependent upon the formation of synapses, specialized

structures that form when the plasma membranes of two

cells come into close apposition to transmit signals,

between T cells and APCs, called immunological synapses.

Numerous co-stimulatory molecules on immune cells are
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involved in the maintenance of these immunological syn-

apses [7].

Activated leucocyte cell adhesion molecule (ALCAM/

CD166) is a member of the immunoglobulin superfamily

(IgSF) [8], and numerous studies have shown that

ALCAM is present on APCs, especially dendritic cells

(DCs) [8,9]. ALCAM is involved in the maintenance of

tissue architecture, immune responses and tumour pro-

gression. Previous studies have demonstrated that

ALCAM expression is correlated with aggressiveness in a

variety of cancers, including melanoma, prostate, breast,

ovarian, oesophageal, bladder and intestinal cancers, and

has been used as a prognostic marker [10–12]. ALCAM

engages in homophilic interactions with ALCAM or heter-

ophilic interactions with CD6 on T cells at immunological

synapses [13]. These heterophilic interactions are stronger

than the homophilic interactions. CD6, ligand for

ALCAM, functions in T cell activation as an accessory

molecule at the immunological synapse [14], and several

studies have shown that long-term interaction between

ALCAM and CD6 activates T cells as co-stimulatory mol-

ecules [8,13,15].

ALCAM functions as a co-stimulatory molecule for T

cells and as a biomarker for cancer. In recent years, the

function of ALCAM in allergic disease has been studied,

and the results suggest that ALCAM plays a role as pattern

recognition receptor in delayed-type hypersensitivity [16].

However, this finding is insufficient to explain the role of

ALCAM in allergic disease.

The objective of this study was to determine the role of

ALCAM in allergy by analysing the systemic immune

response and T cell activation in food allergy using a mouse

model. We showed that the levels of ALCAM were

enhanced in food allergy-induced model mice and

ALCAM-deficient mice showed diminished IgE and Th2

inflammatory responses. Ex-vivo experiments demon-

strated that ALCAM is related to T cell activation in food

allergy. We also showed that serum levels of ALCAM were

increased significantly in children with food allergies.

In this study, we have demonstrated that serum ALCAM

levels were elevated in food allergy-induced mice and chil-

dren with food allergy. ALCAM-deficient mice showed

diminished IgE and Th2 inflammatory responses. Further-

more, ex-vivo experiments demonstrated that ALCAM is

involved in T cell activation in food allergy. Therefore, the

objective of this study was to identify the role of ALCAM

by analysing the systemic immune response and T cell acti-

vation in food allergy using a mouse model.

Materials and methods

Animals

Four- to 6-week-old female BALB/c mice were purchased

from OrientBio, Inc. (Kyeonggi, Korea). ALCAM-deficient

(ALCAM–/–) mice (C57BL/6 background) were purchased

from JAX Laboratories (Bar Harbor, ME, USA) and back-

crossed with BALB/c mice for more than seven genera-

tions. All animal experiments were performed in accord-

ance with the guidelines of the Korea Research Institute of

Bioscience and Biotechnology, and the protocol was

approved by the institutional review board of Yonsei Uni-

versity College of Medicine Council of Science and

Technology.

Antibodies and reagents

For flow cytometric analysis, cells were stained with allo-

phycocyanin-conjugated anti-CD3, fluorescein isothiocya-

nate (FITC)-conjugated anti-CD4, phycoerythrin (PE)-

conjugated anti-CD44 and allophycocyanin-conjugated

anti-CD62 ligand (CD62L) antibodies, which were pur-

chased from eBioscience (San Diego, CA, USA). For West-

ern blot anlysis, anti-b-actin and anti-ALCAM rabbit

polyclonal antibodies were purchased from Santa Cruz Bio-

technology (Dallas, Texas, USA) and an anti-transferrin

rabbit polyclonal antibody from Thermo Fisher Scientific

(Waltham, MA, USA). Horseradish peroxidase (HRP)-con-

jugated secondary antibodies, streptavidin, and anti-CD6

and anti-IgG antibodies were purchased from Santa Cruz

Biotechnology, whereas IL-4 and granulocyte–macrophage

colony-stimulating factor (GM-CSF) protein from R&D

Systems (Minneapolis, MN, USA). Ovalbumin (grade V)

was purchased from Sigma-Aldrich (St Louis, MO, USA).

Cholera toxin was purchased from List Biologicals (Camp-

bell, CA, USA).

Experimental food allergy model

Wild-type (WT) and ALCAM-deficient mice were sensi-

tized twice with a 2-week interval by intraperitoneal

injection with 50 lg of ovalbumin (OVA) and 10 lg of

cholera toxin (CT) as an adjuvant. Then, all mice were

challenged with OVA (50 mg in 200 ll of saline) six times

at 1-day intervals. Control mice were sensitized orally

and challenged with phosphate-buffered saline (PBS)

alone. The mice were killed 1 day after the final challenge,

and allergic responses in the small intestine were analysed

(Fig. 1a).

Adoptive transfer of bone marrow-derived dendritic
cells (BMDCs)

For this purpose, we cultured DCs from bone marrow as

follows. Both femurs were excised from one mouse and

marrow was collected. Marrow cells were purified and

plated at a density of 5 3 106/ml in a 100p dish with RPMI

medium including 20 ng/ml IL-4 and GM-CSF. After 10

days, mature BMDCs were used for adoptive transfer.

BMDCs were pulsed with 1�5 ml of OVA (1 mg/ml) and 10

ll of lipopolysaccharide (1 mg/ml) 1 day before the
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transfer. Mice were injected intraperitoneally (106 cells/

mouse) twice with a 2-week interval and challenged with

OVA or PBS six times at 1-day intervals.

Measurement of parameters of food allergy

At the last challenge, the core temperature of the mice was

measured rectally before and 15, 30 and 60 min after

Fig. 1. Levels of activated leucocyte cell adhesion molecule (ALCAM) were altered in ovalbumin (OVA)-challenged wild-type (WT) mice. (a)

Experimental protocol for induction of food allergy in mice. Mice were sensitized with 50 mg of OVA and 10 mg of cholera toxin (CT) and

challenged with 50 mg of OVA. Clinical scores (b), diarrhoea scores (c) and core temperature (d) were measured after the last challenge. (e)

OVA-specific immunoglobulin (Ig)E levels in serum of the mice. (f) Serum levels of ALCAM measured by enzyme-linked immunosorbent assay

(ELISA). (g) ALCAM mRNA was measured in the small intestine by real-time polymerase chain reaction. (h) ALCAM protein levels were

measured in serum and small intestine by Western blotting. Data are representative of three independent experiments (n 5 3–4 for each group).

*P < 0�05, **P < 0�01 versus phosphate-buffered saline (PBS)-challenged control mice. [Colour figure can be viewed at wileyonlinelibrary.com]
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challenge with a digital thermometer (Testo, Lenzkirch,

Germany). Mice were also observed for 2 h to record diar-

rhoea and clinical scores, as described previously [5,17].

Isolation and culture of immune cells

Spleen cells, mesenteric lymph node (mLN) cells and lam-

ina propria mononuclear cells were isolated from the mice.

Briefly, the spleen and mLNs were homogenized with a

syringe plunger in a cell strainer (BD Falcon, 40 lm; BD

Biosciences, San Diego, CA, USA). The cells were centri-

fuged and washed with RPMI medium supplemented with

5% fetal bovine serum (FBS), and red blood cells (RBCs)

were lysed with ammonium–chloride–potassium (ACK)

lysis buffer (0�15 M NH4Cl, 0�1 mM KHCO3, 0�1 mM Na2-

ethylemnediamine tetraacetic acid (EDTA) in distilled

water; pH 7�2). Then, the cells were washed with RPMI

containing 5% FBS, and 1 3 106 cells were cultured in each

well of a 96-well flat-bottomed plate in the presence or

absence of 50 ll of ovalbumin (10 mg/ml). After 72 h of

culture, the cells were collected and centrifuged. The super-

natant and centrifuged cells were frozen separately. Small

intestine (jejunum) lamina propria mononuclear cells were

isolated as described previously [18].

Co-culture

Splenocytes were isolated from WT and ALCAM-deficient

mice. CD31CD41 T cells and CD11b1CD11c1 DCs were

sorted on a FACS Aria II (BD Biosciences). Next, 2 3 105/

well WT T cells and 105/well WT or ALCAM-deficient DCs

were cultured in 96-well U-type plates in the presence or

absence of 50 ll of OVA (10 mg/ml), 3�5 lg/ml anti-CD6

antibody and IgG antibody for 5 days. The cells were sub-

jected to a proliferation assay and enzyme-linked immuno-

sorbent assay (ELISA).

Proliferation assay

Cells isolated from the spleen and mLNs were cultured in

96-well flat-bottomed plates (1 3 106/well) in the presence

or absence of 50 ll of ovalbumin (10 mg/ml) for 5 days.

On the fifth day, 10 ll of solution from the cell counting

kit-8 (CCK-8; Dojindo Molecular Technologies, Rockville,

MD, USA) was added to each well and incubated for 2–4 h.

Then, the plates were read at 450 nm with an ELISA reader.

ELISA

The concentrations of IL-4, IL-5 and IL-13 in the cultured

supernatants were determined by ELISA (R&D Systems),

according to the manufacturer’s instructions. Serum total

IgE was measured using the mouse IgE ELISA assay kit (BD

Biosciences), according to the manufacturer’s instructions.

To measure ovalbumin-specific IgE, microplates were

coated with an anti-IgE antibody and ovalbumin in coating

buffer.

Flow cytometric analysis

Single-cell suspensions (containing 1 3 106 to 2 3 106

cells) were resuspended in 100 ll of fluorescence activated

cell sorter (FACS) buffer (0�5% FBS in PBS) and dead cells

were excluded with Viability dye eFluor780 (eBioscience).

Cells were stained simultaneously with the optimal dilu-

tions of monoclonal antibodies (mAbs) specific for CD3,

CD4, CD44 and CD62 ligand (CD62L) for 30 min at 48C.

Stained cells were washed twice with cold staining buffer

(2% FCS and 0�02% sodium azide in PBS). Samples were

run on a FACSVerse flow cytometer (BD Biosciences), and

data were analysed using FlowJo software (Tree Star,

Ashland, OR, USA).

Measurement of cytokines by quantitative real-time
polymerase chain reaction (RT–PCR)

Quantitative RT–PCR to measure cytokine expression lev-

els was performed as described previously [19]. The expres-

sions of the cytokines and ALCAM in the small intestine

(jejunum) were calculated relative to b-actin.

Western blot

Small intestinal and serum protein levels of ALCAM were

analysed by Western blotting. Small intestine tissues were

homogenized, and proteins were extracted in radioimmu-

noprecipitation assay (RIPA) buffer (Thermo Fisher

Scientific). The protein concentration was determined

using the Bio-Rad Protein assay kit (Bio-Rad, Hercules,

CA, USA). Next, 53 sodium dodecyl sulphate (SDS) sam-

ple loading buffer was added to the protein extracts and

boiled for 5 min. After that, 10–20-lg protein samples

were subjected to electrophoresis in 10% SDS polyacryl-

amide gels and electrotransferred to a polyvinylidene fluo-

ride membrane (Millipore, Bedford, MA, USA). After

blocking with 5% skimmed milk in 13 Tris-buffered saline

containing 0�1% Tween-20 for 1 h, the membranes were

incubated overnight at 48C with a primary antibody against

ALCAM and b-actin followed by incubation with an HRP-

conjugated anti-rabbit secondary antibody. Protein bands

were visualized using an enhanced chemiluminescence kit

(GE Healthcare, Buckinghamshire, UK), with exposure of a

film on the ImageQuantTM LAS 4000 Mini Biomolecular

Imager (GE Healthcare). For protein analysis in serum, we

depleted albumin and IgG with Pierce albumin/IgG

removal kit (Thermo Fisher Scientific), and 53 SDS sam-

ple loading buffer was added. An anti-transferrin polyclo-

nal antibody was used for a housekeeping protein control.

Histological evaluation

Small intestine (jejunum) sections were stained with hae-

matoxylin and eosin (H&E). Histological damage scores

were measured as follows [20]: 0, no damage; 1, a low

amount of damage, with distinct structural components
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(epithelial layer and lamina propria); 2, structural compo-

nents can still be differentiated, but the epithelial layer is

noticeably separating from the lamina propria; 3, some dis-

organization of the villi and structural components are dif-

ficult to differentiate; 4, the structure of the villi is chaotic;

and 5, the structure of villi is chaotic and many villi are

completely destroyed down to the basal layers of tissue.

Electron microscopy

Small intestine (jejunum) specimens were fixed, dehy-

drated and embedded. Thin sections were observed by

JEM-1011 transmission electron microscopy (JEOL, Tokyo,

Japan) at an acceleration voltage of 80 kV. Images were

obtained with a MegaView III camera (Olympus, Tokyo,

Japan).

Human subjects

A total of 143 children who visited Severance Children’s

Hospital for work-up or treatment for food allergy or a

routine health check-up between April 2012 and September

2014 were enrolled into this study. Food allergy was defined

according to the guidelines of the National Institute of

Allergy and Infectious Diseases’ Expert panel report in

2010 [21]. A thorough medical history was obtained and a

physical examination was performed at the first visit.

Patients who were diagnosed with other allergic diseases,

such as atopic dermatitis, chronic urticaria, allergic rhinitis

or asthma, were excluded considering their potential effects

on allergic sensitization. After obtaining consent, a blood

sample was obtained and stored at 2208C. We measured

the levels of total and specific IgE by the Pharmacia CAP

assay (Uppsala, Sweden). A specific IgE test was performed

for individuals with suspicion of food allergens and, if not

specified, for the five most common food allergens in

Korea: cow’s milk, egg white, wheat, soybean and peanut.

Serum ALCAM levels were assessed with an ELISA kit

(R&D Systems, Minneapolis, MN, USA), according to the

manufacturer’s instructions. This study was approved by

the Institutional Review Board of Severance Hospital (pro-

tocol no. 4-2004-0036). Written informed consent was

obtained from the participants and their parents.

Statistical analysis

Categorical data were presented as counts and percentages.

Continuous data were tested for normality using the Kol-

mogorov–Smirnov test and reported accordingly as the

mean [6 standard deviation (s.d.)]. The v2 test was used

to analyse categorical variables, and Student’s t-test was

used to analyse continuous variables. All statistical analyses

were conducted using SPSS statistics (version 22.0; IBM,

Armonk, NY, USA) and R (version 3.3.2; R Foundation for

Statistical Computing, Vienna, Austria). Statistical signifi-

cance was set at P � 0�05.

Results

Altered ALCAM levels in OVA-challenged mice

To address the role of ALCAM in food allergy, we investi-

gated serum ALCAM levels in OVA-challenged WT mice.

WT mice were sensitized intraperitoneally and challenged

orally with OVA (Fig. 1a) and parameters of food allergy

were evaluated. Clinical and diarrhoea scores were

increased and core temperature was decreased in OVA-

challenged WT mice (Fig. 1b–d). OVA-specific IgE levels

were also enhanced in the serum of OVA-challenged WT

mice compared to the levels in control mice (Fig. 1e). In

contrast to the elevated serum levels of ALCAM (Fig. 1f),

ALCAM mRNA was decreased in the small intestine

(jejunum) of OVA-challenged WT mice (Fig. 1g).

To understand the discrepancy between serum and tissue

levels of ALCAM, we performed Western blotting on the

mouse serum and small intestine. In the small intestinal

lysate, the molecular size of ALCAM was 100–105 kDa, and

protein levels decreased in OVA-challenged WT mice. In

contrast, ALCAM fragments appeared at 25 and 22 kDa in

serum, and concentrations of these fragments increased in

OVA-challenged WT mice compared to control mice (Fig.

1h). Moreover, to identify the changes in serum ALCAM

levels induced by oral food challenges, we compared serum

ALCAM protein levels of OVA-sensitized PBS-challenged

mice against non-sensitized mice and OVA-challenged

mice (Supporting information, Fig. S1). As a result,

although OVA-sensitized PBS-challenged mice showed

slightly increased shed ALCAM (22kDa), there is no signifi-

cant difference of serum ALCAM levels between non-

sensitized mice and OVA-sensitized PBS-challenged mice.

Based on the results we investigated, we think that serum

ALCAM levels are not merely reflecting the sensitization to

food allergen, but indicate the development of food allergy.

Attenuated immune responses in OVA-challenged
ALCAM–/– mice

To identify the contributions of ALCAM to OVA-induced

food allergy, we induced food allergy to WT and ALCAM–/–

mice with OVA. Parameters of food allergy, including the

levels of Th2 cytokines, total IgE and OVA-specific IgE and

histological injury in the small intestine, were higher in

OVA-challenged WT mice than in control mice (Fig. 2). In

OVA-challenged ALCAM–/– mice, clinical and diarrhoea

scores were lower than those in OVA-challenged WT mice

(Fig. 2a,b). The change of core temperature was smaller in

OVA-challenged ALCAM–/– mice than in OVA-challenged

WT mice (Fig. 2c). In addition, the mRNA expressions of

Th2 cytokines, such as IL-4, IL-5 and IL-13, were dimin-

ished in the small intestine (jejunum) of OVA-challenged

ALCAM–/– mice compared to those in OVA-challenged WT

mice (Fig. 2d). Levels of serum total IgE and OVA-specific

IgE were also attenuated in OVA-challenged ALCAM–/–
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mice (Fig. 2e). In OVA-challenged ALCAM–/– mice the

characteristics of injured small intestines, such as dam-

aged villi and infiltrated cells, were milder than those in

OVA-challenged WT mice (Fig. 2f,g). We observed intesti-

nal tight junctions as a marker of food allergy by scanning

electron microscopy (SEM). In control mice, the tight

junctions and desmosomes in the small intestine (jeju-

num) appeared to be clearer, whereas the intestinal tight

junctions and desmosomes of OVA-challenged WT mice

were smeared and spread out. However, these findings

were less severe in OVA-challenged ALCAM–/– mice

(Fig. 2h).

Diminished T cell responses in ALCAM–/– mice

It is well known that ALCAM on APCs and CD6 on T cells

interact at immunological synapses and function as co-

stimulatory molecules [22]. Therefore, we attempted to

determine the role of ALCAM in T cell responses in an ex-

vivo experiment. Splenocytes and mLN cells were isolated

from WT and ALCAM–/– mice and cultured in the presence

Fig. 2. Activated leucocyte cell adhesion molecule (ALCAM) regulates immune responses in a murine model of food allergy. Mice were sensitized

with 50 mg of ovalbumin (OVA) and 10 mg of cholera toxin (CT) and challenged with 50 mg of OVA. After the last challenge, clinical score (a),

diarrhoea score (b) and core temperature (c) were measured in OVA-challenged wild-type (WT) and ALCAM–/– mice (data are representative of

three independent experiments, n 5 4 for each group). (d) The mRNA expression of T helper type 2 (Th2) cytokine [interleukin (IL)-4, IL-5

and IL-13] in the small intestine of the mice. (e) Levels of total immunoglobulin (Ig)E and optical density (OD) values of OVA-specific IgE in

mouse serum were measured by enzyme-linked immunosorbent assay (ELISA) for each group of mice (n 5 5 for each group) in triplicate for

each sample. Histological observations of the small intestine (f) and injury score (data representative of three independent experiments, n 5 4

for each group) (g). (h) Morphological observations of intestinal tight junctions by electron microscopy (EM). **P < 0�01 [phosphate-buffered

saline (PBS) versus WT/OVA)]; ##P < 0�01 (WT/OVA versus ALCAM–/–/OVA). Magnification: f, 3200; i, 350 000. [Colour figure can be viewed

at wileyonlinelibrary.com]

Fig. 3. Activated leucocyte cell adhesion molecule (ALCAM) affects T cell proliferation. Spleens and mesenteric lymph nodes (mLNs) were

removed from the mice, and cells were isolated from these tissues. Total cells from spleen and mLNs were cultured in the absence (control;

CON) or presence of ovalbumin (OVA) for 5 days. T cell proliferation was assessed with the cell counting kit-8 (CCK-8) assay. Released T helper

type 2 (Th2) cytokines [interleukin (IL)-4, IL-5 and IL-13] were measured in the supernatant from splenocyte cultures. (a) Total cell

proliferation in the spleen (left) and mLN (right). (b) Th2 cytokine levels in supernatant from splenocytes cultured medium assessed by enzyme-

linked immunosorbent assay (ELISA). Mean 6 standard deviation of triplicate wells; n 5 4 for each group, data representative of three

independent experiments. **P < 0�01 (CON versus WT/OVA); ##P < 0�01 (WT/OVA versus ALCAM–/–/OVA).
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or absence of OVA. Total T cell proliferation was then meas-

ured with the CCK-8 assay. The rate of total T cell prolifera-

tion was diminished in cells obtained from OVA-challenged

ALCAM–/– mice compared with those from OVA-challenged

WT mice (Fig. 3a). The levels of Th2 cytokines, including

IL-4, IL-5 and IL-13, were decreased in supernatants of cul-

tured splenocytes from OVA-challenged ALCAM–/– mice

against those of OVA-challenged WT mice (Fig. 3b).

To assess specifically the changes in T cell responses in

immune tissues, we isolated and cultured cells from the

spleen, mLN, and small intestine. To identify the T cells,

CD3 and CD4 were used as markers. The number of

CD31CD41 T cells was enhanced throughout the immune

tissues, especially in the small intestine, of OVA-challenged

WT mice when compared to the numbers of T cells in con-

trol WT mice. However, the number of CD31CD41 T cells

was lower in OVA-challenged ALCAM–/– mice than in

OVA-challenged WT mice. (Fig. 4a) We also found that the

number of activated cells (CD41CD44highCD62Llow) were

more decreased in OVA-challenged ALCAM–/– mice than

in OVA-challenged WT mice (Fig. 4b). The numbers of

CD41 T cells and effector T cells in the lymphatic tissues of

mice are shown as graphs in Fig 4c,d, respectively. These

results suggest that ALCAM has an effect on the total

Fig. 4. Activated leucocyte cell adhesion molecule (ALCAM) affects the activated T cell populations. Single cells from the spleen, mesenteric

lymph nodes (mLNs) and small intestine (jejunum) were gated with CD3 and CD4 for CD41 T cell populations or CD4, CD44 and CD62

ligand (CD62L) for activated T cells by flow cytometry. (a) The CD31CD41 T cell populations in the splenocytes, mLN cells and the small

intestinal lamina propria mononuclear cells of ovalbumin (OVA)-challenged wild-type (WT) and ALCAM–/– mice. (b) Activated T cells in the

lymphatic tissues of OVA-challenged WT and ALCAM–/– mice were measured by gating with CD41CD44highCD62Llow. (c) The number of CD41

T cells in the lymphatic tissues of the mice. (d) The number of effector T cells in the lymphatic tissues of the mice. Data of flow cytometry have

reproducibility in three independent experiments, and mean 6 standard deviation of triplicate vials, n 5 4 for each group, data representative of

three independent experiments for (c) and (d). **P < 0�01 (control versus WT/OVA); #P < 0�05, ##P < 0�01 (WT/OVA versus ALCAM–/–/OVA).
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population and activation of T cells in the immune system

through its interaction with CD6 on T cells.

Reduced proliferation of CD6 antibody-treated WT T
cells and DCs

To confirm that ALCAM affects a T cell response, we

blocked CD6 on T cells with the anti-CD6 antibody ex

vivo. Mice were sensitized twice (2-week interval) with PBS

or OVA. The spleen was removed from the mice, and sple-

nocytes were isolated. T cells and DCs were then sorted

from splenocytes of WT and ALCAM–/– mice. We co-

cultured these cells and used mixed T cells (WT T cells and

ALCAM–/– T cells) to verify that ALCAM–/– T cells have no

problems with proliferation. Mixed T cells and WT or

ALCAM–/– DCs were co-cultured in 96-well round-bot-

tomed plates and treated with the anti-CD6 antibody or an

iso-IgG antibody. Cell proliferation was determined with a

CCK-8 solution, and Th2 cytokine levels in cultured media

were measured by ELISA. Proliferation of mixed T cells

and WT DCs was higher than that of mixed T cells and

ALCAM–/– DCs in the absence of antibodies. Co-cultured

cells treated with the anti-CD6 antibody showed slower

proliferation regardless of the type of DCs. Nevertheless,

the reduction in proliferation was greater in mixed T cells

and WT DCs than in mixed T cells and ALCAM–/– DCs

(Fig. 5a). Levels of IL-4, IL-5 and IL-13 in the culture

medium showed a comparable reduction (Fig. 5b).

Alleviated immune responses in WT mice
reconstituted with ALCAM–/– BMDCs

OVA-challenged ALCAM–/– mice and DCs from ALCAM–/–

mice showed attenuated immune responses and cell

Fig. 5. A CD6 deficiency diminishes the

proliferation of co-cultured cells. Wild-

type (WT) (n 5 4) and activated

leucocyte cell adhesion molecule

(ALCAM)–/– (n 5 4) mice were sensitized

with ovalbumin (OVA) or phosphate-

buffered saline (PBS) twice with a 2-week

interval. Single cells from the spleen were

sorted to obtain T cells and dendritic cells

(DCs). Next, the mixed T cells and WT

DCs or ALCAM–/– DCs were co-cultured

in a 96-well round-bottomed plate for 5

days with the anti-CD6 antibody (aCD6)

or immunoglobulin (Ig)G antibody as a

control. (a) Proliferation of co-cultured

cells was measured by the cell counting

kit-8 (CCK-8) assay. (b)–(d) T helper

type 2 (Th2) cytokine levels in the culture

supernatant were measured by enzyme-

linked immunosorbent assay (ELISA). The

data are mean 6 standard deviation of

triplicate wells; **P < 0�01 (WT T cells

with WT DCs versus WT T cells with WT

DCs plus aCD6); ##P < 0�01 (WT T cells

with WT DCs versus WT T cells with

ALCAM–/– DCs).

Role of ALCAM in food allergy

VC 2018 British Society for Immunology, Clinical and Experimental Immunology, 192: 151–164 159



Y. S. Kim et al.

160 VC 2018 British Society for Immunology, Clinical and Experimental Immunology, 192: 151–164



proliferation, respectively, in this study. To clarify the effects

of these ALCAM–/– cells from ALCAM–/– mice, we trans-

ferred BMDCs adoptively to WT mice. WT mice received

naive or OVA-pulsed BMDCs from WT or ALCAM–/– mice

intraperitoneally twice with a 2-week interval with CT. Two

weeks after the last transfer, the mice were challenged orally

with OVA six times at 1-day intervals. There were no signs

of food allergy in WT mice that were injected with CT only,

but mice that received naive WT BMDCs showed slightly

enhanced signs of allergy (Fig. 6a,b,f). Parameters of food

allergy, including expression of Th2 cytokine mRNA, levels

of OVA-specific IgE and damage to the small intestine, were

significantly greater in the mice that received OVA-pulsed

WT BMDCs compared to naive WT BMDCs (Fig. 6c,d).

Moreover, proliferation of splenocytes and cells from mLNs

increased in mice that were reconstituted with OVA-pulsed

WT BMDCs (Fig. 6e). Th2 cytokine levels in culture media

also decreased in mice that received OVA-pulsed WT

BMDCs (data not shown). Mice that received OVA-pulsed

ALCAM–/– BMDCs showed weaker immune responses com-

pared with mice that received OVA-pulsed WT BMDCs

(Fig. 6). In addition, we verified that ALCAM–/– mice that

received OVA-sensitized WT T cells yielded weaker immune

responses compared with WT mice that received OVA-

sensitized WT T cells (Supporting information, Fig. S2).

Increased serum levels of ALCAM in children with
food allergy

To determine whether the serum levels of ALCAM were

altered in children with food allergy we evaluated a group of

143 children (aged 0�5–10�8 years), including 53 with food

allergy and 90 without allergy (control). Among food aller-

gens, egg (n 5 35, 66%) was the most common, followed by

milk (n 5 17, 32%), wheat (n 5 5, 9%) and peanut (n 5 4,

8%). The total number of children with multiple food

allergy was 25 (47%). The clinical characteristics of the sub-

jects are summarized in Table 1. There was no significant

difference in gender. The mean age in the control group was

significantly higher than that in the food allergy group

(7�4 6 1�44 versus 2�24 6 1�9, P < 0�0001). Serum total IgE

levels were significantly higher in children with food allergy

than in the healthy controls (260�8 6 294�6 versus

40�4 6 30�5, P < 0�0001), and serum ALCAM levels were

significantly higher in those with food allergy than in the

healthy controls (35�4 6 4�7 versus 28�1 6 4�2, P < 0�0001;

Fig. 7). A multiple regression analysis was performed to eval-

uate whether ALCAM levels were related to food allergy after

controlling for age, and the results demonstrated that

ALCAM levels were significantly higher in the food allergy

group (bo 5 5�75, P < 0�0001). In subgroup analysis, chil-

dren with egg allergy revealed higher serum ALCAM levels

compared to those without the egg allergy (36�05 6 4�66

versus 29�16 6 4�78, P < 0�0001). The same trend was

observed for milk allergy (35�58 6 4�29 versus 30�21 6 5�45,

P < 0�0001). Among the subjects with food allergy, ALCAM

levels were elevated in children with multiple food allergy in

comparison with those with only one food allergy; however,

the difference was not statistically significant (35�96 6 4�23

versus 34�95 6 5�06, P 5 0�435).

Discussion

Allergenic food proteins may not only induce IgE produc-

tion, but also activate special subsets of T cells to establish

food allergy [23]. Thus, while the most common food

allergy is mediated by IgE antibodies, they may also be

induced by T cells [24]. Within the small intestine, the main

tissue involved in food allergy, lymphocytes are found at var-

ious locations in the gut mucosa, and T cells are located in

the epithelium [25]. When APCs, such as DCs, present food

allergens to T cells, an immunological synapse is formed,

and there are many co-stimulatory molecules on immune

cells that maintain and prolong these immunological synap-

ses [7]. ALCAM, one of these co-stimulatory molecules, is

Fig. 6. Activated leucocyte cell adhesion molecule (ALCAM)–/– bone marrow-derived dendritic cells (BMDCs) alleviate immune responses in

wild-type (WT) mice. Bone marrow cells were isolated, and DCs were obtained by differentiation of those cells from WT and ALCAM–/– mice

(n 5 4). WT mice received naive or ovalbumin (OVA)-pulsed WT or ALCAM–/– DCs twice with a 2-week interval with cholera toxin (CT)

intraperitoneally. Two weeks later, the mice were challenged orally with OVA or phosphate-buffered saline (PBS) six times at 1-day intervals. (a)

The diarrhoea score of the mice. (b) Rectally estimated core temperature at the last challenge. (c) T helper type 2 (Th2) cytokine mRNA

expression levels in the mouse small intestine according to real-time polymerase chain reaction (PCR). (d) Serum OVA-specific immunoglobulin

(IgE) was quantified by an enzyme-linked immunosorbent assay (ELISA). (e) Proliferation of cells from the spleen and mesenteric lymph nodes

(mLNs) was measured using a cell counting kit-8 (CCK-8) solution. (f) Histological examination of a murine small intestine (haematoxylin and

eosin staining); n 5 3 for each group and total N 5 36. **P < 0�01 (naive WT BMDCs versus OVA-pulsed WT BMDCs); ##P < 0�01 (OVA-

pulsed WT BMDCs versus OVA-pulsed ALCAM–/– BMDCs). Magnification 3200. [Colour figure can be viewed at wileyonlinelibrary.com]

Table 1. Characteristics of subjects.

Characteristics Control (n 5 90) Food allergy (n 5 53) P-value

Age, years 7�4 6 1�44 2�24 6 1�9 P < 0�0001

Sex, male (%) 42 (47) 32 (60) 0�158

Serum total immunoglobulin E, kU/l 40�4 6 30�5 260�8 6 294�6 P < 0�0001
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expressed by DCs and interacts with CD6 on T cells. Many

studies have demonstrated that ALCAM mediates immune

responses by interacting with CD6 and plays a role in the

pathogenesis of some cancers [15]. In one study, they char-

acterized ALCAM as intestinal cancer stem cell marker in

the human and mouse gastrointestinal tract [26].

We showed that ALCAM levels were enhanced in the

serum of OVA-challenged WT mice and children with food

allergy when compared to control mice and children without

allergy, respectively. These findings indicate that ALCAM has

an effect on OVA-induced food allergy, which correlates with

studies that addressed the role of ALCAM in murine models

or human disease. A previous study showed that ALCAM is

over-expressed in a murine model of metastatic prostate can-

cer and in patients with prostate cancer [27]. Moreover,

ALCAM levels have been shown to be increased in patients

with a variety of cancers, including melanoma, prostate,

breast, ovarian, oesophageal, bladder and intestinal cancers

[10–12,28,29]. We found that increased serum levels of

ALCAM were not correlated with decreased ALCAM mRNA

and protein expression in the small intestine of OVA-

challenged WT mice. Although seemingly contradictory, this

finding paralleled the results of another study examining the

role of ALCAM in breast cancer [30]. They also found no

correlation between soluble ALCAM levels in serum and

ALCAM protein levels in the tumour tissues of patients with

breast cancer. This discrepancy between serum and tissue of

ALCAM levels may result from shedding of the protein into

serum by a disintegrin and metalloprotease domain 17

(ADAM17), also called tumour necrosis factor-a-converting

enzyme (TACE) [31]. We confirmed that the molecular size

of ALCAM fragments in serum is smaller than that in the

small intestine. Therefore, OVA-challenged WT mice showed

different forms of ALCAM in the small intestine and serum.

Here, we demonstrated that OVA-challenged ALCAM–/–

mice showed attenuated symptoms of food allergy when

compared with WT mice, such as decreased levels of Th2

cytokines, injury of the small intestine and other parameters.

Furthermore, WT mice that received OVA-pulsed ALCAM–/–

BMDCs yielded weaker immune responses and slower total

cell proliferation. These findings indicate that ALCAM pro-

motes immune responses in food allergy, and these data cor-

relate well with other studies that demonstrated the role of

ALCAM in malignant mesothelioma and delayed-type hyper-

sensitivity [16,32]. In malignant mesothelioma, knock-down

of ALCAM led to 30–50% inhibition of cell migration and

invasion of mesothelioma cells [32]. In a murine model of

delayed-type hypersensitivity, the clinical score of allergic dis-

ease was attenuated in ALCAM–/– mice [16].

One study characterized the T cell response to peanut

allergen in a murine model of peanut allergy [33]. They

showed that the levels of allergen-specific IgE and systemic

anaphylaxis score were significantly higher in peanut-

induced mice compared to the levels in control mice.

Moreover, T cell proliferation of splenocytes stimulated by

peanut was increased in peanut-induced mice. In another

study, OVA-challenged BALB/c mice exhibited symptoms

of food allergy, including diarrhoea, decreased body tem-

perature, increased levels of OVA-specific IgE and

expanded numbers of mast cells [34]. In addition, the levels

of Th2 cytokines and CD41 T cell proliferation in mLN

and splenocytes were enhanced in OVA-challenged mice. It

is well known that CD6, ligand for ALCAM, is a co-

stimulatory molecule for T cell activation [14]. Both

ALCAM and CD6 are recruited actively and contribute to

stabilization of the immunological synapse. Moreover, it is

also known that ALCAM-CD6-mediated adhesion is

involved in both the early and later stages of DC-induced T

cell activation and proliferation [15,22]. These findings

demonstrate that CD6 and ALCAM form a key adhesive

receptor–ligand pair that is involved not only in early DC–

T cell binding but also in sustaining DC-induced T cell

proliferation long after the initial contact has been estab-

lished [15]. Following these studies, we investigated the

role of ALCAM as a co-stimulatory molecule of T cells. We

measured total T cell proliferation and the CD41 T cell

and activated T cell populations in systemic immune tis-

sues to identify the reasons for the attenuated symptoms in

OVA-challenged ALCAM–/– mice. We observed that the

total T cell proliferation of cultured mLN cells and spleno-

cytes was diminished in OVA-challenged ALCAM–/– mice.

More specifically, the CD31CD41 T cell and activated T

Fig. 7. Serum levels of activated leucocyte cell adhesion molecule

(ALCAM) were increased in children with food allergy. Serum

ALCAM levels were measured in children with food allergy (n 5 53)

and healthy control subjects (n 5 90) by enzyme-linked

immunosorbent assay (ELISA). Pirate plots represent the

distribution of ALCAM levels, with a horizontal mean line and boxes

representing 95% confidence intervals. **P < 0�01.
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cell populations were lower in the mLN, spleen and small

intestine of OVA-challenged ALCAM–/– mice than in OVA-

challenged WT mice. In the experiments on co-culture, cell

proliferation and levels of Th2 cytokines decreased in WT

T cells and DCs when they were treated with the anti-CD6

antibody. Many studies have determined the role of

ALCAM by treatment with an anti-CD6 antibody in vivo.

In one study, authors verified that CD6 is a key molecule

for sustaining the activation and differentiation of T cells

and is an important target for modulation of autoimmune

diseases [35]. They found that Itolizumab, a CD6 domain

1-specific humanized monoclonal antibody, inhibits T cell

signalling, activation and proliferation. Moreover, mice

that were treated with the anti-mouse CD6 domain 1 anti-

body showed a decreased clinical score of experimental

autoimmune encephalomyelitis in comparison with the

mice that were treated with the mouse isotype control anti-

body. According to that study and our findings, a lack of

ALCAM leads to attenuated T cell activation because it is

no longer available to interact with CD6 on T cells.

In this study, although ALCAM expression in the small

intestine was lower in OVA-challenged WT mice than in

control mice, serum levels of ALCAM were increased. In

accordance with these findings, the serum levels of ALCAM

in children with food allergy were also higher than those in

healthy control subjects. Immune responses in OVA-

challenged ALCAM–/– mice were attenuated compared to

those in OVA-challenged WT mice. Total T cell prolifera-

tion in the spleen and mLN, the CD31CD41 T cell popula-

tion and the activated (CD41CD44highCD62Llow) T cell in

the spleen, mLN and small intestine were also diminished

in OVA-challenged ALCAM–/– mice compared to OVA-

challenged WT mice. Cell proliferation of co-cultured T

cells and DCs was decreased by the anti-CD6 antibody. In

addition, WT mice that were reconstituted with ALCAM–/–

BMDCs showed weaker immune responses. Further analy-

sis is necessary to explore the possible usage of soluble

ALCAM as a biomarker or therapy for food allergy.

In conclusion, our results showed that the levels of

ALCAM are increased in a murine model of food allergy

and in children with food allergy. Moreover, food allergy-

induced ALCAM–/– mice showed attenuated systemic

immune responses, T cell proliferation and T cell activa-

tion. These results suggest that ALCAM regulates allergic

disease and affects immune responses by altering T cell

activation and the Th2 response in food allergy.
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online version of this article at the publisher’s web-site:

Fig. S1. Activated leucocyte cell adhesion molecule

(ALCAM) protein levels in serum of ovalbumin (OVA)-

sensitized phosphate-buffered saline (PBS)-challenged

mice. Wild-type (WT) mice (n 5 3) were sensitized and

challenged with PBS or OVA. Group 1: non-sensitized

mice (CON); group 2: OVA-sensitized PBS-challenged

mice (PBS); group 3: OVA-challenged mice (OVA). Serum

ALCAM protein levels of mice were quantified by

enzyme-linked immunosorbent assay (ELISA) (a) and

Western blotting (b).

Fig. S2. Immune responses decreased in activated leuco-

cyte cell adhesion molecule (ALCAM)–/– mice that

received wild-type (WT) T cells. WT mice (n 5 4) were

sensitized with ovalbumin (OVA) or phosphate-buffered

saline (PBS) twice with a 2-week interval. The spleen was

excised from these mice and single cells isolated.

CD31CD41 T cells were sorted, and we injected these T

cells into WT and ALCAM–/– mice once. Two weeks later,

the mice were challenged orally with OVA or PBS six

times at 1-day intervals. (a) We estimated core tempera-

ture rectally at the last challenge. (b) Serum OVA-specific

immunoglobulin (Ig)E was quantified by enzyme-linked

immunosorbent assay (ELISA). (c) T helper type 2 (Th2)

cytokine mRNA expression levels in the murine small

intestine were measured by real-time polymerase chain

reaction (PCR). (d) and (e) Proliferation rates of cells

from the spleen and mesenteric lymph nodes (mLNs)

were measured using a cell counting kit-8 (CCK-8) solu-

tion. (e) Histological examination of the murine small

intestine (haematoxylin and eosin staining); n 5 3 for

each group and total N 5 36. **P < 0�01 (control WT

mice versus WT mice that received OVA-sensitized T

cells); ##P < 0�01 (WT mice that received OVA-sensitized

T cells versus ALCAM–/– mice that received OVA-

sensitized T cells). Magnification 3200.

The number of CD31CD41 T cells was enhanced

throughout the immune tissues, especially in the small

intestine, of OVA-challenged WT mice when compared to

the numbers of T cells in control WT mice. However, the

number of CD31CD41 T cells was lower in OVA-

challenged ALCAM–/– mice than in OVA-challenged WT

mice. We also found that the number of activated cells

(CD41CD44highCD62Llow) decreased in OVA-challenged

ALCAM–/– mice rather than in OVA-challenged WT mice.
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