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Abstract

The extravasation of T cells at sites of inflammation is criti-
cally dependent on the activity of homing receptors (HR)
involved in endothelial cell recognition and binding. Two
such HR (the cutaneous lymphocyte antigen [CLA] and L-
selectin) have been shown to be selectively involved in T cell
migration to skin and peripheral lymph nodes, respectively.
This study was designed to assess the relationship between
the organ specificity of an allergic reaction to food and the
expression of HR on T cells activated in vitro by the relevant
food allergen. Peripheral blood mononuclear cells were iso-
lated from seven milk allergic children with a history of
eczema when exposed to milk. All patients had a positive
prick skin test and double-blind placebo-controlled food
challenge to milk. 10 children with either allergic eosino-
philic gastroenteritis or milk-induced enterocolitis and 8
nonatopic adults served as controls. Five-parameter flow
cytometry using monoclonal antibodies was used for detec-
tion of the specific HR on freshly isolated T cells versus T
cell blasts induced by a 6-d incubation with casein, as com-
pared with Candida albicans.

After in vitro stimulation with casein, but not C. albi-
cans, patients with milk allergy and atopic dermatitis had
a significantly greater percentage of CLA* T cells (P
< 0.01) than controls with milk-induced enterocolitis, aller-
gic eosinophilic gastroenteritis, or nonatopic healthy con-
trols. In contrast, the percentage of L-selectin—expressing
T cells did not differ significantly between these groups.
These data suggest that after casein stimulation allergic pa-
tients with milk-induced skin disease have an expanded pop-
ulation of CLA* T cells, as compared with nonatopics or
allergic patients without skin inveolvement. We postulate
that heterogeneity in the regulation of HR expression on
antigen-specific T cells may play a role in determining sites
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of involvement in tissue-directed allergic responses. (J. Clin.
Invest. 1995. 95:913-918.) Key words: eczema * skin « T
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Introduction

During the past decade, there have been several major break-
throughs in our understanding of the immunologic mechanisms
which result in chronic allergic diseases such as atopic derma-
titis (AD)' and asthma. Patients with allergic diseases have in
common the propensity to produce IgE responses to specific
allergens and develop local tissue inflammation characterized
by the infiltration of activated HLA-DR™*, CD4*, CD45RO ™
memory/effector T cells and eosinophils (1, 2). In situ hybrid-
ization studies of airway cells and skin biopsies, respectively,
from patients with asthma and AD, have revealed that T cells
infiltrating into sites of allergic reactions express T helper type
2 (Ty2)-like cytokine profiles, i. e., increased mRNA expres-
sion for IL-4 and IL-5 but not IFN-y (3, 4). Furthermore,
allergen-specific T cells grown from peripheral blood and dis-
eased tissues of patients with various allergic diseases have
been found to express Ty2-like cytokines (5—7). These Ty2
cells have been shown to promote IL.-4—dependent IgE synthe-
sis and IL-5—-dependent eosinophil differentiation (5).

Despite these important insights into the generic allergic
response, there is little information regarding the mechanisms
which determine tissue specificity of particular T cell responses
in different allergic diseases. Studies in animal models have
demonstrated clear heterogeneity in the ability of previously
activated T lymphocytes to migrate to mucosal versus nonmuco-
sal sites (for review see reference 8). This tissue-selective hom-
ing is regulated in large part at the level of lymphocyte recogni-
tion of post-capillary venular endothelial cells (EC) via the
interaction of differentially expressed lymphocyte homing re-
ceptors (HR) and their EC ligands (9, 10). In humans, lympho-
cyte/EC adhesion molecule pairs thought to participate in tis-
sue-selective lymphocyte homing include the skin-selective HR
called the cutaneous lymphocyte-associated antigen (CLA) and
the peripheral lymph node HR, L-selectin (8—13).

Recently, we have found that T cells migrating into skin
blisters overlying cutaneous delayed-type hypersensitivity reac-
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1. Abbreviations used in this paper: AD, atopic dermatitis; AEG, allergic
eosinophilic gastroenteritis; CLA, cutaneous lymphocyte-associated
antigen; EC, endothelial cell; HR, homing receptor; TH,, T helper
type 2.
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Table 1. Clinical and Laboratory Features of Subjects

Subject group n Median age (range) Mean IgE CAP to milk Symptoms after milk challenge
Atopic dermatitis and milk- 7 5(3-12 yr) 33.01+13.77 kU J/liter Exacerbation of eczema, hives, vomiting,
induced eczema angioedema
Milk-induced enterocolitis 6 5 (14 mo-9 yr) 7.96+7.27 kU p/liter Hives, abdominal pain, vomiting,
lethargy, diarrhea
Eosinophilic gastroenteritis 4 3 (3-14yr) 5.08+3.09 kU /liter Hives, sneezing, vomiting, anaphylaxis,
laryngeal edema, diarrhea, no reaction.
Nonatopic adults 8 26 (25-50 yr) <0.35 kU /liter Not applicable

tions are highly enriched for the CLA expressing memory/
effector T cell subset, whereas memory/effector T cells isolated
from the airways of asthmatics are predominantly CLA negative
(14). Thus, the propensity of a given individual to develop AD
as opposed to asthma may depend on differences in the skin-
or lung-seeking behavior of their memory/effector T cells (15).
In children with AD, food allergens (e. g., milk) have been
found to be a well-defined trigger for eczema. In this study, we
were therefore interested in determining whether there was a
relationship between the tissue specificity of a clinical reaction
to an allergen and the expression of HR on T cells activated in
vitro by the relevant allergen. To this end, we assessed the
expression of CLA and L-selectin on peripheral blood T cells
from patients with AD and milk-induced eczema and compared
their HR expression, at baseline and after stimulation with the
major milk protein, casein, to T cells collected from patients
with allergic eosinophilic gastroenteritis (AEG), milk-induced
enterocolitis, or nonatopic healthy controls. Our findings indi-
cate that the casein-reactive T cells from patients with milk-
induced eczema display significantly higher levels of CLA than
Candida albicans—reactive T cells from the same patients and
either casein- or C. albicans—reactive T cells from nonatopic
controls or noneczematous atopic patients. Thus, in the eczema-
tous patients, the high CLA expression of casein-reactive cells
may facilitate the localization of these T cells in skin, thereby
playing a key role in determining the predominantly cutaneous
manifestation of their atopic disease.

Methods

Study populations. This study included blood samples obtained from
children with milk-induced eczema, AEG, and milk-induced enterocoli-
tis. Healthy adults with no known allergies served as a nonatopic control
population. Clinical and laboratory features are summarized in Table 1.
In patients with milk-induced eczema, the diagnosis of AD was made
according to the criteria of Hanifin and Rajka (16), and the diagnosis
of IgE-mediated milk allergy was established by the presence of positive
prick skin test to milk, presence of elevated milk-specific IgE antibodies
in the serum, and positive double-blind placebo-controlled food chal-
lenges to milk, as previously described (17). Patients with AEG were
diagnosed based on their presentation of recurrent abdominal pain, nau-
sea, vomiting, early satiety, intermittent diarrhea, and failure to thrive,
with extensive infiltration of mucosal biopsies of the esophagus, stom-
ach, and small intestine with eosinophils (18). Clinical symptoms re-
solved with the institution of an elemental diet and recurred with double-
bind placebo-controlled food challenge to milk. Patients diagnosed with
milk-induced enterocolitis fulfilled the criteria of Powell (19): (a) dis-
appearance of vomiting, diarrhea, and guaiac-positive stools containing
increased leukocytes after the removal of antigen (usually milk or soy
formulas) from the diet; (b) absence of symptoms and good weight gain
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for at least one month on a low-antigen formula (extensively hydrolyzed
casein formula); and (c¢) recurrence of symptoms and peripheral blood
leukocytosis with food allergen challenge (0.6 g protein/kg body
weight). Because of the limited amount of blood that could be obtained
in children, it was not possible to carry out all the analyses on each
child. Informed consent approved by The Johns Hopkins University
School of Medicine in Baltimore or the National Jewish Center for
Immunology and Respiratory Medicine in Denver, as appropriate, was
obtained from all patients/parents before entry into this study.

Determination of sensitivity to milk. Patients’ sera were tested for
specific IgE levels to milk allergen using the CAP-RAST system (Phar-
macia Diagnostic AB, Uppsala, Sweden). This is an in vitro test system
for the determination of circulating specific IgE antibodies. The system
uses solid phase bound allergens (immunoCAP) that react with antibod-
ies in the serum samples. Units are expressed as kU,/liter where A
represents allergen-specific antibody. Values < 0.35 kU, /liter represent
absent or undetectable levels of allergen-specific antibody. There is no
cross-reactivity with IgA, IgD, IgM, or IgG.

In addition, all patients with milk-induced eczema, AEG, and entero-
colitis underwent double-blind, placebo-controlled food challenges to
verify their clinical sensitivity to milk. These challenges were carried
out at The Johns Hopkins Clinical Research Center as described pre-
viously (17).

Cell culture. Peripheral blood mononuclear cells (PBMC) were iso-
lated from heparinized venous blood by density gradient sedimentation
over Ficoll-Hypaque (Histopaque; Sigma Chemical Co., St. Louis,
MO). Cells were then washed three times in Hanks’ balanced salt
solution (Gibco Laboratories, Grand Island, NY) and resuspended in
medium, as appropriate, for either cell culture or immunofluorescence
staining.

For cell culture studies, PBMC at 1 X 10%/ml cells were cultured
in AIM-V media (Gibco Laboratories) with 1% L-glutamine and 10%
autologous plasma. Cells were cultured in the presence of casein (200
pg/ml; Sigma Chemical Co.) or C. albicans antigen (8,060 pnu/ml;
Miles Pharmaceutical Division, Elkhart, IN) or no antigen for 6 d. To
assess proliferation, the cells (2 X 10* cells/well) were placed in a 96-
well microtiter plate in triplicate and pulsed with [*H]thymidine (ICN
Biomedicals, Irvine, CA) at 1 uCi/well for 6 h. Incorporation of [*H]-
thymidine was determined and expressed as the stimulation index (cpm
with antigen/cpm without antigen). For immunofluoresence staining,
cells were washed and resuspended in staining buffer (see below).

Monoclonal antibodies. mAbs Leu4 (CD3; peridinin chlorophyll-a
protein, i. e., PerCP), Leu3a (CD4; FITC, PE), Leu2a (CDS8; PE), Leu
45RO (CD45RO; PE), Leu8 (L-selectin; PE), anti~-HLA-DR (PE),
G1CL (mouse IgG1 control; FITC, PE), and G2Gl (mouse IgG2 con-
trol; FITC, PE) were obtained from Becton Dickinson Immunocytome-
try Systems (San Jose, CA). mAbs HECA-452 (a rat IgM against CLA;
FITC) and MECA-79 (used as a rat IgM control; FITC) were prepared
as previously described (13, 20).

Cell staining flow cytometry. Five parameter analysis was performed
on a FACScan® flow cytometer (Becton Dickinson Immunocytometry
systems ) using FITC, PE, and PerCP as the three fluorescent parameters.
Immunofluorescence staining for this multiparameter analysis was per-



Table I1. Antigen-specific PBMC Proliferation Responses

Total [*H]thymidine incorporation response

Study group Media Casein C. albicans
Milk-induced
eczema (n = 7)  2438+568  48420+16837  21853+9097*
Gastroenteropathy
(n = 10) 1800+607  48793+7835 50874+11435
Normals (n = 8) 2576+580  37153+8341 64791+11159

* P = 0.02 as compared with normal controls.

formed as described previously (13, 20). Methods of cytometer setup
and data acquisition have also been described previously (20). List
mode multiparameter data files (each file with forward scatter, side
scatter, and three fluorescent parameter) were analyzed using LYSIS II
Windows program. Day 0 analysis was performed using a light scatter
gate including only viable, small lymphocytes and a gate based on
expression of CD3. For the day 6 analysis, the light scatter gate was
set on the T cell blast population. Negative control reagents were used
to verify the staining specificity of experimental antibodies.

Statistical analysis. Data are expressed as the mean+SEM for each
patient population. Statistical comparisons were made using an unpaired
two-tailed 7 test with the Stat View 4.0 program on a Macintosh Ilcx
computer. Analysis of variance (ANOVA) was used to test differences
in the means of three groups. When ANOVA was significant, a Fisher’s
multiple comparison procedure was used to determine which groups
were significant at the 5% level. Differences between groups were con-
sidered significant at P values < 0.05.

Results

To determine whether PBMC from patients with milk-induced
eczema respond to casein by selectively expanding their CLA *
T cell subpopulation, we studied blood samples from three sub-
ject populations: first, a group of children with AD and milk-
induced eczema confirmed by double-blind, placebo-controlled
milk challenge; second, a group of children with gastroenteropa-
thy that included patients with either AEG or milk-induced
enterocolitis; and third, a group of normal adult subjects. As
shown in Table II, PBMC from all three study groups prolifer-
ated equally well in response to casein. Although all three
groups proliferated well to C. albicans, used as a control antigen
in this study, PBMC from the AD group had decreased prolifera-
tion when compared with normal controls.

The expression of CLA was examined on freshly isolated
peripheral blood T cells versus T cell blasts after 6 d of in vitro
incubation with casein. At baseline, children with AD and milk-
induced eczema had higher percentages of CLA* T cells in
their PBMC than the other two subject groups. These baseline
levels were significantly higher for children with AD as com-
pared with children with gastroenteropathy (P = 0.005). After
6 d of in vitro incubation, the percentage of CLA* T cells rose
in all three subject groups. However, as shown in Fig. 1, the
level of CLA* T cell expansion was significantly higher for
patients with milk-induced eczema compared with either the
gastroenteropathy group (P = 0.001) or the nonatopic normal
subjects (P = 0.004).

To determine whether this enhanced stimulation of CLA* T
cells in patients with milk-induced eczema was antigen specific,
PBMC from all three subject groups were also studied after

stimulation with C. albicans. As shown in Fig. 2, C. albicans
stimulated the expansion of CLA™* T cells in all three subject
groups to varying levels. However, after 6 d of stimulation with
C. albicans, there were no significant differences between the
three subject groups (P = 0.2, ANOVA). More importantly,
the percentage of CLA* T cells in PBMC from patients with
milk-induced eczema was significantly greater (P = 0.01) than
each of the three control groups after in vitro stimulation with
casein as compared with PBMC stimulated with C. albicans.
Fig. 3 illustrates representative histograms demonstrating the
expression of CLA on day 6 cells after stimulation with either
casein or C. albicans. PBMC from the normal donor showed
similar percentages of CLA* T cells in C. albicans—and casein-
stimulated T cells. In contrast, PBMC from the patient with
milk-induced eczema had fourfold greater CLA* T cells on day
6 after in vitro stimulation with casein as compared with C.
albicans .

Finally, we examined the expression of L-selectin on T cells
before and after in vitro stimulation with casein. Incubation
with casein did not significantly alter L-selectin expression in
patients with casein-induced eczema. Furthermore, at baseline
and after 6 d of incubation with casein, there was no significant
differences in L-selectin expression found between patients with
milk-induced eczema as compared with the other two study
groups (see Fig. 4).

Discussion

Patients with an identified allergenic trigger of AD provide a
unique model for studying the expression of various HR on T
lymphocytes and their potential importance in the pathogenesis
of allergic skin disease. In this study, we demonstrate that atopic
children with milk-induced eczema exhibit a selective out-
growth of CLA*/CD4* memory/effector T cells in response
to casein, but not C. albicans antigen, stimulation in vitro. Al-
though patients with AEG, milk-induced enterocolitis, and
healthy nonatopic controls exhibited casein-induced lympho-
cyte proliferation, these groups did not show a selective expan-
sion of CLA-expressing T cells in response to casein stimula-
tion. The specificity of the association between CLA expression
on casein-reactive T cells and skin disease is further supported
by the observation that PBMC from children with AD and milk-
induced eczema did not show selective expansion of T cells
expressing the peripheral lymph node HR L-selectin as com-
pared with the other control groups examined in this study.
Given the close association between T cell CLA expression and
skin localizing capability (11-14), these observations suggest
that differential regulation of HR expression on antigen (aller-
gen) reactive memory/effector T cells may play a critical role
in determining the clinical manifestations of atopic disease, in
this case, allergen-induced eczema. The demonstration that E-
selectin, the vascular counter-receptor for CLA (21), is highly
expressed on cutaneous venules in chronic AD (22) and there-
fore represents a plausible mechanism for the selective cutane-
ous extravasation of CLA™* T cells supports this hypothesis, as
does our previous observation that in contrast to CLA "®" cutane-
ous T cells pulmonary T cells in the setting of asthma lack or
express only low levels of CLA (14).

CLA is selectively expressed by a subset of CD45RO*
memory/effector T cells in the blood and essentially all such
cells in skin, encompassing a wide variety of cutaneous in-
flammatory conditions in skin (including eczematous derma-
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n=7 n=10 n=8 other two control groups.

titis) (11, 12). It is not present on virgin CD45RO™ T cells,
and, indeed, we have demonstrated that CLA is selectively
upregulated during the antigen-induced virgin to memory/ef-
fector T cell conversion in secondary lymphoid tissue in a tis-
sue-selective manner (12). In this regard, it is clear from studies
in both animals and humans that the virgin to memory/effector
conversion is a key regulatory point for T cell function in gen-
eral, including regulation of HR expression and cytokine synthe-
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after Casein
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Figure 2. CLA™ T cell expression after stimulation with casein versus
C. albicans. CLA™* T cell expression was determined in PBMC from
either patients with milk-induced eczema, gastroenteropathy, or normals
after 6 d of in vitro stimulation with either casein or C. albicans. Casein
stimulation induced significantly greater CLA™* T cell expression in the
milk-induced eczema group as compared with C. albicans—induced
PBMC from the three study groups.
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sis potential (i. e., the Tyl vs. T2 cytokine synthesis subsets)
(8, 12, 20). The regulatory elements directing homing and ef-
fector function in vivo are proving to be complex, involving

Day 6 T celis (CD3 gated)

Candida Stimulated Casein Stimulated
I Normal
17.3%. 14.1%
—_— D ———

Cell Count

10! 102 403 101 102 103
Eczema
4.4% 18.5%

101 102 103 101 102 103

CLA

Figure 3. Casein, but not C. albicans, induces a higher percentage of
CLA™* T cells in a donor with milk-induced eczema than a normal
donor. PBMC from a normal donor versus a patient with milk-induced
eczema were stimulated for 6 d with either casein or C. albicans. Histo-
grams were generated by gating on the CD3 * cells. PBMC from the
normal donor had similar percentages of CLA* T cells after stimulation
with casein versus C. albicans. In contrast, PBMC from the donor with
milk-induced eczema had more than a fourfold higher percentage of
CLA™* T cells after stimulation with casein as compared with C. albi-
cans.
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Figure 4. Expression of L-selectin on T cells before and after in vitro
stimulation with casein. Incubation of PBMC from the three study
groups with casein using the same culture conditions as in Fig. 1 did
not induce significant alterations of L-selectin expression.

immunoregulatory cytokines, signals delivered via adhesion
molecule ligation, and perhaps the nature of the antigenic stimu-
lus itself (23). With regard to allergic disease, it is thought that
IL-4 and IL-5 producing effector T cells (the so-called Ty2
effector subset) play a critical etiologic role (6, 24-26), and
microenvironmental conditions and/or genetic factors support-
ing the generation of such Ty2 effectors during the virgin to
memory/effector transition likely predispose to atopy in gen-
eral. Here, we propose that the HR phenotype of the allergen-
specific effector T cells is independently regulated during the
virgin to memory/effector conversion and plays a key role in
determining (in conjunction with patterns of allergen deposition
in the body) the particular tissue in which allergic reactions
will manifest.

The functional manifestations of allergy-inducing T cell ef-
fectors may not be constant in a given individual but rather may
be regulated continuously by the interplay between genetic,
developmental, and environmental influences. AD and food al-
lergy represent the earliest manifestation of allergic disease,
occurring in infancy and early childhood (27), whereas allergic
respiratory disease generally does not have its onset until after
5 yr of age. Of interest, as AD patients develop asthma and
allergic rhinitis, they frequently outgrow their eczema (28).
Furthermore, it is well known that the offspring of patients with
AD will predominantly have asthma or allergic rhinitis and not
AD. The latter clinical observation suggests that, whereas the
potential to develop allergen sensitization and manifest allergic-
type immune responses is inherited, the organ specificity of a
particular allergic disease is acquired and determined by envi-
ronmental factors. Since memory/effector T cells tend to ex-
press homing receptors that preferentially return them to extra-
lymphoid tissues associated with the secondary lymphoid tis-
sues in which they were first activated (8), the site of allergen
exposure is likely to play a role in determining HR expression
and hence the tissue pattern of atopic symptoms.

Although the gastrointestinal tract serves as a barrier to

foreign proteins, early studies clearly demonstrated that immu-
nologically intact food proteins enter the circulation and are
distributed throughout the body. Prausnitz and Kustner (29)
were the first to demonstrate the rapid absorption and transport
of food antigens to passively sensitized skin sites. In a classic
series of experiments, Walzer and his colleagues used sera from
egg and fish allergic patients to passively sensitize volunteers
(30-34). Adult volunteers were given intradermal injections
of 0.05 cm® of patient and control sera. Approximately 24 h
later they were fed fish or eggs (33, 34). A wheal and flare
reaction was noted at the sensitized skin site within several
minutes to 1 h after ingestion of the relevant food in over 90%
of subjects, but not at the control site. Using a similar sensitizing
protocol and introducing food in specific locations along the
gastrointestinal tract, it was shown that peanut antigen was rap-
idly absorbed from different locations in the gastrointestinal
tract: oral cavity, 24.3 min; duodenum, 18.6 min; and rectum,
18.7 min (31). Taken together, these data indicate that after
the oral ingestion of food, antigen can be deposited into the
skin, thereby triggering dermal mast cells, and presumably pro-
cessing of antigen by accessory cells in the skin-associated
lymphoid tissue.

In summary, the current study provides new’ insights into
potential mechanisms which determine the pathogenesis of al-
lergic responses with different tissue specificities. Although the
major focus of research in allergy has been on understanding
the mechanism underlying IgE regulation, it is well known that
although IgE responses are necessary they are not sufficient to
account for chronic allergic disease. Indeed, a number of studies
have demonstrated that even after patients outgrow their allergic
disease, e. g., food allergy or inhalant allergy, either naturally or
after immunotherapy that their allergen-specific IgE responses
persist, as demonstrated by persistent positive immediate skin
tests. The latter phenomenon was first coined by May and col-
leagues as ‘‘asymptomatic hypersensitivity’’ based on their ob-
servation that patients with positive food skin tests in AD fre-
quently did not have positive challenges to the foods implicated
by IgE responses (35). This suggests that other immune re-
sponses, perhaps T cell-mediated, are also important in regulat-
ing the development of ‘‘symptomatic hypersensitivity.”” The
present findings provide an important new direction in which
the mechanisms for this phenomenon can be studied.
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