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Background: Mast cells and eosinophils are key cells in the
development of active symptoms in allergic diseases and
other inflammatory conditions, and they mediate their action
through the release of very potent granule constituents.
Methods: Five patients with milk-related gastrointestinal
symptoms diagnosed by double-blind placebo-controlled milk
challenges, but with negative responses to skin prick tests
and RASTs with milk, and eight healthy control subjects
were investigated. Repeated perfusion studies were performed
with a two-balloon, six-channel tube by using milk, casein,
and whey as antigens. Luminal eosinophil cationic protein,
histamine, and albumin were measured by radiecimmuno-
assay.

Results: Luminal cow’s milk induced a pronounced increase
in intestinal secretion of histamine and eosinophil cationic
protein in patients, but not control subjects, during the first
20 minutes after challenge (histamine from 123 * 12 to

543 % 175 ng/cm, hr; eosinophil cationic protein from 80 +
23 to 686 = 262 ng/cm, hr). Albumin, as a marker of plasma
leakage, was also significantly increased.

Conclusion: These data indicate that mast cells and eosino-
phils are effector cells not only in patients with allergic dis-
ease but also in patients intolerant to foods and lacking cir-
culating antibodies. The underlying mechanisms may be a
reaction mediated by locally appearing antibodies or an im-
munologic activation resembling that found in intestinal dis-
orders such as celiac disease. (J Allergy Clin Immunol 1997;
100:216-21.)
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The eosinophil granulocyte is an important effector
cell in allergic disease and asthma. In fact, it has been
suggested that products from eosinophil cells are major
causative factors in allergic airway disease.! The actions
of the eosinophil and its many inflammatory mediators
therefore present a highly visible target for therapeutic
modalities.? Eosinophils are essentially tissue cells that
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Abbreviations used

ECP: Eosinophil cationic protein
RIA: Radioimmunoassay

SPT:  Skin prick test

are seen, for example, in large numbers in the lamina
propria of the normal gut.? In normal tissue they are
intact, but in diseased tissue they often undergo massive
degranulation and release their inflammatory media-
tors.* Eosinophil cationic protein (ECP), a cytotoxic
mediator acting on mammalian cells, is a marker of
eosinophil activation, although the exact mechanism of
ECP in allergic disease is not known. The traditional
view is that eosinophils are recruited as a consequence of
the allergen-induced IgE-dependent release of chemo-
tactic factors,>  but they can be increased, apparently, in
both allergic and nonallergic asthma.” These and other
findings indicate that local allergy-like reactions may
occur.®

Mast cells also have important immunoregulatory
functions and play a major role in immediate allergic
and inflammatory reactions. Through their production
of inflammatory mediators and cytokines, they contrib-
ute to the recruitment of eosinophils at the site of
inflammation.’ Mast cells may also play a role in main-
taining local IgE responses in nonlymphoid organs, such
as the gut, by taking over the role of T-helper lympho-
cytes and functioning as effector cells in acute allergic
and inflammatory reactions.!® These associations be-
tween mast cells and eosinophils have been recognized
for many years, and histamine has been demonstrated to
be chemotactic for eosinophils in vitro!* and to enhance
the cytotoxic capacities of these cells.!?

Information on the participation of inflammatory
mediators on eosinophils and mast cells/basophils in
intestinal events in patients with a history of adverse
reactions to foods is sparse or lacking. Adverse reactions
to foods are divided into toxic and nontoxic reactions,
and nontoxic reactions are further divided into immune-
mediated reactions (food allergy) and eventually nonim-
mune-mediated reactions (food intolerance). New meth-
ods for clinical investigation of gastrointestinal tract
functions in relation to the intestinal immune response
are required for assessment of these patients. The aim of
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TABLE |. Jejunal fluid concentrations of albumin, histamine, and ECP

Albumin (mg/L) Histamine {pg/L} ECP {ng/L}
Miik Casein Whey Milk Casein Whey Milk Casein Whey
Patients (n = 5)
Basal 137+ 4 475+ 15 266 =8 6807 57209 31x04 44=x1 61+26 28%1
Peak 69.8 ®22%F 45912 273 x10 331=x8* 56=1 4809 38115 61x18 42=x1
Control (n = 8)
Basal 24.0 = 4 4317 430=x6 54=x2 2804 52x09 96%6 11.0x=8 391
Peak 278+ 6 406 x5 350=x7 95=3 43+08 6108 97x4 121 =8 3.4+ 0.7

Data are presented as mean values = SEM of one basal 20-minute perfusion period compared with the highest value after challenge with the different
antigens. The highest value was obtained during the first 20 minutes after challenge.

*p <0.05 versus basal values in the same patient.
Tp <0.05 versus control values.

this study was to determine the local intestinal release of
ECP and histamine in patients with a history of milk-
induced gastrointestinal symptoms who have negative
responses to skin prick tests (SPTs) and RASTs with
milk, and compare the result with that in healthy control
subjects.

METHODS
Patients and control subjects

Five patients with a history of milk-related diarrhea were
studied. All five had a history of bronchial asthma, and three of
them had a history of rhinitis and/or conjunctivitis. Clinically,
they had experienced migrating arthralgia, joint swelling, and
mucus in the stool; they also had abdominal distention after
milk challenge. We only considered patients in whom milk-
induced gastrointestinal symptoms were diagnosed by double-
blind placebo- controlled milk challenge. The double-blind
provocation study consisted of two active challenges with the
suspected antigen and two placebo-controlled challenges in the
same patient. In open challenges foods were used in their
natural form. In blinded challenges the same foods were used,
but they were freeze-dried and pulverized. Dextrose was used as
placebo. Foods and placebo were placed in opaque gelatin
capsules that were tinted with titanium oxide. For the results of
an active, blinded challenge to be considered positive, symp-
toms the same as those that were produced in the open
challenge had to be observed. Furthermore, the symptoms had
to be of the same intensity and duration and followed by a
placebo control challenge with negative results in the same
patient. The patients had been on an elimination diet before the
investigation, and antihistamines and acetylsalicylic acid were
withdrawn for 48 hours before challenge.

The patients and control subjects had negative responses to
SPTs and RASTs with milk, and they all tolerated lactose.
Lactose tolerance was tested by an oral dose of 100 gm of
lactose, which had to produce a blood glucose level of 1.2 mmol
or more to be considered normal. A blood glucose level of less
than 1.2 mmol indicated lactose intolerance. The oral dose of
lactose induced blood glucose levels of 6.0, 6.6, 6.1, 12.2, and 7.6
mmol in the different patients, respectively. Because there are
reports showing that patients with negative skin test results in
response to commercial milk extracts have positive results in
response to fresh skim milk, all patients were also tested with
this antigen. None of the patients, however, had a positive skin
reaction to skim mitk.

The SPTs were performed and the reactions graded according
to standard procedures. The allergen extracts were prepared and

standardized in the laboratory of the Asthma and Allergy Center,
Sahlgrens Hospital. For SPTs, one panel of alimentary allergens
(meat, fish, shellfish, cow’s milk, soy protein, egg yolk, egg white,
wheat flour, rye flour, oatmeal, barley meal, hazel nut, chocolate,
vegetables) and another panel of aeroallergens (mite, mold,
dander, grass, herb, tree) were used, as in an earlier study.”> All
patients and control subjects were tested by Phadebas RAST
(Pharmacia Diagnostics AB) for allergic reaction to milk, as
described in the test kit instructions from the manufacturer.

The five patients underwent jejunal perfusion and were
challenged intraluminally with the three different antigens, and
the data obtained were compared with data from eight healthy
volunteers studied under identical conditions. The mean age of
the patients was 54 years, and the mean age of the control
subjects was 28 years (ranges, 50 to 59 years and 22 to 36 years,
respectively). Although we made every effort to achieve a better
age match between the patients and the control subjects, it
turned out that when our healthy volunteers (mostly students)
became older and their financial status improved, they stopped
participating as subjects in our studies because of the discom-
fort. This disparity in age could influence the results concerning
intestinal reactivity to allergen challenge. Indicators of allergy-
like skin test reactivity and peripheral blood eosinophil counts,
however, show an inverse relationship to age, which means that
if there were any difference between the groups in this respect,
the older study group would react less strongly to challenge
than would the younger group.'™*

Isolation of a jejunal test segment

A tube made of polyvinyl chloride with an outer diameter of
16F (5.3 mm) was used (LOC-I-GUT, Pharmacia AB). The
precise use of the technique is explained elsewhere.'® In short,
the tube contained six channels and was provided distally with
two 40 mm long, elongated latex balloons, each separately
connected to one of the smaller channels. This permitted
isolation and perfusion of a 10 cm long segment in the proximal
part of the jejunum. The tubes were positioned under fluoro-
scopic guidance, and continuous gastric drainage was achieved
by a separate Salem sump tube (12F; Sherwood Medical, Petit
Rechain, Belgium).

Experimental design

The balloons were inflated with air, and the test segment was
rinsed with 154 mmol/L Na(l, at 3 ml/min for 30 minutes with
a syringe pump. After the rinsing period, the segment was
perfused at 3 mi/min with a solution containing 10 mmol/L
glucose, 5.4 mmol/LL KCl, 120 mmol/L NaCl, 2 mmol/LL
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FIG. 1. Rates of histamine secretion into isolated jejunal segment in
five patients. A, Individual secretion rates after challenge with milk as
antigen (arrow). All five patients responded with increased secretion
after challenge. B, Comparison of secretion afier challenge (arrow/
with three antigens: miik, casein, and whey (mean + SEM). Only full
cow's milk induced a significant increase in secretion (*p < 0.05). C,
Comparison of secretion in patients and control subjects after chal-
lenge with milk (mean = SEM; *p < 0.05).
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Na,HPO,, 1 gm/L polyethylene glycol with a molecular weight
of 4000 d, and 35 mmol/L mannitol. The osmolality of the
perfusion fluid was 290 mOsm/L. Carbon 14-labeled polyethyl-
ene glycol (**C polyethylene glycol; molecular weight, 4000 d,
2.5 pCi/L; Amersham Lab, Buckinghamshire, England) was
added to the pertfusion fluid as a volume marker. Ten milliliters
of aprotinin (10,000 kIU/ml Trasylol; Bayer AG, Leverkusen,
Germany) was added to every liter of perfusion solution in
order to inhibit any proteolytic activity from proteases, which
might have contaminated the effluent. Phenol red solution was
infused into the stomach through the sump line of the Salem-
sump tube at a rate of 1 ml/min and was measured in the
effluent from the intestinal segment. This was done to rule out
leakage (i.e., contamination from intestinal fluid bypassing the
proximal balloon into the segment). All solutions were infused
at a temperature of 37° C and were collected from the stomach
by suction and from the intestinal segment by gravity drainage.
Samples of perfusate were collected on ice at 20-minute
intervals and frozen at —70° C in plastic vials. Perfusions were
performed during a period of 120 minutes. The patients and
control subjects were investigated and challenged with three
different antigens (milk, casein, and whey) on three different
occasions, resulting in a total of 38 perfusion studies. One
patient was only given milk and casein and refused participation
in the third perfusion study. Only one experiment was per-
formed each day and experiments performed in the same
subject were separated by at least 4 weeks.

Allergens

The milk allergen was commercially pasteurized cow’s milk
and was given as 10 ml of undiluted milk, at a rate of 3 mi/min,
after a 20-minute baseline period. Whey and casein (obtained
from Sigma Chemical Co., St. Louis, Mo.) were given in the
same way as the milk allergen.

Analytic measurements

ECP was measured in duplicate by a radioimmunoassay
(RIA) technique (Pharmacia ECP RIA).'%'7 Histamine and
albumin (50 pl samples) were assayed in duplicate by a
double-antibody RIA (Pharmacia Diagnostics AB). Parallel
standard curves were made for all substances by means of the
respective standards mixed with either buffer or a constant
volume of the perfusion fluid: The variability of the histamine
assay was 13%, and the variabilities of the ECP and albumin
assays were each below 10%. “C-labeled polyethylene glycol
was determined by liquid scintillation and phenol red was
measured spectrophotometrically.’® Because some of the RIAs
could have been influenced by the presence of even small
amounts of protease in the effluent, all samples were carefully
thawed on ice with the addition of 2 mmol/L (10 pl of a 0.2
mol/L stock solution) of phenylmethylsulfonyl fluoride (Sigma
Chemical Co.), dissolved in absolute alcohol, before all RIA
analyses. Phenylmethylsulfonyl fluoride is an irreversible serine
protease inhibitor.'®

Calculations and statistical analyses

The results are expressed as jejunal fluid concentrations in
Table I and as secretion rates of the analytes in Figs. 1 and 2
(mean = SEM). Data are also expressed as medians and ranges
in the Results section. The luminal secretion rate was calculated
after correction for the minimal #C losses, by using the
formula: Concentration in perfusion finid X 3 ml/min X 60
minutes + 10 cm, and expressed as secretion per centimeters of
bowel per hour. All results were analyzed individually, and the
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statistical significance of differences was tested by the Mann-
Whitney rank sum statistic with comparisons between basal and
peak values, with each patient serving as his or her own control,
and between patients and control subjects. Differences were
considered significant at a p value of less than 0.05. The study
was approved by the Ethics Committee of the Medical Faculty,
Uppsala University.

RESULTS

The patients were openly challenged with cow’s milk,
casein, and whey administered in the isolated jejunal
segment. The most noteworthy finding when milk was
given, besides colic and diarrhea, was that in four of the
five patients the abdominal circumference increased
within 60 minutes after challenge. No such increase was
observed when casein and whey were given. Under basal
conditions there was no significant difference between
the patients and the control subjects in the concentration
of histamine or ECP in the isolated segment (p > 0.05;
Table T and Figs. 1 and 2). The basal histamirne secretion
in the repeated studies in the five patients was 100
ng/cm, h (range, 41 to 164 ng/cm, h) (14 different
studies), and in the control subjects the basal histamine
secretion was 66 ng/cm, h (range, 8 to 280 ng/cm, h) (24
different studies). The basal ECP secretion was 82
ng/cm, h (range, 17 to 158 ng/cm, h) and 50 ng/cm, h
(range, 18 to 1172 ng/cm, h) in patients and control
subjects, respectively. These findings could be taken as
confirmation that the patients bad taken the recommen-
dations of an exclusion diet seriously.

During challenge with milk, the secretion rates of
ECP and histamine started to increase as early as 20
minutes after administration of the dose (Figs. 1 and 2).
The maximum secretion rates of ECP and histamine
were also observed during this period, and the values
declined to the prestimulation levels during the rest of
the observation period. The secretion rates of histamine
and ECP increased in all five patients after luminal
challenge with milk. Three of the five patients showed a
more pronounced increase in the secretion rate of ECP,
and the same patients also reacted with higher luminal
histamine values. On average, the rates of albumin and
histamine secretion increased fivefold, but the secretion
of ECP increased almost ninefold (p < 0.02).

In the control subjects, administration of milk into the
isolated segment did not induce any changes in the
appearance rates of albumin, histamine, or ECP; nor did
luminal casein or whey have any effects on these sub-
stances in the patients or control subjects.

DISCUSSION

During luminal perfusion of an isolated segment of
the proximal part of the jejunum, we were able to
determine the secretion rate of ECP and histamine and
the effects of different milk antigens in patients intoler-
ant to cow’s milk and in healthy control subjects. We
observed a fivefold increase in luminal histamine and a
nearly ninefold increase in luminal ECP during the first
20 minutes after challenge with cow’s milk, but not after
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FIG. 2. Rates of ECP secretion into isolated jejunal segment in five
patients. A, individual increase in ECP secretion in all five patients
after challenge (arrow). B, Comparison of ECP secretion after
challenge farrow) with the three antigens: milk, casein, and whey
{mean = SEM). C, Comparison of secretion in patients and control
subjects after challenge with milk {(mean = SEM; *p < 0.05).
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challenge with casein or whey. It is reasonable to assume
that the granule constituents are released mainly into
the small bowel lumen from eosinophils and mast cells
infiltrating the jejunal mucosa. Furthermore, it is un-
likely that the appearance of ECP (molecular weight,
21,000 d) and histamine (molecular weight, 116 d) is
attributable to a passive leakage from plasma. The
concentration of ECP in the jejunal fluid was close to or
even higher than the concentration in the bloodstream.*®
The concentrations of histamine in the perfusion fluid
were considerably higher than concentrations in the
plasma, and histamine does not pass through cell mem-
branes. In contrast, the appearance of albumin in the
jejunal fluid should reflect passive leakage from the
plasma/interstitial fluid compartments.

Selective infiltration of eosinophilic granulocytes into
local tissue is recognized as a marker of type I allergic
reactions but has also been observed not only in IgE-
mediated reactions but also in tissue affected by other
immunologic alterations. Luminal antigens contribute to
the pathogenesis of gastrointestinal disorders, such as
eosinophilic gastroenteritis, celiac disease, and perhaps
inflammatory bowel disease.?®?! In celiac discase, the
pathophysiologic event that leads to the characteristic
morphologic changes is primarily immunologic, includ-
ing both reactions elicited by antigen-antibody com-
plexes and cell-mediated damage involving activation of
eosinophils and mast cells.?*

Recent studies have shown that there are complicated
interactions and pathways involving other cell types,
chemical mediators, and cytokines in the mechanism of
eosinophil attraction.?>2” In studies of allergic mucosal
responses assessed by the presence of mast cells and
eosinophils in the nasal cavity, the kinetics of the cellular
events have been elucidated. The numbers of eosino-
phils and metachromatic cells (mast cells rather than
basophils) increase fairly rapidly after allergen challenge
(2 to 4 hours) but much more slowly than the develop-
ment of clinical symptoms, which are generally ex-
pressed 15 minutes after challenge.?® These findings
imply that cellular migration is too slow to account for
the clinical attack. The symptoms have to be provoked
by inflammatory mediators from cells already waiting to
respond to the antigen at the site of penetration. In fact,
morphometric studies of the gut have revealed increased
numbers of intraepithelial eosinophils in patients with
cow’s milk allergy with circulating IgE antibodies.?

One of the four preformed mediators of human
eosinophils is ECP. Challenge tests with simultaneous
measurement of ECP in the serum in patients with food
intolerance have been performed but with conflicting
results.3® Besides being a cytotoxic protein, ECP has the
ability to alter the production of glycosaminoglycans,
specifically hyaluronan, by human fibroblasts and to
stimulate airway secretion.?>3? Hyaluronan is increased
in the joints in rheumatoid discase,* and patients in this
study complained of joint swelling. In the airways, ECP
directly stimulates the release of submucosal gland
products and plays a role in mucus hypersecretion, as
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has been described in asthma.? The patients in this study
complained of increased amounts of mucus in the stool,
which can be explained by a similar mechanism. Of
potential interest also is the possible involvement of
ECP in T-cell-mediated reactions in vivo such as con-
nective tissue diseases, inflammatory bowel disease, and
rheumatoid arthritis.3*

Inflammatory lesions, irrespective of whether eosino-
phils are recruited into them, share a loss of imperme-
ability of venular endothelium to plasma proteins.” This
leads to the accumulation of plasma colloids, which was
demonstrated in this study by an increased appearance
rate of albumin during the first 20 minutes after chal-
lenge. Furthermore, among the effects of local hista-
mine, increased vascular permeability and development
of mucosal edema are major contributors to the inflam-
matory response.®

The association between mast cells and eosinophils
has long been recognized.® It has been proposed that
eosinophils are not initiating cells for the early phase of
an allergic reaction and that factors activating eosino-
phils are mostly produced in and released from cells
responsible for this primary reaction, such as mast
cells.>”:38 The data in this study strongly indicate that
mast cells not only function as effector cells in acute
allergic reactions but probably also have important
immunoregulatory functions in allergic inflammation or
inflammation in general.?® Histamine, however, is not a
specific marker, because the basophil is also a rich
source of histamine. The pure kinetics of the cellular
events in this study, with the most pronounced changes
in the appearance of the inflammatory mediators occur-
ring during the first 20 minutes after chalienge, indicate
a release from cells already lining the gastrointestinal
tract and not transported from the blood. Cellular
provocation studies of the nasal mucosa have similarly
revealed that metachromatic cells lining the nasal cavity
are mast cells rather than blood basophils.® The mast
cells also contain many other inflammatory mediators,
which could contribute to the pathogenesis of the mu-
cosal reaction and participate in eosinophil activation.

In conclusion, our results indicate that the intestinal
mucosa in patients intolerant to cow’s milk, without
circulating IgE antibodies, reacted to locally adminis-
tered antigen with an increased release of ECP and
histamine into the intestinal lumen. This supports the
hypothesis that evaluation of the activity of inflamma-
tory cells, and not just their numbers, provides informa-
tion about the inflammatory cascade in quantitative
terms and further elucidates the quality of the process
and the kinetics involved.*
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