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The degree of whey hydrolysis does not uniformly affect in vitro basophil
and T cell responses of cow’s milk-allergic patients
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Summary
Background Several studies investigated whether hydrolysed proteins can induce
tolerance to cow’s milk (CM) in children at risk of developing CM allergy. Due to method-
ological problems and inconsistent findings, the evidence for a tolerogenic effect is
limited. A major problem is that different hydrolysates may give different outcomes due
to variations in their production and composition.
Objective The aim of the study was to investigate the effect of the degree of hydrolysis on
the allergenicity and immunogenicity of whey hydrolysates.
Methods The hydrolysis of whey was stopped at different time-points between 1 and
60 min. In 18 CM allergic patients, the allergenicity of the hydrolysates was determined
by immunoblot and the basophil activation test. To test immunogenicity, CM-specific
T cell lines were generated.
Results In most patients, increasing time of hydrolysis decreased IgE recognition and
basophil activation. However, in five patients, hydrolysed proteins induced more basophil
activation than non-hydrolysed proteins. The immunoblot data indicated that these
patients recognized either a 25- to 30-kDa degradation product of casein or a 10-kDa
degradation product of whey. Although T cell activation was decreased in all patients over
time, half of them still showed a positive response to the proteins after 60 min of hydro-
lysis.
Conclusion Increasing the time of hydrolysis reduces both allergenicity and immunoge-
nicity of whey hydrolysates in most but not all patients. This indicates that not the degree
of hydrolysis is decisive but the presence and stability of IgE and T cell epitopes in the
hydrolysate recognized by individual patients.

Keywords allergenicity, basophils, cow’s milk allergy, hydrolysed proteins, immunogenic-
ity, infant formula, T cells
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Introduction

Cow’s milk allergy (CMA) is defined as an immunologi-
cally mediated clinical response to one or more cow’s
milk (CM) proteins. The disease can be characterized by
cutaneous, gastrointestinal, respiratory and/or cardio-
vascular symptoms that appear after exposure to milk
proteins [1–3]. Whereas 0.3–3.5% of the young children
seem to be affected by CMA, the prevalence in adults is
estimated to be only 0.1–0.3% [4, 5]. At the moment,
there is no therapy available for CMA, and the only

way to reduce the symptoms is avoiding exposure to
CM [1, 3].

Because CM is an important nutrient source for infants
when breastfeeding is not possible, hypoallergenic for-
mulae were developed for children with CMA or children
at risk of developing CMA. These formulae contain either
amino acids or hydrolysed milk proteins (whey, casein or
both) [1]. Based on the degree of hydrolysis and the
length of the remaining peptides, hydrolysed proteins are
categorized as partial or extensive hydrolysates [6–8].
The extensive hydrolysates contain only small peptides



and are mainly used as a replacement for CM-containing
formulae in allergic children [8, 9]. In contrast, the partial
hydrolysates may contain larger protein fragments and
are used in infants at risk of CMA. They were initially
developed to find a balance between reduced allergen
load and acceptable palatability of hydrolysates [10].
Later, it was hypothesized that less hydrolysed proteins
are more immunogenic and therefore may prevent CMA
by inducing tolerance to CM [2, 6]. However, larger
protein fragments also result in increased allergenicity,
and therefore, these hydrolysates are not suitable for the
treatment of CMA children [1, 7, 8].

Several studies investigated the effect of extensive and
partially hydrolysed CM proteins on allergy prevention.
Whereas animal studies indicated that only partial
hydrolysates induce tolerance [11–13], both partial and
extensive hydrolysates seem to prevent CMA and atopic
dermatitis in high-risk children [8, 9, 14–19]. However,
evidence for this beneficial effect in humans is limited
due to methodological problems and inconsistent findings
[8, 9, 15, 20–22]. One of the problems is that the effects
may vary between different hydrolysates due to differ-
ences in their production, such as differences in protein
sources, enzymes and time of hydrolysis [8, 22]. There-
fore, a better understanding of the influence of these fac-
tors on the properties of hydrolysed proteins is necessary.

In this study, the effect of the degree of hydrolysis
on the allergenicity and immunogenicity of hydroly-
sates was investigated in adult CMA patients. The

hydrolysis of whey proteins was stopped on different
time-points. Allergenicity was determined by immuno-
blot and the basophil activation test. In addition to high
CM-specific IgE levels, CMA patients may also have
high CM-specific IgG levels [23]. Because IgG antibod-
ies may inhibit basophil activation, activation was
tested in the presence and absence of plasma [24].
Immunogenicity of the hydrolysates was tested with
CM-specific T cell lines (TCLs).

Materials and methods

Patients

Eighteen adult CMA patients were included in this
study (Table 1). The diagnosis was based on positive
CM-specific IgE levels and/or a suggestive history con-
firmed by a positive double-blind placebo-controlled
food challenge (DBPCFC) or, in case of severe symp-
toms, positive CM-specific IgE levels in combination
with a convincing history only. Before venous blood
samples were taken and plasma samples were collected,
an informed consent was obtained from the patients.
IgE levels specific to CM, casein, a-lactalbumin (a-LAC)
and b-lactoglobulin (b-LG) at the time of inclusion
(Table 1) were determined by CAP system FEIA (Thermo
Fisher Scientific, Waltham, MA, USA). This study was
approved by the Ethics Committee of the University
Medical Center Utrecht (approval number: 11-187).

Table 1. Patient characteristics

Code

Age of CMA

diagnosis (years) Age at inclusion M€uller score* IgE CM (kUA/L) IgE casein (kUA/L) IgE a-LAC (kUA/L) IgE b-LG (kUA/L)

01 0–3 48 0 30.4 38.9 10.6 4.5

02 ≥ 16 22 4† 92.5 99 1.58 1.68

03 ≥ 16 33 3 0.41 0.25 0.03 0.59

04 ≥ 16 43 2 87 99.4 0.18 0.2

05 ≥ 16 47 4† > 100 > 100 97.8 97.6

06 ≥ 16 33 0 3.98 3.8 0.38 0.96

07 0–3 34 4† > 100 > 100 13.9 25.7

08 0–3 19 2/3† > 100 > 100 28.5 > 100

09 ≥ 16 24 0 4.15 1.08 5.97 0.43

10 ≥ 16 41 0 35 37 0.41 0.88

11 ≥ 16 45 4† 10.9 14.3 0.07 3.79

12 0–3 19 4† > 100 > 100 6.57 9.53

13 ≥ 16 54 4† 28.7 28.9 2.86 12

14 ≥ 16 21 4† 32.6 41.6 1.11 0.72

15 ≥ 16 64 1 4.52 5.37 0.04 0.04

16 ≥ 16 24 2/3† > 100 > 100 3.7 5.2

17 0–3 21 4† 8.13 8.72 2.14 1.28

18 ≥ 16 48 3 0.15 0.31 0.01 0.2

*M€uller scores for severity of CMA: 0 = oropharyngeal symptoms, 1 = symptoms of skin and mucous membranes, 2 = gastrointestinal symptoms,

3 = respiratory symptoms, 4 = cardiovascular symptoms.
†M€uller score based on history (due to the severity of the symptoms, these patients were not challenged); the M€uller scores of the other patients

were based on the double-blind placebo-controlled food challenge.

a-LAC, a-lactalbumin; b-LG, b-lactoglobulin; CM, cow’s milk; CMA, cow’s milk allergy.
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Hydrolysis of whey

Whey (Lactalis, Laval, France) was dissolved at a con-
centration of 10 mg/mL in demineralized water. The
solution was heat-treated, and an established mixture
of endo- and exopeptidases (enzyme composition confi-
dential by Danone) was added for the hydrolysis. At 16
time-points between 0 and 60 min, a sample was
obtained. All samples were diluted and heated for
10 min to deactivate the enzymes completely.

Protein pattern of the whey hydrolysates

The protein pattern was analysed by SDS-PAGE
followed with a silver staining and by liquid chroma-
tography-electrospray/mass spectrometry (LC-ESI/MS).

For SDS-PAGE, the Criterion system with a 10–20%
Ready Gel Tris-HCl gel (both Bio-Rad, Hercules, CA,
USA) was used according to the manufacturer’s instruc-
tions. The hydrolysates (2 lg per sample) were run on
gel under reducing conditions. After protein separation,
the proteins were silver-stained as described previously
[25].

The LC-MS was performed on an Agilent 1100 Series
nano-LC System and microTOF-QII MS (Thermo-Quest,
San Jose, CA, USA) using a PepSwift Monolithic PS-
DVB column (200 lm 9 5 cm; Thermo Fisher Scien-
tific) and a trap column (200 lm 9 5 mm; Thermo
Fisher Scientific) filled with the same matrix and
directly interfaced with the mass spectrometer. Analysis
was performed at a flow rate of 3 lL/min using solvent
A (0.1% TFA in water) and solvent B [0.1% TFA in
99.99% LC-MS Chromasolv� aqueous acetonitrile
(Sigma Aldrich, St Louis, MO, USA)].

Molecular weight distribution of the whey hydrolysates

The molecular weight distribution was determined by
gel permeation chromatography (GPC) using UV absor-
bency. GPC was performed at a flow of 0.9 mL/min;
HPLC-column: Superdex Peptide 10/300 at 30°C (GE
Healthcare art. nr. 17-5176-01, Uppsala, Sweden); UV
detector = 200 nm; electronic integrator with GPC
mode. Based on the calibration curve, the GPC software
(Shimadzu Corp., Kyoto, Japan) calculated the molecu-
lar weight of various segments of the chromatogram.

Immunoblot

IgE binding to the major allergens of CM and the whey
hydrolysates was determined with immunoblot. Proteins
were separated using SDS-PAGE as described previously
and transferred on a polyvinyl difluoride membrane
using the Criterion Blotter system (both Bio-Rad)
according to the manufacturer’s instruction. The

membrane was blocked and incubated with plasma of
the CMA patients [diluted 1 : 25 or more if required in
1% albumin in phosphate-buffered saline (PBS)/Tween].
After washing, bound IgE was stained with horseradish
peroxidase-conjugated anti-IgE (1 : 30 000 in 1% albu-
min in PBS/Tween; KPL, Gaithersburg, MD, USA). The
membrane was washed overnight, and the bands were
visualized using the ECL technique (KPL) according to
the manufacturer’s instruction.

Direct unwashed and washed basophil activation test

Basophil activation by the major allergens of CM and
the whey hydrolysates was analysed using a flow
cytometry-based assay measuring CD63 expression.
Heparinized whole blood from the CMA patients was
stimulated with equal volumes of allergens diluted in
RPMI/IL-3 (2 ng/mL; R&D Systems, Minneapolis, MN,
USA). The reaction was stopped by adding cold PBS/
EDTA (20 mM). Cells were stained using anti-CD63,
anti-CD123 and anti-CD203c (all from BioLegend, San
Diego, CA, USA). Red cells were lysed by adding FACS
Lysing Solution (BD Biosciences, San Jose, CA, USA).
Basophil activation was analysed by flow cytometry
using a FACS Canto II (BD Biosciences) and expressed
as percentage of CD63-positive cells within CD203c/
CD123-positive cells. The percentages were corrected
for spontaneous activation seen with RPMI/IL-3. To
determine the general effect of the degree of hydrolysis
on basophil activation, the activation by hydrolysed
proteins was expressed as percentage of the activation
by non-hydrolysed proteins.

For part of the experiments, plasma from whole
blood was washed away by centrifugation and replaced
with RPMI until the original blood volume was reached.
Heparin (1 lg/mL; Sigma Aldrich) was added to prevent
clotting. Basophil stimulation was performed as
described previously.

T cell proliferation and cytokine production

To assess T cell activation in response to the whey
hydrolysates, CM-specific TCLs were generated and
tested as described previously [26]. T cell proliferation
was determined by measuring [3H]-thymidine incorpo-
ration. Stimulation indexes (SIs) were determined by
dividing hydrolysate-induced proliferation by back-
ground proliferation. A SI ≥ 2 was considered positive.
In addition, to determine the general effect of the
degree of hydrolysis on T cell proliferation, the prolifer-
ation induced by hydrolysed proteins was corrected for
background proliferation and expressed as percentage
of the proliferation by non-hydrolysed proteins. Cyto-
kine levels (i.e. IFN-c, IL-13 and IL-10) in the superna-
tants were measured by ELISA according to the
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manufacturer’s instructions (Sanquin, Amsterdam, the
Netherlands). All values were corrected for background
levels.

Results

Protein pattern of the whey hydrolysates

The degradation of CM proteins and the formation of
peptides at different time-points of hydrolysis are
shown in Fig. 1. At 0 min, when the proteins were only
heat-treated, 80% of the proteins were larger than

10 kDa. The silver staining of the SDS-PAGE (Fig. 1a)
and the spectra of the HPLC (Fig. 1b; Figures S1 and S2)
show that most of these proteins had an estimated
molecular mass of approximately 14 and 18 kDa, which
corresponds to the mass of a-LAC and b-LG, respec-
tively. Moreover, both techniques show that adding
enzymes for 1 min already partially degraded the pro-
teins. Only small traces of intact protein were visible on
the gel after 15 min. However, a degradation product
that was formed after 1 min was still visible after
40 min of hydrolysis. The molecular weight distribution
indicates that after 60 min of hydrolysis, < 1% of the
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proteins were larger than 10 kDa and more than 90%
were smaller than 3 kDa (Fig. 1c).

Protein/peptide recognition by IgE

In most patients (01, 03, 04, 06, 07, 09–11 and 14–18),
proteins/peptides were recognized when they were
hydrolysed for 11 min or less (Fig. 2a). Only in five
patients (02, 05, 08, 12 and 13), IgE binding to the later
time-points was observed. Interestingly, one of these
patients (02) recognized a band around 25–30 kDa
(Fig. 2b). This band seemed to appear after hydrolysis
of the proteins for 1 min and was still visible after
60 min of hydrolysis. The other four patients predomi-
nantly recognized a degradation product of approxi-
mately 10 kDa (Fig. 2c). This band was still visible after

40 min of hydrolysis but no longer at the 60-min
time-point.

Basophil activation by the hydrolysates

Although IgE levels towards the whey proteins were
lower than to casein (Table 1), the median basophil
activation in response to the major allergens of CM was
similar (Figure S3). Only one patient (03) showed no
response to any of the major allergens and hydroly-
sates. Although this patient had positive IgE levels for
casein and b-LG (4 and 37 kUA/L, respectively) in the
past, the levels at the time of inclusion were only
slightly positive for b-LG (0.59 kUA/L).

In 12 patients (01, 04, 06, 07, 09–11 and 14–18),
basophil activation decreased over time when whey was
hydrolysed (Fig. 3a). As expected, these were the same
patients that showed a decrease in IgE recognition on
the immunoblot. While in some patients (01, 06, 10, 15
and 18) the basophil activation was lost rapidly
(Fig. 3c), in others (04, 07, 09, 14, 16 and 17) a small
percentage of the cells were still activated when stimu-
lated with the proteins that were hydrolysed for 60 min
(Fig. 3e). Of the six patients that still showed a positive
response after 60 min of hydrolysis, three patients (04,
07 and 16) had high IgE levels against CM. In two other
patients (14 and 17), the IgE levels were not high, but
these patients had a history of severe CMA (M€uller 4).

In general, the response to the hydrolysates in the 12
patients increased when using washed instead of
unwashed basophils (Figs 3b, d and f). This was indi-
cated either by the lower dose that was able to stimu-
late the basophils or by the fact that proteins
hydrolysed for a longer time were still able to induce
basophil activation.

In five patients (02, 05, 08, 12 and 13), hydrolysis of
whey did not result in decreased basophil activation
(Fig. 4a). Instead, proteins that were hydrolysed for
only 1 min induced more basophil activation than non-
hydrolysed proteins. This increased activation was still
observed after 60 min of hydrolysis. Whereas only four
of these patients (02, 05, 08 and 12) had high CM-spe-
cific IgE levels, the fifth patient (13), who had lower
IgE levels, had a history of severe CMA. Only one of
the patients (02) showed a dose–response effect of the
hydrolysates (Fig. 4c). In the other four patients (05, 08,
12 and 13), the lowest concentration showed a similar
basophil response as the highest concentration, even
after 60 min of hydrolysis (Fig. 4e). Interestingly, the
patient that showed a dose–response effect (02) was
the one patient that recognized a different band on the
immunoblot.

The effect of using washed instead of unwashed cells
was variable for these five patients. In two patients (05
and 08), the background activation of washed basophils
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was higher than the activation by non-hydrolysed pro-
teins, resulting in negative percentages. Therefore, these
patients were excluded from the analysis. In the other
three patients (02, 12 and 13), the response of the
basophils to non-hydrolysed proteins increased by

washing, while no differences were observed for the
hydrolysed proteins (Figs 4d and f). When expressing
the activation by hydrolysed proteins as a percentage
of the activation by non-hydrolysed proteins, the
percentages for the washed cells were lower while the
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response of the hydrolysed proteins was similar
(Fig. 4b).

T cell activation by the hydrolysates

Unfortunately, no specific TCLs could be generated for
four patients (01, 04, 07 and 10). For the other 14
patients, TCLs showed a decrease in T cell proliferation
over time when incubated with the hydrolysed proteins.
The average response decreased more than 50% after
9 min (range 1–40 min) of hydrolysis (Fig. 5a). How-
ever, the proteins formed after 60 min of hydrolysis
were still able to induce a positive proliferative
response (SI > 2) in half of the TCLs (patients 02, 05,
09 and 11–14; Fig. 5b). The cytokine response showed
a similar trend as the proliferation (Figs 5c–e). Whereas
IL-13 was secreted by all TCLs except patient 15, IFN-c
and IL-10 were detectable in the supernatants of part of
the TCLs (IFN-c: patients 05, 06, 08, 09, 12–14, 16–18
and IL-10: patients 06, 08, 09, 12, 13, 17 and 18).

Discussion

The effect of hydrolysates on the primary prevention of
CMA may vary between different hydrolysates due to
differences in their production. One aspect that may
influence the effect of hydrolysates is the degree of

hydrolysis. In this study, the effect of the degree of
hydrolysis on basophil and T cell activation in patients
with CMA was investigated.

To determine this effect on both basophils and T
cells, a large amount of blood is necessary. Therefore,
blood samples from adult CMA patients instead of CMA
children were used for this study. It is generally consid-
ered unethical to challenge patients who had severe
allergic symptoms in the past, which could clearly be
attributed to the culprit food, and who have specific
IgE to that food [27]. Therefore, several patients
included in our study with severe symptoms (M€uller
scores 3 or 4) were not diagnosed by a DBPCFC, but
based on a convincing history combined with high CM-
specific IgE levels. Whereas most adult CMA patients
recognize casein, a-LAC and b-LG, the highest IgE lev-
els are found for casein. A similar pattern has been
described for children with persistent CMA, for which
prevention of CMA is most crucial [28]. In addition,
CM-specific IgE levels in serum are also comparable
between these groups, while IgE concentrations in chil-
dren that achieve tolerance are much lower [28, 29].
Although the highest IgE levels are found for casein,
whey proteins activated basophils of adult patients to a
similar extent as casein, indicating that both casein
and whey proteins are important allergens in CMA
(Figure S3). Together, these data suggest that children
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Fig. 5. The activation of T cell lines (TCLs) in response to the hydrolysates. The average proliferation (a, n = 14) of the TCLs in response to the

hydrolysates is depicted. The values were first corrected for background levels, after which the percentage in comparison with the non-hydrolysed

proteins (0 min) was calculated per patient for each time-point. The dotted line indicates a response of 50% compared to non-hydrolysed proteins.

The error bars indicate the standard error of the means. In addition, the stimulation indexes (SIs) (b) and the cytokine levels (c: IL-13; d: IFN-c;
e: IL-10) at five time-points are depicted.
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with persistent CMA and adult CMA patients have a
similar allergic phenotype and that basophils and T
cells from adult CMA patients can be used as a model
for children with a persistent allergy.

As expected, the majority of the patients (n = 12)
showed a decrease in IgE recognition and basophil
response when proteins were hydrolysed for a longer
period. Even though < 1% of the proteins were larger
than 10 kDa after 60 min of hydrolysis, this time-point
could induce basophil activation in five of 12 patients.
This suggests that this small amount of intact protein is
enough to activate basophils and/or that the degrada-
tion products formed are able to cross-link IgE. Because
a sequential epitope contains 6–12 amino acids and the
minimal distance between two IgE molecules on
basophils corresponds to 23 amino acids, in theory, a
peptide of approximately 3.8 kDa (35 amino acids)
could be able to cross-link IgE [30–32]. However, the
chance that a peptide of this size contains two epitopes
and that the IgE molecules that recognize these epitopes
are in such close proximity to the basophil is very
small. Therefore, it seems more likely that either larger
degradation products or aggregates of small peptides
formed after heating of the hydrolysed proteins induced
the basophil response.

In five CMA patients, basophil activation did not
decrease at all. In contrast, more basophil activation
was found in hydrolysed proteins compared with the
non-hydrolysed proteins. These data suggest that due
to the hydrolysis new epitopes became available or
were exposed that may cross-link IgE and induce
basophil activation. This hypothesis was supported by
the immunoblot data. One of the five patients recog-
nized a band around 25–30 kDa. This band appeared
after 1 min of hydrolysis. Interestingly, the CAP values
and the immunoblot of this patient indicated that this
patient mainly recognized casein. These data in combi-
nation with the size of the protein suggested that the
protein is not a whey protein, but a casein protein.
Previous studies have already shown that many whey
batches are contaminated with casein [33, 34]. Also in
this study, bands around the molecular size of
casein were visible on both the silver staining and the
immunoblots in the lanes loaded with non-hydrolysed
whey.

Four other patients recognized a band around 10 kDa
that, like the 25- to 30-kDa band, appeared after 1 min
of hydrolysis. Because this band is still visible after
40 min of hydrolysis on both the silver staining and
the immunoblot but not at the 60-min time-point, this
fragment may be continuously formed during the
hydrolysis until the protein where it originates from is
not present anymore. Based on the recognition of major
allergens and non-hydrolysed proteins, this fragment is
probably a degradation product of whey.

The activation of T cells was less diverse than the
activation of basophils. In all patients, T cell activation
decreased when proteins were hydrolysed for a longer
period. Although the proliferative response decreased,
proteins that were hydrolysed for 60 min were still able
to induce T cell proliferation in half of the patients.
This indicates that not all T cell epitopes were degraded.
Both the proliferative and cytokine response showed a
similar trend. However, while IL-13 was produced by
all TCLs, IFN-c and IL-10 were only released by part of
the TCLs, which fits with the Th2-skewed phenotype of
allergic responses. Furthermore, the cytokines produced
correlated with proliferation. Therefore, TCLs that were
strongly activated secreted all cytokines to a higher
extent, whereas mildly activated cells secreted only
IL-13.

When comparing the T cell response to the basophil
response, it seemed that the T cell response is more
affected by hydrolysis than the basophil response.
While T cell activation is reduced more than 50% after
9 min of hydrolysis, it takes at least 20 min to reduce
the basophil response to the same extent. This is in
contrast to a previous study that showed a time-point
with reduced allergenicity but retained immunogenicity
[35]. Possible explanations for these contradictive
results may be the different techniques and patient
groups used in these studies. A major difference
between the studies is that Knipping et al. determined
the allergenicity of hydrolysates with a serum pool of
10 CMA children instead of testing the responses of
individual patients as performed in the current study.
Because the response is highly variable between
patients, pooling sera may influence the overall
response. In addition, a rat basophilic leukaemia (RBL)
cell line was used, which may be less sensitive com-
pared with basophils from patients. Furthermore, a large
part of our patient population had severe CMA, which
is less common in children. It has been shown that RBL
cells mainly respond when using serum from more
severe CMA patients [36]. Another difference is that the
TCLs in the current study were generated with a short
protocol in contrast to the long protocol that was used
for the TCLs/clones in the previous study. Because the
short-term TCLs recognize more diverse epitopes, the
chance that one of these epitopes is degraded is larger,
which may lead to a more rapid decrease in the T cell
response.

This study indicates that it is difficult to decrease
the allergenicity of proteins by hydrolysis without
affecting immunogenicity. Whereas previous studies
have shown that T cell epitopes are important for tol-
erance induction, the effect of the presence of IgE epi-
topes in the hydrolysates on tolerance induction in
children who are not sensitized yet is unclear [37–39].
Guidelines from European and American organizations
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indicate that the allergenic activity in formulae
intended for prevention should be very low [40–42].
According to the European Union, < 1% of the nitro-
gen-containing substances in these formulae may be
immunoreactive [41]. However, these guidelines are
based on studies indicating that avoiding exposure to
potential allergens may reduce the risk of developing
allergy, whereas other studies seem to indicate that
exposure may be beneficial for tolerance induction
[43–46]. As long as the requirements for tolerance
induction are unclear, infant formulae should be tested
in well-designed clinical trials. The sequences of the
remaining peptides may be very different in the differ-
ent infant formulae even if a similar time of hydrolysis
is used for production or if they contain peptides with
similar sizes. Therefore, each infant formula should be
tested separately.

In conclusion, this study showed that increasing time
of hydrolysis in general decreases both the basophil
activation and T cell response. However, in some
patients, increasing time of hydrolysis had no effect on
the basophil response. These patients seemed to recog-
nize stable fragments of casein or whey. Although the T
cell response was decreased after 60 min of hydrolysis,
there was still partial immunogenicity in most patients.

These data indicate that not the hydrolysis grade and
the length of the peptides are decisive, but the presence
of specific IgE and T cell epitopes in the hydrolysate
determines the immunological properties of the
hydrolysate. It is important to further validate these
findings in infants with a more specific targeted
approach, requiring less blood volume. Furthermore,
well-designed clinical studies are needed to demonstrate
whether limited hydrolysis is a valid approach to
support the development of tolerance to CM in infants
at risk of developing allergic disease.
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Supporting Information

Additional Supporting Information may be found in
the online version of this article:

Figure S1. Compound spectrum of the mass spec-
trometer indicating that the mass of the first large peak
is 14 kDa.

Figure S2. Compound spectrum of the mass spec-
trometer indicating that the mass of the second large
peak is 18 kDa.

Figure S3. The activation of unwashed basophils in
response to the major allergens of cow’s milk.
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Fig. S1. Compound spectrum of the mass spectrometer indicating that the mass of the first 

large peak is 14 kDa. 



 
 
 
Fig. S2. Compound spectrum of the mass spectrometer indicating that the mass of the second 

large peak is 18 kDa. 

 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S3. The activation of unwashed basophils in response to the major allergens of cow’s 

milk. The percentage CD63+ basophils of the total population basophils after stimulation with 

the highest concentration CM, casein, whey, α-LAC or β-LG is depicted (n = 18). RPMI/IL3 

was used as a negative control to determine the spontaneous activation. The black lines 

indicate the median.  
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