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Summary: Enzymatic in vitro hydrolysis was evaluated
as a possible treatment to abolish the allergenicity of whey
proteins in view of their use in infant formulas. Guinea pigs
without prior immunological contact (including fetal life)
with cow’s milk were fed various preparations of cow’s
milk proteins. Oral exposure to milk or untreated whey
protein led to anaphylactic sensitization of the animals. In

contrast, trypsin-hydrolyzed whey protein and a peptide
preparation produced from the tryptic hydrolysate by ultra-
filtration were devoid of sensitizing capacity by the oral
route. The hydrolysate (crude or purified) was also ineffec-
tive in triggering local or systemic anaphylaxis in previously
sensitized animals. Key Words: Allergenicity—Cow’s milk
protein—{-Lactoglobulin—Hydrolysis-—Trypsin—Whey.

Cheese whey protein is being widely used in the
production of (industrial) infant formulas. In adapted
formulas, the mass balance of caseins versus whey
proteins of bovine origin has been corrected to a 40:60
ratio in favor of the whey proteins (1,2). This adjust-
ment adapts the cow’s milk formula closer to the
protein composition of human milk. It increases the
content of some essential amino acids (threonine,
tryptophan, and lysine) as well as cystine in compar-
ison with normal cow’s milk; thus, adaptation by ad-
dition of whey protein corresponds to nutritional
improvement (3).

In view of this practice, the well-known allergen-
icity of whey proteins (allergy against particular whey
proteins such as [(-lactoglobulin, a-lactalbumin, and
serum albumin was frequently demonstrated in in-
fants) has to be considered (4,5). Infant formula man-
ufacturers might consider two different approaches to
abolish whey protein allergenicity: heat-denaturation
or enzymatic hydrolysis of the protein in vitro. Heat-
denaturation of the protein was first suggested by
Ratner (6), Anderson et al. (7), McLaughlan et al.
(8), and more recently by Kilshaw et al. (9) and
Heppell et al. (10).
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Enzymatic in vitro hydrolysis of milk proteins was
used by Takase et al. (11), who produced pancreatic
hydrolysates of casein devoid of allergenicity in guinea
pigs passively sensitized with reaginic antibodies to
casein. These reagins were raised by parenteral im-
munization of rabbits and rats. Anderson et al. (7)
and McLaughlan et al. (8) succeeded in orally sensi-
tizing the guinea pigs against milk proteins. Casein
hydrolysates also appeared to remain unreactive in
this model.

Application of enzymatic in vitro hydrolysis to the
whey protein fraction has not been reported so far. In
the present study the effect of tryptic in vitro hydrol-
ysis on the allergenicity of whey protein is evaluated
by oral screening in the guinea pig.

MATERIALS AND METHODS

Materials

Whey protein produced by ultrafiltration of sweet
whey (Gruyere-type cheese whey) was obtained from
a Nestlé factory (Table 1). Porcine trypsin NOVO was
purchased from the Schweizerische Ferment AG, Basel,
Switzerland. Bovine B-lactoglobulin (product L. 8005)
and soybean trypsin inhibitor (product T 9003) were
from Sigma Chemicals, St. Louis, MO, U.S.A. Pro-
tein A from Staphylococcus aureus was the product
of Pharmacia, Uppsala, Sweden.
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TABLE 1. Analytical data on whey protein, crude tryptic
hydrolysate, and ultrafiltrated tryptic hydrolysate

Crude
Whey tryptic Ultrafiltrated

Parameter protein  hydrolysate  hydrolysate

Composition (% on dry

solids)
Protein 84.2 79.1 87.3
(peptide) content:
N X 6.38
Lipid content 7.0 6.8 0.2
Lactose content 3.4 3.5 3.5
Ash content 2.3 6.6 6.4
Percent a-amino 0.60 1.65 2.20
nitrogen
Degree of hydrolysis 4.5 12.9 16.1

(DH): DH (%) =
(% a.—N X 100)/Ntot

The *I-labeled Bolton and Hunter reagent was
purchased from Amersham International, Great Brit-
ain. Polyvinyl removable cups, Removawell, were from
Dynatech Produkte AG, Switzerland. The basic solid
diet for guinea pigs was Kliba Sodi 3000, purchased
from Kliba AG, Kaiseraugst, Switzerland.

Whey Protein Hydrolysates

Tryptic hydrolysis of whey protein was carried out
as described earlier by Jost and Monti (12), but only
55°C was retained as the hydrolysis temperature. The
endpoint of titration was maintained at 7.30 and hy-
drolysis lasted 4 h. The hydrolysate received a heat
treatment (20 min at 80°C) to inactivate the enzyme.
Part of it was freeze-dried (crude hydrolysate). An-
other fraction of the hydrolysate was subjected to
ultrafiltration on a DDS-20 laboratory module (0.36
m? membrane area, type GR 61 P membranes). The
permeate recovered from this ultrafiltration was con-
sidered as the purified hydrolysate, in which macro-
molecules, poorly soluble components, and lipids had
been removed. Composition data for crude and puri-
fied hydrolysates are given in Table 1.

Detection of Unhydrolyzed Protein
in the Hydrolysates

The crude and purified hydrolysates (100 mg) were
dissolved in 6 M guanidinium hydrochloride, buffered
in 0.1 M phosphate buffer pH 7.5. Disulfide bonds
were reduced by stirring in the presence of dithioth-
reitol (27 mg) for 2 h at 37°C. After reduction, io-
doacetamide (30 mg) was added and alkylation of
thiol groups allowed to proceed in the darkness (room

temperature) for another 2 h. The reaction mixture
was then exhaustively dialyzed (Spectrapor 1000 dal-
ton tubing) against distilled water and freeze-dried.
The lyophilisates were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(13). The gels were composed of a concentration gel
(6% acrylamide) and a separation gel (13% acrylam-
ide). The buffer for the former was 0.025 M Tris-
glycine, pH 6.8, whereas for the latter gel 0.025 M
Tris-glycine pH 8.3 was used.

High-performance liquid chromatography (HPLC)
was performed on Toyo Soda TSK-SW 3000/2000
columns, branched in series, using a Varian liquid
chromatograph. The solvent was 0.1 M phosphate-
buffered (pH 7.5) guanidinium hydrochloride (3.5 M).
Injected was 200 pg of each preparation in 50 wl of
the same buffer. Detection was at 280 nm wavelength.
For comparison with hydrolysates, untreated whey
protein was subjected to the same procedure and like-
wise analyzed by SDS-PAGE and HPLC.

Solid-Phase Radioimmunoassay (RIA)

A solid-phase RIA specific for bovine B-lactoglob-
ulin was performed as a modification of the procedure
of Catt and Tregear (14), using removable polyvinyl
cups.

Protein A was iodinated ('»I) according to Bolton
and Hunter (15). Calculations were done from the
linear segment of the curve counts per minute (cpm)
on the y-axis, versus the nanogram or microgram of
dry matter in solution (x-axis). On the average, 4.8 + 1
ng of pure bovine B-lactoglobulin resulted in the fix-
ation of 10,000 cpm per removable cup. Thus, the
respective content in B-lactoglobulin (3-LG) of whey
protein and hydrolysates was obtained according to:

ng B-LG/mg = 48/(ng for 10¢ cpm/100)

In Vivo Allergenicity of Whey Protein
and Hydrolysates

Animals

Dunking-Hartey guinea pigs were obtained from
Maddrin AG, Fiillinsdorf, Switzerland. Pregnant fe-
males were transferred at midgestation on the milk-
free diet, and subsequent generations maintained on
the same diet. Animals from the third or later gener-
ations were first exposed to the liquid test diets at the
age of 4 weeks, after weaning (16).

Diets

All animals received Kliba Sodi 3000 as the solid
basic diet. This diet contains 18% (wt/wt) of protein
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originating from fish, soja, and cereals. Ouchterlony
double-diffusion tests with specific antisera against
individual and total milk proteins confirmed the ab-
sence of milk proteins in this product. In addition,
the test diets were given in liquid form instead of
water. Group A animals were fed whole milk. Ani-
mals of group B received untreated whey protein (17.5
mg of total protein/ml of water), and group C animals,
trypsin-hydrolyzed whey protein. Guinea pigs of group
D received ultrafiltrated tryptic hydrolysate at a con-
centration equivalent to 17.5 mg of whey protein/ml.
The guinea pigs consumed the diets ad libitum; the
liquid test diets were renewed daily.

Experimental Protocol

At the beginning of the feeding period, the weight
of males and females averaged 230 g per animal.

Day 1-15. During this feeding period all animals
were on the basic diet and the liquid test diet. Each
animal consumed a total of 30-75 g of milk proteins
in form of whole milk, whey protein, or hydrolysates.
By the end of the feeding period, all guinea pigs
showed comparable growth and their weight varied
between 350 and 400 g per animal.

Day 16-21. All animals were kept on the basic
diet and water.

Day 22-23. Animals were bled and serum pre-
pared in view of passive cutaneous anaphylaxis (PCA)
tests, and by intravenous challenge for systemic ana-
phylaxis.

Day 24 or later. Testing of the sera in PCA.

Systemic Anaphylaxis

Skimmed milk (33 mg protein/ml) was injected
undiluted. Whey protein and hydrolysates were dis-
solved in physiological saline (3.5 mg/ml in most tests,
35 mg/ml in some tests). Under Nembutal anesthesia
(50 mg/ml of which 0.1 ml was injected intraperito-
neally) and local anesthesia, an incision was made in
the foreleg, and 500 pl of test solution was injected
into the accessory cephalic vein. Symptoms of sys-
temic anaphylaxis remained characteristic despite
anesthesia.

Passive Cutaneous Anaphylaxis

Individual sera from donor guinea pigs were intra-
dermally injected (50 pl per site) into the back of
closely shaven female guinea pigs. Four hours later,
and in some cases 24 h later, the animals were chal-
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FIG. 1. SDS-PAGE of reduced and alkylated whey proteins and
trypsin-hydrolyzed whey protein. 1: Bovine serum albumin band
(top), B-lactoglobulin band and a-lactalbumin band (bottom); 10
ng of each protein applied; 2: ultrafiltrated tryptic hydrolysate (80
1g); 3: crude tryptic hydrolysate (80 wg); 4: limited (1 h) hydrolysis
of whey protein (80 .g); band slightly above the position of the -
lactoglobulin band corresponds to soybean trypsin inhibitor
(MW ~ 21,000 daltons); 5: untreated whey protein (80 n.g).

lenged by intravenous injection of the various antigens
(skimmed milk, whey protein, hydrolysates) mixed
with 2% wt/vol of Evans Blue (0.5 ml). PCA was
tested with a challenge dose of 1.75 mg or 17.5 mg
of whey protein, the latter dose being comparable to
the total amount of protein in 0.5 ml of skimmed
milk.

RESULTS

Presence or Absence of Intact Protein
in the Hydrolysates

Figure 1 shows the SDS-PAGE pattern of untreated
whey protein (pattern 5) and more particularly the
positions of the alkylated chains of serum albumin
(66,000 daltons), B-lactoglobulin (18,000 daltons),
and a-lactalbumin (14,000 daltons) on pattern 1. In
the case where tryptic hydrolysis was interrupted after
1 h by addition of soybean trypsin inhibitor, the major
whey protein bands had already completely disap-
peared (gel pattern 4) with the exception of a band in
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the region of serum albumin. Complete hydrolysis was
achieved after 4 h as judged by no further increase of
o-amino nitrogen. Under these conditions, the re-
duced and alkylated hydrolysate showed only a very
faint band near the serum albumin region (identity
with this protein not established). The ultrafiltrated
hydrolysate was, even at a very high load of the gels,
devoid of any species sufficiently large to be retained
in the gel matrix (pattern 2). HPLC on gel exclusion
columns (data not shown) confirmed the presence of
small amounts of high molecular weight polypeptide
material in the crude hydrolysate, while the ultrafil-
trated hydrolysate showed no peak in the excluded
volume (exclusion limit of the second column near
10,000 daltons).

Decreased In Vitro Immunoreactivity as
Measured by Solid-Phase RIA

Table 2 illustrates the decrease in immunoreactivity
as hydrolysis progressed. While for the untreated whey
protein a B-lactoglobulin content of 283 + 60 pg/mg
of total dry solids was measured, this value dropped
to 0.7 = 0.15 pg/mg after tryptic hydrolysis. Inter-
mediate stages of hydrolysis, where the hydrolytic
process had been interrupted by addition of trypsin
inhibitor, were also assayed on their residual B-lac-
toglobulin content. Most of the degradation of B-
lactoglobulin determinants occurred with the first hour
of hydrolysis (Table 2). Ultrafiltration led to a further
important reduction in immunoreactivity of the hy-
drolysate, as illustrated by a value of less than 0.10
pg/mg of immunoreactive matter in the ultrafiltrated
preparation. In combination, hydrolysis and ultrafil-
tration reduced the in vitro immunoreactivity of whey
protein by nearly four orders of magnitude with re-
spect to B-lactoglobulin as the reference protein.

In Vivo Allergenicity of
Whey Protein and Hydrolysate

The results of guinea pig trials were compiled ac-
cording to the liquid test diets fed to the animals (Table
3).

Group A (Animals Receiving Skimmed Milk)

Challenge with either skimmed milk or whey pro-
tein resulted in a high incidence of fatal shock. In
contrast, guinea pigs of the same group could be
challenged with trypsin-hydrolyzed protein (crude or
ultrafiltrated hydrolysate) without a reaction.

Limited (interrupted after 1 h) tryptic hydrolysis
caused an intermediate response leading to mild
symptoms of systemic anaphylaxis, from which all
animals recovered (Table 3).

A representative PCA test (performed on 28 guinea
pigs of 42 from group A) showed that sensitization
had clearly occurred. PCA developed in the recipient
animals with a challenge dose of 1.75 mg or 17.5 mg
of whey protein with only a minor difference in PCA
titer.

Group B (Animals Receiving Liquid Whey Protein)

Oral sensitization occurred in all animals according
to PCA. Guinea pigs of group B challenged with either
skimmed milk or whey protein suffered fatal shock.
In contrast, other animals from the same group showed
absolutely no reaction on intravenous challenge with
tryptic hydrolysate (crude or purified).

Group C (Animals Receiving
Trypsin-Hydrolyzed Whey Protein)

Following 14 days’ feeding of trypsin-hydrolyzed
whey protein, none of the animals of this group gave

TABLE 2. Immunoreactive B-lactoglobulin in whey protein and hydrolysates,
as determined by radioimmunoassay

ng required for fixation of

Calculated® content % of initial

Preparation 10* cpm B-lactoglobulin (ug/mg)  B-lactoglobulin
Untreated whey protein 16.96 (x of 3 determinations) 283 = 59 100
Crude tryptic hydrolysate 6.7 X 10° 0.7 £ 0.15 0.25
Ultrafiltrated hydrolysate 5% 10* <0.1 <0.04
Hydrolysis stopped? after

1 min 18.77 256 = 53 90.4
10 min 326.0 147 £ 3 52
60 min 4,992.0 0.96 + 0.2 0.34

?As described in Materials and Methods.
!By addition of soybean trypsin inhibitor.
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TABLE 3. Guinea pig model: oral sensitization, challenge to systemic anaphylaxis,
and passive cutaneous anaphylaxis (PCA)

Systemic PCAS
No. of Preparation tested in anaphylaxis reaction® positive/
Group animals Liquid test diet intravenous challenge I I II IV total tested % sensitized
A 42 Whole untreated Al: skimmed milk 1 1 13 93
milk A2: whey protein 0 2 8 100
A3: crude tryptic hydrolysate 8 0 0 0 26/28 93
Ad: ultrafiltrated hydrolysate 4 0 0 0
AS: limited (1 h) tryptic 1 4 0 80
hydrolysis
B 16 Whey protein B1: skimmed milk 0 0 4 100
B2: whey protein 0 0 7 100 9/9 100
B3: limited (1 h) tryptic 1 4 0 80
hydrolysis
C 15 Crude tryptic C1: skimmed milk 4 0 0 0
hydrolysate C2: whey protein 4 0 0 0 011 0
C3: crude tryptic hydrolysate 7 0 0 0
D 8 Ultrafiltrated D1: skimmed milk 4 0 0 0 08 0
hydrolysate D2: whey protein 4 0 0 0
E 4 Water El: crude tryptic hydrolysate 4 0 0 0 Not tested —

aI: no. of animals showing no reaction; II: no. of animals showing distinct symptoms of systemic anaphylaxis (chewing,
nose-rubbing, coughing, respiratory trouble, cyanosis); III: no. of animals with fatal anaphylaxis; IV: % positive animals.

#Skimmed milk was used for the challenge.

a positive PCA test, indicating that oral sensitization
had not occurred.

Intravenous challenge with trypsin-hydrolyzed whey
protein (antigen corresponding to diet) remained with-
out effect and so did the challenge with untreated
whey protein or skimmed milk (Table 3).

Group D (Animals Receiving
Ultrafiltrated Hydrolysate)

All animals gave a negative PCA test, indicating
that oral sensitization to milk proteins had not oc-
curred. Challenge for systemic anaphylaxis with both
whey protein and skimmed milk remained likewise
negative (Table 3).

DISCUSSION

Guinea pigs were kept on liquid test diets consisting
of trypsin-hydrolyzed whey protein, in order to eval-
uate its sensitizing capacity (oral route) in comparison
with untreated whey protein.

The hydrolysates (crude or purified) remained in-
active in inducing oral sensitization, while the control
animals, drinking liquid whey protein or milk, be-
came sensitized. Consequently, enzymatic in vitro hy-
drolysis had efficiently abolished existing epitopes on
the native protein. Apparently new antigens due to
proteolysis (17) had not been introduced. This follows
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from the negative result of challenging guinea pigs
that received the hydrolysate in their diet.

The hydrolysates (crude or purified) were inactive
in triggering local or systemic anaphylaxis in guinea
pigs sensitized by oral exposure to milk proteins. The
difference in residual 8-lactoglobulin immunoreactiv-
ity (0.25% of the initial one in the crude as compared
to 0.04% in the purified hydrolysate) was not re-
flected in vivo, the crude hydrolysate being already
completely inactive.

In contrast, limited tryptic hydrolysis of whey pro-
tein led to an intermediate response, causing mild
systemic anaphylaxis in individuals sensitized to milk
proteins. This suggested that polyvalent peptide anti-
gens were still present in the limited digest.

Similar polyvalent peptide fragments of serum al-
bumin had been isolated and identified in tryptic,
chymotryptic, and peptic hydrolysates of bovine serum
albumin (18,19). Whey protein, hydrolyzed under the
conditions described in this work, gave a hydrolysate
which was apparently devoid of such fragments. On
the other hand, RIA data suggested the presence of
smaller predominantly monovalent antigens. The pos-
sible role of such monovalent peptide antigens in in-
duction of immunotolerance should also be considered.
At this stage of the work, the guinea pig model sug-
gests strongly that trypsin-hydrolyzed whey protein
might be promising as an ingredient in adapted cow’s
milk formulas of low allergenicity. Earlier work on
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trypsin-hydrolyzed whey protein (12) had shown that
the tryptic hydrolysate showed excellent solubility and
heat stability. It also maintained sufficient emulsifying
capacity in order to facilitate its incorporation into an
emulsion of the oil in water type (20). The conditions
of in vitro enzymatic hydrolysis (pH, temperature)
are quite compatible with a full preservation of protein
nutritional quality, good manufacturing practice being
understood.
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