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ABSTRACT

Cow milk (CM) allergy is a worldwide concern. Cur-
rently, few studies have been performed on the immu-
noreactivity of CM and fewer still on the antigenicity 
of CM in vivo and in vitro. In this study, we assessed 
the potential allergenicity of enzymatically hydrolyzed 
CM using in vitro ELISA and oral sensitization and 
challenge of BALB/c mice. Alcalase-, Protamex-, and 
Flavourzyme-treated CM (all from Novozymes) dimin-
ished IgE binding capacity, with greatest reductions 
of 56.31%, 50.62%, and 56.45%, respectively. Allergic 
symptoms and levels of total IgG1 were reduced, and 
allergic inflammation of the lung, jejunum, and spleen 
was relieved. Moreover, the numbers of CD8+ T and 
B220+ cells decreased, and the balance of CD4+ T/
CD8+ T cells was effectively regulated. These findings 
suggest that the potential allergenicity of CM was re-
duced by enzymatic hydrolysis, and our research will 
lay a solid foundation for developing high-quality hy-
poallergenic CM products.
Key words: cow milk allergy, BALB/c mouse model, 
immunoreactivity, safety

INTRODUCTION

Food allergy is a growing health concern worldwide, 
with an increasing prevalence attributed to food, ge-
netic, and environmental factors. Food allergy affects 
approximately 1 to 3% of adult and 5 to 8% of children 
(Ballmer-Weber and Fernández-Rivas, 2008). Food al-
lergy is an IgE-mediated or non-IgE-mediated immune 
reaction, caused by certain foods or food additives (Pe-
truláková and Valík, 2015). IgE-mediated food allergy 
occurs in approximately 50% of the food-allergic popu-
lation. Studies have shown that many food components 
are linked to the IgE-mediated immune response. Cow 

milk (CM) is one of the chief food allergens, especially 
for children, which induces severe allergic reactions, 
such as diarrhea, dysrhythmias, and hypotension (Bur-
ney et al., 2010). Schouten et al. (2009) demonstrated 
that approximately 2 to 6% of infants and children ex-
hibit cow milk allergy (CMA) in the first year of their 
life (Schouten et al., 2009). The antigenicity of CM is 
closely related to allergic protein constituents that can 
induce immune responses. Previous studies have sug-
gested that some proteins, even lower contents of BSA, 
lactoferrin, and immunoglobulins, could induce CMA, 
in addition to the most prominent caseins and whey 
protein (β-LG and α-LA; El-Hatmi et al., 2015).

In recent years, several studies have attempted to 
explore possible processing methods to reduce potential 
food allergenicity, including thermal and nonthermal 
treatments (Toheder et al., 2016). Thermal treatment 
can reduce the antigenicity of food to an extent. El-
agamy (2000) found that the immunogenicity and IgE 
binding capability of cow, buffalo, and camel milk was 
significantly reduced after heat treatment at 65°C for 
30 min, and these activities were entirely lost in cow 
and buffalo milk. Thermal treatment might destroy the 
quality and nutritional properties of food. However, 
nonthermal treatments have received much attention 
because they can completely preserve their nutritional 
quality and sensory properties. The most popular 
nonthermal treatments include high-pressure treat-
ment, γ-irradiation, and enzymatic hydrolysis. Yang et 
al. (2017) suggested that the IgE binding capacity of 
walnut allergens subjected to high hydrostatic pressure 
and thermal treatment (conditions: 650 MPa, 100°C, 15 
min) was efficiently reduced, with the highest reduction 
up to 86.37% (Yang et al., 2017). The types of foods 
that can be used for high-pressure treatment are limited. 
Despite the fact that the flavor and inherent nutritional 
quality is retained, high-pressure treatment has not 
been widely applied in food industry production. Lee 
et al. (2001) demonstrated that the antigenicity and 
allergenicity of bovine CN and β-LG were significantly 
reduced under γ-irradiation treatment, detected with 
inhibition ELISA. Today, γ-irradiation as a processing 
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method is applied in the field of food production, but is 
not well accepted by consumers who are unaware of the 
technology. Calvo and Gómez proved that enzymatic 
hydrolysis and heat treatment lowered the content of 
β-LG and others in whey, and reduced the potential 
antigenicity of whey proteins (Calvo and Gómez, 2002). 
Similarly, Wróblewska and Troszyñska (2005) showed 
that enzymatic hydrolysis treatment with Alcalase 
significantly reduced the allergenicity of whey protein 
concentrate, which was further applied to the produc-
tion of hypoallergenic formulas. However, these results 
were based on IgE or IgG binding capability in vitro, 
and very limited information exists about changes in 
allergenicity following gastrointestinal digestion.

Animal models can act as a direct tool to predict 
possible allergy triggers, identify possible allergic 
mechanisms, reflect the relevant clinical parameters of 
allergic responses, and evaluate the allergenic potential 
of food. In particular, in the study of CMA, BALB/c 
mice are commonly used in the evaluation of potential 
antigenicity. The BALB/c mouse model is prioritized 
for assessing sensitization of CM because it can gener-
ate specific CM-IgE antibodies, which are similar to 
those produced by humans (Hsieh et al., 2003). In ad-
dition, an IgE-mediated BALB/c mouse model for oral 
administration of certain CM allergens leading to CMA 
has been introduced, which has been widely used to 
evaluate the allergenicity of CM (Stojadinovic et al., 
2014).

Previous research has focused only on the allergenic-
ity of specific proteins in CM, and few studies have in-
vestigated the antigenicity of CM. Thus, our work aims 
to explore the effect of enzymatic hydrolysis treatment 
on the potential allergenicity of CM. The potential 
allergenicity of enzymatically hydrolyzed CM (HM) 
was assessed by conducting an in vitro ELISA. The 
BALB/c mice in our study underwent oral sensitization 
and challenge. Clinical signs of the mice were moni-
tored, morphological changes of different organs were 
evaluated, serum CM-specific antibodies were detected, 
and plasma histamine and splenic cytokine levels were 
measured. The data might provide significant informa-
tion regarding CMA, and these results may provide 
more comprehensive guidance for developing hypoal-
lergenic CM products.

MATERIALS AND METHODS

Material

Fresh CM samples were obtained from 120 healthy 
Holstein cows from a farm near Shenyang (Liaoning, 
China). Fresh CM samples had fat removed by high-
speed centrifugation at 15,000 × g for 30 min at 4°C 

and were stored at −80°C. Alcalase, Protamex, Fla-
vourzyme, and Neutrase were acquired from Novozymes. 
Papain and pepsin were acquired from Sigma-Aldrich. 
Cholera toxin (CT) was obtained from Sigma-Aldrich. 
We purchased ELISA kits (mouse IgG1 and IgG2a) from 
eBioscience.

Preparation of Samples

Samples were prepared as previously described (Li-
ang et al., 2021). Briefly, enzyme solutions (0.1 g/mL) 
were prepared with Alcalase, Protamex, Flavourzyme, 
Neutrase, papain, and pepsin, respectively. The amount 
of enzyme solutions added depended on the enzyme 
activity-to-substrate ratio (E/S, 2,000–10,000 U/g). 
Solutions were incubated for 2 h, and the reaction 
stopped by heating at 90°C for 10 min, followed by 
cooling in ice water immediately. The solutions were 
centrifuged (5,000 × g, 10 min at 4°C) and freeze-dried, 
and then stored at −80°C until further analysis.

Human Serum Collection

Human serum samples were obtained from 10 CMA 
patients (China Medical University, Shenyang, China). 
All subjects consented to the study before participating 
as donors. The availability of human serum samples has 
been approved by the ethical committee of the hospital 
(China Medical University, Shenyang, China). This 
study was approved by the Shenyang Agricultural Uni-
versity Institutional Review Board (Shenyang, China) 
and by the Chinese Human Research Ethics Commit-
tee (Beijing, China), which followed the Declaration of 
Helsinki and the Nuremberg Code. All the experiments 
were carried out in accordance with relevant Chinese 
laws and institutional guidelines. These patients had 
a severe CMA history, the specific IgE level of allergic 
serum was above 0.35 kilo units per liter (where 1 U = 
2.4 ng), and the clinical manifestations also confirmed 
allergic response. In addition, preparation of the human 
serum pool referenced the method reported previously 
by Wu et al. (2016).

Western Blotting

The IgE binding capacity of CM and HM was fur-
ther analyzed using western blotting, which referenced 
the method reported previously by Liang et al. (2021). 
Briefly, protein content of samples was detected and 
separated with SDS-PAGE. The proteins were trans-
ferred from the unstained SDS-PAGE gel to polyvi-
nylidene fluoride membranes using an iBlot Transfer 
Device (ThermoFisher Scientific), and the membranes 
were blocked (3% BSA Tween 20 in Tris-buffered saline 
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for 1 h). Then, the membranes were incubated with the 
primary antibody (human serum, 1:20 dilution) and 
secondary antibody (anti-human IgE, 1:2,000). Blots 
were visualized with an enhanced chemiluminescence 
kit (Beyotime) according to the manufacturer’s instruc-
tions. The image was visualized using a ChemiDoc im-
ager (ChemiDoc MP, Bio-Rad Laboratories).

IgE Binding Capability

The IgE binding capabilities of CM and HM were 
evaluated by ELISA as described by Liang et al. (2021). 
Briefly, CM or HM was added to the microtiter plates 
in PBS (100 μL per well, 5 μg/mL). The plates were 
washed with PBS-Tween (250 μL per well), and pooled 
serum (100 μL per well, 1:20 dilution) was applied, 
followed by rabbit anti-human IgE-peroxidase (100 μL 
per well, 1:2,000 dilution). Absorbance was detected at 
490 nm using a microplate reader. The IgE reactivity 
reduction (%) was calculated based on the following:

	IgE reactivity reduction (%)
OD  nm CM HM

OD  nm C
=

−( )490

490 ( MM)
.	

Mouse Model Sensitization

Mouse model sensitization was performed as previ-
ously described (Bai et al., 2020). A total of 60 BALB/c 
mice (female, 6–8 wk old) were acquired from Vital 
River Laboratory Animal Technology (Beijing, China). 
All animal-use protocols were approved the Ethical 
Committee for the Experimental Use of Animals at 
Shenyang Agricultural University (Shenyang, China; 
license no. SYXK Liao 2011-0001). All methods were 
performed in compliance with the guidelines for the 
care and use of laboratory animals published by the 
US National Institutes of Health (National Research 
Council, Institute for Laboratory Animal Research, 
1996). All the mice were maintained at the labora-
tory of Shenyang Agriculture University with standard 
animal housing conditions (room temperature: 25 ± 
1°C; relative humidity: 45 ± 5%; light and dark cycle: 
12:12 h) and acclimated for 1 wk. The mice were kept 
in cages in 5 groups of 12: the negative control group 
(NC), positive control group (PC), Alcalase-treated 
milk group (AT), Protamex-treated milk group (PT), 
and Flavourzyme-treated milk group (FT). All mice 
were sensitized intragastrically on d 0, 7, 14, 21, and 
orally challenged on d 28. Briefly, the NC group was 
sensitized with CT (10 μg) in PBS (300 mL) and chal-
lenged with PBS (300 mL) alone. The PC group was 
sensitized with 300 mL of solution (PBS + 5 mg of 
CM) with 10 μg of CT, and challenged with 300 mL 

of solution (PBS + 20 mg of CM) alone; the AT, PT, 
and FT groups were sensitized with 300 mL of solution 
(PBS + 5 mg of HM) containing 10 μg of CT, and 
challenged with 300 mL of solution (PBS + 20 mg of 
HM). In the experiment, the protein content of CM was 
260 mg/g, and the amount of protein used for oral chal-
lenge was based on the protein content of CM. Thirty 
minutes after the last oral challenge, blood, jejunum, 
spleen, and lungs were collected for further analysis.

Evaluation of Allergic Reactions

The mice were monitored for 30 min after the last 
oral challenge; allergic symptoms were monitored in a 
blinded fashion by 3 experienced independent observ-
ers, and clinical scores were assessed according to a 
method reported previously (Candreva et al., 2016), 
with some slight modifications, as follows: 0 = no re-
action; 1 = reduced activity, random scratching (e.g., 
nose, mouth, head); 2 = abnormal breathing, swelling 
around the eyes and mouth, pillar erection; 3 = short-
ness of breath, blue rash around the mouth and tail, 
higher breathing rate; 4 = no activity, shivering and 
muscle contractions; 5 = death by shock.

Cutaneous Tests

Cutaneous tests were based on the method described 
by Candreva et al. (2016), with slight modifications. 
The mice in these groups received a tail vein injection 
of 0.5% Evan’s blue dye (100 µL). A few minutes later, 
blue color was observed in the tail of the mice, to evalu-
ate anaphylaxis-induced vascular leakage.

Histopathological Studies of Different Organs

After the final oral challenge, lungs, jejunum, and 
spleen were collected for histopathological studies. 
These samples were embedded in paraffin (10%) and 
stained with hematoxylin and eosin. Histopathological 
analysis of these samples was performed using a micro-
scope (Olympus BX 41).

Quantification of Total Antibodies in Serum

Assessment of total IgG1 and IgG2a levels in serum 
was performed according to the method reported by 
Yang et al. (2018). Briefly, the antigen solution was 
coated onto ELISA plates (100 μL, 4°C, overnight). 
The plates were washed thrice with PBS-Tween and 
blocked with PBS containing 0.5% gelatin at 37°C for 
1 h, followed by primary and secondary antibodies, 
and incubated for 1 h at 37°C. Finally, all the samples 
were reacted with ortho-phenylenediamine (100 μL), 
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followed by 2 M H2SO4 to terminate the reaction. The 
absorbance value was determined using an ELISA plate 
reader (BioTek Instruments Inc.) at 490 nm.

Immunophenotyping Study

Single-cell suspensions of splenocytes were mixed 
with PerCP anti-mouse CD3e, fluorescein isothiocya-
nate (FITC) anti-mouse CD4, allophycocyanin (APC)-
stained CD8 antibodies (BD Pharmingen), and phy-
coerythrin (PE)-stained CD45R/B220 antibodies. The 
mixtures were incubated at 4°C in the dark for 30 min. 
Subsequently, wash buffer was added, and the superna-
tant was discarded. Single cells were resuspended (flow 
buffer, 500 μL). The population of cells was identified 
using a FACSCalibur flow cytometer (BD Biosciences), 
following previously described protocols (Yadav et al., 
2013).

Statistical Analysis

All the tests of the experiment were carried out in 
triplicate, at least. Data are presented as mean val-
ues ± standard deviations. Statistical evaluation was 
performed with Student’s t-test and analyzed using 
GraphPad Prism 8.0.2. Statistical significances were 
detected by one-way ANOVA, followed by Tukey’s test 
with α-level of 0.05.

RESULTS

IgE Binding Capacity Analysis

Immunoreactivity of HM treated with 6 different 
enzymes was investigated in this study. As shown in 
Figure 1, the immunoreactivity of CM treated with Al-
calase, Protamex, Flavourzyme, Neutrase, and pepsin 
significantly decreased, ranging from 44.07% to 7.63%. 
Notably, when E/S reached 6,000 U/g, the immuno-
reactivity reached a maximum reduction (Alcalase, 
Protamex, Flavourzyme, Neutrase, and pepsin: 38.36, 
34.22, 44.07, 31.27, and 38.95%, respectively). For pa-
pain, the immunoreactivity of HM varied depending 
on the E/S (from 2,000 to 4,000 U/g), and the im-
munoreactivity was significantly reduced (from 25.55 to 
31.66%). However, the immunoreactivity significantly 
increased as E/S increased from 6,000 to 10,000 U/g 
(6,000: −11.82%; 8,000: −14.62%; 10,000: −71.54%). 
Furthermore, Figure 1B shows that the immunoreactiv-
ity of CM obtained with Protamex and Flavourzyme 
did not significantly change with the time of enzymatic 
hydrolysis, indicating that the immunoreactivity of 
Protamex- and Flavourzyme-treated CM were not af-
fected by treatment time. In addition, as the enzymatic 

hydrolysis time reached 30 min, the immunoreactivity 
of Alcalase-treated CM significantly increased (29.26%; 
P < 0.05).

Western Blotting Analysis

To evaluate the immunoreactivity changes of CM and 
HM, western blotting analysis was performed. Figure 2 
shows that the IgE binding capacity of α-LA was stron-
ger than that of the other proteins, and the IgE binding 
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Figure 1. (A) Effects of enzymatic hydrolysis treatment on the 
inhibition of IgE binding with cow milk and hydrolyzed cow milk. 
Enzymatic hydrolysis treatment processed with different enzymes and 
different ratios of enzyme activity to substrate (from 2, 000 to 10, 000 
U/g). (B) Enzymatic hydrolysis treatment processed with different 
enzymes and enzymatic hydrolysis times (from 15 to 120 min). AT = 
Alcalase-treated cow milk, PT = Protamex-treated cow milk, FT = 
Flavourzyme-treated cow milk (all from Novozymes), MT = papain-
treated cow milk, NT = Neutrase-treated cow milk (Novozymes), and 
WT = pepsin-treated cow milk. Different letters indicate significant 
differences among groups (P < 0.05). Error bars represent SD.
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capacity of α-LA in AT, PT, and FT was weaker than 
in CM. In addition, the IgE binding capacities of AT 
and FT were weaker than that of PT.

Allergy Symptoms and Body Weight

The allergenicity of CM and HM was determined in 
this work. The mice in these groups exhibited different 
allergic symptoms. The mice in the NC group elicited 
no immune response (score 0 = 12 mice). However, the 
mice in the PC group showed severe allergic reactions; 
one mouse even died of shock (score 0 = 0 mice; score 
1 = 1 mouse; score 2 or 3 = 4 mice; score 4 = 2 mice; 
score 5 = 1 mouse). However, the mice in the AT (score 
0 = 2 mice; score 1 = 6 mice; score 2 = 2 mice; score 
3 = 1 mouse; score 4 = 1 mouse; score 5 = 0 mice), 
PT (score 0 = 1 mouse; score 1 = 5 mice; score 2 = 2 
mice; score 3 = 3 mice; score 4 = 1 mouse; score 5 = 0 
mice), and FT groups (score 0 = 1 mouse; score 1 = 6 
mice; score 2 or 3 = 2 mice; score 4 = 1 mouse; score 
5 = 0 mice) showed mild allergic symptoms compared 
with the PC group. Figure 3 shows the changes of body 
weight from the beginning (0 d) to the end (28 d) of 
this experiment. The weight of all the groups differed 
significantly. The mice in the NC group weighed the 
most, and the mice in the PC group weighed the least. 
However, the mice in the AT, PT, and FT groups pre-
sented mild weight loss compared with the PC group.

Cutaneous Test

As shown in Figure 4, no blue color was observed in 
the NC group, which showed a negative skin test. Nota-

bly, dark blue color was observed in the forefeet of mice 
in the PC group; anaphylactic mice had remarkably 
increased vascular permeability, with marked Evan’s 
blue extravasation visible on the forefoot, correlating 
with clinical symptoms and body weight. By contrast, 
light blue color was observed in the mice of the AT, 
PT, and FT groups, which was similar to the mice in 
the NC group.

Liang et al.: COW MILK ALLERGENICITY

Figure 2. Immunoglobulin E binding capacity of cow milk (CM) and hydrolyzed cow milk proteins in immunoblot analysis, using pooled sera 
(IgE) from patients allergic to milk. M = molecular weight marker; lane 1 = CM; lane 2 = Alcalase-treated cow milk (AT); lane 3 = Protamex-
treated cow milk (PT); lane 4 = Flavourzyme-treated cow milk (FT). The Rf value is calculated based on the position of the peak index in 
relation to the profile (Rf = peak index/profile length). All enzymes were purchased from Novozymes. Different letters indicate significant dif-
ferences among groups (P < 0.05). OD = optical density.

Figure 3. Body weights of studied mice before mice were eutha-
nized by dislocation. NC = negative control group, PC = positive con-
trol group, AT = Alcalase-treated cow milk, PT = Protamex-treated 
cow milk, FT = Flavourzyme-treated cow milk. All enzymes were 
purchased from Novozymes. Different letters indicate significant dif-
ferences (P < 0.05): different uppercase letters indicate differences 
between groups; different lowercase letters indicate differences within 
groups. Error bars represent SD.
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Histopathological Analysis of Lungs,  
Jejunums, and Spleens

As shown in Figure 5, obvious changes of the lungs, 
jejunum, and spleen in the PC group were detected. 
Lungs of the PC group showed hyperplasia of the bron-
chial lining epithelium, severe hyperemia, thickening 
of alveolar septa, as well as severe damage to the tis-
sue structure (Figure 5A). Jejunums of the PC group 
suggested that the mucosal lining was destroyed, with 
a large number of inflammatory cells infiltrated, villi 
swelling, and irregularity (Figure 5B). In addition, the 
spleens of the PC group demonstrated lymphoid hyper-
plasia, and the lymph nodes were severely damaged, 
accompanied by a small number of infiltrated inflam-
matory cells, and the white and red pulp boundaries 
were not clear (Figure 5C). However, the histopatho-
logical changes in the AT, PT, and FT groups were not 
obvious, compared with the PC group.

Assessment of Total Antibody Levels

The levels of total IgG1 and IgG2a were evaluated in 
this study (Figure 6A, B). In the PC group, the total 
IgG1 levels significantly increased compared with the 
AT, PT, and FT groups (all P < 0.05). Interestingly, 
the total IgG2a levels significantly decreased in the PC 
group but significantly increased in the AT, PT, and 
FT groups (all P < 0.05).

Assessment of CD4+ T and CD8+ T Cells

To characterize T cells in the spleens of the mice, 
the numbers of CD4+ T and CD8+ T cells (CD3+CD4+ 
and CD3+CD8+) were measured through flow cytom-
etry. Figure 7 shows that the number of CD4+ T cells 
was significantly reduced in the PC group (NC vs. PC 
group: 23.57% vs. 14.15%; P < 0.05). Notably, the 
numbers of CD4+ T cells in the AT, PT, FT groups sig-
nificantly increased compared with the PC group (all 

P < 0.05). In addition, the numbers of CD8+ T cells 
followed a pattern that contrasted with the changes 
in CD4+ T cells, with the numbers of CD8+ T cells 
significantly decreasing in those groups (AT, PT, and 
FT groups: P < 0.05, compared with the PC group). 
In addition, analysis of CD4+/CD8+ T cells suggested 
significant differences among the groups (all P < 0.05). 
In addition, compared with the NC group, a significant 
decrease occurred in the PC group, but the ratio of 
CD4+/CD8+ T cell gradually increased in the AT, PT, 
and FT groups.

Proportion of B Cells

To quantify the B cells in the spleens of the mice, 
the numbers of B cells (B220+ cells) among mouse sple-
nocytes were measured in this study (Figure 8). The 
numbers of B220+ cells were highest in the PC group 
(44.99%) and lowest in the NC group (31.28%), with 
significant difference between them (P < 0.05). Specifi-
cally, the numbers of B220+ cells gradually decreased 
in the AT, PT, and FT groups, compared with the PC 
group (all P < 0.05).

DISCUSSION

Enzymatic hydrolysis is a common and effective pro-
cessing technology for reducing the immunoreactivity 
of CM. At present, many infant formulas that contain 
enzymatically hydrolyzed proteins have been widely 
used to feed infants and children with allergy or food 
intolerance (Osborn and Sinn, 2006). In this work, the 
effects of enzymatic hydrolysis on allergenicity of CM 
were systematically studied. Our findings showed that 
the immunoreactivity of CM was reduced, especially 
for E/S 6,000 U/g, for which the reduction in immu-
noreactivity was significantly different from other E/S. 
However, when papain reached 6,000 U/g, the immu-
noreactivity significantly increased. Thus, we speculate 
that this might be related to the types, specificity 
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Figure 4. Cutaneous tests of the mice. NC = negative control group, PC = positive control group, AT = Alcalase-treated cow milk, PT = 
Protamex-treated cow milk, FT = Flavourzyme-treated cow milk. All enzymes were purchased from Novozymes. No color represents vascular 
permeability unchanged; light blue color represents vascular permeability decreased; and dark blue color represents vascular permeability in-
creased.
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Figure 5. Histopathological analysis of lung (A, arrows point at alveolar septa), jejunum (B, arrows point at villi or inflammatory cells), and 
spleen from tested mice (C, arrows point at cell aggregation). NC = negative control group, PC = positive control group, AT = Alcalase-treated 
cow milk, PT = Protamex-treated cow milk, FT = Flavourzyme-treated cow milk. All enzymes were purchased from Novozymes.
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of the enzyme, and enzymatic hydrolysis conditions. 
Similarly, Cheison et al. (2007) also proved that the 
degree of hydrolysis of CM proteins is influenced by the 
enzymatic hydrolysis conditions, specificity, and types 
of enzymes. Shi and colleagues detected the IgE bind-
ing capacity of CN and whey protein in Lactobacillus 
casei-ferment treated CM, and found a reduction from 
15% to 90% compared with CM (Shi et al., 2014). In 
addition, Quintieri et al. (2017) demonstrated that no-
ticeable residual β-LG content was found in the papain-
hydrolyzed whey protein concentrate sample.

Enzymatic hydrolysis can disrupt conformational or 
linear epitopes, alter the structure of allergens thereby 
interfering with the degree of binding of antigens and 
antibodies, decrease IgE binding capacity, and prevent 

IgE-mediated allergic reactions (Yang et al., 2020). 
Some studies have showed that alterations of amino 
acids in β-LG might damage certain epitopes, leading 
to loss of IgE binding capacity (Karisola, 2002). In this 
study, this phenomenon was confirmed by western blot-
ting. Our findings demonstrated that the IgE binding 
capacity of α-LA decreased in HM, and the IgE binding 
of CM obtained with Alcalase was weaker than that 
of Protamex and Flavourzyme, indicating that α-LA 
might be less resistant to Alcalase hydrolysis. Similarly, 
other studies demonstrated that Ara h 3 is sensitive 
to Alcalase hydrolysis and exhibits weak IgE binding 
capacity (Yu and Mikiashvili, 2020). Yu et al. (2019) 
suggested that Alcalase was more effective in reduc-
ing the immunoreactivity of CM proteins than other 
enzymes, as it significantly lowered the IgE and IgG 
binding capacities of whey protein.

Animal models are an important biological tool to 
assess the allergenicity of foods or proteins. Some stud-
ies have shown that BALB/c mice orally challenged 
with food allergens exhibit clinical allergic symptoms, 
such as nose and mouth scratching, reduced activity, 
shivering, diarrhea, and decreased body weight (Verma 
et al., 2012). In this work, the clinical signs, changes 
in body weight, and cutaneous test were observed, to 
evaluate the allergic reactions of the mice. The find-
ings indicated that the mice in the PC group showed 
anaphylactic reactions from mild to lethal, whereas the 
AT, PT, and FT groups exhibited minor anaphylactic 
symptoms. In addition, weight losses in the AT, PT, 
and FT groups were not noticeably different from the 
PC group. These results indicate that HM could reduce 
allergic reactions in mice. Bai et al. (2020) monitored 
changes in BW of BALB/c mice before oral sensitiza-
tion and challenge, and found that the weights of the 
soybean group was higher than that of experimental 
groups. Moreover, Meng et al. (2016) also observed the 
anaphylactic symptoms of BALB/c mice administered 
with α-LA and irradiated α-LA, which suggested that 
the mice administered with α-LA developed anaphylac-
tic reactions, whereas the mice challenged with irradi-
ated α-LA showed no anaphylactic reactions.

Food allergy not only causes various clinical symp-
toms but also severely engenders the histopathological 
changes in multiple organs, such as the intestine, lung, 
spleen, and ear (Chen et al., 2017). Thus, the effects of 
enzymatic hydrolysis on the histopathological changes 
in organs of the mice also were observed. In this study, 
the structure of the lungs, jejunum, and spleen in the 
PC group were damaged, whereas the inflammation 
in the AT-, PT-, and FT-group mice was relieved sig-
nificantly. The structure of the jejunum and intestinal 
villi may be destroyed following inflammation, which 
may lead to the disappearance of intestinal villi (Noti 

Liang et al.: COW MILK ALLERGENICITY

Figure 6. Total IgG1 and IgG2a levels. NC = negative control 
group, PC = positive control group, AT = Alcalase-treated cow milk, 
PT = Protamex-treated cow milk, FT = Flavourzyme-treated cow 
milk. All enzymes were purchased from Novozymes. Different letters 
indicate significant differences (P < 0.05). OD450nm = optical density 
at 450 nm. The error bars represent SD.
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et al., 2014). Similarly, Kumar et al. (2018) demon-
strated that the lungs and intestine of mice treated 
with Buchanania lanzan protein suggested infiltration 
of inflammatory cells, blocking the airway and causing 
asthma.

Previous findings have suggested that the immuno-
modulation of hydrolysates might be an underlying 
mechanism, resulting in the hypoallergenic properties 
of hydrolyzed whey proteins (Gill et al., 2000). Lee et 
al. (2013) demonstrated that IgE, IgG1, and IgG2a are 
the most critical molecules in allergic responses. Thus, 
we evaluated total IgG1 and IgG2a levels. These findings 
showed that total IgG1 levels significantly increased in 
the PC group, and the IgG2a levels showed an opposite 
phenomenon. Some studies have reported that the egg 
protein ovalbumin induced increase in IgE and reduc-
tion in IgG2a, compared with heated ovalbumin (Golias 
et al., 2012). Similarly, Kiewiet et al. (2017) also found 

that significant increases of IgE and IgG1 levels were 
determined in partially hydrolyzed whey proteins, 
which is in agreement with our results.

T lymphocytes are distributed in the immune organs 
and tissues of the body; CD4+ T and CD8+ T cells 
are important subgroups of T lymphocytes, as they 
perform vital immune functions. Th cells called CD4+ 
T cells have the function of assisting humoral immunity 
and cellular immunity (Miyoshi et al., 2020), and cy-
totoxic T cells (Tc) cells called CD8+ T cells have the 
ability to kill target cells and regulate the IgE response 
(Weigmann et al., 2006). In the healthy body, the ratio 
of CD4+ T to CD8+ T cells is maintained at a stable 
level, but once the body’s immune system is damaged, 
this balance is disrupted. In our study, HM significantly 
increased the numbers of CD4+ T cells but reduced 
the numbers of CD8+ T cells, mitigated CD4+ T/
CD8+ T cell imbalance, and relieved allergic reactions 
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Figure 7. Differentiation balance of CD3+CD4+ and CD3+CD8+ in spleen cells of the studied mice. (A) Expression of CD3+CD4+. (B) 
Expression of CD3+CD8+. (C) Percentage of CD3+CD4+ and CD3+CD8+ expression. (D) CD4+/CD8+ ratios. NC = negative control group, PC 
= positive control group, AT = Alcalase-treated cow milk, PT = Protamex-treated cow milk, FT = Flavourzyme-treated cow milk. All enzymes 
were purchased from Novozymes. Different letters indicate significant differences (P < 0.05). Error bars represent SD. FITC = fluorescein iso-
thiocyanate; APC = allophycocyanin; PERCP = peridinin chlorophyll protein complex.
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in the mice. Studies have showed some changes of T 
cell subsets in infants and children with CMA, with an 
obviously lower percentage of CD4+ T cells compared 
with the control group (Bobrus-Chociej et al., 2018). 
Trigo et al. (2009) suggested that the levels of IgG, 
CD4+ T, and CD8+ T cells in BALB/c mice infected by 
Streptococcus agalactiae were significantly decreased. 

When B lymphocyte cells are stimulated by foreign 
antigens, they can differentiate and proliferate into 
plasma cells, which synthesize antibodies and exert hu-
moral immunity (Jelinek, 2000). Previous studies have 
shown that Th cells of the spleen play an important role 
in activating and class-switching of B lymphocyte cells, 
which have a great influence on food allergy (Coffman 
et al., 1988). Thus, this study also explored whether 
HM affected the number of B lymphocyte cells in the 
mice. Our results suggested that, compared with the 
NC group, the numbers of B220+ cells increased in the 

PC group, but the AT, PT, and FT groups showed 
decreasing trends. These results indicate that HM can 
inhibit the expression levels of B lymphocyte cells in 
humoral immunity, thereby affecting the secretion of 
specific antibodies and reducing the immune response 
in the sensitization and excitation phases.

In conclusion, enzymatic hydrolysis with Alcalase, 
Protamex, and Flavourzyme has the potential to re-
duce the immunoreactivity of CM in vitro. Moreover, 
in vivo results also indicated that HM attenuated 
anaphylactic symptoms, suppressed levels of IgG1, and 
relieved allergic inflammation in mice. Furthermore, 
HM mitigated the CD4+ T/CD8+ T cell imbalance and 
inhibited the expression levels of B lymphocyte cells. 
Thus, enzymatic hydrolysis treatment with Alcalase, 
Protamex, and Flavourzyme could effectively reduce 
the sensitization of CM. Our results could lay a founda-
tion for milk production companies in the development 
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Figure 8. Identification of B220+ cells in spleens of studied mice. (A) Expression of B220+ cells in the mice. (B) Percentages of B220+ cell 
populations. NC = negative control group, PC = positive control group, AT = Alcalase-treated cow milk, PT = Protamex-treated cow milk, 
FT = Flavourzyme-treated cow milk. All enzymes were purchased from Novozymes. Different letters indicate significant differences (P < 0.05). 
Error bars represent SD.
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of high-quality hypoallergenic CM products. However, 
enzymatic hydrolysis of CM resulted in some small 
peptides with a certain extent of allergenicity. Thus, 
these peptides need to be identified and inactivated in 
further research. In addition, the effects of enzymatic 
hydrolysis on sensory properties, nutritional qualities, 
and storage stability of CM, as well as the cost of enzy-
matic hydrolysis treatment and consumer affordability 
of allergen-reduced CM, also need to be comprehen-
sively evaluated in the future.
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