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Abstract

Objective Nutritional factors such as extensively hydrolyzed casein (eHC) have been proposed to exert anti-inflammatory
activity and affect clinical outcomes such as tolerance development in cow’s milk allergy. Granzyme B (GrB) induces apop-
tosis in target cells and also controls the inflammatory response. Whether eHC could affect the activity of granzyme B and
play a role in GrB-mediated inflammatory responses in vitro was unknown.

Methods The activity of GrB was measured using the substrate Ac-IEPD-pNA. Inflammatory responses were induced with
GrB in HCT-8 and THP-1 cells, and pro-inflammatory cytokines were determined at the transcriptional and protein level.
Results GrB could induce the expression of IL-1f in HCT-8 cells, and IL-8 and MCP-1 in THP-1 cells, respectively. Interest-
ingly, GrB acted synergistically on LPS-induced inflammation in HCT-8 cells and eHC reduced pro-inflammatory responses
in both GrB and LPS-mediated inflammation. Further analyses revealed that eHC could inhibit the biological activities and
cytotoxic activities of GrB and then could reduce GrB-mediated inflammatory response.

Conclusion The results from the current study suggest that anti-inflammatory activity of extensively hydrolyzed casein is,

to a certain extent, mediated through modulation of granzyme B activity and responses.
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Introduction

Granzymes (Gr) belong to the family of serine proteases,
which are synthesized by a variety of different cell types
(e.g., T lymphocytes, natural killer cells, basophils, mast
cells) and stored in secretory granules which are located in
effector cells [1]. Granzymes used to be considered affect-
ing exclusively immune-mediated target cell death through
a perforin-dependent mechanism. Herewith, perforin facili-
tates the entry of granzymes into target cells and granzymes
induce cell death by cleaving critical intracellular substrates
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such as lamin, histone, HMG?2, SET, and Apel [2-6]. Apart
from their role in cytotoxicity, recent studies have suggested
other non-cytotoxic activity of granzymes in health and dis-
eases, e.g., in the context of inflammation and extracellular
matrix remodeling and induction/enforcement/prolonging of
pro-inflammatory responses. The increased levels of GrA,
GrB and GrK are observed in a wide array of inflammatory
diseases including atherosclerosis, arthritis, chronic obstruc-
tive pulmonary disease (COPD), Crohn’s disease and asthma
[7-11].

In humans, five granzymes (GrA, GrB, GrH, GrK, and
GrM) have been identified to date with different substrate
specificity [12, 13]. Among the granzymes, GrA and GrB
are the most abundant and are described to be involved
in pathophysiological process. GrB has been found to be
elevated in the lungs of patients with asthma after aller-
gen exposure [14, 15]. It was also identified as a novel
basophil-derived mediator of allergic inflammation [16].
In addition, IL-13, as a major mediator of allergy and
asthma, can induce de novo synthesis of GrB in basophil
granulocytes [16]. Increases of IL-13 correlated with
increased levels of GrB in bronchoalveolar lavage fluids
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of patients with allergic asthma after provocation [15].
Bratke et al. also reported an upregulation of GrB in endo-
bronchial pDCs 24 h after allergen challenge, and this was
accompanied by enhanced GrB concentrations in bron-
choalveolar lavage fluid [16]. GrB may thus play a role in
the pathology of allergic diseases. The pivotal role of GrB
in the pathogenesis of HDM-induced allergic lung dis-
ease was further confirmed by a recent study [17]. Using
adoptive transfer of NK cells from GrB-deficient mice, it
was found that GrB production by NK cells is required to
promote airway inflammation. Granzyme B can regulate
inflammation by non-cytotoxic mechanisms, for example,
IL-1a, which has undergone proteolysis by granzyme B,
can promote allergic airway inflammation [18, 19]. There-
fore, the above findings suggest that GrB could be used as
a novel therapeutic target for the prevention and treatment
of allergic diseases.

Besides allergic inflammation, GrB is involved in the
pathogenesis of other chronic inflammatory disease as
well, such as inflammatory bowel diseases (IBD), which
is characterized by chronic relapses of hyperinflamma-
tion of gastrointestinal tract and dysregulated mucosal
immune response [20, 21]. Children with IBD can have
features of both Crohn’s disease and ulcerative colitis. Dif-
ferent factors are involved in the pathology of IBD such
as oxidative stress, neutrophil infiltration, overproduction
of pro-inflammatory mediators including cytokines, dys-
function of immune systems, and imbalanced microflora
[22-26]. A recent study showed that IBD-related inflam-
mation was marked by mucosal accumulation of cytotoxic,
GrB-expressing cells, suggesting a role for GrB or GrB-
expressing cells in IBD-associated epithelial damage [27].

Nutritional strategies play an important role in pre-
venting and alleviating inflammatory reactions [28, 29].
For example, mounting evidence shows that nutritional
therapies can reduce inflammation in Crohn’s disease [30].
Protein hydrolysates show equivalent nutritional value
compared with the whole protein; however, particularly
extensive hydrolysates do not induce allergic responses in
sensitized individual and can, therefore, be applied for the
dietary management of cow’s milk allergy [31, 32]. Within
the dietary management of cow’s milk allergy, a particular
extensively hydrolyzed casein (eHC)-based formula was
demonstrated to accelerate tolerance acquisition, whereas
immunological inert amino acid (AA)-based formula
lacked such activity [33—-35]. Whether eHC could alleviate
the inflammatory response by affecting the activity of GrB
remains unknown. In the current study, using THP-1 and
HCT-8 cell lines as cell models, the inhibitory effect of
eHC on GrB-mediated inflammatory response was studied.
In addition, effects of GrB-mediated responses and inhibi-
tion by dietary factors were compared to LPS-mediated
inflammatory responses.
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Materials and methods
Reagents

Cell culture medium RPMI 1640 and fetal bovine serum
(FBS) were obtained from Invitrogen (Carlsbad, CA,
USA). LPS and the antibiotics (penicillin and streptomy-
cin) were obtained from Sigma (St. Loius, MO, USA).
Active human granzyme B (GrB) protein was obtained
from Abcam (Cambridge, MS, USA). Ac-IEPD-pNA was
obtained from SM Biochemicals LLC (CA, USA). The
primers of MCP-1, IL-8, IL-1p, and TNF-a for Q-PCR
were synthesized by Shanghai Sangon Biotech Co., Ltd
(Shanghai, China). PULSin in vitro Protein Delivery
Reagent was bought from Polyplus Transfection Com-
pany (NY, USA). RNA extraction Kkits, reverse transcript
kits and Q-PCR kits were obtained from TaKaRa Bio-
tech (Dalian) Co., Ltd. The samples, including exten-
sively hydrolyzed casein (eHC) > 500 Da fraction of eHC
(enriched in longer sequences, eHC > 500 Da) and amino
acid preparation with similar amino acid composition as
eHC (negative control, AA), were provided by Mead John-
son Nutrition [36].

Activity assay of human granzyme B protein

GrB was diluted in 1 X PBS and the activity was deter-
mined by hydrolysis of substrates at 37 °C in 96-well cul-
ture plates in 0.1 ml volumes with appropriate enzyme
reaction buffers. Paranitroanilide substrate, acetyl-Ile-
Glu-Pro-Asp-paranitroanilide (Ac-IEPD-pNA), was rou-
tinely used at 2 mM in reaction buffer containing 50 mM
HEPES (pH 7.5), 10% (w/v) sucrose, 0.05% (w/v) CHAPS
and 5 mM DTT. Released chromogenic group pNA was
measured as absorbance at 405 nm over a number of time
points. To detect the effect of hydrolyzed casein on the
activity of granzyme B, the tested samples at different
concentration were co-cultured with active granzyme B
protein for indicated time, then the activity of GrB was
assayed.

Cell culture

THP-1and HCT-8 cell lines were purchased from ATCC
(USA). Cells were maintained in RPMI 1640 supple-
mented with 10% (v/v) FBS, 100 mg/ml penicillin,
100 mg/ml streptomycin, and kept in a humidified atmos-
phere with 5% CO,. For THP-1 cells, extra 0.05 mM
B-mercaptoethanol is needed in the growth medium. Cells
were routinely passaged every 4-5 days. To detect the
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pro-inflammatory effect of GrB in THP-1 or HCT-8 cells,
THP-1 or HCT-8 cells were treated with active granzyme
B protein in RPMI 1640 media without FBS for 6 h.

Q-PCR

Total RNAs from THP-1 or HCT-8 cells were isolated with
Trizol and purified with phenol and chloroform (phenol:
chloroform=1: 1). Forward and reverse primers for the PCR
are listed in Table 1. The following cycling conditions of
Q-PCR were used: 95 °C 30 s, 60 °C 30 s, 72 °C 30 s for 40
cycles. Sequence-specific products were identified by gener-
ating a melting curve, and the relative quantification of gene
expression was analyzed by the 2724 method [37].

ELISA

The supernatants of the cultured cells treated by GrB with
or without hydrolyzed casein were collected and the level of
cytokines was measured by ELISA according to the instruc-
tion of ELISA detection Kkits.

Table 1 The sequence of primers

Primers Sequences (from 5’ to 3')
GAPDH Forward GGAGCGAGATCCCTCCAAAAT
Reverse GGCTGTTGTCATACTTCTCATGG
IL-1B Forward ATGATGGCTTATTACAGTGGCAA
Reverse GTCGGAGATTCGTAGCTGGA
IL-8 Forward ACTGAGAGTGATTGAGAGTGGAC
Reverse AACCCTCTGCACCCAGTTTTC
TNF-a Forward CCTCTCTCTAATCAGCCCTCTG
Reverse GAGGACCTGGGAGTAGATGAG
MCP-1 Forward CAGCCAGATGCAATCAATGCC
Reverse TGGAATCCTGAACCCACTTCT
a 0.20-
%%k
g 0157
S
S 0.10-
Q
O .05

0.00-
GrB(nM) 0 16 3.1 6.3 125 25 50

Fig.1 The detection of the activity of GrB. a 0~50 nM of GrB was
incubated with Ac-IEPD-pNA at 37 °C for 12 h. Then, the activity
of Granzyme B was measured by absorbance at 405 nm. b 50 nM of
GrB was incubated with Ac-IEPD-pNA at 37 °C for O h, 6 h, 9 h,

Statistical analysis

The significance of differences between control and test
groups was determined by independent ¢ test using GraphPad
Prism 5 (GraphPad Software, Inc., San Diego, USA) and a
P value of 0.05 was set as significant threshold.

Results

Recombinant GrB protein exerts good biological
activities

To assess activity of purified GrB, the substrate of GrB,
Ac-IEPD-pNA, was used. The activity of GrB was both dose
dependent (Fig. 1a) and time dependent (Fig. 1b) with sig-
nificant activity. These results showed that GrB is biologi-
cally active.

GrB displays pro-inflammatory activity in HCT-8
cells and can enhance LPS-mediated responses

To study the pro-inflammatory effect of GrB in HCT-8 cells,
we added 15 nM GrB into the culture media of HCT-8. Then,
HCT-8 was cultured in RPMI 1640 media without FBS to
exclude the effect of components in FBS. 6 h later, the rela-
tive mRNA level of several pro-inflammatory cytokines was
analyzed by real-time quantitative PCR (Q-PCR). The data
showed that GrB could promote the production of IL-1f
in HCT-8 significantly (Fig. 2a), although it has no effect
on the production of IL-8, TNF-a and MCP-1 (Fig. 2b—d).
These results demonstrated that GrB alone had pro-inflam-
matory activity and could increase the production of IL-1p
in HCT-8 cells.

To further investigate whether GrB could affect
the pro-inflammatory effect of LPS, we compared the

b 5.150- .
! X r
c 0.1451 ———
§ 0.140-
< 0.135] —=*,
pa)
o —

0.130+

Time(h) O 6 9 12

and 12 h, then the activity of GrB was measured by absorbance at
405 nm. *p <0.05, ***p <0.001. Data represent mean + SEM of three
independent experiments
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Fig.2 The pro-inflammatory
effect of granzyme B in HCT-8. 2 5+

[

HCT-8 cells were cultured with o 3k
RPMI 1640 media without FBS 3 20-
for 6 h and then incubated with 2
15 nM of GrB or PBS. 6 h later, =z ‘G_l 154
the relative mRNA level of x v
IL-1B (a), IL-8 (b), TNF-a (¢) g % 1.0
and MCP-1 (d) was analyzed = '
by Q-PCR. e HCT-8 cells were E 0.5-
treated with DMEM media K :
without FBS for 6 h and then
incubated with 100 ng/ml of 00 s o
LPS at the absence or presence
of 15 nM of GrB. 6 h later, d
the relative mRNA level of
IL-1B was analyzed by Q-PCR. _ 15 ns
*p<0.05, **p <0.01, ns: not 2 —
significant. Data represent 2
mean + SEM of three independ- %  1.01
ent experiments o

ES

O

Z O 0.5-

S

(o)

o

0.0-
PBS GrB

pro-inflammatory effect of LPS with or without GrB in
HCT-8 cells; LPS could induce the expression of IL-1f and
to our surprise the addition of GrB further increased the pro-
duction of IL-1f (Fig. 2e). The data indicated that GrB can
enhance LPS-induced pro-inflammatory cytokine responses
in HCT-8 cells.

GrB displays pro-inflammatory activity in THP-1
cells but does not further increase LPS-mediated
responses

To detect the pro-inflammatory effect of GrB in THP-1,
GrB was added into the culture media of THP-1 and the
cells were cultured in RPMI 1640 media without FBS for
6 h, then the relative mRNA level of several pro-inflam-
matory cytokines were analyzed by real-time quantitative
PCR (Q-PCR). The data showed that GrB could promote
the production of IL-8 and MCP-1 in THP-1 cells in a dose-
dependent manner (Fig. 3a, b). These data showed that GrB
alone had pro-inflammatory activity.

To understand whether GrB and LPS acted synergistically
in THP-1 cells, the pro-inflammatory effect of LPS with or
without GrB in THP-1 cells was analyzed by Q-PCR. Inter-
estingly, LPS could induce the expression of cytokines such
as IL-8 and MCP-1 significantly, but the addition of GrB did
not result in an increased expression of IL-8 (Fig. 3¢) and
MCP-1 (Fig. 3d).
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Fig.3 The pro-inflammatory effect of GrB in THP-1 cells. THP-1
cells were cultured with RPMI 1640 media without FBS for 6 h and
then incubated with indicated concentration of GrB or PBS. 6 h later,
the relative mRNA level of IL-8 (a) and MCP-1 (b) was analyzed by
Q-PCR. THP-1 cells were cultured with RPMI 1640 media without
FBS for 6 h and then incubated with 100 ng/ml of LPS or LPS and
15 nM of GrB together. 6 h later, the relative mRNA level of IL-8
(¢) and MCP-1 (d) was analyzed by Q-PCR. *p <0.05, **p<0.01,
ns: not significant. Data represent mean+ SEM of three independent
experiments
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A >500 Da fraction of extensively hydrolyzed casein
inhibits GrB-mediated inflammatory responses
in HCT-8 and THP-1 cells

eHC, a fraction enriched with longer peptide sequences
from eHC (eHC > 500 Da) or an amino acid control having
a similar composition as eHC (immunological inert control,
AA) was used to investigate a possible inhibitory activity of
eHC on GrB-mediated inflammation. GrB was incubated
with the eHC preparations and control at 37 °C for 6 h and
subsequently the mixture was added to the culture media of
HCT-8 or THP-1 cells. GrB alone or PBS was added as addi-
tional controls. To investigate a possible inhibitory effect of
the tested ingredients on GrB-mediated pro-inflammatory
function, the relative mRNA levels of IL-1p in HCT-8 or
IL-8 in THP-1 were detected by Q-PCR. Results showed
that the expression of IL-1p in HCT-8 (Fig. 4a) and IL-8
in THP-1 (Fig. 4b) decreased significantly when GrB was
pro-incubated with eHC > 500 Da. However, eHC itself and
the amino acid control did not affect the expression of pro-
inflammatory cytokines induced by GrB.

The supernatants of culture media were collected and
measured by ELISA. Less IL-8 protein was detected in
THP-1 cells which were treated with GrB pre-incubated with
eHC > 500 Da (Fig. 4c). Unfortunately, the protein of IL-1
has not been detected successfully. The possible reason was
that the expression of IL-1p was too low to be detectable in
HCT-8 cells.

Evaluation of the inhibitory effect of tested samples
on the activity of GrB

To understand why hydrolyzed casein could affect the pro-
inflammatory effect of GrB, GrB (50 nM) was incubated

with eHC, eHC > 500 Da or AA (10 mg/ml) for indicated
time, respectively; then the activity of granzyme B was
measured. PBS and the samples alone were used as the con-
trols. After being treated with eHC > 500 Da, the activity of
GrB decreased (Fig. 5a). However, there was no significant
difference for the activity of GrB at the absence or presence
of eHC (Fig. 5b) or AA (Fig. 5¢). The data showed that
eHC > 500 Da had obvious inhibitory effect on the activity
of GrB.

GrB is serine protease and can induce the apoptosis
when it enters the target cells. To further determine whether
hydrolyzed casein can inhibit the activity of GrB, GrB was
transferred into the HCT-8 by protein transfection reagent
PULSin and the apoptosis of HCT-8 was detected by FACS.
The data showed that GrB could induce the apoptosis when
it was transfected with PULSin together. Otherwise, the
apoptosis decreased when GrB was pre-incubated with
eHC > 500 Da but not eHC or AA (Fig. 6).

Discussion

Granzyme B is a protease typically found in the cyto-
toxic granules of natural killer (NK) and cytotoxic T
cells (CTLs), and it can promotes apoptosis of target cells
upon delivery into the cytoplasm of virus-infected target
cells or tumor cells. However, many reports have showed
that the level of granzyme B was elevated in allergic
inflammation or chronic inflammatory diseases such as
asthma, IBD, and rheumatoid arthritis (RA) [27, 38, 39].
These studies strongly suggested that granzyme B may
have pro-inflammatory effect, but the exact mechanisms
remain to be defined. Afonina et al. have reported that
IL-1a is a substrate for granzyme B and the proteolysis of

a b Cc ns
— * ns _ 5 ns 3007 s
[} — [0 —
S ns > 4l ns
Q*OE —— L4 4 & =
<z(&':) 21 x — éI wx £
X c ekt % 2
£ € S 2
o 0 %P 2 3
'("B-‘=]I 14 .%d =
-
©'c © 9 14
o o
0- 0- 0-
GB - + + + + GB - + + + GB - + 4+ 4+ 4+
eHC>500Da - -+ - - eHC>500Da - + - - eHC>500Da - -+ - -
eHC - - + - eHC - -+ - eHC - - -+ -
Y AA - - -+ AA - - - -+

Fig.4 The effect of hydrolyzed casein on the pro-inflammatory
function induced by GrB. a HCT-8 cells were treated with GrB
(50 nM) pre-incubated with eHC, eHC >500 Da or AA (10 mg/ml)
for 6 h at 37 °C. The relative mRNA level of IL-1p was measured
by Q-PCR. b THP-1 cells were treated with GrB pre-incubated with

eHC, eHC > 500 Da or AA for 6 h at 37 °C. The relative mRNA level
of IL-8 was analyzed by Q-PCR. ¢ The supernatants of the treated
THP-1 cells were collected and the protein level of IL-8 was detected
by ELISA. *p <0.05, **p<0.01, ns: not significant. Data represent
mean + SEM of three independent experiments
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Fig.5 The detection of the inhibitory of hydrolyzed casein on the
activity of GrB. GrB (50 nM) was first incubated with 10 mg/ml of
eHC > 500 Da (a), eHC (b) or AA (c) for 6 h at 37 °C, respectively.
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Fig.6 The detection of apoptosis of HCT-8. GrB was pre-incubated
with eHC > 500 Da, eHC or AA and transferred into HCT-8 by PUL-
Sin; the apoptosis of HCT-8 cells was analyzed by FACS. PBS, PUL-
Sin or the samples alone were used as the controls. *p <0.05. ns: not
significant. Data represent mean+SEM of three independent experi-
ments

this cytokine by granzyme B can significantly increase its
biological potency. Therefore, granzyme B can enhance
the inflammatory responses by processing and activating
IL-1a [18]. Furthermore, accumulating evidence suggests
that granzymes may also influence the production of pro-
inflammatory cytokines [40, 41]. To define whether GrB
induces the production of pro-inflammatory cytokines
in HCT-8, human colon epithelial cell lines, or THP-1,
human monocytic leukemia cell line, HCT-8 or THP-1
cells were treated with GrB and the pro-inflammatory
cytokines such as IL-1f, IL-8, TNF-a and MCP-1 were
analyzed at the transcriptional or protein level. The results
showed that GrB could induce the expression of IL-1f
in HCT-8 cells. Furthermore, GrB could synergistically
potentiate LPS-induced IL-1f responses in HCT-8 cells.
Unfortunately, IL-1p protein levels were too low to detect
in HCT-8 cells. However, our data suggest that GrB has
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Then, the activity of GrB was measured by absorbance at 405 nm.
PBS and the samples alone were served as controls. *p <0.05. Data
represent mean + SEM of three independent experiments

pro-inflammatory effects in HCT-8 cells at the level of
mRNA expression of this cytokine.

THP-1 was human monocytic leukemia cell line and also
was used as the cell model to evaluate the pro-inflammatory
effect of GrB in the study. The result of Q-PCR indicated
that GrB could promote the expression of IL-8 and MCP-1
in THP-1 in a dose-dependent way. These data strongly sup-
port that GrB alone had pro-inflammatory effect in THP-1
cells. However, GrB could not enhance the cytokine expres-
sion induced by LPS synergistically in THP-1. The high
level of expression of cytokines induced by LPS in THP-1
may be contributed to the result.

Casein hydrolysates have been demonstrated to have
anti-inflammatory activity [36]. To understand whether
hydrolyzed casein had inhibitory effect on the activity of
GrB and GrB-mediated inflammatory response, GrB was
incubated with eHC, eHC > 500 Da or AA for 6 h at 37 °C.
The results of activity assay showed that eHC > 500 Da,
which was composed of eHC fraction (> 500 Da) and was
enriched in longer sequences, could reduce the activity of
GrB, whereas eHC or AA had no obvious inhibitory effect
in current study. These results suggest that only the longer
eHC sequences, enriched in the 500-Da fraction display
activity and the smaller peptides in this preparation do not
affect activity. This particular casein hydrolysate indeed is
dominated by smaller (<500 Da) sequences which is typi-
cal for hydrolysates applied for the dietary management of
cow’s milk allergy [36]. To investigate whether hydrolyzed
casein affected GrB-mediated pro-inflammatory response,
hydrolyzed casein was pre-incubated with GrB and then
added to HCT-8 cells or THP-1 cells, and the expression
of pro-inflammatory cytokines was detected. The data sug-
gested that hydrolyzed casein could inhibit GrB-mediated
pro-inflammatory response. The mechanisms of anti-
inflammatory effect of eHC > 500 Da need to be elucidated
and the inhibitory effect on the activities of GrB was one
of the possible reasons. The study strongly suggested that
hydrolyzed casein containing longer peptide sequences such
as eHC > 500 Da had inhibitory effect on the activities of
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GrB; otherwise, eHC which only contained about 10% of
the longer sequences and the control amino acid (AA) did
not affect the activities of GrB.

In summary, GrB had pro-inflammatory effect in HCT-8
cells and THP-1 cells, and could be used as a novel thera-
peutic target for the prevention and treatment of inflamma-
tory diseases. Hydrolyzed casein could inhibit the activity
of GrB to a certain extent and exhibit the anti-inflammatory
effect in GrB-mediated pro-inflammatory response in both
HCT-8 and THP-1 cells. These data strongly suggest that
hydrolyzed casein may be a promising anti-inflammatory
peptide to reduce intestinal inflammation.
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