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Abstract

A new assay method for natural killer (NK) cell activity was established using
quantitative RT-PCR (RT-qPCR) to determine the gene expression of gran-
zyme B (GzmB) and perforin 1 (Prfl). The RT-qPCR method was compared
to a conventional cytotoxic assay. Upregulated expression of GzmB and Prfl
mRNA and enhanced cytotoxic activity were observed in splenocytes from
lipopolysaccharide (LPS)-treated rats. A high correlation, R> = 0.71, was ob-
served between the gene expression of GzmB and the cytotoxic activity of
splenocytes from these rats, indicating that GzmB RT-qPCR is a reliable al-
ternative method to assess NK cell activity/activation. Remarkably, 12.6- to
59.7-fold upregulation of GzmB mRNA expression was observed in leuko-
cytes, the spleen, and splenocytes from LPS-injected rats. Its upregulation
appeared to be dose-dependent on the LPS concentration in the range of 0.01 -
0.1 mg/kg. Whereas, only 1.3- to 1.9-fold increase of cytotoxic activity was
detected in splenocytes from the rats treated with LPS in the same range.
From these, it is evident that, to assess NK cell activity/activation, the GzmB
RT-qPCR method is highly sensitive compared with the conventional cyto-
logical assay. Furthermore, this GzmB RT-qPCR method is advantageous, as
it does not require freshly prepared splenocytes and cell culture procedures.
The convenience of GzmB RT-qPCR enables the use of whole blood, leuko-
cytes, the spleen, and/or their frozen samples to evaluate NK cell activi-
ty/activation.
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1. Introduction

NK cells participate in eliminating tumor cells and virus-infected cells through
their cytotoxic activity. Activated NK cells display enhanced cytotoxic activity
toward target cells; hence, activation of NK cells is critical for effective cancer
immunotherapy and protection against viral infections [1]. Previously, a chro-
mium release assay was typically used to measure the NK cell activity [2]. In this
assay, target cells are labeled with radioactive 51Cr, and the cytotoxicity of NK
cells as effector cells is assayed by detecting the release of radioisotopes from
target cells. Since the use of radioactive isotopes is biohazardous, alternative
methods are required. Labeling of target cells with nonradioactive europium is
one such improvement [3]. Lately, cytotoxic lactate dehydrogenase and WST-1/
WST-8 cell proliferation assays have been employed to measure NK activity [4]
[5]. These assays do not require the labeling of target cells, and commercially
available kits can be used. However, they still require time-consuming cytologi-
cal procedures to prepare fresh splenocytes as effector cells and their co-culture
with target cells. Thus, another simple and easy method for measuring NK cell
activity is required.

Cytotoxic activity of NK cells is mediated by effector molecules such as gran-
zymes (a member of the lysosomal serine protease family), especially granzyme
B (GzmB), and perforin (Prfl) [6]. Prfl facilitates the entry of GzmB into target
cells, resulting in the induction of apoptosis. Thus, GzmB and Prfl appear to be
possible markers for assessing the cytotoxic activity of NK cells. In resting NK
cells, low mRNA expression levels of GzmB and Prfl were observed [7]. It has
been reported that NK cell activation is accompanied by an increase in the
mRNA levels of these genes [8] [9]. These suggest that the use of RT-qPCR to
determine the mRNA expression of GzmB and/or Prfl is an alternative method
to assess NK cell activity/activation instead of the conventional cytological me-
thod.

In the present study, we performed RT-qPCR to determine the mRNA ex-
pression of GzmB and/or Prfl to assess NK cell activity/activation of spleno-
cytes, the spleen, leukocytes, and whole blood from lipopolysaccharide (LPS)-
treated rats and mice. The RT-qPCR method was highly sensitive, useful, and
applicable for evaluating the efficiency of NK cell activity/activation of foods and
drugs.

2. Materials and Methods

2.1. Animals and Treatment

Sprague-Dawley (SD) and Wistar rats and ICR mice were purchased from Japan
SLC Inc. (Hamamatsu, Japan). LPS from E. coli O55 (phenolic extraction) was
purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan).
Animals were housed in groups of 2 - 6 individuals in stainless steel cages under
control conditions of a 12/12 h light/dark cycle at 20°C - 28°C with a relative
humidity of 30% - 80%. They had free access to tap water and a standard rodent
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diet (MF, Oriental Yeast, Tokyo, Japan). All experimental procedures were ap-
proved by the Institutional Animal Ethics Committee in accordance with the in-
stitutional guidelines based on the Guide for the Care and Use of Laboratory
Animals by the National Research Council (USA) [10].

After more than 1 month of acclimatization, the rats and mice were injected
with LPS. LPS was diluted with saline and intravenously administered via the tail
vein at 0.01, 0.03, and 0.1 mg/kg body weight (BW). Control individuals were
injected with saline. Wistar rats (350 - 450 g) and SD rats (450 - 550 g) were
allocated to examine the cytotoxic activity of splenocytes and gene expression
of peripheral leukocytes, splenocytes, and spleen tissue. ICR mice (30 - 40 g)
were allocated to determine gene expression in whole blood and spleen tis-

sues.

2.2. Tissue and Blood Sample Collection

In both rat and mouse experiments, blood samples were collected under anes-
thesia 2 h after LPS administration, followed by euthanization and spleen isola-
tion.

In the rat experiment, blood samples were collected in heparinized syringes,
and leukocytes were isolated using erythrocyte lysis buffer, as described by
Hoffman et al [11]. The spleen was removed, and splenocytes were harvested by
passing the cells through a nylon mesh cell strainer (Falcon-Corning, Corning,
NY, USA). Splenocytes were further purified using Hoffman lysis buffer. The
obtained splenocytes were used for the NK cell activity test and RT-qPCR. Sple-
nocytes for RT-qPCR were washed with phosphate-buffered saline, lysed, and
homogenized in RNAiso Plus (Takara Bio Inc., Kusatsu, Japan). A portion of the
spleen was sliced and treated with RNAlater (Sigma-Aldrich, St. Louis, MO,
USA) immediately after tissue removal. Treated tissue samples were stored at
—70°C until RNA extraction.

In the mouse experiment, blood samples were collected in heparinized sy-
ringes, treated with Buffer DL from the NucleoSpin RNA Blood Kit (Mache-
rey-Nagel GmbH & Co. KG, Diiren, Germany), and kept frozen at —70°C until
RNA extraction. The removed spleen was treated with RN Alater and processed

as described above.

2.3. Cytotoxic Activity Assay of NK Cells from Splenocytes Using
the WST-1 Assay

YAC-1 cells (mouse lymphoma origin, KAC Co., Ltd., Kyoto, Japan) were used
as target cells to test the cytotoxic activity of NK cells. Harvested rat splenocytes
were examined for their cytotoxic ability as effector cells (E) against target cells
(T). Splenocytes and YAC-1 cells were co-cultured at a 1:1 ratio of E:T (1 x 106
cells/mL) and were also cultured independently in 96-well plates for 4 h in a 5%
CO, atmosphere at 37°C. Premix WST-1 (Takara Bio Inc.) was added to the
wells and incubated for 60 min. The absorbance was measured at 450 nm using a
plate reader (iMark Microplate Reader, Bio-Rad, Hercules, CA, USA). The cyto-
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toxic activity of NK cells was calculated using the standard formula, 1 — (ET -
E/T) x 100 (%) [5].

2.4. Total RNA Isolation

Total RNA was extracted from peripheral leukocytes, splenocytes, and spleen
tissues as described previously using the acid guanidine thiocyanate-phenol-
chloroform method and silica membrane column-based purification [12]. Brief-
ly, cells or tissues were homogenized in RNAiso Plus (Takara Bio Inc.), and the
total RNA was isolated. The RNA was treated with DNase (Qiagen, Valencia,
CA, USA) in the aqueous phase and further purified using the RNeasy MinElute
Cleanup Kit (Qiagen) according to the manufacturer’s instructions.

Total RNA (0.2 - 0.4 mL) of mouse whole blood was isolated using NucleoS-
pin RNA Blood (Macherey-Nagel GmbH & Co.) according to the manufactur-
er’s instructions with on-column DNA digestion.

The quantity and purity of RNA were evaluated at 230, 260, 280, and 320 nm
using an Ultrospec 2000 spectrometer (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden).

2.5. RT-qPCR of GzmB and Prf1

The mRNA levels of GzmB and Prfl in tissue and cell samples were determined
by RT-qPCR, as described previously [12]. cDNA was synthesized from the pu-
rified RNA using PrimeScript Reverse Transcriptase (Takara Bio Inc.) with
RNase Inhibitor (Takara Bio Inc.), dNTP mixture (Promega Corp., Madison,
WI, USA.), and Oligo dT primers (Invitrogen, Waltham, MA, USA).

Real-time PCR was performed using the Mx3000P QPCR System (Agilent
Technologies Inc., Santa Clara, CA, USA) with a SYBR Premix Ex Taq II (Tl
RNaseH Plus) Kit (Takara Bio Inc.). Specific primers for rat and mouse GzmB,
Prfl, and the reference gene low-density lipoprotein receptor-related protein 10
(Lrp10) were constructed using Primer3 and Primer-BLAST [13]. A standard
curve was generated by serial dilution of a known amount of GAPDH amplicon
to calculate the cDNA copy number of the genes [12]. The PCR conditions were
as follows: 95°C for 15 s, followed by 35 cycles of 95°C for 10 s and 63°C for 30 s,
with a dissociation curve. The quantity of GzmB or Prfl mRNA was expressed as

the ratio against that of a suitable reference gene, Lrp10 [14].

3. Results

3.1. Cytotoxic Activity of NK Cells of Splenocytes from Untreated
and LPS-Injected Rats

Table 1 shows the cytotoxic activity of NK cells in splenocytes from SD and
Wistar rats. Their cytotoxic activity was enhanced by 1.3- to 1.9-fold in spleno-
cytes from LPS-treated animals and increased in a dose-dependent manner with
the LPS concentration from 0.01 - 0.1 mg/kg. Figure 1 represents an average re-

sult, in which the NK cell cytotoxicity of splenocytes from both rats increased
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Table 1. Cytotoxic activity of NK cell in splenocyte from LPS-injected SD and wister rats.

NK cell activity 1 — (ET/(E + T))

LPS (mg/kg B.W.)
SD Wister
0 (Saline Control) 24.0 16.3
0.01 254 25.1
0.03 32,5 35.6
0.10 40.0 35.6

Splenocytes were isolated from LSP-treated SD and Wister rats. The cytotoxic activity of NK cell (NK cell
activity) was assayed under the conditions as mentioned in Materials and methods.
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Figure 1. Mean cytotoxic activity of NK
cell (NK cell activity) in splenocytes from
LPS-treated SD and Wister rats and its
dose-dependency with LPS injected.

dose-dependently with LPS concentration.

3.2. Alternative Method to Assess NK Cell Cytotoxicity Using
RT-qPCR

An alternative assay method to measure the cytotoxic activity of NK cells was
examined by means of RT-qPCR to determine gene expression, Ze. steady-state
mRNA level, of both GzmB and Prfl. The expression levels of GzmB and Prfl
mRNA were dose-dependently upregulated in splenocytes from LPS-treated rats
and mice (Table 2 & Table 3, Figures 3-5). Figure 2 shows a significant corre-
lation (R* = 0.71) between the gene expression of GzmB and the cytotoxic activ-
ity of splenocytes from rats. This indicates that RT-qPCR for quantitative analy-
sis of mRNA expression of GzmB is a reliable method for cytotoxic assays of NK

cells.

3.3. LPS Upregulated the Gene Expression of GzmB and Prfl

As shown in Table 2 and Table 3, LPS-mediated upregulation of both GzmB
and Prfl mRNA was observed in leukocytes from peripheral blood, splenocytes,
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Table 2. Relative gene expression (mRNA levels) of GzmB in samples from LPS-treated

rats.
GzmB/Lrp10
Samples LPS (mg/kg B.W.)
SD Wister
Leukocytes 0 (saline control) 1.9 1.5
0.01 7.3 75.8
0.03 38.5 8.7
0.10 12.1 28.9
Splenocytes 0 (saline control) 2.7 9.0
0.01 150.7 40.7
0.03 179.4 136.5
0.10 74.2 2159
Spleen 0 (saline control) 0.4 1.2
0.01 21.6 15.8
0.03 41.2 28.4
0.10 26.6 39.9

Blood sample and spleen were obtained 2 hours later of intravenous injection of LPS. White blood cells
(leukocytes) were separated from whole blood and splenocytes were isolated from spleen by the procedures
mentioned in materials and methods. RNA was extracted from these samples and RT-qPCR to quantify
mRNA levels of both GzmB and Lrp10 genes were performed. Data are expressed as ratio of copy number
of GzmB against that of a reference gene (Lrp10).

Table 3. Relative gene expression (mRNA levels) of Prfl in samples from LPS-treated rats.

Prfl/Lrp10
Samples LPS (mg/kg B.W.)
SD Wister

Leukocytes 0 (saline control) 4.4 6.9
0.01 4.1 21.9

0.03 21.1 3.8

0.10 4.9 8.9

Splenocytes 0 (saline control) 5.1 7.6
0.01 21.9 5.9

0.03 23.1 8.9

0.10 11.9 14.4

Spleen 0 (saline control) 2.0 2.5
0.01 4.4 4.3

0.03 6.3 4.4

0.10 4.1 7.4

Conditions for sample preparations, RNA extractions, and RT-qPCRs for Prfl and Lrp10 genes were same
as mentioned in Table 2. Data are expressed as ratio of copy number of Prfl against that of a reference gene
(Lrp10).

and spleens from LPS-treated rats. The upregulated expression of GzmB mRNA
was also observed in the whole blood and spleens of LPS-injected mice (Figure
4(a) and Figure 4(b)).
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Figure 2. Correlation between cytotoxic activity and RT-qPCR
(gene expression) of GzmB of NK cells in splenocytes from
LPS-treated rats (LPS: 0 to 0.1 mg/kg BW). The cytotoxic ac-
tivity was assayed and calculated as the conditions described
in Materials and Methods. Gene expression of GzmB was ex-
pressed as ratio against reference gene (Lrp10).

Figure 3 shows the average relative expression of GzmB mRNA in both SD
and Wister rats in comparison to the reference gene (Lrp10) in leukocytes (Figure
3(a)), splenocytes (Figure 3(b)), and spleen (Figure 3(c)). Remarkably, 12.6- to
59.7-fold upregulation of GzmB mRNA expression was observed in the three sam-
ples from rats administered LPS in the range of 0.01 - 0.1 mg/kg BW (Figure 3).

Figure 4 shows the same remarkable upregulation, by more than 10-fold, of
GzmB mRNA in the whole blood (Figure 4(a)) and spleen (Figure 4(b)) of
LPS-injected mice. These results indicate that using RT-qPCR to measure GzmB
mRNA is a highly sensitive method to assess the activity of NK cells compared
with conventional cytological assay using WST-1. These results also suggest that
RT-qPCR of GzmB mRNA is an alternative method to be applied to not only
splenocytes and spleen, but also leukocytes and whole blood.

The gene expression of Prfl was also upregulated in LPS-treated rats and
mice, although the upregulation of Prfl mRNA was milder than that of GzmB.
Figure 5 shows the relative gene expression of rat Prfl in leukocytes (Figure
5(a)), splenocytes (Figure 5(b)), and spleens (Figure 5(c)), expressed as the av-
erage of values determined in both SD and Wistar rats. Figure 6 represents
upregulated Prfl mRNA expression in whole blood, but not in the spleen, from

mice injected at a concentration of 0.1 mg/kg BW.

4. Discussion

Recently, there has been much interest in drugs, functional foods, and their ma-
terials with immunomodulatory effects, including the stimulation of NK cell ac-
tivity [15] [16] [17] [18]. Therefore, a simple and non-radioactive method to as-
say NK cell activity is required to facilitate the development of both drugs and
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Figure 3. mRNA Levels of GzmB in (a) peripheral leukocytes,
(b) isolated splenocytes, and (c) spleen from control and
LSP-treated rats. The data from SD and Wister rats are aver-
aged and expressed as ratio against saline control.

100

=~ 90 *(a) (b)

o

g 80 -

(@)

= 70 -

s

‘B 60 -

2]

(0]

a 50

a

© 40

&

0] 30 -

(0]

2 20 -

o ]

& 10 - ]
0 += = ) T

Control
0.01
0.03

0.1

Control
0.01
0.03

0.1

LPS (mg/kg BW)

Figure 4. mRNA Levels of GzmB in (a) whole blood), (b)
spleen from control and LPS-treated mice. The data are ex-

pressed as ratio against saline control.

foods with immunomodulatory action(s). Furthermore, a highly sensitive me-
thod is essential because functional foods and related materials can mildly affect
NK cell activity/activation.

NK cells, which are effector lymphocytes of innate immunity, represent 10% -
20% of peripheral blood mononuclear cells and play key roles in eliminating
tumor cells and virus-infected cells [19] [20]. This self-defensive role of NK cells
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Figure 5. mRNA Levels of Prfl in (a) peripheral leukocytes, (b)
isolated splenocytes, and (c) spleen from control and LPS-treated
rats. The data from SD and Wister rats are averaged and expressed
as ratio against saline control.
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Figure 6. mRNA Levels of Prfl in (a) whole blood), (b) spleen from
control and LPS-treated mice. The data are expressed as ratio
against saline control.

depends on their cytotoxic activity, which is mediated by the effector molecules
GzmB and Prfl [6].

The cytotoxicity of NK cells is regulated by transcriptional and/or translation-
al events of GzmB and Prfl and is known to be enhanced upon NK cell activa-
tion by several stimuli, including LPS [21].

In a previous report, resting NK cells expressed some basal levels of GzmB or
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Prfl mRNA, although their protein levels were low [7]. The involvement of mi-
croRNAs is suggested to regulate the translation of these genes prior to post-
transcriptional events [22] [23]. The enhanced cytotoxic activity of NK cells is
mediated by their activation accompanied by an increase in the protein levels of
these effectors. Transcription of these genes is upregulated upon activation of
NK cells before translation. A kinetic study revealed that the upregulation of
mRNA expression of GzmB and Prfl preceded production of their proteins in
IL-15-activated NK cells [22]. These results indicate that both upregulated
mRNA expression and elevated protein synthesis of GzmB and Prfl occur upon
activation of NK cells. These results also lead us to consider new markers of
GzmB and/or Prfl mRNA and a molecular biological method, RT-qPCR, using
these markers to assess NK cell activity/activation.

The expression levels of both GzmB and Prfl mRNA were dose-dependently
upregulated in splenocytes from LPS-treated rats and mice (Figure 3 and Figure
4). A significant correlation was observed between the gene expression of GzmB
and the cytotoxic activity of splenocytes from LPS-treated rats (Figure 2). Thus,
RT-qPCR of GzmB mRNA is a reliable method that can be used in place of con-
ventional cytological assays for NK cell activity.

RT-qPCR of GzmB mRNA is a highly sensitive method for the assay of NK
cell activity/activation. We observed a 41-fold upregulation of GzmB mRNA ex-
pression, whereas only a 1.9-fold increase in cytotoxic activity was detected in
activated splenocytes from LPS-injected rats (Figure 1 and Figure 3(b)). A sim-
ilar marked upregulation of GzmB mRNA was observed in leukocytes, spleen,
and whole blood from LPS-injected rats and/or mice. This is evidence for the
high sensitivity of GzmB RT-qPCR.

The other advantage of this RT-qPCR method is that it is unnecessary to pre-
pare splenocytes from freshly isolated spleens. This makes it convenient to keep
samples, spleens, leukocytes, and/or whole blood in a frozen state until use after
treatment with RNAlater or related treatment. For these reasons, the GzmB
RT-qPCR method can be applied to evaluate NK cell activity/activation in leu-
kocytes and whole blood, in which NK cells comprise 10% - 20% of peripheral

blood mononuclear cells.

5. Conclusions

RT-qPCR to determine GzmB mRNA expression was established as an alterna-
tive method to assess NK cell activity/activation. This alternative GzmB RT-
qPCR method was highly sensitive and had high correlation with the conven-
tional cytologic assay.

This GzmB RT-qPCR method made it unnecessary to prepare fresh spleno-
cytes and co-culture with target cells. The alternative method enables the use of
frozen samples, spleens, leukocytes, and/or whole blood. The GzmB RT-qPCR
has enough sensitivity to detect mild effects on NK cell activity/activation by

functional foods and their related materials.
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