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INTRODUCTION

Natural killer (NK) cells are a component of the innate immune
system that play a central role in host defense against viral infec-
tion and tumor cells. Much of the evidence for a role for NK cells
in controlling viral infections has come from experiments with
mice that were genetically modified (Lian and Kumar, 2002) or
were treated with NK cell-depleting antibodies (Kasai et al., 1980)
or from the study of humans with inherited NK cell deficiencies
(Biron et al., 1989; Orange, 2002).

NK cells can be rapidly recruited into infected organs and tissue
by chemoattractant factors produced by virus-infected cells and
activated resident macrophages, which are also a major source of
interferon (IFN), which induces NK cell proliferation, NK cell-me-
diated cytolysis of virus-infected cells, and the secretion of chem-
okines (Robertson, 2002). NK cells can kill virus-infected cells by
using cytotoxic granules or by recognizing and inducing lysis of
antibody-coated target cells (antibody-dependent cell cytotoxicity)
via antibody binding receptor CD16. For instance, human blood
NK cells are cytotoxic against dengue virus-infected cells in target
organs via direct cytolysis and antibody-dependent cell-mediated
cytotoxicity (reviewed by Navarro-Sinches et al., 2005). Early activ-
ity of NK cells may be important for clearing acute infections such
as that of dengue virus. However, the effect that NK cells may exert
on chronic infections with viruses such as hepatitis C virus (HCV)
is less clear.

HCV is the causative agent of chronic hepatitis C, cirrhosis,
and finally liver cancer. In general, acquired and innate immu-
nity induced by acute HCV infection is not sufficient for the viral

Natural killer (NK) cells are capable of regulating viral infection without major histocompatibility
complex restriction. Hepatitis C is caused by chronic infection with hepatitis C virus (HCV), and
impaired activity of NK cells may contribute to the control of the disease progression, although
the involvement of NK cells in vivoremains to be proven. GB virus B (GBV-B), which is genetically
most closely related to HCV, induces acute and chronic hepatitis upon experimental infection
of tamarins. This non-human primate model seems likely to be useful for unveiling the roles of
NK cells in vivo. Here we characterized the biological phenotypes of NK cells in tamarins and
found that depletion of the CD16* subset in vivo by administration of a monoclonal antibody
significantly reduced the number and activity of NK cells.

Keywords: CD16, cynomolgus monkey, tamarin, NK cell

clearance, and persistent HCV infection frequently leads to progres-
sion to chronic hepatitis (reviewed by Cheent and Khakoo, 2010). It
was reported that dendritic cells (DCs) in HCV infection were not
responsive to IFN-@, and thus failed to promote subsequent activa-
tion of NK cells as a primary innate immune response (reviewed by
Kanto, 2008). This is in agreement with the finding that the killing
activity of NK cells in patients with chronic hepatitis C is inactivated
in in vitrostudies (Deignan et al., 2002; Golden-Mason et al., 2008).
These data suggest that the dysfunction of NK cells contributes
to the persistent infection of HCV and chronic hepatitis. On the
other hand, it was suggested that inappropriately activated NK cells
caused liver injury after the viral infection (Liu et al., 2000). The
population of NK cells is relatively minor in peripheral lymphoid
organs but is abundant in liver, raising a question as to their func-
tion in the innate immune response to acute and chronic HCV
infection in the liver. It is possible that NK cells partially regulate
the replication of HCV in this organ during early infection whereas
they promote the liver dysfunction in chronic HCV infection. To
examine these possibilities, it is necessary to clarify the involvement
of NK cells in vivo in HCV infection. However, it is questionable
whether the results of ex vivo analyses of NK cells would reflect
their actual roles in vivo. Therefore, it might be more informative
to study the function of NK cells directly by means of in vivo deple-
tion technique in animal models.

A chimpanzee model of HCV infection has frequently been
employed to evaluate the role of acquired antiviral immune
responses, although the involvement of NK cells has not been fully
evaluated because of the limitations on the use of chimpanzees
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due to ethical and financial restrictions (Cohen and Lester, 2007).
Accordingly, New World monkeys infected with GB virus B (GBV-B)
appear to be a promising model because (i) among viruses so far
known, GBV-B is genetically the most closely related to HCV and
can infect New World monkeys, including tamarins, marmosets
and owl monkeys, but not Old World monkeys (reviewed by Akari
etal,, 2009), (ii) tamarins develop acute and chronic hepatitis after
experimental GBV-B infection (Bukh et al., 1999; Sbardellati et al.,
2001; Lanford et al., 2003; Martin et al., 2003; Ishii et al., 2007;
Takikawa et al., 2010), (iii) the infection induces antiviral cellular
immune responses (Woollard et al., 2008), and (iv) tamarins and
marmosets are commercially available and easily handled, reared
and bred. Moreover, tamarins, being primates, may have a similar
immune system to humans, and therefore they may be useful for
studying the function of NK cells against the hepatitis virus in this
tamarin model.

Our final goal is to study the role of NK cells as a major player
in innate immunity during the course of the progression of viral
hepatitis. Since some basic information regarding the biological
characteristics of NK cells still remains unclear, we initially sought
to characterize NK cells in tamarins to provide a technical basis
for further studies.

MATERIALS AND METHODS

ANIMALS

Five red-handed tamarins (Saguinus midas) and five cynomol-
gus monkeys (Macaca fascicularis) were used in this study. The
animals were cared for in accordance with National Institute of
Biomedical Innovation rules and guidelines for experimental ani-
mal welfare, and all protocols were approved by our Institutional
Animal Study Committee.

FLOW CYTOMETRY

Flow cytometry was performed as previously described (Akari
et al., 1997) with a slight modification. Fifty microliters of whole
blood from cynomolgus monkeys and tamarins was stained with
combinations of fluorescence-conjugated monoclonal antibod-
ies (mAb): anti-CD3 (SP34-2; Becton Dickinson), anti-CD4
(L200; BD Pharmingen), anti-CD8 (CLB-T8/4H8; Sanquin),
anti-CD16 (3G8; BD Pharmingen), and anti-CD16 (DJ130c;
Dako). Then, erythrocytes were lysed with FACS lysing solution
(Becton Dickinson). After having been washed with sample buffer
containing phosphate-buffered saline (PBS), 1% fetal calf serum
(FCS), and 1% formaldehyde, the labeled cells were resuspended
in the sample buffer. The expression of the immunolabeled mol-
ecules on the lymphocytes was analyzed with a FACSCanto II flow
cytometer (Becton Dickinson). Peripheral blood mononuclear
cells (PBMCs) were separated from the blood of these monkeys
by a Ficoll-Paque gradient method. The cells were resuspended
in complete medium composed of RPMI-1640 medium supple-
mented with 10% FCS, 1% penicillin/streptomycin, 2 mM HEPES
and 55 pM 2-mercaptoethanol at 4°C until use. Fluorochrome-
labeled mouse mAbs were reacted with 2 x 10° PBMCs at 4°C for
30 min. The labeled cells were washed with PBS containing 1%
FCS, and resuspended in the sample buffer. The expression of
the immunolabeled molecules on the lymphocytes was analyzed
as mentioned above.

FLOW CYTOMETRIC 5-(AND 6)-CARBOXYFLUORESCEIN DIACETATE
SUCCINIMIDYL ESTER (CFSE)/7-AMINO ACTINOMYCIN D (7-AAD)
CYTOTOXIC ASSAY

Peripheral blood mononuclear cells were separated from the blood
of these monkeys by a Ficoll-Paque gradient method. These PBMCs
were then resuspended in complete medium at 37°C until use. The
flow cytometric CFSE/7-AAD cytotoxicity assay was performed as
previously described (Lecoeur et al., 2001) with slight modifica-
tions. K562 cells (3 x 10°) were labeled with 500 nM CFSE (from
a 1 mM stock solution in dimethyl sulfoxide [Sigma] stored at
—20°C) in Hanks’ Balanced Salt Solution for 8 min at 37°C in total
of 2 ml. The cells were then washed twice in complete medium
and used immediately for the cytotoxicity assay. The CFSE-labeled
target cells (20,000 cells) were used at different E (effector):T (tar-
get) ratios (0:1, 3:1, and 9:1). After 24 h incubation, the cells were
stained with 0.25 pg/ml of 7-AAD and incubated for 10 min at
37°C in a CO, incubator. The cells were washed twice with 1%
FCS-PBS, resuspended in sample buffer and analyzed immediately
by flow cytometry.

MAGNETIC CELL SEPARATION

Magnetic cell separation (MACS) was performed as previously
described (Tenorio and Saavedra, 2005) with slight modifications.
PBMCs (1 x 107) were washed with 3 ml of MACS buffer com-
posed of PBS with 2mM EDTA and 0.5% bovine serum albumin,
and resuspended in 100 pl of the same buffer. Ten microliters
of fluorescein isothiocyanate (FITC)-labeled anti-CD16 mAb
(3G8) was added. The cells with or without the mAb were incu-
bated for 10 min at 4°C, washed with 1 ml of MACS buffer, and
resuspended in 80 pl of the same buffer. They were mixed with
20 pl of anti-FITC MicroBeads and incubated for 15 min at 4°C,
washed with 1 ml of MACS bulffer, and resuspended in 500 pl
of the same buffer. The CD16-positive cells were separated by
negative selection using LD columns and a MACS separation
unit following the instructions provided by the manufacturer
(Miltenyi Biotec). CD16-negative cells were resuspended in com-
plete medium and co-cultured with K562 cells at 37°C for the NK
cytotoxicity assay immediately.

DETECTION OF CIRCULATING ANTI-CD16 MAB (3G8)

Concentrations of an anti-CD16 antibody (3G8) in plasma samples
were assessed using a mouse IgG, Quantitative ELISA Kit (Bethye
Laboratory, Inc.). The assay was performed according to the manu-
facturer’s instruction with a slight modification. To detect the mAb
in monkey plasma, 96-well enzyme-linked immunosorbent assay
(ELISA) plates were coated with a capture antibody and incubated
for 1 h at 37°C and washed with wash solution (50 mM Tris, 0.14 M
NaCl, 0.05% Tween 20, pH 8.0) three times. The plates were blocked
with blocking solution (Postcoat) for 30 min at 37°C. Plasma sam-
ples from antibody-treated monkeys were diluted in dilution buffer
(50 mM Tris, 0.14 M NaCl, 1% bovine serum albumin, 0.05% Tween
20, pH 8.0), applied to the wells in serial dilutions, incubated for 1 h
at 37°C and washed with the wash solution five times. Goat anti-
mouse IgG, conjugated with horseradish peroxidase and diluted
1:50000 in dilution buffer was added to each well and incubated
for 1 h at 37°C. Each well was washed with the wash solution five
times. Substrate solution was added to each well and incubated
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for 10-15 min at room temperature, and then the reaction was
stopped with H,SO,. Optical density was measured using an ELISA
reader at 450 nm.

IN VIVODEPLETION OF CD16 POSITIVE CELLS

Mouse anti-human CD16 (3G8) mAb (Fleit et al., 1982) was
produced in serum-free medium and purified using protein A
affinity chromatography. Endotoxin levels were lower than 1 EU/
mg. The antibody was administered to tamarins (Tm 05-003,
Tm 06-020) and cynomolgus monkeys (Mf 00-005, Mf 99-110)
intravenously at 50 mg/kg at a rate of 18 ml/min using a syringe
pump. Lymphocyte subsets were monitored for 3 weeks after the
administration.

STATISTICAL ANALYSIS

Statistical analyses of lymphocyte ratios were performed using
Student’s t-test and single-factor ANOVA, followed by Fisher’s pro-
tected least-significant difference post hoc test by using StatView
software (SAS Institute, NC, USA). The results were confirmed
in more than three independent experiments in tamarins and
cynomolgus monkeys.

RESULTS

LYMPHOCYTE SUBSETS IN TAMARINS

First, we examined the lymphocyte subsets in tamarins as com-
pared with cynomolgus monkeys (Figure 1). The percentages of
T and B lymphocytes indicated as CD20-CD3* and CD20*CD3~
subsets in the total lymphocytes were found to be 68.8% (range
41.9-68.8%) and 12.3% (range 11.8-12.6%) in tamarins and 68.4%
(range 42.6-68.4%) and 10.2% (range 9.1-11.4%) in cynomol-
gus monbkeys, respectively. The percentage of CD4* T cells in the
CD3* subset was 45.5% (range 41.9-52.5%) and 55.3% (range
42.6-64.4%) while that of CD8* T cells was 41.0% (range 35.8—
44.5%) and 31.2% (range 29.3-34.6%) in tamarins and cynomol-
gus monkeys, respectively. Next, the NK cell subset was determined
as CD3~ CD16* lymphocytes in this study. The percentage of NK
cells was 30.5% (range 16.9-52.5%) and 18.9% (range 13.7-22.4%)
in tamarins and cynomolgus monkeys, respectively. We analyzed
statistically whether these lymphocyte ratios were different between
tamarins and cynomolgus monkeys, and found that there were
no significant differences of the lymphocyte ratios between them.
We therefore concluded that the proportions of the major lym-
phocyte subsets in tamarins were relatively similar to those in
cynomolgus monkeys.

FLUORESCENCE-BASED /N VITRO ASSAY FOR QUANTITATIVELY
EVALUATING NATURAL KILLER ACTIVITY

Natural killer cell cytotoxic assays conventionally require consid-
erable numbers of PBMCs, and this has been a major hurdle for
analyzing the NK activity in small New World monkeys due to the
limited availability of their blood. Therefore, we employed an alter-
native method using a fluorescence-based assay to assess the activity
of NK cells in tamarins as previously described (Lecoeur et al., 2001)
with slight modifications. When CFSE-stained K562 target cells
were incubated with the effector PBMCs obtained from tamarins
at an effector/target (E/T) ratio of 9:1, 42% of the K562 cells were
positive for 7-AAD, which stains apoptotic cells (Figure 2A). We

Cynomolgus
monkey

A Tamarin

cD20
68.4%
—553%
. Eigd
Ly 31
CcD4 cD4 |+ . ﬁg
)
cD8
B
CD16 CD16

FIGURE 1 | Flow cytometric analysis of CD3, CD20, CD4, CD8, and CD16
expression on lymphocytes in cynomolgus monkeys and tamarins.
Representative results in tamarins and cynomolgus monkeys are shown.

(A) Flow cytometric analysis of CD3 and CD20 expression in lymphocytes
(top panels) and CD4 and CD8 expression in CD3* population (bottom panels)
of both monkeys. (B) Flow cytometric analysis of CD3 and CD16 expression in
both monkey species. The numbers denote the percentages of lymphocytes.
We analyzed statistically whether these lymphocyte ratios were different
between tamarins and cynomolgus monkeys by using StatView software.
There were no significant differences of the lymphocyte ratios between them.

confirmed that the killing activity of NK cells was dose-dependent,
and that the level in tamarins was higher than that in cynomolgus
monkeys (Figures 2B and 3).

Next, in order to examine if CD16* lymphocytes represent a
major population with NK activity, CD16- PBMCs were obtained
by negative selection using MACS (Figure 4A) in both tamarins
and cynomolgus monkeys. We found that depletion of CD16*
cells greatly attenuated the killing activity in both tamarins and
cynomolgus monkeys (Figure 4B), indicating that CD16* lym-
phocytes are a major population with NK activity.

IN VIVODEPLETION OF CD16* NK CELLS USING A MURINE

ANTI-CD16 MAB

We next sought to establish a system to directly evaluate the role
of NK cells in tamarins. We asked if the administration of an
anti-CD16 (3G8) mAb could deplete CD16* lymphocytes in vivo.
Tamarins were intravenously administered 3G8 or control mAb
(MOPC-21) at a dose of 50 mg/kg. Using an anti-CD16 antibody
that is not cross-blocked by 3G8 (clone DJ130c¢), it was found that at
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FIGURE 3 | Dose-dependency of killing activity of NK cells in tamarins. (A,B) K562 target cells were stained with CFSE and co-cultured with PBMCs as
described in Section “Materials and Methods” CFSE-stained K562 target cells were killed by PBMCs of tamarins and cynomolgus monkeys in a dose-dependent
manner. For all experiments, the number of observations used to calculate the mean were n = 5. We analyzed statistically whether these killing activities were
different between tamarins and cynomolgus monkeys by using StatView software.

FIGURE 4 | CD16* cells were a major population with natural
killer activity in tamarins. (A) CD16* cells were depleted from
PBMCs by MACS as described in Section “Materials and Methods”
CD16- PBMCs were obtained by negative selection using MACS. (B)
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K562 cells were stained with CFSE and co-cultured with CD16-
treated or untreated PBMCs as described in Section “Materials and
Methods" Results shown are representative of three independent
experiments.
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1-3 days after the treatment CD16* cells were completely depleted,
followed by recovery to the initial levels at around 2 weeks after the
administration, which was consistent with the results in cynomol-
gus monkeys (Figure 5B). It is noteworthy that the numbers of
CD4*/CD8* T and B lymphocytes were not affected by the treatment
and that administration of control antibody did not deplete CD16*
cells during the period tested (data not shown), showing that the
effect of 3G8 on CD16" cells was specific (data not shown). We
also measured the concentration of the 3G8 mAb in the plasma of
antibody-treated monkeys. As shown in Figure 6, the concentration
of 3G8 reached a plateau at day 1, followed by a gradual decrease in
both tamarins and cynomolgus monkeys, which was consistent with
the kinetics of CD16" cells. In the case of MOPC-21 administration
to tamarins, similar kinetics of its concentration with that of 3G8
were observed (data not shown).

ATTENUATION OF CD16* NK CELL FUNCTION BY /N VIVO DEPLETION OF
CD16* CELLS

Finally, we tested whether depletion of the CD16* subset could
attenuate the NK activity in PBMCs. The killing activity was reduced
at day 1 and the reduction persisted for 1 week post-treatment in
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FIGURE 5 | In vivo depletion of CD16* NK cells using a murine anti-CD16
(3G8) mAb in tamarins. (A,B) Tamarins and cynomolgus monkeys were
administered with 50 mg/kg of the 3G8 mAb. CD16* NK cell numbers were
determined in whole blood specimens. Tamarins: Tm 05-003 and Tm 06-020.
Cynomolgus monkeys: Mf 00-005 and Mf 99-110.

the 3G8-treated monkeys (Figure 7). These results showed that
the administration of the 3G8 mAb significantly influenced the
number and activity of CD16* lymphocytes in both tamarins and
cynomolgus monkeys.

DISCUSSION

In this study, we attempted to establish a technical basis for the
study of NK cells in tamarins. First, we characterized the NK cells
in tamarins and showed that the anti-CD16 (3G8) mAb, an NK
marker, cross-reacted with the PBMCs (Figure 1). Second, we
assessed the killing activity of the CD16* NK cells in tamarins
using our improved method (Figures 2—4) and demonstrated
that CD16* NK cells were likely to be a major population with the
killing activity in tamarins. Finally, to directly examine the role of
CD16* NK cells in vivo, we assessed the effect of anti-CD16 (3G8)
mADb in vivo. After administration of the mAb, CD16* NK cells
were completely depleted and the killing activity was substantially
attenuated in the treated monkeys (Figures 5 and 7). Our results
suggest that our method for depletion of CD16* NK cells in vivo is
useful for investigating the pivotal role of NK cells in the response
against hepatitis viruses.
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FIGURE 6 | Kinetics of concentration of CD16 (3G8) mAb in vivo. The
concentration of CD16 (3G8) mAb in plasma was measured by ELISA as
described in Section “Materials and Methods” Results shown are
representative of three independent experiments. (A) Tamarins: Tm 05-003
and Tm 06-020. (B) Cynomolgus monkeys: Mf 00-005 and Mf 99-110.
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