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Abstract

NK cells are key components of innate immune systems and their activities are regulated by cytokines and hormones. All-trans ret-
inoic acid (ATRA), as a metabolite of vitamin A and an immunomodulatory hormone, plays an important role in regulating immune
responses. In the present study, we investigated the effect of ATRA on human NK cell line NK92. We found that ATRA dose-depen-
dently suppressed cytotoxic activities of NK92 cells without affecting their proliferation. To explore the mechanisms underlying the
ATRA influence on NK92 cells, we examined the production of cytokines (TNF-o, IFN-y), gene expression of cytotoxic-associated mol-
ecules (perforin, granzyme B, nature killer receptors (NCRs), and NKG2D), and the activation of NF-kB pathways related with immune
response. Our results demonstrated that ATRA suppressed NF-kB activity and prevented IkBa degradation in a dose-dependent way,
inhibited IFN-y production and gene expression of granzyme B and NKp46. Our findings suggest that ATRA is a negative regulator of

NK92 cell activation and may act as a potential regulator of anti-inflammatory functions in vivo.

© 2006 Elsevier Inc. All rights reserved.
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Vitamin A plays an important role in the regulation of
immune function [1,2]. Vitamin A deficiency is associated
with decreased resistance to infection and both specific
and nonspecific responses are impaired [3]. Vitamin A
(retinol) is converted to its active metabolites all-trans
and -retinoic acid by specific enzymes [4]. Retinoic acid
then regulates gene expression by binding to two nuclear
receptors, the retinoic acid receptor (RAR-a, -B, and -y),
and the retinoid X receptor (RXR-a, -B, and -y). Recent-
ly, it has been found that the most active vitamin A
metabolite, ATRA, has a role as an immunomodulatory
hormone in regulating most of lymphocytes’ function
[5]. The majority of trials have reported that physiological
levels of ATRA stimulated the proliferation of normal
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peripheral blood T cells when the cells were co-stimulated
with agents such as PMA (phorbol myristate acetate) or
PHA (phytohemagglutinin) [6]. The mechanisms that
mediate the enhancement of T cell proliferation by ATRA
supplementation are thought to be related to induction of
IL-2 production and increased Bcl2a expression [6,7]. Fur-
thermore, ATRA could regulate factors known to be
required for Ig class switch recombination and modulated
the population dynamics of ligation-stimulated B cells,
while promoting the progression of a fraction of B cells
into differentiated sIgG-expressing cells [8]. Recent studies
showed that ATRA could induce the differentiation of
immature DCs into mature DCs, enhance antigen presen-
tation of DCs, and increase the inducible NO synthase
activation [9,10]. Although there has been research on
relationship between ATRA and immune component cells
including T lymphocytes, B lymphocytes, DC, and
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monocytes/macrophage, unfortunately, the effects of
ATRA on NK cells have not been completely clear.
How vitamin A affects NK cell function still remains con-
troversial. Some studies suggested that vitamin A inhibit-
ed the proliferation of NK cells and vitamin A deficiency
resulted in enhancement of NK cells’ function [11]; in
contrast to this opinion, other studies demonstrated that
vitamin A deficiency led to decrease in number of NK
cells and impairment of NK cells’ cytotoxicity [12]. To
clarify the effect of ATRA, the active metabolites of vita-
min A on NK cells, in the present study, we, for the first
time, observed, using human NK cell line NK92 as a
model, that human NKO92 cells expressed ATRA recep-
tors, ATRA inhibited human NK92 cells’ function in vi-
tro, and some molecular mechanisms by which ATRA
affects human NK92 cells’ function.

Materials and methods

Cell culture and reagents. Endotoxin-free recombinant human IL-2
(rhIL-2, 2x 10" U/mg) was purchased from Peprotech (Rocky Hill,
NJ)and all-trans RA was purchased from Aldrich-Sigma (Cambridge,
MA). The IL-2-dependent NK cell line NK-92, established from a patient
with rapidly progressive non-Hodgkin slymphoma [13], was purchased
from ATCC and maintained in o-MEM (GIBIO, Grand Island, NY)
containing 100 U/mL IL-2 and other necessary components as described
[14]. K562, a human chronic myelogenous leukemia cell line, was used as
target cells in cytotoxicity assay and cultured in 15% FCS of RPMI 1640
medium (GIBIO, Grand Island, NY).

NK cell proliferation assay. For proliferation assay, NK92 cells were
cultured in triplicate at 37 °C in a 5% CO, incubator in complete IL-2-
containing medium RPMI 1640 in 96-well plates (5 x 10* cells/200 pl/well)
in the presence of ATRA at various concentrations. The NK92 cells were
examined at 72 h after culture by MTT colorimetric method. Briefly, 5 mg/
mL MTT (3-2,5-diphenyltetrazolium bromide; Sigma) was added to all
wells and plates were incubated at 37 °C for 4 h, deprived of 100 pl
supernatant, and 100 ul of 10% SDS (sodium dodecyl sulfate, Sigma) was
added to dissolve formazan. Results were analyzed on a Bio-Rad Mic-
roelisa Reader.

! Chromium release cytotoxicity assay. K562, a human chronic mye-
logenous leukemia cell line, was used as target cells in cytotoxicity assay
and cultured in 15% FCS of RPMI 1640 medium. Assay was performed
using NK92 cells that had been co-cultured earlier in the presence or
absence of ATRA as effector cells. The NK92 cells were admixed with
S1Cr-labeled K562 target cells for NK cytotoxicity at an effector (E) to
target (T) ratio of 8:1, 4:1, 2:1, and 1:1. After standard 4-h incubation, the
supernatant was harvested and analyzed on a gamma counter (model
5500; Beckman Instrument, Irvine, CA). The percentage specific lysis was
calculated as follows: % specific lysis = cpmex, — CPMypontancous/
CPMpmaximum — CPMspontancous X 100%.

ELISA for cytokine detection. NK92 cells were washed, resuspended in
enriched IL-2-containing medium at the concentration of 1 x 10° cell/mL,
and co-cultured in the presence or absence of ATRA for 48 h. Superna-
tants were collected, filtered, and tested for the presence of TNF-o and
IFN-y by ELISA. The amounts of cytokines were determined using a
standard sandwich ELISA technique with corresponding kits from
Pharmingen (San Diego, CA).

RT-PCR. The RT-PCR analysis was performed as previously descri-
bed [15]. Briefly, NK92 cells have been incubated in the presence or
absence of ATRA for 48 h. Then the Total RNA was extracted from the
NK92 cells with TRIzol reagent (Invitrogen). First-strand cDNA was
synthesized from 5 pl of total cellular RNA with a Eppendorff PCR system
5331 cycler (Eppendorf Company, Germany) using the following protocol:
1 cycle at 42 °C for 60 min and 70 °C for 10 min. The cDNA was subjected

to 30 cycles of amplification for detecting RARa, RARB, RARY, perforin,
granzyme B, FasL, NKp46, NKp33, NKp44, and NKG2D mRNA
expression using appropriate primers as previously described [15-17]: after
denaturation at 94 °C for 5min, the amplification conditions were as
follows: 45 s at 94 °C, annealing at 54 °C for 45 s, and extension at 72 °C
for 45s. The PCR products were resolved on a 1.2% agarose gel. As a
control, a 540-bp band corresponding to human B-actin transcript was
amplified. Perforin, granzyme B, FasL, NKp46, NKp33, NKp44,
and NKG2D mRNA expression was calculated as the ratio of the inten-
sity of the corresponding band to the B-actin band by densitometry,
respectively.

Western blot assay. Anti-RARa mADb, anti-RARy mAb, and anti-
IxBa mADb were purchased from Santa Cruz Biotechnology. NK92 cells
that had been co-cultured earlier in the presence or absence of ATRA
were resuspended in lysis buffer (30 mM Tris, pH 7.5, 150 mM NaCl,
1 mM PMSF, 1 mM Na3;VO,, 1% Nonidet P-40, and 10% glycerol) and
then centrifuged for 10 min at 4°C. Protein concentration of the
supernatant (protein fraction) was calculated using the BCA protein
assay. An aliquot of 40 pg total extracts was mixed with protein loading
buffer containing 2-ME and boiled for 5 min before loading onto an
SDS/10% polyacrylamide gel. After electrophoresis, proteins were
transferred onto nitrocellulose membranes and blotted against primary
Abs. Membranes were washed with TBS (0.05% (v/v) Tween 20 in PBS
(pH 7.4)) and incubated with a 1:2000 dilution of HRP-conjugated
secondary Abs for 45 min. Protein bands were visualized by an enhanced
chemiluminescence reaction (Amersham Pharmacia Biotech, Piscataway,
NJ) as described [18].

Measurement of luciferase activity. The pNF-kB-luciferase (pNF-kB-
luc) gene reporter vector and pRL-CMYV vector were purchased from
Promega. NKO92 cells were plated in 12-well plates 1 day before the
experiment, and transient co-transfection of pNF-«kB-luc and pRL-CMV,
which expresses Renilla luciferase was used to normalize for transfection
efficiency, was conducted using the calcium phosphate method. The next
day, the cells were treated with ATRA (0.1-10 uM) for 24 h. Then, the
cells were washed twice with PBS and lysed in 300 pl of reporter lysis
buffer (Promega). The two luciferase activities were measured using a dual
luciferase assay kit according to the manufacturer’s instructions
(Promega).

Statistical analysis. Statistical analysis was performed with the
SPSS10.0 program. A p-value of 0.05 was used to determine statistical
significance unless otherwise indicated.

Results

ATRA receptors are constitutively expressed in human NK92
cell line

To determine the expression of ATRA receptors
(RARa, RARB, RARY), the NK92 cell line, which was
harvested at the logarithmic phase of growth, was first
examined by semiquantitative RT-PCR. The results
revealed that RARa and RARYy were constitutively
expressed in NK92 cell line, but higher level of RARYy
mRNA expression than RARa mRNA was observed.
Whereas RARP could not be detected in NK92 cell line,
even if using a highly sensitive nested RT-PCR (Fig. 1A).
The results demonstrated that RARYy was constitutively
and strongly expressed in NK92 cell line, RARa was
expressed at a low level, while RARP was not expressed
in NK92 cell line. The finding was confirmed by detecting
the RARa and RARY protein via Western blot (Fig. 1B).
The same results were also obtained in primary human
NK cells (data not shown).
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Fig. 1. Expression of ATRA receptors on human NK92 cells. (A) Gene
expression of ATRA receptors by RT-PCR analysis. The RT-PCR
analysis was performed as described in Materials and methods. RNA was
extracted from NK-92 cells. PCR primers for RARa, RARB, and RARY
were synthesized according to previous report. (B) Western blot assay for
detecting RAR protein in NK-92 cells. NK-92 cells were positive at both
forms of RARa and RARY. Experiments were performed at least three
times with a representative experiment being shown.

ATRA suppresses cytotoxicity of human NK92 cell line, but
has no effect on its proliferation

After confirmation of RARa and RARY presence in
NK92 cells, we then explored the effects of ATRA on
NK92 cells. NK92 cells were stimulated with graded doses
of ATRA (0.1-10 uM), even at a higher concentration
(data not shown), and no effects on cell proliferation were
observed (Fig. 2A). To further determine the effect of
ATRA on the cytotoxicity of NK92 cells, cytotoxicity
assays were performed with the NK92 cells as effector cells
and the erythroleukemia cell line K562 as target cells. In
contrast to proliferation assay, ATRA exerts potent inhib-
itory effect on the cytotoxic activity of human NK92 cells
in a dose-dependent manner with a maximum inhibitory
effect at 10 uM ATRA . E:T ratios from 1:1 to 8:1 were
studied. When E:T ratio reached 8:1 at 10 uM ATRA,
the lytic activity was decreased by 50% compared with
untreated cells (Fig. 2B).

ATRA inhibits IFN-y production and gene expression of
NKp46 and granzyme B in NK92 cells

After it was recognized that ATRA is capable of sup-
pressing NK92 cells’ activity, we further explored the
molecular mechanisms by which the ATRA suppressed
cytotoxicity of human NK92 cells. We first tested expres-
sion of cytokines related with cytotoxicity of NK cell by
ELISA after ATRA treatment. When the NK92 cells were
co-cultured with ATRA for 48 h, expression of IFN-y
decreased markedly compared with control group in
absence of ATRA (Fig. 3A), whereas the secretion of
TNF-a was not affected by ATRA. Because NKG2D,
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Fig. 2. Effects of ATRA on IL-2-dependent NK92 cell line proliferation
and cytotoxicity. (A) NK92 cells were treated by ATRA at various
concentrations. Seventy-two hours later, proliferation assay was conducted
by MTT colorimetric method. (B) NK92 cells were treated by ATRA as
described above for 72 h, then the cytotoxicity assay was performed as
described in method. The percentage specific lysis was calculated as follows:
Yo speciﬁc lySiS CPpMexp — Cpmspomaneous/cpmmaximum — CPMspontancous X
100%. All values are represented as means + SEM of triplicate determina-
tions. (p <0.05,0.1, 1, 10 uM vs 0 at ratio of 4:1 and 8:1. p < 0.05, 1, 10 uM
vs 0 at ratio of 2:1.)

NCRs (NKp30, NKp46, NKp44), FasL, granzyme B,
and perforin were shown to involve in NK-mediated cyto-
toxicity [19], we then detected gene expression of these mol-
ecules in NK92 cells by semiquantitative RT-PCR. As
shown in Fig. 3B, incubation of NK92 cells with ATRA
resulted in a extremely down-regulation of NKp46 and
granzyme B and to a lesser extent of NKp30, which may,
at least partly, explain why ATRA inhibits cytotoxicity
of human NK92 cell line. However, the gene expression
of NKG2D, NKp44, perforin, and FasL in NK92 cells
was not affected by ATRA.

ATRA suppresses activity of NF-kB and prevented
degradation of IxBo in NK92 cells

NF-«B signaling pathway plays a vital role in immune
response. The production of IFN-y and granzyme B can
be regulated by NF-xB [20,21]. So we investigated whether
ATRA exerted inhibitory effect on NK92 cells through
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Fig. 3. Cytokine production and granzyme B, perforin, FasL, NKG2D,
and NCRs gene expression in NK92 cells after ATRA treatment. (A)
NKO2 cells were treated by ATRA as described above for 48 h, then TNF-
o and IFN-y production was measured by ELISA. All values are
represented as means = SEM of triplicate determinations (IFN-y:
»<0.05, 0.1, 1, 10 uM vs 0). (B) RT-PCR was performed as described
in Fig. 1 to detect gene expression of granzyme B, perforin, FasL,
NKG2D, and NCRs in NK92 cells after ATRA treatment. (C) The
intensities of the bands were determined with the use of the ratios to
B-actin. Experiments were performed at least three times with a represen-
tative experiment being shown (NKp46: p <0.05, 0.1 uM vs 0; p <0.01, 1,
10 uM vs 0. NKp30: p <0.05, 10 uM vs 0. granzyme B: p <0.01, 0.1, 1,
10 pM vs 0).

suppressing the NF-kB signaling pathway. As shown in
Fig. 4A, luciferase activity in NK92 cells transfected with
pNF-kB-luc vector was decreased in a dose-dependent
manner as the result of ATRA treatment. Translocation
of NF-xB to the nucleus is normally regulated by IxBa
degradation. We examined whether the inhibition of NF-
kB activation by ATRA was due to decreased degradation
of IkBa, Western blot for IxBa was done as an index of
total inhibitor expression levels. When cells were treated
with different concentrations of ATRA for 24 h, significant
dose-dependent increase in total IxBo expression levels was
observed (Fig. 4B).
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Fig. 4. Effects of ATRA on the NF-kB signaling pathway in NK92 cells.
(A) pNF-xB-luc vector was transiently co-transfected with pRL-CMV
vector in NK92 cells. After overnight recovery, the transfected cells were
treated with ATRA for 24 h, and luciferase activity was measured. All
values are represented as means + SEM of triplicate determinations
(p <0.05, 0.1, 1, 10 uM. vs 0). (B) Western blot analysis for IxBa protein
from treated or untreated NK92 cells.

Discussion

Previous studies have demonstrated that vitamin A and
its active metabolites, ATRA, could develop Th2 response,
accelerate Ig class switch recombination of B cell, and
induce the differentiation of immature DCs into mature
DCs [6-10]. In the current study, we demonstrated that
ATRA could suppress cytotoxicity of NK cell in vitro.
We also found that production of IFN-y decreased in
human NK cell line after ATRA treatment, which is consis-
tent with previous report that ATRA diminished Thl
response and inhibited IFN-y secretion in vivo and in vitro
[22,23]. Among cytokines produced by NK cell, IFN-y is a
critical one, which could play vital role in lysing tumor cells
and activating other lymphocytes. Our finding showed that
ATRA suppressed production of IFN-y in human NK cell
line, which partly explained why NK cells’ cytotoxicity
decreased after ATRA treatment. In this report, we also
provide the first experimental evidence that the gene
expression of NKp46,one of NK cytotoxicity receptors
(NCRs), and granzyme B is selectively down-regulated by
ATRA. The surface densities of NKG2D and NCRs are
directly correlated with the magnitude of NK cell cytolytic
activity against several target cell types. Granzyme B is an
essential molecule involved in secreting cytotoxic granule-
mediated cytotoxicity [19]. Our findings imply that
down-regulation of NKp46 and granzyme B after ATRA
treatment is responsible for the inhibition of NK cell
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cytotoxicity. Consistent with previous study indicating that
NF-«B activity in vitamin A-deficient mice was increased
1.8-fold in the lymph nodes and 1.4-fold in the thymus in vi-
vo [24], our results also showed that the ATRA could
inhibit NF-kB activity and prevented degradation of IxBa
in NK cell line in vitro. The NF-kB proteins are a family of
transcription factors that regulate expression of genes
involved in immune and inflammatory responses including
IFN-y and granzyme B [20,21]. So, this finding indicates
that inhibition of NF-kB by ATRA is an important molec-
ular mechanism by which ATRA suppresses NK cells’
cytotoxicity. Though unrelated study indicated that perfo-
rin gene expression is also regulated by NF-kB signaling in
IL-2-stimulated NK cells [25], no any change in gene
expression of perforin was observed with the down-regula-
tion of NF-kB activity in ATRA-treated NK cells. Further
experiments are required for clarifying the molecular mech-
anism of downstream pathway of NF-kB after ATRA
treatment.

It has been proposed that psoriasis is an immunological-
ly mediated, probably autoimmune, disease in which T-
helper type 1 cytokines play an important role [26]. Because
ATRA could suppress the Thl response and skew the
immune response to Th2, it has been widely used to treat
psoriasis and other immunologically mediated dermatitis.
Recently, accumulating evidence has shown that natural
killer (NK) and natural killer-T (NK-T) cells are consid-
ered key to the pathogenesis of these conditions, which
are characterized by reduced numbers of NK cells in
peripheral blood and are present in plaques of psoriasis
[27-29]. Besides elevated IFN-y secretion, in psoriatic
patients, up-regulation of NCRs on surface of infiltrated
NK cells was observed [30]. The data presented here that
ATRA suppressed production of IFN-y and gene expres-
sion of NCRs in NK cells may provide another reasonable
explanation for ATRA-mediated attenuation of psoriatic
syndrome. In view of these findings, it is possible to use
ATRA as a novel therapy for NK cell-mediated autoimmn-
une diseases.

In our study, we also first found that both human NK92
cell line and primary human NK cells express two ATRA
receptors, RARa and RARY, which is a basic indication
that ATRA can exert immunoregulatory effect on human
NK cells. The retinoic acid isomers bind to nuclear recep-
tors from two distinct classes, the retinoic acid receptors
(RAR) and retinoid X receptors (RXR). RAR binds 9-cis
retinoic acid and ATRA, whereas RXR binds only 9-cis
retinoic acid. RXR forms functional heterodimers with
many members of the steroid receptor family including
RAR [31]. We speculate ATRA binding to one or more
RAR-RXR receptor complexes in NK cells to regulate
NK cell function. Further experiments are currently under-
way to clarify the effect of ATRA on the signal molecules
between RAR and nuclear factors.

In conclusion, we, for the first time, identified ATRA
receptors on human NKO2 cell line, found that ATRA sup-
presses NK92 cells’ cytotoxicity in a dose-dependent man-

ner, and elucidated that the underlying mechanisms of
ATRA function are at least partly through inhibition of
NF-kB pathway and down-regulating expression of IFN-y,
a key cytokine related with NK function, granzyme B, a
fast death-inducing effector molecule, and NKp46, one of
NK cytotoxicity receptors. This conclusion will be helpful
to explain the relationship between ATRA and NK cells.
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