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Abstract

Objectives: The aim of this study was to develop a small interfering RNA (siRNA) against the expression of
KIR3DL1 receptor on natural killer (NK) cells, in order to promote the ability of NK cells to destroy human
immunodeficiency virus (HIV)-infected cells and thus prevent failure of siRNA therapy targeting human
immunodeficiency virus type 1 (HIV-1) virus among HIV-1 infected patients in vitro. Methods: A siRNA
targeting KIR3DL1 was synthesized and then modified with cholesterol, methylene, and sulfate. The inhibitory
action of the siRNAs on primary cultured NK cells was detected. The amount of IFN-c and TNF-a secretions in
NK cells was measured. The intended functions of NK cells in vitro were analyzed by CFSE and PI methods.
Results: There were no significant differences in inhibiting the expression of KIR3DL1 on NK cells between the
modified and unmodified siRNAs, while inhibition by each of them differed significantly from controls. The
amount of IFN-c and TNF-a secretions in the NK cells was abundant due to unsuccessful expression of
KIR3DL1 on NK cells, which further promoted function of the NK cells. Conclusion: The siRNA against
KIR3DL1 could enhance the ability of the NK cells to kill the HIV-1 infected cells in vitro and successfully
prevented the failure of siRNA therapy targeting the HIV-1 virus. Therefore, it can act as a potential gene
therapeutic agent among HIV-1 infected people.

Introduction

During 2011 in China, the number of new human im-
munodeficiency virus (HIV) infections was estimated to

be 48,000, with 28,000 people dying of AIDS and approxi-
mately 780,000 people living with HIV/acquired immune
deficiency syndrome (AIDS), giving a national HIV preva-
lence of 0.58% (13). The worsening of the HIV/AIDS epi-
demic, as indicated by these increasing numbers of HIV
infection and AIDS-related deaths, has thus culminated in a
major challenge while achieving the target specified in the
United Nation General Assembly Political Declaration on
HIV/AIDS in China.

RNA interference (RNAi) is a safe and effective way to
study genetic and therapeutic function in the desired target
tissue with therapeutic doses (1). Small interfering RNA
(siRNA)-based therapeutic strategies have had limited ap-

plication in combatting HIV/AIDS because HIV could es-
cape from the RNAi mechanism (15). Some studies did
show that RNAi-mediated suppression could downregulate
the human immunodeficiency virus type 1 (HIV-1) repli-
cation in CD4 + T-cells (19). The growing body of scientific
literature dealing with HIV demonstrated that numerous
siRNAs targeting a number of HIV-1 or cellular transcripts
could achieve viral inhibition both in vitro and in vivo. In-
deed, all the HIV-1-encoded genes such as tat, rev, gag, pol,
nef, vif, env, vpr, and the long terminal repeat were found to
be susceptible to RNAi-induced gene silencing in cell lines
(21,25,29).

KIR3DL1 is an important inhibitory receptor on natural
killer (NK) cells, the expression of which results in changes of
the killing function and secretion of cytokines in the NK cells.
Epidemiologic studies in humans have shown that carriers of
combinations of genes encoding certain KIR3DL1 alleles and
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their HLA-Bw4 ligands could result in slower progression to
AIDS, lowering the viral load, and preventing HIV progression
(4). Previous studies have revealed that the expression of
KIR3DL1 receptors in NK cells could vary with the NK cell
counts from the peripheral blood mononuclear cell in HIV-1
infected people. Moreover, the changes were related to the
HIV-1 viral load and CD4 + T-cell counts in HIV-1 infected
patients (10,11).

We hypothesized that the inhibition of KIR3DL1 expression
on NK cells could result in increasing antiviral activities in
HIV-1 infected people. Thus, we developed a RNA interfering
inhibition assay in vitro to test this hypothesis. In this paper, we
demonstrate that synthesized siRNA could inhibit the ex-
pression of KIR3DL1 on NK cells and subsequently promote
the expressions of IFN-c and TNF-a in NK cells. Thus, the
killing function would significantly increase in vitro and suc-
cessfully prevent the failure of siRNA therapy targeting HIV-1
virus directly among AIDS patients. Therefore, siRNA against
KIR3DL1 may be considered as the potential gene therapeutic
agent in HIV-1 infected people.

Materials and Methods

Synthesis and modification of siRNA
targeting KIR3DL1

The sequence of the siRNA for KIR3DL1 (K5) was se-
lected from GenBank accession number NM_013289 with
nucleotide sequences 1042–1060. The sense oligo was 5¢-
ACA GAA CCA AGC UCC AAA UdT dT-3¢, and the an-
tisense oligo was 3¢-dTd TUG UCU UGG UUC GAG GUU
UA-5¢. The siRNA was then modified with cholesterol,
methylene, and sulfate mainly in the head of sense or/and
antisense. The specific modifications are listed in Table 1.
The siRNA targeted to Luciferase GL2 gene as the scramble
siRNA control; the sense oligo was 5¢-CGU ACG CGG
AAU ACU UCG AdT dT-3¢, and the antisense oligo was 3¢-
dTd TGC AUG CGC CUU AUG AAG CU-5¢. The syn-
thesis, modification, and annealing steps were conducted
separately by the RiboBio Corporation, and the siRNAs
were dissolved in sterilized and RNase-free water, the final
concentration being 20 lM.

Study subjects

Ten HIV-1 infected adults from Jiangsu province, China,
participated in the study, of whom five were male, aged 32–45
years (M = 38.40 – 4.35 years). All of the subjects were mar-
ried, infected with HIV-1 through the heterosexual route of
transmission, and diagnosed within a period of 1 year. Epi-
demiologic investigations and laboratory confirmations were
conducted through the China Information System for Disease
Control and Prevention. According to the eligibility criteria,
recruited subjects had normal liver and kidney functions, no
history of cancer or other diseases that might have an effect on
their immune system, had not progressed to AIDS, and were
not on highly active antiretroviral therapy (HAART).

CD4 + T-cell counts of the participants were determined
using EDTA-anti-coagulated whole blood samples. Cells
were stained with mixed antibodies of ‘‘MultiTEST CD3-
FITC/CD8-PE/CD45-PerCP/CD4-APC Reagent’’ (Becton
Dickinson) and the labeled cells were analyzed with the BD
FACSCalibur� flow cytometer, acquiring 105 cells.

Plasma HIV-1 viral load (VL) was quantified with AM-
PLICOR HIV-1 MONITOR (Roche) within 6 h of blood
collection and plasma separation. The detection limitation
was 40 copies/lL.

Ethic statement

Signed informed consent was obtained from each par-
ticipant prior to blood collection. Participants could decline
or withdraw from the study at any time. The consent doc-
uments were kept confidentially in locked cupboards at the
study sites, and unauthorized persons had no access to them.
The study process and content were approved by the Ethics
Committee at Jiangsu Provincial Center for Disease Pre-
vention and Control ( JSCDC).

Culture of NK cells from peripheral blood
mononuclear cells

Peripheral blood mononuclear cells (PBMC) were collected
from the blood samples, washed twice with phosphate buffered
saline (PBS), and suspended in 1 mL RPMI-1640 containing
10% fetal bovine serum (FBS). Then 200 U/mL concentrations
of IL-2 (PeproTech) and 50 ng/mL PMA (Phorbol 12-Myr-
istate 13 Acetate; Alexis Biochemicals) were added to the

Table 1. The Small Interfering RNAs (siRNAs)

of K5 and the Specific Modifications

with Different Chemical Groups

Name Sequence Modifications

K5 5¢-ACA GAA CCA AGC UCC
AAA UdT dT-3¢

3¢-dTd TUG UCU UGG UUC GAG
GUU UA-5¢

K6 5¢-chol- ACA GAA CCA AGC
UCC AAA UdT dT-3¢

chol

3¢-dTd TUG UCU UGG UUC GAG
GUU UA-5¢

K7 5¢-chol- A-s-C- s-A-s- GAA CCA
AGC UCC AAA-s- UdT dT-3¢

chol, s

3¢-dTd TUG UCU UGG UUC GAG
GUU UA-5¢

K8 5¢-chol- (mA)(mC)(mA) GAA CCA
AGC UCC A(mA) (mA) (mU)
dT-s -dT-3¢

chol, m, s

3¢-dT-s- dTU GUC (mU) UGG
U(mU) CGA GGU U(mU) A-5¢

K9 5¢-chol- A-s-C- s-AGA ACC AAG
CUC CAA AUdT-s- dT-3¢

chol, s

3¢-dTd TUG UCU UGG UUC GAG
GUU UA-5¢

K10 5¢-chol- (mA)(mC)(mA) GAA CCA
AGC UCC AAA UdT dT-3¢

chol, m

3¢-dTd TUG UCU UG GUU CGA
GGU UUA-5¢

K11 5¢-chol- (mA)(mC)(mA) GAA CCA
AGC UCC A(mA)(mA)(mU) dT-
s- dT-3¢

chol, m, s

3¢-dTd TUG UCU UGG UUC GAG
GUU UA-5¢

Chol, cholesterol; m, methylene; s, sulfate.
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cells, followed by stimulation and amplification of the cells at
37�C in 5% CO2 for 24 h separately (18).

Transfection of siRNAs into NK cells in vitro

To enhance the efficiency of transfection of these siR-
NAs, oligofectamine (Invitrogen), a cationic liposome, was
mixed with the siRNAs before the treatment. The NK cells,
which were stimulated and amplified from PBMC for 24 h,
were then separately transfected at a density of 5 · 104 cells/
well in six-well plates with siRNA against KIR3DL1. Ac-
cording to the manufacturer’s specification, 0.4 lM siRNA
mixed with oligofectamine (8 lL/mL) was transfected into
the former NK cells in each well for 72 h respectively. The
wells of cultured NK cells were transfected with 0.4 lM
scramble siRNA mixed with 8 lL/mL oligofectamine as
controls.

Assay of the KIR3DL1 expression on NK cells

Fluoresence-activated cell sorting (FACS) flow cytometry
analysis was performed to detect the KIR3DL1 expression
on NK cells, which were interfered with siRNA as men-
tioned above. First, the siRNA interfered NK cells were
harvested and washed with PBS. Then the cells were labeled
with the mouse anti-human CD56 PE-Cy5.5/CD3 Alex
Flour 488/anti-CD16-APC antibody (Invitrogen) in the dark
for 15 min before anti-KIR3DL1-PE (Biolegend) was added
and incubated in the dark for a further 15 min. Finally, the
labeled cells were analyzed with the BD FACSCalibur flow
cytometer, and 105 cells were acquired. The NK cells were
CD3 - /CD16 + /CD56 + subpopulation cells.

Reverse transcription polymerase chain reaction (RT-
PCR) was used to determine the efficacy of modified siR-
NAs targeting KIR3DL1 on NK cells. The primers of
KIR3DL1 were: F-Primer 5¢-TCA AGT AGT TGG CCT
TCA C-3¢, and R-Primer 5¢-TAG AAG ACG TCC TCA
AGG C-3¢. Human GAPDH was used as the reference gene,
the primers of which were as follows: F-Primer 5¢-ACC
ACA GTC CAT GCC ATC AC-3¢, and R-Primer 5¢-TCC
ACC ACC CTG TTG CTG TA-3¢. The RNA interfered NK
cells were harvested and washed with pre-cold PBS. Then
the cells were dissolved in 500 lL Trizol (Invitrogen). The
RNA extraction and RT-PCR were performed according to
the manufacturer’s instructions.

Quantification of cytokines secreted by NK cells
with FACS flow cytometry analysis

The RNA interfered NK cells were harvested and labeled
with the mouse anti-human CD56 PE-Cy5.5/CD3 Alex
Flour 488/anti-CD16-APC antibody. Then the labeled cells
were fixed with 4% paraformaldehyde for 20 min. After
washing twice with PBS, 0.1% saponin was added to destroy
the cell membranes. Finally, the cells were incubated with
anti-human IFN-c-PE (eBioscience) and anti-human TNF-a-
PE (eBioscience) for 30 min respectively, and 105 cells were
acquired.

Assessment of the function of NK cells

The RNA interfered NK cells were harvested and sus-
pended with 1 mL of the former NK cell culture medium,
and the cells were cultured at 37�C in 5% CO2 for 24 h.

Next, K562 cells were collected as the targets and were
labeled with a final concentration of 2 lM CFSE (Sigma-
Aldrich) for 10 min at 37�C. Then, the labeled cells were
washed twice with PBS. The effector/target ratio was set at
10:1; the target cells of each sample were 105 cells ac-
cording to our previous study (10). All the samples were
then mixed to form a final volume of 200 lL incomplete
medium without FBS, IL-2, and PMA in a 96-well flat-
bottom plate, and incubated at 37�C in 5% CO2 for 4 h. The
samples were then put into an ice water bath, and a final
concentration of 100 lg/mL PI (Sigma-Aldrich) was added
and incubated for 5 min in order to label the DNA of the
dead cells. The dead target cells were analyzed within the
next 60 min.

All samples were analyzed on a BD FACSCalibur using
the CellQuest software, and 5,000 target events were col-
lected. CFSE + /PI + cells were considered as dead target
cells. The percentage of specific target cell death (killing
ratio) was determined with the help of the CellQuest soft-
ware.

Statistical analysis

Results were expressed as mean – standard deviation
(SD). Statistical significance was assessed by nonparametric
tests performed using SPSS v11.5 (SPSS, Inc.). Results were
considered to be statistically significant at p < 0.05.

Results

CD4 + T-cell counts and HIV-1 viral load among HIV-1
infected adults

The CD4 + T-cell counts among study subjects ranged
from 323 to 452 (365.40 – 37.52)/lL while the CD4 + T-cell
counts of healthy people in China ranged from 410 to 1041/
lL. Among these participants, HIV-1 viral loads could not
be detected because the numbers of copies of HIV-1 viral
load were below the lower threshold for the detection limit.

Screening of the effective siRNAs
from modified siRNAs

Previous studies have shown that the sequence of the
siRNA K5 was the effective siRNA targeting the KIR3DL1
gene (27). Here, we modified the K5 using different che-
mical groups in order to promote the transfection into the
target cells and to slow down the degradation in the target
cells. Our results indicate that different modification could
result in different inhibition of KIR3DL1. The most effec-
tive siRNA was K10, which was modified with cholesterol
and methylene. The RT-PCR results were consistent with
the FACS flow cytometry analysis results. There were sig-
nificant differences between the groups of K6-K11 and the
control group ( p < 0.001; Fig. 1A–C).

Comparative effects of K5 and K10 in inhibiting
the expression of KIR3DL1 on NK cells

The amplified NK cells of study subjects were used to
compare the differences in inhibiting the expression of
KIR3DL1 on NK cells by K5 and K10. The results of RT-
PCR and the FACS flow cytometry analysis showed that
there was no statistically significant difference in inhibiting
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FIG. 1. (A) Reverse transcription polymerase chain reaction (RT-PCR) analysis of the different modified small interfering
RNAs (siRNAs) interfering to KIR3DL1, GAPDH being the reference gene. (B) Fluoresence-activated cell sorting (FACS)
flow cytometry analysis of the different modified siRNAs. The average of KIR3DL1 expression on NK cells that were
interfered with scramble siRNA as the control and the KIR3DL1 expressions on NK cells that were interfered with K6-K11
were 91.47 – 5.10, 61.86 – 4.70, 47.09 – 7.58, 56.18 – 6.79, 63.03 – 6.86, 20.22 – 5.45, and 66.25 – 6.08 respectively. (C) The
distributions of expressing percentage of KIR3DL1 on NK cells that were interfered with control and K6-K11 siRNAs.
Groups of the KIR3DL1 expressions on NK cells that were interfered with K6-K11 were significantly different compared to
the control group (***p < 0.001).
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the expression of KIR3DL1 on NK cells by K5 and K10
( p > 0.05). On the other hand, significant differences in in-
hibition were observed while separately comparing K5
( p < 0.001) and K10 ( p < 0.001) with the control group (Fig.
2A and B).

Secretion of cytokines in NK cells

In humans, IFN-c and TNF-a are mainly secreted by NK
cells. Our results revealed that, compared to the control group,
secretion of IFN-c and TNF-a differed significantly among the
subjects treated with K5 and K10 ( p < 0.001; Figs 3 and 4).

Killing function of NK cells

The killing function of NK cells was assessed by K562 as
the target cell. The percentage of CFSE + /PI + cells in

control subjects was 18.62 – 4.50%. However, the percent-
age of CFSE + /PI + cells in K5 and K10 treated groups was
26.98 – 6.13% and 27.27 – 5.20% respectively, and the dif-
ferences were significant ( p < 0.001; Fig. 5), indicating that
the NK cell killing function was promoted by RNA inter-
ference targeting KIR3DL1.

Discussion

NK cells constitute an integral part of innate immunity,
and these cells play an important role in controlling viral
infections (6). They are regulated by the integration of
signals transmitted internally by activating and inhibiting
surface receptors such as killer immunoglobulin-like re-
ceptors (KIRs), which include alleles encoded by the
KIR3DL1 framework locus (17). NK cell function and KIR
have not only been linked to the prevention of HIV disease

FIG. 2. (A) RT-PCR analysis of K5 and K10 interfering to KIR3DL1, GAPDH being the reference gene. (B) FACS flow
cytometry analysis of KIR3DL1 expression on NK cells that were interfered with K5 and K10. The average of KIR3DL1
expression on NK cells that were interfered with scramble siRNA as the control and the KIR3DL1 expressions on NK cells
that were interfered with K5 and K10 were 89.25 – 5.08, 22.10 – 4.75, and 20.79 – 4.64 respectively. Groups of the
KIR3DL1 expressions on NK cells that were interfered with K5 and K10 were significantly different compared to the
control group ( p < 0.001).

FIG. 3. The proportions of IFN-c secreted by NK cells that
were interfered with K5 and K10. The proportions of IFN-c in
the control group and interfering with the K5 and K10 groups
were 68.84 – 6.09, 86.70 – 4.98, and 86.52 – 5.51 respec-
tively. There were significant differences between the K5 and
K10 interfering groups and the control group (***p < 0.001).

FIG. 4. The proportions of TNF-a secreted by NK cells that
were interfered with K5 and K10. The proportions of TNF-a in
control and interfering with the K5 and K10 groups were
52.89 – 9.25, 76.67 – 8.78, and 73.77 – 9.13 respectively.
There were significant differences between the K5 and K10
interfering groups and the control group (***p < 0.001).
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progression, but also to the development of resistance
against HIV infection in certain individuals who remain
seronegative despite repeated exposure to HIV (3). Costa
et al. observed low expression of inhibitory NK receptors in
CD8 + cytotoxic T-lymphocytes in long-term nonprogressor
HIV-1 infected patients (7). KIR3DL1 was found to act in
concert with HLA-B locus for controlling the progression of
disease among HIV-1 infected patients in a specific sample
of Zambian patients (16). Several studies have also revealed
that NK cell activity might well influence the progression of
many other infectious diseases, including hepatitis, tuber-
culosis, and cancers (12,20,22).

Since the discovery of RNAi in 1998 (9), it has become a
popular method for gene function analysis (28), and it has
also been explored rapidly for therapeutic applications
(5,8,14). Although current HAART treatment for HIV/AIDS
has been therapeutically very effective in the majority of
patients, drug resistance and toxicity issues remain serious
concerns (23). RNAi is considered to have some unique
therapeutic attributes for the treatment of HIV-1 infection in
the 21st century (2). Despite several years of devoted effort
in search of the best therapeutic siRNA targeting HIV, re-
searchers have so far failed because of the increased rate of
mutation in HIV. Moreover, many promising therapeutic
siRNAs effective in vitro were not found to be functional
in vivo (24,26).

We have developed a modified therapeutic siRNA targeting
KIR3DL1 that has been successfully transferred to cells and
remained unaffected by mutations of the virus. No obvious
differences between modified siRNA and nonmodified siRNA
were observed while inhibiting the KIR3DL1 expression on
NK cells in vitro. Both modified and nonmodified siRNAs
significantly lowered KIR3DL1 expression on NK cells.

It was observed that lower expression of KIR3DL1 could
improve the ability of the secretion of some cytokines, such
as IFN-c and TNF-a in NK cells, which also in turn could
enhance the killing function of NK cells. These findings

suggested that KIR3DL1 could play a crucial role in CD8 +
CTL and NK cell responses to HIV-1 virus. Therefore,
lower expression of KIR3DL1 could also slow down the
progression of HIV infection into AIDS, and could also
protect the individuals to remain seronegative despite re-
peated exposure to HIV. Thus, it can be concluded that
siRNA against KIR3DL1 may be considered as a potential
gene therapeutic agent for HIV-1 infected people.
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