
ORIGINAL ARTICLE

Phospholipid Scramblase 1 regulates Toll-like receptor 
9-mediated type I interferon production in plasmacytoid 
dendritic cells
Amjad H Talukder1, Musheng Bao1, Tae Whan Kim1, Valeria Facchinetti1, Shino Hanabuchi1, Laura Bover1, 
Tomasz Zal1, Yong-Jun Liu1

1Department of Immunology, Center for Cancer Immunology Research, University of Texas MD Anderson Cancer Center, Houston, 
TX 77030, USA

Correspondence: Yong-Jun Liu
Tel: +1-713-563-3203, Fax: +1-713-563-3275
E-mail: yjliu@mdanderson.org
Received 30 August 2011; revised 30 November 2011; accepted 21 De-
cember 2011; published online 27 March 2012

Toll-like receptor 9 (TLR9) senses microbial DNA in the endosomes of plasmacytoid dendritic cells (pDCs) and 
triggers MyD88-dependent type I interferon (IFN) responses. To better understand TLR9 biology in pDCs, we estab-
lished a yeast two-hybrid library for the identification of TLR9-interacting proteins. Here, we report that an IFN-
inducible protein, phospholipid scramblase 1 (PLSCR1), interacts with TLR9 in pDCs. Knockdown of PLSCR1 
expression by siRNA in human pDC cell line led to a 60-70% reduction of IFN-α responses following CpG-ODN (oli-
godeoxynucleotide) stimulation. Primary pDCs from PLSCR1-deficient mice produced lower amount of type 1 IFN 
than pDCs from the wild-type mice in response to CpG-ODN, herpes simplex virus and influenza A virus. Following 
CpG-A stimulation, there were much lower amounts of TLR9 in the early endosomes together with CpG-A in pDCs 
from PLSCR1-deficient mice. Our study demonstrates that PLSCR1 is a TLR9-interacting protein that plays an im-
portant role in pDC’s type 1 IFN responses by regulating TLR9 trafficking to the endosomal compartment.
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Introduction

Plasmacytoid dendritic cells (pDCs) are the profes-
sional interferon (IFN)-producing cells of the immune 
system specialized in recognizing viral RNA and DNA 
through the endosomal TLR7 and Toll-like receptor 9 
(TLR9), respectively [1-3]. TLR9 resides in the endo-
plasmic reticulum (ER) in association with UNC93B 
and gp96 [4-6]. TLR9 travels through the Golgi complex 
to access CpG DNA in endolysosomes [7, 8]. Recently, 
another protein, AP-3, was shown to be involved in the 
ER to endolysosome transition of TLR9 [9]. Following 
cellular exposure to nucleic acids, TLR9 relocates from 
the ER to the endosomes to engage with their DNA ago-

nists [10]. In order for TLR9 to signal, the ectodomain 
of TLR9 must be cleaved first in the endolysosomes by 
cathepsins [7, 11]. TLR9 signals through the adapter pro-
tein MyD88 [12, 13], leading to two different pathways. 
The first pathway leads to the activation of type I IFN 
genes through phosphorylation of IFN regulatory factor 
7 (IRF7) [14]. The second pathway leads to the transcrip-
tional activation of proinflammatory cytokines through 
activation of nuclear factor κB (NF-κB) [15]. Retention 
of multimeric A-type CpG DNA (CpG-A) in early endo-
some (EE) is associated with IFN production in pDCs, 
whereas rapid translocation of monomeric B-type CpG 
DNA (CpG-B) to the lysosome is associated with NF-
κB activation [16-18]. These studies suggested that the 
intracellular location of TLR9 activation could dictate 
the nature of its downstream signaling. Although these 
studies identify a number of molecules involved in TLR9 
signaling, the mechanism by which TLR9 triggers IRF7 
activation versus NF-kB activation in pDCs remains 
poorly defined.

Because direct biochemical characterization of TLR9-
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interacting proteins has been hampered by the rarity of 
pDCs in human peripheral blood (< 1%), we made a 
cDNA expression library in the yeast two-hybrid system 
from 100 million primary human pDCs isolated from 
more than 100 bags of human peripheral blood buffy 
coats. Using the active domain of TLR9 as a bait, we 
screened the library to identify potential TLR9-interact-
ing proteins in human pDCs activated by CpG-ODN.

Here, we report the identification of phospholipid 
scramblase 1 (PLSCR1) as a TLR9-binding protein that 
plays an important role in type 1 IFN-responses in pDCs 
by regulating TLR9 expression and trafficking. 

Results

Interaction of PLSCR1 with TLR9
To identify TLR9-interacting proteins in primary hu-

man pDCs activated by CpG-ODN, we performed a 
yeast two-hybrid screen of human pDC cDNA expres-
sion library using amino acids 478-768 of the LRR do-
main of TLR9 as a bait (Figure 1A) [7]. We identified 
PLSCR1 by DNA sequencing of 269 clones that were 
selected by culturing in media deprived of AHLT (ad-
enosine, histidine, leucine, tryptophan) and the ability to 
metabolize X-gal (Figure 1B). The ability of PLSCR1 
to bind TLR9 was further confirmed by co-immunopre-
cipitation experiments using whole-cell lysates prepared 
from HEK-293T cells expressing HA-TLR9 and Myc-
PLSCR1 (Figure 1C). To investigate whether endog-
enous PLSCR1 and TLR9 interact with each other, we 
performed co-immunoprecipitation experiments using 
whole-cell lysates from the human pDC cell line GEN2.2 
that was shown to display similar phenotype and func-
tion of human primary pDCs [19] with an anti-PLSCR1 
antibody or control IgG, followed by immunoblotting 
with anti-TLR9 antibody. We found that PLSCR1 binds 
to TLR9 endogenously (Figure 1D). Although many 
studies found PLSCR1 not only in the plasma membrane 
(palmitoylated) but also in endosome, golgi and nucleus 
(unpalmitoylated), it is likely that the fraction of non-
membrane-bound PLSCR1 binds to TLR9 [20].

N-terminal G-box domain of PLSCR1 binds to TLR9
PLSCR1 has the following domains: a G-box-binding 

domain (aa 3-157) responsible for protein-protein inter-
action, which overlaps with the N-terminal proline-rich 
domain (aa 13-97) that binds to SH3 and WW-motif-
containing proteins; a DNA-binding domain (aa 86-118); 
a scramblase domain (aa 86-307) that facilitates trans-bi-
layer lipid movement; a nuclear localization signal (aa 
257-266); two tyrosine phosphorylation sites (Y69 and 
Y74); a palmitoylation site (aa 184-189) required for its 

localization; a trans-membrane domain (aa 291-309); 
and a 9-aa C-terminal extracellular domain. To determine 
the binding site of PLSCR1 to TLR9, different forms 
of PLSCR1 deletion and point mutation mutants were 
made in a Myc-pCMV expression vector (Figure 2A); 
each construct was co-transfected with an HA-TLR9 
expression vector into HEK-293T cells. Co-immunopre-
cipitation experiments were performed using whole-cell 
lysates prepared from the transfected HEK-293T cells. 
As shown in Figure 2B (left side), the PLSCR1 deletion 
mutant containing only the N-terminal G-box-binding 
domain of PLSCR1 (Figure 2A, aa 1-157) could bind to 
TLR9, whereas the PLSCR1 deletion mutant only con-
taining the C-terminal scramblase domain (Figure 2A, 
aa 86-307) did not bind to TLR9. This indicates that the 
proline-rich region present between aa 1-85 of PLSCR1 
may be responsible for binding to TLR9. The experi-
ments were repeated using a series of PLSCR1 mutants 
with N-terminal deletions (Figure 2A), and demonstrated 
that aa 50-157 within the G-Box domain (aa 1-157) of 
PLSCR1 was the minimum region necessary for TLR9-
binding (Figure 2B, right side). Other mutations at the 
nuclear localization site, tyrosine phosphorylation sites 
and the palmitoylation sites of PLSCR1 did not affect the 
binding to TLR-9.

Binding of PLSCR1 to TLR9 is necessary for type 1 
IFN production. When different PLSCR1 fragments were 
overexpressed in GEN2.2 cells, the scramblase domain 
alone (unable to bind to TLR9) behaved similar to the 
control vector, whereas the G-box-binding domain (binds 
with TLR9) exhibited a similar effect as full-length 
PLSCR1 (Supplementary information, Figure S1).

PLSCR1 plays an important role in TLR7/9-dependent 
Type I IFN production

To investigate the function of PLSCR1 in human 
pDCs, expression of PLSCR1 or MyD88 was knocked 
down through the use of siRNAs in a human pDC cell 
line (GEN2.2) that displays a similar phenotype and 
function to human primary pDCs [19]. We also used a 
scrambled siRNA as a control. The efficiency of PLSCR1 
knockdown by the siRNA in the pDC cell line was over 
90%, as analyzed by western blot (Figure 3A). Control 
pDCs with scrambled siRNA and pDCs with PLSCR1- 
or MyD88-specific siRNA were stimulated with CpG-A 
or CpG-B and their cytokine responses were measured 
by ELISA. Compared to control pDCs, PLSCR1 knock-
down led to over 75% reduction in IFN-α production, 
about a 20% reduction in IL-6 production and almost a 
40% reduction in TNF-α production in response to CpG-
A, while MyD88 knockdown led to a more dramatic 
reduction in IFN-α, IL-6 and TNF-α production in re-
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sponse to CpG-A (Figure 3B). In response to CpG-B, re-
sidual IFN-α production was almost completely blocked 
in pDCs with PLSCR1 or MyD88 knockdown compared 

to control cells. Meanwhile, MyD88 knockdown led to 
a dramatic reduction in IL-6 and TNF-α production and 
PLSCR1 knockdown only marginally reduced IL-6 and 

Figure 1 PLSCR1 binds to TLR9. (A) Schematic diagram of human TLR9 shows its different domains. EC, extracellular, TM, 
transmembrane, and CP, denote cytoplasmic domains. Amino acids 478-768 of TLR9 were used as a bait for yeast two-hy-
brid screen. (B) Clone 32 with other clones regrew in more stringent condition (media lacking adenine, histidine, leucine, and 
tryptophan (AHLT) without X-gal, or, with X-gal (LT). (C) Reciprocal interaction of Myc-PLSCR1 and HA-TLR9. Lysates from 
over-expressing PLSCR1, TLR9 in HEK-293T cells were co-immunoprecipitated with anti-Myc or anti-HA or IgG (control) and 
western blot was performed (upper two panels). The lower two panels show similar bands on the same blot when reprobed 
with anti-PLSCR1 (bottom) and anti-TLR9 (upper) antibodies. (D) Endogenously expressed TLR9 binds to PLSCR1. GEN2.2 
cells were lysed, precleared, and immunoprecipitated with anti-PLSCR1 antibody or IgG and western blot was performed 
with anti-TLR9 antibody. Lower panel shows expression of PLSCR1 and upper panel shows the binding to TLR9. These data 
are representative of three independent experiments.
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TNF-α production by the pDC cell line in response to 
CpG-B (Figure 3C). These data suggest that PLSCR1 
may play a more important role in IFN-α production than 
in IL-6/TNF-α production in pDCs.

To further investigate the role of PLSCR1 in regulat-
ing IFN responses in pDCs, pDCs were generated by ob-
taining bone marrow (BM) cells from PLSCR1-deficient 
mice and wild-type control mice and culturing the cells 
with the Flt3-ligand [21] as described in Materials and 
Methods. The cultured pDCs were stimulated with CpG-
A or CpG-B and their cytokine responses were measured 
by ELISA. We found that pDCs from PLSCR1-deficient 
mice produced much lower levels of IFN-α and similar 
levels of IL-6 and TNF-α compared to wild-type pDCs 
(Figure 4A). These data further confirmed that PLSCR1 
may play a more important role in regulating IFN-α, than 
IL-6 or TNFα production in pDCs. We obtained similar 
results from the BM-derived pDCs when they were acti-
vated by herpes simplex virus 1 (HSV-1) (Figure 4B) or 
influenza virus A (Flu) (Figure 4C). These data suggest 
that PLSCR1 plays important roles in type 1 IFN produc-
tion in pDCs induced by TLR7/9 activation.

In addition, we measured type 1 IFN production in 
isolated BM-derived macrophages and monocyte-derived 
dendritic cells (mDCs) as well as pDCs from WT and 
KO mice stimulated by CpG-A, Flu and HSV (Supple-
mentary information, Figure S2). We observed that Flu 
did not elicit a good response in macrophages but the 

HSV did and led to a similar pattern as we have seen 
earlier for pDCs (Figure 4). Similar patterns of responses 
were observed for mDCs as that for pDCs when stimu-
lated with either CpG-A or Flu.

PLSCR1 recruits TLR9 to the endosome
To investigate whether PLSCR1 colocalizes with 

TLR9, we performed double-immunofluorescence stain-
ing with anti-PLSCR1 (red) and anti-TLR9 (green) in 
pDCs generated from wild-type mouse BM cells cultured 
with Flt3L. Figure 5A (upper three panels) shows that 
PLSCR1 was colocalized with TLR9 in the ER. In addi-
tion, PLSCR1 was also found on the cell plasma mem-
brane (Figure 5A, lower panel).

To investigate whether PLSCR1 plays an important 
role in TLR9 and CpG-DNA trafficking in pDCs, we 
analyzed the localization of TLR9 and CpG-DNA in the 
EE in pDCs from wild-type mice and PLSCR1-deficient 
mice following stimulation with CpG-A. We found that 
at 5 h following CpG-A stimulation, CpG-A was colocal-
ized with PLSCR1 and TLR9 within the EEs in pDCs 
from wild-type mice (Figure 5B). However, in pDCs 
from PLSCR1-deficient mice, only CpG-A-DNA but not 
TLR9 was found within the EEs. These data suggest that 
PLSCR1 may play an important role in TLR9 trafficking 
to the EEs.

PLSCR1 triggers downstream signaling to translocate 

Figure 2 TLR9 binds to G-Box binding domain of PLSCR1. (A) Schematic presentation of the human PLSCR1 shows the dif-
ferent domains. All the point and deletion mutations were made as described in Materials and Methods. Binding of PLSCR1 
to TLR9 is shown on the right side. (B) Full-length, point and deletion mutants of Myc-PLSCR1 plus empty vector were co-
transfected with HA-TLR9 into HEK-293T cells. Cell lysates were immunoprecipitated with anti-Myc beads and immunoblots 
were done with either anti-HA or anti-Myc antibodies.
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IRF7
To investigate the requirement of PLSCR1 for CpG-

triggered signaling culminating in the activation of IRF7, 
i.e., translocalization of IRF7 to the nucleus, we isolated 
cytosolic and nuclear fractions following CpG-A treat-
ments and determined the nuclear translocation of IRF7 
(Figure 6A), and performed knockdown of MyD88, 
TLR9, and PLSCR1 in the human pDC cell line (Figure 
6B) and monitored nuclear localization of IRF7 (Figure 
6C). When MyD88 or TLR9 expression was knocked 
down by siRNA, nuclear localization of IRF7 by CpG-A 
stimulation was diminished. Interestingly, knockdown 
of PLSCR1 also diminished the nuclear localization of 
IRF7 in cells treated with CpG-A. We also found that in 
PLSCR1 KO mice, the nuclear translocalization of IRF7 

is hampered upon stimulation by CpG-A (Figure 6D). 
These results suggest that PLSCR1-mediated TLR9 sig-
naling is necessary for nuclear translocation of IRF7.

Discussion

pDCs are a specialized cell type in the innate immune 
system that uses TLR7/9 in the endosomes to sense viral 
nucleic acids. Although genetic approaches have identi-
fied several molecules such as gp96, UNC93B1, AP3, 
and Viperin [22] that play key roles in TLR9-mediated 
DNA-sensing and type 1 IFN responses, the overall 
nature of TLR9-interacting proteins in primary pDCs 
remained to be fully understood. Technically, it has been 
very challenging to directly study protein-protein inter-

Figure 3 PLSCR1 plays an important role in the IFN-α production in pDC cell line. (A) PLSCR1 knockdown was confirmed 
by western blot. (B,C) A human pDC cell line were transfected with siRNAs for 48 h followed by stimulation with (B) CpG-A 
(1 µM) or (C) CpG-B (0.5 µM) for 20 h in 96-well culture plates. IFN-α, TNF-α, and IL-6 production were measured by ELISA. 
These data are representative of three independent experiments performed in duplicates.
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action in pDCs because of the difficulty in obtaining a 
large number of pDCs from human and mouse tissues or 
tissue cultures. To overcome this technical difficulty, we 
have constructed a yeast two-hybrid cDNA expression 
library from 100 million human primary pDCs. Using 
the active domain of TLR9 as a bait, we have identified 
a number of potential TLR9-interacting proteins. In this 
study, we show that PLSCR1 is a TLR9-binding protein 

by co-IP experiments. Results from co-IP experiments 
using serial deletions of PLSCR1 further show that the 
proline-rich G-box-binding domain of PLSCR1 binds 
to TLR9. By siRNA knockdown experiments, we show 
that PLSCR1 plays a key role in TLR9-mediated signal-
ing and type 1 IFN responses induced by CpG-ODN. 
This was confirmed by experiments using pDCs from 
PLSCR1-deficient mice. By using confocal microscopy, 

Figure 4 PLSCR1 positively regulates TLR7/9-dependent IFN-α production in mice pDCs. pDCs were isolated from mice BM 
and cultured for seven days with Flt3L. Flt3L-driven pDCs (1 × 105 cells) were treated with 1 µM CpG-A or 0.5 µM CpG-B (A), 
HSV (B) or Flu (C) (multiplicity of infection, MOI, 10) for 20 h and the concentration of IFN-α, IL-6, and TNF-α production were 
measured from the supernatants of each condition by ELISA. Horizontal solid lines intersecting circular data points represent 
means; ** indicates P < 0.0035; *** indicates P < 0.0003; NS indicates no statistical significane.
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Figure 5 Recruitment of TLR9 to endo-
somes by PLSCR1. (A) From upper to lower, 
colocalization of PLSCR1 (red) with TLR9 
(green), with ER (green) and ER (green) with 
TLR9 (red) in wild-type mice BM-pDC (up-
per panel); expression of PLSCR1 (red) in 
plasma membrane (PM, green) (lower pan-
el). (B) TLR9 and PLSCR1 in wild-type and 
PLSCR1-deficient mice BM-pDCs were stim-
ulated with Alexa Flour 488-labeled CpG-A 
(2 µM) for 5 h and analyzed for TLR9 (red/
green), PLSCR1 (red) colocalization with 
CpG-A (green) in EE using anti-Transferrin 
receptor 1 as a marker (red). These data are 
the representative of three independent ex-
periments.

we show that the expression level of TLR9 and the trans-
location of TLR9 from ER to endosomes were compro-
mised in PLSCR1-deficient pDCs. This result suggests 
that PLSCR1 is involved in TLR9 trafficking from the 

ER to the endosome. PLSCR1 was isolated as a TLR9-
interacting protein from a human pDC library using part 
of the LRR domain of TLR9 as a bait, a position at which 
TLR9 is cleaved to generate the functional C-terminal 
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TLR9 that binds to ligands and MyD88 [7, 11]. However, 
PLSCR1 could also bind the full-length TLR9 in pDCs. 
This suggests that the association of PLSCR1 with TLR9 
occurs before entering into the endosome and this as-
sociation does not require the cleavage of TLR9. Indeed, 
we found normal TLR9 cleavage in pDCs derived from 
PLSCR1-deficient mice (data not shown).

PLSCR1 is a 35 kd protein that plays a key role in the 
ATP-independent bidirectional trans-bilayer migration of 
phospholipids upon binding of calcium ions that results 
in a loss of phospholipid asymmetry in the plasma mem-
brane [23]. Several studies have shown that PLSCR1 
is a type 1 IFN-inducible gene [24]. Other studies have 
shown that PLSCR1 is important for anti-viral immune 
responses because PLSCR1-deficient mice are suscep-
tible to VSV infection, and PLSCR1 is critical for the 
expression of many IFN-inducible genes during viral in-
fection [25]. Increased expression of PLSCR1 was found 
in monocytes from patients with systemic lupus erythe-
matosus [26]. These data suggest that PLSCR1 may play 
an important role in type 1 IFN responses during anti-
viral innate immunity or in sensing self-DNA/RNA in 
autoimmune diseases. Our study provides a molecular 
explanation on the key role of PLSCR1 in TLR9-medi-
ated type 1 IFN-responses in pDCs. The identification of 
PLSCR1 as a TLR9-interacting protein represents a very 
important step towards fully understanding the TLR9-
signaling pathway, which is critical for anti-viral innate 
immune responses and self-nucleic acids-associated au-
toimmune diseases.

Materials and Methods

Reagents and antibodies
Synthetic ODNs (C-phosphate-G (CpG)-A, ODN2216; CpG-B, 

ODN2006) were purchased from Sigma. The following antibodies 
were used for immunoblotting: anti-myeloid differentiation prima-
ry response gene 88 (anti-MyD88) (eBioscience), anti-Toll-like re-
ceptor9 (anti-TLR9) (eBioscience), anti-IRF7, anti-PLSCR1 (Santa 
Cruz Biotech.) anti-HA-HRP, and anti-β-actin (Sigma). ELISA kits 
for human IFN-α (Bender MedSystems), human TNF-α, and IL-6 
(R & D Systems) were used. A nuclear extraction kit (Pierce) was 
used to investigate nuclear extraction of IRF7.

Plasmids construction and screening of the yeast two-hybrid 
library

The LRR domain of TLR-9 (LRR-15 to LRR-26, amino acids 
478-768) was digested at the EcoRI and SalI sites and ligated to 
the pGBKT7 vector at the same sites, which expresses proteins 
fused to amino acids 1-147 of the GAL4-DNA-binding domain 
(DNA-BD) (Clontech). This fragment of TLR9 was used as bait to 
screen a human pDC cDNA library fused to the GAL4 activation 
domain according to the manufacturer’s (Clontech) instructions. 
Positive clones were verified by one-on-one transformations and 
selection on agar plates lacking adenine, histidine, leucine, and 

Figure 6 PLSCR1 triggers downstream signaling cascades. 
(A) Nuclear fractions from pDC cell line were stimulated with 
2 µM of CpG-A for the indicated times and were immunoblot-
ted with anti-IRF7 antibody. HDAC1 and β-actin were used as 
nuclear and cytosolic markers, respectively. (B) Endogenous 
expression of PLSCR1, TLR9, and MyD88 were monitored by 
immunoblotting with anti-PLSCR1, anti-TLR9, and anti-MyD88 
antibodies, as indicated. (C) Nuclear fractions from GEN2.2 
cells transfected with siRNA, as indicated, upon treatment with 
2 µM of CpG-A for 3 h were immunoblotted with anti-IRF7 anti-
body. HDAC1 was used as a loading control. (D) Colocalization 
of IRF7 with the nucleus in wild-type and PLSCR1-deficient BM-
pDCs treated with CpG-A for 5 h.



www.cell-research.com | Cell Research

Amjad H Talukder et al.
1137

npg

tryptophan (AHLT) and also processed for α-galactosidase assay. 
A total of 269 clones were purified and sequenced at the Univer-
sity of Texas M.D. Anderson DNA Sequencing Core Facility. All 
the human PLSCR1 constructs were made by cutting and ligating 
at EcoRI and NotI sites into pCMV-Myc (Clontech) expression 
vector. Primers were used for all the constructs made in HA- and 
Myc-vectors are shown in Table 1.

Plscr1-knockout mice
The generation of Plscr1-knockout mice was described pre-

viously [27]. Heterozygous Plscr1 (Plscr1+/−) mice in a 129/
SvEvBrd genetic background were produced and obtained from 
the Texas Institute for Genomic Medicine (TIGM, www.tigm.
org). Targeting was performed using a genomic DNA fragment 
containing exons 4-8 of murine PLSCR1 (representing amino acid 
sequence Pro33 to Asp310, Genbank accession no. AF159593) 
inserted in the vector pKOS, using 129/SvEvBrd embryonic stem 
cells. Targeted clones with confirmed deletion of the Plscr1 gene 
locus were injected into 129/SvEvBrd blastocysts, and germ-line 
transmission was confirmed. Genotyping was performed by PCR 
of tail genomic DNA according to manufacturer’s procedures. Ani-
mals with targeted disruption of the Plscr1 gene were obtained and 
back-crossed more than five times with C57BL/6 mice. Animals 
were housed in pathogen-free barrier facilities. All experiments re-
ported here were performed using mice and cells derived from the 
inbred C57BL/6 strain and according to the institutional guidelines 
at The University of Texas MD Anderson Cancer Center.

Isolation, in vitro culture and antibody staining of mouse 
pDCs

BM cells were isolated as described previously [25] from mice 
by flushing femurs and tibiae with RPMI supplemented with 10% 

heat-inactivated FCS. The cells were then passed through a 70-µm 
cell strainer, centrifuged, and resuspended in a Tris-ammonium 
chloride buffer (Sigma-Aldrich) at 37 °C for 5 min to lyse the red 
blood cells. Intact cells were centrifuged and resuspended at a con-
centration 2 × 106 cells/ml in culture medium consisting of RPMI 
1640, 10% FCS, 1 mM sodium pyruvate, HEPES, penicillin, strep-
tomycin, and 2-mercaptoethanol supplemented with murine Flt3L 
(100 ng/ml; R&D Systems). Every fourth day of culture, half of 
the medium was removed and was replaced with fresh cytokine-
supplemented culture medium. BM cells were cultured in the pres-
ence of Flt3L (100 ng/ml, R&D Systems) for 7 days. Negative im-
muno-selection of lineage-negative bone-marrow progenitors was 
performed with biotinylated anti-CD3, anti-CD11b, anti-CD19, 
and anti-Ter119 Abs, followed by SA-coated micro beads and 
were recovered by magnetic separation (Miltenyi Biotec). Cells 
were stained with anti-B220-FITC, anti-CD11c-PE, anti-CD11b-
APC mAb, and CD11c+CD11b-B220+ were sorted for pDCs by 
fluorescence-activated cell sorting on a FACS Aria machine (BD 
Biosciences).

In vitro stimulation and quantification of cytokine production
Freshly isolated mouse pDCs from BM were re-suspended in 

culture medium (4 × 104 cells/100 µl) and stimulated with 1 µM 
CpG-A or 0.5 µM CpG-B, HSV-1, Flu (multiplicity of infection, 
MOI, 10) for 20 h. For quantification of cytokine production, cell-
free supernatants were collected after 20 h and analyzed by ELISA 
(R&D systems).

Cell lines, tissue cultures, plasmids, and transfection
HEK293T cells were purchased from American Type Culture 

Collection and cultured in RPMI (GIBCO) supplemented with 
10% FBS (Atlanta), l-glutamine, penicillin/streptomycin, and sodi-

Table 1 Primers were used for all the constractcs made in HA- and Myc-vectors
hTLR9-478F 5′-ACCGAATTCCTGTCACGGAACAACCT-3′
hTLR9-768R 5′-GTCGTCGACTTACGCCCCACAGGCGCAGT-3′
PLSCR1-start1 5′-GAACTGGAATTCTCATGGACAAACAAAA-3′
PLSCR1-stop1 5′-ACTTTCACGCGGCCGCTACCACACTCCTG-3′
PLSCR1-25F 5′-TCAGTGAATTCCGACAGCATTCCAA-3′
PLSCR1-50F 5′-AAACGAATTCCCGGCCATTCAGGTCCT-3′
PLSCR1-70F 5′-AGTGTGAATTCAGCCAGTATATAATCA-3′
PLSCR1-80F 5′-AGTTGGAATTCCAGGGGTACCATGGAT-3′
PLSCR1-R157 5′-CAAGGCGGCCGCTCAAGATGGCCCA-3′
PLSCR1-F86 5′-GGGGGAATTCGGATGCCAGCGCCACA-3′
PLSCR1-R307 5′-TGTTCGCGGCCGCCTTAGCTTTCAAAAAACATG-3′
PLSCR1mut181-189F 5′-TGTAGCAGCGCTGCTGCTCCCGCCGCCCTTCAGGAG-3′
PLSCR1mut181-189R 5′-CTCCTGAAGGGCGGCGGGAGCAGCAGCGCTGCTACA-3′
PLSCR1mut257-266F 5′-GTGGTTGGCGCAATTTCCGCGGCCTGGACTGGA-3′
PLSCR1mut257-266R 5′-TCCAGTCCAGGCCGCGGAAATTGCGCCAACCAC-3′
PLSCR1mut69F 5′-ATCAGCCAGTGGCTAATCAGCCAGT-3′
PLSCR1mut69R 5′-ACTGGCTGATTAGCCACTGGCTGAT-3′
PLSCR1mut74F 5′-GTGTATAATCAGCCAGTAGCTAATCAGCCA-3′
PLSCR1mut74R 5′-TGGCTGATTAGCTACTGGCTGATTATACAC-3′
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um pyruvate (GIBCO). GEN2.2 cells were cultured in GlutaMax-
RPMI (GIBCO) supplemented with 10% FBS, MEM-nonessential 
amino-acid solution (GIBCO), penicillin/streptomycin, and so-
dium pyruvate. Transfection of GEN2.2 cells was performed using 
an electroporation-based transfection solution V-kit (Amaxa) with 
5 × 106 cells and 0.4 nmol of siRNA. siPLSCR1 (Dharmacon) and 
siTLR9 (Sigma-Aldrich), and other siRNAs were purchased from 
Dharmacon. The program number for electroporation was A033. 
The sequences of siRNAs are as follows: siTLR9, 5′-CUUAAC-
CUGUCCUUCAAUU-3′. The sequences of siMyD88 pool are 
as follows: siMyD88-1, 5′-CGACUGAAGUUGUGUGUGU-3′; 
siMyD88-2, 5′-GCUAGUGAGCUCAUCGAAA-3′; siMyD88-3, 
5′-GCAUAUGCCUGAGCGUUUC-3′; siMyD88-4, 5′-GCAG-
GUGUGUCUGGUCUAU-3′. siControl is a non-targeting pool 
from Dharmacon.

Measurement of cytokine production from GEN2.2 cells
GEN2.2 cells transfected with siRNAs were stimulated with 

1 µM of CpG-A or 0.5 µM CpG-B for 20 h. Concentrations of 
IFN-α, TNF-α, and IL-6 in the culture supernatants were measured 
by ELISA in duplicate for a total of three times.

In vitro pull-down and immunoblotting assays
Lysates from HEK-293T cells co-transfected with expression 

plasmids encoding a full-length or truncated Myc-PLSCR1 and a 
full-length HA-TLR9 or control vectors was incubated with anti-
HA and anti-Myc monoclonal antibodies for 4 h or overnight. 
Bound HA-tag and Myc-tag proteins were detected by immunob-
lotting with anti-HA-HRP antibody and anti-Myc-HRP antibodies.

Immunofluorescence analysis
The purified pDCs were left untreated or were treated with 

CpGs for 5 h and then were placed onto cover-slips pretreated with 
poly-d-lysine, fixed with 4% paraformaldehyde, and permeabilized 
with Permeabilization Reagent B (Invitrogen). After the coverslips 
were blocked with 10% secondary antibody, species-specific se-
rum and 0.1% BSA in PBS, the pDCs were probed with primary 
antibodies (anti-TLR9, anti-PLSCR1, anti-cholera toxin unit B, 
anti-TfR-biotin overnight at 4 °C), and alexa flour 488-conjugated 
CpG-A. After incubation for 30 min with secondary antibodies 
(Invitrogen, Alexa Fluor 647 donkey anti-mouse IgG1 for anti-
TLR9, Alexa Fluor 555 goat anti-mouse IgG1 for anti-PLSCR1, 
and Alexa Fluor 405 streptavidin for anti-TfR-biotin), the cover-
slips were mounted with Prolong Gold (Molecular probes) with or 
without DAPI.

Statistical analysis
Statistically significant differences were determined by un-

paired, two-tailed, Student’s t-test. P-values < 0.05 were consid-
ered statistically significant. Statistical analysis of data was done 
using GraphPad Prism version 5 for Macintosh (GraphPad Soft-
ware).
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