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Gene expression profiles identify both MyD88-
independent and MyD88-dependent pathways
involved in the maturation of dendritic cells

mediated by heparan sulfate: A novel adjuvant
Meini Wu1, Haixuan Wang1, Jiandong Shi1, Jing Sun1, Zhiqing Duan1, Yanhan Li1, Jianfang Li1, Ningzhu Hu1, Yiju Wei1,

Yang Chen1,2, and Yunzhang Hu1,*

1Institute of Medical Biology; Chinese Academy of Medical Sciences and Peking Union Medical College; Kunming, China; 2MOE Key Laboratory of Bioinformatics; Bioinformatics

Division/Center for Synthetic & Systems Biology; TNLIST; Tsinghua University; Beijing, China

Keywords: dendritic cells, gene expression profile, heparan sulfate, humoral immune response, toll-like receptor signaling pathway,
vaccine adjuvant

Abbreviations: HS, heparan sulfate; HBsAg, hepatitis B surface antigen; NF-kB, nuclear factor-kappa B; TRAF3, TNF receptor-
associated factor 3; IRF7, interferon regulatory factor 7; MyD88, myeloid differentiation primary response 88; DCs, Dendritic cells;

HAV, hepatitis A virus; Rab/Vac, Rabies Vaccine; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes;
DEGs, differentially expressed genes.

The traditional vaccine adjuvant research is mainly based on the trial and error method, and the mechanisms
underlying the immune system stimulation remaining largely unknown. We previously demonstrated that heparan
sulfate (HS), a TLR-4 ligand and endogenous danger signal, effectively enhanced humoral and cellular immune
responses in mice immunized by HBsAg. This study aimed to evaluate whether HS induces better humoral immune
responses against inactivated Hepatitis A or Rabies Vaccines, respectively, compared with traditional adjuvants (e.g.
Alum and complete Freund’s adjuvant). In order to investigate the molecular mechanisms of its adjuvanticity, the gene
expression pattern of peripheral blood monocytes derived DCs (dendritic cells) stimulated with HS was analyzed at
different times points. Total RNA was hybridized to Agilent SurePrint G3 Human Gene Expression 8 £ 60 K one-color
oligo-microarray. Through intersection analysis of the microarray results, we found that the Toll-like receptor signaling
pathway was significantly activated, and NF-kB, TRAF3 and IRF7 were activated as early as 12 h, and MyD88 was
activated at 48 h post-stimulation. Furthermore, the expression of the surface marker CD83 and the co-stimulatory
molecules CD80 and CD86 was up-regulated as early as 24 h. Therefore, we speculated that HS-induced human
monocyte-derived DC maturation may occur through both MyD88-independent and dependent pathways, but
primarily through the former (TRIF pathway). These data provide an important basis for understanding the mechanisms
underlying HS enhancement of the immune response.

Introduction

Vaccine adjuvants play an increasingly important role in most
clinically used vaccines; due to the relatively poor immunogenic-
ity of non-live vaccines, co-administration of effective adjuvants
is required for their activity. To date, alum is by far the most
widely used vaccine adjuvant, even though its mechanisms of
action remain a mystery. Hundreds of vaccine adjuvants, includ-
ing liposomes, emulsions, cytokines, microbial products, mineral
salts, microparticles and natural adjuvants,1 have been studied
and some even tested in pre-clinical studies. However, only a
handful of adjuvants have been approved for prophylaxis in
humans. Alum and the TLR4-agonist monophosphoryl lipid A

formulated in alum (AS04) were licensed for human use by the
US. Food and Drug Administration (FDA), while AS03, AS04
and the oil-in-water emulsions MF59 have been authorized by
the European Medicinal Evaluation Agency.2 The traditional
studies of vaccine adjuvants have been mainly based on the trial
and error method, and Janeway famously described adjuvants as
‘the dirty little secret of immunologists’.3,4 Therefore the molecu-
lar mechanisms of adjuvanticity has been long considered
enigmatic.

Toll-like receptors (TLRs) are pattern recognition receptors
present on diverse cell types that recognize conserved molecular
motifs of microorganisms like bacteria, virus or fungi.5 The acti-
vation of TLRs by their cognate ligands link innate and adaptive
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immune responses; thus, TLR agonists can be used as vaccine
adjuvants to evoke immune response.6,7 Multiple TLR ligands
have been used successfully as adjuvants, including lipoproteins
and lipopeptides for TLR-2/1 or TLR-2/6,8 bacterial lipopoly-
saccharides for TLR-4,9 flagellin for TLR-5,10 double stranded
RNA for TLR-3,11 single stranded RNA genome or oligoribonu-
cleotides for TLR-7 orTLR-8,12 and bacterial unmethylated
CpG DNA for TLR-9.13

Dendritic cells (DCs) are potent antigen-presenting cells,
which bridge innate and adaptive immunity by providing a link
between antigen recognition and antigen processing for presenta-
tion to na€ıve T cells.14 There are 2 functional stages of DCs: the
immature phase for phagocytosing and processing of antigens,
and the mature stage for antigen presentation to activated T cells.
DC maturation is critical to inducing antigen-specific T lympho-
cyte responses and controlling T cell differentiation.15,16 DCs
can be activated by pathogens directly, through recognition of
pathogen-associated microbial patterns (PAMPs) like endotoxin,
peptidoglycan, or unmethylated CpG motifs on Toll-like recep-
tors (TLRs), or indirectly, through recognition of damage associ-
ated molecular patterns (DAMPs) like uric acid, ATP, or
HMGB-1, released upon tissue damage inflicted by pathogens.
This dual activation mechanism is important to understanding
the mechanism of action of most adjuvants.

Heparan sulfate (HS), a ubiquitous component of the extra-
cellular matrix, is an endogenous TLR-4 ligand, and has been
shown to display beneficial immune stimulatory effects.17-20 HS
is rapidly released from the cell surface and basement mem-
branes, upon tissue damage and inflammation.21–24 Indeed, HS
influences a multitude of processes relevant to inflammation,
including the modulation of inflammatory cell maturation and
activation, leukocyte adhesion to a stimulated endothelium, che-
motaxis and transmigration.25,26 In addition, it was reported that
HS activates murine macrophages 27-29 and induces phenotypic
maturation of murine bone marrow-derived dendritic cells30 to
regulate immune responses. We hypothesized that HS may con-
stitute a potential vaccine adjuvant to enhance the immune
response induced by poorly immunogenic vaccines. Indeed, we
previously demonstrated that HS effectively enhanced immune
responses in HBsAg immunized mice.31 However, it remains
unclear how HS triggers the immune response.

Herein, the effect of HS on the immune response in mice
immunized by inactivated Hepatitis A or Rabies Vaccines were
assessed. In addition, the effect of HS on DCs was investigated in
vitro. Furthermore, the gene expression pattern of DCs stimu-
lated by HS was evaluated, in order to explore the possible mech-
anism by which HS enhances the immune response.

Results

The adjuvant effect of HS on HAV or Rabies vaccine-specific
humoral immune responses

ELISA was performed to assess HAV-specific antibody
responses in mice after co-delivery of inactivated HAV vaccine
and HS. As shown in Fig. 1A, anti-HAV IgG titers were

significantly higher after induction by inactivated HAV vaccine
plus 100 mg HS, compared with inactivated HAV vaccine alone
(P < 0.01). More excitingly, inactivated HAV vaccine co-immu-
nized with 100 mg HS elicited higher antibody titers, compared
with inactivated HAV vaccine co-administered with Alum (P <

0.05, Fig. 1A). Interestingly, the HS adjuvanticity was dose
dependent (Fig. 1A).

Whether HS induces immune memory should be considered
an important factor for its development as new vaccine adjuvant.
We investigated the duration of HAV-specific long-lasting
humoral immune responses in mice immunized by inactivated
HAV vaccine plus HS. HAV-specific IgG levels in mice immu-
nized by inactivated HAV vaccine alone declined markedly after
peaking at the 8th week after the last immunization (Fig. 1A). In
contrast, when mice were immunized by inactivated HAV vac-
cine plus 100 mg HS, the high levels were maintained for 28
weeks of testing (Fig. 1A). As expected, HS remarkably enhanced
the inactivated HAV vaccine immunogenicity.

In order to evaluate the effect of the HS adjuvant on immune
response in mice intramuscularly administered with inactivated
Rabies Vaccine, serum Rabies-specific IgG antibody levels were
measured after co-administration with HS. HS at 100 mg was
tested, as the best dose enhancing HAV immune response, as
shown above. Interestingly, higher levels of Rabies -specific IgG
were detected in serum samples from mice administered with
inactivated Rabies Vaccine /HS taken 2 or 4 weeks after the last
immunization, compared with animals administered with inacti-
vated Rabies Vaccine alone (P < 0.01, Fig. 1B). Importantly,
inactivated Rabies Vaccine co-immunized with HS elicited simi-
lar antibody titers as with FCA co-administration (Fig. 1B) .
Therefore, HS is a potential vaccine adjuvant as anticipated, and
can be used to enhance Rab/Vac immunogenicity.

The phenotypic profile of DCs stimulated by HS
To explore the possible mechanisms by which HS enhances

the immune response, a cell model of 5-day CD14C monocyte-
derived immature DCs (imDCs) was first established (Fig. 2A
and S2A). The purity of separated CD14C monocytes was rou-
tinely found to be �95% which hardly expressed the DC-lineage
markers CD1a and CD209(DC-SIGN)(Fig. 2A, top row).While
the expression of CD1a and CD209 distinctly increased to
88.2% and 93.3%, respectively, and the expression of CD14 was
notablely declined to 2.45% after 5-day culture in the presence
of GM-CSF and IL-4 (Fig. 2A, bottom row).

To determine whether treatment with HS affected DCs matu-
ration, the expression of the surface markers CD80, CD86,
CD83, and HLA-DR was analyzed by flow cytometry before and
after 24 and 48 hours of HS stimulation, respectively. The
expression of CD83 (Fig. 2B) that is a cell surface marker pre-
dominantly expressed on mature human DCs and co-stimulatory
molecules CD80 (Fig. 2C) and CD86 (Fig. 2D) that aid in T
lymphocyte stimulation was increased during maturation, in
agreement with previous reports.18, 30, 32, 33 Specifically, the
expression of CD83, CD80 and CD86 was higher at 24 h than
at 48 h. However, the expression of HLA-DR (Fig. S2B) did not
changed overtly.
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Gene expression profile of DCs
upon HS stimulation by microarray
analysis

The gene expression patterns in DCs
was assessed after stimulation with HS
for 12, 24 and 48 h. First, the biological
significance of differentially expressed
genes was investigated separately at each
time point using DAVID (Database for
Annotation, Visualization and Inte-
grated Discovery). Globally, the GO
biological processes (BP) were mostly
activated at 12 h, the earliest time point,
and no statistically significant GO BP
terms were identified at 48 h (Fig. 3).
The major GO BP terms obtained were
(1) response to external stimulus, (2)
immune response, (3) response to
wound and inflammatory response and
(4) chemotaxis and cell chemotaxis at
12 h (Fig. 3A), and (1) cellular response
to chemical stimulus and (2) cell migra-
tion and cell chemotaxis at 24 h
(Fig. 3B).

To determine which specific biologi-
cal pathways were differentially affected
during the HS stimulation process, we
performed a pathway analysis. The most
enriched pathways are shown in Fig. 4
and included cytokine-cytokine receptor
interaction, chemokine signaling
pathway, NOD-like receptor signaling
pathway, MAPK signaling pathway,
Toll-like receptor signaling pathway and
apoptosis (P value was set at <0.05).
We were particularly interested in Toll-
like receptor signaling pathway because
of their potential role in HS adjuvantic-
ity. Interestingly, we found that the
Toll-like receptor signaling pathway was
significantly activated, well-studied
genes of Toll-like receptor signaling
pathway were involved such as NF-kB and MyD88 (see supple-
mentary Table S1).

To investigate the Toll-like receptor signaling pathway in
detail, the 37 overtly differentially-expressed genes involved in
this pathway after stimulation with HS were selected and used to
generate a gene network (Fig. 5). As shown in Figure 5, a num-
ber of pro-inflammatory genes such as il1b, il6, il12b and tnfa
were over-expressed. Nfkb and traf3 were upregulated at 12 h
and 48 h post-stimulation. However, myd88 displayed higher
up-regulation at 48 h post-stimulation. Cd40 and cd80, impor-
tant markers of dendritic cell maturation that aid in T lympho-
cyte stimulation, were also up-regulated upon stimulation. The
expression of a few chemokines (cxcl10, ccl3, ccl4 and ccl5) was
increased as well. On the other hand, HS treatment of dendritic

cells negatively modulated the expression of some genes, includ-
ing tlr5, tlr8, akt2, akt3, cd14, fos, mapk3 and mapk2k6. In par-
ticular, the expression of tlr3 and tlr7 were down-regulated at
early time points, but the trend was reversed with time.

Validation of microarray data by qRT-PCR
As shown in Figures 4 and 5, the Toll-like receptor signaling

pathway was significantly activated. Furthermore, we found both
MyD88-dependent and MyD88-independent pathways were
triggered by analyzing the microarray data, In order to validate
the microarray results, 13 key genes of the Toll-like receptor sig-
naling pathway involved in both MyD88-dependent and
MyD88-independent pathways (tlr3,tlr4,tlr5,tlr7, tlr8,myd88,
traf3,irf7,nfkb,mapk3,tnf-a,il8 and ifn-a) were selected for

Figure 1. Immune responses enhanced by HS. (A) HAV-specific antibody titers. At 4, 8, and 28
weeks after the last immunization, mouse serum samples were prepared. HAV-specific IgG was
detected by ELISA and presented as log values of the endpoint titers with standard deviations (n D
6). (B) Rabies-specific antibody titers. At 2 and 4 weeks after the last immunization, mouse serum sam-
ples were obtained. Rabies -specific IgG was detected by ELISA and presented as log values of the
endpoint titers with standard deviations (n D 6).
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analysis by qRT-PCR (Fig. 6). The qRT-PCR results were in
agreement with the microarray data.

Discussion

Nowadays, adjuvants have proven to be key vaccine ingre-
dients, which enhance the immunogenicity of vaccines. Although
aluminum-containing products have been the most widely used
adjuvants in human vaccines for nearly a century, the cellular and
molecular mechanisms underlying their actions are surprisingly
still unknown.34,35 It is well accepted that TLRs on APCs are the
best characterized receptors in promoting adaptive immune
responses.36 Monophosphoryl lipid A (MPLA), a TLR4 agonist,
was the first approved adjuvant capable of driving a robust TH1
response.37,38 Interestingly, soluble HS fragments derived from
HSPG are endogenous danger signals recognized by Toll-like
receptor 4 (TLR4).39 We hypothesized that HS might constitute
a potential vaccine adjuvant. Consistently, we previously found
that HS effectively enhanced the immune responses in mice
immunized by HBsAg.31

In this study, we assessed the effects of HS on the inactivated
HAV and inactivated Rabies vaccine-specific humoral immune
responses in mice. Compared with the immune responses
induced by vaccines alone, co-immunization of HS resulted in
higher antigen-specific antibody titers (Fig. 1). Importantly, HS
enhanced the HAV vaccine immunogenicity to a higher degree
compared with Alum (Fig. 1A). In contrast to immunization
with inactivated HAV vaccine alone, higher antibody titers were
maintained for a longer duration after co-administration of inac-
tivated HAV vaccine and 100 mg HS (Fig. 1A). These findings
demonstrated that HS is an effective vaccine adjuvant. Moreover,
HS derived from cell basement membrane19–23 is degradable,
indicating that it is safer than exogenous substances as a vaccine
adjuvant.

Dendritic cells (DCs) play a key role in the immune system
for both the acquired and innate immune responses. DCs matu-
ration induced by proinflammatory cytokines such as IL-1,
TNF-a, or IL-6, or by TLR ligands produced by pathogens was
shown to be crucial for the activation of na€ıve T cells.40 To
explore the mechanisms underlying the enhancement by HS of
the immune response, monocytes-derived imDCs were

Figure 2. Expression of DC surface markers measured by FACS analysis at 0, 24 and 48 h. (A) The phenotypic characterization of the cells at day0
(top row) and day6 (bottom row). Data is representative from more than 3 experiments with DC preparations from different donors. (B) Expression of the
surface marker CD83 was increased after stimulation with HS. (C) Expression of the co-stimulatory molecule CD80 was increased after stimulation with
HS. (D) Expression of the co-stimulatory molecule CD86 was increased after stimulation with HS. Data were obtained from more than 3 experiments with
DC preparations from different donors.

3714 Volume 10 Issue 12Human Vaccines & Immunotherapeutics
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stimulated by HS in vitro and DC gene expression profiles were
analyzed at different time points. As shown above, HS stimulated
DCs maturation by up-regulating the expression of the surface
marker CD83 (Fig. 2B) and the co-stimulatory molecules CD80
and CD86 (Fig. 2C and D) that aid in T-lymphocyte stimula-
tion, in agreement with previous reports.18, 30,32,33,41-43

To further characterize the underlying mechanisms of HS
adjuvanticity, the gene expression profiles of DCs exposed to HS
were analyzed at different time points. GO classification showed
that the most enriched GO terms included immune response,
response to external stimulus, response to wound and inflamma-
tory response, cellular response to chemical stimulus, chemotaxis
and cell chemotaxis (Fig. 3). In addition, analysis of KEGG path-
ways revealed that the most enriched pathways included cyto-
kine-cytokine receptor interaction, chemokine signaling
pathway, NOD-like receptor signaling pathway, MAPK signal-
ing pathway, Toll-like receptor signaling pathway and apoptosis

(Fig. 4). We were particularly interested in Toll-like receptor sig-
naling because of their potential role in HS adjuvanticity.

TLR4 signaling pathway can be activated by 2 adaptors:
MyD88 and TRIF/TRAM, which triggers MyD88-dependent
and MyD88-independent pathways, respectively.44 Therefore,
there are 2 distinct corresponding outcomes: the former leads to
expression of proinflammatory genes such as TNF, IL-1b, IL-6,
IL-12 through activation of NF-kB,45 while the latter leads to
IFN regulatory factor 3/7 (IRF3/7)-mediated expression of type I
IFNs (IFN-a and IFN-b) for anti-viral responses46,47 and IFN-
inducible chemokines like CXCLl0, CCL5, and CCL2.44,48 As
shown above, NF-kB, TRAF3 and IRF7 were activated as early
as 12 h, and MyD88 was activated at 48 h post-stimulation
(Figs. 5 and 6). Furthermore, CD40, CD80 and CD86 were
upregulated at early time points (Figs. 2 and 5). These findings
suggested that the HS-induced human monocytes-derived DCs
maturation may occur through both MyD88-dependent and

Figure 3. Biological process enrichment of differential expressed genes at 12 and 24 h. DEGs at (A)12 h and (B)24 h were used for biological pro-
cess enrichment with Gorilla, an online gene ontology analyzer. The color bar shows the P value scale.
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MyD88-independent pathways, but primarily through the
MyD88-independent (TRIF) pathway, in accordance with other
reports. For instance, it was reported that both MyD88 and
TRIF pathways downstream of TLR4 can lead to functional DC
maturation,49-52 which is critical to link the innate and adaptive

immune cascades. It has also been
reported that HS-induced inflammation
is executed predominantly through the
IRF3 pathway, a MyD88-independent/
TRIF pathway, which is distinct from
that induced by LPS.53 We demonstrated
that a number of pro-inflammatory genes
such as il1b, il6, il12b and tnfa and che-
mokines such as cxcl10, ccl3, ccl4 and ccl5
were overexpressed; these genes are cru-
cial for fighting infection and establishing
immunity.54,55 Both MyD88 and TRIF
signaling pathways were shown to be
essential for effective adjuvanticity of a
TLR4 agonist in inducing a Th1
immune response characterized by
CD4C T cells producing IFN-g, TNF,
and IL-2.56 Interestingly, TRIF activa-
tion is considered necessary and sufficient
for effective adjuvant activity of TLR4
agonists.57–60 Additionally, the adjuvant
effect of LPS in inducing CD8C T-cell
responses was shown to be dependent on
both MyD88 and TRIF.61

In conclusion, we demonstrated that
HS has potent effects as vaccine adjuvant
when co-immunized with inactivated
vaccines in mice. To further explore the
underlying mechanism of HS adjuvantic-
ity, the transcriptional expression pat-
terns of DCs exposed to HS was assessed.
To the best of our knowledge, this is the
first study using microarray assays to
investigate the effects of HS on the
immune system, and assess the effects of
HS on human monocytes-derived DCs.
From the microarray results, we found
numerous differentially expressed genes
after HS treatment at different time
points and analyzed them using func-
tional enrichment analysis. Our results
provide a strong basis for further explora-
tion and help better understand the adju-
vanticity mechanisms of HS. However,
more studies should be carried out to fur-
ther evaluate HS, as a novel vaccine
adjuvant.

Materials and Methods

Animal immunization
Six to 8-week-old female ICR mice (18–22g) were purchased

from the Institute of Medical Biology, the Chinese Academy of
Medical Sciences & Peking Union Medical College. All animal
experiments were in conformity with the Office of Laboratory

Figure 4. KEGG pathways enrichment of differential expressed genes after HS induction. DEGs
at (A) 12 h, (B) 24 h, and (C) 48 h were used for KEGG pathway analysis with the DAVID functional
enrichment database. Pathways with P value less than 0.05 are shown.
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Animal Management of Yunnan Province, China. To evaluate
the adjuvanticity, mice were randomly divided into 10 groups
(n D 6). Five groups were immunized subcutaneously with inac-
tivated Hepatitis A Vaccine (640 EU/ml, Institute of Medical
Biology) alone or co-immunized with Alum, or different doses
HS (20 mg, 50 mg and 100 mg). The remaining groups received
intramuscular administration of inactivated Rabies Vaccine
(Hamster Kidney Cell, Hissen) alone or with FCA, or 100 mg
HS. The different treatment groups are summarized in Table 1.
Blood samples were obtained from tail veins at different time
points after the last immunization. The mouse immunization
and sample analysis schedules are shown in Figure S1A and S1B.

Enzyme-linked immunosorbent assay (ELISA)
Levels of specific IgG antibody were measured by ELISA,

according to the technical guide for KPL ELISA-protocols.
Briefly, 96-well flat-bottom plates (Costar, USA) were coated
with HAV or Rabies antigens, respectively, in coating solution
(1£, KPL) at 4�C overnight. Then, plates were washed 4 times
with washing solution (1£, KPL). Next, the wells were blocked
with the blocking solution (1£BSA, KPL) at 37�C for 1 h.
Mouse serum samples were submitted to a 2-fold serial dilution
in blocking solution (starting at 1:20) and 100 ml were added to
each well. After incubation at 37�C for 1 h, plates were washed
4 times and incubated with 1:1000 diluted HRP-labeled goat
anti-mouse IgG antibody (KPL) at 37�C for 1 h. After a final

wash, 100 ml of freshly prepared substrate (ABTS substrate solu-
tion A and peroxidase solution B, mixed at equal volumes) were
dispensed into each well followed by 15 min incubation. 2M
H2SO4 was used to stop the reaction and optical density (OD)
was measured at 405/625 nm on a Multscan ELISA plate reader
(BIO-RAD).

Generation of monocyte-derived DCs
Peripheral blood mononuclear cells (PBMC) were isolated

from peripheral blood of healthy donors by Ficoll-Hypaque gra-
dient centrifugation. Blood samples were obtained from the
Yunnan Kunming Blood Center, after approval by the local
Medical Ethics Committee. CD14C monocytes were purified
using the MACS CD14 isolation kit (Miltenyi Biotec), according
to the manufacturer’s instructions, and cell purity was more than
95%, as measured by flow cytometry. The separated cells were
cultured in fresh RPMI 1640 complete medium (HyClone) sup-
plemented with 10% fetal calf serum (Gbico), 1% penicillin/
streptomycin, 1000 U/ml GM-CSF (R&D Systems, Minneapo-
lis, MN, USA) and 500 U/ml IL-4 (R&D Systems), at 1–1.5 £
106 cells/ml in 6-well plates for 5 d at 37�C, in a 5% CO2

humidified incubator. Half of the medium was renewed at the
third day and GM-CSF and IL-4 were added to initial concentra-
tions. On day 6, some of the immature dendritic cells (imDCs)
were further incubated with heparan sulfate (10 mg/ml, Sigma
Aldrich). The DCs were harvested at 0, 12, 24 and 48 hours (h)

Figure 5. Protein-protein interaction network of the Toll-like receptor signaling pathway induced by HS. (A) DEGs enriched in Toll-like receptor
signaling pathway were used to build a protein-protein interaction network. The red nodes indicate up-regulated gene expression while green nodes
indicate downregulated gene expression. The larger nodes represent genes with the higher degree, which show that these genes have more neighbor
genes and are defined as key genes of the network. (B) This table was used to provide more information for panel A. The columns ‘HS-12’, ‘HS-24’ and
‘HS-48’ show the time series fold changes of each gene in the network by separately comparing 12 h, 24 h, and 48 h to 0 h. The columns ‘degree’ and
‘BC’ (betweenness centrality) show 2 topological properties of each gene in network, which were well-used for indicting the importance of each gene in
the network. In general, higher degree or betweenness centrality means that gene is more important of in the network. The definition of degree and
betweenness centrality are described in method. The last 5 genes (from CD40 to IFNAR1) are no value of degree and betweenness centrality for discon-
necting with the network.
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after addition of heparan sulfate. DC
generation, stimulation and detection
scheme is shown in Figure S2A.

Flow cytometry
Surface markers of DCs were exam-

ined by flow cytometry on a FACSCALI-
BUR (BD Biosciences) with the FlowJo
software, using a panel of monoclonal
antibodies: anti-CD14-FITC (clone
M5E2, BD PharMingen), anti-CD83-
FITC (clone HB15E, BD PharMingen),
anti-CD209- FITC (DC-SIGN; clone
DCN46, BD PharMingen), anti-CD80-
FITC (clone L307.4, BD PharMingen),
anti-CD86-PE (clone FUN-1, BD Phar-
Mingen), anti-HLA-DR- FITC (clone
l243, BD PharMingen), and anti-CD1a-
PE (clone hi149, BD PharMingen).
Mouse isotype controls were IgG1k-
FITC (clone MOPC-21, BD PharMin-
gen), IgG1k-PE (clone MOPC-21, BD
PharMingen), IgG22k-FITC (clone
G155–178, BD PharMingen), and
IgG2bk-FITC (clone 27–35, BD Phar-
Mingen). After antibody binding at 4�C
for 30 min and 2 washings with PBS,
the cells were fixed with 4% paraformal-
dehyde. Finally, cells were gated accord-
ing to their forward and side scatter
profiles, and surface marker expression
of the large and granular cell population
was analyzed using the FlowJo software.

Preparation of RNA and microarray
analysis

Total RNA was isolated from DCs
pooled from 9 healthy donor blood sam-
ples after stimulation with HS (pooling
of samples from 9 donors reduced indi-
vidual variations) for 0, 12, 24, and
48 h, using the mirVanaTM RNA Isola-
tion Kit (Applied Biosystem, AM1556).
RNA was purified by the QIAGEN
RNAeasy mini kit (QIAGEN), accord-
ing to the RNeasy Mini Protocol. RNA
quality, concentration, and integrity
were assessed on an Agilent 2100 Bioa-
nalyzer. One-color Cy3 RNA labeling,
array hybridization to Agilent SurePrint
G3 8 £ 60 K Human Gene Expression
Arrays (Agilent Technologies), data col-
lection, and analysis were performed at
Oebiotech Biotechnology Corporation
(Shanghai,China), according to Agilent
protocols.

Figure 6. Verification of microarray analyses by quantitative real-time PCR. Relative expression
of mRNAs of 13 key Toll-like receptor signaling pathway genes at 3 time points (12, 24 and 48 h
post-stimulation), normalized to the reference gene gapdh and the reference sample at 0 h by the
2¡DDCt method. (A) Toll like receptors (tlr3, 4, 5, 7 and 8). (B) Adaptors and transcriptional factors
(traf3, irf7, myd88, nfkb, mapk3). (C) Inflammatory cytokines (Il8, ifna and tnfa).
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Functional enrichment of differentially expressed genes
(DEGs)

DEGs at 12, 24 and 48 h were used for biological process
enrichment with Gorilla, an online gene ontology analyzer. In
addition, DEGs were used for pathway enrichment with DAVID
functional annotation bioinformatics microarray.

Construction and analysis of protein-protein interaction
network of Toll-like receptor signaling pathway induced by HS

The interactions between genes were constructed by protein-
protein interaction database Human Protein Reference database
(HPRD, v8.0). The node degree and betweenness centrality of
DEGs were analyzed by Network Analyzer, a plug-in of Cyto-
scape 3.0.2. For the network, degree of a gene i in the network
is the number of edges linked to the gene. And betweenness
centrality of a gene i is defined as

bi D
X
s 6¼i6¼t

’st.i/

’st

 !
=

.N ¡ 1/.N ¡ 2/

2

� �
, where s and t are genes

in the network different from gene i, wst is the number of shortest
paths from s to t, wst.i/ is the number of shortest paths from s to t
that n lies on, and N is the total number of genes in the network.

Quantitative real-time reverse-transcription polymerase
chain reaction (qRT-PCR)

To validate the results of the microarray analysis, 13 key genes
of the Toll-like receptor signaling pathway were selected for anal-
ysis by quantitative real-time/ reverse-transcription polymerase
chain reaction (qRT-PCR). Total RNA was isolated from DCs
obtained from 6 additional healthy donors, and stimulated with
HS for 0, 12, 24, and 48 h. The gene-specific primer pairs were
selected from the PrimerBank database (http://pga.mgh.harvard.
edu/primerbank/index.html) (Table S2).62–64 First strand cDNA
was synthesized from 5–10 mg RNA using GoScriptTM Reverse
Transcription System (Promega), according to manufacturers’
protocol. Gene expression was quantified by GoTaq� qPCR

Master Mix (Promega) on a CFX96TM Real-Time PCR Detec-
tion System (Applied Biosystems), according to manufacturer’s
instructions. Differences in expression were determined by the
relative quantification method; threshold cycle [Ct] values were
normalized with the endogenous control GAPDH to generate
DCt, and the difference between DCt value of the sample (at 12,
24, and 48 h) and that of the reference sample (at 0 h) was calcu-
lated as DDCt. The fold change was calculated based on relative
quantity (RQ), with RQ D 2¡DDCt.

Statistical analysis
Data are presented as mean § standard deviation (SD) and

statistical analyses were performed with professional statistical
computer software SPSS (SPSS, USA). Differences between
groups were determined using a t test. Significance level was set
at P＜ 0.05.
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