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Abstract

Dendritic cells (DCs) are the critical leukocytes in regulating immune responses.
Accordingly, DCs are the major target in the development of immunomodulators. In this study,
we examined the effect of Semen Cuscutae (SC), an important traditional Chinese medicine, on
mouse bone marrow-derived DCs. We found that the n-butanol and methanol extracts of SC
significantly suppressed LPS-stimulated DC activation. Several flavonoids were verified in the
extracts using HPLC, and then kaempferol was identified as the major flavonoid in the methanol
fraction of SC. Kaempferol was able to reduce cytokines and chemokines produced by LPS-
stimulated DCs, and this reduction was not due to its cytotoxicity on DCs. In addition, DC
maturation was impaired by kaempferol. Furthermore, kaempferol abrogated the ability of LPS-
stimulated DCs to promote Ag-specific T cell activation, both in vitro and in vivo. Thus, we
show for the first time that SC exhibits an immunosuppressive effect on DCs and that the active
ingredient kaempferol attenuates DC function, which suggests that kaempferol has potential in

the treatment of chronic inflammatory and autoimmune diseases.



Introduction

Dendritic cells (DCs) are specialized bone marrow-derived leukocytes which are critical in
the initiation of immune responses (Steinman, 2007). They capture antigens in peripheral tissues
and then migrate to secondary lymphoid organs where they present processed antigens to T
lymphocytes (Buckwalter and Albert, 2009). When pathogen-associated molecular patterns
(PAMPs) are recognized by pattern recognition receptors (PRRs) on DCs, the DCs are activated
and become mature (Joffre et al., 2009). Toll-like receptors (TLRs) are the major PRRs to detect
PAMPs in DCs and TLR ligation induces the release of both cytokines and chemokines and up-
regulates the expression of MHC class II and costimulatory molecules (Takeuchi and Akira,
2010). Thus, DCs have been applied in controlling cancer and infectious diseases (Palucka et al.,
2010; Schuler, 2010). However, DCs are also involved in the pathogenesis of chronic
inflammation and autoimmunity (Fransen et al., 2010). Substances such as natural products (Li
and Vederas, 2009) that modulate the function of DCs can potentially be used in the treatment of
immune disorders.

Semen Cuscutae (SC), the dry matured seed of Cuscuta chinensis, is an important Chinese
medicine and has been included in a herbal formulation (Sohn et al., 2008). The total flavones of
SC have been shown to invigorate the reproductive system and to improve defective kidneys in
animal models (Qin et al., 2000; Yang et al., 2008). SC also induces neuronal differentiation
(Jian-Hui et al., 2003), has hepatoprotective and antioxidant effects against acetaminophen-
induced hepatotoxicity (Yen et al., 2007), and promotes osteoblast differentiation (Yang et al.,
2009). In addition to these bioactivities, the ethanol extract of SC increases the ovalbumin
(OVA)-specific splenocyte proliferation and antibody production in mice (Pan et al., 2005).

Furthermore, polysaccharides isolated from SC enhance lymphocyte proliferation both in vitro



and in vivo (Bao et al., 2002; Wang et al., 2000). These reports suggest that SC has potential to
modulate immune responses. Although a number of ingredients of SC have been found (Bao et
al., 2002; Du et al., 1998; He et al., 2010; Li et al., 1999), the mechanism of and the components
associated with any such immunomodulation by SC remain to be elucidated.

In this study, we examined the potential effect of SC on activation and function of mouse
bone marrow-derived DC. Our results showed that n-butanol and methanol extracts of SC
possessed the ability to inhibit LPS-induced DC activation. Subsequently, we identified that
kaempferol was the major flavonoid in SC and contributed to this inhibitory effect. Thus, it is
suggested that kaempferol may be a potent immunosuppressant and applied in reducing the

harmful immune responses such as chronic inflammation and autoimmunity.

Materials and Methods

Preparation of SC samples

SC was purchased from a Chinese medicine store (Taichung, Taiwan). The procedure for
extraction of SC was summarized in Fig. 1A. Briefly, the seeds were pulverized into fine
powder by a pulverizer and then passed through a 50-mesh sieve. The powder (8 g) was
extracted first with methanol (500 mL) by sonification and centrifuged. The supernatant was
collected, concentrated, and then dried with a rotary evaporator. The residue was dissolved in
water and then extracted with chloroform. Next, the water layer was extracted with n-butanol
and the chloroform layer was dried and partitioned with 90% methanol and n-hexane. The n-
butanol, methanol, and n-hexane extracts were dried and dissolved in DMSO for HPLC analysis.
Hyperoside (quercetin 3-D-galactoside), quercetin, and kaempferol were purchased from Sigma-

Aldrich Co.



Generation of mouse DCs
C57BL/6 mice were purchased from National Laboratory Animal Center (Taipei, Taiwan).
The mouse bone marrow-derived DCs were generated as described previously (Chu and Lowell,

2005)._In brief, bone marrow cells were isolated from femurs and tibias and seeded on 24-well

culture plates (Corning) in 1 mL/well complete RPMI 1640 medium (Gibco), and 10 ng/mL
recombinant mouse GM-CSF (Peprotech). At day 3, fresh medium (1 ml/well) containing 10

ng/ml GM-CSF was added. At day 5, half of the cell-free supernatant was exchanged and fresh

medium containing 10 ng/mL GM-CSF was added. The 7-day-cultured DCs (>80% CDI1l1c"

cells) were used for all experiments. In T cell activation experiment, DCs were purified by

EasySep Positive Selection Kit (StemCell Technology) according to manufacturer’s instruction.

The purity of CD11c" cells was over 95% (data not shown). The OT-IT TCR-transgenic mice

were provided by Dr. Clifford Lowell (UCSF, San Francisco, CA). All animals were kept in a
specific pathogen free facility (NHRI, Miaoli, Taiwan) and handled according to protocols

approved by Institutional Animal Care and Use Committee of NHRI.

Measurement of cytokine and chemokine production

TNF-a production was measured by intracellular staining and ELISA, as described
previously (Chu et al., 2008). DCs were treated with SC samples (50 pg/mL), LPS (100 ng/mL),
or SC samples + LPS for 6 hrs. The percentages of CD11c’” TNF-a' cells were determined by
flow cytometry. For quantification, the production of cytokines (TNF-a, IL-6, and IL-12p70)
and chemokines (MCP-1, MIP-1p3, and RANTES) was measured using ELISA (eBioscience and

R&D systems).
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Assay for the cytotoxicity of kaempferol

DCs were treated with kaempferol (dissolved in DMSO at 20 mg/mL as a stock) at
indicated concentrations for 24 hrs. The cells were then harvested and stained with Annexin V
kit (Invitrogen) according to manufacturer’s instruction. Annexin V' cells were determined by
flow cytometry. DMSO was only 0.1% (v/v) at the concentration of 20 pg/mL kaempferol, so

DMSO had no effect on DCs in all experiments (data not shown).

Analysis of DC maturation

DCs were untreated or treated with LPS (100 ng/mL) or LPS + kaempferol (20 pg/mL) for
16 hrs. Cell aggregation was examined by microscopy (40X). Maturation was determined by
measuring the expression of MHC class II and co-stimulatory molecules as described previously
(Liu et al., 2010). Cells were stained with mAbs specific for mouse CDl11c, I-Ab, CD40, CDS8O0,
and CD86 (Biolegend), and then analyzed by flow cytometry. The change of mean fluorescence

intensity (MFI) from LPS alone to LPS + kaempferol is indicated.

OVA-specific T cell activation

The ability of antigen presentation of DCs was determined by OVA-specific T cell
activation as described previously (Yu et al., 2009). Briefly, OVAjs»3.339 peptide (2 pg/mL)-
pulsed DCs were incubated with LPS (100 ng/mL), LPS + DMSO, or LPS + kaempferol (20
pg/mL) for 16 hrs. The OT-II T cells were then added at various DC:T cell ratios as indicated,
and T cell proliferation was measured by [*H]thymidine incorporation. For the in vivo assay,

C57BL/6 mice were immunized with OVA (10 pg; Sigma-Aldrich) and incomplete Freund’s



adjuvant (IFA; Sigma-Aldrich) mixed with LPS (10 pg), LPS + DMSO, or LPS + kaempferol
(50 pg) via footpad injection. After 10 days, the draining lymph node (LN) cells were cultured
with  OVA at indicated concentrations and then T cell proliferation was measured by
[*H]thymidine incorporation. To measure IFN-y production, supernatants were collected from
the DC/OT I T cell and LN cell cultures, and the IFN-y production was assayed by ELISA

(eBioscience).

Data analysis
Significance of the inhibition during LPS and kaempferol co-treatment in comparison with
LPS treatment alone was determined using a Student’s #-test with 2-sample equal variance with a

2-tailed distribution. P <0.05 was considered significant.

Results

The n-butanol and methanol extracts of SC inhibited LPS-induced DC activation

It is suggested that SC has potential to modulate immune responses; however, the
mechanism for this immunomodulation has not been studied. Therefore, we prepared various SC
samples for testing the effect of SC on DCs, the critical leukocytes in initiating immune
responses. Fractions were obtained by extracting SC with three organic solvents, including n-
butanol, 90% methanol, and n-hexane (Fig. 1A). Next, we examined the effect of the three SC
extracts on TNF-a production by mouse bone marrow-derived DCs, which is a hallmark for DC
activation. All extracts did not induce TNF-a production, suggesting that these SC extracts do
not have stimulatory activity on DCs (Fig. 1B). On the other hand, we checked the suppressive

effect of these SC extracts on activated DCs. Surprisingly, we found that the TNF-a secreted



from LPS-stimulated DCs was reduced by co-treatment with the n-butanol or methanol extract of
SC (Fig. 1C), indicating that these two SC extracts possess the ability to inhibit DC activation.
Our results thus reveal that SC contains immunomudulatory substances which weaken the

activity of DCs.

Kaempferol was identified in methanol and n-butanol extracts of SC by HPLC

The constituents within these three SC extracts were further analyzed by HPLC. As shown
in Fig. 2, the n-butanol extract contained many ingredients, but only a major peak was found in
methanol extract. This component seems to contribute to the inhibitory activity of methanol
extract of SC on DCs. Since the flavonoids hyperoside, querctin, and kaempferol have been
reported as the major contents of SC, we used these three flavonoids as standards of the HPLC
analysis for these extracts. Therefore, we identified that kaempferol was very likely the major
component in the methanol extract of SC. The map showed that kaempferol was also present in

the n-butanol extract of SC (Fig. 2).

Kaempferol reduced cytokine and chemokine production by LPS-stimulated DCs

To confirm that the inhibitory effect of methanol extract of SC on DCs was mainly
contributed by kaempferol, we used commercial kaempferol to treat DCs. We found that
kaempferol reduced the production of TNF-a by LPS-stimulated DCs in the same way as the
methanol extract of SC did (Fig. 3A). In addition to TNF-a, the generation of other cytokines
(IL-6, and IL-12 p70) and chemokines (MCP-1, MIP-1B, and RANTES) by activated DCs was

also diminished by kaempferol (Fig. 3). These results suggest that kaempferol is the major



component in the methanol extract of SC to inhibit DC activation and is a potent

IMmunosuppressor.

LPS-induced DC aggregation and maturation were impaired by kaempferol at non-
cytotoxic dosage

Although the suppressive effect of kaempferol on DCs was obvious, this could be due to
the cytotoxic effect of kaempferol on the cells. To rule out this possibility, we determined the
cytotoxicity of kaempferol on DCs by measuring apoptosis. As shown in Fig. 4A, kaempferol

induced significant DC apoptosis at concentrations = 40 pg/mL. Thus, we selected the

concentration 20 pg/mL of kaempferol for further tests on DCs and then excluded the cytotoxic
effect of kaempferol in all experiments. Next, we study the effect of kaempferol on DC
maturation. We first examined DC aggregation, which is a major phenotype of DC maturation,
by microscopy. Upon LPS stimulation, a lot of DC clusters were observed; however, this
aggregation disappeared in the presence of kaempferol (Fig. 4B). In addition, LPS stimulation
enhanced the expression of MHC class II and the costimulatory molecules CD40, CD80, and
CD86 in DCs, but kaempferol treatment significantly decreased the expression levels of these
proteins (Fig. 4C). These data indicate that kaempferol impairs LPS-induced DC maturation,

thus compromising the immunostimulation of the activated DCs.

Kaempferol attenuated T cell activation induce by LPS-stimulated DCs
The most important function of mature DC is to activate naive T cell, so we examined
whether kaempferol affects the ability of DCs to induce T cell activation. OVAs,3.339 peptide-

loaded DCs were treated with LPS in the absence or presence of kaempferol and then co-cultured
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with OT-II T cells. We found that LPS-stimulated DCs enhanced T cell proliferation, but this
proliferation was reduced by kaempferol (Fig. SA). In addition to this in vitro experiment, we
also performed a recall assay in vivo. Mice were immunized with OVA mixed with IFA plus
LPS + DMSO, LPS, or LPS + kaempferol, and then draining LN cells were collected and
stimulated with OVA after 10 days. Consistent with the in vitro results, kaempferol significantly
decreased OV A-specific T cell proliferation (Fig. SB). Moreover, kaempferol also lowered the
amount of IFN-y produced by the activated T cells both in vitro and in vivo (Figs. 5C and 5D).
These results illustrate that kaempferol attenuates the ability of DCs to activate Ag-specific T
cells. The attenuation of the recall response by kaempferol is in agreement with the reduction of

DC activation and maturation after kaempferol treatment (Figs. 3 and 4C).

Discussion

In this study, we examined the activity of SC on the immune function of DCs. We found
the inhibitory effect of the n-butanol and methanol extracts of SC on DC activation. Furthermore,
we identified that kaempferol, which is a flavonoid in SC, was able to suppress DC activation.
This is the first study to report that SC has immunomodulatory activity on DCs and that
kaempferol is a potent immunosuppressant.

Kaempferol is a common flavonoid in human diet and has various biological activities
including antioxidant, anticancer, and anti-inflammatory effects (Kang et al., 2008; Mahat et al.,
2010). A number of reports have shown the immunomodulatory effect of kaempferol on T
lymphocytes (Okamoto et al., 2002), B cells (Zunino and Storms, 2009), macrophages
(Comalada et al., 2006; Hamalainen et al., 2007; Harasstani et al., 2010; Kim et al., 2005; Liang

et al., 2001), neutrophils (Moreira et al., 2007; Selloum et al., 2001; Wang et al., 2006),
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basophils (Shim et al., 2009), and mast cells (Kempuraj et al., 2005; Lee et al., 2010). Here we
reported that kaempferol attenuates DC activation for the first time. _The similar inhibition of

inflammatory cytokines (TNF-a, IL-12, and IL-1f3) by kaempferol is also observed in LPS-

[Formatted: Font: Symbol

stimulated macrophages (Fang et al., 2005; Harasstani et al., 2010; Kowalski et al., 2005). This

novel function may enhance the potential of kaempferol in medical applications, such as
treatment of airway inflammation (Lee et al., 2010). In addition, kaempferol may become a
major content for quality control of SC (Ye et al., 2002).

A large number of evidences for the effects of flavonoids in inflammation and immunity
have been summarized (Gonzalez-Gallego et al., 2010), but the studies related to DC function
are not much. Some flavonoids with the immunomodulatory activity on DCs have been
investigated, including luteolin, apigenin, silibinin, taxifolin glycoside, epigallocatechin gallate,
and quercetin (summarized in (Huang et al., 2010a)). Kaempferol as a new modulator on DCs
can now be added to this list according to this study. Since kaempferol disturbs the NF-xB and
mitogen-activated protein kinase (MAPK) pathways (Hamalainen et al., 2007; Lee et al., 2010;
Lee et al., 2009) and is a suppressant of calcineurin (Wang et al., 2008), that may be the
mechanism by which it inhibits DC function. Another possible mechanism is the involvement of
peroxisome proliferator-activated receptor (PPAR) y, a transcription factor which has been
implicated in anti-inflammatory response, because kaempferol significantly stimulates PPARy
transcriptional activity (Liang et al., 2001).

In addition to kaempferol, several other flavonoids were also found in SC, including
quercetin and hyperoside in the n-butanol extract (Fig. 2). Quercetin has recently been
demonstrated to exhibit an immunosuppressive effect on DC activation (Huang et al., 2010a).

The presence of both kaempferol and quercetin may has synergistic effect (Harasstani et al.,
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2010) and is probably the reason that the n-butanol extract of SC has stronger inhibitory activity
than the methanol extract of SC, which mainly contains kaempferol alone (Fig. 1C). Another
flavonoid hyperoside (quercetin 3-D-galactoside) was the major component in the n-butanol
extract of SC (Fig. 2), but it did not have any activity on DCs (data not shown). It seems that the
addition of a galactoside may destroy the suppressive effect of quercetin on DCs. At the present,
we are exploring more active ingredients in the n-butanol extract of SC. Together, our data may
be helpful in designing a powerful immunosuppressant based on the structure of flavonol (Kim
et al., 2005; Kim et al., 2006; Li et al., 2008).

Although there are insufficient data to provide conclusive evidence on the health effects of
most flavonoids (Kay, 2010), the in vivo effects of kaempferol have been shown in several
animal models, such as allergic lung disease (Medeiros et al., 2009), carrageenan induced rat air
pouch model (Mahat et al., 2010), thermal burn-induced skin injuries (Park et al., 2010), and
mouse model of osteosarcoma (Huang et al., 2010b). These reports imply that kaempferol may
have clinical application, especially the safety issue of kaempferol has been discussed (Lee et al.,
2009; Li et al., 2008).

In conclusion, SC has immunoregulatory activity on DCs. Our results point out that SC
can be described as a novel “biofactory” because it contains various substances that modulate
DC function with both promotion and inhibition. Importantly, we provide the evidence that
kaempferol may have potential to be developed into immunosuppressant in pharmacology.
Recently, the nanoparticle system has been applied to overcome the poor water solubility of
flavonoids in SC and then to reduce the treatment dosage (Yen et al., 2008). This technique may
enhance the uptake of kaempferol by human and then promote the suppressive effect of

kaempferol on the harmful immune responses such as chronic inflammation and autoimmunity.
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Figure legends

Figure 1. Effect of the three SC samples extracted by organic solvents on DC activation. (A)
Sample preparation from SC. Briefly, the powder of the seeds was extracted with methanol first.
Then, the methanol extract was further partially separated by chloroform, n-butanol, 90%
methanol, and n-hexane extraction. The four extracts in water, n-butanol, methanol, and n-
hexane were obtained. (B-C) DCs were collected after treatment for 6 hrs and TNF-a production
was measured by intracellular staining and flow cytometry. The percentage of TNF-a" cells is
indicated. (B) For the stimulation assay, DCs were untreated (dotted line) or treated with LPS
(100 ng/mL, gray line) or various extracts (50 pg/mL, black line) as indicated. (C) For the
inhibition assay, DCs were untreated (dotted line) or treated with LPS (gray line) or LPS +
various extracts (black line) as indicated. All results shown were gated on CD11c" cells. The
gray-filled area represents staining with an isotype-matched control antibody. All data are

representative of three independent experiments.

Figure 2. HPLC chromatograms of the three SC extracts and flavonoid standards. The n-
butanol, methanol, and n-hexane extracts of SC were injected into the HPLC and the maps were
displayed as indicated. The maps and structures of three flavonoid standards (hyperoside,
quercetin, and kaempferol) were also shown. Obviously, kaempferol is the major component in
methanol extract and all three flavonoids are found in n-butanol extract. There is no significant

signal in n-hexane extract.

Figure 3. Cytokines and chemokines released from LPS-stimulated DCs were impaired by

Kaempferol. DCs were untreated or treated with kaempferol (40 pg/mL), LPS (100 ng/mL), or
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LPS + various doses of kaempferol as indicated. Supernatants were collected after 24 hrs (6 hrs
for TNF-0 and RANTES). The amounts of cytokines (A) and chemokines (B) were determined
by ELISA. Data shown are the mean + SD of three samples. " p>0.05; p<0.05; ~ p<0.01
(Student's #-test) are comparisons between kaempferol-treated and non-treated LPS-stimulated

DCs. All results are representative of three independent experiments.

Figure 4. Kaempferol attenuated the LPS-induced DC maturation at non-cytotoxic dosage.
(A) DCs were treated with various doses of kaempferol as indicated for 24 hrs. The cytotoxicity
of kaempferol on DCs was analyzed by Annexin V staining. The percentage of Annexin V" cells
was determined by flow cytometry. Data shown are the mean + SD of three samples. NSp>0.05 ;
**p<0,01 (Student's t-test) are comparisons between kaempferol-treated and non-treated DCs. (B)
DCs were untreated or treated with kaempferol (20 pg/mL), LPS (100 ng/mL), or LPS +
kaempferol for 16 hrs. DC aggregation was examined by microscopy (40X). (C) DCs were
untreated (dotted line) or treated with LPS (thin line) or LPS + kaempferol (thick line) for 16 hrs.
The expressions of MHC class 11, CD40, CD80, and CD86 were determined by staining and flow
cytometry. All data shown were gated on CD11c" cells. The gray-filled area represents staining
with an isotype-matched control antibody. The change of mean fluorescence intensity (MFI)
from LPS alone to LPS + kaempferol is indicated. All results are representative of twe-three to

four independent experiments.

Figure 5. Kaempferol abrogated Ag-specific T cell activation induced by LPS-stimulated
DCs. (A) For in vitro experiments, OT-II CD4" T cells were co-cultured with untreated (white

bar) or LPS + DMSO- (hatch bar), LPS- (gray bar), or LPS + kaempferol-treated (black bar)
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DCs pulsed with OV As,3.339 peptide at the indicated ratio of DC:T cell. T cell proliferation was
determined by [*H]thymidine incorporation after 3 days. (B) For in vivo experiments, C57BL/6
mice were immunized with OVA mixed with IFA (white bar), IFA + LPS + DMSO (hatch bar),
IFA + LPS (gray bar), or IFA + LPS + kaempferol (black bar) via footpad injection. After 10
days, the draining LN cells were incubated with OVA at indicated concentrations. T cell
proliferation was measured by [*H]thymidine incorporation after 3 days. Supernatants in (C)
and (D) were collected from cultures in (A) and (B) after 4 days, respectively. IFN-y production
was measured by ELISA. Data shown are mean + SD of three samples. NSp>0.05; *p<0.05;
**p<0.01 (Student's #-test) are comparisons between kaempferol-treated and -untreated LPS-

activated DCs. All results are representative of three to four independent experiments.
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*Detailed Response to Reviewers

Responses to reviewer:

1. Protocol for preparation of DCs has to be provided, since this protocol is highly important for
the paper.

Reply 1: We have added the brief protocol for DC preparation in revised manuscript (page 5).
Thank reviewer’s reminding.

2. Figure 4. It is stated in the figure legend that all experiments are representative of two to four
independent experiments. It is necessary that all experiments are repeated at least 3 times.

Reply 2: The results are representative of three (Fig. 4A), two (Fig. 4B), and four (Fig. 4C)
independent experiments. So, we did the microscopy for Fig. 4B one more time and then got a
similar result. Thus, we modified the description into “All results are representative of three to
four independent experiments” (page 20).

3. In discussion the authors mention that the anti-inflammatory effects of kaempherol were
studied in various cell types (2nd paragraph of discussion). Since macrophages are closely
related to DCs it is important to compare effects of kaempherol on DC observed by the
authors with the effects of kaempherol on macrophages. It is published, for instance, that
kaempherol inhibits LPS induced production of inflammatory cytokines (TNF, IL-1 and
others) in macrophages. Some citations are 1) Harasstani et al Inflamm Res. 2010
Sep;59(9):711-21; 2) Fang et al Bioorg Med Chem. 2005 Apr 1;13(7):2381-8; 3) Kowalski et
al Pharmacol Rep. 2005 May-Jun;57(3):390-4

Reply 3: We have added this comparison and references in revised manuscript (2nd paragraph of
discussion, page 11). Thank reviewer’s comment.

We would like to thank reviewer and editors for the constructive suggestions.



