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Abstract

Juzen-taiho-to (JTT) is an immunostimulatory herbal formulation that is clinically used in East

Asia for cancer patients undergoing chemotherapy and radiation. The formulation stimulates

various leukocytes, including T, B, and NK cells and macrophages (MΦ). Although JTT is known

to contain numerous compounds with various pharmacological activities, it is not clear which

compounds are responsible for the stimulation of individual cell types. Here, we conducted what

we call, “biomarker-guided screening,” to purify compounds responsible for the MΦ stimulatory

activity. To this end, gene expression was analyzed by a DNA array for MΦ treated with JTT and

DMSO (vehicle control), which identified intercellular adhesion molecule 1 (ICAM-1) as a

biomarker of MΦ-stimulation by JTT. A qRT-PCR assay of ICAM-1 was then used to guide the

purification of active compounds. The screening resulted in the purification of a glycolipid

mixture, containing β-glucosylceramides. The glycolipid mixture potently stimulated ICAM-1

expression in primary dendritic cells (DC) as well as in primary CD14+ (MΦ) cells. Identification

of this glycolipid mixture opens an opportunity for further studies to understand how plant-derived

glycolipids stimulate MΦ and DC in a safe and effective manner as demonstrated by JTT.
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Introduction

Juzen-taiho-to (JTT; Shi-Quan-Da-Bu-Tang in Chinese) is an immunostimulatory herbal

formulation with an ideal balance of safety and efficacy [1,2]. In East Asia, the formulation

has been used clinically for immunocompromised individuals, such as cancer patients
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undergoing chemotherapy and radiation [1-4]. JTT stimulates various leukocytes, including

T, B, and NK cells and macrophages (MΦ), which result in the anti-tumor and anti-

metastatic effects as well as alleviation of anemia and leukopenia [5-8]. Although biological

effects of JTT have been well documented, its chemical characterization has been hampered

by the enormous complexity of this formulation, which is a decoction of ten different herbs

(Astragalus membranaceus, Cinnamomum cassia, Rehmannia glutinosa, Paeonia lactiflora,

Ligusticum wallichii, Angelica sinensis, Panax ginseng, Poria cocos, Atractylodes

macrocephala, Glycyrrhiza uralensis) (Table S1). Each of these herbs contains numerous

compounds with known pharmacological activities [9]. However, it is not clear which of

those compounds are playing key roles in the observed therapeutic effects. This is an

important problem because, without the knowledge of key therapeutic agents, it would not

be possible to understand the molecular mechanism underlying the safe and effective

immunostimulatory effects exhibited by JTT.

In order to identify key therapeutic agents in JTT, we conducted what we call, “biomarker-

guided screening [10].” In biomarker-guided screening, genomic tools are used to identify a

biomarker associated with a therapeutic effect of herbal medicine. The identified biomarker

is then used to guide the purification of therapeutically relevant compounds. In the current

study, DNA arrays were used to identify a biomarker of MΦ-stimulation by JTT.

Purification of MΦ-stimulatory compounds was guided by the qRT-PCR assay of the

identified biomarker, which led to the identification of a glycolipid mixture that collectively

exhibited potent immunostimulatory activity toward primary dendritic cells (DC) as well as

primary CD14+ (MΦ) cells.

Results

As the first step of biomarker-guided screening [10], a biomarker of MΦ-stimulation by JTT

was identified by gene expression profiling. For this screening a human monocytic leukemia

cell-line (THP-1) was used, because this cell-line is known as a good model of monocytes

and MΦ [11-13]. THP-1 was treated with JTT and a vehicle control (DMSO). Genes

regulated by JTT were identified by Affymetrix Human Genome U133 Plus 2.0 array (Table

1). Many observed genes turned out to be the targets of the NF-κB signaling [14]. Among

them was ICAM-1, a well-known biomarker of activated MΦ [14,15]. ICAM-1 was an ideal

gene for our screening because its expression could be readily analyzed at both mRNA and

protein levels by qRT-PCR and FACS, respectively. We, therefore, decided to use ICAM-1

to guide the purification of MΦ-stimulants from JTT.

Figure 1 summarizes the fractionation scheme used in this study. At each stage of

fractionation, activities of fractions were characterized by the qRT-PCR assay of ICAM-1

using THP-1 cells. The fractionation led to the enrichment of the MΦ-stimulatory activity

(that is, the “MeOH” fraction in Fig. 1). Reversed phase HPLC (C18) of this “MeOH”

fraction gave hardly any UV-visible peaks (Fig. 2a); the large peak around 5 min was

DMSO, which was used to dissolve the “MeOH” fraction. Analysis of the HPLC eluent with

evaporative light scattering detector (ELSD), which can detect compounds with weak or no

UV-chromophores, resulted in the observation of two peaks around 12-14 min (Fig. 2a). The

ELSD peaks were purified and subjected to spectroscopic analyses by NMR and mass
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spectrometry (MS). The largest ELSD peak turned out to be β-sitosteryl β-D-glucoside

(BSSG) 1, whereas the smaller peak contained stigmasteryl β-D-glucoside 2, campesteryl β-

D-glucoside 3 and 24-epicampesteryl β-D-glucoside 4 (Fig 3) [16,17]. Since these peaks were

the major constituents in the “MeOH” fraction and exhibited MΦ-stimulatory activity, we

initially thought these phytosteryl glucosides were responsible for the activity. To our

surprise, however, further studies of HPLC fractions revealed that the maximum activity

eluted between 9 and 12 minutes (Fractions C, D, and E) before these phytosteryl glucosides

(Fig. 2b). This observation indicated that minor constituents eluted around 9-12 min were

the main MΦ-stimulatory factors. Preliminary NMR and MS analyses suggested that they

were glycolipids. Isolation of individual glycolipids, however, was hampered by their

similar chromatographic behaviors as well as by their minute quantities. In addition, the

activity disappeared whenever we attempted to isolate each glycolipid. We, therefore,

shifted our focus on the identification of glycolipids. Per-acetylation of the glycolipid

mixture enabled the separation of some products. This led to the purification and

identification of β-glucosylceramide isomers (“soya cerebrosides”), 5 and 6 [18] (Supporting

Information). In addition, high resolution ESI MS analyses showed the presence of

compounds with molecular formula, C40H77NO9, and C49H88O15 (Supporting Information).

Given the fact that glucosylceramides, 5 and 6, were observed in the glycolipid mixture,

C40H77NO9 was likely to be another monoglycosylated ceramide. On the other hand,

C49H88O15 was consistent with a digalactosyldiacylglycerol (DGDG), which is a common

glycolipid in plants. ESI MS also indicated the presence of other DGDGs with different acyl

groups.

In order to examine the reproducibility of our purification scheme, we repeated experiments

using two different lots of JTT. In all experiments, our purification scheme reproducibly

enriched the potent MΦ-stimulatory activity in the same 9-12 min region on HPLC (Fig. 2).

At this point, we also confirmed that the observed activity was not due to Endotoxin

contamination (Supporting Information), which often plagues studies of immunostimulatory

factors [19-21].

Next, we conducted further biological characterization of the glycolipid mixture using

primary MΦ (CD14+ cells) and DC. This was necessary because, up to this point, MΦ-

stimulatory activity was examined with an immortalized cell line (THP-1 cells). For this

study, Fraction E (Fr. E) on Fig. 2, which exhibited the maximum activity, was examined.

The qRT-PCR analysis showed that Fr. E induced ICAM-1 mRNA in both primary MΦ and

DC (Fig. 4). At the mRNA level, the potency of Fr. E appeared somewhat weaker than the

positive controls (LPS and JTT). However, a more striking effect was observed when CD54

(ICAM-1 protein) expression was examined by FACS. Fr. E potently stimulated the

induction of CD54 at the level comparable to LPS and JTT (Fig. 5). These results

demonstrated that the glycolipid mixture from JTT could potently stimulate various

leukocytes in the innate immune system.

Discussion

The current study established a reproducible method to purify potent MΦ/DC-stimulants

from JTT. Phytosteryl glucosides 1-4 were the most conspicuous group of compounds
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identified in the study. Phytosteryl glucosides, especially, BSSG 1, have been linked to

immunomodulatory activity in various clinical studies [22-24]. For example, a plant

formulation enriched with β-sitosterol and BSSG has been shown to swing the Th1/Th2

balance from Th2 responses to Th1 responses in HIV-infected patients [25]. The same

formulation also prevented immunosuppression associated with excessive physical stress

[26]. Although β-sitosterol and BSSG may have important immunomodulatory activities, the

current study indicates that the key MΦ/DC-stimulatory factor in JTT is the glycolipid

mixture that is purified together with BSSG. The glycolipid mixture contained at least two

classes of compounds, namely, β-glucosylceramides and DGDGs. β-Glucosylceramides

have been shown to serve as immunoadjuvants for HBV and cancer vaccination in

preclinical studies [27,28]. In addition, DGDGs are known to possess immunomodulatory

effects [29]. Here, it is important to note that the compounds identified in the current study

are major constituents in the glycolipid mixture. Minute constituents in the mixture, which

were not characterized in the current study, may also contribute to the observed potent

immunostimulatory activity.

The glycolipid mixture provides the new basis to understand the origin of potent MΦ/DC-

stimulatory activity. At this point, it is not clear whether the activity arises from a particular

glycolipid in the mixture or from synergism [30]. Our current efforts are directed toward

obtaining individual glycolipids either synthetically or from each component herb of JTT.

Once those compounds are available, it would become possible to conduct systematic

studies to understand the molecular basis of the potent MΦ/DC-stimulation. Such studies

would also improve the standardization of JTT formulation, which is currently carried out

with major chemical constituents, such as glycyrrhizin, paeoniflorin, and cinnamic acid,

although these compounds may not be involved in the therapeutic effects of JTT.

Understanding of molecular mechanism of JTT is also important with regard to the

development of new immunoadjuvants. Immunoadjuvants are vaccine components to boost

desired immune responses [31]. There is an unmet medical need to develop safe and

effective immunoadjuvants. The existing immunoadjuvants, such as alum (aluminum salts)

and Freund’s complete adjuvant (that is, oil-water emulsion with inactivated bacterial

products), suffer from serious side-effects, such as toxicity and severe allergic reactions. It is

our expectation that further studies on the plant-derived glycolipids will enable us to find

new approaches to stimulate the immune system safely and effectively as demonstrated by

JTT.

Materials and Methods

Materials

The solvents for extraction/purification were HPLC grade and were purchased from VWR

and Fisher Scientific. Two different lots of Juzen-taiho-to (JTT) formulation (Lot # E24801

and 05F088) were purchased from TCM Zone/Honso Pharmaceutical Co. (Nagoya, Japan)

as a dry water extract. Unless specified otherwise, all other chemicals and reagents were

obtained from Fisher Scientific and VWR and used without further purification. Stock

solutions of JTT and all fractions were prepared in DMSO.
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Cell culture (THP-1)

THP-1 cells were purchased from American Type Culture Collection (ATCC). Cells were

propagated in RPMI-1640 media containing 25 mM HEPES and L-glutamine (HyClone),

10%(v/v) fetal bovine serum (Fisher), 1%(v/v) penicillin, streptomycin and amphotericin B

mixture (VWR) and 0.005 mM β-mercaptoethanol. Cells were maintained in a 37 °C

humidified 5% CO2 incubator.

Gene expression profiling with Affymetrix GeneChip®

On the day before the gene expression profiling, 2 million THP-1 cells were plated on a

T-75 flask. After 24 hr cells were treated with JTT (100 μg/mL) or DMSO vehicle control

for 4 hr in a 37 °C humidified 5% CO2 incubator. Total RNA was purified with a Qiagen

RNeasy mini kit. Expression profiling was carried out by following the Affymetrix

GeneChip Expression Profiling manual. Briefly, mRNA was reverse-transcribed to cDNA

using a T7-Oligo(dT) primers and SuperScriptII reverse transcriptase (Invitrogen). Synthesis

of biotinylated cRNA via double-strand cDNA with T7 promoter was carried out with

Affymetrix One-Cycle Target Labeling and Control Reagent kit. Biotinylated cRNA

samples were fragmented and submitted to the Rockefeller University Genomics Center for

hybridization to Human Genome U133 Plus 2.0 array, staining, washing, and scanning. The

resulting data were analyzed with Affymetrix GeneChip® Operating Software and

ArrayAssist Lite (Stratagene). Two independent experiments were carried out for each

treatment condition: JTT-treated and DMSO (vehicle control)-treated THP1 cells. This

enabled four comparisons between JTT-treated and control groups. Genes that were called “I

(increase)” or “D (decrease)” by Affymetrix GeneChip® Operating Software in at least three

out of four comparisons were selected. In order to obtain the most reliable genes for the

subsequent real-time PCR guided fractionation, stringent criteria (Change p-value smaller

than 0.001 or larger than 0.999) were used to further narrow down the gene list.

qRT-PCR

THP-1 cells were split one day before the treatment at the concentration of 0.2-0.5 × 106 in

2 mL of media in 6- or 12-well plates. After 24 hr, cells were treated with fractions, JTT

(positive control, 100 μg/mL), LPS (positive control, 0.5 μg/mL) or DMSO vehicle control

for 4 hours in a 37 °C humidified 5% CO2 incubator. RNA purification, cDNA synthesis,

and qRT-PCR on an Applied Biosystems 7500 Real-Time PCR system were carried out as

described previously [32]. In the qRT-PCR experiment, pre-optimized assay for ICAM-1

(Life Technologies Assay Id: Hs00277001_m1) and GAPDH endogenous control (Life

Technologies Catalog Number: 4352934E) were used. The ΔΔCT method was employed to

quantify the differential expression of ICAM-1. The raw data were first normalized by the

endogenous control (GAPDH) for individual samples. Then the relative quantification (RQ)

values, i.e. the ratio, were obtained by comparing the normalized data against the DMSO

vehicle control.

Fractionation of JTT guided by qRT-PCR of ICAM-1

Every 400 grams of JTT sample was extracted with 3 L of chloroform/methanol (2:1). The

mixture was stirred for 24 hr at room temperature, in a covered 5 L round bottom flask. The
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insoluble material was filtered and the solvent was evaporated using a rotary evaporator.

The dried fraction (24 g) was partitioned between n-butanol and water (1:1, total 2,000 mL).

The 1-butanol layer, which contained the activity, was separated from the aqueous layer, and

evaporated to obtain dark oil (12 g). The 1-butanol fraction (6 g each) was loaded onto an

open silica gel column (Silica gel = 120 g; column i.d. 3.5 cm) and eluted with 1%, 10%,

20%, and 30% methanol in dichloromethane (480 mL each). The 20% methanol in

dichloromethane, which exhibited the most potent activity, was evaporated under vacuum to

obtain a dried material (0.7 g; total 1.4 g after processing all 1-butanol fraction). The dried

sample (120 mg each) was dissolved in 50% methanol in water (500 μL) and loaded onto a

solid phase extraction C8 column (Alltech SPE C-8). The loaded sample was eluted with

50% MeOHaq (4 mL), 75% MeOHaq (4 mL) and 100% MeOH (8 mL). The “100% MeOH”

fraction, which showed the activity, was dried to give ~10 mg of purified material (total

~120 mg after processing all material).

HPLC

The reversed-phase HPLC analysis and purification were carried on an Agilent 1100 series

using a semi-preparative C18 column (Alltech®). The “100% MeOH” fraction were

dissolved in DMSO and filtered through a 0.22-μm PTFE membrane filter (Whatman). The

reversed-phase purification was carried out on an Alltech Econosil semi-preparative C18

10×250 mm column (Alltech) with isocratic elution using 100% methanol at an operating

temperature 26°C. Isocratic elution was carried out over a period of 30 min with a flow rate

of 3 mL/min. HPLC eluent was monitored by an Agilent 1100 photodiode array detector and

an evaporative light scattering detector (ELSD) model 800 (Alltech®). UV signals were

collected at 220 nm, 254 nm, and 280 nm. The data were recorded and processed using

Agilent ChemStation software. ELSD analysis was performed with nitrogen in a drift

temperature of 43°C and nebulizer pressure of 4.4 bar.

NMR—Samples were dissolved in methanol-d4, CDCl3, or a mixture of methanol-d4/

CDCl3. NMR spectra were measured by Bruker Avance 500-MHz spectrometer equipped

with a dual [13C, 1H] CryoProbe. Data were acquired and processed with the Bruker XWIN-

NMR software package.

Purification of primary CD14+ cells and DCs from human blood

Peripheral blood mononuclear cells (PBMCs) were from Leukopaks (New York Blood

Center, New York, NY) by Ficoll–Paque Plus (GE Healthcare Life Sciences, Piscataway,

NJ) density centrifugation. CD14+ cells were first isolated from PBMCs by using anti-CD14

antibody coupled magnetic microbeads (Miltenyi Biotec, Auburn, CA). Immature DCs were

prepared by culturing CD14+ cells for 5 days in the presence of 20 ng/mL of recombinant

human granulocyte–macrophage colony-stimulating factor (GM-CSF) (R&D Systems,

Minneapolis, MN) and 25 ng/mL of recombinant human IL-4 (R&sD Systems).

Determination of CD54 (ICAM-1 protein) on primary CD14+ cells and DCs by FACS

Cells were plated in 96-well flat-bottomed culture plates at a concentration of 3 × 105 cells/

well. Cells were treated with 5 μg/mL of Fraction E, 0.5 μg/mL of lipopolysaccharide (LPS)

(Sigma), 100 μg/mL of JTT, or DMSO (vehicle control). Allophycocyanin labeled anti-
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CD54 antibody (Biolegend, San Diego, USA) was used to determine the expression of

CD54 (ICAM-1 protein). Allophycocyanin labeled antibody against CD86, which is not

induced by JTT, was used to monitor non-specific IgG binding to cells. Acquisition was

performed on a LSR II (Becton Dickinson), alive cells are gated by forward scatter and side

scatter, and data were analyzed using DIVA software (Becton Dickinson). The mean

fluorescent intensities (MFI) of gated cells were determined by DIVA software (BD

Biosciences).

Human subjects

Human PBMCs from anonymous blood donors were obtained from leukopacks provided by

the New York Blood Center (NYBC). The NYBC does not select donors on the basis of

gender or race but ensures that all donors are above 18 years of age. Therefore, the work we

performed did not require approval from the Institutional Review Board.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

JTT Juzen-taiho-to

MΦ macrophages

NF-κB nuclear factor-kappaB

mRNA messenger RNA

qRT-PCR quantitative reverse transcription polymerase chain reaction

ICAM-1 intercellular adhesion molecule

1C dendritic cells

FACS fluorescence-activated cell sorting

ELSD evaporative light scattering detector

ESI electrospray ionization

DGDG digalactosyldiacylglycerols
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Fig. 1.
Fractionation of JTT guided by the qRT-PCR assay of ICAM-1.
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Fig. 2.
Analysis of the fraction (“MeOH” fraction) enriched with the MΦ-stimulatory activity. (a)

HPLC (C18) chromatogram of the “MeOH” fraction obtained from the solid phase extraction

(C8) in Fig. 1. The HPLC eluent was monitored by PDA detector (at 220, 254, 280 nm) as

well as by ELSD. (b) qRT-PCR analysis of THP-1 cells treated with the HPLC fractions.

DMSO (vehicle control), JTT (100 μg/mL), LPS (Lipopolysaccharides, positive control, 0.5

μg/mL), all fractions (5 μg/mL). The maximum MΦ-stimulatory activity was eluted between

9 and 12 minutes (Fractions C, D, and E) before the ELSD visible peaks. At least triplicate

experiments (n=3) were carried out for each sample. **P < 0.001, compared with the DMSO

control.
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Fig. 3.
Structures of compounds identified in the “MeOH” fraction.
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Fig. 4.
qRT-PCR analysis of ICAM-1 mRNA in THP-1, primary macrophages (CD14+) and

dendritic cells (DC). Cells were treated with the sample for 4 hours and subjected to RNA

isolation and qRT-PCR analysis. DMSO (vehicle control), JTT (100 μg/mL), LPS

(Lipopolysaccharides, positive control, 0.5 μg/mL), Fraction E (Fr. E) (5 μg/mL). Number of

biological replicates: THP-1 (n=6); CD14+ (n=2); DC (n=8). **P < 0.001, *P < 0.01,

compared with the DMSO control.
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Fig. 5.
FACS analysis of CD54 (ICAM-1 protein) and CD83 in primary macrophages (CD14+) and

dendritic cells (DC). CD83, which is not induced by JTT, was used as the control to monitor

non-specific binding of IgG. (a) CD54 in CD14+ cells. (b) CD83 in CD14+ cells. (c) CD54

in DC. (d) CD83 in DC. Cells were treated with the sample for 24 hours and subjected to

FACS analysis. DMSO (vehicle control), JTT (100 μg/mL), LPS (Lipopolysaccharides,

positive control, 0.5 μg/mL), Fraction E (Fr. E) (5 μg/mL).
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Table 1

Gene expression profile of THP-1 treated with JTT

UniGene ID Gene Fold Change
Log ratio 

a
Change p-value 

b

Hs.75703 CCL4 chemokine 89.0 6.5 0.00006

Hs.437322 TNF-α induced protein 6 74.8 6.2 0.00002

Hs.632586 CXCL10 chemokine 54.8 5.8 0.00002

Hs.450230 IGF binding protein 3 26.9 4.8 0.00040

Hs.574492 Nucleoporin 26.0 4.7 0.00017

Hs.137459 Shroom family 3 23.4 4.6 0.00075

Hs.31210 BCL3 17.8 4.2 0.00009

Hs.514107 CCL3 chemokine 17.4 4.1 0.00003

Hs.126256 Interleukin 1β (IL1B) 16.0 4.0 0.00035

Hs.624 Interleukin 8 (IL8) 14.9 3.9 0.00003

Hs.632592 CXCL11 chemokine 14.2 3.8 0.00070

Hs.241570 TNF 13.5 3.8 0.00007

Hs.643447 ICAM-1 11.9 3.6 0.00033

Hs.591338 TNF-α induced protein 3 11.5 3.5 0.00002

The expression profiling was carried out with Affymetrix Human Genome U133 Plus 2.0 array.

a
Log Ratio is log2(signal of JTT-treated cells/signal of control cells).

b
Change p-values were calculated using the Wilcoxon signed rank test and Tukey Biweight on the Affymetrix Microarray Suite Version 5.0

(MAS5) Software.
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