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Abstract: Astragaloside VII (AST VII), a triterpenic saponin isolated from Astragalus species, shows
promise as a vaccine adjuvant, as it supported a balanced Th1/Th2 immune response in previous
in vivo studies. However, the underlying mechanisms of its adjuvant activity have not been defined.
Here, we investigated the impact of AST VII and its newly synthesized semi-synthetic analogs on
human whole blood cells, as well as on mouse bone marrow-derived dendritic cells (BMDCs). Cells
were stimulated with AST VII and its derivatives in the presence or absence of LPS or PMA /ionomycin
and the secretion of cytokines and the expression of activation markers were analyzed using ELISA
and flow cytometry, respectively. AST VII and its analogs increased the production of IL-1§ in
PMA /ionomycin-stimulated human whole blood cells. In LPS-treated mouse BMDCs, AST VII
increased the production of IL-1f3 and IL-12, and the expression of MHC II, CD86, and CD80. In
mixed leukocyte reaction, AST VII and derivatives increased the expression of the activation marker
CD44 on mouse CD4* and CD8* T cells. In conclusion, AST VII and its derivatives strengthen
pro-inflammatory responses and support dendritic cell maturation and T cell activation in vitro. Our
results provide insights into the mechanisms of the adjuvant activities of AST VII and its analogs,
which will be instrumental to improve their utility as a vaccine adjuvant.

Keywords: vaccine adjuvant; triterpenoid saponin; semi-synthesis; immunomodulation; immunological
evaluation

1. Introduction

Vaccination is one of the best strategies to induce protective immunity against in-
fectious diseases and cancer. Although discovering a safe and effective antigen is the
main target of vaccinology, the development of an adjuvant has also been gaining equal
importance in recent years. Adjuvants are synthetic or biological substances, and when
they are administrated into the body, especially with an antigen giving a poor immune
response, these compounds have the ability to increase the immunogenicity of the antigen
with broad antibody and effective T cell responses [1,2].

For more than a century, few potent adjuvants with acceptable toxicity have been
licensed to be used in human vaccines. While Alum (a mixture of compounds, mainly
aluminum hydroxide and aluminum phosphate) [3-6] and oil-in-water emulsions con-
taining squalene (MF59, AS03) are widely used, there has also been a focus on combining
different immunomodulatory agents in a system to enhance the efficacy of vaccines. For
example, Adjuvant System 01 (AS01), which contains monophosphoryl lipid A (MPLA)
and the saponin natural product (QS-21), has been approved for GSK’s malaria (Mosquirix)
and shingles (Shingrix) vaccines. Moreover, AS04, containing MPLA and alum, also has
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been approved for a hepatitis B vaccine (Fendrix) and human papillomavirus vaccine (Cer-
varix) [2,7]. For combinatory adjuvant system development studies, QS-21 was selected
and has become the most widely studied saponin adjuvant for the past 25 years.

QS-21 is a triterpenic saponin isolated from Quillaja saponaria and has been investigated
in clinical trials as a vaccine adjuvant for cancer, Alzheimer’s disease, malaria, HIV, etc. [8].
The compound demonstrates an IgG1/1gG2a balanced antigen-specific antibody response
along with boosting IFN-y and IL-2 and effective CD8* T cell responses. The studies to
reveal the action mechanisms of QS-21 demonstrated that this compound intercalates with
cell membrane cholesterols resulting in pore formation, accelerates the antigen uptake by
antigen-presenting cells, and induces the cross-presentation of antigen. In addition, the
activation of NLPR3 inflammasome and further secretion of IL-13 and IL-18 had a role
in the cross-presentation induced by QS-21 [9-15]. One of the promising semi-synthetic
analogs of QS-21, GPI-0100, was developed by replacing the acyl group at the fucopyranosyl
residue with dodecylamine-linked glucuronic acid (at C6) located at C3 of the aglycone
and generated Thl immunity and CTL response similar to QS-21 but with less toxicity [16].
Moreover, semi-synthesis studies on QS-21 were carried out in order to overcome the
commercial development problems of QS-21, increase its efficacy in vaccine formulations,
and reduce its toxicity [8,17-20]. Consequently, there is an urgent need to develop novel
potent and less toxic adjuvants and to elucidate the cellular and molecular mechanisms of
their activities.

Astragalus saponins have been widely used in Chinese Traditional Medicine for their
pharmacological properties such as immunomodulatory, antioxidant, antitumor, and anti-
viral properties [21]. Until today, there were few studies reporting the potency of Astra-
galus saponins to be used as a vaccine adjuvant. One of the cycloartane-type triterpenic
saponins isolated from Astragalus trojanus [22] is Astragaloside VII (AST VII). In preliminary
in vivo studies, we mainly focused on the investigation of the adjuvant potency of this
compound. For that, AST VII was administered with various biological compounds and
antigens (bovine serum albumin, lipopolysaccharide, Newcastle disease virus, influenza,
etc.) and demonstrated a Th1/Th2 balanced immune response through antigen-specific
IgG, IgG1, and IgG2b antibody responses and the production of IL-2, IFN-y, TGF-f3, and
IL-17A [23-27]. In addition to inducing cellular and humoral immune responses, its high
solubility in water, very low hemolytic activity at high concentrations, high stability, and
suitability to lyophilization make AST VII a potent adjuvant candidate. However, its
mechanism of action has not been defined yet.

In this study, we prepared new semi-synthetic derivatives of AST VII, namely DC-AST
VII and DAC-AST VII, with the aim to find more potent compounds and shed light on
the mechanisms contributing to their adjuvant actions. The cellular immune response
obtained by the treatments of AST VII and its derivatives were investigated using innate
immune cells and T cells. The findings provided here are the first evidence regarding the
mechanism of action of AST VII and its analogs on their cellular activity and encourage
further development of these compounds as a potential vaccine adjuvant.

2. Materials and Methods
2.1. Reagents, Cells, and Mice

AST VII was donated by Bionorm Natural Products, Izmir, Turkey. QS-21 was pur-
chased from Desert King International (San Diego, CA, USA). GM-CSF (Granulocyte
Macrophage Colony Stimulating Factor) (R&D Systems, Minneapolis, MN, USA), M-CSF
(Macrophage Colony Stimulating Factor) (PeproTech, London, UK), LPS (Lipopolysaccha-
ride) (invivogen, San Diego, CA, USA), Cytofix-fixation buffer (BD Bioscience, San Jose, CA,
USA), Mouse IL-12p70, IL-2 ELISA kits (eBioscience), Human IL-2, IL-4, IL-17A, TNF-¢,
IFN-y, and IL-1f3 ELISA Kkits (eBioscience, San Diego, CA, USA), and EasySep Mouse Naive
CD4* T cell and CD8* T cell Isolation Kit (StemCell Technologies, Vancouver, BC, Canada)
were purchased.
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Mouse bone marrow-derived dendritic cells (BMDCs) were maintained in R5 medium
containing RPMI 1640 medium with 5% Fetal Bovine Serum and 50 U/mL Penicillin/
streptomycin (Gibco, Waltham, MA, USA) with 5 ng/mL GM-CSF. Mouse bone marrow-derived
macrophages (BMDMs) were cultured in R5 medium + L929 medium (1:1) supplemented with
10 ng/mL M-CSF.

C57BL/6 and BALB/c mice were housed in the animal facility of the Izmir Biomedicine
and Genome Center (IBG). The mice were maintained in groups of 5 under standard
conditions of temperature 22 & 1 °C with regular 12 h light and 12 h dark cycles and free
access to standard laboratory food and water. The experimental protocols were approved
by the Local Ethics Review Committee for Animal Experimentation of IBG.

2.2. Semi-Synthesis of AST VII Derivatives and Their Physicochemical Characterization

The synthesis, purification, and structure elucidation of all newly synthesized com-
pounds are described in detail in Supplementary Table S1. To determine critical micelle
formation, 1 mg/mL dansyl chloride dissolved in acetone (20 pL) was transferred to 96-
well plates and left to evaporate. A series of concentrations of AST VII and its derivatives
(0.01 uM to 20 mM) was added into solvent-evaporated dansyl chloride and incubated
overnight by shaking in the dark and at room temperature. The fluorescent intensity was
measured using a microplate reader at excitation and emission wavelengths filter of 335 nm
and 518 nm, respectively (Thermo, Varioskan Flash).

To assess the particle size distribution and zeta potential of the self-assembled struc-
tures, dynamic light scattering measurement was performed using a Zetasizer Nano ZS at
a 173° scattering angle at 25 °C. AST VII (4000 uM), DC-AST VII (10 uM), and DAC-AST
VII (10 uM) were dissolved in water, and the particle sizes were shown as the number
of the particle distribution. The morphology of self-assembled structures was examined
using a JEOL JEM 1220 electron microscope with an acceleration voltage of 100 kV. Samples
were prepared by placing a drop of sample onto a formvar/carbon-coated copper grid and
allowed to dry before imaging.

2.3. Cytotoxicity Evaluation of AST VII Analogs

Human endometrial carcinoma (HeLa, ATCC, CCL-2), human lung adenocarcinoma
(A549, ATCC, CCL-185), human prostate carcinoma (Dul45, ATCC, HTB-81), human ductal
carcinoma (HCC-1937, ATCC, CRL-2336), human breast adenocarcinoma (MCF-7, ATCC,
HTB-22), and human lung fibroblasts (MRC-5, ATCC, CCL-171) were obtained from the
American Type Culture Collection and maintained as exponentially growing monolayers
by culturing according to the supplier’s instructions. For the cytotoxicity analysis, each cell
line was exposed to the compounds (DC-AST VII and DAC-AST VII) at a final concentration
of 2,4, 8,16, or 32 uM for 48 h. After a 48 h incubation, the cell viability was analyzed
using the MTT assay (Sigma Aldrich, St. Louis, MI, ABD) according to the manufacturer’s
instructions. DMSO was used as a negative control. Absorbance was measured with a
microplate reader at 570 nm (Varioscan, Thermo Fisher Scientific, Waltham, MA, US). IC50
values, defined as the compound concentration at which the response level was reduced to
half its maximum, were calculated using GraphPad Prism 6 (San Diego, CA, USA).

2.4. Evaluation of Hemolytic Activities of AST VII Analogs

A hemolytic activity assay was performed with human red blood cells obtained from
healthy volunteers [23]. A total of 7 mL of blood was washed and centrifuged three times at
2000x g for 5 min with sterile PBS. The cell suspension was diluted in saline solution with
a final concentration of 0.5%. A total of 0.01 mL of the cell suspension was mixed separately
with 0.01 mL saline solution of AST VII and derivatives at varying concentrations (0, 25,
50, or 250 pug/mL). The mixtures were incubated for 30 min at 37 °C and centrifuged
at 800x g for 10 min. The free hemoglobin content of the supernatants was measured
spectrophotometrically at 540 nm. Saline and distilled water were referred to as minimum
and maximum hemolytic controls.
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2.5. Human Whole Blood (hWB) Stimulation Assay

The human whole blood (hWB) stimulation assay was performed to demonstrate the
cytokine release profiles of AST VII analogs in parallel to AST VII and QS-21. Heparinized
whole blood from healthy volunteers was supplemented in 1:10 and 1:20 with RPMI-1640
medium, 100 U/mL penicillin/streptomycin, and 10% fetal bovine serum. PMA (phorbol
12-myristate 13-acetate) (50 ng/mL) and ionomycin (400 ng/mL) (Sigma, St. Louis, MI,
USA) stimulated hWB were treated with the following compounds: AST-VII, DC-AST VII,
DAC-AST VII, and QS-21 at the concentrations of 2, 4, 8, 16, and 32 pg/mL. The cells were
incubated at 37 °C in 5% CO; for 48 h. Supernatants of each well were collected and stored
at —20 °C for ELISA.

2.6. Generation of Bone Marrow-Derived Dendritic Cells (BMDCs) and Macrophages (BMDMs)

BMDCs were prepared as described previously [28]. Briefly, femurs and tibias of
C57BL/6 and BALB/c mice were collected and flushed with sterile DPBS twice. The result-
ing bone marrow cells were resuspended in R5 medium (RPMI 1640 medium containing 5%
heat-inactivated FBS, 2 mM L-glutamine, 50 U/mL penicillin/streptomycin) plus 5 ng/mL
GM-CSF. A total of 2 x 10° cells per bacteriological culture plate were cultured for 10 days.
The cells were transferred to a new plate on day 6, and fresh medium was added to the
culture on days 3 and 8. Non-adherent and loosely adherent cells were collected on day
10, and the cells were verified to be 80% CD11c* using flow cytometry analysis. BMDMs
were prepared as described previously [29]. Briefly, bone marrow cells from C57BL/6 mice
were resuspended in R5 medium containing 10 ng/mL M-CSF and cultured for a day in a
tissue culture plate. The next day, the non-adherent cells were collected and transferred to a
6-well low attachment plate in 4 mL R5 medium containing 30% L929 conditioned medium
and 10 ng/mL M-CSF per well for 7 days. Fresh medium was added to the culture on day
6. After that, the cells were purified using centrifugation over Ficoll-Paque plus. The cells
were verified to be >90% CD11b* F4/80" using flow cytometry analysis.

2.7. Stimulation of BMDCs and BMDMs with AST VII, DC-AST VII, and DAC-AST VII

BMDCs were suspended in R5 medium and cultured in 96-well plates at the concen-
tration of 2.5 x 10° BMDCs/well in 200 uL. AST VII and its derivatives were dissolved
in DMSO. Different concentrations of AST VII (1 to 64 uM), DC-AST VII, and DAC-AST
VII (2 to 20 uM) were added to the appropriate wells and incubated for 24 h at 37 °Cin a
5% CO; incubator. In the presence of LPS (10 ng/mL), BMDCs were treated with AST VII,
DC-AST VII, and DAC-AST VII (0.5, 2, 2.5, 5, 10 uM) and incubated for 24 h. The cells were
analyzed for the expression levels of MHC II, CD86, and CD80 using flow cytometry and
the supernatant was analyzed for IL-12 production using ELISA. BMDMs were plated as
1 x 10° BMDMs/well in 200 uL R5 medium. The cells were treated with LPS (10 ng/mL)
plus different concentrations of AST VII, DC-AST VII, and DAC-AST VII (2, 5, 10 uM).
Six hours later, the supernatant was collected and the IL-1(3 cytokine release was analyzed
using ELISA.

2.8. Naive CD4+ and CD8+ T Cell Isolation

Spleens from C57BL/6 mice were disrupted in DPBS containing 2% FBS. Single
splenocyte suspensions were obtained by passing the cells through a 70 um mesh ny-
lon strainer, followed by centrifugation at 300 x g for 10 min three times. The cell pellet
was resuspended in DPBS containing 2% FBS with a final concentration of 1 x 10® nu-
cleated cells/mL. Naive CD4* and CD8" T cells were isolated with negative selection
using StemCell EasySep™ Mouse Naive CD4* and CD8" T Cell Isolation Kit following the
manufacturer’s instructions.

2.9. Mixed Lymphocyte Reaction (MLR)

BMDCs generated from BALB/c mice were plated in 96-well plates as 2 x 10* cells /well
in 100 uL R5 medium. The cells were treated with LPS (10 ng/mL), AST VII (5 uM), DC-
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AST VII (5 and 10 uM), DAC-AST VII (5 and 10 uM) and incubated for 24 h at 37 °Cin a
5% CO, incubator. The next day, followed by washing with DPBS, naive CD4* and CD8*
T cells isolated from C57BL/6 were added to the 96-well plates in a 1:5 ratio (BMDCs: T
cells). The cells were incubated for 3 days at 37 °C in a 5% CO, incubator. CD4* and CD8*
T cell activation was assessed by the expression of CD44 (anti-CD44-APC, IM7, 103011,
Biolegend, San Diego, CA, USA) using flow cytometry. The cell supernatant was collected
and stored at —20 °C for subsequent cytokine analysis.

2.10. Flow Cytometry

For the staining of cell surface molecules, cells were resuspended in FACS buffer (PBS,
1% BSA, 0.025% NaN3). A Zombie UV Fixable Viability Kit (BioLegend, San Diego, CA,
USA) was used to determine cell viability for flow cytometry experiments. The viability
of the BMDCs treated with AST VII and derivatives relative to control was over 88% for
all experiments.

Fcy receptors were blocked with 1/200 diluted anti-mouse CD16/32 antibodies (Fc
block) (Tonbo Biosciences, San Diego, CA, USA) for 10 min on ice. BMDCs and splenocyte
single-cell suspensions were stained with the following: 1/400 diluted fluorochrome-
conjugated anti-mouse Abs: anti-CD11c-APC (N418, 117309), anti-MHC (I-A/I-E)-PE-Cy7
(M5/114.15.2, 107629), anti-MHC (I-A /I-E)-APC-Fire750 (M5/114.15.2, 107651), anti-CD80-
Pacific Blue (16-10A1, 104723), anti-CD86-PerCp Cy5.5 (GL-1, 105027), anti-CD86-PE-Cy7
(GL-1, 105013), anti-F4/80-PE (BMS, 123109), and anti-CD11b-PerCp-Cy5.5 (M1/70, 101227)
(Biolegend, San Diego, CA, USA) and incubated in the dark on ice for 40 min. The cells were
fixed with Cytofix-fixation buffer (BD Biosciences) for 15 min on ice and cell fluorescence
was assessed using Fortessa (BD Biosciences). The data were analyzed with Flow]o software
version 10. The gating strategy for BMDCs was FSC-A: SSC-A > singlets > CD11c* MHC
II* > MHC II* CD86", MHC II* CD80". The gating strategy for DCs from splenocytes
was FSC-A: SSC-A > singlets > F4/80~ > CD11b* CD11c¢* > MHC II* CD86* > MHC II*
CD80*. The gating strategy for lymphocytes was FSC-A: SSC-A > singlets > live-dead >
CD4* CD8~; CD4~CD8* > CD44".

2.11. ELISA

The cell supernatants were collected, and the concentration of human IL-2, IFN-y,
IL-4, IL-17A, TNF-«, and IL-1$3 and of mouse IL-12 and IL-1(3 were assessed using ELISA
(eBioscience, San Diego, CA, USA) in accordance with the manufacturer’s instructions.

2.12. Statistical Analysis

Data for all experiments were analyzed with Prism software (GraphPad). The data are
expressed as mean + SD. Unpaired Student’s t-test, one-way ANOVA, and Dunnett’s or
Tukey’s multiple comparisons tests were used for the comparison of experimental groups
when appropriate. p-values of less than 0.05 were considered statistically significant.

A statistical approach of principal component analysis (PCA) was used to interpret
the relationship between cytokine production and the compound treatments. PCA was
performed using Prism software (GraphPad).

3. Results and Discussion
3.1. Semi-Synthesis of Astragaloside VII (AST VII) Derivatives

There is no rational path for designing new saponin adjuvants originating from
Astragalus saponins to improve their immunomodulatory activities. Therefore, we made a
preliminary attempt to semi-synthesize AST VII, a promising adjuvant candidate, to obtain
diverse AST VII variants and evaluate their immunomodulatory activities. We carried out
the synthetic strategy illustrated in Figure 1.
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Dicarboxylic Astragaloside Vil
(DC-AST VII)

HO HO Astragaloside VI HOHO
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Dodecylamine Conjugated Astragaloside VII
(DAC-AST VII)

o]

HOHO

Figure 1. Semi-synthesis of AST VII derivatives. Reagents and conditions: (a) TEMPO, NaBr, NaOCl,
H,0, 0 °C (57%) and (b) EDC/HOBt, DIPEA, Pyridine, 60 °C (28%).

AST VII contains the primary alcohols on glucose moieties extending from the agly-
cone backbone. To oxidize these primary alcohols to carboxylic acid, the TEMPO-mediated
oxidation reaction [30] was followed and at the end, dicarboxylic AST VII (DC-AST VII)
was synthesized at 57% yield. In a further step, the glucuronic acid carboxyl of DC-
AST VII was conjugated with free dodecylamines via amide bond formation to derive
dodecylamine-conjugated AST VII (DAC-AST VII). This reaction was carried out with
EDC/HOBt coupling reagents at 28% yield. Semi-synthetic compounds were extracted and
further purified using column chromatography. The chemical structures of newly synthe-
sized derivatives were elucidated using 1D and 2D NMR [Varian MERCURY plus AS400
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(400 MHz)] and TOF-MS spectroscopy (Agilent 1200/6530) (Supplementary Table S1). DC-
AST VII, having two glucuronic acids at C6 and C25 on the aglycone structure, represents
a more hydrophilic structure than AST VII. On the other hand, DAC-AST VII with the
dodecylamide hydrocarbon chains extending from the glucuronic acid moieties at C6 and
C25 on the aglycone forms the hydrophobic analog of AST VIL

3.2. Cytotoxic and Hemolytic Activities of AST VII Analogs on Human Cancer Cell Lines
and Erythrocytes

The cytotoxic and hemolytic activities of the newly synthesized AST VII analogs were
investigated. The lead compound, AST VII, did not reveal any cytotoxic or hemolytic
activities in previous studies [23]. Five cancer cell lines (A549, Du145, HCC-1937, HelLa,
MCF-7) and one control cell line (MRC-5) were used to screen the cytotoxic properties of
DC-AST VII and DAC-AST VII using an MTT assay. There was no/slight reduction in
the cell viability following DC-AST VII treatment compared to DMSO (vehicle control) in
cancerous cell lines. Moreover, DC-AST VII at 2 pM concentration statistically enhanced
cell proliferation in MRC-5 cells compared to DMSO. In contrast to DC-AST VII, DAC-
AST VII demonstrated cytotoxicity in all cell lines in a dose-dependent manner with the
following IC50 values: 29.51 uM for A549, 7.91 uM for Dul45, 12.06 uM for HCC-1937,
11.6 uM for HeLa, 9.79 pM for MCF-7, and 17.04 uM for MRC-5 (Supplementary Figure S1).
While DC-AST VII did not demonstrate cytotoxicity in cancerous cell lines as AST VII,
DAC-AST VII showed cytotoxicity, indicating that lipophilicity is an important parameter
for its cytotoxicity. The lysis of erythrocytes is one of the biological characteristics of
saponins, and it is a limiting factor for the utilization of these compounds in clinics [31].
Next, the hemolytic activity of AST VII analogs on human erythrocytes was investigated.
Serially diluted (1/5) concentrations (250 uM to 0.4 uM) of DC-AST VII and DAC-AST VII
were analyzed. No hemolysis was observed in human erythrocytes following treatment
with DC-AST VII and DAC-AST VII (Supplementary Table S2). Overall, AST VII and its
derivatives have an advantage over other saponin compounds as hemolytic activity is one
of the drawbacks in vaccine development.

3.3. Evaluation of Immunomodulatory Activities of AST VII and Its Derivatives Based on Cytokine
Release on Human Whole Blood

The human whole blood (hWB) stimulation assay is a simple and effective approach
to evaluate the immunomodulatory activities of the test compounds as it contains diverse
immune cells, such as T cells, B cells, NK cells, monocytes, and granulocytes [32]. To
address what type of cellular immune responses (Th1/Th2/Th17) was induced by AST VII
and its analogs, the cytokine release profiles (IL-2, IFN-y, IL-17A, IL-13, TNF-c, IL-4) of
PMA-ionomycin (P+I)-stimulated hWB were investigated.

As PMA (protein kinase C activator) is commonly used with ionomycin (calcium
ionophore) to activate T cells by inducing NF-«B and NFAT transcription factors, and suc-
cessively leading to the production of cytokines [33], hWB was diluted in a 1/10 ratio with
RPMI-1640 medium and stimulated with PMA (50 ng/mL) and ionomycin (400 ng/mL)
in the presence or absence of AST VII or its derivatives. QS-21, a widely used saponin
based adjuvant was also tested for comparison. Surprisingly, in the absence of the saponin
compounds, we did not observe any significant production of IL-1f3 and IL-17A cytokines
compared to the control group (untreated cells) (Supplementary Figure S2A,B). This was
thought to be caused by a too high cell concentration in the 1/10 diluted hWB. Therefore,
for later analysis, we decided to dilute hWB in a 1/20 ratio. When the results are analyzed
in detail, AST VII (up to 2.24 fold), DC-AST VII (2.52 fold), and DAC-AST VII (3.32 fold)
substantially increased IL-13 production. Overall, the increase in IL-1f3 production induced
by AST-VII and its derivatives was higher compared to QS-21 (Supplementary Figure S2A).
In addition, IL-1 helps naive T cells to differentiate into Th17, promotes IL-17-producing
memory CD4* T cells, and is a profound inducer of IL-17* T cell differentiation along
with TGE-f [34,35]. IL-17A levels were induced by AST VII (up to 5.05 fold) and QS-21
treatments compared to P+I treatment alone (Supplementary Figure S2B). Nalbantsoy et al.
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reported that AST VII in the presence of LPS was able to stimulate TGF-f3 production [24].
The need for TGF-f3 may be caused by a difference in IL-17A production between AST VII
and its derivatives.

In contrast to the 1/10 diluted hWB, the 1/20 diluted hWB demonstrated statisti-
cally significant cytokine production after P+I treatment compared to the control group
(untreated cells). AST VII and DC-AST VII did not enhance IL-1 production, whereas
DAC-AST VII (4.2-fold) remarkably boosted IL-1f levels in a dose-dependent manner
compared to P+I alone (Figure 2A). The production of TNF-«, IFN-y, and IL-2 cytokines
was suppressed following treatment with AST VII, DC-AST VII, or DAC-AST VII com-
pared to P+I (Figure 2B-D). This result demonstrated contradicting data with our previous
studies [23,24,36] showing that AST VII induced the production of Th1 cytokines (IL-2 and
IFN-y). Activation of T cells by PMA /ionomycin successively leads to the great production
of cytokines [33]. In addition to PMA /ionomycin stimulation, T cells can also be activated
via an antigen-dependent pathway, which involves a CD3/T-cell receptor complex together
with signals provided by costimulatory molecules such as CD28 [37]. The effect of AST VII
and its derivatives on TCR-mediated T cell activation will be investigated in future studies.

In terms of Th2 type cytokines, AST VII and its derivatives did not stimulate IL-4
production, in parallel with previous reports [23,24], although some triterpenoid saponins,
such as Ginsenoside Rgl and Ginsenoside Rd, were shown to induce Th2 cytokines. As
the indicator of the Th17 response, IL-17A was not detected in the cell culture supernatant
following AST VII treatment in 1/20 diluted hWB, possibly resulting from the consumption
of IL-17A via IL-17 receptor. This consumption by a specific receptor in vitro has also been
suggested as the possible reason for undetectable IL-4 in cell culture supernatant [38,39].

Variability in cytokine type and levels obtained by treating saponin compounds
showed complex and multifaceted interactions that were difficult to interpret. Therefore,
principal component analysis (PCA), a multivariate data analysis technique, was employed
to see the correlations in the cytokine response. The PCA biplot for 1/10 diluted hWB
demonstrated the clusters of AST VII—QS-21 and DC-AST VII—DAC-AST VII (Supple-
mentary Figure S2C), indicating similar responses were obtained in the clustering groups.
Moreover, the IL-1f3 response was inversely correlated to IL-17A as the angle between their
vector projections was close to 180°. In the PCA biplot for the 1/20 diluted hWB, IL-13,
TNEF-o, and IFN-y provided positive loadings for principal component (PC) 1 (correlation
coefficient r > 0.5 (Supplementary Table S3)) (Figure 2E).

IL-1B, TNF-«, and IFN-y are pro-inflammatory cytokines and have a role in potentiat-
ing an immune response by improving antigen presentation and activating related immune
cells [40]. There was also a positive correlation between these cytokines in the PCA biplot.
IL-2 is a pleiotropic cytokine and can function as a master regulator that modulates many
cytokines to influence the cell priming for differentiation and maintains a differentiated
state [41]. As IL-2 and IL-1f3 have an inverse loading on PC2, we can conclude that these
cytokines have a role in modulating the immune response produced by AST VII and DAC-
AST VII Overall, these data show that when co-treated with PMA-ionomycin, AST VII and
its derivatives promoted the pro-inflammatory cytokine production of hWBs.
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Figure 2. AST VII and its derivatives (DC-AST VII and DAC-AST VII) alter the production of pro-
inflammatory and Th- mediated cytokines in hWB cells. Diluted hWB was co-treated with PMA
(50 ng/mL)/ionomycin (400 ng/mL) and the following compounds: QS-21, AST VII, DC-AST VII,
DAC-AST VII at the concentration of 2-32 pg/mL for 48 h. The supernatants were collected for the
detection of cytokines using ELISA. (A) IL-1p3, (B) TNF-«, (C) IL-2, and (D) IFN-y in 1/20 diluted hWB.
(E) Principal component analysis (PCA) biplot illustrating the cytokine responses and corresponding
compound treatments in hWB. Data are projected onto the plane of the first two principal components
(PCs) and colored by the different compounds. DMSO was used as vehicle control. Data shown are
mean + SD of triplicate determinations and representative of two independent experiments with
similar results. Statistical analyses were performed between the control and P+I (PMA+Ionomycin)
using Student’s t-test and P+I and treated groups using One-way ANOVA and Tukey’s multiple
comparison tests. * p < 0.05, ** p < 0.01, *** p < 0.001, not statistically significant (ns).
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3.4. IL-1B Secretion Following Treatment with AST VII and Its Derivatives in BMDCs
and BMDMs

The prominent induction of IL-1f3 leads us to investigate the role of these compounds in
innate cell activation, such as dendritic cells and macrophages [42]. Bone marrow cells from
C57BL/6 mice were differentiated into bone marrow-derived dendritic cells (BMDCs) or
bone marrow-derived macrophages (BMDMs) in vitro with GM-CSF or M-CSF, respectively.
IL-1p production and its secretion from these cells progress in three steps: (a) priming:
production of pro-IL-13; (b) processing of pro-IL-13 to mature IL-13; and (c) release of
IL-13 from the cells [43]. As the priming step requires stimulation of the TLR/NF-xB
pathway, and AST VII alone cannot activate NF-kB [44], LPS was used to activate pro-IL-1f3
in BMDCs and BMDMs [45]. Upon co-treatment with LPS (10 ng/mL), AST VII and its
derivatives significantly boosted IL-1§3 secretion in BMDCs compared to LPS alone, which
has been reported to be a weak stimulus for IL-1f3 secretion in dendritic cells [46]. When the
comparison was made between AST VII and its derivatives, AST VII (10 uM) substantially
augmented IL-1p production compared to DC-AST VII (10 uM) and DAC-AST VII (10 pM)
(Figure 3A). In BMDMs, AST VII and DC-AST VII demonstrated a statistically significant
increase in IL-13 compared to LPS alone, whereas IL-13 production after DAC-AST VII
treatment was below the detection limit (Figure 3B). These data indicate that all compounds
for BMDCs, AST VII, and DC-AST VII for BMDMs boosted the production of IL-1f in
the presence of LPS. Moreover, these compounds were more effective in dendritic cell
activation compared to macrophages as the level of IL-1f3 produced in dendritic cells was
much higher than in macrophages.
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Figure 3. AST VII and its derivatives induce IL-1f3 secretion in BMDCs and BMDMs. (A) BMDCs and
(B) BMDMs generated from bone marrow cells of C57BL/6 mice were treated with LPS (10 ng/mL)
alone or LPS with AST VII, DC-AST VII, or DAC-AST VII at the concentrations of 0.5, 2.5, or
10 uM for 6 h. Unstimulated cells were used as the control. The cell culture supernatants were
collected to analyze IL-1f concentrations using ELISA. Data shown are the mean + SD of triplicates
and representative of two independent experiments with similar results. Statistically significant
differences in the intragroup were analyzed compared to LPS. Intragroup and intergroup comparisons
were performed with one-way ANOVA and Tukey’s multiple comparisons test. * p < 0.05, ** p < 0.01,
***p <0.001.

When the effect of Astragalus saponins on the production of IL-1(3 was searched, Astra-
galoside IV (AST 1V), another cycloartane type triterpene glycoside that contains xylose and
glucose moieties at C-3 and C-6 on the aglycone backbone, inhibited the release of IL-1f3,
and the activation of NF-«B in LPS induced epithelial cells in vitro and in vivo. Moreover,
treatment with AST IV alone did not alter the gene expressions of pro-inflammatory cy-
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tokines and adhesion molecules [47,48]. According to these reports, the presence of glucose
at C-25 on the sapogenin backbone of AST VII possibly changes the ability to induce IL-13
production, signifying the importance of the tridesmosidic nature of AST VIL

On the other hand, QS-21, a Quillaja saponin, in the presence of the TLR4 agonist MPLA
was reported to enhance caspase-1/11 and NLPR3-dependent IL-13 production. Moreover,
Marty-Roix et al. investigated IL-1 production in macrophages following treatment with
different types of saponins such as QS-21, digoxin, sapindoside A, hedaracoside C, or
[3-escin in combination with MPLA. Only QS-21 elicited an IL-1f3 response, indicating that
the IL-1p response and inflammasome activation could be specific to Quillaja saponins.
To test this hypothesis, Quillaja saponin (Quil-A) and VET-SAP® were administrated to
BMDCs/BMDMs, and both showed NLRP-3-dependent IL-1f3 secretion [12]. In addition to
Quillaja saponins, AST VII and its derivatives also boosted the production of IL-13, and
inflammasome activation may have a role in the underlying production of IL-1f3 with the
treatment of AST VII and derivatives.

3.5. AST VII and Its Derivatives Induced Dendritic Cell Maturation and Activation

IL-1B can act as a maturation factor for DCs in terms of IL-12 production and ex-
pression of CD86, MHC 1, and ICAM-1 [49]. Given the enhanced production of IL-1f3
in hWB, BMDCs, and BMDMSs by AST VII and its derivatives, we next investigated if
these compounds affect dendritic cell maturation and activation. The maturation state of
BMDCs was evaluated with the analysis of MHC II, CD86, and CD80 expression using flow
cytometry and the secretion of IL-12 using ELISA.

Firstly, treatment with AST VII alone induced neither the expression of MHC II,
CD86, or CD80 nor the production of IL-12 in BMDCs even at high concentrations (up to
60 pg/mL). To investigate whether AST VII enhances dendritic cell maturation/activation
with the help of other cell types or secreted cytokines in the microenvironment, a single-
cell suspension of splenocytes from C57BL/6 mice was treated with AST VII alone at
concentrations of 5, 10, or 20 pg/mL. However, AST VII stimulation did not result in
the upregulation of MHC II, CD80, or CD86 (Supplementary Figure S3). These findings
demonstrate that AST VII alone does not affect the maturation/activation of dendritic cells
in vitro.

As robust IL-1p production was obtained by co-treatment with LPS, BMDCs were
incubated with LPS (10 ng/mL) with or without AST VII at the concentrations of 2, 5,
or 10 uM for 24 h. Compared to LPS alone, AST VII plus LPS significantly increased the
expression on BMDCs of MHC 1II (10 uM, Figure 4A), CD86 (all doses, Figure 4B), and
CD80 (2 uM, 10 uM, Figure 4C). AST VII at 10 uM was more effective than 2 pM or 5 uM in
the upregulation of both CD86 and CD80 (p < 0.05 and p < 0.01, respectively) (Figure 4B,C).
In addition, compared to LPS alone, AST VII (10 uM) increased the frequencies of CD86*
and CD80" BMDCs, whereas it did not alter the frequency of the MHCII* population
(Supplementary Figure 54).

In addition to the upregulation of the costimulatory molecules, the secretion of IL-12
is also one of the indicators of DC activation [50]. The production of IL-12 by BMDCs was
significantly increased following co-stimulation with LPS and AST VII compared to LPS
alone (Figure 4D). These data show that AST VII induces dendritic cell maturation and
activation in cooperation with LPS (Figure 4E) and can act as the co-adjuvant. A previous
study carried out by Marty-Roix et al. showed that QS-21 alone did not lead to the activation
of murine BMDCs and BMDMs directly [12]. QS-21 in liposomal formulation with MPL,
another TLR-4 agonist, augmented MHC II and CD86 expression on human monocyte-
derived dendritic cells [11]. Therefore, our study shows that the AST VII influence on
dendritic cell activation is comparable with QS-21.
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Figure 4. AST VII induces the maturation and activation of BMDCs in the presence of LPS. BMDCs
generated from C57BL /6 mice bone marrow cells were co-treated with LPS (10 ng/mL) and AST VII at
the concentrations of 2, 5, or 10 pM for 24 h. The expression of (A) MHCII, (B) CD86, and (C) CD80 on
CD11¢*"MHCII* BMDCs was determined using flow cytometry. For (A-C), representative histogram
(top panel) and summary graphs (bottom panel) are shown. (D) IL-12 titers were measured using
ELISA. (E) Schematic illustration of DC maturation/activation after the treatment with AST VII and
LPS. Data shown are mean =+ SD of triplicates and representative of three independent experiments
with similar results. Statistically significant differences in the treated group were analyzed compared
to the control (untreated cells). Intragroup and intergroup comparisons were performed using one-
way ANOVA and Tukey’s multiple comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001. Created with

BioRender.com.
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To evaluate the impact of DC-AST VII and DAC-AST VII on dendritic cell matura-
tion/activation, BMDCs were treated with the compounds for 24 h in the absence/presence
of LPS. Without LPS stimulation, DC-AST VII at the concentration of 5 and 10 uM increased
the expression of MHC II, CD86, and CD80 on BMDMSs compared to the control group
(untreated) (Figure 5A-C). Moreover, in the absence of LPS, DC-AST VII (5 and 10 uM)
increased the frequencies of CD86* and CD80* BMDCs, whereas it did not alter the fre-
quency of the MHCII" population (Supplementary Figure S5A-C). In general, DAC-AST
VII treatment alone did not demonstrate an increase in the expression of MHC II, CD86,
and CD80 (n.s.). Interestingly, MHC II expression on BMDCs was decreased by DAC-AST
VII at the concentration of 10 pM compared to the control group (Figure 5A). Similarly,
DAC-AST VII treatment did not increase the frequencies of MHC II*, CD86", and CD80*
BMDCs (Supplementary Figure SSA-C).

Next, to determine whether the stimulation of DC-AST VII and DAC-AST VII with
LPS would alter their adjuvant activity on BMDCs, the cells were co-treated with DC-AST
VII or DAC-AST VII at 10 pM along with LPS (10 ng/mL). In the presence of LPS, DC-AST
VII and DAC-AST VII reduced the expression of MHC II, CD86, and CD80 compared to
LPS alone (Figure 5D-F). The reduction by DAC-AST VII was more prominent compared
to DC-AST VII. Furthermore, LPS and DC-AST VII or DAC-AST co-treatment did not alter
the frequency of MHC II" BMDCs compared to LPS alone (Supplementary Figure S5D).

However, DC-AST VII and DAC-AST VII reduced the frequencies of CD86* and
CD80* BMDCs (Supplementary Figure S5E,F). Overall, DC-AST VII (10 uM) alone activated
dendritic cells, but the effect of DC-AST VII was diminished in the presence of LPS. The
calculated partition coefficients (clogP) clearly demonstrate a hydrophilic order of test
compounds (DC-AST VII (clogP: 0.34) >AST VII (clogP: 1.29) >DAC-AST VII (clogP: 11.41)),
which implies that the polarity of the compounds is indeed an important factor for dendritic
cell activation.

A contrary result was obtained with the co-treatment of AST VII and its derivatives
with LPS. Thus, we investigated whether the reduction in dendritic cell activation by
co-treatment of AST VII derivatives and LPS was correlated with their self-assembled
structure formation properties. As saponins are amphiphilic compounds, due to the
presence of a lipid-soluble aglycone and water-soluble sugar chain [51], they have the
tendency to form aggregates or micelles in aqueous solutions. Micelle formation is a
concentration-dependent process that is characterized by a sharp transition at the critical
micelle concentration (CMC). Below the CMC, the compounds are unassociated monomers
or form a monolayer at the air-solvent interface and some of them begin to form aggregates
(C > CAC (Critical aggregation concentration)), whereas above the CMC, the compounds
assemble to form micelles (Figure 6A) [52].

To determine the self-assembled structure formation properties of Astragalus saponins,
firstly, the compounds at various concentrations were mixed with fluorescence dye (dan-
syl chloride) overnight and the relative fluorescence intensity at 508 nm was measured.
Fluorescence intensity was plotted as a function of the logarithm of the concentrations of
compounds, and each CMC value was calculated using the intersection of two linear lines.
The CMC values for AST VII, DC-AST VII, and DAC-AST VII were calculated as 3.37 mM,
7.3 uM, and 0.047 uM, respectively (Figure 6B).

Based on the CMC values, it can be concluded that AST VII is mainly a monomer form
in the cell culture, whereas DC-AST VII and DAC-AST VII form self-assembled structures
at the treatment concentrations. On the other hand, LPS has a very low critical micelle
concentration of 102 mol [53]. Only its monomers can bind to TLR4/MD2 heterodimer,
and further transduce the signal [54]. Thus, AST VII may be facilitating the transfer and
binding of LPS to TLR4/MD2. In the case of AST VII derivatives, micelle/aggregate
formation can lead to the encapsulation of LPS as the hydrophobic properties of LPS
enables itself to be entrapped into self-assembled structures easily. The difficulties in the
release of LPS from these structures may lead to the reduction of dendritic cell activation.
As self-assembled structures derived from DAC-AST VII contain dodecyl acyl chains in
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their inner core, the stability of LPS entrapped in the structures will be increased, causing a
stronger reduction of the dendritic cell activation compared to DC-AST VII.
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Figure 5. The effects of AST VII derivatives (DC-AST VII and DAC-AST VII) on the maturation
and activation of BMDCs in the absence/presence of LPS. BMDCs generated from C57BL/6 mice
bone marrow cells were treated with DC-AST VII or DAC-AST VII at the concentrations of 2, 5,
10, or 20 puM for 24 h. The expression of (A) MHCII, (B) CD86, and (C) CD80 on CD11c¢*MHCII*
BMDCs without LPS treatment and (D) MHCII, (E) CD86, and (F) CD80 on CD11¢*MHCII* BMDCs
with LPS treatment was determined using flow cytometry. Representative histograms (top panel)
and summary graphs (bottom panel) are shown. Data are shown as the mean and SD of triplicates
and are representative of two independent experiments with similar results. Statistically significant
differences between the treated group were analyzed compared to the control (untreated cells). Intra-
group and intergroup comparisons were performed using one-way ANOVA and Tukey’s multiple
comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001, n.s. (not statistically significant).
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Figure 6. Self-assembling nanoparticles based on Astragalus saponins. (A) A general illustration
for self-assembling particle formation. C: Concentration, CAC: Critical aggregation concentration,
CMC: Critical micelle concentration. (B) Relative fluorescence intensity at 508 nm vs. logarithm of
Astragalus saponins concentrations to determine CMC. (C) Representative particle size distribution
of self-assembling Astragalus saponins that were measured using dynamic light scattering (DLS)
analysis. (D) Transmission electron microscopy (TEM) images of self-assembled nanoparticles based
on AST VII (4000 uM), DC-AST VII (10 uM), and DAC-AST VII (10 uM) in dH,O. Data represent two
or three independent experiments. Created with BioRender.com. *: the intersection of two linear
lines, showing CMC value.

The particle size distribution of these compounds at the concentration above their
CMC values was measured using dynamic light scattering (DLS). The hydrodynamic
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particle size for self-assembled structures produced by AST VII (4000 uM), DC-AST VII
(10 uM), and DAC-AST VII (10 uM) in aqueous solution was analyzed as 95 nm, 74 nm, and
30 nm (Figure 6C), respectively, and demonstrated a polydispersity index below 0.5, which
was attributed to a homogeneous size distribution. The morphology of the individual
self-assembled structures existing dominantly on the TEM grid is given in Figure 6D. The
clusters of small micellar structures or aggregates on the TEM grid can lead to the formation
of larger particles than the particles analyzed with DLS. These data show that AST VII and
its derivatives formed self-assembled structures in an aqueous solution above their CMC
values, and the immunomodulatory activity of these compounds was altered depending
on their micelle/aggregate formation concentration.

3.6. AST VII and Its Derivatives Activated CD4* and CD8" T Cells in Mixed Leukocyte
Reaction (MLR)

To determine the impact of dendritic cell activation by AST VII and its derivatives on
the ability of T cell priming, we performed a mixed leukocyte reaction (MLR) assay. MLR is
a simple and effective in vitro model to investigate T cell activation and proliferation [55].
BMDCs generated from the bone marrow cells of BALB/c mice were treated with LPS,
AST VII, DC-AST VII, or DAC-AST VII for 24 h. The next day, naive CD4* or CD8* T cells
isolated from the spleens of C57BL/6 mice were co-cultured with BMDCs for 3 days.

The activation state of T cells was evaluated by measuring CD44 expression on T
cells using flow cytometry as CD44 is expressed on activated T cells. In addition, CD44
enhances the stability of the DC-T cell interaction and T cell proliferation to TCR signaling
in vitro [56,57].

All test compounds increased the frequency of CD44*, CD8", and CD4* T cells
(Supplementary Figure S6). However, some of them demonstrated a statistical increase
in the expression of CD44 on CD4" and CD8* T cells based on their structural features
(Figure 7A,B). In CD8" T cells, LPS, LPS+AST VII (5 uM), and DAC-AST VII (10 uM)
increased the expression of CD44 compared to the control (untreated) group. DAC-AST
VII was more potent in the activation of CD8" T cells than LPS alone. Interestingly, AST
VII alone and DC-AST VII did not significantly augment CD44 on CD8* T cells. Moreover,
there were no statistically significant differences in CD4* T cell activation between either
LPS alone and LPS+AST VII or AST VII alone and LPS+AST VII (n.s.) (Figure 7A).

In the case of CD4* T cells, although LPS alone or AST VII alone did not have any
statistically significant effect, the AST VII and LPS co-treatment, DC-AST VII (10 uM), and
DAC-AST VII (10 uM) augmented CD44 expression compared to the control (untreated)
group (Figure 7B). Moreover, DC-AST VII (10 pM) was more effective in CD4* T activation
compared to DAC-AST VII (10 uM).

Our data demonstrate that the BMDCs treated with LPS+AST VII and DAC-AST
VII activated both CD4* and CD8* T cells. Imine-formation between the carbonyl group
on DC-AST VII and DAC-AST VII and amino groups could have a role in the activation
of T cells. This imine or Schiff-base formation by reacting carbonyl groups with amino
groups, likely from the CD2 receptor on T cells, delivers a signal that replaces the one
derived from the interaction between CD80/86 ligands and the CD28 receptor on dendritic
cells and T cells, respectively [58]. Taken together, these data indicate that AST VII needs
LPS to activate T cells, but AST VII analogs can activate T cells without LPS co-treatment,
suggesting different action mechanisms for AST VII and its derivatives.

DAC-AST VII, the lipophilic analog of AST VII because of dodecylamine conjugation,
was better at CD8* T cell activation, while DC-AST VII was more potent in CD4* T cell
activation. It was reported that dodecylamine-conjugated QS-21, namely GPI-0100, induced
Th1 and CTL responses. The lipophilic character of GPI-0100 was proposed to enable the
compound to open a transient pore for the delivery of exogenous proteins to the cytosol
and further enhance MHC I-restricted CTL responses [16]. In another study, the QS-21
derivative 3, prepared by modification of the glucuronic acid carboxyl with ethylamine,
was shown to enhance CTL responses comparable to QS-21 in mitomycin-C treated OVA-
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specific E.G7-OVA cells [59]. On the other hand, the QS-21 derivatives 2 and 4, prepared
by the modification of glucuronic acid carboxyl with glycine and ethylenediamine, was
shown to increase CTL response but not as high as QS-21.
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Figure 7. AST VII and its derivatives (DC-AST VII and DAC-AST VII) activated T cells in MLR.
BMDCs derived from BALB/c mice were treated with LPS, AST VII, DC-AST VII, or DAC-AST
VII for 24 h. The next day, BMDCs were co-cultured with naive CD4" and CD8* T cells isolated
from the spleens of C57BL/6 mice for 3 days. The expression of CD44 on (A) CD8* T cells and on
(B) CD4* T cells was determined using flow cytometry. Representative histograms (top panel) and
summary graphs (bottom panel) are shown. Data are shown as the mean and SD of triplicates and
represent three independent experiments with similar results. Statistically significant differences
in the treated group were analyzed compared to the control (untreated cells). Intragroup and
intergroup comparisons were performed using one-way ANOVA and Tukey’s multiple comparison
test. * p <0.05, ** p < 0.01, n.s. (not statistically significant).

Increases in the lipophilicity of the compound influenced the CTL responses [59]. In
this study, in a similar manner, we introduced dodecylamine onto glucuronic acid residues
and increased the lipophilicity of AST VII and demonstrated that the CTL (CD8* T cell)
response was improved. This may be due to the enhanced translocation of the antigen
into the cytosol, leading to more efficient antigen presentation by MHC I molecules to
CD8* T cells, which in turn results in TCR:MHC I engagement and upregulation of CD44.
As CD44 expression can be regulated by pro-inflammatory cytokines such as IL-13 [60],
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the IL-1f3 secretion from dendritic cells might be the cause for the CD44 upregulation on
T cells. Therefore, further studies are warranted to show the effects of IL-1 on CD44
gene regulation.

4. Conclusions

Adjuvants are one of the essential components in modern vaccines that are capable of
initiating an innate immune response and subsequently an adaptive immune response [61].
The adjuvant potential of plant-derived compounds is widely investigated because of their
abilities to enhance proper immune responses with limited toxicity [62]. In the present
study, the immunomodulatory activities of the purified Astragalus saponin, Astragaloside
VII (AST VII), and its newly synthesized analogs DC-AST VII and DAC-AST VII were
investigated. Our study demonstrates that cycloartane-type saponins, AST VII and the
newly synthesized derivatives DC-AST VII and DAC-AST VI, induce IL-1f production in
hWB cells and BMDCs. Robust IL-1(3 production by these compounds was associated with
the maturation and activation of dendritic cells, CD4* and CD8* T cells. The modification
of the compounds toward more or less polar derivatives altered the activation status of
CD4" and CD8" T cell responses. In addition to the potency to enhance immune responses,
another critical factor for adjuvant development is the availability and ease of production
of the adjuvant itself. Many saponin-based adjuvants suffer from low isolation yield from
the plant material, inconsistent composition, and insufficient purity [63]. In contrast, AST
VII can be isolated with large yields, is highly stable, highly soluble in water, has a slight
hemolytic activity at high concentrations, and can readily be lyophilized. This makes AST
VII a good alternative to other saponin-based adjuvants. This study is a first step to evaluate
the mechanism of action of AST VII and subsequent studies toward a rational design of
AST Vll-based adjuvant analogs/vaccine formulations to be utilized in prophylactic and
therapeutic vaccines.

5. Patents
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2019/10003. Publication: 22 January 2021.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/vaccines11030495/s1, Table S1: Semi-synthesis of AST VII analogs
(DC-AST VII and DAC-AST VII) and structure elucidation with NMR and MS, Figure S1: Determina-
tion of cell viability and ICsj values in cancer and healthy cell lines treated with DC-AST VII and
DAC-AST VII, Table S1: Hemolytic activity of DAC-AST VII and DC-AST VII, Figure S2. AST VII and
its derivatives (DC-AST VII and DAC-AST VII) alter the production of pro-inflammatory cytokines
in 1/10 diluted hWB cells. Table S3: Principle component (PC) loadings for each cytokine, Figure
S3: AST VII alone did not induce the maturation and activation of BMDCs and splenic dendritic
cells, Figure S4: AST VII induces the maturation and activation of BMDCs in the presence of LPS,
Figure S5: The effect of AST VII derivatives (DC-AST VII and DAC-AST VII) on the maturation and
activation of BMDCs in the absence/presence of LPS, Figure S6: AST VII and its derivatives (DC-AST
VII and DAC-AST VII) activated T cells in MLR.

Author Contributions: Conceptualization: N.Y., E.B. and D.S.; methodology: N.Y., A.C., E.B. and
D.S.; formal analysis: N.Y., E.B. and D.S.; writing—review and editing: N.Y., E.B. and D.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This animal study protocol was approved by the Ethics
Committee of Animal Experimentation of Izmir Biomedicine and Genome Center (IBG) (protocol
code 07/2016 and date of approval 15 March 2017). This study was conducted in accordance with
the Declaration of Helsinki and approved by the Ethics Committee of Dokuz Eylul University
Non-Invasive Research (protocol code 2021/01-31 and date of approval 4 January 2021).


https://www.mdpi.com/article/10.3390/vaccines11030495/s1
https://www.mdpi.com/article/10.3390/vaccines11030495/s1

Vaccines 2023, 11, 495 19 of 21

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: All data are available in the main text or Supplementary Materials.

Acknowledgments: We thank Sinem Giinalp and Sinem Yilmaz for excellent technical assistance. We
also thank Gerhard Wingender and Riikan Geng Altiirk for valuable scientific contributions. Special
thanks to the Flow Cytometry and Cell Sorting Facility at the Izmir Biomedicine and Genome Center
for the flow cytometry analysis; Biotechnology and Bioengineering Research and Application Centre
(BIYOMER, Izmir Institute of Technology) for the fluorometric analysis; Central Research Laboratory
Application and Research Center (ARUM, Eskisehir Osmangazi University) for TEM analysis; and
Mustafa Muammer Demir for DLS analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Reed, S.G.; Orr, M.T,; Fox, C.B. Key Roles of Adjuvants in Modern Vaccines. Nat. Med. 2013, 19, 1597-1608. [CrossRef]

2. Pifferi, C.; Fuentes, R.; Fernandez-Tejada, A. Natural and Synthetic Carbohydratebased Vaccine Adjuvants and Their Mechanisms
of Action. Nat. Rev. Chem. 2021, 5, 197-216. [CrossRef] [PubMed]

3. Mirotti, L.; Alberca Custddio, RW.A.; Gomes, E.; Rammauro, F.; de Araujo, E.F.; Garcia Calich, V.L.G.; Russo, M. CpG-ODN
Shapes Alum Adjuvant Activity Signaling via MyD88 and IL-10. Front. Immunol. 2017, 8, 47. [CrossRef]

4. Bonam, S.R.; Partidos, C.D.; Halmuthur, S.K.M.; Muller, S. An Overview of Novel Adjuvants Designed for Improving Vaccine
Efficacy. Trends Pharmacol. Sci. 2017, 38, 771-793. [CrossRef] [PubMed]

5. Laupeze, B.; Hervé, C.; Di Pasquale, A.; Da Silva, ED. Adjuvant Systems for Vaccines: 13 Years of Post-Licensure Experience
in Diverse Populations Have Progressed the Way Adjuvanted Vaccine Safety Is Investigated and Understood. Vaccine 2019, 37,
5670-5680. [CrossRef] [PubMed]

6. Gupta, RK,; Rost, B.E. Aluminum Compounds as Vaccine Adjuvants. In Methods in Molecular Medicine, Vaccine Adjuvants
Preparation Methods and Research Protocols; Humana Press: Totawa, NJ, USA, 2000; pp. 65-89.

7. Saito, T.; Shukla, N.M.; Sato-kaneko, E; Sako, Y.; Hosoya, T.; Yao, S.; Lao, F.S.; Messer, K.; Pu, M.; Chan, M; et al. Small Molecule
Calcium Channel Activator Potentiates Adjuvant Activity. ACS Chem. Biol. 2022, 17, 217-229. [CrossRef]

8. Chea, E.K,; Fernandez-Tejada, A.; Damani, P.; Adams, M.M.; Gardner, ].R.; Livingston, P.O.; Ragupathi, G.; Gin, D.Y. Synthesis
and Preclinical Evaluation of QS-21 Variants Leading to Simplified Vaccine Adjuvants and Mechanistic Probes. J. Am. Chem. Soc.
2012, 134, 13448-13457. [CrossRef]

9.  Glauert, A.M,; Dingle, ].T.; Lucy, ].A. Action of Saponin on Biological Cell Membranes. Nature 1962, 196, 953-955. [CrossRef]

10. Kensil, C.R; Patel, U.; Lennick, M.; Marciani, D. Separation and characterization of saponins with adjuvant activity from Quillaja
Saponaria molina cortex. J. Immunol. 1991, 146, 431-437. [CrossRef]

11. Welsby, L; Detienne, S.; N'Kuli, F,; Thomas, S.; Wouters, S.; Bechtold, V.; De Wit, D.; Gineste, R.; Reinheckel, T.; Elouahabi, A ;
et al. Lysosome-Dependent Activation of Human Dendritic Cells by the Vaccine Adjuvant QS-21. Front. Immunol. 2017, 7, 1-16.
[CrossRef]

12.  Marty-Roix, R.; Vladimer, G.I.; Pouliot, K.; Weng, D.; Buglione-Corbett, R.; West, K.; MacMicking, ].D.; Chee, ].D.; Wang, S.; Lu, S.;
et al. Identification of QS-21 as an Inflammasome-Activating Molecular Component of Saponin Adjuvants. J. Biol. Chem. 2016,
291, 1123-1136. [CrossRef] [PubMed]

13. Ho, N.I; Huis Int Veld, L.G.M.; Raaijmakers, T.K.; Adema, G.J. Adjuvants Enhancing Cross-Presentation by Dendritic Cells: The
Key to More Effective Vaccines? Front. Immunol. 2018, 9, 2874. [CrossRef]

14. Den Brok, M.H,; Biill, C.; Wassink, M.; De Graaf, A.M.; Wagenaars, J.A.; Minderman, M.; Thakur, M.; Amigorena, S.; Rijke, E.O.;
Schrier, C.C.; et al. Saponin-Based Adjuvants Induce Cross-Presentation in Dendritic Cells by Intracellular Lipid Body Formation.
Nat. Commun. 2016, 7, 13324. [CrossRef] [PubMed]

15. Bonam, S.R.; Rénia, L.; Tadepalli, G.; Bayry, J.; Kumar, HM.S. Plasmodium Falciparum Malaria Vaccines and Vaccine Adjuvants.
Vaccines 2021, 9, 1072. [CrossRef] [PubMed]

16. Eleuterio, M.I. Synthesis of Active Analogs of Adjuvant Quillaja Saponins in Order to Determine the Strucure-Activity Correlation.
Studies towards the Synthesis of QS-21. In Studies Towards the Synthesis of QS-21; Cuvillier Verlag: Gottingen, Germany, 2005;
p- 23.

17. Fernandez-Tejada, A.; Chea, E.K.; George, C.; Pillarsetty, N.; Gardner, ].R.; Livingston, P.O.; Ragupathi, G.; Lewis, ].S.; Tan, D.S,;
Gin, D.Y. Development of a Minimal Saponin Vaccine Adjuvant Based on QS-21. Nat. Chem. 2014, 6, 635-643. [CrossRef]

18. Fernandez-Tejada, A.; Tan, D.S.; Gin, D.Y. Development of Improved Vaccine Adjuvants Based on the Saponin Natural Product
QS-21 through Chemical Synthesis. Acc. Chem. Res. 2016, 49, 1741-1756. [CrossRef]

19. Walkowicz, W.E.; Fernandez-Tejada, A.; George, C.; Corzana, F.; Jiménez-Barbero, J.; Ragupathi, G.; Tan, D.S.; Gin, D.Y. Quillaja

Saponin Variants with Central Glycosidic Linkage Modifications Exhibit Distinct Conformations and Adjuvant Activities. Chem.
Sci. 2016, 7, 2371-2380. [CrossRef]


http://doi.org/10.1038/nm.3409
http://doi.org/10.1038/s41570-020-00244-3
http://www.ncbi.nlm.nih.gov/pubmed/33521324
http://doi.org/10.3389/fimmu.2017.00047
http://doi.org/10.1016/j.tips.2017.06.002
http://www.ncbi.nlm.nih.gov/pubmed/28668223
http://doi.org/10.1016/j.vaccine.2019.07.098
http://www.ncbi.nlm.nih.gov/pubmed/31420171
http://doi.org/10.1021/acschembio.1c00883
http://doi.org/10.1021/ja305121q
http://doi.org/10.1038/196953a0
http://doi.org/10.4049/jimmunol.146.2.431
http://doi.org/10.3389/fimmu.2016.00663
http://doi.org/10.1074/jbc.M115.683011
http://www.ncbi.nlm.nih.gov/pubmed/26555265
http://doi.org/10.3389/fimmu.2018.02874
http://doi.org/10.1038/ncomms13324
http://www.ncbi.nlm.nih.gov/pubmed/27819292
http://doi.org/10.3390/vaccines9101072
http://www.ncbi.nlm.nih.gov/pubmed/34696180
http://doi.org/10.1038/nchem.1963
http://doi.org/10.1021/acs.accounts.6b00242
http://doi.org/10.1039/C5SC02978C

Vaccines 2023, 11, 495 20 of 21

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Liu, H.; Bungener, L.; ter Veer, W.; Coller, B.A.; Wilschut, J.; Huckriede, A. Preclinical Evaluation of the Saponin Derivative
GPI-0100 as an Immunostimulating and Dose-Sparing Adjuvant for Pandemic Influenza Vaccines. Vaccine 2011, 29, 2037-2043.
[CrossRef]

Rhodes, ]. Evidence for an Intercellular Covalent Reaction Essential in Antigen-Specific T Cell Activation. J. Immunol. 1989, 143,
1482-1489. [CrossRef]

Bedir, E.; Calis, I.; Aquino, R.; Piacente, S.; Pizza, C. Secondary Metabolites from the Roots of Astragalus Trojanus. J. Nat. Prod.
1999, 62, 563-568. [CrossRef]

Nalbantsoy, A.; Nesil, T.; Erden, S.; Calis, I.; Bedir, E. Adjuvant Effects of Astragalus Saponins Macrophyllosaponin B and
Astragaloside VII. J. Ethnopharmacol. 2011, 134, 897-903. [CrossRef]

Nalbantsoy, A.; Nesil, T.; Yilmaz-Dilsiz, 0O.; Aksu, G.; Khan, S.; Bedir, E. Evaluation of the Immunomodulatory Properties in Mice
and in Vitro Anti-Inflammatory Activity of Cycloartane Type Saponins from Astragalus Species. |. Ethnopharmacol. 2012, 139,
574-581. [CrossRef]

Yakubogullari, N.; Geng, R.; Coven, E; Nalbantsoy, A.; Bedir, E. Development of Adjuvant Nanocarrier Systems for Seasonal
Influenza A (H3N2) Vaccine Based on Astragaloside VII and Gum Tragacanth (APS). Vaccine 2019, 37, 3638-3645. [CrossRef]
[PubMed]

Geng, R.; Yakubogullari, N.; Nalbantsoy, A.; Coven, E; Bedir, E. Adjuvant Potency of Astragaloside Vii Embedded Cholesterol
Nanoparticles for H3N2 Influenza Vaccine. Turkish J. Biol. 2020, 44, 304-314. [CrossRef]

Yakubogullari, N.; Coven, EO.; Cebi, N.; Coven, F; Coven, N.; Genc, R.; Bedir, E.; Nalbantsoy, A. Evaluation of Adjuvant Activity
of Astragaloside VII and Its Combination with Different Inmunostimulating Agents in Newcastle Disease Vaccine. Biologicals
2021, 70, 28-37. [CrossRef]

Cekic, C.; Casella, C.R.; Sag, D.; Antignano, F.; Kolb, J.; Suttles, J.; Hughes, M.R.; Krystal, G.; Mitchell, T.C. MyD88-Dependent
SHIP1 Regulates Proinflammatory Signaling Pathways in Dendritic Cells after Monophosphoryl Lipid A Stimulation of TLR4. J.
Immunol. 2011, 186, 3858-3865. [CrossRef]

Sag, D.; Carling, D.; Stout, R.D.; Suttles, ]. Adenosine 5/ -Monophosphate-Activated Protein Kinase Promotes Macrophage
Polarization to an Anti-Inflammatory Functional Phenotype. J. Immunol. 2008, 181, 8633-8641. [CrossRef] [PubMed]

Anelli, PL.; Biffi, C.; Montanari, F.; Quici, S. Fast and Selective Oxidation of Primary Alcohols to Aldehydes or to Carboxylic
Acids and of Secondary Alcohols to Ketones Mediated by Oxoammonium Salts under Two-Phase Conditions. ]. Org. Chem. 1987,
52, 2559. [CrossRef]

Podolak, I.; Galanty, A.; Sobolewska, D. Saponins as Cytotoxic Agents: A Review. Phytochem. Rev. 2010, 9, 425-474. [CrossRef]
Parameswaran, N.; Patial, S. Tumor Necrosis Factor-« Signaling in Macrophages. Crit. Rev. Eukaryot. Gene Expr. 2011, 20, 87-103.
[CrossRef]

Crawford, T.Q.; Jalbert, E.; Ndhlovu, L.C.; Barbour, ].D. Concomitant Evaluation of PMA+ionomycin-Induced Kinase Phosphory-
lation and Cytokine Production in T Cell Subsets by Flow Cytometry. Cytom. Part A 2014, 85, 268-276. [CrossRef]

Ben-Sasson, S.Z.; Hu-Li, J.; Quiel, ].; Cauchetaux, S.; Ratner, M.; Shapira, I.; Dinarello, C.A.; Paul, W.E. IL-1 Acts Directly on CD4 T
Cells to Enhance Their Antigen-Driven Expansion and Differentiation. Proc. Natl. Acad. Sci. USA 2009, 106, 7119-7124. [CrossRef]
[PubMed]

Kryczek, L; Wei, S.; Vatan, L.; Escara-Wilke, J.; Szeliga, W.; Keller, E.T.; Zou, W. Cutting Edge: Opposite Effects of IL-1 and IL-2 on
the Regulation of IL-17+ T Cell Pool IL-1 Subverts IL-2-Mediated Suppression. . Immunol. 2007, 179, 1423-1426. [CrossRef]
Yesilada, E.; Bedir, E.; Calis, L; Takaishi, Y.; Ohmoto, Y. Effects of Triterpene Saponins from Astragalus Species on in Vitro Cytokine
Release. . Ethnopharmacol. 2005, 96, 71-77. [CrossRef] [PubMed]

Sotsios, Y.; Blair, P.; Westwick, J.; Ward, S.G. Disparate Effects of Phorbol Esters, CD3 and the Costimulatory Receptors CD2 and
CD28 on RANTES Secretion by Human T Lymphocytes. Immunology 2000, 101, 30-37. [CrossRef]

Mosley, B.; Beckmann, M.P.; March, C.J.; Idzerda, R.L.; Gimpel, S.D.; VandenBos, T.; Friend, D.; Alpert, A.; Anderson, D.; Jackson,
J.; et al. The Murine Interleukin-4 Receptor: Molecular Cloning and Characterisation of Secreted and Membrane Bound Forms.
Cell 1989, 59, 335-348. [CrossRef] [PubMed]

Lenarczyk, A.; Helsloot, J.; Farmer, K.; Peters, L.; Sturgess, A.; Kirkham, B. Antigen-Induced IL-17 Response in the Peripheral
Blood Mononuclear Cells (PBMC) of Healthy Controls. Clin. Exp. Immunol. 2000, 122, 41-48. [CrossRef]

Berraondo, P.; Sanmamed, M.F.; Ochoa, M.C.; Etxeberria, I.; Aznar, M.A.; Pérez-Gracia, ].L.; Rodriguez-Ruiz, M.E.; Ponz-Sarvise,
M.; Castafion, E.; Melero, I. Cytokines in Clinical Cancer Immunotherapy. Br. J. Cancer 2019, 120, 6-15. [CrossRef]

Liao, W,; Lin, J.X.; Wang, L.; Li, P.; Leonard, W.J. Modulation of Cytokine Receptors by IL-2 Broadly Regulates Differentiation into
Helper T Cell Lineages. Nat. Immunol. 2011, 6, 551-559. [CrossRef]

Kelly, B.; O'Neill, L.A.J. Metabolic Reprogramming in Macrophages and Dendritic Cells in Innate Immunity. Cell Res. 2015, 25,
771-784. [CrossRef]

Burns, K.; Martinon, F.; Tschopp, J. New Insights into the Mechanism of IL-1beta Maturation. Curr. Opin. Immunol. 2003, 15,
26-30. [CrossRef]

Bedir, E.; Pugh, N.; Calis, I; Pasco, D.S.; Khan, I.A. Immunostimulatory Effects of Cycloartane-Type Triterpene Glycosides from
Astragalus Species. Biol. Pharm. Bull. 2000, 23, 834-837. [CrossRef]


http://doi.org/10.1016/j.vaccine.2011.01.012
http://doi.org/10.4049/jimmunol.143.5.1482
http://doi.org/10.1021/np980399t
http://doi.org/10.1016/j.jep.2011.01.054
http://doi.org/10.1016/j.jep.2011.11.053
http://doi.org/10.1016/j.vaccine.2019.05.038
http://www.ncbi.nlm.nih.gov/pubmed/31155418
http://doi.org/10.3906/biy-2003-49
http://doi.org/10.1016/j.biologicals.2021.01.005
http://doi.org/10.4049/jimmunol.1001034
http://doi.org/10.4049/jimmunol.181.12.8633
http://www.ncbi.nlm.nih.gov/pubmed/19050283
http://doi.org/10.1021/jo00388a038
http://doi.org/10.1007/s11101-010-9183-z
http://doi.org/10.1615/CritRevEukarGeneExpr.v20.i2.10
http://doi.org/10.1002/cyto.a.22444
http://doi.org/10.1073/pnas.0902745106
http://www.ncbi.nlm.nih.gov/pubmed/19359475
http://doi.org/10.4049/jimmunol.179.3.1423
http://doi.org/10.1016/j.jep.2004.08.036
http://www.ncbi.nlm.nih.gov/pubmed/15588652
http://doi.org/10.1046/j.1365-2567.2000.00072.x
http://doi.org/10.1016/0092-8674(89)90295-X
http://www.ncbi.nlm.nih.gov/pubmed/2805066
http://doi.org/10.1046/j.1365-2249.2000.01328.x
http://doi.org/10.1038/s41416-018-0328-y
http://doi.org/10.1038/ni.2030
http://doi.org/10.1038/cr.2015.68
http://doi.org/10.1016/S0952-7915(02)00017-1
http://doi.org/10.1248/bpb.23.834

Vaccines 2023, 11, 495 21 of 21

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Ghonime, M.G.; Shamaa, O.R.; Das, S.; Eldomany, R.A.; Fernandes-Alnemri, T.; Alnemri, E.S.; Gavrilin, M.A.; Wewers, M.D.
Inflammasome Priming by Lipopolysaccharide Is Dependent upon ERK Signaling and Proteasome Function. . Immunol. 2014,
192, 3881-3888. [CrossRef]

Sharp, FA.; Ruane, D.; Claass, B.; Creagh, E.; Harris, J.; Malyala, P; Singh, M.; O'Hagan, D.T.; Pétrilli, V.; Tschopp, J.; et al. Uptake
of Particulate Vaccine Adjuvants by Dendritic Cells Activates the NALP3 Inflammasome. Proc. Natl. Acad. Sci. USA 2009, 106,
870-875. [CrossRef]

Zhang, W.-].; Frei, B. Astragaloside IV Inhibits NF- Kappa B Activation and Inflammatory Gene Expression in LPS-Treated Mice.
Mediators Inflamm. 2015, 2015, 274314. [CrossRef] [PubMed]

Zhou, X,; Sun, X.; Gong, X.; Yang, Y.; Chen, C.; Shan, G.; Yao, Q. Astragaloside IV from Astragalus Membranaceus Ameliorates
Renal Interstitial Fibrosis by Inhibiting Inflammation via TLR4/NF-KB in Vivo and in Vitro. Int. Immunopharmacol. 2017, 42,
18-24. [CrossRef] [PubMed]

Wesa, A K.; Galy, A.IL-1p Induces Dendritic Cells to Produce IL-12. Int. Immunol. 2001, 13, 1053-1061. [CrossRef]

Kaka, A.S.; Foster, A.E.; Weiss, H.L.; Rooney, C.M.; Leen, A.M. Using Dendritic Cell Maturation and IL-12 Producing Capacity as
Markers of Function: A Cautionary Tale. J. Immunother. 2008, 31, 359-369. [CrossRef]

Kregiel, D.; Berlowska, J.; Witonska, I.; Antolak, H.; Proestos, C.; Zhang, M.B.; Babic, L.; Zhang, B. Saponin-Based, Biological-
Active Surfactants from Plants. In Application and Characterization of Surfactants; IntechOpen: Internet, 2017; pp. 183-205.
Peterson, A.M.; Tan, Z.; Kimbrough, E.M.; Heemstra, ].M. 3,3'-Dioctadecyloxacarbocyanine Perchlorate (DiO) as a Fluorogenic
Probe for Measurement of Critical Micelle Concentration. Anal. Methods 2015, 7, 6877-6882. [CrossRef]

Yu, L.; Tan, M.; Ho, B.; Ding, J.; Wohland, T. Determination of Critical Micelle Concentrations and Aggregation Numbers by
Fluorescence Correlation Spectroscopy: Aggregation of a Lipopolysaccharide. Anal. Chim. Acta 2006, 556, 216-225. [CrossRef]
[PubMed]

Liu, Z.; Zhou, C; Qin, Y.; Wang, Z.; Wang, L.; Wei, X.; Zhou, Y.; Li, Q.; Zhou, H.; Wang, W.; et al. Coordinating Antigen Cytosolic
Delivery and Danger Signaling to Program Potent Cross-Priming by Micelle-Based Nanovaccine. Cell Discov. 2017, 3, 17007.
[CrossRef] [PubMed]

Zhou, J.; He, W.; Luo, G.; Wu, J. Mixed Lymphocyte Reaction Induced by Multiple Alloantigens and the Role for IL-10 in
Proliferation Inhibition. Burn. Trauma 2014, 2, 24-28. [CrossRef]

Hegde, V,; Singh, N.; Nagarkatti, P.; Nagarkatti, M. CD44 Mobilization in Allogeneic Dendritic Cell-T Cell Immunological Synapse
Plays a Key Role in T Cell Activation. J. Leukoc. Biol. 2008, 84, 134-142. [CrossRef] [PubMed]

Baaten, B.J.G.; Li, C.R.; Bradley, L.M. Multifaceted Regulation of T Cells by CD44. Commun. Integr. Biol. 2010, 3, 508-512.
[CrossRef] [PubMed]

Marciani, D.J. Elucidating the Mechanisms of Action of Saponin-Derived Adjuvants. Trends Pharmacol. Sci. 2018, 39, 573-585.
[CrossRef]

Kensil, C.R;; Soltysik, S.; Wheeler, D.A.; Wu, Y. Structure/Function Studies on QS-21, a Unique Immunological Adjuvant from
Quillaja Saponaria. Adv. Exp. Med. Biol. 1996, 404, 165-172.

Fitzgerald, K.A.; O’Neill, L.A.]J. Characterization of CD44 Induction by IL-1: A Critical Role for Egr-1. J. Immunol. 1999, 62,
4920-4927. [CrossRef]

Cibulski, S.P; Rivera-Patron, M.; Mourglia-Ettlin, G.; Casaravilla, C.; Yendo, A.C.A.; Fett-Neto, A.G.; Chabalgoity, ].A.; Moreno,
M.; Roehe, PM,; Silveira, F. Quillaja Brasiliensis Saponin-Based Nanoparticulate Adjuvants Are Capable of Triggering Early
Immune Responses. Sci. Rep. 2018, 8, 1-15. [CrossRef]

Sander, V.A.; Corigliano, M.G.; Clemente, M. Promising Plant-Derived Adjuvants in the Development of Coccidial Vaccines.
Front. Vet. Sci. 2019, 6, 20. [CrossRef]

Adams, M.; Damani, P; Perl, N.; Won, A.; Hong, F; Livingston, P.; Ragupathi, G.; Gin, D. Design and Synthesis of Potent Quillaja
Saponin Vaccine Adjuvants. J. Am. Chem. Soc. 2010, 132, 1939-1945. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.4049/jimmunol.1301974
http://doi.org/10.1073/pnas.0804897106
http://doi.org/10.1155/2015/274314
http://www.ncbi.nlm.nih.gov/pubmed/25960613
http://doi.org/10.1016/j.intimp.2016.11.006
http://www.ncbi.nlm.nih.gov/pubmed/27855303
http://doi.org/10.1093/intimm/13.8.1053
http://doi.org/10.1097/CJI.0b013e318165f5d2
http://doi.org/10.1039/C5AY01444A
http://doi.org/10.1016/j.aca.2005.09.008
http://www.ncbi.nlm.nih.gov/pubmed/17723352
http://doi.org/10.1038/celldisc.2017.7
http://www.ncbi.nlm.nih.gov/pubmed/28417012
http://doi.org/10.4103/2321-3868.126088
http://doi.org/10.1189/jlb.1107752
http://www.ncbi.nlm.nih.gov/pubmed/18388297
http://doi.org/10.4161/cib.3.6.13495
http://www.ncbi.nlm.nih.gov/pubmed/21331226
http://doi.org/10.1016/j.tips.2018.03.005
http://doi.org/10.4049/jimmunol.162.8.4920
http://doi.org/10.1038/s41598-018-31995-1
http://doi.org/10.3389/fvets.2019.00020
http://doi.org/10.1021/ja9082842

	Introduction 
	Materials and Methods 
	Reagents, Cells, and Mice 
	Semi-Synthesis of AST VII Derivatives and Their Physicochemical Characterization 
	Cytotoxicity Evaluation of AST VII Analogs 
	Evaluation of Hemolytic Activities of AST VII Analogs 
	Human Whole Blood (hWB) Stimulation Assay 
	Generation of Bone Marrow-Derived Dendritic Cells (BMDCs) and Macrophages (BMDMs) 
	Stimulation of BMDCs and BMDMs with AST VII, DC-AST VII, and DAC-AST VII 
	Naive CD4+ and CD8+ T Cell Isolation 
	Mixed Lymphocyte Reaction (MLR) 
	Flow Cytometry 
	ELISA 
	Statistical Analysis 

	Results and Discussion 
	Semi-Synthesis of Astragaloside VII (AST VII) Derivatives 
	Cytotoxic and Hemolytic Activities of AST VII Analogs on Human Cancer Cell Lines and Erythrocytes 
	Evaluation of Immunomodulatory Activities of AST VII and Its Derivatives Based on Cytokine Release on Human Whole Blood 
	IL-1 Secretion Following Treatment with AST VII and Its Derivatives in BMDCs and BMDMs 
	AST VII and Its Derivatives Induced Dendritic Cell Maturation and Activation 
	AST VII and Its Derivatives Activated CD4+ and CD8+ T Cells in Mixed Leukocyte Reaction (MLR) 

	Conclusions 
	Patents 
	References

