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Abstract: Withania somnifera (L.) Dunal (family Solanaceae) is a medicinal plant known for, among
many pharmacological properties, an immune boosting effect. Our recent study revealed that its
key immunostimulatory factor is lipopolysaccharide of plant-associated bacteria. This is peculiar,
because, although LPS can elicit protective immunity, it is an extremely potent pro-inflammatory
toxin (endotoxin). However, W. somnifera is not associated with such toxicity. In fact, despite the
presence of LPS, it does not trigger massive inflammatory responses in macrophages. To gain insights
into the safe immunostimulatory effect of W. somnifera, we conducted a mechanistic study on its major
phytochemical constituent, withaferin A, which is known for anti-inflammatory activity. Endotoxin-
triggered immunological responses in the presence and absence of withaferin A were characterized
by both in vitro macrophage-based assay and in vivo cytokine profiling in mice. Collectively, our
results demonstrate that withaferin A selectively attenuates the pro-inflammatory signaling triggered
by endotoxin without impairing other immunological pathways. This finding provides a new con-
ceptual framework to understand the safe immune-boosting effect of W. somnifera and possibly other
medicinal plants. Furthermore, the finding opens a new opportunity to facilitate the development of
safe immunotherapeutic agents, such as vaccine adjuvants.

Keywords: endotoxin; inflammation; lipid A; MPLA; toll-like receptor 4; MYD88; TRIF; adjuvant;
withaferin A; Withania somnifera

1. Introduction

Withania somnifera (L.) Dunal (family Solanaceae), also known as Ashwagandha of
Ayurvedic medicine, is a medicinal plant known for diverse pharmacological effects [1,2].
Among known effects of W. somnifera is its ability to stimulate the immune system [3–6].
Because of this immunostimulatory effect, W. somnifera has been examined for prevention or
treatment of various infectious diseases, including listeriosis [7], DPT (diphtheria, pertussis,
tetanus) [8], and COVID-19 [9]. Furthermore, W. somnifera has shown great promise as an
immunological adjuvant for vaccines [4,8,10], which indicate the presence of a chemical
factor that can stimulate antigen-presenting cells (APCs), such as macrophages and den-
dritic cells. However, the APC-stimulatory factor in W. somnifera remained a mystery for a
long time.

Clues to solve this mystery came from studies on other immune-boosting herbal
remedies, namely, the genus Echinacea (hereafter “Echinacea”) [11] and Juzen-taiho-to [12].
APC-stimulatory factors in these herbal remedies have long been the subject of intensive
research. Many studies have demonstrated that phytochemicals in Echinacea, such as
alkamides [13] and arabinogalactans [14–17], exhibit diverse immunomodulatory effects.
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Likewise, numerous immunomodulatory phytochemicals have been identified for Juzen-
taiho-to, including terpenes, flavonoids, phthalides, coumarins, and aromatic acids [12].
However, it remains to be determined whether these phytochemicals play important
roles in the activation of APCs. In fact, alkamides have been reported to suppress the
function of murine dendritic cells [18]. There is also a report of arabinogalactan proteins
exhibiting weak stimulation of nitrite and IL6 production in a murine alveolar macrophage
culture [15], which is in contrast to the potent APC-stimulatory effect of Echinacea. The vast
majority of phytochemicals in Juzen-taiho-to exhibit anti-inflammatory effects, although
Juzen-taiho-to, as a whole mixture, potently activates monocytes and macrophages through
induction of inflammation and other immunological responses [12,19]. As such, these
phytochemicals do not fully account for the potent APC-stimulatory effects of the original
herbal remedies. Recently, a completely different class of compounds have emerged
as the APC-stimulatory factors of Echinacea and Juzen-taiho-to. A series of studies on
Echinacea [20–23] and Juzen-taiho-to [24,25] revealed that their key APC-stimulatory factors
are not of plant origin. Instead, they are lipopolysaccharides (LPS) of plant-associated
Gram-negative bacteria. This finding is supported by several lines of experimental evidence.
First, the APC-stimulatory effects of Echinacea and Juzen-taiho-to diminish substantially
when they are treated with polymyxin B, which depletes LPS [21,22,24]. Second, their
APC-stimulatory effects correlate with bacterial load [22,23,25]. Third, Echinacea purpurea,
when cultivated in a germ-free environment, do not stimulate macrophage production of
TNF-α [20].

The finding of LPS in Echinacea and Juzen-taiho-to opened a possibility that APC-
stimulatory effect of many other medicinal plants, including W. somnifera, could also arise
from bacterial LPSs. In fact, when W. somnifera extracts were treated with Detoxi-Gel™,
which removes LPS [26,27], the resulting samples no longer exhibited the APC-stimulatory
effect [28]. Thus, LPS is indeed additionally a key APC-stimulatory factor in W. somnifera.

The presence of LPS in W. somnifera raises an important new question. LPS is an
extremely potent proinflammatory toxin. LPS and its glycolipid moiety, diphosphoryl
lipid A (DPL), are potent agonists of toll-like receptor 4 (TLR4) (Figure 1A). Ligation of
TLR4 triggers two signaling pathways, namely, (1) the myeloid differentiation marker
88 (MYD88) pathway, which mediates pro-inflammatory signaling, and (2) the toll–IL-1
receptor (TIR) domain-containing adaptor-inducing interferon-β (TRIF) pathway, which
is associated with protective immunity through the induction of type-I interferons (IFN).
LPS and DPL are known as “endotoxins” because they disproportionately activate the pro-
inflammatory MYD88 pathway over the TRIF pathway (so-called “MYD88-bias”), which
can result in massive inflammatory responses and toxicity (Figure 1B). The presence of
such a potent pro-inflammatory toxin in W. somnifera is at odds with its long-tested safety
in Ayurvedic medicine.

Our recent study indicates that W. somnifera stimulates APCs in a manner similar to
monophosphoryl lipid A (MPL) [28], which is a detoxified analog of DPL (Figure 1B) [29,30].
Unlike DPL, MPL exhibits much more attenuated activation of the MYD88 pathway, while
retaining the ability to activate the TRIF pathway (Figure 1C). This balanced TLR4 activation
makes it possible for MPL to stimulate the immune system safely. MPL is clinically used as
an immunological adjuvant for various vaccines [31,32]. W. somnifera, despite the presence
of LPS, also elicits MPL-like balanced TLR4 activation (Figure 1C) [28]. The lack of MYD88
bias suggests an as-yet uncharacterized mechanism by which the proinflammatory toxicity
of LPS is attenuated in this plant.

Here, we hypothesize that W. somnifera elicits the MPL-like balanced TLR4 activa-
tion because the endotoxin-induced MYD88 signaling is selectively counteracted by anti-
inflammatory phytochemicals in this plant. In fact, W. somnifera contains withaferin A,
which is a steroidal lactone originally isolated from the leaves of the plant [33]. Withaferin
A is widely known for its potent anti-inflammatory activity [34]. Withaferin A is known
to inhibit IKKβ [35], which, in turn, prevents the activation of NF-κB, the key mediator
of the MYD88 signaling. What remains to be clarified, however, is whether withaferin A
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also modulates the TRIF pathway. This is an important question because, if withaferin A
selectively attenuates the LPS-induced MYD88 signaling while keeping the TRIF signal-
ing intact, it would explain the balanced MPL-like TLR4 activation by this plant. To test
this hypothesis, we first conducted a macrophage-based assay to determine the effects of
withaferin A on both MYD88 and TRIF pathways. The findings from this cell-based assay
were further followed up with in vivo cytokine profiling, which led to a new conceptual
framework to understand the safe immunostimulatory effect of W. somnifera.
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Figure 1. TLR4 signaling pathways. (A) Ligation of TLR4 with LPS/lipid A results in the activation
of two pathways, namely, (1) pro-inflammatory MYD88 pathway and (2) TRIF pathway, which is
associated with protective immunity. (B) Differential activation of TLR4 by DPL and MPL. DPL
exhibits the MYD88 bias, which results in pro-inflammatory toxicity. On the other hand, MPL
activates MYD88 and TRIF pathways more evenly, leading to safe stimulation of the immune system.
Because of its ability to safely stimulate the immune system, MPL is used as an adjuvant for clinical
vaccines. (C) W. somnifera exhibits MPL-like balanced TLR4 activation in macrophages. Two samples
of W. somnifera (Ashwagandha), namely, “AS1” and “AS2,” exhibited balanced TLR4 activation
profiles similar to that of MPL in an assay based on reverse transcription-quantitative polymerase
chain reaction (RT-qPCR), in which the MYD88 and TRIF pathways are monitored by interleukin
6 (IL-6) and CCL5, respectively. DMSO (vehicle control); DPL (diphosphoryl lipid A of E. coli,
endotoxin, 5 µg/mL); MPL (monophosphoryl lipid A, a clinical vaccine adjuvant, 5 µg/mL); AS1
and AS2 (Ashwagandha samples, 250 µg/mL). Each sample was analyzed in triplicate. Relative
Quantification: fold change from the vehicle control (DMSO).

2. Materials and Methods
2.1. Materials

Phorbol 12-myristate 13-acetate (PMA) and withaferin A (Catalog number 681535, Lot
number 2934717, purity 98.27% (HPLC), C28H38O6) were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and used without further purification. Reagents and supplies for
qPCR were purchased from ThermoFisher Scientific (Waltham, MA, USA). Unless specified
otherwise, all other chemicals and reagents were obtained from Fisher Scientific (Waltham,
MA, USA) and VWR (Radnor, PA, USA) and used without further purification.

2.2. Cell Treatment and Lysis for RT-qPCR Analysis

The detailed protocol for cell treatment and lysis has been published previously [28].
Briefly, human monocytic THP-1 cells were plated in a 12-well plate at 200,000 cells/mL of
RPMI-1640 media, to which 25 nM PMA was added to differentiate the cells to macrophage
phenotype. Cells were incubated for 48 h at 37 ◦C and 5% CO2. After 48 h of incubation, the
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media containing PMA was discarded and 2 mL of fresh media was added to the wells. This
was followed by a rest period of 24 h in the absence of PMA during which differentiated
THP-1 cells adhere to the tissue culture plate. The differentiated THP-1 cells were treated
with DMSO (vehicle control), DPL (positive control, 5 µg/mL), MPL (5 µg/mL), and
various mixtures of DPL (5 µg/mL) and withaferin A (0.1, 0.4, 0.8, 1.0 µg/mL). After 4 h of
treatment, cells were lysed using 350 µL TRK Lysis Buffer (Omega Bio-Tek, Norcross, GA,
USA) containing 2% β-mercaptoethanol, transferred to Omega® Homogenizer columns
(Omega Bio-Tek, Norcross, GA, USA), and centrifuged for 2 min at maximum speed
(approximately 13,000 rpm). The homogenized lysate was either stored at −80 ◦C or
immediately processed for RNA purification.

2.3. RT-qPCR Assay for the Detection of MyD88 and TRIF Pathways

RNA purification, cDNA synthesis, and qPCR on an Applied Biosystems 7500 Real-
Time PCR system were carried out as described previously [28]. The qPCR experiments
used pre-optimized assays for IL-6 (FAM, ThermoFisher Assay Id: Hs00985639_m1), CCL5
(FAM, ThermoFisher Assay Id: Hs00982282_m1), and GAPDH endogenous control (Ther-
moFisher Catalog Number: 4325792). The ∆∆CT method was employed to quantify the
differential expression of IL-6 and CCL5. The raw data were first normalized by the endoge-
nous control (GAPDH) for individual samples. Subsequently, relative quantification values,
i.e., fold changes from the DMSO control, were obtained by comparing the normalized
data against the DMSO vehicle control.

2.4. In Vivo Cytokine Profiling

All mouse procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) at CUNY Hunter College (Assurance #: AK-Cytokine 8/23). All
mouse experiments were carried out in strict accordance with the Policy on Humane Care
and Use of Laboratory Animals of the United States Public Health Service. BALB/c mice
were treated (i.p.) with the following samples: (i) DPL (50 µg/mouse, n = 3), (ii) MPL
(50 µg/mouse, n = 3), (iii) a mixture of DPL (50 µg/mouse) and withaferin A (0.1 µg/mouse)
(n = 3); (iv) DMSO (vehicle control, n = 3). The blood (0.05–0.1 mL per animal) was collected
at 6 h after injection. After separating the sera, the level of cytokines and chemokines was
determined by Luminex Mouse Cytokine 32-Plex Discovery Assay at Eve Technologies
(Calgary, AB, Canada), which quantified the abundance (pg/mL) of 32 cytokines and
chemokines: namely, Eotaxin, G-CSF, GM-CSF, IFNγ, IL-1a, IL-1B, IL-2, IL-3, IL-4, IL-5,
IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17, IP-10, KC, LIF, LIX, MCP-1,
M-CSF, MIG, MIP-1a, MIP-1B, MIP-2, RANTES, TNFa, VEGF.

3. Results

Figure 2 summarizes the main question addressed in this study. While withaferin
A is known to inhibit IKKβ [35], which mediates the MYD88 signaling (Figure 2), it is
unknown whether it also modulates the TRIF pathway. The MPL-like TLR4 activation
by W. somnifera supports our hypothesis that withaferin A selectively inhibits the MYD88
pathway. On the other hand, a previous study on withaferin A and JAK/STAT activation
led to a very different postulate: withaferin A might block the MYD88-independent, TRIF-
dependent pathway rather than the MYD88-dependent pathway during LPS-induced TLR4
signaling [36]. To clarify the effects of withaferin A on TLR4 signaling, we set out to examine
the expression levels of MYD88- and TRIF-regulated mRNA transcripts in macrophages
treated with withaferin A and DPL (an endotoxic TLR4 agonist).
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Figure 2. Possible effects of withaferin A on TLR4 signaling. Withaferin A is known to inhibit IKKβ,
which mediates the MYD88 signaling. On the other hand, it is unknown if withaferin A modulates
the TRIF pathway.

3.1. Withaferin a Selectively Inhibits Pro-Inflammatory Signaling in DPL-Activated Macrophages

PMA-differentiated THP-1 cells, which exhibit macrophage phenotype, were treated
with DPL (5 µg/mL) together with different concentrations of withaferin A (0.1, 0.4,
0.8, 1.0 µg/mL). After 4 h of incubation, which ensured the activation of TRIF signal-
ing from endocytosed TLR4 (Figure 2), cells were lysed and subjected to RT-qPCR anal-
yses of interleukin 6 (IL-6) and CCL5 to quantify the activation of MYD88 and TRIF
pathways, respectively.

Figure 3 shows dose–response effects of withaferin A on IL-6 and CCL5 mRNA
levels in DPL-stimulated macrophages. In the absence of withaferin A, DPL exhibited the
prototypical MYD88 bias of endotoxin, in which IL-6 was induced approximately 1000-fold
compared to the vehicle control (DMSO), whereas CCL5 was induced a little over 10-fold.
Addition of 0.1 µg/mL of withaferin A, however, reduced IL-6 induction to ~100-fold from
the DMSO control, while CCL5 induction decreased only slightly. The trend continued as
the concentration of withaferin A was further increased; at higher concentrations (0.8 and
1.0 µg/mL) the IL-6 level dropped precipitously below the basal expression level of the
DMSO control; on the other hand, the CCL5 level, although somewhat decreased, remained
well above the basal expression level. Collectively, these results indicate that withaferin A
selectively attenuates the MYD88 signaling in DPL-activated macrophages.

While the observed effects of withaferin A were striking, this cell-based study was
limited in scope because only two mRNA transcripts were examined. In order to capture
a broader and more physiologically relevant view of the effects of withaferin A on TLR4
signaling, we moved on to a follow-up study using in vivo cytokine profiling.
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Figure 3. Effects of withaferin A on DPL-induced TLR4 signaling. PMA-differentiated THP-1 cells
were treated with mixtures of DPL and withaferin A (WA) for 4 h and subjected to RT-qPCR assays
of IL-6 (red) and CCL5 (blue) to quantify the activation of MYD88 and TRIF pathways, respectively.
Except for the vehicle control (DMSO), the concentration of DPL was kept at 5 µg/mL, whereas WA
concentration was varied from 0.1 to 1.0 µg/mL to examine its dose–response profile. Each sample
was analyzed in triplicate. The y-axis is relative quantification, which is fold change from the vehicle
control (DMSO).

3.2. Withaferin a Selectively Attenuates Pro-Inflammatory Cytokine Responses in
DPL-Treated Mice

Mice were treated with DPL (50 µg/mouse), MPL (50 µg/mouse), a mixture of DPL
(50 µg/mouse) and withaferin A (0.1 µg/mouse), and DMSO (vehicle control). The serum
samples at 6 h after injection were subjected to Luminex multiplex assays to capture the
snapshots of 32 cytokine/chemokine proteins.

Figure 4 presents the overview of cytokine profiles in a radar chart; the data point
of each axis (i.e., each cytokine) shows fold-change from the DMSO control. As expected,
MPL (blue dots) and DPL (red dots) are clearly separated at multiple MYD88-regulated
cytokines, such as IL-6, IFNγ, TNF, GM-CSF, and VEGF, whereas they overlap at many TRIF-
regulated cytokines, such as CCL5 (RANTES), G-CSF, and IP-10. Based on how the mixture
of DPL and withaferin A (“DPL + WA”, pale green line) overlaps with MPL and DPL,
cytokines can be classified roughly into four groups: namely, (A) MPL-like, (B) DPL-like,
(C) Similar to both MPL and DPL, and (D) Others. The first group is the MPL-like cytokines,
which are expressed at similar levels in DPL + WA and MPL (highlighted in blue boxes).
Many of them are pro-inflammatory cytokines, such as KC, IL-6, and VEGF. The second
group is the DPL-like cytokines whose expression levels are similar in DPL + WA and
DPL (highlighted in red boxes). They include pro-inflammatory (IL-1β), anti-inflammatory
(IL-10) and TRIF-regulated (MCP-1) cytokines. The third group of cytokines are those
whose expression levels are similar in DPL + WA, MPL, and DPL (highlighted in purple
boxes). They include several TRIF-regulated cytokines, such as G-CSF and CCL5 (RANTES).
The remaining cytokines comprise the fourth group (Others). Figure 5 shows the bar graphs
of representative cytokines from each group.

Overall, in vivo cytokine profiling results further support the notion that withaferin
A selectively attenuates pro-inflammatory responses triggered by DPL, while leaving the
TRIF-regulated cytokines intact. There are, however, notable differences in the cytokine
profiles of DPL + WA and MPL, suggesting that the presence of withaferin A does not turn
DPL into MPL. Rather, DPL + WA appears to be its own immunostimulatory entity with
attenuated pro-inflammatory effects.
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4. Discussion

Our in vitro and in vivo studies demonstrate that withaferin A selectively attenuates
the pro-inflammatory signaling triggered by DPL while keeping other immunological
responses intact. The in vitro study showed that withaferin A can potently inhibit the
DPL-induced MYD88 signaling in macrophages, which was quantified by the mRNA
expression of IL-6, whereas the TRIF signaling, as quantified by CCL5, largely remained
intact. The in vivo cytokine profiling allowed us to capture broad views of immunological
responses to MPL, DPL, and DPL + WA, which enabled us to characterize the distinct
effects of withaferin A. In particular, the in vivo study revealed notable differences between
MPL and DPL + WA as well as their similarity in terms of the attenuated pro-inflammatory
responses. As such, DPL + WA is not a mere replication of MPL. Rather, the mixture
exhibits unique immunostimulatory effects of its own right.

Our current finding provides a new mechanistic basis to understand the safe im-
munostimulatory effects of W. somnifera (Ashwagandha) [3–6]. Although W. somnifera
contains bacterial LPS as the main immunostimulatory factor [28], the LPS-induced pro-
inflammatory signaling is likely to be counteracted by anti-inflammatory phytochemicals
(AIPs), including withaferin A. As a result, W. somnifera, as a whole, exhibits safe immunos-
timulatory effects. What remains to be determined is the contributions of other AIPs in
W. somnifera. In addition to withaferin A, W. somnifera contains many other withanolides,
such as withanolide A and withanone [3] as well as alkaloids and saponins [37]. It is
possible that other chemical constituents also play roles in the immunological effects of
the whole W. somnifera extract, which exhibited MPL-like balanced TLR4 activation (See
AS1 and AS2 in Figure 1C) [28]. Available data, however, allows us to roughly estimate the
contribution of withaferin A in the whole W. somnifera extracts. The observed effects of AS1
and AS2 were examined at 250 µg/mL. If the withaferin A content in Ashwagandha formu-
lation is around 0.092% as reported previously [38], 250 µg/mL of Ashwagandha samples
should contain roughly 0.2 µg/mL of withaferin A, which happens to be within the con-
centration range where withaferin A exhibited selective attenuation of pro-inflammatory
signaling (Figure 3). As such, although more study is needed to clearly define the roles of
individual AIPs in W. somnifera, withaferin A alone might be able to explain the balanced
TLR4 activation observed for AS1 and AS2.

The mechanistic model of APC-stimulation by W. somnifera offers a new conceptual
framework to understand the safe immunostimulatory effects of other herbal remedies like
Echinacea and Juzen-taiho-to, both of which are known to contain LPS [20–25]. As noted
in the introductory section, these herbal remedies are ripe with structurally diverse AIPs.
Those AIPs are likely to attenuate the pro-inflammatory toxicity of LPS, thereby ensuring
the safety of these herbal remedies. It is tempting to speculate that, throughout the long
history of herbal medicine, humans may have selected, through trial and error, medicinal
herbs that contain selective inhibitors of the pro-inflammatory signaling triggered by LPS.
In other words, herbal remedies that have been traditionally used to boost immunity
may be a great source of AIPs that can selectively attenuate proinflammatory effects of
endotoxins and possibly other pathogen-associated molecular patterns (PAMPs).

Our current finding expands the emerging concept of combining PAMPs with anti-
inflammatory drugs to generate safe vaccine adjuvants. This is an important concept that
could transform the way new vaccine adjuvants are developed from PAMPs. Elimination
of pro-inflammatory toxicity has been the major hurdle of adjuvant development from
PAMPs. Currently, the standard approach is to structurally modify PAMPs in the hope of
eliminating their intrinsic pro-inflammatory toxicity while maintaining the beneficial effects
for protective immunity. In fact, MPL, the first non-alum adjuvant approved for clinical
usage [28], was derived from DPL of Salmonella minnesota LPS through structural modi-
fications (Figure 1B) [29,30]. However, structural modifications can be time-consuming,
and there is no guarantee that the resulting PAMP analogs exhibit desirable immunological
effects. Although the success of MPL spurred numerous studies to discover new adjuvants
through structural modifications of PAMPs, the vast majority of such efforts, with the no-
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table exception of CpG 1018 [39], did not yield vaccine adjuvants suitable for clinical usage.
Unlike PAMP structural modification, the mixing of a PAMP and an anti-inflammatory
drug can be done quickly for immunological characterization. In addition, it is possible
to tune the immunological effects of the mixture in a predictable manner by changing
the amount of an anti-inflammatory drug as exemplified in the dose–response profile
of the DPL + WA mixture (Figure 3). As such, the concept of detoxifying PAMPs with
anti-inflammatory drugs could greatly facilitate the discovery and development of new
vaccine adjuvants. Such an approach was pioneered by Esser-Kahn and co-workers, who
used an NF-κB inhibitor to suppress the pro-inflammatory effect of CpG, a TLR9 agonist, to
obtain promising adjuvant candidates [40,41]. There is, however, an important difference
between TLR9 and TLR4. While most toll-like receptors regulate either MYD88 or TRIF
pathways (TLR9 regulates MYD88), TLR4 is the only one that control both MYD88 and
TRIF pathways [42]. As such, modulation of TLR4 with small molecules, if it is possible,
would allow us to control a broader range of immunological responses. Our current finding
opens a possibility to use AIPs to fine-tune the immunological effects of TLR4 agonists to
rapidly generate safe immunotherapeutic agents. After all, humans may have been using
such an approach, albeit unknowingly, to safely boost immune functions for thousands of
years in the practice of herbal medicine.
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Withania somnifera (L.) Dunal (Ashwagandha): A Comprehensive Review on Ethnopharmacology, Pharmacotherapeutics,
Biomedicinal and Toxicological Aspects. Biomed. Pharmacother. 2021, 143, 112175. [CrossRef] [PubMed]

2. Mukherjee, P.K.; Banerjee, S.; Biswas, S.; Das, B.; Kar, A.; Katiyar, C.K. Withania somnifera (L.) Dunal—Modern Perspectives of an
Ancient Rasayana from Ayurveda. J. Ethnopharmacol. 2021, 264, 113157. [CrossRef] [PubMed]

3. Kushwaha, S.; Roy, S.; Maity, R.; Mallick, A.; Soni, V.K.; Singh, P.K.; Chaurasiya, N.D.; Sangwan, R.S.; Misra-Bhattacharya, S.;
Mandal, C. Chemotypical Variations in Withania somnifera Lead to Differentially Modulated Immune Response in BALB/c Mice.
Vaccine 2012, 30, 1083–1093. [CrossRef] [PubMed]

https://doi.org/10.1016/j.biopha.2021.112175
https://www.ncbi.nlm.nih.gov/pubmed/34649336
https://doi.org/10.1016/j.jep.2020.113157
https://www.ncbi.nlm.nih.gov/pubmed/32783987
https://doi.org/10.1016/j.vaccine.2011.12.031
https://www.ncbi.nlm.nih.gov/pubmed/22182427


Biomolecules 2023, 13, 828 10 of 11

4. Khan, S.; Malik, F.; Suri, K.A.; Singh, J. Molecular Insight into the Immune Up-Regulatory Properties of the Leaf Extract of
Ashwagandha and Identification of Th1 Immunostimulatory Chemical Entity. Vaccine 2009, 27, 6080–6087. [CrossRef] [PubMed]

5. Davis, L.; Kuttan, G. Immunomodulatory Activity of Withania somnifera. J. Ethnopharmacol. 2000, 71, 193–200. [CrossRef]
6. Ziauddin, M.; Phansalkar, N.; Patki, P.; Diwanay, S.; Patwardhan, B. Studies on the Immunomodulatory Effects of Ashwagandha.

J. Ethnopharmacol. 1996, 50, 69–76. [CrossRef]
7. Teixeira, S.T.; Valadares, M.C.; Gonçalves, S.A.; de Melo, A.; Queiroz, M.L.S. Prophylactic Administration of Withania somnifera

Extract Increases Host Resistance in Listeria Monocytogenes Infected Mice. Int. Immunopharmacol. 2006, 6, 1535–1542. [CrossRef]
8. Gautam, M.; Diwanay, S.S.; Gairola, S.; Shinde, Y.S.; Jadhav, S.S.; Patwardhan, B.K. Immune Response Modulation to DPT Vaccine

by Aqueous Extract of Withania somnifera in Experimental System. Int. Immunopharmacol. 2004, 4, 841–849. [CrossRef]
9. Saggam, A.; Limgaokar, K.; Borse, S.; Chavan-Gautam, P.; Dixit, S.; Tillu, G.; Patwardhan, B. Withania somnifera (L.) Dunal:

Opportunity for Clinical Repurposing in COVID-19 Management. Front. Pharmacol. 2021, 12, 623795. [CrossRef]
10. Eladl, A.H.; Mosad, S.M.; El-Shafei, R.A.; Saleh, R.M.; Ali, H.S.; Badawy, B.M.; Elshal, M.F. Immunostimulant Effect of a Mixed

Herbal Extract on Infectious Bursal Disease Virus (IBDV) Vaccinated Chickens in the Context of a Co-Infection Model of Avian
Influenza Virus H9N2 and IBDV. Comp. Immunol. Microbiol. Infect. Dis. 2020, 72, 101505. [CrossRef]

11. Saeidnia, S.; Manayi, A.; Vazirian, M. Echinacea purpurea: Pharmacology, Phytochemistry and Analysis Methods. Pharmacogn. Rev.
2015, 9, 63. [CrossRef] [PubMed]

12. Yamada, H.; Saiki, I. Juzen-Taiho-To (Shi-Quan-Da-Bu-Tang): Scientific Evaluation and Clinical Applications; CRC Press: Boca Raton,
FL, USA, 2005.

13. Hinz, B.; Woelkart, K.; Bauer, R. Alkamides from Echinacea Inhibit Cyclooxygenase-2 Activity in Human Neuroglioma Cells.
Biochem. Biophys. Res. Commun. 2007, 360, 441–446. [CrossRef] [PubMed]

14. Ren, W.; Ban, J.; Xia, Y.; Zhou, F.; Yuan, C.; Jia, H.; Huang, H.; Jiang, M.; Liang, M.; Li, Z.; et al. Echinacea purpurea-Derived
Homogeneous Polysaccharide Exerts Anti-Tumor Efficacy via Facilitating M1 Macrophage Polarization. Innovation 2023, 4, 100391.
[CrossRef] [PubMed]

15. Classen, B.; Thude, S.; Blaschek, W.; Wack, M.; Bodinet, C. Immunomodulatory Effects of Arabinogalactan-Proteins from Baptisia
and Echinacea. Phytomedicine 2006, 13, 688–694. [CrossRef]

16. Stimpel, M.; Proksch, A.; Wagner, H.; Lohmann-Matthes, M.L. Macrophage Activation and Induction of Macrophage Cytotoxicity
by Purified Polysaccharide Fractions from the Plant Echinacea purpurea. Infect. Immun. 1984, 46, 845–849. [CrossRef]

17. Luettig, B.; Steinmuller, C.; Gifford, G.E.; Wagner, H.; Lohmann-Matthes, M.-L. Macrophage Activation by the Polysaccharide
Arabinogalactan Isolated from Plant Cell Cultures of Echinacea purpurea. J. Natl. Cancer Inst. 1989, 81, 669–675. [CrossRef]

18. Benson, J.M.; Pokorny, A.J.; Rhule, A.; Wenner, C.A.; Kandhi, V.; Cech, N.B.; Shepherd, D.M. Echinacea purpurea Extracts Modulate
Murine Dendritic Cell Fate and Function. Food Chem. Toxicol. 2010, 48, 1170–1177. [CrossRef]

19. Takaoka, A.; Iacovidou, M.; Hasson, T.; Montenegro, D.; Li, X.; Tsuji, M.; Kawamura, A. Biomarker-Guided Screening of
Juzen-Taiho-to, an Oriental Herbal Formulation for Immunostimulation. Planta Med. 2014, 80, 283–289. [CrossRef]

20. Todd, D.A.; Gulledge, T.V.; Britton, E.R.; Oberhofer, M.; Leyte-Lugo, M.; Moody, A.N.; Shymanovich, T.; Grubbs, L.F.; Juzumaite,
M.; Graf, T.N.; et al. Ethanolic Echinacea purpurea Extracts Contain a Mixture of Cytokine-Suppressive and Cytokine-Inducing
Compounds, Including Some That Originate from Endophytic Bacteria. PLoS ONE 2015, 10, e0124276. [CrossRef]

21. Tamta, H.; Pugh, N.D.; Balachandran, P.; Moraes, R.; Sumiyanto, J.; Pasco, D.S. Variability in in Vitro Macrophage Activation by
Commercially Diverse Bulk Echinacea Plant Material Is Predominantly Due to Bacterial Lipoproteins and Lipopolysaccharides.
J. Agric. Food Chem. 2008, 56, 10552–10556. [CrossRef]

22. Pugh, N.; Jackson, C.; Pasco, D. Total Bacterial Load within Echinacea purpurea, Determined Using a New PCR-Based Quantification
Method, Is Correlated with LPS Levels and In Vitro Macrophage Activity. Planta Med. 2012, 79, 9–14. [CrossRef] [PubMed]

23. Haron, M.; Tyler, H.; Pugh, N.; Moraes, R.; Maddox, V.; Jackson, C.; Pasco, D. Activities and Prevalence of Proteobacteria Members
Colonizing Echinacea purpurea Fully Account for Macrophage Activation Exhibited by Extracts of This Botanical. Planta Med. 2016,
82, 1258–1265. [CrossRef] [PubMed]

24. Montenegro, D.; Kalpana, K.; Chrissian, C.; Sharma, A.; Takaoka, A.; Iacovidou, M.; Soll, C.E.; Aminova, O.; Heguy, A.;
Cohen, L.; et al. Uncovering Potential ‘Herbal Probiotics’ in Juzen-Taiho-to through the Study of Associated Bacterial Populations.
Bioorg. Med. Chem. Lett. 2015, 25, 466–469. [CrossRef] [PubMed]

25. Kalpana, K.; Montenegro, D.; Romero, G.; Peralta, X.; Akgol Oksuz, B.; Heguy, A.; Tsuji, M.; Kawamura, A. Abundance of
Plant-Associated Gammaproteobacteria Correlates with Immunostimulatory Activity of Angelica sinensis. Medicines 2019, 6, 62.
[CrossRef] [PubMed]

26. Issekutz, A.C. Removal of Gram-Negative Endotoxin from Solutions by Affinity Chromatography. J. Immunol. Methods 1983, 61,
275–281. [CrossRef] [PubMed]

27. Talmadge, K.W.; Siebert, C.J. Efficient Endotoxin Removal with a New Sanitizable Affinity Column: Affi-Prep Polymyxin.
J. Chromatogr. 1989, 476, 175–185. [CrossRef] [PubMed]

28. Kalpana, K.; Yap, S.; Iyengar, R.; Tsuji, M.; Kawamura, A. Cell-line-based Assay for the Toxicity/Benefit Analysis of Lipopolysac-
charides in Plants. Chem. Biol. Drug Des. 2020, 95, 311–315. [CrossRef] [PubMed]

29. Wang, Y.-Q.; Bazin-Lee, H.; Evans, J.T.; Casella, C.R.; Mitchell, T.C. MPL Adjuvant Contains Competitive Antagonists of Human
TLR4. Front. Immunol. 2020, 11, 577823. [CrossRef] [PubMed]

https://doi.org/10.1016/j.vaccine.2009.07.011
https://www.ncbi.nlm.nih.gov/pubmed/19628058
https://doi.org/10.1016/S0378-8741(99)00206-8
https://doi.org/10.1016/0378-8741(95)01318-0
https://doi.org/10.1016/j.intimp.2006.03.016
https://doi.org/10.1016/j.intimp.2004.03.005
https://doi.org/10.3389/fphar.2021.623795
https://doi.org/10.1016/j.cimid.2020.101505
https://doi.org/10.4103/0973-7847.156353
https://www.ncbi.nlm.nih.gov/pubmed/26009695
https://doi.org/10.1016/j.bbrc.2007.06.073
https://www.ncbi.nlm.nih.gov/pubmed/17599805
https://doi.org/10.1016/j.xinn.2023.100391
https://www.ncbi.nlm.nih.gov/pubmed/36873268
https://doi.org/10.1016/j.phymed.2005.10.004
https://doi.org/10.1128/iai.46.3.845-849.1984
https://doi.org/10.1093/jnci/81.9.669
https://doi.org/10.1016/j.fct.2010.02.007
https://doi.org/10.1055/s-0033-1360391
https://doi.org/10.1371/journal.pone.0124276
https://doi.org/10.1021/jf8023722
https://doi.org/10.1055/s-0032-1328023
https://www.ncbi.nlm.nih.gov/pubmed/23212786
https://doi.org/10.1055/s-0042-108590
https://www.ncbi.nlm.nih.gov/pubmed/27286330
https://doi.org/10.1016/j.bmcl.2014.12.036
https://www.ncbi.nlm.nih.gov/pubmed/25547935
https://doi.org/10.3390/medicines6020062
https://www.ncbi.nlm.nih.gov/pubmed/31159200
https://doi.org/10.1016/0022-1759(83)90221-1
https://www.ncbi.nlm.nih.gov/pubmed/6348159
https://doi.org/10.1016/S0021-9673(01)93867-1
https://www.ncbi.nlm.nih.gov/pubmed/2777972
https://doi.org/10.1111/cbdd.13646
https://www.ncbi.nlm.nih.gov/pubmed/31733132
https://doi.org/10.3389/fimmu.2020.577823
https://www.ncbi.nlm.nih.gov/pubmed/33178204


Biomolecules 2023, 13, 828 11 of 11

30. Mata-Haro, V.; Cekic, C.; Martin, M.; Chilton, P.M.; Casella, C.R.; Mitchell, T.C. The Vaccine Adjuvant Monophosphoryl Lipid A
as a TRIF-Biased Agonist of TLR4. Science 2007, 316, 1628–1632. [CrossRef]

31. Harper, D.M.; Franco, E.L.; Wheeler, C.M.; Moscicki, A.-B.; Romanowski, B.; Roteli-Martins, C.M.; Jenkins, D.; Schuind, A.;
Costa Clemens, S.A.; Dubin, G. Sustained Efficacy up to 4.5 Years of a Bivalent L1 Virus-like Particle Vaccine against Human
Papillomavirus Types 16 and 18: Follow-up from a Randomised Control Trial. Lancet 2006, 367, 1247–1255. [CrossRef]

32. Dubensky, T.W.J.; Reed, S.G. Adjuvants for Cancer Vaccines. Semin. Immunol. 2010, 22, 155–161. [CrossRef] [PubMed]
33. Yarden, A.; Lavie, D. 567. Constituents of Withania somnifera. Part I. The Functional Groups of Withaferin. J. Chem. Soc. 1962,

2925–2927. [CrossRef]
34. Logie, E.; Vanden Berghe, W. Tackling Chronic Inflammation with Withanolide Phytochemicals—A Withaferin A Perspective.

Antioxidants 2020, 9, 1107. [CrossRef] [PubMed]
35. Heyninck, K.; Lahtela-Kakkonen, M.; Van der Veken, P.; Haegeman, G.; Vanden Berghe, W. Withaferin A Inhibits NF-KappaB

Activation by Targeting Cysteine 179 in IKKβ. Biochem. Pharmacol. 2014, 91, 501–509. [CrossRef]
36. Min, K.; Choi, K.; Kwon, T.K. Withaferin A Down-Regulates Lipopolysaccharide-Induced Cyclooxygenase-2 Expression and

PGE2 Production through the Inhibition of STAT1/3 Activation in Microglial Cells. Int. Immunopharmacol. 2011, 11, 1137–1142.
[CrossRef]

37. Singh, G.; Sharma, P.K.; Dudhe, R.; Singh, S. Biological Activities of Withania somnifera. Ann. Biol. Res. 2010, 1, 56–63.
38. Meena, A.K.; Rekha, P.; Perumal, A.; Gokul, M.; Swathi, K.N.; Ilavarasan, R. Estimation of Withaferin-A by HPLC and

Standardization of the Ashwagandhadi Lehyam Formulation. Heliyon 2021, 7, e06116. [CrossRef]
39. Campbell, J.D. Development of the CpG Adjuvant 1018: A Case Study. In Vaccine Adjuvants; Fox, C.B., Ed.; Methods in Molecular

Biology; Springer: New York, NY, USA, 2017; Volume 1494, pp. 15–27. ISBN 978-1-4939-6443-7.
40. Moser, B.A.; Escalante-Buendia, Y.; Steinhardt, R.C.; Rosenberger, M.G.; Cassaidy, B.J.; Naorem, N.; Chon, A.C.; Nguyen, M.H.;

Tran, N.T.; Esser-Kahn, A.P. Small Molecule NF-KB Inhibitors as Immune Potentiators for Enhancement of Vaccine Adjuvants.
Front. Immunol. 2020, 11, 511513. [CrossRef]

41. Moser, B.A.; Steinhardt, R.C.; Escalante-Buendia, Y.; Boltz, D.A.; Barker, K.M.; Cassaidy, B.J.; Rosenberger, M.G.; Yoo, S.;
McGonnigal, B.G.; Esser-Kahn, A.P. Increased Vaccine Tolerability and Protection via NF-KB Modulation. Sci. Adv. 2020,
6, eaaz8700. [CrossRef]

42. Shen, H.; Tesar, B.M.; Walker, W.E.; Goldstein, D.R. Dual Signaling of MyD88 and TRIF Are Critical for Maximal TLR4- Induced
Dendritic Cell Maturation. J. Immunol. 2008, 181, 1849–1858. [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.

https://doi.org/10.1126/science.1138963
https://doi.org/10.1016/S0140-6736(06)68439-0
https://doi.org/10.1016/j.smim.2010.04.007
https://www.ncbi.nlm.nih.gov/pubmed/20488726
https://doi.org/10.1039/jr9620002925
https://doi.org/10.3390/antiox9111107
https://www.ncbi.nlm.nih.gov/pubmed/33182809
https://doi.org/10.1016/j.bcp.2014.08.004
https://doi.org/10.1016/j.intimp.2011.02.029
https://doi.org/10.1016/j.heliyon.2021.e06116
https://doi.org/10.3389/fimmu.2020.511513
https://doi.org/10.1126/sciadv.aaz8700
https://doi.org/10.4049/jimmunol.181.3.1849

	Introduction 
	Materials and Methods 
	Materials 
	Cell Treatment and Lysis for RT-qPCR Analysis 
	RT-qPCR Assay for the Detection of MyD88 and TRIF Pathways 
	In Vivo Cytokine Profiling 

	Results 
	Withaferin a Selectively Inhibits Pro-Inflammatory Signaling in DPL-Activated Macrophages 
	Withaferin a Selectively Attenuates Pro-Inflammatory Cytokine Responses in DPL-Treated Mice 

	Discussion 
	References

