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Pharmacological potential
of Withania somnifera (L.) Dunal
and Tinospora cordifolia (Willd.)
Miers on the experimental
models of COVID-19,
T cell differentiation, and
neutrophil functions

Zaigham Abbas Rizvi1,2*, Prabhakar Babele3, Upasna Madan1,2,
Srikanth Sadhu1,2, Manas Ranjan Tripathy1,2,
Sandeep Goswami1,2, Shailendra Mani3, Madhu Dikshit3,4*

and Amit Awasthi1,2*

1Immuno-biology Lab, Translational Health Science and Technology Institute, NCR-Biotech Science
Cluster, Faridabad, Haryana, India, 2Immunology-Core Lab, Translational Health Science and
Technology Institute, NCR-Biotech Science Cluster, Faridabad, Haryana, India, 3NCD, Translational
Health Science and Technology Institute (THSTI), NCR Biotech Science Cluster, Faridabad,
Haryana, India, 4Pharmacology, CSIR-Central Drug Research Institute, Lucknow, Uttar Pradesh, India
Cytokine release syndrome (CRS) due to severe acute respiratory coronavirus-2

(SARS-CoV-2) infection leads to life-threatening pneumonia which has been

associated with coronavirus disease (COVID-19) pathologies. Centuries-old

Asian traditional medicines such as Withania somnifera (L.) Dunal (WS) and

Tinospora cordifolia (Willd.) Miers (TC) possess potent immunomodulatory

effects and were used by the AYUSH ministry, in India during the COVID-19

pandemic. In the present study, we investigated WS and TC’s anti-viral and

immunomodulatory efficacy at the human equivalent doses using suitable in

vitro and in vivo models. While both WS and TC showed immuno-modulatory

potential, WS showed robust protection against loss in body weight, viral load,

and pulmonary pathology in the hamster model of SARS-CoV2. In vitro

pretreatment of mice and human neutrophils with WS and TC had no adverse

effect on PMA, calcium ionophore, and TRLM-induced ROS generation,

phagocytosis, bactericidal activity, and NETs formation. Interestingly, WS

significantly suppressed the pro-inflammatory cytokines-induced Th1, Th2,

and Th17 differentiation. We also used hACE2 transgenic mice to further

investigate the efficacy of WS against acute SARS-CoV2 infection. Prophylactic

treatment of WS in the hACE2 mice model showed significant protection against

body weight loss, inflammation, and the lung viral load. The results obtained

indicate that WS promoted the immunosuppressive environment in the hamster

and hACE2 transgenic mice models and limited the worsening of the disease by
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reducing inflammation, suggesting that WS might be useful against other acute

viral infections. The present study thus provides pre-clinical efficacy data to

demonstrate a robust protective effect of WS against COVID-19 through its

broader immunomodulatory activity
KEYWORDS

Withania somnifera (Ashwagandha), Tinospora cordifolia, SARS-CoV-2, hamster model,
T cells, neutrophils, and hACE2 transgenic mice, COVID-19
Introduction

The first reported case of SARS-CoV-2 was in 2019 and has

since then become a predominant cause of global morbidity and

mortality (1). COVID-19 was declared a pandemic by the World

Health Organization (WHO) in March 2020 demanding the

development of therapeutic interventions and vaccine candidates

to mitigate COVID-19-related pathology and mortality (2–5). One

of the hallmarks of severe COVID-19 is cytokine release syndrome

(CRS) which is responsible for elevated pro-inflammatory cytokines

in the pulmonary region leading to respiratory distress (6–9).

Moreover, attenuated functionality in other major organs or

multiple organ failure has also been manifested in a significant

number of COVID-19 cases (10–12). Active vaccination strategy

helped in alleviating the COVID-19 severity and related death,

however, the continuous evolution of the ancestral virus using

acquiring mutations led to immune evasion and poorer

protection against variants of concern (VoC) and emerging

variants of SARS-CoV-2 (13, 14). In addition, COVID-19

vaccines may not be sufficient to confer protection in

immunocompromised individuals or the individuals with co-

morbid conditions. Therapeutic antiviral drugs such as

Remdesivir (RDV) and immunosuppression by Dexamethasone

(DXM) were the most acceptable therapeutic options against

SARS-CoV-2 infection. While DXM was effective in reducing the

overall morbidity and mortality arising due to COVID-19 and

showed success in clinical trials, a randomized clinical trial of

RDV did not show any significant protection in COVID-19

deaths and was marginally successful in giving relief from clinical

symptoms (15, 16).

In addition, a major issue with synthetic drugs is also their off-

target reactivity limiting their usage in clinical cases. DXM, for

example, is a broad immuno-suppressant drug and is known to

suppress the overall immune response which may lead to a rise in

opportunistic pathogenic infections and other life-threatening

complications (17). The alternate strategy of COVID-19

management includes prophylaxis or preventative strategies with

immunomodulators to improve immunity against SARS-CoV-2

infection. In this regard, plant-derived immunomodulators have

gained considerable interest owing to their prolonged human use

and better safety. The emerging line of evidence has shown that the

use of herbal extracts from traditional medicine systems might help

in mitigating the COVID-19 pathology (18–20). In the current
02
study, we investigated the efficacy of WS (Ashwagandha), TC

(Guduchi), and Piper longum L. (Thippali), in the in vitro cell-

based systems and animal models. WS, a shrub traditionally used in

India and other Asian countries, is known to possess

immunomodulatory properties. Previous in-vitro and in-vivo

studies have shown that WS could play a role in the regulation of

inflammation by suppressing pro-inflammatory cytokines (21–24).

More recently, in-silico docking studies showed the potent

inhibitory potential of Withanone, an active ingredient of WS,

against SARS-CoV-2 virulence proteins such as spike protein (22,

25). Other reports have shown Withaferin A, a bioactive steroidal

lactone derived from WS, to be anti-inflammatory by reducing the

levels of inflammatory cytokines such as IL-6 and TNFa which is

desirable in COVID-19 patients to alleviate pulmonary pathology

(26, 27). More recently, we have also characterized the anti-viral

component of WS which was found to exhibit potent anti-viral

property in-vitro (28). Similarly, TC and PL have also been shown

to modulate inflammatory responses in various disease conditions.

TC, particularly, was found to exert anti-viral activity against SARS-

CoV-2 in in-silico and in-vitro studies (25). However, there is still a

lack of evidence on the protective efficacy and immunomodulatory

potential of these herbal extracts in the in-vivo models of

COVID-19.

To address these questions, we used hamster (chronic model)

and hACE2.Tg mice (acute model) to evaluate the protective

efficacy of WS, TC, and PL and the immunological correlates of

protection in COVID-19. Our data from the hamster challenge

study showed that prophylactic dosing of WS, but not TC or TC in

combination with PL (TC+PL), was able to significantly reduce

body weight loss. In line with this, WS dosing showed significantly

decreased lung viral load, pulmonary pathology, and suppression of

inflammatory cytokine mRNA expression. In contrast, the TC

group showed robust anti-inflammatory potential but no viral

load and pathology alleviation. Next, we used cellular T-cell assay

to show potent inhibition of Th1, Th2, and Th17 differentiation in

presence of WS, while TC was found to inhibit Th1, Th2, and Th17

differentiation only at higher doses. To understand the effector

immune population, we used hACE2.Tg model and show that WS

administration results in boosting the immunosuppressive

environment in SARS-CoV-2 infected mice which leads to

amelioration of pulmonary pathology and significant protection

against COVID-19 morbidity and mortality. Together, we provide

data from moderate and acute SARS-CoV-2 animal challenge
frontiersin.org
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studies suggesting robust protective efficacy by prophylactic WS

and determining the immune correlates of protection. Our in-vitro

and in-vivo results support the translational value of WS against

COVID-19 and provide the basis for further clinical evaluations.
Materials and methods

WS, TC, and PL extract was provided by National Medicinal

Plant Board and was used as per pharmacopeial standards in the

current study for both in-vitro and in-vivo evaluations.
Animal ethics and biosafety statement

6-8 weeks of K18-humanized ACE2 transgenic mice (hACE2.

Tg mice) were initially procured from Jackson’s laboratory and then

bred and maintained at the small animal facility (SAF), THST.

Golden Syrian hamsters (6-9 weeks) were procured from the

Central drug research institute (CDRI) and were used for

experimentation post-quarantine. The animals were randomly

divided into 5 groups based on their body weight viz uninfected

(UI), Infected (I), Infected treated with remdesivir (I+RDV),

Infected treated with WS (I+WS), Infected treated with TC (I

+TC) and infected treated with TC+PL (I+TC+PL). The hamster

prophylactic WS, TC or TC+PL group started receiving twice-daily

oral doses of 130 mg/kg (0.5% CMC preparation) 5 days before the

challenge and continued till the endpoint. The hACE2 transgenic

mice group started receiving prophylactic WS, TC or TC+PL group

started receiving twice-daily oral doses of 78 mg/kg (0.5% CMC

preparation) 5 days before the challenge and continued till the

endpoint. The hamster remdesivir control group received 15mpk

(subcutaneous: sc) on 1 day before and 1 day after the challenge

while hACE2 transgenic mice received 25mpk (intraperitoneal: ip)

injections of remdesivir started on the same day of infection and

continued till the end point. The animals were shifted to ABSL3 1

day prior to the challenge. Live intranasal infection of SARS-CoV-2

SARS-Related Coronavirus 2, Isolate USA-WA1/2020) 105PFU/

100ml (for hamster) and 105PFU/50ml (for mice) or with DMEM

mock control was established with the help of catheter under mild

anesthetized by using ketamine (150mg/kg) and xylazine (10mg/kg)

intraperitoneal injection inside ABSL3 facility (29–34).

Experimental protocols related to handling and experimentation

was approved by RCGM, institutional biosafety, and IAEC (IAEC/

THSTI/105) animal ethics committee.
Preparation and characterization of WS,
TC, PL extract

1g of dry powder of WS (roots), TC (stem), and PL (seeds) were

dissolved in 100 ml of water at 37°C overnight in a shaker incubator

to obtain the herbal extracts. The following day, the suspended

extract was centrifuged at high speed 10000 x g for 30 min. The

supernatant thus obtained was filtrated by using a 0.45 filter. The

filtrate obtained was assumed to be 100% aqueous extract which was
Frontiers in Immunology 03
further diluted in water to achieve a dosing concentration. The

filtrate was further used for evaluating the composition and was

previously published (28).
Virus culture and titration

Dulbecco’s Modified Eagle Medium (DMEM) complete media

containing 4.5 g/L D-glucose, 100,000 U/L Penicillin-Streptomycin,

100 mg/L sodium pyruvate, 25mM HEPES and 2% FBS was used to

propagate and titrate SARS-Related Coronavirus 2, Isolate USA-

WA1/2020 virus in Vero E6 cell line. The plaque-purified stocks of

virus were prepared and used inside at ABSL3 facility at IDRF,

THSTI in accordance with the IBSC and RCGM protocols.
Gross clinical parameters of
SARS-CoV2 infection

For mice experiment the endpoint of the study was day 6

post-challenge, while for hamster study the endpoint was 4 days

post-challenge. The animal body weight was recorded for

everyday post challenge. At the end point all the animals were

sacrificed and a necropsy was performed to investigate lungs and

spleen. Gross morphological changes were recorded and imaging

was performed for excised lungs and spleen. For histological

analysis, left lower lobe of the lung was excised and fixed in 10%

formalin (31, 33, 35). Lungs were homogenized in Trizol for RNA

isolation while spleen was either homogenized (hamster) or used

for flow cytometry (hACE2 transgenic mice) (30). The

homogenized samples were immediately stored at -80 °C till

further use. Serum samples isolated from blood w immediately

stored at -80 °C till further use.
Viral load

Isolated lung was homogenized in 2ml Trizol reagent

(Invitrogen) and RNA was isolated by Trizol-Choloform method.

Yield of RNA was quantitated by nano-drop and 1 µg of RNA was

use to reverse-transcribed to cDNA using the iScript cDNA

synthesis kit (BIORAD; #1708891) (Roche). 1:5 diluted cDNAs

was used for qPCR by using KAPA SYBR® FAST qPCRMaster Mix

(5X) Universal Kit (KK4600) on Fast 7500 Dx real-time PCR system

(Applied Biosystems) and the results were analyzed with SDS2.1

software (30, 33). Briefly, 200 ng of RNA was used as a template for

reverse transcription-polymerase chain reaction (RT-PCR). The

CDC-approved commercial kit was used for of SARS-CoV-2 N

gene: 5′-GACCCCAAAATCAGCGAAAT-3′ (Forward), 5′-TCTG
GTTACTGCCAGTTGAATCTG-3′ (Reverse). Hypoxanthine-

guanine phosphoribosyl transferase (HGPRT) gene was used as

an endogenous control for normalization through quantitative RT-

PCR. The relative expression of each gene was expressed as fold

change and was calculated by subtracting the cycling threshold (Ct)

value of hypoxanthine-guanine phosphoribosyl transferase

(HGPRT-endogenous control gene) from the Ct value of the
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target gene (DCT). Fold change was then calculated according to the
formula POWER(2,-DCT)*10,000 (36, 37).
qPCR from splenocytes

RNA isolated from spleen samples were converted into cDNA

as described above. Thereafter, the relative expression of each gene

was expressed as fold change and was calculated by subtracting the

cycling threshold (Ct) value of hypoxanthine-guanine

phosphoribosyl transferase (HGPRT-endogenous control gene)

from the Ct value of target gene (DCT). Fold change was then

calculated according to the formula POWER (2, -DCT)*10,000 (36–
38). The list of the primers is provided in Table 1 as follows.
Histology

Formalin-fixed samples of lungs were embedded in paraffin

blocks, sectioned and stained with hematoxylin and eosin dye as

previously described (35, 36). Strained lung samples were then

analysed and imaged at 40X. Histological assessment for

pathological features was done by professional histologist in a

blinded manner and scoring was carried out on a scale of 0-5

(where 0 indicated the absence of histological feature while 5
Frontiers in Immunology 04
indicated the highest score). Disease index score was calculated by

the addition of all the individual histological scores.
In vitro differentiation of T cells

The single cell suspension was prepared from spleen and lymph

nodes of 6–8 weeks old C57BL/6 mice. The cells were activated

using soluble anti-CD3 (2ug/ml) and differentiated into Th1

conditions by adding recombinant mouse IL-12 (15ng/ml)

cytokine or Th2 conditions by adding recombinant mouse IL-4

(15ng/ml) cytokine or Th17 conditions by adding TGF-beta (2ng/

ml) plus IL-6 cytokine (25ng/ml) (37, 39). WS or TC was added in

concentrations ranging from 10ug/ml to 1000ug/ml at the start of

culture. Cells were harvested after 72 hours of culture. Intracellular

cytokine staining was performed to check the expression of IFN-

gamma, IL-4 and IL-17 cytokine for Th1, Th2 and Th17

cells respectively.
Intracellular cytokine staining

Surface markers were stained for 15–20 min in room

temperature in PBS with 1% FBS, then were fixed in Cytofix and

permeabilized with Perm/Wash Buffer using Fixation

Permeabilization solution kit and stained anti-IL-17A; anti-IFN-

gamma, anti-IL-4 diluted in Perm/Wash buffer. All antibodies were

used in 1:500 dilution. The cells were then taken for flow cytometry

using BD FACS-CantoII and data was analyzed with FlowJo

software (32, 36, 37).
Isolation of murine BMDNs and human
peripheral neutrophils

Murine BMDNs were isolated according to the method

described by Rizvi et al., 2022 from long bones of C57BL/6 wild-

type male mice (12–16 weeks, 20–25 g) (31). After flushing the long

bones with HBSS + 0.1% BSA, BMDNs were collected between the

81% and 62% layers of the Percoll (Sigma GE17-0891-02) density

gradient. Cell viability and purity were checked by Trypan blue and

anti-Ly6G (Thermo 14-5931-82) and anti-CD11b (Thermo 14-

0112-82) antibodies, respectively. Similarly, human PMNs were

also isolated from the peripheral blood of healthy individuals, after

sedimenting the RBCs with 6% dextran at 37°C. Isolated

neutrophils were assessed by CD15 (Thermo 14-0159-82) labeling

for their purity. All the studies on mice were approved by the

institutional animal (THSTI/105) and human (THS1.8.1/100)

ethical committees, DBT-THSTI, Faridabad.
Cell viability assay

Different concentrations of the extracts, ranging from 100-

1000 µg/ml were used to determine, if any, cytotoxicity on
TABLE 1 Mouse qPCR primers.

Gene Forward Reverse

HGPRT GATAGATCCACTCCC
ATAACTG

TACCTTCAACAATCAAGA
CATTC

tryptase
b2

TCGCCACTGTATCCCC
TGAA

CTAGGCACCCTTGACTT
TGC

chymase ATGAACCACCCTCGG
ACACT

AGAAGGGGGCTTTGCAT
TCC

muc1 CGGAAGAACTATGGG
CAGCT

GCCACTACTGGGTTGGTG
TAAG

Sftp-D TGAGCATGACAGACG
TGGAC

GGCTTAGAACTCGCAGA
CGA

Eotaxin ATGTGCTCTCAGGTC
ATCGC

TCCTCAGTTGTCCCCAT
CCT

PAI-1 CCGTGGAACCAGAAC
GAGAT

ACCAGAATGAGGCGTGT
CAG

IFNg TGTTGCTCTGCCTCA
CTCAGG

AAGACGAGGTCCCCTCCA
TTC

TNFa AGAATCCGGGCAGG
TCTACT

TATCCCGGCAGCTTGTG
TTT

IL13 AAATGGCGGGTTCT
GTGC

AATATCCTCTGGGTCTTGTAG
ATGG

IL17A ATGTCCAAACACTGAG
GCCAA

GCGAAGTGGATCTGTTGA
GGT

IL10 GGTTGCCAAACCTTATC
AGAA ATG

TTCACCTGTTCCACAGCC
TTG

IL6 GGACAATGACTATGTGT
TGTTAGAA

AGGCAAATTTCCCAATTGTATC
CAG
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neutrophils up to 240 min (40). 1.0x106 per ml cells were

incubated with propidium iodide (PI, 50 mg/ml, Sigma P4170)

for 15 min and analyzed on BD FACS Canto cell analyzer (BD

Biosciences, USA).
Intracellular ROS and mtROS analysis

Both cytosolic and mitochondrial ROS were measured with

DCFH-DA (10 mM, Sigma D6883) and MitoSOX (10 mM,

Thermo M36008), respectively as previously reported (40).

Extract pre-incubated cells (1.0 x 106 cells/ml) were treated

with different interventions such as TRLM (10 mM, MedChem

HY-109104), PMA (10-100 nM, Sigma P1585), A23187 (1-5

mM, Sigma C5149), ionomycin (1-4 mM, Sigma I9657), NAC (10

mM, Sigma A9165), and MitoTEMPO (10 mM, Sigma

SML0737). DMSO (0.1%) was used as a control. A minimum

of 10,000 events were acquired for each sample using BD FACS

Canto II.
NETosis assay

5.0 x 104 cells were incubated with both the extract for 60 min at

37°C, followed by treatment with TRLM (10 uM), PMA (10 uM),

A23187 (1 uM), ionomycin (1 uM), or vehicle (DMSO 0.1%).

SYTOX Green (100 nM, Thermo S7020) was used to monitor the

fluorescence at different time periods up to 240 min in a plate reader

at 37°C (Synergy 2; BioTek) as described earlier (Rizvi et al., 2022).

Additionally, immunofluorescence images were also developed

using anti-MPO (Santa Cruz Sc390109) and anti-H4Cit3 (Sigma

07-596) antibodies by confocal microscope (Olympus FV3000) at

100X resolution.
Phagocytosis and bactericidal assay

Phagocytosis was accessed by adding PE-labelled latex beads

(Sigma L2778) to extract pre-treated PMNs (1.0 x 104) at a 1:50

ratio using FACS (41). The bactericidal activity of neutrophils was

accessed by first incubating the cells with extracts and then treating

them with kanamycin-resistant E. coli for 30 min at 37°C.

Internalized bacteria were plated on LB agar after the lysis of

PMNs. The killing activity is expressed as a percent of CFU in

the presence/absence of PMNs.
Statistical analysis

All the experiments have been carried out independently in

triplicate. Results are being expressed as mean ± SEM. Multiple

group comparisons have been performed using one-way ANOVA

followed by the Bonferroni test using GraphPad Prism 8. The

differences have been considered as statistically significant when

the p-value was < 0.05.
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Results

Prophylactic use of WS, but not TC, limits
SARS-CoV-2-induced pulmonary
pathology in hamsters

To determine and evaluate the therapeutic potential of WS and

TC (two commonly used traditional herbs) against COVID-19, we

used a previously established hamster model for SARS-CoV-2

infection which has been shown to mimic moderate COVID-19

pathology (30, 31, 33, 42, 43). The dosing regimen involved

prophylactic intra-gastric administration of WS, TC, or TC+PL

for 5 days before intranasal SARS-CoV-2 challenge in hamsters

which was continued till the end point of the study (4 days post-

infection, dpi). RDV was used as a prototypic anti-viral as a positive

control to compare the in vivo results. Though, RDV in clinical

trials results in marginal protection against morbidity, in animal

studies RDV has been shown to provide robust protection against

COVID-19. The schematic summary of the dosing regimen and

study design is shown in Figure 1A. Our hamster challenge data

indicated that prophylactic dosing of WS was able to significantly

reduce the body mass loss following SARS-CoV-2 infection as

compared to the (I+WS). This protection against mass loss was

found to be similar to that of the RDV-treated group (Figure 1B).

However, both TC and TC+PL treated groups showed 4-8% body

mass loss at 4 dpi when compared to the uninfected group (UI)

(Figure 1B). Since protection in body mass loss is correlated with

the decreased lung viral load and pathology, we next examined the

gross morphological manifestation in excised lungs post necropsy

and the corresponding lung viral load. Our data show significantly

reduced pathological features and relative N gene expression in the

lungs in the WS treatment group, as compared to the infected

group, which was similar to the reduction seen in the RDV group.

The TC and TC+PL group showed no significant reduction in the

pathology and viral load in the lungs (Figures 1C, D).

In a significant percentage of clinical cases, COVID-19 is

characterized by inflammation in the lungs leading to

pneumonitis and cellular injury (44). We, therefore, set out to

understand the degree of protection in pulmonary pathology by

WS, TC, and TC+PL groups. Blinded-random histopathological

assessment of the lung sections by a trained pathologist showed

robust overall protection in the hamsters receiving WS in terms of

overall mitigation in pneumonitis, bronchitis, epithelial injury, lung

injury, and inflammation score which was Together, we provide

pre-clinical data from mild and severe infection models suggesting

robust protection by WS against COVID-19 through its broader

immunomodulatory activity. Our study supports the evaluation of

WS alone or as a formulation for therapeutic intervention against

acute viral infections.

Similar to the degree of protection in the RDV-treated group.

TC and TC+PL groups, however, failed to alleviate the overall

pathological score of the lungs (Figures 1E, F). Next, to understand

the mechanism we evaluated the expression of genes involved in

lung injury. Chymase and tryptase are effector enzymes secreted by

mast cells that have been implicated in COVID-19 pulmonary
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pathology (45, 46). On the other hand, secretion of mucin-1 (muc1)

and surfactant protein D (sftp-D) are important defense

mechanisms in the lungs against pathogenic infection, while

elevated plasminogen activator inhibitor-I (PAI-1) is a risk factor

for thrombosis and has been shown to be correlated with COVID-

19 severity (30). Eotaxin is a lung injury-associated gene whose lung

expression is upregulated in the case of severe COVID-19 (30, 47).

Our data showed that both WS and TC were able to significantly

decrease the mRNA expression of chymase, tryptase, sftpD, and
Frontiers in Immunology 06
muc1, though the fold change inhibition observed in the WS group

was dramatically more prominent than that observed in the TC

group. Notably, WS, but not TC, group showed a decrease in

exotoxin and PA1 as well (Figure 1G). However, the

combinatorial effect of TC with PL showed no alleviation in the

gene expression markers for lung injury. In conclusion, we show

that hamsters receiving prophylactic dosing of WS but not TC or

TC in combination with PL alleviates the pulmonary pathology

induced by COVID-19.
A B

D

E F

G

C

FIGURE 1

Prophylactic efficacy of selected herbal extract on the SARS-CoV-2 infected hamsters. (A) Schematic representation of dosing regimen for
prophylactic treatment of WS, TC or TC in combination with PL, positive control remdesivir (RDV), infection control (I) or uninfected hamster group.
All the animals except the uninfected control was intranasally challenged with 105 pfu SARS-CoV-2 on day 0 and sacrificed on 4-day post infection
(dpi). (B) Body mass of the animals were monitored post challenge and was plotted as %age change as compared to its day 0 body mass. (C)
Representative images of harvested lungs post necropsy. (D) Relative viral load by N gene expression by qPCR shown as bar graph mean ± SEM.
Histological analysis of left lung lower lobe was carried out post necropsy. The samples were fixed in 10% neutral formalin solution, paraffin
embedded, sectioned and hematoxylin (H) & eosin (E) stained. Stained sections were then imaged at 10X and assessed by trained pathologist for
histological features. (E) Representative images of HE stained lungs showing pneumonitis (blue), bronchitis (red), epithelial injury (green) and
inflammation (yellow). (F) Blinded pathological score for pneumonitis, bronchitis, lung injury, epithelial injury and inflammation as assessed by trained
pathologist. (G) mRNA expression of key genes involved in cellular injury of lungs. For each experiment N=5. One way-Anova using non-parametric
Kruskal-Wallis test for multiple comparison. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Prophylactic WS promotes the anti-
inflammatory response to COVID-19

During the active phase of SARS-CoV-2 infection, immune cells

are recruited in the lungs leading to an aggressive inflammatory

response that is correlated to morbidity and mortality (44). Previous

studies have shown that the inflammatory profile of the lungs

corroborates well with the inflammatory profile of the spleen in

COVID-19 animal models (30, 31). Furthermore, splenomegaly has

been shown to be one of the crucial COVID-19 severity indicators

in the hamster model (30). In line with the previously published

reports, we found a significant increase in the spleen length and

mass in the infected hamsters while the hamsters receiving WS and

RDV showed a significant reduction in the body spleen length and

mass increase as compared to the infected control (Figures 2A, B).

Severe COVID-19 patients have elevated pro-inflammatory

cytokines and diminished anti-inflammatory cytokines levels.

Therapeutic drugs such as DXM which were successful in

decreasing the pro-inflammatory cytokines were found to be

effective in clinical trials. Therefore, we tested the immune-

modulatory potential of WS, TC, and TC+PL in SARS-CoV-2-

infected hamsters. Our mRNA expression data from the spleen

shows that both WS and TC showed potent anti-inflammatory

potential in lowering the expression of IL-6, IL4, IL13, and TNF-a.
Notably, WS showed inhibitory potential for IL-17 cytokine which

is pathogenic for pulmonary injury, and significantly boosted the

expression of IL-10 cytokine and foxp3 transcription factor which

are crucial for the induction of regulatory T cells (Tregs)

(Figures 2C, D). There were no significant changes observed in

the expression of IFN-g cytokine and t-bet transcription factor

which is responsible for the induction of Th1 response. The TC

+PL group also showed non-significant modulations compared to

the I group. Together, we found both WS and TC to show

immunomodulatory potential in COVID-19 hamsters. WS was

more potent in the induction of anti-inflammatory response.
Effect on TRLM-PMA/ionophore-stimulated
ROS and mtROS production in human
PMNs and murine BMDNs

Neutrophils engage the pathogens by TLRs via recognizing

PAMPs: among the discovered TLRs, endosomal TLR 7/8 binds

viral single-stranded RNA as in SARS-CoV-2. Various TLR7/8

agonists induce neutrophil activation (48) however, little is

known about a putative link between TLR7/8 signaling and

neutrophil responses. In the present study, we found a significant

increase in different neutrophil functions against priming of TLR7/8

by TRLM prior induction with PMA and/or ionophores.

WS and TC have been extensively characterized elsewhere as an

alternative or complementary remedy for oxidative and

inflammatory diseases owing to the presence of a range of

alkaloids, polyphenols, terpenes, flavonoids, coumarins and other

phytochemicals. Therefore, to determine the effect of WS and TC

on ROS and mtROS production, DCF-DA and mitoTEMPO were

added respectively, to the cells followed by priming with TRLM and
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induction with PMA and ionophores. A marked decrease in ROS

production in TC-treated PMNs, from 43% (50 mg/ml) to 52% (100

mg/ml, p<0.05) was observed when stimulated with TRLM-PMA

whereas TRLM-ionomycin led to a decrease of 35% at 50 mg/ml and

49% at 100 mg/ml, p<0.05 (Figures 3A, B). WS also had similar

effects in limiting the formation of superoxide anions elicited by

TRLM-PMA (19% at 50 mg/ml and 30% at 100 mg/ml, p<0.05) or

TRLM-ionomycin (maximum decrease of 21% at 100 mg/ml,

p<0.05) (Figures 3C, D). A similar trend was also seen in murine

datasets (Figures S1A–D). Further, the ability of TC, 100 mg/ml to

inhibit mtROS production in PMNs revealed a 40% and 23%

reduction with TRLM-PMA and TRLM-ionomycin respectively

(Figures 3E–F). A somewhat lower percent reduction was seen in

WS- exposed cells with TRLM-PMA (19%), and TRLM-ionomycin

(12%) at 100 mg/ml of WS (Figures 3G, H). Similar to the TC and

WS effect on PMNs, murine cells also showed more potent

inhibition on TRLM-PMA mediated cytosolic and mitochondrial

radical production (Figures S1E–H). Notably, WS and TC both

were comparatively more efficient in reducing PMA-mediated ROS

and mtROS production in neutrophils from humans or mice.
Effect on NETosis in human PMNs and
murine BMDNs

Since sera and postmortem lung biopsies from COVID-19

patients have a high concentration of NET components especially

in the inflammatory interstitial lesions and airways (49), elucidating

their detailed mechanism could be highly useful. Although NETs

formation has been considered a defensive microbicidal

phenomenon to exterminate the invading foreign pathogens (50)

but a loss of its control and their persistent presence in

inflammation results in host tissue damage.

A steep rise in NETosis of more than 50% was observed in PMNs

primed with TRLM before exposing PMA or ionophores.

Supplementing the cells with TC but not WS could inhibit double-

stranded DNA release, a hallmark for NETs formation. TC exhibited

an inhibitory effect on NETs in a concentration-dependentmanner. A

low concentration of TC has no significant effect on the inhibition of

NETs in neutrophils, however, higher concentrations exerted an

inhibitory effect on the release of dsDNA. PMA-induced NETosis

in human PMNs was reduced from 13% to 25% after treatment with

100 and 300 µg/ml, p<0.05 of TC respectively (Figure 4A). In contrast,

with TRLM-ionomycin stimulation TC did not exert a noticeable

reduction in DNA release; a maximum of 15% inhibition was seen at

300 mg/ml (Figure 4B). Treatment of cells with WS did not reveal a

significant down-regulation of NETosis (Figures 4C, D). Further,

similar effects were replicated in the mouse model also using murine

BMDNs as shown in Figures S1I–L. Our immunofluorescence images

further corroborated the fluorimetry data. Figures 4E, F showed that

the pre-treatment of PMNs with 300 mg/ml TC prevented the diffused

and web-like state of TRLM-PMA treated cells as evidenced by the

reduction of percent NETs forming cells, MPO, and H4Cit3

expression. Incubation of TC with the TRLM-ionomycin group did

not result in much elimination of characteristic DNA fibers extrusion,

except with shrinkage of nuclear diameter. Results obtained thus
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indicate that TC might contribute to the regulation of neutrophil

NETs formation via modulating the PMA-mediated signaling

pathways involved in NETosis.
Effect of WS on phagocytosis by
human PMNs

In addition to degranulation and NETs, phagocytosis is another

critical anti-microbial function of neutrophils. The measurable effect of

WS and TC on neutrophils led us to study the role of these extracts on

the phagocytic potential of these immune first responders. TC andWS

showed amodest reduction of 17% and 13% (p<0.05), respectively only

at the high concentration (300 µg/ml, Figures S2A, B), while 1-100 µg/
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ml of both the herbal extracts did not elicit any noticeable change. Also,

pre-treatment of human peripheral neutrophils with TC and WS did

not impart any significant effect on the killing activities of phagocytes;

approximately 74% and 41% reduction in E. coli growth was observed

when bacteria were incubated with TC and WS-treated PMNs,

respectively (Figures S2C, D).
Effect of WS, and TC on Th1, Th2,
and Th17 polarization

T helper cell subset responses determine the clinical outcome of

SARS-CoV-2 infection (51, 52). An appropriate Th1 cell response is

required to clear the virus when the infection is initially established.
A B

D

C

FIGURE 2

Immunomodulatory effects of WS or TC on the infected hamsters. Immunomodulatory activity of prophylactic treatment of WS or TC on infected vs
uninfected hamsters were studied. (A) representative spleen images harvested post necropsy. (B) changes in spleen mass to body mass ratio for
different groups (C) modulation in the mRNA expression of pro-inflammatory cytokines and (D) transcription factors. For each experiment N=5. One
way-Anova using non-parametric Kruskal-Wallis test for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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However, prolonged Th1 cell activation precedes cytokine storm

and priming of Th2 responses, leading to a poor prognosis (51, 53).

Patients with severe Covid infection show high levels of IL-17 and

GM-CSF (44, 54). Th17 cells lead to the recruitment of neutrophils

and increase vascular permeability and leakage, causing lung

damage (55). Thus, preventing the hyperactivation of pro-

inflammatory T cells (Th1, Th2, and Th17) will help reduce the

disease’s severity. To study the immunomodulatory role of WS, we

studied the effect on in vitro differentiation of different Th cell

subsets like Th1, Th2, and Th17 cells (Figure 1). WS showed

effective inhibition in the differentiation of Th1, Th2, and Th17

cells with an increase in doses (Figures 5A–I). IC50 values were

calculated to compare its efficacy in inhibiting different Th cell

subsets. The IC50 value of WS for Th1, Th2, and Th17 cells

inhibition were 490.9ug/ml, 185.8 ug/ml, and 488.7ug/ml

respectively (Figures 5C, F, I). These observations show that WS
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is a more potent inhibitor of Th2 cells, followed by Th17 and Th1

cells. We also studied the effect of TC on in vitro differentiation of

helper T cell subsets Th1, Th2, and Th17 cells (Supplementary

Figures S3A–I). It showed a marginal inhibition of Th1, Th2, and

Th17 cells with an increase in doses. The IC50 value of TC for Th1,

Th2, and Th17 cells inhibition was 1294 ug/ml, 1330 ug/ml, and

1679 ug/ml (Supplementary Figures S3A–I). These observations

show that TC is not as good an inhibitor of pro-inflammatory T-cell

differentiation as compared to WS. DXM was used as a positive

control since it is a well-known immunosuppressive drug

(Supplementary Figures S4A–I). IC50 values of DXM were

517.6nM, 1364pM, and 3162pM for Th1, Th2, and Th17 cells

respectively (Supplementary Figures S4A–I). Together, through our

in-vitro assay, we show that WS exhibits immune-suppressive

potential and could inhibit the differentiation of Th1, Th2, and

Th17 cells similar to the DXM-mediated inhibition.
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FIGURE 3

Effect of WS and TC on TRLM primed-PMA/ionomycin induced NETs formation in human PMNs. After pre-incubation with different concentrations
TC and WS, PMNs were treated with TRLM (10 µg/ml) for 30 min and stimulated with sub-maximal concentration of PMA (12.5 nM) and ionomycin
(2 µM) for 30 min. SYTOX Green (100 nM) was used to monitor extracellular DNA release using a plate reader (A, B: TC; C, D: WS). Total MFI in each
experimental condition is expressed as Mean ± SEM of min 3 experiments. NETosis in human PMNs was also monitored using immunofluorescence
imaging with DAPI (blue), anti-MPO antibody (green), and anti-H4Cit3 antibody (red, E–H). Representative fields are shown at 100X with a scale bar
of 10 µm. Bar diagram represents quantification of percent NETs forming cells as calculated from five transects from three independent
experiments. Statistical analysis consisted of one-way ANOVA followed by Bonferroni’s test (*p < 0.05, **p < 0.01, vs respective control groups;
C, control; V, VAS2870; D, Diltiazem; WS100, WS 100 mg/ml; WS300, WS 300 mg/ml; TC100, TC 100 mg/ml; TC300, TC 300 mg/ml.
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WS mitigates COVID-19 pathology and
improves overall survival in hACE2.Tg mice

Screening of anti-viral or immunomodulatory drugs against

COVID-19 has so far relied on two in vivo models viz hamster and

hACE2.Tg mice model both of which mimic clinical symptoms of

COVID-19 yet significantly differ in the disease pathology (30, 31,

43, 56). While hamsters have been shown to develop mild to

moderate COVID-19 pathology following intranasal infection and

mimic the majority of the clinical cases, hACE2.Tg mice, on the

other hand, are a lethal model for SARS-CoV-2 infection and result

in severe respiratory distress leading to 100% mortality by 6-8 days

post-infection (dpi). In order to understand the protective efficacy

of WS during acute infection, which is known to occur in a less but a

significant number of clinical cases, we used hACE2.Tg mice model

(Figure 6A). TC and TC+PL were not evaluated in hACE2.Tg mice,

since they did not show significant protection in the hamster model
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previously. Our data from hACE2.Tg mice challenge study showed

about 8-10% recovery in the body mass in the WS-treated group as

compared to the I control (Figure 6B). The overall survival of the

hACE2.Tg mice improved by 2 days in WS treated group which was

marginal yet significant as compared to the I control (Figure 6C).

We next examined the gross morphological changes, viral load and

pathological features in the excised lungs post necropsy on 6 dpi.

Our data show that the WS group showed significant alleviation in

gross morphological changes and lung viral load in the WS group as

compared to the I control (Figures 6D, E). The H & E

histopathological assessment results showed robust protection in

the overall pathological scores in the WS group as compared to the I

control (Figures 6F, G). RDV group showed log10 2-fold decreased

lung viral load, however, the pathological disease index score of

RDV and WS was found to be similar. Taken together, we found

significant mitigation in COVID-19 pathology and lung viral load

in the WS group which is reminiscent of robust protective efficacy.
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FIGURE 4

Effect of WS and TC on TRLM primed-PMA/ionomycin induced cytosolic ROS and mtROS production in human PMNs. PMNs pre-incubated at
different concentrations of TC and WS were treated with TRLM (10 µg/ml) for 30 min and stimulated with sub-maximal concentration of PMA (12.5
nM) and ionomycin (2 µM) for 30 min. DCF-DA (10 µM) and MitoSOX (10 µM) were used for cytosolic ROS and mtROS detection, respectively using
flow cytometry. All the data are represented as Mean ± SEM, n = min 3 per group, and statistical analysis consisted of one-way ANOVA followed by
Bonferroni’s test (A–F) (**p < 0.01, vs respective control groups;. C, control; N, N-acetyl cysteine; MT, MitoTEMPO; WS50, WS 50 mg/ml; WS100, WS
100 mg/ml; TC50, TC 50 mg/ml; TC100, TC 100 mg/ml.
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WS treatment results in the boosting of
MDSCs in hACE2.Tg mice

COVID-19 is characterized by lymphopenia resulting in

dysregulation of immune profile and function (57). To test the

immunomodulatory potential of WS in mice infected with SARS-

CoV-2, we carried out flow cytometry-based immunophenotyping of

the major immune population in WS treated vs non-treated group. In

line with the previously published reports, our data from lymph-node

cells shows that intranasal SARS-CoV-2 infection causes severe

lymphopenia in hACE2.Tg mice were characterized by a significant

decrease in lymphocytes (CD45+), total T cells (CD3+) cells, T helper

cells (CD4+), and cytotoxic T (CD8+) cells (Figures 7A–C). This
Frontiers in Immunology 11
skewed immune profile was rescued in the RDV group.WS group also

showed recovery in depleted CD45+ cells but failed to show any

significant recovery in T cell frequency. In addition to T cell depletion,

COVID-19 is also characterized by a high frequency of inflammatory

monocytes and myeloid-derived suppressor cells (MDSCs) in clinical

cases (58). In line with this, we found a high frequency of monocytes

in the lymph nodes in I control which was significantly reduced inWS

or RDV-treated group. Moreover, the high levels of MDSCs were

significantly suppressed in both WS and RDV groups. However, we

did not find any observable difference in the percentage frequency of

NK, NKT, macrophages, or neutrophils (Figures 7D–E). Taken

together, we found that WS-treated mice show a rescuing effect in

the dysregulated immune profile following SARS-CoV-2 infection.
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FIGURE 5

Dose kinetics of WS response on in vitro differentiation of Th1, Th2 and Th17 cells from naïve CD4+ T cells. Sorted naïve CD4+ T cells from mouse
spleen and lymph nodes were activated using soluble anti-CD3 antibody and differentiated into helper T (Th)2 (A, B), Th17 cells (D, E) and Th1
subtypes (G, H) by using different cytokines viz recombinant mouse IL-4; TGF-b + IL-6 and IL-12 cytokines respectively. WS was added in
concentrations ranging from 10ug/ml to 1000ug/ml initially at the time of cell seeding. After 72 h of incubation IL-4, Il-17 and IFN-gamma
production was measured respectively for Th2, Th17 and Th1 cells by intracellular cytokine staining. IC50 values were calculated using Graph pad
prism software (C, F, I). ****P < 0.0001 by one-way ANOVA.
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WS effectively inhibits inflammatory
cytokine in hACE2.Tg mice

In order to understand the immunomodulatory potential of WS

in the in-vivo settings, we performed intracellular cytokine staining

(ICS) of phorbol myristate acetate (PMA), Ionomycin-activated

lymph-node cells isolated from challenged hACE2.Tg mice. Based

on the results obtained from ICS, we did not find any difference in

Th1 (CD4+IFNg+) and Th2 (CD4+IL-4+) response in the WS

group, however, there was 2-3-folds inhibition of Th17 cells (CD4
Frontiers in Immunology 12
+IL17A+) and TNFa secreting CD4+ T cells in WS group as

compared to the I control (Figures 8A–D). We also studied the

effector cytokine response in CD8+ T cells and NK cells

compartment. Effector cytotoxic response is correlated with

improved survival and morbidity in COVID-19 cases, while NK

cell activity is crucial for early viral clearance and immunity. Our

data shows WS did not significantly modulate the cytokine profile

of CD8+ and NK cells, when compared to the I control profile

(Supplementary Figures S5A–G). However, we did see significant

inhibition in the CD8+IFNg+ T cell response in presence of WS in-
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FIGURE 6

Assessment of protective efficacy of WS in acute SARS-CoV-2 infection model of hACE2 transgenic mice. To evaluate the effect of prophylactic treatment of
WS on severe SARS-CoV-2 infection, we used hACE2 mice model for acute infection and compared it with RDV control. (A) Schematic representation
showing treatment regimen for WS and RDV. Mice were intranasally infected with SARS-CoV-2 and (B) %age changes in body mass and (C) mortality was
monitored and plotted. (D) Representative excised lung images 6 days post infection (E) Lung viral load presented as Log10 N copy number (F) Lower lung
lobe was used for HE staining (G) and assessed for pathological features by blinded scoring by trained pathologist. For each experiment N=5. One way-
Anova using non-parametric Kruskal-Wallis test for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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vivo. Taken together, CD4+ T cell-specific inhibition was mediated

by WS in-vivo, while cytokine response in the cytotoxic T cell

compartment was relatively unaltered.
WS mitigates COVID-19 pathology
in the animal model by
anti-inflammatory response

In summary, we show by using two animal models viz hamster

and hACE2.Tg mice that animals receiving prophylactic treatment

of WS were broadly protected against COVID-19 both in terms of

pulmonary pathology and lung viral load. This protection was

further shown to be associated with immunosuppressive activity
Frontiers in Immunology 13
byWS, especially in the CD4+ T cells effector response both in-vitro

and in-vivo (Figure 9).
Discussion

Since its first reported case, COVID-19 has led to an

unprecedented number of clinical cases and mortality warranting

urgent prophylactic and therapeutic interventions. The vaccination

strategy was found to be largely useful against the SARS-CoV-2

ancestral strain, however, the subsequent rise in mutant strains led

to immune evasion and decreased efficacy of vaccines (13, 14). So

far only a few therapeutic drugs have been approved by FDA for

COVID-19, while new drugs based on chemical entities require
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FIGURE 7

Changes in the major immune populations of infected hACE2 mice with or without treatment. Flow cytometry-based quantitation was done to
evaluate changes in the major immune population in the lymph nodes of sacrificed animals at 6 dpi. The % age frequency was plotted as bar graph
along with the representative contour plot (A) CD45+ population (B) CD3+ T lymphocytes, NK cells and NKT cells (C) CD4+ T helper cells and CD8
+ T cytotoxic cells (D) Macrophages (E) Monocytes, neutrophils and MDSCs population. For each experiment N=5. One way-Anova using non-
parametric Kruskal-Wallis test for multiple comparisons. *P < 0.05, **P < 0.01.
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relatively more time for development and are also associated with

off-target or safety concerns (5). Interventions based on time-tested

herbal extracts have offered an exciting alternate strategy due to

their prolonged human use, acceptance, and safety as well as

efficacy against infectious diseases (19, 59).

In the current study, we used well-characterized extracts of WS

and TC two commonly used Asian traditional medicines to

investigate their protective effect against COVID-19 by using

hamster and hACE2.Tg mice model. WS contains a large number

of phytoconstituents including steroids, alkaloids, saponins,

glycosides, volatile oils, sitoindosides, and others with various

pharmacological activities (60). Various chemical constituents

such as diterpenoid lactones, glycosides, steroids, sesquiterpenoid,

phenolics, aliphatic compounds, essential oils, fatty acids, and

polysaccharides are present in TC with known biological

activities (61)

Various groups have shown that WS constituents could act as a

potent inhibitor of SARS-CoV-2. In silico studies have shown that

Withanone interacts and blocks the activity of both spike
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glycoprotein and 3CLpro protease which are crucial for virus

entry and replication (62). Furthermore, the detailed interactive

sites of Withanone and its non-covalent interactions were also

elucidated suggesting that Withanone/WS could exhibit protective

efficacy in-vivo (26). Withaferin A, which is another Withanolide

derived from WS, has also been shown to possess anti-viral and

immunomodulatory activity as per the in-silico studies (26). A

detailed characterization of the active ingredients of WS along

with other herbal extracts was reported recently by our group, in

which the in-vitro anti-viral activity of WS extract components was

shown for the first time (28). On the other hand, TC, another

important herbal extract, has also been previously used and shown

to have anti-viral potential through docking studies (25). Though

there existed in-silico evidence supporting the rationale that WS and

TC may be helpful drug candidates for anti-viral activity against

SARS-CoV-2, these observations lacked experimental animal model

efficacy studies. Moreover, a recently published report by Kataria S

et al, 2022 found that Ayurvedic formulation containing TC and PL

in addition to the first line of treatment for COVID-19 was
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FIGURE 8

Changes in the effector cytokines of CD4+ T cells of infected hACE2 mice with or without treatment. Flow cytometry-based quantitation was done
to evaluate changes in the major immune population in the lymph nodes of sacrificed animals at 6 dpi. The % age frequency was plotted as bar
graph along with the representative contour plot (A) CD4+IFNg+ cells (B) CD4+IL4+ cells (C) CD4+IL17A+ cells (D) CD4+TNFa+ cells for each
experiment N=5. One way-Anova using non-parametric Kruskal-Wallis test for multiple comparison. *P < 0.05, **P < 0.01.
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beneficial in reducing the duration of hospitalization and time of

recovery for COVID-19 patients warranting studies aimed at

evaluating the combinatorial effect of TC and PL in the in-vivo

model. However, the immunological correlates of protection

elicited by WS or TC, if any, against COVID-19 have also

been investigated.

In the hamster COVID-19 model, WS showed robust rescuing

in the loss of body weight and pulmonary pathologies which were

comparable to the RDV group validating the protective efficacy of

WS. Notably, the WS group showed a 7-8 folds decrease in the lung

viral load of infected hamsters while no protection was seen in other

groups viz TC and TC+PL. It is, therefore, reasonable to argue that

WS could inhibit the SARS-CoV-2 entry by blocking its interactive

sites as shown previously through in-silico studies. However, in-

vitro validation of the anti-viral potential of WS warrants further

examination. Moreover, the decrease in lung viral load also led to

the overall recovery of the pulmonary pathology in the WS group.

The immunomodulatory potential of Withanolides has been well

documented and has been shown to promote an anti-inflammatory

environment (22). In line with this, we found that WS-treated

hamsters exhibited a significant reduction in the mRNA expression

of pro-inflammatory cytokines and boosted the expression of anti-

inflammatory cytokines and transcription factors in the hamsters

infected with SARS-CoV-2. Since the inflammatory response has

been implicated in pulmonary pathology, increased risk of

hospitalization and mortality, it could be argued that the anti-
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inflammatory potential of WS could be the basis of protection

together with its anti-viral activity. This was an important finding

which showed in parts that WS in COVID-19 led to

immunomodulatory effects beneficial for recovery.

The other major arm of immunity that plays a key role in the

COVID-19 protective response is the adaptive immune response

mediated by T & B cells. Due to a lack of antibody resources for the

hamsters to study cellular immunological response, we used

hACE2.Tg mice to study the immunological response following

infection and the effect of WS (32, 56). Our hACE2.Tg mice data

gave two crucial insights, it showed that the WS group may not be

fully protected in severe COVID-19 cases as infected hACE2.Tg

mice though marginally protected ultimately died following SARS-

CoV-2 infection. It is likely that the WS-mediated SARS-CoV-2

inhibition through spike interaction and other entry protease

inhibition might not be sufficient to prevent the viral entry and

multiplication into the hACE2-expressing lung epithelial cells and

therefore might allow virus entry and replication leading to disease

pathology. However, notably, the overall pulmonary pathology as

examined by histopathological assessment did show significantly

less lung injury. Two, immunophenotyping data from hACE2.Tg

mice showed recovery from the lymphopenia and dysregulated

immune profile in the WS group. Interestingly, we found that the

effector cytokine response specific to Th cells was specifically

inhibited in presence of WS both in-vitro and in-vivo. Though,

WS exhibited inhibition of the differentiation of Th1, Th2, and
FIGURE 9

Summary figure highlighting the study design and novel findings from the study.
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Th17 cells in-vitro, in the infected hACE2.Tg mice WS treated only

showed significant inhibition in Th17 and TNFa secreting CD4+ T

cells. Notably, heightened TNFa levels have been correlated with a

higher risk of mortality in COVID-19 cases and were associated

with cellular injury. Since WS inhibitory potential was specific for

CD4+ T cells and not CD8+ T cells or NK cells it is a possibility that

WS may be interfering with Th cell activation signaling or

downstream signaling involved in the effector response. In

addition, WS was also found to suppress the frequency of MDSCs

and monocytes which have been shown to promote COVID-19

severity. It is a possibility that the immunomodulatory effect of WS

could be acting through both innate and adaptive arm of immunity.

Extensive and meticulously designed studies are needed to

investigate further the molecular basis for this specificity.

In the infected mice, we did not find any modulation in the

neutrophil number. In infected human subjects, however, the

neutrophil number is enhanced and NETosis has been linked

with thrombosis in COVID-19 pathologies. We, therefore,

performed in vitro studies on mice BMDNs and human

neutrophils. To further look into the possible mechanism of

protection, we carried out a detailed investigation of

immunological changes. In one part of the study, TRLM primed

and PMA and calcium ionophores-induced neutrophil functions

were studied in the presence of WS and TC. The ROS generation

pathways in the neutrophils have been classically mediated either by

NOX2-dependent via the activation of protein kinase C (63, 64) or

NOX2-independent by calcium-activated small conductance

potassium channel (SK3) and/or non-selective mitochondrial

permeability transition pore (mPTP) in inducing mtROS

production via intracellular Ca2+ flux (65, 66) Additionally, many

reports had also postulated the crosstalk of NOX2 activation and

mtROS production and thus represents a feed-forward vicious cycle

for ROS generation in oxidative stress (67). By using mitochondrial-

targeted inhibitors of NOX2, Vorobjeva et al. (2020) showed the

involvement of both NOX2-derived ROS and mtROS in NETosis in

human PMNs (66). We also observed a large amount of ROS and

mtROS production induced by PMA and/or ionophores. WS and

TC have been known to contain anti-oxidants with potent free-

radical scavenging abilities. We found a significant reduction in the

oxidative stress in TC and WS pretreated cells as demonstrated by

their ability to suppress both ROS and mtROS. However, the anti-

oxidant properties of both WS and TC were comparatively more

pronounced in the case of PMA than ionophores. This indicates a

putative role of WS and TC primarily as the NOX2-targeted

effector, however, the inhibitory effect of these herbal extracts on

the mtROS – NOX2 feed-forward cycle cannot be omitted.

NETosis is a distinct process of cell death unlike necrosis,

apoptosis, or necroptosis (50); the molecular processes involved in

NETosis are now better understood (66, 68). NETs are characterized

by initial morphological changes and histone modifications followed

by mechanical changes leading to chromatin decondensation and an

irreversible rupture of nuclear and cell envelope (Neubert et al., 2018).

Moreover, Awasthi et al. (2016) had reported the involvement of

TLRs in NETosis; they have found that blocking TLR-2 and -6 with

specific antibodies could significantly inhibit oxLDL induced
Frontiers in Immunology 16
NETosis (69). In agreement with this, we have also found a notable

reduction in NETs formation in TC pre-treated cells in response to

TRLM primed and PMA/calcium ionophores activation. We found

that TC predominantly inhibited neutrophil NOX-2 activity as

evidenced by immunolabeling of MPO and citrullinated histones.

NOX-2 is the most abundant protein and an important source of

superoxide radicals in neutrophils that mediate PMA-induced

NETosis. Since TC preferentially inhibited ROS, mtROS, and NETs

production largely stimulated by PMA, we postulate that TC

antagonizes an upstream component at the early stage of NOX2-

mediated NETosis.

Neutrophils are the first phagocytic cells to reach the site of

infection or injury (70). WS and TC did not reveal any significant

adversity on phagocytosis by neutrophils when these were pre-

treated with up to 300 µg/ml concentrations of the extracts;

however, a low of 20% was observed with TC. Moreover, the

intracellular bactericidal capacity of neutrophils also did not show

any notable change with the extracts. Together, these results

suggested that modulation of neutrophil functionality could be

one of the contributing factors for WS-mediated protection

against COVID-19.
Future prospects

Our results provide the first direct evidence that prophylactic WS

administration is affecting in mitigating the pathology of COVID-19

which is mediated by the anti-inflammatory potential of WS through

suppression of effector T helper cell response. Though there is pool of

literature available based on computational analysis as well as in-vitro

activity suggesting the active pharmaceutical ingredients ofWSwhich

may be essential for these immunomodulatory potentials, but lacks

data from animal studies. Future experiments should be designed to

investigate and decipher the therapeutically potential of WS

ingredient and to optimize its dosage which could be taken for

randomized clinical trials. Moreover, the pharmacological potential

of WS in combination with COVID-19 anti-viral drug or vaccine

candidates could be exploited to better understand the synergistic

effect of the treatment. In addition, future proof of concept studies

could be designed for other infectious diseases which are known to

cause cytokine release syndrome such as Influenza, to test if it helps

mitigate the disease.
Conclusion

Though ancient knowledge of medicinal potential of herbs

existed in Ayurvedic science since long we did not have much

scientific evidence about its protective/preventative efficacy from

animal studies and more so on COVID19. In this study, by

combining hamster and hACE2 transgenic mice model we

provide direct evidence that prophylactic treatment of WS

mitigates COVID19 through its anti-inflammatory properties.

Our findings are important in the context of a continuously

evolving virus that leads to immune evasion by previous
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vaccination and warrants a more robust therapeutic approach

against emerging variants of SARS-CoV-2. We also defined the

immunological correlates of protection based on in-vitro and in-

vivo studies and believe that the potent anti-inflammatory potential

of WS could be further exploited against other infectious diseases

and inflammatory disorders (one such clinical trial, CTRI/2021/06/

034496, for this is already conducted in India for WS). Finally, our

study supports the use of WS to prevent COVID-19 pathologies and

may also be evaluated for its efficacy against other viral infections.
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SUPPLEMENTARY FIGURE 1

Effect of WS and TC on PMA/A23187 induced cytosolic ROS and mtROS

production in mice BMDNs. BMDNs pre-incubated at different
concentrations of TC and WS were stimulated with optimal concentration

of PMA (100 nM) and A23187 (10 µM) for 30 min. DCF-DA (10 µM) and
MitoSOX (10 µM) were used for cytosolic ROS and mtROS detection,

respectively using flow cytometry. BMDNs pre-incubated at different

concentrations of TC and WS were stimulated with optimal concentration
of PMA (100 nM) and A23187 (10 µM) for 30 min. SYTOX Green (100 nM) was

used to monitor extracellular DNA release using a plate reader (A, B: TC; C, D:
WS). Total MFI in each experimental condition is expressed as Mean ± SEM of

min 3 experiments. All the data are represented as Mean ± SEM, n = min 3 per
group, and statistical analysis consisted of one-way ANOVA followed by

Bonferroni’s test (*p < 0.05, **p < 0.01, ***p < 0.001 vs respective control

groups; #p<0.05, ##p<0.01 vs PMA/A23187 treated groups). C, control; N, N-
acetyl cysteine; MT, MitoTEMPO. C, control; V, VAS2870; D, Diltiazem.

Cytotoxic potential of WS and TC on human PMNs and murine BMDNs.
Percent cell death was obtained by flow cytometry using PI (10 µg/ml).

Doxorubicin (10 µM) was used as a positive control (100%).

SUPPLEMENTARY FIGURE 2

Effect of WS and TC on phagocytosis and bactericidal activity of human
PMNs. (A, B) Human PMNs were incubated with different concentrations of

WS and TC before adding PE-labelled latex beads for phagocytic assay.
Fluorescent signal was quenched using trypan blue (0.4%) before acquiring

in FACS cell analyzer. (C, D) Effect of GG on bactericidal activity of human
PMNs. Cells were pre-treated with 300 µg/ml of WS and TC before incubating

with kanamycin-resistant E. coli. The direct effect of WS and TC on E. coli

growth was also monitored by incubating bacteria with 300 ug/ml
concentration for 30 min. **p < 0.01 vs control groups; ##p<0.01 vs GG

treated groups. All the data are represented as Mean ± SEM, n = min 3 per
group, and statistical analysis consisted of one-way ANOVA followed by

Bonferroni’s test. C, control; WS300, WS 300 mg/ml; TC300, TC 300 mg/ml.

SUPPLEMENTARY FIGURE 3

Immunosuppressive effect of Tinospora cordifolia (Willd.) Miers on in vitro
differentiation of Th1, Th2 and Th17 cells. Naïve CD4+ T cells were sorted

from mice spleen and lymph nodes and were activated by soluble anti-CD3
antibody. Cells were then differentiated into helper T (Th) 2 (A, B), Th17 cells
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(D, E) and Th1 conditions (G, H) using recombinant mouse IL-4; TGF-b + IL-6
and IL-12 cytokines respectively in presence or absence of dexamethasone

(doses ranging from 1pM to 20uM). Differentiated cells at 72 hours were

quantitated by performing intracellular cytokine staining for IL-4, Il-17 and
IFN-gamma production. IC50 values were calculated using Graph pad prism

software (C, F, I). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by one-
way ANOVA.

SUPPLEMENTARY FIGURE 4

Immunosuppressive effect of Dexamethasone on in vitro differentiation of

Th1, Th2 and Th17 cells. Naïve CD4+ T cells were sorted from mice spleen
and lymph nodes and were activated by soluble anti-CD3 antibody. Cells

were then differentiated into helper T (Th) 2 (A, B), Th17 cells (D, E) and Th1
conditions (G, H) using recombinant mouse IL-4; TGF-b + IL-6 and IL-12

cytokines respectively in presence or absence of dexamethasone (doses
ranging from 1pM to 20uM). Differentiated cells at 72 hours were
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quantitated by performing intracellular cytokine staining for IL-4, Il-17 and
IFN-gamma production. IC50 values were calculated using Graph pad prism

software (C, F, I). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by one-

way ANOVA.

SUPPLEMENTARY FIGURE 5

Changes in the effector cytokines of CD8+ T and NK cells of infected hACE2

mice with or without treatment. Flow cytometry-based quantitation was
done to evaluate changes in the major immune population in the lymph

nodes of sacrificed animals at 6 dpi. The % age frequency was plotted as bar

graph along with the representative contour plot (A) CD8+Gzb+ cells (B)
CD8+Prf-1+ cells (C) CD8+TNFa+ cells (D) CD8+IFNg+ cells (E) CD8+IL4+

cells (F) CD8+IL17A+ cells (G) CD3-NK1.1+ IFNg+ cell population.
Granzyme (Gzb), Perforin (Prf-1). For each experiment N=5. One way-

Anova using non-parametric Kruskal-Wallis test for multiple comparisons.
*P < 0.05, **P < 0.01.
References
1. Global Burden of Disease Long COVID Collaborators. Estimated global
proportions of individuals with persistent fatigue, cognitive, and respiratory
symptom clusters following symptomatic COVID-19 in 2020 and 2021. JAMA
(2022) 328:1604–15. doi: 10.1001/jama.2022.18931

2. Jackson LA, Anderson EJ, Rouphael NG, Roberts PC, Makhene M, Coler RN,
et al. An mRNA vaccine against SARS-CoV-2 — preliminary report. New Engl J Med
(2020) 383:1920–31. doi: 10.1056/NEJMoa2022483

3. Tostanoski LH, Wegmann F, Martinot AJ, Loos C, McMahan K, Mercado NB,
et al. Ad26 vaccine protects against SARS-CoV-2 severe clinical disease in hamsters.
Nat Med (2020) 26(11):1694–700. doi: 10.1038/s41591-020-1070-6

4. Forni G, Mantovani A. COVID-19 vaccines: Where we stand and challenges
ahead. Cell Death Differ (2021) 28:626–39. doi: 10.1038/s41418-020-00720-9

5. Niknam Z, Jafari A, Golchin A, Danesh Pouya F, Nemati M, Rezaei-Tavirani M,
et al. Potential therapeutic options for COVID-19: An update on current evidence. Eur
J Med Res (2022) 27:6. doi: 10.1186/s40001-021-00626-3

6. Gibson PG, Qin L, Puah SH. COVID-19 acute respiratory distress syndrome
(ARDS): Clinical features and differences from typical pre-COVID-19 ARDS. Med J
Aust (2020) 213:54–56.e1. doi: 10.5694/mja2.50674

7. Guan W-J, Ni Z-Y, Hu Y, Liang W-H, Ou C-Q, He J-X, et al. Clinical
characteristics of coronavirus disease 2019 in China. N Engl J Med (2020) 382:1708–
20. doi: 10.1056/NEJMoa2002032

8. Leng L, Cao R, Ma J, Mou D, Zhu Y, Li W, et al. Pathological features of COVID-19-
associated lung injury: A preliminary proteomics report based on clinical samples. Signal
Transduct Targeted Ther (2020) 5:1–9. doi: 10.1038/s41392-020-00355-9

9. Chen Y, Li L. SARS-CoV-2: Virus dynamics and host response. Lancet Infect Dis
(2020) 20:515–6. doi: 10.1016/S1473-3099(20)30235-8

10. Nishiga M,Wang DW, Han Y, Lewis DB,Wu JC. COVID-19 and cardiovascular
disease: from basic mechanisms to clinical perspectives. Nat Rev Cardiol (2020) 17:543–
58. doi: 10.1038/s41569-020-0413-9

11. Neurath MF. COVID-19 and immunomodulation in IBD. Gut (2020) 69:1335–
42. doi: 10.1136/gutjnl-2020-321269

12. Wu Y, Xu X, Chen Z, Duan J, Hashimoto K, Yang L, et al. Nervous system
involvement after infection with COVID-19 and other coronaviruses. Brain Behav
Immun (2020) 87:18–22. doi: 10.1016/j.bbi.2020.03.031

13. Cao Y, Wang J, Jian F, Xiao T, Song W, Yisimayi A, et al. Omicron escapes the
majority of existing SARS-CoV-2 neutralizing antibodies. Nature (2022) 602:657–63.
doi: 10.1038/s41586-021-04385-3

14. McCallum M, Walls AC, Sprouse KR, Bowen JE, Rosen LE, Dang HV, et al.
Molecular basis of immune evasion by the delta and kappa SARS-CoV-2 variants.
Science (2021) 374:1621–6. doi: 10.1126/science.abl8506

15. Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC, et al.
Remdesivir for the treatment of covid-19 — final report. New Engl J Med (2020)
383:1813–26. doi: 10.1056/NEJMoa2007764

16. RECOVERY Collaborative Group, Horby P, LimWS, Emberson JR, MafhamM,
Bell JL, et al. Dexamethasone in hospitalized patients with covid-19. N Engl J Med
(2021) 384:693–704. doi: 10.1056/NEJMoa2021436

17. Cain DW, Cidlowski JA. After 62 years of regulating immunity, dexamethasone
meets COVID-19. Nat Rev Immunol (2020) 20:587–8. doi: 10.1038/s41577-020-00421-x

18. Ang L, Song E, Lee HW, Lee MS. Herbal medicine for the treatment of
coronavirus disease 2019 (COVID-19): A systematic review and meta-analysis of
randomized controlled trials. J Clin Med (2020) 9:1583. doi: 10.3390/jcm9051583
19. Jan J-T, Cheng T-JR, Juang Y-P, Ma H-H, Wu Y-T, Yang W-B, et al.
Identification of existing pharmaceuticals and herbal medicines as inhibitors of
SARS-CoV-2 infection. PNAS (2021) 118. doi: 10.1073/pnas.2021579118

20. Benarba B, Pandiella A. Medicinal plants as sources of active molecules against
COVID-19. Front Pharmacol (2020) 11:1189. doi: 10.3389/fphar.2020.01189

21. Pandey A, Bani S, Dutt P, Kumar Satti N, Avtar Suri K, Nabi Qazi G.
Multifunctional neuroprotective effect of withanone, a compound from withania
somnifera roots in alleviating cognitive dysfunction. Cytokine (2018) 102:211–21.
doi: 10.1016/j.cyto.2017.10.019

22. Khanal P, Chikhale R, Dey YN, Pasha I, Chand S, Gurav N, et al. Withanolides
from withania somnifera as an immunity booster and their therapeutic options against
COVID-19. J Biomol Structure Dyn (2022) 40:5295–308. doi: 10.1080/07391102.
2020.1869588

23. Parihar S. Anti-viral activity of withania somnifera phytoconstituents against
corona virus (SARS-COV-2). J Pharmacovigilance Drug Res (2022) 3:22–6.
doi: 10.53411/jpadr.2022.3.2.5

24. Singh M, Jayant K, Singh D, Bhutani S, Poddar NK, Chaudhary AA, et al.
Withania somnifera (L.) dunal (Ashwagandha) for the possible therapeutics and
clinical management of SARS-CoV-2 infection: Plant-based drug discovery and
targeted therapy. Front Cell Infect Microbiol (2022) 12:933824. doi: 10.3389/
fcimb.2022.933824

25. Shree P, Mishra P, Selvaraj C, Singh SK, Chaube R, Garg N, et al. Targeting
COVID-19 (SARS-CoV-2) main protease through active phytochemicals of ayurvedic
medicinal plants – withania somnifera (Ashwagandha), tinospora cordifolia (Giloy)
and ocimum sanctum (Tulsi) – a molecular docking study. J Biomol Struct Dyn (2022)
40(1):190–203. doi: 10.1080/07391102.2020.1810778

26. Kumar V, Dhanjal JK, Bhargava P, Kaul A, Wang J, Zhang H, et al. Withanone
and withaferin-a are predicted to interact with transmembrane protease serine 2
(TMPRSS2) and block entry of SARS-CoV-2 into cells. J Biomol Struct Dyn (2022)
40:1–13. doi: 10.1080/07391102.2020.1775704

27. Kumano K, Kanak MA, Saravanan PB, Blanck JP, Liu Y, Vasu S, et al.
Withaferin a inhibits lymphocyte proliferation, dendritic cell maturation in vitro and
prolongs islet allograft survival. Sci Rep (2021) 11:10661. doi: 10.1038/s41598-021-
90181-y

28. Kasarla SS, Borse SP, Kumar Y, Sharma N, Dikshit M. In vitro effect of withania
somnifera, AYUSH-64, and remdesivir on the activity of CYP-450 enzymes:
Implications for possible herb-drug interactions in the management of COVID-19.
Front Pharmacol (2022) 13:973768. doi: 10.3389/fphar.2022.973768

29. Parray HA, Narayanan N, Garg S, Rizvi ZA, Shrivastava T, Kushwaha S, et al. A
broadly neutralizing monoclonal antibody overcomes the mutational landscape of
emerging SARS-CoV-2 variants of concern. PloS Pathog (2022) 18:e1010994.
doi: 10.1371/journal.ppat.1010994

30. Rizvi ZA, Dalal R, Sadhu S, Binayke A, Dandotiya J, Kumar Y, et al. Golden
Syrian hamster as a model to study cardiovascular complications associated with SARS-
CoV-2 infection. eLife (2022) 11:e73522. doi: 10.7554/eLife.73522

31. Rizvi ZA, Babele P, Sadhu S, Madan U, Tripathy MR, Goswami S, et al.
Prophylactic treatment of glycyrrhiza glabra mitigates COVID-19 pathology through
inhibition of pro-inflammatory cytokines in the hamster model and NETosis. Front
Immunol (2022) 13:945583. doi: 10.3389/fimmu.2022.945583

32. Rizvi ZA, Sadhu S, Dandotiya J, Binyka A, Sharma P, Singh V, et al. SARS-CoV-
2 and its variants, but not omicron, induces thymic atrophy and impaired T cell
development. (2022). doi: 10.1101/2022.04.07.487556
frontiersin.org

https://doi.org/10.1001/jama.2022.18931
https://doi.org/10.1056/NEJMoa2022483
https://doi.org/10.1038/s41591-020-1070-6
https://doi.org/10.1038/s41418-020-00720-9
https://doi.org/10.1186/s40001-021-00626-3
https://doi.org/10.5694/mja2.50674
https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1038/s41392-020-00355-9
https://doi.org/10.1016/S1473-3099(20)30235-8
https://doi.org/10.1038/s41569-020-0413-9
https://doi.org/10.1136/gutjnl-2020-321269
https://doi.org/10.1016/j.bbi.2020.03.031
https://doi.org/10.1038/s41586-021-04385-3
https://doi.org/10.1126/science.abl8506
https://doi.org/10.1056/NEJMoa2007764
https://doi.org/10.1056/NEJMoa2021436
https://doi.org/10.1038/s41577-020-00421-x
https://doi.org/10.3390/jcm9051583
https://doi.org/10.1073/pnas.2021579118
https://doi.org/10.3389/fphar.2020.01189
https://doi.org/10.1016/j.cyto.2017.10.019
https://doi.org/10.1080/07391102.2020.1869588
https://doi.org/10.1080/07391102.2020.1869588
https://doi.org/10.53411/jpadr.2022.3.2.5
https://doi.org/10.3389/fcimb.2022.933824
https://doi.org/10.3389/fcimb.2022.933824
https://doi.org/10.1080/07391102.2020.1810778
https://doi.org/10.1080/07391102.2020.1775704
https://doi.org/10.1038/s41598-021-90181-y
https://doi.org/10.1038/s41598-021-90181-y
https://doi.org/10.3389/fphar.2022.973768
https://doi.org/10.1371/journal.ppat.1010994
https://doi.org/10.7554/eLife.73522
https://doi.org/10.3389/fimmu.2022.945583
https://doi.org/10.1101/2022.04.07.487556
https://doi.org/10.3389/fimmu.2023.1138215
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Rizvi et al. 10.3389/fimmu.2023.1138215
33. Rizvi ZA, Tripathy MR, Sharma N, Goswami S, Srikanth N, Sastry JLN, et al.
Effect of prophylactic use of intranasal oil formulations in the hamster model of
COVID-19. Front Pharmacol (2021) 12:746729. doi: 10.3389/fphar.2021.746729

34. Hingankar N, Deshpande S, Das P, Rizvi ZA, Wibmer CK, Mashilo P, et al. A
combination of potently neutralizing monoclonal antibodies isolated from an Indian
convalescent donor protects against the SARS-CoV-2 delta variant. PloS Pathog (2022)
18:e1010465. doi: 10.1371/journal.ppat.1010465

35. Rizvi ZA, Puri N, Saxena RK. Evidence of CD1d pathway of lipid antigen
presentation in mouse primary lung epithelial cells and its up-regulation upon
mycobacterium bovis BCG infection. PloS One (2018) 13:e0210116. doi: 10.1371/
journal.pone.0210116

36. Rizvi ZA, Dalal R, Sadhu S, Kumar Y, Kumar S, Gupta SK, et al. High-salt diet
mediates interplay between NK cells and gut microbiota to induce potent tumor
immunity. Sci Adv (2021) 7:eabg5016. doi: 10.1126/sciadv.abg5016

37. Roy S, Rizvi ZA, Clarke AJ, Macdonald F, Pandey A, Zaiss DMW, et al. EGFR-
HIF1a signaling positively regulates the differentiation of IL-9 producing T helper cells.
Nat Commun (2021) 12:3182. doi: 10.1038/s41467-021-23042-x

38. Sadhu S, Rizvi ZA, Pandey RP, Dalal R, Rathore DK, Kumar B, et al. Gefitinib results
in robust host-directed immunity against salmonella infection through proteo-metabolomic
reprogramming. Front Immunol (2021) 12:648710. doi: 10.3389/fimmu.2021.648710

39. Malik S, Sadhu S, Elesela S, Pandey RP, Chawla AS, Sharma D, et al.
Transcription factor Foxo1 is essential for IL-9 induction in T helper cells. Nat
Commun (2017) 8:815. doi: 10.1038/s41467-017-00674-6

40. Singh AK, Awasthi D, Dubey M, Nagarkoti S, Kumar A, Chandra T, et al. High
oxidative stress adversely affects NFkB mediated induction of inducible nitric oxide
synthase in human neutrophils: Implications in chronic myeloid leukemia. Nitric Oxide
(2016) 58:28–41. doi: 10.1016/j.niox.2016.06.002

41. Jyoti A, Singh AK, Dubey M, Kumar S, Saluja R, Keshari RS, et al. Interaction of
inducible nitric oxide synthase with Rac2 regulates reactive oxygen and nitrogen species
generation in the human neutrophil phagosomes: Implication in microbial killing.
Antioxid Redox Signaling (2014) 20:417–31. doi: 10.1089/ars.2012.4970

42. Chan JF-W, Zhang AJ, Yuan S, Poon VK-M, Chan CC-S, Lee AC-Y, et al.
Simulation of the clinical and pathological manifestations of coronavirus disease 2019
(COVID-19) in a golden Syrian hamster model: Implications for disease pathogenesis
and transmissibility. Clin Infect Dis (2020) 71:2428–46. doi: 10.1093/cid/ciaa325

43. Sia SF, Yan L-M, Chin AWH, Fung K, Choy K-T, Wong AYL, et al. Pathogenesis
and transmission of SARS-CoV-2 in golden hamsters. Nature (2020) 583(7818):1–7.
doi: 10.1038/s41586-020-2342-5

44. Del Valle DM, Kim-Schulze S, Huang H-H, Beckmann ND, Nirenberg S, Wang
B, et al. An inflammatory cytokine signature predicts COVID-19 severity and survival.
Nat Med (2020) 26:1636–43. doi: 10.1038/s41591-020-1051-9

45. Afrin LB, Weinstock LB, Molderings GJ. Covid-19 hyperinflammation and post-
Covid-19 illness may be rooted in mast cell activation syndrome. Int J Infect Dis (2020)
100:327–32. doi: 10.1016/j.ijid.2020.09.016

46. Caughey GH. Mast cell tryptases and chymases in inflammation and host
defense. Immunol Rev (2007) 217:141–54. doi: 10.1111/j.1600-065X.2007.00509.x

47. Guo RF, Lentsch AB, Warner RL, Huber-Lang M, Sarma JV, Hlaing T, et al.
Regulatory effects of eotaxin on acute lung inflammatory injury. J Immunol (2001)
166:5208–18. doi: 10.4049/jimmunol.166.8.5208

48. Makni-Maalej K, Boussetta T, Hurtado-Nedelec M, Belambri SA, Gougerot-
Pocidalo M-A, El-Benna J. The TLR7/8 agonist CL097 primes N-Formyl-Methionyl-
Leucyl-Phenylalanine–stimulated NADPH oxidase activation in human neutrophils:
Critical role of p47phox phosphorylation and the proline isomerase Pin1. J Immunol
(2012) 189:4657–65. doi: 10.4049/jimmunol.1201007

49. Radermecker C, Detrembleur N, Guiot J, Cavalier E, Henket M, d’Emal C, et al.
Neutrophil extracellular traps infiltrate the lung airway, interstitial, and vascular
compartments in severe COVID-19. J Exp Med (2020) 217:e20201012. doi: 10.1084/
jem.20201012

50. Kenny EF, Herzig A, Krüger R, Muth A, Mondal S, Thompson PR, et al. Diverse
stimuli engage different neutrophil extracellular trap pathways. eLife (2017) 6:e24437.
doi: 10.7554/eLife.24437

51. Gil-Etayo FJ, Suàrez-Fernández P, Cabrera-Marante O, Arroyo D, Garcinuño S,
Naranjo L, et al. T-Helper cell subset response is a determining factor in COVID-19
progression. Front Cell Infect Microbiol (2021) 11:624483. doi: 10.3389/fcimb.2021.624483
Frontiers in Immunology 19
52. Grifoni A, Weiskoph D, Ramirez SI, Mateus J, Dan JM, Moderbacher CR, et al.
Targets of T cell responses to SARS-CoV-2 coronavirus in humans with COVID-19
disease and unexposed individuals. Cell (2020) 181:1489–501. doi: 10.1016/
j.cell.2020.05.015

53. Roncati L, Nasillo V, Lusenti B, Riva G. Signals of Th2 immune response from
COVID-19 patients requiring intensive care. Ann Hematol (2020) 99:1419–20.
doi: 10.1007/s00277-020-04066-7

54. Martonik D, Parfieniuk-Kowerda A, Rogalska M, Flisiak R. The role of Th17
response in COVID-19. Cells (2021) 10:1550. doi: 10.3390/cells10061550

55. Allegra A, Di Gioacchino M, Tonacci A, Musolino C, Gangemi S.
Immunopathology of SARS-CoV-2 infection: Immune cells and mediators,
prognostic factors, and immune-therapeutic implications. Int J Mol Sci (2020) 21:
E4782. doi: 10.3390/ijms21134782

56. Winkler ES, Bailey AL, Kafai NM, Nair S, McCune BT, Yu J, et al. SARS-
CoV-2 infection of human ACE2-transgenic mice causes severe lung inflammation
and impaired function. Nat Immunol (2020) 21:1327–35. doi: 10.1038/s41590-020-
0778-2

57. Tan L, Wang Q, Zhang D, Ding J, Huang Q, Tang Y-Q, et al. Lymphopenia
predicts disease severity of COVID-19: a descriptive and predictive study. Sig Transduct
Target Ther (2020) 5:1–3. doi: 10.1038/s41392-020-0148-4

58. Sacchi A, Grassi G, Bordoni V, Lorenzini P, Cimini E, Casetti R, et al. Early
expansion of myeloid-derived suppressor cells inhibits SARS-CoV-2 specific T-cell
response and may predict fatal COVID-19 outcome. Cell Death Dis (2020) 11:1–9.
doi: 10.1038/s41419-020-03125-1

59. Matveeva T, Khafizova G, Sokornova S. In search of herbal anti-SARS-Cov2
compounds. Front Plant Sci (2020) 11:589998. doi: 10.3389/fpls.2020.589998

60. Kashyap VK, Peasah-Darkwah G, Dhasmana A, Jaggi M, Yallapu MM, Chauhan
SC. Withania somnifera: Progress towards a pharmaceutical agent for
immunomodulation and cancer therapeutics. Pharmaceutics (2022) 14:611.
doi: 10.3390/pharmaceutics14030611

61. Sharma P, Dwivedee BP, Bisht D, Dash AK, Kumar D. The chemical
constituents and diverse pharmacological importance of tinospora cordifolia. Heliyon
(2019) 5:e02437. doi: 10.1016/j.heliyon.2019.e02437

62. Patil VS, Hupparage VB, Malgi AP, Deshpande SH, Patil SA, Mallapur SP. Dual
inhibition of COVID-19 spike glycoprotein and main protease 3CLpro by withanone
from withania somnifera. Chin Herbal Medicines (2021) 13:359–69. doi: 10.1016/
j.chmed.2021.06.002

63. Kumar S, Dikshit M. Metabolic insight of neutrophils in health and disease.
Front Immunol (2019) 10:2099. doi: 10.3389/fimmu.2019.02099

64. Parker H, Albrett AM, Kettle AJ, Winterbourn CC. Myeloperoxidase associated
with neutrophil extracellular traps is active and mediates bacterial killing in the
presence of hydrogen peroxide. J Leukoc Biol (2012) 91:369–76. doi: 10.1189/
jlb.0711387

65. Douda DN, Khan MA, Grasemann H, Palaniyar N. SK3 channel and
mitochondrial ROS mediate NADPH oxidase-independent NETosis induced by
calcium influx. Proc Natl Acad Sci (2015) 112:2817–22. doi: 10.1073/
pnas.1414055112

66. Vorobjeva NV, Chernyak BV. NETosis: Molecular mechanisms, role in
physiology and pathology. Biochem Moscow (2020) 85:1178–90. doi: 10.1134/
S0006297920100065

67. Dikalov SI, Kirilyuk IA, Voinov M, Grigor’ev IA. EPR detection of cellular and
mitochondrial superoxide using cyclic hydroxylamines. Free Radical Res (2011)
45:417–30. doi: 10.3109/10715762.2010.540242

68. Zhu Y, Chen X, Liu X. NETosis and neutrophil extracellular traps in COVID-19:
Immunothrombosis and beyond. Front Immunol (2022) 13:838011. doi: 10.3389/
fimmu.2022.838011

69. Awasthi D, Nagarkoti S, Kumar A, Dubey M, Singh AK, Pathak P, et al.
Oxidized LDL induced extracellular trap formation in human neutrophils via TLR-
PKC-IRAK-MAPK and NADPH-oxidase activation. Free Radical Biol Med (2016)
93:190–203. doi: 10.1016/j.freeradbiomed.2016.01.004

70. Nagarkoti S, Sadaf S, Awasthi D, Chandra T, Jagavelu K, Kumar S, et al. L-
arginine and tetrahydrobiopterin supported nitric oxide production is crucial for the
microbicidal activity of neutrophils. Free Radical Res (2019) 53:281–92. doi: 10.1080/
10715762.2019.1566605
frontiersin.org

https://doi.org/10.3389/fphar.2021.746729
https://doi.org/10.1371/journal.ppat.1010465
https://doi.org/10.1371/journal.pone.0210116
https://doi.org/10.1371/journal.pone.0210116
https://doi.org/10.1126/sciadv.abg5016
https://doi.org/10.1038/s41467-021-23042-x
https://doi.org/10.3389/fimmu.2021.648710
https://doi.org/10.1038/s41467-017-00674-6
https://doi.org/10.1016/j.niox.2016.06.002
https://doi.org/10.1089/ars.2012.4970
https://doi.org/10.1093/cid/ciaa325
https://doi.org/10.1038/s41586-020-2342-5
https://doi.org/10.1038/s41591-020-1051-9
https://doi.org/10.1016/j.ijid.2020.09.016
https://doi.org/10.1111/j.1600-065X.2007.00509.x
https://doi.org/10.4049/jimmunol.166.8.5208
https://doi.org/10.4049/jimmunol.1201007
https://doi.org/10.1084/jem.20201012
https://doi.org/10.1084/jem.20201012
https://doi.org/10.7554/eLife.24437
https://doi.org/10.3389/fcimb.2021.624483
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.1007/s00277-020-04066-7
https://doi.org/10.3390/cells10061550
https://doi.org/10.3390/ijms21134782
https://doi.org/10.1038/s41590-020-0778-2
https://doi.org/10.1038/s41590-020-0778-2
https://doi.org/10.1038/s41392-020-0148-4
https://doi.org/10.1038/s41419-020-03125-1
https://doi.org/10.3389/fpls.2020.589998
https://doi.org/10.3390/pharmaceutics14030611
https://doi.org/10.1016/j.heliyon.2019.e02437
https://doi.org/10.1016/j.chmed.2021.06.002
https://doi.org/10.1016/j.chmed.2021.06.002
https://doi.org/10.3389/fimmu.2019.02099
https://doi.org/10.1189/jlb.0711387
https://doi.org/10.1189/jlb.0711387
https://doi.org/10.1073/pnas.1414055112
https://doi.org/10.1073/pnas.1414055112
https://doi.org/10.1134/S0006297920100065
https://doi.org/10.1134/S0006297920100065
https://doi.org/10.3109/10715762.2010.540242
https://doi.org/10.3389/fimmu.2022.838011
https://doi.org/10.3389/fimmu.2022.838011
https://doi.org/10.1016/j.freeradbiomed.2016.01.004
https://doi.org/10.1080/10715762.2019.1566605
https://doi.org/10.1080/10715762.2019.1566605
https://doi.org/10.3389/fimmu.2023.1138215
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Rizvi et al. 10.3389/fimmu.2023.1138215
Glossary

ABSL3 animal biosafety level 3

COVID-
19

coronavirus disease 19, set of clinical pathologies following of
coronavirus infection

CRS cytokine release syndrome

DXM Dexamethasone

FACS floourescence activated cell sorting

hACE2
mice

Transgenic mice developed by knocking in humanized ACE2
receptors under the influence of the K18 promoter

Hamster golden Syrian hamster, the animal model used for COVID-19
study

Herbal
extract

Aqueous Extract of herbs that have been used in the study

I Infected

I+TC infected animals receiving TC

I+TC+PL infected animals receiving TC in combination with PL

I+WS infected animals receiving WS

IFNg interferon gamma

IL6 interleukin 6

mtROS ROS generated in mitochondria

Muc-1 mucin 1 gene

NET neutrophil extracellular traps

Pathology clinical features of the disease that can be used for diagnosis and
examination

Pfu plaque forming unit

PL Piper longum (L.)

qPCR quantitative PCR

RDV remdesivir

ROS reactive oxygen species

SARS-
CoV-2

severe acute respiratory syndrome coronavirus 2, the virus
responsible for COVID-19.

Sftp-D surfactant protein D

T helper
cells

component of cell-mediated immunity which express CD4 marker

TC Tinospora cordifolia (Willd.) Miers

Th1 cells Subset of CD4+ T helper cells which are important for anti-viral
immunity

Th17 cell subset of CD4+ T helper cells which are important of inflammation
and autoimmunity

Th2 cells subset of CD4+ T helper cells which are important for extra
cellular pathogens

TNFa tumor necrosis factor alpha

UI uninfected

WS Withania somnifera (L.) Dunal
F
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