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Summary 

Allogeneic hematopoietic stem cell transplantation (alloHSCT) is perhaps the only 

curative treatment option for several malignant and non-malignant haematological 

disorders. However, the success of alloHSCT is limited by acute graft versus host 

disease (aGvHD), a condition that typically manifests in the first 100 days of 

transplantation due to an exaggerated immune response of donor immune cells, mainly 

the activated T-cells, against the host tissue. Worldwide, every year approximately 

30,000 patients undergo alloHSCT. Despite advances in treatment and supportive care, 

30-70% of alloHSCT recipients develop aGvHD. Standard GvHD prophylactic and 

therapeutic regimens are not always effective and they are associated with significant 

clinical and/or financial toxicity. Therefore, development of safe and effective drugs 

against aGvHD remains an unmet medical need. Withaferin-A (WA), being an anti-

inflammatory, anti-proliferative and immunomodulatory agent was investigated for 

this purpose. 

We first investigated the safety, toxicity and pharmacokinetics of WA in mice. In the 

acute and sub-acute toxicity study, up to 2000 mg/kg and 500 mg/kg of WA was well 

tolerated without any signs of toxicity or death. Thereby confirming the LD50 >2000 

mg/kg and No-Observed Adverse Effect Level (NOAEL) to be at least 500 mg/kg. 

Additionally, WA was found to be orally bioavailable.  

Further, we investigated the efficacy of WA for the prevention and treatment of 

aGvHD using a murine model of alloHSCT. Prophylactic administration of WA to 

mice mitigated the clinical symptoms of aGvHD and improved survival significantly 

compared to the GvHD control [HR = 0.07 (0.01–0.35); P < 0.001]. Furthermore, WA 

group had better overall survival compared to standard prophylactic regimen of CSA + 

MTX [HR = 0.19 (0.03–1.1), P < 0.05]. At the same time, WA did not compromise 
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the beneficial Graft versus leukemia (GvL) effect. In addition, WA administered to 

animals after the onset of aGvHD could reverse the clinical severity and improved 

survival, thus establishing its therapeutic potential. Our findings suggest that WA 

reduced the systemic levels of Th1, Th2 and Th17 inflammatory cytokine and 

increased the anti-inflammatory cytokine IL-10 levels significantly (P < 0.05). WA 

also inhibited lymphocytes migration to gut, liver, skin and lung and protected these 

organs from damage. Ex-vivo, WA inhibited proliferation of human peripheral blood 

mononuclear cells (hPBMCs), modulated immune cell phenotype and decreased 

cytokine release. In addition, WA inhibited pJAK2 and pSTAT3 protein levels in 

mouse splenocytes and hPBMCs. These findings established that, WA is an attractive 

candidate to develop against GvHD. However, development of a pure compound as a 

drug is a long-drawn process associated with huge costs. On the other hand, extracts of 

Withania somnifera containing WA (WSE) are available as nutraceuticals around the 

world and therefore could be an alternative to pure WA should they have comparable 

activity. Therefore, we next evaluated the efficacy of WSE in the mouse model of 

aGvHD. In corroboration with above findings, WSE also showed protection of GvHD 

target organ and mitigated aGvHD severity without compromising beneficial GvL 

effect.  

In conclusion, our study demonstrated the safety and utility of WA and WSE for the 

prevention and treatment of aGvHD, this prompted us to initiate two phase 2 clinical 

trials at our center for aGvHD prophylaxis and therapy. 
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SYNOPSIS 

Introduction: Bone marrow transplantation (BMT) is the only curative treatment 

option for patients with relapsed leukemias (1). However, the success of BMT is 

threatened by high treatment related mortality in the first 100 days of transplantation, 

with acute graft versus host disease (aGvHD) having a major stake in mortality (2). 

GvHD is an immunological condition caused by donor T-lymphocytes mounting an 

immune response against the host antigens leading to widespread tissue damage and 

functional impairment of internal organs (3,4). Standard GvHD prophylaxis such as 

calcineurin inhibitors, methotrexate, mycophenolate mofetil, cyclophosphamide, 

steroids are not always effective in preventing GvHD, as such 40-60% patients 
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undergoing alloBMT manifest GvHD symptoms (5,6). Therefore, there is an unmet 

need to develop novel drug candidate against GvHD. 

Through our earlier work we demonstrated that ex-vivo treatment of donor graft with 

Withaferin-A (WA) reduces the incidence, severity and mortality associated with 

aGvHD in murine models of allogenic bone marrow transplantation (7).However, in 

order to be clinically acceptable, WA’s efficacy following oral administration has to 

be established in mouse model of aGvHD. In addition, it is important to demonstrate 

that WA would not abrogate the GvL effect of the graft. Therefore, the present study 

has been proposed to investigate the oral efficacy of WA against aGvHD. As a 

prerequisite, oral pharmacokinetics, acute and repeat-dose toxicity of WA will also be 

investigated to determine the bioavailability and safe dose of WA. 

 

Aim and Objectives: 

Aim: Evaluation of oral WA for prophylaxis against aGvHD in murine model of 

allogenic hematopoietic stem cell transplant. 

Objectives: 

Objective 1. To determine the safety, toxicity and pharmacokinetics of oral WA in 

mice. 

Objective 2. To evaluate the efficacy of Withaferin-A for the prophylaxis of acute 

aGvHD and compare with standard prophylactic regimens. 

Objective 3. To investigate the impact of Withaferin-A on Graft versus Leukemia 

effect. 
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Objective 1. To determine the safety, toxicity and pharmacokinetics of oral WA in 

mice. 

Methodology: 

Acute toxicity: The acute oral toxicity study was conducted as per the Organisation 

for Economic Cooperation and Development (OECD) test guidelines 423 adopted on 

17th December 2001. A single oral dose of 50 mg/kg, 300 mg/kg and 2000 mg/kg of 

WA suspended in 100µL of 0.5% carboxymethylcellulose (CMC) in 1X phosphate 

buffer saline was administered to mice using oral gavage. Mice were sacrificed after 

14 days and blood samples was collected for clinical biochemistry and hematological 

investigation. Vital organs were harvested for histopathology examination. 

Sub-acute toxicity: Sub-acute toxicity or 28 days repeat dose toxicity study were 

performed in accordance with OECD guideline 407 adopted on 3 October 2008. Thirty 

female mice were divided into six groups (five mice per group); 1. Vehicle control 

(CMC), 2. 10 mg/kg treatment (low dose), 3. 70 mg/kg treatment (medium dose) 4. 

500 mg/kg treatment (high dose), 5. Vehicle control (satellite/recovery groups) and 6. 

500 mg/kg treatment (satellite/recovery groups). At the end of the experiment, mice 

were sacrificed, blood samples were collected for biochemical, hematological 

investigation and vital organs were harvested for histopathology.  

Pharmacokinetics:   

Animals for PK study: Female BALB/c mice were used for the PK study. Mice were 

given single oral dose of 70 mg/kg of WA and their blood samples was collected in 

EDTA tubes at 0.083, 0.25, 0.5, 1, 2, 4, 6, 8, 12, 24 hours (5 mice per time points). To 
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another set of female BALB/c mice, intravenous injection (IV) of WA was given at 

dose of 10 mg/kg, blood samples were collected in EDTA tubes at 0.03, 0.17, 0.5, 1, 2, 

4, 6, 8, 12, 24 hour (5 mice per time points). The level of plasma WA were quantified 

by using LC-MS/MS as per in house developed protocol. 

Results: 

Acute toxicity: WA treated group did not show any clinical symptoms of toxicity 

compared to the vehicle control group. There was no visible sign of toxicity in any 

animal in the WA group, and none of the animals died. Based on these findings, WA 

may be classified as GHS (Globally Harmonized System) category 5 (LD50 >2000 

mg/kg body weight) compound as per OECD Guideline No. 423, December 2001. 

Sub-acute toxicity (28 days repeat dose toxicity): Sub-acute toxicity were performed 

at dose of 10, 70and 500 mg/kg/day. Mice were dosed daily for 28 days. All animals 

were alive until necropsy in both the test group and the recovery (satellite) group. 

None of the animals in the test or recovery groups showed any visible signs of 

toxicity. These results suggest that oral administration of WA to mice every day for 28 

days is safe and well tolerated. Therefore, 500 mg/kg oral WA shall be considered as 

No-Observed Adverse Effect Level (NOAEL) dose as per OECD Guideline No. 407, 

October 2008. 

Pharmacokinetics of WA: Maximum plasma concentration (Cmax) of WA were found 

to be 3996.9 ± 557.6 ng/mL and 141.7 ± 16.8 ng/mL for  IV and oral doses 

respectively. The median Tmax following oral administration was 0.5 h. Further, the 

percentage bioavailability of WA was found to be 1.8%.  
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Objectives 2: To evaluate the efficacy of Withaferin-A for the prophylaxis of 

aGvHD and compare with standard prophylactic regimens. 

Methodology: 

Induction of aGvHD and clinical scoring: The complete mismatched model of 

aGvHD were developed by caring out transplantation between donor C57BL/6 (H-

2Kb) male and BALB/c (H-2Kd) female mice. Following myloablative 6.5 Gy of total 

body irradiation, BALB/c mice were injected with 15x106 splenocytes and 5x106 bone 

marrow cells of C57BL/6 mice. All mice were observed closely on a daily basis for 

GvHD severity. The clinical scoring system was based on the following six criteria; 

fur texture, skin integrity, posture, activity, weight loss and diarrhoea. 

Study groups and intervention: After transplantation, mice were divided into GvHD 

control and treatment groups. WA and withania somnifera extract (WSE) was 

administrated orally to the treatment groups from day +1 of transplantation to day +21, 

at a dose of 1 mg/kg/day for aGvHD prophylaxis and +7 to +27 for treatment of 

aGvHD. The GvHD control mice were given vehicle (0.5% sodium 

corboxymethylcellulose). Cyclosporine (CSA) and Methotrexate (MTX) were injected 

according to the earlier published study (Mehta et al 2020). 

Results: 

Oral administration of WA and WSE mitigates aGvHD associated morbidity and 

mortality: aGvHD phenotype as well as clinical score (CS) in GvHD control and WA 

treated arm was monitored all along the study. WA treated mice showed significant 

decrease in clinical score (CS) compared to control mice (P<0.001). Furthermore, WA 
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treatment improved survival of mice significantly compared to the GvHD control 

[HR=0.07 (0.01-0.35); P<0.001]. We further analysed the engraftment of donor cells 

into WA treated mice and found complete presence of H-2Kb (FITC) positive cells in 

the host body, suggesting no compromise in donor cell engraftment by WA. Similar 

finding were observed with WSE as well. 

WA and WSE protects GvHD target organ damage: The damage of aGvHD target 

organ such as liver, skin, SI, colon and lung were assessed. Upon histopathological 

examination, we observed protection of liver, skin, SI, colon and lung in WA and 

WSE treated animals compared to the control. WA treated group showed marked 

decrease in lymphocytic infiltration and had low infiltration score on all three-time 

points compared to GvHD control group. Similar observation were reported with WSE 

as well. 

WA modulates cytokine secretion in-vivo and from hPBMCs: The cytokine storm 

is known to play a central role in GvHD and several other immune-pathological 

conditions. The Th1, Th2 and Th17 inflammatory cytokines were found to be 

significantly decrease at one or other time point. We next evaluated the effect of ex-

vivo WA treatment on cytokine secretion from hPBMCs. Cytokines such as IFN-γ, IL-

6, TNF-α, IP-10, IFN-L1, GM-CSF and IL-1β were found to be significantly 

decreased in WA treatment group compared to control group. 

WA inhibits JAK2-STAT3 signaling and modulates immune cells phenotype. In 

order to gain aGvHD prophylactic mechanistic insight of WA, we ex-vivo treated the 

splenic lymphocytes of C57BL/6 mice. Upon western blot analysis the ex-vivo treated 

hPBMCs with WA also showed significant inhibition of  pJAK2 and pSTAT3 protein 
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levels (P<0.01, 0.05 for pJAK2 and pSTAT3 respectively), but no significant 

difference were seen in tJAK2 and tSTAT3. 

Furthermore, we evaluated the effect of ex-vivo WA treatment on hPBMCs immune 

cell modulation. Monocyte subsets, γδT-cells, PD1-CD4 cells and Tim3-CD8 cells 

were analysed. The absolute monocyte count and absolute classical monocyte count 

were found to be significantly decreased in WA treatment group compared to control 

group (P<0.01 and 0.01 respectively). The non-classical monocytes were significantly 

increased in WA treatment group compared to control group (P<0.05). Furthermore, 

absolute γδT-cells were found to be significantly increased in WA treatment group 

compared to control group (P<0.01), while in contrast, the absolute PD1-CD4 and 

Tim3-CD8 cells were found to be decreased significantly in WA treatment group 

compared to control group (P<0.01 and 0.05 respectively). Additionally, In presence 

of WA,  the Ki67+ frequency within  CD3+, CD4+ and CD8+ cells was  found to be 

significantly decreased compared to control group (P<0.01, 0.01, 0.01 for CD3+, 

CD4+ and CD8+ cells respectively). Further, no significant difference in percent 

viability of hPBMCs were observed between control and WA group.  

WA exhibit superior efficacy compare to standard prophylactic regimen: We 

further compared the efficacy of WA with standard prophylactic regimen of 

CSA+MTX. At day +14, median CS in control, WA, and CSA+MTX group was 7.5, 2 

and 4 respectively. At the end of the experiment the percent survival in control, WA 

and CSA+MTX groups were 0, 83.3, 33.3 respectively. The median survival were 19 

and 31 days in control and CSA+MTX group respectively. Interestingly, WA group 

does not reached median survival.  
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Oral administration of WA reversed aGvHD symptoms/signs and improve 

survival of mice. To test the anti-GvHD efficacy of WA, we allowed mice to develop 

GvHD and then WA was administered from day +7 of transplantation. WA 

significantly improved the overall survival [HR=0.2 (0.07-08)] and GvHD symptoms 

of the mice compared to GvHD control (P<0.01). Median survival time in GvHD 

control group was 19.5 days, however, WA group does not reached median survival. 

Percent survival in GvHD control and WA group were 0% and 58.3%. Similar 

findings were seen with WSE treatment as well 

Objective 3: To investigate the impact of Withaferin-A on Graft versus 

Leukemia effect.  

Methodology: 

Development of GvL model: To assess the consequence of WA treatment on GvL 

effect, following total body radiation (6.5Gy) BALB/c recipient mice were 

transplanted with A20 (3x106 cells) alone or A20+ bone marrow transplantation  

(BMT) with 15x106 splenocytes and 5x106 bone marrow cells. Animals were divide in 

following three groups; [1] A20 [2] A20+BMT [3] A20+BMT+WA. The GvL effect 

were monitored as reported by Zhang et. al. and Snyder et. al. previously. Briefly, 

leukemic death was defined by the occurrence of hind-leg paralysis, however animal 

died due to clear sign of aGvHD but absence of leukemia (hind leg paralysis) were 

considered death due to aGvHD. All mice were monitored on daily basis for hind leg 

paralysis and aGvHD clinical symptoms. The day mice developed hind leg paralysis 

and become mortally ill, they were humanely sacrificed. At the end of the experiment, 

time to onset of leukemia (based on hind leg paralysis) and survival were evaluated. 
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Further, liver tissue were evaluated for any sign of tumor nodules or aGvHD 

associated findings to differentiate death either by leukemia or by GvHD.  

Results: WA treatment preserves beneficial GvL effect of the graft: We observed 

that mice transplanted with A20 cells died due to leukemia as evidenced by 

development of hind leg paralysis. However, Mice received WA does not showed sign 

of leukemia. Similarly, mice transplanted with BMT+A20 does not showed sign of 

leukemia but all of them eventually died by GvHD confirmed with presence of 

aGvHD symptoms. As A20 cells are tend to home in liver and form tumor nodules, 

therefore, we evaluated histopathology of liver to differentiate death due to leukemia 

or GvHD. Histopathology of the liver tissue from A20 group showed multiple nodular 

deposits of a high grade malignant tumor composed of large cells with moderate to 

marked nuclear atypia, brisk mitosis including atypical forms and scant eosinophilic 

cytoplasm. However, liver tissue of A20+BMT group does not showed any sign of 

tumor but presence of mild to moderate chronic inflammation in the portal area, 

representing the GvHD sign. Interestingly, Liver tissue of A20+BMT+WA group 

neither showed any sign of tumor nor GvHD. This confirms WA does not hamper 

GvL response. 
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Conclusion:  

1. Our results suggest that WA is safe at doses of 2000 mg/kg and 500 mg/kg in acute 

and repeat dose toxicity respectively and found to be orally bioavailable. 

2. We further established that, WA and its formulation abrogates aGvHD 

manifestation and preserves GvL effect of the graft. Therefore, WA could be a 

potential treatment option for patients with aGvHD, and its efficacy either alone or in 

combination with standard regimens is currently under investigation in a prospective 

clinical trial. 
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1.1 Introduction of Graft versus Host Disease (GvHD): Allogeneic hematopoietic 

stem cell transplantation (alloHSCT) is been carried out with an intent to cure 

underlying haematological conditions such as leukemias (1,2). The ability of donor 

graft to identify and eradicate leukemic cells is known as graft versus leukemia (GvL) 

response, which is the beneficial outcome of alloHSCT (3). However, the way donor 

graft attacks leukemic cells, in similar manner it also attacks on host tissues as well. 

This phenomenon of host tissue damage by donor graft is known as graft versus host 

disease (GvHD) (3). In simple terms, GvHD is defined as reaction of donor immune 

cells over the host tissues (fig 1.1) (4).  In 1956, Barnes and his colleagues identified 

that the alloHSCT recipient are less prone to develop relapse, but they died of 

secondary disease or wasting syndrome. Which is later known as GvHD (4,5). Further, 

in 1966, Billingham suggested three hallmarks of GvHD (7): 

1. Presence of immunologically active cells in graft. 

2. Recipient must be immunologically incompetent to reject the graft. 

3. There should be disparity in histocompatibility between donor and the recipient. 

 

 
Figure 1.1: Concept of post-transplant GvHD vs GvL. 
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1.2 Classification of GvHD:  

GvHD is mainly classified as acute and chronic. Earlier, classification of acute and 

chronic GvHD was based on the days when the symptoms appears. If the GvHD 

symptoms appears within 100 days of transplantation, it was considered as acute 

GvHD (aGvHD) (8). If it happens post 100 days of transplantation, it was said to be 

chronic GvHD (cGvHD) (8). This definition was recently revised by the National 

Institute of Health (NIH). The new classification is based on the organ involvements, 

this has also added a new class of GvHD called overlap syndrome, which is defined by 

the occurrence or persistence of acute GvHD post 100 days of transplantation (9). Old 

and new way of discriminating acute and chronic GvHD is mention in table 1.1. 

Table 1.1: Classification of GvHD. 

 

1.3 Acute GvHD: Acute GvHD (aGvHD) represents the most common cause of non-

relapse mortality post-transplantation. It usually appears within the first 100 days of 

transplantation and mainly present with the involvement of skin (81%), gut (54%) and 

liver (50%) (10). A detailed clinical manifestation, stages/grading of aGvHD is 

mentioned in table 1.2 and figure 1.2.  
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Table 1.2: aGvHD grades and organ involvement. 

 

 

 
Figure 1.2: aGvHD symptoms and clinical manifestations in patients. 
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1.4 Epidemiology of aGvHD:  

As per recent report by Centre for International Blood and Marrow Transplant 

Research (CIBMTR) and Hill et al., every year approximately 30,000 patients are 

undergoing alloHSCT (4). Out of which 40-50% patients are tend to develop aGvHD 

in case of matched donor. This incident rate extents up to 60% in unmatched 

transplantations (8). Steroid being the first choice of treatment for aGvHD, 

unfortunately close to 50% patients experience steroid refractory (2).  

1.5 Risk Factor: The major risk factors associated with GvHD is as fallow: 

A. Human leukocyte antigen (HLA) disparity 

B. Patient age 

C. Intensity of conditioning regimens 

D. Female to male transplantation 

E. Selection of GvHD prophylaxis regimens 

F. Source of graft 

1.5.1 Human leukocyte antigen (HLA) disparity: HLA are closely linked cluster of 

genes, which encodes the cell surface receptor proteins those are involves in self and 

non-self recognition of tissues. These genes are located on chromosome number 6 and 

17 in human and mouse respectively. Mouse HLA are known as major 

histocompatibility antigen (MHC). MHCs are classified in three groups (11). 

1. MHC class I: These molecules are present on all nucleated cells. The major MHC 

class I genes are HLA-A, HLA-B and HLA-C. These surface receptors recognise and 

binds to CD8+ receptors on T-cytotoxic cells and present endogenous antigens to these 

cells (11). 

2. MHC class II: These class of genes are mainly present as surface receptor on 

antigen presenting cells (APCs). Major MHC II genes are HLA-DR, HLA-DQ and 
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HLA-DP. They recognize and binds to CD4+ T-helper cells and present exogenous 

antigens to them (11). 

3. MHC class III: These class of genes do not involve in antigen recognition. There 

structure and functions are yet to be fully understood (11). 

1.5.1.1 Role of MHC in GvHD: During the inception of GvHD, donor HLA 

recognises recipient antigens as foreign that ignite the activation of immune cells 

against host tissue and results in multi organ destruction. Therefore, HLA matched 

sibling remains the ideal donor for alloHSCT. However, for patients who 

unfortunately do not have matched sibling donors, matched unrelated donor is taken 

into the consideration for successful transplantation (12). 

In a recent retrospective analysis of 10,035 patients having grade 2-4 aGvHD, Fuzi et 

al. demonstrated that HLA mismatched at more than 2 loci is associated with inferior 

survival outcomes (13). However, these risks can be avoided with the use of 

appropriate prophylaxis backbone and careful selection of graft source (12).  

1.5.2 Patient age: Several findings suggested that older patients are at high risk of 

developing GvHD (14) (15). The exact phenomenon behind this is not so clear, but it 

is pertinent that older patients produce more danger signal including inflammatory 

cytokines due to exposure to conditioning regimens. Which can have direct hazardous 

effect on older patients. In addition, the old tissues are known to express more MHCs 

and are capable of elicit the excessive immune response (16). Other reason could be 

the failure of spleen to carry out the positive and negative selection of lymphocytes in 

older patients(15). 

1.5.3 Intensity of conditioning regimens: The intensity of conditioning regimens 

used for myeloablation plays a crucial role in GvHD severity. Low dose or non-

myeloablative chemo or radio-conditioning regimens are less likely to cause severe 
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GvHD, but limited by risk of graft rejection and high chances of relapse. However, 

high dose myeloablative chemo or radio-conditioning regimen ensures minimal 

chance of graft rejection and relapse, but this risk the patients for severe GvHD 

(16,17).  

The association of GvHD severity with intensity of chemo/radio-conditioning 

regimens are well established (discussed later in this chapter; section 1.6). Briefly, a 

high intensity conditioning regimens can leads to the significant damage to organs, 

thereby release of more danger signals. These signals strongly activates the antigen 

presenting cells (APCs) for allo-reactivity which results in severe GvHD (4). 

1.5.4 Female to male transplantation: A study by Randalph et al. on 3238 

transplanted patients suggested that transplantation between female donor to male 

recipients are associated with higher risk of GvHD but lowest risk of relapse (19). 

Furthermore, in corroboration with this, Kim et al. reported the similar finding in a 

prospective study having a cohort of 11,797 patients (20). Both of these studies 

anticipated the involvement of minor MHC antigen behind this phenomenon (20,19). 

The donor T-cells are specific for recipient minor antigens encoded by Y-

chromosomes, hence these T-cells exerts potent GvL activity with significant GvHD, 

which explains why female donor to male recipients are less prone to relapse but at 

risk of GvHD (19). 

1.5.5 Selection of GvHD prophylaxis regimens: The GvHD prophylaxis backbone is 

mainly consist of calcineurin inhibitors (CNIs) such as cyclosporine (CSA) and/or 

tacrolimus (TAC) in combination methotrexate (MTX). Combination of CSA+MTX 

or TAC+MTX gives almost equal benefit but use of TAC is limited due to its toxicity. 

Therefore, CSA+MTX remains gold standard prophylaxis regimens for aGvHD (21). 

However, despite use of several other combination strategies the outcome of GvHD 
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remains poor (22). Prophylaxis backbone is not a direct risk factor for GvHD, but it is 

indeed important to choose right drug for better prophylaxis of GvHD (22). A details 

of drugs used for GvHD prophylaxis and its clinical outcomes are mentioned later in 

this chapter (section 1.7). 

1.5.6 Source of graft: Several studies have compared the severity of GvHD following 

transplantation using various graft source including peripheral blood stem cells 

(PBSCs), cord blood stem cells and bone marrow (BM) (18). In a multicentre, phase 

III randomised trial Anasetti et al. compared the overall survival and GvHD incident 

between PBSCs and BM transplanted group. The result of this study suggested an 

increase incident of cGvHD in PBSCs transplanted group compared to BM (53% vs 

41%). Interestingly, incident of aGvHD does not differ between both the groups. But, 

the survival were better in PBSCs group compared to BM (51% vs 46%) (23). In 

consistence with this study, Flowers et al. also reported the greater incidence of 

cGvHD in patients transplanted with PBSCs compared to BM, but no difference in 

aGvHD incident between two groups were seen (15). Gupta et al. demonstrated that 

infusion of high total nucleated cells are associated with severe grade of GvHD (24). 

Chen et al. reported that patients received cord blood transplantation had higher risk of 

aGvHD (39%) than the cGvHD (27%) (25). Hence, choice of graft shall be considered 

before transplantation to decrease post-transplant complications mainly GvHD. 

1.6 Pathophysiology of aGvHD: aGvHD pathophysiology is broadly defined in three 

phases as illustrated in figure 1.3 (25,26,13). 

A. Phase 1. Conditioning regimens mediated damage of tissues and activation of 

antigen presenting cells 

B. Phase 2. Donor T-cells activation, differentiation and migration to target organ 

(Afferent phase) 
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C. Phase 3. Cellular and inflammatory effector phase (Efferent phase) 

 

  

Figure 1.3: Pathophysiology of acute graft versus host disease. 

 

1.6.1 Phase 1: Conditioning mediated damage of tissues and activation of antigen 

presenting cells: Due to high dose chemo or radio-conditioning regimens, host tissues 

undergoes damage. These damage tissues release danger signals in form of cytokines 

storm, pathogen associated molecular patterns (PAMPs) such as bacterial 

lipopolysaccharides (LPS) from gut and danger associated molecular patterns 

(DAMPs) such as uric acid and ATP (10). These signals activates the host antigen 

presenting cells (APCs) (figure 1.3). This also explains why intensity of conditioning 

regimes is associated with severity of GvHD (28). The extent of tissue damage from 

conditioning regimes activates downstream cascade of events and controls the 
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magnitude of GvHD. This has led to the beginning of reduced intensity conditioning 

era and use of low dose cyclophosphamide (29).  

1.6.2 Phase 2: Donor T-cells activation, differentiation and migration to target 

organ (Afferent phase): The activated APCs in phase 1 reaction interact with donor 

T-cells and triggers their proliferation, differentiation and migration of these cells to 

GvHD target organs mainly; liver, gut, skin and lung (7) (figure 1.3). This also hints 

T-cells as major culprit behind GvHD. A study by Ordemann et al. showed higher 

magnitude of GvHD in older mice due to enhanced allo-reactivity by APCs (30). This 

explains why older recipient are at higher risk of developing severe GvHD. The donor 

and recipient HLA dependent event and activation of type of T-cells is elaborated in 

section 1.5.1.  

The activated and differentiated Th1, Th2 and Th17 cells secretes excessive cytokines, 

which acerbate the GvHD progression. Principle T-cell cytokines are IL-2, IFN-γ, 

TNF-α (Th1), IL-4, IL-6 (Th2) and IL17A (Th17) (31). 

1.6.3 Phase 3: Cellular and inflammatory effector phase (Efferent phase): This 

phase is also defined as cell death/target organ damage phase, wherein cytotoxic T-

lymphocytes and other killer cells such as NK cell mediates target cell lysis via 

perforin/granzyme and Fas/FasL pathway (6,31). The concept of perforin mediated 

cell death in GvHD were demonstrated by Baker et al., wherein, transplantation of 

perforin deficient T-cell to host does not induced target cell damage (33). Similar, 

findings were reported when granzyme-B deficient T cells was transplanted in 

experimental aGvHD model (34). Further, few studies have design handicapped 

immune effector cells with single deficient T-cells (only FasL) or double deficient 

(FasL +perforn/granzyme) T-cells. These cells could not elicit the immune response 

against host organs in preclinical studies (34,35). Therefore highlighting the 
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importance of immune effector cells mainly T-cells in onset and progression of 

aGvHD.  

NK cells, having licence to kill, play a crucial role in aGvHD and GvL as well. NK 

cells harbour potent GvL response and insures less aGvHD by targeting the host APCs. 

It also decreases the chance of graft rejection through killing of host T-cells. Currently 

NK cells expressing chimeric antigen receptors (CAR) are under investigation to 

mitigates GvHD and improve GvL (37). 

The opportunity to combat aGvHD lies in each of above steps wherein blockade of 

APCs, T-cell proliferation, differentiation and cytokine storm can be useful 

approach to mitigate GvHD. In this regards several groups have tried to control 

GvHD by blocking one or many above events using drugs which is listed in table 1.3 

and 1.4. 

 

1.6.4 Molecular events in manifestation of aGvHD: Several signaling cascade and 

cross talk between them orchestrates the pathogenesis of aGvHD. One of the key 

pathway that play a vital role in the onset and progression of aGvHD is JAK/PI3K/NF-

kB/Akt/mTOR axis (fig 1.4A) (38). JAK2-STAT3 signaling are central to all three 

phases of aGvHD mentioned above (fig 1.4B). Activation of JAK2 in immune cells 

leads to the activation of genes responsible for proliferation, differentiation and 

cytokine secretion mediated through pSTAT3 or the PI3K/Akt/mTOR/NF-Κb axis (fig 

1.4A-B) (38,39). Thus, any intervention which could inhibit this cascade can be 

potentially useful in the prevention and treatment of GvHD. In this regards, Betts et al. 

demonstrated that either pharmacological or genetic disruption of JAK2 results in 

decreased morbidity and mortality of bone marrow transplanted mice without 

compromising GvL effect (38). JAK-STAT inhibitors such as ruxolitinib, nifuroxazide, 
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SHR0302, tofacitinib have shown therapeutic effect in mouse models of acute and 

chronic GvHD (40,41,42,43). Ruxolitinib, the first FDA approved drug against acute 

GvHD is JAK2-STAT3 inhibitor (45). FDA approved this in 2019 for steroid 

refractory GvHD (46). However, considering the role of JAK2-STAT3 involvement in 

every step of GvHD, several trial are currently investigating the use of ruxolitinib for 

prophylaxis of aGvHD as well (47). 

                        

 

Figure 1.4A: Role of JAK2-STAT3 signaling in pathogenesis of aGvHD. 
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Figure 1.4B: Role of JAK2-STAT3 signaling in all three phases of aGvHD 

pathogenesis. 
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1.7 Current standard of care for aGvHD: The key to prevent or treat GvHD is 

suppression of overzealous allo-reactive immune cells. The most commonly used drug 

for prevention and treatment of GvHD is CNI+MTX and steroid respectively (21,8). 

The detailed list of drugs used against aGvHD including its mechanism of action is 

mentioned in figure 1.5, table 1.3 and 1.4. 

 

Figure 1.5: aGvHD prophylaxis and therapeutic agents and their mechanism of 

action. 

In 1988 storb et al. demonstrated the clinical superiority of CSA+MTX compared to 

CSA alone for the prevention of aGvHD and survival benefit to the patients (17). A 

decade later Ratanatharathorn et al. compared tacrolimus (TAC)+MTX vs CSA+MTX 

in a phase III study. They found the superiority of TAC+MTX compared to 

CSA+MTX (31.9% vs 44.4%) for the prevention of aGvHD. In contrast to aGvHD, 

overall survival (50.4% vs 40.5%) and disease free survival rate (57.2% vs 46.9%) 

were higher in CSA group compared to that of TAC. TAC related toxicity were also 

found to be higher in the TAC+MTX cohort (17). This study led to the belief 
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CSA+MTX as gold standard prophylaxis regimens. Further, several other 

immunosuppressant have been tested in combination with known prophylactic 

regimens or with newer pharmacological agents, some of these interventions are 

mentioned in the table 1.3 (25,47,48,20). Recently, FDA approved first aGvHD 

prophylaxis drug, abatacept (co-stimulatory inhibitor of T-cells) based on a phase II 

results from Watkins et al. (22). This study was a randomized, double blind placebo-

control trial with CNI+MTX+abatacept in one arm and CNI+MTX+placebo in other 

arm and concluded a significant decrease in grade 3-4 GvHD in abatacept arm 

compared to placebo (22). 

Steroid remains the gold standard for the treatment of aGvHD. Recently, FDA 

approved ruxolitinib (JAK1-JAK2 inhibitor) for the treatment of steroid refractory 

aGvHD. Considering the role of JAK2-STAT3 signaling in onset and progression of 

aGvHD, several clinical and non-clinical studies are ongoing to establishing the role of 

ruxolitinib for prophylaxis of aGvHD as well. Other novel strategies for treatment of 

aGvHD is mentioned in table 1.4 (49,25,47,48,20). 

Table 1.3: Novel pharmacological agents for aGvHD Prophylaxis. 

Prophylactic 

interventions 

Molecular mechanism 

PTCy DMA alkylating agent  

Vedolixumab Target α4β7 integrin on lymphocytes 

Alpha-1 antitrypsin Serine protease inhibitor 

Statins Hamper the development of Th-1 pro-inflammatory 

lymphocytes, stimulate Treg proliferation, and suppress 

APC function. 
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Vorinostat  HDAC inhibitor, suppress histone deacetylation, leading to 

diminished inflammatory cytokines, enhanced Treg 

efficiency and a decrease in GVHD cases with intact GVL 

activity  

Tregs Limiting the response of allo-reactive T cells  

Selective deletion of T-

cells 

Allo-reactive T-cell eradication and keeping NK cells and 

γδT cells intact. 

Tocilizumab Specifically targets the receptor of IL-6 and suppresses 

downstream inflammatory responses. 

Abatacept  CD28: CD80/86 co-stimulation blockade suppresses T cell-

mediated immune responses. 

JAK inhibitors 

(itacitinib, ruxolitinib) 

Diminishing cytokine levels, T-cell activity, and preserves 

Tregs and GVL potency. 

TAC  Inhibits calcineurin 

ATG-F  Selective depletion of T-cells in the donor graft  

MTX Inhibition of dihydrofolate Reductase 

Sirolimus Inhibition mTOR signaling  

MMF  Inhibition of lymphocyte proliferation through depletion of 

guanosine nucleotides 

CSA Inhibits calcineurin activity and T-cell activation by binding 

to cyclophilin. 
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Table 1.4: Novel pharmacological agents for the treatment of aGvHD. 

Therapeutic 

interventions 

Molecular mechanism 

JAK inhibitors 

(ruxolitinib, itacitinib) 

Suppression of pro-inflammatory cytokines, T-cell 

activation, preservation of Tregs, and maintenance of GvL 

a-1 antitrypsin Serine protease inhibitor 

Sirolimus  mTOR inhibition 

Natalizumab and 

Vedolizumab 

Inhibtion α4-integrin inhibition 

Mesenchymal stromal 

cells 

Target activated  lymphocytes mainly B and T  

IL-22 Strengthening of epithelial barrier function and tissue repair 

Prednisolone  Suppression of pro-inflammatory cytokine production and 

inhibition of T-cell activation and migration 

Methylprednisolone  Immunosuppressive Effects on B-cells and other immune 

cells 

Itolizumab CD6-ALCAM pathway 

Natalizumab Target α4β7 integrin on lymphocytes 

RIP1 By inhibiting RIP1 mediated apoptosis 

JAK inhibitors 

(ruxolitinib, itacitinib) 

Suppression of pro-inflammatory cytokines, T-cell 

activation, preservation of Tregs, and maintenance of GvL 
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a-1 antitrypsin Serine protease inhibitor 

Sirolimus  mTOR inhibition 

IL-22 Strengthening of epithelial barrier function and tissue repair 

Prednisolone  Suppression of pro-inflammatory cytokine production and 

inhibition of T-cell activation and migration 

Methylprednisolone  Immunosuppressive Effects on B-cells and other immune 

cells 

Itolizumab CD6-ALCAM pathway 

Natalizumab Target α4β7 integrin on lymphocytes 

RIP1 By inhibiting RIP1 mediated apoptosis 

Treatment of steroid refractory GvHD 

Ruxolitinib JAK2-STAT3 inhibitor 

Apraglutide GLP-2 analogue 

BET inhibitor Inhibition of inflammatory genes 

Neiulizumab PSGL-1 (target T-cell migration) 
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1.8 Limitations of current standard of care for acute GvHD prevention and 

treatment: Acute GvHD prophylactic or/and treatment agents are not always effective 

due to various reasons as listed below (49,50,20,51,1): 

1. These drugs (current standard of care) have a response rate of approximately 50% 

patients. This poor outcome is due to associate high-grade clinical severity. Detailed of 

toxicity related to standard drugs are mentioned in table 1.5. 

2. These drugs also increases the chance of opportunistic infections. 

3. They sometime compromise the GvL effect of graft. 

4. Steroids only response in approximately 35-50% aGvHD patients, rest develops 

steroid refractory. Ruxolitinib approved for steroid refractory, but this have various 

toxicities and is also an expensive drug making it unaffordable to a majority of 

patients in resource limited countries. 

 5. Despite all available options, 35-50% patients are still at stake of developing 

aGvHD. 

 

Table 1.5: Communally used drugs in GvHD and their toxicity. 
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1.9 Need of the hour: Graft versus Host Disease (GvHD) is the most 

lethal complication of alloHSCT. Current standard of care are 

associated with significant toxicities, and response only in 35-50% 

cases. Hence, there is an unmet medical need to develop a novel drug 

with limited toxicity and a complementary mechanism of action with 

existing drugs, which shall also preserve the GvL efficacy of the graft.  
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1.10 Withaferin-A  

Withaferin-A (WA) is the most biologically active constituent of withania somnifera, 

also known as Ashwagandha or Indian winter cherry. Structurally, WA is a steroidal 

lactone. Lactone is the major pharmacophore of WA, which is responsible for most of 

its biological activity. WA was first isolated in 1962 by Lavie and Yarden. Chemical 

structure of WA is given in figure 1.6 (53).   

Almost all part of Ashwagandha contains WA, but root is thought to be richer source 

of WA. WA is well documented for its activity in cancer, inflammation, immune-

modulation and organ protection (53). A detailed biological role of WA is depicted in 

figure 1.7. 

 

                          
                                     Figure 1.6: Chemical structure of withaferin-A. 
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                               Figure 1.7: Various biological activity of withaferin-A. 

                         

1.10.1 Anti-proliferative and anti-cancer activity of WA:  

WA has proven to be efficacious in several cancers including prostate, leukemias, 

gynaecological, gastrointestinal and other malignancies (fig 1.8) (54). WA induced 

cancer cell apoptosis by arresting cell cycle progression at G2/M phase. Several 

molecular incidences have been proposed behind its anti-proliferative mechanism, 

which involves inhibition of NFkB, Akt, mTOR and other key molecular signatures. 

Modulation of reactive oxygen species is also one of the key events that happens as a 

results of altered cellular signaling by WA (54). A detailed anti-cancer mechanism by 

WA is represented in figure 1.9 (54). 
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Figure 1.8: Anti-cancer efficacy of withaferin-A against various cancer. 

 

WA also exhibits anti-metastatic properties through inhibition of epithelial to 

mesenchymal transition. A study by Lee et al. reported that WA inhibits TNF-α and 

TGF-β induced EMT phenotypes of MCF-10A cell lines. WA also decreases the 

protein levels of vimentin in mice model of MDA-MB-231 and MMTV-neu tumor 

(54). Further, WA showed inhibition of cervical cancer cell migration and invasion by 

suppression of matrix metaloprotein-9 (MMP-9) (55). Several other studies have 

highlighted the synergistic role of WA with approved anti-cancer drugs. For instance, 

Kakar et al. reported the inhibition of ovarian cancer growth and metastasis by WA in 
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combination with cisplatin in the orthotropic animal model (56). In another study, WA 

showed reversal of doxorubicin resistant leukemic cells and induces cell death (57). 

These findings collectively suggest that WA is a potential anti-cancer and anti-

metastatic candidate that also exhibits synergistic effect with known anti-cancer drugs 

and could reverse the resistance cancer to sensitive one. 

     

 

Figure 1.9: Anti-cancer mechanism of withaferin-A. 
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1.10.2 Organ protective effect of WA: Several studies have demonstrated the 

protective role of WA towards liver, skin, gut, brain, kidney and other vital organs. 

Neuroprotective ability of WA is demonstrated in several studies wherein it preserves 

the motor neurons integrity through increasing the levels of dopamine and other 

neuronal messengers (58,59). Vedi et al. demonstrated the hepato-protective and 

nephro-protective role of WA using bromobenzene induced liver and kidney damage 

model. They also demonstrated that WA keeps mitochondrial function intact, balanced 

ROS, decreases inflammatory cytokines and keeps hepatic and kidney function 

enzymes well within the normal range (57). Furthermore, WA showed protection of 

liver from acetaminophen-induced toxicity. Wherein, induction of cytoprotective 

enzymes through NRF2 were reported upon WA administration (60). Additionally, 

WA was found to protect liver against alcoholic and non-alcoholic injury in 

experimental mouse model (61).  

In an animal model, WA attenuated scleroderma through FoxO3a-Akt-NF-κβ/IKK 

axis, suggesting its protective role on skin (61). Apart from this, protection of gut has 

also been studied by WA. Wherein, WA protects gastric epithelium by inhibiting NF-

κβ mediated H.pylori inflammation (62). Further, WA showed prevention of 

inflammation and carcinogenesis of colon and intestine in an experimental mice model. 

This was found to be mediated through inhibition of IL-6, TNF-α, Cox-2 via pAKT, 

Notch1 and NF-kβ cascade (62).  Role of WA against other diseases are mentioned in 

figure 1.10. 
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Figure 1.10: Effect of WA against various disease conditions. 

1.10.3 Anti-inflammatory and immuno-modulatory activity of WA: Inflammatory 

cascade is key phenomenon of several immunological and cellular dysfunctions. WA 

shown to suppress inflammation through inhibition of NF-kβ, AP-1, Cox-2 and pro-

inflammatory cytokines (63). Nearly a decade ago, SoRelle et al. reported the 

beneficial effect of WA on islet transplantation model. Their data suggest that WA 

improves the survival of syngeneic islet graft through inhibition of NF-kβ, pro-

inflammatory cytokines and chemokines (63). Further, our group reported that WA 

binds with thiol group of NF-kβ and inhibits its migration to the nucleus, thereby, 

prevents cytokine secretion and inflammatory events (64). Wherein, WA inhibited T-

cells and B-cells proliferation without affecting the cell viability. We also reported its 

immunosuppressive effect through suppression of activation markers of these cells and 

inhibition of Th1, Th2 cytokine secretion (64). Taking clue from these findings we 

next ex-vivo treated the donor mice graft with WA and transplanted into the 

immunosuppressed recipient mice (65). This resulted in prevention of aGvHD with 

significant improved in morbidity and survival of the mice. Wherein, we also 

demonstrated the probable involvement of Akt-mTOR signaling and suppression of 



Chapter 1 

 

68 

inflammatory cytokine storm by WA (65). In this line, Kumano et al. reported that 

WA improved the survival of allo-islet graft through inhibition of immune cell 

proliferation, dendritic cell maturation and cytokine suppression (66). Similar to our 

earlier findings, recently it is been reported that WA modulates the immune system via 

NF-kβ and AkT signaling and inhibits inflammatory cascades (66). Additionally, in 

this study WA showed inhibition of LPS induced inflammation by suppressing the 

macrophage ability to induce cytokine and nitric oxide secretion (66). These data 

strongly suggests potential role of WA in immune-modulation and hints towards its 

use in transplantation setting. 

As indicated above in sections, aGvHD is mainly associated with immune cell 

mediated inflammation, damage of target tissue namely liver, skin, and gut. Several 

studies have emphasized upon anti-inflammatory, immune-modulatory and organ 

protective role of WA. These findings open the avenue to test the efficacy of WA 

against aGvHD.  
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Aim and objectives of the study 

Aim: To evaluate the aGvHD prophylactic efficacy and GvL effect 

of Withaferin-A after oral administration in murine model of 

allogenic hematopoietic stem cell transplantation. 

 

Objectives: 

Objective 1. To determine the safety, toxicity and 

pharmacokinetics of oral Withaferin-A in mice. 

 

Objective 2. To evaluate the efficacy of Withaferin-A for the 

prophylaxis of aGvHD and compare with standard prophylactic 

regimen. 

 

Objective 3. To investigate the impact of Withaferin-A on Graft 

versus Leukemia effect. 

 

Objective 4. To investigate the efficacy of ready-to-use 

formulation of Withaferin-A for prophylaxis and treatment of the 

aGvHD 
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Chapter 2 
 

Objective 1. 

To determine the safety, toxicity 

and pharmacokinetics of oral 
Withaferin-A in mice 
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2.1 Introduction: Plants have served as a source of medicine for over 4000 years (67). 

Phytochemicals from plants represents the excellent source of biologically active 

compounds and stand significant for pharmaceutical industry (68). They exhibit 

various therapeutic benefits against diseases such as infection (viral & bacterial), 

cancer and diabetes (55,70). The systematic collection of scientific data on phyto-

constituents began in the 1950s as documented by Kurup and his colleagues (71). 

According to the estimates from the World Health Organization (WHO), 

approximately 80% of the global population relies on herbal medicine for some aspect 

of their health care needs. Among all ancient cultures, India represent richest 

repository of medicinally valued plants (72). One such plant of great medicinal 

importance is Withania somnifera also known as Ashwagandha/Indian Ginseng/Indian 

Winter cherry. Ashwagandha has been used since ancient times in Ayurveda and 

considered as most important and prominent traditional medicinal plant of alternative 

medicine in India (73). It exhibits numerous biological activities including 

neuroprotection, anti-inflammation, immune-modulation, antitumor etc. (73,74). 

Ayurvedic remedy of Ahswagandha can be prepared from any part of this plant (75). 

Several biologically active components are present in the root extract of Ashwagandha 

including alkaloids (isopelletierine, anahygrine etc.), saponins and steroidal lactones 

(withanolides and withaferins) (76). 

Withaferin-A (WA), a steroidal lactone, is the most biologically active component of 

Withania somnifera (64). WA was first isolated by two Israeli chemist, Lavie and 

Yarden. Other members of Solanaceae family also serve as source of WA (64). WA 

has been shown to exhibit diverse pharmacologic activities, including anti-cancer, 

anti-diabetic, anti-stress, anti-oxidant, neuroprotective, cardio-protective and immuno-
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modulatory properties (53,55). It is also used as a potential candidate for flavour and 

aroma (75). This beneficial activity of WA is greatly attributed to its double bond and 

epoxide ring (structure of WA given chapter 1, section 1.10, figure 1.6) (79). Our 

recent study showed that ex-vivo treatment of donor cells with WA could ameliorate 

onset of Graft versus Host Disease (GVHD) by modulating the Akt-mTOR signaling 

pathway (65). Straughn et al., reported the efficiency of WA against SARS-CoV-2 

infection, and suggested that WA could be used for cancer patient with SARS-CoV-2 

infection as WA harbour anticancer as well as anti-viral activity (80). The anti-cancer 

activity of WA and its molecular mechanism have been extensively evaluated in 

several studies, wherein, WA showed a direct binding with numerous intracellular 

signaling molecules such as NFkB, Par-4, STAT3 etc. and regulates the cell fate, such 

as proliferation, migration, invasion and metastasis (53). WA treatment to the breast 

cancer cell lines (MDA-MB- 231 and MCF-7) increases the expression of autophagy 

markers and initiates the autophagy induced cell death in in-vitro and in tumor 

xenograft model (81). Currently, in era of cancer immunotherapy a wide variety of 

treatment modalities have emerged, but this excellent mode of treatment is limited by 

the numerous side effects and toxicity due to hyperactive immune cells mainly T-cells. 

A recent study by Gambhir et al. demonstrated that WA reduced the secretion of Th1 

and Th2 cytokines and inhibited the mitogen-induced T-cell and B-cell proliferation. 

This immunosuppressive effect of WA was mediated through its binding with 

cysteine-62 residue of p50 and subsequent inactivation of the NF-κB pathway in T 

lymphocytes (64). This immunosuppressive property of WA suggest that it could be a 

potential candidate to aid with cancer immunotherapy compounds in overcoming the 

limitations of current immunotherapy drugs. In animal model system, WA exhibit 
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protection against liver, kidney and skin inflammation related disorders (82) (detailed 

in chapter 1, section 1.10.2). 

Despite its pharmacological effects, the translation of WA to the bedside has not been 

accomplished. Establishing the non-clinical toxicity and pharmacokinetics (PK) of a 

molecule is an important aspect of drug development, and provides vital insights about 

its safety and posology in humans. Several groups have worked extensively on 

understanding the toxicity of Withania somnifera extract (83,84). However, there is no 

data available on oral safety and toxicity of WA, which is the most biologically active 

component of Withania somnifera. With the objective of advancing WA towards 

clinical use, the present study aimed to evaluated the oral safety, toxicity and 

pharmacokinetics of WA in mice. 
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2.2 Aim and Objectives: 
 
2.2.1 Aim:  
To established the safety, toxicity and pharmacokinetics of oral 
Withaferin-A in mice  
 
2.2.2 Objectives:  
 
Objective 1a. To evaluate the acute toxicity of oral Withaferin-A 
in mice. 
     
Objective 1b. To evaluate the sub-acute or repeat dose toxicity of 
Withaferin-A in mice. 
 
Objective 1c. To determine the pharmacokinetics of Withaferin-A 
in mice 
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2.3 Material and methods: 

2.3.1 Chemicals and reagent: Withaferin-A and LC-MS/MS internal standard 

(fluoximesterone) was obtained from Pharmanza herbal Pvt. Ltd, Gujrat, India. LC-

MS grade ammonium acetate, ethyl acetate, acetonitrile, and sulfosalicylic acid was 

used in the study. Filtered milli-Q water was filtered in-house and used for LC-

MS/MS. 

2.3.2 Experimental Animals: The study was commenced following the approval 

from Institutional Animal Ethics Committee of Advanced Centre for Treatment, 

Research and Education in Cancer (ACTREC), Tata Memorial centre (TMC), 

Mumbai, India (project no. 17/2020). In consideration of the heightened sensitivity of 

females in toxicology studies, BALB/c female mice of 8-10 weeks old, weighing 20±2 

grams were selected in this study. Mice were housed in the small animal facility of the 

ACTREC and provided with standard chow and water ad libitum, with a light/dark 

cycle of 12 hours at a temperature of 22-25o C and humidity of approximately 50%. 

All experiment were initiated only after a week of acclimatization period for the mice. 

At the end of experiments, mice were humanely sacrificed, and blood was collected 

for biochemistry and haematology analysis in toxicity experiments and bioavailability 

evaluation for pharmacokinetics (PK) study. All procedures were carried out in 

accordance with CPCSEA guidelines and the study was performed in compliance with 

the ARRIVE guidelines. 

2.2.3 In silico Absorption, Distribution, Metabolism, Excretion and Toxicity 

(ADMET) analysis: ADMET properties of WA was evaluated using online tool 

ADMETlab2.0 (https://admetmesh.scbdd.com/). In this regard, first we retrieved the 

2D structure of WA from PubChem database. Further, we generated the SMILES 
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format of WA structure using SwissADME (http://www.swissadme.ch/index.php). 

This SMILES was then acquiesced to ADMETlab2.0 for ADMET analysis. 

2.3.4 Prediction of toxic hazards: The investigation of toxic hazards in WA was 

conducted using Toxtree (v3.1.0). Toxtree decision tree was employed for Verhaar 

scheme, skin irritation and corrosion prediction, eye irritation and corrosion 

prediction, Benigni/Bossa rule base (for mutagenicity and carcinogenicity), skin 

sensitization alerts, START biodegradability, cytochrome P450-mediated drug 

metabolism, DNA binding alerts, protein binding alerts, etc. It can estimate the 

threshold of toxicological concern (TTC) of the compound or their possible toxicity. 

The molecule site(s) labile to metabolism by cytochrome P450 isoform 3A4 was 

predicted by SMARTCyp reactivity model. 

2.3.5 Acute toxicity: In order to assess acute oral toxicity, we followed Organisation 

for Economic Cooperation and Development (OECD) test guidelines ‐ 423 Adopted 

on 17th December 2001. Animals were kept on fasting before and after 4 hour of 

dosing. Three female mice were allocated in each group, which were administered 

with 50 mg/kg, 300 mg/kg and 2000 mg/kg of WA via oral gavage. 

Carboxymethylcellulose (CMC) were used as vehicle. Following dosing each group 

was observed at four intervals of half-hour each and daily once untill 14th day for any 

signs of clinical toxicity. Mice weight were recorded on day 0, 7 and 14. After the 14th 

day mice were sacrificed and blood was collected for biochemistry and hematology 

evaluation, while the organs were harvested for histopathology. The acute toxicity 

scheme is illustrated in figure 2.1. 
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Figure 2.1: Schematic representation of method to assess the acute toxicity of 

withaferin-A in mice. 

2.3.6 Sub-acute toxicity: Sub-acute toxicity or 28 days repeat dose toxicity study was 

conducted in accordance with the OECD guideline 407 adopted on 3 October 2008. 

Thirty female mice were divided in six groups (five mice per group); 1. Vehicle 

control (CMC) 2. 10 mg/kg treatment (low dose) 3. 70 mg/kg treatment (medium 

dose) 4. 500 mg/kg treatment (high dose) 5. Vehicle control (satellite/recovery groups) 

6. 500 mg/kg treatment (satellite/recovery groups). Mice were administered WA for 30 

days via oral gavage. Two satellite groups after 30 days of dosing were kept under 

observation for 14 more days to check the reversibility or delayed toxic effect. The 

mice were observed daily for any clinical sign of toxicity, and their weight were 

recorded on day 0,7,14 and 28. For satellite group, weight were also recorded on day 

42. At the end of the experiment, mice were terminally sacrificed, blood was collected 

for biochemical and haematological analysis. Organ were harvested for 

histopathology. The sub-acute toxicity scheme is depicted in figure 2.2. 
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Figure 2.2: Schematic representation of method to assess the sub-acute toxicity of 

withaferin-A in mice. 

2.3.7 Biochemical evaluation: Following 400-500µL of blood collection in clot 

activator tube, serum was harvested by centrifugation at 3000 rpm for 10 minutes. 

Liver function test (LFT) and renal function test (RFT) were analyzed using 

Dimension EXL 200-Siemens (Germany) autoanalyzer.  

2.3.8 Hematological analysis: For CBC (complete blood count), a sample of blood 

measuring 100 µL was collected in an EDTA tube. Following the blood collection the 

CBC parameters were analysed using ADVIA 2120i (USA) autoanalyzer. 

2.3.9 Percentage lymphocytes and neutrophil count: Manually slides were prepared 

for the purpose of counting lymphocytes and neutrophils in according to the protocols 

described by Hoppe et al. (85). Briefly, blood smears were made on a glass slide 

utilising 10 µl of blood. Subsequently, by using the wright stain, slides were stained 

and allowed to air-dry prior to counting. The cells were counted under microscope by 

two independent experts from clinical hematology laboratory of ACTREC. 

2.3.10 Histopathology: Immediately after sacrificing the mice, tissues for 

histopathology were collected in 10% formalin and sent to the histopathology facility 



Chapter 2 

 

 

79 

of ACTREC for the preparation and staining of sides. Further the slides were 

evaluated by two independent pathologists from our centre to investigate any possible 

signs of tissue toxicity. 

2.3.11 Pharmacokinetics:   

2.3.11.1 Animals for PK study: In this study, female BALB/c mice were utilized for 

the purpose of pharmacokinetic analysis. A single oral dose of 70 mg/kg of WA was 

administered to these mice, and their blood was collected in EDTA tubes at various 

time intervals, including 15 minutes, 30 minutes, 1 hour, 2 hours, 4 hours, 8 hours, 12 

hours, and 24 hours, with 5 mice per time point. Additionally, a separate group of 

female BALB/c mice was given an intravenous (IV) injection of WA at a dose of 10 

mg/kg, and their blood was collected in EDTA tubes at the same time intervals as the 

oral group (having one additional time point of 5 min), with 5 mice per time point. The 

collected blood samples from both groups were centrifuged at 3000 rpm for 10 

minutes at 4°C, and the resulting plasma was stored at -80°C until further analysis. 

The plasma concentration of WA was determined using LC-MS/MS, as described in 

the method below. The schematic representation of the pharmacokinetic study is 

depicted in figure 2.3. The pharmacokinetic parameters were evaluated using non-

compartmental analysis with Phoenix WinNonlin (CERTARA) software (version 8.3., 

NJ, USA). The absolute oral bioavailability (F) of WA was calculated using the 

following equation… 

                   F (%) = AUC0-inf(Oral)*Dose IV / AUC0-inf(IV)*Dose Oral *100 
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Figure 2.3: Schematic representation of WA pharmacokinetics study. 

2.3.11.2 Mass spectrometry and chromatographic conditions: LC-MS/MS method 

was performed using the AB SCIEX QTRAP-4500 LC-MS/MS instrument, LC 

SHIMADZU Nexera X2 Micro LC. A Kinetex® 1.7µm C18 100Å (100*3 mm, S/No. 

H20-111310, Batch No. XD-4475-YO) column was used for chromatographic 

separation. The mobile phase consisted of acetonitrile and 10mM ammonium acetate 

in milli-Q water (60:40 v/v). Mass spectrometer was operated in the positive ion 

mode. The aqueous phase was eluted at a flow rate of 0.2 mL/min and the analytes 

were quantified in MRM mode using the following mass transitions i.e., WA - Q1/Q3 

471.400/ 281.200 and fluoxymesterone, the internal standard (IS), -Q1/Q3 

337.200/91.100. Quantitation was achieved by measurement of the peak area ratios of 

the drug to the internal standard. Data acquisition was performed with Analyst version 

1.6.1 software. 
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2.4 Bioanalytical method development and validation 

2.4.1 Standard solutions for Pharmacokinetics study: Using separate weighing, 

Stock solution of Withaferin-A (WA) and fluoxymesterone were prepared for standard 

calibration curve and quality control (QC) samples. Dimethyl sulfoxide (DMSO) was 

used to prepare stock solution of WA and fluoxymesterone at concentration of 1 

mg/mL, and stored at -20º C until further analysis. 

2.4.2 Sample preparation for Pharmacokinetics: In a 1.5mL Eppendorf tube 20µL 

of internal standard (IS) were added to 0.2mL plasma making a final solution of (20 

µg/mL). Next these were vortexed for 30 seconds. Followed by addition of 20µL of 

4% sulfosalicylic acid, vortexed for 1min. 1ml of absolute ethyl acetate was added for 

extraction, followed by 60 second of vertex and centrifugation for 15 minutes at 13000 

rpm. The resultant supernatant were taken in fresh tube and subjected to evaporation 

using nitrogen gas. The residue was reconstituted in 100µL of 60% acetonitrile in 

milli-Q water, vortexed and centrifuged at 13000 rpm for10 minutes and 5 µL of the 

final clear solution was injected into the LC-MS/MS.  

2.4.3 Calibration curves and quantitation for Pharmacokinetics: Calibration 

samples of Withaferin-A were prepared in blank plasma. A serial dilution of IS (5, 10, 

25, 50, 100, 500, 1000, 2500 and 5000 ng/mL) was prepared and stored at -20°C. 

Preparation procedure described above was followed for each sample and 5 µL of the 

final solution was injected into the column. Plasma drug concentrations of WA was 

determined based on the ratio of peak area of WA (x) to the internal standard (y) using 

linear regression to calculate the unknown concentration levels from the calibration 

curve. 
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2.4.4 Mass Spectrometry conditions: Optimized LC-MS/MS parameters used to 

detect the analyte and IS is tabulated below (table 2.1). 

Table 2.1: The optimized MS conditions for Multiple Reaction Monitoring 

(MRM) mode. 

Ionization mode Positive ESI 

Ion source Turbo spray 

Curtain gas 40 

Collision gas Medium  

Ion spray voltage 5500.00 

Temperature (0C) 500.00 

GS1 50 

GS2 50 

   ESI; electrospray ionization, GS1; Ion source gas1, GS2; Ion source gas2. 
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2.4.5 Pharmacokinetic method validation: A 5-day validation analysis of WA was 

performed. Microsoft excel were used to calculate %RSD and %DEV. The acceptance 

criteria for method validation were followed as per the bioanalytical method validation 

guidelines, May 2018. 

2.4.5.1 Selectivity: Blank plasma were obtained to examine the presence of any 

possible interfering endogenous peak. Sample preparation were carried out as per the 

method mentioned in section 2.4.2. As depicted in table 2.2 area of the interference 

peak was found to be ≤ 20% of peak area of the lower limit of quantification (LLOQ) 

for analyte and ≤ 5% for IS (table 2.2). 

Table 2.2: The average percentage Interference for analyte and IS. 

Levels Analyte 

area 

IS area % Interference for 

analyte 

% Interference of 

IS 

Plasma blank 39 45  

0.21 

 

0.06 
LLOQ  18732 78313 

2.4.5.2 Carryover: Carry over in the blank sample was well within the range of   

≤20% of the LLOQ for analyte and ≤ 5% for the internal standard.  

2.4.5.3 Linearity: Calibration curves were constructed from calibration standard and 

concentration of analyte in unknown and QC samples were analysed. The calibration 

model was accepted if percent accuracy was within ± 20% for limit of quantification 

(LOQ) and within ± 15% for all other standard concentrations (table 2.3). 
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Table 2.3: The mean correlation coefficients of the linear regression analysis of 

calibration curve. 

Levels 

(ng/mL) 
    Mean SD %RSD (± 20%) % Accuracy (85-115%) 

1 1.2 0.1 16.4 116.36 

5 5.7 0.8 13.1 113.05 

50 56.8 9.0 13.6 113.61 

500 571.8 32.4 14.4 114.36 

1000 1000.2 74.3 0.0 100.02 

2500 2195.2 355.6 -12.2 87.81 

5000 5242.5 104.4 4.8 104.85 

The calibration curves were constructed by plotting the ratio of WA peak areas to that 

of IS versus standard WA concentrations. The method demonstrated linearity ranging 

from 1-5000 ng/mL in plasma. Regression equations for the calibration curve of WA 

in plasma was given by y=mx+c; (y= ratio of peak area of WA to IS) and (x= WA 

concentration). Mean correlation coefficient (R2) of the calibration curve were 0.9970. 

Acceptance criteria: Non-zero calibrator should be within ± 15% RSD, except for 

LOQ for which it should be within ± 20% RSD. RSD: Relative standard deviation. 

2.4.5.4 Sensitivity [limit of quantitation or Limit of detection (LOD)]: LOD was 

determined using the signal-to-noise ratio by comparing known concentrations of 

analyte to blank samples. Signal-to noise ratio of 3:1 produced by analyte 

concentration was accepted as the LOD. The LOQ is define as the lowest plasma 

concentration of the standard curve that could be quantified with acceptable accuracy, 

precision, and variability with acceptable accuracy and precision of ± 20% (table 2.4). 
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Table 2.4: The LOQ for withaferin-A in extracted plasma 

Levels (ng/mL) Average mean 

area 

SD %RSD (± 20%) 

1 0.4129 0.004 0.97 

The LOQ for WA in extracted plasma was 1 ng/mL with precision expressed as a 

%RSD of 0.97%. Acceptance criteria: The accuracy and precision should be within ± 

20%. SD: Standard deviation, RSD: Relative standard deviation. 

2.4.5.5 Precision and Accuracy: Using the same stock solutions and plasma batches, 

inter and intra-day precision and accuracy of analytical method were determined for 

WA (n=5 replicate for all quality control samples). The percent RSD of the assay were 

calculated. Acceptance criteria: Intra and inter-day precision & accuracy should be 

within ± 15% of nominal concentrations, except within ± 20% at LLOQ (table 2.5).  
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Table 2.5: The intra and inter-day precision and accuracy for plasma samples. 

 

The intra and inter-day precision and accuracy for plasma samples are presented in 

Table 2.5. In plasma, quality control samples the mean precision were 5.36% and -

3.64%, and accuracy were 105.36% and 96.36%. LLOQQC: Lower limit of 

quantification quality control, LQC: Lower quality control, MQC: Middle quality 

control, HQC: High quality control, SD: Standard deviation, RSD: Relative standard 

deviation. 

 

 

 

 Levels Concentration 

(ng/mL) 

Mean SD %RSD (± 

15%) 

% 

Accuracy 

(85-115%) 

Intra-

day 

LLOQQC 1 1.1 0.11 13 113 

LQC 5 5.6 0.60 11.1 111.1 

MQC 500 497.7 132.07 -0.457 99.543 

HQC 2500 2640.6 113.18 5.622 105.622 

Inter-

day 

LLOQQC 1 1.104 0.061 10.37 110.37 

LQC 5 5.263 0.155 5.27 105.27 

MQC 500 513.737 187.259 2.75 102.75 

HQC 2500 2357.283 239.702 -5.71 94.29 
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2.4.5.6 Recovery: WA’s recovery was calculated by comparing the peak area obtained 

following extraction of known concentration of WA from plasma with that of the area 

obtained from the same concentration of WA in aqueous solution (table 2.6). 

Table 2.6: Recovery of WA. 

Levels  Un-extracted area of 

analyte 

Levels Extracted area of 

analyte 

 

% Recovery 

AQ- 

LLOQQC  

18411 PLS- 

LLOQQC 

12050 65.45 

AQ-LQC 65438 PLS-LQC 49210 75.20 

AQ-MQC  301169 PLS-MQC 213488 70.89 

AQ-HQC 1245622 PLS-HQC 777689 62.43 

The overall mean recovery of Withaferin-A was 69.76 % after plasma extraction. AQ: 

Aqueous, PLS: Plasma, LLOQQC: Lower limit of quantification quality control, LQC: 

Lower quality control, MQC: Middle quality control, HQC: High quality control. 

2.4.5.7  Stability: The stability of WA was assessed by analyzing samples under 

various conditions like auto-sampler, wet extract, dry extract, benchtop,  freeze thaw, 

short term (6hr) and long term (7th, 15th day) stability and was checked the variation in 

the quality control samples respectively (table 2.7). Acceptance criteria: Percent RSD 

should be within ± 15% for quality control samples. RSD: Relative standard deviation. 
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Table 2.7: Stability of WA. 

  

 

 

 

 

 

 

 

 

Figure 2.4: Chromatograms of plasma spiked with WA and the IS 

Fluoxymesterone. a) Withaferin-A and b) Fluoxymesterone eluted with high 

resolution within the run time of 8 minutes at 3.12 min and 3.18 min, respectively.  

Stability Levels Concentration 

(ng/mL) 

Mean %RSD (± 

15%) 

Auto-

sampler  

LQC 5 4.50 0.25 

HQC 2500 2450 0.51 

Wet extract  LQC 5 4.95 1.05 

HQC 2500 2438 1.25 

Dry extract LQC 5 5.05 1.05 

HQC 2500 2499 0.85 

Benchtop LQC 5 4.95 1.24 

HQC 2500 2581 0.85 

Freeze thaw LQC 5 5.05 1.25 

HQC 2500 2492 2.5 

Short and 

long term 

LQC 5 5.12 2.51 

HQC 2500 2483 2.51 
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2.5 Statistical analysis: GraphPad Prism version 8.0 were used to analyse all the data. 

All data is expressed in mean ± SEM. Comparison between multiple groups were done 

using one-way ANOVA and Tukey’s tests. A p value of <0.05 considered as 

statistically significant. Other than Tmax  alll PK parameters were expressed as Mean ± 

SEM. Tmax  was represented in median (range). 
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2.6 Results: 

 

2.6.1 In silico ADMET analysis: ADMET properties describes the therapeutic action 

of a molecule that depends on its reach to the target site in the body at an adequate 

amount. ADMETlab2.0 is a freely accessible software that provides fast and robust 

predictive data about the physicochemical properties, pharmacokinetics and drug-

likeness of a compound. We utilized this to compute the physicochemical properties 

and bioavailability of WA. Detailed physicochemical and ADMET parameters are 

mentioned in table 2.8-2.16. Concisely, topological polar surface area (TPSA) of WA 

falls in the acceptable zone of 0-40 whereas logS (aqueous solubility) was found to be 

slightly lower and logP (partition coefficient) was moderately higher than the optimum 

range. WA obeys Lipinski, Pfizer and Golden triangle rule that suggests the drug-

likeness of a molecule. Absorption profile showed that WA is highly gastro-intestinal 

(Caco2 and MDCK) permeable and also acts as a strong P glycoprotein -inhibitor with 

a probability of 0.994. Distribution data outlined the plasma protein binding (PPB) and 

fraction unbound (Fu) of WA were 84.60% and 4.713% respectively. However, the 

probability of blood brain barrier (BBB) permeability is 0.725. Metabolism profile 

explained WA to be a CYP3A4 substrate with a probability of 0.895. WA showed 

high clearance of 16.18 ml/min/kg that was computed from the excretion profile of the 

ADMET analysis. The ADMET prediction suggest very low probability of being 

hERG (human Ether-a-go-go-Related Gene) blocker. The human hepatotoxicity of 

WA were estimated to be very low, similarly oral toxicity in rat were also predicted to 

be scarce. WA also determined to be noncorrosive to the eye. 

2.6.2 Computation of toxic hazards: Cytotoxicity by CYP450-mediated drug 

metabolism for WA predicted 4 sites of metabolism viz. epoxidation and aliphatic 

hydroxylation. START biodegradability and Verhaar scheme explained WA to be a 
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persistent chemical and possess unspecific reactivity based on its structural annotation. 

The presence of α,β-unsaturated carbonyls in WA explained the structural alerts for 

genotoxic carcinogenicity and S. typhimurium mutagenicity computed by 

Benigni/Bossa rule base (for mutagenicity and carcinogenicity). The protein binding 

and DNA binding alerts for Michael acceptor and SN2-nucleoplilic aliphatic 

substitution were also identified. 



Chapter 2 

 

 

92 

Table 2.8: Physicochemical properties of WA. 
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Table 2.9: Medicinal chemistry of WA. 
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Table 2.10: Absorption of WA. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

 

 

95 

Table 2.11: Distribution of WA. 

                   

 
     

Table 2.12: Excretion of WA. 
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Table 2.13: Metabolism of WA. 
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Table 2.14 Toxicity of WA. 
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Table 2.15: Environmental toxicity of WA. 
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Table 2.16: Toxicophore Rules for WA. 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

 

 

100 

2.6.3 Acute toxicity: WA treated group did not show any clinical symptoms of toxicity 

compared to the vehicle control group. There was no visible sign of toxicity in any 

animal in the WA group, and none of the animals died. Based on these findings, WA 

may be classified as GHS (Globally Harmonized System) category 5 (LD50 >2000 

mg/kg body weight) compound as per OECD Guideline No. 423, December 2001. 

2.6.4 Sub-acute toxicity (28 days repeat dose toxicity): Sub-acute toxicity were 

performed at dose of 10, 70 and 500 mg/kg/day. Mice were dosed daily for 28 days. All 

animals were alive until necropsy in both the test group and the recovery (satellite) 

group. None of the animals in the test or recovery groups showed any visible signs of 

toxicity. These results suggest that oral administration of WA to mice every day for 28 

days is safe and well tolerated. Therefore, 500 mg/kg oral WA shall be considered as 

No-Observed Adverse Effect Level (NOAEL) dose as per OECD Guideline No. 407, 

October 2008. 

2.6.5 Body weight: Upon oral WA administration, mice in both acute toxicity as well 

as in sub-acute toxicity studies did not show any changes in body weight compared to 

their respective controls (fig 2.5 a-b). 

 

Figure 2.5: Body weight of mice in (a) acute and (b) sub-acute toxicity. All values are 

represented as mean ± SEM. 

 

 



Chapter 2 

 

 

101 

2.6.6 Serum Biochemistry: Serum RFT and LFT parameters were investigated. RFT 

parameters included blood urea nitrogen (BUN), uric acid (URCA) and creatinine 

(CREA). LFT parameters included total protein (TP), albumin (ALB), alkaline 

phosphatase (ALP), total bilirubin (TB), aspartate aminotransferase (AST) and alanine 

aminotransferase (ALT). In acute and sub-acute toxicity, no changes were observed in 

LFT and RFT parameters in WA treated groups compared to their respective control 

groups (table 2.17 and 2.18). 

Table 2.17: Effect of orally administered withaferin-A on RFT and LFT 

parameters in acute toxicity. 

       

All values are represented as Mean ± SEM. TP: total protein, ALB: albumin, ALP: 

alkaline phosphatase, TB: total bilirubin, AST: aspartate aminotransferase, ALT: 
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alanine aminotransferase, BUN: blood urea nitrogen, URCA: uric acid, CREA: 

creatinine. 

Table 2.18: Effect of orally administered withaferin-A on RFT and LFT 

parameters in sub-acute toxicity. 

 

“TP: total protein, ALB: albumin, ALP: alkaline phosphatase, TB: total bilirubin, AST: 

aspartate aminotransferase, ALT: alanine aminotransferase, BUN: blood urea nitrogen, 

URCA: uric acid, CREA: creatinine. All values are represented as Mean ± SEM.” 

2.6.7 Hematological Parameters: We analyzed the CBC and differential counts in 

acute and sub-acute toxicity animals following oral administration of WA. At any given 

acute toxicity dose none of the CBC parameters were altered, barring a non-significant 

dose dependent decrease in total WBC count (table 2.19). Hematological parameters in 

sub-acute toxicity also did not show any changes at any dose level tested compared to 

control groups (table 2.20). 
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Table 2.19: Effect of orally administered withaferin-A on hematological 

parameters in acute toxicity. 

 

All values are represented as Mean ± SEM. WBC: white blood cell count, RBC: red 

blood cell count, Hb: hemoglobin, HCT: hematocrit, MCV: mean corpuscular volume, 

MCH: mean corpuscular hemoglobin, MCHC: mean corpuscular hemoglobin 

concentration, PLT: platelet, NEUT: neutrophils, LYMPH: lymphocytes. 
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Table 2.20: Effect of orally administered withaferin-A on hematological 

parameters in sub-acute toxicity. 

 

All values are represented as Mean ± SEM. WBC: white blood cell count, RBC: red 

blood cell count, Hb: hemoglobin, HCT: hematocrit, MCV: mean corpuscular volume, 

MCH: mean corpuscular hemoglobin, MCHC: mean corpuscular hemoglobin 

concentration, LT: platelet, NEUT: neutrophils, LYMPH: lymphocytes. 

 

2.6.8 Histopathology: Upon histopathological observation of vital organs such as brain, 

heart, lungs, liver, kidney, spleen, bone, small and large intestine, none of them showed 

any sign of drug induced toxicity in acute as well as in sub-acute toxicity studies (fig 

2.6 and 2.7). 
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Figure 2.6: Histopathology of vital organs in acute toxicity study. H and E 

magnification × 100 and × 400 (Inset). VC: vehicle control. 
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Figure 2.7: Histopathology of vital organs in sub-acute toxicity study. H and E 

magnification × 100 and × 400 (Inset). VC: vehicle control, RCV: recovery. 
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2.6.9 Pharmacokinetics of WA: PK samples were analyzed for WA levels using a 

validated LC-MS/MS technique. Maximum plasma concentration (Cmax) were found to 

be 3996.9 ± 557.6 ng/mL and 141.7 ± 16.8 ng/mL for  IV and oral doses respectively. 

The median Tmax following oral administration was 0.5 h. The mean plasma 

concentration-time curves of WA are illustrated in figure 2.8a-b and the PK parameters 

are shown in table 2.21. Further, the percentage bioavailability of WA was found to be 

1.8%.  

 

Figure 2.8: Mean plasma concentration versus time curve for WA after (a) intravenous 

and (b) oral administration. Values are expressed as means ± SEM (n = 5 mice/time 

points). 
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Table 2.21: Pharmacokinetic parameters in mice after IV and oral administration 

of withaferin-A. 

 

All data presented in Mean ± SEM, Tmax presented as median ± range. AUC: Area under 

the concentration–time curve; t1/2: half‐life; Tmax: time to peak concentration; CL: 

clearance; V: volume of distribution; Cmax: peak concentration; F: bioavailability.  
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2.7 Discussion: 

Phytochemicals are proven to have significant beneficial role in prevention of disease 

and its progression (86). Most of the time application of phytochemicals become limited 

due to underline toxicity and poor bioavailability (87). Therefore, it is desirable to have 

toxicity and pharmacokinetics profiling to most widely applicable plant derived 

compound used in medicine. Withania somnifera (Ashwagandha) is one of the well-

known medicinally valued plant used in Ayurvedic practice. WA, being a steroidal 

lactone is the active component of Ashwagandha which are responsible for its 

therapeutic properties (83,84). WA has shown several beneficial role against numerous 

fatal conditions such as cancer, hepatitis, Alzheimer’s disease etc. (87,88,89). 

This is the first study wherein a comprehensive toxicity evaluation of pure WA is been 

carried out. Our results suggest that WA did not produce any mortality up to 2000 

mg/kg and 500 mg/kg in acute and sub-acute toxicity respectively. Body weight, 

physical and behavioural appearance of mice did not indicated any sign of toxicity in 

acute as well as in sub-acute toxicity study. Biochemistry and hematology of blood, and 

histopathology of vital organs provide information about overall health status of the 

animal (93). None of these parameters were altered in acute and sub-acute toxicity 

animals, suggesting WA is safe up to 2000 mg/kg in acute and 500 mg/kg in sub-acute 

dose. Based on these finding LD50 of WA was found to be more than 2000mg/kg and 

NOAEL was found to be 500mg/kg. As per the Globally Harmonized classification 

System (GHS) of drugs, WA falls in category 5 which is a relatively safe category of 

the drugs. Further, we evaluated the PK of WA and observed that WA had a Cmax of 

3996.9 ± 557.6 Considering the  

favorable toxicity profile, the current study will help the future development of pure 

WA for clinical use, highlighting the significance of the study.   
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While to the best of our knowledge this is the first study to conclusively demonstrate 

the toxicity profile of WA in mice, Prabhu et al., reported the safety of a hydro 

alcoholic extract of Withania somnifera root (WSR) up to 2000mg/kg in acute and sub-

acute toxicity studies in rats (83). No significant hematological, biochemical and 

histological changes were observed in Wister rats at these doses (83). Similar results 

were reported by Shruti et al., using methanolic extract of WSR containing 4.5% of WA 

(84). Despite the high doses of WSR used in these studies, the absolute dose of WA 

present in these extracts was significantly less than that used in our study, although 

WSR will have other withanoloids whose toxicity profile vis-à-vis WA is yet to be 

studies. Nevertheless, all these studies taken together clearly demonstrate the safety of 

WA in rodents at high doses. Of course, oral administration may not be a true reflection 

of a drug’s safety, particularly if it has low oral bioavailability. Therefore, the reports 

from Sharada et. al., and Shohat et. al., assumes significance in this context as both 

groups reported LD50 of WA at sub-100 mg/kg dose in acute toxicity studies following 

intraperitoneal (IP) administration (80 mg/kg and 54 mg/kg respectively) (94,95). The 

difference in LD50 between the two studies is perhaps attributable to differences in 

environment, method of isolation and species variation between herbs grown in India 

and Israel (95). 

Pharmacokinetic study showed low oral bioavailability of WA which also corroborated 

the outcome of in silico analysis. In silico analysis predicted a high first-pass effect due 

to extensive metabolism by CYP3A4 in the liver, while absorption across the GI tract 

itself was not expected to be low given a high Caco-2 and MDCK-permeability. Dai et 

al., demonstrated rapid metabolism of WA in liver microsomes which explains the first-

pass effect (96). True to this phenomena, in our study the peak concentration following 

oral administration was achieved rapidly but was less than 1% of the maximum 
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concentration achieved through intravenous route (normalized for dose). Similar 

findings were also reported by Patil et al., who observed a rapid (Tmax=20 min) but low 

Cmax of 16.69 ng/mL following oral administration of 1000 mg/kg of an aqueous root 

extract of Withania somnifera (97). Surprisingly, Dai et al., reported an exceptionally 

high average Cmax of 619 ng/mL with a 10 mg/kg oral dose of WA. Further, they 

reported oral bioavailability of approximately 32% (96). The difference in PK 

parameters could be possibly explained by the vehicles used in the two studies. We 

administered oral WA in CMC which forms drug suspension while Dai et al formulated 

WA in ethanol–solutol HS 15–distilled water (10:5:85, v:v:v). They observed an 

extremely rapid oral absorption (Tmax= 6 min) which could have possibly saturated the 

CYP enzymes, leading to high Cmax, and consequently a higher AUC. We have earlier 

established the safety of WA up to 216 mg/day in a phase I human trial (74). 

 

2.8 Conclusion: our results suggest that WA is safe at doses of 2000 mg/kg and 500 

mg/kg in acute and repeat dose toxicity respectively, albeit with oral bioavailability. 

Considering a wide safety window of WA, the current study encourage it development 

for clinical use via systemic route. 
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Objective 2. 

To evaluate the efficacy of  
Withaferin-A for the prophylaxis of 
acute Graft versus Host Disease and 

compare with standard prophylactic 
regimen 
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3.1 Introduction: Allogeneic hematopoietic stem cell transplantation (alloHSCT) is 

perhaps the only curative treatment option for several malignant and non-malignant 

haematological disorders (1,2). However, the success of alloHSCT is limited by acute 

graft versus host disease (aGvHD), a condition that typically manifests in the first 100 

days of transplantation due to an exaggerated immune response of donor immune cells, 

mainly the activated T-cells, against the host tissue (3,2). Despite use of rigorous 

immunosuppressive therapy, approximately 30-70% of alloHSCT recipients experience 

aGvHD (4,5). 

Among others, steroids remain the first line treatment of choice for aGvHD. 

Unfortunately, approximately 35-50% aGvHD patients become steroid refractory (2). 

More recently ruxolitinib was approved by the United States Food and Drug 

Administration (US FDA) for the treatment of steroid refractory aGvHD (103). 

Ruxolitinib, is known to have various toxicities and is also an expensive drug making it 

unaffordable to a majority of patients in resource limited countries. Other 

pharmacological agents used for treatment of aGvHD such as etanercept, anti-

thymocyte globulin (ATG), pentostatin, sirolimus, mycophenolate mofetil and other 

immunosuppressive drugs have shown promise but are limited by their toxicities 

including increased susceptibility to various life threatening infections (104). Some of 

the above drugs may even compromise the beneficial Graft versus Leukemia (GvL) 

effect (9,7). Therefore, this opens avenues to develop novel pharmacological 

interventions for the prevention and treatment of aGvHD.  

Withaferin-A (WA), principle active component of  Withania somnifera (ashwagandha 

or Indian ginseng), has shown anti-proliferative, anti-inflammatory, anti-viral, 

hepatoprotective, nephroprotective, neuroprotective and several other biological 

activities in non-clinical studies (detailed in chapter 1, section 1.10). WA is known to 
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engage a number of molecular targets, which explains its pleiotropic effects (53). 

Among others, the anti-inflammatory activity of WA is well documented through 

inhibition of NF-kB, NLRP3 inflammasome complex, pro-inflammatory cytokines, and 

immune cells modulation (64,65,105). Recently, the beneficial effect of WA in a mouse 

model of islet cell transplantation has been established, where WA treatment increased 

the islet allograft survival by inhibiting the maturation of dendritic cells (66). These 

observations provided a strong basis to explore the role of WA for the prevention and 

treatment of GvHD.  

Through our earlier work, we established proof of WA’s utility for aGvHD prophylaxis. 

We demonstrated that WA inhibits proliferation and decreases cytokine secretion from 

mouse splenic cells without affecting the viability of lymphocytes (64). Further, we 

reported that, ex-vivo treatment of donor graft with WA reduces the incidence, severity 

and mortality associated with aGvHD in murine models of alloHSCT (65). However, in 

order to be clinically acceptable, the present study was conducted with an aim to 

establish the efficacy of systemically (oral) administered WA for the prophylaxis and 

therapy of aGvHD. 
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3.2 Aim and Objectives: 

3.2.1 Aim 

To evaluate the efficacy of Withaferin-A for the prophylaxis of 

aGvHD and compare with standard prophylactic regimen. 

 

3.2.2 Objectives 

Objective 2a: To evaluate the efficacy orally administered 

Withaferin-A for the prophylaxis of aGvHD in murine model  

 

Objective 2b: To evaluate the aGvHD prophylactic effect of 

Withaferin-A in comparison with standard prophylactic regimen 

 

Objective 2c: To evaluate the aGvHD prophylactic mechanism of 

Withaferin-A 

 

Objective 2d: To evaluate the utility of Withaferin-A for the 

treatment of aGvHD in murine model  
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3.3 Materials and methods: 

3.3.1 Reagents and antibodies: PhosphoJAK2 (pJAK2; Y1007/1008, cat: 3771), total 

JAK2 (tJAK2) (cat: 3220), phosphoSTAT3 (pSTAT3; Y705, cat: 9145) and total 

STAT3 (tSTAT3) (cat: 3230) was purchased from Cell Signaling Technology (CST). 

H-2Kb (cat: 562002), H-2Kd (cat: 553566) and 7AAD (cat: 559925) were procured from 

BD Biosciences. Pharmanza Herbal Pvt. Ltd. provided Withaferin-A (WA). 

Concanavalin-A (conA; cat: C5275) was procured from Sigma-Aldrich. Cytokine 

measurement were done using BD CBA mouse Th1/Th2/Th17 cytokine kit (cat: 

560485). Phytohaemagglutinin (PHA, cat: 10576015) was procured from Gibco.  

3.3.2 Experimental Animals: The study was approved by the institutional animal 

ethics committee of Advanced Centre for Treatment, Research and Education in Cancer 

(ACTREC) (project no: 04/2021, 21/2021). All animals were acclimatized for at least 

one week prior to start of the experiments. BALB/c female and C57BL/6 male mice of 

8-10 weeks old having weight of 20±2 grams were used in the study. All animals were 

housed in the laboratory animal facility of the Advanced Centre for Treatment, 

Research and Education in Cancer (ACTREC). Standard chow and water were given ad 

libitum. 55±15% humidity, 22-25o C temperature with a 12 h light/dark cycle were 

maintained in the facility. All animal procedures were carried out in compliance with 

the Committee for the Purpose of Control and Supervision of Experiments on Animals 

(CPCSEA) and ARRIVE guidelines. 

3.3.3 Induction of aGvHD and clinical scoring: The complete mismatched model of 

aGvHD were developed by carrying out transplantation between donor C57BL/6 (H-

2Kb) and recipient BALB/c (H-2Kd) mice. Following 6.5 Gy of myloablative total body 

irradiation, BALB/c mice were injected with 15x106 splenocytes and 5x106 bone 

marrow cells of C57BL/6 mice. All mice were observed closely on a daily basis for 



Chapter 3 

 

117 

onset and severity of GvHD. aGvHD severity were assessed by clinical scoring system 

on a total score of 11. The clinical scoring system was based on the following six 

criteria: fur texture, skin integrity, posture, activity, weight loss and diarrhoea as defined 

by Lai et al. (1). Development of GvHD model is depicted in figure 3.1. 

 
                          Figure 3.1: Development of aGvHD murine model. 

 

3.3.4 Study groups and intervention:  

3.3.4.1 GvHD prophylaxis: After transplantation, mice were divided into GvHD control 

and WA (treatment) group. WA was administrated orally to the treatment group from 

day +1 of transplantation to day +21, at a dose of 1 mg/kg/day suspended in 0.5% 

sodium carboxymethylcellulose (CMC). The GvHD control mice were administered 

vehicle alone (fig 3.2).  
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Figure 3.2: Experimental approach to test WA for prophylaxis of aGvHD. 

We also compared the efficacy of WA with standard prophylactic regimen of 

Cyclosporine A (CSA) in combination with Methotrexate (MTX). CSA+MTX were 

injected to mice according to the earlier published study (65) (fig. 3.3).  

 

Figure 3.3: Experimental approach to compare efficacy of WA with standard 

prophylactic regimens. 
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3.3.4.2 GvHD treatment: Following transplantation, mice were allowed to develop 

GvHD. At day +7 mice were randomized in GvHD control and the WA (+D7), WA was 

administered from day +7 to +27 for treatment of aGvHD at a dose of 1 mg/kg/day. The 

GvHD control mice were given CMC as vehicle (fig 3.4).  

 

Figure 3.4: Experimental approach to test WA for treatment of aGvHD. 

 

3.3.5 Histopathology: In a separate cohort of mice, to investigate the effect of WA 

treatment on target organ protection from GvHD. On day +7, +14 and +21, aGvHD 

target organs namely liver, skin, small intestine (SI), colon and lung were harvested 

from GvHD control and WA treated group and fixed in 10% neutral buffer formalin. 

The slides were stained with haematoxylin and eosin (H and E) in the animal 

histopathology laboratory at ACTREC. The tissue pathology evaluation and scoring 

were done as per method reported earlier (107,108,109). Specifically liver, SI and 

colon’s scoring was performed as per Cooke et al.(107), Skin and lung was scored as 

per Sina et al.(108) and Cook et al. respectively (109). The same H and E slides were 

used  to score the lymphocytic infiltration in the GvHD target organs as per method 
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mentioned in table 3.1. The scoring was done by trained pathologists who were blinded 

to the group assignment. 

Table 3.1: Scoring method for tissue lymphocytic infiltration. 

 

3.3.6 Human peripheral blood mononuclear cells (hPBMCs) collection and 

isolation: Buffy coat from whole blood was collected from healthy donors after written 

informed consent. hPBMCs were isolated from whole blood sample using ficoll 

gradient method. Next, hPBMCs were counted (8-10 x106) and plated in following 

groups; (1) VC [dimethyl sulfoxide] (2) WA (3) PHA (4) WA+PHA [2h treatment with 

WA (1µM) followed by PHA stimulation]. PHA were used at a concentration of 0.25% 

for 72h (unless specified). At the end of the experiment, cells were collected and 

processed for evaluation of immune cell phenotyping. The supernatant media was taken 

for cytokine analysis. This study was approved by the institutional ethics committee of 

ACTREC, Tata Memorial Centre.  

3.3.7 Flow cytometry:  

3.3.7.1 In-vivo serum cytokine quantification: Serum Th1 (IL-2, IFN-γ, TNF-α), Th2 

(IL-4, IL-6, IL-10) and Th17 (IL17A) cytokines from GvHD control and WA treated 

groups on day +7, +14, +21 was measured using cytometric beads array as per 

manufacture’s instruction. Briefly, 50 μl of mixed capture beads and 50 μl of detection 

reagent were added to 50 μl of serum sample. Following 2h incubation and washing of 
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excess antibody, cells were acquired on flow cytometry (FACSAria I, BD biosciences 

USA). The data were analysed using FCAPArray software version 1.0.0. 

3.3.7.2 Evaluation of donor cells engraftment: The engraftment of donor positive cells 

(H-2Kb) was evaluated using flow cytometry. Briefly, peripheral blood was collected 

from recipient BALB/c mice through retro-orbital plexus. Following blood collection, 

RBC were lysed and washed thrice and cells were stained with fluorochrome labelled 

antibody. Donor positive cells expressing H-2Kb MHC class I were stained with FITC 

fluorochrome labelled antibody against it. Host cells expressing H-2Kd MHC class I on 

their cell surface were stained with PE fluorochrome antibody against it. These cells 

were acquired on attune NxT (Thermofisher, USA), and data were analysed using 

FlowJo software version 10.0. 

3.3.7.3 Immune cell phenotyping of hPBMCs following WA treatment: The immune 

cell subsets such as monocytes, classical monocytes, non-classical monocytes, γδT-

cells, PD1-CD4 and Tim3-CD8 cells were acquired on DxFlex (Beckman Coulter, Inc.). 

hPBMCs viability (using cell viability dye 7AAD) and frequency of Ki67+ CD3, CD4 

and CD8 in all experimental arm were also evaluated.  The assay and gating strategy 

were performed as per previously published method (110) (detailed list of marker is 

provided in table 3.2), and the data was analysed on a predesigned template using 

Kaluza software (version 2.1; Beckman Coulter, Inc.).  
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3.3.7.4 Cytokine measurements of hPBMCs: Cytokine analysis (IFN-γ, IL-6, TNF-α, 

IP-10, IFN-L1, GM-CSF and IL-1β) from hPBMCs following treatment with WA was 

performed on supernatant media using BioLegend® human anti-virus response panel 13-

plex (BioLegend®, USA) cytometric bead array according to the manufacturer’s 

instructions. Briefly, 25 μl of sample was incubated with 25 μl of capture bead mixture 

and 25 μl of assay buffer at room temperature (RT) for 2h. Samples were washed with 

wash buffer and centrifuged at 250g for 5 mins at RT. Further, detection reagent (25 μl) 

was added to this mixture and incubated at RT for 1h. Following this, 25 μl of SA-PE 

(secondary antibody) were added for 30 mins and sample were centrifuged at 250 g for 

5 mins. Incubation of the samples with capture beads and then the detection reagent 

leads to the formation of a “sandwich complex” of the three. These complexes were 

acquired on LSR-Fortessa (BD Biosciences), and the data were analyzed using 

LEGENDplex8.0 software (Bio Legend, USA). 

3.3.8 Western Blotting: For assessment of tJAK2, pJAK2, tSTAT3 and pSTAT3 levels 

in mouse splenic lymphocytes: following single cell suspension preparation and RBC 

lysis, cells were divided into following groups. (1) VC [dimethyl sulfoxide] (2) WA (3) 

ConA (4) ConA+WA. Cells were first exposed to WA for 2h at a concentration of 1µM. 

following which ConA was added for 3h at a concentration of 5 μg/mL. 

In order to assess the effect of WA on protein levels of tJAK2, pJAK2, tSTAT3, and 

pSTAT3 on hPBMCs. hPBMCs were counted (8-10 x106) and plated in following 

groups; (1) VC [dimethyl sulfoxide] (2) WA (3) PHA  [18h PHA stimulation] (4) 

WA+PHA [2h treatment with WA (1µM) followed by 18h PHA stimulation]. PHA was 

used at a concentration of 0.25%.   
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At the end of the experiment, cells were collected and lysed using RIPA buffer in the 

presence of protease inhibitors. The total protein concentration was measured using 

Bradford assay. Following SDS-PAGE electrophoresis, the proteins were transferred 

onto nitrocellulose membrane. Non-specific binding site was blocked with 5% BSA in 

TBST. Primary antibody for pJAK2, tJAK2, pSTAT3, tSTAT3 were added to the 

membrane and incubated for 48h at 4ºC, following which peroxidase conjugated 

secondary antibody was added. Immuno-reactive bands were developed by using ECL 

kit and visualized by Chemi Doc MP imaging system. Blot densitometric analysis was 

done using image J software version 4.0.1. 

3.4 Statistics: Data was analysed using GraphPad Prism 8.0 software and represented 

as mean ± standard error of mean (SEM). Comparison between two groups was done 

using unpaired t-test. Comparison across multiple groups was done using one way 

ANOVA, followed by post hoc test. Kaplan–Meier plots and Mantel-Cox log-rank test 

were used for analysis of time to event data. P <0.05 was considered statistically 

significant. 
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3.5 Results:  

3.5.1 Prophylactic administration of WA mitigates aGvHD associated morbidity 

and mortality: Following transplantation, aGvHD phenotype as well as clinical score 

(CS) was monitored throughout the study in WA and GvHD control groups (fig 3.5A-

B). A significant difference in CS was observed between the two groups of mice 

(P<0.001). Median CS on day +14 in the GvHD control and WA group was 9.5 and 2.0 

respectively (fig 3.5B). Upon analysis of body weight alteration, GvHD control group 

showed significant weight loss compared to WA treated group (P<0.05 at day +14) (fig 

3.5C). Furthermore, WA treatment improved survival of mice significantly compared to 

the GvHD control [HR=0.07 (0.01-0.35); P<0.001] (fig 3.5D). All mice in GvHD 

control group were dead by day +24 with a median survival time of 17.5 days. Median 

survival in WA treated arm remains undefined as 83.3% animals were alive till the end 

of experiment (fig 3.5D). 

We further analyzed the engraftment of donor cells in WA treated mice and found 

complete presence of H-2Kb (FITC) positive cells in the host body, indicating that WA 

did not affect donor cell engraftment (fig 3.6A-B). 
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Figure 3.5: WA administration mitigates clinical aGvHD and improves survival of 

mice. Following transplantation of 15x106 splenocytes and 5x106 bone marrow cells 

from C57BL/6 to myeloablated BALB/c, mice were divided into GvHD control and 

WA treatment group. Vehicle or WA was given from +1 to +21 days through oral 

gavage. (A) aGvHD phenotype (B) clinical score and (C) weight of mice in GvHD 

control and  WA treatment group were recorded periodically as shown. (D) Kaplan–

Meier plot showing the overall survival in GvHD control and WA group. Data is 

represented as mean ± SEM. n=6 mice/group. *p= < 0.05, ***p= < 0.001. 
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Figure 3.6: Effect of WA treatment on donor cell engraftment in the host. 

Engraftment was assessed on (A) day +14 and (B) +42. Briefly, following 

transplantation peripheral blood cells from mice were collected and subjected to H-2Kb 

(FITC) and H-2Kd (PE) staining as per protocol mentioned above. Donor mice cells 

express H-2Kb class of MHC antigen on their cell surface and recipient mice cells 

express H-2Kd class of MHC antigen on their cell surface. By day +14 mice in both the 
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groups showed engraftment of donor positive cells, which remains consistence even 

later course of time (+42) in WA group, wherein, mice in GvHD control group were 

dead by day +42. 

3.5.2 WA protects GvHD target organ damage: The damage to target organs such as 

liver, skin, SI, colon and lung was assessed on day +7, +14 and +21 of transplantation. 

Upon histopathological examination in GvHD control group, the liver was characterized 

by chronic inflammation in portal area and lobular inflammation with neutrophilic 

infiltrates. Skin showed moderate-severe hyperkeratosis, severe chronic inflammation, 

focal basal vacuolar degeneration, thinning and ulceration of epidermis, mild-moderate 

chronic inflammation, diffuse desquamation and marked fibrosis of the dermis. The SI 

showed moderate chronic inflammation, marked blunting of villi and crypt loss. Colon 

showed severe chronic inflammation, lymphoid aggregates, fibrosis, diffuse ulceration, 

necrosis and marked crypt loss. Lung showed evidence of focal mild chronic 

inflammation composed of lymphocytes. Mice treated with WA showed marked 

protection of these organs compared to GvHD control (fig 3.7). Pathology score of 

these organs on +7, +14 and +21 is represented in figure 3.8. WA treated group also 

showed minimal lymphocytic infiltration in target organs and had low infiltration score 

compared to GvHD control group (fig 3.9).  

Spleen weight is inversely proportional to the severity of aGvHD (111), therefore we 

also examined the weight of spleen on day +7, +14 and +21 in both the groups. As 

depicted in figure 3.10A-C, GvHD control animals had significant decrease in spleen 

weight and size compared to WA group (P<0.05, 0.01, 0.001 respectively at day +7, 

+14 and +21). 
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Figure 3.7: WA protects target organ damage from aGvHD. Following 

transplantation, on day +7, +14 and +21 mice from GvHD control and WA treatment 

groups were sacrificed and GvHD target organs were harvested. Tissues were fixed in 

10% formalin buffer until preparation of H and E slide. The pathologist who were 

blinded to the group assignment evaluated tissue sections. Control group showed 

moderate to severe damage in live, skin, SI, colon and lung. Mice treated with WA 

showed intact architecture of GvHD target tissues suggesting marked protection. SI - 
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small intestine; Black arrow - mild chronic inflammation; Green arrow - moderate 

chronic inflammation; red arrow - lymphoid aggregate; black arrowhead - thinning and 

ulceration of epidermis; green arrowhead - blunting of villi; red arrowhead - crypt loss; 

yellow arrowhead - fibrosis; black star - desquamation; red star - ulceration; yellow star 

- severe chronic inflammation. H and E magnification 20x. 

 

Figure 3.8: Pathology score of target tissue in WA group compared to GvHD 

control. The H and E slides were scored by pathologists for the extent of damage of 

organs as mentioned in Supplementary method 2. GvHD control group showed 

moderate to severe damage of liver, skin, small intestine, colon and lung. In contrast, 
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mice treated with WA showed marked protection of GvHD organs and had lower 

pathology scores. Data is represented as mean ± SEM. n=6 mice/group on day +7, +14 

and 4 mice/group on day +21. Statistical test was not applied because of the high 

likelihood of survivorship bias in the control arm since only those animals that survived 

till the assessment day were included for scoring. 

 

Figure 3.9: Effect of WA treatment on lymphocytic infiltration in aGvHD target 

organ. Following transplantation, at day +7, +14 and +21 mice from GvHD control and 

WA treated groups were sacrificed and GvHD target organs was harvested. Organs 

were fixed in 10% formalin buffer and H and E slides were prepared. Pathologists 

evaluated the tissue sections for lymphocytic infiltration based on method mentioned in 
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supplementary table 1. Markedly high lymphocytic invasion in liver, skin, small 

intestine, colon and lung tissues of GvHD control group was seen, and less so in the 

WA treated group. Data is represented as mean ± SEM. n=6 mice/group at day +7, +14 

and 4 mice/group at day +21. Statistical test was not applied because of the high 

likelihood of survivorship bias in the control arm since only those animals that survived 

till the assessment day were included for scoring. 

 

Figure 3.10: Effect of WA treatment on Spleen weight. Following transplantation at 

day (A) +7, (B) +14 and (C) +21, mice from GvHD control and WA treated group were 

sacrificed, and the spleen was collected for weight and size. As illustrated above, GvHD 

control animals had significant decrease in spleen weight and size compared to WA 

group. Data is represented as mean ± SEM. n=6 mice/group at day +7, +14 and 4 

mice/group at day +21. *p= < 0.05, **p= < 0.01 ***p= < 0.001. 



Chapter 3 

 

132 

3.5.3 WA modulates cytokine secretion: Cytokine storm is known to play a central 

role in GvHD and several other immune-pathological conditions (112). Cytokine levels 

in GvHD control and WA treated groups are shown in figure 3.11 (day +7) and figure 

3.12A-B (Day +14 and +21). Of note, pro-inflammatory cytokines such as IL-2, IFN-γ, 

TNF- α, IL-4, IL-6, IL-17A were found to be significantly decreased in WA treated 

mice compared to GvHD control on one of more occasions (P<0.05). In contrast, IL-10, 

an anti-inflammatory cytokine was found to be significantly increased on day +14 in 

WA group compared to GvHD control group (P<0.05) (fig 3.12A-B). 

We next evaluated the effect of ex-vivo WA treatment on cytokine secretion from 

hPBMCs. Cytokines such as IFN-γ, IL-6, TNF-α, IP-10, IFN-L1, GM-CSF and IL-1β 

were found to be significantly decreased (P< 0.001, 0.001, 0.001, 0.05, 0.01, 0.01, and 

0.05 respectively) in WA+PHA treatment group compared to PHA alone group (fig 

3.13A-G). 
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Figure 3.11: Effect of WA treatment on cytokine secretion in-vivo. At day +7 of 

transplantation, serum Th1 (IL-2, IFN-γ, TNF-α), Th2 (IL-4, IL-6, IL-10) and Th17 

(IL17A) cytokines levels were measured between GvHD control and WA treated 

groups using cytometric beads array. Data is represented as mean ± SEM. n=6 

mice/group, ns= not significant. *p= < 0.05. 
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Figure 3.12: WA administration to mice modulates systemic cytokine secretion. 

After (A) day +14, and (B) +21 of transplantation, serum Th1 (IL-2, IFN-γ, TNF-α), 

Th2 (IL-4, IL-6, IL-10) and Th17 (IL17A) cytokine levels were measured between 
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GvHD control and WA treated groups using cytometric beads array. Data is represented 

as mean ± SEM. n=6 mice/group at day +14 and n=4 mice/group at day +21. ns= not 

significant, *p= < 0.05, **p= < 0.01 ***p= < 0.001. 

 

Figure 3.13: Effect of ex-vivo treatment of WA on cytokine secretion from human 

peripheral blood mononuclear cells (hPBMCs). Following treatment of hPBMCs for 

2h with vehicle or 1µM WA and subsequent stimulation with PHA for 72 h, (A-G) 

cytokine levels were measured using cytometric bead assay in the media supernatant. 

Data is represented as mean ± SEM. N=6 independent experiments; PHA and 

WA+PHA, N=3 independent experiment; VC and WA. *p= < 0.05, **p= < 0.01, ***p= 

< 0.001. 
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3.5.4 WA inhibits JAK2-STAT3 signaling and modulates immune cell phenotype. 

In order to gain mechanistic insight, splenic lymphocytes of C57BL/6 mice were treated 

with WA ex-vivo. Upon western blot analysis, significant decrease in the protein levels 

of pJAK2 and pSTAT3 (P<0.05) was observed in ConA+WA group compared to ConA 

alone (fig 3.14A-B). The total protein levels of JAK2 and STAT3 remained unchanged 

(fig 3.14A-B).Consistent with this observation, hPBMCs treated with WA (WA+PHA 

group) ex-vivo also showed significant inhibition of pJAK2 and pSTAT3 protein levels 

(P<0.01), but no significant difference were seen in tJAK2 and tSTAT3 (fig 3.15A-B). 

Furthermore, we evaluated the effect of ex-vivo WA treatment of hPBMCs on immune 

cell landscape. Monocyte subsets, γδT-cells, PD1-CD4 cells and Tim3-CD8 cells were 

analysed. The absolute monocyte count and absolute classical monocyte count were 

found to be significantly decreased in WA+PHA treated group compared to PHA alone 

group (P<0.01 and 0.01 respectively) (fig 3.16A-B). The non-classical monocytes were 

significantly increased in WA+PHA group compared to PHA group (P<0.05) (fig 

3.16C). Furthermore, absolute γδT-cells were found to be significantly increased in 

WA+PHA treated group compared to PHA group (P<0.01) (fig 3.16D), while in 

contrast, the absolute PD1-CD4 and Tim3-CD8 cells were found to be decreased 

significantly in WA+PHA group compared to PHA group (P<0.01 and 0.05 

respectively) (fig 3.16E-F). Additionally, in presence of WA (WA+PHA group), the 

frequency of Ki67+ in CD3+, CD4+ and CD8+ T-cells was found to be significantly 

decreased compared to PHA group (P<0.01, 0.01, 0.01 for CD3+, CD4+ and CD8+ 

cells respectively) (fig 3.16G-I). Further, no significant difference in percent viability of 

hPBMCs were observed between control and WA group (fig 3.16J).   
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Figure 3.14: Effect of WA treatment on JAK2-STAT3 protein levels in mouse 

splenic cells. Following single cell suspension preparation, mouse splenic cells were 

divided into; (1) VC (2) WA (3) conA (4) conA+WA. Cells from all groups were 

harvested and subjected for western blotting. (A) Representative western blots showing 

the expression of pJAK2, tJAK2, pSTAT3 and tSTAT3 protein levels in mouse splenic 

cells. (B) Bar diagram showing ratio of relative intensity of pJAK2/tJAK2 and 

pSTAT3/tSTAT3 protein levels. Data is represented as mean ± SEM. n=3 biological 

replicates. ns= not significant, *p= < 0.05. 
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Figure 3.15: Effect of WA treatment on JAK2-STAT3 protein levels in hPBMCs. 

Following treatment of hPBMCs with (1) VC (2) WA (3) PHA (4) WA+PHA, proteins 

levels of pJAK2, tJAK2, pSTAT3 and tSTAT3 were measured using western blot. (A) 

Representative western blots showing the expression of pJAK2, tJAK2, pSTAT3 and 

tSTAT3 protein levels. (B) Bar diagram showing ration of relative intensity of 

pJAK2/tJAK2 and pSTAT3/tSTAT3 protein levels. Data is represented as mean ± 

SEM. N=3 independent experiments. **p= < 0.01. 
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Figure 3.16: Effect of WA treatment on immune cell modulation. Human peripheral 

blood mononuclear cells (hPBMCs) were treated with (1) VC (2) WA (3) PHA (4) 

WA+PHA. After 72 hrs of incubation hPBMCs were collected. (A-F) Absolute counts 

of immune cells such as monocyte subset, γδT-cells, PD1+CD4 cells and TIM3+CD8 
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cells were analysed between control and treatment groups using flow cytometry. (G-I) 

Frequency of Ki67+ T-cell subsets were analysed using flow cytometry. (J) Percent 

viability of hPBMCs in control and WA treated group. Data is represented as mean ± 

SEM. N=6 independent experiments; PHA and WA+PHA, N=3 independent 

experiment; VC & WA. *p= < 0.05, **p= < 0.01. 

3.5.5 WA exhibits superior efficacy compared to standard prophylactic regimen: 

We compared the efficacy of WA with standard prophylactic regimen of CSA+MTX. 

At day +14, median CS in control, WA, and CSA+MTX group was 7.5, 2 and 4 

respectively. WA alone was superior to CSA+MTX in lowering the CS of aGvHD 

(P<0.05) (fig 3.17A). Nevertheless, CSA+MTX could also ameliorate aGvHD 

symptoms significantly compared to control (P<0.001) (fig 3.17A). We also observed 

initial weight loss in all the study groups, but animals in the treatment groups could 

regain their weight after day +14 (fig 3.17B). Further, survival analysis suggested better 

overall survival in WA arm compared to standard prophylactic regimen [HR=0.19 

(0.03-1.1)] (fig 3.17C). At the end of the experiment, the percent survival in control, 

WA and CSA+MTX groups were 0, 83.3 and 33.3 respectively (fig 3.17C). The median 

survival was 19 and 31 days in control and CSA+MTX group respectively, while 

median was undefined in the WA group (fig 3.17C). Comparative CS and survival 

among the study groups is shown in figure 3.17D. 
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Figure 3.17: Comparison of WA’s efficacy with standard prophylactic regimen. 

Following total body radiation and bone marrow transplantation, recipient mice were 

divided into (1) GvHD control (2) WA and (3) CSA+MTX. (A) GvHD clinical score 

(CS) in all groups were monitored periodically. (B) Comparison of weight changes 

among study groups. (C) Kaplan–Meier plot showing the overall survival of mice in all 

experimental groups. (D) Comparison of CS and survival among the study groups. Data 

is represented as mean ± SEM. n=6 mice/group. *p= < 0.05, **p= < 0.01. 

 

 

 

 

 



Chapter 3 

 

142 

3.5.6 WA can reverse aGvHD and improve survival of mice. To test the anti-GvHD 

efficacy of WA, we allowed mice to develop aGvHD and then WA was administered 

from day +7 of transplantation. The aGvHD phenotype was monitored throughout the 

experiment, representative animals of each group at various point of time are shown in 

figure 3.18A. Median CS in the GvHD control and WA group was 7 and 3.5 

respectively (P<0.01 at day +14) (fig 3.18B). Next, we analysed the weight changes in 

the two experimental groups. As shown in figure 3.18C, continuous weight loss was 

observed in GvHD control mice, which was reversed in WA treated group (fig 3.18C). 

Median overall survival was significantly higher in the WA treated group compared to 

GvHD control (undefined vs. 19.5 days; HR=0.2 (0.07-0.8); P<0.01) (fig 3.18D). 
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Figure 3.18: WA exhibits anti-GvHD potential and reverses established aGvHD. 

GvHD was induced as described in the methods section (n=20) and WA treatment was 

initiated in n=12 animals on +7 day of transplantation. The remaining 8 animals acted 

as GvHD control (A) GvHD phenotype in both the study groups were recorded 

periodically. (B) Clinical score and (C) weight of mice in both the groups at various 

time points post-transplant are shown. (D) Survival analysis was carried out by Kaplan-

Meier plots and compared between WA and GvHD control groups using the log-rank 

test. Clinical score and weight of the mice is represented as mean ± SEM. **p= < 0.01. 
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3.6 Discussion:  

Withaferin-A is a phytochemical having well documented anti-inflammatory, immune-

modulatory and anti-proliferative properties (64,65,105,113). In the current study for 

the first time, we established the aGvHD prophylactic and therapeutic potential of WA 

administered systemically. WA significantly mitigated aGvHD associated morbidity 

and mortality without compromising donor cell engraftment into the host body. WA 

could also ameliorate the aGvHD target organ damage by preventing the lymphocyte 

migration to these organs and limiting the serum cytokine storm probably through 

inhibition of JAK2-STAT3 signaling cascade - the principal signaling pathway 

implicated in the onset of aGvHD. We also demonstrated that WA modulates immune 

cell landscape along with suppression of pro-inflammatory cytokines from hPBMCs 

without affecting their viability.  Furthermore, we could demonstrate the superiority of 

WA over CSA+MTX, which is the most widely used standard prophylactic regimen in 

clinics.  

Several signaling cascades and crosstalk between them are involved in the pathogenesis 

and progression of aGvHD (114). One such signaling pathway is JAK2-STAT3 (114). 

Activation of JAK2-STAT3 leads to the migration of pSTAT3 into the nucleus, while at 

the same time activated JAK (pJAK2) triggers JAK/PI3K/NF-kB/Akt/mTOR axis 

(114,45). These series of events lead to immune cell proliferation, differentiation, 

cytokine storm and lymphocytic migration to GvHD target organ. Herein, we 

demonstrated the ability of WA to inhibit JAK2-STAT3 along with inhibition of 

cytokine release and lymphocytic migration to target organs. While JAK2-STAT3 

inhibition by WA is already known (115,116), our findings hints at possible mechanistic 

association between WA, JAK2-STAT3 and immune modulation required for anti-

GvHD activity. Earlier studies from our group have shown that WA also inhibits NF-kB 
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and Akt-mTOR signaling (64,65). Importantly, WA is known to bind and inhibit JAK2, 

STAT3 and NF-kB separately and independent of each other (64,116). Therefore, we 

postulate that WA exerts pleotropic action along the JAK/PI3K/NF-Κb/Akt/mTOR axis. 

The proposed immunomodulatory and anti-GvHD mechanism of WA is illustrated in 

figure 3.19. 

 

Figure 3.19: Proposed immunomodulatory and anti-GvHD mechanism of WA. 

The exaggerated immune response in aGvHD is manly driven by antigen presenting 

cells (APCs), predominantly the monocyte subsets, and T-cells (100). Therefore, 

pharmacological interventions to inhibit APCs and T-cells are useful in the prevention 

and treatment of aGvHD (100). Corroborating the earlier report by Kumano et al. (66), 

we also found that WA inhibited the proliferation of human T-cell subsets. There was 

also a significant decrease in classical monocyte counts following treatment with WA. 

At the same time, significant increase in non-classical monocytes was observed which 

might again be important in the context of GvHD for their anti-inflammatory properties 

(117).  
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While WA modulates the immune system, it should not kill the lymphocytes functional 

graft. Therefore, we evaluated its effect on hPBMCs survival and found that it does not 

effects the viability of the hPBMCs. Also, the monocytes were not isolated and cultured 

separately in these experiments, it was the hPBMC (having monocytes along with other 

cells) which was cultured using standard protocol (10% FBS, IMDM media, incubation: 

5% CO₂ at 37°C). 

aGvHD prophylactic agents such as CSA, MTX, tacrolimus, mycophenolate mofetil, 

and post-transplant cyclophosphamide are not always effective and they are associated 

with severe adverse events such as drug induced toxicity of vital organs, opportunistic 

infection and loss of beneficial GvL effect (103,104,118,119). WA can be a safe 

alternative as seen from its tolerability reported by us in rodents and humans (120,74). It 

is pertinent to note that the superior immunomodulatory efficacy of WA vis-à-vis 

standard immunosuppressant such as tacrolimus is already established in murine model 

of allogenic islet transplantation (66). Our findings reiterates this observation, albeit in a 

model of aGvHD, thus firmly asserting its potential as a candidate for pharmacotherapy 

in these indications. The suppression of inflammatory cytokine secretion reported by 

Sorelle et al. and Kumano et al. earlier in line with our findings reaffirms the 

mechanistic basis of immunomodulation by WA (106,66). As discussed above, non-

classical monocytes are widely accepted as anti-inflammatory cells (117), which are 

known to secrete IL-10 (121), an anti-inflammatory cytokine (122). In the current study, 

we observed increase in the levels of IL-10, which correlated with the increase in non-

classical monocytes count, suggesting WA not only suppresses inflammatory milieu but 

also augments the anti-inflammatory response. 
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One of the major T-cell population i.e. Treg cells plays a crucial role in mitigation of 

GvHD. Earlier work from our group has assessed the impact of WA on Tregs and 

showed showed that WA increases the Treg population independent of NRF2 

(DOI:10.1182/blood.V130.Suppl_1.3174.3174).  

In a phase I clinical trial in patients with high grade osteosarcoma, the clinical safety of 

WA has already been demonstrated up to 216 mg/day (74). Besides, there are several 

disorders having similar immunological basis as GvHD, wherein, JAK2-STAT3 

signaling is predominantly implicated such as cancer, COVID-19 and cytokine release 

syndrome (80,114,123). This lends support to a systematic development plan of this 

important phytochemical against these indications as a low-cost alternative to the 

currently approved standards of care.  

3.7 Conclusion: Our findings established that WA abrogates aGvHD manifestation and 

could be a potential treatment option for patients with aGvHD. WA’s efficacy either 

alone or in combination with standard regimens should be tested in a prospective 

clinical trial. 
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4.1 Introduction 

 

AlloHSCT is being performed with an intent to cure underlying haematological 

disorders such as leukemias (124). The ability of donor graft to recognise residual 

leukemic cells and to eradicate them is known as graft versus leukemia response (GvL). 

However, GvHD occurs at cost of purging underlying disease (3). In 1956 Barnes and 

his colleagues defined the GvL for the first time in murine experiment, wherein 

transplantation of leukemic mouse with bone marrow cured the leukemia but mice died 

because of diarrhoea (5).  This led to the beginning of treating leukemias using bone 

marrow transplantation. After a decayed, Mathe and his group tested this phenomenon 

in human, where they found that the patients are dying because of secondary disease, 

later this known as GvHD (125). This challenged the scientist to study GvHD and GvL 

closely to find out what causes these outcomes. A series of experiments over a decayed 

emphasised that donor T-cells are responsible for GvL effect but remains the same for 

GvHD as well (Fig 4.1). These T-cells recognise leukemic cells through binding with 

their receptor and MHC present on leukemic cell surface. This also explains why earlier 

strategy of depleting T-cells for preventing GvHD was failed due to increase in relapse 

rate of leukemia (49).   

Despite rigorous research, it is still unclear what separates GvHD from GvL. However, 

recent technology advances have made scientist to understand these phenomenon to 

some extent. With the help of immune cell phenotyping scientist have proposed certain 

immune cells which seems to be prominent for GvL effect but not for GvHD. These 

cells are mainly natural killers (NK) and γδT-cells. Research exploring the anti-

leukemic activity of NK and γδT-cells have paved the way to utilise these cells for 

immunotherapy in haematological and solid tumors (126). 
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Figure 4.1: Role of T-cell in GvHD and GvL. 

In a recent report, increase γδT-cells showed positive correlation with increased 

leukemia free survival in patients undergone bone marrow transplantation (127). 

Therefore, several study have proposed to use in-vivo or ex-vivo expanded γδT-cells for 

enhancing the GvL without GvHD. This strategy has also proven successful for 

developing γδ T-cells as an immunotherapy candidate (127). In a recent preclinical 

study, Song et al. showed that donor γδT-cells promotes GvL without causing GvHD. 

This study also evaluated that Vγ4 subset of γδT-cells was major phenotype responsible 

for GvL maintenance through partial dependency on IL17-A (128). Despite this, further 

investigation on other immune cells are required to establish the role of immune 

landscapes in maintenance of GvL.  

A recent review by Harries et al. emphasised on role of transcription factors in 

regulation of GvHD and GvL (129). They also focused on how targeting these 

transcription factors can be helpful in decreasing GvHD and keeping the GvL intact. A 
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list of transcription factors its effect on outcome of GvHD/GvL is tabulated below 

(table 4.1) 

Table 4.1: List of transcription factor, its role and implementation in GvHD and 

GvL response. 
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The beneficial GvL effect by donor graft and a toxic outcome in form of GvHD, 

indicates that an ideal drug which is to be developed against GvHD shall keep GvL 

intact. In earlier chapter we discussed that WA prevented aGvHD but does it preserves 

GvL is remains a question. Therefore, we next aim to evaluate effect of WA treatment 

on GvL response of the graft. 
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4.2 Aim and Objectives 

4.2.1 Aim 

To evaluate the outcome of Withaferin-A treatment on beneficial 

GvL effect 

4.2.2 Objective 

Objective 3. To investigate the impact of Withaferin-A on Graft 

versus Leukemia effect. 
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4.3 Materials and methods:  

4.3.1 Animal maintenance: Animals were maintained as mentioned in chapter 2 and 3. 

Briefly, institutional animal ethics committee of Advanced Centre for Treatment, 

Research and Education in Cancer (ACTREC) approved this study (project no. 

19/2022). All experimental animals were acclimatized for at least one week before the 

initiation of experiments. In this study, BALB/c (H-2Kd) female mice and C57BL/6 (H-

2Kb) male mice of 8-10 week old having a weight of 20±2 grams were used. All 

animals were housed in the laboratory animal facility of ACTREC. Standard chow and 

water was given ad libitum. 55±15 percentage humidity, 22-25°C temperature with a 

12h light/dark cycle were maintained in the facility. All animal procedures were carried 

out in compliance with the Committee for the Purpose of Control and Supervision of 

Experiments on Animals (CPCSEA) and ARRIVE guidelines. 

4.3.2 Cell line and maintenance: A20 cell line was procured from ATCC (cat: ATCC-

TIB-208). These cells are derived from BALB/c and were injected to BALB/c mice in 

this study. Hence, this represents a syngeneic model to study GvL. Cells were 

maintained in complete RPMI media containing 10% fetal bovine serum (FBS). A final 

concentration of 0.05 mM 2-mercaptoethanol were added in media while passaging. 

After passaging cells were incubated at 37°C with maintenance of 5% CO2. 

4.3.3 Development of GvL model: To assess the consequence of WA treatment on 

GvL effect, myeloablated recipient BALB/c mice were either injected with A20 (3x106) 

cells alone or A20 + allogenic bone marrow transplantation (BMT) as described earlier 

in chapter (section 3.3.3). Further, animals in A20+BMT group were divided into WA 

treated and untreated groups (fig 4.2).  The final experimental groups were [1] A20 [2] 

A20+BMT and [3] A20+BMT+WA. The GvL effect was monitored as per arlier 
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published method (131). Briefly, all mice were monitored on daily basis for sign of 

leukemia (based on hind-leg paralysis) and clinical signs of aGvHD. The day mice 

developed leukemia and became mortally ill, they were humanely sacrificed. Time to 

event outcomes comprised of (a) overall survival defined as time to death due to 

leukemia or GvHD, and (b) time to onset of leukemia defined by the occurrence of 

hind-leg paralysis. Further, liver tissue was evaluated for any sign of tumor nodules or 

aGvHD associated findings to differentiate death either by leukemia or by GvHD (fig 

4.2).  

4.3.4 Drug administration: Withaferin-A (WA) was administered prophylactically 

from day +1 of transplantation to day +21 at a dose of 1 mg/kg. 

 

Figure 4.2: Experiment design for evaluation of WA treatment on beneficial GvL 

response. 

4.4 Statistics: Time to event data such as survival and onset of leukemia were analysed 

using Kaplan–Meier plots and Mantel-Cox log-rank test. P=<0.05 was considered 

statistically significant. Data analysis was done using GraphPad Prism version 8.0. 
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4.5 Results: 

4.5.1 WA treatment preserves beneficial GvL effect of the graft: We assessed the 

effect of WA treatment on GvL response. Leukemic and aGvHD manifestations were 

monitored throughout the study and representative phenotypes of each group are shown 

in figure 4.3A. Death due to leukemia was characterized by hind-leg paralysis and 

presence of tumor nodules in liver. Death due to GvHD was typically characterized by 

features suggestive of aGvHD and absence of hind-leg paralysis or tumor nodules in the 

liver. We observed that mice transplanted with A20 cells alone died due to leukemia by 

day +13 (median overall survival = 12 days). Mice transplanted with A20+BMT did not 

show signs of leukemia but all of them eventually died of aGvHD by day +24 (median 

overall survival = 17 days). Similarly, mice in the A20+BMT+WA group did not show 

signs of leukemia, however, 2 out of 8 animals in this group died of GvHD. The 

leukemia free survival (LFS) and overall survival (OS) of the 3 study groups are shown 

in figure 4.3B-C. 

Histopathology of the liver tissue from A20 group showed multiple nodular deposits of 

a high-grade malignant tumor composed of large cells with moderate to marked nuclear 

atypia, brisk mitosis including atypical forms and scant eosinophilic cytoplasm. 

However, liver tissue of A20+BMT group showed mild to moderate chronic 

inflammation in the portal area suggestive of GvHD, but no tumor nodules. Notably, the 

surviving animals in the A20+BMT+WA group neither showed tumor nodules nor 

features of GvHD (fig 4.3D), thereby confirming that WA does not interfere with the 

GvL response. 
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Figure 4.3: WA treatment maintains GvL effect. Following radiation, mice were 

transplanted either with A20 or A20+BMT. A20+BMT mice were further divided into 

WA treated (A20+BMT+WA) or untreated (A20+BMT) group. (A) At day +12 

leukemic and aGvHD phenotypes were captured in all groups. A representative animal 

from each group is shown. (B) At the end of the experiment, leukemia free survival 

(based on onset of hind-leg paralysis) and (C) overall survival was analysed in all the 

study groups using Kaplan-Meier plots. Survival between groups was compared using 

the log-rank test (D) Histopathology of liver tissue showing presence of tumor nodules 

in A20 group but not in A20+BMT or A20+BMT+WA group.  n=8 mice/group. *p= < 

0.05, **p= < 0.01. Black arrow - tumor nodules; red arrow - nuclear atypia; green arrow 

– mitosis; yellow arrow - moderate chronic inflammation. H and E magnification 1x 

and 40x. 
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4.6 Discussion 

 

Prevention of GvHD without compromising the beneficial GvL effect remains the “holy 

grail” of anti-GvHD measures (52). The γδT-cells are known for their anti-leukemic 

activity and for maintenance of GvL response (127). High counts of γδT-cells in 

patients undergoing alloHSCT correlated with longer survival (127). Incidentally, 

patients with high γδT-cell count also had lower rate of aGvHD (132). Therefore, 

several pharmacological agents such as aminobisphosphonates are being exploited for 

stimulating the ex-vivo proliferation of γδT-cells from hPBMCs in allo-transplantation 

(127). In the current study, we observed increase in γδT-cells following WA treatment 

with a corresponding decrease in PD1-CD4+ and Tim3-CD8+ cells (chapter 3, section 

3.5.4, fig 3.16D-F). PD1 and Tim3 both are attractive target for immunotherapy as their 

co-blockade exerts potent anti-tumor response (133). Therefore, we anticipate that, 

decrease in PD1 and Tim3 along with suppression of T-cells and monocytes by WA 

treatment probably restores the balance between the G vL and anti-GvHD responses. 

Thus, WA has the hallmarks of an ideal drug for GvHD.  

Oikawa et al. demonstrated the importance of Tim3 in aGvHD experimental mice. They 

reported the significant upregulation of hepatic Tim3-CD8+ cells in GvHD mice. Tim3 

were also found to be up regulated in CD4 cells and dendritic cells. Furthermore, they 

used anti-Tim3 monoclonal antibody to target Tim3 and reported acceleration of GvHD 

(134). This could be because, Tim3 interaction with its partner galectin causes T-cell 

apoptosis (135), therefore, inhibition of this interaction keeps the T-cell hyperactive 

could explain why mice treated with anti-Tim3 monoclonal antibody had severe GvHD. 

On the other hand, inhibition of Tim3 may fall in favor of GvL due to active T-cells, 

which might be happening in our case where WA decreases Tim3 levels with intact 

GvL response. 
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Pan et al., recently reported the rationale of using PD1 antibody with potential anti-

GvHD drug ruxolitinb to decrease GvHD and improve GvL. Enhancing the T-cell 

activity post-transplantation may help to diminish the relapse and infections, but it 

comes with a cost of increase GvHD (130). Therefore, a strategy that can decrease 

GvHD with improved GvL is required. Considering this, Pan et al., combined the 

ruxolitinib with PD1 antibody and reported a significant improved GvL and decrease 

GvHD response in mice (130). Our results suggested that WA can decrease the PD1 and 

reduces the GvHD severity. Therefore, a single molecule is ample for PD1 inhibition 

with protection of GvHD. 

Another important strategy to improve GvL with reduced GvHD is use of γδT cells. 

Song et al. demonstrated that infusion of donor γδT cells can improve the GvL and 

mitigates the GvHD in a non-clinical study. The major subpopulation of γδT cells 

responsible for this effect was Vγ4 γδT cells (128). In a study by Lamb et al. in early 

19s reported that the leukemic patients who underwent bone marrow transplantation and 

had more than 10% γδT cells showed advantage in disease free survival in first 6 month 

of transplantation (136). In addition, no differences in acute or chronic GvHD were seen 

in this patients. Subsequently, they reported that, patients with high γδT cells had better 

5-year leukemia free overall survival (136). In our study, we also found an increase 

levels of γδT cells (chapter 3, section 3.5.4, fig 3.16D) suggesting a strong GvL effect 

by WA. However, these findings will be evaluated further during the clinical trial of 

WA. 
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4.7 Conclusion: The current study suggest that WA do not compromised with the 

beneficial GvL effect of the graft and keeps a balance between anti-GvHD and GvL 

measures (fig 4.4). 

 

Figure 4.4: Effect of WA on GvHD and GvL. WA prevents GvHD through inhibition 

of APCs, T-cells and cytokine storm and it keeps GvL intact by decreasing PD1, TIM3 

and by increasing γδT cells. 
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5.1 Introduction: Allogeneic hematopoietic stem cell transplantation (AlloHSCT) is 

often the only curative treatment option for several hematological disorders including 

leukemias (101). Worldwide, every year approximately 30,000 patients undergo 

alloHSCT. Despite advances in treatment and supportive care, 30-50% of alloHSCT 

recipients develop acute graft versus host disease (aGvHD), the most common cause of 

death following transplantation (101). aGvHD mainly causes the destruction of skin, gut, 

liver, and lung due to an overarching immune response of donor cells against these host 

tissues (99). Standard aGvHD prophylactic and therapeutic regimens are not always 

effective (137), thereby highlighting the need to develop novel pharmacological agents 

against aGvHD. 

Medicinal plants have often attracted the attention of medical scientists due to their 

safety profile and short development time (138,139,140). In recent years, many plant 

products such as curcumin (141), extract of Tripterygium hypoglaucum (142), green tea 

catechin epigallocatechin gallate (143), and polyphenolic extract from olive oil (144), 

have been tested against aGvHD in preclinical models due to their anti-inflammatory 

and immunomodulatory efficiency. Withania somnifera (Indian ginseng or 

Ashwagandha) also has anti-inflammatory, immune-modulatory, and anti-proliferative 

properties (145,146,147). The use of Withania somnifera for aGvHD, a condition 

orchestrated by an inflammatory milieu and a hyperactive immune response (101), is 

therefore appealing. In the current study, a root extract of Withania somnifera (WSE) 

was investigated for its utility against aGvHD, both for prophylaxis and treatment. In 

addition, we also elucidated the role of WSE in GvHD target organ protection, cytokine 

storm, and graft versus leukemia (GvL) effects.  
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5.2 Aim and Objectives: 

5.2.1 Aim 

To investigate the efficacy of ready-to-use formulation of 

Withaferin-A (Withania somnifera extract) for prophylaxis and 

treatment of the acute Graft versus Host Disease  

 

5.2.2 Objectives 

 

Objective 4a. To evaluate the effect of Withania somnifera extract 

(ready-to-use formulation of Withaferin-A) for prevention and 

treatment of aGvHD. 

 

Objective 4b. To evaluate effect of Withania somnifera extract on 

cytokine storm and GvHD target organ protection in-vivo. 

 

Objective 4c. To investigate the GvL effect in the mice treated with 

Withania somnifera extract. 
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5.3 Rational of the study: In the previous experiments (chapter 3 and 4), 

we established that, WA is an attractive candidate for development as an 

anti-GvHD agent. However, development of a pure compound as a drug is 

a long-drawn process associated with huge costs. On the other hand, 

extracts of Withania somnifera containing WA are available as 

nutraceuticals around the world and therefore could be an alternative to 

pure WA should they have comparable activity. In fact, WSE has been 

tested in several human trials, and its safety is well established up to doses 

equivalent to 216 mg of WA per day. For these reasons, we aim to 

investigate efficacy of WSE in the mouse model of aGvHD. 
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5.4 Materials and methods:  

5.4.1 Reagents and antibodies: H-2Kb (cat: 562002) and H-2Kd (cat: 553566) 

antibodies were procured from BD Biosciences. Pharmanza Herbal Pvt. Ltd. provided 

WSE. Cytokine measurements was performed using the BD CBA mouse Th1/Th2/Th17 

cytokine kit (cat: 560485). A20 cell lines were obtained from ATCC (cat: ATCC-TIB-

208).  

5.4.2 Experimental animals: Institutional animal ethics committee of Advanced 

Centre for Treatment, Research and Education in Cancer (ACTREC) approved this 

study (project no. 19/2022). All experimental animals were acclimatized for at least 

seven days before the initiation of experiments. In the study, BALB/c (H-2Kd) female 

mice and C57BL/6 (H-2Kb) male mice of 8-10 week old having a weight of 20±2 grams 

were used. All animals were housed in the laboratory animal facility of ACTREC. 

Standard chow and water was given ad libitum. 55±15% humidity, 22-25°C 

temperature with a 12h light/dark cycle were maintained in the facility. All animal 

procedures were carried out in compliance with the Committee for the Purpose of 

Control and Supervision of Experiments on Animals (CPCSEA) and ARRIVE 

guidelines. 

5.4.3 Induction of aGvHD: Development of aGvHD models was carried out as 

described earlier in chapter 3 (section 3.3.3). Briefly, aGvHD was induced by allogeneic 

transplantation between donor C57BL/6 (H-2Kb) and recipient BALB/c (H-2Kd) mice. 

One day before transplantation, BALB/c mice were exposed to total body myeloablative 

6.5Gy of irradiation. Transplantation was carried by intravenous injection of 15x106 

splenocytes and 5x106 bone marrow cells obtained from C57BL/6 mice. After 

transplantation, all mice were closely monitored for aGvHD symptoms and the clinical 

score (CS) of aGvHD was recorded based on the following six criteria: fur texture, skin 
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integrity, posture, activity, weight loss and diarrhoea (fig 5.1). Clinical scoring method 

was adopted from Lai et al. (1).  

5.4.4 Drug administration for prevention and treatment of GvHD: Two separate 

experiments were carried out to investigate the utility of WSE in the prophylaxis and 

treatment of aGvHD. WSE was suspended in 0.5% sodium carboxymethylcellulose 

(CMC). In the prophylaxis study, WSE was administered by oral gavage from day +1 to 

day +21 of transplantation. The following four groups were employed: (1) GvHD 

control (2) 25 mg/kg of WSE (3) 75 mg/kg of WSE and (4) 250 mg/kg of WSE (fig 5.1).  

 

Figure 5.1: Development of aGvHD model and testing of WSE for prevention of 

aGvHD. 

For therapeutic purpose, WSE was administered from day +7 to day +27 of 

transplantation and the final study groups were (1) GvHD control (2) 75 mg/kg WSE (3) 

250 mg/kg WSE and (4) 500 mg/kg WSE. GvHD control group in both experiments 

received vehicle (CMC) only (fig 5.2). Total withanoloid content in WSE was 15%, 

standardized for 4.5% withaferin-A w/w. The remaining 10.5% consisted of other 

withanoloids such as withanolide A and 12-Deoxy-withastramonolide. 
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Figure 5.2: Testing of WSE for treatment of aGvHD. 

5.4.5 Effect of WSE on graft versus leukemia (GvL) response: Development of GvL 

models was carried out as described earlier chapter 4 (section 4.3.3). Briefly, to 

investigate the effect of WSE on anti-leukemic response of the graft, 28 mice were 

divided equally into the following 4 groups: (1) A20 (2) A20+BMT (bone marrow 

transplantation) (3) A20+WSE and (4) A20+BMT+WSE. After exposing animals to 

6.5Gy total body radiation, 3x106 A20 cells were injected with or without BMT 

according to group allocation. WSE was administered prophylactically to groups 3 and 

4 at a dose of 75 mg/kg. The GvL effect was monitored according to earlier published 

method (131,141).  Leukemic death was defined by the presence of hind leg paralysis 

and the presence of tumor nodules in the liver. On the other hand, GvHD deaths were 

characterized by presence of GvHD symptoms but absence of hind-leg paralysis and 

tumor nodules in liver. 

5.4.6 Analysis of donor cell engraftment using flow cytometry: Presence of donor 

positive cell (H-2Kb) in recipient mice were evaluated as per protocol mentioned in 

chapter 3 (section 3.3.7.2.). Briefly, peripheral blood was collected from recipient mice 

through retro-orbital puncture. Following RBC lysis and washing, cells were incubated 

with fluorochrome labelled antibodies against donor H-2Kb (FITC) and recipient H-2Kd 

(PE) MHC class I antigen and acquired using flow cytometry [attune NxT 

(Thermofisher, USA)]. 
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5.4.7 Histopathology of aGvHD target organs: In a separate set of experiment, on day 

+7 and +14 of transplantation, aGvHD target organs (liver, gut, skin and lung) were 

harvested and processed for H&E. Trained pathologist evaluated and scored the aGvHD 

severity and lymphocytic infiltration to the target organs as per method mentioned in 

chapter 3 (section 3.3.5). The pathological evaluation were carried out in a blinded 

fashion. 

5.4.8 In vivo cytokine measurement: In the same cohort of animals used for 

histopathology, blood from recipient mice was collected on day +7 and +14 of 

transplantation. Serum was separated and Th1 (IL-2, IFN-γ, TNF-α), Th2 (IL-4, IL-6, 

IL-10) and Th17 (IL17A) cytokines were measured using cytometric beads array as per 

manufacture’s instruction and method mentioned in chapter 3 (section 3.3.7.1). 

5.5 Statistical analysis: Mean ± standard error of the mean (SEM) was used to 

represent the data. Comparison between two groups was done using unpaired t-test. 

Time to event data such as survival and onset of leukemia were analysed using Kaplan–

Meier plots and Mantel-Cox log-rank test. P=<0.05 was considered statistically 

significant. Data analysis was done using GraphPad Prism version 8.0. 
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5.6 Results: 

5.6.1 Prophylatic administration of WSE alleviates aGvHD associated morbidity 

and mortality. All mice were monitored periodically for aGvHD sign and survival. The 

median CS on day 14 in all experimental groups was 9, 3.5, 2, and 2.5 respectively in 

the GvHD control, 25, 75 and 250 mg/kg WSE (fig. 5.3A). Furthermore, continuous 

weight loss was observed in the GvHD control and the 25 mg/kg WSE group, the other 

groups had initial weight loss but was paused over a period of treatment (fig. 5.3B). 

Survival analysis suggested a significant increase in survival in all the three treatment 

arms compared to GvHD control (fig. 5.3C). Significant survival was higher in 75 

mg/kg WSE [HR=0.15 (0.03-0.68), P=<0.01] and 250 mg/kg WSE [HR=0.16 (0.03-

0.73), P=<0.01] group compared to the GvHD control than that of 25 mg/kg WSE arm 

[HR=0.26 (0.06-1.03), P= <0.05]. Median survival in GvHD control and 25 mg/kg 

WSE was 14 and 28.5 days respectively, however, it was undefined in 75 and 250 

mg/kg WSE group (fig 5.3C). Furthermore, we analysed donor cell engraftment in WSE 

treated animals and found the complete presence of donor positive cells in the host body, 

suggesting that WSE does not interfere with the engraftment (fig 5.4). Based on these 

observation 75 and 250 mg/kg WSE was found to be equally efficacious, therefore, 

further prophylactic experiments was conducted at 75 mg/kg WSE dose. 
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Figure 5.3: Effect of WSE on aGvHD prophylaxis. Following radiation and 

transplantation, mice were divided into GvHD control and WSE treatment (25, 75, and 

250 mg/kg doses) groups. (A) The severity of aGvHD was monitored all along the 

study and CS was documented. (B) Body weight alteration in all experimental arms 

were also recorded throughout the study. (C) At the end of the study, overall survival 

was analysed in all experimental arms using Kaplan–Meier plot and Mantel-Cox log 

rank test. Data is represented as mean ± SEM. n=6 mice/group. *P= < 0.05, **P= < 

0.01. 
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Figure 5.4: Effect of WSE on donor cells engraftment in recipient body. We 

investigated the presence of donor positive antigen post +18 days of transplantation. By 

this time mice in GvHD control arm were dead but animals received WSE were alive 

and subjected for analysis of engraftment and they showed complete presence of H-2Kb 

positive cells. 

 

5.6.2 WSE averts aGvHD target organ damage. In a separate cohort of mice at day 

+7 and day +14 of transplantation, aGvHD target organ from GvHD control and WSE 

treated arms were harvested and evaluated histologically. Mice in GvHD control arm 

showed mild chronic inflammation in the liver and lung, vacuolar degeneration and 

desquamation of skin, mild-moderate chronic inflammation, ulceration, crypt loss, 

fibrosis, and sloughing of the small intestine and colon (Fig 5.5). In contrast, WSE 

treated group showed marked protection of these organs (Fig 5.5). Histopathological 

scoring based on the extent of damage to organs in GvHD control versus treatment arm 

is shown in 5.6. Additionally, the same tissue was evaluated for lymphocyte infiltration 

into these organs. Lymphocyte infiltration in GvHD control group were higher 
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compared to WSE arm, suggesting protection of these organs possibly via inhibition of 

lymphocyte infiltration (fig 5.7). 

An inversely proportional relationship between spleen size and GvHD severity has been 

established earlier (111). Therefore, we also measured the spleen size and weight, 

which was found to be significantly decreased in GvHD control group compared to 

WSE group (5.8A-B). 

 

Figure 5.5: Protection of aGvHD target organs by WSE. In a separate cohort of mice, 

on days +7 and +14 of transplantation, aGvHD target organs were collected from 

GvHD control and WSE treated mice. aGvHD-associated damage were assessed by a 

pathologist in a blinded manner. Mice that received WSE prophylaxis showed intact 

tissue histology; however, mice in GvHD control arm had marked damage of target 

organs. n=6 mice/group/time point. Black arrow – Mild-moderate chronic inflammation; 
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green arrow - vacuolar degeneration; red arrow - desquamation; black arrowhead - 

ulceration; green arrowhead - fibrosis; black star - crypt loss; green star - sloughing. 

 

Figure 5.6: Pathology score of target tissue in WSE treated group compared to 

GvHD control. Following transplantation, on day +7 and +14 target organ namely liver, 

gut and skin were harvested. Upon histological analysis, moderate to severe damage of 

liver, skin, small intestine, colon and lung were observed in GvHD control mice. 

However, mice received WSE treatment showed marked protection of GvHD organs 

and had lower pathology scores. Data is represented as mean ± SEM. n=6 

mice/group/time point. Animal those survived until the assessment of study were 

included for scoring which may have resulted in survivorship bias; hence statistical test 

was not applied. 
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Figure 5.7: Effect of WSE treatment on lymphocytic infiltration on aGvHD target 

organ. The same histology slide that was used for analysis of organ damage was used to 

assess the lymphocytic infiltration. Evaluation of infiltration was done as per protocol 

mentioned in materials and methods. High lymphocytic infiltration was observed in 

liver, skin, small intestine, colon and lung tissues of GvHD control mice, and less so in 

the WSE treated group. Data is represented as mean ± SEM. n=6 mice/group/time point. 

Animal those survived until the assessment of study were included for scoring which 

may have resulted in survivorship bias; hence statistical test was not applied. 



Chapter 5 

 

 

175 

            

Figure 5.8: Effect of WSE treatment on Spleen weight and size. At day (A) +7 and 

(B) +14 post-transplantation, spleen was collected for weight and size from GvHD 

control and WSE treated mice. As depicted above, GvHD control animals had 

significant decrease in spleen weight and size compared to WSE group. Data is 

represented as mean ± SEM. n=5 spleen/group/time point. *p= < 0.05, ***p= < 0.001. 

 

5.6.3 WSE modulates in-vivo serum cytokine storm. Excess cytokine secretion is one 

of the hallmarks of GvHD, and inhibiting their release is critical for the prevention of 

GvHD (148,149). Herein, we evaluated the effect of WSE treatment on cytokine levels 

at day +7 and +14 of transplantation and found a significant decrease in inflammatory 

cytokines such as IL-2, IFN-γ, TNF-α, IL-6 and IL-17A in WSE treated group 

compared to GvHD control (P=<0.05) (fig 5.9A-B). IL-10, an anti-inflammatory 

cytokine, was found to increase in mice treated with WSE compared to the GvHD 

control (P=<0.05) (fig 5.9A). 
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Figure 5.9: Effect of WSE treatment on in-vivo cytokine secretion. Serum Th1 (IL-2, 

IFN-γ, TNF-α), Th2 (IL-4, IL-6, IL-10) and Th17 (IL17A) cytokine levels from GvHD 

control and WSE treated arms were measured at (A) day +7 and (B) day +14 of 

transplantation using cytometric beads array. Data is represented as mean ± SEM. n=6 

mice/group/time point. *P= < 0.05, **P= < 0.01, ***P= < 0.001. 
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5.6.4 WSE does not hamper GvL effect. A prerequisite for any pharmacotherapy to be 

developed against GvHD is that the drug should not compromise the beneficial GvL 

effect of the graft (52). Therefore, we evaluated the effect of WSE treatment on GvL. 

Mice in all experimental arms were monitored daily for any sign of leukemia (based on 

hind-leg paralysis) or aGvHD. Phenotype of leukemia or aGvHD in each group is 

represented in figure 5.10A. Mice in A20 alone and A20+WSE group showed signs of 

leukemia (fig 5.10A-B). Mice in A20+BMT and A20+BMT+WSE group did not 

showed any sign of leukemia, suggesting no disruption of GvL effect by WSE (fig 

5.10A-B). Mice in A20+WSE group showed delayed onset of leukemia (fig 4B), and 

better overall survival (fig 5.10C) compared to A20 alone group [HR=0.55 (0.18-1.65), 

P=0.06]. Although this difference is not statistically significant, the trend possibly hints 

at anti-leukemic effect of WSE. The median survival in the experimental groups was 16, 

17 and 14 days respectively in the A20, A20+WSE, A20+BMT groups. However, the 

median survival remained undefined in the A20+BMT+WSE group (fig 5.10C). 

A20 cells tend to form tumor nodules in the liver. We further confirmed the death due 

to leukemia or GvHD by histological analysis of liver (fig 5.10D). Liver of mice in A20 

and A20+WSE showed multiple nodular deposits of a high-grade malignant tumor 

composed of large cells with moderate to marked nuclear atypia, brisk mitosis including 

atypical forms and scant eosinophilic cytoplasm. Consistent with leukemia free survival, 

A20+WSE group had less tumor burden compared to A20 alone group. A20+BMT 

group showed signs of aGvHD in the form of moderate chronic inflammation and portal 

vein congestion. However, A20+BMT+WSE group neither showed leukemic nor signs 

of aGvHD (fig 5.10D). These results suggest that WSE do not hamper GvL effect while 

mitigating aGvHD. 
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Figure 5.10: Effect of WSE treatment on GvL. Following radiation, mice were divide 

into (1) A20 (2) A20+BMT (3) A20+WSE (4) A20+BMT+WSE groups. (A) All mice 

were closely monitored for any signs of leukemia (based on hind leg paralysis) or 

aGvHD throughout the study. (B) Time-to-event data such as leukemia free survival 

and (C) overall survival were analysed in all experimental arms using Kaplan–Meier 

plot and Mantel-Cox log-rank test. (D) As and when mice became morbid either due to 

leukemia or GvHD, they were humanely sacrificed. Liver was collected for microscopic 

examination for the presence of tumor nodules or features of aGvHD. In figure 2B, 

death due to non-leukemic causes were censored. Censored points are represented with 

blue circle, red square, green triangle and inverted purple triangle in A20, A20+BMT, 

A20+WSE and A20+BMT+WSE groups respectively. Data is represented as mean ± 

SEM. n=7 mice/group. *P= < 0.05, **P= < 0.01, ***P= < 0.001. Black arrow - tumor 

nodules; red arrow - nuclear atypia; green arrow – mitosis; yellow arrow - moderate 

chronic inflammation; black star – portal vein congestion. H and E magnification 1x 

and 20x. 
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5.6.5 WSE treats established GvHD. We next evaluated the anti-GvHD efficacy of 

WSE, wherein we first allowed mice to develop GvHD and then WSE treatment was 

initiated from day +7 of transplantation. The median CS after two weeks of treatment 

with WSE was 6.5, 3, 1, and 3 respectively in the GvHD control, 75 mg/kg of WSE, 

250 mg/kg of WSE and 500 mg/kg of WSE (fig. 5.11A). Continuous loss of weight was 

observed in the GvHD control group, however, treatment with WSE at all doses halted 

weight loss (fig 5.11B). Furthermore, overall survival was found to increase 

significantly in treatment groups compared to the GvHD control arm (P=<0.05). Hazard 

ratio (HR) in comparison with GvHD control was 0.32 (0.10-0.95) for 75 mg/kg of 

WSE, 0.16 (0.05-0.5) for 250 mg/kg of WSE, and 0.25 (0.08-0.75) for 500 mg/kg of 

WSE. The median survival was 21.5, 30, 30 days respectively in the GvHD control, 75 

mg/kg and 500 mg/kg WSE groups (Fig. 5.11C), whereas it was undefined in 250 

mg/kg WSE group (fig. 5.11C).  
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Figure 5.11: Anti-GvHD efficacy of WSE. To evaluate the anti-GvHD efficacy of 

WSE, post- transplantation mice were allowed to develop GvHD and WSE treatment at 

three different dose levels (75, 250, and 500 mg/kg) was started from day +7. (A) 

aGvHD clinical score and, (B) body weight were recorded at different time points as 

shown. (C) Overall survival among study groups was analysed using Kaplan–Meier plot 

and Mantel-Cox log rank test. Data is represented as mean ± SEM. n=5 mice/group. 

*P= < 0.05, **P= < 0.01. 
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5.7 Discussion: The development of novel interventions to prevent and treat aGvHD 

remains a challenge (150). Herein, we demonstrated the utility of WSE against aGvHD. 

Our finding suggests that early (prophylactic) or late (therapeutic) administration of 

WSE to mice can mitigate the severity of aGvHD and improve survival significantly. In 

addition, WSE could also inhibit inflammatory cytokine secretion and protect aGvHD 

target organs. We also demonstrated that WSE does not obstruct the beneficial GvL 

effect. 

Earlier, we established the inhibition of lymphocyte proliferation and cytokine secretion 

from mouse lymphocytes treated ex-vivo with withaferin-A (WA), a principle 

component of WSE (64). Next, we established that ex-vivo graft manipulation with WA 

could prevent aGvHD (65). Further, to bring WA one-step closure to clinic, we 

established safety, pharmacokinetics and anti-GvHD efficacy of oral WA (chapter 2 and 

3). Pharmacodynamically, WA was shown to regulate JAK/PI3K/NF-kB/Akt/mTOR 

signaling and exert potent immune-modulatory response (detailed chapter 3). Thus, WA 

is an attractive candidate for development as an anti GvHD agent. However, 

development of a pure compound as a drug is a long-drawn process associated with 

huge costs. On the other hand, extracts of Withania somnifera containing WA are 

available as nutraceuticals around the world and therefore could be an alternative to 

pure WA should they have comparable activity. In fact, WSE has been tested in several 

human trials (146), and its safety is well established up to doses equivalent to 216 mg of 

WA per day (74). For these reasons, we went on to test the efficacy of WSE in the 

mouse model of aGvHD. 

WSE is the main component of tradition Rasayana and serves as a remedy against a 

plethora of human diseases (152). It is well known for its ability to enhance age, vitality, 
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and protection against numerous diseases (153). In addition to this, WSE also has 

anticancer, anti-inflammatory and immune modulatory properties (152,154). Turrini et 

al. reported the anti-leukemic activity of WSE (155). Our observations that WSE 

resulted in a slight increase in survival and reduced tumor burden in mice transplanted 

with leukemic cells (A20) corroborates these findings. This anti-tumor efficiency of 

WSE may synergise with anti-leukemic activity of the graft in patients with leukemia 

who undergo transplantation, and could decrease the chance of disease relapse as well. 

The immune-modulatory ability of WSE was reported by Singh et al. through inhibition 

of NFkB and AP-1 proteins (156). Furthermore, Singh et al. and Naidoo et al. reported 

inhibition of inflammatory cytokine secretion from human peripheral blood 

mononuclear cells following ex-vivo treatment with WSE (156,157). A recent study by 

Kaur et al. reported the inhibition of inflammatory molecules including PPARγ, MCP-1, 

iNOS, IL-1β, TNFα and IL-6 by WSE via inhibition of JAK2-STAT3 and NFkB 

signaling (158). Consistent with these studies, we also found a significant decrease in 

pro-inflammatory cytokine secretion in mice treated with WSE. Additionally, we also 

reported increased IL-10 levels, an anti-inflammatory cytokine. We further, reported 

that mice treated with WSE showed protection of gut, liver, and skin from GvHD 

induced destruction of these tissues. In line with our results, several preclinical studies 

have demonstrated the protection of the gut, liver, and skin by WSE in different 

experimental settings other than GvHD (159,160).  

In the current study, we tested WSE at three dose levels (25, 75 and 250 mg/kg) for the 

prophylaxis experiment, wherein we found that 75 and 250 mg/kg of WSE give equal 

protection. Therefore, for further prophylactic experiments 75 mg/kg WSE dose was 

chosen. On the other hand, for anti-GvHD experiment 75, 250 and 500 mg/kg WSE 

doses were selected and we found highest efficacy at 250 mg/kg of WSE. A three-fold 
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higher effective dose of WSE for GvHD therapy compared to prophylaxis could be 

explained by lower absorption associated with GvHD of the gut.  

The current standard of care for GvHD is associated with significant clinical and/or 

financial toxicities (161,162). Therefore, a safe and cost effective intervention for the 

management of GvHD is appealing. WSE has gained popularity in the nutra-health 

sector, it being the 12th bestselling nutraceutical of 2020 (163), which is also a reflection 

of its affordability. Safety of the product used in our study is already established up to 

2000 mg/kg/day in non-clinical acute and sub-acute toxicity studies (84), and up to 

4800 mg/day in a phase 1 clinical trial (74). Recently, pharmacokinetics of WSE in rats 

demonstrated oral bioavailability of withanolides such as withanoside IV, WA, 12-

deoxy-withastramonolide, and withanolide A (77). Based on our extensive preclinical 

safety, efficacy, pharmacokinetics, pharmacodynamics and phase I trial data on WSE a 

phase II trial (CTRI/2023/07/055361) for the treatment of aGvHD is currently under 

investigation at our centre. 

 

5.8 Conclusion: In the current study, we explored the prophylactic and therapeutic 

efficacy of WSE against aGvHD. WSE mitigated the severity of aGvHD and improved 

survival of mice by protecting target organ damage and inhibiting the inflammatory 

milieu without compromising the beneficial GvL effect. Based on these findings and its 

compelling safety profile, WSE is currently under investigation in a phase 2 clinical 

trial for the treatment of aGvHD at our centre. 
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 6.1 Overall summary: 

 The success of alloHSCT is limited by the complication of aGvHD. 

 Worldwide, 35-50% patients tend to develop aGvHD post transplantation. 

 Standard drugs are not always effective and they are associated with significant 

clinical and/or financial toxicity. 

 Therefore, development of safe and effective drugs against aGvHD remains an 

unmet medical need. 

 WA, being an anti-inflammatory, anti-proliferative and immunomodulatory  agent 

was investigated for this purpose. 

 We first established the acute, sub-acute toxicity and pharmacokinetics of WA 

(fig 6.1). 

 In acute toxicity, WA was found to be safe up-till 2000 mg/kg dose. 

 Based on acute toxicity assay, LD50 of WA was determined to be >2000 mg/kg. 

 In subacute-toxicity, WA was found to be safe up to 500 mg/kg. 

 Based on sub-acute toxicity, NOAEL of WA was established >500 mg/kg. 

 In pharmacokinetics study, WA was found to be orally bioavailable. 

 

Figure 6.1: Graphical illustration of safety, toxicity and pharmacokinetic findings of 

WA. 
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 We next went on establishing aGvHD prophylactic and therapeutic efficacy of WA 

and its effect on GvL response (fig 6.2). 

 Prophylactic administration of WA was found to prevent onset of aGvHD without 

compromising the engraftment of donor cells. 

 Further, WA prevents cytokine storm and migration of lymphocytes to GvHD 

target organs and protested organs from damage. 

 In addition to this, WA could also revert the established GvHD, which provides 

basis for its utility for the therapy of GvHD. 

 Furthermore, WA administration to mice do not compromised with beneficial  GvL 

effect of the graft. 

     

Figure 6.2: Graphical representation of WA’s effect on aGvHD and GvL. 
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 Mechanistically, WA inhibits JAK2-STAT3 signaling and regulates immune cells 

proliferation, differentiation and cytokine secretion (fig 6.3). 

 
Figure 6.3: Immunomodulatory and anti-GvHD mechanism of WA. 

 

 

 We next investigated the GvHD prophylactic, therapeutic and GvL effects using  

ready-to-use formulation of WA i.e. WSE (fig 6.4). 

 WSE also showed prophylactic and therapeutic benefits against aGvHD and  keeps 

GvL intact. 

    

Figure 6.4: Effect of WSE on aGvHD and GvL response. 



Chapter 6 

 

188 

6.2 Limitations of the study: This study has two possible limitations. Firstly, we could 

not inject intravenous CSA beyond five doses unlike in the clinics where it is given for 

longer duration. We had to limit the duration of CSA use in our study due to the risk of 

tail vein phlebitis. Secondly, the spleen of GvHD control mice were severely destructed 

due to alloreactivity as shown in section 3.5.2 (fig 3.10A-C). With increasing severity 

of GvHD the spleen becomes smaller in size, with significant decrease in weight 

corresponding to low cell counts. Thus, comprehensive in-vivo mechanistic 

investigations could not be undertaken due to limited cell number in GvHD control 

group, forcing us to use hPBMCs to gain mechanistic insight. However, the efficacy of 

WA in this animal model coupled with a sound mechanistic understanding, and the 

safety and pharmacokinetics established, has prompted us to initiate two phase 2 

clinical trials at our center for aGvHD prophylaxis and therapy. 
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6.3 Way forward: 

Based on the findings of current study, two clinical trial have been proposed at our 

center. A brief trial design is shown below.  

Trial 1. (CTRI/2023/07/055361) 

Title: A Phase II Clinical Trial of Standardized Withaferin-A for the treatment of 

Steroid Refractory acute Graft versus Host Disease.  

Study design: 
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Trial 2: Under IEC consideration 

Title: A Phase I/II trial to assess Safety and Activity of Standardized Withaferin A as 

GvHD prophylaxis in patients undergoing Matched related donor Hematopoietic stem 

cell transplant 

Study design:  

 

 

 

 

 

 

 

 

 

 



Chapter 6 

 

191 

6.4 Conclusion of the study: In the current study, we aimed systemic development of 

WA from bench to bedside for the prevention and treatment of aGvHD. We first 

evaluated the safety and pharmacokinetics of WA. Wherein, WA found to be extremely 

safe and orally bioavailable. We further established efficacy of WA for the prophylaxis 

and therapy of aGvHD. WA also showed superior efficacy compared to standard 

prophylactic regimens of CSA+MTX. Mechanistically, WA regulates immune cell 

proliferation, differentiation, cytokine storm and protects GvHD target organ damage 

via inhibition of JAK2-STAT3 signaling. Additionally, WA do not compromised with 

beneficial GvL effect of the graft. These findings has prompted us to initiate two phase 

2 clinical trials at our center for aGvHD prophylaxis and therapy (fig 5.5).   

 

 

Figure 6.5: Conclusion of the current study. MOA; mechanism of action, GvL; graft 

versus leukemia response. 
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