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Summary 

Acute graft-versus-host disease (GVHD) is a major cause of non-relapse mortality after 

allogeneic hematopoietic stem cell transplantation (allo-HSCT). Current prophylactic regimens 

show limited clinical success and are associated with severe toxicities, development of steroid-

refractory GVHD, increased incidence of infections, and relapse. Furthermore, it is now well-

established that immunosuppression is not the best strategy for acute GVHD prophylaxis. Thus, 

the development of novel strategies/pharmacological agents that can modulate donor immune 

response in favor of antitumor immunity while suppressing allogeneic immune response is an 

unmet need in the field of allo-HSCT. The present study aimed to identify and develop 

phytopharmaceuticals with immunomodulatory activity for prophylaxis of acute GVHD.   

In the present study, we screened a library of 140 phytochemicals and identified four 

compounds with potential immunomodulatory activity. These compounds were further 

subjected to secondary screening, resulting in the identification of 5-hydroxy-1,4-

naphthoquinone (5NQ) or juglone as the lead molecule. The lead molecule was further 

evaluated for its immunomodulatory activities in vitro and in vivo, and its efficacy as a GVHD 

prophylactic agent was evaluated in a murine allo-HSCT model. 

5-hydroxy-1,4-naphthoquinone (5NQ) or juglone, is a redox-active phytochemical found in 

walnuts, and has shown potent anti-inflammatory effects in various disease models, such as 

colitis and inflammatory bowel disease. However, its effects on T cell-mediated adaptive 

immune responses remain largely unknown. Considering the overlapping mediators of 

inflammation in GVHD and the aforementioned conditions, we investigated the use of juglone 

as a prophylactic agent. 

The immunomodulatory activity and mechanism of action of 5NQ were studied in vitro using 

murine splenic leukocytes. The oral acute and subacute toxicity of 5NQ was assessed in mice 



to establish a safe dosing regimen for preclinical efficacy studies. The GVHD prophylactic 

efficacy of orally administered 5NQ was evaluated using a murine model of allo-HSCT based 

on MHC-I mismatch. Finally, the efficacy of oral 5NQ in maintaining the GVL activity of the 

graft was evaluated in a murine model of allo-HSCT supplemented with leukemia cells. 

Our data showed that 5NQ treatment inhibited mitogen-induced activation, proliferation, and 

cytokine secretion in murine leukocytes in vitro. In addition, 5NQ treatment inhibited the 

activation of antigen-presenting cells by downregulating MHC-II expression following 

mitogenic stimulation in vitro and in vivo. Furthermore, treatment with 5NQ led to an increase 

in the expression of aCD95 (Fas) and CD152 (CTLA4), which are indicative of the anergic and 

exhaustive state of activated CD4+ T cells in both in vitro and in vivo studies. Furthermore, our 

in vivo studies showed that oral administration of 5NQ significantly reduced the mortality and 

morbidity associated with GVHD while preserving graft-versus-leukemia activity. The 5NQ 

mediated alleviation of GVHD and maintenance of GVL activity in transplanted mice can be 

attributed to the observed decrease in the number of CD4+ and CD8+ naïve T-cells and an 

increase in CD4+ and CD8+ central memory T cells. Moreover, the oral administration of 5NQ 

prevented GVHD development by inhibiting pro-inflammatory cytokines (IFNγ and TNF), 

promoting anti-inflammatory cytokines (IL-10 and IL-7A), and decreasing the counts of 

cytotoxic T cells (CD8+ granzyme B+). Additionally, oral administration of 5NQ did not affect 

hematopoietic stem cell recovery or donor cell engraftment in the transplanted mice. Our 

mechanistic studies revealed that 5NQ upregulated Nrf-2/HO1 antioxidant response signaling 

in leukocytes by modulating cellular redox status.  

In conclusion, our study demonstrated that the prophylactic effect of 5NQ is due to its ability 

to modulate inflammatory innate and adaptive immune responses. Furthermore, our toxicity 

and efficacy studies provided a suitable dosage for oral administration of 5NQ, which can be 

used to devise a clinically relevant dose for human application. 
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Introduction 

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is the major curative option for various 

hematological malignancies1,2. It involves transplanting hematopoietic stem cells from either an HLA-

matched family member or HLA matched unrelated donor. The patient undergoes myeloablative 

treatment before transplantation to facilitate engraftment and is maintained on immunosuppressants to 

avoid graft rejection post-transplantation3. One of the major benefits of allo-HSCT is the decrease in 

relapse rates of leukemia in patients due to the graft versus leukemia effect (GVL)4,5. However, 40-60% 

of the patients undergoing allo-HSCT develop a life-threatening complication called acute graft versus 

host disease (GVHD); which results in host organ damage due to immune reaction elicited by graft 

against the host tissues. GVHD accounts for 15-30% of deaths following allo-HSCT6.  

Immune cells such as T cells, B cells, Natural killer cells, and their secretory molecules (chemokine and 

cytokines) play an important role in maintaining the GVL effect through various mechanisms. These 

include recognition of leukemia cells; complement-mediated lysis and Antibody-Dependent Cellular 
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Cytotoxicity (ADCC) of leukemia cells7. On the other hand, similar set of immune cells and secretory 

factors are responsible for the development of GVHD. Conditioning with chemo or radiotherapy causes 

host tissue damage resulting in inflammation and the release of pro-inflammatory cytokines. This 

increases the capacity of antigen-presenting cells (APCs) to present host antigens to donor T-cells leading 

to their activation, proliferation, and differentiation. The activated T-cells cause increased release of 

inflammatory cytokines and promote migration of T-cells to secondary lymphoid organs and target tissues 

like skin, liver, gut, etc. These activated T-cells cause inflammation-mediated cell death of host tissue and 

induce apoptosis of host cells via granzyme B and perforin-mediated pathways. Thus, GVHD leads to 

host tissue damage to an extent of organ failure resulting in death8.  

Large studies have established the role of T-cells in the development of GVHD. Therefore, current 

prophylactic regimens target the T-cells of the graft via calcineurin inhibitors (cyclosporine A), in 

combination with anti-thymocyte globulin or anti-metabolites8,9. Corticosteroids form the first line of 

treatment for GVHD, nonetheless, 30-50% of patients acquire steroid resistance, for which no second-line 

treatment is available and these patients have a poor prognosis with a high mortality rate of 60-80%. 

Moreover, secondary infections due to prolonged immunosuppression and cumulative toxicities of the 

treatments add to the burden of non-relapse mortality post-allogeneic transplantation10. Until 2020, there 

was no FDA-approved drug for the management of GVHD, giving it an orphan disease status. However, 

the recent approval of ruxolitinib for the treatment of steroid-refractory GVHD makes it the only FDA- 

approved drug for the management of GVHD11. 

Rationale 

Although the depletion or targeting of T-cells results in the elimination of GVHD; there is an increased 

risk of leukemia relapse due to the loss of the GVL effect. Despite the current medical advances in the 

field of transplantation, prevention of GVHD while maintaining the GVL effects of the graft remains a 

major unsolved challenge in clinics. Therefore, the development of novel pharmacological agents that 

prevent GVHD while preserving the GVL effect of the graft, is necessary for effective transplant 

outcomes. 

Aim 



Version approved during the meeting of Standing Committee of Deans held during 29-30 Nov 2013 

Screening and development of novel agents for GVHD prophylaxis using a phytochemical drug library. 

Objectives and Results 

1. Screening of phytochemical drug library for immunomodulatory compounds. 

a. Primary screening: One hundred and thirty-six compounds from the phytochemical library (obtained 

from Target Mol, USA) were evaluated for their inhibitory effect on IL-2 secretion by ELISA and 

anti-proliferative effect on murine splenic lymphocytes using CFSE dye dilution assay. All the 

compounds were screened for their immunomodulatory action at the concentration of 10µM for 2hrs 

following which they were stimulated with mitogen Concanavalin A (ConA, 2.5µg/ml), and incubated 

for 72 hrs. Post incubation the cells were acquired on a flow cytometer to determine the percent 

daughter cells.  Nine compounds inhibited both cell proliferation and IL-2 secretion and were 

considered hit compounds. Of these nine compounds, two known immunosuppressive compounds 10-

hydroxycamptothecin (1D2) and cyclosporin A (2A3), and five other compounds, namely- Triptolide 

(2C5), Demethylzeylasteral (2E6), Homoharringtonine (2E10), Chelerythrine chloride (2F2) and 5-

hydroxy-1,4-naphthoquinone (2F5) were identified and selected for secondary screening experiments. 

Cyclosporin A (CA) was used as a positive control in the secondary screening experiment. 

b. Secondary screening: Secondary screening aimed to identify compounds that inhibited proliferation at 

the least toxic dose. The compounds were therefore evaluated for time and dose-dependent toxicity 

and inhibition of proliferation, by propidium iodide assay and CFSE proliferation assay respectively. 

Following drug concentrations and time points were used for secondary screening- 

c. Concentrations: 0.1, 0.25, 0.5, 1, 2.5, 5, and 10µM. 

Time points for proliferation assay: 2 h and 4 h 

Time points for viability assay: 4 h and 24 h 

d. Immunomodulatory effect of 5NQ on lymphocytes in vitro: Based on the secondary screening, 5-

hydroxy-1,4-naphthoquinone (5NQ) or Juglone was selected as the lead compound as it exhibited 

immunosuppression without toxicity to lymphocytes.  We evaluated the immunomodulatory effect of 

5NQ on murine splenic lymphocytes in vitro. First, we studied the time and dose-dependent effect of 

5NQ treatment on the proliferation and toxicity of lymphocytes. Transient treatment with 5NQ for 4 h 
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inhibited mitogen (ConA and LPS - lipopolysaccharide) induced proliferation of lymphocytes in a 

dose-dependent manner. Transient treatment with 1µM 5NQ for 4 h caused inhibition of proliferation 

without affecting viability as evinced by the viability assay and this dose was used for subsequent 

experiments. Second, transient treatment of lymphocytes with 5NQ suppressed ConA-induced 

secretion of cytokines IL-2, IL-4, IL-6, IFN-γ, TNF, IL-17A, and IL-10 and restored the Th1/Th2 

cytokine imbalance induced by ConA stimulation. We further studied the effect on the activation of 

antigen-presenting cells (APC) and CD4+ T-cells and found that transient treatment of lymphocytes 

with 5NQ suppressed the expression of MHC-II on CD11b- dendritic cells, CD11b+ Ly6clo 

macrophages, and CD11b+ Ly6chi monocytes and suppressed the expression of CD69 and CD25 in 

CD4+ T cells. Additionally, we observed an increase in the expression of CD95 (Fas) in CD4+ T cells 

following the 5NQ treatment. Further, we found that transient treatment with 5NQ did not increase the 

number of CD4+ Tregs in vitro. Lastly, we evaluated the effect of transient treatment with 5NQ on the 

anti-leukemic activity of lymphocytes using an in vitro model of mixed lymphocyte reaction, but with 

murine leukemia cell lines as stimulator cells. We observed that 5NQ-treated lymphocytes exhibited 

comparable anti-leukemic activity as their vehicle-treated counterparts.  

2. Evaluation of anti-GVHD potential of the lead compound using a murine model of GVHD. 

a. Prophylactic efficacy of ex vivo treated lymphocytes using murine model of allo-HSCT: First, we 

adopted the ex-vivo lymphocyte treatment approach to evaluate the anti-GVHD potential of 5NQ 

using a murine model of allogenic transplantation based on complete MHC-I mismatch12. 

Accordingly, female BALB/c mice (H2Kd- recipient) were given 6.5 Gy total body irradiation (TBI) 

and rested for 24 h followed by intravenous infusion of 5 x 106 bone marrow cells and transiently 

treated 15 x 106 splenocytes with vehicle or 5NQ (1µM). The recipients transplanted with ex vivo 

5NQ treated lymphocytes showed complete protection from GVHD-associated symptoms resulting in 

significant improvement in survival of these mice compared to recipients transplanted with ex vivo 

vehicle-treated lymphocytes. However, upon evaluation of peripheral blood to ascertain engraftment, 

we observed that donor cells were absent in recipient mice that received 5NQ treated lymphocytes, 

whereas, recipients that received vehicle-treated graft showed complete donor chimerism. This 
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indicated that ex vivo treatment of donor graft with 5NQ affects the engraftment of the donor cells 

and hence is not a feasible approach for use in clinics. We, therefore, decided to administer 5NQ 

orally to evaluate its GVHD prophylactic efficacy.  

b. Acute and sub-acute oral toxicity of 5NQ: Literature study revealed limited information regarding oral 

LD50 of 5NQ and hence to establish a safe dose for oral administration of 5NQ, we carried out acute 

and sub-acute oral toxicity study of 5NQ in BALB/c mice according to the OECD guideline 423 and 

407 respectively13,14. We further carried out dose-response relationship modeling, known as 

benchmark dose modeling (BMD)15–17 for survival, hematological and biochemical parameters to 

determine a point of departure dose for single and repeated administration of 5NQ and identify serum 

biomarkers sensitive to 5NQ treatment. Our acute toxicity data showed no mortality in mice 

administered with a single oral dose of 50 mg/kg 5NQ. However, toxicity-induced changes were 

observed at microscopic levels as evinced by histopathological findings. BMD modeling of the 

survival response in an acute toxicity study established a point of departure dose of 118 mg/kg for 

single oral administration of 5NQ. This dose can be deemed equivalent to the LD50 dose for single 

oral administration of 5NQ18.  

In our sub-acute toxicity study, BALB/c mice (N =10) were daily administered with vehicle (5% 

DMSO in 0.5% carboxymethyl cellulose), or 5, 15, or 50 mg/kg 5NQ in vehicle, for 28 days. Animals 

administered vehicle and 5 mg/kg 5NQ did not show toxicity-related mortality. Moreover, these 

animals scored lower on the clinical scoring chart and did not show any toxicity-related weight loss. 

BMD analysis of the dose-survival response in the sub-acute toxicity studied established a point of 

departure dose of 1.74 mg/kg. Evaluation of hematological parameters showed no abnormalities, 

whereas analysis of biochemical parameters showed altered liver and renal function markers. Notably, 

we observed a dose-dependent change in aspartate aminotransferase (AST), total bilirubin (TB), and 

blood urea nitrogen (BUN), however, BMD analysis of these parameters showed that AST was the 

most sensitive marker to 5NQ-related toxicity18. The point of departure dose established in the 

toxicity study was used as a reference dose to evaluate the efficacy of 5NQ in pre-clinical settings. 
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c. Prophylactic efficacy of oral administration of 5NQ in murine model of allo-HSCT: To identify the 

efficacious dosage of 5NQ, a dose standardization study was carried out. We established that alternate 

day administration of 2.5 or 5 mg/kg 5NQ for 15 days after transplantation provided a survival benefit 

to the transplanted mice. We further validated our findings in a larger cohort of animals (N=12) and 

found that oral administration of 5mg/kg 5NQ significantly improved the survival of transplanted 

animals and protected from GVHD-associated clinical symptoms and weight loss. Moreover, 

histopathological evaluation of the intestine, liver, and skin showed that animals treated with 5NQ 

showed lower pathological scores for GVHD-associated tissue damage. Lastly, oral administration of 

5NQ did not hamper the engraftment of donor cells as evinced by the evaluation of peripheral blood 

for donor chimerism.  

d. Effect of oral administration of 5NQ on innate and adaptive immune responses in vivo: Evaluation of 

serum cytokines revealed that oral administration of 5NQ caused a decrease in levels of pro-

inflammatory cytokines IFN-γ and TNF, and an increase in levels of anti-inflammatory cytokines IL-

10 and IL-17A. Evaluation of splenic dendritic cells showed that 5NQ treatment caused a decrease in 

the activation of splenic dendritic cells as evinced by a decrease in MHC-II expression on these cells. 

Additionally, we observed a significant decrease in CD4+ T cell counts and a decrease in the 

CD4/CD8 ratio in splenic lymphocytes of recipient mice compared with that in vehicle-treated mice. 

We further observed that CD4+CD25+ activated T cells showed an increase in the surface expression 

of CD152 (CTLA4), indicating an increase in the exhausted/anergic T-cell subset in the lymphocytes 

of recipient mice treated with 5 mg/kg 5NQ orally compared to vehicle-treated mice. Additionally, we 

observed a decrease in CD62hiCD44lo naïve CD4+ and CD8+ T-cells along with increase in 

CD62hiCD44hi central memory CD4+ and CD8+ T-cells. Additionally, there was no difference in 

expression of CD152 on CD8+ cells from vehicle and 5NQ-treated mice. Lastly, we did not observe 

significant differences in CD4+CD25hiFoxP3+ T-regulatory (Treg) cells in the lymphocytes of 5NQ-

treated mice as compared to those of vehicle-treated mice.  

3. Understanding the molecular mechanism of immunomodulatory action of the lead compound in 

vitro 
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a. Effect of 5NQ on cellular redox status: The naphthoquinone class of compounds is well known for 

their redox cycling activity. Therefore, we evaluated the effect of 5NQ treatment on cellular 

redox.  Treatment with 5NQ caused time- and dose-dependent increases in mitochondrial ROS in 

5NQ-treated lymphocytes, as measured by MitoSOX Red dye. Surprisingly, 5NQ-treated 

lymphocytes showed time- and dose-dependent decrease in cellular ROS, as measured with 

H2DCFDA. In addition, we observed a decrease in ThiolTracker violet fluorescence in 5NQ -

treated lymphocytes which indicated low levels of cellular GSH in treated cells compared to 

untreated cells.   

b. Effect of 5NQ on cellular redox in presence of thiols: To understand the role of thiols and altered 

cellular redox status in the observed immunosuppressive activity of 5NQ, we evaluated the effect 

of 5NQ treatment on cellular redox in the presence of the thiol antioxidant NAC. Pretreatment 

with NAC inhibited 5NQ-induced alterations in mitochondrial and cellular ROS levels. Moreover, 

pretreatment with GSH and NAC abrogated the antiproliferative effect of 5NQ on the 

lymphocytes. Furthermore, incubation of 5NQ with GSH or NAC changed the absorption 

spectrum of 5NQ indicating a probable physical interaction of 5NQ with the thiol antioxidants. 

c. Effect of 5NQ on inflammatory signaling and anti-oxidant response signaling: We evaluated the 

activation of NF-κB in cellular and nuclear lysates and the phosphorylation status of Akt and S6-

kinases, in 5NQ treated, resting, and mitogen-stimulated lymphocytes. Treatment with 5NQ 

inhibits ConA-induced activation of NF-κB and its nuclear translocation in lymphocytes. It also 

inhibited the ConA-induced phosphorylation of Akt. However, pretreatment of lymphocytes with 

NAC reversed the inhibitory effect of 5NQ on NF-κB activation and Akt phosphorylation, thus 

abrogating 5NQ-mediated suppression of mitogen-induced signaling in lymphocytes. As 5NQ 

treatment resulted in alterations in cellular redox, we found that lymphocytes treated with 5NQ 

showed an increase in Nrf-2 expression. Western blot analysis further confirmed a subsequent 

increase in the expression of downstream targets of Nrf-2, namely heme oxygenase-1 (HO-1) and 

NAD(P)H quinone dehydrogenase-1 (NQO-1), indicating upregulation of antioxidant response 

signaling in these cells. However, the upregulation of antioxidant response signaling was 
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abrogated in presence of NAC. To further study the role of Nrf-2 in mediating the 

immunosuppressive action of 5NQ, we studied the proliferation of lymphocytes in the presence of 

the Nrf-2 inhibitor ML385 and found that Nrf-2 inhibition did not reverse the antiproliferative 

effect of 5NQ. Similar results were obtained when we studied the proliferation of lymphocytes 

from Nrf-2 KO mice after treatment with 5NQ. Next, we evaluated the effect of 5NQ treatment on 

mitogen-induced cytokine secretion from Nrf-2 KO lymphocytes. We observed that 5NQ-treated 

Nrf-2 KO lymphocytes could not restore the mitogen-induced Th1/Th2 cytokine imbalance, that 

was observed in 5NQ-treated wild-type lymphocytes.  

4. Development of a syngeneic murine model of leukemia and assessment of the efficacy of the lead 

compound in maintaining the GVL effect of the graft. 

At last, we evaluated the effect of the oral administration of 5NQ on the GVL effect of the donor graft 

using our allo-HSCT model supplemented with A20 murine leukemia cells19,20. All recipients of A20 

tumor cells succumbed to the tumor within 3 weeks, with a median survival of 19 days with no 

significant weight loss. However, all mice developed hind limb paralysis and were euthanized when 

moribund. The livers of A20 mice showed, on average, 70% tumor infiltration of the hepatic tissue 

with severe necrosis. Animals transplanted with A20 tumor cells along with donor cells developed 

severe GVHD within two weeks and were euthanized for necropsy when moribund to check for the 

presence of tumors. These mice showed clinical symptoms of GVHD development with a significant 

reduction in body weight and a median survival of 10.5 days, along with the absence of macroscopic 

tumors nodules in liver at necropsy, however, microscopic analysis showed a low tumor burden (1-

2%) in these animals. In contrast, animals treated with 5 mg/kg 5NQ maintained their original body 

weights, indicative of protection from GVHD, and only 25% of the mice succumbed to the tumor. 

These mice showed a significant improvement in survival compared with vehicle-treated animals, 

with a median survival of 23 days. At necropsy, animals treated with 5NQ showed reduced tumor 

nodules in the liver (1-30%) and spleen, which was further confirmed via histopathological analysis of 

the liver tissue, which indicates that 5NQ preserved the donor GVL activity. No tumor nodules were 

observed in the livers of the GVHD mice.  
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Conclusion: Prophylaxis of GVHD, whilst maintaining GVL activity of donor graft remains a major 

challenge in successful transplant outcomes. The focus of the study was to screen and identify 

phytochemicals with immunomodulatory action and develop the lead molecule for GVHD 

prophylaxis. Accordingly, this study identified two compounds with potent immunomodulatory 

effects namely Demethylzeylasteral and Juglone or 5-hydroxy-1,4-naphthoquinone. Further, 5NQ was 

selected as the lead compound as it inhibited proliferation of lymphocytes, whilst maintaining their 

viability. Our in vitro studies demonstrated the immunomodulatory action of 5NQ. First, transient 

treatment with 5NQ inhibited mitogen-induced, activation of APCs and CD4+ T-cells and caused 

inhibition of cytokine secretion in vitro. Second, treatment with 5NQ induced an anergic/exhaustive 

state in CD4+ T-cells. At last, we show that treatment with 5NQ did not suppress anti-tumor activity 

of lymphocytes in vitro, thus encouraging us to evaluate its prophylactic efficacy in vivo.  

We carried out a detailed oral toxicity study to determine no observed adverse effect level dose 

(NOAEL) for 5NQ administration. Our acute and sub-acute oral toxicity study of 5NQ established 

point of departure doses (POD) for single and repeated oral administration of 5NQ. POD for single 

oral administration was estimated to be 118 mg/kg and POD for repeat oral administration was 

estimated to be 1.74 mg/kg via BMD analysis and NOAEL was found to be < 5 mg/kg. The 

established POD values can be used as a reference for pre-clinical efficacy assessments and for 

deriving the human equivalent reference dose of 5NQ to ascertain its safety for clinical use.  

Next, our study demonstrated the prophylactic efficacy of oral 5NQ in a murine model of allo-HSCT 

based on a complete MHC-I mismatch. Our results showed that 5NQ suppressed GVHD via 

immunomodulation of innate and adaptive responses. Firstly, oral administration of 5NQ decreased 

pro-inflammatory cytokines and increased anti-inflammatory cytokines in the serum of animals 

treated with 5NQ. Secondly, 5NQ treatment inhibited the activation of splenic dendritic cells and 

CD4+ T-cells and induced CD4+ T-cell anergy and exhaustion. Further, 5NQ-treated animals showed 

a reduction in the numbers of naïve CD4+ and CD8+ T cells, these subsets have been implicated in 

GVHD pathogenesis. Additionally, we observed an increase in the central memory subsets of CD4+ 

and CD8+ T-cells, these subsets play a major role in the GVL activity of the graft. Lastly, treatment 
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with 5NQ led to protection from GVHD and reduced the tumor burden in our in vivo model for 

evaluating the GVL activity of the graft.  

Lastly, our in vitro mechanistic studies reveal that 5NQ modulated cellular ROS balance and 

upregulated antioxidant response signaling (Nrf-2/HO-1/NQO1) in lymphocytes, leading to inhibition 

of NFκB activation. Inhibition of inflammatory signaling by 5NQ can be attributed to its ability to 

modulate cellular redox and depletion of cellular thiols. 

In conclusion, our study reveals that 5NQ administration inhibits antigen presentation, cytokine storm, 

and activation of CD4 T cells thus demonstrating an immunomodulatory effect of 5NQ at every phase 

of GVHD pathogenesis. Our study is the first to establish an oral metronomic dose of 5NQ that 

mitigated GVHD while preserving the GVL effect of the donor graft in mice and this dose can be 

further used as a reference to devise a suitable dose for human application. 
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 Thesis Overview And Background 

THESIS OVERVIEW 
 

This thesis describes the identification of lead compound Juglone through phytochemical 

drug library screening, followed by an understanding of the molecular mechanisms involved 

in the immunomodulatory actions of Juglone and its in vivo evaluation of 

immunomodulatory effects and GVHD prophylactic efficacy. The write-up outline includes 

the sections listed in Table 1. 

Table 1: Write-up outline 

 

 

 

 

  

Sr. no. Section 

1 Thesis overview and background 

2 Review of Literature 

3 Aim and Objectives 

4 Materials and Methods 

5 Screening of phytochemical drug library for immunomodulatory compounds. 

6 Unravelling the molecular mechanisms of immunomodulatory action of Juglone in vitro. 

7 Evaluation of anti-GVHD potential of Juglone in murine model of GVHD. 

8 Assessment of the efficacy of Juglone in maintaining graft versus leukemia (GVL) effect 

of the graft in syngeneic mice model. 

9 Summary and salient findings 

10 Conclusion 

11 Strengths and Limitations 

12 Future Prospects 

13 Bibliography 
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 Thesis Overview And Background 

BACKGROUND 

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is the curative treatment 

available for patients with hematological malignancies. The process involves 

transplantation of hematopoietic stem cells sourced from a healthy donor to an 

immunocompromised patient. The success of allo-HSCT is driven by various cellular 

constituents of donor grafts 1,2. The immune-competent cell types of the donor graft such 

as T cells, B cells, and NK cells play an active role in eradicating residual leukemic cells 

resulting in graft-versus-leukemia activity (GVL).  Whereas the alloreactive T-cells can 

cause graft-versus-host disease (GVHD), a life-threatening complication that arises 

because donor T-cells recognize host antigens as foreign and mount an immune response 

against them, thereby destroying host cells and tissues3–5.  

According to the Center for International Blood and Marrow Transplant Research 

(CIBMTR), about 30,000 HSCTs are performed worldwide every year. However, 40-60% 

of patients develop acute GVHD within 100 days of transplantation 6–8. Current 

prophylactic and treatment regimens include calcineurin inhibitors, posttransplant 

cyclophosphamide, and corticosteroids. However, about 30% of these patients develop 

steroid-refractory GVHD for which there is no second-line treatment, and these patients 

have a poor prognosis with a mortality rate of 60 -80%. However, on September 22, 2021, 

ruxolitinib, a Janus-associated kinase (JAK) inhibitor, was approved by the US FDA for the 

treatment of steroid-refractory GVHD 9. 

The utility of the existing drug regimens has been limited by their varied degree of response 

(< 50% of patients with acute GVHD and 40–50% of patients with chronic GVHD 

depending on initial disease severity) and severe side effects10, which are essentially 

attributed to their immunosuppressive action, predisposing the patients to opportunistic 
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infections. A noteworthy and often unavoidable complication is the diminution of the graft 

versus leukemia (GVL) effect.  

Despite current medical advances, the prevention of GVHD while maintaining the GVL 

effect of the graft remains a challenging task for clinicians. Therefore, there is a need to 

develop novel pharmacological agents to combat GVHD, without compromising the GVL 

effect.  

The present study is aimed to screen and develop novel phyto-pharmacological agents with 

immunomodulatory activities for acute GVHD prophylaxis. Juglone, a naturally occurring 

naphthoquinone (NQ) derivative, was selected from a phytochemical drug library as the 

lead molecule and evaluated for its immunomodulatory effects on murine splenic 

lymphocytes in vitro. Furthermore, we evaluated the prophylactic efficacy of 5NQ and its 

impact on GVL activity in a murine model of allo-HSCT.
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2 REVIEW OF LITERATURE 

2.1 Overview of hematopoietic stem cell transplantation 

Hematopoietic stem cell transplantation (HSCT) is a medical procedure that replaces 

damaged or defective hematopoietic stem cells in patients with healthy donor cells11. HSCT 

is a potentially curative treatment for a variety of hematological diseases, including 

leukemia, lymphoma, myelodysplastic syndrome, aplastic anemia, and certain inherited 

immune system disorders such as sickle cell anemia and severe combined 

immunodeficiency12. 

Sources of hematopoietic stem cells (HSCs): The most abundant source of hematopoietic 

stem cells (HSCs) is bone marrow; however, they are also present in low concentrations in 

peripheral blood and umbilical cords of newborns. Therefore, HSCT can utilize stem cells 

from any of these sources. The procedure is referred to as a "bone marrow transplant (BM-

HSCT)" if the stem cells are extracted from the bone marrow, a "peripheral blood stem cell 

transplant (PB-HSCT)" if they are extracted from the peripheral blood, and an "umbilical 

cord blood transplant (UCB-HSCT)" if they are extracted from the umbilical cord. Under 

general anesthesia, bone marrow is collected from the posterior iliac crest. However, 

because this procedure causes donor discomfort, peripheral blood has become a popular 

source of HSCs13. Today, the majority of stem cells used in transplantation come from 

peripheral blood. Granulocyte colony stimulating factor (G-CSF) is administered to donors 

five–six days prior to apheresis operation in order to facilitate the movement of stem cells 

from the bone marrow into the peripheral blood14,15. Stem cells can also be extracted from 

various regions of the umbilical cord, including Wharton's jelly, the cord lining, and the 

blood vessel region (Figure 1)Figure 1. In UCB-HSCT, Wharton's jelly is the most common 
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source of stem cells. Although stem cells derived from umbilical cords have been shown to 

be safe in clinical settings, it is crucial that the patient's UCB be banked at birth. Long-term 

storage and inadequate stem cell recovery render UCB unattractive as a source of donor 

cells for HSCT16.  Table 2 shows the advantages and disadvantages of stem cell 

transplantation from bone marrow, peripheral blood, and umbilical cord blood. 

Table 2: Comparison of HSC sources for transplantation. 

 Benefits Drawbacks 

Source of 

HSC 
Donor Recipient Donor Recipient 

Bone 

Marrow 

 Lower risk of 

GVHD 

Discomfort and 

pain 

HLA matching 

required 

Peripheral 

Blood 

Sedation not 

required for 

collection 

Less distress 

and pain 

Sooner 

reconstitution 

and engraftment  

 Higher risk of 

GVHD 

Umbilical 

Cord 

Blood 

Non-invasive Lower risk of 

GVHD and 

relapse 

Stringent HLA 

matching not 

required 

 Inadequate no. 

of HSCs 

Delayed 

engraftment and 

reconstitution 

Abbreviations: HSC: hematopoietic stem cells; GVHD: graft-versus-host disease; HLA: 

human leukocyte antigen15,16.  

 

Figure 1: Illustration of cross-section of the human umbilical cord showing different compartments 

(cord lining, Wharton's jelly, and perivascular region) from where stem cells can be derived16. 

Conditioning regimens: Before undergoing HSCT, patients undergo conditioning 

treatment with chemotherapy and radiation therapy17. The key goals of conditioning 

regimen are to eliminate the tumor cells in patients and to remove abnormal stem cells in 
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individuals with hematological disorders. Other goals include the removal of damaged 

hematopoietic progenitor cells from the bone marrow to replace them with donor stem cells. 

Moreover, the aim is to suppress the recipient ’s immune system to prevent the body from 

rejecting donor stem cells17. Conditioning regimens are categorized into three types based 

on the duration and degree of cytopenia: myeloablative (high-intensity), reduced-intensity 

(middle-intensity), and non-myeloablative (low-intensity). Myeloablative conditioning 

results in prolonged, usually irreversible pancytopenia, which can be fatal unless 

hematopoiesis is restored via hematopoietic stem cell infusion. Myeloablative conditioning 

improves disease control and reduces the chance of relapse at the expense of higher toxicity; 

hence, this conditioning is only utilized in individuals under the age of 55 years who are 

free of co-morbidities. Since reduced-intensity and non-myeloablative conditioning allow 

for its use in older and comorbid patients, hematopoietic stem cell transplantation is now 

routinely used for both malignant and non-malignant purposes. Conditioning therapy is 

often provided for several days and varies depending on the nature of the chemotherapeutic 

agent employed, radiation dose, and duration of exposure to accomplish the necessary 

myeloablation prior to stem cell therapy17–19. 

Types of HSCT: There are two main types of transplantation: autologous transplantation, 

in which patients' own stem cells are extracted and reintroduced to their bodies after a 

conditioning regimen, and allogeneic transplantation, in which patients receive stem cells 

from a relative or unrelated donor20. Figure 2 and Table 3 depict the process and differences 

between autologous and allogeneic transplantation. Human leukocyte antigen (HLA) 

compatibility between recipients and donors is one of the most significant prognostic 

factors for allogeneic hematopoietic stem cell transplantation. The HLA-A, -B, -C, -DR, -

DQ, and -DP alleles are taken into account during matching. During donor selection, 

additional parameters including donor age, gender, and recipient-donor cytomegalovirus 
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compatibility are considered20. In approximately 30 percent of patients, an HLA-matched 

related donor is available and is the preferred donor. Patients lacking an HLA-matched 

related donor typically undergo transplantation from a matched unrelated donor. Despite 

the availability of multiple repositories of consenting adult unrelated donors, ethnic 

minority patients may have difficulty finding a suitable HLA match. It is also possible to 

use hematopoietic stem cells from cord blood or related donors with matching haplotypes21. 

Haploidentical transplantation can be performed and requires only one HLA haplotype to 

match the recipient and donor. Since parents, offspring, and half of one's siblings contain 

the same haplotype, haploidentical transplantation can be made available as a treatment 

therapy for almost all patients22. Allo-HSCT can be divided into three types according to 

the donor: matched related donor (MRD), matched unrelated donor (MURD), and 

haploidentical transplantation (parents or siblings as donors). 

Recently, guidelines from the American Society for Transplantation and Cellular Therapy 

(ASTCT) have updated a detailed list of indications for autologous and allogeneic 

transplantations23. Allogeneic transplantation has gained popularity over autologous 

transplantation and comprises approximately 40% of transplantations worldwide24 owing 

to various advantages (Figure 3 and Table 3). Allogeneic transplantation is the standard of 

care for hematological disorders like acute myeloid leukemia, chronic myeloid leukemia, 

acute lymphoblastic leukemia, myelodysplastic syndromes, T cell lymphoma, acute 

promyelocytic leukemia, and sickle cell anemia, whereas; autologous transplantations is 

the standard of care for solid tumors like germ cell tumors and Ewing’s sarcoma, systemic 

sclerosis, mantle cell lymphoma, primary central nervous system lymphoma, high-grade B 

cell lymphoma, Hodgkin’s lymphoma and plasma cell disorders21,23.  
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Figure 2: Process of autologous and allogeneic HSCT25. 

 

For further discussion throughout the thesis, we have concentrated on allogeneic 

transplantation, as it is the standard of care for various hematological malignancies. 

 
Figure 3: HSCTs performed between 1990 and 2019. (A) Number of patients receiving autologous 

and allogeneic HSCT. (B) Allo-HSCT with different donor type 24.  
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Table 3: Advantages and disadvantages of auto and allo-HSCT26 

 
Allogeneic HSCT 

Autologous gene therapy 

HSCT 

Potential advantages 

Strong clinical evidence of 

benefits, matched sibling 

donor transplants 

Can be performed for all 

patients, as own cells are 

the source of donor 

 

No GVHD development 

Lower chances of graft 

rejection 

Potential disadvantages 

Difficult to find 

appropriate healthy 

matched donors 

Contamination with 

transformed stem cells or 

low number of stem cells 

reduce effectiveness  

Immune suppression 

required to prevent graft 

rejection 

Limited efficacy due poor 

transgene stability 

High risk of GVHD 

development, requiring 

prolonged 

immunosuppression 

Potential of insertional 

oncogenesis 

Outcomes of allogeneic HSCT: Upon allogeneic transplantation, the infused stem cells 

migrate to the bone marrow and produce new, healthy blood cells such as white blood cells, 

red blood cells, and platelets. This is referred to as "engraftment20." However, patients 

undergoing allo-HSCT may experience several complications requiring sustained intensive 

care (Figure 4). There is a risk of graft rejection following allo-HSCT; consequently, the 

host immune cells recognize and activate an immunological response against donor cells, 

which eliminates the donor graft. Patients undergoing allo-HSCT are maintained on 

immunosuppressants to prevent graft rejection and allow donor cells to engraft27. There is 

a greater danger of viral infections during this period until immune reconstitution begins, 

thus patients are kept in critical care28. One of the most advantageous outcomes of allo-

HSCT is the graft-versus leukemia (GVL) effect, according to which, upon immune 

reconstitution, the donor cells are capable of identifying and destroying residual malignant 

cells in the patient, resulting in a reduced incidence of relapse29,30. Nevertheless, allo-HSCT 

entails the risk of graft-versus-host disease (GVHD), which occurs when donor cells mount 
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an immune response against host antigens, causing damage to host tissues and organs, and 

in extreme cases, death30,31.  Therefore, while allo-HSCT has the potential benefit of GVL, 

it also has the potential risk of GVHD.  

 
Figure 4: The diagram depicts the most common complications following allo-HSCT based on the 

three stages of engraftment. Concomitant infectious problems, including bacterial, fungal, and viral 

infections, are depicted according to their prevalence and correlation with acute and chronic GvHD 

during three stages of follow-up: (1) pre-engraftment, (2) engraftment, and (3) post-engraftment. 

Abbreviations: CMV: cytomegalovirus; aGvHD: acute graft-versus-host disease; and cGvHD: 

chronic graft-versus-host disease32 . 

 

 

2.2 Graft-versus-host disease (GVHD) 

Graft-versus-host disease (GVHD) is a systemic condition that arises when the immune 

cells of the graft identify the host as foreign and attack the recipient's tissues and organs. 

"Graft" refers to transplanted or donated tissue, whereas "host" refers to the recipient's 

tissues. It is a common adverse reaction to allo-HSCT30,33,34. 

Etiology of GVHD: In In 1996, in a pioneering lecture Dr. Billingham identified three 

prerequisites for the development of GVHD35. They are, 

1. The graft should consist of immunologically competent cells 

2. The recipient and donor should express different tissue antigens  

3. The recipient must be incapable of mounting an immune response against the donor 

cells35.  
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Consequently, the significant determinants of GVHD incidence and severity of GVHD are 

as follows: 

1. Human leukocyte antigen (HLA) disparity between host and donor: The major 

histocompatibility complex (MHC) encodes highly polymorphic HLAs. Class I HLA (A, 

B, and C) is expressed in nearly all nucleated cells. Class II HLA (DR, DQ, and DP) are 

predominantly expressed on B cells, dendritic cells, and monocytes; however, 

inflammation and/or injury can induce their expression on many other cell types. HLA 

matching is done for HLA-A, -B, -C, and -DRB1 alleles and the incidence and severity of 

acute GVHD is proportional to the extent of mismatch between HLA proteins36,37.  

2. Non-HLA factors between the donor and the host: Despite receiving HLA-matched 

grafts, about 40% of these patients develop acute GVHD because of "minor" 

histocompatibility antigen (HA) variations between the patient and donor. The minor 

histocompatibility antigens are not encoded by HLA loci. Some minor HAs, such as HY 

and HA-3, are expressed on all tissues and have been correlated with incidence of GVHD38. 

Other immunogenetic factors associated with a greater risk of GVHD include single 

nucleotide polymorphisms in Killer Ig-like receptors (KIR), MHC class I chain-related 

(MICA)39, and polymorphisms in immune response genes of cytokines, such as tumor 

necrosis factor (TNF), interleukin 10 (IL-10), IL-1 gene family, IL-2, IL-6, interferon γ 

(IFNγ), tumor growth factor β (TGF-β) and their receptors, NOD-like receptors, toll-like 

receptors, and micro-RNAs40.  

3. Intensity of conditioning regimens: Most frequently, myeloablative conditioning (MAC) 

or reduced-intensity conditioning (RIC) is utilized for conditioning patients for allo-HSCT. 

Compared to MAC conditioning, RIC conditioning is associated with a diminished 

incidence of severe graft-versus-host disease (GVHD) and conditioning-related toxicities. 
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Although MAC conditioning has been associated to a higher risk of developing GVHD and 

conditioning related toxicities, but has a lower recurrence rate than RIC conditioning17–19,41. 

4. Source of stem cells: Higher rates of GVHD have been linked to the use of stem cells 

extracted from peripheral blood rather than from bone marrow or cord blood. Chronic 

GVHD appears to be more common following peripheral blood stem cell transplantation, 

further contributing to complications. Cord blood transplantation is associated with a 

reduced risk of infections, GVHD, and the necessity for strict HLA matching. 

Disadvantages include delayed engraftment, increased risk of graft rejection, and higher 

rates of disease recurrence14,42. 

 

Clinical signs and manifestation of acute and chronic GVHD: In 2018, European Society 

for Blood and Marrow Transplantation (EBMT), National Institutes of Health (NIH) and 

Center for International Blood and Marrow Transplant Research (CIBMTR) provided a 

guideline on standardized terminology criteria for assessment of GVHD. Based on these 

guidelines, the two major categories of GVHD-acute GVHD and chronic GVHD were 

further divided into two subcategories. Acute GVHD is subcategorized into classical acute 

GVHD (occurring within 100 days of transplantation) and late-onset acute GVHD 

(occurring more than 100 days after transplantation). Clinical features that characterize 

acute GVHD involve three major organs: the skin (erythematous maculopapular rash), liver 

(hyperbilirubinemia, cholestatic jaundice), and gastrointestinal (GI) tract (nausea, 

vomiting, diarrhea, severe pain, and GI bleeding). Chronic GVHD is subcategorized as 

classic chronic GVHD, which manifests with variable clinical features resembling 

autoimmune disorders and may be retrained to a particular organ or manifest systemically. 

The second subcategory of chronic GVHD is called overlap syndrome, which manifests 

with overlapping features of chronic GVHD and acute GVHD (Figure 5). The 
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manifestation of chronic GVHD may either be continuous, where acute GVHD gradually 

becomes chronic, or passive, where acute GVHD resolves completely but is later followed 

by chronic GVHD43. 

Acute GVHD develops in 30-50% of patients after allo-HSCT44, whereas 20-80% of 

patients develop chronic GVHD after allo-HSCT45. 

 

Epidemiology of GVHD: Acute GVHD develops in up to 50% of patients receiving allo-

HSCT from a matched-sibling donor. The incidence of acute GVHD is even higher in 

unmatched donors. Acute GVHD manifests within 100 days of transplantation with varying 

severity, and approximately 30% of patients succumb to this disease after allo-HSCT29. 

Chronic GVHD affects 6-80% patients after allo-HSCT. It manifests with symptoms that 

are milder than acute GVHD and may also develop as a secondary complication after 

successful treatment of acute GVHD. However, about 10% patients that develop chronic 

GVHD succumb to the disease29,46. 

 
Figure 5:Schematic representation of the types of GVHD43 
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2.3 Rationale for studying acute GVHD 

In the absence of effective prophylaxis, 90% patients develop acute GVHD47. Moreover, 

despite the administration of prophylaxis after allo-HSCT, acute GVHD develops in 50% 

of patients48. The overall survival in patients with grade I-II acute GVHD is 70%, and it 

further reduces to 40% in patients who develop severe grade III-IV GVHD48. Prolonged 

hospitalization, infectious complications, and the need for higher doses of 

immunosuppressive medication further worsen the quality of life (QOL) at 6 months post-

transplantation. Grades II and IV acute GVHD are reported to be associated with worse 

QOL scores at 12 months post transplantation and is also a major risk factor for 

development of chronic GVHD49,50. Furthermore, acute GVHD weakens the physical 

abilities of patients and impairs daily living activities, which is further fueled by muscle 

atrophy and cachexia due to prolonged bed rest, wheelchair use, and other adverse effects 

of immunosuppressive therapy (osteoporosis, diabetes mellitus, hypertension, etc.)51. 

Our study aimed to identify prophylactic agents for acute GVHD because it occurs soon 

after transplantation (often within 100 days) and is a key risk factor for chronic GVHD and 

an increased incidence of secondary infections, both of which contribute to poor outcomes 

of allo-HSCT. 

2.4 Clinical manifestations and grading of acute GVHD: Clinical manifestations of 

classical acute GVHD involve either one or a combination of three major organs: the skin, 

liver, and gastrointestinal tract43,52. 

Skin acute GVHD: Affects approximately 80% of individuals with acute GVHD and 

manifests 14–21 days after allo-HSCT. Maculopapular rash is a common clinical 

characteristic of acute GVHD of the skin that affects the neck, shoulder, palms, and 

soles of the feet, and can extend throughout the body, causing irritation and pain. In 
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severe cases of acute skin GVHD, the rash might ulcerate, resulting in degeneration of 

basal epithelial layer and lymphocyte infiltration43,52. 

Gastrointestinal (GI) acute GVHD: The most characteristic symptom of acute GVHD 

of the lower GI tract is diarrhea accompanied by abdominal pain. In severe cases, 

mucosal ulceration causes bleeding and the passage of blood in stools. The clinical 

symptoms of acute GVHD in the upper GI tract include anorexia and nausea. The 

symptoms of the upper and lower GI tract may overlap or occur in isolation, depending 

on the degree of organ involvement43,52.  

Liver acute GVHD: Hyperbilirubinemia is a classical sign of acute GVHD in the liver. 

In severe cases, hepatic veno-occlusive disease (HVOD) may develop because of 

sinusoidal obstruction. Drug toxicity and infections may further augment acute liver 

GVHD43,52.  

Nonclassic manifestations of acute GVHD: Acute GVHD can potentially affect any 

organ in the body, including the central nervous system. However, it is difficult to 

distinguish the symptoms from toxicity due to conditioning regimens. For example, 

lung acute GVHD symptoms of breathlessness, cough and low blood pressure are 

difficult to distinguish from the symptoms of lung injury due to radiation conditioning. 

Similarly, the symptoms of neurological impairment may overlap with the symptoms 

of neurotoxicity of prophylactic agents43. 

Grading of acute GVHD: In 2018, European Society for Blood and Marrow 

Transplantation (EBMT), the National Institutes of Health (NIH) and the Center for 

International Blood and Marrow Transplant Research (CIBMTR), recommended the 

use of Mount Sinai Acute GvHD International Consortium (MAGIC) criteria for 

diagnosis and assessment of GVHD severity43. According to the MAGIC criteria, 
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disease in each organ involved (skin, GI and liver) is graded from 0-4, with highest 

score denoting most severe manifestation (Table 4). Accordingly, the extent of 

erythema of the skin, bilirubin levels in the liver, diarrhea, and nausea in the lower and 

upper GI tract were evaluated to assess the involvement of each of these organs. The 

scores are then utilized to grade GVHD from I -IV using MAGIC criteria, where grade 

I denotes mild, II denotes moderate, III denotes severe and IV denotes very severe acute 

GVHD (Table 5). The use of eGVHD APP has gained popularity in aiding clinical 

professionals in correctly grading GVHD symptoms and prescribing correct 

treatments53,54. 

Table 4:Acute GVHD organ staging (MAGIC criteria) 

Stage 
Skin (active 

erythema only) 

Liver 

(Bilirubin(

mg/dl)) 

Upper GI 
Lower GI (stool 

output/day) 

0 

No active 

(erythematous) 

GVHD rash) 

<2 

No or intermittent 

nausea, vomiting 

or anorexia 

Adult: <500ml/day or 

<3 episodes/day 

Child:10ml/kg/day or 

<4 episodes/day 

1 
Maculopapular 

rash<25% BSA 
2-3 

Persistent Nausea, 

vomiting or 

anorexia 

Adult: 500-999ml/day 

or 3 or 4 episodes/day 

Child: 10-

19.9ml/kg/day or 4-6 

episodes/day 

2 

Maculopapular 

rash 25-50% 

BSA 

3.1-6 NA 

Adult: 1,000-

1500ml/day or 5-7 

episodes/day 

Child: 20-30 ml/kg/day 

or 71- episodes/day 

3 
Maculopapular 

rash >25% BSA 
6.1-15 NA 

Adult: >1500ml/day or 

>7episodes/day 

Child: >30ml/kg/day or 

>10 episodes/day 

4 

Generalized 

erythroderma 

(>50% BSA) 

plus bullous 

formation and 

desquamation 

>5% BSA 

>15 NA 

Adult and child: severe 

abdominal pain with or 

without ileus or grossly 

bloody stool (regardless 

of stool volume) 
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Abbreviations: BSA: Body surface area; GI: gastrointestinal; GVHD: graft-versus-host disease; 

NA: not applicable43.  

 

Table 5: Overall acute GVHD grading (MAGIC criteria). 

 

Grade 
a 

Stage 

Skin (active 

erythema only) 

Liver (bilirubin) Upper GI Lower GI 

(stool 

output/day) 

0 0 0 0 0 

I 1 or 2 0 0 0 

II 3 1 1 1 

III -b 2 or 3 -b 2 or 3 

IV 4 4 -b 4 
Abbreviations: GI: gastrointestinal; GVHD: graft-versus-host disease; a: overall grade based on 

target organ with most severe involvement; b: these manifestations are not required for this grading 
43. 

 

2.5 Biomarkers for acute GVHD: Historically, a biomarker panel consisting of four 

proteins, IL-2Rα, TNF receptor 1 (TNFR1), IL-8, and hepatocyte growth factor (HGF), has 

been used to distinguish between patients with or without GVHD. Organ-specific 

biomarkers have also been used to assess the severity and prognosis of acute GVHD; for 

example, higher expression of elafin in plasma can predict skin GVHD, and expression of 

cytokeratin 18 (CK18) and regenerating islet-derived protein 3α (REG3α) in GI biopsies 

can distinguish between diarrhea caused by acute GVHD or non-GVHD-related factors. 

Currently, a biomarker panel consisting of two markers, suppressor of tumorigenesis 2 

(ST2, receptor for IL-33), and REG3α, forms the Ann Arbor scoring system. At the onset 

of acute GVHD, the serum concentrations of ST2 and REG3α are used to generate a score 

between 1 and 3 that predicts the risk of non-relapse mortality (NRM) and treatment 

resistance.  
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2.6 Pathophysiology of acute GVHD: There are three stages in the pathophysiology of 

acute GVHD: the initiation 

stage, the activation stage, and 

the effector stage55. 

Initiation phase:  The 

epithelial linings of skin, liver 

and GI tract are the major sites 

for interaction of commensal 

and pathogenic bacteria with 

epithelial cells. Additionally, 

these organs are highly 

susceptible targets of 

radiation and chemotherapy31. 

Thus, administration of 

conditioning regimen prior to 

allo-HSCT causes damage to 

mucosal barriers, leading to 

disruption of commensal 

microbiota, cell death and 

tissue injury in these tissues. 

This conditioning regimen 

mediated damage causes 

release of several pathogen-associated molecular patterns (PAMPs), damage-associated 

molecular patterns (DAMPs), and inflammatory cytokines, causing innate myeloid cells, 

Figure 6: Initiation phase events. PAMPs and DAMPs activate 

innate immune cells such as monocytes neutrophils and donor 

derived dendritic cells. Upon activation dendritic cells migrate 

to mesenteric lymph nodes and activate T cells against these 

host antigens. 
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such as neutrophil, granulocytes and monocytes to infiltrate the intestinal tract. PAMPs are 

molecules derived from destruction of commensal or pathogenic bacteria, fungi or virus 

and include an array of molecules like lipopolysaccharide (LPS), toll-like receptors (ex. 

TLR4), nod-like receptors (ex. NOD2), bacterial cell wall proteins and glycoproteins, viral 

coat proteins and bacterial and viral DNA. Higher levels of LPS, TLR4 and NOD2 have 

been associated with poor prognosis of acute GVHD. TLRs induce apoptosis of epithelial 

and endothelial cells via activation of myeloid differentiation factor 88 (MyD88) pathway 

thus augmenting GVHD. Activation of myeloid and epithelial cells due to exposure to 

bacterial and viral DNA induces type I interferon (IFN) signaling via retinoic acid-

inducible gene-I (RIG-I), which results in is activation of CD8 T cells, leading to cell 

mediated toxicity of host cells56. DAMPs include molecules from the degradation of tissue 

cells and includes molecules such as uric acid, high-mobility group box 1 (HMGB1), ATP, 

heat shock proteins, IL-33 and heparan sulfate proteoglycans. Damage to endothelial and 

epithelial cells leads to release of IL-33 leading to activation of pathways required for 

immune regulation. PAMPs and DAMPs thus cause infiltration of innate immune cells like 

granulocytes, monocytes and neutrophils (the first-wave immune responders) at site of 

tissue injury. Furthermore, PAMPs, DAMPs, inflammatory cytokines and innate immune 

cells lead to the final outcome of the initiation phase, which is activation of classical antigen 

presenting cells (APCs) like dendritic cells, macrophages and B cells and non-classic APCs 

such as mast cells, basophils, endothelial cells and epithelial cells. These activated APCs 

further migrate to mesenteric lymph nodes where they present host antigen for donor 

adaptive immune cells, especially CD4+ T cells, leading to their activation and clonal 

proliferation, thus providing the basis for second phase of GVHD pathogenesis (Figure 

6)30,33,34,55.  
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Immune regulation factors at play at the initiation phase: The knowledge of the factors that 

play a role in initiation of acute GVHD, has led to various reformations in the process of 

allo-HSCT as well as prophylactic strategies. Since the conditioning regimens play a major 

role in causing host damage, reduction in conditioning related damage may thus alleviate 

GVHD, this idea led to usage of RIC conditioning for most indications. RIC conditioning 

has indeed shown lower incidence of GVHD, nevertheless these patients present with 

higher incidence of tumor relapse19. Considering the pivotal role of microbiota and PAMPs, 

used of antibiotics during conditioning regimen was tested, however, the results showed 

that use of antibiotics during allo-HSCT leads to destruction of gut microbiota diversity 

and causes intestinal domination by some species of the microbiota resistant to these 

antibiotics. For example, intestinal domination of Enterococcus faecium, is associated with 

increased GVHD-related mortality56. However, intestinal dominance of certain bacterial 

species may alleviate GVHD, for example intestinal dominance of genus Blautia (order 

Clostridiales) is associated with reduced severity of GVHD. The use of broad-spectrum 

antibiotics during allo-HSCT can cause loss of this beneficial commensals, and therefore 

use of broad-spectrum antibiotics is discouraged in clinical practice. These commensals 

impart their protective effect via production of metabolites like short-chain fatty acids 

(SCFAs) which protect and activate intestinal stem cells (via IL-22) and induce 

maintenance of regulatory T cell and the site of inflammation56. Certain DAMPs also 

activate immune regulatory pathways to mitigate conditioning associated damage. For 

example, cytokine IL-33, which is released by damaged endothelial and epithelial cells, can 

activate its receptor ST2, which in turn induces immune regulation. ST2 is used as a 

biomarker for GVHD prognosis57. Nonetheless, acute GVHD develops despite these 

immune regulatory factors at play (Figure 8). 
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T cell activation phase 

Activation of adaptive immune cells, majorly T cells is an important event for development 

of acute GVHD. Resident T cells in the tissue and lymph nodes are activated by engagement 

of the T cell receptor (TCR) with MHC antigen peptides expressed by APCs. CD4+ T cells 

are activated in response to MHC class II differences, and CD8+ T cells are activated in 

response to MHC class I differences, these T cells are called alloreactive T cells58. In 

clinical settings, as most transplants occur between in HLA-matched sibling donors, minor 

histocompatibility antigens are the only targets of T cell alloreactivity and can cause acute 

GVHD59. The engagement of TCR with MHC-antigen complex of APC serves as the first 

signal for T cell activation.  

Optimal activation of T cell requires a co-stimulatory signal in addition to engagement of 

their cognate TCRs (Figure 7). Engagement of the co-stimulatory molecules (CD28 and 

ICOS, the TNFR superfamily receptors, OX40, and CD137 with their respective binding 

partners expressed by APCs, cause signal amplification, induces sustained cytokine 

production, inhibits apoptosis, and supports the metabolism of effector T cells34,60.  

Following activation, T cell undergo proliferation and differentiation into various T cell 

subsets (effector, memory or regulatory, anergic T cells). This is greatly influenced by a 

third signal mediated by the cytokines in the inflammatory milieu61. Type 1 helper T cell 

cytokines (IFNγ, IL-1β, IL-2 and TNF) are majorly implicated in augmenting acute GVHD. 

Activation of immune cells results in transcription of genes related to cytokines, 

chemokines and their binding receptors. IFNγ has been reported to enhance acute GVHD 

by boosting the upregulation of chemokines receptors, MHC molecules, adhesion proteins, 

on monocytes and increasing macrophage sensitivity to stimuli like LPS and accelerating 

intracellular cascades in response to these stimuli. Contrastingly, studies have shown that 

IFNγ accelerates donor T cell death and may thus play a role in alleviating acute GVHD. 
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A similar activity of other cytokines where their effect can either amplify or reduce GVHD 

have observed. Another example is IL-2, which is an important cytokine that drives T cell 

proliferation but is also known to play a role in enhancing suppressor T regulatory cells. 

Therefore, the specific effects of a given cytokine on the severity of GVHD may depend 

on the timing and duration of the secretion of that cytokine61. Specific implications of 

different cytokines in acute GVHD pathogenesis have been summarized in Table 6. 

 

The importance 

of T cell in 

pathogenesis of 

acute GVHD has 

been supported 

by many reports 

that show that ex 

vivo T cell 

depletion in the 

donor graft 

resulted in lower 

incidence and severity of acute GVHD. Nonetheless, these reports also implicated 

increased relapse rate in these patients thus highlighting the important role of T cells in the 

GVL activity of the graft62,63. Therefore, further studies were conducted to understand the 

specific T cell subsets that play exclusive roles in GVHD and GVL activity. Accordingly, 

it was observed that administration of only CD8+ and CD4+ memory T cells did not result 

in GVHD development in MHC-mismatched murine models of allo-HSCT, however they 

appeared to mediate GVL responses. GVHD is majorly mediated by naive T cell responses. 

Figure 7: Costimulatory signals and cytokines involved in T cell activation 

and differentiation in acute GVHD pathogenesis 
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Because CD4+ T cells have the capacity to differentiate into Th1 cells, Th2 cells, and Th17 

cells, they are crucial in the initiation of GVHD in mice and have been recognized as 

potential targets for the treatment and prevention of GVHD in clinical settings64,65. At the 

end of the T cell activation phase, T cells migrate to the damaged tissues via chemokine 

signals and render their effector functions at the site of damage. 

Table 6: Important cytokine in GVHD60. 

Proinflammatory 

Cytokines 
Mechanism of Action 

TNF 
Activates dendritic cells and CD8+ T cells  

Signals cells for apoptosis or  

IFNγ 
Promotes Cytotoxic T cells function, MHC-II expression  

Promotes cytokine secretion and Th1differentiation  

IL-1 
Promotes synthesis of a wide range of other proinflammatory 

molecules and acute phase proteins in synergy with TNF 

IL-2 
Promotes T cell proliferation  

Promotes Treg differentiation 

IL-6 
Promotes Th17 differentiation and cytotoxic T cell differentiation 

Stimulates differentiation and activation of macrophages 

IL-12 
Promotes Th1 differentiation and is secreted by innate immune 

cells 

IL-17 
Proinflammatory and anti-inflammatory activity  

Antagonist to Th1 differentiation 

IL-18 Upregulates IL-12 secretion 

Anti-

inflammatory 

Cytokines 

Mechanism of Action 

IL-10 

Antagonist to inflammatory TNF and Th1 cytokines  

Restricts proliferation of conventional T cells 

Majorly secreted by Treg cells 

TGFβ 

Stimulates T cells to differentiate into Th17 and Treg cells. 

Antagonist to macrophage activation and Th1 differentiation 

Inhibition of macrophage activation 

Abbreviations: TNF: tumor necrosis factor; TGFβ: transforming growth factor beta; IL: 

interleukins 

 

Immune regulation at play at the T cell activation phase: Optimal T cell activation requires 

a stimulation from 3 signals- TCR and MHC engagement, costimulatory signals and 

cytokine signals. Therefore, several factors bring about regulation of immune response at 
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each of these 3 signals. Negative regulatory co-stimulatory molecules like cytotoxic T-

lymphocyte–associated antigen 4 (CTLA-4, CD152), programmed death 1 (PD-1) 

(CD279)–PD-L1 (CD274), and B7-H3 (CD276) among others play a role in inhibiting 

optimal stimulation of T cells. In animal models, blockage of co-stimulation has shown 

promising results, and is being tested in large clinical trials60. Additionally, many immune 

regulatory cells like T regulatory cells, myeloid derived suppressor cells and others can 

inhibit T cell activation by secretion of anti-inflammatory cytokines like IL-10 and 

expression of negative costimulatory molecules61,66. Lastly, the end stage of T cell 

activation that involves migration of these cells to sites of inflammation can be inhibited 

by suppressing chemokines and integrins that augment migration of activated T cells. 

 Effector stage 

Upon activation, T cells migrate to target sites and mediate tissue cell death by release of 

soluble activators of apoptosis (or necroptosis) or direct cellular cytotoxicity via expression 

of Fas ligand and by the release of granzyme B, a serine protease, and perforin, a pore-

forming cytolytic protein. The soluble mediators of cell death involve TNF-α, IFN-γ, IL-1, 

and nitric oxide. This cytotoxic activity is majorly mediated by alloreactive donor CD8+ T 

cells (or cytotoxic CD8+ T cells; CTLs)67. Tissue damage via apoptosis of keratinocytes, 

intestinal stem cells and related basal Paneth cells, and neuroendocrine cells in GI crypts is 

most prevalent. Activated alloreactive CD4+ T lymphocytes cause specific cell damage by 

release of pro-inflammatory cytokines like IFN and TNF. The susceptibility of endothelial 

and epithelial barriers to T cell mediated destruction may also influence the extent of target 

tissue damage during the effector phase68,69. 

Immune regulation at play at the T cell effector phase:  GVHD is exacerbated by the pro-

inflammatory signals described above, but the immune system also contains anti-



 

27 

 

 Review Of Literature 

inflammatory. components 

that attempt to suppress 

these inflammatory 

responses. Regulatory T 

cells (Tregs) play a crucial 

role in immunologic 

tolerance, in part by 

releasing anti-

inflammatory cytokines 

like IL-10 and TGFβ. T 

helper (Th) type 2 (IL-4, 

IL-10) responses can 

inhibit potent 

proinflammatory type 

1cytokines, and a Th1 to 

Th2 transition may be 

advantageous in 

aGVHD65,66. Invariant 

natural killer T (iNKT) 

cells are another cellular 

subset with putative 

immunoregulatory 

functions, which may be 

important in the 

pathogenesis of graft-

versus-host disease 

(GVHD)65. Moreover, 

susceptibility of the target tissue may play a role in acute GVHD. Tissues possess an 

intrinsic, but variable, ability to tolerate or withstand damage from inflammatory immune 

activity during infection, this phenomenon is called tissue tolerance. It is mediated via 

factors like expression of inhibitors of apoptosis and microbial-derived metabolites, SCFA, 

that potentiate anti-inflammatory responses.  Thus, the intensity of acute GVHD tissue 

damage also relies of tissue specific factors ( Figure 8)68. 

Figure 8: Anti-inflammatory and protective mechanisms that 

counter balance the inflammation due to conditioning regimen. 
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Summary of acute GVHD pathogenesis: Conditioning with chemo or radiotherapy causes 

host tissue damage resulting in inflammation and the release of pro-inflammatory 

cytokines. This increases the capacity of antigen-presenting cells (APCs) to present host 

antigens to donor T-cells leading to their activation, proliferation, and differentiation. The 

activated T-cells cause increased release of inflammatory cytokines and promote migration 

of T-cells to secondary lymphoid organs and target tissues like skin, liver, gut, etc. These 

activated T-cells cause inflammation-mediated cell death of host tissue and induce 

apoptosis of host cells via granzyme B and perforin-mediated pathways. Thus, GVHD leads 

to host tissue damage to an extent of organ failure resulting in death (Figure 9). 

 
Figure 9: Overview of acute GVHD pathogenesis30 . 

 

2.7 Prophylaxis of acute GVHD 

Clinically, acute GVHD is a complex syndrome which is difficult to treat. Therefore, 

prevention of this disease is a better option than treatment. Current standard prophylactic 

regimens for GVHD target T cells, as they are the major culprits for GVHD development 
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and progression. The prophylactic regimens employ two major strategies, first, use of 

pharmacological agents that target T cell activation and second, ex vivo manipulation of 

donor graft via selective T cell depletion to prevent GVHD development70. 

Pharmacological agents: Calcineurin inhibitors cyclosporine (CSA) or tacrolimus (TAC) 

are the standard of care for GVHD prophylaxis and are commonly administered in 

combination with either anti-metabolite drug methotrexate (MTX), or mycophenolate 

mofetil (MMF) (inosine-5'-monophosphate dehydrogenase inhibitor, preferentially 

depletes guanosine nucleotides in T and B cell, resulting in proliferation) or sirolimus 

(mTOR inhibitor)71. In a randomized phase III trial incidence of GVHD was compared in 

patients who received the TAC-MTX combination or CSA-MTX and showed that the later 

combination of CSA-MTX showed lower incidence of grade II-IV acute GVHD. 

Nevertheless, overall survival remained same in both the arms. Therefore, CSA/TAC in 

combination with MTX are current standard of care for GVHD prophylaxis72,73. 

Combination of CSA-MMF is preferentially administered to patient undergoing UCB allo-

HSCT. This combination is associated with lower incidence of mucositis, when compared 

to CSA-MTX regimen, however the incidence of grade III-IV GVHD was lower in CSA-

MTX group when compared to CSA-MMF group74. Combination of CSA-sirolimus has 

not shown superiority over CSA-MTX and CSA-MMF combinations in randomized phase 

III trials, and hence is not a popular option for standard prophylactic regimen72,74.  

In 2021, Abatacept (humanised recombinant fusion protein containing extracellular domain 

of CTLA4 and IgG1), which blocks the costimulatory CD28/CD86 interactions, thus 

inhibiting T cell proliferation, was approved by FDA for GVHD prophylaxis, becoming 

the first FDA approved drug for GVHD prophylaxis. Abatacept in combination with CSA-

MTX is the new standard of care in GVHD prophylaxis. Although, there was no difference 
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in incidence of GVHD, use of abatacept in combination with CSA-MTX has been shown 

to reduce incidence of severe grade III-IV GVHD when compared to CSA-MTX alone in 

a randomized phase II trial71. 

T cell depletion (TCD): TCD approaches for acute GVHD prophylaxis have been devised 

due to the significance of T cells in acute GVHD pathophysiology. Two methods of TCD 

have been employed, ex vivo TCD (donor graft is modified ex vivo before transplantation 

to the recipient) and in vivo TCD (T cell depleting pharmacological agents are administered 

to the recipient)71.  

Several strategies of ex vivo TCD have been employed: positive selection of CD34+ cells 

using electromagnetic methods75, or CD34+ selection along with specific depletion of αβ+ 

T cell receptor (TCR)/ CD19 (enhancing γδ T cell reconstitution), or CD34+ selection along 

with specific depletion of T naïve cells76. These approaches have been shown to lower 

GVHD incidence, however each of these approaches pose risk of high rate of infections 

and disease relapse due to delayed immune reconstitution. Moreover, ex vivo TCD is not a 

very popular approach at many transplant centers as it requires clinical grade laboratories 

to process the donor graft ex vivo, lax in which may cause serious infections in 

recipients71,77,78. 

Hence, in vivo TCD approaches are quite popular in most transplant settings and involve 

administration of T cell depleting pharmacological agents like anti-thymocyte globulin 

(ATG), post-transplant cyclophosphamide (PTCy) or alemtuzumab along with standard 

cyclosporine inhibitor regimen78. The most extensively used antibodies for in vivo TCD 

are polyclonal ATGs. Rabbits are immunized with either fresh human thymocytes or the 

Jurkat T lymphoblastoid cell line to obtain ATGs79. PTCy exerts its effects by inducing the 

functional impairment of alloreactive T cells, whereas it has no cytotoxic effects on 
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hematopoietic stem cells80. Alemtuzumab is a monoclonal anti-CD52 antibody that 

specifically targets T and B cells, dendritic cells, natural killer cells, monocytes, and 

macrophages81. Amongst these three pharmacological agents, use of ATG and PTCy have 

shown comparable outcomes in lowering GVHD incidence in phase III randomized 

trials78,82. PTCy regimen in more popular with haploidentical allo-transplants. ATG or 

PTCy used in combination with standard prophylactic calcineurin inhibitors has shown 

lower incidence when compared to calcineurin inhibitors alone82. In non-randomized 

studies, alemtuzumab in combination with calcineurin inhibitors was associated with a low 

incidence of acute GVHD, but these results were not confirmed in prospective randomized 

trials and further investigations are necessary83. Another pharmacological agent that has 

shown promise in phase III randomized trials is vedolizumab, a monoclonal antibody that 

selectively antagonizes α4β7 GI integrin receptors, preventing lymphocyte trafficking to 

the gut. Vedolizumab along with standard prophylactic calcineurin inhibitors have shown 

to reduce incidence of severe GVHD, however no improvement in overall survival was 

observed84. 

2.8 Treatment regimens for acute GVHD 

First line therapies: Consensus recommendations were recently published by the European 

Society for Blood and Marrow Transplantation for treatment of acute GVHD85. Systemic 

steroids (6-methylprednisolone) remain the standard first-line treatment for patients with 

grade II or higher acute GVHD85. Patients with grade I GVHD are treated only with topical 

steroids86. Oral beclomethasone is recommended in patients with acute GVHD with GI 

involvement87. Nevertheless, response rates with rates to first-line treatment with 

prednisone are low, and 50% patients develop steroid-refractory GVHD, which is defined 

as disease that progresses by day 3 or disease that fails to improve by day 7. Such poor 
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response rates to systemic steroids emphasizes the need for new therapeutic for acute 

GVHD88. 

Second- and third-line therapies: Until approval of ruxolitinib in 2020, there were no 

second-line treatments were available for steroid-resistant or steroid-dependent acute 

GVHD. treatment with ruxolitinib showed improvement in acute GVHD in twice the 

number of pateints when compared to those treated with systemic steroids in the phase II 

randomized trial that led to FDA approval of ruxolitinib as the second line treatment for 

steroid refractory GVHD. Despite these positive results, in the phase III randomized 

clinical trial, 38% of ruxolitinib-treated patients did not achieve a complete or partial 

response by day 28, and the durable response rate at day 56 was 39.6% (indicating that 

60.4% of the patients required a third-line immunosuppressive therapy or died)89,90. 

Ruxolitinib-refractory acute GVHD progresses after 5 to 10 days of treatment, fails to 

improve after 14 days, or loses response at any time after initial improvement. Steroid-

resistant and ruxolitinib-resistant acute GVHD treatment is unmet91. Various off-label 

drugs used to counter steroid refractory acute GVHD include, ATG, anti-TNF, MMF, anti-

IL-2R, alemtuzumab, sirolimus, extracorporeal photopheresis, methotrexate, mesenchymal 

stem cells, decidual stromal cells and fecal microbiota transplantation are used as third line 

of treatment in such patients91. 

2.9 Limitations of current prophylactic and treatment regimens of acute GVHD 

Limitation of prophylactic calcineurin inhibitors: Cyclosporine and tacrolimus cause 

nephrotoxicity, hypomagnesaemia, hyperkalemia, hypertension, tremor, baldness, 

hypertrichosis, and gingival hyperplasia92. Calcineurin inhibitors directly damage 

endothelium cells, causing transplant-associated thrombotic microangiopathy (TA-TMA), 

the worst side effect. TA-TMA mostly affects the kidney, causing proteinuria, acute renal 
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damage, hypertension, intestinal thrombotic microangiopathy, pulmonary hypertension, 

and neurotoxicity (headache, convulsions, confusion, and hallucinations) leading to 

withdrawal of the prophylactic regimen resulting in increased risk of acute GVHD 

development93. Calcineurin inhibitors need to be administered for a prolonged period (3-6 

months) leading to poor immune reconstitution and increased risk of infections92.  

Administration of methotrexate is associated with severe mucositis and neutropenia94. 

Prophylaxis with Abatacept causes anemia, hypertension, CMV reactivation or infection, 

pyrexia, pneumonia, epistaxis, reduced CD4 cells, hypermagnesemia, and acute kidney 

injury. Patients receiving abatacept are required to be administered antiviral prophylaxis 

for Epstein-Barr virus infection before starting treatment and for 6 months afterward, as 

well as be monitored for cytomegalovirus infection/reactivation95. Therefore, although 

calcineurin inhibitors offer improvement in incidence of acute GVHD, they are associated 

with severe toxicities and offer no improvement in overall survival of patients undergoing 

allo-HSCT, limiting their clinical success. 

Limitations of TCD approaches: Although CD34positive selection reduced incidence of 

GVHD, but it showed no improvement in reduction of recurrence rate when compared to 

unmodified graft. Moreover, ex vivo TCD are associated with higher risk of infectious 

complications, particularly of viral origin due to delayed immune recovery of CD4+ cells. 

Furthermore, fever, chills, erythema, oxygen desaturation, headache, hepatic cytolysis, 

serum sickness (5–15 days after infusion), and rare systemic allergy can occur following 

ATG infusion. ATG slows immunological reconstitution and increases risk of viral 

infection96. By far, only PTCy regimen has shown improvement in overall survival with 

redcued GVHD incidence in all-HSCT recipients. Nevertheless, PTCy, like ATG, delays 
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immune reconstitution, increasing viral infection and has been linked to early cardiac 

events (within 100 days following allo-HSCT) in recipients97. 

Limitations of treatment regimens of acute GVHD: High-dose steroids and other 

immunosuppressive medicines raise the risk of infections as well as cause side effects of 

prolonged immune suppression and use of steroids. Therefore, these patients are closely 

monitored for invasive fungal infections, viral infections like CMV re activation, Epstein–

Barr virus and influenza and are administered with prophylactic agents for these infections 

up to day 100 after transplantation, requiring intensive care98,99. Patients who have received 

steroids have a high risk of bacteremia and septic shock and therefore, blood culture is 

routinely performed and antibiotics like penicillin and streptomycin are routinely 

administered to these patients100. Administration of high-dose steroids may cause other 

complications like development of diabetes mellitus, osteoporosis, aseptic osteonecrosis, 

amyotrophy (progressive muscle wasting) and other symptoms of iatrogenic Cushing 

syndrome101,102.  

Summary and outlook 

Despite standard prophylaxis, 50 % patients undergoing allo-HSCT develop acute GVHD, 

while the ones that are protected from acute GVHD suffer from the side effects of 

prophylactic agents or present with disease relapse. These outcomes are the bugbears of 

success of allo-HSCT and novel effective prophylactic regimens remain a medical need in 

the field of allo-HSCT. 

2.10 Rationale of the study  

Acute graft versus host disease (aGVHD) is a serious and potentially fatal complication 

that can arises following allo-HSCT. The current prophylactic and therapeutic approaches 
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for acute GVHD have limited success in clinical settings due to drug-related toxicity, 

resistance to steroids, disease recurrence, and heightened risk of infections due to prolonged 

immunosuppression. Despite extensive preventive measures, 50% of patients still develop 

acute GVHD, while those who do not experience acute GVHD are at risk of death due to 

disease relapse. Thus, the greatest challenge in inhibiting acute GVHD is to reduce its 

severity without diminishing the GVL activity of the donor graft. Consequently, there is a 

requirement to develop new therapeutics that can regulate the immune responses that 

promote graft acceptance and reduce the risk of acute GVHD development and disease 

relapse, to improve the success of allo-HSCT in clinics.
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3 AIM AND OBJECTIVES 
AIM 

To screen and develop novel phyto-pharmacological agents with immunomodulatory 

activities for acute GVHD prophylaxis using a phytochemical drug library. 

OBJECTIVES 

1) To screen phytochemical drug library for immunomodulatory compounds. 

2) To understand the molecular mechanisms of immunomodulatory action of the lead 

compound (Juglone) in vitro. 

3) To evaluate anti-GVHD potential of Juglone in vivo in murine model of allo-HSCT. 

4) To assess the efficacy of Juglone in maintaining graft-versus-leukaemia (GVL) 

effect of the graft in vivo in syngeneic mice model.
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4 MATERIALS AND METHODS 
 

4.1 Overview of the workflow (Table 7). 

Table 7: Workflow 

Objective Work plan Outcomes monitored 

1. To screen phytochemical 

drug library to identify 

immunomodulatory 

compounds. 

 

Primary screening  

Drugs dose & time: 10µM, 2 h 
  

CFSE assay  Leukocyte proliferation 

ELISA IL-2  

Secondary screening 

(Concentration and time dependent 

studies) 

 

CFSE assay Leukocyte proliferation 

Propidium iodide assay Cytotoxicity 

Invitro immunomodulatory 

activity of 5NQ  

Drug dose & time: 1µM, 4 h 

 

CFSE assay Leukocyte proliferation 

PI assay Cytotoxicity 

Cytometric Bead array (CBA) Th1/Th2 and Th17 

cytokines 

Flow cytometry for expression of 

activation and exhaustion markers 

Surface expression of 

MHC-II, CD25, CD69, 

CD95 (Fas), CD152 

(CTLA-4), FoxP3 

Anti-tumor activity Cytotoxicity of murine 

leukemia cell line 

2. To understand molecular 

mechanisms of immuno-

modulatory action of 

Juglone in vitro. 

 

Effect on cellular redox  

H2DCFDA assay and CellROX 

orange assay 
Cellular ROS 

MitoSOX red assay  Mitochondrial ROS 

Thiol tracker violet   Cellular GSH levels 



 

40 

 

 Materials And Methods 

Effect on inflammatory signaling   

Immunofluorescence staining Expression of Nrf-2 

Immunoblotting  

Expression of HO1, 

NQO1, NF-κB, Akt, 

Phospho-Akt 

3. To evaluate anti-GVHD 

potential of Juglone in vivo 

in murine model of GVHD. 

 

PART A: Oral toxicity of 5NQ  

Acute and sub-acute toxicity studies 

as per OECD 423 & 407 guidelines 

respectively) 

Survival, hematological, 

biochemical parameters 

and histopathology. 
 

PART B  

GVHD prophylactic efficacy of oral 

5NQ in murine model of allo-HSCT 

Improvement in survival, 

clinical scoring 

Flow cytometry 

Innate and adaptive 

immune cell subsets, 

hematopoietic recovery, 

donor engraftment 

Cytometric Bead Array 
Th1/Th2 and Th17 serum 

cytokines 

Histopathology Histopathological scoring 

4. To assess the efficacy of 

Juglone in maintaining graft 

versus leukemia (GVL) 

effect of the graft in vivo in 

syngeneic mice model. 

Murine model of allo-HSCT 

supplemented with syngeneic 

leukemia cells 

 

Reduction in hind limb 

paralysis, improvement in 

survival 

histopathology 

 

4.2 Animal housing and maintenance  

All animals were provided by the Institutional Laboratory Animal Facility of ACTREC and 

were maintained under specific pathogen-free conditions. All animal studies were approved 

by the Institutional Animal Ethics Committee (IAEC), ACTREC, as per the Committee for 
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the Purpose of Control and Supervision of Experiments on Animals (CPCSEA) guidelines, 

Government of India (IAEC/10/2021).  BALB/cJ (female), C57BL/6J (male), and C57BL/6 

mice with Nrf2-/-background were used in this study. All animals were 8–10 weeks of age 

with weight ranging between 18 to 20 g. They are housed in polypropylene cages 

containing corn cob as bedding material under standard conditions of 22 ± 2 °C, 55 ± 5% 

relative humidity, and 12 h light–dark cycles and were provided with a sterile pelleted chow 

and drinking water ad libitum. Animal studies were reported in compliance with the 

ARRIVE guidelines103. 

4.3 Isolation of splenic leukocytes 

Animals were euthanized by CO2 inhalation. The spleen was aseptically removed from the 

mice and placed in a sterile petri dish containing RPMI 1640 medium. Single cell 

suspensions were prepared by transferring the spleen to a 70µM cell strainer, followed by 

gentle mashing using a plunger. Cells were washed through the strainer with 5 ml PBS and 

collected in a 15 mL conical tube. The cells were centrifuged at 1200 g for 5 min, followed 

by washing with PBS. The pellet was dislodged by tapping, and RBC lysis was performed. 

The cell pellet was resuspended in RPMI 1640 medium supplemented with 10% FBS. 

Leukocytes were cultured in RPMI 1640 medium supplemented with 10% fetal bovine 

serum (FBS). Viable cells were counted on a hemocytometer using the trypan blue dye 

exclusion method. The number of viable cells/ml was calculated using the following 

formula:  

No. cells/mL = average number of cells per WBC chamber x dilution factor x 104. 

For most of the in vitro experiments, 1 x 106 splenic leukocytes were seeded per well in 24 

well plate.  For the transplantation procedure, 15 x 106 splenic leukocytes were resuspended 

in a total of 100µL PBS. 
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4.4 Isolation of Bone marrow cells 

Animals were euthanized and both femurs were aseptically collected. Femurs were flushed 

with RPMI1640 medium using a 24 G needle and a 5 ml syringe, and a single-cell 

suspension was prepared using a 70µM cell strainer. The cells were then centrifuged at 

1200 g for 5 min. and viable cell counts were determined as previously described. For the 

transplantation procedure, 5 x 106 cells were resuspended in 100µl PBS. For 

immunofluorescence staining and flow cytometric analysis, bone marrow cells were 

subjected to ammonium chloride RBC lysis and 5 x 106 cells were used for antibody 

staining. 

4.5 RBC lysis of splenic leukocytes 

Isolated splenocytes were subjected to RBC lysis to separate leukocytes from RBC cells. 

RBC lysis was performed using a hypotonic shock by adding sterile distilled water (4.5 

mL) for 10 seconds. The isotonicity was restored by adding 0.5 ml 10x PBS104,105. The cells 

were centrifuged at 1200 g for 5 min, followed by washing with PBS. The cells were 

resuspended in RPMI 1640 medium supplemented with 10% FBS or phosphate-buffered 

saline (PBS). Viable cell counts were recorded after RBC lysis. 

4.6 RBC lysis using ammonium chloride method 

Ammonium chloride RBC lysis was performed prior to immunofluorescence staining of 

the bone marrow cells and peripheral blood samples. The bone marrow cell pellet was re-

suspended in 200 µL PBS or 200 µL of blood sample was taken and RBC lysis was carried 

out using 2 mL of 1x ammonium chloride buffer (155 mM NH4Cl, 12 mM NaHCO3, 0.1 

mM EDTA). The tubes were incubated for 10 min at room temperature. Cells were 

centrifuged at 1200 g for 2 min, and the cell pellet was resuspended in PBS, followed by 
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two washes with PBS. Finally, the cells were resuspended in RPMI 1640 medium or 

staining buffer as per requirement. 

4.7 Treatment of leukocytes 

 For all in vitro experiments, leukocytes were transiently treated with 1µM 5NQ for 4 h 

unless otherwise mentioned. 5NQ was removed from the culture medium by washing 

leukocytes with PBS. DMSO (0.01% in PBS or RPMI 1640) was used as the vehicle control 

in all the experiments. Treatment with the antioxidants GSH (10mM), NAC (10mM), and 

the Nrf-2 inhibitor ML835 (10µM) was given for 2 h before 5NQ treatment. Mitogens 

concanavalin A (Con A, 2.5µg/mL) or lipopolysaccharide (LPS, 5µg/mL) was used to 

stimulate leukocytes. 

4.8 CFSE dye dilution assay (Proliferation assay) 

Leukocytes were stained with CFSE (5µM, 10 min, 37 °C), followed by transient treatment 

with either vehicle or different concentrations of 5NQ for 4 h. Cells were washed twice 

with PBS and 1 x 106 cells were seeded and stimulated with Con A, LPS, or CD3/CD28 

beads for 72 h and incubated at 37 °C in a 95% air, 5% CO2 atmosphere. After 72 h, the 

cells were harvested, resuspended in 200µL PBS and analyzed using an Attune NxT flow 

cytometer (Thermo Fisher Scientific, Inc.). To evaluate the proliferation of CD4+ T cells, 

leukocytes were harvested after 72 h and stained with CD3ε PE-Cy7 and CD8α APC to 

gate CD4+ T cells before acquisition on a flow cytometer. Cell proliferation was evaluated 

using CFSE dilution after 72 h of culture. The fluorescence intensity of unstimulated 

vehicle-treated cells (parent population) was considered as the control, and daughter cells 

were defined as cells with reduced fluorescence intensity with respect to the parent 

population. Proliferation is expressed as the percentage of daughter cells. 
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4.9 Propidium iodide viability assay 

The effect of 5NQ treatment on leukocyte viability was studied using propidium iodide 

assay. Briefly, 1 x 106 leukocytes were transiently treated with vehicle or different 

concentrations of 5NQ for 4 h. Cells were washed twice and incubated for 24 h at 37 °C in 

a 95% air and 5% CO2 atmosphere. After 24 h, cells were washed twice with PBS and 

10µg/mL propidium iodide solution was added 5 min before analyzing the cells on the flow 

cytometer. The percentage of propidium iodide (PI)-positive cells was calculated. 

4.10 Protein expression studies 

1. Whole cell lysate preparation and nuclear fractionation Leukocytes (40 x 106) were 

treated with vehicle or 1µM 5NQ for 3 h, followed by stimulation with Con A for 

4 h. NAC treatment was given 2 h prior to 5NQ treatment. The final treatment 

groups were as follows.  

1. Vehicle control (0.01 % DMSO in complete RPMI 1640 medium)  

2. Con A (vehicle-treated cells stimulated with Con A for 4 h). 

3. 5NQ (treatment with 1µM 5NQ for 3 h) 

4. 5NQ + A (1µM 5NQ for 3 h, followed by stimulation with Con A for 4 h). 

5. NAC (1mM NAC for 2 h) 

6. NAC + A (1mM NAC for 2 h followed by stimulation with Con A for 4 h) 

7. NAC + 5NQ + A (1mM NAC for 2 h followed by treatment with 1µM 5NQ for 

3 h followed by stimulation with Con A for 4 h) 

After incubation, the cells were washed with ice-cold PBS and suspended in 0.1 ml 

lysis buffer [50mM Tris-HCl, 120mM NaCl, 10mM EDTA, 20mM sodium 

fluoride, 25mM sodium orthovanadate, 0.5% NP40, and protease and phosphatase 

inhibitor cocktail] (Sigma-Aldrich, St.Louis, MO, USA) and incubated on ice for 
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30 min with intermittent mixing. The cells were then centrifuged at 7000 g for 15 

min. The supernatant was taken as the whole cell lysate and stored at -80˚C till 

further use. For nuclear fractionation, the pellet was resuspended in 50µl of lysis 

buffer and briefly sonicated at 20% amplitude for 10-15 seconds (to lyse the nuclei 

and shear chromatin) and incubated on ice for 30 min with intermittent mixing 

followed by centrifugation at 7000 g for 15 min. The supernatant was taken as 

nuclear cell lysate and stored at -80˚C till further use. 

2. Sodium dodecyl polyacrylamide gel electrophoresis:  Whole cell and nuclear cell 

lysates were separated on 8 and 10% sodium dodecyl sulphate polyacrylamide gel 

(SDS-PAGE) using Tris-Glycine buffer (25 mM Tris-Cl, 250 mM Glycine and 

0.1% SDS pH 8.8) The protein estimation was performed by Bradford method and 

the samples for gel loading were made in 2x SDS-loading buffer (50mM Tris-Cl 

pH 6.8, 20% v/v glycerol, 4% SDS, 2% β-mercaptoethanol, and bromophenol blue) 

and heated at 95 °C for 10 min. Electrophoresis was performed at a constant current 

of 15 mA in the stacking gel and 25 mA in the resolving gel until the tracking dye 

bromophenol blue reached the bottom. The gels were then transferred onto PVDF 

(polyvinylidene difluoride) membranes for western blot analysis. 

3. Western Blotting and development: Proteins (50 μg for whole cell lysate and 10μg 

for nuclear cell lysate) from the SDS-PAGE gel were transferred onto a 0.05μM 

PVDF membrane, which was preactivated in absolute methanol for 1 min, followed 

by washing with MilliQ water. The gel was equilibrated in 1x transfer buffer and 

sandwiched between three sheets of Whatman filter, inserted in the transfer 

assembly tank (Trans-Blot Cell, Bio-Rad), and the transfer was carried out at 300 

mA for 1.5 hours under cold conditions. The transfer of proteins was verified by 

staining the membrane with fast green dye (0.05% in destaining solution) followed 
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by de-staining until a clear band appeared. This was followed by washing with 

water, and the membrane was scanned and stored in MilliQ water at approximately 

4 °C. The proteins transferred onto the PVDF membrane were probed using specific 

antibodies, as listed in Table 8. Briefly, the membrane was blocked in blocking 

buffer - 5% BSA in 1x TBST (Tris-buffered saline with Tween-20) for 1 hour at 

room temperature on orbital shaker. The membrane was then treated with the 

primary antibody prepared in 1% BSA in TBST using the recommended and 

standardized dilution for overnight incubation at 4 °C on an orbital shaker. The 

membrane was thoroughly washed thrice with 1x TBST for 10 min each at room 

temperature. The membrane was then incubated with a horseradish peroxidase 

(HRP)-conjugated secondary antibody in 3% bovine serum albumin (BSA) in 1x 

TBST for 1 h at room temperature on an orbital shaker. After incubation, the 

membrane was washed vigorously three times with 1x TBST at room temperature 

and developed using the Bio-Rad’s Clarity Max. The signal was detected and 

captured in Biorad’s Chemidoc analyzer using Image lab software (version 6.0). 

 

4.11 Immunofluorescence Microscopy for Nrf2 expression 

Leukocytes were treated with the vehicle or 1µM 5NQ for 4 h at 37 °C in a 5% CO2 

atmosphere. The cells were washed twice with PBS and fixed with fixation buffer (PBS 

with 1% formaldehyde) for 1 h on ice. Cells were washed again and permeabilized (PBS 

containing 0.1% Triton X100) for 10 min at room temperature and then incubated with anti-

NRF2 rabbit monoclonal IgG primary antibody overnight at 4 °C (1:100 dilution in FACS 

buffer). The following day, the cells were washed three times with PBS and incubated with 

Alexa Flour 488 conjugated secondary antibody (1:200 dilution in FACS buffer) for 1 h at 

room temperature in the dark. Cells were counterstained with Hoechst (10µg/mL) for 30 
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min, washed twice, mounted on a glass slide, and examined using an LSM 780 Carl Zeiss 

confocal microscope at 630x with a 1x-3x digital zoom. Sections of 0.5μm of the entire cell 

were captured, and images were represented as a projection of the entire Z-stack. 

Table 8:Antibodies used for immunoblotting 

Antibody Source/ Cat no. and RRID Blotting conditions 

Anti-HO-1 rabbit 

monoclonal IgG (clone: 

E9H3A) 

Cell Signaling Technology, 

Cat no. 86806. 

Blocking: 5 % BSA 

Dilution: 1:1000 in 1% 

BSA 

Anti-NQO1 rabbit 

monoclonal IgG  

Cell Signaling Technology, 

Cat no. 62262. 

Blocking: 5 % BSA 

Dilution: 1:1000 in 1% 

BSA 

Anti-β-actin mouse 

monoclonal IgG  

Santa Cruz, Cat no. sc-

47778. 

Blocking: 5 % BSA 

Dilution: 1:2000 in 1% 

BSA 

Anti-NF-κB p65 rabbit 

monoclonal IgG (clone: 

D14E12) 

Cell Signaling Technology, 

Cat no. 8242. 

Blocking: 5 % BSA 

Dilution: 1:1000 in 1% 

BSA 

Anti- Phospho-Akt 

(Ser473) rabbit 

monoclonal IgG (clone: 

D9E) 

Cell Signaling Technology 

Cat no. 4060, RRID: 

AB2315049 

Blocking: 5 % BSA 

Dilution: 1:1000 in 1% 

BSA 

Anti- Akt (pan) rabbit 

monoclonal IgG (clone: 

11E7) 

Cell Signaling Technology 

Cat no. 4685. 

Blocking: 5 % BSA 

Dilution: 1:1000 in 1% 

BSA 

Anti- Histone H3 rabbit 

monoclonal IgG (clone: 

D1H2) 

Cell Signaling Technology 

Cat no. 4499. 

Blocking: 5 % BSA 

Dilution: 1:1000 in 1% 

BSA 

Anti-rabbit IgG, HRP-

linked Antibody 

Cell Signaling Technology, 

Cat no. 7074. 

Dilution: 1:4000 in 3% 

BSA  

 

4.12 Cell culture of murine leukaemia cells 

The murine leukaemia cell lines EL4 (RRID: CVCL0255) and A20 (ATCC, Cat. TIB-208; 

RRID: CVCL1940) were used in this study. All cell lines were maintained in RPMI 1640 

medium supplemented with sodium bicarbonate, L-glutamine, and non-essential amino 

acids. The cells were cultured at 37 °C in a 5% CO2 atmosphere supplemented with 10% 
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FBS and 100units/ml penicillin and 100 mg/mL streptomycin. The medium was changed 

every alternate day by centrifuging the cells at 500 g for 5 min and resuspending the pellet 

in a fresh medium. 

4.13 Immunofluorescence staining for flow cytometry analysis 

For the analysis of cell surface markers, leukocytes were washed twice with FACS buffer 

(PBS containing 0.1% BSA). To block non-specific staining, cells were resuspended in 

blocking buffer (PBS with 1% BSA) and incubated for 15-20 mins at 4 °C. Cells were 

washed once with FACS buffer and incubated with fluorochrome-tagged antibodies for 30 

min at 4 °C, followed by washing with FACS buffer.  For the analysis of intracellular 

markers (FoxP3, Nrf-2 and Granzyme B), cells were first stained with antibodies against 

extracellular markers, as mentioned above, after which the cells were washed twice with 

FACS buffer and fixed using fixation buffer (FACS buffer with 1% formaldehyde) for 10 

min at room temperature or for 1 h on ice. The cells were washed again and permeabilized 

using permeabilization buffer (FACS buffer containing 0.1% Triton X-100) for 10 min at 

room temperature (RT), incubated with fluorochrome-tagged antibodies for 45 min at RT, 

and washed with FACS buffer. Flow cytometry was performed using an Attune NxT Flow 

Cytometer (Thermo Fisher Scientific Inc.). The list of fluorochrome-conjugated 

monoclonal antibodies, along with the manufacturer’s details and dilutions, are described 

in Table 9. FlowJov10 (RRID:SCR008520) software was used to analyze the flow 

cytometry data.  

4.14 Cytokine analysis 

Leukocytes (1 x 106) were seeded in 24 well plate after transient treatment with vehicle or 

5NQ (0.5 and 1µM for 4h) followed by stimulation with Con A. After 24 h, cell 

supernatants were collected and centrifuged at 1200 g for 5 min. To estimate serum 
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cytokine levels, blood from each mouse was collected into microcentrifuge tubes by 

puncturing the orbital plexus. Blood was allowed to clot for 1 h at 4 °C and the tubes were 

centrifuged at 600 g for 10 min. The serum was separated and stored at -80 °C until further 

analysis. Cytokine concentrations (IL-2, IL-4, IL-6, IFN-γ, TNF, IL-10, and IL-17A) were 

measured in the supernatant or sera using a cytometric bead array (CBA Becton-Dickinson, 

NJ, USA) ™. The analysis was performed according to the manufacturer’s instructions. 

Briefly, cell supernatants or sera were incubated with mixed capture beads, followed by the 

addition of the detection antibody, and incubated at room temperature for 3 h according to 

the manufacturer’s instructions. Samples were washed, acquired on a BD FACS Aria, and 

analyzed using the FCAP array software. 

4.15 Murine model of allo-HSCT  

A murine model of allo-HSCT based on complete MHC-I mismatch [recipient- female 

BALB/cJ mice (H-2kD) and donor-male C57BL/6J mice (H-2kB)] was utilized. Female 

BALB/cJ mice (8–10 weeks old) were acclimatized to individually ventilated cages (IVC) 

for 1 week before transplantation and maintained in IVC cages until completion of the 

experiment. Mice were irradiated with a sublethal dose of 6.5 Gy on a linear accelerator. 

After 24 h, mice were injected with 5 × 106 bone marrow cells and 15 × 106 splenocytes 

obtained from male C57BL/6 donor mice (8-10 weeks old). The overview of 

transplantation procedure is presented in Figure 10. 
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Figure 10: Overview of the workflow for transplantation procedure for induction of GVHD. The 

murine model is based on MHC class I mismatch, the recipient is BALB/c female mice that express 

H2kD MHC-I antigen, whereas the donor is C57BL/6 male mice that express H2kB MHC-I 

antigen. The days before transplantation are numbered with a negative sign, whereas the days after 

transplantation are numbered with a positive sign. The day of the transplantation is numbered as 

day 0. 

 

4.16 Data and statistical analyses 

For all in vitro analyses, statistical analysis was performed only for studies in which each 

group size had n ≥ 5 independent values. The in vivo studies were designed to generate 

groups of equal size (n ≥ 5). GraphPad Prism version 8.2.0 (RRID:SCR_002798) was used 

for statistical analysis, and the data are presented as the mean ± standard error of mean 

(SEM). All data were subjected to Kolmogorov–Smirnov normality test, and comparisons 

of two datasets were made using two-tailed unpaired t-test for parametric data and Mann-

Whitney test for non-parametric data. Multiple datasets were compared using one-way 

ANOVA, and Bonferroni post hoc tests. Two-way analysis of variance (ANOVA) with 

Bonferroni correction was applied to evaluate the time and concentration or dose dependent 

differences between groups. Survival data were analyzed using the Mantel-Cox log rank 

test and graphs were generated using the Kaplan-Meier method. Statistical significance was 

set at p < 0.05.  
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Table 9: Antibodies used for immunofluorescence staining for flow cytometry 

Antibody Source (Cat no.) 
Final 

dilution 

Anti-mouse CD3ε APC-Cy7 

(allophycocyamin)-cyanine7) (145-2C11)  
BD Biosciences 

557596 

  
0.5:100 

Anti-mouse CD3ε PE-Cy7 

(phycoerythrin-cyanine7) (17A2) 
BioLegend 

100220 

 
0.5:100 

Anti-mouse CD44 APC-Cy7, (IM7)  BD Biosciences 560568 1:100 

Anti-mouse CD4 PerCP-Cy5.5 (peridinin 

chlorophyll protein-cyanine5.5) (RM4.5) 
BD Biosciences 

550954 

 

 

0.5:100 

Anti-mouse CD45 PE-Cy7 

(phycoerythrin-cyanine7) (30-S11) 
BD Biosciences 

553081 

 
0.5:100 

Anti-mouse CD8α FITC (fluorescein 

isothiocyanate) (53-6.7) 
BD Biosciences 

553030 

 
0.5:100 

Anti-mouse CD8α APC (53-6.7) BioLegend 100712 0.5:100 

Anti-mouse CD11b FITC (M1/70) BioLegend 101205 1:100 

Anti-mouse H-2Kd PE (SF1-1.1),  BD Biosciences 553566 0.5:100 

Anti-mouse H-2Kb FITC (AF6-88.5)  BD Biosciences 
562002 

 
0.5:100 

Anti-mouse CD25 BV421 (brilliant 

violet) (PC61) 
BD Biosciences 562606 1:100 

Anti- mouse FoxP3 AF647 (alexaflour-

647) (MF23) 
BD Biosciences 

560401 

 
5µl/tube 

Anti- mouse IA/IE PE (M5/114.15.2) BD Biosciences 
557000 

 
1:100 

Anti- mouse CD152 PE (UC10-4F10-11) BD Biosciences 
553720 

 
2:100 

Anti- mouse CD62L APC (MEL-14) BD Biosciences 553152 1:100 

Anti- mouse Ly-6C APC (AL-21) BD Biosciences 560595 1:100 

Anti- mouse CD95 APC R700 (Jo2) BD Biosciences 565130 2:100 

Anti- mouse Granzyme B FITC (GB11)  BioLegend 515403 5µl/tube 

Anti- mouse Ly-6A/E  

(Sca-1) FITC (W18174A) 
BioLegend 160907 2µl/tube 

Anti- mouse CD117 (c-KIT) APC BioLegend 105812 5µl/tube 

Mouse hematopoietic lineage antigens 

(Lin) cocktail pacific blue [CD3 (17A2), 

Ly-6G/Ly-6C (RB6-8C5), CD11b 

(M1/70), CD45R/B220 (RA3-6B2), 

TER-119/Erythroid cells (Ter-119) 

BioLegend 133310 20µl/tube 

Anti-NRF2 rabbit monoclonal IgG  

(clone E5F1A,) 

Cell Signaling 

Technology 
20733 1:100 
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Table 10: Composition of 10X ammonium chloride buffer 

Component Weight 

NH4Cl (ammonium chloride)  8.02gm 

NaHCO3 (sodium bicarbonate) 0.84gm 

EDTA (disodium)  0.37gm 

Dissolve in 100ml double distilled water. Store at 4˚C 

Working solution: prepare 1X solution by diluting 10 ml of 10X stock with 90 ml 

double distilled water. 

 

Table 11: Composition of lysis buffer for cell lysis 

Component  Stock Volume 

50mM Tris-HCl,  1M Tris-HCl 500 µl 

120mM NaCl, 1M NaCl 1.2 ml 

10mM EDTA, 0.2 M 500 µl 

20mM sodium fluoride, 1 M 200 µl 

25mM sodium 

orthovanadate, 

0.5 M 500 µl 

0.5% NP40, - 50 µl 

Protease and phosphatase 

inhibitor cocktail 

100X 100 µl 

MQ water  6.95 ml 

 

Table 12: Composition of SDS-PAGE gels 

Components 10% resolving 8% resolving 4% stacking 

 MQ Water 3.2 ml 3.7 ml 3 ml 

30% Acrylamide 2.67 ml 2.13 ml 0.67 ml 

1.5M Tris pH 8.8 2 ml 2 ml - 

1M Tris pH 6.8 -  - 1.25 ml 

10% SDS 80 µl 80 µl 50 µl 

10% APS 80 µl 80 µl 50 µl 

TEMED 8 µl 8 µl 5 µl 

Total volume 10 ml 10 ml 5 ml 

 

Table 13: Composition of SDS-Running Buffer 

Component Weight 

Glycine 14.2 g 

Tris 3.03 g 

SDS 1 g 

Make final volume to 1 L with distilled water 
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Table 14: Composition of 1X Transfer buffer  

Component Weight 

Glycine  14.2 g 

Tris 3.03 g 

Methanol 200 ml 

Make final volume to 1L with distilled water and chill buffer in -20°C until use. 
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5 OBJECTIVE 1 

5.1 BACKGROUND 

Immunomodulation 

The term immunomodulation encompasses all interventions that alter the immune response 

to gain therapeutic benefit. Therapeutic immunomodulation involves adjusting the inherent 

immune responses to a desired level by immunostimulation, immunosuppression, or 

induction of immunologic tolerance. The immunostimulatory approach has been widely 

used in the fields of cancer therapeutics, immunodeficiency disorders, and prevention of 

infections (vaccination). Immunosuppressive immunomodulation has been applied to 

control autoimmune disorders and prevent graft rejection after organ transplantation. 

Induction of immune tolerance has been investigated for autoimmune diseases and the 

prevention of graft-versus-host disease (GVHD) after allogeneic and haplo-identical 

hematopoietic stem cell transplantation (HSCT) 106–108.  

Immunomodulatory therapy was founded by Dr. Willaim Coley in the 19th century. He 

reported that the direct injection of streptococcal bacteria into a patient’s tumor led to 

spontaneous regression of cancer.109 It is now known that Coley exploited various aspects 

of the immune system to target cancer cells. Although the exact mechanism cannot be 

identified, we know today that bacterial toxins can induce a strong cytokine response and 

activate innate immune cells, which can then destroy cancer cells. In 1959, Lloyd et al. 

showed that the BCG vaccine could be used to treat cancer. Currently, the US Food and 

Drug Administration (FDA)-approved BCG vaccine for the treatment of bladder cancer, 

lymphoma, and melanoma 110.  

Vaccination is a mode of immunomodulation wherein, there is induction of immunological 

memory for an infection through specific attenuated pathogens, or DNA from the pathogen, 

resulting in a prompt protective immune response upon infection.106,111. Furthermore, 
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immunomodulatory therapy has been applied to fight active infections, allergies, and 

autoimmune diseases, which involves altering the immune response at various levels. The 

strategy here is mainly to induce an immunosuppressive effect or a tolerogenic response. 

The major stages of the immune response that can be modulated are 1) antigen processing 

and presentation to T cells, 2) T cell activation, and 3) T cell proliferation and 

differentiation. Thus, various drugs and cell mediated therapies used today to counteract 

above mentioned maladies, modulate or suppress one or more of the above stages of 

immune activation 106,110,112. A few examples of drugs that are currently being used in 

clinical practice are listed in Table 15. 

Table 15: Immunomodulators used in clinical practice 106. 

Immunomodulatory 

agent 
Mechanism of action Clinical use 

1. Immunomodulators that interfere with antigen presentation 

CTLA-4 Ig 

(Abatacept, 

Ipilimumab) 

Fusion molecule that binds CD80 and 

CD86 on the surface of APCs. Blocks 

co-stimulation of T-cell 

Immunotherapy for melanoma, renal cell 

carcinoma, acute GVHD prevention. 

Natalizumab (anti α-4 

integrin) 

Prevents the interaction between α-4 

integrin on the surface of inflammatory 

cells and VCAM-1 on vascular 

endothelial cells 

Treatment of multiple sclerosis and Crohn’s 

disease. 

2. Immunomodulators that interfere with T-cell activation 

Cyclosporine A Prevents activation of nuclear factor of 

activated T cells (NFAT). This blocks the 

activation of T cells  

Prevention of organ rejection and GVHD. 

Rheumatoid arthritis and psoriasis 

Tacrolimus (FK506) Similar to cyclosporine A Prevention of organ rejection and of GVHD. 

Atopic dermatitis.  

3. Immunomodulators that interfere with T cell proliferation 

Rapamycin 

(Sirolimus) 

Binds to FKBP, inhibits mTOR, 

resulting in cell cycle arrest between G1 

and S phase. 

Prevention of organ rejection, prophylaxis of 

GVHD and treatment of steroid refractory 

GVHD. 

Mycophenolate 

mofetil (MMF) 

Antimetabolite selectively inhibits 

purine synthesis in lymphocytes. 

Prevention of organ rejection, prophylaxis of 

GVHD 

Methotrexate dihydrofolate reductase inhibitor Induction and maintenance therapy during 

organ transplantation, prevention of GVHD, 

 rheumatoid arthritis and vasculitis 

4. Immunomodulation by lymphocyte depletion 

Anti-thymocyte 

immunoglobulin 

Polyclonal immunoglobulin  Aplastic anaemia, acute rejection in renal 

transplantation 

Alemtuzumab 

(Campath-1H) 

Humanized monoclonal antibody 

directed against CD52 

Antineoplastic agent for chronic lymphocytic 

leukaemia; refractory rheumatoid 
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arthritis and vasculitis. GVHD prophylaxis. 

 

5. Other immunomodulatory agents 

Corticosteroids Pleotropic in action. Steroids bind to 

glucocorticoid response elements in the 

promoter regions of cytokine genes. 

Prevent T-cell recruitment and 

activation. 

Basic immunosuppressants used to treat 

varied autoimmune diseases, prophylaxis of 

GVHD.  

Infliximab Chimeric antibody against human TNF-

α. Blocks TNF-α action 

Used in Crohn’s disease (an autoimmune 

colitis). In 

allo-HSCT it has been used to treat steroid-

refractory GVHD. 

 

Immunomodulation as a strategy to combat GVHD 

 One of the major challenges in the field of allogeneic HSCT is the prevention of GVHD 

while maintaining the graft-versus-leukemia (GVL) effects of donor cells. The current 

understanding of GVHD pathophysiology has helped to establish that immunosuppression 

is not the best strategy for GVHD prophylaxis, as it increases the risk of secondary 

infections and leukemia relapse 113–115. It is well understood that the prevention of GVHD 

requires alleviation of both innate and adaptive immune responses, along with maintenance 

of the anti-tumor activity of donor cells. Many novel strategies are currently under 

preclinical and phase I development. However, these strategies involve modulation of 

either of the following immune responses:1) reducing donor alloreactivity, 2) inducing 

peripheral tolerance, and 3) decreasing target organ susceptibility to allogeneic immune 

responses 116,117.  

Phytochemicals - a plethora of possibilities: Plants have been used to treat various 

diseases since ancient times. Ayurveda, Traditional Indian Medicine and Traditional 

Chinese Medicine remain the most ancient (4500 BC) practices that have led to the 

foundation of using plants for therapeutic purposes. Current knowledge of medicinal herbs 

has been derived from contemporary sciences and has driven the drug discovery process in 

the modern world 118. Before the 19th century, extracts from plants were used as herbal 
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medicines and were administered in the form of powders, decoctions, tinctures, and other 

formulations. The advent of analytical chemistry has led to the isolation of active 

compounds from medicinal plants. Isolation of morphine from opium was one of the 

earliest examples of the isolation of a phytochemical from a plant. This was followed by 

various other drugs such as, digitoxin, and quinine 118,119.  

Phytochemicals are broadly defined as plant secondary metabolites that have potential 

health benefits. Phytochemicals interact with biological molecules and exhibit antioxidant, 

anti-inflammatory, anticancer, antimicrobial, antithrombotic, and immunomodulatory 

activities. Phytochemicals are diverse in their chemical nature and are generally present in 

small amounts in specific parts of plants. Systematic investigations can help identify the 

potential pharmacological and health-promoting effects of phytochemicals in humans 120. 

Even when new chemical structures are not found during drug discovery in medicinal 

plants, known compounds with new biological activities can provide important drug leads. 

In the last four decades, 1881 new drugs have been approved by the US Food and Drug 

Administration (FDA). According to the study conducted by Newman et al., approximately 

53% of the drugs were natural compounds, natural compound derivatives, or natural 

compound mimics (Figure 11) 119. 
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Figure 11: All newly approved drugs, 01JAN81 to 30SEP19; n = 1881. B, biological 

macromolecule; N, unaltered natural product; NB, botanical drug (defined mixture); ND, natural 

product derivative; S, synthetic drug; S*, synthetic drug (NP pharmacophore); V, vaccine; S/NM, 

mimic of the natural product 119. 

 

Examples of phytochemicals used in clinical practice are listed in Table 16. 

Table 16: Few clinically useful phytochemicals 121. 

Drug  Class of drug  Plant source  Disease  Reference 

Apomorphine  Dopamine 

receptor agonist 

Papaver 

somniferum  

Parkinsonism Deleu et al., 2004 

Arteether Sesquiterpene 

trioxane lactone 

Artemisia annua Malaria van Agtmael et al., 

1999 

Galantamine  Amaryllidaceae 

alkaloid 

Galanthus 

woronowii 

Alzheimer’s  Heinrich and Lee 

Teoh, 2004 

Nitisinone  Mesotrione Callistemon 

citrinus 

Hepatorenal 

tyrosinemia 

Das, 2017 

Paclitaxel  Taxane diterpene Taxus brevifolia 

Nutt. 

Cancer Wani et al., 1971 

Tiotropium  Muscarinic 

receptor 

antagonist 

Atropa 

belladonna 

Asthma and 

COPD 

Mundy and 

Kirkpatrick, 2004 

COPD: chronic obstructive pulmonary disease. 

 

Phytochemicals as immunomodulators: A large number of phytochemicals have been 

studied for their immunomodulatory activities, with promising results. They have been 

reported to modulate the immune system by enhancing the activity of immune cells, such 

as natural killer cells, T-cells, and B-cells, while decreasing inflammation. Polyphenols, 
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flavonoids, and terpenoids are major classes of phytochemicals that have been studied for 

their immunomodulatory effects. Flavonoids are among the most diverse groups of 

phytochemicals, with many therapeutic properties, including immunomodulation. A few 

extensively studied flavonoids include quercetin, epigallocatechin gallate (EGCG), and 

resveratrol 122–124. Currently, quercetin is being developed as a supplement or adjuvant 

therapy for various disease conditions like Covid-19 upper respiratory tract infections 125–

127. Epigallocatechin gallate (EGCG) is a potent antioxidant and anti-inflammatory 

molecule is currently undergoing clinical trials for the treatment of multiple sclerosis 128. 

Resveratrol is a phytoalexin that has shown to possess anti-inflammatory and 

immunomodulatory effects and has been clinically tested for various neurodegenerative 

diseases such as Alzheimer’s disease 129,130. 

β-carotene and lycopene a class of carotenoids with immunomodulatory and antioxidant 

properties have been shown to modulate the immune system by enhancing the function of 

T cells and natural killer cells. 131,132. Curcumin, isolated from Curcuma longa, has shown 

potent immunomodulatory activity in various autoimmune diseases, such as Systemic 

Lupus Erythematosus (SLE), rheumatoid arthritis, and multiple sclerosis. 133. Withanolides 

from Withania somnifera, have been used for their anti-inflammatory activities for 

thousands of years. They are known to inhibit inflammatory mediators such as NF-κB, 

JAK/STAT, AP-1, PPARγ, Hsp90, Nrf2, and HIF-1, and further inhibit inflammatory 

cytokines. This ability has proven beneficial in various autoimmune disorders such as 

inflammatory bowel disease, diabetes, rheumatoid arthritis, and neurodegeneration 134. 

Overall, the literature suggests that phytochemicals have demonstrated a significant 

immunomodulatory potential. 

Phytochemicals have been shown to modulate immune responses through one or more 

mechanisms 108,120,123,135 listed below  
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1. Regulation of cytokine production 

2. Modulation of immune cell activation, proliferation, and differentiation 

3. Enhancement of phagocytic activity 

4. Inhibition of molecular signals that mediate inflammation. 

5. Induction of tolerogenic immune cells 

Due to their diverse mechanisms of action phytochemicals serve as promising candidates 

for the development of immunomodulatory drugs. Further research is needed to fully 

understand their therapeutic potential as novel immunomodulatory molecules. 

Drug library screening is an important tool for drug discovery and development and 

takes an average of 10-15 years and costs approximately 800 million dollars 136. Drug 

research comprises various stages and is powered by the amalgamation of knowledge from 

a wide range of disciplines, such as chemistry, biology, medicine, pharmacology, 

mathematics, computing, and molecular modelling. The most laborious and time-

consuming step in drug development is lead identification (the first step), followed by lead 

optimization (involving medicinal and combinatorial chemistry), lead development 

(including pharmacology, toxicology, pharmacokinetics [absorption, distribution, 

metabolism, excretion], and drug delivery), and clinical trials (Figure 12) 137.     

The traditional approach of drug 

development uses 

ethnopharmacological knowledge 

about natural compounds and tests 

their efficacy against various 

molecular targets; however, this 

approach has a high risk of failure and 

thus is not very cost effective. In the 

Figure 12: Schematic representation of plant drug 

discovery and development. Adapted from 433 
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beginning of the 19th century, advancements in molecular modelling and computational 

approaches led to the design of synthetic drugs and the development of designed drug 

libraries based on known drug scaffolds. Screening was performed manually, with 

approximately several hundred samples screened per week against a limited number of 

targets using receptor-binding assays. Furthermore, the development of automated 

analyzers and robotics has led to a reduction in screening time for these compounds.  The 

development of high-density microplates, homogeneous assays, high-performance 

microliter dispensers, and laboratory automation has led to the development of high-

throughput screening as a tool for rapid drug discovery and development. The exorbitant 

costs of high-throughput screening are further reduced via miniaturization of assay formats 

and fewer handling steps.  This resulted in reduction in time required from lead discovery 

to lead optimization 137–139. Currently, high-throughput screening of drug libraries has 

become an integral part of drug discovery and development processes for all 

pharmaceutical companies. Drug library screening is a constantly developing field with 

newer technologies such as genomics, proteomics, CRISPR, and machine learning being 

integrated into it, for the development of clinically effective and safe drugs140–142. 

Drug library screening involves testing large numbers of drug compounds in a systematic 

and automated manner to identify compounds that exhibit a particular effect in a given 

system. The compounds can be screened using a variety of assays, such as ligand-receptor 

binding assay, inhibition or activation of an enzyme or enzyme system, interaction with a 

particular protein or nucleic acid of interest, cytotoxicity, and effect on signal transduction 

and responses. Recent advances in genetic engineering have led to the use of genetically 

modified organisms, such as D. melanogaster and C. elegans, to identify compounds with 

therapeutic potency in vivo. In recent years, advances in computational methods and 
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machine learning have begun to play an increasingly important role in drug library 

screening, allowing the identification of novel drug targets and the design of more effective 

and selective compounds 143. The approaches currently employed for drug discovery and 

development are summarized in Figure 13. 

The US National Cancer Institute’s (NCI) Natural Product Repository is one of the world’s 

largest and most diverse collections of natural products containing over 230,000 unique 

extracts derived from plant, marine, and microbial organisms collected from biodiverse 

regions. This collection of natural products includes perfectionated extracts from various 

biological sources however, it does not consist of pure isolated compounds from these 

sources, thus providing an opportunity to identify and characterize novel compounds from 

these extracts144. Today, various biotechnology companies offer different collections of 

drug libraries or even customize them for academic screening purposes, such as libraries of 

FDA-approved drugs, disease-specific libraries, pathways, target-specific libraries 

(tyrosine kinase inhibitors, JAK-STAT inhibitors, cytokine agonists, and antagonists), 

mitochondria-targeted drug libraries, metabolism-targeted libraries, and natural compound 

libraries. 
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Figure 13: Overall approaches in modern drug discovery and development145. 

 

These predefined libraries are provided with basic information about their constituents, the 

source from which each compound was isolated, structure, solubility, target, activity, IC50 

value, and biological activity description. In addition, these libraries may contain many rare 

natural products with extremely high unit prices, making them a cost-effective method for 

drug screening. Thus, drug libraries provide a platform for lead identification that is time- 

and cost-effective 143,146. 

Screening strategies for immunomodulatory compounds: Strategies used for screening 

immunomodulatory compounds consist of immune assays to study the activity of various 

cells of the immune system. Some popular assays used to screen compounds with the 

potential to affect immune function are listed below. 

a. Evaluation of mitogen (eg. concanavalin A, lipopolysaccharide, 

phytohemagglutinin) induced proliferation of lymphocytes or a particular subset of 
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immune cells (T cells, B cells, etc.). Lymphocyte proliferation has been assessed 

using 3H-thymidine or bromodeoxyuridine (BrdU) incorporation assays or 

carboxyfluorescein succinimidyl ester (CFSE) dye dilution assays using imaging or 

flow cytometric techniques 147–149. 

b. Evaluation of immune cell activation: Activation of immune cell subsets has been 

studied by evaluating the expression of specific molecular markers that indicate the 

activation of these cells. For example, T-cell activation has been studied using 

CD25, CD69, and lymphoblast formation148,150.  

c. Evaluation of cytokine secretion:  The secretion of a particular cytokine by an 

immune cell subset can indicate its activation status. Examples include IL-2 

secretion by T cells, IL-12 secretion by dendritic cells, and TNF- and IL-6 secretion 

by macrophages150,151.  

d. Evaluation of immune activity via mixed lymphocyte reactions: Autoimmune and 

anti-tumour responses have been widely studied using this assay. The immune 

activity is generally measured using imaging or flow-cytometric techniques 

147,148,152. 

e. Expression of molecular markers of inflammation: With the advancement of genetic 

engineering, fluorimetry, and luminometry, the expression of proteins can be easily 

quantified with high accuracy. These techniques have been pivotal in studying the 

activation of proteins, such as NFκB and JAK-STAT, which play a central role in 

regulating immune responses. Moreover, these assays have been used to study 

cytokine secretion following mitogen stimulation. 147,153,154. 

Immunomodulatory drugs were screened using in vitro and in vivo systems. In vitro 

systems mainly include purified macromolecules against which the action of the drug 
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is to be tested (targets of monoclonal antibodies, receptors, enzymes, etc.) or cell-based 

assays which include the use of lymphocyte populations acquired from human 

peripheral blood, murine splenocytes, bone marrow, thymus, blood, or isolated immune 

cell subsets. Various in vivo model systems have also been used to study 

immunomodulatory functions, including C. elegans, D. melanogaster, zebrafish, 

murine models, and rodent models 155–157. 

Strategy for primary and secondary screening of phytochemical drug libraries 

Clonal expansion of T cells against allo-antigens is a key event in GVHD pathogenesis. 

Many innate immune cells play a role in the activation of T-cells against allo-antigens. 

Therefore, the identification and development of a prophylactic agent for GVHD need to 

be performed using a cellular system that is representative of different immune cell subsets. 

Therefore, we used a mixed population of leukocytes isolated from spleen cells of BALB/c 

mice and studied the activation and proliferation of these cells using mitogen ConA.  

To identify immunomodulatory compounds in the primary screening, we evaluated two 

stages of immune activation of T cells: secretion of IL-2 (the first cytokine to be released 

upon T-cell activation) and clonal expansion of T-cells upon activation158. The IL-2 

concentration was analyzed using ELISA, whereas proliferation was studied using the 

CFSE proliferation assay (Figure 14). Compounds that showed inhibition of both, that is, 

secretion of IL-2 and lymphocyte proliferation were considered target compounds that were 

further subjected to secondary screening.  

The aim of the secondary screening was to identify compounds that inhibited lymphocyte 

proliferation at non-toxic concentrations. The rationale for eliminating compounds that are 

cytotoxic to leukocytes originates from reports showing that transplantation of pan T cell 

depleted donor grafts showed an increased incidence of tumor relapse and viral infections 



 

67 

 

 Objective 1 

in allo-HSCT patients159,160. Therefore, an ideal candidate for GVHD prophylaxis is one 

that can inhibit immune responses to allo-antigens while preserving the anti-tumor activity 

of leukocytes. Considering the overlapping mechanisms of both phenomena, we decided to 

select compounds that were non-toxic but simultaneously inhibited lymphocyte 

proliferation.  

 
Figure 14: Strategy employed for primary screening of phytochemical drug library158. 

 

5.2 METHODOLOGY 

Phytochemical Drug library: We procured a phytochemical library from TargetMol (Cat 

no. L6000) containing 134 natural compounds. It is a collection of pure natural compounds 

from various plant sources which contains a structurally diverse molecules, such as 

alkaloids, limonoids, sesquiterpenes, diterpenes, pentacyclic triterpenes, sterols, and many 

rare natural compounds. The natural compounds in the library have known biological 

activities and can be used for high-throughput screening (HTS) and high-content screening 

(HCS) for drug development and other fields of research.  
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Pack size and layout of the phytochemical drug library: The phytochemical library was 

supplied in a 96 well plate format (two plates), consisting of 100µL of pre-dissolved DMSO 

solutions of the phytochemicals 10mM each. Thus, 100µL of 10mM of each phytochemical 

was available for screening purposes (Figure 15). 

 

Figure 15: Representative image of phytochemical drug library 

 

Two 96-well plates were provided. The layout of each plate with the names of the 

compounds and their CAS nodes is provided in Figure 16 and Figure 17.  

Detailed compound information with structure, solubility, target, activity, IC50 value, and 

biological activity description is provided at appendix 1 excel sheet from drug library 

information.  
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Figure 16: Layout of plate 1 of phytochemical drug library 
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Figure 17: Layout of Plate 2 of the phytochemical drug library 

 

Dilution and preparation of aliquots of the phytochemical drug library 

To avoid repeated freeze-thaw cycles of the phytochemical drug library, we prepared 

dilutions and aliquots of each drug in a sterile 96 plate. The phytochemical library was 

handled under aseptic conditions in a laminar airflow hood. All phytochemicals were 

diluted to 1 mM using sterile cell culture grade DMSO. Two sterile 96 well plates (working 

stock plates) were used to prepare dilutions. The layout of these working stock plates was 
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the same as that of the master plate (the phytochemical drug library provided by the 

manufacturer). Before aliquoting the phytochemicals, the drug library was thawed at 4˚C 

for 30-40 min. The library was vortexed for 5 min at low speed of 300 rpm to ensure a 

uniform solution of each phytochemical. For dilution, 90µl of sterile dimethyl sulfoxide 

(DMSO) was carefully aliquoted into each well of a 96 well plate. Next, 10µl of each 

phytochemical was added to the respective wells to obtain a working concentration of 1mM 

for each phytochemical. These working stock plates were used for primary and secondary 

screening. These plates were freeze-thawed twice during the screening experiments. For 

primary screening, 10µl solution of the phytochemical solution was added to 1 ml of the 

culture medium to treat splenic leukocytes. 

Primary Screening: Compounds from the phytochemical library were evaluated for two 

inhibitory effects: inhibition of IL-2 secretion by leukocytes using ELISA and anti-

proliferative effect on leukocytes using the CFSE dye dilution assay. The 

immunomodulatory action of all compounds was evaluated on leukocytes at a 

concentration of 10µM and exposure for 2 h. Leukocytes were isolated as previously 

described in chapter 3 and stained with CFSE (5µM), after which 1 × 106 cells were seeded 

in each well of a 24 well plate. Leukocytes were treated with the compounds of the 

phytochemical drug library as mentioned above (10µM for 2h) and then stimulated with 

mitogen ConA and incubated for 72 h. Vehicle-treated leukocytes (0.1%DMSO in RPMI 

1640 medium) were used as the control. The compounds were named according to their 

position in the 96 well plates; for example, 1-A2 refers to the compound in column 2, row 

A of plate-1, 1-A3 refers to the compound in column 3, row A of plate-1, 1D11 refers to 

the compound in column 11, row D of plate-1, etc. After incubation, the cells were acquired 

using a flow cytometer to determine the percentage of daughter cells. Compounds that 



 

72 

 

 Objective 1 

inhibited cell proliferation and IL-2 secretion were considered the hit compounds. IL-2 

levels in cell supernatants were quantified by ELISA. Briefly, 500µl of the cell supernatant 

was collected after 24 h of Con A stimulation. The cell supernatant was added in duplicate 

to estimate IL-2 levels using ELISA. The levels of IL-2 were compared with those of the 

vehicle leukocytes. Compounds that suppressed IL-2 secretion and lymphocyte 

proliferation were selected for the secondary screening. 

Secondary screening: The aim of the secondary screening was to identify compounds that 

inhibited proliferation at non-toxic or least toxic doses. The target compounds identified 

from the primary screen were further evaluated for their dose-dependent toxicity and anti-

proliferative effects.  Toxicity was evaluated using a propidium iodide viability assay, 

whereas the anti-proliferative effect was evaluated using a CFSE dye dilution assay. 

Leukocytes were treated with following drug concentrations and time points for secondary 

screening. 

Concentrations: 0.1, 0.25, 0.5, 1, 2.5, 5, and 10µM. 

Time points for the proliferation assay: 2 and 4 h. 

Time points for viability assay: 4 h and 24 h 

To evaluate the antiproliferative effect, CFSE-stained leukocytes (1 × 106 cells) were 

seeded in 24 well plate and treated with the target compounds at the above-mentioned doses 

and times in duplicate.  Following treatment, the cells were stimulated with mitogen Con 

A and incubated for 72 h to determine cell proliferation using a flow cytometer. 

To evaluate toxicity, leukocytes (1 × 106 cells) were seeded in 24 well plate and treated 

with the target compounds at the above-mentioned doses and times in duplicate. Following 

treatment, cells were harvested, and 10µg/ml propidium iodide solution was added 5 min 
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before analyzing the cells on the flow cytometer. The percentage of propidium iodide (PI)-

positive cells was determined. Compounds that exhibited inhibition of proliferation at least 

toxic doses were considered lead compounds and were further evaluated for their 

immunomodulatory effects on leukocytes. An overview of the methodology for 

photochemical drug library screening and lead compound identification is illustrated in 

Figure 18. 

 

Figure 18: Methodology for phytochemical drug library screening and lead identification  

 

Immunomodulatory effect of Juglone (5NQ) on leukocytes in vitro: Based on secondary 

screening, 5-hydroxy-1,4-naphthoquinone (5NQ) or Juglone was selected as the lead 

compound as it exhibited immunosuppression without toxicity to leukocytes. Therefore, 

we evaluated the immunomodulatory effect of transient 5NQ treatment on leukocytes in 
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vitro with respect to its effect on different immune cell subsets and immune responses 

(Figure 19). 

 
Figure 19: Evaluation of immunomodulatory effect of 5NQ on leukocytes in vitro 

 

First, we studied the time- and dose-dependent effects of transient treatment with 5NQ on 

the proliferation and viability of leukocytes using CFSE and PI assays, as explained above. 

The effect of transient treatment with 5NQ on lymphocyte proliferation was determined 

using the CFSE assay.  

Briefly, leukocytes were transiently treated with 0.1, 0.25, 0.5,1, and 2.5µM 5NQ for 4 h. 

The leukocytes were washed with 1x PBS to remove 5NQ from the culture medium. DMSO 

(0.01% in 1x PBS or RPMI 1640) was used as vehicle control. Cells were stimulated with 

mitogen Con A (2.5µg/ml) or LPS, 5µg/ml) and incubated for 72 h. After incubation, the 

cells were acquired using a flow cytometer to determine the percentage of daughter cells. 

The effect of transient treatment with 5NQ on lymphocyte viability was determined using 

the PI assay. The leukocytes were transiently treated with vehicle or 5NQ (0.1, 0.25, 0.5, 

1, 2.5, 5 and 10 µM) for 4 h. Cells were washed with 1X PBS to remove 5NQ from the 

culture medium and incubated for 24 h. After 24 h, cells were washed twice with 1X PBS 

twice and 10µg/ml propidium iodide solution was added 5 min before analyzing the cells 
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on the flow cytometer. The percentage of propidium iodide (PI)-positive cells was 

determined. 

Second, we evaluated the transient effect of 5NQ treatment on cytokine secretion by 

leukocytes after Con A stimulation.  

Briefly, leukocytes (1 X 106) were seeded in 24 well plate after transient treatment with 

vehicle or 5NQ (0.5 and 1µM for 4h) followed by stimulation with ConA. After 24 h, 

cytokine concentrations (Th1: IL-2, IFN-γ, TNF; Th2: IL-4, IL-6 IL-10; Th17: IL-17A) 

were measured in the cell supernatant using a BD™ Cytometric Bead Array (CBA Becton-

Dickinson, NJ, USA). 

Third, we evaluated the transient effects of 5NQ treatment with 1µM, 4 h on the activation 

of antigen-presenting cells (APCs).  

Briefly, leukocytes were stimulated with Con A after transient treatment with 5NQ and 

incubated for 72 h. Cells were then harvested and stained with antibodies specific for 

dendritic cells, macrophages, monocytes, and T cells ( Table 17) and acquired on a flow 

cytometer. The gating strategy is illustrated in Figure 20. 

Table 17: Fluorochrome conjugated antibodies used for specific antigen-presenting cells. 

 

Fourth, we evaluated the transient effects of 5NQ treatment with 1µM, 4 h on CD4+ T cell 

activation and CD4+ Treg cell numbers.  

Briefly, leukocytes were stimulated with Con A after transient treatment with 5NQ and 

incubated for 72 h. The cells were harvested and stained with antibodies specific for CD4 

Cell type Markers Antibody and fluorochrome 

Dendritic cells CD45+ CD3- CD11b- MHC-II+ CD45-PE-Cy7, CD3ε-APC-Cy7, 

CD11b-FITC, IA/IE-PE, Ly6c-

APC 

Macrophages CD45+ CD3- CD11b+ MHC-II+ 

Ly6chi 

Monocytes CD45+ CD3- CD11b+ MHC-II+ 

Ly6clo 



 

76 

 

 Objective 1 

T cells, early and late activation markers for CD4 T cells, markers for T-cell anergy and 

exhaustion, and Treg cells (Table 18) and acquired on a flow cytometer. The gating strategy 

is illustrated in Figure 21 and Figure 22. 

 

Figure 20: Flow cytometry gating for MHC-II expression on dendritic cells and monocytes 

 

Table 18: Fluorochrome-conjugated antibodies for specific subsets of CD4 T cells. 

 

Cell type markers Antibody and fluorochrome 

Activated CD4+ T-

cells 

CD3ε+ CD4+ CD25+ 

CD3ε+ CD4+ CD69+ 

CD3ε-APC-Cy7; CD4 PerCP-

Cy5.5, CD8α FITC, CD25 

BV421, FoxP3 AF647; CD152 

PE; CD95 APC-R700  

Anergic/Exhausted 

CD4+ T cells 

CD3ε+ CD8- CD152+ 

CD3ε+ CD8- CD95+ 

CD4+ Treg cells CD3ε+ CD4+ CD25+ FoxP3+ 
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Figure 21: Flow cytometry gating strategy for CD95 and CD152 in CD4+ T cells 

 

 

Figure 22: Flow cytometric gating strategy for Treg cells. 
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We also evaluated the transient effect of treatment with 5NQ (1µM, 4 h) on the anti-tumor 

activity of leukocytes using an in vitro assay (Figure 23).  

Briefly, BALB/c splenocytes (6 × 107) were stimulated with 25 Gy-irradiated EL4 or A20 

cells (5 × 106), followed by stimulation with 5 μg/ml Con A and incubation for 72 h. Cells 

were harvested, washed twice to remove debris and dead cells, resuspended in complete 

RPMI medium, and allowed to rest for 24 h. The following day, viable cell counts were 

performed, after which the cells were treated with either vehicle (0.1% DMSO, 4 h) or 5NQ 

(1µM, 4 h). The cells were then incubated with healthy, live, and CFSE labelled EL4 or 

A20 cells at a 10:1 ratio (leukocytes: leukemia cells) for 24 h. To compensate for cell death 

due to nutritional stress caused by high seeding density, CFSE labelled A20 and EL4 cells 

were seeded at the same density as in the mixed lymphocyte group and served as a control. 

After 24 h, the cells were harvested and stained with propidium iodide immediately before 

analysis on a flow cytometer. Propidium iodide staining was used to distinguish between 

live tumor cells (positive for CFSE only) and dead tumor cells (positive for both CFSE and 

PI). 

 

Figure 23: Experimental protocol for evaluating the anti-tumor activity of leukocytes in vitro. 
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5.3 RESULTS 

Primary screening: We identified 20 compounds that inhibited proliferation. However, 

only 9 completely inhibited IL-2 secretion (Table 19, Figure 24). Of these nine compounds, 

two compounds, 1D2 and 2A3, were known immunosuppressive agents, namely 10-

hydroxy-camptothecin and cyclosporin A. The remaining seven compounds were 1-F5 

(fisetin), 2-C5 (triptolide), 2-C9 (Rubescensin A), 2-E6 (demethylzeylasteral), 2-E10 

(homoharringtonine), 2-F2 (chelerythrine chloride), and 2-F5 (5-hydroxy-1,4-

naphthoquinone). The important details provided by the manufacturer regarding these 

compounds are listed in (Table 20). Further, they were subjected to secondary screening. 

Table 19: Compounds that inhibited proliferation and IL-2 secretion  

Sr no. Compound Name 
Inhibition of 

Proliferation 

Inhibition of IL-

2 secretion 

1 1-D2 10-Hydroxycamptothecin Yes Yes 

2 1-F5 Fisetin Yes Yes 

3 2-A3 Cyclosporin A Yes Yes 

4 2-C5 Triptolide Yes Yes 

5 2-C9 Rubescensin A Yes Yes 

6 2-E6 Demethylzeylasteral Yes Yes 

7 2-E10 Homoharringtonine Yes Yes 

8 2-F2 Chelerythrine chloride Yes Yes 

9 2-F5 
5-hydroxy-1,4-

naphthoquinone 
Yes Yes 

10 1-D11 Luteolin Yes Partial 

11 2-A5 Diosmetin Yes Partial 

12 2-B5 Vinblastine sulfate Yes Partial 

13 1-A5 Artesunate Yes No 

14 1-D8 Dihydroartemisinin Yes No 

15 1-F11 Andrographolide Yes No 

16 2-E3 Xanthohumol Yes No 

17 2-E4 Licochalcone A Yes No 

18 2-E9 Icaritin Yes No 

19 2-D7 Artether Yes Unknown 

20 2-D8 Dioscin Yes Unknown 
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Figure 24: Results of the primary screening. (A) Heatmap showing percentage daughter cells (B) 

concentration of IL-2 (pg/ml) in cell supernatant, post-treatment with phytochemicals from the drug 

library, and stimulation with Con A. Vehicle-treated (0.1%DMSO) cells acted as control (denoted 

as ConA). Boxes with crosses do not represent any data. 

 

Table 20: Details of target compounds from primary screening 

Compound 
Molecular 

name 

Mol.

wt 
Bioactivity Reference 

1D2 (S)-10-OH-

camptothecin 

364.36 Active against hepatoma. Teicher BA. Biochem 

Pharmacol. 2007. 

1F5 Fisetin 286.24 
 

Kim SC, et al. 

Biochem Biophys Res 

Commun. 2015. 

2A3 Cyclosporin A 1202.6

4 

Widely used in organ 

transplantation to prevent 

rejection. 

Handschumacher RE, 

et al. Science, 1984. 

2C5 Triptolide 

(PG490) 

360.40 Herbal immunosuppressive 

agent. 

Qiu D, et al. J Biol 

Chem, 1999. 

2C9 Rubescensin A 364.44 Has potent anti-tumor activity.  

Targets AE (AML1-ETO) 

oncoprotein. It induces 

apoptosis in AE-bearing 

leukemic cells through 

activation of intrinsic apoptotic 

Ikezoe T, et al. Int J 

Oncol, 2003. 
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pathway and triggering a 

caspase-3-mediated degradation 

2E6 Demethylzeylast

eral 

480.59 Strong immunosuppressive 

agent can be used in the fields 

of organ transplantation and 

autoimmune disorders.   

1. Liu SL et al. Eur J 

Drug Metab 

Pharmacokinet. 2014. 

2E10 Homoharrington

ine 

545.61 Protein synthesis inhibitor with 

activity in myeloid malignancies 

It has anti-Y and antileukemic 

activities, may have the 

potential ability to treat acute, 

chronic myeloid leukaemia and 

Gefitinib-resistant NSCLC. 

Jin J, et al. Lancet 

Oncol. 2013. 

2F2 Chelerythrine 

chloride 

383.83 Antiplatelet, anti-inflammatory, 

antibacterial and antitumor 

effects. Activates MAPK 

pathways, independent of PKC 

inhibition. Inhibits binding of 

BclXL to Bak or Bad proteins 

and stimulates apoptosis. 

Chan SL, et al. J Biol 

Chem. 2003. 

2F5 Juglone or 

5-hydroxy1,4-

naphthoquinone 

174.15 A natural naphthoquinone 

irreversibly inhibits peptidyl-

prolyl cis/trans isomerases of 

the parvulin family including 

human Pin1, yeast Ess1/Ptf1, 

and E. coli parvulin. Juglone 

also blocks transcription by 

RNA polymerases I, II, and III 

and attenuates kidney fibrosis in 

rats treated with unilateral 

ureteral obstruction. 

Reese S, et al.  

Fibrogenesis Tissue 

Repair. 2010.  

 

Secondary screening: In the secondary screening, we conducted time and concentration 

dependent studies to identify compounds that inhibited lymphocyte proliferation at 

nontoxic or least toxic concentrations. The results are summarized in Figure 25. Evaluation 

of lymphocyte viability after treatment with these compounds for 4 h and 24 h showed that 

none of the compounds were toxic at 4 h time point compared to the vehicle-treated control. 

A significant decrease in the viability of leukocytes was observed at 24 h for compounds. 

Homoharringtonine (HH), triptolide (TP) and cherlythrine chloride (CC) showed 

significant toxicity at concentration of 1µM, whereas demethylzeylasteral (DMZ) and 5-

https://www.ncbi.nlm.nih.gov/pubmed/?term=20047646
https://www.ncbi.nlm.nih.gov/pubmed/?term=20047646
https://www.ncbi.nlm.nih.gov/pubmed/?term=20047646
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hydroxy-1,4-naphthoquinone (5NQ) were comparatively safe showing toxicity at 

concentrations above 2.5µM. With respect to inhibition of lymphocyte proliferation, HH 

and TP completely inhibited lymphocyte proliferation at the concentration of 0.1µM after 

4 h and 24 h exposure. However, these molecules were significantly toxic to leukocytes 

after 24 h. Lymphocyte proliferation was completely inhibited by CC at the concentration 

of 5µM, but this concentration was significantly toxic to leukocytes. A dose dependent 

inhibition of lymphocyte proliferation was observed with DMZ and 5NQ, with 5NQ being 

slightly potent than DMZ as it inhibited proliferation at the concentration of 0.5µM 

compared to 1µM for DMZ. As these compounds were not toxic to leukocytes at these 

concentrations, they emerged as lead compounds in our phytochemical drug library 

screening (Figure 25). We selected 5NQ for further investigation because of its competitive 

cost compared with DMZ, as well as its ease of availability. 
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Figure 25: Results of secondary screening of the phytochemical drug library. (A-B) Concentration- 

and time-dependent effects on lymphocyte viability after treatment with the target compounds. (C-

D) Concentration and time-dependent effects on lymphocyte proliferation after treatment with the 

target compounds and Con A stimulation. Vehicle-treated (0.1%DMSO) cells were used as control 

(Con A).  

 

Immunomodulatory effect of 5NQ on leukocytes in vitro: Based on secondary screening, 

5-hydroxy-1,4-naphthoquinone (5NQ) or juglone was selected as the lead compound as it 

exhibited immunosuppression without toxicity to leukocytes.  We evaluated the 

immunomodulatory effects of 5NQ on murine splenic leukocytes in vitro. First, we studied 

the time and concentration dependent effects of 5NQ on lymphocyte proliferation and 

toxicity. Transient treatment with 5NQ for 4 h inhibited mitogen (Con A and LPS - 

lipopolysaccharide) induced proliferation of leukocytes in a dose-dependent manner 

(Figure 26).  
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Figure 26: Immunosuppressive effect of 5NQ on murine splenic leukocytes in vitro. (A) 

Lymphocyte proliferation after transient treatment (0.25, 0.5, 1, 2.5, 5µM for 4h) followed by Con 

A (A) or LPS (B) stimulation. Bar graphs represent percentage of daughter cells after 72 h of 

stimulation with Con A or LPS, calculated using CFSE dye dilution assay, and representative flow 

cytograms, indicating inhibition of lymphocyte proliferation (n =5, independent experiments, mean 

± SEM). Data were analyzed using one-way ANOVA with Bonferroni correction for multiple 

comparisons. *p<0.05, compared to VC + Con A-or VC + LPS-treated groups. 

 

Transient treatment with 1µM 5NQ for 4 h inhibited proliferation without affecting 

viability, and this dose was used for subsequent experiments (Figure 27). 

 

 
Figure 27: Viability of leukocytes 24 h after transient treatment with different concentrations of 

5NQ (0.1, 0.25, 0.5, 1, 2.5, 5 and 10µM, 4 h) quantified using the propidium iodide assay (n = 5, 

independent experiments, mean ± SEM). Data were analyzed using one-way ANOVA with 

Bonferroni correction for multiple comparisons; *p<0.05, compared with VC-treated group. 

 

Second, transient treatment of leukocytes with 5NQ suppressed Con A-induced secretion 

of IL-2, IL-4, IL-6, IFN-γ, TNF, IL-17A, and IL-10, and restored the Th1/Th2 cytokine 

imbalance induced by Con A stimulation (Figure 28).  
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Figure 28: Concentrations of Th1 (IL-2, IFN-γ, TNF) cytokines, Th2 (IL-4, IL-6, IL-10) cytokines, 

and IL-17A in cell supernatants 24 h after stimulation of transiently treated leukocytes (0.5 and 

1µM 5NQ, 4h) with Con A (n = 3 independent experiments; mean ± SEM). (E) Bar graph 

representing Th1/Th2 cytokine ratio (mean ± SEM). Data were analyzed using one-way ANOVA 

with Bonferroni correction for multiple comparisons; *p<0.05, compared to VC + Con A-treated 

groups. 

 

We further studied the effect on the activation of antigen-presenting cells (APC) and CD4+ 

T cells and found that transient treatment of leukocytes with 5NQ suppressed the expression 

of MHC-II on CD11b- dendritic cells, CD11b+ Ly6clo macrophages, and CD11b+ Ly6chi 

monocytes (Figure 29, A-C) and suppressed the expression of CD69 and CD25 in CD4+ T 

cells (Figure 29 D). Additionally, we observed an increase in CD95 (Fas) expression in 

CD4+ T cells following 5NQ treatment (Figure 29 E). Furthermore, we found that transient 

treatment with 5NQ did not increase the number of CD4+ Tregs in vitro (Figure 29 F). We 

also evaluated the effect of transient treatment with 5NQ on the anti-leukemic activity of 

leukocytes using an in vitro model of mixed lymphocyte reaction, with murine leukemia 

cell lines as stimulator cells. We observed that 5NQ-treated leukocytes exhibited anti-

leukemic activity that was comparable to that of their vehicle-treated counterparts. 
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Figure 29: (A-C) Cell surface expression of MHC-II on classical dendritic cells (cDCs) and 

monocytes was studied at 24h after 5NQ treatment (1µM, 4 h) followed by Con A stimulation, 

assessed using FACS. (D-F) Cell surface expression of CD25, CD69, and CD95 on CD4+ T cells 

was studied at 24h after 5NQ treatment (1µM, 4 h) followed by Con A stimulation, assessed using 

flow cytometry (n = 5, independent experiments), MFI: median fluorescence intensity). Data were 

analyzed using one-way ANOVA with Bonferroni correction for multiple comparisons; *p<0.05, 

compared to the VC + Con A-treated group. 
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Figure 30: (A) Brief scheme of the in vitro anti-tumor assay. (B-C) Viability of CFSE labelled A20 

or EL4 leukemia cells after 24 h incubation with vehicle-treated or 5NQ treated (1µM 4h) 

leukocytes, assessed using propidium iodide assay (n = 5, independent experiments; mean ± SEM). 

Data were analyzed using one-way ANOVA with Bonferroni correction for multiple comparisons; 

*p<0.05, compared to the tumor control group. 
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5.4 DISCUSSION 

Allo-HSCT remains a major curative therapy for various hematological disorders and offers 

GVL benefits to patient161. However, GVHD remains a major hurdle in the success of allo-

HSCT and leads to fatality162,163. Current prophylactic and treatment options have shown 

limited success in clinics owing to related toxicities, relapse of malignancy, and/or 

development of secondary infections due to prolonged immune suppression163. Despite the 

current medical advances in the field of transplantation, prevention of GVHD while 

maintaining the GVL effects of the graft remains a major unsolved challenge in clinics164.  

 

In this study, we aimed to identify novel immunomodulatory compounds by screening a 

phytochemical drug library containing 136 compounds at two levels. Primary screening 

involved testing the effect of phytochemicals on mitogen (Con A)-induced secretion of IL-

2 and lymphocyte proliferation at a fixed concentration of 10 µM and exposure for 2 h. The 

compounds identified from the primary screening were then subjected to a secondary 

screening to identify the concentration and time dependent effects of these target 

compounds on lymphocyte viability and proliferation. Target compounds that inhibited 

lymphocyte proliferation at non-cytotoxic concentrations were selected as the lead 

compounds. Finally, the lead compound was evaluated for its concentration and time 

dependent effects on lymphocyte proliferation and Th1, Th2, and Th17 cytokine secretion. 

Furthermore, the effect of the lead compound on the activation of antigen-presenting cells 

and CD4+ T cells and the differentiation of CD4+ T cells was investigated. 

 

Our primary screening strategy was to identify compounds that inhibit IL-2 secretion and 

lymphocyte proliferation. Our primary screening data identified 20 compounds that could 

inhibit lymphocyte proliferation; however, among these, only five inhibited IL-2 secretion; 
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therefore, these compounds (target compounds) were selected and subjected to secondary 

screening. IL-2 is the first cytokine secreted upon CD4+ T cell activation and plays a major 

role in the activation and differentiation of both CD4+ and CD8+ T cells165,166 and therefore 

is central to inflammatory responses.  Hence, we selected target compounds that inhibited 

both IL-2 secretion (one of the earliest events in the activation of CD4+ T cells) and the 

clonal expansion of leukocytes (lymphocyte proliferation). To validate our secondary 

screening results, we used cyclosporin A as a positive control in the secondary screening 

experiment. The five target compounds that were subjected to secondary screening were 2-

C5 (triptolide), 2-E6 (demethylzeylasteral), 2-E10 (homoharringtonine), 2-F2 

(chelerythrine chloride), and 2-F5 (5-hydroxy-1,4-naphthoquinone). The aim of secondary 

screening was to identify compounds that inhibited lymphocyte proliferation at non-toxic 

concentrations. Our results showed that compounds 5-hydroxy-1,4-naphthoquinone (2F5) 

and demethylzeylasteral (2-E6) inhibited lymphocyte proliferation at nontoxic 

concentrations. Triptolide (2-C5), homoharringtonine (2-E10), and chelerythrine chloride 

(2-F2) exhibited inhibitory effects on lymphocyte proliferation at cytotoxic concentrations 

and hence were not considered for further evaluation. Chelerythrine chloride inhibited 

lymphocyte proliferation at a toxic concentration of 5µM, but its inhibitory activity was not 

observed at concentrations lower than 5µM. Furthermore, chelerythrine chloride is a 

competitive inhibitor of protein kinase C (PKC) and induces apoptosis by indirectly 

blocking Bcl-XL. Since the immunosuppressive activity of chelerythrine chloride is caused 

by the induction of apoptosis, we determined that it is not an ideal candidate for 

immunomodulator activity. The next compound excluded from further evaluation after 

secondary screening was triptolide. Triptolide is a diterpene triepoxide isolated from the 

Chinese medicinal plant Tripterygium wilfordii. It is a known anti-inflammatory agent. 

Triptolide and its derivatives have been reported to exhibit immunosuppressive effects in 
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murine allo-HSCT models by inhibiting dendritic cell activation and the expansion of 

alloantigen-specific T cells167–169. Our secondary screening results showed that triptolide 

inhibited lymphocyte proliferation at low concentration (100nM). However, this 

concentration was found to be highly toxic to the leukocytes. Literature review further 

suggested that triptolide showed immunosuppression at nanomolar concentrations ranging 

from 5-100 nM in vitro and was toxic at an oral dose as low as 0.5 mg/kg causing hepatic 

and renal damage170. Although triptolide has shown excellent prophylactic effects against 

GVHD in murine models of allo-HSCT, its clinical translation has been limited because of 

its toxicity to various organs in vivo170. Therefore, we were discouraged from selecting 

triptolide as a lead candidate. Similarly, homoharringtonine inhibited lymphocyte 

proliferation at 100nM, which was highly toxic to leukocytes. Homoharringtonine is an 

alkaloid extracted from Cephalotaxus harringtonia that is widely used in Chinese folk 

medicine because of its antiparasitic, anti-inflammatory and antineoplastic effects171. 

Homoharringtonine binds to the A-site in the peptidyl transferase of the ribosome, thus 

exhibiting cytotoxic effects via inhibition of protein translation172. The IC50 of 

homoharringtonine was reported to be as low as 17nM in P-388 murine leukemic cells. 

This compound has recently gained attention as a potent treatment option for chronic 

myelogenous leukemia, acute myeloid leukemia and myelodysplastic syndrome173,174. 

Despite its strong myelosuppressive action demonstrated in clinical trials, the effect of 

homoharringtonine has only been studied in cancer cells, and knowledge of its effects on 

normal leukocytes appears to be scarce. Additionally, its immunosuppressive action is 

based on the induction of apoptosis and is not immunomodulatory; therefore, we eliminated 

homoharringtonine after secondary screening.  
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The two lead compounds that emerged were demethylzeylasteral and 5-hydroxy-1,4-

naphthoquinone, as they inhibited lymphocyte proliferation at non-toxic concentrations. 

Demethylzeylasteral is an active component from the plant Tripterygium wilfordii. It has 

been reported to exhibit immunosuppressive effects in rat and canine kidney transplant 

models175,176. Although this compound has shown efficacy in a rodent model of 

transplantation, its clinical use is limited due to toxicity concerns associated with the active 

components as well as the cost and difficulties associated with the isolation of 

demethylzeylasteral177. Nevertheless, demethylzeylasteral is an ideal immunomodulator, 

however, since its prophylactic efficacy has already been evaluated in the transplant setting, 

we selected 5-hydroxy-1,4-naphthoquinone (5NQ or juglone) as the lead compound. It is 

an active component of black walnut (Juglans nigra). It has been reported to exhibit anti-

inflammatory actions in several inflammatory disorders such as ulcerative colitis, 

inflammation-induced colon carcinogenesis, rheumatoid arthritis, and Alzheimer’s 

disease178. It is a potent inhibitor of Pin-1 (prolyl isomerase) which regulates several 

phosphoproteins and indirectly affects the activity of NF-κB, a major transcription factor 

that mediates inflammation179–181.  A study by Seshadri et al. showed that 5NQ causes dose-

dependent cytotoxicity in human peripheral blood mononuclear cells (HPBMCs) and 

causes ROS induced capsapse-3 dependent apoptosis of HPBMCs at a very high 

concentration of 50µM182. Our secondary screening results showed that 5NQ inhibited 

lymphocyte proliferation at a very low concentration of 1µM and was not cytotoxic to cells 

at this concentration. Moreover, its anti-inflammatory efficacy has not been evaluated in 

preclinical allotransplant settings. This encouraged us to assess the immunomodulatory 

potential of 5NQ in vitro. Our results revealed that transient treatment of splenic leukocytes 

with 5NQ inhibited mitogen-induced activation of APCs and CD4+ T cells, and inhibited 

mitogen-induced Th1/Th2 cytokine imbalance in vitro. Additionally, transient treatment 
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with 5NQ induced an anergic/exhaustive state of CD4+ T cells and did not promote their 

differentiation into Tregs. Therefore, our in vitro results provide a preliminary 

understanding of the immunomodulatory effects of 5NQ and showed that 5NQ modulates 

immune responses by inhibiting Th1/Th2 imbalance, inhibiting APC activation, and 

inducing CD4+ T cell anergy. Finally, we showed that treatment with 5NQ did not suppress 

the anti-tumor activity of leukocytes in vitro, thus encouraging us to evaluate its 

prophylactic efficacy in vivo. Most studies reporting the anti-inflammatory effect of juglone 

have been evaluated using murine or human macrophage cell lines, and limited information 

is available on the effect of 5NQ on primary leukocytes, mainly T cells180,183,184. Our study 

is among the few that sheds light on the immunomodulatory potential of 5NQ on primary 

leukocytes and shows that the immunomodulatory effect of 5NQ is exhibited at a much 

lower concentration than its cytotoxic concentration.  

 

In conclusion, this study identified two potent immunomodulators, demethylzeylasteral and 

5-NQ and the latter was further evaluated for its immunomodulatory effects on various 

immune cell subtypes. The concentration of 5NQ at which the immunomodulatory effect 

was observed was much lower than its cytotoxic concentration. Lastly, retention of the anti-

tumor activity of 5NQ treated leukocytes provided a good basis for evaluation of 

prophylactic efficacy in murine models of acute GVHD. 
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6 OBJECTIVE 2 
6.1 Background 

Juglone  

Juglone is a phenolic compound found in the fresh leaves, green husks, roots, bark, and nuts 

of Juglans nigra, Juglans regia, Juglans cinera, and Carya illinoinensis, (walnut trees). 

Chemically it is a naphthoquinone composed of quinone ring with oxygen atoms at positions 

1 and 4 and an aromatic ring that has been hydroxylated at position 5. The chemical name of 

juglone is 5-hydroxy-1,4-naphthoquinone which is abbreviated as 5NQ 185. The 

physicochemical characteristics are mentioned in Table 21: Structure and Physicochemical 

properties of 5NQ. 

Table 21: Structure and Physicochemical properties of 5NQ185. 

Chemical name 1,4-Napthoquinone, 5-hydroxy-(8CI) 

PubChem CID 3806 

Synonyms  Akhnot; C.I. 75500; C.I. Natural Brown 7; 5-hydroxy1,4-

naphthalenedione;5-hydroxynaphthoquinone; juglone; regianin; 

walnut extract 

Molecular formula  C10H6O3 

Molecular weight  174.16 

Appearance  Solid 

Melting point 155.0 °C 

Solubility  Insoluble in water, ~10 mg/ml in EtOH & DMSO 

Chemical structure 

 

 

Origin and history  

Walnut trees have been revered for their many uses and potential dangers since prehistoric 

times. Juglone, which is found in the kernels, leaves, and green husks of Juglans regia, was 
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found to be toxic to many other plant species (allelopathic property of juglone), stunting their 

development186. The walnut tree has been cultivated since 4000 B.C., initially for its medicinal 

and nutritional value, and is now widely harvested for its wood and fruit. The common walnut, 

or Juglans regia L., is a tree in the family Juglandaceae. It is also known as English walnut 

and Persian walnut. Walnuts have been used for centuries, in folk medicine and in the 

pharmaceutical and cosmetic industries, as both food and medicine. Experimental and 

epidemiological studies have shown that walnuts are beneficial for many chronic diseases, 

including coronary heart disease, rheumatism, diabetes, obesity, and cancer178. In addition, 

many studies have found a link between dietary intake of walnuts and lower risk of developing 

cancer. Walnuts are rich in polyphenols, proteins, fiber, sterols, and essential fatty acids. 

Walnut is the most enriched nut species when only phenolic antioxidant levels are 

considered187. The most well-known naphthoquinone, juglone, is found in the young leaves. 

The results showed that there were appreciable amounts of juglone, ranging from 13.1 to 

1556.0 mg/100 g of leaf dry weight188. Juglone was first isolated from walnuts in the 1850s, 

and scientific evidence of its allelopathic effect was published in 1881189. In living plants, 

juglone is in a non-toxic glycosylated form however, when exposed to soil or air, this 

allelopathic compound is immediately transformed into an oxidized, highly toxic form. 

Juglone has been found to have antidepressant, antimicrobial, anti-cancer, anti-fungal, 

antioxidant, apoptotic, and anti-angiogenic properties187,188. Evidence suggests that juglone 

and its derivatives can prevent food spoilage by making it more resistant to oxygen and 

reactive species. Seventy-three juglone-related patents were issued in the United States 

between 1976 and 1999. These patents demonstrate the potential applications of juglone from 

antiviral naphthoquinone derivatives for AIDS treatment, in skin and hair coloring 

preparations190,191. 
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Biochemistry of naphthoquinones: biological effects of the electrophilic properties of 

naphthoquinones 

Free radicals are reactive chemical entities containing unshared electrons. They consist of 

radical and non-radical oxygen species formed by the partial reduction of oxygen. Reactive 

oxygen species (ROS) includes superoxide, (O2
•-), hydroxyl (OH•), per hydroxyl (HO2

•) 

radicals and hydrogen peroxide (H2O2). In biological reactions, cytochrome P450 reductase 

and other flavoprotein enzymes can reduce the quinone moiety to semiquinone, which can 

subsequently be reduced to hydroquinone via a sequence of two one-electron reductions192. 

The semiquinone intermediate can further fuel any of the following three reactions. 1) It can 

be converted to hydroquinone, which is then removed from the cell by de-esterification. 2) 

The formed hydroquinone can be reconverted to semiquinone via oxidation reactions, 3) The 

formed semiquinone is converted to superoxide and hydrogen peroxide via a redox cycling 

chain involving semiquinone and hydroquinone (Figure 31)192,193. In conclusion, these two 

reactions characterize the interactions of quinones with biological systems. First, they function 

as electron transfer agents, transferring electrons from a reducing agent such as NADPH to 

oxygen, which produces superoxide that is eventually converted into oxygen and hydrogen 

peroxide. Second, they form covalent bonds with nucleophilic functional groups, such as thiol 

(SH), in biological molecules such as electrophiles (Figure 31B)194. Therefore, the interactions 

of naphthoquinones with biological molecules have two major fates: the redox cycling of 

naphthoquinone to semiquinones leading to ROS production ultimately resulting in cellular 

oxidative stress and naphthoquinones can directly quench reactive oxygen species by donating 

hydrogen atoms, inhibiting ROS-producing enzymes, chelating transition metal ions, and 

regenerating membrane bound antioxidants such as tocopherol (vitamin E)193,194.  
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Figure 31: Redox cycling of 1,4-naphthoquinones. (A) Redox cycling of 1,4-naphthoquinones may 

lead to the generation of reactive oxygen species (ROS), which can oxidize certain cellular 

macromolecules. (B) The quinone (Q) or semiquinone (SQ-) forms of 1,4-naphthoquinones can react 

with nucleophiles, and cellular proteins to form adducts. GSH: glutathione; H2Q: hydroquinone; 

GSSG: glutathione disulfide; GS-H2Q -glutathione-quinone adduct. Figure adapted from195,196 

 

Therefore, naphthoquinones can act as pro-oxidants or antioxidants, depending on the 

exposure conditions, such as the presence of an oxygen-rich environment or the availability of 

transition metals. Nevertheless, naphthoquinones are redox-active compounds that modulate 

the activity of cellular proteins via oxidative stress, and their cytoprotective or cytotoxic 

potential depends on the exposure to naphthoquinones (Figure 32)197. 

 
Figure 32: Naphthoquinones (NQ), cause damage that may result in cell death via oxidation or 

alkylation of cellular target structures. Lower concentrations of NQ elicit cell signaling cascades that 

prevent cellular damage and activate adaptive stress responses. Figure adapted from197 

 

Biological activities of Juglone 
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Juglone has been reported to have pro-oxidant, antioxidant, anti-inflammatory, anti-cancer, 

antidiabetic, and anti-microbial activities178. The biological effects are concentration 

dependent, where lower concentrations are cytoprotective, whereas higher concentrations have 

been cytotoxic193. 

Pro-oxidant effects and Cytotoxicity 

Juglone is a known biological toxin because of its allelopathic actions. The potential of juglone 

as a cytotoxic agent has been extensively studied on various cancer cell lines198 such as human 

leukemia cells (HL-60 and doxorubicin-resistant HL-60)199, the human hepatoma cell line 

HepG2200,201, the BALB/c mouse fibroblast cell line 3T3202, MCF-7 breast cancer cells203–206, 

C6 rat glioma cells207–215, and human keratinocytes216–218. DNA damage, inhibition of 

transcription, and inhibition of p53 have been implicated in juglone-mediated cell 

death201,203,210,212. However, the cytotoxicity of juglone can be attributed to its redox cycling 

activity or interaction with cellular thiols202,203,205,212,214. ROS generated by redox cycling 

activity can enhance lipid peroxidation and thus facilitate cell death197,217,219,220. It also forms 

adduct which in turn causes glutathione depletion. The thiol group on reduced glutathione is a 

very good nucleophile and is easily arylated by juglone. The arylation of reduced glutathione 

by juglone increases cellular toxicity by decreasing the availability of reduced glutathione 

(GSH).221,222.  

Antioxidant activity 

Intramolecular hydrogen bonding between the hydroxyl and keto groups in juglone makes it 

an active hydrogen atom donor196. This chemistry of juglone enables it to directly quench free 

radicals and reduce oxidative stress. The antioxidant properties of juglone have been evaluated 

in oxidative stress-linked diseases, such as Alzheimer’s disease223 and fibrotic diseases of the 
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liver224 and kidney225. Treatment of primary cortical neurons with juglone prevented oxidative 

and heat stress-induced dephosphorylation of Tau protein in vitro223. Supplementation with 

diet rich in walnut to transgenic mice models of Alzheimer’s disease showed reduction in 

oxidative damage226. Moreover, juglone has been reported to reduce oxidative stress by 

inhibiting Smad2 phosphorylation in the kidney and alleviating kidney fibrosis.225,227 

Additionally, in a model of liver fibrosis, juglone increased the activity of superoxide 

dismutase (SOD), thus reducing oxidative stress. This antioxidative activity has been shown 

to mitigate inflammatory conditions224. 

Antifungal activity 

Concoctions from unripe black walnut hulls have been used since the age of folk medicine to 

treat fungal infections. It is active against Candida albicans, Trichophyton mentagrophytes, 

and Microsporum canis, and was as effective as commercially available anti-fungal agents 

such as zinc undecylenate and selenium sulfide228,229.  

Antibacterial activity 

Antibacterial activity of juglone has been widely demonstrated both gram positive and 

negative bacteria involving E. coli, B. subtilis, S. aureus as well as methicillin resistant S. 

aureus (MRSA)230–233. Various mechanisms have been implicated regarding the antibacterial 

effects, including redox cycling, mitochondrial oxidative stress, and DNA, RNA, and protein 

synthesis inhibition 229–233. 

 

Juglone as a Pin 1 inhibitor 

Peptidyl-prolyl cis/trans isomerase (PIN1) that catalyzes the cis/trans isomerization of peptide 

bonds preceding prolyl residues regulate protein phosphorylation and cell signaling234. Juglone 
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mediated inhibition of Pin1 has been associated with an improvement in the dephosphorylation 

of Tau protein in Alzheimer’s disease223,234. Pin1 activity has been implicated in a variety of 

inflammatory conditions such as allergy235, rheumatoid arthritis236, diabetes237, and 

Parkinson’s disease238. It is responsible for the phosphorylation of NF-κB, leading to its 

activation; hence, inhibition of Pin1 by juglone is associated with the alleviation of various 

inflammatory diseases239–241. Pin1 was shown to increase nitric oxide production by activating 

the TNF pathway in neutrophils, causing a heightened inflammatory response in intestinal 

injury.  Juglone inhibited Pin1 activity, thereby reducing neutrophil-induced oxidative 

stress242,243. Pin 1 inhibition has been reported to have antiproliferative effects on cancer 

cells239,241. 

Effects of juglone on cell signaling pathways 

Juglone has been reported to modulate various cell signaling pathways. It activates ERK, JNK, 

and p38 in the skin, glioblastoma, cervical cancer, melanoma, hepatocellular carcinoma, and 

smooth muscle cells200,210,213,215. Juglone modulates MAP kinases to induce apoptosis. Some 

investigations have revealed that MAP kinase activation is dependent on ROS generation, 

suggesting that naphthoquinone redox cycling may be the underlying mechanism. Juglone 

suppresses the Akt/GSK-3b/Snail pathway and epithelial-mesenchymal transition in prostate 

cancer cells244. Juglone also reduced Akt phosphorylation in trastuzumab-resistant breast 

cancer cells205.  

Anti-inflammatory effects of juglone 

Few studies have highlighted its anti-inflammatory potential. Juglone has been reported to 

suppress LPS induced activation of RAW.67 and J774.1 macrophages via inhibition of ROS 

and nitric oxide (NO) production245. Additionally, inhibition of Pin1 by juglone at low 

concentrations (0.5µM) mitigates LPS or TNF-α induced respiratory bursts in human 
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neutrophils, thus preventing excessive ROS production at the site of inflammation242,243. The 

anti-inflammatory effects of juglone have also been evaluated in murine models of 

inflammatory conditions. In the DSS-induced colitis murine model, administration of 0.04 

mg/kg 5NQ daily with water reduced DSS-induced oxidative stress and tissue damage. The 

authors further showed that 5NQ administration suppressed the pro-inflammatory cytokines 

IL-6, TNF-α, and NF-kB via the induction of antioxidant activity through Nrf-2246. 

Additionally, two reports have evaluated its immunomodulatory effects. Treatment with 

juglone enhanced antitumor immunity by eliminating myeloid-derived suppressor cells 

(MDSCs) and restoring the Th1/Th17 balance in a murine model of colon carcinoma247. In 

another study, intraperitoneal administration of juglone (3 mg/kg), before immunization with 

the BCG vaccine, caused an increase in CD8 T cells, showing a potential immunomodulatory 

effect248. In conclusion, anti-inflammatory/ immunomodulatory effects of juglone have been 

investigated on few types of immune cells namely macrophages245 and neutrophils249 

However, its effect on T lymphocytes has not been widely studied248. Moreover, the anti-

inflammatory activity of juglone is mainly mediated through inhibition of Pin1and NFκB 

inhibition249–254.  

Summary 

The above literature suggests that juglone mediates its biological activities through modulation 

of cellular redox and inhibition of Pin1, which further perturbs the activities of other cellular 

signaling proteins, such as NF-κB, MAPK, ERK, JNK, p38, p53, and Akt. Moreover, limited 

studies have described the anti-inflammatory activities of juglone with respect to immune 

cells. Therefore, we evaluated the effects of juglone (5NQ) on cellular redox reactions, 

antioxidant response signaling, and inflammatory signaling proteins in murine splenic 

leukocytes. 
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6.2 METHODOLOGY 

All experiments in this study were conducted using murine splenic leukocytes isolated from 

the spleen of healthy BALB/c mice (8-10 weeks old). 

Evaluation of the effect of 5NQ treatment on cellular redox in leukocytes: The 

naphthoquinone class of compounds is well known for its redox cycling activity. Therefore, 

we evaluated the effects of 5NQ treatment on cellular redox reactions. 

Measurement of mitochondrial and cellular ROS: To evaluate the effect of 5NQ treatment on 

mitochondrial and cellular ROS levels, leukocytes were treated with different concentrations 

of 5NQ (1, 2.5 and 5µM) or vehicle for 1, 2, and 4 h, after which the cells were washed with 

PBS and stained with MitoSOX red (1µM) and H2DCFDA (1µM) in PBS for 30 min at 37 °C 

in the dark. The cells were washed thrice and analyzed using a flow cytometer.  

To estimate cellular ROS levels using CellROX orange dye, leukocytes were treated with 1µM 

5NQ for 2 h, washed, and stained with CellROX orange dye (2.5µM for 30 min at 37 °C) in 

the dark. The cells were analyzed using a flow cytometer.  

For the estimation of mitochondrial and cellular ROS by confocal microscopy, leukocytes 

were treated with 1µM 5NQ for 2 h, washed, stained with H2DCFDA, MitoSOX red, and 

CellROX orange dye, as mentioned above, and imaged on a Leica SP8 confocal microscope 

at a magnification of 630x with a 1x-3x digital zoom. Sections of 0.5μm of the entire cell were 

captured, and images were represented as a projection of the entire Z-stack. Images were 

processed using Leica LASX software. 

Measurement of intracellular GSH levels: Thiol tracker violet dye was used to determine 

intracellular glutathione levels in leukocytes after treatment with 1µM 5NQ for 15, 30, 60, 

120, and 240 min. The cells were washed twice with PBS and stained with 10µM thiol tracker 
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violet dye for 30 min at 37 °C in the dark. The cells were then washed and analyzed using flow 

cytometry. 

Evaluation of the effect of pre-treatment of leukocytes with thiol antioxidants on 5NQ 

mediated effects on cellular redox and leukocyte proliferation: To understand the role of 

thiols and altered cellular redox status in the observed immunosuppressive activity of 5NQ, 

we evaluated the effect of 5NQ treatment on cellular redox in the presence of the thiol 

antioxidant N-acetylcysteine (NAC). 

Evaluation of 5NQ mediated cellular redox alterations in presence of N-acetyl cysteine (NAC): 

Leukocytes were pre-treated with NAC (10mM) for 2 h before 5NQ treatment. Leukocytes 

were treated with 1µM 5NQ for 4 h unless otherwise mentioned. 5NQ was removed from the 

culture medium by washing the leukocytes with PBS. DMSO (0.01% in PBS or RPMI 1640) 

was used as the vehicle control in all the experiments. After 5NQ treatment, cells were washed 

with PBS and stained with MitoSOX red, H2DCFDA, or CellROX orange dye, as described 

previously, and analyzed using a flow cytometer. 

Evaluation of the effect of thiol antioxidants on the anti-proliferative effect of 5NQ: The effect 

of thiol antioxidants on the anti-proliferative effect of 5NQ was evaluated using the CFSE dye 

dilution assay. Leukocytes were stained with CFSE dye. Leukocytes were pre-treated with 

thiol antioxidants, GSH (10mM) or NAC (10mM) for 2 h, followed by treatment with 1µM 

5NQ for 4 h. The cells were then washed with PBS to remove 5NQ from the culture medium. 

DMSO (0.01% in RPMI 1640) was used as vehicle control. Cells were then stimulated with 

mitogen concanavalin A (Con A, 2.5µg/ml) and incubated for 72 h. The cells were analyzed 

using a flow cytometer to measure CFSE fluorescence. 
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Evaluation of physical interaction of 5NQ with thiol antioxidants GSH and NAC using 

absorption spectrometry: The absorption spectra of 5NQ were measured using a 

spectrophotometer in the presence and absence of GSH and NAC. Briefly, 1µM 5NQ was 

incubated with either GSH (1mM) or NAC (1mM) for 1 h at 37°C, after which absorption 

spectra were measured at 300-900 nm wavelengths using a spectrophotometer. 

Evaluation of the effect of 5NQ treatment on antioxidant response signaling in 

leukocytes: The effect of 5NQ treatment on the expression of anti-oxidant response proteins 

Nrf2, HO1, and NQO1 in leukocytes was studied in the presence or absence of NAC and 

mitogenic stimulation with Con A. Leukocytes were pre-treated with NAC (10mM, 2 h), 

followed by treatment with vehicle or 1µM 5NQ for 3 h, followed by stimulation with Con A 

for 4 h. Expression of HO1 and NQO1 was evaluated by immuno-blotting. Nrf2 expression 

was studied by immunofluorescence microscopy and flow cytometry. 

Evaluation of the immunosuppressive effect of 5NQ on leukocytes from Nrf2 knockout mice: 

We evaluated the effect of 5NQ treatment on cytokine secretion and lymphocyte proliferation 

in splenic leukocytes from Nrf2 knockout C57BL/6 mice to understand the role of Nrf2 in 

5NQ mediated immunosuppressive activity. Briefly, leukocytes were isolated from Nrf2 

knockout mice as previously described. 

Effect on cytokine secretion: To study the effect of 5NQ treatment on cytokine secretion, 1 x 

106 leukocytes were seeded in a 24 well plate and treated with either vehicle (0.01% DMSO 

in RPMI 1640 medium) or 5NQ (0.5 and 1µM, 4h), followed by stimulation with Con A and 

incubation for 24 h. Cells were harvested by centrifugation at 2500 rpm for 5 min. The 

supernatants were collected and stored at -80˚C until analysis.  
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Cytokine concentrations (IL-2, IL-4, IL-6, IFN-γ, TNF, IL-10, and IL-17A) were measured in 

the supernatant using a BD™ Cytometric Bead Array (CBA Becton-Dickinson, NJ, USA). 

The analysis was performed according to the manufacturer’s instructions. The cell 

supernatants or sera were incubated with mixed capture beads, followed by the addition of the 

detection antibody, and incubated at room temperature for 3 h, according to the manufacturer’s 

instructions. Samples were washed, acquired on a BD FACS Aria, and analyzed using the 

FCAP array software. 

Effect on leukocyte proliferation: To study the effect of 5NQ treatment on proliferation of 

leukocytes from Nrf2 KO mice, leukocytes were stained with CFSE dye. Cells were then 

treated with 5NQ (0.1, 0.5, 1, 2.5 and 5µM, for 4h) and stimulated with Con A, as previously 

described. The cells were incubated for 72 h, and CFSE fluorescence was quantified using a 

flow cytometer. 

Effect of 5NQ on leukocyte proliferation in presence of Nrf2 inhibitor: We also evaluated the 

effect of 5NQ treatment on the proliferation of wild-type leukocytes in the presence of the 

Nrf2 inhibitor ML385 using the CFSE dye dilution assay. Briefly, the cells were pre-treated 

with ML385 (10µM) for 2 h, followed by treatment with 5NQ (1µM, 4 h). The cells were 

washed and stimulated with Con A, as previously described, and incubated for 72 h. CFSE 

fluorescence was measured by flow cytometry. 

Evaluation of the effect of 5NQ treatment on inflammatory signaling in leukocytes: The 

effect of 5NQ treatment on the activation of inflammatory signaling proteins, such as NF-κB 

and Akt, was studied in the presence or absence of NAC and mitogenic stimulation with Con 

A using immuno-blotting. Briefly, leukocytes were pre-treated with NAC (10mM, 2 h), 

followed by treatment with vehicle or 1µM 5NQ for 3 h, and stimulation with Con A for 4 h. 
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NF-κB activation was studied by evaluating its expression in the cytoplasmic and nuclear 

lysates. The expression of phosphorylated and total Akt was evaluated in cytoplasmic lysates.  

 

6.3 RESULTS 

Effect of 5NQ on cellular redox status: We evaluated the effect of 5NQ treatment on 

mitochondrial and cellular ROS levels in leukocytes. Treatment with 5NQ caused a time and 

concentration dependent increase in mitochondrial ROS in leukocytes, as measured using 

MitoSOX red dye (Figure 33A and C). Surprisingly, 5NQ treated leukocytes showed time and 

concentration dependent decrease in cellular ROS, as measured by H2DCFDA and CellROX 

orange dye (Figure 33A and C). In addition, we observed a decrease in thiol tracker violet 

fluorescence in 5NQ treated leukocytes which indicated low levels of cellular GSH in treated 

cells compared with untreated cells (Figure 34). 

 

Figure 33: Modulation of cellular redox balance by 5NQ in vitro. (A-B) Bar graph showing median 

fluorescence intensity (MFI) of MitoSOX red dye and H2DCFDA. Leukocytes were treated with 

different concentrations of 5NQ for the indicated times to determine changes in mitochondrial and 

cellular ROS levels (n = 5 independent experiments; mean ± SEM). (C) Fluorescence microscopy 

images of leukocytes stained with MitoSOX red, H2DCFDA, and CellROX orange before and after 

treatment with vehicle (0.01% DMSO) or 5NQ (1µM, 2 h) (n = 3 independent experiments). Data were 
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analysed using one-way ANOVA with Bonferroni correction for multiple comparisons; *p<0.05, 

compared to untreated groups. 

 

 
 

Figure 34: Effect of 5NQ on cellular GSH levels. Bar graph showing MFI for the thiol tracker violet 

dye used to determine cellular GSH levels in leukocytes treated with 5NQ (1µM) (n = 5 independent 

experiments; mean ± SEM). Data were analyzed using one-way ANOVA with Bonferroni correction 

for multiple comparisons; *p<0.05, compared to untreated groups. 

 

Effect of 5NQ on cellular redox in presence of thiols: To understand the role of mitochondrial 

ROS and altered cellular redox in the observed immunosuppressive activity of 5NQ, we 

evaluated the effect of 5NQ treatment on cellular redox in the presence of the thiol 

antioxidant, NAC. Pre-treatment of leukocytes with NAC, inhibited 5NQ induced alterations 

in mitochondrial and cellular ROS levels (Figure 35A-C). Moreover, pretreatment with GSH 

and NAC abrogated the anti-proliferative effect of 5NQ on leukocytes (Figure 35D). We 

further investigated whether 5NQ interacts with thiol antioxidants. Incubation of 5NQ with 

GSH or NAC changed the absorption spectrum of 5NQ (Figure 36), indicating a probable 

physical interaction of 5NQ with thiol antioxidants.  

Effect of 5NQ on antioxidant response signaling: As 5NQ treatment resulted in alterations 

in cellular redox, we evaluated the effect of 5NQ on the expression of the redox-sensitive 

transcription factor Nrf-2 and its downstream targets HO1 and NQO1. We found that 

leukocytes treated with 5NQ showed an increase in Nrf-2 expression, as observed by 

confocal microscopy and flow cytometry (Figure 37 A-C). Western blot analysis further 
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confirmed a subsequent increase in expression of HO-1, a downstream target of Nrf-2, 

indicating the up-regulation of antioxidant response signaling in these cells. However, pre-

treatment of leukocytes with NAC could inhibit 5NQ mediated up-regulation of Nrf-2 and 

HO-1, thus reversing 5NQ induced up-regulation of antioxidant response signaling in 

leukocytes (Figure 37D and E).  

To further examine the role of Nrf-2 in mediating the immunosuppressive action of 5NQ, 

we studied leukocyte proliferation in the presence of the Nrf-2 inhibitor ML385 and found 

that Nrf-2 inhibition did not reverse the anti-proliferative effect of 5NQ (Figure 38A). 

Similar results were obtained when we studied the proliferation of leukocytes from Nrf-2 

KO mice after treatment with 5NQ (Figure 38B). Therefore, to understand the role of Nrf-2 

in 5NQ mediated immunomodulation, we studied the effect of 5NQ treatment on mitogen-

induced cytokine secretion from Nrf-2 KO leukocytes (Figure 38C). We observed that 5NQ 

treatment of Nrf-2 KO leukocytes did not restore the mitogen-induced Th1/Th2 cytokine 

imbalance, as observed in wild-type leukocytes (Figure 38D-E). These results indicate that 

5NQ mediates its immuno-modulatory action via alteration of the cellular redox status and 

thiol depletion, consequently up-regulating the Nrf-2 antioxidant response system.   
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Figure 35: Thiols abrogate the effect of 5NQ on cellular redox reactions. (A-C) Bar graphs showing 

MFI of MitoSOX red, H2DCFDA, and CellROX orange in leukocytes treated with 5NQ (1µM, 2h) in 

the presence or absence of N-acetyl cysteine (NAC) (n = 5 independent experiments; mean ± SEM). 

(D) Effect of 5NQ treatment on leukocyte proliferation in the presence of the thiol antioxidants, NAC 

and GSH. The bar graph shows the percentage of daughter cells after 72 h of Con A stimulation (n = 

5 independent experiments, mean ± SEM).  Data were analyzed using one-way ANOVA with 

Bonferroni correction for multiple comparisons; *p<0.05, compared to untreated, VC, or VC+A-

treated groups. 
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Figure 36: Absorption spectrum of 1mM 5NQ in the presence of (a) GSH and (b) NAC. 

 

Figure 37: Up-regulation of Nrf-2/HO-1signaling by 5NQ in vitro. (A) Leukocytes were treated with 

vehicle (DMSO 0.01%) or 5NQ (1µM, 4 h) and stained with Alexa Fluor 488 labelled anti-Nrf-2 

antibody and Hoechst 33342. Immunofluorescence images of leukocytes stained with antibodies 

against Nrf-2 (green) and Hoechst (blue) (n = 3 independent experiments). (B-C) Leukocytes were 

treated with vehicle (DMSO 0.01%) or 5NQ or pre-treated with NAC (10 mM, 2 h) followed by 5NQ 

treatment and stained with Alexa Fluor 488 labelled anti-Nrf-2 antibody. Histograms and bar graph 

showing the median fluorescence intensity (MFI) of Alexa Flour 488 labelled anti-Nrf-2 antibody (n 

= 5 independent experiments). (D) Western blots showing the expression of HO-1 and NQO-1 after 

treatment with 5NQ (1µM, 3 h) in the presence or absence of the antioxidant N-acetylcysteine (NAC) 

and/or stimulation with Con A (2.5µg/ml,4 h). β-actin served as loading control. (E) Semi-quantitative 

analysis of western blots for HO-1 and NQO-1 (n = 5 independent experiments, mean ± SEM). Data 

were analyzed using one-way ANOVA with Bonferroni correction for multiple comparisons; *p<0.05, 

compared to the VC + A-treated group. 
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Figure 38: (A) Leukocyte proliferation after 5NQ (1 µM for 4 h) treatment in the presence or absence 

of the Nrf-2 inhibitor ML385 (10 µM for 2 h) followed by Con A (2.5 µg/ml) stimulation. Bar graphs 

represent percentage of daughter cells after 72 h of stimulation with Con A, calculated using CFSE dye 

dilution assay (n = 3 independent experiments; mean ± SEM). (B) Proliferation of Nrf-2 KO leukocytes 

after transient treatment with 5NQ (0.1, 0.5, 1, 2.5, and 5 µM for 4 h) followed by Con A stimulation. 

Bar graphs represent percentage of daughter cells after 72 h of stimulation with Con A, calculated 

using CFSE dye dilution assay (n = 5 independent; mean ± SEM). (C) Concentrations of Th1 (IL-2, 

IFN-γ, TNF), Th2 (IL-4, IL-6, IL-10) cytokines and IL-17A in cell supernatants at 24 h after 

stimulation of transiently treated Nrf-2 KO leukocytes with 5NQ (0.5 and 1 µM, 4 h) and stimulated 

with Con A (n = 3 independent experiments; mean ± SEM). (D) Bar graph representing Th1/Th2 

cytokine ratio (mean ± SEM) calculated using concentrations of Th1 and Th2 cytokines in cell 

supernatants of Nrf-2 KO leukocytes treated with 5NQ (0.5 and 1µM, 4h) and stimulated with Con A. 

(E) Bar graph comparingTh1/Th2 cytokine ratios (mean ± SEM) calculated using concentrations of 

Th1 and Th2 cytokines in cell supernatants of wild-type (WT) and Nrf-2 KO (KO) leukocytes treated 

with 5NQ (0.5 and 1 µM, 4 h) and stimulated with Con A. Data were analyzed using one-way ANOVA 

with Bonferroni correction for multiple comparisons; *p<0.05, ns: non-significant, data were compared 

with VC+ Con A group. 

 

Effect of 5NQ on inflammatory signaling: We evaluated the activation of NF-κB in cellular 

and nuclear lysates and the phosphorylation status of Akt, in 5NQ treated, resting, and 

mitogen-stimulated leukocytes. Treatment with 5NQ inhibits ConA-induced activation of NF-
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κB and its nuclear translocation in leukocytes. It also inhibited ConA-induced phosphorylation 

of Akt. However, pre-treatment of leukocytes with NAC reversed the inhibitory effect of 5NQ 

on NF-κB activation and Akt phosphorylation, thus abrogating the 5NQ-mediated suppression 

of mitogen-induced signaling in leukocytes (Figure 39).  

 

Figure 39: Treatment of leukocytes with 5NQ inhibits inflammatory signaling. (A) Western blots 

showing the expression of cytoplasmic and nuclear NF-κB in leukocytes after treatment with 5NQ 

(1µM, 3 h) ± N-acetylcysteine (NAC) and/or stimulation with Con A (2.5µg/ml, 4 h). β-actin served 

as loading control for cytoplasmic proteins and histone H3 served as loading control for nuclear 

proteins. (B) Semi-quantitative analysis of the nuclear to cytoplasmic ratio of NF-κB (n = 5 

independent experiments, mean ± SEM). (C) Western blotting showing the expression of 

phosphorylated and total Akt in leukocytes after treatment with 5NQ (1µM, 3 h) in the presence or 

absence of antioxidant N-acetylcysteine (NAC) and/or stimulation with Con A (2.5µg/ml,4 h). β-actin 

served as loading control. (D) Semi-quantitative analysis of western blots for phospho-Akt (normalized 

to total Akt expression) (n = 5 independent experiments, mean ± SEM). Data were analyzed using one-

way ANOVA with Bonferroni correction for multiple comparisons; *p<0.05, compared with the VC 

+ A-treated group. 
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6.4 DISCUSSION 

Juglone (5NQ) was selected as the lead molecule based on our phytochemical drug library 

screening results. The results demonstrated the immunomodulatory effect of juglone on 

murine splenic leukocytes. Therefore, we performed further experiments to understand the 

mechanisms underlying the immunomodulatory effects of 5NQ in murine leukocytes.  

First, we sought to understand the changes in cellular redox status and signaling in leukocytes 

after 5NQ treatment to elucidate a plausible mechanism of its immunomodulatory action. Our 

results showed that 5NQ modulated the cellular ROS balance by selectively increasing 

mitochondrial ROS in leukocytes. Furthermore, we showed that 5NQ mediated changes in 

cellular redox were reversed in the presence of thiols. Additionally, we observed a decrease in 

the cellular GSH levels after treatment with 5NQ. Moreover, the anti-proliferative effect of 

5NQ was abrogated in leukocytes pre-treated with thiol antioxidants. Furthermore, the 

absorption spectra of 5NQ were perturbed in the presence of the thiol-containing antioxidants 

GSH and NAC, indicating quinone-thiol adduct formation. These results indicate that thiol 

depletion may be one of the factors contributing to the 5NQ mediated immunomodulatory 

effects. The naphthoquinone compounds are known to form adducts with thiol-containing 

proteins and antioxidants, such as GSH and NAC255,256. Thiol depletion can have various 

effects on cellular signaling, the most common being an increase in antioxidant response 

proteins such as superoxide dismutase (SOD), catalase, thioredoxin (Tx), and Nrf2, which 

consequently up-regulate the adaptive stress response in these cells, protecting them from 

further damage and apoptosis255,256. However, extensive depletion of thiol antioxidants, which 

cannot be salvaged by the activated antioxidant response, may lead to cell death220. In our 

study, we observed that transient treatment with 5NQ did not cause cell death at 24 h, 

indicating that these cells were under adaptive stress. Additionally, it is difficult to explain the 
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causal relationship between GSH depletion and mitochondrial ROS195,222. Juglone or 5NQ is 

a known narrow-range mitochondrial uncoupling agent, which explains the observed increase 

in mitochondrial ROS in leukocytes after treatment with 5NQ257. The observed increase in 

mitochondrial ROS may be the primary reason for depletion of GSH nevertheless, the reverse 

mechanism is also possible, as the naphthoquinone compounds are known to form thiol 

adducts, leading to depletion of these antioxidants194,219. 

Intriguingly, in our study, we observed that although mitochondrial ROS increased after 5NQ 

treatment, there was a drastic decrease in cellular ROS, as observed using H2DCFDA and 

CellROX orange dye. Therefore, we investigated the expression of Nrf2 and its downstream 

targets, which are important orchestrators of cellular stress responses. We observed an increase 

in the antioxidant response signaling protein Nrf2 and its downstream target HO1. This 

indicates that treatment with 5NQ up-regulates antioxidant response signaling in leukocytes. 

Nrf-2 and its downstream target HO1 have been shown to mediate anti-inflammatory 

activities. Nrf2 is a transcription factor up-regulated under oxidative stress conditions. The 

levels of NRF2 are low in cells under homeostasis conditions, as they are sequestered by 

KEAP1 (and E3 ubiquitin ligase) and targeted for proteasomal degradation258. However, under 

stress conditions, such as exposure to toxins and ROS, mutations, or metabolic stress, the Nrf2-

KEAP1 complex is disrupted, and activated Nrf2 translocates to the nucleus and activates its 

downstream targets.  One of the major factors in the disruption of Nrf2-KEAP1 during 

oxidative stress is the electrophilic reaction of ROS with cysteine of KEAP1, which inhibits 

the interaction of Nrf2 with KEAP1, thus stabilizing the newly formed Nrf2 in the cytosol. 

Activated Nrf2 translocates to the nucleus where it activates the transcription of cytoprotective 

genes. Furthermore, Nrf2 and NF-κB counteract each other, where Nrf2 directly inhibits the 

activity of NFκB-mediated transcription of pro-inflammatory cytokines258. Moreover, 
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increased Nrf2 activity has been shown to regulate inflammation via its effects on immune cell 

differentiation, expansion, survival, and cytokine release. NRF2 activation impairs Th1-driven 

responses and promotes Th2 mediated responses. Nrf2 activity in stimulated T cells promotes 

Treg cell differentiation, which alleviates inflammation. Additionally, Nrf2 activity in 

dendritic cells causes decreased expression of MHC class II and co-stimulatory molecules 

CD86 and CD80, which eventually leads to suboptimal stimulation of T cells, resulting in a 

poor inflammatory response.  In leukocytes, such as macrophages, NRF2 expression 

suppresses pro-inflammatory gene expression, which suppresses cytotoxic T cell proliferation 

and causes T-cell anergy. These outcomes of 5NQ mediated Nrf2 up-regulation have been 

demonstrated in our results of objective 1, where we observed a reduction in MHC-II 

expression in leukocytes (macrophages and dendritic cells), as well as T cell anergy in CD4+ 

T cells258. Thus, the upregulation of Nrf2 may play an important role in mediating the immuno-

modulatory effects of 5NQ in vitro. 5NQ induced up-regulation of Nrf-2 signaling has been 

reported in DSS-induced colitis and renal ischemia-based murine models of inflammation259. 

However, these studies did not report up-regulation of Nrf-2 in specific lymphocyte 

populations. 5NQ is a potent inhibitor of Pin1, which is known to interact with Keap-1, thus 

mediating its degradation and resulting in Nrf-2 activation260,261. Furthermore, we observed an 

increase in HO1, a downstream target of Nrf2. Heme oxygenase1 (HO1) is an important 

enzyme involved in heme and iron metabolism. Heme is converted to ferrous iron and 

biliverdin by HO1. Biliverdin is further metabolized to bilirubin. Bilirubin thus formed is 

known to mediate anti-inflammatory response by binding to HLA proteins which results in 

inhibition of binding of antigenic peptides to these proteins and their subsequent representation 

to T cells262. Along with this mechanism, HO1 also acts as a transcription factor for the anti-

inflammatory cytokine IL-10, thus aiding the alleviation of the inflammatory response262,263. 
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Figure 40: Regulation of inflammation by Nrf2. MDSCs: myeloid-derived suppressor cells, Treg: T 

regulatory cells. 

 

Furthermore, our finding that treatment with 5NQ increases the expression of Fas (CD95) on 

CD4+ T cells corroborates the available evidence that an increase in HO1 expression in CD4+ 

T cells leads to an increase in their activation induced cell death264. 

In conclusion, our results showed that 5NQ modulated the cellular ROS balance and up-

regulated antioxidant response signaling (Nrf-2/HO-1) in leukocytes. Thus, treatment with 

5NQ induces an adaptive stress response in leukocytes, which can be attributed to an increase 

in mitochondrial ROS and depletion of the cellular GSH pool. The mechanism of action of 

5NQ can be considered a form of hormetic effect, in which exposure to a low amount of 

stressors (mitochondrial ROS and GSH depletion) triggers an adaptive response (up-regulation 

of Nrf-2/HO-1), which increases resistance to more severe stress and disease.  

To summarize, transient treatment with 5NQ perturbs the cellular redox status and causes GSH 

depletion, leading to up-regulation of the antioxidant response signaling proteins Nrf2 and 

HO-1 in leukocytes. These events inhibit the pro-inflammatory proteins NF-κB and Akt, 
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eventually inhibiting the transcription of pro-inflammatory cytokine genes and increasing the 

transcription of anti-inflammatory cytokine genes (Figure 41). 

 

Figure 41: Mechanism of immunomodulatory action of 5NQ in murine leukocytes.



 

118 

 

 Objective 3 

 

 

 

Objective 3 

 

 

  



 

119 

 

 Objective 3 

7 OBJECTIVE 3 
 

INTRODUCTION AND OVERVIEW OF OBJECTIVE 3 

Objective 3 aimed to evaluate the anti-GVHD efficacy of juglone in a murine model of 

acute GVHD. However, before we proceeded with the efficacy studies, it was necessary to 

understand the safety of oral administration of juglone and obtain a reasonable 

understanding of the related toxicities associated with juglone administration, which may 

be confounding factors in our efficacy studies.  

Therefore, the studies on Objective 3 were conducted in two parts. 

Part A: Acute and sub-acute oral toxicity assessment of 5NQ in mice. We studied the 

oral toxicity of 5NQ in healthy BALB/c mice and estimated the LD50 and no observed effect 

levels of 5NQ. Moreover, we evaluated the effect of the oral administration of 5NQ on 

haematological and biochemical parameters (liver and kidney function) to assess the 

sensitivity of these markers to 5NQ administration.  

Part B: Evaluation of anti-GVHD efficacy of oral administration of 5NQ in a murine 

model of allo-HSCT. We studied the prophylactic efficacy of the oral administration of 

juglone using a murine allo-HSCT model based on complete MHC-I mismatch. A dose-

standardization study was conducted to determine an appropriate dosing regimen that 

offered a survival benefit. We used this dosage of 5NQ to evaluate the effect of its oral 

administration on the severity of clinical manifestations of GVHD, donor cell engraftment, 

hematopoietic stem cell recovery, cytokine storm, immune cell milieu, and graft-versus-

host disease (GVHD)-associated target tissue damage in a murine model of allo-HSCT. 
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7 OBJECTIVE 3: PART A 
 

7.1 BACKGROUND 

Pharmacology and toxicity of juglone- a review of literature 

The therapeutic potential of 5NQ has been tested in a range of clinical conditions. In vitro, 

5NQ exerts its pharmacological effects at different concentrations, depending on the 

disease model studied. The antibacterial, antifungal, and antiparasitic activities of 5NQ are 

exhibited at concentrations ranging between 100µM and 500 µM, whereas antiviral, anti-

inflammatory, and anticancer activities are observed at concentrations ranging between 3-

25 µM.  

Pharmacologically, 5NQ is a redox-active molecule that causes the intracellular generation 

of reactive oxygen species. The redox activity of 5NQ is crucial for its pharmacological 

effects and affects multiple cellular pathways, leading to the loss of mitochondrial and 

plasma membrane potential, DNA damage, cellular degeneration, and apoptosis. Although 

5NQ is a potent therapeutic agent, there are few reports on its toxicity in normal tissues, 

and there is no agreement regarding the LD50, preferred solvent, or optimal route of 

administration. The lack of information regarding the safety and toxicity of 5NQ presents 

several challenges for its clinical application. 

In a 1961 report, the LD50 of 5NQ in mice was determined to be 2.5 mg/kg. However, this 

study did not disclose any information regarding the route and duration of administration265. 

Single-dose intravenous (IV) toxicity of 5NQ has only been assessed in one investigation, 

and the study showed an IV LD50 of 4.18 mg/kg in healthy mice266. Additionally, by 

utilizing tritium labelled 5NQ, researchers have conducted a study on the pharmacokinetics 

and tissue distribution of 5NQ. A single intravenous administration of 5NQ (0.02 mg/kg, 
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showed that the plasma half-life of 5NQ via the IV route was approximately 2 hours267. 

This biodistribution study reported the highest distribution of 5NQ in the kidneys, followed 

by that in the liver. This study also reported that intravenous administration of 1 mg/kg 

5NQ for 7 days caused significant nephrotoxicity in treated mice267. 

Despite limited understanding of the safety profile of 5NQ, numerous studies have tested 

its therapeutic effects in murine disease models without proper justification248,266,268–272. 

Many studies that have reported the therapeutic effects of 5NQ in murine disease models 

have utilized the intraperitoneal route for administration of 5NQ248,266,270–272 likely due to 

the ease of conducting experiments with intraperitoneal injections compared to intravenous 

injections, which have a higher technical failure rate273. A majority of these studies have 

demonstrated that administering 5NQ intraperitoneally to mice, at doses ranging from 1 to 

4 mg/kg in 10% DMSO solution, over a period of 10 days, is safe and does not result in 

any toxicity-related mortality248,271,274. Regarding the oral administration of 5NQ, only one 

study reported that it is safe when 0.05 mg/kg 5NQ (dissolved in carboxymethylcellulose 

[CMC]) is administered for 60 days. However, these studies did not provide any 

information regarding the potential adverse effects of 5NQ on normal tissues, if any were 

observed270,272. 

There is substantial information regarding safety and toxicity of intravenous administration 

of 5NQ266,267, however, it is important to consider the challenges associated with both the 

intravenous and intramuscular routes of administration for clinical use273,275. Moreover, the 

hydrophobicity and low solubility of 5NQ necessitates the use of solvents such as DMSO 

and methanol for intravenous and intramuscular administration, which are unsuitable for 

clinical applications273,275. However, the oral LD50 and toxicity of 5NQ in healthy tissues 

in mice have not been reported in the literature. Our study aimed to fill this knowledge gap 

by determining the oral LD50 and no observed adverse effect level (NOAEL) of 5NQ in 
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mice, according to the standard guidelines of the Organization for Economic Cooperation 

and Development (OECD). Furthermore, along with the traditional approach of 

determining the NOAEL, we adopted a modern benchmark dose (BMD) modelling 

approach to determine the point of departure dose (POD) for the daily administration of 

5NQ. We also used BMD modelling to identify hematological and biochemical parameters 

that were sensitive to the oral administration of 5NQ. We also assessed the physicochemical 

properties of 5NQ using in silico methods to predict the drug-likeness of 5NQ for clinical 

applications. 

ADMET-score 

The ADMET score is a scoring function created to assess the suitability of a chemical as a 

potential drug candidate. ADMET refers to the absorption, distribution, metabolism, 

excretion, and toxicity of a chemical. Thus, an ideal drug candidate should not only be 

effective but also have favorable ADMET properties at therapeutic doses. One of the 

earliest methods used to determine drug likeness was Lipinski’s "Rule of Five," which 

determines whether a molecule is well absorbed orally based on four parameters: molecular 

weight (≤ 500), octanol/water partition coefficient (A log P; ≤ 5), number of hydrogen bond 

donors (HBDs; ≤ 5), and number of hydrogen bond acceptors (HBAs; ≤ 10). To be an ideal 

drug candidate, the chemical must comply with at least two of these parameters276. 

Although Lipinski's "Rule of Five" is still the foundation for many in silico machine 

learning algorithms, it has limitations when it comes to small molecules derived from 

natural products. Therefore, additional rules and filters similar to the "Rule of Five" were 

incorporated into these algorithms to improve their accuracy and performance277.  

ADMETlab 2.0, a comprehensive online platform that provides accurate predictions of 

ADMET properties and covers all aspects of the ADMET process. The ADMET Evaluation 
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function module of ADMETlab 2.0 comprises a set of high-quality prediction models that 

were trained using a multi-task graph attention framework. This module efficiently 

calculated and predicted 17 physicochemical properties278, 13 medicinal chemistry 

measures, 23 ADME endpoints, 27 toxicity endpoints, and 8 toxicophore rules. This 

provides detailed predictions to aid in the selection of promising lead compounds for further 

preclinical and clinical development. Figure 42 describes the workflow of ADMETlab 

2.0279. 

 
Figure 42: Workflow scheme for ADMETlab 2.0279. 
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ADMETlab 2.0 provides predictions for various parameters that are broadly divided into 

physicochemical properties, medicinal properties, absorption, distribution, metabolism, 

excretion and toxicity.  

Before proceeding with the assessment of acute and sub-acute toxicity of oral 5NQ in mice, 

ADMETlab 2.0, was used to predict the drug-likeness and probable toxicities of 5NQ in 

vivo.  

OECD guidelines for acute and sub-acute toxicity  

The Organization for Economic Cooperation and Development (OECD) Guidelines for the 

Testing of Chemicals are a compilation of approximately 150 of the most pertinent 

internationally agreed testing methodologies used by governments, industries, and 

independent laboratories to identify and characterize potential chemical hazards. These are 

a set of instruments used primarily in regulatory safety testing and subsequent chemical 

and chemical product notification, registration, and evaluation. Additionally, they can be 

utilized for the selection and evaluation of candidate chemicals during the development of 

new chemicals and products, as well as in toxicology research.  

The oral acute toxicity of a chemical can be evaluated using OECD guideline 423 and the 

oral sub-acute toxicity of a chemical can be evaluated using OECD guideline 407. 

According to these guidelines, acute toxicity of a chemical is defined as adverse effects 

occurring following oral administration of a single dose of a chemical or multiple dose 

administered within 24 hours. The OECD guidelines for oral acute toxicity studies provide 

guidance on the dose range to be utilized, number of animals to be used per dose, housing 

conditions, observations that indicate signs of toxicity, endpoints to be monitored, and 

derivation of LD50 of a chemical. The oral acute toxicity study is started using any one of 
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the doses (5, 50, 300, or 2000 mg/kg). The workflow scheme, with a starting dose of 50 

mg/kg, is shown in Figure 43280. The test classifies a chemical based on its acute toxicity 

using a stepwise method, with a minimal number of animals per step. Oral dosing was 

administered to a group of three animals (generally females). The next stage depends on 

whether compound-related death occurred in the animals dosed in one phase; accordingly, 

three more animals were treated with the same dose or another group of animals were 

treated with a dose lower or higher than the one tested. Accordingly, the procedure 

classifies the test material into a toxicity class based on the global harmonized classification 

system (GHS) using preset LD50 cut-off values (Figure 43). 

 

Figure 43: Oral acute toxicity test procedure with a starting dose of 50 mg/kg body weight. Figure 

adapted from280 

 

According to OECD guideline 407, oral sub-acute toxicity or repeated dose 28-day oral 

toxicity of a chemical is performed once the initial information about the oral acute toxicity 

is obtained. This test was performed to investigate the possible toxic effects on the nervous, 
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immune, and endocrine systems, which may arise from repeated exposure to the chemical 

over a limited period of 28 days. Repeated dose -28day toxicity is generally warranted for 

chemicals, on which a 90-day study may not be required due to their toxic effects. The 

results from this test are further used for hazard identification and risk assessment. The 

procedure involves daily oral administration of 3-5 graduated doses of the chemical to each 

group for a period of 28 days. During the test the animals are monitored daily for signs of 

toxicity and are necropsied 24 h after the last dose to study hematological, biochemical and 

histopathological changes due to the administration of the chemical. The data thus obtained 

can be used to characterize the dose-response relationships and determine the NOAEL. The 

guidelines suggest that appropriate doses should be selected for the chemical, taking into 

account any existing toxicokinetic data. Otherwise, the dose that induces toxic effects but 

not death can be selected as the highest dose. Other doses should be at least two-fold lower 

than the highest dose, and the lowest dose should be at least tenfold lower than the highest 

doses selected. Accordingly, the NOAEL is defined as the highest dose level where no 

adverse effects are observed due to treatment281. 

Toxicity studies for risk assessment and hazard characterization. 

Toxicology studies have been conducted to identify the adverse effects of substances, to 

characterize the dose–response relationships for the adverse effects, and to set critical 

standards for their application in humans. The main aim of these studies is to derive a 

reference dose (RfD) or a reference concentration for human exposure, without the risk of 

adverse effects282. The data for such assessments are primarily obtained from animal 

studies. Hazard characterization includes a thorough evaluation of all available data to 

identify and characterize potential health hazards. Dose-response assessment involves 

analysis of the relationship between exposure to chemicals and health-related outcomes282. 
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The data from hazard characterization and dose-response assessment, is used to derive a 

point of departure dose (POD). The POD obtained is applied along with “uncertainty 

factors” (to account for limitations and uncertainties in the available data) to determine the 

RfD for human exposure283. To study the dose-response relationships, it is necessary that 

the doses selected in the study produce different effect sizes, such that information can be 

obtained for both the lower and higher parts of the dose-response relationship. However, 

experimental and biological variations in these experiments may affect the responses and 

cause variations in the observed effects (sampling error). Given the potential for statistical 

errors in these dose response data, it is important to analyze them using statistical methods 

to draw accurate conclusions from biological data284,285. POD can be determined using two 

statistical approaches, the NOAEL/LOAEL approach (traditional approach) and the 

benchmark dose modelling (BMD) approach (modern approach). Each of these approaches 

is discussed in detail below283,286,287. 

The NOAEL approach 

As per the definition, NOAEL is the highest in a study in which no adverse effects are 

observed. Consequently, the lowest observed-adverse-effect level (LOAEL) is the lowest 

dose at which adverse effects are observed287,288. The estimation of NOAEL and LOAEL 

is performed by statistically comparing the treated groups with the control group or vehicle-

treated group, which may or may not lead to statistically significant differences. Therefore, 

the estimation of NOAEL and LOAEL is highly dependent on the range of doses selected 

in a toxicity study, as the NOAEL/LOAEL is restricted to one of the doses included in the 

study288. As the sample size of a study decreases, the ability of a bioassay to distinguish 

between treatment and control responses also decreases, leading to a higher NOAEL for a 

compound in studies with smaller numbers of animals per dose group. Furthermore, it 
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should be noted that NOAELs/LOAELs usually vary among studies owing to variations in 

the dose range in each study, sample size, effect size, etc., which makes it inapplicable to 

use these values for the derivation of RfD287,288. Moreover, in a study in which a statistically 

significant response is observed at all the doses in a study, the lowest dose is selected as 

the LOAEL, and since NOAEL cannot be determined in such studies, it is a common 

practice to apply an uncertainty factor of up to 10 to the LOAEL to derive the NOAEL in 

such studies. Such extrapolations are sometimes unjustifiable and hence cannot be used for 

risk assessment. Another limitation of reporting a NOAEL is that it is possible that at the 

reported dose levels, the effects may have been too small to be observed, and therefore, a 

NOAEL may not necessarily be a 'no adverse effect' dose287. Crump et al. identified and 

addressed the limitations of the NOAEL approach in 1984, which led to the development 

of the BMD approach289.  

The BMD approach  

Benchmark dose modelling is a regulatory, scientific, and statistically advanced approach 

for estimating the point of departure (POD) or guidance dose level for hazard risk 

assessment282,288. Unlike NOAEL, the BMD approach utilizes dose–response data to 

estimate the shape of the overall dose–response relationship for a particular endpoint. BMD 

assumes that the magnitude of the response (effect size) to a toxicant relative to background 

levels remains consistent across different doses and is not dependent on the biological basis 

of the effect286,289,290. Therefore, to calculate the benchmark dose from given dose-response 

data, one needs to specify the benchmark response (BMR). The BMR is a chemical dose 

or concentration that produces a predetermined change in the response of an adverse effect, 

for example, a 5% or 10% increase or decrease in response (such as weight loss or tumor 

incidence), compared with the background response284,285,290. Once the BMR is specified, 
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the data set is fitted to different dose-response models and a BMD confidence interval 

(lower and higher confidence intervals) for each of the models, which leads to the 

generation of a set of BMD confidence intervals. A single set of BMD confidence intervals 

is then derived from this set using the model averaging method291–293. The lower confidence 

interval (BMDL) thus derived is regarded as POD or equivalent to the NOAEL. BMD 

analysis can be applied to the dose-response curves of every endpoint studied in toxicity 

testing288. Figure 44 describes the key concepts of BMD modelling using hypothetical 

continuous dose–response data283,294. The two most widely recognized BMD software 

programs are BMD software developed by the US EPA (https://www.epa.gov/bmds)282 and 

PROAST software developed by RIVM (https://www.rivm.nl/proast)291. Thus, the BMDL 

value is not limited to the doses selected in the study and is interpolated from the fitted 

model of the dose-response curve.  

 

Figure 44:Key concepts of the BMD approach described using hypothetical continuous data. The 

triangles depict the observed responses and are plotted with their confidence intervals. A solid curve 

represents the fitted dose-response model. The BMD is determined from the curve using pre-

specified BMR (here it is set at 5%). The dashed curves represent the upper and lower 95% 

confidence levels as a function of the dose. The intersection of these dashed curves with the 
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horizontal line defines the upper and lower bounds of BMD, that is, the lower bound of BMD 

(BMDL) and the upper bound of BMD (BMDU). Figure adapted from283. 

 

In the present study, along with the traditional approach of NOAEL, we evaluated the dose–

response relationship of the effects of prolonged administration of 5NQ in healthy mice 

using benchmark dose (BMD) modelling. 

7.2 METHODOLOGY 

In silico Absorption, Distribution, Metabolism, Excretion and Toxicity (ADMET) 

analysis: The ADMETlab2.0 prediction tool was utilized to evaluate the ADMET and 

physicochemical properties of 5NQ. To begin, the 2D structure of 5NQ in .sdf format was 

obtained from the PubChem database, which was followed by the generation of isomeric 

SMILES of 5NQ using the SwissADME online tool. The ADMETlab2.0 employed this 

SMILES format to conduct an ADMET analysis of 5NQ. 

Animal maintenance All animal studies were approved by the Institutional Animal Ethics 

Committee, ACTREC, as per the Committee for the Purpose of Control and Supervision of 

Experiments on Animals, Government of India guidelines (IAEC/10/2021). All mice were 

housed in polypropylene cages, maintained under standard conditions of 22 ± 2°C, 55 ± 

5% relative humidity and 12h light–dark cycles, and were provided with a standard pelleted 

diet and plain drinking water ad libitum. Animal studies were reported in compliance with 

the ARRIVE guidelines. 

Preparation of doses for the acute toxicity study: Dimethyl sulfoxide (DMSO; Cat no. 

D8418) and 5-hydroxy-1,4-naphthoquinone (5NQ; molecular weight:174.15; Cat no. 

H47003) were purchased from Sigma Aldrich (St. Louis, MO, USA). 5NQ was supplied in 

the form of a murky-yellow crystalline solid powder with 97% purity. To prepare the doses 
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for the acute toxicity study, a clear solution was obtained by dissolving the required amount 

of 5NQ in DMSO and thoroughly vortexing the solution. 

Acute oral toxicity study: An acute oral toxicity study was conducted in accordance with 

Annex 2c of OECD guideline 423280. Female BALB/c mice (8-10 weeks old, 20-22 g) were 

divided into four groups: vehicle control (DMSO, n = 3), 50 mg/kg (n = 6), 300 mg/kg (n 

= 6), and 2000 mg/kg (n = 3). Mice were administered a single dose of 5NQ dissolved in 

0.1 mL DMSO by oral gavage. The mice were fasted for two hours prior to dosing with 

5NQ. After treatment, the animals were observed for the first 30 min to 4 h, and then 

intermittently every 24 h for 14 days. During this period, behavioral changes were carefully 

monitored for signs of tremors, convulsions, salivation, diarrhea, difficulty breathing, 

piloerection, and lethargy. Body weights were recorded at the beginning of the protocol, on 

the 7th day, and at the end of the study. At the end of the study, the animals were euthanized 

using CO2 asphyxiation, and their vital organs (liver, lung, heart, kidney, spleen, intestine, 

brain, and femur) were collected and fixed in 10% formalin solution for histopathological 

analysis. 

Preparation of doses for the sub-acute toxicity study: Given that the sub-acute toxicity 

study required 5NQ to be administered daily for 28 days, dissolving it in DMSO alone 

could result in DMSO-related toxicity, which would be a confounding factor. To obtain a 

clear solution with the required amount of 5NQ, it was first dissolved in a minimum amount 

of DMSO. A 0.5% carboxymethyl cellulose (CMC) solution prepared in sterile PBS was 

added to achieve the required concentration, and the concentration of DMSO in the final 

dose did not exceed 5%. 

Sub-acute toxicity study: Repeated dose-28-day oral toxicity study of 5NQ was conducted 

in accordance with OECD guideline 407281.  BALB/c mice (five males and five females 
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per group, n = 10, 8-10 weeks old, weighing 20–22 g) were randomly divided into four 

groups: vehicle control, received vehicle [5% DMSO in 0.5% CMC, while other groups 

received 5, 15, and 50 mg/kg body weight of 5NQ. The oral doses for the sub-acute toxicity 

study were chosen according to the guidelines provided in the dosage section of OECD 

guideline 407. Accordingly, a dose that caused toxic effects but did not cause severe 

suffering or mortality after administration of a single dose of the drug was selected as the 

highest dose. Consequently, 50 mg/kg was chosen as the highest dose and 5 mg/kg as the 

lowest dose (ten times lower than the highest dose). The intermittent dose was set at 15 

mg/kg, which was the geometric mean of the lowest and highest doses. For 28 days, the 

mice were administered 5NQ via oral gavage at specific doses daily. After oral 

administration, animals were monitored for the first 30 min and after 4 h.  Mortality was 

monitored every 24 hours. The body weights of the mice were recorded at the beginning of 

the protocol and once per week. All animals were regularly monitored for any signs of 

toxicity, and a clinical score was assigned to each animal using a standardized scoring 

system adapted from a report by JM Vlissingen et al295. Five general clinical signs (body 

weight reduction, posture, vocalization, hypokinesia, and piloerection) were used to score 

all animals, which may indicate the presence of a severe condition. The weekly food 

consumption of mice was monitored and recorded, and the average daily intake per mouse 

was calculated based on the total food consumed per cage. On the 28th day, all animals 

were subjected to overnight fasting following the last dose. The following day, the mice 

were anesthetized, and blood was collected through the orbital plexuses for hematological 

and biochemical analyses. Mice were humanely euthanized by CO2 inhalation, and their 

vital organs (liver, lung, heart, kidney, spleen, intestine, brain, and femur) were collected 

and preserved in a 10% formalin solution for histopathological examination. 
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Analysis of biochemical parameters: Serum levels of alanine aminotransferase (ALT), 

aspartate aminotransferase (AST), alkaline phosphatase (ALP), total bilirubin (TB), 

albumin (ALB), total protein (TP), blood urea nitrogen (BUN), creatinine (CRE) and uric 

acid (UA) were quantified by standard clinical chemistry assays using Siemens 

Autoanalyzer (Dimension EXL 200, Germany). The serum was separated by allowing the 

blood samples to clot at room temperature for 1 h and centrifugation at 3000 rpm for 10 

min. 

Analysis of hematological parameters: Blood was collected in EDTA acid-coated tubes 

by puncturing the orbital plexus of mice under anesthesia. The red blood cell (RBC) count, 

hematocrit, hemoglobin, white blood cell (WBC) count, WBC differential, mean 

corpuscular hemoglobin (MCH), MCH concentration (MCHC), mean corpuscular volume 

(MPV), platelet count, and platelet volume were analyzed using an ADVIA 2120i (USA) 

auto-analyzer. 

Histopathological examination: Following necropsy, formalin-fixed tissue samples were 

embedded in paraffin blocks. Ultrathin sections (5µm) were attached to glass slides and 

subjected to deparaffinization. Tissue sections were stained with hematoxylin and eosin 

(H&E). The tissues were subjected to histopathological examination by a pathologist who 

was blinded to the treatment.  

Benchmark dose modelling: Dose-response modelling was performed using the EFSA 

web tool for BMD analysis (https://efsa.openanalytics.eu/), which utilizes the R package 

PROAST, version 70.0, for related calculations. All parameters determined in the study, 

including absolute organ weights, hematological and serum parameters (continuous 

individual data) and survival (quantal data), were modelled according to the software 

guidelines291 and the European Food Safety Authority (EFSA) guideline283. The minimum 
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physiological adverse response that can be distinguished from control responses is called 

the benchmark response (BMR) or the critical effect size (CES)290. For BMD modelling of 

survival data (quantal data), the BMR was set at 10% with a two-sided 90% confidence 

level as recommended by Scientific Committee of the EFSA283. The critical effect size 

(CES) was defined for each parameter based on the reference values proposed by H.E. Buist 

and S.Dekkers et al284,285, for BMD modelling of continuous data (all hematological and 

biochemical parameters). The software determined the benchmark dose interval (BMDI), 

which comprised the lower (BMDL) and upper (BMDU) benchmark dose confidence 

limits, utilizing diverse mathematical models292,293. The calculated BMDL values were 

comparable to those of POD and NOAEL283. The Akaike information criteria (AIC) were 

applied to determine the most suitable dose-response model. Subsequently, the model 

averaging method with 200 iterations was employed, in accordance with EFSA guidelines, 

to combine all available models into a single one283,287,293.  

Statistical analysis: The values of body weight, organ weight, serum parameters, and 

hematological parameters were expressed as the mean ± standard error of mean (SEM). 

Two-way analysis of variance (ANOVA) with Bonferroni correction was conducted to 

evaluate the time- and dose-dependent differences between groups, while one-way 

ANOVA with Bonferroni correction was used to assess significant differences between 

groups using Prism 8.2.0 software. Statistical significance was set at p ≤ 0.05. 

 

7.3 RESULTS 

In silico ADMET analysis: The Absorption, Distribution, Metabolism, Excretion and 

Toxicity (ADMET) properties of a molecule define its pharmacological activity. 

ADMETlab2.0 utilizes the complex molecular structure of a molecule to predict its drug-
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likeness, pharmacokinetics, and physicochemical properties. The results of the ADMET 

analysis of the 5NQ are summarized in (Table 22). ADMET properties are broadly divided 

into seven categories, which include physicochemical properties, medicinal properties, 

absorption, distribution, metabolism, excretion, and toxicity. Evaluation of parameters 

under physicochemical properties revealed that 5NQ possessed optimal values for 

Topological Polar Surface Area (TPSA), log of aqueous solubility (logS), log of water 

partition coefficient (logP), and logP (logP at physiological pH 7.4). Predictions under the 

medicinal chemistry category showed that 5NQ possessed optimal drug-likeness properties 

according to Lipinski, Pfizer, and GSK rules. Moreover, the predictions highlighted it as a 

thiol-reactive compound. ADMET analysis further showed that 5NQ possessed optimal 

absorption properties, as indicated by Caco-2 and MDCK permeability, and Human 

Intestinal Absorption (HIA) probability. Furthermore, the probability of the distribution 

parameters indicated that the volume of distribution (VD) of 5NQ was 0.405 L/Kg and its 

Plasma Protein Binding (PPB) capacity was 72.26%. The distribution profile also suggests 

that 5NQ may be able penetrate the Blood-Brain Barrier (BBB). Moreover, the 

bioavailability of 5NQ was estimated to be at least 30%, which suggests that 5NQ has fairly 

good oral bioavailability. Predictions under the metabolism profile indicated that 5NQ 

might have a low rate of metabolism, as the probability of 5NQ being a CYP1A2 inhibitor 

was low at 0.933. Predictions of excretion parameters showed that the clearance rate (CL) 

of 5NQ was 6.788 mL/min/kg. Additionally, the software predicted that 5NQ would have 

a shorter half-life (T1/2) of approximately 3h. Notably, toxicity predictions for 5NQ 

showed that it could be a hepatotoxic agent, as indicated by the high probability of drug-

induced liver injury (DILI) and mutagenicity. However, the probability of causing human 

hepatotoxicity (H-HT) and acute toxicity in rats is low. 

Acute toxicity study 
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Survival: All three animals administered 2000 mg/kg (n = 3) 5NQ died within 48 h. In the 

300 mg/kg group, one of three animals died 72 h after drug administration. In accordance 

with OECD guideline 423, 300 mg/kg 5NQ was administered to three additional animals. 

In the second cohort, all animals died within 72 h of receiving the drug. All six animals in 

the 50 mg/kg group survived the 14-day observation period (Figure 45A).  

Body weight: Mice in all groups showed no statistically significant differences in body 

weight (Figure 45B).  

Clinical signs: Observations of clinical signs of toxicity were conducted every 24 h. All 

animals in the 2000 mg/kg group exhibited behavioral changes, including huddling, 

decreased movement, dyspnea, piloerection, and mild tremors; however, diarrhea was 

absent. Similar signs were observed in mice treated with 300 mg/kg 5NQ. However, two 

out of six mice recovered 48 h after drug administration. No behavioral changes were 

observed in mice in the 50 mg/kg group during the observation period. 

Table 22: In silico ADMET prediction for 5NQ. 

1.Physicochemical Property 

Property Value Comment 

TPSA 51.21 Optimal:0~140 

logS -3.604 Optimal: -4~0.5 log mol/L 

logP 0.959 Optimal: 0~3 

logD 1.076 Optimal: 1~3 

2. Medicinal Chemistry 

SAscore 2.133 SAscore ≥ 6, difficult to synthesize; SAscore <6, easy to 

synthesize 

Lipinski Rule Accepte

d 

MW ≤ 500; logP ≤ 5 

Pfizer Rule Accepte

d 

logP > 3; TPSA < 75 
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GSK rule Accepte

d 

MW ≤ 400; logP ≤ 4 

3. Absorption 

Caco-2 Permeability -4.527 Optimal: higher than -5.15 Log unit 

MDCK Permeability 3e-05 Low permeability: < 2 × 106 cm/s 

Medium permeability: 2–20 × 106 cm/s 

High passive permeability: > 20 × 106 cm/s 

HIA 0.008 Category 1: HIA+ (HIA < 30%); Category 0: HIA- (HIA > 

30%); The output value is the probability of being HIA+ 

F30% 0.023 Category 1: F30% + (bioavailability < 30%); Category 0: 

F30% (bioavailability ≥ 30%); The output value is the 

probability of being F30%+ 

4. Distribution 

PPB 72.26% Optimal: < 90% 

VD 0.405 Optimal: 0.04-20L/kg 

BBB Penetration 0.724 Category 1: BBB+; Category 0: BBB-; The output value is 

the probability of being BBB+ 

Fu 20.00% Low: < 5%; Middle: 5~20%; High: > 20% 

5. Metabolism 

CYP1A2 inhibitor 0.933 The output value is the probability of being inhibitor. 

CYP1A2 substrate 0.107 The output value is the probability of being substrate. 

CYP3A4 inhibitor 0.042 The output value is the probability of being inhibitor. 

CYP3A4 substrate 0.162 The output value is the probability of being substrate. 

6. Excretion 

CL 6.788 High: >15 mL/min/kg; moderate: 5-15 mL/min/kg; low: 

<5 mL/min/kg 

T1/2 0.339 long half-life: >3h; short half-life: <3h. The output value is 

the probability of having long half-life. 

7. Toxicity 

H-HT 0.058 The output value is the probability of being toxic. 

DILI 0.935 The output value is the probability of being toxic. 

AMES Toxicity 0.804 The output value is the probability of being toxic. 



 

139 

 

 Objective 3 : Part A 

Rat Oral Acute 

Toxicity 

0.335 The output value is the probability of being toxic. 

Skin Sensitization 0.843 The output value is the probability of being sensitizer. 

Eye irritation 0.987 The output value is the probability of being irritants. 

 
TPSA: Topological Polar Surface Area; logS: log of aqueous solubility; logP: log of water partition 

coefficient; logD: logP at physiological pH 7.4; SA score: synthetic accessibility score; HIA: 

Human Intestinal Absorption; F30%: bioavailability of drug is 30% or higher; PPB: Plasma Protein 

Binding; VD: Volume of Distribution; BBB: Blood Brain Barrier; Fu: fraction of drug unbound to 

protein; CYP: cytochrome P450; CL: Clearance; T1/2: half-life; H-HT: Human Hepatotoxicity; 

DILI: Drug Induced Liver Injury. 

 

Histopathological analysis of the liver: Histopathological examination of liver tissue from 

mice treated with the vehicle control revealed normal liver architecture and morphology. 

Histopathological analysis of liver tissues of animals administered a single oral dose of 50 

mg/kg or 300 mg/kg showed ballooning of hepatocytes, indicative of hepatocellular 

degenerative changes, and focal mononuclear cell infiltration was also observed. Animals 

administered 2000 mg/kg showed severe hepatocellular damage, with disruption of the 

normal lobular architecture of the liver, degenerative changes in the form of ballooning, 

mononuclear cell infiltration, and congested vessels along (Figure 45C). 

Histopathological analysis of the kidney: Animals in the vehicle control and 50 mg/kg 

groups showed few dilated and congested vessels in the examined renal tissues.  Animals 

administered a single dose of 300 mg/kg and 2000 mg/kg 5NQ showed clear signs of 

nephrotoxicity, including focal tubular degeneration, tubular edema, mild mononuclear 

infiltration, and focal glomerular proliferation along with dilated and congested vessels 

(Figure 45C). 

Toxicity-related histopathological changes were not observed in other tissues such as the 

lung, heart, brain, intestine, and femur after the administration of a single dose of 5NQ 

(Figure 46).  
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Figure 45:Acute toxicity study (A) Experimental outcome of the oral acute toxicity study (grey 

boxes indicate the number of dead animals after 5NQ administration). (B) Body weight of animals 

in all groups at the start of the experiment, that is, on days 0, 7 and day14, no significant difference 

was observed in the body weight of animals when compared to the vehicle control. Data are 

expressed as mean ± SEM, n = 3. (C) Representative micrographs of liver and kidney sections 

stained with H&E, corresponding to mice treated with vehicle control (VC) and with different doses 

of 5NQ, administered as a single oral dose. Liver: Black arrows indicate focal degeneration of 

hepatocytes in the form of ballooning, and clear arrowheads indicate complete degeneration of the 

liver architecture. Kidney: Black arrows indicate tubular edema and degeneration; clear arrowheads 

indicate glomerular proliferation. 
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Figure 46: Representative micrographs of spleen, intestine, lung, heart, and femur sections stained 

with H&E, corresponding to mice treated with vehicle control (VC) and with different doses of 

5NQ administered as a single oral dose (20x magnification). 

 

Sub-acute toxicity study 

Body weight, clinical score, and food intake: Animals administered 15 and 50 mg/kg 

showed significant changes in these parameters. Repeated-28-day administration of 15 

mg/kg and 50 mg/kg showed a significant reduction in the body weight of the animals 

(Figure 47A), which also correlated with the decrease in food intake observed in these 

groups (Figure 47B). No significant differences were observed in the organ-to-body weight 

ratios of major organs, such as the liver, kidney, spleen, intestine, heart, lung, and brain. 



 

142 

 

 Objective 3 : Part A 

Nevertheless, a notable decrease in the absolute organ weights of the liver, spleen, and 

kidney was observed in mice administered 5, 15, and 50 mg/kg compared to those in the 

vehicle control group (Table 23). In the first week, animals administered 15 mg/kg and 50 

mg/kg of 5NQ displayed clinical signs of toxicity, and the clinical scores showed a gradual 

increase in these groups throughout the course of the experiment. The mice that were 

administered 5 mg/kg 5NQ did not exhibit any signs of toxicity and thus received a low 

score on the clinical severity scale. (Figure 47D). 

 

Figure 47: Sub-acute toxicity study (A) Body weight of animals in all groups at start (days 0, 7, 14, 

21, and 28). Data are expressed as mean ± SEM (n = 10/group), and two-way ANOVA with 

Bonferroni correction was applied to evaluate time and dose-dependent differences between groups 

(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (B) Average daily food consumption in 

each group.  Total food consumed per cage was recorded and weekly mean intake per mouse was 

calculated. Each data point represents average food consumption per mouse per day per week. A 

single data point in 50 mg/kg group represents average food consumption in week one of 5NQ oral 

dosing. (C) Survival of mice in each group was analyzed using Kaplan-Meier plots and log-rank 

test (n = 10) was used to compare difference between control & treated groups. (D) Weekly clinical 

scores of mice in each group are expressed as mean ± SEM (n = 10), and one-way ANOVA with 

Bonferroni correction was applied to evaluate dose-dependent differences between groups per week 

(***p < 0.001, ****p < 0.0001). 
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Survival: Toxicity-related mortality was not observed in the vehicle control or 5 mg/kg 

groups, and all mice survived the study period. Mice administered 15 mg/kg and 50 mg/kg 

of 5NQ for 28 days showed a significant decrease in survival, with a median survival of 27 

and 12 days, respectively (Figure 47C).  

Table 23: Absolute and relative organ weights of mice administered different doses of 5NQ  

 

Values are mean ± SEM for (n=10/group). The differences between control and treated groups were 

analysed by ANOVA with Bonferroni correction. The significance levels observed are *p < 0.05 

and **p < 0.0001 in comparison to control group values; ns -non significant. 

 

 

 

Hematological parameters: Hematological parameters remained unaffected in all the 

groups, except for high platelet counts observed in the 50 mg/kg group as compared to 

animals administered vehicle (Table 24). 

  Vehicle 

control 

5 mg/kg 15 mg/kg 50 mg/kg P-value 

Liver Relative 55.72 ± 3.79 64.39 ± 2.54 54.59 ± 2.76 65.42 ± 2.58 ns 
Absolute (g) 1.66 ± 0.12 1.30 ± 0.08* 0.95 ± 0.05

**
 0.91 ± 0.23

**
 

*0.041, 
**

0.0001 

Kidneys Relative 9.7 ± 1.13 7.85 ± 0.57 7.64 ± 0.50 7.73 ± 0.37 ns 

Absolute (g) 0.30 ± 0.03 0.16 ± 

0.01
**

  

0.13 ± 0.01
**

 0.12 ± 0.01
**

  
**

 
0.0001 

Spleen Relative 6.56 ± 0.54 5.99 ± 0.54 5.37 ± 0.93 5.75 ± 0.64 ns 

Absolute (g) 0.19 ± 0.01 0.12 ± 

0.01
**

 

0.09 ± 0.01
**

 0.09 ± 0.01
**

 
**

 
0.0001 

Heart Relative 55.72 ± 0.58 64.39 ± 3.37 54.59 ± 1.41 65.42 ± 2.24 ns 

Absolute (g) 0.19 ± 0.02 0.21 ± 0.08 0.13 ± 0.02 0.12 ± 0.01 ns 

Lungs Relative 12.5 ± 1.59 16.77 ± 1.20 17.9 ± 0.61 12.29 ± 0.28 ns 

Absolute (g) 0.37 ± 0.05 0.33 ± 0.02 0.31 ± 0.01 0.23 ± 0.04 ns 

Intestine Relative 57.19 ± 4.37 74.13 ± 8.67 62.86± 10.73 75.65 ± 6.05 ns 

Absolute (g) 1.7 ± 0.13  1.4 ± 0.10 1.3 ± 0.12 1.4 ± 0.25 ns 

Brain Relative 15.32 ± 0.60 22.46 ± 1.64 23.33 ± 1.53 24.43 ± 5.97 ns 

Absolute (g) 0.46 ± 0.01  0.44 ± 0.02 0.40 ± 0.02 0.44 ± 0.02 ns 
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Table 24: Hematological parameters of mice administered different doses of 5NQ for 28 days. 

 
RBC (red blood cell) count, HB (haemoglobin), HCT (haematocrit), MCV (mean 

corpuscular volume, MCH (mean corpuscular haemoglobin), MCHC (MCH 

concentration), RDW (red cell distribution width), PLT (platelet count), MPV (mean 

platelet volume) WBC (white blood cell) count. Values are mean ± SEM for (n=10/group). 

The differences between control and treated groups were analysed by ANOVA with 

Bonferroni correction. The significance levels observed is **p < 0.0021 in comparison to 

control group values; ns -non significant; ns -non significant. 

Serum Biochemistry: The assessment of liver function in mice treated with 15 mg/kg and 

50 mg/kg of 5NQ showed significantly elevated levels of AST and ALT, indicating hepatic 

dysfunction, as compared to the vehicle control mice. In mice administered with 5 mg/kg 

5NQ, only AST levels were slightly elevated. The levels of ALP, total bilirubin, and total 

protein were significantly reduced in mice treated with 50 mg/kg 5NQ compared to those 

in the control group, indicating impaired liver function. A noticeable increase was found in 

the uric acid and blood urea nitrogen levels of mice administered 15 mg/kg and 50 mg/kg 

Parameters units 
Vehicle 

control 
5mg/kg 15mg/kg 50mg/kg P-value 

RBC 106/µl 8.68 ± 0.62 8.86 ± 0.54 8.91 ± 1.54 881 ± 0.71 ns 

HB g/dL 11.86±1.20 13.14 ± 1 11.85±3.68 13 ± 1.10 ns 

HCT % 44.01±3.74 44.06±3.10 50.88±8.12 43.35±3.40 ns 

MCV fL 50.64±2.23 49.70±0.61 50.88±2.50 49.25±0.82 ns 

MCH pg 13.64±0.81 14.81±0.41 13.05±2.51 14.78±0.19 ns 

MCHC g/dL 26.90±0.57 29.81±0.58 25.63±4.63 29.98±0.40 ns 

RDW % 12.28±0.97 12.04±0.18 12.10±0.66 12.33±0.50 ns 

PLT 103/µl 
614.17 ± 

40.26 

733.14 ± 

95.39 

728.25 ± 

117.72 

1000.25 ± 

219.60** 

**0.0021 

MPV fL 7.47 ± 0.23 7.24 ± 0.32 7.30 ± 0.78 6.53 ± 0.25 ns 

WBC 103/µl 3.48 ± 1.65 6.75 ± 3.19 4.95 ± 1.87 5.07 ± 1.36 ns 

Neutrophils 103/µl 0.04 ± 0.01 0.05 ± 0.01 0.12 ± 0.04 0.05 ± 0.01 ns 

Lymphocytes 103/µl 2.46 ± 0.48 4.59 ± 0.87 1.99 ± 0.12 2.95 ± 0.45 ns 

Monocytes 103/µl 0.84 ± 0.12 1.82 ± 0.32 2.73 ± 1.02 1.98 ± 0.25 ns 

Eosinophils 103/µl 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ±0.0 ns 

Basophils 103/µl 0.01 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 ns 
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of 5NQ, compared to the control mice, suggesting that these animals had mild kidney 

dysfunction. Administration of 5NQ did not affect serum creatinine levels (Table 25).  

Table 25: Serum biochemical parameters of mice administered different doses of 5NQ for 28 days. 

 

Alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase 

(ALP), total bilirubin (TB), albumin (ALB), total protein (TP), blood urea nitrogen (BUN), 

creatinine (CRE) and uric acid (UA). Values are mean ± SEM for (N=10/group). The 

differences between control and treated groups were analysed by ANOVA with Bonferroni 

correction. The significance levels observed are *p < 0.05, **p < 0.001 and ***p < 0.0001 

in comparison to control group values; ns -non significant; ns -non significant. 

 

Histopathological analysis of the Liver: All animals that received 50 mg/kg of 5NQ 

exhibited severe hepatocellular degeneration, characterized by diffuse ballooning of 

hepatocytes, compared to liver tissue from animals that received the vehicle. In contrast, 

animals administered 5 mg/kg and 15 mg/kg 5NQ showed mild to moderate hepatocellular 

degeneration, presenting as focal to diffuse ballooning of hepatocytes, when compared to 

the vehicle control. These findings are consistent with the elevated levels of AST and ALT 

observed in animals administered 15 and 50 mg/kg of 5NQ. (Figure 48).  

Serum 

parameters 
units 

Vehicle 

control 
5mg/kg 15mg/kg 50mg/kg P value 

TP g/dL 5.97 ± 0.8 4.96 ± 1.55 5.98 ± 0.76 4.28±0.31** **0.0006 

ALP U/L 79.36±15.72 87.13±29.16 80.50±33.32 49.80±19.3* *0.0071 

AST U/L 66.0 ± 6.99 105.25±47.8* 
145.13± 

28.98** 

182.20 ± 

105.10*** 

*0.019, 

**0.001, 

***0.0001 

ALT U/L 49.96 ± 5.5 57.6 ± 22.7 76.5 ± 34.6* 58.8 ± 21.5 *0.027 

UA mg/dL 2.53 ± 0.43 3.11 ± 1.08 3.62 ± 1.50 1.68 ±0.91* *0.027 

ALB g/dL 0.8 ± 0.2 1 ± 0.3 1.1 ± 0.2 1 ± 0.3 ns 

TB mg/dL 0.14 ± 0.12 0.03 ± 0.03* 0.04 ± 0.06* 0.11 ± 0.16 *0.047 

CRE mg/dL 0.05 ± 0.07 0.16 ± 0.15 0.08 ± 0.13 0.18 ± 0.15 ns 

BUN mg/dL 51.64 ± 6.22 44.88 ±20.04 66.78±14.0* 55 ± 22.23* *0.0073 
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Histopathological analysis of the kidneys: Administration of 15 mg/kg and 50 mg/kg 5NQ 

to animals resulted in mild to moderate tubular edematous changes and scarce mononuclear 

infiltration in the renal tissues compared to the vehicle control group, indicating renal 

damage. However, no histological changes were observed in the renal tissues of animals 

administered 5 mg/kg 5NQ (Figure 48).  

Histopathological analysis of the Spleen: The histological examination of spleen tissues 

from animals treated with 15 mg/kg and 50 mg/kg of 5NQ revealed a notable increase in 

the number of megakaryocytes. This finding is consistent with the elevated platelet counts 

observed in the peripheral blood of animals administered 50 mg/kg 5NQ. In contrast, 

animals treated with 5 mg/kg 5NQ did not exhibit an increase in the number of 

megakaryocytes (Figure 49).  

No significant histological changes were observed in other tissues, such as lung, heart, 

brain, intestine, and femur, after repeated administration of 5NQ for 28 days (Figure 49). 

 

Figure 48: Representative micrographs of H&E stained liver and kidney tissues corresponding to 

mice treated with vehicle control (VC) and different doses of 5NQ for 28 days. In liver, black 

arrows indicate ballooning of hepatocytes, whereas clear arrowheads indicate marked diffuse 

degeneration (20x). At 40x, black arrows point to ballooning of hepatocytes, while clear arrows 
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indicate loss of lobular architecture and clear arrowheads indicate degeneration of hepatocytes. In 

the kidneys, black arrows indicate focal tubular edema. 

 

Figure 49: Representative micrographs of spleen, intestine, lung, heart, brain, and femur sections 

stained with H&E, corresponding to mice treated with vehicle control (VC) and with different doses 

of 5NQ x 28 days (20x magnification). 

 

Benchmark dose analysis of survival data from the acute toxicity study: Dose-dependent 

mortality was observed in the acute toxicity study. BMD modelling of this dose-response 
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survival data resulted in the establishment of a BMDL of 118 mg/kg and BMDU of 247 

mg/kg. The BMDL thus obtained can be considered the point of departure dose (POD) for 

a single administration of 5NQ (Figure 50, Figure 51, Table 26). 

 

 
Figure 50: Benchmark dose modelling of survival response in acute toxicity study after 

administration of single doses of 50, 300, and 2000 mg/kg 5NQ. PROASTweb 70.1 

software was used for the calculations, and a model averaging method with 200 iterations 

was applied. The red triangles represent geometric means. BMD CI- benchmark dose 

confidence interval 
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Table 26: Benchmark dose confidence intervals (BMDL and BMDU) obtained using PROASTweb 

70.1 software for all fitted models by modelling the survival response after single dose 

administration of 5NQ in mice (acute toxicity study). 

 

 

Parameter Model 
No.p

ar 
loglik AIC accepted 

BMDL 

(mg/kg) 

BMDU 

(mg/kg) 

BMD 

(mg/kg) 
conv 

%
 M

o
rt

a
li

ty
 

null 1 -10.36 22.72  NA NA NA NA 

full 3 -3.82 13.64  NA NA NA NA 

two.stage 3 -4.00 14.00 yes 22.4 155 95.2 yes 

log.logist 3 -3.82 13.64 yes 28.3 295 236.0 yes 

Weibull 3 -3.82 13.64 yes 21.0 296 234.0 yes 

log.prob 3 -3.82 13.64 yes 29.1 268 184.0 yes 

gamma 3 -3.82 13.64 yes 20.1 275 201.0 yes 

LVM: 

Expon. 

m3- 

3 -3.82 13.64 yes 20.1 290 245.0 yes 

LVM: Hill 

m3- 
3 -3.82 13.64 yes 20.0 285 245.0 Yes 

 BMD CI base on model averaging method 
118 

mg/kg 

247 

mg/kg 
  

 
The lower confidence limit of the benchmark dose (BMDL), upper confidence limit of the 

benchmark dose (BMDU), benchmark dose (BMD) log likelihood (Loglik.), Number of 

parameters (No.par.), Akaike information criterion (AIC), convergence (conv.) Confidence 

Interval (CI). 
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Figure 51: Dose-response models fitted for the survival response observed in the acute toxicity 

study after administration of single doses of 50, 300, and 2000 mg/kg 5NQ. PROASTweb 70.1 

software was used for the calculations. 

 

Benchmark dose analysis of dose-response data from a sub-acute toxicity study A dose-

dependent mortality was observed in the sub-acute toxicity study. The model fitting this 

dose-response data using BMD modelling established a BMDL of 1.74 mg/kg/day (Figure 

52, Figure 53, Table 27). The BMDL thus obtained can be considered as the POD dose for 

repeated administration of 5NQ and equivalent to the NOAEL dose. 
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Figure 52: Benchmark dose modelling of the survival response in sub-acute toxicity study 

after daily administration of 5, 15 and 50 mg/kg 5NQ for 28 days. PROASTweb 70.1 

software was used for the calculations, and a model averaging method with 200 iterations 

was applied. The red triangles represent geometric means. BMD CI- benchmark dose 

confidence interval 
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Table 27: Benchmark dose confidence intervals (BMDL and BMDU) obtained using PROASTweb 

70.1 software for all fitted models by modelling the survival response after daily administration of 

5NQ for 28 days in mice (sub-acute toxicity study). 

 

 

 

Parameter Model No.par loglik AIC accepted 

BMDL 

(mg/kg/ 

day) 

BMDU 

(mg/kg/ 

day) 

BMD 

(mg/kg/ 

day) 

conv 

%
 M

o
rt

a
li

ty
 

null 1 -24.43 50.86  NA NA NA NA 

full 4 -13.04 34.08  NA NA NA NA 

two.stage 3 -15.02 36.04 Yes 2.470 6.69 3.92 yes 

log.logist 3 -14.60 35.20 Yes 1.280 11.00 5.68 yes 

Weibull 3 -15.00 36.00 Yes 0.611 10.90 4.61 yes 

log.prob 3 -14.45 34.90 Yes 1.690 11.30 6.22 yes 

gamma 3 -14.95 35.90 Yes 0.518 11.40 5.15 yes 

LVM: 

Expon. 

m3- 

3 -14.79 35.58 Yes 0.781 11.30 5.59 yes 

LVM: Hill 

m3- 
3 -14.73 35.46 Yes 0.845 11.10 5.46 Yes 

 BMD CI base on model averaging method 

1.74 

(mg/kg/

day) 

15.1 

(mg/kg/d

ay) 

- - 

 
The lower confidence limit of the benchmark dose (BMDL), upper confidence limit of the 

benchmark dose (BMDU), benchmark dose (BMD) log likelihood (Loglik.), Number of 

parameters (No.par.), Akaike information criterion (AIC), convergence (conv.) Confidence 

Interval (CI). 
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Figure 53: Dose-response models fitted for the survival response observed in the sub-acute toxicity 

study after daily administration of 5, 15, and 50 mg/kg 5NQ for 28 days. PROASTweb 70.1 

software was used for the calculations. 

 

In sub-acute toxicity, the levels of AST, ALT, ALP, total bilirubin, total protein, blood urea 

nitrogen, and platelets showed a dose-response relationship. Therefore, BMD modelling 

was performed for each of these dose-response data, and a BMDL was established for each 

parameter (Table 28). BMD modelling of liver function parameters revealed that AST 

levels were most sensitive to 5NQ exposure and showed the lowest BMDL of 1.1 x 10-3 

mg/kg/day (Figure 54), followed by total bilirubin with BMDL of 0.03 mg/kg/day (Figure 

55), followed by total protein with a BMDL of 6.35 mg/kg/day (Figure 56) and uric acid 

with a BMDL of 1.82 mg/kg/day (Figure 57). Dose-response relationship was also 
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observed with ALP and ALT levels and these parameters showed significant differences 

compared to vehicle control levels. However, BMD modelling of these parameters did not 

show any trend in the data because a BMDL value could not be established for these 

parameters.  Among the hematological parameters, only platelet counts showed a dose -

response relationship. BMD modelling of the plate counts established a BMDL of 0.5 

mg/kg/day (Figure 58). The BMD modelling results are summarized in Table 29. 

 

Figure 54: Dose-response modelling for AST levels in mice administered 5, 15, and 50 mg/kg 5NQ 

daily for 28 days, using an exponential model (Expon.m3-), Hill model (Hill m3-), inverse 

exponential model (Inv.Expon.m3), Log-normal family model (LN m3-). Bootstrap curves for AST 

levels based on the model averaging method with 200 iterations (red triangles represent geometric 

means). PROASTweb 70.1 software was used for the calculations and model averaging. 
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Figure 55: Dose-response modelling for levels of total bilirubin in mice administered 5, 15, and 50 

mg/kg 5NQ daily for 28 days, using an exponential model (Expon.m3-), Hill model (Hill m3-), 

inverse exponential model (Inv.Expon.m3-), and Log-normal family model (LN m3-). Bootstrap 

curves for AST levels based on the model averaging method with 200 iterations (red triangles 

represent geometric means). PROASTweb 70.1 software was used for the calculations and model 

averaging. 
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Figure 56: Dose-response modelling for levels of total protein in mice administered 5, 15, and 50 

mg/kg 5NQ daily for 28 days, using an exponential model (Expon.m3-), Hill model (Hill m3-), 

inverse exponential model (Inv.Expon.m3-), and Log-normal family model (LN m3-). Bootstrap 

curves for AST levels based on the model averaging method with 200 iterations (red triangles 
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represent geometric means). PROASTweb 70.1 software was used for the calculations and model 

averaging. 

 

Figure 57: Dose response modelling for uric acid levels in mice administered 5, 15, and 50 mg/kg 

5NQ daily for 28 days using an exponential model (Expon.m3-), Hill model (Hill m3-), inverse 

exponential modnv. Ex,pon.m3-), and Log-normal family model (N m3-).  a Bootstrap curve for 

AST levels based on the model-averaging method with 200 iterations (red triangles represent 

geometric means). PROASTweb 70.1 software was used for the calculations and model averaging. 
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Figure 58: Dose response modelling for platelet counts in mice administered with 5, 15 and 50 

mg/kg 5NQ daily for 28 days, using exponential model (Expon.m3-), Hill mode l(Hill m3-), inverse 

exponential model (Inv.Expon.m3-), Log-normal family model (LN m3-). Bootstrap curves for 

AST levels based on the model averaging method with 200 iterations (red triangles represent 

geometric means). PROASTweb 70.1 software was used for the calculations and model averaging. 

 

Table 28: Benchmark dose confidence intervals (BMDL and BMDU) 

Parameter Fitted 

models 

Conv. Loglik. No.par AIC Model 

weights 

BMDL 

(mg/kg/day) 

BMDU 

(mg/kg/day) 

AST full model yes -6.08 5 22.16  - - 

null model yes -19.73 2 43.46  - - 

Expon. 

m3- 

yes -6.45 4 20.90 0.25 0.031 2.62 

Expon. 

m5- 

yes -6.08 5 22.16  - - 

Hill m3- yes -6.45 4 20.90 0.25 0.0015 2.66 

Hill m5- yes -6.08 5 22.16  - - 

Inv.Expon. 

m3- 

yes -6.42 4 20.84 0.25 5.82e-05 3.06 

Inv.Expon. 

m5- 

yes -6.18 5 22.36  - - 

LN m3- yes -6.43 4 20.86 0.25 0.000222 2.88 

LN m5- yes -6.08 5 22.16  - - 

     Model 

averaged 

0.0011 3.5 

Total 

bilirubin 

full model yes -15.65 5 41.30  - - 

null model yes -20.95 2 45.90  - - 
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Expon. 

m3- 

yes -17.25 4 42.50 0.18 0.4 313 

Expon. 

m5- 

yes -16.64 5 43.28  - - 

Hill m3- yes -16.94 4 41.88 0.25 0.04 585 

Hill m5- yes -17.17 5 44.34  - - 

Inv.Expon. 

m3- 

yes -16.78 4 41.56 0.29 0.00161 1060 

Inv.Expon. 

m5- 

yes -16.62 5 43.24  - - 

LN m3- yes -16.83 4 41.66 0.28 0.00724 793 

LN m5- yes -16.48 5 42.96  - - 

     Model 

averaged 

0.027 190 

Total 

protein 

full model yes 23.66 5 -

37.32 

- - - 

null model yes 13.41 2 -

22.82 

- - - 

Expon. 

m3- 

yes 21.76 4 -

35.52 

0.27 13.9 39.4 

Expon. 

m5- 

yes 21.76 5 -

33.52 

- - - 

Hill m3- yes 21.66 4 -

35.32 

0.24 13.1 35 

Hill m5- yes 21.66 5 -

33.32 

- - - 

Inv.Expon. 

m3- 

yes 21.68 4 -

35.36 

0.25 14.6 33.9 

Inv.Expon. 

m5- 

yes 21.52 5 -

33.04 

- - - 

LN m3- yes 21.67 4 -

35.34 

0.24 14 34.3 

LN m5- yes 21.60 5 -

33.20 

- - - 

     Model 

averaged 

6.35 33.9 

Uric acid full model yes -14.60 5 39.20 - - - 

null model yes -24.50 2 53.00 - - - 

Expon. 

m3- 

yes -16.23 4 40.46 0.28 7.63 31.3 

Expon. 

m5- 

yes -16.23 5 42.46 - - - 

Hill m3- yes -16.32 4 40.64 0.26 7.22 24.8 

Hill m5- yes -16.33 5 42.66 - - - 

Inv.Expon. 

m3- 

yes -16.46 4 40.92 0.22 7.88 21.5 

Inv.Expon. 

m5- 

yes -16.88 5 43.76 - - - 

LN m3- yes -16.38 4 40.76 0.24 7.65 22.7 

 LN m5- yes -16.52 5 43.04 - - - 

      Model 

average 

1.82 22.6 
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Platelets full model yes 12.38 5 -

14.76 

- - - 

null model yes 3.79 2 -3.58 - - - 

Expon. 

m3- 

yes 11.62 4 -

15.24 

0.26 0.329 36.2 

Expon. 

m5- 

yes 11.61 5 -

13.22 

- - - 

Hill m3- yes 11.61 4 -

15.22 

0.26 0.325 35.3 

Hill m5- yes 11.61 5 -

13.22 

- - - 

Inv.Expon. 

m3- 

yes 11.48 4 -

14.96 

0.23 0.411 32.3 

Inv.Expon. 

m5- 

yes 11.44 5 -

12.88 

- - - 

LN m3- yes 11.54 4 -

15.08 

0.24 0.375 32.7 

LN m5- yes 11.52 5 -

13.04 

- - - 

      Model 

average 

0.52 29.3 

Benchmark dose confidence intervals (BMDL and BMDU) obtained using PROASTweb 70.1 

software for all fitted models by modelling the effect on serum and haematological parameters after 

daily administration of 5NQ for 28 days (sub-acute toxicity study). The lower confidence limit of 

the benchmark dose (BMDL), upper confidence limit of the benchmark dose (BMDU), benchmark 

dose (BMD) log likelihood (Loglik.), Number of parameters (No.par.), Akaike information 

criterion (AIC), convergence (conv.) 

 

Table 29: Benchmark dose confidence intervals (BMDL and BMDU)  

 

Benchmark dose confidence intervals (BMDL and BMDU) obtained using PROASTweb 70.1 

software by model averaging method, by modelling the effect on serum biochemical and 

hematological parameters in mice after daily administration of 5NQ for 28 days (sub-acute toxicity 

study). Aspartate aminotransferase (AST), critical effect size (CES), benchmark response (BMR), 

Lower confidence limit of the Benchmark dose (BMDL), upper confidence limit of the Benchmark 

dose (BMDU). 

 

 

 

 

Parameter CES/BMR BMDL (mg/kg/day) BMDU (mg/kg/day) 

AST 0.3 1.1 x 10-3 3.5 

Total Bilirubin 0.3 0.03 190 

Total Protein 0.05 6.35 33.9 

Uric acid 0.05 1.82 22.6 

Platelets 0.1 0.52 29.3 
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7.4 DISCUSSION 

The therapeutic potential of 5-hydroxy-1,4-naphthoquinone is immense, which makes it a 

highly attractive pharmacological candidate. The therapeutic effect of 5NQ results from its 

ability to generate free radicals, which modulate numerous intracellular pathways296. Our 

in silico data suggested that 5NQ has favorable ADME properties, making it a promising 

drug candidate for further development. However, its estimated toxicity as a mutagenic 

agent, as well as its potential to cause eye and skin irritation, is a cause of concern. 

Moreover, as with most quinone compounds, the metabolism of 5NQ is known to produce 

toxic byproducts, which necessitates the evaluation of its therapeutic effects in light of these 

potential toxic effects297. Consequently, the utilization of 5NQ as a therapeutic agent carries 

significant risks, making it imperative to comprehensively understand its toxicity profile. 

The objective of this study was to assess the oral acute and sub-acute toxicity of 5NQ and 

establish a safe dose for conducting comprehensive preclinical investigations in mouse 

models to evaluate the therapeutic potential of 5NQ. In addition to utilizing the 

conventional method of determining the NOAEL (the lowest dose at which no adverse 

effects were observed), we also employed benchmark dose modelling to establish a point 

of departure dose for the daily administration of 5NQ and to identify the most sensitive 

marker of toxicity to 5NQ. 

The results of our acute toxicity testing revealed that a single oral dose of 50 mg/kg 5NQ 

was safe and well tolerated by mice and did not result in mortality. However, 

histopathological analysis revealed significant degenerative changes in the hepatic and 

renal tissues of the animals. The results of our acute toxicity study established that 5NQ 

can be classified as a category 3 substance according to OECD guideline 423 and the Global 

Harmonized System for the classification of substances and mixtures. This classification 
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indicates that 5NQ has an acute LD50 cutoff dose of > 50 ≤ 300 mg/kg body weight280. 

Additionally, BMD modelling of the survival data of the acute toxicity study established a 

BMDL of 118 mg/kg, which can be considered as the POD dose for single-dose 

administration of 5NQ, and mortality can be expected at doses higher than this dose. 

A sub-acute toxicity study found that administering 5 mg/kg of 5NQ to mice for 28 days 

was safe and did not result in any toxicity-related mortality. However, mice administered 

5 mg/kg 5NQ experienced significant weight loss over the 4-week period. The observed 

weight loss could be attributed to the mitochondrial uncoupling activity of 5NQ. 

Mitochondrial uncoupling disrupts the electron transport chain, resulting in ATP depletion. 

This causes an increase in fatty acid oxidation to meet the energy requirements of the cell257. 

5NQ is a narrow-range mitochondrial uncoupler, and higher doses can cause complete 

mitochondrial uncoupling, leading to ATP depletion, hyperthermia and even death298. Mice 

administered 15 and 50 mg/kg exhibited significant mortality, which may be related to the 

cellular damage caused by the mitochondrial uncoupling action of 5NQ. Although 

administration of 5 mg/kg 5NQ did not cause mortality in mice, the observed decrease in 

body weight indicated the mild toxicity of 5NQ. Based on these observations, we 

established the NOAEL for the daily administration of 5NQ to be < 5 mg/kg/day. However, 

there are many limitations in determining POD using the traditional NOAEL approach, 

which include the limited doses selected in the study, overestimation of POD, and small 

sample size283,288.  Therefore, we used the modern and regulatory recommended approach 

of benchmark dose modelling to determine the POD dose. Our results from the BMD 

modelling of the survival response in the sub-acute toxicity study established 1.74 

mg/kg/day as the POD. This value was 65% lower than that of the lowest dose (5 

mg/kg/day) used in this study. Thus, the mathematical approach of BMD and the traditional 
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NOAEL approach may converge to estimate POD. Nevertheless, the BMD approach is 

more accurate in estimating POD. This dose can be used to determine the human equivalent 

reference dose for risk assessment282. 

The metabolism of 5NQ has been studied using rat hepatocytes and has been shown to 

affect the mitochondria of hepatocytes due to its mitochondrial uncoupling activity298,299. 

Flavoprotein enzymes, such as NADPH-cytochrome P450 reductase and NAD(P)H: 

quinone oxidoreductase, catalyse the reduction of quinones (such as 5NQ) to semiquinone 

or hydroquinone radicals297. The hydroquinone thus formed is catalyzed to form conjugates 

with glucuronide or sulfate. This process leads to the detoxification of quinones, with the 

formation of free radicals such as superoxide as byproducts297. In another reaction, 1,4-

naphthoquinones such as 5NQ interact with cellular thiols to form hydroquinone conjugates 

with glutathione (GSH) and N-acetyl cysteine (NAC). These GSH conjugates undergo 

auto-oxidation thus maintaining the redox activity of these compounds which in further 

leads to the formation of more free radicals299. Therefore, it can be concluded that the 

biotransformation of 5NQ in the liver and the generation of free radicals as by-products 

may have a detrimental effect on hepatocytes. To date, no studies have reported the hepatic 

toxicity associated with 5NQ, despite our understanding of its potential for such effects. 

Our study is the first to demonstrate dose-dependent hepatic toxicity resulting from the oral 

administration of 5NQ. Additionally, the abnormal levels of liver function markers ALT, 

AST, ALP, and total bilirubin, along with the severe hepatic degenerative changes observed 

through histopathology following repeated oral administration of 5NQ, demonstrated the 

cytotoxic effect of 5NQ on hepatocytes. Our results not only support our previous in silico 

study, which indicated a high likelihood of drug-induced liver injury (DILI), but also 

confirmed these findings. However, the in silico predicted probability of human 
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hepatotoxicity (HT) and rat oral acute toxicity is extremely low, suggesting that these toxic 

effects may not manifest during the clinical development of this drug.  

Previous studies on the pharmacokinetics and biodistribution of 5NQ have indicated that 

the kidney tissues accumulate the highest amount of 5NQ regardless of the route of 

administration266,267,299. According to a study conducted by Chen et al. in 2005, the 

glucuronide and sulfate conjugates formed as a result of biotransformation of 5NQ are 

primarily excreted through urine and therefore have a significant nephrotoxic effect. The 

nephrotoxic effect of 5NQ was consistent regardless of the route of administration and can 

be attributed to the covalent binding of 5NQ or its metabolites (monoglucuronide of 4,8-

dihydroxy-1-tetralone) to cytosolic a2u-globulin (a lipocalin class of proteins), which 

causes hydrocarbon-related nephropathy297–300. Additionally, quinone thiol-ethers can 

cause nephrotoxicity when administered intravenously301,302. Our findings of elevated 

levels of renal function markers, uric acid, and BUN, as well as significant renal tissue 

damage observed in animals administered 15 mg/kg and 50 mg/kg of 5NQ for 28 days, 

support the reported nephrotoxic effects of 5NQ.  

Our study examined the oral toxicity of 5NQ and found evidence of potential hepatic and 

renal toxicity. However, these effects were observed at doses higher than those reported in 

previous studies of parenteral administration of 5NQ265–267. 

Furthermore, the favorable probability of the oral bioavailability of 5NQ predicted in our 

in-silico study indicates that 5NQ may be a promising candidate for oral administration. 

Furthermore, our study observed systemic toxicities at relatively low doses, suggesting the 

good oral bioavailability of 5NQ, which needs to be confirmed in pharmacokinetic studies. 

It is worth noting that, despite the fact that the administration of 5 mg/kg 5NQ did not result 

in toxicity-related mortality in mice, we observed mild elevations in AST, a marker of liver 
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injury, following repeated administration of this dose. Additionally, dose-response 

modelling of serum AST levels revealed that it was the most sensitive indicator of toxicity 

of 5NQ, with the lowest benchmark dose level of 1.1 x 10-3 mg/kg/day. Having a recovery 

group in place would have allowed us to determine the reversibility of this process, which 

should be considered in future research. Earlier studies have demonstrated that the 

liposomal preparation of 5NQ, when administered intravenously, enhances its anticancer 

effectiveness while reducing its systemic toxicity in mice267. Therefore, it can be concluded 

that the safety of oral 5NQ administration can be improved by utilizing appropriate drug 

delivery systems to harness its therapeutic potential. 

Nevertheless, our study provides a reasonable estimate of the safe dose and duration for 

repeated oral administration of 5NQ, which can aid in determining the dosage for 

preclinical studies designed to evaluate the therapeutic efficacy of 5NQ in murine models. 

Conclusion: In conclusion, we established 118 mg/kg as the POD for a single oral 

administration of 5NQ and we established 1.74 mg/kg/day as POD for repeated 

administration of 5NQ. Additionally, serum AST level was identified as the most sensitive 

marker of 5NQ toxicity. The established POD values can be used as a reference for 

preclinical efficacy assessments and for deriving the human equivalent reference dose of 

5NQ to ascertain its safety for clinical use. 
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7 OBJECTIVE 3: PART B 
 

7.5 BACKGORUND 

The objective of this section is to evaluate anti-GVHD efficacy of 5NQ in vivo. In this 

segment we provided details regarding the overview of various mouse models used to 

assess the anti-GVHD potential of drugs with an emphasis on the role of cytokines, innate 

and adaptive immune cells in the pathogenesis and prevention of acute GVHD.  

Murine models of acute GVHD 

The use of preclinical animal models has greatly aided our understanding of GVHD and 

cancer therapy. In HSCT research, most animal models rely on inbred mice, allowing 

researchers to select specific major histocompatibility complex (MHC) molecules between 

the host and donor and study the implications of the degree of matching in a controlled 

setting. Murine models of HSCT are broadly divided with respect to MHC mismatch 

between recipient and the donor strains, xenogeneic murine models of HSCT are also 

employed. A systematic review by Schroeder and DiPersio highlighted the key differences 

and advantages between these models (Table 30).  

Mouse models of acute GVHD involve transplantation of bone marrow cells along with 

donor lymphocytes (splenocytes or lymph node T cells) into irradiated recipient mice. The 

bone marrow contains stem cells that are important for hematopoietic reconstitution, 

whereas lymphocytes from the spleen or lymph nodes serve as a source of immune cells 

that can be manipulated to study the effects of specific immune cells in the development of 

acute GVHD. 
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Acute GVHD is caused by a mismatch in MHC antigens, resulting in the immune-mediated 

rejection of foreign tissues and cells. Although MHC matching is performed in clinical 

settings, differences in minor histocompatibility antigens (miHAs) can cause acute GVHD 

(aGVHD). In mice, MHC antigens are represented as H2 and most strains are closely 

related to H2 antigens. The MHC-mismatched, miHA-mismatched, and xenogeneic murine 

models are discussed below. 

MHC-mismatched models: The most studied murine model based on MHC-mismatch 

involves C57BL/6 mice (expressing the H2kb MHC-I antigen) as donors and BALB/c mice 

(expressing the H2kd MHC-I antigen) as recipients. Along with the major MHC 

mismatches, this model also contains miHA mismatch. The acute GVHD that develops in 

these mice is primarily dependent on MHC-I mismatch with a limited contribution of miHA 

mismatch. CD4+ and CD8+ T cells have been reported to play a predominant role in the 

development of acute GVHD in this murine model303,304.  The development of acute GVHD 

in these models is influenced by variations in class I and class II MHC antigens305,306. The 

common parent to F1 strains used in the murine model of HSCT is described in Table 30 

MiHA-mismatched models: The murine model based on MiHA-mismatch is more clinically 

relevant because MHC-mismatched transplants are not commonly performed in humans. 

The MiHA-mismatched models exhibited lower morbidity compared to MHC-mismatched 

models while developing severe acute GVHD, thus depicting the clinical scenario307. For 

instance, B10.D2 (H2kd) to BALB/c or DBA/2 (H2kd) mice model suggests that acute 

GVHD is primarily influenced by CD4+ T cells and to a lesser extent by CD8+ T cells308,309.  

Xenogeneic transplant models: Xenogeneic transplant models have been developed to 

study acute GVHD mediated by human T cells in vivo. As the immune response to 

xenografts is usually much stronger than that to allografts, the development of these models 
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necessitates strong immunosuppression. Therefore, initial attempts to develop these models 

were made using immunocompromised non-obese diabetic severe combined 

immunodeficiency (NOD/SCID) mice, which lack functional T and B lymphocytes310. 

However, these models show poor engraftment of donor cells due to the functional activity 

of NK cells in these animals, which may also result in graft rejection. Further, improvement 

in the experimental settings was achieved, and better engraftment was achieved when 

RAG2-deficient and IL-2 receptor-γ-deficient mice (BALB/cA- were used as recipients). 

These mice lack functional T, B, and NK cells, resulting in better engraftment of human 

cells and consistent development of acute GVHD. Currently, the best strains to develop 

xenogeneic transplant model is NSG mice (NOD/SCID-RAG2-/-IL2rγ-/-), which are bred 

by back crossing mice carrying a homozygous deletion of the common γ-chain of the IL-2 

receptor to a NOD/SCID mice311. NSG mice lack T, B, and NK cells, and have diminished 

function of macrophages and dendritic cells. Because T cell recognition of MHC-II is 

species-restricted, this model predominantly aids in understanding CD4+ T cell-mediated 

acute GVHD312. 

Table 30: Mouse models of acute GVHD 

Donor 

strain 

Recipient 

strain 

Conditioning 

regimen 
Genetics 

Cell type 

contributing 

to phenotype 

Outcome 

C57BL/6 

(H2b) 

BALB/c 

(H2d) 
900 cGy 

Mismatched for 

MHCI, MHCII 

and miHAs 

CD4+ and 

CD8+ 

Lethal disease (10 -21 

days)  

C3H/HeJ 

(H2k) 

C57BL/6 

(H2b) 
900 cGy 

Mismatched for 

MHCI, MHCII 

and miHAs 

CD4+ and 

CD8+ 

Lethal disease (10 -30 

days)  

C57BL/6 

(H2b) 

B6C3F1 

(H2k/b) 

600 -1050 

cGy 

Mismatched for 

MHCI, MHCII 

and miHAs 

CD4+ and 

CD8+ 
Lethal  disease  

C57BL/6 

(H2b) 

B6D2F1 

(H2b/d) 

No XRT or 

1100 -1300 

cGy 

Mismatched for 

MHCI, MHCII 

and miHAs 

CD4+ and 

CD8+ 

With XRT: Lethal  

disease in 30  days 

otherwise 30-50 days 
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C57BL/6 

(H2b) 

B6AF1 

(H2b/a) 
No XRT 

Mismatched for 

MHCI, MHCII 

and miHAs 

CD4+ and 

CD8+ 

Lethal  disease 

depending on T-cell 

dose 

C57BL/6 

(H2b) 

B10.BR 

(H2k) 

750-900 cGy 

+/– Cytoxan 

120 mg/kg 

Mismatched for 

MHCI, MHCII 

and miHAs 

CD4+ & CD8+ 

Lethal  disease in 14-28 

days based on T-cell 

dose and source  

C57BL/6 

(H2b) 

B6.C-

H2bm1  

(mutation 

at MHC I) 

950 cGy or 

sublethal XRT 
MHC I mismatch CD8+ 

CD8+ T cells infusion 

lead to systemic disease  

Death: 30-80 days 

C57/Bl6 

(H2b) 

B6.C -

H2bm12   

(mutation 

at MHC II) 

950 cGy or 

sub-lethal 

XRT 

MHC II 

mismatch 
CD4+  

CD4+ T cells infusion 

lead to systemic disease 

Death: 20-40 days 

B10.BR 

(H2k) 

CBA or 

BALB.K 

(H2k) 

750 cGy 
miHA 

mismatches 
CD8+ 

Systemic disease  

Symptoms: tail scaling, 

ear erosions, diarrhea, 

hunching 

B10.D2 

(H2d) 

DBA/2 

(H2d) 
800 cGy 

miHA 

mismatches 
CD4+ & CD8+ 

Lethal systemic disease 

by day 80 

B10.D2 

(H2d) 

BALB/c 

(H2d) 

Sub-lethal 600 

-750 cGy or 

Fractionated 

1000 cGy 

miHA 

mismatches 
CD4+ & CD8+ Systemic disease 

B10 (H2b) 
BALB.b 

(H2b) 
775 cGy 

miHA 

mismatches 
CD4+ & CD8+ 

Systemic disease, no 

cutaneous involvement 

C57BL/6 

(H2b) 

BALB.b 

(H2b) 
800-1000 cGy 

miHA 

mismatches 
CD4+ Systemic disease 

DBN2 

(H2d) 

BlO.D2 

(H2d) 
820 cGy 

miHA 

mismatches 
CD8+ 

Minimal systemic 

disease with whole 

spleen cells but 

increased with purified 

CD8+ T cells - 50% 

mortality at day 25 

Human 

PBMCs 

NOD/SCID 

IL2rγ- null 

(NSG) 

No XRT or 

200-250 cGy 

Mistmatched for 

MHC I, MHC II 

and miHAs 

CD4+  
Death from GvHD in 

30- 50 days 

Human 

PBMCs 

BALB/cA-

RAG2–/– 

IL2rγ-/- 

350 cGy 

Mismatched for 

MHC I, MHC II 

and miHAs 

CD4+ & CD8+ Systemic disease 

Human PB 

TCs 

NOD/SCID 

2m-null 
250-300 cGy 

Mismatched for 

MHC I, MHC II 

and miHAs 

    naive or 

CD3/CD28 

bead expanded 

Systemic disease 

BM: bone marrow, cGy: centigray, RO: retro-orbital injection, TCD: T-cell depleted, XRT: 

radiation conditioning, PBMCs: peripheral blood mononuclear cells, PB TCs: peripheral blood T 

cells313 
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Factors to be considered when selecting a mouse model of GVHD 

Acute or chronic GVHD: The choice of an appropriate murine model depends largely on 

the research question and whether one desires to study acute or chronic GVHD.   

Type of intervention being tested and its mechanism of action: If the intervention targets 

both CD4+ and CD8+ T cells, selecting a model in which acute GVHD is mediated solely 

by CD4+ T cells may not be optimal. Furthermore, if the intervention aims to modulate 

cytokines and the selected model is an miHA mismatch, it may not be an optimal choice 

because this model demonstrates reduced cytokine storm and could result in an 

overestimation of the intervention's efficacy313,314. 

Clinical manifestations and outcomes to be studied:   The severity of GvHD and ability to 

track specific cell populations are important factors to consider when choosing a model. If 

the primary outcome of interest is clinical scoring, the C57/Bl6 r BALB/c transplant model 

may be a good choice, as this model results in severe acute GVHD and complete 

engraftment of donor cells. Generally, a higher degree of MHC mismatch leads to a more 

severe GvHD315,316. 

GVHD severity: Several factors influence acute GVHD severity. The dose and type of T 

cell subsets (CD4+, CD8+, or Treg cells) in the donor bone marrow and the irradiation dose 

are linked to acute GVHD-related mortality in mice. The myeloablative radiation dose 

varies according to the mouse strain. Genetic disparities are important in disease, for 

example, miHAs can affect acute GVHD severity, even in MHC-matched mice316–320. 

GvHD can be affected by environmental pathogens and specific pathogen free (SPF) 

conditions between laboratories321,322. This means that phenotype of the same acute GVHD 

model can differ based on the radiation dose and delivery rate variability, pathogens load 
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in animal facilities, and T-cell doses and source of T cells.  Therefore, it is crucial to validate 

the mouse model in the laboratory 313,314. 

Factors contributing to differences between mouse and human HSCT 

Inbred mice are used in preclinical HSCT studies as they are genetically homozygous, age 

and sex-matched, fed the same diet, and housed in SPF conditions, allowing researchers to 

assess disease variables and eliminate extraneous factors. However, the differences 

between mouse models and clinical conditions must be considered before drawing 

conclusions. The HSCT response is affected by genetic and MHC diversity, age, health 

status (BMI, comorbidities), and immunological and microbial exposure. These factors 

cannot be accounted for in inbred animals323. This limitation can be overcome by utilizing 

outbred animal models. However, they are costly, have small sample sizes, require longer 

experiments and follow-up periods324,325. 

Age is another factor that affects the mouse model and human outcomes of HSCT. Age-

related changes in humans, such as immune senescence, impaired tissue repair, obesity, and 

thymic dysfunction, increase GVHD severity. Animal models often use young lean mice, 

which do not accurately reflect the clinical conditions and comorbidities326–328. In humans, 

acute GVHD appears within 100 days of transplantation, but in mice the time frame may 

differ and are mainly identified by their clinical signs. 

Variations in conditioning regimens contribute to discrepancies between acute GVHD and 

its associated clinical manifestations. The conditioning regimens range from high-dose 

myeloablative to reduced-intensity, depending on the patient. Most murine transplantation 

models use complete myeloablative regimens with one or two doses. The prognosis of 

animal models is affected by the radiation source, mouse strain sensitivity, and genetic 
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variations. Cesium-137 (radioactive) and X-rays (non-radioactive) are the most common 

radiation sources, with the latter being more effective in causing myeloablation. Mice are 

more resistant to radiation than humans, therefore, murine models may not accurately 

reflect clinical scenarios. Chemotherapeutic agents have rarely been used in mouse 

models317–320. 

In mice, acute GVHD severity depends on the cytokine storm, MHC-I mismatches, and 

microbiome composition. Mouse models usually add splenic T cells to grafts to induce 

acute GVHD. This is not the case in clinical settings. Thus, the graft composition in 

preclinical models may affect disease pathogenesis. Moreover, applying mouse model 

findings to human diseases is challenging because the immunosuppressive therapy 

administered to recipients to prevent acute GVHD is not used in preclinical settings313,314. 

Nevertheless, murine models enable researchers to carefully dissect the mechanism(s) of 

acute GVHD pathogenesis and make optimal interpretations of results, owing to the fact 

that these mouse models provide a critical experimental advantage, allowing selective 

manipulation and evaluation of individual variables. Therefore, the appropriate choice and 

application of animal models are essential for ensuring the continued progress and 

translational application of findings in the field of HSCT (Table 31)313,314. 
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Table 31: Species variability in hematopoietic stem cell transplantation 

Particulars Murine Model Human 

Prophylaxis  Rare 
Immunosuppressive regimens e.g. 

tacrolimus or mycophenolate mofetil  

Conditioning 

regimens 

X-ray: irradiation with single 

lethal dose / 2 or 3 split doses 

Based on patient status, consists of 

chemotherapy with or without irradiation. 

Usually with divided doses from lethal to 

non-myeloablative regimens 

Genetic 

variability 

Inbred: well-defined MHC 

molecules. May be discerned 

by MHC major or minor 

mismatch 

Outbred: high diversity of MHC alleles 

thus increased disparity between donor and 

recipients. May have different degrees of 

haploidentical HSCT 

Donor graft 
Bone marrow and T cells are 

required to induce GVHD 

Bone marrow cells as well as GCSF 

mobilized PBSCs or umbilical blood may 

also serve as sources of GVHD 

Tumor systems 

Transplantable, homogenous 

tumor cell lines. Few 

spontaneous tumors have 

been developed 

Spontaneous heterogeneous tumors 

Age young mice (< 5 months old) 
Mixed age groups - pediatric, adult, or 

elderly  

Obesity 
Mean weight is well 

maintained 
Lean/obese patients 

Gastrointestinal 

tract 

microbiome 

More or less homogenous 
Complex due to the diversity & 

heterogeneity  

Housing 

environment 
Pathogen-free 

Complicated with several opportunistic 

infections 

Type of GVHD Either acute or chronic Mixed 

GVHD: graft versus host disease, HSCT: hematopoietic stem cell transplantation, MHC: major 

histocompatibility, PBScs: peripheral blood stem cells, GCSF: granulocyte colony stimulating 

factor adapted from314 

 

Role of cytokines in acute GVHD 

Cytokines are the third signal for T-cell activation, which regulate their differentiation and 

proliferation. Additionally, conditioning regimen related damage can cause the release of 

cytokines from recipient cells, such as epithelial and endothelial cells, which causes 

activation of the inflammatory response in these organs. Thus, cytokines play key roles in 

the initiation and pathogenesis of acute GVHD. In allo-HSCT settings, cytokines are 

released in response to two major stimuli: activation of toll-like receptors (TLRs) or 

activation of T cells upon engagement with APCs. Here, we discuss the cytokines produced 
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by pre-transplant conditioning or T cells, and their role in GVHD pathogenesis. 

Conditioning regimens induce the release of DAMPs and PAMPs, causing the release of 

inflammatory cytokines, such as TNF, IL-1, IL-6, IL-33, IL-1, IL-12, IL-23, and type 1 

IFN, by recipient cells. The roles of most cytokines are discussed below. Inflammatory 

signals induced by these cytokines are further exacerbated by the cytokines released by 

activated T helper cells. Activated T cells mainly differentiate into subsets and secrete 

specific cytokines. For example, Th1 cells secrete IL-2, IFNγ, and TNF, whereas Th2 cells 

secrete IL-4, IL-6, IL-10, and Th17 cells, which in turn secrete Th17 cytokines. Eventually, 

cytokines released by T cells govern the progression of acute GVHD. The role of these 

cytokines in the initiation and activation phases of GVHD is reviewed below329–331. 

Tumor necrosis factor (TNF): TNF is one of the major influencers of GVHD development 

after allo-HSCT. Pre-transplant TNF is mainly secreted by the recipient’s myeloid cells due 

to the conditioning regimen332, whereas, after transplantation, activated donor T cells 

contribute majorly to TNF levels333,334. Pre-transplant TNF-has been shown to affect 

GVHD severity in murine models. However, in clinics, the success of TNF inhibitors is 

limited because the administration of prophylactic regimens leads to lower levels of TNF 

in the recipient. Nonetheless, in murine models of GVHD, TNF levels were highly 

correlated with the incidence and severity of acute GVHD. TNF enhances proinflammatory 

responses, and the use of TNF inhibitors, such as etanercept, has shown promising results 

in alleviating severe GVHD in a phase 2 trial335. 

IL-1β, IL-18, and IL-12: Signaling through nod-like receptors (NLR) and the 

inflammasome pathway causes secretion of IL-1β, IL-18, and IL-12 by recipient cells after 

the conditioning regimen336. IL-1β, IL-18, and other IL-1 family cytokines, such as IL-33, 

promote secretion of the proinflammatory cytokine TNF. IL-12 is mainly secreted by DCs 
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and Langerhans’s cells and drives the secretion of IL-18 and IFNγ. IL-18 is secreted by 

macrophages, dendritic cells (DCs), T lymphocytes, keratinocytes, and intestinal epithelial 

cells. IL-18, in concert with IL-12, drives Th1 differentiation of activated donor T cells, 

IFNγ production, and activation of cytotoxic T lymphocytes (CTLs), thus playing an 

important role in GVHD initiation337,338. 

IL-33: IL-33 is expressed by endothelial cells, epithelial cells, and fibroblast-like cells of 

various organs and is not a secretory cytokine; rather, it is released as alarmin upon damage 

to these cells. IL-33 binds to IL-1, Il-12 and IL-18, exacerbating GVHD by increasing TNF 

and IFNγ production by Th1 helper cells339. 

IFNγ: Th1 cytokines are predominantly produced by Th1, Tc1, B cells, NK cells, and APCs 

after allo-HSCT. IL-18 and IL-12 promote the secretion of IFNγ, whereas, IL-4, IL-10 and 

TGF-β inhibit IFN-γ secretion329. Preclinical studies have highlighted the contradictory 

pro-and anti-inflammatory roles of IFN-γ.340–342 Donor-derived IFNγ signaling in the host 

parenchyma prevents inflammatory cell infiltration and lung GVHD in mice. In contrast, 

IFN-γ-mediated activation of IFNγR in the gut epithelial cells causes villi and crypt 

atrophy340,343. Moreover, in clinical practice, IFNγ polymorphisms have not been shown to 

correlate with GVHD incidence and outcome344. 

IL-2: It is the first cytokine produced by activated CD4+ T cells, drives clonal T cell 

expansion and Treg differentiation, and promotes NK cell cytolytic activity345. In 

preclinical models, IL-2 inhibition showed a reduction in GVHD incidence and severity; 

however, it also affected Treg differentiation, thus showing both the positive and negative 

effects of IL-2 inhibition346,347. 
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IL-4: It is predominantly secreted by CD4+ T cells, mast cells, and basophils and promotes 

Th2 differentiation along with the secretion of other Th1 cytokines such as IL-5, IL-10, and 

IL-13. IL-4 is an antagonist of the Th1 response and a major Th2 response cytokine348. IL-

4 shows a protective effect against GVHD development mainly by limiting the production 

of the Th1 cytokines IFNγ and TNF. However, it does not provide protection from GVHD, 

as demonstrated in preclinical models349–351. 

IL-6: is a proinflammatory cytokine that is mainly secreted by monocytes, macrophages, 

mature DC, T and B lymphocytes, and fibroblast cells. It promotes T cell differentiation 

into CTLs, secretion of proinflammatory IL-17 cytokines, and B cell differentiation into 

plasma cells.352 Consistent with this, TGF-β inhibits Treg differentiation. Preclinical 

studies have shown that inhibition of IL-6 causes a reduction in GVHD severity while 

preserving the GVL effects of the graft. Phase II studies have shown that tocilizumab 

alleviates GVHD severity353,354. 

IL-17 and IL-23: IL-17 family of cytokines consists of six isoforms, IL-17A to IL-17F. 

Isoforms A and F have been the most studied with respect to GVHD. This family of 

cytokines is secreted by activated CD4+ and CD8+ T-cells355. In combination with IL-23, 

IL-17 promotes the differentiation of activated T cells into Th17 cells, which have been 

shown to exacerbate GVHD. In contrast, IL-17, IL-6, and TGF-β promoted 

immunomodulatory effects in the absence of IL-23. Moreover, IL-17A secreted by T cells 

in mucosal-associated lymphoid tissues protects against gut dysbiosis356,357. Therefore, IL-

17A plays a protective role in acute GVHD, whereas Th17 cells have been shown to be 

pathogenic358. 

IL-10 is an immunosuppressive cytokine that affects the action of dendritic cells and 

macrophages, thus inhibiting T-cell activation. It is primarily secreted by T reg cells, and 
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some B cells, monocytes, and dendritic cells. IL-10 inhibits Th1 and Th17 mediated 

secretion of TNF-and IFNγ. Moreover, it promoted Treg proliferation and inhibited Th17 

cell proliferation.  Exogenous IL-10 has shown better GVHD outcomes in murine models; 

however, the effects of IL-10 are dose-dependent, and further studies are warranted for its 

clinical use359–362. 

Innate immune cells in pathogenesis and prevention of acute GVHD 

 T cell activation requires costimulatory signals from various antigen-presenting cells. 

Signaling through co-stimulation drives the fate of activated T cells, where it can promote 

T cell differentiation and proliferation, inhibit T cell differentiation, and promote activation 

induced cell death (AICD) in these cells363. CD28 and CTLA4 are two ligands expressed 

on T-cells. These ligands interact with CD80 and CD86, which are expressed by APCs. 

Engagement of CD28 with CD80 and CD86 promotes T cell proliferation; in contrast, 

engagement of CTLA4 with CD80 and CD86 causes activation-induced cell death of T 

cells. Therefore, the blockade of CD80 and CD86 on APCs has been shown to alleviate 

GVHD364. Abatacept, a CTLA4 IgG has shown promising results in the prevention of acute 

GVHD when used in combination with standard prophylaxis in clinics. Abatacept has 

recently gained FDA approval for GVHD prophylaxis and is the first FDA-approved drug 

for GVHD prophylaxis365. 

In addition to specific costimulatory signals that govern T cell response, certain innate 

immune cells have been reported to play an immune regulatory role, leading to the 

alleviation of GVHD. Induced natural killer cells, tolerogenic dendritic cells, myeloid-

derived suppressor cells, and mesenchymal-derived stromal cells exhibit 

immunosuppressive activities, thus countering inflammation-mediated GVHD366,367. 
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T cell subsets in pathogenesis and prevention of acute GVHD 

Specific T-cell subsets have been shown to play a role in the prevention or pathogenesis of 

acute GVHD. Some of the important T cell subsets are discussed below. 

Naive, central memory, and effector memory T cells: Naïve T cells (Tn) are 

CD62LhiCD44lo, central memory cells (Tcm) are CD62LhiCD44hi, and effector memory 

cells (Tem) are CD62loCD44hi.  Preclinical data suggest that naïve T cells are more potent 

inducers of GVHD than are central or effector memory cells. Moreover, CD8+ Tn cells are 

particularly sensitive to miHA mismatch and are primarily involved in the pathogenesis of 

GVHD in matched murine models of allo-HSCT. Memory T cells have been shown to 

retain GVL activity of grafts368–373.  

Th1 and Tc1 subsets: This subset of T cells is known to secrete the Th1 proinflammatory 

cytokines IFNγ and TNF, which have been implicated in GVHD pathogenesis. Th1/Tc1 

cells are mediators of gut tissue damage and cause high cytotoxicity in this particular tissue, 

thereby exacerbating GVHD374,375. 

Th17 and Tc17 subsets: These cells show proinflammatory activity and are associated with 

poor outcomes in patients with GVHD. Clinical studies have reported a higher frequency 

of Th17 cells in patients with acute GVHD. The number of Th17 cells increases with the 

progression of acute GVHD, and in the later stages, it drives inflammation by mediating a 

cytokine storm, potentiating alloreactive T cells, and supporting follicular T helper cells. 

Moreover, an increase in Th17 cells has been implicated in chronic and steroid-refractory 

GVHD374,376. 

Th2 and Tc2 subsets: This T cell subset produces Th2 cytokines IL-4, IL-5, IL-10, and IL-

13. Preclinical studies have shown that adoptive transfer of Th2/Tc2 induces less severe 
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GVHD than the Th1/Tc1 subtype of T cells. Their protective effects can be attributed to 

the secretion of the anti-inflammatory cytokine IL-10. Moreover, these cells showed 

protection against gut damage in a preclinical GVHD model377,378. 

Treg subset: This subset is characterized by the expression of CD25 and the transcription 

factor FoxP3. As the name suggests, this particular subset has immunoregulatory action 

and has been shown to alleviate GVHD when transferred adaptively in preclinical modes. 

The GVHD preventive effect of these cells can be attributed to their secretion of anti-

inflammatory cytokine IL-10. Moreover, these cells compete with naïve T cells for 

engagement with APCs, causing a reduction in the activation of naïve T cells and thus 

inhibiting immune responses. Trials are ongoing on the adoptive transfer of Treg cells for 

the treatment of acute GVHD379,380. 

 

7.6 METHODOLOGY 

Induction of acute GVHD: A murine model of allo-HSCT based on complete MHC-I 

mismatch [recipient- female BALB/cJ mice (H-2kD) and donor-male C57BL/6J mice (H-

2kB)] was utilized. Female BALB/cJ mice (8–10 weeks old) were acclimatized to 

individually ventilated cages (IVC) for 1 week before transplantation and maintained in 

IVC cages until completion of the experiment. Mice were irradiated with a sublethal dose 

of 6.5 Gy on a linear accelerator. After 24 h, mice were injected with 5 × 106 bone marrow 

cells and 15 × 106 splenocytes obtained from male C57BL/6 donor mice (8-10 weeks old). 

The overview of transplantation procedure is presented in Figure 59. 
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Figure 59: Workflow for transplantation procedure for induction of GVHD. The murine model is 

based on MHC class I mismatch, the recipient is BALB/c female mice that express H2kD MHC-I 

antigen, whereas the donor is C57BL/6 male mice that express H2kB MHC-I antigen. The days 

before transplantation are numbered with a negative sign, whereas the days after transplantation are 

numbered with a positive sign. Day of the transplantation is numbered as day 0. 

 

Standardization of efficacious prophylactic oral dose of 5NQ: Briefly, transplanted mice 

were divided into seven groups (n = 6 per group): group I (vehicle control) received vehicle 

(5% DMSO in 0.5% CMC), whereas groups II, III, and IV received 1, 2.5, and 5 mg/kg 

5NQ in vehicle, respectively, daily for 15 days after transplantation. Groups V, VI, and VII 

received 2.5, 5, and 10 mg/kg 5NQ in the vehicle, respectively, every alternate day for 15 

days after transplantation. The first dose was given 24h after transplantation. Survival was 

monitored daily.   

Evaluation of prophylactic efficacy of 5NQ: Transplanted mice were randomly divided 

into three groups (n = 12 /group): group I (vehicle control) received vehicle (5% DMSO in 

0.5% CMC), whereas groups II and III received 2.5 and 5 mg/kg 5NQ in vehicle orally 

every alternate day for 15 d after transplantation. The first dose was given 24h after 

transplantation. Body weight was measured before irradiation and weekly after 
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transplantation along with clinical scoring of GVHD. The overview of the procedure of 

transplantation and dosing of 5NQ is presented in Figure 60. 

 

Figure 60: Procedure of transplantation and dosing schedule for 5NQ administration. Vehicle or 

5NQ was administered orally every alternate day after transplantation starting from day 1 to day 15 

 

Clinical scoring criteria: Mice were monitored weekly for 30 days after transplantation 

for signs of GVHD using a previously described scoring system381. Briefly, mice were 

scored based on five criteria: weight loss, posture (hunching), decreased activity, fur 

ruffling, and skin involvement, giving a total clinical score of 10. Mice were euthanized if 

a clinical score ≥8 was reached, or weight loss was ≥ 20%. 

Comparison of 5NQ efficacy with standard prophylactic regimen of a combination of 

Cyclosporine (CSA) and Methotrexate (MTX): Recipient BALB/cJ mice were 

transplanted as described above and randomly divided into four groups (n = 6/group):  

Vehicle group (VC) received vehicle (5% DMSO in 0.5% CMC), whereas animals in 5NQ 

group (5NQ) received 5 mg/kg 5NQ in vehicle orally every alternate day for 15 days after 

transplantation, animals in CSA-MTX  group were received intravenous injection of CSA-

MTX (0.4 mg/kg/day CSA and 1.5 mg/kg/day MTX) on every alternative day from Day + 

1 to Day +9 (a total of five doses) 382,383 ; animals in the CSA-MTX+5NQ group received 
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a combination of both CSA-MTX and oral 5 mg/kg 5NQ. The first dose was given 24h 

after transplantation. Body weight was measured before irradiation and weekly after 

transplantation along with clinical scoring of GVHD. 

Evaluation of cytokines and host tissue damage: Mice were divided into two groups (n 

= 5/group): group I received vehicle and group II received 5 mg/kg 5NQ in vehicle every 

alternate day for 15 d after transplantation. Serum cytokine levels, host tissue damage, and 

innate and adaptive donor cell milieu were evaluated 15 d after transplantation. To estimate 

serum cytokine levels, blood from each mouse was collected into microcentrifuge tubes by 

puncturing the orbital plexus. Blood was allowed to clot for 1 h at 4 °C and the tubes were 

centrifuged at 600xg for 10 min. The serum was separated and stored at -80 °C until further 

analysis. Serum cytokine levels were measured using the BD™ Cytometric Bead Array kit 

as described previously. For histological analysis, the mice were euthanized after blood 

collection by CO2 inhalation, and the liver, spleen, intestine, and abdominal skin were 

dissected and fixed in buffered formalin. Tissue sections (5μm) were de-paraffinized with 

xylene and rehydrated with graded ethanol. The sections were stained with hematoxylin 

and eosin (H&E). To evaluate GVHD-associated tissue damage, tissue sections were 

screened and scored using a semi-quantitative scoring system by two independent 

pathologists who were blinded to the treatment received by each animal. Specific 

parameters scored for the intestines include, villous blunting, crypt regeneration, crypt 

epithelial cell apoptosis, luminal sloughing of cellular debris, lamina propria inflammatory 

cell infiltration, and mucosal ulceration384.  The parameters scored for liver tissue included 

portal tract expansion by inflammatory cell infiltration, lymphocyte infiltration of bile 

ducts, bile duct epithelial cell apoptosis, bile duct epithelial cell sloughing, vascular 

endotheliosis, parenchymal apoptosis, parenchymal micro abscesses, parenchymal mitotic 

figures, hepatocellular cholestasis, and steatosis384. A minimum of 20 high-power fields 
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and 3 portal tracts were evaluated per tissue section. Specific parameters scored for skin 

tissue included leukocyte infiltration, epidermal thickening, basal epithelial cell apoptosis, 

dermal subcutaneous boundary separation385.The scoring system for each parameter 

evaluates both the extent and severity of tissue damage, denoted as 0, normal; 0.5, focal 

and mild, 1 as focal and moderate; and 2, diffuse and severe. The average of these two 

scores was calculated for each specimen.  

Engraftment analysis: Mice were divided into two groups (n = 5/group): group I received 

vehicle and group II received 5 mg/kg 5NQ in vehicle every alternate day for 15 d after 

transplantation. Donor cell engraftment was ascertained in the peripheral blood of recipient 

mice 15 d after transplantation. Blood from each mouse was collected in microcentrifuge 

tubes (containing the anticoagulant EDTA) by puncturing the orbital plexus. RBC lysis was 

performed using 2 ml of 1X ammonium chloride buffer (155 mM NH4Cl, 12 mM 

NaHCO3, 0.1 mM EDTA). The tubes were incubated for 10 min at room temperature. Cells 

ere centrifuged at 1200 g for 2 min. Cell pellet was resuspended in FACS buffer and were 

stained using fluorochrome-tagged primary antibodies against the MHC-I antigens H-2Kd 

PE (SF1-1.1), H-2Kb FITC (AF6-88.5) as described in the materials and methods section. 

Evaluation of hematopoietic stem cell recovery: BALB/c Mice were irradiated and 

transplanted as described previously. Mice were divided into two groups (n = 5/group): 

group I received vehicle and group II received 5 mg/kg 5NQ in vehicle every alternate day 

for 15 d after transplantation. Hematopoietic stem cell recovery was ascertained in the bone 

marrow of recipient mice 15 d after transplantation. The mice were euthanized, and the 

femurs were collected. Femurs were flushed with RPMI1640 medium using a 24 G needle 

and a 5 ml syringe and a single-cell suspension was prepared using a 70µM cell strainer. 

The cells were centrifuged at 1200 × g for 5 min and RBC lysis was carried out as described 

above. The pellet was resuspended in blocking buffer. Leukocytes were stained and 
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acquired using a flow cytometer as previously described. Cells were stained with the 

following antibodies to quantify the percentage of HSCs: mouse hematopoietic lineage 

antigen (Lin) cocktail Pacific blue [CD3 (17A2), Ly-6G/Ly-6C (RB6-8C5), CD11b 

(M1/70), CD45R/B220 (RA3-6B2), TER-119/Erythroid cells (Ter-119)], Ly-6A/E (Sca-1) 

FITC (W18174A), and CD117 (c-Kit) (2B8). Lin-CD45 + Sca-1 + c-KIT + cells were 

quantified. 

In vivo immune cell phenotyping: Effect of oral administration of 5NQ was evaluated on 

activation of APCs, CD4+ and CD8+ T cells, number of CD4+ and CD8+ T naïve (Tn), 

central (Tcm) and effector memory cells (Tem), expression of CTLA4 (T cell anergy 

marker) and number of Treg cells. For immune cell phenotyping, transplanted mice were 

divided into two groups (n = 5/group): group I received vehicle and group II received 5 

mg/kg 5NQ in vehicle every alternate day for 15 d after transplantation. Mice were 

euthanized 15 days after transplantation, the spleen was dissected, and a single-cell 

suspension was prepared as described previously. Leukocytes were stained and acquired 

using a flow cytometer as previously described. Following markers and fluorochrome 

conjugated antibodies were used for immune cell phenotyping (Table 32).  

Ex vivo mixed lymphocyte reaction (MLR): Ex vivo MLR was performed to evaluate the 

effect of oral administration of 5NQ on lymphocyte proliferation against allogeneic 

stimulation. Healthy C57BL/6 mice were orally administered either vehicle or 5 mg/kg 

5NQ every alternate day for 15 days. The mice were euthanized, and splenic leukocytes 

were isolated as described previously. Leukocytes from BALB/c mice were mixed in a ratio 

of 1:10 (stimulator: responders) and incubated under standard cell culture conditions for 72 

h. The cells were harvested and stained with an anti-H2k-B FITC antibody for 30 min at 

room temperature. Cells were fixed and permeabilized as previously described and stained 

with anti-Ki67 antibody, followed by secondary antibody staining with Alexa Fluor 568. 
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The cells were acquired using a flow cytometer. Because only responder cells expressed 

H2k-B MHC-I, the expression of Ki67 in these cells was quantified to assess their 

proliferation in response to allogeneic stimulation.  

Table 32: Fluorochrome-conjugated antibodies used for in vivo immune phenotyping study 

Cell type Markers Antibody and fluorochrome 

Activated Dendritic cells CD45+ CD3- CD11b- MHC-II+ CD45-PE-Cy7, CD3ε-APC-Cy7, CD11b-

FITC, IA/IE-PE. 

Activated CD4+ T-cells CD4+ CD25+ 

 

CD4 PerCP-Cy5.5, CD25 BV421 

Activated CD8+ T-cells CD8+ CD25+ CD8α FITC; CD25 BV421 

CD4+ and CD8+ T 

naïve, central memory 

and effector memory 

cells 

Tn: CD4+/CD8+ CD62Lhi 

CD44lo ; Tcm: CD4+/CD8+ 

CD62Lhi CD44hi ;Tem: 

CD4+/CD8+ CD62Llo CD44hi 

CD4 PerCP-Cy5.5, CD8α FITC, CD44 APC-

Cy7, CD62L APC. 

Anergic/Exhausted CD4+ 

and CD8+ T cells 

CD4+ CD25+ CD152+ 

CD8+ CD25+ CD152+ 

CD4 PerCP-Cy5.5; CD8α FITC; CD25 

BV421, CD152 PE 

Cytotoxic CD8+ T cells  CD3e+ CD8+ granzyme B+ CD3ε PE-Cy7, CD8α APC; Granzyme B 

FITC 

Hematopoietic stem cells Lin- CD45+ cKIT+ Sca1+ Mouse hematopoietic lineage antigens (Lin) 

cocktail pacific blue [CD3 (17A2), Ly-

6G/Ly-6C (RB6-8C5), CD11b (M1/70), 

CD45R/B220 (RA3-6B2), TER-

119/Erythroid cells (Ter-119)], CD117 (c-

KIT) APC, Ly-6A/E (Sca-1) FITC, CD45 

PE-Cy7 

 

Ex vivo proliferation of leukocytes: To evaluate the effect of oral administration of 5NQ 

on leukocyte proliferation in response to mitogen Con A stimulation. Healthy C57BL/6 

mice were orally administered either vehicle or 5 mg/kg 5NQ every alternate day for 15 

days. The mice were euthanized, and splenic leukocytes were isolated as described 

previously. Leukocytes were stained with CFSE and stimulated with Con A (2.5 µg/ml) 

and incubated for 72 h. Proliferation of leucocytes was evaluated by CFSE dye dilution 

assay. 

Ex vivo anti-tumor activity: was performed to evaluate the effect of oral administration of 

5NQ on anti-tumor activity of leukocytes. Briefly, healthy C57BL/6 and BALB/c mice 

were orally administered either vehicle or 5 mg/kg 5NQ every alternate day for 15 days. 
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The mice were euthanized, and splenic leukocytes were isolated as described previously. 

Leukocytes were incubated with CFSE labelled syngeneic tumor cells (BALB/c with A20 

and C57BL/6 with EL4) in the ratio 1: 10 (tumor cells: leucocytes). To compensate for cell 

death due to nutritional stress caused by high seeding density, CFSE labelled A20 and EL4 

cells were seeded at the same density as in the mixed lymphocyte group and served as a 

control.  After 24 h, the cells were harvested and stained with propidium iodide immediately 

before analysis on a flow cytometer. Propidium iodide staining was used to distinguish 

between live tumor cells (positive for CFSE only) and dead tumor cells (positive for both 

CFSE and PI; similar to protocol described in objective 1). 

 

7.7 RESULTS 

Prophylactic efficacy of oral administration of 5NQ in murine model of allo-HSCT 

To evaluate the prophylactic efficacy of 5NQ, a dose standardization experiment was 

conducted to identify the dosage of 5NQ that provided a survival benefit to transplanted 

mice. We found that oral administration of 2.5 mg/kg and 5 mg/kg every alternate day for 

15 days post transplantation significantly improved the survival of these mice (Figure 61). 

We further validated these doses in a larger cohort of animals and found that mice orally 

administered 2.5 mg/kg and 5 mg/kg 5NQ showed a significant increase in survival 

compared to mice treated with vehicle (Figure 62B). The median survival remained 

undefined for mice administered 5 mg/kg 5NQ, while the median survival for mice 

administered 2.5 mg/kg 5NQ was 30 days, which was significantly more than 16.5 days of 

mice administered the vehicle. Mice administered 5 mg/kg and 2.5 mg/kg 5NQ post 

transplantation showed improved GVHD-associated weight loss (Figure 62C) and 

mitigated the clinical signs of GVHD as compared to vehicle-treated mice (Figure 62C - 
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E). Next, we compared the prophylactic efficacy of oral 5NQ with the standard prophylactic 

regimen of CSA-MTX alone or in combination with CSA-MTX. We observed that oral 

administration of 5 mg/kg 5NQ improved the overall survival of mice compared with mice 

treated with the vehicle or CSA-MTX regimen. The median survival remained undefined 

for mice administered 5 mg/kg 5NQ, while the median survival for mice administered 

vehicle was 14.5 days and that of CSA-MTX was 21 days. Mice administered with 

combination of 5NQ and CSA-MTX presented with a median survival of 14 days, with 

significant reduction in body weight in first 7 days, thus showing probable toxicity of 

combined treatment (Figure 62F-G). 

 

Figure 61: Standardization of oral efficacious dose of 5NQ. Recipient mice were treated with either 

vehicle (VC, 5% DMSO in 0.5% CMC) or 1, 2.5, 5, or 10 mg/kg 5NQ in vehicle daily (hyphenated 

as D) or every alternate day (hyphenated as A) from days 1 to 15 (n = 6/group). Mice were 

monitored for 30 days. (A-G) Survival of transplanted mice treated orally with VC or 5NQ. The 

Mantel-Cox log-rank test was used to compare survival between the VC and 5NQ treated groups. 
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Figure 62: GVHD prophylactic efficacy of oral 5NQ in murine model of allo-HSCT. (A) Overall 

scheme for allo-HSCT and treatment with 5NQ. Briefly, BALB/c mice received total body 

irradiation at a dose of 6.5Gy on day -1, followed by transplantation with bone marrow and 

splenocytes on day 0. Recipient mice were orally administered either vehicle (VC, 0.01% DMSO 

in 0.5% CMC) or 2.5 mg/kg body weight, or 5 mg/kg body weight 5NQ in vehicle every alternate 

day from day 1 to day 15 (n = 12 mice/group). Mice were monitored for 30 days. (B) Survival of 

transplanted mice orally treated with VC or 5NQ. Mantel-Cox log-rank test was used to compare 

survival between the VC and 5NQ treated groups. (C) Weekly body weights of transplanted mice 
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(mean ± SEM). (D) Weekly clinical scores of transplanted mice (mean ± SEM). Data were analyzed 

using Two-way ANOVA with Bonferroni correction to compare time-dependent differences 

between VC and 5NQ treated groups, *p<0.05, compared to VC treated mice (E) Representative 

images of mice administered VC or 5NQ. (F) Survival of transplanted mice treated orally with VC 

or 5NQ or CSA-MTX or a combination of CSA-MTX + 5NQ (n = 6 mice/group). Mantel-Cox log-

rank test was used to compare survival between the VC and 5NQ or CSA-MTX and 5NQ treated 

groups. (G) Weekly body weight of transplanted mice and treated with VC or 5NQ or CSA-MTX 

or a combination of CSA-MTX + 5NQ (mean ± SEM). Data were analyzed using Two-way 

ANOVA with Bonferroni correction to compare time dependent differences between VC and 5NQ 

treated or CSA-MTX and 5NQ groups, *p<0.05. 

 

Figure 63: (A) Overall scheme for healthy mice administered 5NQ, followed by ex vivo evaluation 

of lymphocyte proliferation, alloreactivity and antitumor activity. Briefly, healthy BALB/c mice or 

C57BL/6 mice (n = 5/group) were orally administered vehicle or 5 mg/kg body weight 5NQ every 

alternate day for 15 d. Mice were sacrificed 24 h after the last dose. Leukocytes were isolated and 

stimulated ex vivo with Con A (effect on proliferation), A20, or EL4 leukemia cells (effect on 

antitumor activity) or allogeneic cells. (B) Ex vivo lymphocyte proliferation. Bar graph shows the 

percentage of daughter cells after 72 h of Con A stimulation, calculated using the CFSE dye dilution 

assay (n = 5 independent experiments; mean ± SEM).  Data were analyzed using unpaired t-test to 

compare differences between VC and 5NQ treated groups; *p<0.05, compared to VC treated mice. 

(C) Bar graph showing H2k-B+ Ki67+ cells after 72 h of allogeneic stimulation of leukocytes from 

either VC or 5NQ orally treated mice (n = 5 independent experiments). (D-E) Viability of CFSE 

labelled A20 and EL4 leukemia cells after 24 h incubation with leukocytes from vehicle or 5NQ 
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administered healthy BALB/c mice, as assessed using propidium iodide assay (n = 5 independent 

experiments; mean ± SEM). Data were analyzed using one-way ANOVA with Bonferroni 

correction for multiple comparisons; *p<0.05, compared to the tumor-only group (A20 or EL4). 

 

Immunosuppressive action of 5NQ in healthy mice: We ascertained the 

immunosuppressive effect of oral administration of 5NQ in healthy donor mice. Oral 

administration of 5NQ suppressed the proliferation of leukocytes ex vivo compared with 

that of leukocytes from their vehicle-treated counterparts (Figure 63B).  

Effect of oral 5NQ on allo-reactivity of leukocytes from healthy mice: Oral 

administration of 5NQ suppressed proliferation of leukocytes in response to allogenic 

stimulation in ex vivo MLR assay, as indicated by decrease in the expression of proliferation 

marker Ki67 (Figure 63C). 

Effect of oral 5NQ on ex vivo anti-tumor activity: Leukocytes from oral 5NQ treated 

mice retained their anticancer activity against syngeneic A20 and EL4 cell lines ex vivo 

(Figure 63D-E). 

Oral administration of 5NQ alleviated GVHD in recipient mice via 

immunomodulation of innate and adaptive donor immune cell responses: Evaluation 

of serum cytokines at day 14 post transplantation (Figure 64A-G) showed a decrease in 

IFN-γ (Figure 64D) and TNF (Figure 64E) levels and an increase in serum concentrations 

of IL-10 (Figure 64F), and IL-17A (Figure 64G) cytokines in recipient mice treated with 5 

mg/kg 5NQ orally compared to vehicle treated mice.  
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Figure 64: Oral administration of 5NQ suppressed cytokine storm in vivo. (A-G) Concentrations 

of serum cytokines in vehicle or 5NQ (5 mg/kg) administered mice at day 15 after transplantation 

(n = 10/group, mean ± SEM). Data were compared using Mann-Whitney test; *p<0.05, compared 

to VC treated mice. 

 

Additionally, oral administration of 5 mg/kg 5NQ to recipient mice caused a decrease in 

CD11b-MHC-II+ splenic dendritic cell counts (DCs) compared with vehicle-treated mice ( 

Figure 65A) as well as a decrease in MHC-II expression in splenic dendritic cells ( 

Figure 65B).  

 

Figure 65: Effect of 5NQ on activation of antigen presenting cells. (A) Quantification of 

CD11b-MHC-II+ classical DCs and (B) flow cytometric analysis of MHC-II expression on 

CD11b- classical dendritic cells (cDCs) in the spleen of VC and 5NQ treated animals (n = 

5/group). Data were compared using an unpaired t-test; *p<0.05. 
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Furthermore, oral administration of 5NQ decreased the CD4/CD8 ratio in splenic 

lymphocytes of recipient mice (Figure 66A), that is, there was a significant decrease in 

CD4+ T cell counts in lymphocytes (Figure 66B) compared to that in vehicle-treated mice.  

 

Figure 66: Effect of oral administration of 5NQ on CD4/CD8 ratio and activation of CD4+ 

and CD8+ T cells. (A)  Bar graph of the percentage of CD4+ cells in the spleen of VC and 

5NQ treated animals, quantified using flow cytometry. (B) The Ratio of CD4+ and CD8+ 

cells in the spleen of VC and 5NQ administered animals, quantified using flow cytometry 

(n = 5/group) 

 

We further observed that CD4+CD25+ activated T cells showed an increase in the surface 

expression of CD152 (CTLA4), indicating an increase in the CD4+CD25+CD152+ 

exhausted/anergic T-cell subset in the lymphocytes of recipient mice treated with 5 mg/kg 

5NQ orally, compared to vehicle-treated mice (Figure 67 A-C).  
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Figure 67: Multi-parameter flow cytometric analysis of leukocytes from the spleen of VC and 5NQ 

administered mice (n = 5/group). (A-B) CD4+ cells were gated based on expression of CD25 and 

CD152 (CTLA4), to identify anergic/exhausted CD4+ T cells. Bar graphs represent percentage of 

CD4+CD25+CD152+ cells and (C) median fluorescence intensity (MFI) of PE labelled anti-CD152 

antibody. (D) Bar graphs represent the percentages of CD8+ CD152+ cells. 

 

Additionally, oral administration of 5NQ led to an increase in CD4+CD62hiCD44hi central 

memory T cells and CD4+CD62loCD44hi effector memory T cells and a decrease in 

CD4+CD62hiCD44lo mature naïve T cells in the lymphocytes of these mice (Figure 68A). 

Oral administration of 5 mg/kg 5NQ also caused significant changes in CD8 T-cell subsets, 

and we observed an increase in CD8+CD62hiCD44hi central memory T cells in 5NQ treated 

mice (Figure 68B). However, no significant change was observed in the counts of 

CD8+CD62loCD44hi effector memory cells and CD8+CD62hiCD44lo mature naïve CD8+ T 

cells in 5NQ treated mice as compared to those in vehicle-treated mice (Figure 68B). 

Furthermore, granzyme B expression in CD8+ T cells was evaluated to assess the cytotoxic 
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potential of these cells in vehicle and 5NQ treated animals. Oral administration of 5NQ 

significantly reduced the expression of granzyme B in CD8+ T cells compared with that in 

vehicle-treated mice (Figure 69A). Additionally, there was no difference in the expression 

of CD152 on CD8+ cells between vehicle and 5NQ treated mice (Figure 67D). Lastly, we 

did not observe significant differences in the activation of CD4 and CD8 T cells and in the 

lymphocytes of 5NQ treated mice as compared to those of vehicle-treated mice (Figure 66 

C-D).  

 

Figure 68: Multi-parameter flow cytometric analysis of leukocytes from the spleen of VC and 5NQ 

administered mice (n = 5/group). CD4+ and CD8+ T cells were gated based on expression of CD62L 

and CD44 to identify T naïve (TN), central memory (TCM) and effector memory cells (TEM). Bar 

graphs show the percentages of CD4+ (A) and CD8+ (B) TN, TCM, and TEM cells. Flow cytograms 

represent expression of CD62L and CD44 on CD4+ or CD8+ T cells. 
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Figure 69: Multi-parameter flow cytometric analysis of leukocytes from the spleen of VC and 5NQ 

administered mice (n = 5/group). (A) Bar graph represent percentage of CD8+granzyme B+ T cells. 

(B)Bar graph showing the percentage of Treg CD4+CD25+ FoxP3+ cells in the spleens of VC and 

5NQ treated animals (n = 5/ group), quantified using flow cytometry. Flow cytogram showing the 

expression of CD25 and FoxP3 in CD4+ T cells. Data were compared using unpaired t-test; 

*p<0.05, ns non-significant. 

 

Additionally, no significant differences were observed in CD4+CD25hiFoxP3+ T-regulatory 

(Treg) cells in the lymphocytes of 5NQ treated mice as compared to those of vehicle-treated 

mice (Figure 69B). 

Oral administration of 5NQ did not alter donor chimerism and hematopoietic stem 

cell (HSC) counts: We evaluated donor chimerism in peripheral blood and assessed the 

counts of hematopoietic stem cells in bone marrow on day 14 after allo-HSCT in vehicle 

and 5NQ treated animals. Oral administration of 5NQ did not hamper the engraftment of 

donor cells, as evidenced by the presence of donor MHC-I (H2-kB+) cells in the peripheral 

blood of the recipient mice (Figure 70A). Moreover, hematopoietic stem cell counts in 5NQ 

treated mice were comparable to those observed in healthy mice; however, vehicle-treated 

animals showed elevated numbers of HSCs compared to 5NQ treated animals, which can 

be attributed to acute inflammation and hematopoietic injury in these mice (Figure 70B). 
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Figure 70: Engraftment analysis and hematopoietic recovery after oral 5NQ. (A)Engraftment of 

donor cells at day 15 was evaluated using the peripheral blood of transplanted mice (n = 5/group). 

Peripheral blood lymphocytes were stained using FITC labelled, donor specific anti-H2Kb 

antibody. Bar graph represents percentage of donor positive cells in peripheral blood of VC or 5NQ 

administered mice. Flow cytogram representing expression of H2Kb or H2Kd on peripheral blood 

lymphocytes. (B) Bar graph showing the percentage of hematopoietic stem cells (HSCs, Lin- CD45+ 

Sca-1+ c-KIT+) in the bone marrow of VC and 5NQ treated animals (n = 5/group), quantified using 

flow cytometry. Data were compared using an unpaired t-test; *p<0.05, ns non-significant. 

 

Oral administration of 5NQ protected the recipient mice from GVHD-associated host 

tissue damage: The primary target organs of GVHD are the intestine, liver and skin; 

therefore, histopathological evaluation was performed after 15 d of 5NQ administration to 

determine the severity of GVHD-associated tissue damage in these tissues. Microscopic 

evaluation of the intestine resulted in a lower pathological score, with a reduction in 

mucosal ulceration and crypt loss in animals administered 5NQ compared with those 

treated with vehicle (Figure 71A-B). Microscopic evaluation of and skin tissue showed 

lower pathological score, with reduction in leukocyte infiltration in skin tissues of 5NQ 

treated animals compared to those treated with vehicle (Figure 71A and D).  Microscopic 

evaluation of the liver showed no difference in the pathological scores between vehicle and 

5NQ treated animals (Figure 71A and C). 
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Figure 71: Administration of 5NQ protected against GVHD associated tissue damage. Transplanted 

mice were administered vehicle or 5NQ every alternate day for 15 d post transplantation. Mice 

were sacrificed 24 h after the last dose to collect tissues. (A) Representative micrographs of small 

intestine, liver and skin tissue sections stained with H&E. (B-D) Pathological scores of the small 

intestine (B), liver (C), and skin (D) tissue sections. Data were compared using an unpaired t-test; 

*p<0.05, ns non-significant. 
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7.8 DISCUSSION 

Studies in objective 3 aimed at evaluating the prophylactic efficacy of oral administration 

of 5NQ in a murine model of allo-HSCT based on complete MHC-I mismatch. We first 

standardized the dosing regimen for oral administration of 5NQ in our murine model of 

allo-HSCT and further validated it in a larger cohort of animals. We evaluated the impact 

of oral 5NQ administration on various factors, including survival, GVHD-associated 

weight loss, clinical symptoms, and cytokine levels in the serum, tissue damage in the 

intestine, liver, and skin, engraftment of donor cells, hematopoietic recovery, and the 

immune cell composition in the spleen of recipient mice. We also demonstrated the 

immunomodulatory effects of oral 5NQ in healthy mice. These assessments provide a clear 

understanding of the prophylactic efficacy and in vivo immunomodulatory activity of oral 

5NQ. We employed the most commonly used murine model of allo-HSCT which is based 

on complete MHC-I mismatch results in development of severe acute GVHD in these mice. 

Therefore, we anticipate that if the drug under evaluation produces a beneficial prophylactic 

effect in a complete MHC-I mismatch model, it is likely to be effective in any other model 

of transplantation based on. 

Prophylaxis and treatment of GVHD remains a major challenge in allo-HSCT owing to its 

complex pathophysiology. The current standard prophylactic regimens mainly target T 

cells, as they are the major effector cells in the manifestation of GVHD386–388. However, 

the initiation of acute GVHD begins before CD4 effector cells are activated389,390. The 

severity of acute GVHD is greatly influenced by the conditioning regimen-induced 

oxidative stress and cellular damage391–394. Recently, 5NQ has gained attention as a potent 

immunomodulatory agent245,246,248,249,252,395–397. Our study is the first to assess the 

prophylactic efficacy of oral 5NQ for GVHD using a murine model of allo-HSCT based on 

a complete MHC-I mismatch. The results of our study reveal multiple mechanisms that 
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contribute to the efficacy of 5NQ. First, 5NQ exhibited immunosuppressive effects on 

antigen-presenting cells (APCs) by inhibiting their activation, as evidenced by a decrease 

in MHC-II expression in dendritic cells, macrophages, and monocytes. A few studies have 

reported similar effects of 5NQ on APCs. A study by Kim et al. showed that 5NQ can 

inhibit LPS-induced NLRP3 inflammasome formation in J774.1 macrophages in vitro and 

thus may have potent anti-inflammatory action245; however, this finding was not validated 

in an in vivo inflammatory disease model. Another recent study in 2021 reported that in a 

murine model of autoimmune encephalomyelitis, intraperitoneal treatment of mice with 5 

mg/kg 5NQ resulted in a decrease in the expression of the costimulatory molecules CD83 

and MHC-II in dendritic cells398. Considering the pivotal role of host and donor APCs in 

the activation phase of GVHD pathogenesis, 5NQ’s ability to suppress them may be critical 

for alleviating GVHD.  

Second, our study describes the effects of 5NQ treatment on CD4+ and CD8+ T cell 

activation and differentiation. Upon activation, CD4 T cells upregulate the expression of 

CD25 and CD69, and subsequent costimulation enables their differentiation into effector, 

memory, or regulatory subsets399. Following mitogenic activation, T cell effector functions 

are further regulated by the expression of death receptors, such as Fas (CD95) and CTLA4 

(CD152). These molecules play a major role in the mitigation of T cell effector functions 

and induction of peripheral tolerance400,401. Our in vitro data showed that 5NQ treatment 

sensitized CD4+ T cells to activation induced cell death, as evidenced by a reduction in 

expression of CD25 and CD69, and an increase in the expression of CD95 (Fas) in the 

presence of Con A. To further understand the mechanism by which 5NQ suppressed 

GVHD, we evaluated the expression of FoxP3 (expressed by Treg cells), CTLA-4, and Fas 

in activated CD4+ T cells (CD4+CD25+). Interestingly, we observed that activation of CD4+ 
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T cells did not cause them to differentiate into Treg cells in vivo because similar numbers 

of Treg cells were observed in the spleens of vehicle and 5NQ treated mice. This 

corroborated our in vitro study where 5NQ treated leukocytes did not show an increase in 

CD4+ T cell differentiation into Treg cells following mitogenic stimulation. This led us to 

conclude that 5NQ mediated reduction in inflammation and GVHD was not powered by 

Treg cells. However, we observed an increase in expression of CD95 and CTLA-4 on these 

activated CD4+ T cells in vivo, indicating an anergic/exhaustive state of these cells. Many 

extrinsic and intrinsic factors can contribute to the anergic/exhaustive state of activated 

CD4+ T cells, where suboptimal costimulation by APCs comprises extrinsic factors, 

whereas intrinsic factors include cell signaling events400,401. Induction of T cell 

anergy/exhaustion is being evaluated as a strategy to prevent GVHD and is still under 

development.  An example of one such drug that exploits CD4+ T cell costimulation is 

Abatacept (humanized recombinant fusion protein containing extracellular domain of 

CTLA4 and IgG1), which blocks the costimulatory CD28/CD86 interactions, thus 

inhibiting T cell proliferation117,402. Our study is the first to report this effect of 5NQ on 

CD4+ T cells. 

Furthermore, in our study, oral treatment with 5NQ resulted in modification of CD4+ T 

helper cell differentiation with a decrease in naïve T cell subset and an increase in central 

and effector memory CD4+ T cells. Naïve T cells are implicated in GVHD 

pathogenesis403,404 whereas it is well known that central memory cells do not play a role in 

GVHD development405–407. Thus, modulation of CD4+ T cell responses by 5NQ is another 

factor that contributes to its GVHD prophylactic efficacy. A recent study published by 

Geraghty et al. showed that an increase in splenic CD4:CD8 ratio along with increase in 

serum IFN-γ and IL-17 were indicative of GVHD in a humanized murine model of 
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GVHD381. Therefore, the observed decrease in splenic CD4:CD8 ratio in animals treated 

with 5NQ indicated alleviation of GVHD in these animals381. Next, we also studied the 

effect of 5NQ on CD8+ T cells that play a major role in graft versus leukemia immunity 

and also end stage effector activities407. The observed decrease in expression of granzyme 

B on CD8+ T cells in 5NQ treated animals, indicates a reduction in the cytotoxic potential 

of these cells which may be responsible for alleviation of GVHD associated tissue damage. 

It has been observed that a lack of GzmB in CD8+ T cells significantly reduced the lethality 

and intensity of GVHD after allo-HSCT408 while enhancing the GVL activity in several 

tumor models409. In addition, we observed decrease in naïve CD8+ T cell population, which 

may prove beneficial in mitigating GVHD as this subset is known to recognize minor 

histocompatibility antigens 5-20 times more effectively than the memory subset410. 

Furthermore, the number of CD8+ TCM cells increased after 5NQ treatment in our GVHD 

model. This proves beneficial in many ways, as this subset of cells are known to play a role 

in homeostatic proliferation, antitumor immunity and do not play a role in alloreactive 

responses411–413. Moreover, 5NQ treatment did not cause an increase in CD8+CD152+ cells, 

indicating that 5NQ treatment did not result in an anergic/exhaustive state of CD8+ cells. 

Accordingly, 5NQ treatment also preserved the anti-tumor activity of the graft, as 

demonstrated in the, ex vivo settings in our study, the in vivo results are discussed in the 

next objective. 5NQ mediated maintenance of GVL activity can be attributed to an increase 

in CD8+ cells or CD8+ TCM cells but requires further mechanistic investigations.  

Third, the oral treatment with 5NQ modulated the cytokine response in the GVHD model 

by reducing proinflammatory cytokines IFN-γ and TNF and elevating the anti-

inflammatory cytokines IL-10 and IL-17A. These results are in accordance with previous 

studies where, treatment with 5NQ has shown modulation of cytokine secretion in favor of 
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anti-inflammatory response in different inflammation based murine models245,246,414. 

However, this study is the first to examine this effect using a GVHD based model. 

Cytokines constitute the third signal for optimal T-cell activation, and cytokines such as 

IL-6, TNF, and IFN-γ play a major role in promoting the inflammatory response in GVHD 

settings415,416. Cytokines IL-10 and IL-17A have been reported to show beneficial effects 

in GVHD settings417,418 and hence 5NQ mediated increase in serum concentrations of IL-

10 and IL-17A plays a role in imparting protection against GVHD in our study. 

In conclusion, our study revealed that 5NQ administration inhibited antigen presentation, 

cytokine storm, and activation of CD4+ T cells, thus demonstrating an immunomodulatory 

effect of 5NQ at every phase of GVHD pathogenesis. Oral administration of 5NQ prevented 

GVHD development without compromising GVL activity. We found that an alternate day 

administration of 5NQ was optimal in murine allo-HSCT model. 
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8 OBJECTIVE 4 
 

8.1 BACKGROUND 

GVHD VS GVL - THE ETERNAL STRUGGLE 

The success of allo-HSCT is dependent on the GVL effect, which is the ability of the donor 

immune system to identify and eliminate recipient leukaemia cells11. The GVL effect is 

primarily mediated by donor derived alloreactive T cells and natural killer (NK) cells. 

However, T cells are also responsible for causing acute and/or chronic graft versus-host 

disease (GVHD), which is associated with significant morbidity and mortality33,65. 

Depletion of T cells from allografts is associated with increased graft failure and increased 

rates of leukaemia relapse77. Moreover, the immunosuppressive agents used to prevent and 

treat GVHD compromise the beneficial GVL effects of the donor graft. Preventing GVHD 

while maintaining the GVL effect remains a challenging yet unresolved phenomenon for 

successful transplantation92. Although, many improvements have taken place in developing 

novel therapeutics that effectively prevent or treat GVHD, it is equally important to 

evaluate the effect of these therapies on the GVL occurrence. Therefore, effective outcomes 

of allo-HSCT requires deeper understanding of the cellular and molecular factors that 

separate the GVL from GVHD30. 

Factors promoting GVL activity 

Tumour reactive macrophages, T cells and NK cells are the major mediators of the GVL 

response. These cells recognize cues such as abnormal MHC-I expression, minor 

histocompatibility antigens (miHAs), tumor-associated antigens, or neo-antigens and 

initiate their cytotoxic activity against these cells. Abnormal MHC-I expression is the 

primary antigenic clue that triggers the cytotoxic activity of NK cells. HLA-C is now 
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recognized as the most significant MHC class I subgroup that causes NK cell cytotoxic 

activity through killer inhibitory receptors (KIRs)58. Minor histocompatibility antigens like 

HA-1 and HA-2 have been shown to potentiate cytotoxic T-lymphocytes (CTLs), leading 

to GVL response419. Nonpolymorphic, non-miHC self-antigens, known as tumor, 

associated antigens (TAAs), can trigger an antitumor response by activating CTLs, either 

by qualitative or quantitative expression in tumor cells. Some examples of TAAs include 

BCR-ABL fusion protein in CML, myeloperoxidase, prostate specific antigen (PSA) in 

prostate cancer cells. However, in clinics antitumor responses against TAAs is poor due to 

immune escape mechanisms employed by cancer cells420. 

Cellular and molecular factors that maintain GVL without aggravating GVHD in 

preclinical models 

Granulocyte colony stimulating factor (G-CSF): Preclinical studies have demonstrated that 

G-CSF mobilized peripheral blood can mediate GVL effects via activation of CTLs or NK 

T cells. Moreover, G-CSF mobilized graft can alleviate GVHD via reducing systemic levels 

of LPS and inflammatory cytokines like TNF-α, inducing Th2 response and potentiating 

tolerogenic antigen presenting cells (APCs)421,422. 

T cells: Various preclinical studies have been designed to assess the subsets of T cells that 

mediate GVL without causing GVHD. In particular, CD4+ or CD8+ naive (Tn), central 

memory (Tcm) and effector memory (Tem) cells have been studied with respect to their 

ability to cause GVHD and mediate GVL effects374. In a murine model, transplantation of 

CD62loCD44hi effector memory cells, but not naive T cells (CD62hiCD44lo) mediated GVL 

activity without causing GVHD, as these cells retained their cytolytic activity but were 

unable to proliferate against allo-antigens369,371,373. Another study found that CD4+ and 
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CD8+ central memory T cells did not induce GVHD in a mouse model368,370. However, 

CD8+ Tcm cells were able to induce GVHD but were also crucial for GVL activity372. 

Recent studies have highlighted the role of tissue tolerance in alleviation of GVHD and 

maintenance of GVL effect. Transplantation of CD4+ T cell depleted graft showed an 

increase in IFNγ levels in the serum, which caused an up-regulation of PD-L1 on recipient 

tissues. This resulted in exhaustion of CD8+ CTLs, thus mitigating GVHD associated tissue 

damage. However, these cells retained GVL activity. Nonetheless, PD-L1 mediated effects 

on CD8+ T cells is dependent on presence of CD4+ T cells and tissue microenvironment423. 

Regulatory immune cells: Immune cells that regulate inflammation such as Tregs, Bregs, 

MDSCs, and MSCs, may improve immune homeostasis and protect against GVHD. Tregs 

have gained much popularity for the GVHD prophylactic effects due to their ability to 

suppress expansion of alloreactive T cells. Furthermore, these modulations do not impede 

the GVL activity of conventional T cells, which is mediated by the perforin 

pathway366,379,424. 

Myeloid-derived suppressor cells (MDSCs) are immune cells that regulate the immune 

system by secreting the anti-inflammatory cytokine IL-10. This leads to an increase in 

regulatory T cells and type 2 macrophages. MDSCs can suppress Th1 cells by promoting a 

Th2 response, which prevents GVHD without affecting GVL activity425. 

Mesenchymal stem cells are another group of immune regulatory cells that can cause 

increase in ROS, NO, TGF-β and IL-10 which causes suppression of T cell function. Since 

MSCs do not impede the function of NK cells, they can reduce GVHD while maintaining 

the GVL effects of the NK cells426,427.  



 

208 

 

 Objective 4 

Breg cells secrete anti-inflammatory cytokines such as IL-10 and TGFβ, which promote 

immunosuppression by expansion of Treg cells. These cells thus alleviate GVHD without 

compromising GVL428. 

In summary, these preclinical studies suggest that regulatory cells could alleviate GVHD 

without compromising the GVL effects however, further studies are required for their 

application in clinics. 

Murine models to study GVL activity 

To assess the GVL activity of the graft, a congenic or a syngeneic leukaemia or tumour cell 

line (that is genetically compatible with recipient mice) is injected along with donor cells 

during transplantation. The most commonly used tumour cell line-recipient combinations 

are, A20 cell line for BALB/c recipient429, EL4 cell line for C57BL/6 recipient, or mouse 

acute promyelocytic leukaemia cells from PML/RARA transgenic mice for B16 recipient 

mice313. Moreover, human leukaemia or tumour cell lines can also be employed in 

xenogeneic murine models of allo-HSCT. In most murine models, the leukemic cells are 

primarily injected after the conditioning regimen and along with donor cells, prevent 

variation in tumor burdens before therapy. However, only a few models have been 

developed to simulate the minimal residual disease clinical scenario, where cancer cells are 

injected 10-15 days prior to the conditioning regimen and followed by the transplantation 

procedure and administration of the therapeutic intervention313. 

Assessment of the GVL activity of the graft in murine models requires measurement of 

residual leukemic cells, along with other parameters including survival, therapeutic 

efficacy, and GVHD scoring in these models. In murine models utilizing A20 leukemic 

cells, the onset of hind limb paralysis, the presence of tumour nodules in the liver and other 
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lymphoid tissues, serve as surrogate markers for the leukemic burden in these models429. 

Development of bioluminescent imaging (BLI) has enabled the detection of residual 

leukaemia cells in real time, without sacrificing the mice. The leukaemia cells are 

transduced to stably express a fluorescent marker or luciferase. These transgenic leukaemia 

cells can be injected and detected in real time using bioluminescent imaging430.  

Nonetheless, these models have some limitations in assessing the efficacy of the drug 

without compromising GVL activity. Tumour cell lines employed in these murine models 

are highly aggressive, resulting in early mortality and limiting the time available for the 

therapeutic examination to demonstrate its effects. In preclinical studies, tumor cell lines 

are injected after conditioning to reduce tumour burden variation. In clinics however, 

tumours have already developed and adapted to evade immune recognition, making potent 

graft versus tumour (GVT) effects necessary to prevent relapse. Additionally, human 

cancers exhibit genetic and cellular diversity that cannot be replicated using genetically 

stable and homogeneous mouse tumor cell lines. Despite this, evaluating GVL activity in 

mouse models has provided evidence of the therapeutic intervention's ability to preserve 

GVL activity of the graft314. 

8.2 METHODOLOGY 

Murine model for assessing graft versus leukaemia (GVL) activity of donor graft: To 

assess the GVL activity of the donor graft, the murine model of allo-HSCT was 

supplemented with A20 leukemia cells. Briefly, female BALB/c mice (8–10 week old) 

were irradiated and transplanted with 5 × 106 A20 cells along with bone marrow and 

splenocyte. A20 is a syngeneic B-cell leukemia cells, originating from BALB/c mice429. 
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Figure 72: Overview of the workflow for allo-HSCT along with injection of A20 leukemia cells. 

 

Assessment of graft versus leukemia (GVL) activity: The allogeneic graft is immune-

competent and can eliminate residual leukemia cells (GVL activity) remaining after 

myeloablative therapy. We assessed the effect of oral 5NQ treatment on the GVL activity 

of the graft using the murine model of allo-HSCT supplemented with A20 leukemia cells. 

Briefly, female BALB/c mice (8–10week-old) were irradiated as mentioned above and 

either injected with A20 (5 × 106) cells alone or A20 + allogenic bone marrow 

transplantation (BMT). Animals in the A20+BMT group either received vehicle control 

(VC) – 5% DMSO dissolved in 0.5% carboxy methylcellulose or 5NQ - 5 mg/kg orally. 

The final experimental groups were (1) A20, (2) BMT, (3) A20+BMT+VC, (4) 

A20+BMT+5NQ. GVL activity was assessed as described previously41,(Snyder et al., 

2021; Zhang et al., 2019).  Briefly, mice were monitored daily for body weight, clinical 

signs of GVHD, hind limb paralysis, and survival. Mice were euthanized if they were 

moribund, developed paralysis in both hind limbs, or had a weight loss of ≥ 20%. Time-to-

event outcomes comprised (a) overall survival, defined as the time to death due to leukemia 

or GVHD, and (b) time to onset of leukemia, defined by the occurrence of hind limb 

paralysis. Death due to leukemia was defined as the absence of weight loss, development 

of hind limb paralysis, or macroscopic tumor nodules in the liver or spleen at the time of 
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necropsy. Death due to GVHD was defined as a significant decrease in weight loss (≥20%), 

presence of clinical signs of GVHD, and absence of tumor nodules in the liver and spleen. 

WBC counts were obtained from the peripheral blood431. 

8.3 RESULTS 

Oral administration of 5NQ preserved the GVL activity of donor graft in vivo 

Most therapies that offer protection from GVHD may compromise the graft GVL activity, 

which is the most beneficial outcome of allogeneic transplantation. Therefore, we evaluated 

the effect of the oral administration of 5NQ on the GVL effect of the donor graft in GVHD 

model supplemented with A20 murine B-cell lymphoma cells. Mortality due to tumors was 

defined by the absence of weight loss, development of hind limb paralysis, and presence of 

tumor nodules in the liver or spleen at the time of necropsy. Mortality due to GVHD was 

defined as a significant decrease in weight loss (20-30%), presence of clinical signs of 

GVHD, and absence of tumor nodules in the liver and spleen. Accordingly, animals from 

A20 group succumbed to the tumor associated death within three weeks (median survival 

of 19 days) with no significant reduction in weight loss (Figure 73B and C). However, mice 

from BMT group developed hind limb paralysis and were euthanized when moribund 

(Figure 73A and B). All animals in the A20+BMT+VC group, developed severe GVHD 

within two weeks and were sacrificed when moribund to check for the presence of tumors. 

These mice showed clinical symptoms of GVHD with a significant reduction in body 

weight (Figure 73C) and a median survival of 10.5 days, along with the absence of tumors 

at necropsy (Figure 73B).  
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Figure 73: (A) Kaplan–Meier plot for time to onset of leukemia. Mantel-Cox log-rank test was used 

to compare survival between groups (n = 6/group). (B) Survival of transplanted mice administered 

orally with VC (A20+BMT+VC) or 5NQ (A20+BMT+5NQ). (C) Body weight of transplanted mice 

(mean ± SEM). (D) WBC count in peripheral blood (mean ± SEM). Data were analysed using one-

way ANOVA, *p<0.05, compared to only tumour (A20 group) control animals (E) Representative 

micrographs of liver sections stained with H&E, the black arrows indicate tumour infiltration. 

In contrast, animals in the A20+BMT+5NQ group, showed significantly lower body weight 

reduction compared to mice in the BMT and A20+BMT+VC groups, indicative of 

protection from GVHD (Figure 73C). Only 2 out of 6 mice succumbed to the tumor 

associated death in this group (Figure 73A). These mice showed a significant improvement 
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in survival compared with BMT and A20+BMT+VC treated animals, with a median 

survival of 23 days (Figure 73A and B). Moreover, WBC counts were found to be lower in 

mice from A20+BMT+5NQ group than in mice injected with A20 cells alone (A20 group) 

(Figure 73D). At necropsy, animals in the A20+BMT+5NQ group showed reduced tumor 

nodules in the liver and spleen (Figure 74), which was further confirmed from the liver 

histopathology (Figure 73E). These findings are suggestive of the protective effect of 5NQ 

on donor GVL activity. On an average, A20 mice showed 70% tumor infiltration in their 

liver with severe necrosis. The tumor burden in A20+BMT+VC mice was very low at 1-

2% whereas, mice in the A20+BMT+5NQ group showed reduced tumor burden, ranging 

from to 1-30% involvement of the hepatic tissue (Figure 73E). 

 

Figure 74:  Images of the liver and spleen taken at necropsy, showing a reduction in macroscopic 

tumor nodules in mice treated with 5NQ. 

 

8.4 DISCUSSION 

The present study aimed to evaluate the effect of oral administration of 5NQ on the GVL 

activity of the donor graft. We for the first time, successfully established an oral dose of 

5NQ when given for 15 days following alternate day dosing strategy, alleviated GVHD, 

without compromising GVL effect of the donor graft in mice. In earlier objectives, we also 

demonstrated the in vitro and ex vivo anti-tumor activity of 5NQ on leukocytes. Oral 

administration of 5NQ resulted in reduced incidence of hind limb paralysis (surrogate 
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marker for leukemia development), improved survival and lower histological tumor burden 

in transplanted mice, suggesting the protective effect of 5NQ on the GVL activity of the 

graft. The conservation of GVL activity can be attributed to an increase in CD8+ cells or 

CD8+ TCM cells as demonstrated earlier411,413. However, further investigations are required 

to demonstrate the mechanism(s) of 5NQ mediated protection of GVL activity of the graft. 

Despite the fact that we observed 25% death due to leukemia in mice treated with 5NQ, 

our study provides a proof of concept regarding the GVL preserving activity of the 5NQ in 

murine model of allo-HSCT. Our model for assessing the GVL activity of the graft does 

not reflect the minimal residual disease (MRD) situation encountered in clinics, and better 

outcomes can be expected in such scenarios. 
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9.1 Summary  

Acute graft-versus-host disease (GVHD) remains a major barrier to successful 

transplantation. Recent studies have shown that pharmacotherapy for GVHD should target 

both the innate and adaptive inflammatory immune responses.  The development of novel 

pharmacological therapies for acute GVHD prophylaxis remains an unresolved need in the 

field of allo-HSCT. In this study, a phytochemical drug library was screened to identify 

compounds with immunomodulatory activity, and further 5-hydroxy-1,4 naphthoquinone 

(5NQ) was identified as the lead molecule. Furthermore, the safety of the oral 

administration of 5NQ was established, and the prophylactic efficacy of oral 5NQ was 

demonstrated in a murine model of allo-HSCT.  Furthermore, the immunomodulatory 

activity of orally administered 5NQ on the activation of antigen-presenting cells and CD4+ 

and CD8+ T cell subsets was assessed. Our study demonstrated that oral administration of 

5NQ prevented GVHD development by inhibiting the activation of APCs, cytokine storm, 

and CD4+ T cells and preserved the graft versus leukemia activity of the graft by protecting 

CD8+ central memory T cells. Furthermore, our study provides a suitable dosage for oral 

administration of 5NQ, which can be used to devise a clinically relevant dose for human 

application. 

Salient findings 

1. Screening phytochemical drug libraries for immunomodulatory compounds. 

a. Primary screening using murine splenic leukocytes identified nine compounds 

that inhibited both IL-2 secretion and lymphocyte proliferation after mitogenic 

stimulation. These compounds (target compounds) were selected and subjected 

to secondary screening to identify compounds that exhibited 

immunomodulatory activity at non-cytotoxic doses. 
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b. Secondary screening identified two compounds, 5-hydroxy-1,4-

naphthoquinone (5NQ, 2F5) and demethylzeylasteral (2-E6), that exhibited 

potent immunosuppressive activity at non-toxic concentrations in murine 

leukocytes. Since the prophylactic efficacy of demthylzeylasteral has been 

previously reported, 5NQ was selected as the lead compound for further 

investigation. 

c. In vitro studies using murine splenic lymphocytes revealed that transient 

treatment with 5NQ (1µM, 4 h) inhibited the mitogen-induced activation of 

APCs and CD4+ T cells and inhibited the mitogen-induced Th1/Th2 cytokine 

imbalance. 

d. Transient treatment with 5NQ induced an anergic/exhaustive state in CD4+ T 

cells, as indicated by the upregulation of CD95 (Fas) expression in these cells. 

e. An in vitro mixed lymphocyte reaction assay combining murine leukocytes with 

syngeneic leukemia cells A20 or EL4 showed that 5NQ treated leukocytes 

retained their antitumor activity. 

2. Understanding the molecular mechanism of the immunomodulatory action of 

lead compound in vitro. 

a. Transient treatment with 5NQ modulated the cellular ROS balance by 

selectively increasing mitochondrial ROS levels in leukocytes. 

b. Transient treatment with 5NQ resulted in depletion of the cellular GSH pool.  

c. 5NQ mediated changes in cellular redox were reversed in the presence of thiol 

antioxidants GSH and NAC. Moreover, the anti-proliferative effect of 5NQ on 

murine leukocytes was abrogated in the presence of thiols. 



 

218 

 

 Summary And Salient Findings 

d. Transient treatment with 5NQ upregulated Nrf2/HO1 antioxidant response 

signaling and abrogated inflammatory NF-κB and Akt signaling in murine 

leukocytes. 

3. Evaluation of anti-GVHD potential of the lead compound using a murine 

model of GVHD. 

PART A: Acute and subacute oral toxicity assessment of 5NQ in mice. 

a. The point of departure dose for the acute oral administration of 5NQ was 

established to be 118 mg/kg using benchmark dose modeling. 

b. The point of departure for repeated administration of 5NQ was established to be 

1.74 mg/kg/day using BMD modeling, and the NOAEL was found to be < 5 

mg/kg/day. The BMD dose can be used to derive a reference dose of 5NQ for 

clinical application. 

c. Oral administration of 5NQ caused severe hepatic and renal damage at a dose 

of 50 mg/kg in acute toxicity study, and at higher doses of 15 and 50 mg/kg in 

sub-acute toxicity study. 

d. Serum levels of aspartate aminotransferase (AST) significantly increased upon 

repeated oral administration and can serve as a marker of 5NQ toxicity. 

PART B: Evaluation of the anti-GVHD efficacy of oral administration of 

5NQ in a murine allo-HSCT model 

a. Oral administration of 5 mg/kg 5NQ every alternate day for 15 days after 

transplantation significantly reduced GVHD-associated morbidity and 

mortality and protected against GVHD-associated intestinal and skin tissue 

damage in transplanted mice. 

b. Oral administration of 5NQ protected against GVHD-associated cytokine 

storm, as evidenced by the reduction in pro-inflammatory cytokines IFNγ 
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and TNF and increased levels of anti-inflammatory cytokines IL-10 and IL-

17A. 

c. Oral administration of 5NQ modulated the innate immune response in 

transplanted mice, showing a significant reduction in dendritic cell 

activation. 

d. The oral administration of 5NQ in transplanted mice resulted in a 

modulation of CD4+ and CD8+ T-cell responses. A noticeable decrease in 

the GVHD mediating naïve CD4+ and CD8+ T cells and, cytotoxic CD8+ T 

cells (CD8+ granzyme B+) was observed. Whereas a significant increase in 

central memory CD4+ and CD8+ T and anergic CD4+ T cells observed.  

e. Oral administration of 5NQ maintained the hematopoietic recovery and 

donor cell engraftment in transplanted mice. 

4. Development of a syngeneic murine model of leukemia and assessment of the 

efficacy of the lead compound in maintaining the GVL effect of the graft. 

a. Oral administration of 5NQ preserved the GVL activity of the graft and 

significantly improved the survival of the mice as compared to vehicle treated 

mice.
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Conclusion 

The prophylactic efficacy of juglone against allo-HSCT has been mediated through its 

immunomodulatory action. It effectively reduced morbidity and mortality associated with 

GVHD without compromising graft-versus-leukemia activity. The mechanisms proposed 

are inhibition of dendritic cells and CD4+ T cells activation, (ii) reduction in cytokine 

secretion and lymphocyte proliferation, and (iii) induction of CD4+ T cells exhaustion as 

supported by the increased expression of CTLA-4 (CD152) and Fas (CD95). This was also 

accompanied by a decrease in the naive CD4+ cells and an increase in CD4+ and CD8+ 

central memory T cells. 
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Strengths 

✓ Our study is the first to establish the GVHD prophylactic efficacy of oral 5NQ in 

preclinical setting.  

✓ The established dosage framework for orally administered 5NQ through benchmark 

dose strategy in preclinical efficacy study could pave way to its clinical 

development. 

✓ The immunomodulatory action of 5NQ on innate and adaptive immunity after allo-

HSCT has been studied through immunophenotyping of specific cell population in 

vivo. 

Limitations 

• The effect of 5NQ on Nrf-2/HO-1 signaling mediated up-regulation of antioxidant 

response has been studied only in vitro using mixed leukocyte subtypes. Its 

relevance to specific immune cell subpopulation has not been established in vivo.  

• In clinical settings, cyclosporin (CSA) is administered for much longer duration of 

time after allo-HSCT. However, in our efficacy studies we could only use CSA 

intravenously for a maximum of five doses due to the risk of tail vein phlebitis. 

• The prophylactic efficacy of 5NQ was evaluated in a MHC-I mismatch allo-HSCT 

model but, it could have been more clinically relevant if studied in MHC-matched 

model of allo-HSCT.
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12 FUTURE PROSPECTS 
 

 

• The limited therapeutic window of juglone necessitates the development of a 

formulation that enhances its effectiveness while minimizing its toxicity for clinical 

use. 

• It is necessary to understand the in vivo mechanism(s) responsible for the observed 

immunomodulatory effects of 5NQ on cellular signalling in different immune cell 

subsets.  

• In different murine models of inflammatory diseases, further efficacy studies should 

be planned with demethylzeylasteral a potent anti-inflammatory agent shortlisted 

after secondary phytochemical screening.
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Index QR code MOLENAME Row Col MolWt Bioactivity Target

1 1137106768 Inosine A 2 268.23 

A purine nucleoside that has hypoxanthine linked by the N9 nitrogen to the C1 carbon 
of ribose. It is an intermediate in the degradation of purines and purine nucleosides to 
uric acid and in pathways of purine salvage. It also occurs in the anticodon of certain 

transfer RNA molecules.

Xanthine Oxidase inhibitor

2 1137106769
Berberine 

hydrochloride
A 3 371.80 

An alkaloid from Hydrastis canadensis L., Berberidaceae. It is also found in many other 
plants. It is relatively toxic parenterally, but has been used orally for various parasitic 

and fungal infections and as antidiarrheal. 
Antibiotic

3 1137106770 Salicoside A 4 286.28 
Salicin is a phenol β-glycosid produced from willow bark that shows anti-inflammatory 

effects.
COX inhibitor

4 1137106771 Artesunate A 5 384.42 

Artesunate is a part of the artemisinin group of agents with an IC50 of < 5 μM for small 
cell lung carcinoma cell line H69. Artesunate is a semi-synthetic derivative of 

artemisinin that is water-soluble and may therefore be given by injection. Artesunate is 
used primarily as treatment for malaria; but artesunate has also been shown to be 

>90% efficacious at reducing egg production in Schistosoma haematobium infection.

Others

5 1137106772 D-Mannitol A 6 182.17 D-Mannitol is an osmotic diuretic agent and a weak renal vasodilator. Dehydrogenase substrate

6 1137106773 Enoxolone A 7 470.68 

Enoximone is a selective phosphodiesterase inhibitor with vasodilating and positive 
inotropic activity that does not cause changes in myocardial oxygen consumption. It is 

used in patients with congestive heart failure. Trials were halted in the U.S., but the 
drug is used in various countries.

Dehydrogenase inhibitor

7 1137106774
Methyl 

hesperidin
A 8 624.59 

Methyl Hesperidin is a flavanone glycoside (flavonoid) (C28H34O15) found abundantly 
in citrus fruits. Its aglycone form is called hesperetin.

Akt inhibitor; PKC inhibitor

8 1137106775
Ipriflavone 
(Osteofix)

A 9 280.32 Ipriflavone (7-Isopropoxyisoflavon) is used to inhibit bone resorption. Immunologic Factors

9 1137106776 D-Sorbitol A 10 182.17 D-Sorbitol is a sugar alcohol that is commonly used as a sugar substitute. Others

10 1137106777 Arbutin A 11 272.25 
Arbutin(β-Arbutin) is a glycoside; a glycosylated hydroquinone extracted from the 

bearberry plant in the genus Arctostaphylos; inhibits tyrosinase and thus prevents the 
formation of melanin.

Tyrosinase inhibitor

11 1137106789 Cytisine B 2 190.25 

Cytisine is an alkaloid that is found naturally in several plant genera such as Laburnum 
and Cytisus of the family Fabaceae. Recent studies have shown it to be a more 

effective and significantly more affordable smoking cessation treatment than nicotine 
replacement therapy. Also known as baptitoxine or sophorine, cytisine has been used 

as a smoking cessation treatment since 1964, and is relatively unknown in regions 
outside of central and Eastern Europe. Cytisine is a partial nicotinic acetylcholine 

agonist with a half-life of 4.8 hours. Recent Phase III clinical trials using Tabex (a brand 
of Cytisine marketed by Sopharma AD) have shown similar efficacy to varenicline, but 

at a fraction of the cost. 

AChR agonist



12 1137106788 Esculin B 3 340.28 
Extracted from Aesculushippocastanumlinn;Suitability:Hot 

ethanol,methanol,pyridine,ethyl acetate and acetic acid;Store the product in sealed,cool 
and dry condition

Others

13 1137106787 Vanillyl Alcohol B 4 154.16 Vanillyl alcohol is derived from vanillin. It is used to flavor food. Others

14 1137106786 Myricetin B 5 318.24 

Myricetin is produced from the parent compound taxifolin through the (+)-
dihydromyricetin intermediate and can be further processed to form laricitrin and then 

syringetin, both members of the flavonol class of flavonoids. Dihydromyricetin is 
frequently sold as a supplement and has controversial function as a partial GABAA 

receptor potentiator and treatment in Alcohol Use Disorder (AUD). 

ROS inhibitor

15 1137106785 Oleanolic Acid B 6 456.72 
Oleanolic Acid is a naturally occurring triterpenoid found in garlic and Phytolacca 

Americana. Exhibits strong anti-HIV activity. Mechanism of action is the induction of 
iNOS and of Cyclooxygenase 2

Others

16 1137106784
Glycyrrhizin 
(Glycyrrhizic 

Acid)
B 7 822.93 

Actions Biologically active constituent in the sweet root of Glycyrrhiza species (licorice). 
Antiviral. Packaging 25,100 g in poly bottle

Dehydrogenase inhibitor

17 1137106783 Hordenine B 8 165.23 
Extracted from Germinated barley seeds; Suitability:Ethanol,chloroform and ether;Store 

the product in sealed,cool and dry condition
Others

18 1137106782 Bengenin B 9 328.27 Bergenin, a polyphenol, is a potent antinarcotic agent with antioxidant action. 
NO agonist; TNF-alpha 

inhibitor; IL inhibitor; NF-κB 
inhibitor

19 1137106781 Ferulic Acid B 10 194.19 
Ferulic Acid is a hydroxycinnamic acid and a type of organic compound found in the 

Ferula assafoetida L. or Ligusticum chuanxiong.
FGFR inhibitor

20 1137106780 Paeonol B 11 166.17 
Paeonol (Peonol), a phenolic compound extracted from Chinese herbs Paeonia 

suffruticosa (moutan cortex) and Cynanchum paniculatum, inhibits MAO with an IC50 of 
about 50 μM.

MAO inhibitor

21 1137106792 Naringin C 2 580.53 
Naringin is a flavanone glycoside, which exerts a variety of pharmacological effects 

such as antioxidant activity, blood lipid lowering, antiY activity, and inhibition of 
cytochrome P450 enzymes.

CYP inhibitor

22 1137106793
Yohimbine 

hydrochloride
C 3 390.90 

Yohimbine hydrochloride is an alpha 2-adrenoreceptor antagonist, blocking the pre- and 
postsynaptic alpha-2 adrenoreceptors and causing an increased release of 

noradrenaline and dopamine.
Adrenergic Receptor antagonist 

23 1137106794 Hesperidin C 4 610.56 Hesperidin is a flavanone glycoside found abundantly in citrus fruits. Others

24 1137106795 Cinchonidine C 5 294.39 
Cinchonidine is an alkaloid found in Cinchona officinalis. It is used in asymmetric 

synthesis in organic chemistry. It is a stereoisomer and pseudo-enantiomer of 
cinchonine.

Others

25 1137106796 Tanshinone I C 6 276.29 
Tanshinone I is a pigment isolated from the herbal medicine Salvia miltiorrhiza Bunge. 

Tanshinone I displays cytotoxicity against human macrophages and IFN-g production in 
KLH-primed lymph node cells.

Phospholipase inhibitor

26 1137106797 Myricetrin C 7 464.38 
Myricitrin, a flavonoid compound isolated from the root bark of Myrica cerifera, which 

exerts antinociceptive effects.
PKC inhibitor



27 1137106798 Sinomenine C 8 329.4
Sinomenine, a pure alkaloid extracted from the chinese medical plant Sinomenium 

acutum, is used for the treatment of rheumatism and arthritis.
Others

28 1137106799
Neohesperidin 

Dihydrochalcone 
(Nhdc)

C 9 612.58 
Neohesperidin dihydrochalcone(Nhdc), sometimes abbreviated to neohesperidin DC or 

simply NHDC, is an artificial sweetener derived from citrus.
Others

29 1137106800
Naringin 

dihydrochalcone
C 10 582.55 

Naringin Dihydrochalcone(Naringin DC) is a new-style sweetening agent and an 
artificial sweetener derived from naringin.

Others

30 1137106801 Shikimic Acid C 11 174.15 
Actions Biosynthetic precursor of aromatic amino acids,as well as many alkaloids and 

other aromatic metabolites.
Others

31 1137106813
10-

Hydroxycamptot
hecin

D 2 364.36 (S)-10-Hydroxycamptothecin is a clinical therapy agent against hepatoma. Topoisomerase inhibitor

32 1137106812 Biochanin A D 3 284.26 
Biochanin A, an O-methylated isoflavone from Trifolium pratense, inhibits protein 

tyrosine kinase (PTK) of epidermal growth factor receptor with IC50 values of 91.5 μM.
FAAH inhibitor; EGFR inhibitor

33 1137106811 Sclareolide D 4 250.38 
Sclareolide is a sesquiterpene lactone natural product derived from various plant 

sources including Salvia sclarea, Salvia yosgadensis, and cigar tobacco. It is a close 
analog of sclareol, a plant antifungal compound.

Others

34 1137106810 Xanthone D 5 196.21 
Xanthone is an organic compound  and can be prepared by the heating of phenyl 

salicylate. In 1939, xanthone was introduced as an insecticide and it currently finds 
uses as ovicide for codling moth eggs and as a larvicide.

Antifungal

35 1137106605 Abscisic acid D 6 264.32
Abscission-accelerating plant growth substance isolated from young cotton fruit, leaves 
of sycamore, birch, and other plants, and from potatoes, lemons, avocados, and other 

fruits.
Others

36 1137106808 Sclareol D 7 308.51 

Sclareol, a labdane-type diterpene isolated from clary sage (Salvia sclarea), exerts 
growth inhibition and cytotoxic activity against a variety of human Y cell lines. Extracted 

from Salvia SclareL. inflorescence,stem and 
leaf;Store?the?product?in?sealed,?cool?and?dry?condition

Others

37 1137106807
Dihydroartemisi

nin
D 8 284.35 

Dihydroartemisinin (DHA) is a semi-synthetic derivative of artemisinin and isolated from 
the traditional Chinese herb Artemisia annua.

Others

38 1137106806 Hesperetin D 9 302.27 Hesperetin is a bioflavonoid and, to be more specific, a flavanone.
TGF-beta/Smad inhibitor; 

Histamine Receptor antagonist

39 1137106805 Ursolic acid D 10 456.70 
Ursolic acid(Bungeolic acid) is a natural pentacyclic triterpenoid carboxylic acid, exerts 

anti-tumor effects and is an effective compound for Y prevention and therapy.
Others

40 1137106804 Luteolin D 11 286.24 Luteolin is a falconoid compound, which exhibits antiY properties.
TNF-alpha inhibitor; IL inhibitor; 

NF-κB inhibitor

41 1137106816 Formononetin E 2 268.27 
Formononetin is a phytoestrogen from the root of Astragalus membranaceus and an O-

methylated isoflavone.
Others



42 1137106817 Isoliquiritigenin E 3 256.25 
Isoliquiritigenin, an anti-tumor flavonoid from the root of Glycyrrhiza glabra, inhibits 

aldose reductase with an IC50 of 320 nM.
Aldose reductase inhibitor

43 1137106818 Troxerutin E 4 742.67 
Troxerutin, a natural bioflavonoid isolated from Sophora japonica., has been reported to 

have many benefits and medicinal properties.
Others

44 1137106819 Orotic acid E 5 156.10 
Orotic acid (OA) is an intermediate in pyrimidine metabolism. Orotic acid(6-

Carboxyuracil) is a heterocyclic compound and an acid.
DHOase inhibitor

45 1137106820 DL-Carnitine E 6 161.20 
Constituent of striated muscle and liver. It is used therapeutically to stimulate gastric 

and pancreatic secretions and in the treatment of hyperlipoproteinemias. Others

46 1137106821 Phloretin E 7 274.28 
Phloretin is a dihydrochalcone, a type of natural phenols. It can be found in apple tree 

leaves and the Manchurian apricot.
SGLT inhibitor

47 1137106822 Dihydromyricetin E 8 320.25 
Dihydromyricetin (Ampelopsin, Ampeloptin) is a natural antioxidant flavonoid from 

Ampelopsis grossedentata.
GABAR agonist

48 1137106823 Honokiol E 9 266.32
Honokiol is the active principle of magnolia extract that inhibits Akt-phosphorylation and 

promotes ERK1/2 phosphorylation.
Akt inhibitor; MEK inhibitor

49 1137106824 Magnolol E 10 266.32 
Magnolol is isomeric to honokiol (sc-202653). Magnolol is an anxiolytic,anti-thrombotic 
and antibacterial. . Inhibitor of nitric oxide (NO) and TNF-α production in LPS-activated 

macrophages by the suppression of inducible nitric oxide synthase(iNOS; NOS

NF-κB inhibitor; p53 activator; 
PPAR inhibitor

50 1137106825 Gastrodin E 11 286.28

Gastrodin, an anti-inflammatory polyphenol extracted from Chinese natural herbal 
Gastrodia elata Blume., benefits neurodegenerative diseases. Extracted from Orchids 
Gastrodia; Suitability:Water,methanol,ethanol;Store the product in sealed,cool and dry 

condition

Others

51 1137106837 Piperine F 2 285.35
Piperine (1-Piperoylpiperidine) is the alkaloid responsible for the pungency of black 

pepper and long pepper, which has also been used in some forms of traditional 
medicine and as an insecticide.

CYP inhibitor

52 1137106836
Chrysophanic 

Acid
F 3 254.24 

Extracted from Rheum palmatum L.;Suitability:Boiling 
ethanol,benzene,chloroform,ether,acetic acid and acetone;Store the product in 

sealed,cool and dry condition
EGFR inhibitor; mTOR inhibitor

53 1137106835
5-

hydroxytryptoph
an (5-HTP)

F 4 220.23 

5-Hydroxytryptophan (5-HTP), also known as oxitriptan (INN), is a naturally occurring 
amino acid and chemical precursor for the treatment of depression. Extracted from 

Griffonia simplicifolia;Suitability:Water;Store the product in sealed,cool and dry 
condition

Others

54 1137106834 Fisetin F 5 286.24 Extracted from Rhus succedanea L;Store the product in sealed, cool and dry condition. Sirtuin activator

55 1137106833
Hyodeoxycholic 

acid (HDCA)
F 6 392.58 

Extracted from Pigs bile;Suitability:alcohol;Store the product in sealed,cool and dry 
condition

Farnesoid X receptor 
antagonist

56 1137106832 Naringenin F 7 272.26 
Extracted from Amacardi-um occidentale L.;Suitability:Ethanol,ether and benzene;Store 

the product in sealed,cool and dry condition.
CYP inhibitor

57 1137106831 Sophocarpine F 8 246.35 
Extracted from Sophora flavescens Ait.;Suitability:Methanol,ethanol,chloroform,acetone 

and benzene;Store the product in sealed,cool and dry condition
Others



58 1137106830 Baicalin F 9 446.37 
Baicalin, one the effective compositions of scutellaria baicalensis, possesses multiple 
properities such as antioxidant, anti-tumor, anti-HIV, treating cardiovascular disease 

and so on.
GABAR Agonist

59 1137106829 Sesamin F 10 354.36 
Extracted from Sesamum indicum L.;Suitability:Chloroform,benzene,acetic 

acid,acetone;Store the product in sealed,cool and dry condition
Others

60 1137106828 Andrographolide F 11 350.44 
Andrographolide(Andrographis) is an irreversible antagonist of NF-&kappa;B and 

prevents in vitro T cell activation; displays antiviral, antiinflammatory, antiapoptotic, and 
antihyperglycemic properties.

NF-κB inhibitor

61 1137106840 Osthole G 2 244.29 
Osthole(NSC 31868, Osthol), a coumarin-like derivative extracted from Chinese herbs, 

has been shown to stimulate osteoblast proliferation and differentiation, anti-
inflamatory.

Others

62 1137106841 Salidroside G 3 300.30 
Salidroside is a bioactive phenolic glycoside compound isolated from Rhodiola 

crenulata.
Others

63 1137106842 Rutaecarpine G 4 287.32 Actions Delayed rectifier K+ channel blocker. Inhibits platelet aggregation; vasoldilator Others

64 1137106843 Asiatic acid G 5 488.70 

ActionsAsiatic acid is commonly used in wound healing. Asiatic acid has 
antioxidant,anti-inflammatory and neuroprotective properties.Packaging500 mg in glass 

bottleApplicationStarting material for asiatic acid derivative synthesis for use as: 
Anticance

p38 MAPK inhibitor

65 1137106844 Limonin G 6 470.52 
Limonin is a limonoid, and a bitter, white, crystalline substance found in citrus and other 
plants. It is also known as limonoate D-ring-lactone and limonoic acid di-delta-lactone. 

Chemically, it is a member of the class of compounds known as furanolactones.
HIV Protease inhibitor

66 1137106845 Caffeic Acid G 7 180.16 
Extracted from Solidago decurrens,large-fruited Chinese hawthorn;Suitability:Hot water 

and cold ethanol;Store the product in sealed,cool and dry condition
Others

67 1137106846 Phlorizin G 8 436.42 
Phlorizin,&nbsp; a natural product and dietary constituent found in a number of fruit 

trees, is a 2&#39;-glucoside of phloretin, Phlorizin is a competitive and classic inhibitor 
of hSGLT1(Ki=300 nM) and hSGLT2(Ki= 39 nM).

Hsglt

68 1137106847 Neohesperidin G 9 610.56 
Flavanone glycoside with antioxidant and neuroprotective properties. Unlike other citrus 

flavanones,it does not inhibit oral carcinogenesis in a rat model.
Others

69 1137106848
Sodium 

Danshensu
G 10 220.16 

Extracted from Salvia miltiorrhiza Bge.;Suitability:Methanol,water;Store the product in 
sealed,cool and dry condition

CYP inhibitor

70 1137106849 Tanshinone IIA G 11 294.35 
Tanshinone IIA(Tanshinone B) is the most abundant diterpene quinone in Danshen, 

Salviae miltiorrhizae Radix, a widely prescribed traditional herbal medicine that is used 
to treat cardiovascular and inflammatory diseases.

Others

71 1137106861
Puerarin 

(Kakonein)
H 2 416.38 

Puerarin (Kakonein), an isoflavones found in the root of Radix puerariae, is a 5-HT2C 
receptor and benzodiazepine site antagonist.

5-HT2C receptor antagonist

72 1137106860 Oxymatrine H 3 264.37 
Alkaloid isolated from Sophora flavescens. Antifribotic. Neuroprotective.1 Traditional 

chinese medicine used in the treatment against hepatitis B virus.2
Autophagy

73 1137106859 Emodin H 4 270.24 
Emodin is a naturally occurring anthraquinone present in the roots and barks of 

numerous plants; exerts antiproliferative effects in Y cells that are regulated by different 
signaling pathways.

Dehydrogenase inhibitor



74 1137106858 Baicalein H 5 270.24 
The flavonoid component of Nepalese and Sino-Japanese crude drugs.1,2 Baicalein,a 

major flavone of Scutellariae baicalensis,inhibits the 12-lipoxygenase (12-LOX) pathway 
of arachidonic acid metabolism,which inhibits Y cell proliferation and induce

CYP inhibitor

75 1137106857 (+)-Matrine H 6 248.37 
Matrine is an alkaloid found in plants from the Sophora genus. It has a variety of 

pharmacological effects, including anti-Y effects, and action as a kappa opioid receptor 
and ?-receptor agonist.

Opioid Receptor agonist

76 1137106856
Palmatine 
chloride

H 7 387.87 
Palmatine chloride an isoquinoline alkaloid, is an important medicinal herbal extract with 

diverse pharmacological and biological properties. 
Others

77 1137106855
Cryptotanshinon

e
H 8 296.37 

Cryptotanshinone is a STAT3 inhibitor with IC50 of 4.6 μM in a cell-free assay, strongly 
inhibits phosphorylation of STAT3 Tyr705, with a small effect on STAT3 Ser727, but 

none against STAT1 nor STAT5.
STAT inhibitor

78 1137106854 Nalidixic acid H 9 232.24 
Nalidixic acid is a synthetic 1,8-naphthyridine antimicrobial agent with a limited 

bacteriocidal spectrum.
Topoisomerase inhibitor

79 1137106853 Rutin H 10 610.52 
Rutin, a flavonol glycoside found in many plants including buckwheat; tobacco; 
forsythia; hydrangea; viola, etc., which possesses healthy effects for human.

AKR

80 1137106852 L(-)-Carnitine H 11 161.20 
L-carnitine is constituent of striated muscle and liver. It is used therapeutically to 

stimulate gastric and pancreatic secretions and in the treatment of 
hyperlipoproteinemias.

Fatty acid carrier

81 1137105805 Quercetin A 2 302.24 
Quercetin, a natural flavonoid present in vegetables, fruit and wine, is a stimulator of 

recombinant SIRT1 and also a PI3K inhibitor with IC50 of 2.4-5.4 μM. Phase 4.
Sirtuin inhibitor

82 1137105806 Cyclosporin A A 3 1202.64 
Cyclosporin A is an immunosuppressive agent, binds to the cyclophilin and then inhibits 
calcineurin with IC50 of 7 nM, widely used in organ transplantation to prevent rejection.

Others

83 1137105807
4-

Methylumbellifer
one (4-MU)

A 4 176.17 
A coumarin derivative possessing properties as a spasmolytic, choleretic and light-

protective agent. It is also used in ANALYTICAL CHEMISTRY TECHNIQUES for the 
determination of NITRIC ACID. 

HAS inhibitor

84 1137105808 Diosmetin A 5 300.26 
Diosmetin is an O-methylated flavone, a chemical compound that can be found in the 

Caucasian vetch[1]
It has been found to act as a weak TrkB receptor agonist.

Trk receptor agonist

85 1137105809 Kinetin A 6 215.21 Kinetin is a type of cytokinin, a class of plant hormone that promotes cell division. Others

86 1137105810 Apigenin A 7 270.24 Apigenin is a potent P450 inhibitor for CYP2C9 with Ki of 2 μM. CYP inhibitor

87 1137105811 Aloin A 8 418.39 Aloin, a natural anthracycline from Aloe vera, is a tyrosinase inhibitor tyrosinase inhibitor

88 1137105812 Laetrile A 9 457.43 
Laetrile is a glycoside initially isolated from the seeds of the tree Prunus dulcis, also 

known as bitter almonds.
Others

89 1137105813 Indole-3-carbinol A 10 147.17 

Indole-3-Carbinol is a naturally occurring, orally available cleavage product of the 
glucosinolate glucobrassicanin, a natural compound present in a wide variety of plant 

food substances including members of the family Cruciferae with antioxidant and 
potential chemopreventive properties.

NF-κB inhibitor; p53 activator



90 1137105814 Chrysin A 11 254.24 
Chrysin is a naturally occurring flavone chemically extracted from the blue passion 

flower (Passiflora caerulea).
Others

91 1137105825
Cyclocytidine 
hydrochloride

B 2 261.66 
Cyclocytidine is the prodrug of cytarabine, which is a pyrimidine nucleoside analog that 

inhibits the DNA synthesis and used mainly in the treatment of leukemia.
DNA/RNA Synthesis inhibitor

92 1137105824 Silibinin B 3 482.44 
Silibinin, the main flavonoid extracted from the milk thistle Silybum marianum, displays 

hepatoprotective properties in acute and chronic liver injury.
Others

93 1137096174 Hematoxylin B 4 302.28 Hematoxylin is a natural product. Others

94 1137105823
Vinblastine 

sulfate
B 5 909.06 

Vinblastine sulfate can inhibit the formation of microtubule, it also inhibit 
nAChR(IC50=8.9 uM).

Microtubule Associated 
inhibitor; MRP inhibitor

95 1137105822
Taxifolin 

(Dihydroquerceti
n)

B 6 304.25
Taxifolin is a flavonoid in many plants such as Taxus chinensis, Siberian larch, Cedrus 

deodara and so on.

Adrenergic Receptor 
antagonist; NGF inhibitor; TNF-

alpha inhibitor

96 1137105821 Kaempferol B 7 286.23 
Kaempferol is a natural flavonol, a type of flavonoid, that has been isolated from plant 

sources
Others

97 1137105820
(-)-

Epigallocatechin 
Gallate

B 8 458.38 
Epigallocatechol Gallate(EGCG) is an antioxidant polyphenol flavonoid that inhibits 

telomerase and DNA methyltransferase. EGCG blocks the activation of EGF receptors 
and HER-2 receptors.

telomerase; DNA 
methyltransferase inhibitor

98 1137105819 Daphnetin B 9 178.14 
Daphnetin, a natural coumarin derivative, is a protein kinase inhibitor, inhibits EGFR, 
PKA and PKC with IC50 of 7.67 μM, 9.33 μM and 25.01 μM, respectively, also known 

to exhibit anti-inflammatory and anti-oxidant activities.
EGFR inhibitor; PKC inhibitor

99 1137105818 Schizandrin B B 10 400.46 
Schisandrin B(Wuweizisu-B) is a dibenzocyclooctadiene derivative isolated from 

Fructus Schisandrae, has been shown to produce antioxidant effect on rodent liver and 
heart.

ATM/ATR inhibitor

100 1137105817 Icariin B 11 676.68 
Icariin(Ieariline) is a major constituent of flavonoids from the Chinese medicinal herb 

Epimedium brevicornum; exhibits multiple biological properties, including anti-
inflammatory, neuroregulatory and neuroprotective activities.

PDE inhibitor

101 1137105828
Chlorogenic 

Acid
C 2 354.32 

Chlorogenic acid(NSC-407296; 3-O-Caffeoylquinic acid) is one of the most abundant 
polyphenols in the human diet, has been reported to inhibit Y cell growth and a major 

anti-inflammatory constituent of lonicerae flos extract.
Others

102 1137105829 Curcumol C 3 236.35 
Curcumol is a pure monomer isolated from Rhizoma Curcumaeis with antitumor 

activities. Extracted from Curcuma zedoaria(Berg.)Rose;Store the product in 
sealed,cool and dry condition

JAK inhibitor

103 1137105830 Nobiletin C 4 402.40 Nobiletin is an inhibitor of ERK with in a concentration-dependent manner . MMP inhibitor

104 1137105831
Triptolide 
(PG490)

C 5 360.40 
Triptolide is a diterpene triepoxide, immunosuppresive agent extracted from the 

Chinese herb Tripterygium wilfordii.
Others

105 1137105832
Tetrahydropapa

verine 
hydrochloride

C 6 379.88 
Tetrahydropapaverine, one of the TIQs and an analogue of salsolinol and 

tetrahydropapaveroline, has been reported to have neurotoxic effects on dopamine 
neurons.

Hydroxylase inhibitor



106 1137105833 Silymarin C 7 482.44 
Silymarin (Silybin B), a polyphenolic flavonoid extracted from the seeds of Silybum 

marianum or milk thistle, is used in the prevention and treatment of liver diseases and 
primary liver Y.

Others

107 1137105834 Synephrine C 8 167.21 
Sympathetic alpha-adrenergic agonist with actions like PHENYLEPHRINE. It is used as 

a vasoconstrictor in circulatory failure, asthma, nasal congestion, and glaucoma.
Adrenergic Receptor antagonist

108 1137105835 Rubescensin A C 9 364.44 

Oridonin has potent anti-tumor activity. Oridonin targets AE (AML1-ETO) oncoprotein. 
Exposure to oridonin induces apoptosis in AE-bearing leukemic cells through the 

activation of intrinsic apoptotic pathway and triggering a caspase-3-mediated 
degradation

Others

109 1137105836 Tangeretin C 10 372.38 
Tangeretin, a flavonoid from citrus fruit peels, has been proven to play an important role 
in anti-inflammatory responses and neuroprotective effects in several disease models, 

and was also selected as a Notch-1 inhibitor. 
Notch-1 inhibitor

110 1137105837 Bilobalide C 11 326.30 Bilobalide, a bioactive from Gingko biloba,is active on hypoxia induced alterations Others

111 1137105849 Acetovanillone D 2 166.17 Apocynin is a selective NADPH-oxidase inhibitor with IC50 of 10 μM. Others

112 1137105848
ALPHA-

BOSWELLIC 
ACID

D 3 456.70 
Boswellic acidsare a series of pentacyclictriterpenemolecules that are produced by 

plants in the genusBoswellia.
Others

113 1137105847 Vanillin D 4 152.15 

Vanillin is mainly used as a flavouring agent, primarily in foods and beverages such as 
chocolate and dairy products, but also to mask unpleasant tastes in medicines or 

livestock fodder. It is also an intermediate in the manufacture of certain 
pharmaceuticals and agrochemicals. - See more at: 

http://www.evolva.com/vanillin/#sthash.JhsWbxT7.dpuf

Others

114 1137105846 Parthenolide D 5 248.32 
(-)-Parthenolide is a sesquiterpene lactone which occurs naturally in the plant 

feverfew(Tanacetum parthenium) and also promotes the ubiquitination of MDM2 and 
activates p53 cellular functions.

E3 Ligase activator

115 1137105845 Sophoridine D 6 248.36 

Sophoridine, a natural antiY drug, has been used in China for decades. A series of 
novel N-substituted sophoridinic acid derivatives were synthesized and evaluated for 
their cytotoxicity with 1 as the lead. The structure-activity relationship indicated that 
introduction of an aliphatic acyl on the nitrogen atom might significantly enhance the 
antiY activity. Among the compounds, 6b bearing bromoacetyl side-chain afforded a 

potential effect against four human tumor cell lines (liver, colon, breast, and lung). The 
mechanism of action of 6b is to inhibit the activity of DNA topoisomerase I, followed by 
the S-phase arrest and then cause apoptotic cell death, similar to that of its parent 1. 

We consider 6b promising for further antiY investigation.

DNA topoisomerase I inhibitor

116 1137105844 Arteether D 7 312.4 Arteether, a new antimalarial drug CXCL; CCL inhibitor

117 1137105843 Dioscin D 8 869.04 
Dioscin is a saponin extracted and isolated from Polygonatum Zanlanscianense Pamp, 

showing antitumor activities.
Others



118 1137105842 Wogonoside D 9 460.39 
Wogonoside acts as a positive allosteric modulator of the benzodiazepine siteof 

the GABAA receptor.
GABAA

119 1137105841 Scutellarein D 10 286.24 Scutellarein Reduces Inflammatory Responses by Inhibiting Src Kinase Activity Src inhibitor

120 1137105840 Isosteviol D 11 318.45 

Stevioside, a common natural sweetener, belongs to tetracyclic diterpene glycosides. 
The pharmacology researches have suggested that stevioside and its hydrolysis 

products, steviol, isosteviol and steviolbioside, have many biological activities, such as 
reducing blood glucose, lowering blood pressure, anti-inflammation, anti-tumor, anti-

diarrhea, antibacterium, immunoregulation, etc

NF-κB; TNF-α; IL-6; COX-2; 
Potassium Channel inhibitor

121 1137105852 Elemicin E 2 208.25 
Elemicin is a constituent of several plant species' essential oils. It has anticholinergic 

effects in humans
5-HT2A agonist

122 1137105853 Xanthohumol E 3 354.40 
Xanthohumol, a prenylated chalcone from hop, inhibits COX-1 and COX-2 activity and 

shows chemopreventive effects. Phase 1. It has been showed the properties of 
antioxidation, anti-Y and anti-virus

COX inhibitor

123 1137105854 Licochalcone A E 4 338.40 

Licochalcone A exhibits potent antimalarial activity via and might be developed into a 
new antimalarial drug.

 Licochalcone A had anti-tumor activity in all cell lines tested and enhanced the effect of 
paclitaxel and vinblastine chemotherapy. Licochalcone A induced apoptosis in MCF-7 
and HL-60 cell lines, as demonstrated by cleavage of PARP, the substrate of ICE-like 
proteases. Licochalcone A exhibits a strong antileishmanial activity ,that appropriate 

substituted chalcones might be a new class of antileishmanial drugs.

caspase

124 1137105855 Cinobufagin E 5 442.55 Cinobufagin is a specific Na+/K+-ATPase inhibitor. About as active as ouabain. ATPase inhibitor

125 1137105856
Demethylzeylast

eral
E 6 480.59 

Demethylzeylasteral has strong immunosuppressive activity, can be used in the fields 
of organ transplantation and autoimmune disorders.  The risk of elevated serum 

concentrations of estradiol due to the inhibition of estradiol glucuronidation by 
Demethylzeylasteral. Demethylzeylasteral increases both activation and inactivation 

time constants of Ca(2+) currents, can inhibit significantly the sperm acrosome reaction 
initiated by progesterone.

UGT inhibitor

126 1137105857 Baohuoside I E 7 514.52 

Baohuoside I exhibits anti-inflammatory activity and anti-osteoporosis activities.  
Baohuoside I exerts its antimetastatic effect through the downregulation of CXCR4 
expression .  Baohuoside I has anti-Y activity, used for a variety of Ys in vitro ,by 
inhibiting tumor growth and inducing apoptosis by inhibiting β-catenin-dependent 

signaling pathways.

CXCR inhibitor

127 1137105858 Syringin E 8 372.40 

Syringin has antitumour, antiproliferative,  immunomodulatory and platelet aggregation 
inhibiting effects. Syringin can prevent Abeta(25-35)-induced neuronal cell damage. It 

has anti-inflammatory and antinociceptive effects, may be attributed to its in vivo 
transformation to sinapyl alcohol.

NOS inhibitor



128 1137105859 Icaritin E 9 368.38 

Icaritin has hormone regulation activity and cardiovascular function improvement 
activity. Icaritin has antiY activity, can induce S phase arrest and apoptosis, inhibit 

ENKL cell proliferation. Icaritin has anti-multiple myeloma activity, mainly mediated by 
inhibiting IL-6/JAK2/STAT3 signaling. Icaritin at low concentration (4 or 8 μmol/L) can 

promote rat chondrocyte proliferation and inhibit cell apoptosis, while the effect of 
Icaritin on rat chondrocyte at high concentration was reversed.

JAK; STAT inhibitor

129 1137105860
Homoharringtoni

ne
E 10 545.61

Homoharringtonine is an alkaloid inhibitor of protein synthesis with activity in myeloid 
malignancies. It might have clinical activity in some patients with myelodysplastic 

syndrome . Homoharringtonine enhances the paracellular permeability of Caco-2 cell 
monolayers by modulating the protein expression and localization of claudin isoforms. 

Homoharringtonine has anti-Y and antileukemic activities, may have the potential ability 
to treat acute, chronic myeloid leukaemia and Gefitinib-resistant NSCLC.

STAT inhibitor

130 1137105861 Polydatin E 11 390.39 

Polydatin is the glycoside of Resveratrol (sc-200808) originally isolated from the 
Chinese herb Polygonum cuspidatum. The compound has been shown to inhibit 

platelet aggregation and elevate the ratios of LDL-C/HDL-C and TC/HDL-C. Myocardial 
cell, white blood cell, vascular smooth muscle cell, and endothelial cell studies report 
that Polydatin can inhibit ICAM-1 expression, elevate Ca2+, weaken white blood cell-

endothelial cell adhesion, and activate KATP channels.

ICAM-1 inhibitor

131 1137105873
Chelerythrine 

chloride
F 2 383.83 

Cell-permeable inhibitor of protein kinase C (IC50 = 660 nM); competitive with respect 
to the phosphate acceptor and non-competitive with respect to ATP. Has a wide range 

of biological activities, including antiplatelet, anti-inflammatory, antibacterial and 
antitumor effects. Activates MAPK pathways, independent of PKC inhibition. Inhibits 
binding of BclXL to Bak (IC50 = 1.5 μM) or Bad proteins and stimulates apoptosis.

PKC inhibitor

132 1137105872
Quercetin 
Dihydrate

F 3 338.27 
Quercetin, a polyphenolic flavonoid found in a wide variety of plant-based foods, such 
as apples, onions, berries, and red wine, is utilized in many different cultures for their 

nervous system and antiY effects.
Others

133 1137105871 Aloperine F 4 232.36 
Aloperine is an isolated alkaloid in sophora plants such as Sophora alopecuroides L, 

and exhibits anti-inflammatory, antibacterial, antiviral, and anti-tumor properties.
Others

134
113710587  

2

Juglone(5-
hydroxy1,4-

naphthoquinone
F 5 174.17 

Juglone is a natural naphthoquinone found in the black walnut (J. nigra) and other 
plants in the Juglandaceae family. Juglone also irreversibly inhibits peptidyl-prolyl 

cis/trans isomerases of the parvulin family, including human Pin1, yeast Ess1/Ptf1, and 
E. coli parvulin (Ki = 55.9 nM). Juglone also blocks transcription by RNA polymerases I, 
II, and III (IC50s = 2-7 μM) and attenuates kidney fibrosis in rats treated with unilateral 

ureteral obstruction, both through Pin1-independent mechanisms.

Pin1 inhibitor
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