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1.1. Leishmaniasis: a general overview 
 

Leishmaniasis, a vector-borne anthropo-zoonotic infection, is caused by protozoan parasite 

Leishmania sp. The parasite gets transmitted in mammalian host (human, dogs etc.) by the bite of 

female Phlebotomine sand fly belonging to Diptera family (Phlebotomus sp. and Lutzomyia sp.) 

([1]). The disease mainly affects poor populations of tropical and sub-tropical regions who are 

suffering from mal-nutrition and immune-suppression and lead unhygienic life style which is 

why it is a Neglected Tropical Disease (Figure 1.1) (NTD).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1- Historical evidences and discovery of Leishmaniasis with special illustration to the literature 
abstract for the discovery of KALA- AZAR. Photo courtesy for William Leishman and Major Charles 
Donovan- Wellcom Library, London ([2], [3]). 
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1.1.1. Epidemiology- 

The disease is prevalent in 98 countries from the Tropical, sub-Tropical and Mediterranean 

basins and affects a total of 12 million people annually (www.who.int/news-room/fact-

sheets/detail/leishmaniasis). According to World Health Organization (WHO) survey in 2018, 

0.7–1.2 million cases of cutaneous leishmaniasis (CL) (Figure 1.2) and 0.2–0.4 million cases of 

visceral leishmaniasis (VL) (Figure 1.3) are reported annually from the affected endemic zones 

worldwide.  
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Figure 1.2- Global distribution of endemic regions for (A) cutaneous and (B) visceral leishmaniasis 
(WHO, 2018). (C) Indian endemic belt of visceral leishmaniasis hotspots ([4]). 

The disease is subdivide into two following groups based on the geographical distribution of 

parasite and associated sand fly species ([5])- 

I. Old world leishmaniasis – This form is endemic in Asia, Africa, Mediterranean and 

Middle East regions and is caused by Leishmania tropica, Leishmania major, Leishmania 

aethiopica, and Leishmania donovani. The sand fly genus Phlebotomus sp. mostly 

transmits the infection in human and canine family. 

II. New world leishmaniasis - This infection is prevalent throughout South and Central 

America and southern zones of the United States and is caused by the Leishmania 

mexicana, Leishmania braziliensis, and Leishmania guyanensis. The sand fly genus 

Lutzomya sp. mostly transmits the infection in the new world countries.  

Taken together, six Old World countries (India, Afghanistan, Algeria, Syria, Sudan, and Iran) 

and two New World countries (Brazil and Peru) are mainly responsible for up to 90% of all 

leishmaniasis reports ([1]). 

1.1.2. Clinical forms of Leishmaniasis- 

Human Leishmaniasis is a complex manifestation of a spectrum of clinical symptoms ([6]). 

Depending upon the infecting species type of Leishmania sp., the pathological symptoms may 

vary in the following forms (Figure 1.3)- 

I. Cutaneous Leishmaniasis (CL) - As the name suggest, this form of infection 

predominantly affects the “cutaneous layer” of skin and leads into formation of self-

healing skin ulcers which may leave life-long scar or disfiguration of infected skin. L. 

major, L. tropica, L. infantum, and L. aethiopica are the pathogens of Old World and 

L. mexicana, L. amazonensis, L. braziliensis, L. guyanensis, and L. panamensis are 

the pathogens of New World which cause CL. CL is less life-threatening and milder 

form of among all the isoforms and undergo self-healing within months after 

occurrence. The disease may differ in clinical pathologies like level of complications, 

chronicity and extent of diffusion in skin ([7]). 
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II. Mucocutaneous Leishmaniasis (MCL) - Some species of CL causing Leishmania 

sp. often spread in the lymph nodes of mouth and nasal tissues as well as the upper 

respiratory tract, leading into acute damage of both mucus and cutaneous layers. Host 

immune response against MCL results in destruction of nasal septum and affects 

airway walls causing lumen obstructions. It leads into necrosis of the nasal cartilage 

and complete disfiguring of nose, nasal septum, mouth, and mid-face. Unlike CL, 

MCL is not a self-healing disease and cause permanent skin problems. Most MCL 

cases are prevalent in Bolivia, Brazil, Ethiopia and Peru. Death results from 

secondary infections like pneumonia if MCL is left untreated ([8]). 

III. Visceral Leishmaniasis (VL) - Among all forms of Leishmaniasis, visceral 

leishmaniasis (VL), caused by the L. donovani (Old world) and L. chagasi (new 

world), is the fatal NTD in terms of outbreak and mortality. VL is endemic in Brazil, 

East Africa and India. Unfortunately, in India, Bihar, Jharkhand, Uttar Pradesh, West 

Bengal etc. belongs to the potential VL endemic belts which are basin of both normal 

and drug resistant VL cases. An estimated 50 000 to 90 000 new cases of VL occur 

worldwide annually and 350 million people at risk of VL infection from almost 98 

countries worldwide (WHO, 2018).  

VL also known as kala-azar (black fever- due to skin backing of the patients) has 75-

95% mortality rate if patients are left untreated. Macrophages affected by L. donovani 

or L. chagasi parasites spread the infection throughout the visceral organs of the 

body, especially in the spleen, liver and bone marrow resulting in life-long and 

chronic immunosuppression and pancytopenia in patients. VL is characterized by 

prolonged undulant double-quotidian pattern of fever for 2-8 weeks, weight loss and 

weakness due to diarrhea and abnormal absorption of nutrients.  Splenomegaly, 

hepatomegaly along with edema and bone atrophy due to hyper proliferation of 

histiocytes often occurs in VL patients. In light-skinned VL infected individuals, a 

greyish pigmentation of the face and hands is commonly seen, which gives the 

disease its name kala-azar (black fever). Anemia with resulting pallor, tachycardia, 

thrombocytopenia-induced petechial formation and mucosal bleeding, 

aggranulocytosis with secondary bacterial infections contribute to lethality. VL is an 
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opportunistic pathogen in of case immune-suppressive disorders like HIV. People 

having HIV have 100-2000 folds higher susceptibility towards VL. Increasing cases 

of HIV/VL co-infections are getting reported from India, southern Europe, 

Mediterranean regions, northern Africa and Latin America ([6]). 

IV. Post kala-azar dermal Leishmaniasis (PKDL) - As a result of chronic 

immunosuppression from VL, cured Indian VL patients sometimes develop nodular, 

macular, or maculo- papular rash on skin known as Post kala-azar dermal 

Leishmaniasis (PKDL) ([9]). In Sudan and India where 5-10% cases of VL are caused 

mainly by L. donovani, more than 50% of cured patients develop PKDL. It is worthy 

to mention that Sir Upendranath Brahmachari, first identified PKDL case in Indian 

patient in 1992 ([10]). 
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Figure 1.5- Pathophysiology of patients suffering from (A) Cutaneous (27941151), (B) mucocutanoues 
([11]), (C) visceral leishmaniasis (https://www.dundee.ac.uk/news/2018) and post-kala azar dermal 
leishmaniasis (PKDL) ([12]). 

 

1.1.3. Stages of L. donovani parasite life cycle- 

L. donovani is an obligatory intracellular parasite which has two stages in its digenetic life cycle 

circulating within two completely different hosts- Humans (Intermediate host) and Sand fly 

(Definitive host) ([13]).  

I. Promastigotes- 

 It is the uni-flagellated motile form of the parasite which is develops in the digestive tract 

of female sand fly after the fly takes blood meal. 

 The cells are long, slender and spindle-shaped with 15- 25 μm in length and 1.5- 3 μm in 

breadth and multiply at 22˚C. 

 It contains one centrally located nuclear DNA in the cytoplasm and transversely located 

kinetoplastidial DNA at the anterior end. 

The promastigotes are further classified into two subgroups- 

1. Procyclic promastigotes –It is the early diving stage of the promastigotes which are 

found in the gut of the sand fly. They have shorter flagellar length therefore have less 

motility speed and infection capacitance. 

2. Metacyclic promastigotes- This is the infective form of the parasite which are found in 

the mouth parts and anterior gut. They have high motility speed and are terminally 

differentiated. Metacyclic promastigotes trans-differentiate into non-motile amastigotes 

once they get inside the mammalian host macrophage, when fly bites healthy human host. 

II. Amastigotes- 

 Amastigotes are the non-motile and aflagellated stage of the parasite which form in the 

mammalian hosts. 

https://www.dundee.ac.uk/news/2018
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 They reside within the monocytes-macrophage system. 

 They are small, round to oval bodies measuring 2-3 µm in length and are also known as 

Leishman Donovan bodies. 

 The cells contain oval or round-shaped nuclear which is of less than 1 µm diameter and is 

situated in the middle of cell. 

 A rod- shaped kinetoplast lies at right angles to the nucleus which contains 

kinetoplastidial DNA (k-DNA). 

 Axoneme (rhizoplast), arises from the kinetoplast, represents the foot of the flagellum. 

 This stage divides well at 37°C by binary fission. 
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Figure 1.6- Stages of L. donovani parasites ([14]). (a) Ultrastructure of promastigote and amastigote 
stages. (b) Development of promcyclic and metacyclic promastigote stages L. donovani inside sand fly 
midgut and thoracic midgut followed by formation of amastigotes development in mammalian 
macrophage. 

 

1.1.4. Mode of transmission and life cycle – 

 Leishmaniasis is a vector –borne infection which gets transmitted inside mammalian host 

via bite of female sand fly (P. argentipes and L. longipalpis) (Figure 1.7).  

 During the course of blood meal, sand fly inoculates the infective metacyclic 

promastigotes in the dermis layer of human skin where parasites are phagocytized by 

residential neutrophils (“Trojan horses” for parasites) and macrophages.  

 Inside the mammalian macrophages, metacyclic promastigotes trans-differentiate into 

non-motile amastigote form which then start proliferation by binary fission. 

 Amastigote-packed macrophages get ruptured and the free amastigotes again infect fresh 

batch of macrophages to begin another round of proliferation cycle.  

 Some of the amastigotes enter inside the gut of female sand fly via infected macrophage, 

when fly takes blood meal from infected individuals.  

 In the digestive tract, amastigotes get released out of macrophages and trans-differentiate 

into motile procyclic promastigote form which proliferate inside the sand fly digestive 

tract.  

 In due time, procycic promastigotes get converted to infective metacyclic form which 

fills up the proboscis region of the fly.  

 During the next round of infection, the fly regurgitates these metacyclic cells inside the 

healthy human blood while taking the blood meal. 
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Figure 1.7- Life cycle of L. donovani parasites. (https://www.cdc.gov/dpdx/leishmaniasis/index.html)  

 

1.2. Host-pathogen relationship during VL 
 

I. Macrophage - the major antigen presenting cell:  

Macrophages are primary immune sentinel of the host that connect innate and adaptive immune 

arms (Figure 1.8). During endotoxin stimulations with lipopolysaccharide (LPS) or bacterial 

infections, macrophages phagocytize and present the antigens to the CD4+ T helper cells (Th 

cells) via class II major histocompatibility complex (MHC-II). Antigen- challenged macrophages 

secret pro-inflammatory cytokines like interleukin 1β (IL-1β), interleukin 6 (IL-6), interleukin 12 

 

https://www.cdc.gov/dpdx/leishmaniasis/index.html
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(IL-12) etc. These cytokines trigger CD4+ T cells to release pro-inflammatory cytokines like 

interferon γ (IFN γ) that in turn cross-stimulates those antigen presenting macrophages to 

produce reactive super oxide radicals (ROS) and nitric oxide (NO) which lead into clearance of 

the pathogen ([15], [16]). 

II. Subversion of macrophage defense by parasite:  

Among all clinical forms of Leishmaniasis, VL is the fatal most because it spreads in visceral 

organs of patients by breaching both the innate and adaptive immune barriers of host via chronic 

immunosuppression. L. donovani is an intra-macrophage parasite which has evolved with 

intricate mechanisms for subversion of microbicidal pathways of host macrophages ([6]). L. 

donovani modulates host immune pathways via some unique set of parasite-derived proteins 

known as Virulence factors for amastigote survival and further progression of the infection. L. 

donovani modifies macrophage pathways like phagocytosis, antigen presentation, MHC 

expression, cytokine as well as NO biosynthesis pathway and finally activation of the adaptive 

arm of immunity (both B and CD4-CD8 T cells activation).  

a. Opsonization and entry - 

L. donovani promastigotes first prevent complement-mediated lysis before they get entry inside 

macrophages. L. major successfully avoids complement complex formation by surface glycolipid 

lipophosphoglycan (LPG). Unlike L. major, L. donovani parasites lack LPG, and utilize another 

virulence factor named glycol protein 63 (gp63) which prevents C5 convertase formation via 

proteolytic cleavage of C3b into C3bi. C3bi averts complement mediated lysis of metacyclic L. 

donovani promastigotes, thus favoring opsonization and complement-induced endocytosis of 

parasites inside macrophages. Complement receptor 1 and 3 (CR1 and CR3) play major role in 

C3bi-dependent entry of parasite inside macrophage. Besides CRs, L. donovani also exploits C-

type and I-type lectin receptors like CD209 and Siglecs, mannose receptors, FcγII receptors and 

c-reactive protein (CRP) receptors for facilitating their phagocytosis in the macrophage ([17], 

[18]). 

b. Phagocytosis and endo-phagosomal maturation-  
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Trans-differentiation of heat and temperature- sensitive promastigotes into -resistant amastigotes 

form is crucial for successful infection progression. Therefore L. donovani delays phagosomal 

maturation by ceasing endosomal-lysosomal fusion until complete trans-differentiation takes 

place. Parasite mostly triggers delayed appearance of late lysosomal maturation marker Rab7 or 

LAMP1 via eliciting calcium accumulation and inhibition of protein kinase C (PKC). The 

endosomal vacuoles where conversion of promastigotes to amastigotes takes place are called 

parasitophorus vacuoles (PVs). Inside these PVs, parasites safeguard themselves from the 

hydrolytic degradation via gp63-dependent proteolytic degradation of the lysosomal enzymes. 

Moreover parasites synthesize antioxidants like peroxidoxins (Pxn) which can subvert the 

leishmanicidal effects of ROS inside phagososmal vacuoles ([19], [20]).  

c. Antigen processing and presentation- 

L. donovani not only prevents antigen processing but also suppresses MHC-II and co-stimulatory 

signal mediated by CD40-CD40L and B7-CD28 interactions of infected macrophages with CD4 

T cells. Additionally, parasite mediated suppression of CD40-CD40L signaling also inhibits p38 

MAPK-mediated activation of iNOS transcription and nitric oxide generation ([21]).  

III.  Repression of cytokines and activation of immunosuppressive molecules-  

L. donovani represses activation of pro-inflammatory cytokines followed by suppression of NO 

generation and upregulation of anti-inflammatory cytokine synthesis in infected macrophages. 

The parasite interferes with synthesis of IL12 which is a major pro-inflammatory cytokine 

involved in stimulating synthesis of IFN-γ from CD4+ T cells. Inhibition of IL-12 in turn 

prevents IFN-γ mediated activation of iNOS gene in infected macrophages and nitric oxide 

synthesis. Parasites mediate suppression of IL12 via inhibition of p38 MAPK phosphorylation 

via up regulating host phosphatases like dual specificity phosphatase 1 (DUSP1) and PTP SHP-1 

([22], [23]). On the contrary, immunomodulatory substances like arachidonic acid, tissue growth 

factor β (TGFβ) and IL-10 get enriched in infected macrophages which support amastigote 

proliferation ([22]). Additionally, IL-10 enhances arginase-1 enzyme synthesis which converts 

L-arginine into L-orthinine and suppresses expression of iNOS ([24]). In a nutshell, intracellular 

pathogens like L. donovani successfully adapt in harsh macrophage environment and escape 

major host defense mechanisms in order to establish infection. 
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Figure 1.8- Host-pathogen interactive signaling pathway in macrophages during L. donovani infection 
([6]). 

 

1.5. Major diagnosis tools available for VL – 

1.5.1. Culture based diagnosis- 

Due to severe clinical manifestations and mortality, early and sensitive diagnosis of VL is of 

great medical relevance, even before appearance of symptoms. Age-old and conventional 

diagnosis of VL is based on microscopic examination of amastigotes in splenic and liver 

aspirates of patients (Figure 1.9). Amastigotes can be also visualized by Geimsa staining of 
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smears obtained from spleen and liver biopsy tissue samples. Difficulties of collecting biopsy 

and aspirates and the length of such procedures led into invention of polymerase chain reaction 

(PCR)-based and lateral flow (LFT)-based less invasive and faster diagnostic technologies ([25]). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9- Current diagnostic tools and techniques for Leishmaniasis ([26]). 

 

1.5.2. Lateral flow biosensors (LFB) 

Paper based diagnostic devices for detecting presence of parasite antigen or antibody in 

biological specimen is known as Lateral flow biosensors (LFBs) (Figure 1.9). Due to speed, 

sensitivity, specificity and affordability of the technique, in poverty related diseases like NTDs, 

LFT has become first choice for diagnosis. This method can be both invasive (diagnosis from 

serum samples) and non-invasive (diagnosis from urine samples). LFBs are designed following 

immunochromatography principle where specific antibodies or antigens are coated upon nylon 
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membrane creating a control and test area. Therefore after addition liquid sample reaches to 

these coated areas of strip by lateral flow ([27]). Presence of specific antigen or antibody in the 

sample, allows formation of two bands (both test and control) leading to positivity of the test. In 

VL, till date rk39 antigen based LFBs are employed for diagnosis.  

Besides this, PCR based diagnosis i.e., PCR for leishmanial kinetoplastidial DNA, OligoC-

TestT, PCR-oligochromatographic test, and OligoC- TestT variation PCR methods are employed 

for sensitive diagnosis in VL ([27]). 

 

1.6. Antileishmanial therapeutics and challenges for cure- 

India is home for millions of people who are poor and live in impoverished environments which 

gave permanent home to certain Neglected Tropical Diseases (NTDs) like VL. Unfortunately, 

VL is not for therapeutic interventions by pharmaceutical companies because it largely affects 

the poorest of the poor that is why it is termed as NTD. As per World Health Organization 

(WHO)’s 2020 roadmap to eliminate NTDs worldwide, Indian Government has committed to 

provide the necessary resources to remove the primary risk factors associated with VL by 

ensuring access to clean water, nutrition and basic sanitation, integrated vector control, health 

education and improved cost-effective therapeutic programs for the poorest of poor population of 

the country. Pentavalent antimonial salts (SbV) like sodium stibogluconate has been the 1st line 

anti-leishmanial chemotherapeutic agent since the last 50 years. However, major challenge got 

imparted after reports of resistant cases came up from Bihar, where almost 60% patients are now 

unresponsive to SbV treatment ([28]). However, pentamidines were then prescribed to the 

antimonial refractory cases as second line of drug, but its efficacy also declined after few years 

to 70% successful cases. Therefore anti-fungal agent amphotericin B became another successful 

antileishmanial agent, but arising cases of nephro-/hepato-toxicity, route of administration, 

multiple dosages along with longer treatment time and drug resistance cases for amphotericin B 

(AmB) took toll over its success rate. Lipososmal formulations of AmB like Ambisome, 

Fungisome  etc. were designed to decrease the dosage and toxicity of AmB upon patient 

administration but the high cost of the formulations made it out of reach for poor VL infected 
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populations. Therefore Miltefosine came in to market as a first oral anti-leishmanial drug with 

high rate of cure. But potential teratogenicity and increasing rate of resistant cases arising from 

Miltefosine blocked its application in many ways. Besides relapse cases, acute and life-long 

immunosuppression induced in VL patients lead into active VL/HIV co-infection cases, and 

most importantly development of PKDL in cured Indian patients have altogether made the VL 

eradication from India a distant reality ([29], [30]).  
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1. Challenges for Visceral Leishmaniasis therapy- 

The major two obstacles for successful VL therapy are-  

1. Repurposed and non-target based drugs with huge side-effect on host. 

2. Life-long immune suppression induced by the parasite during infection which further results in 

PKDL cases in infected Indian patients.  

Therefore development of target based chemo/ immune-therapy against VL and advancement of 

drug target identification for combating active as well as asymptomatic VL cases are the needs of 

the hours. 

2. Objectives- 

 

I. Targeting parasite proteins for chemotherapy- Discovering the role of putative 

parasite proteins as essential virulence factors for infection and their significance as 

promising chemotherapeutic targets for VL. 
 

II. Targeting host macrophage derived factors for immune-therapy- Characterizing the 

role of host microRNAs in VL- induced immune-suppressive polarization of mouse 

macrophages and exploration the role of synthetic microRNA inhibitor as potential 

immune therapeutic agent against VL. 
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The major obstacles for successful visceral leishmaniasis (VL) therapy arise from, lack of 

structure based highly specific and non-toxic therapeutic agents and life-long immune 

suppression of host which leads into development of HIV/VL co-infection cases and cases of 

post kala azar dermal leishmaniasis (PKDL) in cured Indian VL patients. Therefore the current 

work flow deals with not only identification of parasite specific novel drug targets but also the 

host factors which are sabotaged by parasites for induce immune suppression and surviving 

inside macrophages. At first using Leishmania donovani-human interactome network analysis, 

heat shock protein 78 (LdHSP78), a putative ATP dependent AAA+ protease of casinolytic B 

(clpB) family, has been identified as an important interacting protein (IIP) for infection. 

Enrichment of LdHSP78 in L. donovani infected BALB/c mice bone marrow derived 

macrophages (BMDMs), VL patient blood and infected hamster organs indicated the potential 

prominence of the protein in disease progression. The essentiality of the protein for survival of 

promastigotes has been validated by generation of heterozygous an homozygous knock out 

parasites using untranslated region (UTR) based homologous recombination technology and 

advanced CRISPR-Cas9 based technology in L. donovani and L. mexicana promastigotes 

respectively. In vitro and in vivo infection analysis suggested that partial deletion of HSP78 

(LdHSP78+/-) gene significantly affected the parasite burden in both macrophages and hamster 

organs. Besides that we observed upregulation of phosphorylated p38 MAPK, induced nitric 

oxide synthase (iNOS), IL12 and nitric oxide (NO) levels in LdHSP78+/- parasites infected 

BMDMs as well as hamsters suggesting a potential role of LdHSP78 in bypassing nitric oxide 

mediated leishmanicidal machineries of host. Therefore P1,P5-di (adenosine-5’)-pentaphosphate 

(Ap5A) ammonium salt has been screened in silico by emplyoing high throughput virtual 

screening (HTVS) tool.  Ap5A showed encouraging leishmanicidal effect which is comparable 

with generic anti-leishmanial drug like amphoteric B (AmB). However the collateral toxic 

effects of Ap5A upon healthy macrophage were many fold lesser compared to AmB, suggesting 

ApA as a potential non-toxic therapeutic alternative against active VL.  

Additionally, by small RNA sequencing of early and late passaged L. donovani infected 

BMDMs, we identified group of immune regulatory microRNA (miRNAs) like miR181a-5p, 

miR125a-5p, miR26a-5p, miR146a-5p etc., which showed interesting association with 

macrophage plasticity during infection. Further real time PCR based differential expression 
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analysis allowed us to recognize miR146a-5p as potential mediator of immune suppressive M2 

polarized nature of L. donovani infected macrophages. After deciphering involvement of 

miR146a-5p in active infection establishment as well as phagocytosis of parasites in 

macrophages, we found an outstanding role the same behind mediating M2 polarization. M2 

polarization markers (YM1, FIZZ1, CCR7, Arg-1, IL10) got downregulated with simultaneous 

fortification of M1 markers (TRAF6, IRAK1, iNOS, NO, IL12, TNFα) as well as nuclear 

translocation of phosho-p65 subunit of NF-κB module in miR146a-5p inhibitor treated and L. 

donovani infected BMDMs as well as BALB/c mice. We further discovered the novel role of 

super enhancer (SE) complex behind infection mediated persistent transcriptional enhancement 

of mature miR146a-5p transcript in BMDMs. L. donovani infection augmented enrichment of 

BRD4, p300 and RNA pol II expressions in macrophage nucleus which subsequently got 

accumulated at enhancer region of miR146a-5p encoding gene and induced strong level of 

miRNA expression. Silencing of BRD4 with esiRNA prevented miR146a-5p enrichment and 

subsequent M2 polarization of macrophage which resulted in clearance of parasites from 

esiBRD4 treated macrophages. Taken together our findings elaborated not only parasite protein 

like LdHSP78 as potential drug target and Ap5A as a promising drug like molecule but also 

demonstrated that targeting host miRNAs and its epigenetic regulation can open a innovative 

avenue for successful VL therapy in future. 
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4.1. Ethics statement- 

I. Animal ethics-  

Experiments and protocols performed undertaken for all the animal subjects were adhered to the 

approved parameters of the Committee for the Purpose of Control and Supervision on 

Experimental Animals (CPCSEA), Ministry of Environment and Forest, Government of India 

(IICB/AEC/Meeting/Feb/2018/10) by the Animal Ethics Committee (147/1999/CPSCEA) of 

CSIR-Indian Institute of Chemical Biology (CSIR-IICB), India. 

 

II. Human ethics- 

Venous blood samples (4-5 ml) were obtained from 3-4 anonymous individuals, having initial 

VL like symptoms i.e., prolonged fever, hepatomegaly, splenomegaly, pancytopenia etc. and 

were tested positive by rK39 strips test, from Rajendra Memorial Research Institute of Medical 

Science (RMRIMS), Patna, Bihar. One set of blood samples were collected in heparinized vials 

(for isolating RNA from whole blood) and another set of blood samples were collected in non-

heparinized via and processed for serum isolation by centrifugation at 2000 rpm for 30 mins at 

room temperature. For non-endemic healthy control set, similar quantities of blood samples were 

collected from both male and female (23-30 years age groups) individuals. All the individuals 

signed written approval, prepared in their local language, before donating blood. The 

experiments undertaken with these human subjects were strictly adhered to the Human Ethical 

Committee of CSIR- Indian Institute of Chemical Biology enduring to the declaration of 

Helsinki principles ([31]). 

 

4.2. Parasite culture and maintenance in hamsters 

2X107 cells/animal of Leishmania donovani (MHOM/IN/1983/AG83; ATCC repository number 

PRAR-413TM) promastigotes were suspended in 200 μl of sterile 1.8% glucose added phosphate 

buffered saline (PBS) and administered in 4-6 week old Syrian golden hamsters (Mesocricetus 

auratus) via intra-cardiac route. Spleen slices of three month-infected hamsters, were cultured in 
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Schneider’s Drosophila medium (Sigma-Aldrich, US) [along with 10% fetal bovine serum (FBS) 

(Gibco, Thermo Scientific, USA), 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco, 

Thermo Scientific, USA)] at 22 ºC, for transforming amastigotes into promastigotes ([32]). The 

promastigotes were further subjected to ficoll gradient mediated purification of highly infective 

metacyclic stages of the parasites ([33]). BMDMs or BALB/c mice are infected with these 

metacyclic promastigotes in the following studies. 

 

4.3. Purification of metacyclic promastigotes by Ficoll density gradient centrifugation 

 

Promastigotes are grown for 5-6 days to reach the stationary phase. 10-20 X 108 stationary phage 

promastigotes, pelleted down by centrifugation at 2000 rpm for 5min followed were suspended 

in Dulbecco's Modified Eagle's Medium (DMEM) (Serum-free). A 40% ficoll paque was 

prepared from Ficoll paque plus (GE healthcare, UK) using autoclaved water (endotoxin free). A 

series of ficoll solutions ranging from 5-30% were diluted from the 40% stock using 5X M199 

media to achieve 1X M199 in the final working stocks. The ficoll gradient prepared consisted of 

bottommost layer of 40% ficoll topped with overlaying 2ml layers of 5-30% ficoll solutions. 

DMEM media containing parasites was topped on this gradient and centrifuged at 1300g speed 

for 10 mins using swing bucket rotor ([33]). The topmost layer was harvested, centrifuged at 

2000 rpm for 5 mins and subjected to 4 % paraformaldehyde (Sigma-Aldrich) mediated fixation. 

Fixed parasites were adhered on to grease-free glass coverslips, coated with poly-L-lysine and 

mounted with 10% glycerol-PBS for observation under 63X oil immersion microscope (Leica, 

Wetzlar, Germany). Purity of metacyclics was further assured by real-time PCR based 

amplification of LdSherpin gene, where LdGAPDH served as internal control. 

 

4.4. Bacterial cell lines maintenance 

All the vectors and constructs were amplified by transforming them in Escherichia coli DH5α 

strain (Novagen, Germany) using CaCl2 dependent chemical transformation method. However, 

pBB-ccdB-Amp vector (kindly gifted by Philip Yates, Oregon Health & Science University, 

Portland) was propagated in ccdB Survival™-T1R E. coli strain (Thermo Scientific, USA). 
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Rosetta 2 (DE3) pLysS (Novagen) strain of E. coli were used for transforming expression 

vectors like pET41a-Kan+ followed by purification of overexpressed LdHSP78 epitope. 

 

4.5. Parasite strains maintenance and culture 

I. L. donovani (MHOM/IN/1983/AG83)- 

 

L. donovani promastigotes, procured from an Indian kala-azar patient, were serially cultured in 

M199 media (Sigma-Aldrich, US) supplemented with10% FBS, 100 U/ml penicillin and 100 

µg/ml streptomycin. 

 

II. L. mexicana (WHO strain MNYC/BZ/62/M379) - 

 

L. mexicana parasites (kindly gifted by Jeremy Mottram, UoY, UK), harboring T7 RNA 

polymerase and Cas9 cassettes, were periodically passaged in HOMEM media (Gibco) 

supplemented with 10% FBS, 30μg/ml hygromycin B (Invivogen) and 50 μg/ml nourseothricin 

Sulfate (Invivogen) ([34]).  

 

4.6. Generation of transgenic parasites 

Attempts were taken to delete the HSP78 gene from L. donovani (LdHSP78) and L. mexicana 

(LmxHSP78) using UTR based homologous recombination ([35]) and CRISPR/Cas9 based 

methods ([34]) respectively. 

1. Constructs for Untranslated Region based (UTR) deletion of LdHSP78 

In order to knock out LdHSP78 gene (LDBPK_020680, XM_003857915.1) from L. donovani 

parasites, according to the UTR based homologous recombination method, we procured 997 bp 

long 5’ and 946 bp 3’ UTR sequences from L. donovani KEGG genome database 

(http://www.genome.jp/kegg-bin/show_organism?org=ldo).  We have  incorporated sequences, 

for a specialized restriction enzyme SfiI digestion site, in the 5’ and 3’ UTR region amplifying 

primers by NCBI primer Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and optimized 

http://www.genome.jp/kegg-bin/show_organism?org=ldo
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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them using IDT- Oligo-Analyze (IDT technologies, Iowa, United States) 

(https://eu.idtdna.com/calc/analyzer).  

 

Cloning has been done using the following protocol- 

 

a. Using these primers, 5’ and 3’ UTR sequences were PCR amplified where parasite 

genomic DNA served as template.  

b. The PCR cycle was- initial denaturation at 95˚C for 10 mins followed by 35 cycles of 

95˚C denaturation for 10 sec, 72˚C (5’UTR)/68˚C annealing for 30 sec, 72˚C extension 

for 1 min and one cycle of 72˚C final extension for 7 mins and 4 ˚C hold.   

c. 5’ UTR, 3’UTR, pBB-Amp+, pCR-Hyg-Kan+ and pCR-Puro-Kan+ were restriction 

digested with SfiI enzyme (NEB, US). 

d. Desired fragments from the restricted vectors were gel purified using Gsure gel extraction 

(GCC biotech, India) and the restricted UTR sequences were PCR purified using 

QIAquick PCR purification kit (Qiagen, Hilden, Germany). 

e. Purified and linearized pBB-Amp (2165 bp), pCR-Hyg (3454 bp), pCR-Puro (3005 bp), 

5’ UTR and 3’ UTR were subjected to multiple fragment ligation using T4 DNA ligase 

(Thermo scientific, US). 

f. Ligation mixture was transformed in chemically competent DH5α E. coli, followed by 

purification of knock constructs harboring plasmids by Gsure plasmid mini prep kit 

(GCC Biotech). 

g. HYG and PURO knock out constructs were linearized by digesting with PacI enzyme 

(NEB), gel purified and finally resuspended in sterile electroporation buffer (pH 7.4) 

containing 21 mM HEPES, 137 mM NaCl, 5 mM KCl, 0.7 mM Na2HPO4, 6 mM 

glucose. 

 

2. Constructs for CRISPR-Cas9 based deletion of LmxHSP78  

 

I. Designing CRISPR/Ca9 sgRNA and primers: 

 

https://eu.idtdna.com/calc/analyzer
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For CRISPR/Cas9 based editing of LmxHSP78 (LmxM.02.0710), required sgRNA sequences 

were procured from LeishEdit tool (http://leishgedit.net/) as described in ([34]).  

 

II. Amplification of sgRNAs and replacement cassettes by PCR: 

 

In L. mexicana promastigotes, the LmxHSP78 gene sequence was deleted using CRISPR/Cas9 

tool and replaced by Blasticidin and Puromycin cassettes. The drug constructs were obtained by 

PCR from pT_BSD (pGL2662) and pT_PAC (pGL2667) vectors (kindly gifted by Jeremy 

Mottram, UoY, UK) using specific primers. The protocol is described below- 

a. pT_BSD and pT_PAC plasmids (30ng/μl) were subjected to PCR based amplification 

using dNTPs (0.2 mM), DMSO (2.5% v/v), primers (25 μM) and Q5 HiFi Polymerase 

(NEB). The PCR cycle used was- initial denaturation at 940 C for 5 mins followed by 40 

cycles of denaturation at 940 C for 30 sec, annealing at 650 C for 30 sec, extension at 720C 

for 2 min 15 sec with a final extension of 720 C for 7 mins. 

b. 5’ and 3’ sgRNA were subjected to PCR based amplification using dNTPs (0.2 mM), 

DMSO (2.5% v/v), G00 scaffold primers (2 μM), upstream and downstream primers 

respectively in two separate tubes (2 μM), and Q5 HiFi Polymerase (NEB). The PCR 

cycle used was- initial denaturation at 980 C for 30 sec followed by 40 cycles of 

denaturation at 980 C for 30 sec, annealing at 600 C for 30 sec, extension at 720 C for 30 

sec with a final extension of 720 C for 7 mins.  

c. Successful amplification of the products was assured by resolving 2 μl of each reaction 

mixture in 1 % agarose gel before undertaking the transfection process. 

 

4.7. Cloning LdHSP78 in pXG-GFP(+)-Amp+ vector for knock in studies 

 

Complete coding region of LdHSP78 (2454 bp) was cloned in pXG-GFP (+)-Amp+ vector 

(kindly gifted by Philip Yates) using BamHI and EcoRV ([36]). The PCR conditions used for 

cloning reaction was as follows- Initial denaturation at 950 C for 10 sec followed by 40 cycles of 

http://leishgedit.net/
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denaturation at 950 C for 30 sec, annealing at 690 C for 30 sec, extension at 720 C for 3 mins with 

a final extension at 720 C for 7 mins. PCR amplified constructs and pXG-GFP vector were 

double digested with BamHI and EcoRV at 37˚C for 30 mins, followed by overnight ligation at  

4˚C and selection of positive clone containing colonies.  

 

4.8. Electroporation method  

a. UTR constructs-  

10 μg of PacI linearized HYG construct and/ or PUR constructs were serially electroporated in 

20X107 log phase L. donovani promastigotes (0.45 kV and 500 μF capacitance in 2 mm cuvette) 

in Bio-Rad Gene pulser X cell electroporation system (Bio-rad, California, US). Transfected 

cells were revived in Schneider’s Drosophila Insect media (with 10% FBS), followed by 

passaging them in M199 added with 10% FBS, 50 μg/ml hygromycin sulfate (Sigma Aldrich) 

and/or 20 μg/ml puromycin dihydrochloride (Sigma Aldrich). Only hygromycin supplementation 

allowed selection of viable heterozygous knock outs (LdHSP78+/-). Both hygromycin and 

puromycin selection allowed selection of null mutants which were unfortunately non-viable. 

Pure-colonies of LdHSP78+/- cells were screened by culturing them upon hygromycin-

supplemented 0.6% semi-solid M199 agar media ([35]). 

 

b. Conditional knock out constructs- 

As the null mutants of HSP78 were non-viable, we designed conditional knock out of LdHSP78 

by depleting the genomic alleles of HSP78 in presence of an episomal allele of LdHSP78. We 

first electroporated pXG-GFP vector containing HSP78 in wild type (WT) parasites, followed by 

revival and electroporation of both pCR-Hyg and pCR-Pur cassettes. We grew the transgenic 

parasites for 7-10 days in M199 media added with 10% FBS, 50 μg/ml hygromycin sulfate, 20 

μg/ml neomycin sulphate and 20 µg/ml puromycin dihydrochloride. During sub-culturing, 

Neomycin sulphate was not added (to promote curing of pXG-GFP-HSP78 plasmid) and 7 days 

post culture pure clones of conditional knock outs (condKO) were obtained. 
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c. CRISPR/Cas9 constructs- 

Using a similar protocol, T7 RNA polymerase and Cas9 expression construct bearing L. 

mexicana cells were electroporated with heat-sterilized mixture containing (PCR products were 

incubated at 95˚C for 10 mins) 5’ sgRNA, 3’ sgRNA, BLAST and PAC constructs amplified by 

PCR. Following electroporation, L. mexicana cells were cultured overnight in Schneider’s 

Drosophila Insect media, followed by sub-culturing in HOMEM added with FBS (20%), 

hygromycin B (32µg/ml), puromycin dihydrochloride (20 µg/ml), blasticidin S hydrochloride (5 

µg/ml), nourseothricin sulfate (50 µg/ml). After 7-10 days post passaging, pure colonies of 

transgenic parasites were obtained. 

 

d. Overexpression construct- 

The pxG-GFP-LdHSP78 construct plasmid was purified from the positive clones and 

electroporated (following previously mentioned protocol) in LdHSP78+/- parasites for 

generating resKO cells. resKO cells were grown in M199 media in presence of  neomycin 

sulphate (G418, 20 μg/ml) (Sigma Aldrich) and hygromycin sulphate (50 μg/ml). 

 

4.9. PCR based diagnosis of successful gene deletion- 

 

1. UTR mediated method- 

 

4X107 cells of log-phase parasites (both wild type, LdHSP78+/-, LmxHSP78+/- and condKO) 

were pelleted down and genomic DNA was obtained using QIAmp Blood DNA isolation kit 

(Qiagen, Hilden, Germany), following the manufacturer’s protocol. We PCR amplified HSP78 

gene as well as all the drug cassettes from 50 ng genomic DNA using Dream Taq polymerase 

master mix (Thermo Scientific) and primers that flank both the UTR and ORF regions of the 

respective genes. The PCR cycle used was as follows- initial denaturation 950 C for 10 sec 

followed by 40 cycles of denaturation for 30 sec at 950 C, annealing for 30 sec at 500 C, 

extension for 3 mins at 720 C and  final extension for 7 mins at 720 C. The PCR products were 

resolved in either 1% agarose gel or in 1.5% Urea supplemented poly acrylamide gel (UREA-

PAGE), which were further stained with 10 mg/ml ethidium bromide (Himedia, France) and 

visualized in GelDoc XR system (Biorad). 
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2. CRISPR/Cas9 mediated method- 

50 ng genomic DNA isolated from WT and LmxHSP78+/- L. mexicana cells generated by 

CRISPR/Cas9 method were subjected to PCR using dNTPs (0.3 mM), primers flanking both 

UTR and gene sequences (0.5 𝜇M), DMSO (3% (v/v)),  LongAmpTaq DNA polymerase (NEB), 

and 1x Mg2+ added LongAmpTaq Reaction Buffer (2mM) ([34]). The PCR cycle used was as 

follows- initial denaturation at 94˚C for 5 min followed by 35 cycles of denaturation at 94˚C for 

30 sec, annealing at 60˚C, 2 min 30 s at 65˚C, and a final elongation step of 10min at 72˚C. PCR 

products were separated in 1% agarose which was further stained with 10 mg/ml ethidium 

bromide (Himedia, France) and visualized in GelDoc XR system (Biorad). 

 

4.10. BMDMs differentiation and infection 

 

Bone marrow, collected from femur and tibia of 6-8 weeks old BALB/c mice, were allowed to 

differentiate into bone marrow derived macrophages (BMDM) by culturing them in DMEM high 

glucose media (Gibco, California, US) appended with recombinant Macrophage Colony 

Stimulating Factor (rM-CSF) (R&D Systems, Minnesota, US) and 10% FBS ([37]). Naïve 

BMDMs (M0) were either kept with only DMEM and 10% FBS or further stimulated with 100 

ng/ml lipopolysaccharide (LPS) (Invivogen, US) and 20 ng/ml interferon-γ (IFN-γ) (eBioscience, 

San Diego, CA) or with 20 ng/ml IL4 (eBioscience, San Diego, CA) for obtaining M1 and M2 

polarized macrophages respectively ([38]). We infected BMDMs with 5-6th day culture of WT or 

transgenic parasites (enriched in > 30% metacyclics) using 1:10 multiplicity of infection (MOI) 

ratio. 4 hrs post inoculation, extracellular parasites were washed away with 20 mM sterile 

phosphate buffered saline (PBS) wash. We removed the drug containing culture media, from 

transgenic parasites before infecting BMDMs, which otherwise may have toxic side effects upon 

BMDMs. 

 

4.11. Axenic amastigote culture 

We differentiated L. donovani promastigotes into axenic amastigotes by providing macrophage 

like microenvironment in vitro following previously published protocol ([39]). We grew 

promastigotes in M199 media for 5-6th day and passaged the late log phase parasites in Schneider 
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Drosophila media added with 10% FBS and pH 4.5-5.5 and incubated them at 37˚C for another 

4-5 days until we obtained axenic amastigotes.   

 

4.12. Animal infections 

  

Hamsters- 

 

We suspended 2 X 107 / animal metacyclic promastigotes of WT, LdHSP78+/-, and resKO 

parasites, in 20 mM PBS and 1.8% glucose and injected in 4-6 weeks golden Syrian hamsters via 

intra-cardiac route ([40]). We collected blood from retro-orbital plexus of healthy and infected 

hamsters in regular interval, followed by euthanatizing animals after three-months to collect 

organs. 

 

Mice- 

We infected 4-6 weeks old BALB/c mice by injecting 200 μl of 1.8 % D-glucose infused 20 mM 

PBS containing 2 X 107 metacyclic promastigotes/ animal via intravenous route. We injected 200 

μl PBS in healthy littermates and considered them as control groups ([41]). Three months post 

infection animals were euthanatized for collecting spleen, liver, peritoneal lavage and bone 

marrow. 

 

4.13. Parasite burden determination 

 

a. Leishman donovan unit (LDU) and limiting dilution assay (LDA)- 

 

We calculated parasite burden from spleen and liver of three months old infected hamsters and 

mice by LDU and LDA ([42]). We prepared stamp smears of organs on grease-free glass slides, 

fixed them using methanol (Merck Millipore, Germany) and stained them with Geimsa (Sigma 

Aldrich, US) followed by observation under 100X oil immersion microscopy (Carl Zeiss, 

Germany). We obtained LDU by multiplying amastigotes per 1000 nuclei with organ weight 

(mg). We prepared 1 mg/ml (w/v) organ suspension (spleen or liver) in Schneider drosophila 
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media, performed 10-fold serial dilution and permitted the organ amastigotes to transform at 

22˚C for 14-21 days. We calculated LDA from the highest dilution which showed viable 

promastigotes and represented the LDA value using Log10 graph scale. 

 

b. k-DNA PCR 

 

We have measured organ parasite burden by PCR amplification of Leishmanial kinetoplastidial 

DNA (k-DNA) ([43]). We have serially diluted 105/ml parasites using 10 times dilution up to 1 

parasite/ml, followed by isolation of genomic DNA and real time PCR (RT-PCR) using priers 

against kDNA. The Ct values obtained from RT-PCR for each dilutions of genomic DNA were 

further used to prepare the k-DNA standard curve (k-DNA Ct values vs. parasite count/ml). We 

have isolated RNA from 1mg organ and performed RT-PCR based k-DNA amplification. We 

extrapolated the corresponding Ct values obtained from organ RNA in the standard curve to 

obtain the organ parasite burden. 

 

4.14. Splenocyte culture and LAg stimulation 

We isolated splenocytes from differentially treated BALB/c mice, stimulated them overnight by 

culturing them in RPMI media added with 10 μg/ml Leishmania antigen (LAg), 10% FBS, 100 

U/ml penicillin and100 µg/ml streptomycin for 24 hrs at 37 ºC ([44]). We collected the 

supernatants of the cultured splenocytes for cytokine ELISA. 

 

4.15. Geimsa staining 

We fixed coverslips containing 2 X 105 infected BMDMs or grease-free glass slides of organ 

stamp smears with methanol followed by staining with Geimsa solution (Sigma Aldrich, US) 

([42]). The air dried coverslips or slides were observed under 100X oil immersion microscopy 

(Carl Zeiss, Germany). 
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4.16. Transfection of esiRNA pool and miRVANA miRNA inhibitor in vitro 

For transfection experimenta, we cultured 5 X 105 BMDMs and transfected ~70% confluence 

cells with either of 25 pM/ml control scrambled RNA (scrRNA) (Sigma), 60 pM/ml 

MISSION esiRNA for mouse BRD4 exons (Sigma), 20 nM mirVANA miRNA inhibitor 

negative control (anti-NC) and 40 nM mirVANA anti-miR-146a-5p inhibitor (anti-146a) 

using Lipofectamine 2000 (Thermo Fischer, USA) ensuing manufacturer’s instructions ([45]). 

We cultured transfected cells for 24 hrs in a humidified CO2 incubator in the presence of 

serum depleted opti-MEM media (Gibco), followed by removal of serum free media and 

addition of 10% FBS supplemented DMEM for further infection-related studies. 

 

4.17. Neutralization of mature miR146a in BALB/c mice 

We infected 4-6 weeks old BALB/c mice with 2 X 107 promastigotes per animal. 28 days post 

infection, we have injected mirVANA control inhibitor (anti-NC) or anti miR146a-5p inhibitor 

(anti-146a) at a dose of 0.025mg/g body weight in two different animal groups ([46]). PBS was 

injected in healthy littermates as control group. 7 days post inhibitor injection, we sacrificed the 

animals and collected their organs for experimentations.  

 

4.18. Phagocytic uptake assay of parasites and zymosan particles  

We stained parasites with carboxy fluorescein diacetate succinimidyl ester (CFSE) (Molecular 

Probes, USA) by adding 1 μl of CFSE from 2.8 μg/ ml DMSO stock into 1ml PBS containing 5 

X 107L. donovani promastigotes. We incubated parasites in presence of CFSE for 10 mins in a 

37ºC humidified incubator, followed by washing off extra cellular stains with PBS. After we 

infected different groups of BMDMs with CFSE stained parasite at a ratio of 1:10 for 4 hrs. After 

washing off unbound parasites, we stained the infected BMDMs with anti-Cd11b-Alexa flour 

700 (eBiosceinces, Thermo scientific, USA). We prepared a concurrent set of positive control 

where we allowed uptake of pHrodo green zymosan particles (Thermo scientific, USA) by 

BMDMs for 1 hr ([47]). We procured the CFSE signal and pHrodo green signal from respective 
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sets of anti-Cd11b AF700 positive BMDMs by BD LSR-Fortessa flow cytometer (BD 

Biosciences, US) and we analyzed the data using FACS Diva software. 

 

4.19. RNA isolation 

Total RNA- 

We isolated total RNA from 4 X 107 promastigotes, 2 X 106  macrophages, 1ml of patient blood, 

and 1 mg organ (suspended in RNA-Later, Sigma) with Trizol (Ambion) following the 

manufacturer’s protocol ([48]). Briefly, we pelleted the cells or snap-froze the organs and 

suspended them in 1 ml Trizol. Followed by addition of 200 μl chloroform, we vortex the 

suspension, incubated for 15 mins at room temperature and centrifuged at 12000 rpm for 15 min 

at 4˚C. We carefully transferred the aqueous phase, mixed with 750 μl isopropanol and incubated 

for 2 hrs at 4˚C. We then centrifuged the mixture at 12000 rpm for 20 mins followed by washing 

the pellet with 75% ethanol. The ethanolic solution was centrifuged 9000 rpm for 20 min and 

RNA pellet was air dried. We dissolved the pellet in ultrapure DEPC-water and measured the 

RNA concentration in Nanodrop 2000 (Thermo Scientific, USA). 

 

Small RNA- 

We purified small RNA from 4 X 107 BMDMs and 1mg organ using miRVANA miRNA 

isolation kit (Ambion, US) using manufacturer’s protocol ([49]). We collected the RNA from 

column in DEPC water and measured the RNA concentration in Nanodrop 2000. 

 

4.20. Reverse transcription 

cDNA from total RNA-  

We reverse transcribed total RNA using iScript cDNA synthesis kit (Biorad) ([48]). We mixed 2 

μg total RNA with 5X iScript reaction mix, iScript reverse transcriptase enzyme and nuclease 
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free water and incubated at 25 ºC for 5 mins, reverse transcribed at 46 ºC for 20 mins and heat 

inactivated at 95 ºC for 1 min. 

miRNA specific cDNA- 

We reverse transcribed mature miRNA population into stem-loop cDNA pools using Taqman 

microRNA reverse transcription kit (Thermo scientific, USA) ([50]). We mixed 25 ng small 

RNA with dNTP (100 mM), Multi scribe reverse transcriptase (50U/μl), 10X reverse 

transcription buffer, RNase inhibitor and nuclease free water and subjected it to PCR 

amplification using the cycle- reverse transcription at 16˚C and 42˚C for 30 mins, denaturation at 

85˚C for 5 mins. 

 

4.21. Semi quantitative PCR  

We undertook absolute quantification of genes by semi-quantitative PCR ([51]), where we mixed 

50 ng cDNA with 25 pM of forward and reverse primers, Dream Taq master mix (2X) and 

nuclease free water and subjected the mixture for PCR cycle consisted with- 95ºC initial 

denaturation for 5 mins followed by 20 cycles of 95˚C denaturation for 30 sec, 48˚C annealing 

for 30 sec, 72˚C extension for 1 min, and one cycle of 72˚C final extension for 7 min. We 

resolved the PCR products in 1% agarose gel, stained them with ethidium bromide (10 mg/ml) 

and visualized the DNA bands using GelDoc XR system (Biorad). 

 

4.22. Real-time PCR  

We analyzed relative quantification of genes using RT-PCR where we mixed 20 ng of cDNA, 25 

pM forward and reverse primers, 2X SYBR green master mix (Roche life sciences) and nuclease 

free water ([48]). We performed the RT-PCR reaction in Roche Light Cycler 96 (Roche). We 

calculated the fold changes (FC) of gene expression from the Ct values obtained from RT-PCR 

and using the following formula- 

 

FC =2-ΔΔCt, where ΔCt = gene Ct- reference gene Ct and Δ(ΔCt) = ΔCttest– ΔCtcontrol. 
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4.23. Small-RNA sequencing- 

 

I. Processing of small RNA- 

BMDMs isolated from BALB/c mice was infected with either early passaged (2nd passage-A2) 

parasites or late passaged (25th passage- A25) parasites for 18 hrs. small RNA, isolated from 

uninfected, A2 and A25 infected  BMDMs using miRVANA isolation kit, was further subjected 

for quality and purity analysis (QC check) using the Quabit 2.0 (picogreen) fluorometer. 

Therefore the library was prepared from these pure small RNA 3’ adaptor ligation technique 

protocol used in llumina TruSeq small RNA prep. 3’ adaptor selectively binds to 3’hydroxyl (3’-

OH) group having miRNAs. Then, 3’ adaptor ligated miRNAs are further adhered with 5’ 

adaptor and reverse transcribed into cDNA pool. cDNA were amplified using common primer 

and primer with 1-48 nucleotide long index sequences. These cDNA are then further sequenced 

by Illumina TruSeq which can distinguish 6-base indexes from different samples in a single flow 

lane ([52]). 

II. miRNA Sequencing by miARma-Seq- 

Three QC passed small RNA samples were sequenced using Single end (SE) 50 bp library on 

Illumina NextSeq 500. We have used Mus musculus mm10 genome sequence information from 

UCSC genome browser as template for further search of known and novel miRNAs. The clean 

small RNA data was obtained by cutadapt version 1.0 using parameters like quality, adapter 

sequences, minimum reads length and maximum reads length. The clean data for each sample 

are subjected to the known & novel miRNA prediction suites of miRNA-Seq and RNA-Seq 

Multi process Analysis (miARma-Seq) separately ([53]). The miARma-Seq uses edgeR for 

differential expression analysis which includes: Read counts Normalization, Model dependent p-

value estimation and FDR value estimation based on multiple hypothesis testing. The significant 

Differentially Expressed miRNAs filtered based on FDR less than 0.05. 

III. Differentially expressed miRNA screening 
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As our small RNA sequencing data had no replicates therefore the adjusted P value (PAdj) was 

kept less than 0.05. The differentially expressed miRNAs were analysed using fold change. 

IV. miRNA target prediction 

Significant Known miRNAs with FDR less than 0.05 were used for target prediction using 

miRGate online server ([54]). miRGate prediction was performed with default parameters. Each 

predicted gene targets were represented with an Ensemble gene ids which were further used for 

gene enrichment analysis. 

V. Predicted target gene enrichment analysis of miRNAs 

Ensemble Gene ids corresponding to miRNA targets are taken as input to do gene ontology (GO) 

and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis using Kobas2.0 

platform. Kobas2.0 performs statistical tests to identify statistically significant enriched 

pathways using a hypergeomteric test ([55]).  

 

4.24. Cloning, overexpression and purification of LdHP78 epitope 

 

I. B-cell epitope mapping of LdHSP78- 

 

We submitted LdHSP78 (LdBPK_020680) amino acid FASTA sequence in BepiPred 2.0 

(http://www.cbs.dtu.dk/services/BepiPred/) tool and procured potentially immune-dominant 

epitopes by keeping the threshold value at 0.5 ([31]). Then we analyzed the hydrophilicity of the 

selected epitope using Protscale Expasy tool (http://web.expasy.org/protscale) and checked 

homology of the same with other proteins found in other organisms using NCBI BLASTp.  

 

II. Cloning of epitope- 

 

We synthesized the codon optimized epitope sequence in pGEX.6P1-Amp+ vector from 

Genscipt (Piscataway, USA) (Gene ID-U7706DF210-2, construct ID- J79989). For ease of 

file:///H:/chapter1-%20Molecular%20cloning%20nd%20KO%20of%20prasite%20vir%20factor/anindyada%20works/raw%20data/manuscript/elife/(http:/www.cbs.dtu.dk/services/BepiPred/)
file:///H:/(http:/web.expasy.org/protscale)
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purification in native form, we subcloned the epitope from pGEX.6P1-Amp+ to pET41a-Kan+ 

vector. We double digested both the epitope containing pGEX.6P1 and pET41a by HF-BamHI 

and XhoI, gel purified the band corresponding to epitope and pET41a, ligated them overnight 

using T4 DNA ligase at 4º C. Ligation product was then transformed in competent E. coli DH5α 

strain and plated to obtain the successfully cloned colonies.  

 

III.  Overexpression and purification of recombinant LdHSP78 epitope  

We purified pET41a-epitope constructs from the positive clones, transformed them in Rosetta 2 

(DE3) pLysS (Novagen) and overexpressed the recombinant epitope by using 1 mM Isopropyl β-

D- thiogalactopyranoside (IPTG)  induction for 4 hrs at 37 ˚C at an optical density (600nm) 0.7.  

We employed a special nonidet P40 based purification of native overexpressed His-tagged 

HSP78 epitope using Ni-NTA resin based affinity gel chromatography ([56]). We followed the 

protocol as mentioned below- 

 We lysed the bacterial pellet, obtained after IPTG induction (kept a small fraction as 

uninduced which received no IPTG), by chilled bacterial lysis buffer (50mMTris, 500 

mM NaCl, 0.5% nonidet p-40, 10% glycerol, 20 mM β- mercaptoethanol, 100 μM phenyl 

methyl sulphonate, pH- 7.4).  

 We then sonicated the suspension for nearly an hour, centrifuged at 15000g for 30 mins 

and transferred the clear supernatant in columns (Pierce) packed with equilibrated Ni-

NTA resin (Qiagen).  

 We washed the column with series of wash buffers (pH- 7.4) that contain successively 

increasing concentrations of imidazole – wash 1 (50 mM Tris, 500 mM NaCl, 30 mM 

imidazole), wash 2 (50 mM Tris, 500 mM NaCl, 50 mM imidazole and 0.1% tween 20), 

elution1 (50 mM Tris, 300 mM NaCl), elution 2 (50 mM Tris, 500 mM NaCl and 500 

mM imidazole). 
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 We subjected the affinity purified fraction of HSP78 epitope to 40% ammonium 

sulphate-based salting out and dialyzed the salted out fraction using phosphate buffered 

saline (PBS, pH- 7.4).  

 We concentrated the final purified dialyzed fraction using 10 kDa Amicon ultra 

centrifugal filter (Merck Millipore, Germany) till we obtained 2 mg/ml concentration. We 

resolved the purified fractions of the epitope in SDS-PAGE and analyzed its purity by 

mass spectrometry. 

IV.  Matrix-assisted laser desorption/ionization- time of flight mass spectrometry: 

We collected the desired band from SDS-PAGE gel and subjected it for In-gel Tryptic digestion 

kit (Thermo scientific) based MALDI-TOF MS/MS to confirm homogeneity and purity of 

recombinant epitope ([57]). The protocol followed was- 

a. Band preparation and destaining of gel pieces- 

 We collected coomassie stained (1 g coomassie brilliant blue G250 dissolved in 50 % 

methanol and 10% glacial acetic acid) gel pieces of the desired epitope and immersed it 

in destaining solution (50% methanol and 10% glacial acetic acid in distilled water) for 

30 mins at 37ºC with shaking. 

 

b. Reduction and alkylation of gel pieces- 

 To the gel pieces, we added reducing buffer containing 50 mM tris (2-carboxyethyl) 

phosphine (TCEP) prepared in digestion buffer (25mM ammonium bicarbonate solution), 

incubated at 60ºC for 10 mins, cooled it and discarded the reducing buffer. 

 We alkylated the gel pieces with alkylation buffer containing 100 mM iodoacetic acid 

(IAA)  prepared in digestion buffer, incubated in dark at room temperature for 1hr, added 

destaining solution and incubated at 37ºC for 15mins with shaking. 

 

c. Tryptic digestion- 

 We shrunk the gel pieces using acetonitrile, incubated for 15mins at room temperature 

and air-dried the gel pieces for 10-15mins. 

 We swelled the gel pieces by adding activated trypsin, incubated for 15 mins at room 

temperature, added extra digestion buffer and incubated overnight at 30ºC. 
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 We collected the digestion mixture separately and added 1%formic acid to the gel pieces, 

incubated for 5 mins to further extract peptides. Then the extraction solution containing 

formic acid was mixed with the digestion mixture and the solution was coated on plates 

of Mass Spectrometer platform (Applied Biosystems 4800 Proteomics Analyzer).  

 Thereafter we searched the database for identification of protein with mass spectrometry 

data using GPS Explorer (Applied Biosystems) software with MASCOT (Matrix 

Science) search engine. 

Antibody generation  

We emulsified 2 mg/ml purified HSP78 epitope in sterile Freund's complete adjuvant (Sigma) at 

1:1 ratio and injected the emulsion in BALB/c mice foot pad via subcutaneous route ([58]). We 

subsequently injected animals with three booster dosesof 2 mg/ml epitope emulsified in Freund's 

incomplete adjuvant (Sigma), at each 15 days interval. We collected blood from animals one 

month post immunization, and separated the sera by centrifugation at 3000 rpm for 30 mins. We 

then measured the antibody titers by radial immune-diffusion assay (Mancini method). 

 

4.25. Western blot 

We prepared parasite lysate from 10-20 X 107 parasites, macrophage lysate from 2 X 107 

BMDMs and organ lysate from 1 mg spleen or liver ([48]). We lysed the parasites using parasite 

lysis buffer (20 mM Tris, 150 mM NaCl, 1mM MnCl2, 1mM CaCl2, 0.5% Triton X-100, 0.5% 

nonidate P-40, pH-7.4) and macropahges or organs using RIPA lysis buffer [150 mM sodium 

chloride, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 

10 mM Di-thiothretol (DTT), 50 mM Tris, pH 8.0, supplemented with 100 X protease inhibitor 

cocktail (Sigma), and 10 X phospho STOP (Roche)]. After centrifugation, we collected clear 

supernatant from lysate and measured its protein load by Bradford Reagent (Biorad). We 

resolved around 50 μg total proteins in 10% SDS-PAGE, transferred in 0.45 μm nitrocellulose 

membrane (Biorad) using standard Wet Transfer protocol at constant 90V for 90 mins. Then we 

blocked the membranes with 5% bovine serum albumin (BSA) (Sigma) prepared in 1 X TBS 

followed by incubating the membranes with specific primary antibody (prepared in 1:1000 

dilution in 2% BSA added TBS) overnight at 4˚C.  
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Next day, we washed the membranes three times with 0.5% tween 20 added TBS (TBST),  

incubated them in horseradish peroxidase (HRP)-tagged secondary antibody solution (prepared 

in TBST with 1:20,000 dilution) (Sigma) for 45 mins at room temperature, detected the immune-

reactive bands by Luminata Fortè (Thermo) and documented in Gel Doc XR (Biorad). 

 

The details of the antibodies are provided below- 

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) Antibody (#9101), Phospho-p38 MAPK 

(Thr180/Tyr182) (D3F9) XP Rabbit mAb ( #4511), Phospho NF-kB p65 (S536) (ab86299) mAb, 

IRAK1 Rabbit mAb (D51G7),BRD4 (E2A7X) Rabbit mAb,p300 (D8Z4E) Rabbit mAb, 

RabbitRpb1 mAb (D8L4Y), c/EBPβ (#3082), phospho-STAT sampler kit, DC-SIGN mAb 

(D7F5C) and Histone H3 (D1H2) XP Rabbit mAb were procured from Cell Signaling 

Technology (CST, US). 

 Mouse TRAF6 (D-10), rabbit Arginase I (H-52, sc-20150), mouse NOS2 (C-11, sc-7271) and 

mouse IRF1 (E-4) antibodies were procured from Santa Cruz Biotechnology (SCBT, US). Anti-

Siglec-E antibody was procured from R&D systems, MN, USA.  

Rabbit anti-AP1 mAb, rabbit anti-TOMM20, mouse anti-β-Actin mAb, HRP conjugated anti-

rabbit and HRP conjugated anti-mouse antibodies were procured from Sigma Aldrich. 

4.26. Sub-cellular fractionation 

I. Kinetoplastidial fractionation 

 We centrifuged 2-5 X 107 promastigotes at 370g for 10 mins, resuspended the pellet in 10 

packed cell volumes of NKM buffer (1 mM Tris-HCl, 0.13 M NaCl, 5 mM KCl, 7.5 mM 

MgCl2).This step was repeated twice. 

 We resuspended the final cell pellet in 6 packed cell volumes of homogenization buffer 

(10 mM Tris-HCl, 10 mM KCl, 0.15 mM MgCl2, 1 mM PMSF, 1 mM DTT). 

 We homogenized the cells using a glass homogenizer with 30 strokes along with 10 mins 

incubation on ice in between the strokes. 
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 The homogenate was poured in a conical centrifuge tube containing 1 packed cell volume 

of 2M sucrose solution, mixed, centrifuged at 1200g for 5 mins and the supernatant was 

transferred in a fresh tube and the step was repeated twice. 

 We again centrifuged the supernatant at 7000g for 10 mins to pellet mitochondria. The 

supernatant was kept aside as cytosolic fraction. 

 The final mitochondria pellet was resuspended in 3 packed cell volumes of mitochondrial 

suspension buffer (10 mMTris-HCl, 0.25 M sucrose, 0.15 mM MgCl2, 1 mM PMSF, 

1mM DTT) and centrifuged at 9500 g for 5 mins to obtain purified mitochondrial fraction 

([59]). 

 The mitochondrial and cytosolic fractions were subjected to western blotting with the 

antibodies against LdHSP78 and mitochondrial matrix protein TOMM20. 

 

II. Nuclear fractionation 

We isolated nuclear and cytosolic fractions from around 5 X 106 BMDMs ([60]). We lysed 

macrophage by incubating them in nuclear buffer A (10 mM HEPES, 1.5 mM MgCl2, 10 mM 

KCl, 0.5 mM DTT, 0.05% NP-40, protease inhibitor cocktail, pH-7.9) for 10 mins at 4˚C. We 

centrifuged the suspension at 3,000 rpm for 5 min and collected the supernatant as cytosolic 

fraction. We then resuspended and homogenized the nuclear pellet in nuclear buffer B (5 mM 

HEPES, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT and 26% glycerol (v/v), pH 7.9) for 20 

strokes. We then incubated the suspension for 30 mins at 4˚C, centrifuged at 24,000 g for 30 

mins and dissolved the pellet in Laemmli buffer and resolved in 10% SDS-PAGE for western 

blotting. 

 

4.27. Bioinformatics tools- 

 

I. Kinetoplastidial localization analysis by Target P- 
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We analyzed the presence of mitochondrial localization signal peptide in HSP78 protein by 

Target P 2.0 software (http://www.cbs.dtu.dk/services/TargetP/) ([61]). 

 

II. Protein interaction analysis by STRING  

We designed protein-protein interaction network using STRING V 11.0 database (string-

db.org/), where we kept the confidence value 0.4 and FDR value 5% ([62]). 

 

4.28. Immuno-fluorescence confocal (IFC) microscopy 

Parasites- 

We washed 2 X 105 promastigotes/ml wild-type parasites with 1 X PBS and fixed with 4% 

paraformaldehyde (PFA, Sigma) in 1 X PBS for 20 mins at room temperature ([63]). After 

washing off excess PFA, we permealized the cells with 0.3% triton X-100 (Sigma) in 1 X PBS 

for 20 mins, followed by blocking in 3% BSA prepared in 0.05% Triton X-100 added 1 X PBS 

for 1 hr at 37˚C. We then incubated the cells overnight with anti-LdHSP78 containing mouse 

sera (prepared with 1:1000 dilutions in blocking solution) at 4˚C. Next day we washed the 

primary antibodies with three times PBST (0.1% tween 20 added PBS) wash and incubated the 

cells with anti-mouse Alexa Fluor 594 secondary antibodies (prepared in at 1:2000 dilutions) for 

45 min. After five times washes with 1X PBS we immobilized parasites the on poly-L-lysine 

(Sigma) coated glass coverslips and mounted them overnight with Hoescht 33324 (Molecular 

probes, Thermo scientific, USA) and 10 % glycerol in PBS. 

 

Macrophages- 

 

We infected 2 X 105 BMDMs with L. donovani at 1:10 MOI ratio for 24 hrs, removed the culture 

media with 20 mM PBS wash and fixed the macrophages with 4% PFA prepared in 1X PBS for 

10 mins at room temperature. Then we permeabilized the cells for 20 mins with 0.25% Triton-X 

100 (Sigma Aldrich, US) in PBS, washed with PBST and blocked with 1% BSA containing 

http://www.cbs.dtu.dk/services/TargetP/
https://string-db.org/)
https://string-db.org/)
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22.52 mg/mL glycine in PBST for 30 mins. We incubated the cells with primary antibodies 

(1:200 times diluted in blocking buffer) overnight at 4ºC in a humidified chamber. Next day, we 

washed the primary antibodies for three times in PBST and incubated with secondary anti-rabbit-

alexa fluor 488 (AF488, Molecular Probes) and anti-rabbit alexa fluor 647 (AF647, Molecular 

probes) (1:500 time diluted in PBST) for 45 mins ([64]). After vigorous washing with PBS, we 

stained the nuclei with Hoescht 33342 (Molecular probes) for 10 mins. We then mounted the 

coverslips using 10% glycerol in PBS and recorded the images in Leica TCS-SP8 confocal 

microscope. 

We calculated subcellular localization of respective proteins like pp65, BRD4, HSP78 etc. by 

determination of co-localization of nuclear or kinetoplastidial Hoescht 33324 signal and 

respective antibody signals (recorded in 63X magnification). We calculated Pearson correlation 

co-efficient (PCC) and Mander’s Overlap Coefficient (MOC) for the signals using Leica 

Application suite X (LAS X) software from Leica Microsystems. Digital zooming was done 

wherever required and images during image acquisition. 

 

4.29. Atomic force microscopy 

We analyzed the ultra-structure of L. donovani promastigotes before and after deletion of 

LdHSP78 by atomic force microscopy (AFM) ([65]). We fixed 2 X 105 promastigotes with 4% 

PFA for 10 mins and settled them upon poly-L-lysine coated glass coverslips. We washed the 

adhered cells with PBS which is filtered through 0.22 μm filter (Miltenyi biotech, Germany). The 

coverslips were observed using Atomic Fluorescence Microscope (AFM) (Agiland Technology, 

US). 

 

4.30. Cytokine ELISA 

We measured the titers of secreted IL12, TGFβ, TNFα, IL27A and IL10 cytokines in culture 

supernatants of BMDMs using mouse Ready- SET- Go ELISA kits (eBiosciences, Thermo 
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scientific, USA) following the manufacturer’s instruction ([44]). The limit of sensitivity were- 30 

pg/ml for IL10, 15 pg/ml for IL12A, 15 pg/ml IL27A and IL17A, and 8 pg/ml for TGFβ. 

 

4.31. Multicolor flow cytometry 

We infected 2 X 106 BMDMs with L. donovani for 18 hrs, blocked cytokine secretion by treating 

them with 10 μg/ ml Brefeldin A (5mg/ml) (BFA) (MP Biomedicals, US) for 2 hrs. We washed 

the cells with chilled FACS buffer (20 mM PBS-1% FBS) and blocked the extracellular 

CD16/CD32 with anti-mouse FcR antibody for 20 min at 4˚C added in FACS. After that, we 

stained the cells with anti-mouse Cd11b- fluorescein isothio cyanate labeled (FITC) antibody 

(1:100 dilution) (BD biosciences, US) for 1 hr at 4˚C in a dark humidified chamber. Excess 

surface antibodies were removed by washing cells with FACS buffer and permeabilized the cells 

by incubating them with Cytofix/ Cytoperm (BD biosciences, US) for 20 mins at 4˚C in the dark. 

We then washed the excess cells thoroughly with FACS buffer containing 0.1% saponin (Sigma 

Aldrich). Then, we incubated cells with anti-mouse IL10-allophycocyanin (APC), anti-TNFα-

BV650 and anti-mouse IL12-phycoerythrin (PE) (1:100 dilutions) for 1 hr at4˚C in. We removed 

excess stain with three times PBS washes and collected the cells for flow cytometry analysis in 

BD LSR-Fortessa flow cytometer (BD Biosciences, US). We acquired the final signals from 

experimental sets by compensating them with the single stained population and performed 

autopolygon gating of each population after doublet discrimination using BD FACS Diva 

software. We depicted the final population as histogram plots denoting mean fluorescence 

intensity (MFI) for each cytokine ([44]). 

 

4.32. Co-immuno precipitation assay  

We lysed 5X106 macrophages using RIPA lysis buffer and incubated the whole lysate with 

monoclonal antibody, against the desired protein of interest, overnight at 4˚C. We then incubated 

Protein A agarose beads (Sigma Aldrich) with antibody-mixed lysate for 4-5 hrs at 4˚C ([66]). 

We centrifuged down the beads followed by boiling of the bead bound antibody-antigen 

complex. We resolved the mixture in SDS-PAGE and performed western blotting. 
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4.33. Chemical cross-linked chromatin immune-precipitation, semi-quantitative and RT-

PCR 

We chemically cross-linked the chromatins of 10 X 106 BMDMs by addition of  0.75% 

formaldehyde directly to the culture media and rotating it gently for 10 mins at room 

temperature. We then quenched the denaturant with 125 mM glycine and incubated the mixture 

for 5 mins, rinsed the cells with PBS and scraped them off in cold PBS. We lysed cells using FA 

lysis buffer (50 mM HEPES-KOH pH7.5, 140 mM NaCl, 1 mM EDTA pH-8, 1% Triton X-100, 

0.1% sodium deoxycholate, 0.1% SDS and protease inhibitors), fragmented the chromatin DNA 

present in the lysate in 250-500 bp fragments by 10 sonication cycles of 15 sec pulse (50% 

amplitude) with a 45 sec interval for 10 mins. We pre-coated the protein A agarose beads with 75 

ng/ μl sonicated salmon sperm DNA (Thermo scientific), incubated them with antibodies of 

interest overnight at 4˚C. We washed off excess unbound antibodies, mixed the supernatant 

containing chromatin with the bead suspension and incubated for 4-6 hrs at 4˚C. We washed the 

beads with a gradient of salt solution (as mentioned by Cross-linking Chromatin Immuno-

precipitation protocol of Abcam), eluted the bound DNA using 1% SDS, 100mM NaHCO3, 0.5 

mg/ml RNase A solution (Qiagen) and purified it by PCR clean up kit (Qiagen) ([67]).  

For semi-quantitative and RT-PCR we used almost 10 ng antibody pulled DNA and total input 

DNA and primers for the amplification of 250 bp segment of miR146a-5p gene enhancer 

sequence.  We mixed 10 ng pulled DNA, 25 nM forward and reverse primers, 2X DreamTaq 

PCR master mix (Thermo scientific), and nuclease-free water and performed semi-quantitative 

PCR reaction using the following cycle- 95˚C initial denaturation for 1 min, 25 cycles of 95˚C 

denaturation for 30 sec, 48˚C annealing for 30 sec, 72˚C extension for 1 min and 72˚C final 

extension for 7 mins. We resolved the PCR product in 1.5% agarose gel.  

For RT-PCR reaction, we mixed 10 ng DNA, 0.5 μl 25 nM primer pairs of, 5 μl SYBR green 

master mix and nuclease free water and PCR was done in Roche Light Cycler 96. We obtained 

the Ct values for IP DNA and input DNA and calculated the percentage of BRD4 accumulation 

upon miR146a-5p enhancer DNA by percent input method. 
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1% of initial input was used for ChIP, so a dilution factor (DF) of 100 or 6.644 cycles (i.e., log2 

of 100) was subtracted from the Ct value of diluted input.  

Adjusted input Ct = (Raw input Ct-6.644); Percent input= 100*2^ (Adj input Ct- IP DNA Ct). 

 

4.34. Griess assay 

 

We collected culture supernatants from 4 X 106 macrophages after 24 hrs and 48 hrs of indicated 

treatments and hamster serum from retro-orbital plexus blood for determination of the nitric 

oxide level using Griess Reagent.  Briefly we mixed 100 μl culture supernatant with 100 μl of 

Griess reagent (1:1 ratio mixture of 1% sulfanilamide and 0.1% N-(1-naphthyl) ethylene diamine 

dihydrochloride in 2.5% H3PO4) and incubated at room temperature for 10 mins ([68]). We 

recorded the absorbance at 540 nm. A range of 3.25-100 μM sodium nitrite (NaNO2) diluted in 

culture medium was used as a standard.   

 

4.35. Cell viability assay 

 

We determined viability of BMDMs, promastigotes and amastigotes upon treatment with 

different drugs by using MTT tetrazolium salt solution (Sigma) ([69]). We cultured 1 X 106 

promastigotes per well and 2 X 105 BMDMs (uninfected or infected) per well of 96-well plate 

and treated them with vehicle (PBS) as well as different doses of Ap5a (10 mM stock) or amp B 

(100 mM stock) for definite time points. We washed the inhibitor containing media, incubated 

the cells with10 μl of (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) MTT 

solution (10 mg/ml) (Sigma) for 4 hr at 37˚C and terminated the reaction by dissolving the  

purple formazan crystals with 100 μl DMSO (Sigma). We recorded the OD550nm and OD650nm 

where 650nm was reference wavelength. 

 

4.36. Statistical analysis 

All the experiments were performed in biological and experimental triplicates. Statistical 

analyses were performed with one way ANOVA using the Graph Pad Prism Software version 5 
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(Graph Pad Software Inc., La Jolla, CA, USA) ([70]). Significant differences were set at 

*P<0.05, **P<0.01, ***P<0.001. Data points represent error bar showing mean ± SD (standard 

deviation). 

Table 1: List of the primers 

S. 
N
o 

Name of primer Sequence 

1 5' UTR TS (F) GAGGCCACCTAGGCC CTCGAGCGTATCCCACCCCC 

2 5' UTR TS (R) GAGCCACGCAGGCCGGCAACGAGAGATGGCGC 

3 3' UTR TS (F) GAGGCC TCTGT GGCC GCTGCCGCCGTCACCACCGC 

4 3' UTR TS (R ) GAGGCC TGACT GGCC GCGGTGCAACTCGTGATGG 

5 Hyg  (F) GCATCCCCGCCCTGTCATGAAAAAGCCTGAA 

6 Hyg (R) GCCAACATCTTCTTCTGGAG 

7 LdHSP78  flank PCR 
(F) 

CCCCGCCCTGTCATGCTGCGCAGGC 

8 LdHSP78  flank PCR 
(R) 

GGTGGGCCTCGTACTTCTCCT 

9 HSP GFP (F ) 
 

TTAATGGATCCATGCTGCGCAGGCGTCTCGTT 

10 HSP GFP (R)  GCTTAGATATCCTGATCCAGCAGTCGCGCGTCAG 

11 LdGAPDH (F) AAGGCGTGTCTTCCGACTTC 

12 LdGAPDH ( R ) AAGTGCTCGTTCAGCCAGAG 

13 mouse IL-10 ( F ) GTACAGCCGGGAAGACAATAAC 

14 mouse IL-10 ( R ) CTCCACTGCCTTGCTCTTATTT 

15 mouse IL-12a ( F ) GGACCAAACCAGCACATTGA 

16 mouse IL-12a ( R) ACTCTGTAAGGGTCTGCTTCTC 
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17 mouse IL-17a ( F)  CCGCAATGAAGACCCTGATAGA 

18 mouse IL-17a ( R) GCCTCTGAATCCACATTCCTTG 

19 mouse IL-27a ( F) CTCTGAGGTTCAGGGCTATGT 

20 mouse IL-27a ( R) TTCTTCTTCCTCCTCTTCCTCTTC 

21 mouse TGF-β ( F) ACGGAATACAGGGCTTTCGATT 

22 mouse TGF-β ( R) CGGGTTGTGTTGGTTGTAGAG 

23 Mouse GAPDH (F) GCATCTTCTTGTGCAGTGCC 

24 Mouse GAPDH (R) TACGGCCAAATCCGTTCACA 

25 K DNA (F) CTTTTCTGGTCCTCCGGGTAGG 

26 K DNA (R)   CCACCCGGCCCTATTTTACACCAA 

27 Hamster IL-10 ( F) TGCCAAACCTTATCAGAAATG 

28 Hamster IL-10 ( R) AGTTATCCTTCACCTGTTCC 

29 Hamster IFNγ ( F) GCTTAGATGTCGTGAATGG 

30 Hamster IFNγ ( R) GCTGCTGTTGAAGAAGTTAG 

31 Hamster TGFβ( F) GCGGCAGCTGTACATCGA 

32 Hamster TGFβ ( R) GGCTCGTGAATCCACTTCCA 

33 Hamster iNOS( F) ACGAGGCCCAGAGCAAGAGA 

34 Hamster iNOS( R) TGGCTGGGGTGTTGAAGGTC 

35 Hamster GAPDH( F) GGTTGCCAAACCTTATCAGAAATG 

36 Hamster GAPDH( R) TTCACCTGTTCCACAGCCTTG 

37 HSP78 Up Fwd (used 
for BSD int check) 

CTTCGCCGAAGCGCCATCTTTCCTTGCCCCgtataatgcagacc
tgctgc 

38 HSP78 Down Rev GGCGAAGGGACGGCGGTGACGAGAGCAGCGccaatttgaga
gacctgtgc 
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39 5' sg RNA GAAATTAATACGACTCACTATAGGTCCCTTCGCATCTT
CATGTGGTTTTAGAGCTAGAAATAGC 

40 3' sg RNA GAAATTAATACGACTCACTATAGGCGTCCCTCAGCGGA
AGAGACGTTTTAGAGCTAGAAATAGC 

41 G00 primer AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAA
CGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAA
AAC 

42 Reverse primer for 
BSD 

GACGATACAAGTCAGGTTG 

43 HSP78 F  

 

ACATTGCTGAGGTGATTGCC 

 

44 HSP78 R TCTTGCACACCTCCGTCTTA 

 

 

45 HYG flank PCR F GCATCCCCGCCCTGTCATGAAAAAGCCTGAA 

 

46 HYG flank PCR R GCCAACATCTTCTTCTGGAG 

47 PUR flank PCR F GCATCCCCGCCCTGTCATGACCGAGTACAAG 

48 PUR flank PCR R TCAGGCACCGGGCTTGCG 

49 NEO epiORF F AGAGGCTATTCGGCTATGAC 

50 NEO epiORF R CGATGAATCCAGAAAAGCGG 

51 YM-1 F 5’GGGCATACCTTTATCCTGAG 3’ 

52 YM-1 R 5’CCACTGAAGTCATCCATGTC 3’ 

53 FIZZ1 F 5'- TCCCAGTGAATACTGATGAGA-3' 
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54 FIZZ1 R 5'-CCACTCTGGATCTCCCAAGA-3' 
 
 

55 CCR7 F 5′-TCATTGCCGTGGTGGTAGTCTTCA-3′ 
 
 

56 CCR7 R 5′-ATGTTGAGCTGCTTGCTGGTTTCG-3′ 
 
 

57 Arg-1 F 5'-CAGAAGAATGGAAGAGTCAG-3' 
 
 

58 Arg-1 R 5'- CAGATATGCAGGGAGTCACC -3' 
 
 

60 TRAF6 F 5'-ATTTCATTGTCAACTGGGCA-3' 
 
 

61 TRAF6 R 5'-TGAGTGTCCCATCTGCTTGA-3' 
 
 

62 IRAK1 F 5'-GAGACCCTTGCTGGTCAGAG-3' 
 
 

63 IRAK1 R 5'-GCTACACCCACCCACAGAGT-3' 
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CHARACTERIZATION AND GENETIC MANIPULATION 

OF PUTATIVE PARASITE PROTEINS TO EXPLORE 

THEIR ROLE IN PROGRESSION OF VL AND DRUG 

TARGET IDENTIFICATION 
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5.1. Introduction- 

Macrophages are the immune sentinel of the host, so Leishmania donovani promastigotes are 

evolved with unique virulence factors to strategically evade them([5]). Parasite derived 

molecules, that function as potential immune regulators, emphasized till date are, 

glycoproteins like lipophophoglycan (LPG), proteases like Zn dependent matrix 

metalloprotease (gp63), cysteine protease a, b, and c (CPC-a/b/c), Leishmania-activated C-

kinase antigen (LACK), elongation factor 1α (EF1α) etc. ([71], [72], [58], [73], [74], [75]). 

The final outcome of infection highly depends on interaction between these virulence factors 

and macrophage. Early passaged (virulent) parasites can subvert leishmanicidal molecules 

generated inside macrophages like nitric oxide (NO) and reactive oxygen species (ROS) and 

initiate active infection. On the contrary, late passaged (avirulent) parasite can’t subvert host 

protective immune-active components, so they get cleared off by the macrophages. Sinha et. 

al observed that L. donovani genome plasticity contributes to alteration of virulence related 

genes pattern at DNA level ([42]). Additionally, Shadab et.al established that in vitro 

passaging of L. donovani promastigotes in M199 media leads into alteration of the 

expressions of many essential virulence factors at mRNA and protein levels which result in 

significantly lowered infectivity of those parasites ([48]). Dual-RNA sequencing of mouse 

macrophages infected with early passaged (P#2) and late passaged parasites (P#25) allowed 

us to identify those novel virulence factors which might be essential for persistence of 

parasites inside macrophages ([48]).  

In joint collaboration with Dr. Saikat Chakarbarty’s lab we superimposed human macrophage 

proteins with L. donovani amastigotes proteins and designed human-L. donovani interaction 

network (HLDN) that identified a novel parasite protein, namely, Heat Shock Protein 78 

(LdHSP78) (Uniprot ID-LDBPK_020680), a putative casinolytic AAA+ domain containing 

protease B (clpB), as an important interacting protein (IIP) of L. donovani amastigotes ([76]). 

It was found that the protein mediates multiple essential interactions in the host-pathogen 

interactome network. HSP78 is highly conserved in Leishmania sp. genus with no known 

human orthologs (NHO), and encoded by only one exon. We therefore attempted to uncover 

its potential of being a promising therapeutic target against visceral leishmaniasis (VL). 
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A large family of highly conserved proteins that enrich during the physiological stresses 

within organisms, are called Chaperones. HSPs are, one of these molecular chaperones, which 

are well known for management of maturation, activation, translocation and degradation of 

misfolded proteins, generated by lethal heat and pH shock within organisms ([77], [78]). 

Interestingly, heat shock response is a crucial part of the life cycles of some digenetic 

organisms like Trypanosome sp., Plasmodium sp., Leishmania sp. etc., which involve two 

different hosts (vertebrate and invertebrate) to complete their life cycles. Life cycle of L. 

donovani is composed of an extracellular monoflagellated promastigote form that resides 

within the gut of sand fly and intracellular non-motile amastigote form that resides within the 

phagolysosomal vacuole of mammalian macrophage. The sharp upshift of temperature from 

22˚C (sand fly gut) to 37˚C (human macrophages) is accompanied by strong enrichment of 

parasite HSPs. Recent studies have highlighted non-canonical roles of HSPs in management 

of stress faced by different pathogens inside host that ultimately manifests disease 

pathogenesis. In Brucella suis, Campylo bacter jejuni and Salmonella enterica serovar 

Typhimurium, deletion of HSP gene viz. dnaK results in compromised virulence of these 

pathogens in murine model ([79], [80], [81]). Besides bacterial infections, leishmanial 

HSP100 and HSP83 were found to be involved in exosomal transport of different virulence 

factors like gp63 from Leishmania major and L. donovani parasites to macrophages ([82], 

[83]).In protozoan parasites like Trypanosoma evansi, Plasmodium falciparum PfHSP90 was 

found to be involved in resistance generation against generic drugs in malaria and found to be 

enriched in patient blood serum ([84]).  

A major global challenge for anti-leishmanial therapy is overcoming chemo-resistant and 

treatment failure cases arising from treatment with the classical anti-leishmanial agents 

available in market like antimonial salts, amphotericin B, miltefosine, paromomycin, etc.. 

Most of these drugs are repurposed and non-target based. ClpB(s) are one of such molecular 

chaperon which can potentially rescue disaggregated proteins generated during severe heat 

shock. Till date functional study of only one Leishmania ClpB protein, LmjHSP100, has been 

reported in L. major. LmxHSP100 has potentially a significant role for heat stress 

management and LmxHSP100-/- null mutant parasites showed impaired development of 

amastigote stages and were unable to survive inside BALB/c mice ([82]). This instigated us to 
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investigate the essential role of LdHSP78, another Clp protein, in Leishmania virulence and a 

potential target drug target. 

Through NCBI BLAST search based homology analysis we discovered a structural homology 

of LdHSP78 protein with a 78 kDa protein named LmjF27.2630 from L. major and 

Tb927.2.3030 fromTrypanosoma brucei. Structural insights obtained from Thermus 

thermophiles ClpB, indicated a barrel shaped homo hexameric ringformed by six protomers of 

HSP78 in the presence of ATP. Each protomer consists of one N-terminal domain, two 

nucleotide binding domains (NBD1 and NBD2) and a middle coiled coil domain (MD region) 

([82], [85], [76]).  

We characterized enrichment of LdHSP78 mRNA in infected murine bone marrow derived 

macrophages (BMDMs) and three month infected hamsters blood/spleen/liver and VL 

patients’ peripheral blood monocyte (PBMCs), for deciphering the possible involvement of 

HSP78 in VL progression. Thereafter to investigate essentiality of LdHSP78 for disease 

manifestation, we designed transgenic LdHSP78 knock outs L. donovani parasites 

(LdHSP78+/-, LdHSP78-/-) using conventional untranslated region (UTR) mediated 

technology and LmxHSP78 knock out L. mexicana parasites (LmxHSP78+/- and LmxHSP78-

/-) using advance CRIPSR-Cas9 mediated gene manipulation technology. We restored the 

deleted allele by transfecting pXG-GFP(+)-amp+ episome (resKO), which contains complete 

HSP78 open reading frame (ORF) cloned as GFP fusion protein, inside LdHSP78+/- 

parasites. We observed lethality of HSP78 null mutation both in L. donovani and L. mexicana 

promastigotes so, we established essentiality of HSP78 gene by designing conditional knock 

out of LdHSP78 (condKO: HSP78-/-::HSP78-pXG). Additionally, we evaluated virulence and 

immune suppressive capacity of LdHSP78+/- parasites in both murine BMDMs and Syrian 

golden hamsters. By molecular modeling using MODELLER tool (done by Dr. 

Chakarabarty’s lab) we identified that HSP78 has two potential ATP binding pockets and 

hydrolysis of ATP into ADP and inorganic phosphate is crucial for driving the chaperone 

activity of the protein. Therefore we procured ammonium salt of P1, P5-Di (Adenosine-5’) 

penta phosphate (Ap5A) as a potential non-dissociable competitive adducts of ATP via high 

throughput virtual screening (HTVS) method. We compared the cytotoxicity of Ap5A with 
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Amphotericin B (AmB) for healthy BMDMs, promastigotes, and amastigotes over  a broad 

dose range of Ap5A and AmB. We also characterized whether the survival kinetics of Ap5a 

treated promastigotes and LdHSP78+/- promastigotes are following similar trend or not and 

determined their toxicity for host by calculating their selectivity indices (SI index of two 

chemicals were compared following WHO prescribed protocol) to advocate that collateral 

damages by Ap5A is far less than AmB and Ap5A must be possessing some target specific 

activity upon L. donovani. Hence, our study uncovered the role of LdHSP78 as an essential 

parasite virulence factor as well as a novel therapeutic target and its inhibitor Ap5A as a 

promising lead for anti-leishmanial chemotherapy. 

 

5.2. Result 

5.2.1. Involvement of LdHSP78 in VL progression 

 

LdHSP78 is a member of an ATP-dependent casinolytic B (ClpB) protease family, which is 

encoded from L. donovani chromosome no. 2 and and non-orthologous to any human 

proteins. Trans-differentiation of Leishmania parasites from stress-sensitive promastigotes 

stage to stress-resistant amastigotes stage is a rate-limiting step for initiation of infection 

inside host macrophage. ClpB family of HSPs are crucial for dealing with such traumatic 

microenvironment, where they rescue parasites from heat shock-induced apoptosis ([86], 

[87]). Therefore we analyzed the expression of LdHSP78 mRNA during infection both in 

vitro and in vivo. Semi-quantitative PCR of LdHSP78 transcripts from healthy and L. 

donovani infected BMDMs and RT-PCR based quantification of LdHSP78 mRNA from 

peripheral blood, spleen and liver of three month infected golden Syrian hamsters as well as a 

small cohort of VL patient blood samples indicated significantly enriched expression of 

LdHSP78 mRNA during infection (Figure 5.1A, B). These findings suggested a possible 

involvement of LdHSP78 in disease progression. 
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Figure 5.1 Enrichment of LdHSP78 during L. donovani infection. BALB/c mice bone marrow derive 

macrophages (BMDMs) and 6-8 weeks old hamsters (Ham) were infected with wild type (WT) L. 

donovani. (A) Total RNA was isolated from BMDMs, 24 hrs post-infection and semi quantitative PCR 

was performed for LdHSP78 and β- actin (macrophage actin) genes. (B) Total RNA was isolated from 

three months (3M) infected hamster blood, spleen and liver (along with healthy littermates) and healthy 

endemic control and VL patient blood. Real time PCR was performed to quantify the fold change (FC: 2-

ΔΔCt) of LdHSP78 where we used LdGAPDH Ct values to normalize LdHSP78 Ct values. 

 

5.2.2. Generation of HSP78 transgenic parasites  

In order to ratify the importance of HSP78 as an essential virulence factor, we first generated 

HSP78 knock out cell lines using conventional UTR based (Figure 5.2A)  and advance CRISPR-

Cas9 based technologies in L. donovani and L. mexicana cell lines (Figure 5.2M).For UTR 

mediated multiple fragment ligation method we directionally cloned 5’ (997bp) and 3’ (946bp) 

UTRs flanking the LdHSP78 gene (Figure 5.2B, C), at both sides of hygromycin (HYG) (3245 

bp) and puromycin (PUR) (3005 bp) cassettes in pCR-Kan+ construct. For these cloning we used 

specialized primers having SfiI digestion sites, which upon digestion with SfiI, will incorporate 

unique overhangs to each UTR fragment ends (Figure 5.2D, E). We electroporated pacI-

linearized 5397 bp HYG (Figure 5.2F) knock out construct in log phase parasites for generating 

heterozygous knock outs. We maintained a separate WT parasite cell line as mock transfected 

cells (that was transfected with empty vector). We grew LdHSP78+/-:HYG cells in 50 μg/ml 
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hygromycin supplemented M199 and obtained pure LdHSP78+/- clones by isolating single 

colony from the serially diluted LdHSP78+/- cells grown on hygromycin supplemented M199-

Agar media. We scanned the 5’ UTR (997bp) and 3’ UTR (946bp) flanking regions against all 

the 36 chromosomes of L. donovani in order to ensure least off-target effect of UTR mediated 

knock out tool. We found hundred percent sequence identity and coverage match of these two 

UTRs with chromosome 2 loci flanking the LdHSP78 gene (Figure 5.2H), and no sequence 

overlap with any other chromosomes. In LdHSP78+/- cells we electroporated pXG-GFP-HSP78 

episome in order to knock in the deleted allele and we obtained resKO cells (Figure 5.2I-L). 

Literatures suggests that Clp proteins have substantially essential role in virulence and 

persistence of intracellular pathogens like Listeria monocytogenis, Fransicella tularensis, 

Toxoplasma gondi etc. in macrophages ([86]). Hence, we attempted to establish the essentiality 

of LdHSP78 gene by depleting two genomic DNA alleles of HSP78 by successive 

electroporation of 4974 bp PAC cassettes (Figure 5.2G) and 5397 bp HYG (Figure 5.2F), first 

in WT parasites (for null mutation) and then in WT parasites with extra-chromosomal copy of 

HSP78 as pXG-GFP episome (for conditional knock outs). With subsequent passaging in double 

drug selection media, we have observed significant death of null mutant parasites (LdHSP78-/-

:HYG:PAC).  

Genomic DNA PCR and quantitative RT-PCR data suggested more than 80% reduction of gene 

and mRNA load of LdHSP78 (Figure 5.3A, B). Additionally, western blotting with anti-HSP78 

epitope antibodies corroborated with PCR data, suggesting >50% deduction of LdHSP78 protein 

load (Figure 5.3C). 
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Figure 5.2 Generation of HSP78 knock out and overexpression parasites. (A) Diagrammatic 
representation of flanking UTR based multiple fraction ligation method that was used to generate 
LdHSP78 knock out L. donovani parasites. (B) PCR products of HSP78 UTRs, sfiI digested UTRs, SfiI 
digested pBB and pCR-HYG plasmids. We used the yellow arrow marked fragments for generating 
HSP78 deletion construct clone. (C) Colony PCR products of 5’ and 3’ UTR obtained from positive 

colony. (D, E) SfiI digested pCR-HYG and pCR-PUR plasmids isolated from respective positive colonies 
where the yellow arrow indicates presence of both 5’ and 3’ UTR. (F, G) PacI digested and linearized 

HYG and PUR deletion constructs, where yellow arrow indicates the final fragment which we gel purified 
and electroporated in L. donovani parasites. (H) Graphical representation of sequence identity of UTR 
sequences, chosen to delete HSP78, throughout the leishmania genome, where X-axis represents 
chromosomes of parasite, one Y- axis represents the % identity and the another one represents % 
coverage. (I) Detailed diagram of pXG-GFP+ plasmid where HSP78 has been cloned as GFP fusion 
protein and used to rescue the deleted LdHSP78 copy in LdHSP78+/- parasites (resKO). (J) PCR 
amplified product of HSP78 gene (indicated by arrow) at different annealing temperature which was used 
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for double digestion with BamHI and EcoRV followed by cloning in pXG-GFP+ vector. (K) Colony PCR 
of HSP78 gene from the appeared colonies after overnight ligation. (L) BamHI and EcoRV double 
digested product of plasmid obtained from the positive colony, where arrows indicated the correct sizes of 
vector and insert. (M) Diagram representing CRISPR-Cas9 methodology which was used to generate 
LmxHSP78 knock out of L. mexicana parasites. (N) The length of amplicons from LmxHSP78 and 
BLAST cassette, used for PCR based diagnosis of successful replacement of LmxHSP78 with drugs by 
CRISPR-Cas9 technology. (O) Image of agarose gel of 5’ and 3’ sgRNA (final hairpin structure), 

pT_BLAST and pT_PURO plasmids used to generate CRISPR knock out construct. 

 

5.2.3. Antibody generation of against HSP78 epitope and western blot 

We were unable to isolate any genomic material from HSP78-/- mutants as they were non-viable. 

However, conditional knock out cells were viable in presence of episomal HSP78. They hold 

back the episomal copy of HSP78, when we deleted both the genomic copies of HSP78 with 

HYG and PAC. We performed genomic DNA PCR of HYG, PAC, NEO and HSP78 genes and 

found that in presence of NEO gene (which is indicative of pXG-GFP-HSP78 vector); it is 

possible to delete the two copies of HSP78 gene with HYG and PAC replacement cassettes in 

condKO parasites (Figure 5.3D). 

We cloned codon optimized sequence of 127 amino acid long and most immune dominant 

epitope of LdHSP78 for generation of anti-HSP78 antibody (Figure 5.3E). We first checked 

hydrophilicity of the epitope by hydropathy plot in ExPASY (Figure 5.3I) and for ease of 

purification sub-cloned it from pGEX-6P.1 to pET41a-Kan+ by BamHI and EcoRV double 

digestion (Figure 5.3F-H). From pET41a vector we purified the epitope using Ni-NTA based 

affinity purification method (Figure 5.3J-L). 2 mg/ml pure and native epitope was injected in 

footpads of BALB/c mice and sera were collected after three successive immune boosters. We 

first checked the sera for presence of anti-HSP78 by western blotting purified HSP78 protein 

(Figure 5.3M). Further we used these sera for immune blotting of HSP78 in WT, LdHSP78+/- 

and resKO promastigotes and found >50% reduction of protein load in LdHSP78+/- parasites 

compared to WT and resKO cells (Figure 5.3N, O). 

In order to affirm the essentiality of HSP78 in other Leishmania parasites, we deleted 

LmxHSP78 gene from L. mexicana parasites by advanced CRSIPR/Cas9 based technology 
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(Figure 5.2N, O). Similar to LdHSP78 deletion, here also we observed that LmxHSP78-/- 

mutants are non-viable, indicating the plausible essentiality of LmxHSP78 gene in L. mexicana. 

Genomic DNA PCR and western blotting confirmed successful deletion of one allele of 

LmxHSP78 gene by Blasticidin cassette (Figure 5.3P, Q). 
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Figure 5.3 Diagnosis of successful deletion and knock in of HSP78 by PCR and western blot using 
sera of cloned and overexpression epitope boosted animals. (A, B) Semi quantitative and RT-PCR 
based expression analysis of LdHSP78 from WT, LdHSP78+/- and resKO promastigotes and (C) RT-
PCR based expression analysis of LdHSP78 from WT, LdHSP78+/- and resKO amastigotes. (D) PCR 
amplification of LdHSP78, Hygromycin, Neomycin and Puromycin genes from conditional knock out L. 
donovani promastigotes genomic DNA. (E) Amino acid sequence of the most immune-dominant epitope 
region of LdHSP78 was selected by BepiPred 2.0 for antibody generation. (F) Model representing the 
strategy behind subcloning of codon-optimized epitope (sequence has been previously synthesized and 
cloned in pGEX-6P.1) by from pGEX-6P.1 to pET41a. (G, H) BamHI and XhoI double digested pGEX-
6P.1 and pET41a vectors where the yellow tags indicate vector and insert bands. (I) Analysis of 
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hydrophilic amino acid percentage in HSP78 epitope by hydropathy plot. (J) Analysis of protein 
expression in whole and supernatant fractions of pET41a-Epitope transformed E. coli Rosetta cells that 
were induced by 1mM IPTG for 4 hrs. The lanes of 10% SDS-PAGE are Lane1: Uninduced whole 
fraction, 2: Uninduced supernatant fraction, 3: Induced whole fraction, 4: Induced supernatant fraction. 
(K) Extraction of native epitope protein by using different Nonidet P-40 percentages. The lanes of 10% 
SDS-PAGE are- Lane1: Uninduced whole fraction, 2: Uninduced supernatant fraction, 3: Induced whole 
fraction treated with0.1% NP-40, 4: Induced supernatant fraction treated with 0.1% NP-40, Lane5: 
Induced whole fraction 0.5 % NP-40, 6: Induced supernatant fraction 0.5 % NP-40.  (L) The lysate treated 
with 0.5% NP-40 was ultracentrifuged and we purified the epitope from supernatant using Ni-NTA resin 
based purification. Lane1: Before load from 0.5% NP-40 treated supernatant, Lane 2: Flow Through of 
the supernatant after bead binding, Lane 3: Bead wash volume, Lane 4: elution fraction with 300 mM 
imidazole, Lane 5: elution fraction with 500 mM imidazole Lane 6: elution fraction with 1M imidazole.  
(M) Western blotting of purified epitope with sera (1:2000 times diluted) isolated from BALB/c mice, 
immunized with 2 mg/ml purified epitope. (N, O) Western blot of LdHSP78 from lysates of uninfected 
BMDMs and BMDMs infected with WT, LdHSP78+/- and resKO parasites, where the graph represents 
the densitometric values of three similar blots. (P) Agarose gel image of PCR products of LmxHSP78 and 
Blasticidin (BLAST) genes obtained from WT and LmxHSP78+/- L. mexicana promastigotes. (Q) Westrn 
blot image of LmxHSP78 protein from WT and LmxHSP78+/- promastigotes lysates. 

 

5.2.3. Chaperone like activity of LdHSP78 

We mimicked the phagosomal microenvironment inside host macrophage, for understanding 

the role of HSP78 in macrophage stress management. We cultured axenic L. donovani 

promastigotes in M199 having pH 4.0 and pH 5.5 at 37˚C. We found that LdHSP78 mRNA 

expression increased 40-fold at pH 4.0 and 50-fold at pH 5.5 compared to that of pH 7.0 and 

22˚C temperature (Figure 5.4A). Besides this we analyzed growth rate of all three 

promastigotes cell lines (WT, LdHSP78+/-, resKO) which inveterate that genetic 

manipulations did not hamper the normal growth cycle of the parasites at 22 ˚C at pH 7.5 in 

M199 media (Figure 5.4B). Interestingly, we observed impaired growth cycle of LdHSP78+/- 

promastigotes at pH 4.0 and 5.5 in M199 media at 37˚C compared to that of WT and resKO 

cells, indicating that deletion of HSP78 majorly disturbed stress management of parasites in 

amastigote-like condition (Figure 5.4C). These findings confirmed chaperone like activity of 

LdHSP78 and its essentiality for development of amastigotes. 
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These data collectively denoted that HSP78 is a canonical chaperone of L. donovani that have 

role in host-induced stress management, contributing in infection progression during active 

VL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Evaluation of chaperone like properties of LdHSP78 in L. donovani promastigotes. (A) 
RT-PCR data representing fold changes (FC) of LdHSP78 gene expression at RNA level in promastigotes 
grown under different pH and temperature. The data has been normalized using LdGAPDH. (B, C) Cell 
viability of WT, LdHSP78+/- and resKO promastigotes at 22˚ and pH-7.4 for different time days at 37˚C 
and different pH for 5 days, represented in log10 scale of promastigotes number per ml media.  
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5.2.4. Effect of LdHSP78 deletion upon morphology and infectivity of parasites 

We designed transgenic HSP78 knock out parasites in order to study the effect of HSP78 

depletion upon entry and establishment of parasite infection in vitro and in vivo. Before infecting 

BMDMs and animals with transgenic cells we purified metacyclic promastigotes and performed 

bright field microscopy and atomic force microscopy (AFM) based morphological analysis of the 

metacyclic stage of three parasite cell lines. 

We purified metacyclics by lipophosphoglycan (LPG)-independent Ficoll density gradients 

method as described in materials and method section (Figure 5.5A). Phase contrast micrographs 

clearly denoted that in 6-9 days  culture of WT, LdHSP78+/- and resKO promastigotes were 

enriched with >60% metacyclics promastigotes (Figure 5.5B). In our study we analyzed 

expression of LdSherpin for checking the purity of isolated metacyclics. RT-PCR showed 

comparable LdSherpin gene expressions in all the three cell lines (Figure 5.5C). Thus, we 

ensured that all the following infections were carried out with stationary phase metacyclic 

parasites only. 

Besides bright field microscopy, we performed AFM based analysis of surface morphology of 

WT and LdHSP78+/- parasites. Height and smoothness analysis of both two- and three-

dimensional AFM images indicated negligible effect of LdHSP78 deletion upon surface 

morphology and ultrastructure of parasites (Figure 5.5D).  
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Figure 5.5 Effect of LdHSP78 deletion upon metacyclic promastigotes morphology. (A) Overview of 
ficoll density gradient technology that was used to purify infective metacyclic stage of WT, LdHSP78+/- 
and resKO L. donovani promastigotes. (B) Bright field images of WT, LdHSP78+/- and resKO 
metacyclic promastigotes obtained using 63X oil immersion objective, (scale bar- 10μm). (C) RT-PCR 
based expression analysis of LdSherpin gene for confirmation of purity of metacyclic stages, where 
LdGAPDH was used as internal control. (D) Atomic force micrograph images (2D and 3D) along with 
surface topology scanning of WT and LdHSP78+/- metacyclics. Here the graphs represent average 
surface smoothness. 

 

5.2.5. Effect of LdHSP78 depletion upon cytokines profile of infected BMDMs 

We next assessed cytokine profile of BMDMs infected with either of WT, LdHS78+/- and 

resKO parasites by RT-PCR and ELISA. During L. donovani infection, anti-inflammatory 
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cytokines like IL10, TGFβ, IL27A etc. induce arginase 1 (arg1) expression which converts L-

arginine into L-orthinine that functions as nutrient for parasite survival ([88], [51], [89]).  We 

observed that in LdHSP78+/- infected BMDMs, anti-inflammatory cytokines like TGFβ (Figure 

5.6A, E), IL10 (Figure 5.6B, F), and IL27A (Figure 5.6C, G) got depleted with subsequent 

enrichment of pro-inflammatory cytokines like IL12A (Figure 5.6D, H). Taken together these 

findings indicated that parasites were unable to stimulate immune-suppression upon partial 

depletion of LdHSP78 gene, suggesting a potential role of LdHSP78 as virulence factor. 
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Figure 5.6 Effect of HSP78 depletion upon cytokine profiling of BMDMs. BMDMs were infected 
with wild type (WT), LdHSP78+/- and resKO promastigotes. Total RNA has been isolated 24 hrs post 
infection from the cells and culture supernatant has been collected for cytokine ELISA. (A-D) Titer of 
TGFβ, IL10, IL27A and IL12A mRNAs were obtained by RT-PCR and represented as fold change (FC), 
where β-actin served as control gene. (E-H) The level of secreted TGFβ, IL10, IL27A and IL12A were 

measured by sandwich ELISA and represented here as scattered diagram. 
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5.2.6. Effect of LdHSP78 depletion upon MAPK and iNOS pathway 

Extracellular signal-regulated kinase 1/2 (ERK1/2) and p38 mitogen-activated protein kinase 

(MAPK) are the two main MAPKs involved in cytokine and nitric oxide biosynthesis from L. 

donovani infected macrophages ([90]).WT parasites induces phosphorylation of ERK1/2 at 

Thr202/Tyr204 amino acids (Figure 5.7A and E) with downregulation of p38 phosphorylation 

at Thr180/Tyr182 amino acids (Figure 5.7Band F). On the contrary, phospho-p38 level 

significantly increased in LdHSP78+/- parasite-infected macrophages (Figure 5.7A and E) with 

concomitant depletion of pERK1/2 level. In agreement with the MAPK profile, LdHSP78+/- 

infection caused decreased expressions of Arg1 (Figure 5.7C and G) with subsequent 

enhancement of iNOS level (Figure 5.7D and H). Nitric oxide profiling from culture 

supernatants, 24 hrs and 48 hrs post-infection by Griess reagent, corroborated with iNOS 

expression profile. It suggested that nitric oxide level enriched in BMDMs infected with 

LdHSP78+/- parasite (Figure 5.7I). Upon addition of LdHSP78 episomal copy, virulence and 

immune-suppressive nature of parasites restored successfully.  
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Figure 5.7 Effect of LdHSP78 deletion upon macrophage MAPK and nitric oxide biosynthesis. 
Immuno-blotting was performed from WT, LdHSP78+/- and resKO infected BMDM lysates in order to 
check the expressions of MAPKs like (A, E) phospho-ERK1/2, total ERK1/2 (B, F) phospho-p38 and 
total p38 MAPK. Expressions of nitric oxide biosynthesis mediators like (C, G) Arginase 1 (Arg1) and 
(D, H) induced nitric oxide synthase (iNOS) were analyzed along with griess assay of (I) nitric oxide titer 
in BMDM culture supernatant.  (E, H) the scattered plots represent the densitometric values of the 
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immunoreactive bands of each protein which are normalized against either total MAPK (for A and B) and 
β- actin (for C and D). 
 

5.2.7. In vivo infection profile of LdHSP78+/- in golden Syrian hamsters 

For establishing the role of LdHSP78 in disease progression, it was essential to compare the 

outcome of infection and pathophysiology of infection with WT, HSP78+/- and resKO parasites. 

Golden Syrian hamsters are the best model that can mimic human VL symptoms, therefore we 

infected 6-8 weeks old hamsters with the WT and transgenic parasites. Three months post 

infection,  we observed that WT and resKO  infected hamsters exhibited progressive active VL 

related symptoms like spleno- and hepatomegaly with concomitant increase in organ weight 

(Figure 5.8A).We calculated organ parasite burden by LDU (amastigotes/ 1000 nuclie) counting 

of spleen and liver stamp smears. We found that WT and resKO parasites resulted in higher 

splenic and hepatic macrophage parasite loads compared to the LdHSP78+/-infection (Figure 

5.8B). Moreover, severe decline in parasite burden was also observed from LDA of LdHSP78+/- 

(103parasites/mg organ) infected animals compared to WT (1010 parasites/mg organ) and resKO 

(1015 parasites) infected groups (Figure 5.8C). 
 

To further establish correlation between HSP78 deletion and decreased fitness of L. donovani 

parasites, we performed RT-PCR for k-DNA using organ genomic DNA as template and 

prepared the standard curve using Ct values obtained from k-DNA amplified using genomic 

DNA of L. donovani promastigotes (Figure 5.8D). We extrapolated the Ct values obtained from 

experimental sets upon the standard curve and found decline of parasites burden in LdHSP78+/- 

parasite infected animal blood, spleen and liver compared to WT and resKO infected ones 

(Figure 5.8E). We further supported our findings with RT-PCR based expression analysis of 

LdHSP78 transcripts in blood and organs and found that LdHSP78 expression severely declined 

in LdHSP78+/- infected animals compared to the WT and resKO parasites infection (Figure 

5.8F). 
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Figure 5.8 Infection capacity determinations of L. donovani parasites after deletion of LdHSP78 
gene in hamster model. (A) Images of spleen isolated from hamsters infected with either of WT, 
LdHSP78+/- and resKO L. donovani parasites for three months (p.i.- post infection) along with 
corresponding images of Geimsa stained spleen stamp smears. (B) Leishman donovan unit (LDU) 
obtained by counting of Geimsa stained spleen and liver stamp smears from n=3 animals per group. (C) 
Limiting dilution assay (LDA) of 1mg/ml infected hamster spleen and liver suspension (from n=3 animals 
per group) which represents the number of transformed promastigotes in log10 scale along the Y-axis. (D) 
Standard curve of Ct values obtained by k-DNA PCR from parasite genomic DNA. (E) Kinetoplastidial 
DNA (k- DNA) based determination of parasite count in blood, spleen and liver of WT, LdHSP78+/- and 
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resKO infected hamsters. (F) RT-PCR based expression fold change (FC) of LdHSP78 gene in blood, 
spleen and liver RNA of hamsters, where LdGAPDH is used as control gene. 

 

5.2.8. Effect of LdHSP78 depletion upon cytokines and nitric oxide expression profiles of 
infected Hamsters 

Efficacious establishment of L. donovani infection in animals largely correlated with higher Th2 

cytokines (IL10, TGFβ etc.) and lower Th1 cytokines (IL12A, IFN-γ etc.) expression patterns 

([91]). Analysis of mRNA expression profiling suggested that 12 weeks post infection, IL10 and 

TGFβ got exhausted (Figure 5.9A, B) whereas IFN-γ (Figure 5.9C) got significantly enriched in 

blood, liver and spleen of LdHSP78+/-infected animals. Cytokine ELISA from animal blood 

(isolated at different time intervals, post infection) also corroborated with the RT-PCR data, 

indicating that IL10 level dropped and IL12 up regulated duringLdHSP78+/-infection, which got 

completely restored with resKO parasites infection (Figure 5.9D, E). Moreover it was observed 

that iNOS expression was higher in LdHSP78+/-infected animals compared to the WT and 

resKO infections (Figure 5.9F). Subsequently, griess assay validated temporal enrichment of 

nitric oxide in LdHSP78+/-infected animal sera (Figure 5.9G). These studies denoted that in in 

vivo systems enhanced Th1 cytokines and nitric oxide levels conceivably lead to annulment of 

LdHSP78+/- infections. 
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Figure 5.9 effect of LdHSP78 deletion upon different immune-regulatory cytokines in infected 

hamsters. (A-C) Fold changes (FC) of IL10, TGFβ and IFNγ mRNA, in blood and spleen and liver of 

infected hamsters, determined by RT-PCR. (D, E) Titer of IL10 and IL12 measured using cytokine 

ELISA from blood collected at different time points from infected hamsters. (F, G) Expression of iNOS 

and nitric oxide from organs and blood isolated at different time intervals from infected hamsters. 
 

 

5.2.9. Identification of LdHSP78 inhibitor Ap5A and analysis of its anti-leishmanial 

efficacies 

 

In joint collaboration with Dr. Saikat Chakrabarty’s lab, we have performed high through put 

virtual screening (HTVS) and identified Ap5A ammonium salt as a potential LdHSP78 inhibitor 

molecule. We assessed the cytotoxicity of the salt upon WT, LdHSP78+/-and resKO 

promastigotes cell lines using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) reduction assay and calculated the half maximal inhibitory concentration (IC50). Ap5A is 

a structural analog of ATP. Parasites are enriched with multiple ATP-dependent proteins that are 

as crucial as LdHSP78 for survival; therefore, Ap5A might exert nonspecific effects on the 

promastigotes. We found that Ap5A exhibited IC50:14.5± 1.92 μM for WT parasites and IC50: 

0.25± 0.077 μM for LdHSP78+/-parasites which suggested that the LdHSP78+/- parasites 

exhibited higher sensitivity against Ap5A treatment. After over expression of HSP78 allele, 

resKO promastigotes regained the resistance against Ap5A with an IC50 equivalent to WT (IC50: 

15.0 ± 0.90 μM) (Figure 5.10A).  

To further emphasize on the specificity of Ap5A upon LdHSP78, we compared the growth 

response of LdHSP78+/-and Ap5A treated WT promastigotes under pH and temperature stressed 

conditions. Ap5A treatment closely mimicked the growth pattern of the promastigotes with 

partial depletion of LdHSP78. Inhibitor treatment enhanced sensitivity of WT promastigotes 

towards physiological stresses, similar to that of LdHSP78+/-phenotype (Figure 5.10B). These 

findings cumulatively indicated that Ap5A is probably specific for LdHSP78 of the 

promastigotes.  

Infected macrophages were treated with vehicle control (20 mM phosphate buffered saline, PBS) 

and range of Ap5A dosages from 1 μM to 15 μM to understand the leishmanicidal efficacy of 
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Ap5A upon amastigotes.IC50 dose of Ap5A for amastigotes was 0.8± 0.18 μM (Figure 5.10C). 

Furthermore, sensitivity of WT, LdHSP78+/-and resKO amastigote for Ap5A was determined to 

nullify the nonspecific effect of Ap5A on the amastigotes as well. IC50 of Ap5A for WT 

infection was 1.00 ± 0.24 μM and that of LdHSP78+/- amastigotes was 0.7 ± 0.15 μM. Similar 

to resKO promastigotes, resKO amastigotes also regained resistance against Ap5A (IC50: 1.2 ± 

0.14 μM) (Figure 5.10D). However, IC50 of Ap5A for healthy BMDMs was 90 ± 1.55 μM which 

was indicative of its poor toxicity against host cells (Figure 5.10E). 

Next, in order to confirm the selective toxicity of Ap5A against parasites we have compared the 

IC50 and selective inhibitory values (SIs) of Ap5A with that of amphotericin B (AmB). We found 

that WT, LdHSP78+/- and resKO cell lines have almost comparable sensitivity, i.e., IC50 for WT 

is 0.5 ± 0.12 μM, for LdHSP78+/- is 0.45 ± 0.13 μM and for resKO is 0.56 ± 0.07 μM (Figure 

5.10F).  

The cytotoxicity assay revealed that IC50 of AmB for promastigotes was lower than Ap5a (AmB 

IC50 for promastigote: 0.5± 0.12 μM), but the IC50 for the two chemicals were almost similar 

(AmB IC50 for amastigotes: 1.25± 0.59μM and Ap5A IC50 for amastigotes: 0.8± 0.18 μM) 

(Figure 5.10G). Nevertheless, AmB is well known to exert non-specific cytotoxicity upon 

healthy macrophages. Here also we observed that the IC50 value of AmB for healthy BMDM 

(IC50: 0.4± 0.19μM) is almost in close range to that of amastigotes (Figure 5.10 H). We further 

compared the SI values for two AmB and Ap5A following the guidelines of World Health 

Organization (WHO) (SI = IC50 for BMDMs / IC50 for amastigotes). We found that SI value of 

Ap5A (SI Ap5A:112.5) was quite higher than that of AmB (SI AmB: 0.8). These data indicated 

that Ap5A is a promising anti-leishmanial agent which exerts plausible target-efficacy. 
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Figure 5.10- Comparison of anti-leishmanial efficacy of Ap5A with amphotericin B (AmB). (A, F) 

Viability of wild type (WT), LdHSP78+/- and resKO L. donovani promastigotes and (E, H) healthy 

BMDMs have been assessed at different doses of Ap5A and AmB by MTT reduction assay. (B) 

Survivality of WT and LdHSP78+/- promastigotes under different temperature and pH stresses have been 

analyzed using MTT reduction assay. (C, G) Anti-leishmanial efficacy of Ap5A and AmB has been 

compared against amastigotes at different doses. (D) Susceptibility of WT, LdHSP78+/- and resKO 

amastigotes towards Ap5A has was analyzed to establish the specificity of Ap5A against HSP78 protein 

in vivo. 

 

5.3. Discussion 

 
VL is lethal most NTD which might lead into death of the patients in one year if left untreated. 

However potential issues of overcoming relapse and treatment failure cases of VL arise from 

toxicity, high cost and resistance generation against most of the available antileishmanial drugs 

in market. Moreover till date most of the known anti-leishmanial drugs are repurposed and exert 

huge non-specific side effects upon the host, leading to the difficulties of administering them in a 

regular dose. In the post-genomic era, with advancement of genomic and proteomic fields, it is 

now possible to identify essential virulence proteins of parasites and prioritize structure-based 

inhibitors against such proteins.  
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By engaging HLDN, we identified a putative AAA+ clpB protease, LdHSP78, as an essential 

interacting protein for amastigotes and discovered its potentiality for being an ideal therapeutic 

target. We established its enrichment in L. donovani infected BMDMs as well as hamster blood 

and organs and VL patients’ peripheral blood. In order to be a good drug target, its necessary to 

prove whether the protein is essential for survival of the parasite and for exerting immune 

suppression in host. So using conventional UTR based as well as advanced CRISPR/Cas9 based 

methods we generated Ld/LmxHSP78+/- and Ld/LmxHSP-/- conditional knock outs of L. 

donovani and L. mexicana parasites. Null mutants of LdHSP78 and LmxHSP78 were lethal but 

conditional knock outs of LdHSP78 were viable which warranted the essentiality of the gene for 

parasite survival.  We found that LdHSP78+/- parasites lack infectivity both in in vitro and in 

vivo infection models as well as they cannot up regulate macrophage ERK1/2 MAPK and down 

regulate p38 MAPK alike WT and resKO parasites. Subsequently from infected BMDMs and 

hamster organs, the heterozygous parasites got cleared off by nitric oxide in a pro-inflammatory 

cytokines dependent fashion. After we determined that LdHSP78 is an essential virulence factor, 

we next proceeded for virtual screening of potential drug-like candidates against the protein. 

HSP78 is an ATP dependent clpB protease. It is prerequisite that two ATP molecules bind at the 

respective NBD domains of HSP78 protein for proper functioning. By employing HTVS, we 

screened out AP5A which is structural non-dissociable analogue of ATP. We therefore 

established that compared to the generic anti-VL drug AmB, Ap5A has comparable anti-

leishmanial effect at a dose which is totally non-toxic to healthy mammalian macrophages. 

Therefore we could propose that Ap5A can be a promising and highly specific anti-leishmanial 

therapeutics in future which will have negligible side effects upon the host. 

 

5.4. Conclusion- 

In this study we took a multidimensional approach for identification of novel therapeutic target 

protein from L. donovani. We explored for the first time the significance of parasite clpB 

chaperone HSP78 as a highly conserved essential virulence factor for parasite which plays an 

indispensable role in instituting active VL. Next we screened the structural analogue of ATP as a 

potential inhibitor HSP78 inhibitor and established that the molecule exhibits highly specific 
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anti-leishmanial efficacy which is comparable to generic antileishmanial drug amphotericin B 

and exerts no collateral damage on the host. In summary, we discovered that targeting ATP-

dependent HSP78 with a pharmacological inhibitor can open a new avenue for therapeutic 

interventions against VL and bypass the issues of toxicity of repurposed drugs (Figure 5.11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11- Graphical diagram showing LdHSP78 as essential virulence factor of L. donovani 
which can become a promising therapeutic target for VL. 
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 CHAPTER II 

 

RNA-SEQ BASED IDENTIFICATION OF SMALL RNA IN 

INFECTED MACROPHAGES AND THEIR ROLE IN 

REGULATING DIFFERENT IMMUNE CROSS TALKS TO 

REGULATE MACROPHAGE POLARITY AND PLASTICITY 

FOR DISEASE PROGRESSION 
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6.1. Introduction- 

The major obstacle for successful VL eradication stems not only from unsuccessful therapeutics 

but also from the life-long immune suppression of host induced by parasites. L. donovani 

sabotages different immune-regulatory factors of host macrophage in order to colonize and 

establish a chronic infection ([92]). Recent studies highlighted that, for successful infection 

establishment, similar to the plastic nature of Thelper (Th) cells, macrophage plasticity plays a very 

crucial role. In response to different environmental stimuli, macrophages transform between 

distinct functional forms, i.e., classically activated (M1) or alternatively activated (M2) forms, 

which attribute to either clearance or establishment of infection respectively ([38]). Bone marrow 

derived macrophages (BMDMs), stimulated with toll like receptor (TLR) agonists like 

lipopolysaccharide (LPS) and Th1 cytokine like interferon γ (IFN γ), transform into M1 type 

which has leishmanicidal properties. On the contrary, BMDMs cultured in presence of Th2 like 

cytokines like interleukin 4 (IL4) and interleukin 13 (IL13), transform into M2 type which 

promotes parasite growth inside macrophages ([93]). M1 and M2 macrophages largely differ in 

surface markers, transcription factor and cytokine expression profiles.  

It is well known that for successful propagation of infection, L. donovani triggers Th2 cytokines 

expression which induces M2 macrophage formation by upregulation of IL10 and Arginase 1 

(Arg1) gene. These macrophages are characterized by surface markers like C-C Motif 

Chemokine Receptor 7 (CCR7), chitinase 3 like-3 (YM-1), Resistin-like molecule alpha or found 

in inflammatory zone protein (FIZZ1). Besides these markers, transcription factors like 

phosphorylated signal transducer and activator of transcription 6 (pSTAT6), CCAAT/enhancer-

binding protein beta (c/EBPβ) etc., get enriched in M2 macrophages. M2 macrophages have 

suppressed expression of induced nitric oxide synthase (iNOS) which leads into reduced level of 

nitric oxide, the major anti-leishmanial weapon of macrophages and supports parasite growth 

([38]). 

In M1 macrophages, expression of protective cytokines like IL12A and tumor necrosis factor α 

(TNFα), transcription factors like nuclear factor κ beta (NF-κB), pSTAT1, Interferon Regulatory 

Factor 1 (IRF-1), Activator protein 1 (AP-1) get augmented which subsequently aid in iNOS 

transcription and NO generation for parasite clearance. Besides self-clearance of infection, M1 
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macrophages function as major antigen presenting cells (APCs) and bridge with adaptive 

immune cells to stimulate IFN-γ secretion from CD8+ T cells by presenting leishmanial antigens. 

By forming a feedback loop, IFN-γ in turn helps conversion of M2-type to M1-type and induces 

iNOS synthesis from these M1 macrophages ([94], [95]). However apart from different 

transcription factors, important roles of different microRNAs (miRNAs) in regulating some of 

the aforementioned transcription factors related to macrophage polarization are recently being 

highlighted ([96]). 

Micro RNAs are 20-22 nucleotides long non-coding RNAs that post-transcriptionally regulate 

gene expression, either by mRNA degradation or translational repression via preferentially 

binding to 3’ untranslated region (UTR) of target mRNA. Recent studies revealed that miRNAs 

are among the key determinants of macrophage activation, inflammation, and polarization. 

Macrophage miRNAs dictate both initiation and resolution of inflammation during different 

infections ([97], [98]). miRNAs reportedly play crucial role in pathophysiology of different 

diseases like cancer, tuberculosis, cardiovascular diseases etc. Multiple groups reported 

enrichment of different groups of miRNAs in VL patient peripheral blood monocytes (PBMCs) 

and THP-1 cells infected with L. donovani by small-RNA sequencing ([99]). In Leismania 

amazoniensis infected macrophages, parasites target TLR pathway mediators via up regulating 

let-7e miRNA ([100]). These findings cumulatively denoted a significant involvement of 

miRNAs in regulation of macrophage polarization during Leishmania sp. infection, which we 

further explored from both mechanistic and molecular perspective. 

We have undertaken small RNA sequencing of BALB/c mice BMDMs infected with either early 

passaged/virulent (A2- 2nd passage) or late passaged/avirulent (A25-25th passage) L. donovani 

parasites. We found differential enrichment of a group of immune regulatory miRNAs in A2 and 

A25 infected BMDMs from where we have chosen miR146a-5p, miR26b-5p, miR181a-5p and 

miR125a-5p for further screening. These miRNAs were previously reported to have some key 

role in different macrophage polarization regulating pathways. Therefore to have an idea about 

how L. donovani affects the global landscape of macrophage polarity regulating miRNAs, we 

have further performed RT-PCR based differential enrichment analysis of these four miRNAs in 

in vitro infection model and found that miR146a-5p showed maximum enrichment. In our further 
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study we affirmed involvement of miR146a-5p in regulating L. donovani infection induced M2 

polarization both in in vitro and in vivo infection model.  

miR146a-5p is encoded by LOC285628 gene located on human chromosome number 5 and 

mouse chromosome number 11. Previous studies enlightened that miR146a-5p induces M2 

polarization of RAW 264.7 macrophages via targeting TNF receptor associated factor 6 

(TRAF6) and interleukin-1 receptor-associated kinase 1 (IRAK1) ([101]). TRAF6 and IRAK1 

are the key mediators of immune-activating TLR4 pathway. Moreover miR146a-5p also targets 

TGFβ pathway in TRAF6/SMAD7-dependent manner and TLR4 pathway in Notch1-dependent 

for persuading M2 profile of macrophages ([102], [103]). But, till date the mechanism behind 

how miR146a-5p induces M2 polarization of L. donovani-infected macrophages via targeting 

TRAF6-IRAK1-NF-κB axis is still elusive. 

During our course of study we observed persistent enrichment of mature miR146a-5p pool in L. 

donovani infected BMDMs and BALB/c mice organs which subsequently tilts the functional 

profile of parasite infected macrophage towards the M2 type. Our unique approach of in vivo 

neutralization of mature miR146a-5p with synthetic inhibitor also corroborated the obligatory 

role of miR146a-5p for in vivo infections mediated immune suppression. 

An upcoming group of studies enlightened that during chronic endotoxic shock with LPS, 

miR146a encoding genes falls under the transcriptional check by a spectacular cis-acting element 

known as super-enhancer complexes (SEs) ([104], [105]). Young et al. first detected such SE 

like structure upstream of some unique developmental genes which are combination of multiple 

enhancers ([106]). These SEs are categorized by their long length (>20 kbp), forte of persuading 

strong transcription and are occupied by unique transcription factors like BET bromo domain 

protein 4 (BRD4), RNA polymerase II, p300 histone acetylate transferase (HAT). These SEs are 

mainly marked by transcriptionally activating histone modification patters (H3K27Ac) ([107]). 

Additionally an emerging correlation of SEs with tumor related non-coding RNAs (ncRNA) are 

coming in lime light which instigated us to explore the involvement of SEs like elements in 

infection induced miRNA transcription ([108]). We observed enhanced expression and nuclear 

translocation of SE complex mediators like BRD4, RNA pol II (RpbI) and p300 in infected 

macrophages. Therefore by transient silencing of BRD4 with enhanced siRNA we found a 
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corroboration of BRD4 level with infection induced M2 profile of macrophages. Interestingly 

chromatin immune precipitation identified enhanced accumulation of BRD4 protein at enhancer 

region upstream of LOC285628 gene at chromosome number 11 of BALB/c mice genome, 

which encodes for miR146a-5p transcripts. In a nutshell, our study established a novel role of 

super-enhancer protein complex in maintaining persistent miR146a-5 expression during L. 

donovani infection which subsequently drives M2 polarization of infected macrophages. 

6.2. Result- 

6.2.1. Global dynamics of polarity regulating miRNAs in infected BMDMs 

We validated correlation of parasite virulence with macrophage polarity by performing small-

RNA sequencing of A2 and A25 infected BMDMs, 18 hrs post infection. More than 30 million 

raw reads for uninfected, A2 and A25 infected BMDMs were obtained which were further 

cleaned and processed with cutadapt version 2.0. Single end 50 base pair library was finally 

obtained which yielded more than 80 million high-quality reads from all the samples. The small 

RNAs were aligned against Mus musculus (mm10) using UCSC genome browser and differential 

expressions (DE) of known and novel miRNAs were obtained. 

We obtained edgeR for differential expressions of all the known miRNAs from three different 

samples using miARma-seq, were p values were calculated following negative binomial 

distribution. Three lists of miRNAs were obtained from uninfected (Acon), A2 infected and A25 

infected BMDMs which have padj value <0.05. In A2 infected BMDMs, total 11 miRNAs have 

shown significant fold changes where 6 miRNAs were up regulated and 5 were down regulated 

compared to Acon. Whereas in the A25 infected BMDMs, 14 miRNAs were significantly 

upregulated and 11 miRNAs were significantly down regulated compared to Acon.  

However, a huge population of known miRNAs were obtained which had fold changes value that 

did not qualified the criteria of significance, as our small RNA-seq data had no replicates. 

Therefore we have performed a manual screening of previously known polarity regulating 

miRNAs ([96]) from the total list, irrespective of the fact whether their fold changes are 

significant or not and separately performed RT-PCR based analysis of their fold changes. We 

screened total 36 known macrophage polarity regulating miRNAs which showed differential 
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expression in A2 and A25 infected macrophages compared to Acon (Figure 6.1A and B, Table 

2 and Table 3). We have calculated the ratio of the fold changes of these 36 miRNAs obtained 

from A2 and A25 infected macrophages to identify the miRNAs which are significantly up and 

downregulated during early passaged parasite infection compared to the late passaged ones 

(Figure 6.1C, Table 4). From this list we have shortlisted four well-known immune-regulatory 

miRNAs- miR146a-5p, miR181-5p, miR125a-5p and miR26b-5p for further real-time PCR (RT-

PCR) based validation in L. donovani infected BMDMs. RT-PCR data suggested that M2 

polarity regulating miRNAs like miR146a-5p, miR125a-5p and miR181a-5p got upregulated 

([102], [109], [110]) and   M1 regulating miRNAs like miR26a-5p got down regulated  ([111]) in 

infected BMDMs compared to the uninfected ones (Figure 6.2A). Amongst these miRNAs, we 

have found maximum change of expression in miR146a-5p which we have further preceded for 

mechanistic validation to identify its role in Leishmania-induced M2 polarization. 

Table 2- List of macrophage polarity regulating miRNAs, showing fold changes during infection 
with early (A2) passaged parasites.  

miRNAIds logFC logCPM PValue FDR Regulation 
mmu-miR-27a-3p 0.106524 13.58677 0.898211 0.996659 Up 
mmu-miR-27a-5p 1.346007 8.657898 0.112238 0.510175 Up 
mmu-miR-9-5p -0.66306 6.067035 0.431339 0.882285 Down 
mmu-miR-146a-5p -2.43104 14.58862 0.005549 0.135201 Down 
mmu-miR-146a-3p -0.9006 2.839418 0.3099 0.824146 Down 
mmu-miR-146b-3p -0.5006 6.185059 0.550594 0.925417 Down 
mmu-miR-146b-5p -0.18448 13.38924 0.824714 0.996659 Down 
mmu-miR-155-3p -1.74374 6.872099 0.042162 0.271043 Down 
mmu-miR-155-5p -0.86784 12.80724 0.300781 0.819048 Down 
mmu-miR-21b -0.03582 2.062749 0.980816 1 Down 
mmu-miR-222-3p 0.956167 11.85102 0.255 0.795527 Up 
mmu-miR-19a-3p 0.789807 4.512973 0.352845 0.831874 Up 
mmu-miR-181a-2-3p 1.424266 1.998198 0.135752 0.550344 Up 
mmu-miR-181c-5p 1.710684 2.700194 0.05909 0.336586 Up 
mmu-miR-181c-3p 1.187718 1.954108 0.205163 0.726955 Up 
mmu-miR-181d-5p 0.881737 5.690352 0.2964 0.819048 Up 
mmu-miR-181b-5p 0.465829 7.354372 0.577605 0.934972 Up 
mmu-miR-181b-1-3p -0.50134 1.02421 0.596526 0.940444 Down 
mmu-miR-181a-1-3p -0.377 6.04473 0.653546 0.966115 Down 
mmu-miR-181a-5p -0.06609 11.02136 0.93678 0.996659 Down 



                                                                                          
 

101 | P a g e  

 

mmu-miR-210-5p 2.322938 2.034439 0.015149 0.16925 Up 
mmu-miR-210-3p 1.782529 7.077148 0.03816 0.263235 Up 
mmu-let-7c-1-3p -1.18406 1.963617 0.195201 0.714149 Down 
mmu-let-7c-5p -0.89847 11.49674 0.284321 0.62412 Down 
mmu-let-7c-2-3p -0.20302 4.315438 0.81131 0.938533 Down 
mmu-miR-125b-2-3p 0.735641 5.458233 0.384037 0.844441 Up 
mmu-miR-125a-5p 0.518719 11.00574 0.534406 0.925417 Up 
mmu-miR-125a-3p -0.08249 5.894483 0.922902 0.996659 Down 
mmu-miR-125b-5p -0.06033 9.771362 0.942356 0.996659 Down 
mmu-miR-93-5p 0.110071 8.834231 0.895055 0.996659 Up 
mmu-miR-93-3p 0.059017 2.647741 0.948626 0.996659 Up 
mmu-miR-26a-2-3p 1.052944 3.415676 0.224152 0.751653 Up 
mmu-miR-26b-3p 0.583168 2.620735 0.518119 0.925417 Up 
mmu-miR-26a-5p 0.374927 13.70995 0.652935 0.966115 Up 
mmu-miR-26b-5p -0.23955 11.3094 0.773733 0.996659 Down 
mmu-miR-130b-5p -0.48994 4.380118 0.567251 0.925417 Down 
 

Table 3- List of macrophage polarity regulating miRNAs, showing fold changes during infection 
with late (A25) passaged parasites.  

miRNAIds logFC logCPM PValue FDR Regulation 
mmu-miR-27a-5p 1.32838 8.6579 0.11686 0.39837 Up 
mmu-miR-27a-3p -0.5708 13.5868 0.49437 0.79261 Down 
mmu-miR-27b-5p -0.2271 5.64445 0.78785 0.9281 Down 
mmu-miR-27b-3p 0.04308 13.4361 0.95874 1 Up 
mmu-miR-9-5p 0.45567 6.06703 0.5866 0.83641 Up 
mmu-miR-146a-5p -1.8851 14.5886 0.02838 0.22018 Down 
mmu-miR-146b-3p -0.9707 6.18506 0.24981 0.58548 Down 
mmu-miR-146b-5p -0.105 13.3892 0.89967 0.98942 Down 
mmu-miR-146a-3p 0.03179 2.83942 0.98152 1 Up 
mmu-miR-155-3p -1.7004 6.8721 0.04722 0.27243 Down 
mmu-miR-155-5p -1.0909 12.8072 0.19516 0.53226 Down 
mmu-miR-21b 0.00011 2.06275 1 1 Up 
mmu-miR-222-3p 1.38519 11.851 0.10229 0.38793 Up 
mmu-miR-19a-3p 1.15404 4.51297 0.17556 0.48659 Up 
mmu-miR-181a-2-3p 2.92494 1.9982 0.00222 0.04037 Up 
mmu-miR-181c-5p 2.5447 2.70019 0.0053 0.07169 Up 
mmu-miR-181c-3p 2.42764 1.95411 0.00959 0.10034 Up 
mmu-miR-181d-5p 1.47209 5.69035 0.08446 0.35732 Up 
mmu-miR-181b-1-3p -0.9603 1.02421 0.33286 0.6687 Down 
mmu-miR-181b-5p 0.80988 7.35437 0.33456 0.66904 Up 
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mmu-miR-181a-5p -0.3598 11.0214 0.66614 0.87141 Down 
mmu-miR-181a-1-3p 0.296 6.04473 0.72403 0.89833 Up 
mmu-miR-210-5p 2.97325 2.03444 0.00167 0.03574 Up 
mmu-miR-210-3p 2.74344 7.07715 0.00202 0.04037 Up 
mmu-let-7c-1-3p -1.4516 1.96362 0.10738 0.38793 Down 
mmu-let-7c-5p -0.8985 11.4967 0.28432 0.62412 Down 
mmu-let-7c-2-3p -0.203 4.31544 0.81131 0.93853 Down 
mmu-miR-125b-2-3p 0.73564 5.45823 0.38404 0.84444 Up 
mmu-miR-125a-5p 0.51872 11.0057 0.53441 0.92542 Up 
mmu-miR-125a-3p -0.0825 5.89448 0.9229 0.99666 Down 
mmu-miR-125b-5p -0.0603 9.77136 0.94236 0.99666 Down 
mmu-miR-93-5p 0.3152 8.83423 0.70553 0.89549 Up 
mmu-miR-93-3p 0.06922 2.64774 0.95047 1 Up 
mmu-miR-26a-2-3p 1.08017 3.41568 0.20825 0.54802 Up 
mmu-miR-26b-5p -0.8596 11.3094 0.30536 0.65124 Down 
mmu-miR-26b-3p 0.62234 2.62073 0.47354 0.78427 Up 
mmu-miR-26a-5p -0.0162 13.71 0.98447 1 Down 
mmu-miR-130b-3p 1.26457 2.96588 0.1452 0.4356 Up 
 

Table 4- Ratio of the 36 macrophage polarity regulating miRNAs, between A2 and A25 parasites 
infection.  

miRNAIds Fold change ratio 
mmu-miR-27a-5p 1.01327 
mmu-miR-27a-3p -0.1866 
mmu-miR-9-5p -1.4551 
mmu-miR-146a-5p 1.28962 
mmu-miR-146a-3p 0.92777 
mmu-miR-146b-5p 1.75706 
mmu-miR-155-3p 1.02546 
mmu-miR-155-5p 0.79549 
mmu-miR-222-3p 0.69028 
mmu-miR-19a-3p 0.68438 
mmu-miR-181a-2-3p 0.48694 
mmu-miR-181c-5p 0.67225 
mmu-miR-181c-3p 0.48925 
mmu-miR-181d-5p 0.59897 
mmu-miR-181b-5p -0.4851 
mmu-miR-181b-1-3p -0.619 
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mmu-miR-181a-1-3p 1.04794 
mmu-miR-181a-5p -0.2233 
mmu-miR-210-5p 0.78128 
mmu-miR-210-3p 0.64974 
mmu-let-7c-1-3p 0.81568 
mmu-let-7c-5p 1 
mmu-let-7c-2-3p 1 
mmu-miR-125b-2-3p 1 
mmu-miR-125a-5p 1 
mmu-miR-125a-3p 1 
mmu-miR-125b-5p 1 
mmu-miR-93-5p 0.34921 
mmu-miR-93-3p 0.85258 
mmu-miR-26a-2-3p 0.9748 
mmu-miR-26b-3p 0.93706 
mmu-miR-26a-5p -0.4362 
mmu-miR-26b-5p 14.7757 
mmu-miR-130b-5p -0.3874 
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Figure 6.1- Small-RNA sequencing based identification of polarity regulating miRNAs during L. 
donovani infection. (A, B) Log2fold changes of total 36 miRNAs from early passaged (A2) and late 
passaged (A25) parasites infected BMDMs. (C) Ratio of log2 fold change values of miRNAs obtained 
from A2 and A25 parasites infected BMDMs. 

 

6.2.2. Involvement of miR146a-5p in L. donovani infection 

In order to evaluate involvement of miR146a-5p during infection progression, we performed RT-

PCR based analysis of miR146a-5p expression in BMDMs infected with increasing dose and 

time of infection. We found that miR146a-5p increased exponentially in both multiplicity of 

infection (MOI from 1:0.5 to 1:20) and time of infection (from 4 hrs to 48 hrs)-dependent 
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manner (Figure 6.2B, C). We analyzed miR146a-5p expression in infected BALB/c mice by 

RT-PCR and found a sequential pattern of expressions in mice spleen and liver of 15, 30, 45 and 

60 days infected BALB/c mice (Figure 6.2D). After accomplishment of the time kinetics of 

miRNA expression both in vitro and in vivo, we studied miR146a-5p expression in 90 days 

infected BALB/c mice organs and found high level of miRNA titer in infected animal organs 

(spleen, liver, peritoneal lavage and BMDMs) compared to PBS treated groups (Figure 6.2E). 

Taken together, our studies identified a possible involvement of miR146a-5p in L. donovani 

infection. 
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Figure 6.2- M2 polarizing miRNAs landscape of L. donovani infected BMDMs and involvement of 
miR146a-5p in parasite phagocytosis. RT-PCR based expression analysis of (A) miR146a-5p, 
miR181a-5p, miR125a-5p and miR26a-5p profiles from infected BMDMs. (B, C) RT-PCR data of 
miR146a-5p expression from BMDMs infected with L. donovani at different time points and multiplicity 
of infections (MOIs). BALB/c animals were infected with metacyclic parasites and miR146a-5p 
expression analysis was done by RT-PCR from (D) spleen and liver of animals isolated 15, 30, 45 and 60 
days post infection, and from (E) spleen, liver, peritoneal lavage and bone marrow derive macrophages 
(BMDMs) of 90 days infected animals.(F) Flow cytometry data representing entry of CFSE-labeled L. 
donovani inside Cd11b+ BMDMs which are transfected with either miRVANA nonspecific RNA (anti-
NC) or miR146a-5p inhibitor oligos, where pHrodo green zymosan particles served as positive 
control.(G) Graphical representation of percentage of phagocytized CFSE-labeled parasites from Cd11b+ 
macrophages. (H) Western blotting for expression analysis of DC-SIGN and SigE from uninfected, anti-
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NC and anti-146a transfected BMDMs infected with L. donovani for 24 hrs. β-actin served as loading 
control. 

6.2.3. Role of miR146a-5p in parasite phagocytosis and establishment of infection 

We temporarily neutralized the mature miR146a-5p pool in BMDMs by transfecting them with 

miRVANA anti-146a oligos and kept non coding RNA (anti-NC) transfecting BMDMs as 

control set. We infected one set of transfected BMDMs with CFSE labeled L. donovani and 

another set with unlabeled parasites. 4 hrs post-infection, we washed the labeled parasites 

infected BMDMs with PBS and stained them with alexa flour 700 (AF700) tagged- anti-cd11b 

antibodies (Cd11b-AF700). Flow cytometry based studies indicated that inhibition of miR146a-

5p compromised the parasite entry in macrophages significantly (Figure 6.2F, G). Only 16% 

CFSE-labeled parasites entered in anti-146a treated BMDMs compared to the anti-NC treated 

ones where 88% parasites got phagocytized. Healthy uninfected BMDMs incubated with pHrodo 

green zymosan particles served as positive control for the experiment. Geimsa staining revealed 

that in anti-146a transfected BMDMs, infection burden lowered significantly compared to the 

anti-NC transfected ones (Figure 6.2H). We supported the flow cytometry data with western 

blotting of major macrophage phagocytosis markers and found that inhibition of miR146a-5p 

compromised parasite entry via down regulating expressions of lectin receptors like dendritic 

cell-specific ICAM-3-grabbing nonintegrin (DC-SIGN) and Siglec E (Sig E) (Figure 6.2I). 

These findings denoted that miR146a-5p not only plays an essential role for phagocytosis of 

parasites but also for their survival in macrophages.  

 

6.2.4. miR146a-5p mediated M2 polarization of L. donovani infected macrophagesTo 

understand the relationship between macrophage polarization and L. donovani infection 

establishment, we first polarized BMDMs into M1 and M2 type and infected naïve (M0), M1 

and M2 polarized macrophages for 24 hrs. By hoescht staining based confocal microscopy, we 

observed that infection persisted in M2 type of macrophages compared to M0 and M1 type 

macrophages (Figure 6.3A). Also the parasite burden got cleared off to some extent from M1 

macrophages compared to the M0 type. We supported our findings by Geimsa stain based 

counting of amastigotes in all three types of macrophages and found similar pattern of infection 
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(Figure 6.3B). RT-PCR data of miR146a-5p expression in M0, M1 and M2 macrophage showed 

an interesting positive correlation with infectivity index (Figure 6.3C). We analyzed M2 polarity 

markers of macrophages in infected BMDMs post inhibition of anti-146a inhibitor oligos. We 

observed that compared to the anti-NC transfected sets, YM1, FIZZ, CCR7 and Arg-1 titer got 

significantly downregulated in anti-146a treated BMDMs (Figure 6.3D). Similar to the surface 

markers, by western blotting we observed up regulation of M1 promoting transcription factors 

(phospho-STAT1, IRF1 and AP1) (Figure 6.3E-H) and downregulation of M2 promoting 

transcription factors (phospho-STAT6, c/EBPβ) (Figure 6.3I-K) in anti-146a transfected 

BMDMs. These findings suggested that infection might induce miR146a-5p mediated M2 

polarization of macrophages. 
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Figure 6.3- Role of miR146a-5p in M2 polarization of macrophages during infection. Confocal 
micrographs of Hoescht stained naïve (M0), M1 and M2 BMDMs infected with L. donovani at 1:10 MOI 
ratio for 24 hrs. (Scale bar- 10 µm). (B) Bar diagram representing Geimsa stain based counting of 
amastigotes per 100 M0, M1 and M2 BMDMs. RT-PCR data of (C) miR146a-5p and (D) M2 markers 
like YM1, FIZZ1, CCR7 and Arg-1 genes from L. donovani infected M0, M1 and M2 macrophages. 
Immune-blots of transcription factors essential for driving (E-H) M1 (p-STAT1, IRF-1, AP1) and (I-K) 
M2 (p-STAT6 and c/EBPβ) plasticity of macrophages.β-actin was loading control for western blot 
experiments. 

 

6.2.5. TRAF6-IRAK1-iNOS axis regulation by miR146a-5p during infection 

It is well known that TRAF6 and IRAK1 are the two major molecular targets of miR146a-5p. By 

down regulating TRAF6 and IRAK1, miR146a-5p disturbs TLR4-mediated activation of nitric 

oxide biosynthesis pathway ([101]). Therefore in our model we evaluated the expressions of 

TRAF6 and IRAK1 in anti-NC and anti-146a transfected and L. donovani infected macrophages 

by RT-PCR and immune-blotting. We found that, upon inhibition of miR146a-5p, infection 

could not down regulate TRAF6 (Figure 6.4A, F and L) and IRAK1 both at mRNA and protein 

levels (Figure 6.4B, G, M). To understand the effect of miR146a-5p inhibition upon nitric oxide 

biosynthesis pathway we next analyzed the expressions of iNOS and Arg-1 by semi-quantitative 

and western blotting. We observed that iNOS got enriched (Figure 6.4C, I, P) and Arg-1 got 

depleted (Figure 6.4D, J, O) in anti-146a transfected macrophages compared to the anti-NC 

transfected ones. We corroborated our iNOS expression data by measuring NO titer with griess 

reagent and found that inhibition of miR146a-5p allowed enrichment of NO level in infected 

macrophages (Figure 6.4Q).These studies denoted that during L. donovani infection, miR146a-

5p interrupts nitric oxide generation via TRAF6-IRAK1 mediated activation of iNOS. 
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Figure 6.4- Regulation of TRAF6, IRAK1by miR146a-5p and its simultaneous effect upon nitric 
oxide biosynthesis. (A, B) RT-PCR data of TRAF6, IRAK1 genes and (C, D) semi-quantitative PCR 
products of NOS2, Arg-1 genes from uninfected, anti-NC and anti-146a treated BMDMs infected with L. 
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donovani. Semi-quantitative PCR products were resolved in 1% agarose gel. Western blots of (F, L) 
TRAF6, (G, M) IRAK1, (I, P) iNOS and (J, O) Arg1 proteins obtained from uninfected, anti-NC and anti-
146a transfected BMDMs lysates. (Q) Griess assay based determination of nitric oxide titer in culture 
supernatant.  

6.2.6. Regulation of macrophage polarity regulating cytokines by miR146a-5p during 

infection 

After analysis of TLR4 pathway mediators, next we studied effect of L. donovani infection upon 

plasticity regulating cytokines by flow cytometry and ELISA. We observed that infection 

stimulates M2 promoting cytokines like IL10 (Figure 6.5A-C, F and I) and exhausts M1 

promoting cytokines like IL12A and TNFα (Figure 6.5A-E, G and H). On the contrary, upon 

transfection of miR146a-5p, levels of IL10 decreased with concomitant enrichment of IL12A 

and TNFα, denoting that miR146a-5p is essential for infection mediated upregulation of M2 

polarizing cytokines. 
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Figure 6.5- Effect of miR146a-5p inhibition upon polarization regulating cytokines in infected 
BMDMs. (A-C) Flow cytometry based analysis of M1 (IL12A and TNFα) and M2 (IL10) regulating 

cytokines from uninfected, anti-NC treated and anti-146a treated BMDMs, 24 hrs post-infection. Cd11b+ 
BMDMs were stained with IL10-APC, IL12- PE and TNFα-BV650 antibodies. (D-F) Bar diagram based 
representation of cytokine expression profile of BMDM populations as mean fluorescent intensity (MFI). 
The BMDM populations were obtained by autopolygon gating strategy from compensated unstained 
control. (I-K) Cytokines secreted in the culture supernatants were measured by sandwich ELISA and 
represented here as bar diagram. 

 

6.2.7. Effect of miR146a-5p upon nuclear translocation of NF-κB during infection 

M1 polarization regulating cytokines mainly mediates phosphorylation and nuclear translocation 

of p65 subunit of NF-κB transcription factor which finally promotes iNOS transcription. Here by 
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confocal microscopy (Figure 6.6A-C) and western blotting (Figure 6.6D) we found that 

infection with L. donovani caused down regulation of p65 phosphorylation and decreased its rate 

of nuclear accumulation. However, after inhibiting miR146a-5p with anti-146a oligos, infection 

could no more prevent activation of p65 and subsequently enhanced nuclear translocation of p-

p65 subunit has been observed. These dented that miR146a-5prevents NF-κB mediated M1 

polarization of L. donovani infected macrophages. 
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Figure 6.6- miR146a-5p mediated regulation of p65 phosphorylation and nuclear translocation 
during infection. (A) Confocal microscopy images representing nuclear accumulation of phosphorylated 
p65 subunit of NF-κB (Scale bar: 10 μm). The nucleus was stained with hoescht and p-p65 was stained 
with anti-p-p65 alexa flour 488 antibodies. Nuclear localization was analyzed while capturing the images 
at 63X il immersion objective and the graph showed the co-localized signals from blue and green channel. 
(B, C) The co-localization coefficients and percentages of signals overlap were obtained during post-hoc 
analysis using Leica Application Suit X (LAS-X software) and represented as bar diagram. (D) Nuclear 
and cytosolic fractions of BMDMs from different treatment groups. Western blots represent p-p65 and 
histone H3 expression and accumulation in the nuclear and cytosolic fractions. 

 

6.2.8. L. donovani infection mediates super enhancer complex formation  

As per our RT-PCR based observation of prolonged and persisted miR146a-5p expression profile 

both in vitro and in vivo generated the question in our mind that whether any strong cis-acting 

transcription regulating element is involved behind the phenomenon. Super enhancers (SE) are 

recently being highlighted as such strong transcriptional regulators, which has extraordinary 

capacity of maintaining sustained transcription of some unique genes and noncoding RNAs in 

cells ([104]). 
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For mediating SE complex formation, BRD4, p300, RpbI and histones need to keep close 

interaction. By STRING version 11 tools, we first found that BRD4, p300, RbpI and histone H3 

display strong interaction (Figure 6.7A and B). Therefore by immune-blotting we observed that 

both BRD4 and p300 proteins exhibited enhanced expressions during L. donovani infection 

(Figure 6.8A). By employing confocal microscopy, we evaluated nuclear translocation of BRD4 

and RbpI during infection and found enhanced nuclear accumulation of these two proteins in 

infected BMDMs compared to the uninfected ones (Figure 6.8B). Western blotting of BRD4 and 

p300 proteins from nuclear and cytosolic fractions corroborated our confocal data (Figure 6.8C). 

Additionally immuno-precipitation experiments identified that BRD4, p300 and RbpI interacts 

strongly during infection and supported the STRING database findings (Figure 6.8D).  Together 

these data suggested a possibility of SE complex formation during L. donovani infection. 

 

 

 

 

 

 

 

 

 

Figure 6.7- Prediction of interaction network between super enhancer complex components and 

histone H3. (A)  Network based interaction prediction among BRD4, p300 (Ep300), RNA polymerase II 

(polr2b) and Crebb with histone H3 (Hist1h3g, Hist1h3a). (B) Classification of interacting networks of 

BRD4 protein into different groups (denoted by red and green color), where BRD4 appeared as hub 

protein. 
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Figure 6.8- Role of BRD4 for super enhancer (SE) formation and subsequent regulation upon 
miR146a-5p and M2 polarization marker genes during L. donovani infection. (A) Western blots of 
BRD4 and p300 from BMDMs infected with L. donovani. (B) Confocal micrographs of BRD4 and RNA 
pol II (RpbI) showing nuclear localization in infected BMDMs, (scale bar- 10μm). (C) Western blot of 

BRD4, p300 and histone H3 in nuclear and cytosolic fractions, where histone H3 served as control for 
nuclear fraction and β-actin was loading control for cytosolic fractions. (D) Immune-precipitation 
followed by western blotting of p300 (pulled using anti-BRD4 antibodies), BRD4 (pulled using anti-p300 
antibodies) and RpbI (pulled using anti-BRD4 antibodies). (E) Confirmation of successful silencing of 
BRD4 using enhanced siBRD4 RNA, by western blot, where BMDMs were transfected with esiBRD4 for 
24 hrs and lysate was collected for western blotting. (F, G) Geimsa staining of esiBRD4 transfected and 
L. donovani infected BMDMs, where the image represents infected BMDMs stained with Geimsa (yellow 

 



                                                                                          
 

120 | P a g e  

 

arrows showing the amastigotes) and the graph shows amastigote burden per 100 macrophages. (H, I) 
RT-PCR based expression analysis of miR146a-5p and M2 polarity related genes from esiBRD4 
transfected and infected BMDMs. (J) Western blots of TRAF6, IRAK1, iNOS and Arg-1after silencing 
BRD4 and infecting BMDMs with parasites. (K) Diagrammatic work-flow of chemically cross-linked 
chromatin immune-precipitation technique (ChIP) which was used to assess SE formation at enhancer 
domain of miRNA during infection. (L) Semi-quantitative PCR based amplification miR146a-5p 
enhancer domain, occupied by BRD4 protein from anti-BRD4 antibody mediated pulled down DNA. The 
250 bp amplicons were resolved in 1.5% agarose gel. (M) The pulled DNA was further purified and RT-
PCR using enhancer specific primer was performed. Percentage input was calculated from the Ct values 
obtained from RT-PCR and plotted in the bar diagram to show enrichment of BRD4 at mir146a-5p 
enhancer domain. 

 

6.2.9. Role of SE complex mediated control over miR146a-5p transcription and M2 

polarization 

To establish the crucial role of BRD4 for infection mediated miR146a-5p and M2 polarity 

regulating gene enrichment, we silenced the BRD4 transcripts by transfecting esiBRD4 oligos in 

BMDMs (Figure 6.8E). Surprisingly silencing of BRD4, prevented survival of amastigotes 

inside the macrophages (Figure 6.8F, G), downregulated expressions of miR146a-5p (Figure 

6.8H) and M2 markers of infected macrophages (Figure 6.8I).  

Next we analyzed expressions of miR146a-5p target genes and iNOS biosynthesis mediators by 

western blotting. We observed that, TRAF6, IRAK1 and iNOS got enhanced with depletion of 

Arg-1 expression upon silencing BRD4 in infected macrophages (Figure 6.8J). Finally, by 

chemically cross-linked chromatin immune-precipitation study we confirmed that during L. 

donovani infection, BRD4 protein gets accumulated at enhancer loci of miR146a-5p encoding 

gene (Figure 6.8K). We have performed RT-PCR of the BRD4 bound pulled DNA with primers 

flanking the miR146a-5p enhancer loci which suggested that BRD4 selectively enriched at 

enhancer region of the miRNA during infection (Figure 6.8L). 

6.2.10. Significance of miR146a-5p for M2 polarization regulation in in vivo infection model 

After confirming the role of miR146a-5p in in vitro infection, we next analyzed its potential of 

instituting M2 polarization in preclinical infection model, by injecting miRVANA miR146a-5p 

inhibitor oligos in 28-days infected BALB/c mice via tail vein route (Figure 6.9A). Before 
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injecting the inhibitors, we confirmed that all the animals are synchronically infected, by LDU 

and LDA (Figure 6.9B, C). We again performed LDA and LDU, of PBS, anti-NC and anti-146a 

injected groups, 7 days after injecting anti-146a oligos, and found significant drop of splenic and 

hepatic infection burden upon silencing of miR146a-5p (Figure 6.9D, E). Along with the 

exhaustion of infection, miR146a-5p level dropped in spleen and liver of anti-146a injected 

animals (Figure 6.9F, G). Additionally we also observed down regulated expressions of M2 

regulating genes (Figure 6.9I, J) and Arg-1 (Figure 6.9H) in anti-146a treated animal organs, 

followed by up regulation of iNOS (Figure 6.9H). Besides iNOS and Arg-1, in vivo 

neutralization of miR146a stimulated M1 cytokine IL12A and downregulated M2 cytokine IL10 

in the infected animals (Figure 6.9K-M). Taken together our studies identified that silencing of 

miR146a-5p with miRVANA oligos can potentially prevent infection dependent skewing of M1 

to M2 macrophage and subsequent immune suppression in in in vivo model. 
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Figure 6.9- Effect of miR146a-5p inhibition upon infection burden and macrophage polarization in 
infected BALB/c mice. (A) 4-6 weeks old BALB/c mice were challenged with L. donovani parasites and 
28 days post-infection anti-NC and anti-146a were administered via tail vein route. A group of animals 
injected with only PBS were kept as healthy control. (B, C) Leishman donovan unit (LDU) and LDA 
were calculated from 28-days infected animals, before injecting the inhibitor oligos.  LDU was calculated 
by Geimsa staining of stamp smears and LDA was calculated from 1mg/ml (w/v) organ culture and 
represented as log10 of parasite number per ml of organ suspension. (D, E) LDU and LDA calculated 
from infected animal organs which were collected 7 days post injecting anti-NC and anti-146a oligos. (F, 
G) RT-PCR data of miR146a-5p expression in spleen and liver of oligo-treated animals. (H) Western blot 
of iNOS and Arg-1 from organ lysates of anti-NC and anti-146a treated animals. β-actin served as loading 
control. (I, J) RT-PCR based expression analysis of M2 polarity related genes from animal organs. (K, L) 
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Cytokine ELISA of IL10 and IL12A was performed from supernatant, obtained after culturing 
splenocytes in presence of 10 μg/ml Leishmania Antigen (LAg) stimulation. 

 

6.3. Discussion 

Successful establishment of L. donovani infection within host macrophage largely depends upon 

the functional status of the macrophage which can switch between immune active M1 and 

immune suppressive M2 type, based on the stimulus present in microenvironment. L. donovani is 

known to trigger immune suppressive M2 profile of macrophage for surviving inside the immune 

sentinel of host. Therefore in order to achieve success in VL therapy, it is quite essential to target 

host derived factors which play crucial role behind infection induced M2 polarization. Earlier 

studies reported that L. donovani instigates mammalian target of rapamycin (mTOR), 

peroxisome proliferator-activated receptor gamma (PPAR-γ) and CD163 that mediates Arg-1 

dependent M2 polarization of macrophages ([112], [113], [114]). With advancement of genomic 

era, role of a large group of immune regulatory miRNAs behind macrophage plasticity are 

coming into highlight. Virulent Leishmania parasites were shown to alter the miRNA profiles of 

macrophages like THP1, human peripheral blood monocytes (PBMCs), and dendritic cells 

([115], [116]). Currently we have explored the molecular mechanism behind miRNA-mediated 

regulation of infected macrophage polarization and some unique upstream elements of the 

miRNA gene which regulates its persistent transcription during infection. By small RNA-seq we 

first shortlisted many polarization regulating miRNAs which showed either up or down 

regulation in early and late passaged parasites infected macrophages. From there we identified 

miR146a-5p, miR181a-5p, miR125a-5p and miR26a-5p as. For understanding the effect of 

infection upon global landscape of polarity regulating miRNA we separately undertook RT-PCR 

based differential expression analysis of these miRNA in infected BMDMs where miR146a-5p 

shown significant fold change. Previously the role of miR26a-5p has been documented in 

regulating M1 plasticity of macrophage by targeting Kruppel like factor 4 (KLF4) and c/EBPβ 

([111]). miR181a-5p and miR125a-5p were reportedly involved in mediating M2 plasticity of 

macrophage by targeting c/EBPα-KLF6 axis and KLF13 respectively ([109], [110]). 
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Nevertheless the role of miR146a-5p in Leishmania-mediated M2 polarization is till date poorly 

understood. We obtained enhanced expression of mature miR146a-5p transcripts both in in vitro 

infection model in a dose and time dependent fashion. Moreover the miRNA showed a 

successive pattern of enrichment in all the infection foci of BALB/c mice like spleen, liver, 

peritoneal lavage and BMDMs. Previously it was observed that Mycobacterium tuberculosis up 

regulates miR146a-5p in infected THP-1 and organs of BALB/c mice [117]). So in the same line 

of thought we also found that miR146a-5p might be essential for mediating active VL infection. 

However compared to BMDMs, visceral organs showed maximal fold change of miR146a-5p 

which denoted that active infection spreads in the viscera and in later stage chronic infection 

enters in the BMDMs. That is why the fold change of miR146a-5p was low in infected animal 

BMDMs, compared to other visceral organs. Previous studies uncovered that miR146a-5p is 

crucial controller of phagocytosis in other infections like Dengue virus, Enterovirus 71, Listeria 

monocytogenes, M. tuberculosis etc. ([117], [118], [119], [120]). So, we next investigated the 

link between miR146a-5p and parasite persistence in macrophage by silencing miR14a-5p with 

synthetic anti-146a oligo. We observed a sharp decrease in rate of parasite phagocytosis, 

infection burden and expressions of some crucial phagocytic markers like DC-SIGN and Sig E in 

anti-146a transfected BMDMs. C-type lectin DC-SIGN and I-type lectin Sig E were earlier 

found to have essential role in entry of L. donovani inside macrophages following immune 

suppression of infected macrophages ([121], [122]). Our study first time revealed that by 

suppressing both DC-SIGN and Sig E, anti-146a interfere with entry of parasites. There are two 

school of thoughts exists regarding role of miR146a in macrophage polarization. One group 

reported enrichment of miR146a-5p in TNFα-stimulated M1 type PBMCs of rheumatoid arthritis 

patients and other group denoted involvement of miR146a-5p in mediating M2 polarization by 

inducing PPAR-γ and depleting Notch1 and inhibin A (INHA) in RAW 264.7 cells ([123], [124], 

[102]). In our study we observed enrichment of miR146a-5p and high survival rate of parasites in 

IL4/IL13 stimulated M2 BMDMs compared to M0 and M1 types. On the contrary, when 

miR146a-5p was inhibited, expression of M2 polarization markers and transcription factors 

abrogated dramatically which indicated that miR146a-5p plays substantial role in mediating M2 

polarization of infected BMDMs.  
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We next opted to explore the mechanism of how miR146a-5p induces M2 plasticity. miR146a-

5p was previously shown to target TRAF6 and IRAK1 which subsequently inhibited NF-κB 

dependent activation of nitric oxide and clearance of M. tuberculosis from infected THP-1 

macrophages ([125], [126]). Herein, we also obtained increased levels of TRAF6, IRAK1, iNOS 

and nitric oxide and decreased Arg-1 when we silenced miR146a-5p. These denoted that in case 

of L. donovani infection, mir146a-5p is targeting TRAF6 and IRAK1 for depleting NO level. 

Susceptibility and resistance of macrophages towards L. donovani infection largely depends 

upon cytokine profile of macrophages. M1 macrophages are known to clear the breaching 

pathogens by manifesting IL12A mediated NO generation and TNFα mediated reactive oxygen 

species (ROS) generation ([127], [128])[128][124][121][2]. On the contrary, M2 macrophages 

promote survival of parasites by uplifting the levels IL10 which augments Arg-1 and suppresses 

iNOS titers ([129], [130]). In our study we found that upon inhibiting miR146a-5p, L. donovani 

infection was unable to up regulate IL10 and down regulate M1 cytokines like IL12A and TNFα 

in BMDMs. During TLR4 signaling, TRAF6 and IRAK1 mainly phosphorylate p65 subunit of 

NF-κB at ser536 which promotes nuclear translocation of the p-p65 subunit where it transcribes 

M1 cytokines and iNOS [131], [132], [133]). We also found augmented phosphorylation and 

nuclear translocation of p65 in anti-146a treated macrophages, denoting an important role of 

miR146a-5p in disrupting NF-κB pathway during infection. 

VL is well-known to stimulate chronic immune-suppression of host which prevents complete 

clearance of parasites from host and promotes PKDL in cured VL patients. Macrophage immune 

therapy with synthetic miRNA inhibitors (miRVANA oligos), is now-a-days an emerging arena 

for tackling immune-system disrupting disorders like cancer, rheumatoid arthritis etc. ([134]). 

These oligos are stable due to their modification of phosphate oxygen by substitution with sulfur, 

addition of 2′-O-methyl group to non-bridging oxygen, creating a bridge between the 2′-oxygen 

to the 4′-carbon for locking the bridge-locked nucleic acids (LNA) and addition of a peptide 

([135]). Additionally, these oligos are soluble in PBS and easily administered via intravenous 

route in animals ([134]). We pioneered the application of miRVANA inhibitor for macrophage 

therapy in VL by administering anti-146a miRVANA oligos intravenously in infected BALB/c 

mice. After neutralizing the in vivo pool of mature miR146a-5p organ infection burden, M2 

polarization markers, M2 cytokines (IL10) and Arg-1 got depleted. On the other hand, M1 
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polarity markers like iNOS and IL12A got augmented in spleen and liver of anti-146a injected 

animals, which denoted a clear role of miR14a-5p in disease mediated M2 plasticity. 

Besides different regulation at promoter regions of miRNA encoding genes, recent reports are 

highlighting involvement of unique epigenetic elements which aids in persistent expression of 

profile of some immune-regulatory miRNAs. SE complexes are such elements which are 

recently emerging as major driver of DGCR8/Drosaha-dependent maturation of some miRNAs 

like miR155, mir146a etc. ([105], [108]).  

SEs are mainly occupied by some special strong transcription factors like BRD4, p300  histone 

acetyl transferase, RNA pol II and active histone markers (H3K27Ac) [108]. In our model we 

observed a surprising pattern of chronic enrichment of miR146a-5p during infection (from 4 hrs 

to 48 hrs), which instigated us to investigate involvement of SE like elements in controlling 

miR146a-5p transcription during L. donovani infection. We found up regulated level of BRD4, 

p300 and RpbI during infection with subsequent nuclear translocation of the same during 

infection. STRING V.11 based study identified that BRD4 is the major hub protein of SE 

complex and is crucial for keeping interaction with all the other SE components like p300, RpbI 

and histones. Literature suggested that chemical disruption of BRD4 activity with JQ1 inhibited 

the co-transcriptional processing of major miRNA pool ([108]).We therefore depleted the BRD4 

mRNA temporarily by esiBRD4 RNA to check its essentiality for infection induced miR146a-5p 

transcription. We found that significantly affected upon the infection burden of macrophages. 

BRD4 silenced BMDMs showed depleted miR146a-5p and M2 markers, which denoted the 

possible involvement of BRD4 in transcription of miR146a-5p. Additionally we obtained higher 

expressions of miR146a-5p targets like TRAF6 and IRAK1 with subsequent enrichment of 

iNOS. These data indicated crucial role of BRD4 in skewing infection mediated M2 polarization 

in miR146a-5p dependent manner. Finally, we confirmed enhanced occupancy of miR146a-5p 

enhancer with SE component BRD4 by ChIP assay. Murine macrophage ChIP-seq data of BRD4 

occupied miR146a enhancer elements are already available which allowed us to design the 

flanking primer for the specific enhancer loci of miR146a-5p gene ([105]). By immune-affinity 

based pulling of bound DNA using anti-BRD4 antibody, we observed that BRD4 selectively 

occupies miR146a-5p enhancer during L. donovani infection. SE elements are highly fragile in 
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nature so we were able to isolate and amplify only 250 bp fragments of the whole cis-acting SE 

element. 

 

6.4. Conclusion 

Involvement of high order chromatin elements in regulating miRNA transcription and 

subsequent macrophage polarization is a totally unrecognized area of Leishmania infection 

biology. Our study currently recognized the unique and novel roles of super enhancers and 

epigenetic regulator protein BRD4 in unremitting expression of miR146a-5p in L. donovani 

infected BMDMs which subsequently promotes M2 polarization by targeting TRAF6-IRAK1-

NF-κB axis. Pursuing such pathway will open a promising juncture for transcriptional 

perturbation based molecular therapeutics against L. donovani infection. Furthermore our 

findings highlighted therapeutic potential of miRVANA miR146a-5p inhibitors for macrophage 

therapy which might contribute a progressive line of thought for overcoming host immune 

suppression issues and help in achieving successful therapy in VL (Figure 6.10). 
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Figure 6.10- Graphical representation of miR146a-5p transcription regulation by BRD4-depdenet 

superenhnacer complex and its regulation upon L. donovani infection induced M2 polarization of 

macrophages. 
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India is home to millions of people who are poor and live in impoverished environments which 

gave permanent home to certain fatal Neglected Tropical Diseases (NTDs) like Visceral 

Leishmaniasis (VL). Before the year 2000 there was expectation that India could completely 

eliminate kala-azar/ VL from the country. But after 2017, rapid drug resistance development to 

pentavalent antimonial, underreporting of the disease from poor area and high expense as well as 

toxicity of treatments have made the VL eradication from India a distant reality. However, as per 

World Health Organization (WHO)’s 2020 roadmap to eliminate NTDs worldwide, Indian 

Government has committed to provide the necessary resources to remove the primary risk factors 

associated with VL by ensuring access to clean water, nutrition and basic sanitation, integrated 

vector control, health education and improved cost-effective therapeutic programs for poorest of 

poor population of the country. VL, caused by Leishmania donovani parasite, is responsible for 

the second largest global death burden after Malaria. Current situations all together call for an 

urgent attention for cost-effective and non-toxic therapeutics development against VL. 

Our lab previously identified a large array of highly conserved parasite proteins, which have 

potential to become promising drug targets, by Dual-RNA sequencing of L. donovani infected 

BALB/c mice bone marrow derived macrophages (BMDMs). Super imposition of the RNA-seq 

data with human- parasite interactome network revealed Leishmania heat shock protein 78 

(LdHSP78) as one of the essential virulence factors of the parasite and demonstrated its 

potentiality as an anti-leishmanial drug target. Observation of LdHSP78 enrichment in BALB/c 

mice BMDMs, VL patients’ blood and Syrian golden hamsters motivated us to explore the 

pivotal role of this protein in VL establishment. Genetic knock out of HSP78 in both L. donovani 

and L. mexicana using conventional untranslated region based (UTR) method as well as advance 

CRISPR-Cas9 method, established that HSP78 is essential for amastigote survival and induction 

of immune-suppressive cytokines in mouse BMDMs and hamsters. Consequently via high 

throughput virtual screening (HTVS) technique we were successful in identifying diadenosine 

penta phosphate (Ap5A), a nucleotide analogue of ATP, as a potential pharmacological inhibitor 

of LdHSP78 protein. We inveterate that Ap5A ammonium salt exhibits specific toxicity upon 

both promastigotes and amastigotes forms of L. donovani along with negligible toxicity upon 

healthy BMDMs. Comparative toxicity analysis showed that Ap5A has equivalent toxicity upon 

parasite as similar to that of amphotericin B (AmB) but elicited very less collateral damage to 
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host cells unlike AmB. Thus we were able to address the major issue of high cost and 

toxicity of anti-VL drugs by identification of Ap5A which is highly specific, non-toxic and 

cost-effective pharmacological lead molecule and can be a promising alternative for 

commercially available anti-leishmanial agents in coming future (Das et al., J Biol Chem, 

2020). 

Acute immune-suppression induced by L. donovani parasites is another biggest yet unrecognized 

issue which led in to the failure of generic anti-leishmanial chemotherapy and sometimes to 

development of post kala-azar dermal leishmaniasis (PKDL) in VL patients, even after 

completion of the treatment regime. Therefore we performed small RNA-sequencing of L. 

donovani infected BMDMs which highlighted a list of differentially regulated immune 

regulatory micro RNAs linked with macrophage plasticity. Parasites trigger conversion of 

immune-reactive M1 type to immune-suppressive M2 type for successful establishment of the 

infection. Hence besides designing novel chemotherapeutic agents, it becomes essential to 

develop immune-therapeutics to overcome macrophage immunological annergy induced during 

infection.  

Till date involvement of small non-coding RNAs like microRNAs (miRNAs) in regulation of 

macrophage polarization during VL and how they can be therapeutically targeted is still 

elusive. We for the first time explored previously unrecognized role of miR146a-5p and its 

transcription regulating super enhancer proteins as essential components for L. donovani 

infection-dependent driving of M2 polarization. During the course of study, we investigated the 

enrichment of miR146a- 5p during both in vitro and in vivo infections and emphasized the 

essential role of miR146a-5p in parasite endurance inside BMDMs and enrichment of M2 

polarization markers. Additionally we efficaciously established that BRD4 mediated super 

enhancer complex regulates infection dependent transcription of miR146a-5p. 

 

For macrophage immune therapy, antagomirs or miRVANA inhibitors are recently being used  

due to ease of designing, stability and mode of administration in animals. These antagomirs have 

previously been shown to have target-specific effects upon concerned miRNAs in cancer and 

other preclinical disease models. Here we for the first time uncovered the therapeutic efficacy of 



                                                                                          
 

132 | P a g e  

 

miR146a-5p inhibitor upon infection establishment and reversal of infected organ macrophage 

polarization from M2 to M1 type in vivo, by intravenous administration of miRVANA 

antagomiR in 28-days infected BALB/c mice. In a nutshell we elucidated therapeutic 

significance of miR146-5p antagomirs and BRD4 inhibitory esiRNA which can aid in 

successful macrophage immune therapy during active VL (Das S et al., PLOS Pathog, 

2021). 
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The emergence of resistance to available antileishmanial
drugs advocates identification of new drug targets and their
inhibitors for visceral leishmaniasis. Here, we identified Leish-
mania donovani heat shock protein 78 (LdHSP78), a putative
caseinolytic protease, as important for parasite infection of host
macrophages and a potential therapeutic target. Enrichment of
LdHSP78 in infected humans, hamsters, and parasite amasti-
gotes suggested its importance for disease persistence. Hetero-
zygous knockouts of L. donovani HSP78 (LdHSP781/2) and
Leishmania mexicanaHSP78 (LmxHSP781/2) were generated
using a flanking UTR-based multifragment ligation strategy and
the CRISPR-Cas9 technique, respectively to investigate the sig-
nificance ofHSP78 for diseasemanifestation. The LdHSP781/2
parasite burden was dramatically reduced in both murine bone
marrow-derived macrophages and hamsters, in association with
enrichment of proinflammatory cytokines and NO. This finding
implies that LdHSP781/2 parasites cannot suppress immune
activation and escape NO-mediated toxicity in macrophages.
Furthermore, phosphorylation of the mitogen-activated protein
kinase p38 was enhanced and phosphorylation of extracellular
signal-regulated kinase 1/2 was decreased in cells infected with
LdHSP781/2 parasites, comparedwithWTparasites. Virulence
of the LdHSP781/2 strain was restored by episomal addition of
the LdHSP78 gene. Finally, using high-throughput virtual
screening, we identified P1,P5-di(adenosine-59)-pentaphosphate
(Ap5A) ammonium salt as an LdHSP78 inhibitor. It selectively
induced amastigote death at doses similar to amphotericin B
doses, while exhibiting much less cytotoxicity to healthy macro-
phages than amphotericin B. In summary, using both a genetic
knockout approach and pharmacological inhibition, we establish
LdHSP78 as a drug target and Ap5A as a potential lead for
improved antileishmanial agents.

Under general as well as inducible environmental stresses,
organisms respond by synthesizing a group of chaperons called

heat shock proteins (HSPs) (1). HSPs facilitate survivability of
organisms by assisting in maturation, activation, translocation,
and degradation of misfolded nascent proteins (1). Interest-
ingly, for some pathogens like Leishmania donovani, which
have a digenetic life cycle, inducible heat stress is a vital part of
their biology. They are transmitted from the poikilothermic
sand fly gut to the homeothermic mammalian macrophage,
which involves a shift in temperature of almost 10 °C. This tem-
perature upshift is a key trigger for the differentiation of Leish-
mania donovani promastigotes (sand fly stage) to amastigotes
(mammalian stage) (2). Heat stress unleashed by the macro-
phage leads to enrichment of various Leishmania HSPs, which
determine the pathology of the disease. In cutaneous leishma-
niasis, Leishmania major can tolerate heat shock up to 35 °C,
which results in tropical skin lesions; in visceral leishmaniasis
(VL), L. donovani can sustain temperatures as high as 37–40 °C,
which correlates with visceralization of the parasites (3).
Besides management of heat stress, protozoan HSPs play a
substantial role in virulence. A recent transcriptomic analy-
sis revealed a positive correlation between the Plasmodium
HSPs and regulatory interleukin levels in patients with ma-
lignant malaria (4).
In other organisms, HSPs belonging to the caseinolytic pro-

tease B (ClpB) group, like bacterial ClpB (Escherichia coli), yeast
(Saccharomyces cerevisiae) HSP104, and plant HSP101, have
extraordinary capacity to rescue disaggregated proteins during
severe heat stress, which is otherwise lethal for the organisms
(5, 6). To date, functional study of only one ClpB protein,
HSP100 (LmxHSP100), has been reported in Leishmania biol-
ogy (6). It has been shown that heat-stressed parasites are
strongly enriched with LmxHSP100, and LmxHSP1002/2 null
mutants of L. major are unable to establish infection within
murine peritoneal macrophages, as well as BALB/c mice (6).
LdHSP1002/2 null mutants of L. donovani showed impaired
amastigote development, and LdHSP100 is also found to be
involved in the transport of exosome-mediated virulence fac-
tors during infection (6).
A major global challenge for antileishmanial therapy is over-

coming chemoresistant and treatment failure cases arising
from treatment with the classical antileishmanial agents avail-
able on the market, such as antimonial salts, amphotericin
B (AmB), miltefosine, and paromomycin (7, 8). Most of these
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drugs are repurposed and non-target based. Recent studies
have highlighted protozoan HSPs, such as HSP90 in Plasmo-
dium falciparum and Trypanosoma evansi, as potential drug
targets. These factors prompted us to explore the role of
LdHSP78 (UniProt code LdBPK_020680), a putative member
of the ClpB protease family, as a potential drug target in L.
donovani infection.
A BLAST search revealed that LdHSP78 expresses a 78-

kDa protein orthologous to LmjF27.2630 of L. major and
Tb927.2.3030 of Trypanosoma brucei (6, 9). Significant se-
quence structural similarity has been observed between
LdHSP78 and a ClpB protein from Thermus thermophilus
that is composed of an N-terminal domain, two nucleotide-
binding domains (NBDs) (NBD1 and NBD2), and a middle
coiled coil domain (MD region) (10, 11). Here, we propose
the probable prominence of LdHSP78 for VL progression.
The importance of HSP78 for survival of the parasites was
assessed by HSP78 knockout generation in L. donovani
(LdHSP781/2) and Leishmania mexicana (LmxHSP781/2),
with the virulence phenotype of LdHSP781/2 parasites being
rescued by episomal overexpression of LdHSP78 (resKO).
However, the lethality of null mutants (Ld/LmxHSP782/2)
and successful conditional knockout of LdHSP78 generation
suggested probable essentiality of the gene for Leishmania, but
more experimental validations are awaited. Infectivity and the
capacity to suppress the antileishmanial immune responses
activated by host macrophages were determined by infecting
murine bone marrow-derived macrophages (BMDMs) and
Syrian golden hamsters with WT, LdHSP781/2, and resKO
parasites. Furthermore, P1,P5-di(adenosine-59)-pentaphosphate
(Ap5A) ammonium salt, a synthetic ATP analog, was identified
as a pharmacological inhibitor of LdHSP78 protein. The anti-
leishmanial efficacy of Ap5A was evaluated and compared
with that of the generic antileishmanial drug AmB in healthy
BMDMs, promastigotes, and amastigotes. Notably, Ap5A in-
duced much less collateral damage to host cells, unlike AmB.
Hence, our study reveals LdHSP78 as a potential antileishma-
nial therapeutic target while identifying its inhibitor, Ap5A, as a
promising leadmolecule against VL.

Results

LdHSP78 is a stress-regulating protein that is enriched during
VL

LdHSP78 is a putative ATP-dependent Clp subunit-contain-
ing protein (UniProt code LdBPK_020680). It is encoded by a
single exon located at L. donovani chromosome 2 and is highly
conserved throughout the Leishmania spp. while being nonor-
thologous to human proteins (no human orthologs with.20%
sequence identity are available). Involvement of HSP78 in VL
was initially perceived from semiquantitative PCR of LdHSP78
transcripts from L. donovani-infected BMDMs (Fig. 1A). More-
over, enrichment of the same was detected in the peripheral
blood, spleen, and liver of 3-month-infected golden Syrian
hamsters (Fig. 1B). A study conducted with a small cohort of
VL patient blood samples correlated with the mRNA expres-
sion profile of animals (Fig. 1B). To establish chaperone-like
properties of LdHSP78, we mimicked the host phagosomal

microenvironment by growing L. donovani promastigotes in
M199 (pH 4.0 and pH 5.5) at 37 °C under axenic conditions.
Almost 40–55-fold higher expression of LdHSP78 mRNA was
obtained at pH 5.5 and 37 °C, compared with that obtained at
pH 7.0 and 22 °C (Fig. 1C). These data collectively indicated
that HSP78 levels were higher not only during physiological
stress of the parasites but also under VL conditions.

Generation of HSP78 transgenic cell lines

LdHSP78 knockout parasite cell lines were generated using
both a flanking UTR-based multifragment ligation strategy
(Fig. S1A) and the CRISPR-Cas9 technique (Fig. S1N). For
UTR-mediated knockout generation, 59 (997 bp) and 39 (946
bp) flanking regions (UTRs) of LdHSP78 were directionally
cloned (Fig. S1,A and B) at both sides of the hygromycin (HYG)
(3245 bp) and puromycin (PUR) (3005 bp) cassettes, using spe-
cialized primers that incorporated overhangs with unique SfiI
digestion sites at each fragment end (Fig. S1, D and E). The
PacI-digested linearized 5397-bp HYG construct was trans-
fected in log-phase parasites for generation of heterozygous
knockouts (Fig. S1E). A separate population of WT parasites
was maintained as mock-transfected cells (transfected with
empty vector). LdHSP78-HYG (LdHSP781/2) cells were cul-
tured in 50 mg/ml HYG-supplemented M199. Next, pure
LdHSP781/2 clones were collected by isolating single colonies
from the serially diluted LdHSP781/2 cells grown on HYG-
supplementedM199 agar.
Genomic DNA was isolated from log-phase WT and

LdHSP781/2 promastigotes, and PCR was performed using
primers spanning the flanking region to the ORFs of HSP78
andHYG (Table S1, primers 5–8). The presence of both HSP78
and HYG in genomic DNA of LdHSP781/2 parasites sug-
gested successful partial replacement of one LdHSP78 allele
with the HYG cassette (Fig. 1D). The 59 UTR (997 bp) and 39
UTR (946 bp) flanking regions, which had been chosen for
knockout generation, were scanned against all 36 chromo-
somes of L. donovani. Sequence identity and coverage match of
100% were obtained only at chromosome 2 loci flanking the
HSP78 gene (Fig. S1H), and no sequence overlap with other
chromosomes was observed, confirming the least off-target
effect and high efficacy of the flanking region-mediated dele-
tion technique.
LdHSP78 was overexpressed in LdHSP781/2 cell lines

(resKO cell lines) by cloning the episomal vector pXG-GFP(1)
(generously provided by Stephen Beverly, Washington Univer-
sity) at the BamHI and EcoRV sites (Fig. S1, I–L). L. donovani is
a diploid organism; therefore, to completely deplete LdHSP78,
two drug cassettes (HYG and PUR) were transfected succes-
sively. PacI-digested linearized 5397-bp HYG (Fig. S1E) and
4974-bp PAC (Fig. S1F) cassettes were serially transfected in
log-phase parasites for generation of null mutants. Attempts
were made to culture LdHSP78-HYG/PAC (LdHSP782/2)
cells in 50 mg/ml HYG- and 20 mg/ml PUR-supplemented me-
dium. However, live parasite counts confirmed that null mutants
started dying with days of culturing. Our multiple attempts to
obtain live parasites from HYG- and PUR-supplemented M199
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medium failed probably due to the essential nature of the
LdHSP78 gene for the promastigotes.
Parasites bearing an extrachromosomal copy of genes gener-

ally allow deletion of the chromosomal copies of essential
genes. Therefore, promastigotes were transfected with the
pXG-HSP78 episome (pXG-GFP-HSP78-Neo1) to maintain
an extra copy of genes, followed by double deletion of the chro-
mosomal copies usingHYG and PUR cassettes. The conditional
knockout (cond KO- LdHSP782/2epiHSP78) cells were main-
tained in the presence ofHYG, neomycin (NEO), and PUR drug
selection medium for 15 days, followed by depletion of NEO
from the medium. Interestingly, we found that, despite NEO
selection withdrawal (required for pXG-HSP78 maintenance),
cells still grew well and, following 7 days of culture, we isolated
genomic DNA. LdHSP78, HYG, NEO, and PUR drug cassettes

were PCR amplified. For amplification of HSP78 and NEO
genes, primers were designed against their respective ORF
regions; for HYG and PUR cassettes, amplification primers
spanning the 59 flanking region of the HSP78 gene and the re-
spective drug ORF regions were designed (Table S1, primers
43–50). PCR data indicated that, in the absence of episomal
NEO, LdHSP782/2 cells are holding back the extrachromoso-
mal copy of LdHSP78 for their survival (Fig. S1M).
We also attempted to design null mutants of LmxHSP78

using the CRISPR-Cas9 system (in silico analysis showed.98%
sequence homology of LdHSP78 to LmHSP78) in Cas9-positive
L. mexicana cell lines (generously provided by Jeremy Mot-
tram’s laboratory) (Fig. S1N), which indicated that a HSP78
null mutation is probably lethal in L. mexicana. In this model
also, only heterozygous parasites survived in the presence of

Figure 1. LdHSP78 is an essential chaperone for infection. A, semiquantitative PCR of LdHSP78mRNA in L. donovani-infected BMDMs. B, RT-PCR of LdHSP78
mRNA from 3-month-infected hamster (Ham) spleen, liver, and blood and VL patient peripheral blood. The Ct value of LdHSP78was normalized against that of
L. donovani GAPDH and plotted as fold change (FC) (22DDCt). C, RT-PCR of LdHSP78mRNA from promastigotes cultured at different temperature and pH values.
The Ct value of LdHSP78was normalized against that of L. donovani GAPDH and plotted as fold change (FC) (22DDCt). D, partial deletion of LdHSP78 validation
by urea-PAGE-based separation of PCR products, amplified fromWT (control transfected) and LdHSP781/2 parasites (L. donovani actin is the loading control).
E and F, Determination of LdHSP781/2 promastigote fitness under (E) normal conditions (22 °C and pH 7.4) and (F) amastigote-like conditions (37 °C and pH
4.0, 5.5, and 7.4). Growth kinetics of promastigotes were determined from 5-day cultures (to obtain maximum growth). G and H, RT-PCR-based determination
of LdHSP78mRNA loads of WT, LdHSP781/2, and resKO promastigotes (G) and amastigotes (H) in infected BMDMs. I, Giemsa staining of BMDMs infected with
WT, LdHSP781/2, and resKO parasites for 24 and 48 h at a 1:10 ratio. J and K, Western blotting of lysates from uninfected BMDMs (negative control) and WT,
LdHSP781/2, and resKO promastigotes (loading controls were macrophage actin and L. donovani actin). Fold changes of LdHSP78 were calculated from den-
sitometric values of the bands. Each group is represented by three samples, and each experiment was performed in triplicate. Statistical significance (**, p,
0.01; ***, p, 0.001) was calculated using one-way analysis of variance followed by Dunnett’s multiple-comparison test and unpaired two-tailed t test followed
byWelch correction (each dot is representative of a single sample; n = 3 samples per group). Data represent mean6 S.D. (GraphPad Prism v5.0).
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blasticidin (50 mg/ml) (Fig. S1O). Genomic DNA PCR showed
successful replacement of one LmHSP78 allele with the blastici-
din cassette (Fig. S1P). Western blot analysis depicted signifi-
cant reduction of LmHSP78 in heterozygous cell lines, com-
pared with WT cell lines (Fig. S1Q). These findings indicated
that HSP78 might be essential for survival of the parasite,
although more experimental validations are required to con-
firm this.

LdHSP78 is an essential chaperon for infection persistence in
BMDMs

Chaperone-like activity of HSP78 was already indicated from
its enrichment during pH and heat stress in L. donovani pro-
mastigotes (Fig. 1C). Physical fitness of WT, LdHSP781/2,
and resKO promastigotes was studied initially at 22 °C, which
indicated equivalent growth rates for all three cell lines at day 5
(Fig. 1E). Subsequently, it was found that, at pH 5.5 and 37 °C,
the growth rate of LdHSP781/2 parasites was reduced signifi-
cantly, denoting the role of HSP78 in pH and heat stress man-
agement (Fig. 1F). Quantitative expression of LdHSP78mRNA
obtained from promastigotes indicated ;80% reduction of the
mRNA in LdHSP781/2 promastigotes and almost 95% resto-
ration of mRNA in resKO promastigotes (Fig. 1G). Analysis
of LdHSP78 mRNA levels from BMDMs infected with WT,
LdHSP781/2, and resKO parasites also depicted a similar pro-
file of LdHSP78 transcripts in LdHSP781/2 amastigotes (Fig.
1H). This was accompanied by a significant drop in the parasite
burden at 24 h and 48 h postinfection in LdHSP781/2 para-
site-infected BMDMs (Fig. 1I). We successfully reestablished
the virulence of LdHSP781/2 parasites by episomal over-
expression of LdHSP78. Complete restoration of LdHSP78
mRNA was found in resKO parasite-infected BMDMs (Fig.
1H). Investigation of the infection index of resKO parasites in
BMDMs also corroborated with mRNA data, establishing the
significance of LdHSP78 for infection in vitro (Fig. 1I).

Protein level validation showed depletion of LdHSP78 in
heterozygous cell lines

The most immunodominant peptide (127 amino acids; indi-
cated in purple in Fig. S2A) of LdHSP78 was codon optimized
and subcloned from pGEX-6P.1-Amp1 to the pET41a-Kan1
vector (Fig. S2, B–D). The hydrophobicity of the peptide was
analyzed using a hydropathy plot, which indicated that the pep-
tide sequence chosen is enriched with hydrophilic amino acids
and ideal as a B-cell epitope (Fig. S2E). The epitope was then
overexpressed and purified in the native form using nickel-
nitrilotriacetic acid resin, and BALB/c mice were immunized
with it (Fig. S2, F–H). Sera collected after three boosters were
used for immunoblotting of the purified epitope, to analyze the
quality of the generated antibody (Fig. S2I). Thereafter, partial
depletion of LdHSP78 and LmHSP78 (previously mentioned)
was validated by Western blotting from parasite lysates
obtained from promastigote cell lines generated using flanking
UTR-mediated and CRISPR-Cas9–mediated knockout technolo-
gies, respectively. Almost 50% or more depletion of HSP78 pro-
tein was obtained in LmHSP78 (Fig. S2Q) and LdHSP781/2,
while complete restoration of LdHSP78 protein was achieved in

resKO parasites (Fig. 1, J and K). The specificity of anti-HSP78
antibody was cross-validated using BMDM lysate, and no immu-
noreactive bandwas obtained (Fig. 1, J andK).

Down-regulation of proinflammatory cytokine synthesis
during LdHSP781/2 infection in BMDMs

One of the major issues with antileishmanial therapy is over-
coming immunosuppression induced by parasites. Our next
question was whether partial depletion of LdHSP78 would
result in inability of parasites to overcome host immune activa-
tion. Significant down-regulation of proinflammatory cyto-
kines and up-regulation of anti-inflammatory cytokines were
observed in WT parasite-infected BMDMs. In contrast, in
LdHSP781/2 parasite-infected macrophages, mRNA and pro-
tein levels of anti-inflammatory cytokines, such as transforming
growth factor b (TGFb) (Fig. 2, A and E), IL10 (Fig. 2, B and F),
and IL27A (Fig. 2, C and G), were significantly depleted,
whereas IL12A (Fig. 2, D and H) was significantly enriched.
Thus, cytokine profiling revealed that proinflammatory cyto-
kines were significantly inhibited during LdHSP781/2 para-
site infection.

MAPK activation and NO generation instigated LdHSP781/2
parasite clearance from BMDMs

Extracellular signal-regulated kinase 1/2 (ERK1/2) and p38
mitogen-activated protein kinase (MAPK) are the two major
MAPKs that are involved in the regulation of cytokine profiles
and NO synthesis (12). These MAPKs require phosphorylation
at their specific amino acids for their activation. Infection with
WT parasites induced significant up-regulation of phospho-
ERK1/2 (p-p44/p42, Thr202/Tyr204) (Fig. 3, A and E) and
decreased levels of phospho-p38 (Thr180/Tyr182) (Fig. 3, B
and F), while total MAPK expression levels remain constant. In
contrast, reverse activation profiles of these proteins were
found in LdHSP781/2 parasite-infectedmacrophages (Fig. 3).
Phosphorylation of ERK1/2 leads to enrichment of arginase 1

levels, which helps in parasite survival, whereas phospho-p38
MAPK leads to enrichment of inducible NOS (iNOS) expres-
sion, which mediates clearance of parasites by generation of
NO (13). Therefore, we examined the levels of iNOS and argi-
nase 1 expression, which suggested that LdHSP781/2 para-
sites were unable to exhaust iNOS and to enhance arginase 1
expression (Fig. 3, C, D, G, and H). Significant amounts of
NO generation were obtained from BMDMs infected with the
mutant parasites, compared with the WT ones (Fig. 3I). After
overexpression of LdHSP78 in resKO parasites, the immuno-
suppressive nature of parasites was significantly restored, with
concomitant suppression of phospho-p38, iNOS and NO
generation.

Partial loss of HSP78 affects the infectivity index of parasites
in an in vivo experimental infection model

Golden Syrian hamsters are a well-established model that
successfully mimics the pathophysiology of human VL infec-
tion (14, 15). Before infecting animals, the percentages of infec-
tivemetacyclic promastigotes were determined in all of the par-
asite cultures by lipophosphoglycan-independent Ficoll density
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gradient analysis using 10–40% Ficoll gradients (Fig. S3A).
Phase-contrast microscopy showed that .60% of metacyclics
were present in 6–9-day stationary-phase promastigotes of
WT, LdHSP781/2, and resKO parasites (Fig. S3B). RT-PCR
expression of the L. donovani SHERPIN gene revealed compa-
rable amounts of successful metacyclic formation (Fig. S3C).
Thus, we ensured that all of the following infections were car-
ried out with stationary-phasemetacyclic parasites only.
To understand the role of LdHSP78 in animal infection, we

first assessed the pathophysiological symptoms of the hamsters
infected with three different groups of parasites, up to 3months
postinfection. Similar to infected humans, VL, WT, and resKO
parasite-infected hamsters exhibited progressive splenomegaly
and hepatomegaly, with high amastigote burdens in organ
smears (Fig. 4A and Table S2). In LdHSP781/2 parasite-
infected hamsters, splenic and hepatic lesion formation was
delayed significantly, with lower amastigote burdens in spleen
and liver stamp smears (Fig. 4A and Table S2). LeishmanDono-
van unit data indicated that infectionwithWT and resKO para-
sites resulted in almost 20-fold greater splenic macrophage par-
asite loads and 25-fold greater hepatic macrophage parasite
loads, compared with LdHSP781/2 parasite infection (Fig.
4B). Since detection of live parasites in the organs provides a
better depiction of disease severity and the virulence of para-
sites, limiting dilution assays (LDAs) with 1 mg/ml minced
spleen and liver tissues were performed for animals infected
with three different cell lines. LDA data indicated severe
declines in parasite burdens, from 1010 WT parasites to 103

LdHSP781/2 parasites in spleen and from 1015 WT parasites
to 104 LdHSP781/2 parasites in liver 12 weeks postinfection
(Fig. 4C). Interestingly, in resKO parasite-infected animals,

there was almost complete restoration of LDA results in both
spleen and liver, indicating that LdHSP78 overexpression
restored virulence of the LdHSP781/2 parasites significantly
(Fig. 4C).
Decreased fitness of LdHSP781/2 parasites within hamsters

could be confirmed by highly sensitive kinetoplastidial DNA
(kDNA)-dependent determination of parasite counts in periph-
eral blood, spleen, and liver. Parasites were serially diluted from
105 parasites/ml to 1 parasite/ml, and a kDNA standard curve
was prepared following a method mentioned elsewhere (Fig. 4D)
(16). Genomic DNA isolated from hamster peripheral blood,
spleen, and liver were then subjected to RT-PCR for kDNA
amplification. Based on kDNA Ct values obtained from organs,
almost 10 6 2 parasites/ml WT parasites, 2 6 1 parasites/ml
LdHSP781/2 parasites, and 156 2 parasites/ml resKOparasites
in animal blood were obtained (Fig. 4E). Moreover, parasite loads
in LdHSP781/2 parasite-infected organs were much lower than
those in WT and resKO parasite-infected animals (Fig. 4E and
Table S3). Subsequently, RT-PCR data for LdHSP78mRNA from
blood and organs of WT, LdHSP781/2, and resKO parasite-
infected animals depicted almost 5-fold (in blood), 10-fold (in
spleen), and 4.5-fold (in liver) reductions during LdHSP781/2
parasite infection, compared with WT and resKO parasite infec-
tions (Fig. 4F). The fold changes indicated that the proliferation
rate of parasites was significantly compromised in hamsters after
partial deletion of LdHSP78.

Protective cytokines were enriched during LdHSP781/2
parasite infections

Establishment of VL in hamsters largely depends on the
fine balance between Th1 and Th2 responses in spleen (17).

Figure 2. Cytokine profiling of BMDMs infected with LdHSP78-depleted and -overexpressing parasites indicated sustained proinflammatory cyto-
kine responses. RT-PCR (A–D) and sandwich ELISAs (E–H) of proinflammatory (IL12A) and anti-inflammatory (IL10, IL27A, and TGFb) cytokines from WT,
LdHSP781/2, and resKO parasite-infected BMDMs. Eight hours after infection, total RNA was isolated from BMDMs and subjected to RT-PCR. Data were nor-
malized usingmouse GAPDH as a control gene. For TGFb and IL10 ELISAs, culture supernatants were collected 12 h after infection; for IL12A and IL27A ELISAs,
48-h postinfection supernatants were collected. FC, fold change. Each experimental set is representative of three samples, and error bars are mean6 S.D. Sta-
tistical significancewas analyzed using one-way analysis of variance followed by Dunnett’s multiple comparison test. **, p, 0.01; ***, p, 0.001.
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L. donovani parasites cause enrichment of the immunosuppres-
sive cytokines like IL10 and TGFb, which supports parasite per-
sistence, whereas parasite clearance is triggered by enrichment of
IL12 and IFNg (17, 18). Findings shown in Fig. 4 suggested that
partial deletion of LdHSP78 triggered rapid clearance of mutant
parasites in hamsters. Therefore, fold changes in regulatory cyto-
kine mRNA expression in infected hamster blood, spleen, and
liver were compared. As indicated by RT-PCR, IL10 and TGFb
were depleted 12 weeks postinfection (Fig. 5, A and B), whereas
IFNg was significantly enriched (Fig. 5C), in blood, liver, and
spleen of LdHSP781/2 parasite-infected animals. Cytokine ELI-
SAs also indicated that IL10 titers were exhausted and IL12 was
enriched in LdHSP781/2 parasite-infected hamsters, which was
completely reversed with resKO parasite infection (Fig. 5, D and
E). These findings indicated that, due to enrichment of protective
cytokines, LdHSP781/2 parasites were unable to establish infec-
tions in hamster organs.

NO triggered LdHSP781/2 parasites clearance from
hamsters

Earlier, we demonstrated that, after genetic depletion of
LdHSP78, clearance of L. donovani amastigotes was instigated

by macrophage NO (Fig. 3I). Therefore, fold changes in iNOS
mRNA in blood, spleen, and liver of infected hamsters were
studied, which suggested that iNOS expression was higher in
LdHSP781/2 parasite-infected hamsters, compared with WT
and resKO parasite-infected hamsters (Fig. 5F). Subsequently,
the Griess assay demonstrated time-dependent enrichment of
NO in sera of LdHSP781/2 parasite-infected animals, com-
pared with their virulent and rescued parasite-infected coun-
terparts (Fig. 5G). These studies indicated that, in in vivo sys-
tems, greater NO enrichment perhaps leads to abrogation of
infection in LdHSP781/2 parasite-infected hamsters, com-
pared withWT and resKO parasite infections.

Sequence and structural analysis revealed highly conserved
NBDs and Clp domain in LdHSP78

Phylogenetic analysis shows wide representation of the
HSP78 protein across various phyla (Fig. S4). The 3D model of
the L. donovani HSP78 protein was generated via MODELLER
v9.836 (19), with the coordinates of the ClpB protein from
Thermus thermophilus (PDB code 1QVR) being used as
a potential template. The 3D model was validated using
PROCHECK (20) and Verify 3D (21) structure validation tools

Figure 3. Expression of phospho-p38, iNOS, and NO increased during LdHSP781/2 parasite infection in BMDMs. A–H, lysates were collected from
BMDMs infected for 24 h with WT, LdHSP781/2, and resKO parasites and Western blotted for phospho-ERK1/2 and total ERK1/2 (phospho-ERK1/2 bands
were normalized to ERK1/2 bands) (A and E), phospho-p38 and total p38 (phospho-p38 bands were normalized to p38 bands) (B and F), arginase 1 (Arg1) (C
and G), and iNOS (D and H) (arginase 1 and iNOS bands were normalized to b-actin bands). Lipopolysaccharide (LPS) (10 mg/ml) was the positive control and
mouse b-actin was the loading control. Scattered plots adjacent to each blot represented mean densitometric values of three blots performed for each pro-
tein. I, the Griess assay was performedwith culture supernatants of WT, LdHSP781/2, and resKO parasite-infected BMDMs collected 24 and 48 h postinfection.
Each experimental set is representative of three samples, and error bars are mean6 S.D. Statistical significance was analyzed using one-way analysis of var-
iance followed by Dunnett’s multiple-comparison test. *, p, 0.05; **, p, 0.01; ***, p, 0.001.
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(Fig. S5). L. donovani HSP78 protein can be distinguished into
five domains, e.g. N-terminal domain (positions 1–136), D1
large domain or NBD1 (positions 151–331), D1 small domain
(positions 332–535) containing the ClpB linker, D2 large do-
main or NBD2 (positions 545–756), and D2 small domain
(positions 757–817). NBD1 and NBD2 are relatively more con-
served than other domains (Fig. 6A) across all phyla. However,

ranges of conservation for all five domains are similar in all
phyla, as well as in Euglenozoa (contains the Kinetoplastida
class) and Ascomycota, the other largest phylum where HSP78
is present (Fig. 6A). The N-terminal domain of HSP78 is found
to be mostly a-helical, with parallel b-strands inserted near its
N terminus. The N-terminal domain is connected to NBD1
through a flexible linker (positions 137–150). The D1 domain is

Figure 4. LdHSP781/2 parasites showed compromised infectivity in hamsters. A, comparative pathophysiology of WT, LdHSP781/2, and resKO parasite-
infected spleens procured from hamsters 3 months postinfection (p.i.), showing splenomegaly during WT and resKO parasite infection. B, Leishman-Donovan
units (LDU) from phase-contrast microscopy of Giemsa-stained images (scale bar, 10 mm). C, LDA results (log10 parasite numbers/ml) for WT, LdHSP781/2,
and resKO parasite-infected spleen and liver. D, genomic DNA isolated from WT parasites was serially diluted, and RT-PCR for kDNA and L. donovani GAPDH
was performed. Ct values obtained were used to prepare the standard curve of kDNA versus parasite count in log10 count/ml. E, Ct values of kDNA from ham-
ster whole blood, spleen, and liver were obtained and plotted in the standard curve of kDNA to calculate the parasite burden of each organ, and results were
plotted in this scatter graph. F, RT-PCR of LdHSP78mRNA from infected hamster organs and whole blood was performed. FC, fold change. Each experimental
set is representative of three samples, and error bars aremean6 S.D. Statistical significance was analyzed using one-way analysis of variance followed by Dun-
nett’s multiple-comparison test. **, p, 0.01; ***, p, 0.001.
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Figure 5. Protective cytokine responses and NO generation were augmented in LdHSP781/2 parasite-infected hamsters. A–C, IL10 (A), TGFb (B), and
IFNg (C) levels in whole blood, spleen, and liver of WT, LdHSP781/2, and resKO parasite-infected hamsters from three groups were measured by RT-PCR. D
and E, sandwich ELISAs for IL10 (D) and IL12 (E) were performed with blood samples collected at regular time intervals up to 3 months. F and G, enrichment of
iNOS (F) and NO (G) in whole blood, liver, and spleen of hamsters was determined by RT-PCR and Griess assays, respectively. Hamster GAPDH was used as the
control for all RT-PCR assays. FC, fold change. Each experimental set is representative of three animals, and error bars are mean6 S.D. Statistical significance
was analyzed using one-way analysis of variance followed by Dunnett’s multiple-comparison test. *, p, 0.05, **, p, 0.01; ***, p, 0.001.
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composed of a set of a-helices along with short b-strands and a
long coiled coil structure. The coiled coil structure is known as
the ClpB linker, containing two short coiled coil motifs. The C-
terminal D2 small domain is a mixed a/b structure and lacks
the long coiled coil insertion (Fig. 6A).

High-throughput virtual screening identified the ATP analog
Ap5A as a probable LdHSP78 chemical inhibitor

The high-throughput virtual screening (HTVS) technique was
implemented based on two aspects, de novo and substrate ana-
log-based screening. Both de novo screening and substrate (ATP)
analog-based HTVS techniques were applied using the first con-
former of 2,838,166 compounds available in the Phase database
(22) and 9998 compounds in the PubChem database (23), respec-
tively. Compounds were docked at the nucleotide-binding sites
using virtual screening techniques incorporated in the GLIDE
package from the Schrodinger suite (24). The molecules that
passed the filtration criteria (1460 and 1409 among Phase mole-
cules and 9480 and 9480 among PubChem molecules binding at

NBD1 andNBD2, respectively) were further considered for dock-
ing with the GOLD program (25), using GOLD fitness scores.
Docking complexes possessing similar modes of binding (root
mean square deviation of �5Å) among the top 30% solutions
were considered probable inhibitors. This screening yielded 33
and 14 probable molecules binding at NBD1 and NBD2, respec-
tively, whereas substrate analog-based screening suggested 3 and
45 molecules as NBD1 and NBD2 binders, respectively (Fig. S6).
Furthermore, a third set of probable inhibitors that are likely to
bind both of the NBDs were identified for both de novo and ana-
log-based screening methods after comparison of the top 100
GLIDE docking solutions.
Inhibitors bound at NBD1 and NBD2 primarily interacted

with 44 and 19 unique HSP78 residues via 66.4% and 60.4%
hydrogen bonding, 12.1% and 16.5% electrostatic bonding,
11.2% and 5.2% salt bridge interactions, and 10.2% and 17.9%
hydrophobic interactions, respectively (Fig. S7). Ap5A dis-
played the best docking properties and capability of binding to
both of the NBD pockets. Fig. 6B shows themode of interaction
of Ap5A binding to NBD1 andNBD2.

Figure 6. Structural features of L. donovani HSP78 protein. A, 2D and 3D domain organizations of L. donovani HSP78 protein and their relative con-
servation. Blue, red, and green bars show conservation of individual domain calculated using the representative sequences from all phyla, Euglenozoa,
and Ascomycota, respectively. B, binding mode and probable interactions of the selected inhibitor Ap5A, which shows significant binding potential
for NBD1 and NBD2 shown in upper and lower panel, respectively.
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Chemical inhibition of LdHSP78 by Ap5A resulted in reduced
infectivity index of L. donovani in BMDMs

The cytotoxicity of Ap5A ammonium salt was assessed in
WT, LdHSP781/2, and resKO promastigote cell lines using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) reduction assay. It was observed that the IC50 of
Ap5A was 14.56 1.92 mM forWT parasites. Ap5A is a structural
analog of ATP. Parasites are enriched with multiple ATP-de-
pendent proteins that are as crucial as LdHSP78 for survival;
therefore, Ap5Amight exert nonspecific effects on the promasti-
gotes. Interestingly, LdHSP781/2 parasites exhibited higher
sensitivity to Ap5A treatment (IC50 = 0.25 6 0.077 mM), and
resKO cell lines (with overexpression of LdHSP78) regained
resistance against Ap5A, with an IC50 equivalent to that of
WT parasites (IC50 = 15.0 6 0.90 mM) (Fig. 7A). To further
emphasize the specificity of Ap5A for LdHSP78, we com-
pared the growth responses of heterozygous knockouts
(LdHSP781/2) and Ap5A-treated WT promastigotes under
pH- and temperature-stressed conditions. Ap5A treatment
closely mimicked the growth pattern of the promastigotes
with partial depletion of LdHSP78. Inhibitor treatment
enhanced the sensitivity of WT promastigotes to physiologi-
cal stresses, similar to that of the LdHSP781/2 phenotype
(Fig. 7B). These findings cumulatively indicated that Ap5A is
probably specific for LdHSP78 in the promastigotes.
Infected macrophages were treated for 1 h with vehicle control

(20mM PBS) and a range of Ap5A doses from 1mM to 15mM, and
cells were kept for 24 h after drug removal in order to understand
the leishmanicidal efficacy of Ap5A on amastigotes in BMDMs.
The infectivity index calculated by Giemsa staining suggested
that the IC50 dose of Ap5A for amastigotes was 0.8 6 0.18 mM

(Fig. 7C). Furthermore, the sensitivity ofWT, LdHSP781/2, and
resKO amastigotes to Ap5A was determined to nullify the non-
specific effect of Ap5A on the amastigotes. The IC50 of Ap5A for

WT amastigotes was 1.006 0.24 mM and that for LdHSP781/2
amastigotes was 0.76 0.15 mM. Similar to resKO promastigotes,
overexpression of LdHSP78 led to regained resistance of resKO
amastigotes to Ap5A (IC50 = 1.26 0.14 mM) (Fig. 7D). Thus, the
sensitivity of amastigotes to Ap5A also suggested that Ap5A
might have specific effects on LdHSP78. However, the IC50 of
Ap5A for healthy BMDMs was 906 1.55 mM, which was indica-
tive of its poor toxicity against host cells (Fig. 7E).
IC50 and selective inhibitory (SI) values of Ap5A were com-

pared with those of AmB to understand the efficacy of Ap5A as
a potent antileishmanial agent. Therefore, similar experiments
were carried out using AmB, which showed that all three pro-
mastigote cell lines have almost equivalent sensitivities, i.e. the
IC50 for WT promastigotes is 0.5 6 0.12 mM, that for
LdHSP781/2 promastigotes is 0.45 6 0.13 mM, and that for
resKO promastigotes is 0.56 6 0.07 mM (Fig. 7F). Although
AmB has a much lower IC50 for promastigotes (0.56 0.12 mM),
the IC50 for amastigotes (1.25 6 0.59 mM) is very similar to or
slightly higher than that of Ap5A (Fig. 7G). Nevertheless, the
cytotoxicity of AmB for healthy BMDMs is much higher, and
the corresponding IC50 (0.4 6 0.19 mM) overlaps with its pro-
mastigote and amastigote IC50 values (Fig. 7H), which further
indicated that AmB harms the host cells at a much lower con-
centration than the concentration at which it kills the parasites.
Comparison of SI values for two different inhibitors were
undertaken using the World Health Organization guidelines
(SI = IC50 for BMDMs/IC50 for amastigotes). The SI value of
Ap5A was 112.5, and the SI value for AmB was 0.8. These data
suggested that Ap5Amight have promising target-specific anti-
leishmanial efficacy, compared with AmB.

Discussion

Our study identified LdHSP78, a putative AAA1 domain-
containing ClpB family member, as a potential virulence factor

Figure 7. Ap5A showed comparable antileishmanial efficacy with AmB. A, E, F, and H, the viability of axenic promastigotes (A and F) and healthy BMDMs
(E and H) treated with Ap5A and AmB was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reduction assay. B, pH sensitivity
and temperature sensitivity of Ap5A (15 mM)-treated WT and LdHSP781/2promastigotes were compared by determination of promastigote growth. C and G,
Giemsa staining was performed to calculate the amastigote burden of BMDMs, infected with L. donovani for 24 h and treated with either Ap5A or AmB. A and
D, the comparative sensitivity of WT, LdHSP781/2, and resKO promastigotes and amastigotes for Ap5A treatment was analyzed to understand the specificity
of Ap5A for LdHSP78. Each experimental set is representative of three samples, and error bars are mean6 S.D. Statistical significance was analyzed using one-
way analysis of variance followed by Dunnett’s multiple-comparison test.
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of the parasite and explored its role as a therapeutic target. We
recognized that LdHSP78 is enriched in VL patient blood and
infected hamster organs. To confirm the essentiality of HSP78 in
virulence, heterozygous HSP78 knockout parasites of two differ-
ent species of Leishmania were generated by employing con-
ventional homologous recombination-mediated and advanced
CRISPR-Cas9-mediated genetic manipulation tools. Null muta-
tion of LmHSP78/LdHSP78was found to be lethal, and heterozy-
gous mutants had significantly compromised virulence in both in
vitro and in vivo infection models. Interestingly, LdHSP781/2
parasites regained their virulence phenotype upon successful
add-back of the deleted HSP78 allele in the form of episome. Par-
tial deletion of LdHSP78 culminated in the inability of the para-
sites to bypass most of the activated immune responses of the
host. Mechanistic understanding of LdHSP781/2 parasite clear-
ance suggested that enrichment of phospho-p38 and proinflam-
matory cytokines preceded activation of NO, which possibly
led to LdHSP781/2 clearance from macrophages. Thus, after
ensuring the essential role of LdHSP78 during infection, we iden-
tified Ap5A, an ATP analog, as a potential inhibitor of LdHSP78
and studied its in vitro antileishmanial efficacy. We found that
Ap5A could successfully clear the parasite load at almost the
same dose as AmB in BMDMs but showed greatly reduced toxic-
ity to healthy host macrophages, which is a major hurdle in using
AmB.
VL is one of the major global threats next to malaria, causing

an estimated 0.5 million new cases annually (WHO reports,
2018) (42, 43). Under such circumstances, VL therapeutics call
for urgent identification of novel parasite target proteins that
are amenable to high-throughput screening and design of drug-
gable chemical products. In this postgenomic era, integrative
computational approaches facilitate the identification and pri-
oritization of candidate targets (26). LdHSP78 is highly con-
served in trypanosomes, with no human orthologs, and belongs
to the AAA1 superfamily of ATP-dependent HSPs, which effi-
ciently relieves microorganisms from apoptotic shock gener-
ated by disaggregated proteins (27). L. donovani promastigotes
initiate infection by transdifferentiating into amastigotes in the
presence of high temperatures and extremely acidic pH (phago-
somal pH) inside mammalian macrophages, which is a rate-
limiting step for infection initiation. Parasite HSPs play very
crucial roles for overriding the stresses induced during this
stage (28, 29). Previously, functional significance of HSP83,
HSP90, and HSP23 in stress regulation of Leishmania was
reported (28, 30, 31). However, the prominence of an HSP
belonging to the ClpB group as a potential drug target in L.
donovani has not been explored. Enrichment of LdHSP78 in L.
donovani-infected BMDMs, hamster organs, and VL patients
reinforced its association with active VL.
Clp proteins are reportedly essential for virulence and the

persistence of intracellular pathogens such as Listeria monocy-
togenes, Francisella tularensis, and Toxoplasma gondii inside
host macrophages. Therefore, we verified the essentiality of
LdHSP78 for the persistence of L. donovani inside macro-
phages by generating HSP78 knockout parasites and then res-
cued the phenotype using episomal overexpression of HSP78.
Significant reduction in LdHSP781/2 parasite burdens in
BMDMs, paralleled by reduced abundance of LdHSP78mRNA

expression in amastigotes, indicated LdHSP78 as one of the fac-
tors for survival of amastigotes inmacrophages.
However, all of our attempts to generate chromosomal null

mutants of HSP78 in both L. donovani and L. mexicana cells,
using different genetic manipulation tools, failed. Null mutant
parasites survived only in the presence of the episomal vector
pXG-GFP expressing HSP78, which was stably maintained
even after removal of selection. These findings indicated proba-
ble essentiality of the HSP78 gene for promastigote survival,
which needs more experimental investigation for confirmation.
Hubel et al. reported that HSP100 depletion greatly affects

the amastigote stage of development of L. major within macro-
phages (6). We obtained profound LdHSP78 enrichment espe-
cially at pH 5.5 and 37 °C. It was interesting that only pH or
temperature stress was unable to induce the enrichment but
dual stress (both high temperature and low pH), which mimics
the macrophage microenvironment, induced LdHSP78 enrich-
ment. Moreover, LdHSP781/2 parasites showed impaired
growth rates under similar conditions, which indicates that
LdHSP78 plays a crucial role as a chaperone during the amasti-
gote stage of development.
To confirm a parasite protein as a potential drug target, it is

essential to understand whether knockout parasites are able to
survive inside the host and to bypass host defense machineries.
Establishment of infection in macrophages is reflected by the
cytokine profile. L. donovani induces anti-inflammatory cyto-
kines and exhausts proinflammatory cytokine levels in a
MAPK-dependent manner, which finally leads to transcription
of arginase 1 and suppression of iNOS, aiding survival of the
parasites in macrophages (32–36). Proinflammatory cytokines
like IL12A were enriched during LdHSP781/2 parasite infec-
tion. In addition, enhanced phosphorylation of p38 MAPK and
up-regulation of iNOS clearly indicated that macrophages are ca-
pable of showing active immune responses against LdHSP781/2
parasites. For persistence within macrophages, virulent L. dono-
vani inhibits iNOS synthesis to be shielded from NO-mediated
toxicity (33, 37). In agreement with enriched iNOS expression,
NO synthesis was augmented during LdHSP781/2 parasite
infection, compared with WT parasite infection. Down-regula-
tion of NO was regained after introduction of the LdHSP78 allele
in LdHSP781/2 parasites. These studies cumulatively indicated
that HSP78 depletion facilitates nonviability of parasites in mac-
rophages in a NO-dependentmanner.
Before identification of a potential inhibitor, the role of

LdHSP78 in hamster VL was also studied. Comparative infec-
tivity analysis of WT, LdHSP781/2, and resKO parasites in
hamsters indicated that heterozygous knockout of LdHSP78
greatly reduced the capacity of the parasites to proliferate
within the infection foci of the animals, such as spleen, liver,
and peripheral blood. Besides the decrease in parasite burden
and recovery in pathological symptoms of infection, proinflam-
matory cytokines were enriched and NO titers were increased
in LdHSP781/2 parasite-infected animals, indicating that the
partial depletion ofHSP78 disables the parasites from establish-
ing full-grown infections in hamsters. This motivated us to
screen for potential HSP78 inhibitor molecules using the
HTVSmethod and to test their antileishmanial efficacies.
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It is worth mentioning that ATP analogs represent a novel as
well as wide repertoire of pharmacological inhibitors for differ-
ent diseases, such as cancer, pathological calcification, andmul-
tiple myeloma (38–41). In silico analysis revealed HSP78 as a
putative ATP-dependent HSP; thereafter, by HTVS we
screened Ap5A ammonium salt, which is an ATP analog. In
this study, the inhibitory role of Ap5A has been substantiated
in L. donovani infection. However, detailed structural, func-
tional, and pharmacological aspects of Ap5A and its derivatives
will be deciphered in the future. A comparative study of the
leishmanicidal efficacy of Ap5A ammonium salt with that of
AmB revealed that Ap5A had an IC50 for amastigotes of 0.8 mM

with an SI value of 112.5, whereas AmB had an IC50 for amasti-
gotes of 1.25 mM with an SI value 0.8. This indicates that Ap5A
can be a potential alternative for AmB, which shows profound
toxic effects on the host. However, in order to find better deriv-
atives of the inhibitor, having cytotoxicity for amastigotes in
the nanomolar range, a library of Ap5A derivatives was already
generated computationally. From them, 23 novel molecules
possessing better docking scores and other relevant druggabil-
ity parameters were selected to initiate a future novel drug de-
velopment scheme against LdHSP78 protein (Fig. S8).
The impact of this study could be multifaceted, starting from

revealing for the first time the importance of the highly con-
served ClpB parasite chaperon as an antileishmanial drug tar-
get, followed by screening of potential structural analogs (using
the HTVSmethod) against the protein along with its functional
validation. In summary, we established that targeting ATP-de-
pendent LdHSP78 with a pharmacological inhibitor can open a
new avenue for therapeutic interventions against VL.

Materials and methods

Ethics statement

All animal experiments were approved by the Animal Ethical
Committee (Protocol 147/1999/CPSCEA) of the Indian Insti-
tute of Chemical Biology, according to the National Regulatory
Guidelines issued by the Committee for the Purpose of Control
and Supervision on Experimental Animals, under the Division
of Animal Welfare, Ministry of Environment and Forest, Gov-
ernment of India.
For human studies, 4–5-ml venous blood samples were col-

lected in individual heparinized vials from three anonymous
patients who were initially diagnosed with VL symptoms, such
as prolonged fever, hepatosplenomegaly, and pancytopenia,
from Rajendra Memorial Research Institute of Medical Science
(Patna, Bihar, India). Moreover, samples were tested to be VL
positive by the rK39 strip test. Healthy individual blood samples
(similar quantities) were collected from both male and female
subjects 23–30 years of age. Written approval was obtained
from all participants in their local languages. Human sample-
related experiments were approved by the Human Ethics Com-
mittee of CSIR-Indian Institute of Chemical Biology, abiding by
the Declaration of Helsinki principles.

Heterozygous knockout using the UTR-mediated technique

In order to replace LdHSP78, UTR sequences flanking the
HYG gene were cloned; for genomic add-back of the deleted

cassette and generation of resKO parasites, the 2454-bp-long
HSP78 gene was cloned by using appropriate primers (Table
S3). Details are given in the supporting information.

CRISPR-Cas9-mediated heterozygous knockout generation

Using CRISPR-Cas9 technology, LmHSP78 deletion was
attempted in axenic T7- and Cas9-positive Leishmania mexi-
cana cell lines (designed and generously provided by Prof.
Jeremy Mottram, University of York, UK). The detailed proto-
col is provided in the supporting information. Detailed descrip-
tion of the materials and methods is provided in the supporting
information.
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ClpB, caseinolytic protease B; Ap5A, P
1,P5-di(adenosine-59)-penta-

phosphate; TGFb, transforming growth factor b; MAPK, mitogen-
activated protein kinase; ERK1/2, extracellular signal-regulated ki-
nase 1/2; kDNA, kinetoplastidial DNA; HTVS, high-throughput
virtual screening; iNOS, inducible nitric oxide synthase; NEO, neo-
mycin; PUR, puromycin; HYG, hygromycin; LDA, limiting dilution
assay; SI, selective inhibitory; BMDM, bone marrow-derived mac-
rophage; AmB, amphotericin B .
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Abstract

The outcome of Leishmania donovani infection depends upon the dynamic interchanges

between M1 and M2 macrophages. Information of the involvement of microRNAs (miRNAs)

and epigenetic modifiers in regulating macrophage plasticity during L. donovani infection is

still elusive. Differential expression analysis of polarization-regulating miRNAs, revealed sig-

nificant enrichment of miR146a-5p during Leishmania donovani infection. A sustained

enrichment of miR146a-5p was observed in both infected bone marrow derived macro-

phages (BMDMs) and BALB/c mice organs. We found involvement of miR146a-5p in

phagocytosis and survivability of parasites. Moreover, miR146a-5pgot enriched in interleu-

kin 4- stimulated BMDMs, indicating its possible involvement in M2 polarization. Upon trans-

fecting BMDMs with miRVANA anti-146a oligos, M2 markers (CCR7, YM-1, FIZZ-1,

arginase-1, IL10 and IL4) and transcription factors (p-STAT6 and c/EBPβ) got depleted with

concomitant augmentation of M1-polarizing transcription factors (p-STAT1, AP1 and IRF-

1), miR146a target genes (TRAF6 and IRAK1), M1 cytokines (IL12 and TNFα), iNOS, nitric

oxide, and nuclear translocation of phospho p-65 subunit. Neutralization of intracellular

mature miR146a-5p pool in infected BALB/c mice lower organ parasite burden and expres-

sions of M2 markers and IL10 with enrichment of M1 markers like iNOS and IL12. Addition-

ally, we explored the novel role of super enhancer (SE), a cis-acting regulatory component,

to enrich miR146a-5p expression during infection. Enhanced expression and nuclear reten-

tion of SE components like BET bromodomain 4 (BRD4) and p300 were found in infected

BMDMs. Upon silencing BRD4, expressions of miR146a-5p and M2 markers were down

regulated and TRAF6, IRAK1 and iNOS levels increased. STRING V.11 based predication

and immune precipitation confirmed the strong interaction amongst BRD4, p300 and RNA

pol II (RpbI). Chromatin immune precipitation studies suggested the recruitment of BRD4 at

the enhancer loci of miR146a-5p gene during infection. Altogether, our findings revealed a

novel role of BRD4/p300-depdendent super-enhancer in regulating miR146a expression

during L. donovani infection which in turn mediates M2 polarization and immune-

suppression.
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Author summary

Visceral leishmaniasis (VL), caused by protozoan parasites Leishmania donovani, is the

most severe form of leishmaniasis and is highly lethal if left untreated. Major obstacle for

successful therapy of VL originates from the life-long immune-suppression triggered in the

post kala-azar dermal leishmaniasis (PKDL) patients during infection. Identification of

molecular principles behind such immune-suppression will add success in VL therapeutics.

L. donovani hijacks the host macrophages and converts them from pro-inflammatory M1

to immune-suppressive M2 type, which allows successful infection establishment. Herein,

we explored the indispensable role of miRNA-146a-5p in conversion of M1 to M2 type

during infection. Both in vitro and in vivo miRNA silencing established miR146a-5p as an

imperative negative regulator ofM1 polarization. Computational analysis as well as

immune precipitation based experiments authenticated that L. donovani induces super

enhancer complex mediated transcriptional upregulation of miR146a-5p. BET bromodo-

main protein 4 (BRD4) forms this SE complex along with p300 histone acetyl transferase

and RNA pol II. Silencing of BRD4 significantly abrogated miR146a-5p mediated M2

polarization. In short, our current findings established a previously unrecognized role of

BRD4-depdendent super enhancers in orchestrating persistent transcription of macro-

phage miR146a-5p which in turn promotes M2 polarization during L. donovani infection.

Introduction

Visceral leishmaniasis (VL), caused by Leishmania donovani, results in almost 0.5–1 million

new infection cases worldwide [1]. Lack of a successful vaccine, toxicity of available anti-leish-

manial therapeutics, emergence of resistant parasite strains, HIV/VL co-infection and develop-

ment of post kala-azar dermal leishmaniasis (PKDL) are causing therapeutic failure cases in

VL [2]. A major hurdle in the successful treatment of the infection is the induction of chronic

immune suppression in patients [3]. L. donovani establishes an immune-supressive infection

by colonizing within mammalian macrophages and trans-differentiating from promastigote to

amastigote stage[4]. Recent studies indicated that the final outcome of VL largely depends

upon dynamic interchanges between classically activated (M1) macrophage, which has leish-

manicidal properties, and alternatively activated (M2) macrophage which supports parasite

survival [5,6]. In general, bone marrow derived macrophages (BMDMs), polarized by Th2

cytokines like interleukin 4 (IL4) or interleukin 13 (IL13) are termed as M2 macrophages [7].

L. donovani skews Thelper (Th) response towards the Th2 type which involves induction of

macrophage arginase 1 (Arg1) and IL10, and prevents pro-inflammatory cytokines and nitric

oxide (NO) generation [6]. Besides Arg1, M2 macrophages are also characterized by enrich-

ment of surface markers like C-C Motif Chemokine Receptor 7 (CCR7), chitinase 3 like-3

(YM-1), resistin-like molecule alpha(FIZZ1) as well as transcription factors like phosphory-

lated signal transducer and activator of transcription 6 (pSTAT6), CCAAT/enhancer-binding

protein beta (c/EBPβ) etc.[7–11].

On the contrary, macrophages activated by toll like receptor (TLR) ligands like lipopolysac-

charide (LPS) and interferon γ (IFN γ), are called M1 macrophages. They are characterized by

enhanced antigen presenting properties (APCs) and secretion of pro-inflammatory cytokines

like IL12, tumor necrosis factor α (TNF α) etc., which establish a critical link between these

APCs and CD8+ T cells. CD8+T cells secrete IFN γ which in turn stimulates activation of some

immune-activating transcription factors like Nuclear Factor κ beta (NF-κB), phospho-STAT1,

Interferon Regulatory Factor 1 (IRF-1),Activator protein 1 (AP-1) etc. in M1-polarized

PLOS PATHOGENS Super enhancer dependent miR146a regulation by Leishmania donovani

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009343 February 25, 2021 2 / 27

csirhrdg.res.in/), India. The funders had no role in

study design, data collection and analysis, decision

to publish, or preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.ppat.1009343
https://www.csirhrdg.res.in/


macrophages [12–14]. These transcription factors in turn mediate activation of induced nitric

oxide synthase (iNOS) in M1 macrophages. Earlier studies explored key role of NF-κB medi-

ated activation of iNOS in culminating NO-mediated clearance of L. donovani from macro-

phages [15–16].

Recently, small RNA sequencing identified differential enrichment of immune-regulatory

microRNAs (miRNAs) in VL patient peripheral blood monocytes (PBMCs) and L. donovani—
infected THP-1 cells [17–19]. Muxel et al. reported that Leismania amazoniensis infection

alters TLR pathway mediators in infected macrophages via modulation of let-7e. These reports

cumulatively indicated a strong correlation between macrophage miRNA and immune-sup-

pression, but information on the miRNAs in fine-tuning the M1/M2 plasticity during L. dono-
vani infection is still elusive.

We have currently undertaken differential expression analysis of immune-regulating miR-

NAs from L. donovani infected BMDMs, to understand consequence of infection upon global

landscape of macrophage polarizing miRNAs. Upon obtaining significant enrichment of

miR146a-5p, we further testified involvement of the same in stimulating M2 polarized macro-

phage during L. donovani infection in BMDMs and BALB/c mice. miR146a-5p, located in the

second exon of the LOC285628 gene in the mouse chromosome number 11, negatively regu-

lates the lipopolysaccharide (LPS)-stimulated toll like receptor 4 (TLR4) pathways by targeting

TNF receptor associated factor 6 (TRAF6) and interleukin-1 receptor-associated kinase 1

(IRAK1), in RAW264.7 macrophages [20]. Small-RNA sequencing earlier showed enrichment

of miR146a-5pin L. major infected human PBMCs [17]. Moreover, the miRNA been shown to

regulate macrophage polarization via TGFβ as well as Notch-pathway dependent manner

[21,22]. Till date role of miR146a in macrophage polarization regulation has been explored in

the light ofSMAD7-TRAF6-TGFβ pathway regulation [22]. However, involvement of miR146a-

5p mediated regulation of M2 polarization via targeting TRAF6-IRAK1-NF-κB axis during L.

donovani infection is still poorly explored. We found that, L. donovani infection results in persis-

tent enrichment of miR146a-5p, which subsequently skews the infected macrophages towards

the M2 profile. We also validated indispensability of miR146a-5p for in vivo infections by neu-

tralizing intracellular mature miR146a-5p pool of BALB/c mice during of L. donovani infection.

During endotoxic stimulations, persistent transcription of miR146a has been previously

addressed which signified a spectacular transcriptional regulatory element formation, at

upstream cis-acting regions of miRNAs-encoding gene called super-enhancers (SEs) [23–24].

These elements are characterized by their long length, strength of inducing persistent tran-

scription, and occupancy by unique transcription factors like BET bromo domain proteins

(BRDs)/ RNA pol II/ p300, and their histone modification patters (H3K27Ac). Therefore, we

explored the involvement of BRD4 and p300 and investigated their nuclear retention and

chromosomal accumulation upon enhancer domain of miR146a-5p gene. Altogether, our

findings signify involvement of a unique SE complex formation, upstream of miR146a-5p

gene loci in BMDMs during L. donovani infection, which drives immune suppressive M2

polarization of the macrophages.

Materials and methods

Ethics statement

All the animal experiment protocols were performed according to the guideline of the Com-

mittee for the Purpose of Control and Supervision on Experimental Animals (CPCSEA), Min-

istry of Environment and Forest, Government of India, and were approved(IICB/AEC/

Meeting/Feb/2018/10) by the Animal Ethics Committee (147/1999/CPSCEA) of CSIR-Indian

Institute of Chemical Biology (CSIR-IICB), India.
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Parasite culture and maintenance in hamsters

L. donovani (MHOM/IN/1983/AG83; ATCC repository number PRAR-413) amastigotes were

isolated from the spleen of three month infected Syrian golden hamsters (Mesocricetus aura-
tus) and transformed into promastigotes at 22˚C using Schneider’s Drosophila medium

(Sigma-Aldrich, US) supplemented with 10% fetal bovine serum (FBS) (Gibco, Thermo Scien-

tific, USA), 100 U/ml penicillin, 100 μg/ml streptomycin (Gibco, Thermo Scientific, USA)

[25]. Virulence of the parasite strains was maintained by passaging through 4–6 week old ham-

sters, which were also bred and maintained in the animal care facility of CSIR-IICB. Metacyclic

promastigotes, enriched in ficoll gradient [26,27] were used throughout the study to infect

BMDMs and animals.

Differentiation and infection of bone marrow derived macrophages

Bone marrow derived macrophages (BMDMs) were isolated from femurs of 4–6 week old

BALB/c mice and cultured in Dulbecco’s modified eagles media (Gibco, Thermo scientific,

USA) supplemented with10 ng/ml recombinant murine CSF (R&D systems, USA), 10% FBS

and 100 U/ml penicillin, 100 μg/ml streptomycin (Gibco, Thermo scientific, USA) for 7days at

37˚C in a fully humidified CO2 incubator. 7 days after, fully differentiated BMDMs were stim-

ulated using lipopolysaccharide (LPS) (100 ng/ml, Invivogen, US) and interferon-γ (IFN-γ,

20ng/mL, eBioscience, San Diego, CA) for M1 macrophage activation. Stimulation with IL4

(20ng/mL, eBioscience, San Diego, CA) led to M2 macrophage activation and media alone was

used for naïve (M0) macrophages [7]. Naïve BMDMs were infected with metacyclic promasti-

gotes at 1:10 multiplicity of infection (MOI) ratio. For infection synchronization, extracellular

parasites were washed with warm 20 mM phosphate buffered saline (PBS) and macrophages

were incubated for the indicated times for infectivity related experiments.

Animal infections

For in vivo infections, 2 X 107 metacyclic promastigotes/ animal was suspended in 200 μl sterile

1.8% D-glucose infused 20 mM PBS and injected in 4–6 week old BALB/c mice via tail vein. In

case of PBS control animals, 200 μl PBS was injected.

Transfection of esiRNA pool and miRVANA miRNA inhibitor in vitro
Control scrambled RNA (scrRNA) (Sigma-aldrich, US) (25 pM/ml) and MISSION esiRNA for

mouse BRD4 exons (60 pM/ml) (Sigma-aldrich, US) were transfected in BMDMs using Lipo-

fectamine 2000 (Thermo Fischer, USA) following manufacturer’s protocol. For miRNA silenc-

ing, 20 nM mirVana miRNA inhibitor negative Control (anti-NC) and 40 nM antago miR

named mirVana anti-miR-146a-5p inhibitor (anti-146a) were transfected in BMDMs using

Lipofectamine 2000. Infection related studies were performed 24 hrs post transfection.

In vivo neutralization of miR146a in animals

For in vivo neutralization of mature miR146a-5p, 4–6 weeks old BALB/c mice were infected

with 2X107 L. donovani suspended in 1.8% glucose- phosphate buffered saline solution.

28-days post-infection, synchronized infection was ensured in each group by Leishman Dono-

van unit (LDU) and limiting dilution assay (LDA) of spleen and liver. 25 μg/g mirVana

miRNA inhibitor (0.025mg/g body weight) negative Control or antagomirs named mirVana

anti-miR-146a-5p inhibitor oligo [28] were injected via tail vein in two separate groups (n = 3)

of mice. On same day, a group of healthy age-matched littermates were injected with 200μl

PBS via tail vein (n = 3). 7 days post neutralization, animals were euthanized for experiments.
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Parasite burden determination in animals

Spleen and liver were isolated from three month infected animals and parasite burden was deter-

mined by Leishman Donovan Unit (LDU) and limiting dilution assay (LDA). For LDU, stamp

smears of organs were fixed with methanol and stained with Geimsa (Sigma Aldrich, US). LDU

was represented by the number of amastigotes calculated in nearly 1000 macrophages from each

slide of organ impressions multiplied by the respective organ weight in milligram (mg).

For LDA calculation, a 1 mg/ml (w/v) organ suspension (spleen or liver) prepared in

Schneider drosophila media was serially diluted and cultured at 22˚C for 2 weeks. Parasite bur-

den was expressed as 10-fold logarithm scale of the highest dilution containing viable parasites,

and the mean values of three mice per group were represented.

Parasite phagocytosis rate determination

To determine the rate of phagocytosis, 5 X 107L. donovani promastigotes were suspended in 1

ml PBS containing 1 μl of carboxyfluorescein diacetate succinimidyl ester (CFSE)(Molecular

Probes, Thermo scientific, USA) from 2.8 μg/ ml dimethyl sulfoxide (DMSO, Sigma Aldrich,

US) stock and incubated in 37˚C humidified chamber for 10 min in the dark. CFSE stained

parasites were allowed to interact with BMDMs for 4 hrs, unbound parasites were washed with

20 mM warm PBS and infected BMDMs were stained with anti-mouse Cd11b antibody-alexa

fluor 700 (AF700, eBiosceinces, Thermo scientific, USA). Phagocytosis of zymosan particle by

uninfected BMDM was used as positive control for the assay. A simultaneous set of healthy

BMDMs were incubated with pHrodo green zymosan particle (Thermo scientific, USA) for 1

hr, followed by washing off the extracellular particle with PBS. CFSE signal of the phagocytized

parasites and green fluorescent signal of up taken pHrodo zymosan particles from Cd11b+

cells were recorded using BD LSR-Fortessa flow cytometer (BD Biosciences, US). Data were

analyzed using FACS Diva software.

Small RNA extraction, reverse transcription and miRNA assay

Small RNA from BMDMs (4 X 107) as well as organs (1mg) was isolated using miRVana miRNA

isolation kit (Ambion, US) following manufacturer’s instruction. The cDNA pools of U6 small

nuclear RNA and miR146a-5p were selectively produced from mature small RNAs using Taqman

cDNA synthesis kit (Thermo scientific, USA), according to manufacturer’s protocol and the con-

centration was measured using Nanodrop 2000 (Thermo Scientific, USA). Briefly 100 ng pure

small RNA was mixed with 5 X stem loop miRNA specific primer, 10 X RT buffer, dNTP mix w/

dTTp, RNase inhibitor (20U/μL), and MultiScribe RT enzyme (50U/μL) in 25 μl reaction volume

and incubated at 16˚C and 42˚C respectively for 30 mins followed by inactivation of enzyme at

85˚C for 5 mins. After diluting the cDNA 25 times, 1.33 μl of cDNA solution was mixed with 20

X probed small RNA assay primers (miR-181a-5p, miR-146a-5p, miR-125a-5p, miR26a-5p and

U6 snRNA), 2X Taqman universal master mix II (no UNG), and nuclease free water. The enzyme

was activated at 95˚C for 10 mins and denaturation of cDNA was done at same temperature for

15 sec followed by annealing and extension at 60˚C for 60 sec respectively, for all the miRNAs.

Amplification curves were obtained up to 40 cycles followed by holding the reaction at 4˚C in

real-time PCR (RT-PCR) (Light Cycler 96, Roche life sciences, Germany). Ct values for all the

miRNAs and U6 snRNA were analyzed using Light cycler 96 software and fold changes were cal-

culated with respect to U6 snRNA as reference gene using the following formula:

Fold change ¼ 2� DDCt; DDCt ¼ ðDCtexperiment� DCtcontrolÞ; DCt ¼ ðCtmiRNA� CtU6 snRNAÞ
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All the experiments were performed in triplicates. A negative control containing all reaction

components except the reverse transcriptase enzyme was included and subjected to RT-PCR

to confirm the absence of DNA contamination in RNA samples. List of primers used for PCR

is provided in S1 Table.

Total RNA extraction, reverse transcription and RT-PCR for mRNA

expression

Total RNA was isolated from 4 × 107 cells or 1 mg organ (in presence of liquid nitrogen) of dif-

ferent groups, using TriZOL-chloroform method (Ambion, Thermo scientific, USA). Pure

RNA pellet was suspended in 50 μl di-ethyl pyrocarbonate (DEPC) treated water and the con-

centration was measured using Nanodrop 2000 (Thermo Scientific, USA). Almost 2 μg pure

RNA was reverse transcribed using iScript cDNA synthesis kit (Biorad) following the manu-

facturer’s protocol. In brief, 2 μg RNA from each group, 5X iScript reaction mix, iScript reverse

transcriptase enzyme and nuclease free water were added in 20 μl reaction volume, and the

mixture was primed at 25˚C for 5 mins, reverse transcribed at 46˚C for 20 mins and heat inac-

tivated at 95˚C for 1 min. For RT-PCR, 2 μl cDNA, 0.5 μl 25 nM primer pairs of respective

gene as well as internal control, 5 μl SYBR green master mix (Roche life sciences, Germany)

and nuclease free water were added in 10 μl reaction mixture and PCR was performed in

Roche Light Cycler 96.Ct values for control and test genes were analyzed using Light cycler 96

software and fold change was calculated using the following formula:

Fold change ¼ 2� DDCt; DDCt ¼ ðDCtexperiment� DCtcontrolÞ; DCt ¼ ðCtgene� CtActinÞ:

All the experiments were performed in triplicates and mouse β-actin was used as reference

gene. Details of primers are provided in S1 Table. Anegative control containing all reaction

components except the reverse transcriptase enzyme was included and subjected to RT-PCR

to confirm the absence of DNA contamination in RNA samples.

Western blot

2 X 107 BMDMs were washed with PBS and lysed in cell lysis buffer (150 mM sodium chloride,

1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 10 mM

Di-thiothretol (DTT), 50 mM Tris, pH 8.0 containing protease and phosphatase inhibitor

cocktail, Roche), and the protein concentrations in the cleared supernatants were estimated

using Bradford method. The cell lysates were resolved on 10% SDS-PAGE and then transferred

to nitrocellulose membranes (BioRad, US). The membranes were blocked with 5% Bovine

Serum Albumin (BSA) (Sigma Aldrich, US) in Tris-buffered saline (TBS) for 1 hr at room tem-

perature and probed with primary antibodies overnight at 4˚C. Membranes were then washed

three times with wash buffer (TBS containing 0.5% tween) and then incubated with HRP-con-

jugated secondary antibodies (Sigma Aldrich) and detected by Luminata Forte (Millipore

Sigma, US) western HRP substrate (Fischer scientific, US). Densitometry data was analyzed

using Image lab software version 5.0 (Biorad). The uncropped blots are provided in S2 Fig and

the details of the antibodies are provided below-

Phospho NF-kB p65 (S536) (ab86299) mAb, IRAK1 Rabbit mAb (D51G7),BRD4 (E2A7X)

Rabbit mAb,p300 (D8Z4E) Rabbit mAb, RabbitRpb1 mAb (D8L4Y), c/EBPβ (#3082), phos-

pho-STAT sampler kit, DC-SIGN mAb (D7F5C) and Histone H3 (D1H2) XP Rabbit mAb

were procured from Cell Signaling Technology (CST, US). Mouse TRAF6 (D-10) antibody

and mouse IRF1 (E-4) were procured from Santa Cruz Biotechnology (SCBT, US). Anti-

Siglec-E antibody (R&D systems, MN, USA) was kindly gifted by Prof. Chitra Mandal,
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CSIR-IICB, Kolkata. Rabbit AP1 mAb and β Actin monoclonal antibody, HRP conjugated

anti-rabbit antibody and HRP conjugated anti-mouse antibody were procured from Sigma

Aldrich.

Immuno fluorescence confocal microscopy

2 X 105 BMDMs were cultured on glass cover slips and infected with parasites at 1:10 MOI

ratio for 4 hrs followed by washing with 20 mM PBS and fixation using 4% paraformaldehyde

(Sigma Aldrich, US) for 10 mins at room temperature. After washing the excess fixative, cells

were permeabilized using 0.25% Triton-X 100 (Sigma Aldrich, US) in PBS for 20 mins, fol-

lowed by washing and blocking with 1% BSA and 22.52 mg/mL glycine in PBST (PBS with

0.1% Tween 20) for 30 mins. Then cells were incubated overnight with primary antibodies,

(CST, US) diluted 1:200 times in blocking solution, at 4˚C in a humidified chamber, followed

by washing three times in PBST and incubation in the presence of secondary anti-rabbit-alexa

fluor 488(Molecular Probes, Thermo Scientific, USA)and anti-mouse texus red (SCBT, US)

(1:500 dilution) for 45 mins. Excess secondary antibodies were washed with PBS vigorously

and nuclei were stained with Hoescht 33342 (Molecular probes, Thermo scientific, USA) for

10 mins in the dark. Coverslips were then mounted using 10% glycerol in PBS. Imaging was

done in Leica TCS-SP8 confocal microscope and co-localization analysis of p-p65 with nuclear

signal was done using LAS X software (Leica systems).

Splenocyte isolation and culture from BALB/c mice

Splenocytes were isolated from infected and PBS, anti-NC and anti-miR146a-5p injected

BALB/c mice and cultured in 10 μg/ml Leishmania Antigen (LAg)-supplemented RPMI media

with 10% FBS and 100 U/ml penicillin, 100 μg/ml streptomycin for 24 hrs at 37˚C in a fully

humidified CO2 incubator. Supernatants of the cultured splenocytes were collected for ELISA.

Cytokine Sandwich ELISA

Titers of IL12, TNFα and IL10 cytokines in differentially treated-BMDMs culture supernatants

were determined by mouse Ready- SET- Go ELISA kits (eBiosciences, Thermo scientific,

USA) following the manufacturer’s instruction. Sensitivity limit is 30 pg/ml for IL10, 8 pg/ml

for TNFα and 2 pg/ml for IL12. Experiments were performed in triplicates and data were ana-

lyzed using graph pad prism version 5.0.

Multicolor flow cytometry

2 X 106 BMDMs were grown on 35 mm tissue culture dish and infected with L. donovani for 4

hrs, followed by warm 20 mM PBS wash and incubated for 18 hrs before blocking cytokine

secretion by 10 μg/ ml Brefeldin A (5mg/ml) (BFA) (MP Biomedicals, US). 2 hrs after BFA

treatment, cells are washed with chilled PBS three times and blocked with anti-mouse FcR

antibody (CD16/CD32, BD) for 20 min at 4˚C in presence of FACS buffer (20 mM PBS with

1% FBS). After washing the excess blocking antibody solution, cells were stained with anti-

mouse Cd11b- fluorescein isothiocyanate labeled (FITC) antibody (1:100 dilution) (BD biosci-

ences, US) for 1 hr at 4˚C in a dark humidified chamber. After surface marker staining, cells

were washed with PBS and treated with Cytofix/ Cytoperm (BD biosciences, US) for 20 mins

at 4˚C in the dark, followed by washing with FACS buffer containing 0.1% saponin (Sigma

Aldrich). Cells were incubated with anti-mouse IL10-allophycocyanin (APC) and anti-mouse

IL12-phycoerythrin (PE) (1:100 dilutions) for 1 hr at4˚C in dark humidified chamber. After

three times PBS washes, cells were procured for flow cytometry analysis in BD LSR-Fortessa
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flow cytometer (BD Biosciences, US). Experiments were done in triplicate and during acquisi-

tion of signal, gating of macrophage population was performed using auto polygon gating

(Using BD FACSDiva software) on the basis of unstained compensated population. Then after

doublet discrimination, each population was further analyzed for cytokine expressions. The

final populations were represented as histogram plots denoting mean fluorescence intensity

(MFI) for each cytokine.

Immuno pull down assay and western blotting

For co-immunoprecipitation assay, 5X106 BMDMs were lysed using RIPA lysis buffer supplemented

with protease inhibitor cocktail (Sigma Aldrich), followed by denaturation of the lysate. After incu-

bating the whole cell lysate with antibodies overnight at 4˚C, desired protein were pulled down

using protein A agarose beads (Sigma Aldrich). Pulled down protein is then resolved by SDS-PAGE

and immune blotted using nitrocellulose membrane transfer method. The immune reactive bands

were developed using Luminata Forte (Millipore Sigma, US) western HRP substrate (Fischer scien-

tific, US). Densitometry data was analyzed using Image lab software version 5.0 (Biorad).

Chemical cross-linked chromatin immune-precipitation, semi-quantitative

and RT-PCR

Chromatins of 10X106BMDMs were chemically cross-linked by drop-wise addition of 0.75%

formaldehyde directly to the culture media and rotation for 10 mins gently at room tempera-

ture. The denaturant was quenched by adding 125 mM glycine and incubated for 5 mins fol-

lowed by rinsing and scraping the cells with cold PBS. Cells were pelleted and lysed using FA

lysis buffer (50 mM HEPES-KOH pH7.5, 140 mM NaCl, 1 mM EDTA pH8, 1% Triton X-100,

0.1% Sodium Deoxycholate, 0.1% SDS and Protease Inhibitors). Chromatin DNA present in

the lysate was then fragmented in 250–500 bp fragments by 10 sonication cycles of 15 sec pulse

(50% amplitude) and 45 sec interval for 10 mins. Protein A agarose beads pre-coated with 75

ng/ μl salmon sperm DNA (Thermo scientific) were incubated with antibodies of interest over-

night at 4˚C.After washing off excess unbound antibodies, chromatin containing supernatant

was mixed with the bead mixture and incubated for 4–6 hrs at 4˚C, followed by washing with

gradient salt solution (as mentioned by Cross-linking Chromatin Immuno-precipitation pro-

tocol of Abcam). Finally bound DNA was eluted using 1% SDS, 100mM NaHCO3, treated

with 0.5 mg/ml RNase A solution (Qiagen) and purified by PCR clean up kit (Qiagen). Almost

10 ng antibody pulled DNA and total input DNA were subjected to PCR experiments. The

primers used for the amplification of 250 bp segment of miR146a-5p gene enhancer sequence,

are mentioned in S1 Table. In short, 10 ng template, 25 nM forward and reverse primers, 2X

DreamTaq PCR master mix (Thermo scientific), and nuclease-free water were mixed and the

mixture was subjected to semi-quantitative PCR reaction of 95˚C initial denaturation for 1

min, 25 cycles of 95˚C denaturation for 30 sec, 48˚C annealing for 30 sec, 72˚C extension for 1

min and 72˚C final extension for 7 mins. The PCR product was resolved on 1.5% agarose gel.

For RT-PCR reaction,10 ng DNA, 0.5 μl 25 nM primer pairs of, 5 μl SYBR green master mix

(Roche life sciences, Germany) and nuclease free water were added in 10 μl reaction mixture

and PCR was performed in Roche Light Cycler 96.Ct values for IP DNA and input DNA were

analyzed using Light cycler 96 software. Percentage of BRD4 accumulation upon miR146a-5p

enhancer DNA was calculated by percent input method. 1% of initial input was used for ChIP,

so a dilution factor (DF) of 100 or 6.644 cycles (i.e., log2 of 100) was subtracted from the Ct

value of diluted input.

Adjusted input Ct ¼ ðRaw input Ct� 6:644Þ; Percent input ¼ 100�2ðAdj input Ct� IP DNA CtÞ
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Experiments were performed in triplicates and data were analyzed using graph pad prism

version 5.0.

Nuclear and cytosolic fractionation

Nuclear and cytosolic fractions were isolated from 5X106BMDMs. Cell were initially lysed by

incubating cells in nuclear buffer A (10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM

DTT, 0.05% NP40 pH 7.9), supplemented with protease inhibitor cocktail, for 10 mins at 4˚C.

The supernatant used was the cytosolic fraction and the pellet was further homogenized in the

presence of nuclear buffer B (5 mM HEPES, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT

and 26% glycerol (v/v), pH 7.9). Following homogenization, the suspension was incubated for

30 mins at 4˚C and centrifuged at 24,000 g for 30 mins. The supernatant was collected as the

nuclear fraction and the protein content was measured by Bradford assay before western

blotting.

Quantification of nitric oxide level

Nitric oxide generated in culture supernatant of different groups of BMDMs was measured by

Griess assay. Briefly 100 μl culture supernatant was mixed with 100 μl of Griess reagent (1%

sulfanilamide and 0.1% N-(1-naphthyl) ethylene diaminedi- hydrochloride in 2.5% H3PO4)

and incubated at room temperature for 10 min. Absorbance at 540 nm was then measured. 1

mM NaNO3 (Sigma Aldrich) solution prepared in media was used for standard curve genera-

tion. The graph for nitric oxide was generated using graph pad prism version 5.0.

Statistical analysis

All the experiments were performed in biological and experimental triplicates. Statistical anal-

yses were performed with one way ANOVA using the Graph Pad Prism Software version 5

(Graph Pad Software Inc., La Jolla, CA, USA). Significant differences were set at �P<0.05,
��P<0.01, ���P<0.001. Data points represent error bar showing mean ± SD (standard

deviation).

Results

L. donovani infection stimulates host miR146a-5p expression both in vitro
and in vivo
We first performed real time PCR (RT-PCR)-based differential expression analysis of a group

of immune-regulatory miRNAs (mmu-miR181a-5p, mmu-miR146a-5p, miR26a-5p and

miR125a-5p) during L. donovani infection. We observed enrichment of miR146a-5p,

miR181a-5p and miR125a-5p which are involved in M2 polarization [21,29,30] with concomi-

tant depletion of M1 regulating miR26a-5p [31] in infected BMDMs (Fig 1A). From this

screening, miR146a-5p was selected for further mechanistic evaluation of its involvement in

infection-induced M2 polarization.

Next, BMDMs were infected with virulent L. donovani promastigotes at increasing multi-

plicity of infection ratios (MOIs) ranging from 1:0.5 to 1:20 (macrophages: parasites) and

times of infection (from 4 hrs to 48 hrs). RT-PCR experiment based analysis of mature

miR146a-5p titer suggested that miR146a-5p level enhanced in positive correlation with doses

and times of parasite infections (Fig 1B and 1C). To correlate in vitro findings with in vivo
infection, miR146a-5p expressions were also evaluated in spleen and liver of 15, 30, 45 and 60

days infected animals, which showed a successive enrichment pattern of the miRNA with time

of infection (Fig 1D). Finally, miR146a-5p expression was validated in spleen, liver, peritoneal
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lavage and BMDMs isolated from three months (90 days) infected BALB/c mice. RT-PCR data

confirmed that besides spleen and liver, miR146a-5p expression got enriched in other infected

animal organs as well compared to PBS injected healthy animals (Fig 1E). These findings

cumulatively indicated possible involvement of miR146a-5p during L. donovani infection.

miR146a-5p is crucial for parasite phagocytosis and survival inside

BMDMs

In order to understand the significance of miR146a-5p for parasite entry and survival inside

BMDMs, macrophages were transfected with anti-NC and anti- miR146a-5p inhibitor oligos.

Post-transfection, one set of BMDMs were infected with CFSE-labeled L. donovani and 4 hrs post

infection, BMDMs were labeled with anti Cd11b-Alexa Flour 700 (Cd11b-AF700) antibodies. Per-

centage of CFSE signal reflects the amount of parasite phagocytized. Flow cytometry analysis

Fig 1. M2 polarizing miRNAs enrich in L. donovani infected BMDMs where miR146a-5p has an essential role in parasite phagocytosis and survival. (A) BMDMs

were infected with L. donovani for 24 hrs and differential expression analysis of M1 (miR26a-5p and miR125a-5p) and M2 (miR146a-5p and miR181a-5p) polarization

regulating miRNAs were performed by RT-PCR. RT-PCR based evaluation of mature miR146a-5p expression in L. donovani infected BMDMs using either (B) using 1:10

multiplicity of infection ratio (MOI) for different time points or (C) using different MOIs for 24 hrs and from (D) spleen and liver of BALB/c mice 15 days, 30days, 45

days and 60 days post-infection. (E) Mature miR146a-5p RNA levels were also measured from peritoneal lavages, spleen, liver and BMDMs isolated from L. donovani
infected BALB/c mice euthanatized three months post-infection. PBS injected animals served as a control group and each group is representative of n = 3 animals. All the

miR146a expressions were normalized against U6 snRNA. BMDMs, transfected with either non-coding RNA (anti-NC) or mirVANA miR146a-5p inhibitor oligo RNA

(anti-146a), were challenged24 hrs post-transfection, with CFSE stained or unstained parasites. (F, G) 4 hrs post infection, percentage of CFSE-labeled parasite uptake in

Cd11b+BMDMs was determined using flow cytometry and represented as histogram. Uptake of pHrodo green zymosan particle by uninfected BMDMs, was used as

positive control. (H) 24 hrs post infection, survival rate of unstained parasites was measured by geimsa staining and represented as number of amastigotes per 100

BMDMs. (I) Western-blotting of phagocytic marker proteins DC-SIGN and Siglec-E from uninfected, anti-NC and anti-146a treated BMDMs lysates was performed,

where β-actin was used as loading control. Each experiment has been performed in triplicates. Statistical significance (��P<0.01, ���P<0.001) was calculated using one-

way ANOVA and data are represented as mean± SD (Graph pad prism 5.0).

https://doi.org/10.1371/journal.ppat.1009343.g001
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suggested that infected Cd11b+ cells (INF) exhibited complete phagocytosis (100%) of CFSE-

labeled parasites and anti-NC RNA transfected Cd11b+cells displayed 88% uptake of CFSE-

labeled parasites. Surprisingly, miR146a-5p inhibitor-transfected cells displayed only 16% uptake

of CFSE-labeled parasites, which is 5.5 times less than anti-NC treated cells and 6.25 times less

than infection only-Cd11b+ cells (Fig 1F and 1G). However phagocytic capacity of healthy macro-

phages were assessed uptake of pHrodo green zymosan particles during the assay, which showed

significant uptake of the particles. Moreover expressions of C-type lectin receptor DC-SIGN and

I-type lectin receptor Siglec E were evaluated upon inhibition of miR146a-5p. Immuno-blotting

data showed that infection persuaded upregulation of DC-SIGN and Siglec E, which subsequently

got abrogated upon inhibition of miR146a-5p (Fig 1I). These data cumulatively suggested that

miR146a-5p might play a vital role in parasite phagocytosis in BMDMs.

Similarly another set of BMDMs were infected with unstained parasites for 24 hrs. Geimsa

staining based parasite burden calculation corroborated with the flow cytometry data. Parasite

burden of miR146a-5p inhibitor treated BMDMs lowered significantly compared to infection

only and anti-NC-treated groups (Fig 1H). These findings suggested plausible involvement of

miR146a-5p dependent survival of parasites inside macrophages.

miR146a-5p skews infected macrophage profile from M1 to M2 type during

L. donovani infection

Next, we explored the infectivity index and miR146a-5p expression profile in naïve BMDMs

(M0), M1 BMDMs polarized by LPS and recombinant-IFN γ, and M2 macrophages polarized

by recombinant-IL4 treatment. Both confocal micrography and geimsa staining showed high-

est infection burden in M2 polarized BMDMs (Fig 2A and 2B).

Additionally, heightened expression of miR146a-5p was observed in M2 polarized BMDMs

compared to the naïve (M0) and M1 polarized ones (Fig 2C).These finding indicated a positive

relationship between miR146a-5p and M2 plasticity of macrophages.

Next differential expression profiling of M2 polarization markers from anti-NC or anti-

miR146a-5p-treated and L. donovani- infected BMDMs was performed. RT-PCR data suggested a

constant decrease of M2 marker genes (YM1, FIZZ1, CCR7 and Arg1) after inhibition of miR146a-

5p, which were otherwise enriched in anti-NC treated BMDMs following infection (Fig 2D).

Besides surface markers, expression profiling of some transcription factors has been under-

taken to elucidate global regulation of miR146a-5p upon M2 polarization. Western blot

showed upregulation of p-STAT1, IRF-1 and AP1 in anti-146a-transfected BMDMs compare

to anti-NC treated ones (Fig 2E–2H). On the contrary, pSTAT6 and c/EBPβ levels decreased

significantly upon inhibition of miR146a-5p (Fig 2I–2K), subsidizing the role of miR146a-5p

in infection induced M2 polarization of BMDMs.

Expression of TRAF6, IRAK1 and iNOS got augmented upon inhibition of

miR146a-5p during L. donovani infection

Previous reports suggested that miR146a-5p targets TRAF6 and IRAK1 to negatively regulate

NF-κB pathway and iNOS generation by macrophages [32]. Hence, we investigated both RNA

and protein expression patterns of TRAF6, IRAK1, iNOS and Arg1 genes in anti-NC or anti-

146a treated and infected BMDMs. Both RT-PCR and western blot data showed significant

enrichment of TRAF6 (Fig 3A, 3F and 3L) and IRAK1 (Fig 3B, 3G and 3M) in anti-miR146a

transfected BMDMs upon parasite challenge, compared to anti-NC transfected BMDMs.

M1 polarized macrophages are characterized by low Arginase 1 (Arg 1), high induced nitric

oxide synthase (iNOS) and enhanced nitric oxide levels. Our study revealed that expression of

NOS2 gene (Fig 3C), iNOS protein (Fig 3I and 3P) and NO (Fig 3Q) were significantly higher
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with subsequent downregulation in Arg1 expression level (Fig 3D, 3J and 3O) in anti-miR146a

treated BMDMs, 24 hrs post-infection compared to the anti-NC treated ones. These observa-

tions clearly suggested that miR146a-5p aids in negative regulation of M1 polarization by

down regulating TRAF6, IRAK1 and iNOS expressions during L. donovani infection.

L. donovani infection induces anti-inflammatory M2 cytokines in a

miR146a-5p dependent manner

Polarity of macrophages upon pathogenic challenge largely depends upon its cytokine profile.

Upon entry into the macrophages, L. donovani parasite enhances anti-inflammatory cytokines

synthesis which aids in survival and proliferation of the amastigotes [15]. Therefore, we

explored effect of miR146a-5p inhibition upon cytokine profile of infected BMDMs by multi-

color flow cytometry and sandwich ELISA. FACS analysis showed that parasites were unable

to increase IL10 levels in anti-miR146a-5p transfected BMDMs compared to anti-NC trans-

fected ones (Fig 4A–4C and 4F). On the contrary, mean fluorescence intensity of IL12 and

Fig 2. miR146a-5p is crucial for inducing M2 polarization and depleting M1 polarization markers in L. donovani infected BMDMs. Naive (M0), M1 and M2

polarized BMDMs were challenged with L. donovani at 1:10 MOI for 24 hrs, and infectivity index was determined by (A) confocal micrograph of Hoescht stained BMDMs

(scale bar- 10 μm) followed by (B) geimsa staining based calculation of amastigote burden per 100 BMDMs in 100X oil immersion microscope. (C) Expression of

miR146a-5p was determined in M0, M1 and M2 polarized BMDMs by RT-PCR. Data represented as mean ± SD. (D) Expression of M2 polarization markers were

analyzed in L. donovani infected BMDMs previously transfected with either anti-NC or anti-146a oligos. Expression of transcription factors essential for directing either

M1 (E-H) or M2 (I-K) polarization of macrophages, were determined in anti-NC or anti-146a transfected and L. donovani infected BMDMs by western blotting, where β-

actin served as loading control. Statistical significance (�P<0.05, ��P<0.01,���P<0.001) was calculated using one-way ANOVA and data are represented as mean± SD

(Graph pad prism 5.0).

https://doi.org/10.1371/journal.ppat.1009343.g002
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TNFα increased significantly upon inhibition of miR-146a-5p (Fig 4A–4E). These observa-

tions were further supported by determination of secreted cytokine titers in culture superna-

tants by ELISA, which also showed exhaustion of IL10 titer and enrichment of IL12 and TNFα
in miR-146a inhibited BMDMs upon parasite challenge (Fig 4G–4I). Cumulatively, we found

that miR146a-5p is crucial for enrichment of M2 cytokines during infection.

Nuclear translocation of phosphorylated p65 subunit got stimulated upon

miR146a inhibition

miR146a-5p is a major negative feedback regulator of NF-κB pathway. Therefore we evaluated

the effect of parasite infection upon nuclear translocation of p-p65 by both confocal micros-

copy and western blotting. Co-localization co-efficient values and percent overlap of pp65

Fig 3. Inhibition of miR146-5p induces enrichment of TRAF6, IRAK1 and iNOS expression and Arg1 depletion in L. donovani infected BMDMs. . (A) Expressions

of miR146a target genes, namelyTRAF6 (A, F, L) and IRAK1 (B, G, M) were evaluated by RT-PCR and immune-blotting. (C, D, E) Semi-quantitative PCR of NOS2 and

Arginase1 (Arg1) genes was performed followed by electrophoresis of the PCR products in 1% agarose gel. Protein level expressions of iNOS (I, P) and Arg1 (J, O) were

determined by western blotting and (Q) nitric oxide titer in culture supernatant was measured by Griess assay. Mouse β actin served as reference gene for PCR

experiments. Each experiment has been performed in triplicates. Statistical significance (�P<0.05, ��P<0.01,���P<0.001) was calculated using one-way ANOVA. Data

represented as mean± SD.

https://doi.org/10.1371/journal.ppat.1009343.g003
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Fig 4. miR146a-5p is essential for L. donovani infection-mediated enrichment of anti-inflammatory M2 cytokines. BMDMs, transfected with anti-NC RNA and anti-

miR146a-5p inhibitor oligos, were infected with L. donovani parasites for 24 hrs. (A-C) Cytokine expression profile was recorded from Cd11b+ populations of BMDMs
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signals with nuclear Hoescht signals suggested positive nuclear accumulation of phospho-p65

subunit (ser536) in miR-146a-5p inhibited and L. donovani infected BMDMs compared to

anti-NC transfected cells (Fig 5A–5C). Immuno-blotting of p-p65 subunit in nuclear and cyto-

sol fractions of anti-NC or anti-146a transfected BMDMs also substantiated that nuclear reten-

tion of p-p65 subunit enhanced in infected BMDMs upon inhibition of miR146a-5p (Fig 5D).

Interestingly, parasites were unable to suppress phosphorylation as well as nuclear transloca-

tion of p65 subunit upon deletion of miR146a-5p which indicated the microRNA as a major

nexus for L. donovani infection-based suppression of NF-κB pathways.

BRD4/p300 dependent super enhancers drive expression of macrophage

miR146a-5p during L. donovani infection

Our next question was how the infection mediates sustained and prolonged expression of

mature miR146a-5p RNA. Super enhancer (SE) elements are outstanding cis-acting elements,

which transcriptionally control sustained RNA expression under different stimulations. BET

bromo domain protein BRD4, p300 and RNA pol II accumulate at these SE complexes for

induction of enhanced expression of genes. Bioinformatics analysis of protein-protein interac-

tion using STRING v.11.0 showed a plausible interaction amongst BRD4, p300, RNA pol II

and histone H3 (node interaction cut off <0.05, S1 Fig). We therefore experimentally validated

formation of SE complexes during L. donovani infection at miR146a-5p gene loci of mouse

BMDMs. Immunoblotting of whole cell lysate and nuclear fractions suggested significant

upregulation and nuclear translocation of BRD4 and p300 during L. donovani infection (Fig

6A and 6C). Besides that, confocal microscopy based validation of nuclear retention of BRD4

as well as RpbI also substantiated the western blot data (Fig 6B). Moreover immune-precipita-

tion studies showed a strong interaction between these three proteins (Fig 6D). Immune reac-

tive bands of p300 and RpbI developed upon pull-down with anti-BRD4 antibodies and BRD4

protein bands developed upon pulling down with anti-p300 antibodies from infected BMDM

lysate (Fig 6D). These findings clearly denoted that BRD4, p300 and RNA pol II are translocat-

ing in infected BMDM nuclei and having strong interactions amongst themselves.

BRD4 expression was successfully silenced with enhanced siRNA pool (esiRNA) (Fig 6E).

Geimsa staining followed by amastigote count showed compromised parasite burden of

esiBRD4 transfected BMDMs compared to scrRNA transfected ones (Fig 6F and 6G). Interest-

ingly, parasite infection was unable to induce miR146a-5p expression in BMDMs after silenc-

ing BRD4, which indicated involvement of BRD4 in transcription of miR146a-5p (Fig 6H).

Upon infection, expression of M2 polarization markers got down regulated in esiBRD4 trans-

fected BMDMs compared to scrRNA transfected ones (Fig 6I). TRAF6 and IRAK1 as well as

iNOS expression increase with concomitant exhaustion of Arg1 expression in esiBRD4 trans-

fected BMDMs (Fig 6J). Finally, to establish the SE formation, we pulled down chromatin

region bound by BRD4 protein by chemically cross-linked chromatin immune-precipitation

(X-ChIP) (Fig 6K). DNA population pulled down by BRD4 antibodies from uninfected and

infected BMDMs were subjected to semi-quantitative PCR and RT-PCR. 250 bp length ampli-

con of BRD4 protein bound mir146a-5p enhancer region got enriched in infected BMDMs

(Fig 6L).As per RT-PCR data, the amount of percent input of the BRD4 bound DNA from

infected BMDMs was significantly higher compared to uninfected ones (Fig 6M). Taken

stained with IL10-APC, IL12- PE and TNFα-BV650 antibodies. (D-F)Cytokine expressions were recorded using auto polygon gating strategy in BD FACSDiva (from

compensated unstained control) and represented using histogram plots. Mean fluorescence intensity (MFI) of each cytokine was further represented using bar diagrams.

(I-K) Cytokines profiling, was performed by sandwich ELISA, using culture supernatant isolated from macrophages. Statistical significance (�P<0.05, ��P<0.01,���

P<0.001)was calculated using one-way ANOVA. Data represented as mean± SD.

https://doi.org/10.1371/journal.ppat.1009343.g004
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together, these data affirmed SE complex driven transcription of miR146a-5p during L. dono-
vani infection.

miR146a-5p is indispensable for in vivo infection

Previously infection time kinetics suggested a succeeding upregulation of miR146a-5p in

BALB/c mice till three months post-infection (Fig 1D and 1E). In order to understand signifi-

cance of the miRNA for infection persistence, we have for the first time established in vivo
miR146a-5p neutralized animal model for VL, by injecting miRVANA antagomirs anti-146a

RNA via intravenous route in 28 days infected animals (Fig 7A). Before injecting inhibitor oli-

gos, infection burden in two animal groups were analyzed by Leishman donovan unit (LDU)

counting and Limiting dilution assay (LDA) of spleen and liver. In both the organs parasite

successfully established synchronized infection (Fig 7B and 7C). 28-days post infection, anti-

NC and anti-146a oligos were injected in respective animal groups. PBS injected age-matched

healthy animals were kept as controls.

7 days post-injection of PBS, anti-NC and anti-146a oligos, animals were sacrificed followed

by determination of organ parasite burden. LDU counting and LDA showed decreased organ

amastigote burden in the miR146a-5p neutralized animal group compared to anti-NC injected

animals (Fig 7D and 7E). In order to ensure the efficacy of miRVANA oligos, miR146a-5p

expression was evaluated in anti-NC and anti-146a injected animal spleen and liver. RT-PCR

data suggested that miR146a-5p pool got successfully neutralized upon injection of inhibitor

oligos (Fig 7F and 7G).

Subsequently by immune-blotting we observed that expression of Arg-1 decreased and that

of iNOS increased in organ lysates of miR146a-5pneutralized group compared to anti-NC

treated group (Fig 7H). Differential expression analysis of M2 polarization markers in the

organ (spleen and liver) RNA indicated that, expression of M2 markers decreased significantly

in spleen and liver of miR146a-5p neutralized animals compared to the anti-NC treated groups

(Fig 7I and 7J). Moreover, cytokine-ELISA of LAg stimulated splenocytes supernatant from

infected and PBS/anti-NC/anti-146a treated animals, showed downregulation of IL10 titer

(Fig 7K) and upregulation of IL12 titer upon neutralization of miR146a-5p compared to the

anti-NC treated groups (Fig 7L). Thus, we recognized a role of miR146a-5p for in vivo infec-

tion persistence and establishment of immune-suppression in host.

Discussion

Macrophages are the major antigen presenting cells of the innate immune system which pro-

vide first line of defense by phagocytosis of breaching pathogens [33]. The immunological sta-

tus of the macrophages switches between immune reactive M1 and immune suppressive M2

types, depending upon the cues present in the microenvironment [7]. L. donovani proliferates

within the host macrophages by triggering immune suppressive conditions [34]. Thus host

susceptibility or resistance against L. donovani infection largely depends upon the plasticity of

the infected macrophages. Previous studies have shown that L. donovani infection triggers

macrophage mammalian target of rapamycin (mTOR) pathway, as well as peroxisome

Fig 5. Nuclear translocation of phosphorylated p65 subunit got suppressed during L. donovani in miR146a-5p dependent manner. (A) Nuclear

translocation of phospho-p65 (ser536) in anti-NC and anti-146a inhibitor transfected BMDMs was evaluated by confocal microscopy of infected BMDMs. (B,

C) Co-localization coefficients of p-p65 alexa Fluor 700 (AF700) signals with Hoescht signals were determined while capturing the images at 63X oil immersion

objective with 2.0X optical zoom factor (Scale bar: 10 μm). Post hoc analysis was performed using Leica Application Suit X (LAS-X software) and co-localization

coefficients with percent overlap of the signals were plotted for each condition. (D) Nuclear and cytosol fractions of the BMDMs were isolated and expression of

p-p65 was analyzed by western blotting. Histone H3 and β-actin are used as loading controls for nuclear and cytosolic fractions respectively. Statistical

significance (��P<0.01,���P<0.001)was calculated using one-way ANOVA. Data represented as mean± SD.

https://doi.org/10.1371/journal.ppat.1009343.g005
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Fig 6. BRD4 mediated super enhancer complex ensures prolonged enrichment of miR146a-5p and M2 polarization profile of L. donovani infected BMDMs. (A)

Western blotting of major super enhancer proteins like BRD4 and p300 in L. donovani infected BMDMs. (B) Nuclear localization of BRD4 and RNA polymerase subunit I

(RpbI) were determined by confocal micrographs of uninfected and infected BMDMs. Representative images were obtained at 63X oil immersion objective (scale bar-

10μm) with 2.0 zoom factor and processed using LAS-X software.(C) Nuclear and cytosolic fractions of infected BMDMs were subjected to western blotting for BRD4 and
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proliferator-activated receptor gamma (PPAR-γ) and CD163 expression, thereby facilitating

the enrichment of Arg1-mediated polyamine synthesis and M2 polarization of macrophages

[35–37]. These studies underlined that parasites skew macrophages towards M2 type. Small

RNA profiling of L. donovani and L. major infected patient PBMCs, THP-1, and dendritic cells

showed virulent parasites mediated differential enrichment of immune regulatory miRNAs

[17,38]. However, the role of these miRNAs in regulating macrophage polarization during L.

donovani infection is still poorly understood. In our current study, differential expression pro-

filing revealed infection-dependent enrichment of miR146a-5p, miR181a-5p andmiR125a-5p

and depletion of miR26a-5p which paralleled with the hypothesis that L. donovani infection

affects upon the polarization-regulating miRNA landscape of macrophage. miR26a-5p pro-

motes M1 polarization via targeting Kruppel like factor 4 (KLF4) and c/EBPβ [31]. Addition-

ally, miR181-5p and miR125a-5p were previously shown to have substantial role in inducing

M2 polarization via targeting c/EBPα-KLF6 axis and KLF13 respectively [29,30].However,

amongst all the M2 regulating miRNAs, miR146a-5p showed maximum enrichment during L.

donovani infection. Recently, by chemical circuit-based and systems biology-based

approaches, Nimsarkar et al. discovered that L. major exports miR146a-5p like elements in

infected THP-1 cells, which in turn targets SMAD7, a mediator of TGFβ signaling network

[22]. Such findings instigated us to explore mechanistic prominence of miR146a-5p in target-

ing another major immune-regulatory arm like TLR4 signaling mediators TRAF6 and IRAK1

and its effect upon macrophage polarization during L. donovani infection. Recent reports

highlighted transcription of miRNA is pedantically regulated by some extraordinary epigenetic

elements called super enhancers (SEs) [24]. We deciphered thatBRD4-p300-RNA pol II medi-

ated SE complex regulates persistent transcription of miR146a-5p in L. donovani infected mac-

rophages where BRD4 plays an indispensable role.

Available experimental reports suggest that miR146a-5p got enriched in Mycobacterium
tuberculosis infected THP-1 cell line and organs of BALB/c mice [39].Currently we also found

that miR146a-5p exhibited an exponential enrichment pattern in L. donovani infected bone

marrow derived macrophages (BMDMs) which positively correlated with dose and time of

infection. Additionally, we obtained miR146a-5p enrichment in the infection foci of BALB/c

mice like spleen, liver, BMDMs and peritoneal lavages. These cumulatively postulated that L.

donovani infection is possibly triggering a long and persistent expression of miR146a-5p.

When L. donovani infection onsets in host, spleen, liver and peritoneal regions become the

foremost local infection foci. The infection spreads into remote organs like bone marrow in

later stage of long-term chronic infection [40]. Therefore, the differential enrichment pattern

in infected animal organs suggested that miR146a-5p exhibits maximum enrichment in chief

infection foci compared to distal organs three months post infection. Previously it was

reported that in in vitro Mycobacterium bovis infected RAW 264.7 cell line, miR146a expres-

sion enriched whereas in tuberculosis patient alveolar lavage, miR146a-5p expression was

p300. Nuclear translocated proteins were normalized with Histone H3. (D) Western blot of p300 and RpbI, immune-precipitated by anti-BRD4 antibody and western blot

of BRD4, immuno-precipitated by anti-p300 antibody using co-immuno precipitation assay. (E) BMDM lysates, transfected with scrambled RNA (scrRNA) or enhanced

siRNA pool for BRD4 (esiBRD4) were subjected to western blotting for evaluating BRD4 silencing efficiency 24 hrs post-transfection. (F, G) BRD4 silenced BMDMs were

infected with L. donovani parasites and 24 hrs post-infection infectivity indexes were determined by geimsa staining and expressed as number of amastigotes per 100

BMDMs. Images of stained field was procured in 100X oil immersion objective (scale bar- 10μm). (H, I) Expression of mature miR146a-5p and M2 polarization marker

genes were analyzed by RT-PCR in scrRNA and esiBRD4 treated and infected macrophages. (J) Western blot of miR146a-5p target genes (TRAF6, IRAK1), iNOS and

Arg1 was done from lysates of scrRNA and esiBRD4 treated and infected macrophages. (K) Schematic diagram of chemical cross-linking based chromatin immune-

precipitation of super enhancer region of miR146a-5p gene using anti-BRD4 antibody. (L) Semi-quantitative PCR of enhancer DNA, amplified from total input and

purified DNA pool precipitated by anti-BRD4 antibody, followed by gel electrophoresis in 1.5% agarose gel. (M) RT-PCR based quantification of BRD4 protein

enrichment at miR146a-5p enhancer region, using DNA purified from ChIP experiments. Percent input represents normalized amount of enhancer DNA enriched

against total input. Statistical significance (�P<0.05, ��P<0.01, ���P<0.001) was calculated using one-way ANOVA. Data represented as mean± SD.

https://doi.org/10.1371/journal.ppat.1009343.g006
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Fig 7. Parasite burden and M2 polarity markers got abrogated in miR146a inhibited BALB/c mice organs. (A) 4–6 weeks old BALB/c mice were infected with 2X107

L. donovani suspended in 1.8% glucose- phosphate buffered saline solution. Before administration of anti-NC and ant-146a oligos, 28-days post-infection, infection
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unaltered [41]. This advocated that in primary cells, miRNA expression alteration is not always

directly linked with infection [42]. With this notion in hand, we temporarily blocked the

mature transcripts of miR146a-5p by transfecting miRVANA miR146-5p inhibitors in

BMDMs, to investigate whether parasite persistence is interrelated with miR146a-5pexpres-

sion of BMDMs.miR146a has previously been reported as a critical regulator for phagocytosis

of pathogens like Dengue virus, Enterovirus 71, Listeria monocytogenes, M. tuberculosis etc.

[39,43]. Phagocytosis rate of L. donovani decreased dramatically in BMDMs transfected with

miR146a-5p inhibitor RNA, which is suggestive of an association of miR146a-5p in the entry

as well as persistence of L. donovani within BMDMs. Furthermore, infection induced expres-

sion of dendritic cell-specific ICAM-3-grabbing nonintegrin (DC-SIGN) and Siglec E got

abrogated upon inhibition of miR146a-5p. Literature suggest the interfering role of miR155

upon c-type lectin receptor DC-SIGN, aiding in suppression of pathogen binding with antigen

presenting cells [44]. C-type lectin receptor DC-SIGN has substantial role in Leishmania sp.

promastigote attachment and entry in macrophages and dendritic cells [45]. Similarly, I-type

lectin receptor Siglec E reportedly interacts with sialic acid of promastigotes surface, aiding in

entry of parasites [46]. Our finding evidenced that, by simultaneous depletion of DC-SIGN

and Siglec E, miR146a-5p plausibly interferes with parasite phagocytosis by BMDMs.

Conflicting evidences exist regarding the role of miR146a in macrophage polarization. In

TNFα-stimulated M1 type PBMCs of rheumatoid arthritis patients, expression of miR146a

was found to be increased [47]. But recent findings highlighted the role of miR146a in promot-

ing M2 polarization by inducing PPAR-γ and targeting Notch1 as well as inhibin A in RAW

264.7cells (INHA) [21,48,49]. Moreover, in M. tuberculosis infected THP-1 macrophages,

miR146a was found to suppress nitric oxide biosynthesis by negatively regulating NF-κB sig-

naling [50]. Herein, we also found miR146a-5p expression enriched significantly in recombi-

nant mouse IL4-stimulated M2 BMDMs compared to naïve and LPS/ IFNγ-stimulated M1

macrophages. RT-PCR based expression profiling of M2 polarization markers and transcrip-

tion factors in anti-NC treated and L. donovani infected BMDMs, suggested that infection

induces M2 polarization of macrophages. Concomitantly, infection dependent enrichment of

M2 markers got abrogated along with upregulation of M1-stimulating transcription factors

upon inhibition of miR146a indicated a credible link between miR146a-5p enrichment and

M2 polarization during L. donovani infection.

miR146a-5p is known to negatively regulate host NF-κB mediated activation of iNOS and

promote Arg1 via suppression of TRAF6 and IRAK1[51]. We observed that TRAF6 and

IRAK1 were down regulated during L. donovani infection which got abrogated after inhibition

of miR146a-5p. Nitric oxide generation and exhaustion of Arg1 expression are major indica-

tors of successful M1 macrophage polarization [33]. Moreover expression of iNOS decreased

in BMDMs infected with M. tuberculosis, as a result of miR146a-5p enrichment [42]. Herein

we found downregulation of Arg1 and abundance of iNOS in miR146a-5p inhibited and

burden of animals from each group were checked by (B) Leishman Donovan unit (LDU) calculation of geimsa stained stamped smears of spleen and liver and (C) limiting

dilution assay (LDA) of 1mg/ ml (w/v) minced organ suspensions. 28 days post-infection, 0.025 mg/g body weight anti-NC oligos and mirVANA anti-146a inhibitor were

injected in two separate groups of mice (n = 3 animals/ group) via tail vein route. PBS injected animals were used as healthy control group for the study.7 days post PBS or

inhibitor treatment animals were euthanized. Parasite burden of spleen and liver was calculated by LDU (D) and LDA(E), where LDA is displayed as Log10 scale graph

and LDU parasite count is expressed as parasites count per organ.(F, G) miR146a-5p titer in spleen and liver of PBS, anti-NC and anti-146a injected animals was

determined by RT-PCR where U6 snRNA was used as reference gene.(H) Western blotting of spleen and liver lysate procured from PBS, anti-NC and anti-146a injected

animals was performed for iNOS, Arg1 expression evaluation and β- Actin was used for normalization. (I, J) Expression profile of M2 polarization markers were analyzed

in organ RNA and normalized using β- Actin.(K, L) Splenocytes of three experimental groups were cultured overnight in presence of 10 μg/ml leishmania antigen (LAg)

stimulation, followed by ELISA-based evaluation of secreted IL10 and IL12 cytokines titer in splenic culture supernatants. Each experimental data set is representative of

n = 3 animals and error bars as mean ± SD. Statistical significance was analyzed using one-way ANOVA followed by Dunnett’s multiple comparison test (�P<0.05,
��P<0.01, ���P<0.001).

https://doi.org/10.1371/journal.ppat.1009343.g007
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infected BMDMs, indicating miR146a-5p as an important node for iNOS depletion and Arg1

elevation during L. donovani infection. After pathogenic infections, cytokines mainly regulate

the synthesis of iNOS and Arg1 in macrophages which ultimately determine their plasticity. In

M2 macrophages, IL10 triggers Arg1 synthesis followed by inhibition of pro-inflammatory

cytokines and NO generation [52,53]. We have seen that, upon inhibition of miR146a-5p

BMDMs exhibited lowered levels of IL10 with subsequent enrichment of pro-inflammatory

cytokines like IL12 and TNFα. M1 macrophages are characterized by their capacity to produce

nitric oxide and reactive oxygen species (ROS) [54]. M1 cytokines like IL12 is mainly engaged

in inducing iNOS generation and TNFα in activating reactive oxygen species (ROS) pathways

[55]. We have found enhancement of nitric oxide levels during miR146a inhibition, but the

role of intracellular ROS generation and the link between TNFα mediated response and

miR146a-5p during VL has not been studied and we will explore it in future. TRAF6 and

IRAK1 activate NF-κB p65 subunit via phosphorylation of serine 536 residue in p65 subunit

followed by nuclear translocation, where p-p65 interacts with κ response elements of DNA

and stimulates synthesis of M1 cytokines and iNOS [56–58]. We established that anti-146a

transfected BMDMs have higher nuclear accumulation rate of p-p65, which advocate the

essentiality of miR146a for dampening p-p65nuclear translocation during infection.

For macrophage immune therapy, miRNAs inhibitors namely antagomirs (miRVANA

inhibitors), are recently being used due to ease of designing, stability and mode of administra-

tion in animals [59]. For enhanced chemical stability these antagomirs are modified by substi-

tuting the phosphate oxygen with sulfur, adding 20-O-methyl group to non-bridging oxygen,

connecting the 20-oxygen to the 40-carbon for locking the bridge-locked nucleic acids (LNA),

or by adding a peptide [60]. The modified RNA inhibitors can then easily be administered

through intravenous route in animals and are highly stable in blood-circular system [59].

These antagomirs have previously been shown to have target-specific effects upon concerned

miRNAs in cancer and other preclinical disease models[61]. We therefore deciphered the ther-

apeutic utilization of miRVANA antagomirs (anti-miR146a-5p inhibitors) in VL, by intrave-

nously administering the oligos in 28-days infected BALB/c mice. We found that in vivo
neutralization of miR146a-5p led to significant decrease inmiR146a-5p pool as well as the par-

asite load of infected spleen and liver. Expressions of M2 polarization markers Arg1 protein

and M2 cytokine IL10 got reduced with concurrent abundances of IL12 and iNOS. In early

80s and 90s multiple attempts of macrophage therapy in cancer, by adoptive transfer of

immune reactive macrophages inside the core of the tumors failed and the concept got aban-

doned [62]. But understanding of critical molecular players that lead to generation of M2 mac-

rophage during infection and cancer will allow alleviation of tumor cells [28] or intra-

macrophagic pathogens like L. donovani by activating M1 macrophages, re-empowering the

above approach.

Transcriptional regulation of miRNA shares a similar mechanism to that of mRNA. There-

fore it can be assumed that epigenetic modifiers are essential part of miRNA transcription.

Recent reports highlighted that super enhancers (SE) drive integrative biogenesis and Drosha-

DGCR8 mediated processing of immune-regulatory pri-miRNAs (miR146a and miR155)

[24,63]. SEs are a special type of cis-acting regulatory elements, which are combination of mul-

tiple enhancer-like elements, occupied by unique highly active transcriptional regulators like

BRD4, p300 histone acetyl transferase, RNA pol II and active histone markers (H3K27Ac)

[63]. SE elements represent a high order epigenetic regulation of miRNA expression, beyond

their transcription activation. By undertaking a temporal kinetics of miR146a-5p expression in

L. donovani infected BMDMs, a persistent pattern of miRNA enrichment was perceived from

4 hrs to 48 hrs (Fig 1B). This instigated us to explore if any robust transcriptional regulatory

complex is involved behind miR146a-5p induction during L. donovani infection.
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Protein interaction network analysis by STRING database [64] showed an interaction net-

working amongst BRD4, p300, RNA pol II (RpbI) and histone H3, where BRD4 got empha-

sized as the hub protein. We found up regulated expression and nuclear localization of BRD4

and p300 in infected BMDMs. Besides that, BRD4 and RpbI co-localized in the nucleus and

immune-precipitation assay verified the interaction amongst these three SE components dur-

ing infection. BRD4 is the major structural component of SE complex and JQ1 (a synthetic

inhibitor of BRD4) was previously shown to inhibit SE-mediated co-transcriptional processing

of miRNAs by chemically impeding BRD4 [63]. Thus we performed BRD4 knock down assay

and found that silencing of BRD4 significantly abrogated miR146a-5p and M2 polarization

marker expressions in infected BMDMs. Additionally, expression of the miR146a-5p target

genes (TRAF6 and IRAK1) and iNOS were amplified with concurrent decrease in the protein

level of Arg1. These data indicated that L. donovani infection-driven induction of miR146a-5p

is BRD4-dependent. Finally we confirmed the occupancy of BRD4 at the upstream enhancer

regions of miR146a-5p gene, by chemical cross-linked chromatin immune pull down assay

(X-ChIP) using anti-BRD4 antibody. As per available mouse macrophage ChIP-seq analysis,

consistent co-occupancy of BRD4 and RNA pol II at miR146a enhancer, corroborated that SE

element directs robust expression of miR146a gene in macrophages [24]. SE elements are

highly fragile and easily “broken” [65], still we were able to rescue nearly 1 kb fragment by con-

trolled sonication protocol during X-ChIP, and amplified 250 bp amplicons by using specific

primers flanking the enhancers of miR146a-5p gene to prove BRD4 accumulated at miR146a-

5p enhancer in L. donovani infected BMDMs.

Understanding of miRNA regulation during parasite infection by high order chromatin ele-

ments like SE will add a new dimension to Leishmania infection biology. Parmar et al.
recently established that L. donovani infection mediates macrophage polarization by broad

range histone make over in polarized macrophages [34]. Our observations additionally high-

light novel roles of super enhancers and epigenetic regulator protein BRD4 in sustained

miR146a-5p expression during L. donovani infection which can be a promising juncture for

transcriptional perturbation based therapeutics against VL. Furthermore establishment of

miR146a as a major immune regulator of macrophage polarization will open a novel avenue

for therapeutic targeting of miRNA using miRVANA miR146a-5p inhibitors and will add

advancement in the field of macrophage immune therapy in VL.
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Abstract 

Background: Visceral leishmaniasis (VL), is a parasitic disease that causes serious medical consequences if treatment 
is delayed. Despite a decline in the number of VL cases in the Indian subcontinent, the commencement of the disease 
in newer areas continues to be a major concern. Although serological diagnosis mainly by immunochromatographic 
tests has been found to be effective, a test of cure in different phases of treatment is still desired. Even though a good 
prophylactic response has been obtained in murine models by a number of vaccine candidates, few have been pro-
posed for human use.

Methods: In this study, nine antigenic components (31, 34, 36, 45, 51, 63, 72, 91 and 97 kDa) of Leishmania promas-
tigote membrane antigens (LAg), were electroeluted and evaluated through ELISA to diagnose and distinguish active 
VL from one month cured and six months post-treatment patients. Further, to investigate the immunogenicity of 
electroeluted proteins, human PBMCs of cured VL patients were stimulated with 31, 34, 51, 63, 72 and 91 kDa proteins.

Results: We found that 34 and 51 kDa proteins show 100% sensitivity and specificity with healthy controls and other 
diseases. After six months post-treatment, antibodies to 72 and 91 kDa antigens show a significant decline to almost 
normal levels. This suggests that 34 and 51 kDa proteins are efficient in diagnosis, whereas 72 and 91 kDa proteins 
may be used to monitor treatment outcome. In another assay, 51 and 63 kDa proteins demonstrated maximum ability 
to upregulate IFN-γ and IL-12 with minimum induction of IL-10 and TGF-β. The results indicating that 51 and 63 kDa 
proteins could be strong candidates for human immunization against VL. In contrast, 34 and 91 kDa proteins demon-
strated a reverse profile and may not be a good vaccine candidate.

Conclusions: The preliminary data obtained in this study proposes the potential of some of the antigens in Leish-
mania diagnosis and for test of cure. Additionally, some antigens demonstrated good immunoprophylactic cytokine 
production through T cell-mediated immune response, suggesting future vaccine candidates for VL. However, further 
studies are necessary to explore these antigens in diagnosis and to access the long-term immune response.
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Nicky Didwania and Nahid Ali*

Infectious Diseases and Immunology Division, Council of Scientific and Industrial Research-Indian Institute of Chemical

Biology (CSIR-IICB), Kolkata, India

Immunosuppression is a characteristic feature of chronic leishmaniasis. The dynamicity

and the functional cross talks of host immune responses during Leishmania infection are

still not clearly understood. Here we explored the functional aspects of accumulation of

immune suppressive cellular and cytokine milieu during the progression of murine visceral

leishmaniasis. In addition to IL-10 and TGF-β, investigation on the responses of different

subunit chains of IL-12 family revealed a progressive elevation of EBI-3 and p35 chains

of IL-35 with Leishmania donovani infection in BALB/c mice. The expansion of CD25 and

FoxP3 positive T cells is associated with loss of IFN-γ and TNF-α response in advanced

disease. Ex-vivo and in vivo neutralization of TGF-β and EBI-3 suggests a synergism in

suppression of host anti-leishmanial immunity. The down-regulation of EBI-3 and TGF-β

is crucial for re-activation of JAK-STAT pathway for induction as well as restoration of

protective immunity against L. donovani infection.

Keywords: regulatory T cells, Leishmania, immune response, interleukin-35, transforming growth factor beta,

immune suppression

INTRODUCTION

Maintenance of immunological self-tolerance and homeostasis by restraining disproportionate and
detrimental immune responses is primarily mediated by regulatory cytokine secreting lymphocytes
(1). Conversely, expansion of regulatory cellular and cytokine milieu may lead to compromised
immunity against certain infections such as Brucella, HIV, helminthes, and Mycobacteruim
tuberculosis including antitumor host immune responses (2–5). However, the correlation between
effector and regulatory cell populations especially in terms of sensing and secretion of cytokines
during diseased condition is still not well understood (6).

Visceral leishmaniasis (VL) is a potentially lethal disease caused by parasitisation of cellular
components of innate immune system by Leishmania donovani/Leishmania infantum (7). A

dysfunctional cell mediated immune response is one of the characteristic features of chronic VL
(8, 9). Several studies have suggested the role of IL-10 and TGF-β in subversion of proinflammatory
response in active VL (10, 11). Despite crucial evidences of the role of these cytokines in augmenting
VL pathology, the mode of action of these immunosuppressive cytokines is not clearly understood
(12). Apart from IL-10 and TGF-β, the role of other immunosuppressive cytokines in VL is yet
to be established. IL-35 has been reported for its immunosuppressive activity in autoimmunity
and infectious diseases (13–15). IL-35 is a heterodimeric cytokine with two polypeptides “α” and
“β” chains. These polypeptides may participate in the construction of two or more cytokines for
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Many Novel Genes Associated With
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and Clearance in the Host
Macrophage

Mohammad Shadab 1†, Sonali Das 1, Anindyajit Banerjee 2, Roma Sinha 1†,

Mohammad Asad 1†, Mohd Kamran 1, Mithun Maji 1, Baijayanti Jha 1†, Makaraju Deepthi 1,

Manoharan Kumar 3, Abhishek Tripathi 3, Bipin Kumar 3, Saikat Chakrabarti 2 and Nahid Ali 1*

1 Infectious Diseases and Immunology Division, Indian Institute of Chemical Biology, Kolkata, India, 2 Structural Biology and

Bio-Informatics Division, Indian Institute of Chemical Biology, Kolkata, India, 3Nucleome Informatics Pvt. Ltd., Hyderabad,

India

Host- as well as parasite-specific factors are equally crucial in allowing either the

Leishmania parasites to dominate, or host macrophages to resist infection. To identify

such factors, we infected murine peritoneal macrophages with either the virulent (vAG83)

or the non-virulent (nvAG83) parasites of L. donovani. Then, through dual RNA-seq, we

simultaneously elucidated the transcriptomic changes occurring both in the host and

the parasites. Through Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

analysis of the differentially expressed (DE) genes, we showed that the vAG83-infected

macrophages exhibit biased anti-inflammatory responses compared to themacrophages

infected with the nvAG83. Moreover, the vAG83-infected macrophages displayed

suppression of many important cellular processes, including protein synthesis. Further,

through protein-protein interaction study, we showed significant downregulation in the

expression of many hubs and hub-bottleneck genes in macrophages infected with

vAG83 as compared to nvAG83. Cell signaling study showed that these two parasites

activated the MAPK and PI3K-AKT signaling pathways differentially in the host cells.

Through gene ontology analyses of the parasite-specific genes, we discovered that

the genes for virulent factors and parasite survival were significantly upregulated in

the intracellular amastigotes of vAG83. In contrast, genes involved in the immune

stimulations, and those involved in negative regulation of the cell cycle and transcriptional

regulation, were upregulated in the nvAG83. Collectively, these results depicted a

differential regulation in the host and the parasite-specific molecules during in vitro

persistence and clearance of the parasites.

Keywords: transcriptome, RNA seq, macrophage, signaling/signaling pathways, Leishmania donovani

INTRODUCTION

Macrophages are known to have microbicidal functions and are considered as the sentinels of the
immune system (Franken et al., 2016). However, their interaction with pathogens (of high and
low virulence) varies significantly. Virulent pathogens avert the antimicrobial functions of the
macrophages to survive and persist, while the less virulent ones are unable to exhibit the same
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Leishmania donovani possesses a complex heteroxenic life cycle where infective
metacyclic promastigotes are pre-adapted to infect their host and cope up with
intracellular stress. Exploiting the similarities between cultured and sandfly derived
promastigotes, we used early and late passage cultured promastigotes to show
specific changes at genome level which compromise pathogen fitness reflected in gene
expression and infection studies. The pathogen loses virulence mostly via transcriptional
and translational regulations and long-time cultivation makes them struggle to convert to
virulent metacyclics. At the genomic level very subtle plasticity was observed between
the early and the late passages mostly in defense-related, nutrient acquisition and signal
transduction genes. Chromosome Copy number variation is seen in the early and late
passages involving several genes that may be playing a role in pathogenicity. Our study
highlights the importance of ABC transporters and calpain like cysteine proteases in
parasite virulence in cultured promastigotes. Interestingly, these proteins are emerging
as important patho-adaptive factors in clinical isolates of Leishmania. We found that the
currently available genome of Leishmania in the NCBI database are from late passages.
Our early passage genome can act as a reference for future studies on virulent isolates of
Leishmania. The annotated leads from this study can be used for virulence surveillance
and therapeutic studies in the Indian subcontinent.

Keywords: Leishmania donovani, genomics, in vitro passage, promastigotes, genome plasticity

INTRODUCTION

Leishmania donovani is an intracellular obligate parasite of mammalian macrophages and causes
visceral leishmaniasis or kala-azar, which is a fatal disease if not treated on time. The disease
severity varies from host to host, region to region as well as between parasite strains. Extensive
research by different groups exploiting genomic, proteomic, metabolomic, immunologic, and
animal models have pointed toward tripartite determinants mediating the development of this
disease viz. the vector, host and pathogen. Although vector and host characteristics are important
for symptomatic disease, parasite characteristics majorly determine the fate of the disease (McCall
et al., 2013). Promastigotes are the culturable form of Leishmania. Stationary phase culture of
Leishmania is expected to contain a large number of metacyclic parasites and have been routinely
used for experimental infections. Metacyclic promastigotes are injected into the host during blood
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