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Abstract

Visceral leishmaniasis (VL) is a potentially fatal parasitic disease causing high morbidity and 

mortality in developing countries. Vaccination is considered the most effective and powerful tool 

for blocking transmission and control of diseases. However, no vaccine is available so far in the 

market for humans. In the present study, we characterized the hypothetical protein 

LDBPK_252400 of Leishmania donovani (LdHyP) and explored its prophylactic behavior as a 

potential vaccine candidate against VL. We found reduced hepato-splenomegaly along with more 

than 50% parasite reduction in spleen and liver after vaccination in mice. Protection in vaccinated 

mice after the antigen challenge correlated with the stimulation of antigen specific IFN-γ 
expressing CD4+T cell (~4.6 fold) and CD8+T cells (~2.1 fold) in vaccinated mice in compared to 

infected mice, even after 2–3 months of immunization. Importantly, antigen-mediated humoral 

immunity correlated with high antigen specific IgG2/IgG1 responses in vaccinated mice. In vitro 
re-stimulation of splenocytes with LdHyP enhances the expression of TNF-α, IFN-γ, IL-12 and 

IL-10 cytokines along with lower IL-4 cytokine and IL-10/IFN-γ ratio in vaccinated mice. 

Importantly, we observed ~3.5 fold high NO production through activated macrophages validates 

antigen mediated cellular immunity induction, which is critical in controlling infection 

progression. These findings suggest that immunization with LdHyP mount a very robust immunity 

(from IL-10 towards TFN-γ mediated responses) against L. donovani infection and could be 

explored further as a putative vaccine candidate against VL.
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1. Introduction

Leishmaniasis represents a complex of diseases with a spectrum of severity ranging from 

cutaneous non-healing lesions to a potentially fatal visceralizing phenotype, depending upon 

the species of the Leishmania parasite involved. Visceral leishmaniasis (VL), commonly 

known as Kala-azar in India is the most severe form of leishmaniasis caused by Leishmania 
donovani on the Indian Subcontinent. World Health Organization (WHO) reports that the 

number of new cases of VL caused by L. donovani was 93,660 between 2014 and 2019, 

occurring principally in India, Nepal, Bangladesh, Sudan, South Sudan, Ethiopia and 

Somalia. While there has been some recent progress in the Indian subcontinent to bring the 

disease under control (number of cases decreased from 32,803 in 2005 to 3,128 in 2019, 

representing a 90% drop [1], Over 50,000 cases of VL occur worldwide per year [2], There 

is no vaccine yet available in the market; hence, control of disease mainly depends on the 

treatment with chemotherapeutic drugs like pentavalent antimonials, amphotericin B, 

permomycin etc. However, drug resistance, toxicity, cost and long treatment course, vector 

control, HIV-Co infections are some serious concerns. In spite of this appearance of sporadic 

cases in non-endemic areas (like Himachal Pradesh, Sikkim (India) etc) likely has another 

barrier towards complete elimination program of WHO [3,4]. Now-a-days, utilization of 

multi-drug chemotherapy is beneficial and becomes helpful for solving these problems [5–

7]. However, adopting only chemotherapy strategy will not stop transmission of disease. 

Therefore, it is imperative to develop an immunocompetent arrangement for long term 

protection that would be helpful for complete eradication of leishmaniasis.

Vaccination is the safest and one of the most effective ways to fight against any infectious 

diseases than therapeutic drugs. Modulation of the host immune system to evade the 

phagocyte property of macrophages for survival and initiation of infection in a host is the 

hallmark of Leishmania parasite. Several significant immunosuppressive factors discovered 

in Leishmania that exploiting host immune system and contributed to leishmaniasis [8]. It is 

well documented that a T-cell mediated immune responses of host contribute to the 

resolution of leishmania infection although their disturbance marks progressive 

leishmaniasis [9]. Disturbance in Th1/Th2 cytokines balance of the host immune system 

contributes an important role in Leishmania infection like parasite specific Th2 immune 

responses, characterized by the production of IL-4, IL-10 and TGF-β associated with 

progression of Leishmania infection [10,11]. However, activation of Th1 type of immune 

response especially the production of TNF-α, IFN-γ and IL-12 followed by macrophage 

activation to produce nitric oxides (NO), which plays a crucial role in mediating the killing 

of intracellular amastigotes [12]. The induction of parasite antigen specific CD4+ Th1 cell is 

very critical in clearance of leishmania infection through the production of Th1 driven 

principle cytokine IFN-γ [11–13]. Rather than CD4+T cells, antigen specific CD8+T cells 

also play an important role in parasite reduction through IFN-γ production, direct cytolytic 

mechanism or by both [14–16]. So far, several potent antigens against leishmania have been 

screened as vaccine candidate eliciting CD4+T and CD8+T cell responses, such as 

Leish111f, Leishmune (a recombinant protein fusion of LelF, TSA and LmsTI1+Saponis), 

PDI, gp46, TSA, LmsTI1 and CPB [17–21] but no one yet used as an effective vaccine for 

human due to difficulties in manufacturing, regulatory issues and/or poor field response in 
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the clinical trials [20]. Despite all of these hurdles, making continued studies to understand 

the underlying immunopathology of disease of great importance, especially in the context of 

advances being made in immune-therapeutics for the development of safe and effective 

vaccine against leishmaniasis.

Several immune-proteomic studies document many putative or hypothetical proteins (HyPs) 

of the parasite, which lacks sequence similarity with previous proteins and their function is 

also not defined. In leishmania species around 40% proteins comes under this category, 

which is uncharacterized [22,23]. These proteins have been analyzed through 

immunoproteiomics studies of a clinical isolate L. donovani soluble lysate [22–25]. Since, 

characterization of these HyPs and analysis of immunological parameters at the molecular 

level is necessary to develop suitable vaccine/diagnostic marker in future for the control of 

infection. Hypothetical proteins having antigenic ability become putative vaccine molecules 

as it does not show any cross reactivity with other organisms due to lack of high sequence 

similarity. We have selected LDBPK_252400 hypothetical protein of L. donovani for 

vaccine study against VL based on available literature [22,23]. No study have been 

conducted with regards to possible role of L. donovani LDBPK_252400 hypothetical protein 

as a vaccine candidate. Only scant attentions have been focused by Sinha and Raja et al. on 

the basis of immunoproteiomics and insilico approaches [22,23]. The available data allow us 

to assess its role as vaccine against VL.

Thus, the present study aimed to characterize first time a new L. donovani hypothetical 

protein, namely LDBPK_252400 (LdHyP) and evaluated the prophylactic potential of 

candidate protein in susceptible Balb/c mice by the series of in vivo and in vitro immune-

biochemical approaches. In this direction first, we have successfully cloned, expressed, 

purified and structurally characterized 32.9 kDa LdHyP. Its protective efficacy correlated 

with partial protection in immunized challenged mice via the induction of LdHyP specific 

Th1 type of cellular and humoral immune responses. The present study may sedge light 

towards the evaluation of vaccine against leishmanial infection.

2. Results

2.1. Cloning, expression and purification of LdHyP

The complete gene of L. donovani encoding functional LdHyP hypothetical protein was 

PCR amplified using gene-specific primers and found in the single band at the position of 

891 bp (Fig. 1A). The PCR amplicon were cloned into pET28a expression vector and 

positive clone was confirmed by restriction digestion as shown in Fig. 1B. The recombinant 

parasite specific membrane antigen (LdHyP) was expressed in E. coli and successfully 

purified 32.9 kDa LdHyP by Ni-NTA chromatography (Fig. 1C). Western blotting further 

confirmed the expression of 32.9 kDa 6xHis-tagged recombinant LdHyP.

2.2. Biophysical behavior of LdHyP

To obtain highly purified protein (>90%) for vaccination as well as identification of its 

native molecular mass, the dialyzed protein was further subjected to SEC. All fractions of 

purified recombinant LdHyP protein were pooled, dialyzed and concentrated then injected 
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further into the SEC column (Superdex™650 10/300 GL column). The recombinant LdHyP 

gives a single peak at 21.3 ml elution volume (Fig. 2A) that corresponds to around 35 kDa 

when correlates with the molecular weight of standard markers (Fig. 2B). The data suggests 

that LdHyP exists as a monomeric form under native conditions. Native condition of purified 

protein has been validated by spectrofluorimetry. Fig. 2C indicate that the wavelength of 

dialyzed protein (0 M urea) was between 335 and 345 nm (emission maxima range of native 

protein) while non-dialyzed protein (2 M urea) was found around 350 nm (emission maxima 

of denatured protein ≥350 nm). Secondary structure of dialyzed protein was also observed 

by circular dichroism and we found that α content of dialyzed (native, 0 M urea) protein is 

33% and β content is 16%. However, non-dialyzed protein gives random coil-like structure 

(denatured protein, 2 M urea) as shown in Fig. 2D. Altogether these data indicate that after 

dialysis protein was probably obtained in their native and purified form and we can use it for 

further studies.

2.3. LdHyP vaccination induces protection against L. donovani infection in susceptible 
Balb/c mice

The LdHyP vaccinated mice were noticed to be survived more and healthy until the 

termination of study (2–3 months). Furthermore, hair loss, hepatomegaly and splenomegaly 

were also found to be very low as compared to the infected mice (Fig. 3B–D). After that, for 

the evaluation of prophylaxis potential of LdHyP protein, we first determined the parasite 

load in vaccinated (cured) mice and compared it with infected (lethal L. donovani) mice. A 

significant reduction in amastigote numbers were seen in cured/treated mice and was well 

correlated with body, liver and spleen weights (Figs. 3D, 4A). We performed serial dilution 

experiments for the confirmation of the presence of amastigotes in spleen/liver, which was 

converted into motile promastigotes after 5 days of incubation in serial dilution (Fig. 4B). 

We found that >50% reduction of parasite load in spleen and liver of LdHyP vaccinated 

mice (Fig. 4C–E). Altogether these observations indicate prophylactic efficacy of LdHyP in 

immunized mice against the progression of parasite infection.

2.4. Resistance to L. donovani challenged in vaccinated mice is associated with 
induction of protective Th1 immune response

To validate the protective potential of LdHyP as a vaccine, we analyzed the Th1/Th2 specific 

cytokines alteration in the culture supernatant through ELISA stimulated with 

LdHyP/SLA/LPS (Fig. 5). Vaccinated mice induced a significantly higher level of LdHyP 

specific Th1 cytokines (IFN-γ, TNF-α and IL-12p40) secretion as compared to infected and 

control group of mice (Fig. 5A–C). The secretion of IFN-γ was found to be the most 

abundant cytokines in cell culture of the spleen after re-stimulation with the LdHyP based 

recombinant vaccine. Apart from this, LdHyP specific IL-10 level was also found to be high 

while IL-4 secretion was low in vaccinated mice (Fig. 5 D–E). However, SLA stimulated 

IL-10 and IL-4 cytokines were observed to be low in LdHyP vaccinated mice over the 

infected mice. The lower value of IL-10/IFN-Y ratio in cured mice indicates that LdHyP 

induced predominant Th1 biased cellular immune response in cured mice (Fig. 5F).

Th1 products (IFN-γ and TNF-α) mediated, macrophage activation mechanism is another 

effective cellular response for parasite clearance. Activated macrophages increased the 
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production of nitric oxide (NO) to kill the intracellular parasite. In Leishmania infection, 

nitric oxide is an important factor to control it [13–15] and for that we estimated the NO 

level in the supernatant of single cell suspension of the spleen which was stimulated with 

LdHyP for 72 hr and found to be significantly high level (>3.5 fold) in vaccinated mice after 

re-stimulation with LdHyP as a comparison to infected and control (Fig. 6 A–B) group of 

mice. This finding substantiates the possibility of LdHyP as an effective vaccine molecule 

which stimulate a strong protective response in vaccinated mice to obtained significant 

protection from VL.

2.5. Induction of humoral immune response among LdHyP vaccinated mice

We investigated the effect of LdHyP on humoral immune response alteration in all 

experimental groups’ sera of mice and we found that mice vaccinated with LdHyP showed 

significantly higher IgG response in comparison to control and infected groups. The 

switching of IgG1 and IgG2a isotype is regulated by IL-4 and IFN-γ cytokines respectively 

[14,16]. The significant increased IgG2a antibody titer was observed in the sera of cured 

mice (Fig. 6C). It is well documented that higher IgG1 isotype (Th2 driven) titer was 

associated with high parasite load [14]. Here, the lower IgG1 antibody titer in cured mice as 

compared to infected mice, reflecting poor Th2 immune response generation in LdHyP 

vaccinated mice. The higher IgG2a/IgG1 ratio was observed in cured mice against parasite 

specific antigen (Fig. 6D). Both humoral as well as cellular immune response were well 

correlated with the parasite clearance in LdHyP immunized mice challenged with L. 
donovani.

2.6. Splenocyte proliferation and different T-subset response to LdHyP in vaccinated 
mice

Decreased T cell response, as well as its lower proliferation is associated with VL 

progression which is characterized by lower production of IFN-γ through T helper 1 (CD4+/

CD8+) cells [19,26,27]. Therefore, a vaccine candidate against leishmaniasis should be able 

to restore the T cell proliferation and its responses to produced Th1 marker cytokines. To 

determine the level of T-cell proliferation in all experimental groups of mice, we treated 

their splenocytes with CFSE dye and proliferation was analyzed through flow cytometry 

(Fig. 7A). A significant higher splenocyte proliferation (58 ± 6.5%) was found in cured mice 

over control (22 ± 5%) and infected (25 ± 2%) group of mice as clearly indicated in Fig. 7B 

& D. A clear peak shift in left direction was observed in cured mice as compared to both 

control and infected group, indicates more CFSE dilution (Fig. 7C). The stimulation index 

of LdHyP was also found to be significantly high in cured mice (Fig. 7E). This result was 

further validated by our microscopic examination, which clearly showed higher number of 

cells in cured mice as compared to the control and infected group (Fig. 7F).

A higher level of IFN-γ producing CD4+ and CD8+ T cells in Leishmania infected host 

contribute to preventing the VL progression [28]. IFN-γ produced by these cells activates 

macrophages to kill the intracellular amastigotes [29]. To evaluate the contribution of IFN-γ 
expressing CD4+ and CD8+ T cells in LdHyP vaccinated challenged mice against 

Leishmania infection, we isolated spleen from all experimental groups of mice and analyzed 

T cell response by intracellular cytokines staining (Fig. 8A). A significant higher (~4.6 fold) 
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LdHyP specific IFN-γ producing CD4+ (1.4 ± 0.2%) and ~2.1 fold higher CD8+ T cells (0.4 

± 0.05%) was found in cured mice as compared to IFN-γ+ CD4+ (0.3 ± 0.11%) and CD8+ T 

cells (0.19 ± 0.2%) of infected mice (Fig. 8B–C). However, we did not observe significant 

induction with SLA stimulation. Altogether, these data suggest that LdHyP immunization 

stimulates cell proliferation as well as induced polarization of IFN-γ expressing T cells. 

Apart from this, we also observed elevated level of LdHyP specific IL-10+ CD4+ and CD8+ 

T cells in cured (2.5 ± 1%, 2.1 ± 1.5%) and infected (3.0 ± 2%, 1.6 ± 1.1%) group of mice 

both over control (0.7 ± 0.1%, 0.5 ± 0.1%) group of mice (Fig. 8D–E). SLA specific IL-10 

expressing CD4+T cells were found to be high in the infected group of mice. While the ratio 

of IL-10/IFN-γ was found to be lower in cured mice as compared to infected mice (Fig. 8F), 

indicates that LdHyP vaccinated mice induced prominent Th1 biased cellular immune 

response that correlates to parasite clearance in cured mice. Further investigation towards the 

multifunctional role of both CD4+ and CD8+ T cells needs to better understand their 

involvement in parasite clearance in LdHyP immunized mice.

3. Discussion

VL is a deadliest infectious disease in the world that is caused by L. donovani and its 

treatment depends on a few drugs with some limitations. Vaccination is an effective, 

affordable and safest way to combat Leishmania infection in comparison to 

chemotherapeutic approaches. Still, there is no vaccine against VL available in the market 

for humans, while some recombinant vaccines are in pipeline and 2nd and 3rd phase of 

clinical trials [17–21]. It makes basic study necessary towards the identification of good 

vaccine candidates which should have the capability to induce strong Th1 biased cellular 

immune response.

Here, in the present study we first time characterized and evaluate the prophylactic and 

antigenic potential of L. donovani hypothetical protein LDBPK_252400 (LdHyP) in the 

susceptible Balb/c mice model against VL. LdHyP shows more than 95% sequence identity 

with the hypothetical proteins of L. infantum (XM_001466233.1) and L. major 
(XM_001683939.1). The native molecular mass (32.9 kDa) of purified dialyzed LdHyP 

indicated its monomeric nature (Fig. 2A–B). The emission maxima of dialyzed protein was 

found to be between 335 and 345 nm and more than 350 nm of un-dialyzed protein upon 

excitation of 290 nm, suggesting that we obtained native form of LdHyP after dialysis (Fig. 

2C). It is well documented that the native protein gives emission maxima between 334 and 

345 nm while emission maxima ≥350 nm (red shift) of any protein indicated its denatured 

form [30,31].

Some hypothetical proteins of Leishmania species have been already evaluated as a DNA 

vaccine or recombinant protein vaccine against Leishmania infection [25,32]. Here, we have 

shown that LdHyP is safe and induced partial protection in Balb/c mice challenged with L. 
donovani stationary stage promastigotes. We also report that clearance of the parasite burden 

in vaccinated challenged mice is correlated with LdHyP induced predominant Th1 biased 

cellular immune response. Apart from this, we did not observe any splenomegaly and 

hepatomegaly in LdHyP vaccinated mice as compared to infected mice. The prophylactic 
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efficacy of LdHyP as immunogen was validated by significant decrease in parasite load in 

liver and spleen of vaccinated challenged mice.

Several studies have been reported that parasite antigen that elicits T helper 1 cellular 

immune response shows strong protection against VL in susceptible Balb/c mice model 

[28,29] and IFN-γ is the marker cytokines of Th1cellular immune response. On the contrary, 

the production of Th2 driven cytokines (IL-4 and IL-10) promotes progression of 

Leishmania infection in Balb/c mice model after parasite challenge [13,16,29]. Therefore, 

the production of IFN-γ from splenocytes of all three experimental group of mice were 

analyzed. Apart from this, other Th1 and Th2 driven cytokines (Th1: IL-12p40, TNF-α., 

Th2: IL-4, IL-10) were also analyzed. The production of IFN-γ was found to be the most 

abundant in the supernatant followed by IL12p40 and TNF-α in vaccinated challenged 

group (cured) compared to the challenged group (infected). IL-12p40 is mainly responsible 

for the differentiation of Th1 cells and promotes the production of IFN-γ cytokines [33] 

while IFN-γ and TNF-α cytokines induced parasite killing by the activation of macrophages 

[34]. The production of Th2 driven cytokines IL4 was found to be significantly low in cured 

mice while IL-10 was observed high in both cured and infected mice over the control mice. 

However, the ratio of IL-10 versus IFN-γ cytokines was found to be significantly low in 

cured mice. Collectively, our results show that LdHyP immunization conferred protective 

ability by triggering the Th1 biased cellular immune response in cured mice as compared to 

infected mice challenged at the same time point. Furthermore, the higher level of NO 

production in cured mice also confirmed the efficacy of LdHyP to elicit the cellular immune 

response towards Th1.

Additionally, in the current study, we observed a robust IgG2 antibody titer against LdHyP 

in cured mice while IgG1 antibody titer was found to low. Humoral immune responses 

against LdHyP in cured mice sera are consistent with our cellular immune responses. IFN-γ 
cytokines regulate the switching of IgG2 isotypes while IgG1 by IL-4. The elevated ratio of 

IgG2/IgG1 antibodies in cured mice might be contributed to parasite clearance. These data 

suggest that LdHyP immunization generate all protective cellular immune responses to 

achieve significant protection against Leishmania infection.

It is well documented that any vaccine that can alter the cellular immune response towards 

CD4+Th1 type are essential to control the progression of VL disease [21,28,29] due to its 

role in the secretion of IFN-γ. Along with this CD8+T cells also contributes to the reduction 

of parasite burden either by the production of IFN-γ which activates macrophages or 

through direct killing of parasite containing macrophages or by both mechanisms [21,29]. 

Our flow cytometry data validate these findings and confirm the protective efficacy of 

LdHyP in cured mice. We observed the higher level of LdHyP specific IFN-γ+ CD4+T (4.6 

fold) and IFN-γ+ CD8+T (2.1 fold) cells in cured mice as compared to infected mice. In our 

previous insilico study, we found that LdHyP contains both MHC-I and MHC-II (6 CTL, 2 

HTL and 10 B cell epitopes) regions which may contribute for production of both types of T 

cells in immunized mice [35]. Apart from this, we also observed IL-10+ CD4+T and IL-10+ 

CD8+T production in cured mice but slightly low than infected mice. The lower ratio of 

IL-10/IFN-γ producing T cells in cured mice again confirmed Th1 biased immune response 

production by LdHyP in immunized mice. Further investigations are needed in this direction 
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to better understand and characterized the mode of action of different subtype of both T cell 

responses in LdHyP immunized mice.

In conclusion, we conjecture that LdHyP is safe, protective and immunogenic in murine 

model. It is well documented that in the case of VL patients the cure and protection against 

Leishmania infection are associated with dominant Th1 type and CD8+T cells response. A 

specific type of cytokines balance is essential for the suppression of infection progression. 

Thus our findings suggest that LdHyP behaves as a good prophylactic efficacy, it induced 

predominant Th1 biased cellular immune response in susceptible Balb/c mice. In vitro re-

stimulation with LdHyP enhanced the production of higher percentage of IFN-γ+ CD4+T 

and IFN-γ+ CD8+T cells both which indicates its long-term protective efficacy since in 

future it might be utilized as a vaccine candidate against Leishmania infection. However, 

more study needs in this direction to better understand the mode of action of LdHyP towards 

subtypes of T cells.

4. Materials and methods

4.1. Animals and parasite culture

The study protocol was approved by the Institutional Animal Ethics Committee (IAEC) of 

Institute of Medical Sciences (IMS), Banaras Hindu University, Varanasi (CAEC number: 

Dean/2014/CAEC/615). Balb/c mice (7–8 weeks old) were purchased from Central Drug 

Research Institute (CDRI), Lucknow. All study experiments on mice followed the guidelines 

of Council for the Purpose of Control and Supervision of Experiments on Animals 

(CPCSEA), Ministry of Environment and Forests, Government of India.

For parasite culture, splenic aspirates of VL patients were collected in 250 μl of RPMI 1640 

medium and transferred into the blood agar tube. Tube was kept at 25 °C BOD incubator to 

observe promastigotes after 3 days up to 7 days as described earlier [36]. Soluble 

Leishmania antigen (SLA) was prepared using these stationary promastigote parasites as 

described by Singh et al. [37] and stored at – 80 °C until use.

4.2. Cloning, expression and purification of LdHyP

The ORF of L. donovani LdHyP gene (NCBI ID of LDBPK_252400: XM_003861522.1) 

was PCR amplified from L. donovani genomic DNA using gene specific forward 5′-

CCGAATTCATGCAGACGGCCACCGCCCCT-3′and reverse 5′-

CCGAAGCTTCGGCGGCTCCTTGGCGACGTA-3′ primers with restriction enzyme 

EcoRI (GAATTC) at the 5′end and Hind III (AAGCTT) site at the 3′ end. PCR product (891 

bp amplified LDBPK_252400 gene) was cloned into the MCS site of pET28a expression 

vector. The cloned vector was transformed into BL21 (DE3) E. coli host cells for 

overexpression by 1 mM IPTG induction. Induced culture, supplemented with 50 μg/ml 

kanamycin were grown for 16–18 hr at 18 °C, shaking at 180 rpm. After lysis of induced 

cells in lysis buffer (20 mM Trish-HCl buffer (pH 8.8), 100 mM NaCl, 2 M Urea) by 

sonication and centrifugation at 12000 rpm for 30 min, the pellets of inclusion bodies were 

re-suspended in 50 mM Tris-HCl buffer (pH 8.8) containing 100 mM NaCl, 3 mM βME and 

8 M urea and then incubate overnight. After centrifugation supernatants were allowed to 
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bind to Ni-NTA agarose matrix pre-equilibrated with lysis buffer along with 10 mM 

imidazole. Washing was performed by two subsequent washing buffer containing lysis 

buffer with 30 mM imidazole (W1) and 50 mM imidazole (W2) to remove contaminated 

protein. Finally protein was eluted by 500 mM imidazole in the lysis buffer and overnight 

dialyzed with 20 mM Tris-HCl buffer (pH 8.8), 100 mM NaCl. The purity and subunit mass 

of dialyzed protein was confirmed by 12% SDS-PAGE and western blotting using anti-His 

primary antibody [38].

4.3. Size exclusion chromatography (SEC)

Furthermore, for native molecular weight (oligomerization) determination of dialyzed 

LdHyP protein, gel filtration was carried out using a Superdex™ 650 HR, 10/300 column on 

an AKTA-FPLC (GE Healthcare Biosciences). The SEC column was calibrated first with 

standard molecular weight markers (Amershan). The column was pre-equilibrated with 

dialyzed buffer and then injected 500 μl protein samples at low rate of 0.7 ml/min (25 °C) 

and elution was observed at 280 nm absorbance [38].

4.4. Fluorescence spectroscopy and circular dichroism (CD)

Fluorescence spectra of dialyzed LdHyP protein were recorded on a spectrofluorometer at 

25 °C for identification of its tertiary structure. 3 μM protein sample were excited at 290 nm 

and then monitored emission spectra in the range of 300–400 nm wavelength. Thereafter, the 

secondary structure was estimated by far-UV circular dichroism (J-1500 spectropolarimeter) 

spectropolarimeter. All parameters were the same as for fluoromax. CD spectra of 3 μM 

protein sample were recorded in a 1 mm path length qurze cuvette and spectra were 

averaged over 2–4 scans at a scan speed of 10 nm/min [30].

5. Evaluation of the prophylactic potential of LdHyP

5.1. Immunization, challenge infection and assessment of parasite load

Balb/c mice (n = 10, per group) used for vaccination were divided into three groups; group 1 

mice were normal control (PBS/ Adjuvants), group 2 mice were immunized with LdHyP (50 

μg/100 μl per mice) and challenged (cured/vaccinated), group 3 mice were challenged with 

L. donovani (infected control). Two booster doses were given at 2-week intervals. Four 

weeks after the final immunization group 2 and 3 were infected intra-peritonial (i.p.) by 

1×106 stationary-phase promastigotes of L. donovani.

To evaluate the protective potential of protein after 8–12 weeks of post infection, mice of all 

groups were sacrificed, and liver as well as spleen tissue were collected for parasite 

quantification through tissue impression smears on slides as per reported protocol [11–13]. 

Amastigotes parasites burden were counted by the microscopic examination of Giemsa-

stained tissue smears. The parasite load was expressed as the number of amastigotes nuclei 

per 100 cell nuclei. Percentage of parasite recovery: amastigotes/100 nuclei.

5.2. Limiting dilution assay (LDA)

We performed LDA for the validation of viable L. donovani promastogote in the mice liver 

and spleen as reported previously [13,16]. Spleen and liver from both group 3 and 4 were 
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weighted, homogenized and cultured (Schnieder’s insect media with 10% FBS) in tenfold 

serial dilutions at 24 °C for 5–7 days in 24-well tissue culture plates (Nunc). Presence of 

motile promastigotes in all wells were examined after 5 days by microscope under 40X 

magnification and promastigotes images were captured under 100X magnification. Viable 

promastigote titer was calculated as the highest dilution at which parasite was visible [13].

5.3. Evaluation of extracellular Th1/Th2 cytokines and NO level

Th1/Th2 cytokines levels were evaluated through ELISA. Briefly, Spleen from all 

experimental groups of animals was isolated and placed in PBS. For single cell suspension 

formation, spleen cells mashed and pass from 70 μM nylon cell strainer (USA) into PBS. 

Thereafter, RBC lysis buffer (Sigma) used for lysis of erythrocytes and then centrifuges at 

1800 rpm, 5 min. Cells were washed with FACS buffer (1% FBS + PBS), stained with 

trypan blue and count by Neubauer chamber. Cells at a density 1 × 106 cells/ml were 

cultured in tube alone or stimulated with 10 μg/ml SLA/2μg/ml LPS and 20 μg/ml antigen 

(LdHyP) for 72 hr at 37 °C and 5% CO2. After incubation of 72 hr, Th1/Th2 cytokines have 

been determined in the supernatant using BD Biosciences mouse cytokines ELISA kit. The 

same experimental set was also utilized for the estimation of NO through Griess reagents 

(Invitrogen). For NO estimation, 72 hr incubated culture supernatants were mixed with 

Griess reagent in 1:1 ratio and incubated for 15–20 min in dark. Now add 2 N H2SO4 to stop 

the reaction. The O. D. was taken at 540 nm in ELISA plate reader. A standard graph was 

generated by sodium nitrite (NaNO2).

5.4. Determination of IgG isotypes through ELISA

Sera from a different group of mice were used for the estimation of IgG and its isotype 

antibody by ELISA [13,16]. ELISA plate was coated with 5 μg/well LdHyP in carbonate 

buffer (pH 9.2) overnight at 4 °C. Next day, after three times washing with PBST (PBS + 

0.05% tween 20), wells were blocked with 3% BSA and incubated for 2 hr at room 

temperature. Wells were then washed and added mice serum (1:500 dilutions) of different 

groups for 3–4 hr at room temperature. After that IgG isotype rabbit anti-mouse IgG1, 

IgG2a antibody conjugated with peroxidase (HRP) were added and incubated for 2–3 hr 

followed by addition of HRP substrate OPD (o-phenylenediamine dihydrochloride) for 15–

20 min. Reaction was stopped by adding 2 N H2SO4 and absorbance was taken at 490 nm on 

ELISA plate reader.

5.5. Cell proliferation tracking by carboxyfluorescein succinimidyl ester (CFSE) dye

Antigen-specific splenocyte cell proliferation assay was performed using CellTrace™ CFSE 

cell proliferation kit (BD Biosciences cat no #565082) as described previously with some 

modifications [28,29]. In brief, single cell suspensions of spleen from all three groups were 

stained with CFSE dye (5 μM) as mentioned in the BD Biosciences protocol. Thereafter, an 

equal number of cells (5 × 106 cells/ml) were cultured in complete RPMI 1640 media (10% 

FBS) and stimulated with antigen (LdHyP: 20 μg/ml), PHA (5 μg/ml, Sigma Cat# 61764) 

and SLA (10 μg/ml). Unstimulated cells were taken as a negative test control and PHA 

stimulated cells as a positive control. The cells were incubated in CO2 incubator (Sanyo, 

Japan) for 72 hr at 37 °C and 5% CO2. Cells were washed 2 times with PBS and re-

suspended in the FACS stain buffer (5% FCS in 1X PBS) to monitor proliferation by flow 

Yadav et al. Page 10

Cell Immunol. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cytometry (BD LSRFortessa) at the indicated times (72 hr) and data were analyzed using 

FlowJov10.6.2 software (Tree Star, Ashland, OR). Unstimulated cells were used to set the 

gate position. An equivalent volume of cells from the same series of experiments was used 

to monitor the number of cells by microscopic examination.

5.6. Lymphocyte phenotyping and intracellular cytokine analysis in the spleen

The phenotypic characterization and intracellular cytokine analysis of T cells present in 

mouse spleen cells was done by FACS staining. CD3, CD4, CD8 expression was measured 

by surface staining whereas IFN-γ and IL-10 was measured by intracellular staining. 

Fixable Zombie Aqua™fixable viability kit (Biolegend, cat no #423102) with some 

modifications was used to exclude dead cells from the analysis [13]. Briefly, for each 

sample, 2 × 106 spleen cells/ml were distributed in three 5 ml polypropylene round bottom 

culture tube (Corning, Ref No. 352063, Mexico) in each and treated with 10 μl PBS (Control 

or unstimulated tube), SLA (10 μg/ml) and LdHyP antigen (20 μg/ml) respectively. Cell 

culture was then incubated for 24 hr at 37 °C, 5% CO2. GolgiStop™ (BD Biosciences cat No 

#51–2092KZ) was added to the culture during last 4 hr of culture to stop the release of 

intracellular cytokines. Thereafter, cells were washed with PBS at 1800 rpm for 6 min. Cells 

were transferred to 5 ml polystyrene round bottom FACS staining tube (Corning, Ref No 

352054, Mexico) and incubated in dark at room temperature for 30 min in 100 μl PBS with 

Zombie Aqua™dye for dead cells staining. 2 ml FACS staining buffer (5% FCS in 1 × PBS) 

was added in each tube and washed 2 times. Surface staining was done in FACS stain buffer 

with CD3 APC (BD Biosciences cat no# 565643), CD4 PerCp (Biosciences cat no# 550954) 

and CD8 BV-605 (BD Biosciences cat no# 563152) for 30 min in dark. After surface 

staining, intracellular staining was done. For this BD Cytofix/Cytoperm™Fixation/

Permeabilization kit (BD Cat No 554714) was used. The cells were washed two times with 2 

ml 1 × perm wash buffer and 250 μl Cyto Fix/Perm buffer was added for permeabilization 

and fixation of cells. Cells were incubated for 20 min at 4 °C and washed two times with 2 

ml 1 × perm wash buffer. Intracellular staining was done in per wash buffer with IFN-γ-

FITC (BD Biosciences cat no# 554411) and IL-10 PE (BD Biosciences cat no #55446) Cells 

were incubated for 30 min at 4 °C. Finally, stained cells were washed two times with 2 ml 

perm wash buffer and 300 μl FACS stain buffer was added. Freshly stained cells were 

acquired by Flow cytometer (BD LSR Fortessa flow cytometer, BD Biosciencec, USA) 

using FACS Diva software. FACS data was analyzed by FlowJo version 10 software (Tree 

Star BD)

5.7. Statistical analysis

All in vitro experiments were performed in triplicate. A minimum of 10 mice per group 

were used for in vivo experiments. The statistical significance was determined by Graph Pad 

Prism software version 8.0 (San Diego, USA), using student’s t test and two way ANOVA 

followed by Tukey’s multiple comparison test. P value of <0.05 was considered statistically 

significant. All data in the bar graphs represented as the mean ± SD.
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Fig. 1. 
Cloning expression and purification of Leishamnia donovani hypothetical protein 

(LDBPK_252400). (A) PCR amplification of LDBPK_252400 gene. Lane 1. 500 bp DNA 

ladder, Lane 2. PCR product. (B) Double digestion of positive clone (pET28a+ expression 

vector-LdHyP genes): Lane 1. 500 bp DNA ladder, Lane 2. Double digested clone with 

EcoR1 and Hind III. (C) 12% SDS-PAGE analysis of purified rLDBPK _252400 protein 

(LdHyP). Lane 1: molecular weight markers (Takara), Lane 2: flow through fraction, Lane 

3: 50 mM imidazole wash, Lane 4–6: protein eluted with 500 mM imidazole. Single band 

showing 32.9 kDa purified LdHyP protein. (D) Western blotting to confirmed expression of 

his-tagged recombinant protein. Lane M: molecular weight markers, Lane 1: Uninduced 

cells, Lane 2: Induced cells, Lane 3–4 eluted fraction.
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Fig. 2. 
(A-D): Size exclusion chromatography. (A) Native molecular mass (32.9 kDa) of 

LDBPK_252400 protein was determined by SEC (inset show single peak obtained at 21.3 

ml). (B) Standard molecular markers: Aldolase (158 kDa), Albumin (65 kDa), Ribonuclease 

A (13.5 kDa). (C) Confirmation of native condition of dialyzed rLDBPK_252400; 

Spectrofluorimetry of dialyzed and undialyzed protein. (D) Prediction of secondary structure 

of dialyzed and undialyzed protein by Circular Dichroism.
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Fig. 3. 
Schematic representation of Balb/c mice immunization with LdHyP and challenge with 

stationary stage promastigotes of L. donovani to evaluate its prophylactic potential. (A) 

Study design and Immunization schedule representing the experiments. (B-C) Immunized 

challenged mice (Cured) showing reduced splenomegaly and hepatomegaly along with no 

effect on hair loss as compaired to infected mice. (D) Effect of LdHyP in immunized mice 

body weight, spleen weight and liver weight as compare to infected mice. Significance 

values represent the difference between cured and infected group of three independent 

experiments group (n = 4 animals per group). *p < 0.05, **p < 0.01, ns: no significant.
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Fig. 4. 
Effect of LdHyP on parasite load in different organs of cured Balb/c mice. (A) Presence of 

L. donovani amastigotes in the spleen of control infected and cured Balb/c by Giemsa 

staining (100X magnification). (B) L. donovani promastigotes were evaluated through serial 

dilution and viable promastigote observed under 40X magnification (inset 100X 

magnification). Bar graph represents parasite reduction in spleen and liver of cured mice as 

compared to infected mice by both Giemsa staining (C) and serial dilution methods (D-E). 

Significance value represent the difference between cured and infected group (n = 4 mice 

per group). *p < 0.05, **p < 0.01, ns: no significant.
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Fig. 5. 
Enzyme linked immunosorbent assays to analyze the LdHyP specific Th1/Th2 cytokines 

production. Cytokines levels of IFN-γ (A), TNF-α (B), IL-12p40 (C), IL-10 (D) and IL-4 

(E) were determined in splenocytes supernatant of all experimental group of mice after 12 

week of post challenge. (F) IL-10/IFN-γ ratio. Data represent mean ± SD of two 

independent experiments in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001, ns: no 

significant.
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Fig. 6. 
In vitro cellular and humoral immune response induced by LdHyP in vaccinated challenged 

mice. (A) Estimation of NO production in supernatant collected from 72 hr stimulated 

splenocytes of all three experimental groups of mice with LPS/SLA and LdHyP. 1:1 ratio of 

both supernatant and Griess reagent was used and takes reaction product absorbance at 540 

nm. (B) Standard graph was generated by sodium nitrite (NaNO2). (C) LdHyP specific IgG 

and its isotype IgG1 and IgG2a in the sera of cured mice followed by infected mice. (D) The 

IgG2a versus IgG1 ratio in the sera of all experimental groups of mice. Data represent the 

mean ± SD of two independent experiments in triplicate. *p < 0.05, **p < 0.01, ***p < 
0.001, ns: no significant.

Yadav et al. Page 20

Cell Immunol. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
LdHyP specific splenocytes cell proliferation in cured mice followed by control and infected 

mice. (A) Single cell suspension of spleen (5×106) from all three experimental groups of 

mice were labeled with CFSE dye and stimulated for 3 days as mentioned in material and 

methods section for cell proliferation by FACS. (B) Histogram of CFSE labeled proliferating 

cell (CFSE low) in all three groups. (C) Percentage of splenocytes cells proliferation (CFSE 
low) and stimulation index of LdHyP (D) in all three groups. (E) Microscopic evaluation of 

cell proliferation in all three groups of mice under 10X magnification (inset 40X 

magnification). Data represent the mean ± SD of two independent experiments. *p < 0.05, 

**p < 0.01, ns: no significant.
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Fig. 8. 
Evaluate the contribution of CD4+ and CD8+ T cells towards parasite clearance in cured 

mice. (A) Gating strategy used in this study is as mentioned in material and methods section. 

(B-C) Bar graph showing the percentage of IFN-γ expressing CD4+T cells and CD8+T cells 

in various groups. (D-E) Bar graph depicting percentage of IL-10+CD4+T cells and 

IL-10+CD8+T cells in all three groups. (F) Ratio of IL-10/IFN-γ in cured group over 

infected group. Data represent the mean ± SD of three independent experiments. *p < 0.05, 

**p < 0.01, ***p < 0.001, ns: no significant.
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