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Abstract

In leishmaniasis, the protective immunity is largely mediated by proinflammatory cytokine producing abilities of T cells
and an efficient parasite killing by phagocytic cells. Notwithstanding a substantial progress that has been made during last
decades, the mechanisms or factors involved in establishing protective immunity against Leishmania are not identified. In
ancient Indian literature, metallic “bhasma,” particularly that of “swarna” or gold (fine gold particles), is indicated as one of
the most prominent metal-based therapeutic medicine, which is known to impart protective and curative properties in vari-
ous health issues. In this work, we elucidated the potential of swarna bhasma (SB) on the effector properties of phagocytes
and antigen-activated CD4" T cells in augmenting the immunogenicity of L. donovani antigens. The characterization of
SB revealing its shape, size, composition, and measurement of cytotoxicity established the physiochemical potential for its
utilization as an immunomodulator. The activation of macrophages with SB enhanced their capacity to produce nitric oxide
and proinflammatory cytokines, which eventually resulted in reduced uptake of parasites and their proliferation in infected
cells. Further, in Leishmania-infected animals, SB administration reduced the generation of IL-10, an anti-inflammatory
cytokine, and enhanced pro-inflammatory cytokine generation by antigen activated CD4* T cells with increased frequency
of double (IFNy*/TNFat) and triple IFNy*TNFaIL-2") positive cells and abrogated disease pathogeneses at the early
days of infection. Our results also suggested that cow-ghee (A2) emulsified preparation of SB, either alone or with yashti-
madhu, a known natural immune modulator which enhances the SB’s potential in enhancing the immunogenicity of parasitic
antigens. These findings suggested a definite potential of SB in enhancing the effector functions of phagocytes and CD4*
T cells against L. donovani antigens. Therefore, more studies are needed to elucidate the mechanistic details of SB and its
potential in enhancing vaccine-induced immunity.
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Introduction by nonspecific, limited chemotherapeutic measures [2].

Moreover, the steady emergence of parasites resistant to

Leishmaniasis, caused by parasites of the genus Leishmania,
is endemic in about 98 countries [1]. Because no prophylac-
tic vaccine is available, leishmaniasis is primarily controlled
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commonly used drugs, i.e., antimonials, miltefosine, and
amphotericin B, warrants the urgent undertaking of studies
to identify better therapeutic and preventive measures [3].
Leishmania resides and proliferates in an adverse
unfriendly environment of host macrophages by smartly
silencing their effector properties, which is characterized
by poor production of reactive oxygen species (ROS),
nitric oxide (NOx), and pro-inflammatory cytokines such
as TNF-a and IL-12 [4, 5]. Additionally, the parasite alters
the host’s adaptive immune response and initiates anti-
inflammatory Th2 type T cells that produce IL-10 and sub-
sequently suppresses Thl cells functions [5, 6]. Further, it
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has been observed that the effective clearance of parasites
by macrophages and establishment of Thl-type immunity
provide resistance whereas an active IL-10-producing Th2
response leads to disease susceptibility against Leishmania
parasites [7, 8]. However, due to the inability of parasitic
antigens to sufficiently activate naive T cells, the establish-
ment of Thl cell-mediated immunity is poor, which favors
Leishmania persistence and survival in the mammalian host
[9]. Eventually, the inhibition of pro-inflammatory cytokine
production, poor antigen presentation by phagocytic or
antigen-presenting cells (APCs), and altered cellular sign-
aling pathways exacerbates disease pathogenesis [10, 11].
Since the proper activation of APCs is an essential factor
for efficient naive T cell activation and their differentiation
in Th1 phenotypes, the identification of modulators of their
functions will be of great importance. Recent studies have
discovered the mechanisms of phagocytic and T cell dys-
function but the factors to enhance their effector properties,
for their protective roles, are not known [12].

Currently, over 80% of the global population relies on
herbs and traditional treatments for primary healthcare [13].
The “Ayurveda,” or Indian traditional medicine system, has
been utilized for thousands of years to treat a wide variety
of illnesses [14, 15]. Traditional medicines remain a valu-
able resource for discovering and identifying treatments and
cures for diseases that modern medicine currently considers
incurable. For the prevention and treatment of fevers, many
ayurvedic formulations are used to reduce fevers of any
origin [16]. Immunomodulators are biological or synthetic
compounds that can activate, inhibit, or modify any immu-
nity function, including both innate and adaptive immunity
[17-19]. These formulations are not specific drugs against
any targeted proteins but rather act as generalized “immune
modulators” and produce pharmacological effects by bal-
ancing both the good and the bad. Ayurveda-based immu-
nomodulators are known to enhance the immunomodula-
tory properties of vaccine antigen to produce higher levels
of protective antibodies against various diseases caused by
viruses, bacteria, etc. [14, 20]. Because of their excellent
effectiveness, low toxicity, and reduced cost, these immu-
nomodulators are frequently employed and thus require more
scientific evidences for their wider acceptability [21].

Gold is one of the most appealing metals in human his-
tory for economical and ornamental purposes. Swarna
Bhasma (SB) or fine gold particles (incinerated gold) are
regarded as one of the most effective metal-based herbo-
mineral therapeutic medicine in Ayurveda, which endowed
extraordinary protective and curative potential against vari-
ous ailments like asthma, rheumatoid arthritis tuberculo-
sis, diabetes mellitus, and nervous disorders [22]. SB is
also traditionally thought to boost immunity and augment
antioxidant system as well as displays anti-aging proper-
ties [23]. Studies have also evidenced that gold can interact

with the immune system, in particular with phagocytic
(macrophages, dendritic cells) and adaptive immunity, i.e.,
T & B cells, and helps them to acquire specific functions
against antigens [24, 25]. Further, because of their chemi-
cal inertness, low toxicity, and high biocompatibility, gold
fine particles are also emerging as a good choice for vac-
cine development against various infectious diseases caused
by viruses, bacteria, and parasites [26-28]. However, the
immunogenic potential of SB has not been evaluated for its
capability to induce effector functions of phagocytic and
CD4" T cells against Leishmania antigens. In Ayurveda,
more than thousands preparations are described as con-
taining yashtimadhu (“YM,” licorice, Glycyrrhiza glabra)
as one of their constituents with diverse pharmacological
applications ranging from antiviral, antibacterial, anti-
inflammatory, and antioxidants [29, 30]. Additionally, YM
is also considered a potent immune modulator, which is
suggested to be a result of a multitude of bioactive con-
stituents such as glycyrrhizin, isoliquiritigenin, flavonoids,
formononetin, glabridin, hemileiocarpin, hispaglabridin B,
liquiritigenin, and glyciram, although its regulatory roles
on immune cells, in leishmaniasis, have not been investi-
gated on the scale of modern research parameters [30-32].
In the current study, we investigated the potential of SB,
either alone or in combination with an aqueous extract of
YM in inducing the effector properties of macrophages and
antigen experienced CD4% T cells in L. donovani infection
that cause visceral leishmaniasis in Indian subcontinent. The
findings suggested that the SB possess excellent properties
to induce antigen-presenting and microbicidal properties of
macrophages, and also helps antigen-activated CD4* T cell
to acquire pro-inflammatory cytokine producing abilities
against Leishmania antigens.

Material and Methods
Characterization of Swarna Bhasma

For the evaluation of immune modulatory potential, we
used commercially available SB powder available in
Indian market over the counter. The size, shape, crystalline
phase, and composition of commercial SB were analyzed
by various analytical techniques such as X-ray diffraction
(XRD), transmission electron microscopy (TEM), scan-
ning electron microscopy (SEM), and energy-dispersive
spectroscopy (EDS). The SB particle size and shape were
determined by XRD (D8 ADVANCE eco, BRUKER, Ger-
many) and TEM (TECNAI G? 20 S TWIN, FEI, USA).
The topographic nature of SB was measured by SEM
(Nova Nano 450, FEI, USA). EDS (EDAX, AMETEK,
India) was employed to carry out purity analysis of the
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bulk elemental composition in the bhasma samples from
different commercial origins available in the market.

Preparation of Emulsified SB and Determination
of CC;,, EC5,, and LD, Values of SB and YM

For the preparation of emulsified SB, we first made oil of
ghee using A2 cow ghee. A2 cow ghee was gently melted
at 70 °C for 10-15 min and then temperature was elevated
above 95 °C for 10-15 min to evaporate moisture, which
was finally reduced to 70 °C. The heating of the ghee was
further continued to get a brown solid residue. The residue
was filtered to obtain a yellowish liquid. A 5% oil-in-ghee
emulsion of SB, YM, and Leishmania antigens was used
to evaluate macrophages and T cell functions. The CCy,
and EC5 values of standard SB and YM were determined
on RAW264.7 macrophages, and LD5 values of SB were
determined in BALB/c animals. The aqueous extract of
root and stem of licorice plant was used in this study.

Culture of Parasites and Preparation of Soluble
Leishmania Antigen Preparation

Leishmania donovani (MHOM/IN/1983/AG83) promastig-
otes were used in this study. The parasites were cultured
in M199 media (pH 6.8-7.2, Gibco, ThermoFisher, USA)
supplemented with 10% FBS (Gibco, ThermoFisher, USA)
and antibiotics (1% penicillin/streptomycin, 0.1% hemin,
10 mM adenine, Sigma-Aldrich, USA). Parasite virulence
was maintained in BALB/c mice and promastigote forms
of parasite were used to infect cells and animals as and
when needed. The soluble leishmaial antigens (SLA)
were prepared from the stationary phase of promastig-
otes. Briefly, the promastigotes were washed 3—4 times
with FBS free M199 media by centrifuging at 2500 rpm
for 10-20 min at 4 °C in order to remove FBS from the
medium. Finally, promastigotes (3 x 107 parasites/ml)
were suspended into the incomplete M199 media (without
FBS) supplemented with antibiotics and incubated under
normal promastigote culture conditions (pH 7.2, 26 °C)
overnight. After culture, the viability and integrity of
parasites were assessed by the Trypan blue dye exclusion
method and 99% viable parasites were used to prepare
SLA. After wash, parasites were suspended in lysis buffer
(50 mM Tris, 5 mM EDTA, 0.5% sodium deoxycholate,
1% Triton-X100, pH 7.0) for 10 min at 4 °C followed by
a heat-thaw process 3—4 times using liquid nitrogen. The
mixture was centrifuged at 16000 g for 15 min at 4 °C and
the supernatant containing SLA was collected. SLA was
used to activate splenocytes for measurement of cytokine
producing abilities of CD4" T cells as and when needed.
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Measurements of Effector Properties
of Macrophages

RAW 264.7 macrophages, procured from National Centre
for Cell Sciences Pune, India, were used in this study. Cells
were cultured in DMEM (Gibco) medium supplemented
with FBS (10%) and antibiotics at 37 °C in a humidified
mixture of 5% CO, and 95% air in a CO, incubator. The
effector properties of macrophages were quantified in terms
of their capacity to produce nitric oxide, pro and anti-inflam-
matory cytokines, and MHC gene expression in infected and
SB-treated cells. Cells (10%/well) were seeded in 48-well
culture plates and kept in CO, incubator overnight. The next
day, the cells were activated with standardized dose of SB
(10 pg/ml), emulsified SB (10 pg/ml), and mixture of the
emulsified SB and YM (40 pg/ml) for 6 h. After thorough
wash, cells were incubated with parasites in cells to parasites
ratio of 1:10 for 6 h. After incubation, cells were washed
thoroughly to remove non-internalized parasites. The par-
asite infectivity was measured at 6 h, and their prolifera-
tion was measured at 24 h, 48 h, and 72 h post-infection by
counting Giemsa-stained amastigotes in the macrophages
under the microscope using 100 X objectives. The abilities
of SB to induce NO, pro-inflammatory cytokines, and MHC
gene expression were quantified at 24 h post-infection as
described in the later section.

Measurements of the Parameters of Protective
Efficacy and CD4* T cell Functions

Five to 6-week-old female BALB/c mice were used in this
study. This study was approved by the Ethics Committee
for Animal Care and Use, Institute of Science, Banaras
Hindu University, Varanasi (BHU/DoZ/1802/GO/Re/S/15/
CPC5EA/21-22/B01). The animals were infected with L.
donovani late log phase promastigotes (3 x 10%/30 ul) via
tail vein and the infectivity of the parasites was confirmed
by measuring spleen and liver sizes and counting the splenic
parasitic load by serial dilution method [33]. To evaluate the
immune modulatory potential of SB, the in vivo experimen-
tal design is outlined in Fig. 1.

Isolation of Splenocytes and Measurement
of the Parameters of Protective Inmunity

The infected animals were administered four doses of SB
formulations, i.e., at the time of infection, i.e., at day O
(D0), D2, D4, and D6. The animals were sacrificed after
14 (D14), 21 (D21), and 56 (D56) post-infection to meas-
ure the parameters of protective immunity as depicted in
Fig. 1. The splenic parasite load, NO production by spleno-
cytes, and pro- and anti-inflammatory cytokine levels were
quantified at D14. The effector function of splenic CD4"*



Swarna Bhasma Induces Antigen-Presenting Abilities of Macrophages and Helps Antigen... 213
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T cells was measured at D14, D21, and D56 post-infection
in SB-administered animals. For splenocytes, isolation
spleens were washed with 70% ethanol and subsequently
macerated with a plunger and the tissue homogenate was
passed through a 70-pm cell strainer to isolate splenocytes.
Cells were washed three to four times with PBS (1 mM, pH
7.2) by centrifugation at 500 g for 5-10 min in incomplete
RPMI-1640 medium. The production of nitric oxide and
CD4* T effector cells was measured in SLA-activated sple-
nocytes. The rate of splenocyte proliferation was measured
by MTT assay [34].

Measurement of Nitric Oxide

We quantified nitrite (NO, ™) species in the culture super-
natant of macrophages and splenocytes, which was used as
an indicator of nitric oxide (NO) production using Griess
reagent [35]. In brief, 100 pl of supernatant was mixed with
freshly prepared Griess reagent (1% sulfanilamide, and 0.1%
naphthyl ethylene diamine in 5% phosphoric acid), and the
mixture was incubated for 15-20 min at room temperature.
The absorbance of the supernatant was recorded at 540 nm
on an ELISA plate reader (Bio-Rad, USA).

Measurement of Gene Expression Levels by qPCR

The total RNA from macrophages and splenic tissues was
extracted using Tri® reagent (Sigma-Aldrich, USA) as per

the manufacturer’s instructions. The cDNA was synthe-
sized by taking 1 pg of total RNA using a cDNA synthesis
kit (Applied Biosystems, USA) as per the manufacturer’s
protocol. The obtained cDNA was amplified using Applied
Biosystems 7500 Fast Detection system with SYBR green
qPCR master mix as per the manufacturer’s instructions
(Applied Biosystems, USA). GAPDH was taken as internal
control and all the data sets were normalized to the levels of
GAPDH expression. Fold changes in gene expression was
calculated by the A2CT method, and results were reported
as arbitrary units or fold changes. The primers used in this
study are listed in Table 1.

Flow Cytometric Analysis: Intracellular and Cell
Surface Receptor Staining

The surface and intracellular staining for phenotypic charac-
terization and quantification of cytokine producing abilities
of CD4*tCD44™" T effectors (Teff) cells were measured on
days 14, 21, and 56 post-infection in the total splenocytes.
For cytokine measurement, splenocytes were activated with
SLA (10 pg/ml) for 24 h. Before, surface staining cells were
blocked with rat a-mouse CD16/32 antibodies (Cat#14-
0161-82) (1 pg/10° cells) for 20 min prior to surface staining.
Splenocytes were stained with anti-CD3-eFluor506 (Cat#69-
0032-82), anti-CD4-super bright 702 (Cat#67-0042-82), and
anti-CD44-superbright436 (Cat#62-0441-82) antibodies for
2 hat4 °C or ice. After surface staining, cells were washed

Table 1 List of primers used in

X S. no Gene Forward Reverse
this study

1 IFN-y CATGGCTGTTTCTGGCTGTT TCCTTTTGCCAGTTCCTCCA
2 IL-12 TTCCACAACAAGAGGGAGCT TTGATGGCCTGGAACTCTGT
3 TNF-a TGTCTTTGAGATCCATGCCG GGCACAGGGTCATCATCAAA
4 IL-10 CCTGGGTGAGAAGCTGAAGA ACTCTTCACCTGCTCCACTG
5 IL-4 TCTCGAATGTACCAGGAGCC ACCTTGGAAGCCCTACAGAC
6 MHCI GAAGTGGATTACGGAGGGGT TGCTCACTCGAAGGATGTCC
7 MHCII GAAGTGGATTACGGAGGGGT TGCTCACTCGAAGGATGTCC

@ Springer



214

S. Saini et al.

and fixed for 20 min at RT for intracellular cytokine stain-
ing using cytofix/cytoperm kit (Cat#88-8824-00). After
fixing, cells were stained with anti-IFNy-APC-eFluor 780
(Cat#47-7311-82), anti-TNF-a-PerCP-eFluor 710 (Cat#46-
7321-82), anti-IL-2-PE (Cat#12-7021-82), and anti-IL10-
Alexa Fluor 700 (Cat#56-7101-82) antibodies for 2 h (on
4 °C or ice). After a thorough wash, cells were suspended in
desired amount of acquisition buffer and acquired on Attune
NxT Flow cytometer equipped with the required laser lines
(VBR) using Attune NxT software. A minimum of 2 x 10°
events per tube were acquired and the data were analyzed
with FCS Express™ version 7 software (De Novo Software,
Los Angeles, CA). All the antibodies and flow consumables
were produced from ThermoFisher, USA.

Statistical Analysis

For animal studies, eight mice were used in each group,
and in vitro experiments were performed in triplicate and
repeated twice or thrice. The A2CT method was used to cal-
culate real-time PCR data and presented as a fold change in
gene expression levels. Student’s #-test was employed to cal-
culate the significance levels between means of groups using
Graph Pad Prism 7.0 software. A p-value <0.05 was consid-
ered significant. All data are presented in mean =+ standard
error of the mean.

Results

Characterization and Determination of CCs,, EC;,
and LD, Values of Swarna Bhasma

The physical characterization of commercially available SB
was done by various techniques and the representative data
are presented in Supplementary Fig. 1 (SF1). The XRD data
revealed a wide size range of SB particles ranging from 30
to 220 nm and diffraction peaks further attested to the crys-
talline composition of commercial SB powder (S1A). The
TEM analysis also revealed a variable range of SB parti-
cles ranging from 20 nm to 1 pm being spherical in nature
(SF1B). The SEM analysis confirmed that SB from vari-
ous sources was consistent in size ranging from 100 nm to
10 um with a tendency of aggregate formation (SF1C). EDS
was carried out to analyze the elemental composition in the
bhasma samples from different commercial origins present
in the market which indicated that the samples have 100%
weight-for-weight pure gold (SF1D).

Next, we evaluated the toxicity of SB before its use as an
immunomodulator as per the objectives of this study. At rec-
ommended doses (manufacturer’s instruction), SB alone or
ghee emulsified was found toxic as we observed significant
growth inhibition of activated macrophages as depicted in
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Supplementary Fig. 2A (SF 2A). Our studies revealed that
the cellular toxicity of SB was associated with its size and
dose. Therefore, we performed extensive studies to deter-
mine the effective size and dose of SB, which is non-toxic
to the cells and animals. The findings suggested that a size
range from 100 to 300 nm is non-toxic to cells (SF2B) and
animals as well. Finally, we determined the CCs, value of
SB on macrophages, which was found to be in the range of
75-100 pg/ml (depending on the source manufacturer), and
the LDs,, value of SB was found to be 1-5 mg/kg of body
weight in BALB/c mice. Next, we determined the ECs, val-
ues of SB to induce the effector functions of macrophages.
The cultured RAW264.7 macrophages were treated with
various concentrations of SB (5 pg—100 pg/ml) and their
proliferation was measured. The ECs, value was determined
to be 20—40 pg/ml and at this concentration, the cells were
found 100% viable and proliferative even after 72 h of cul-
ture. Similarly, the EC5, and CCs, values of YM were deter-
mined which were found to be 40 pg/ml and 200 pg/ml,
respectively. For our studies, we used 10 and 40 pg/ml doses
of SB and YM, respectively.

SB Administration Induced Effector Functions
of Macrophages and Significantly Reduced Parasite
Uptake

The number of amastigotes, their proliferation in infected
macrophages, and effector molecules at different time points
in a different group of cells are presented in Fig. 2. In SB-
treated cells, either alone or with YM, the uptake of para-
sites was found significantly (G1, p=0.004; G2, p =0.006,
and G3, p=0.011 vs G1, A) less than the non-treated cells.
The rate of parasite proliferation was found non-significant
(p=ns, 24 h vs 72 h, B) in SB-treated cells as compared to
untreated (p =0.034 24 vs 72 h, B) cells that were measured
up to 72 h. Further, in SB-treated and infected cells, the lev-
els of NO were significantly (G2, p=0.003; G3, p=0.007;
G4, p=0.001 vs G1, C) elevated that were measured at 24 h
post-infection as compared to infected and non-activated
macrophages. The expression levels of pro-inflammatory
cytokines, i.e., IFN-y (G2, p=0.038; G3, p=0.034, D),
TNF-a (G2, p=0.022; G3, p=0.033, E), and IL-12 (G2,
p=0.007; G3, p=0.024, F), were also found significantly
induced in SB-treated cells as compared to untreated cells
(G1). In between ghee-emulsified SB (G3) and emulsified
SB plus YM groups (G4), the differences between the levels
of cytokines expression were non-significant.

Next, we measured the expression levels of antigen-
presenting molecules, i.e., MHCI and MHCII in SB-treated
macrophages. The treatment of SB significantly enhanced
the levels of MHCI (G2, p=0.020; G3, p=0.034, G) and
MHCII (G2, p=0.022; G3, p=0.004, H) as compared to
infected control, i.e., untreated cells.
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SB Reduced Spleen/Liver Size, Splenic Parasite Load,
and Enhanced Splenocyte Proliferation and Nitric
Oxide Production

In the visceral form of disease, hepatomegaly and spleno-
megaly are the characteristic features; therefore, we meas-
ured weight and size of spleen and liver post SB administra-
tion in infected animals. The infected animals were treated
with SB and its formulation (Fig. 1), as per experimental
protocol, and were sacrificed on D14 to measure liver and
spleen morphologies, spleen parasites load, proliferation,
and nitric oxide producing abilities of splenocytes. The para-
site-infected animals were used as control (G1). The findings
are presented in Fig. 3. The shape and size of liver (A) and
spleen (B) were significantly reduced in animals that were
administered with SB either alone or with YM (G2, G3,
G4). In SB-administered groups, liver (G2, p=0.036; G3,
p=0.023; G4, p=0.023, C) and spleen (G2, p=0.010; G3,
p=0.010; G4, p=0.022, C) weights were also significantly
reduced as compared to infected control. The spleen size
(G2, p=0.029; G3, p=0.027; G4, p=0.033, D) and parasite
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load (G2, p=0.026; G3, p=0.027; G4, p=0.024, E) were
also significantly reduced in SB-treated groups, isolated
from SB-treated animals. Further, the SLA-activated sple-
nocytes were also found to produce more nitric oxide (G2,
p=0.012; G3, p=0.024; G4, p=0.004, F) and proliferative
(G2, p=0.033; G3, p=0.003; G4, p=0.008, G) than those
isolated from parasite infected non treated animals.

SB Helped Antigen Experienced CD4* T cells
to Acquire Th1 Phenotypes in Leishmania-Infected
Animals

Th1 phenotype of CD4™ T cells is characterized by their
abilities to produce pro-inflammatory cytokines such as
IFN-y and TNF-a, which play an important role in pro-
viding protection to host against parasites. Therefore,
we measured the impact of SB administration on the
effector properties of antigen experienced CD4* T cells,
i.e., CD4*CD44" T cells in SB-treated groups at D14,
D21, and D56 post-infection. The splenocytes were cul-
tured in presence of SLA (10ug/ml) and after 48h, the
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CD4*tCD44™" T cell’s effector function, i.e., their abilities
to produce pro- and anti-inflammatory cytokines, were
measured by flow cytometry. The findings are depicted
in Fig. 4 of which the A-D depicts the gating strategy
to select CD4*CD44* T cells on splenocytes and CD3"
T cells. In SB-treated animals, the percentage of IFN-y
(G2, p=0.020; D14, p=0.051; D2, p=0.034; D56, E) and
TNFa (G2, p=0.048; D14, p=0.019; D21, p=0.04; D56, F)
CD4*tCD44" T cells was significantly higher as compared
to untreated animals. Since multiple cytokine producing
abilities of T cells are a hallmark of their better activa-
tion and proliferation, we also measured double positives,
i.e., IFNYy"TNFatCD4*CD44* T cells (G2, p=0.023; D14,
p=0.0021; D21, p=0.005; D56, G) and triple positives,
i.e., IFNY"TNFatIL-2*CD4*CD44* T cells (G2, p=0.031;
D14, p=0.082; D21, p=0.048; D56, H) which were found
high in SB-treated animals as compared to non-infected
cells. Further, the frequencies of these cytokines positive
cells were found relatively high in animals who received
ghee-emulsified SB containing YM, which suggested a
potential of these formulations in augmenting the anti-
genicity of parasitic antigens.

@ Springer

The production of IL-10 by CD4* T cells is linked
with disease susceptibility and pathogenesis. Thus, we
were also interested to know the impact of IL-10 produc-
tion by CD4*CD44* T cells post SB administration in L.
donovani—infected animals. The percentage of IL-10-posi-
tive cells was found significantly less (G2, p=0.027; D14,
p=0.009; D21, p=0.008; D56, I) in the SB-treated group,
which further suggested an important role of SB in acti-
vation and differentiation of antigen-specific CD4* T cells
against L. donovani antigens.

Discussion

Leishmania is a naturally intelligent parasite, which sur-
vives in the hostile environment of the host phagocytic
cells by dampening their pro-inflammatory cytokines and
NO producing abilities [36]. The parasite also suppresses
the expression of MHC genes and co-stimulatory receptors,
which negatively impact the activation and proliferation of
antigen experienced T cells [37-39]. The finding in the study
suggested that SB enhances the abilities of macrophages to
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Fig.4 Percentage of IFN-y, TNF-a, and IL-2 positives CD4*CD44*
T cells in SB-treated and untreated parasite-infected groups. (A-D)
Flow panels to select CD47CD44*% T cells from total lymphocytes
and CD3* T cells. (E, F) The percent of IFN-y, TNF-a CD4*CD44*
T cells were significantly higher in the G2 and G3 groups, as com-
pared to GI. In between the G3 and G4 groups, an increase in number

produce pro-inflammatory cytokines and MHC gene expres-
sion against Leishmania antigens. The significant induction
in levels of nitric oxide, a main leishmanicidal molecule,
further suggested the potential of SB in augmenting micro-
bicidal properties of macrophages. We observed reduced
parasite proliferation in SB-treated cells, which might be in
the impact of induced nitric oxide.

In parasitic infection, the abilities of phagocytes and T
cells to produce pro-inflammatory molecules negatively
impacted the generation of anti-inflammatory cytokine that
facilitate parasites to dominate host immune response [5,
40]. Since generation of microbicidal molecule like NO

of T cells was observed but it was not significant. (G, H) The IFN-y*,
TNF-a" double positive, IFN-y*, TNF-a*, and IL-12* triple positive
cells were also found significantly more in the G2 and G3 groups as
compared to G1. (I) In SB-administered animals, the percentage of
IL-10" CD 44* T cells was significantly less in all treated groups

depends on pro-inflammatory cytokine, the absence of these
cytokine eventually leads to parasite supremacy on host
immunity [8, 41]. The in vivo observations revealed that in
SB-administered animals, the antigen experienced CD4* T
cells acquire more functional nature to produced pro-inflam-
matory cytokines, which probably in turn helps phagocytic
cells to kill parasites more efficiently. Further, hepatomegaly
and splenomegaly is the characteristic chemical features of
visceral leishmaniasis [42]. The in vivo observation revealed
that administration of SB significantly reduced both hepato-
megaly and splenomegaly and also reduced spleen parasite
load which is a marker of disease progression in infected
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animals. Further, the splenocytes from the SB-treated group
were found more proliferative and NO producing against
parasites, which suggested the abilities of SB to induce
microbicidal activity as immunomodulators.

The clinical prognosis of Leishmania infection mostly
depends on the early clearance of parasites by the phago-
cytic cells which is mediated by T cell-mediated immune
responses [43]. The functions of several T cell subsets,
viz., Thl, Th2, Th17, Th22, and Th27, in disease resist-
ance and susceptibility are extensively studied in all forms
of leishmaniasis albeit how do parasites regulate T cell dif-
ferentiation? It is not known, yet [44]. Our findings exhib-
ited that SB potentiates generation of pro-inflammatory
cytokines by antigen-activated CD4TCD44" T cells with
increased frequency of double (IFNy*/TNFa*) and triple
(IFNy*TNFa*IL-2%) positive cells. The CD47CD44* T
cells were found to produce significant amount of IL-10, in
SB-administered animals, which suggested a possibility that
SB maintained homeostasis of pro- and anti-inflammatory
cytokines against parasitic antigen, albeit we advocate more
studies in this direction. However, in lieu of the compro-
mised immunogenicity of Leishmania antigens, SB seems to
be as an immunomodulator of choice to enhance and regu-
late antigen experienced CD4" T cell function that plays an
important role in L. donovani control. This provided evi-
dence that SB has potential to regulate antigen experienced
CD4* T cell function and their differentiation. Since T cell
immunity plays an important role in L. donovani control, and
parasite antigens are poor activators of T cells, which are a
major hurdle in vaccine development, this finding provided
a new data for the validation of the role of SB on increasing
the immunogenicity of Leishmania antigens.

Lack of appropriate prophylactic measures and limited
therapeutic options has led to an inclination towards tradi-
tional medicinal methods for effective therapeutic purposes
worldwide. In ancient Indian literature, the role of metal-
lic bhasma, particularly gold nanoparticles, has acquired a
prominent place as metal-based therapeutic medicine which
can boost vaccines’ efficacy [45, 46]. Ayurvedic metal par-
ticles, i.e., swarna bhasma, rajata bhasma, tamra bhasma,
and yashada bhasma, could be used as novel antipathogenic
agents for their anti-inflammatory, immunomodulatory, anti-
viral, and adjuvant activities [45, 47]. The administration of
gold in children is a common practice in Ayurveda in many
diseases and even in critical conditions [48, 49]. In line of
our findings, other studies have also shown the pharmaco-
logical activity of SB in restoring functions of macrophages,
dendritic cells, and other immune cells [50, 51]. Further, SB
is also known to promote T cells and phagocytic activities
in infectious diseases, which is in accordance to our find-
ings [26]. To summarize, we report for the first time that
SB enhances the effector functions of antigen presenting
and CD4* T cells, and controls the Leishmania growth and

@ Springer

proliferation in infected animals. Thus, we advocate more
in-depth studies to validate the role of SB adjuvantation
in increasing the immunogenicity of vaccine candidature
against leishmaniasis, in particular, and against parasitic
diseases, in general.
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