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ARTICLE INFO ABSTRACT

Keywords: A focused library of novel mannosylated glycophospholipids was synthesized employing imidate coupling and H-
Mannosy! trisaccharide phosphate phosphorylation methods. All novel glycophospholipids were evaluated for their receptor interactions
Glycophospholipids by molecular docking studies. Docking studies revealed dendritic cell-specific intercellular adhesion molecule-3-
Imn?qunon?qdulators grabbing non-integrin (DC-SIGN) specific interaction of the glycophospholipid ligand P4 acts, which was further
Adjuvafmaty . confirmed by in vitro DC-SIGN expression on monocyte-derived dendritic cells (MoDCs). Further, in vitro and in
Innate immunity L. o . . .

Vaccines vivo immunomodulatory activity among the six compounds (P1-P6) examined, compound P4 displayed good

immunopotentiation and adjuvant properties as indicated by the induced cytokine expression and enhanced
ovalbumin (OVA) specific antibody (IgG) titers. Phosphatidylinositol mannosides (PIMs) analogues in the pre-
sent study enforced the immunomodulatory properties, truncating parent PIMs or tailor-made of PIMs may bring

the novel efficacious molecules, which will be useful in vaccine preparation against different diseases.

1. Introduction

Mycobacteria, fungus, and few other cell wall products exhibit
powerful immunomodulatory properties and notably confer protection
against atopic disorders. The greater part of the immune modulating
components of mycobacteria is attributed to the presence of typical
glycolipid signature on their cell wall, such as phosphatidylinositol
mannosides (PIMs), lipomannans (LM), and lipoarabinomannan (LAM),
a number of other mycobacterial components, which strongly modulate
the immune responses [1,2]. Innate immune cells including dendritic
cells (DCs), macrophages, natural killer (NK) cells, neutrophils, and
monocytes efficiently recognize aforementioned cell wall components
through a diversified pattern recognition receptors (PRRs), especially C-
type lectin receptors (CLRs) [3]. Due to synergistic responses of im-
mune stimulatory mycobacterial components with antigens, the for-
mulations derived from such products have been exploited as vaccine
adjuvants [4-6]. It is the case, for example of PIMs, which are glyco-
lipids located on the mycobacterial cell wall that anchor an arrangement
of complex glycolipids in their membranes [7,8]. It has been established

that the smaller PIM molecules, retain immunomodulatory activities by
themselves and especially stimulate cytokine production by activating
immune cells that are key regulators of inflammatory cytokine ex-
pression in our immune system [9-12]. Thus, PIMs and their structural
analogues, besides their role as antagonists [13] of atopic manifesta-
tions, also display unique properties as adjuvants enhancing the po-
tency of sub-unit vaccines, with or without delivery systems [4,5]. It
has been demonstrated that natural and/or synthetic glycolipid mimics
of PIMs given either by the systemic or mucosal route catalyze cell-
mediated immune responses. Structure-activity relationship (SAR) stu-
dies of PIMs have been conducted with several series of analogues of
PIMs to discover potent immunomodulators, and few of them exhibited
enhanced Th1 response (IL-12, in vitro, by murine DCs) [14]. Further, it
was hypothesized that glycophospholipids like PIMs are potential in-
ducers of the cell-mediated immune response, and a major challenge
would be to design and synthesize well defined structural analogues
and mimics that exhibit potential immunomodulation, with limited side
effects.

Thus, the discovery of the mediator role of PIMs in the immune
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regulatory processes intensified the chemical construction of analogues
of these compounds and many other related analogues. Recently, it has
been discovered that a purified fraction of GPI from Trypanosoma cruzi
trypomastigote mucins (tGPI) possessed tremendous pro-inflammatory
activities, comparable to the bacterial lipopolysaccharide (LPS). By its
ability to activate the macrophages to release tumor necrosis factor-a
(TNF-q), interleukin-12 (IL-12), and nitric oxide (NO) production at the
optimum level, tGPI represents one of the most potent im-
munomodulatory and pro-inflammatory inducing agents encountered
[15,16].

Activation of immune cells, such as macrophages, DCs, and CD4* T
cells with stimulatory molecules represents a highly relevant option for
establishing the link between innate and adaptive immunity [17]. This
strategy is very useful for targeting therapeutic interventions in certain
diseases and immunocompromised conditions. In view of the promising
adjuvant activity displayed by PIMs [18], we felt the need to explore
the possibility of developing structural mimics of PIMs, encompassing a
glucose unit sandwiched between two mannose residues, designed to
target mannose receptors on DCs. The anomeric hydroxyl of glucose
residue is conjugated to a branched lipid through a phosphate linkage
as encountered in PIMs. Such novel designer glycophospholipids are
expected to enhance the rapid internalization of the antigen by indu-
cing endocytosis. The overall molecular framework resembles PIMs,
wherein the inositol moiety is replaced with a-p-glucose moiety man-
nosylated at its 2,3-position through o-linkage. In the glycerol ester
moiety, different long chain fatty acids are incorporated forming hy-
drophobic part of the glycophospholipids as shown in Fig. 1. In the
present study, we describe the synthesis of a focused library of novel
trisaccharide based glycophospholipids (See Supporting information
Section 3) and their immunopharmacological evaluation using immune
cell subsets, namely immune cells like macrophages, DCs, and CD4* T
cells. The immunopharmacological data reported here provide insights
into the SAR of novel glycophospholipid towards their molecular target
preference.

2. Materials and methods
2.1. Cell lines and reagents

2.1.1. Mice

The study protocol related to animal use was approved by the
Institutional Animal Ethics Committee (IAEC) of the Council of
Scientific & Industrial Research-Indian Institute of Chemical
Technology (CSIR-IICT) (IICT/BIO/TOX/PG/1/02/2013). BALB/c mice
(female), weighing 25-28 g, 7-8 weeks old were obtained from the
Center for Cellular and Molecular Biology (CCMB) Hyderabad, India
and maintained under standard laboratory conditions (temperature
22 + 2°C, relative humidity 50 *+ 15%, 12:12 light/dark cycle). All
animals were given free access to water and food ad libitum.

2.1.2. Reagents

Cell culture materials like PBS, RPMI-1640 media (AT028), fetal
bovine serum (FBS) (RM10409) and others were purchased from the
Himedia (India). Cell surface markers, anti-CD3-allophycocyanin
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(APC)-Cy7 (557596), anti-CD19-phycoerythrin (PE) (553786), anti-
CDA4-fluorescein  isothiocyanate (FITC) (553047), anti-CD8-PE
(553033), anti-CD49b-PE (553858) and anti-T cell receptor beta
(TCRp)-APC (553174) antibodies were obtained from BD Biosciences
(San Jose, CA, USA), anti-Dendritic Cell-Specific Intercellular adhesion
molecule-3-Grabbing Non-integrin (DC-SIGN)-PE (FAB8345P) were
purchased from R&D Systems, goat anti-mouse IgG, cytokines (IL-2
(purified; 503702, biotinylated; 503804), IL-4 (purified; 504102, bio-
tinylated; 504202), IL-6 (purified; 504604, biotinylated; 504602), IL-12
(purified; 511802, biotinylated; 505302), and TNF-a (purified; 510802,
biotinylated; 506312)) and recombinant Granulocyte-macrophage
colony-stimulating factor (GM-CSF) (713604), IL-4 (714904) were
procured from the BioLegend (San Diego, California) and goat anti-
mouse IgG (sc-2005), goat anti-mouse IgG1 (sc-2060), goat anti-mouse
IgG2a (sc-2061) from Southern Biotech (Birmingham, USA). Mouse
Pan-DC enrichment Kit (19763), mouse CD4% T Cell Isolation Kit
(19852) from Stemcell technologies (Vancouver, Canada). All reagents
were purchased from Sigma-Aldrich unless otherwise specified.

2.2. Docking studies

Ligand docking is one of the major steps involved in drug discovery.
This drastically reduces the time for identification of a lead molecule
[19]. Several steps are involved in this process to run smoothly. All
computational calculations were carried using 3D crystal co-ordinates
of tlr2 (PDB ID:1FYW) apo protein from Protein databank. Active site
pocket was determined using the sitemap module of schrodinger suite
2017. Based on the D-score and Hydrophobic/Hydrophilic scores, site 5
has been considered as potential binding sites and also from previous
studies by Mistry P et al., 2015, suggesting the presence Y647, C673,
D678, F679, 1680, K683, D687, N688, D691, and S692 amino acid re-
sidues in the binding sites pocket. Further flexible docking has been
carried using Glide, version 6.1, (Schrodinger, LLC, New York, NY,
2013.Inc. 2012).

2.3. Invitro

2.3.1. Cytotoxicity

2.3.1.1. Splenocytes viability assay. Animals were sacrificed under light
ether anesthesia. The lymphocytes from spleen were isolated aseptically
in RPMI 1640 medium. Briefly, single cell suspensions were prepared
by homogenization of spleen between the ends of frosted slides and
homogenized cells were passed through 100 puM cell strainer. Cells were
centrifuged at 400g for 10 min at 4 °C. Red blood cells (RBCs) were
lysed with RBC Lysis buffer (0.5M ammonium chloride, 10 mM
potassium bicarbonate and 0.1 mM disodium ethylene diamine tetra
acetic acid, pH7.2) for 5min at 4°C or 90s at room temperature.
Lymphocytes obtained were then washed twice with phosphate-
buffered saline (PBS) and cell density was counted by the trypan blue
dye exclusion method. Finally, spleen cell suspension (10° cell/well)
was prepared in complete medium (RPMI 1640 media supplemented
with 0.05mM 2-mercaptoethanol, 100 IU/mL penicillin, 100 ug/mL
streptomycin, and 10% (v/v) FBS) and seeded into 96-well plates
containing glycophospholipids and incubated for 48 h at 37 °C. After

R= -COC;H1s5 (Octanoyl, P1)
-COCgH1g (Decanoyl, P2)
O-R -COC11H23 (Dodecanoyl, P3)
-COC43H>57 (Myristoyl, P4)
-COC1sH34 (Palmitoyl, P5)
-COC47H35 (Stearoyl, P6)

Fig. 1. Novel a-mannosylated glycophospholipids (P1-P6).
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Fig. 2. The binding orientation of the glycolipids to DC-SIGN is shown. Surface view of the active site of DC-SIGN receptor, for the highest docking score con-
firmation. a. Myristic acid glycolipids. b. NAG-MAn-Man-Man-NAG repeats HBO and displayed in yellow dots. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

Table 1

Molecular docking results showing docking score and amino acid interactions.

Compound Docking score Amino acid interactions

P1 —8.412 Arg 345, Glu 354, Asp 367, Asn 362,

P2 —8.278 Glu 354, Asp 367, Asn 362, Glu 357

P3 —7.826 Arg 345, Glu 354, Asp 367, Asn 362,

P4 —-9.017 Arg 345, Glu 354, Asp 367, Asn 362, Glu 357
P5 —-7.278 Glu 354, Asp 367, Asn 362, Glu 357

P6 —6.488 Arg 345, Glu 354, Asp 367, Asn 362,

Co-Crystal (NAG-Man-Man-Man-NAG) —6.154

Asp 367, Glu 354, Asn 365, Asn 349, Glu 347

incubation, 20 uL of 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide) tetrazolium (MTT) (5mg/mL in PBS)
solution was added to each well and incubated for 4 h. The plates were
centrifuged at 400g for 5min and the supernatant was removed. To
each well, 100 uL of a dimethyl sulfoxide (DMSO) solution was added
and kept aside for 15 min and the absorbance was taken at 630 nm in
TECAN multimode reader [20,21].

2.3.1.2. Human peripheral blood mononuclear cell (PBMCs) viability
assay. PBMCs from whole blood (from a healthy human volunteer;
CSIR-IICT-CCMB dispensary guidelines and volunteer consent note 03/

2015) were separated by density gradient separation by using
histopaque. PBMCs, 2 x 10° cells/well in 96-well plates were cultured
for 24 h without or with glycophospholipids (50 pug/mL) or LPS (1 pg/
mL). PBMCs viabilities were measured by using MTT method (see
Section 2.3.1.1) [22].

2.3.2. Isolation and stimulation of mouse peritoneal macrophages
Peritoneal macrophages from naive mouse were collected by using
the method described by Tabasum et al (Supporting information 1.1).
Macrophages 2 x 10* cells/well were seeded into 96-well plates and
maintained overnight at 37 °C. After overnight incubation cells were
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Fig. 3. Effect of glycophospholipid analogues on splenocytes and PBMCs viability. a. Splenocytes were prepared and cultured with glycophospholipid analogues at
indicated concentrations for 48 h. b. PBMCs viability assay. Human PBMCs were separated by density gradient separation and treated with glycophospholipids.
Splenocyte and PBMCs viability was measured by the 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide (MTT) method. The % viability was measured
and the values of mean = SD (n = 3) of three independent experiments with triplicates are represented.
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Fig. 4. Effect of glycophospholipid analogues on macrophages. Macrophages were stimulated without or with glycophospholipids for 16 h and supernatants were
analyzed for nitrite content (Fig. 3a) by using the Griess reagent at 540 nm. In the same culture conditions, supernatants were analyzed for IL-6 (Fig. 3b) production
by enzyme-linked immunosorbent assay (ELISA) method. The values represent mean * SD of independent experiments with triplicate and significant differences are
presented as *P < 0.05, ***P < 0.001 versus cell control (untreated) (n = 3) (Dunnett's Multiple Comparison Test).

treated with test compounds at 50 pug/mL for 48 h and the supernatant
was collected for the estimation of IL-6, IL-12, and NO (Supporting
information 1.2) [23].

2.3.3. Endocytosis assay

Peritoneal macrophages were collected and seeded 2 x 10*cells/
well in 96-well plate. Macrophages were treated with glycopho-
spholipids at 50 pg/mL for 24 h. After 24 h of incubation, FITC con-
jugated ovalbumin (OVA) was added to the cells, endocytosis was left to
proceed for 2 h at 37 °C and 5% CO,. Thereafter, cells were washed with
PBS twice and uptake of FITC conjugated OVA was quantified by
fluorescence microscopy [24].

2.3.4. Isolation and stimulation of mouse DCs

DCs were isolated from the spleen of naive BALB/c mice. Mouse
Pan-DCs were separated from single cell suspensions by using EasySep™
Mouse Pan-DC Enrichment Kit. Separated cells were harvested and
cultured in 6-well plates with GM-CSF and IL-4 10 ng/mL for 3 days.
Further, 2 x 10* cells/well were seeded into 96-well plates and main-
tained overnight at 37 °C. After overnight incubation cells were treated
with test compounds at 50 pg/mL for 48h and the supernatant was
collected for IL-12 estimation [25].

2.3.5. CD4™ T cells stimulation assay

Naive BALB/c mice splenocytes were used to separate CD4* T cells
by using positive CD4" T cell selection kit (Supplementary Fig. 1).
CD4™ T cells (1 x 10°cells/well) were triggered in 96-well flat-bot-
tomed micro titer plates. Soluble monoclonal antibodies (MAb), anti-
CD28 1pg/mL and anti-CD3 1pg/mL were pre-coated in 96-wells
plates. Cells were stimulated with novel glycophospholipids or LPS for
48 h. After 48h incubation supernatants were analyzed for IL-2 and
cells were used for viability assay [26,27].

2.3.6. In vitro antigen presentation assay

This assay was performed based on a method developed by Sprott
et al., with slight modification. DCs (10° cells/well) were plated in 96-
well micro-titer plates and incubated overnight. Media was replaced
with fresh media containing 10 ug of OVA. After 2h incubation, test
compounds (50 pg/mL) were added. After 4h of incubation, the DCs
were co-cultured with purified CD4™ T cells (1 X 10° cells/well). The
stimulation of glycophospholipids to CD4* T cells were quantified by
IFN-y produced in the supernatant cultures after 24 h [5,28].

2.3.7. In vitro immunophenotyping

Splenocytes were isolated from the naive BALB/c mice.
1 x 10° cells/well in 6-well plates were cultured without or with gly-
cophopholipids or LPS for 24 h. After incubation, cells were subjected
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Fig. 5. Effect of glycophospholipids on endocytosis. a. Macrophages were stimulated without or with glycophospholipids (50 pg/mL) or LPS (1 pg/mL) for 24 h, and
cells were incubated with FITC-conjugated OVA, for 2h. The amount of conjugate uptake was assessed by fluorescence microscopy. b. Total fluorescence mea-
surements were performed with Image J (v1.48, NIH), an outline was drawn in the region of each cell and the preset parameters i.e., area, mean fluorescence, and
integrated density measured, along with background readings. The fluorescence intensity bar graph was represented as total corrected cellular fluorescence (TCCF)
(TCCF = integrated density — (area of selected cell x mean fluorescence of background readings)). The mean + SD values of independent experiments are pre-

sented, and significant differences are represented as **P < 0.01, ***P < 0.001 versus cell control (conjugate controls) and **P < 0.01 versus LPS treated (n = 4)
(Dunnett's Multiple Comparison Test).
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Fig. 6. DCs were stimulated with indicated glycophospholipid analogues, LPS
or cell control for 48 h. Levels of IL-12 released by DCs were quantified by
ELISA. The values are presented as mean + SD of three independent experi-
ments, and significant differences presented as *P < 0.05, ***P < 0.001
versus cell control (untreated) (n = 3) (Dunnett's Multiple Comparison Test).

to centrifugation at 300g for 5 min, 4 °C. Anti-mouse antibodies such as
anti-CD3-APC Cy7, anti-CD19-PE, anti-CD49b-PE, and anti-TCR(-APC
were used to stain spleen cells [29]. Data were collected by using flow
cytometer (BD FACSVerse Fullerton, CA, USA) and analyzed using BD
FACSuite™ software.

2.3.8. In vitro DC-SIGN assay

DCs were isolated from the spleen of naive BALB/c mice. Mouse
Pan-DCs were separated from single cell suspensions by using EasySep™
Mouse Pan-DC Enrichment Kit. Separated cells were harvested and
cultured in 6-well plates with GM-CSF and IL-4 10 ng/mL for 3 days.
Further, 3 x 10° cells/well were seeded into 24-well plates and cells
were treated without or with LPS and/or P4 at indicated doses for 48 h
[25]. After incubation, cells were harvested and processed for PE-DC-
SIGN staining. Data were collected by using flow cytometer (BD
FACSVerse Fullerton, CA, USA) and analyzed using BD FACSuite™
software.

2.4. In vivo adjuvant activity

2.4.1. Immunization

Female mice (6-8 weeks) were divided into six groups, each con-
sisting of five mice. Animals were subcutaneously (s.c.) immunized
with OVA 100 pug alone and OVA 100 pg dissolved in saline containing
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Fig. 8. In vitro antigen presentation assay. DCs were treated with OVA along
with glycophospholipids for 16 h and CD4™* T cells were co-cultured for further
24 h. The amount of IFN-y release was quantified by ELISA. The values are
presented as mean = SD of three independent experiments, and significant
differences presented as *P < 0.05, **P < 0.01 versus cell control (untreated)
(n = 3) (Dunnett's Multiple Comparison Test).

Quillaja saponaria (QS)-21 (20 pug), P4 (1, 10, and 100 pug) on day 1.
Booster was given after 14 days of primary immunization. Sera and
splenocytes were collected two weeks after the booster dose.

2.4.2. Estimation of OVA-specific antibody titer

Sera was collected from the retro-orbital plexus of the control and
treated groups on the 28th day and subjected to estimation of OVA-
specific IgG, IgG1, and IgG2a antibodies by indirect ELISA (Supporting
information 1.3) [30,31].

2.4.3. Splenocyte proliferation

Splenocytes from immunized mice groups were aseptically removed
and minced. Lymphocytes were obtained by lysing the RBCs and re-
sulting suspension cells were incubated separately at 1 x 10° cell/well
in 96-well microtiter plates using an RPMI 1640 medium with 10% (v/
v) FBS along with 2 pg/mL Con A or 10 ug/mL LPS or 10 pg/mL OVA for
48h at 37 °C in 5% CO,. After incubation cell, viability was measured
using the MTT assay [32].

2.4.4. Immunophenotyping

Lymphocytes isolated in the above procedure were used for im-
munophenotyping. The slightly modified procedure of Colovai A et al.,
was used. 5 x 10° cells from all treated groups were taken into the 5 mL
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Fig. 7. CD4™ T cell viability assay. Magnetically separated CD4™ T cells were cultured without or with glycophopholipids or LPS for 24 h. a. Viability was done by
using MTT assay. b. IL-2 quantification was done by ELISA. The values are presented as mean *+ SD of two independent experiments, and significant differences
presented as **P < 0.01, ***P < 0.001 versus cell control (untreated) (n = 2) (Dunnett's Multiple Comparison Test).
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Fig. 9. DC-SIGN expression. Monocyte-derived mature DCs were treated without and with P4 at indicated doses for 48 h. DC-SIGN expression was observed by using
flow cytometry. a. Representative histograms were obtained by suspending the cells in a sheath buffer and collecting 100,000 cells by flow cytometry. b. Values from
each treatment tested for mean fluorescence intensity (MFI) of DC-SIGN expression. The values represent mean *= SD of two independent experiments, and sig-
nificant differences are presented as *P < 0.05, **P < 0.01 versus untreated (UT; mature DCs without treatment) (n = 2) (unpaired t-test).

polystyrene tube (BD Falcon™ round-bottom tubes). 1 pL of Fc (frag-
ment crystallizable) block was added to the cells and incubated for
15 min. After incubation, the cells were harvested and centrifuged at
300g for 5min at 4 °C. Saturating amounts of anti-CD4-FITC and anti-
CD8-PE and conjugated antibodies were added to the cells and in-
cubated for 45 min. After incubation, the unbound fluorochrome was
washed away and suspended the cells in the sheath fluid for FACS
analysis [29]. Data were collected by using flow cytometer (BD FACS-
Verse Fullerton, CA, USA) and analyzed using BD FACSuite™ software.

2.4.5. Cytokine estimation

Lymphocytes 1 x 10° cells/well were cultured in 96-well plates
without or with OVA. After 48 h incubation, culture supernatants were
subjected to measure cytokines by ELISA [33].

2.5. Statistical analysis

The data were analyzed using Prism software (GraphPad, San Diego,
CA, USA). Data were expressed as mean *+ SD and statistical analysis
was carried out using one-way ANOVA (Bonferroni correction multiple
comparison test for pooled data or Dunnett's multiple comparison test
for individual data) or unpaired t-test with (Mann-Whitney U test).

3. Results
3.1. SAR studies

In the present study, the focused library of PIMs structural mimics
has been achieved by i). Swapping the inositol unit of PIMs scaffold
with a bp-glucose unit to examine the effect on the im-
munopharmacological attributes ii) varying the chain length of lipid
moiety attached to sugar framework via phosphate linker to study the
effect on the biological activity. Upon in-silico docking of various ana-
logues (P1-P6) with target DC-SIGN protein, glycophospholipid con-
taining myristic acid (P4) substitution has shown the highest binding
affinity with a docking score of —9.017 compared to —6.154 of stan-
dard N-acetyl glucosamine-Mannose repeat (NAG-Man-Man-Man-NAG)
co-crystal, which contributed to the strong hydrogen bond interactions

with basic amine moiety of -Arg 345, acid side chain of -Glu 354, -Asp
367, and -Glu 357 along with amide side chain of Asn —362, within
3.00 A distance (Fig. 2). Substitution with other fatty acids like octanoic
(P1), decanoic (P2) and dodecaonic (P3) has shown moderate docking
score whereas substitution with stearic acid (P6) and palmitic acid (P5)
(more unsaturation) exhibited docking score which is almost equal to
co-crystal. Docking scores and interacting amino acids within 5 A dis-
tance were shown in Table 1.

3.2. Immunopharmacological activity

3.2.1. Determination of cytotoxicity of glycophospholipids on murine
splenocytes and human PBMCs

The toxicity profile of glycophopholipids was examined by using
MTT reduction cytotoxicity assay. Murine splenocytes were incubated
for 48 h with or without glycophospholipids from 6.25 ug/mL to 50 pug/
mL. Untreated cells (CC) were considered as control. As shown in
Fig. 3a, no toxicity/cell death was detected up to 50 pug/mL con-
centration of glycophopholipid analogues P1 to P6.

To determine the reactivity of glycophospholipids on the human
cells, PBMCs were treated with glycophospholipids. As also observed
with LPS, little or no significant proliferation was measured ex vivo
compared to non-stimulated controls. This experiment was important to
conclude that none of the glycophospholipids were toxic to the human
PBMCs (Fig. 3b) [22].

3.2.2. Immunomodulatory properties of glycophospholipids on macrophages

Peritoneal macrophages treated with glycophospholipids P1 to P6,
or LPS, revealed that among the novel glycophospholipids studied here,
P4 was the most potent inducer of NO, although less efficiently than
LPS (Fig. 4a). To characterize the possible effect of glycophospholipids
on the pro-inflammatory response, macrophages were treated with
glycophospholipids and the level of pro-inflammatory cytokines was
measured in cell culture supernatant. The results indicate that P4, P5,
and P6 induced an increased release of IL-6, the level of which was
comparable to that induced by LPS (Fig. 4b). Interestingly, the six
glycophospholipids we designed and analyzed, only two of the com-
pounds (not all), P4 and P5 appear to have induced significant levels of
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and significant differences presented as ***P < 0.001 versus OVA alone treated group (n = 5) (Mann-Whitney U test).

IL-12 in macrophages, as shown in the supplementary fig. 3.

3.2.3. Macrophage endocytosis

To evaluate the effect of novel glycophospholipids on endocytosis,
mouse peritoneal macrophages were treated with glycophospholipids
P1 to P6, or LPS for 24 h. The activation of endocytosis in macrophages
was confirmed by using FITC conjugated OVA, for 2 h. Events, such as
antigen uptake, processing, and presentation to T-cells are controlled by
innate immune system, which is critical for host primary immune de-
fense. In this progression, pathogen-derived molecules or their mimics
can influence profoundly the antigen presentation by the macrophages
to T cells, allowing the induction of acquired immunity [34]. In this
context, most of the analogues displayed endocytic activity except P1
and P5. Indeed, compound P4, showed higher endocytic activity than
LPS (Fig. 5a & b).

3.2.4. In vitro immune stimulatory experiments

Here, we show that IL-12p70 is effectively released from DCs in
response to P4 treatment although less efficiently than LPS, thus con-
firming that P4 induces inflammatory components and directly stimu-
lates DCs (Fig. 6). The effect of compounds P1 to P6 on T cells (CD3*-

Allophycocyanin Cy7 (APC Cy7)), T cells expressing T cell receptor beta
chain (TCRB™ - APC), NK (CD49b™ - PE), and natural killer T (NKT)
cells (CD49b* - PE TCRB*- APC) as well as on B cells (CD19" - phy-
coerythrin (PE)) in heterogeneous spleanocytes was investigated by
using flow cytometry (Supplementary Fig. 4). Compared to LPS-treated
or untreated cells, no effect was shown in B cell population. However,
the effects of our analogues on T cell populations were comparable and
P4 was even superior, indicating that the novel glycophospholipids
activate the T cells. Our studies further showed that the NK cell po-
pulation was not altered, on the contrary, the NKT cell population was
affected and even more than in the presence of LPS (Supplementary
Fig. 4).

Purified CD4™ T cells were triggered for 16 h with monoclonal
antibodies (anti-CD3 and anti-CD28) in the presence of OVA and gly-
cophospholipids. CD4* T cell activation was confirmed by IL-2 pro-
duction. Pure cultures of CD4* T cells incubated in the presence of
glycophospholipids or LPS, did not show any significant proliferation or
toxicity (Fig. 7a). Interestingly, however, raised IL-2 levels could be
detected in the cultures of cells incubated with compounds P3 and P4
compared to cell control, in the magnitude similar to those secreted by
CD4" T cells incubated with LPS (Fig. 7b). We tested
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Fig. 11. Effect of glycophospholipids on splenocyte proliferation. Spleens were
isolated (Supplementary Fig. 1) on the 28th day after primary and booster
immunization, splenocytes were cultured with Con-A, LPS, OVA or media alone
(CC) for 48h. Splenocyte viability was measured by the MTT method as de-
scribed in the methods. The values are presented as mean + SD of absorbance
and significant differences presented as *P < 0.05, **P < 0.01, ***P < 0.001
versus OVA alone treated group (n = 5; pooled data) (Bonferroni's Multiple
Comparison Test).

glycophospholipids effect on CD4™ T cells in co-culture with DCs and
OVA, as experimental antigen. In this assay, interestingly, all glycoli-
pids appear to have an effect (release of IFN-y), again P4 was the most
potent analogue, although less effective than LPS used in parallel
(Fig. 8).

3.3. Effect of P4 on DC-SIGN expression

Monocyte-derived dendritic cells (MoDCs) were cultured without or
with LPS and P4 at indicated concentrations for 48 h. After incubation,
cells were analyzed for DC-SIGN expression, which is generally ex-
pressed in the infected/inflammation/inflammatory signals condition
[35]. This study revealed that, P4 inducing increased expression of DC-
SIGN, which is superior to LPS treatment (Fig. 9). However, the dose
dependency of DC-SIGN expression was not observed in the P4 treat-
ment.

3.4. Adjuvant activity

A potent adjuvant produces a synergistic immune response against
antigens, which is most desirable. To study the effect of glycopho-
spholipid P4 on antibody secreting functions of B cells, we used an
indirect ELISA method to quantify the antibody response produced in
vivo. As shown in Fig. 10a, after administration of an antigen (OVA)
mixed with P4 (Fig. 10b), antibodies (IgG) to OVA reached significant
levels in P4 treated the group as compared with the group of mice that
received OVA alone, even though they were less significant in com-
parison with the QS-21 treated group. Moreover, a similar pattern was
observed in the subtype analysis i.e., IgG1l and IgG2a (Fig. 10c & d). A
dose-effect was found indicating the range of P4 efficacy (Fig. 10b-d).

We also evaluated the cellular immune responses to understand the
T or B cell-mediated immunity to OVA in mice that received this im-
munogen mixed with P4. It is well known that Con-A and LPS stimulate
T cells and B cells proliferation, respectively. These molecules were
used as control. Fig. 11 depicts that QS-21 significantly enhanced the
antigen and mitogen-induced spleen cell proliferation whereas P4, re-
gardless of doses, significantly promoted the LPS induced proliferation
as compared to the OVA-alone treated group. This indicates that P4
directly or indirectly activated B cells in vivo.

More specifically, to evaluate the potential effects of the glyco-
phospholipids on T cell subsets, we conducted an experiment using
anti-CD4-FITC and anti-CD8-PE antibodies for T cell staining. Results
revealed a significant increase in the CD4* and CD8* populations were
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observed in QS-21 (20 pug)-OVA treated group and P4 (10pg)-OVA
treated group as compared to OVA-alone treated group (Fig. 12).

Th1 and Th2 cytokines were measured from splenocytes cultured in
ex vivo conditions with OVA re-stimulation. These results indicate that
secretion of Thl cytokines, such as IL-2, [FN-y, and IL-12 stimulates the
production of IgG2a. On the other side production of IgG1 is depended
on the Th2 cytokine, IL-4 secretion (Fig. 13). Whereas no significant
expression of IFN-y was observed in all compounds treated with P4
compared with QS-21. However, interestingly increased expression of
IL-12 was observed in all the treated groups as compared to OVA and
QS-21-treated groups. Moreover, cytokine measurement from re-sti-
mulated splenocyte cultures showed increased expression of IL-2 and
IL-4 in a higher dose of P4-OVA treated group and QS-21-OVA treated
group.

4. Discussion

Because of their wide immune stimulating properties, glycopho-
spholipids are reported as potential adjuvants for vaccine development
[6]. We, therefore, investigated in vitro immune stimulatory potential of
these novel mannosylated synthetic glycophospholipids (Fig. 1) com-
pared to LPS and explored their possible application as adjuvants
through in vivo experiments on murine model in comparison with the
standard glycolipid adjuvant QS-21.

The glycans from various pathogens including human im-
munodeficiency virus (HIV), Ebola virus and Hepatitis C virus,
Mycobacterium tuberculosis, Candida albicans, and Leishmania parasites
are primarily recognized by the C-type carbohydrate-recognition do-
mains (CRDs) of DC-SIGN protein in the host system which evoked
interest in us to study the targeting of DC-SIGN protein by synthesized
molecules. It has been reported that in particular pathogens are tar-
geted to the DC-SIGN (also known as CD209) for their internalization
and possibly antigen presentation [36]. Pathogens interact DC-SIGN
either to infect or to change the response from a Thl to Th2-type of
immunity, to favor their survival. Geijtenbeek et al., demonstrated that
Mycobacterium tuberculosis containing high mannose capped cell wall
shows decreased co-stimulatory molecular expression thereby de-
creasing adaptive immunity, which is required for mycobacterium sur-
vival in DC and macrophages [37]. Co-culture assay shown in Fig. 8
clearly demonstrates the release of IFN-y supporting the effect of P4 on
Th1 oriented immunity, which is essential to kill the intracellular pa-
thogens (Fig. 13). These data led us to investigate whether P4 could
interact and/or stimulate DC-SIGN receptor. Molecular docking
screening of synthetic glycophospholipids effectively revealed the
binding and interaction of these ligands with receptor DC-SIGN (PDB
ID: 1K9I) (Table 1). Among all, the glycophospholipids having myr-
istoyl moiety has shown high docking score of —9.017 than other
glycolipids (Fig. 1, Table 1). Based on the above docking data, we have
additionally carried out the in vitro MoDCs stimulation with different
doses of P4 with or without LPS co-stimulation. As anticipated, by
docking studies, P4 has shown significantly increased expression of DC-
SIGN (Fig. 9 & Supplementary Fig. 5), which is comparable to LPS.
Innumerable literature discusses the cross-talk between toll-like re-
ceptors (TLR) and CLRs, especially DC-SIGN; it modulates and/or in-
teract with the TLRs signals, including TLR2, TLR3, TLR4, NOD2, and
others [37-41]. Considering the above vital information, we have co-
treated the MoDCs with LPS (as a TLR4 agonist) along with P4 and
found that P4 is exhibiting a synergistic effect with LPS. However, we
did not observe the dose dependency (Supplementary Fig. 6). Further,
we extended our docking study towards TLR2 receptor. Interestingly,
in-silico results found that P4 is also exhibiting TLR2 binding activity
with a docking score of —4.166, but in comparison to DC-SIGN inter-
action, it is less (Supplementary Fig. 6) [38,41]. Altogether the data
indicate that P4 plays a major immunomodulatory role via involving
DC-SIGN receptor, as demonstrated by in vitro results.

The previous study by Ainge et al., with PIMs ether has given a clue
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Fig. 12. Immunophenotyping by flow-cytometry. Spleen cells from indicated groups were stained with anti-CD4-FITC and anti-CD8-PE antibodies. a. Representative
dot plots were obtained by suspending the cells in a sheath buffer and collecting 100,000 cells by flow cytometry. b. Values from each group tested for absolute

numbers of CD4" (b) and CD8™ (c) cell populations, in the spleen obtained from BALB/c mice. The values are presented as mean +

SD and significant differences

presented as *P < 0.05, **P < 0.01 versus OVA alone treated group (n = 5; pooled data) (Bonferroni's Multiple Comparison Test).

for the selection of dose in immunological evaluation [42] and the same
dose was carried out for all the in vitro experiments. Altogether these
data indicate that P4 which display non-toxic effect on murine and
human immune cell (PBMCs) in in vitro conditions (Fig. 3). Brightbill
et al., reported that the Borellia Ospa and M. tuberculosis lipoproteins
could activate a gene under the control of the iNOS promoter in mac-
rophage cells [43]. Based on this clue, as our glycophospholipids re-
semble structural mimics of phosphatidylinositol mannosides, we sub-
sequently tested the cellular response induced by these
glycophospholipids or LPS on peritoneal macrophages. Production of
NO from macrophages indicates the genesis of danger signals (IL-6 and
IL-12) and this signal is essential for host defense against intracellular
pathogens [44]. Among the compounds P4, P5, and P6 have

10

moderately stimulated the danger signals. However, NO is secreted only
by stimulation with compound P4 but no other glycophospholipids
(Fig. 4). The release of pro-inflammatory cytokines from the macro-
phages upon stimulation with mannose and mannose containing ana-
logues also indicates the alert signal from the immune system [45].
Clearly, novel mannosides or pseudo-mannosides induce the release of
cytokine, chemokines, and they also activate the co-stimulatory mole-
cules, which qualifies these molecules as an attractive alternative to the
TLR based immunomodulators [46,47]. IL-12 possesses a wide variety
of immunological properties including its ability to up-regulate Thl
type of cytokines (e.g. IFN-y) and down-regulate Th2 type cytokines
(e.g. IL-4). Moreover, it also enhances the cytotoxicity of NK and T cells
along with the increased endocytic activity of macrophages [48]. Along
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Fig. 13. Ex vivo cytokine production by splenocytes. Spleen cells were har-
vested from the different groups and re-stimulated with OVA for 48 h. After
48 h of incubation, culture supernatants were subjected for IL-2, IL-4, IL-12, and
IFN-y estimation. The values are presented as mean = SD and significant dif-
ferences presented as *P < 0.05, **P < 0.01, **P < 0.001 versus OVA alone
treated group (n = 5; pooled data) (Bonferroni's Multiple Comparison Test).

with DCs, macrophages also capture, process, and present pathogens to
the T cells, thus they regulate collaboration between innate and adap-
tive immune system. In consequence, it leads to the production of cy-
tokines, chemokines, other immune signals (NO) and also recruitment
and activation of other bystander cells [49]. CLRs are responsible for
the endocytosis of the several fungal components in macrophages [50].
In the present study, we have used OVA as a model antigen. It has been
proved that OVA is selectively up-taken by the mannose receptors
[51,52]. Fig. 5 indicates the effect of glycophospholipids on macro-
phages for inducing alter signals in endocytosis process, which in-
directly reveals the mannose receptor activation. PIMs were also shown
to contribute to receptor-mediated internalization of mycobacteria in
macrophages [53]. Mannose receptor activation not only mediates en-
docytosis, but it also controls the downstream signaling pathway [54].
Endocytosis assay is providing support for the potent IL-12 response
observed in macrophage stimulation experiment discussed earlier. IL-
12 response upon endocytosis represents the innate signaling me-
chanism of these glycophospholipids, which is essential against in-
tracellular pathogens [55]. Together with the findings described above
on cytokines, and these results strongly suggest that compound P4,
which appear to be safe could have the potent capacity to activate both
innate and adaptive immunity. DC stimulation skews the immune re-
sponse towards the release of raised levels of IL-12 that is naturally
produced by these cells and other immune cells. This secretion can be
measured by the production of the active heterodimer referred to as
p70. DCs secrete IL-12p70 in response to inflammatory cytokines,
bacterial/viral components, and CD40 ligation [56]. DCs stimulated
with glycophospholipids reveals the P4 stimulatory activity (Fig. 6).
PIMs and their analogues are known activators of NKT cells [11,57,58]
along with by stander cells. Supplementary Fig. 4 shows the activation
of naive spleenocytes with glycophopholipids. Among the test com-
pounds, P4 has shown higher stimulatory activity in contrast to in-
variant NKT (iNKT) cells but not total T and B cells. As the novel gly-
cophopholipids employed in the current study mimick the structures of
PIMs, we have considered assessing these analogues for their properties
to activate CD4* T cells. The latter is indispensable for the immune
system. T cells recognize major histocompatibility complex molecules
in complex with peptide, presented by antigen-presenting cells (APCs)
and activate the secretion of cytokines [59]. We postulated that acti-
vation of CD4" T cells might play a major role in the significant in-
crease in total T cells population [60]. IFN-y is critical for innate and
adaptive immunity. It is produced predominantly by NK and NKT cells
(innate) and CD4" (Th1) and CD8* T cells (adaptive). IFN-y derived
from NK cells is essential against infectious diseases but not sufficient
without CD4 ™" T cell activation. Adil et al., reported that IFN-y derived
from the CD4 " T cells are indispensable against leishmania or Listeria
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monocytogenes [61]. Our results on antigen presenting cells (DCs) and
APCs co-culture with CD4* T cells along with P4 supported the afore-
mentioned results (Figs. 7 & 8).

To decipher the immunomodulatory effects of P4 further, we eval-
uated its adjuvant activity in vivo against OVA in mice and used QS-21
as a standard adjuvant for comparison (Supplementary Fig. 2). In vivo
studies with model antigen (OVA) revealed that P4 significantly in-
creased the antigen-specific antibody titer (IgG), along with subclasses
(IgG1 and IgG2a) (Fig. 10) and splenocyte proliferation (LPS mediated)
(Fig. 11), CD4* T cell stimulation (Fig. 12), and both Thl and Th2
cytokine secretion (Fig. 13) in comparison to antigen alone treated
groups. However, adjuvant activity of P4 was not superior to standard
0s-21.

In conclusion, novel glycophospholipids were synthesized and
evaluated for their safety and immunological characteristics. The mo-
lecular docking studies revealed moderate to high docking score in-
dicating the target specificity on DC-SIGN receptors of the host, which
provides a clue on their suitability as efficient cellular immune response
modulators against virulent pathogens. The glycophospholipids showed
no toxicity on murine immune cells (macrophages, DCs, and CD4™ T
cells) and human PBMCs at indicated concentrations. Analogues
strongly induced danger signals on macrophages through the release of
NO, IL-6, and IL-12 and also showed endocytosis of model antigen. IL-
12 release from DCs indicated the direct activation signals of glyco-
phospholipids. In vitro studies on the heterogeneous population (spleen
cells) showed activation of immune cells (T, B, NK, and NKT) upon
compound treatment. In vivo adjuvant activity of P4 with model antigen
(OVA) although less efficient compared to QS-21, has shown significant
efficacy compared, in all assays, with the OVA-alone treated group.

Since it is well established that the dose and efficacy of adjuvants
may change based on the type of antigen and type of immune response
that is required, P4 undoubtedly represents a promising adjuvant can-
didate for further investigation. Finally, in-silico studies strengthen the
obtained results from in vitro and in vivo studies and lead to the con-
clusion that DC-SIGN may be most likely target involved in its mode of
action. This study potentiated the PIMs as immunomodulators, which
ultimately needs to be focused in the future to tailor-made the parent
PIMs.
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Abbreviations

CD cluster of differentiation

DAMP  damage-associated molecular pattern

DME dimethoxyethane

DMAP  4-(dimethylamino)pyridine

DMF dimethylformamide

EDCI 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

DMSO  dimethylsulfoxide

SAR structure — activity relationship

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide

IFN-y interferon gamma

IL interleukin
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LPS lipopolysaccharide

OVA ovalbumin

TNF-a  tumor necrosis factor alpha

QS Quillaja saponaria

PBMC  peripheral blood mononuclear cell
Pan-DC plasmacytoid DC

TMB 3,3’,5,5’-Tetramethylbenzidine
MAD Monoclonal Antibody

FITC fluorescein isothiocyanate

APC Cy7 Allophycocyanin Cy7

PE Phycoerythrin

TCR T-cell receptor

DC-SIGN dendritic cell-specific intercellular adhesion molecule-3-

grabbing non-integrin

Appendix A. Supplementary data

The Supporting

Information is available on the website.

Experimental data and NMR spectra of synthesized compounds and
copies of NMR spectra on the probes; immunological studies protocols.
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