Journal of Immune Research

Research Article

Open Access @

(Pustin Publishing crou

Immunostimulatory- Fusogenic and Conventional
Liposome Adjuvants Induce Qualitatively and
Quantitatively Distinct Innate and Adaptive Immune

Responses

Faisal SM'*, Scaria J?® and Chang YF?

!Laboratory of Zoonotic and Infectious Diseases, National
Institute of Animal Biotechnology, Hyderabad, India
2Department of Population Medicine and Diagnostic
Sciences, College of Veterinary Medicine, Cornell
University, Ithaca, New York, USA

SDepartment of Veterinary and Biomedical Sciences,
South Dakota State University, Brookings, SD 57007,
USA

*Corresponding author: Faisal SM, National Institute
of Animal Biotechnology, 4™ Floor, Axis Clinical Building,
Miyapur, Hyderabad, India

Received: May 23, 2015; Accepted: June 30, 2015;
Published: July 02, 2015

Abbreviations

CL: Conventional Liposomes; IFL: Immunostiomulatory-
Fusogenic Liposomes; OVA: Ovalbumin; APC: Antigen Presenting
Cell; CTL: Cytotoxix T cell; MPLA: Monophosphoryl Lipid A

Introduction

Itis well established that both the magnitude and the quality of the

Abstract

An ideal adjuvant should possess both immunostimulatory and antigen
delivery properties for simultaneous induction of innate and adaptive immune
response to clear pathogens from host. The majority of pharmaceutical based
adjuvants currently being used are particle based delivery systems, such
as liposome formulations. However, the mechanism of their action is largely
unknown. To identify the regulatory gene cascade that triggers the innate
immune response following liposome adjuvant injection, we applied microarray
based transcriptional profiling of tissue sites (muscle and peritoneum) of mouse
injected with conventional (CL) and immunostimulatory fusogenic liposomes
(IFL). While CL and IFL induced large number of shared innate immune genes,
IFL activated quantitatively and qualitatively stronger immune response than CL.
IFL induced upregulation of pro-inflammatory response genes and triggered a
rapid influx of antigen presenting cells (APCs) as compared to CL. Comparison
of gene interaction network revealed several fold increase of gene interactions
at the injection site with IFL as compared to CL. The induction of innate response
by IFL was correlated to strong adaptive response against encapsulated antigen
ovalbumin (OVA) indicated by strong T cell proliferation and cytokine production.
Notably, CL induced a biased Th2 response whereas IFL favored a predominant
Th1 or mixed of Th1/ Th2 response. Our data indicate that IFL induced
quantitatively and qualitatively distinct and strong innate immune signals which
correlated to strong adaptive immune response. These results provide novel
insights into understanding the mechanism of action of liposomes and may be
utilized for development of improved liposome based vaccines.

Keywords: Liposome; Adjuvants; Immunostimulatory; Transcriptional gene
profiling; Mouse model

demonstrated against several diseases such as HIV [8-11] tuberculosis
[6,12,13], malaria [3, 14, 15] and leshmaniasis [16, 17] indicating that
liposomal systems have a real chance of becoming the standard for
vaccine adjuvants of the future. Several liposome products have been
licensed and others are in various phases of clinical trials [18-21].
Conventional liposomes find limited applications as they are inert or
non-stimulatory (requires tagging with immunostimulants like LPS,
toxins or cytokines) and fail to deliver antigen to the cytosol for MHC

adaptive immune response largely depends on the efficient induction
of the innate immune system [1-3]. The efficacy of traditional vaccines
based on attenuated and live organisms is mainly attributed to two
properties; their invasiveness which provides efficient delivery to
antigen presenting cells (APCs) and presence of naturally occurring
components of pathogen which stimulates innate immunity.

Thus the success of modern vaccines based on subunit antigens
relies on inclusion of both immunopotentiators and delivery systems
as adjuvants. Liposome seems to fulfill these criteria and have been
widely studied as adjuvant/antigen delivery systems against various
infections and have shown better performance than Freund’s adjuvant
or alum [4-7]. The success of liposomes as vaccine adjuvants has been

I presentation and subsequent induction of cytotoxic T cells (CTLs)
response [22-24]. Several bacterial cell wall/membrane components
or pathogen associated molecular patterns (PAMPs) such as
Monophosphoryl Lipid A (MPL, detoxified LPS), Muramyl dipeptide
(MDP), Trehalose Dimycolate (TDM) and Lipopeptides (P3CSS) have
been widely exploited as immunepotentiators/ immunomodulators
[25-28]. PAMPs induce robust innate response through TLR4
dependent mechanism that can promote Thl response. TL4 based
adjuvants like AS04 (Monophosphoryl Lipid A adsorbed on alum),
GLA-SE (Glucopyranosyl Lipid A formulated with stable emulsion)
have been used in various vaccines, inducing Thl biased immune
response [29-31]. Liposomes composed of total polar lipids (TPL)
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Figure 1: Schematic presentation of analyzing the immune response against
liposome adjuvant in mouse. Conventional and Immunostimulatory-fusogenic
liposomes were injected in mouse muscle or peritoneum. 24 hrs post injection
muscles from both quadriceps were excised or peritoneal exudate cells
(PECs) were harvested. Total RNA was isolated, converted to cDNA and
subjected to Microarray analysis. Serum collected at various time points
from mice injected with liposomes in muscle or peritoneum were analyzed
for cytokines using ELISA kits. PECs collected at various time points were
subjected to cell analysis by FACS. In separate experiment mice were
injected with OVA entrapped liposomes intraperitoneally (Day 0 and 14) and
antigen specific adaptive response was analyzed at day 14 and 21 in terms of
antibody response, T cell proliferation, cytokines, expression of costimulatory
molecules and CTL response.

isolated from various non-pathogenic and/or attenuated bacteria like
E. coli (escheriosomes), attenuated mycobacterial vaccine strain
BCG (mycosomes), Archaebacteria (Archaeosomes), non-pathogenic
Mycobacterium smegmatis (smegmosomes) and Leptospira biflexa
(leptosomes) have shown to be very potent adjuvant/antigen delivery
vehicles capable of inducing strong immune responses and significant
levels of protection against various infections in animal models [3,
10, 32-39]. These liposomes being immunostimulatory and fusogenic
were able to activate both innate and adaptive immune responses
simultaneously. With increased understanding of immune response
and considerable success of liposomal adjuvants their mechanism
of action is largely unknown. While mechanism of most of the
currently used adjuvants like alum, MF59, CpG are being explored
by exploiting transcriptional gene profiling, only few studies have
reported on adjuvant mechanisms of liposomes [31, 40-46]. Here,
we have explored the adjuvant mechanism of liposomes by applying
microarray based transcriptional profiling. Injection of conventional
(CL) or immunostimulatory/fusogenic liposomes (IFL) at mouse
muscle or peritoneum induced distinct differences in magnitude
and quality of innate immune responses. A strong innate response
correlated to antigen (OVA) specific adaptive response (Figure 1).
While IFL induced high amounts of pro-inflammatory mediators and
the influx of large numbers of various cell types leading to mixed Th1/
Th2 response, the CL induced a modest and biased Th2 response with
the involvement of only few mediators and cell recruitment.

Materials and Methods

Animals and reagents

Female C57BL/6 mice (Jackson laboratories) 6 to 8 weeks old were
used in the study. The animals were maintained and treated under
specific pathogen-free conditions. The experiments were conducted
according to protocol approved by Institutional Animal Care and
Use Committee (IACUC). The J774A.1 (macrophage) cell lines,
EL-4 and EG.7 (EL-4 cell line stably transected with the OVA gene)
were obtained from ATCC and maintained in their recommended
medium. Ovalbumin (OVA), Mytomycin C, Phosphotidylcholine
(PC), Cholesterol, Dipalmitoyl phosphotidylcholine (DPPC), Diolyl
phosphotidylethanolamine (DOPE), Phosphatidylglycerol (PG),
Monosphosphoryl Lipid A (MPLA), L-phophatidylethanolamine-
N-(4-nitrobenzo-2-oxa-1,3-diazole) (NBD-PE) and N-(lissamine
rhodamine B sulfonyl) phosphatidylethanolamine (Rh-PE) were
purchased from Sigma Chemical Co., USA. All the antibodies used
for FACS analysis and cytokine ELISA kit (Ready Set Go) were
purchased from eBiosciences, San Diego, USA.

Liposome preparation and characterization

Liposomes were prepared as described previously [39, 47]. For
preparing liposomes total 20mg lipids [IFL (10mg DPPC, 8mg DOPE,
2mg PG and16 ug MPLA) or CL (16mg Egg PC and 4mg cholesterol)]
were dissolved in methanol/chloroform, reduced to a thin dry film
in a rotary evaporator, and left to stand for 30 min in a high vacuum
desiccator. The film was hydrated, sonicated and lyophilized and then
reconstituted with PBS. For preparing antigen entrapped liposomes,
the film was hydrated, sonicated, mixed with an equal volume of
OVA (2mg/ml) and lyophilized. The free flowing dried powder was
then hydrated with distilled water and washed thrice to remove
unincorporated antigen. The liposomes were finally suspended in
PBS and the amount of antigen entrapped was estimated using a BCA
protein assay kit (Pierce, USA). The liposomes were characterized by
Transmission Electron Microscopy (TEM) as described previously
[5]. To determine fusogenic potential, liposomes (CL or IFL)
were fluorescently labeled by incorporating fluorescent probe
1-(phosphatidylethanolamine-N-(4-  nitrobenzo-2-oxa-1,3-diazole)
NBD-PE (5 mol %) and incubated with J774 A1 cells for 2hrs. After
washing the fixed macrophages were observed under fluorescence
microscope [34]. Fusogenicity of liposomes was further confirmed
by Resonance energy transfer (RET assay) as described previously
[34]. Lipid mixing was monitored between NBD-PE /Rh-PE (N-
(lissamino6o; se rhodamine B sulfonyl) Phosphatidylethanolamine)
labeled IFL or CL and unlabeled lipids. Finally, fluorescence was
monitored at 520nm and RET efficiency was calculated as previously
described [34]. Dequenching assay was performed by mixing NBD
probed and unprobed vesicles in a molar ratio of 1:10 in the presence
of 5mM Ca2+ and incubating at 37°C for varying time periods.
Fluorescence was measured spectrofluorometrically and dequenching
was calculated as previously described [34].

Evaluation of immune response

Liposome specific innate responses: C57BL/6 mice were injected
intramuscularly (i.m., 50pl) or intraperitoneally (i.p., 200ul) with
PBS or CL or IFL. Mice were bled and euthanized at various time-
points (0, lhr, 6hr, 12hr and 24hr) and the peritoneal exudate cells
(PECs) were harvested by washing the peritoneal cavity as follows:
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2 ml of cold RPMI containing 10% FBS was injected, the abdomen
was massaged gently for 30 seconds and 1 ml was extracted. The
cells were spun down, washed and stained for flow cytometry. The
peritoneal lavage fluid was stored at -200C for analysis of cytokines/
chemokines by ELISA. For the microarray analysis, the PECs (at 24hr
time point) were put in RNA later immediately after extraction from
the peritoneal cavity and stored at -200C until required for isolation
of RNA. Similarly muscle tissues were excised; RNA was isolated
later. Antigen specific adaptive response: C57BL/6 mice (5 mice
per group) were immunized intraperitoneally at Day 0 and 14 with
(1) PBS, (2)20pug OVA in 200 pl of PBS (Free OVA), (3) 20ug OVA
entrapped in CL (CL-OVA), (4) 20ug OVA entrapped in IFL (IFL-
OVA), (5) 20ug OVA mixed with CL, (6) 20ug OVA mixed with IFL.
Animals were euthanized on day 14 and 21 and spleens were taken
out aseptically. Single-cell suspensions were made and evaluated for
proliferation (BrDU incorporation and CFSE), analysis of surface
markers (CD80, CD86 and MHCII) and cytokine estimation in
culture supernatant after in vitro stimulation with 10ug/ml of free
OVA or entrapped in liposomes. The mice were bled at various time
points and the serum was analyzed for OVA specific antibodies.

Proliferation assay

Splenocytes (5 x105) isolated from mice euthanized at day 14 and
21 post immunization with CL-OVA or IFL-OVA were stimulated
with varying dose (0.1, 1 and 10ug/ml) of free OVA or entrapped
in liposomes in 200ul RPMI for 72hrs at 370C in a humidified
atmosphere supplemented with 5% CO2 [39]. The proliferative
response was measured by cell proliferation ELISA, BrdU colorimetric
kit (Roche Diagnostics, Indianapolis, IN) as per the manufacturer’s
protocol. The results are expressed as stimulation index (SI), and the
error bars indicate standard deviation from the mean. Proliferation
was also assessed by CFSE dilution following standard procedures
[48]. Briefly, 106 cells/ml were stained with CESE (10uM) at 370C
for 10 min. Unentrapped dye was quenched with FBS and then cells
were washed with RPMI and then stimulated with 10pg/ml antigen.
The proliferative response was determined by dye dilution using flow
cytometry.

Cytokine analysis

The cytokines CCL2, IL-6, TNF-a, IL-5 in serum and peritoneal
lavage and IL-4, IL-10, IFN- y and IL-2 in culture supernatant
was analyzed using the specific Ready-Set-Go cytokine ELISA kit
(eBiosciences) following the manufacturer’s instructions.

Flow cytometry

PECs and splenocytes were washed and Fc receptors were
blocked with anti-mouse CD16/CD32 antibody in FACS buffer. The
cells were kept at 40C during staining. The PECs were stained with
anti-mouse CD19 (B cells), CD11c (DCs), CD11b/F4/80 (Monocytes/
Macrophages), CD3/CD4/CD8 (T cells), Ly6G (Neutrophils) and
CD49b (NKcells). Splenocytes were stained with CD3/CD4/CD8
to access proliferating cell types and CD80, CD86 and MHCII for
analysis of surface markers. 10,000 cells of PEC and 50,000 cells
splenocytes were collected on LSRII (BD). All data were analyzed by
using FlowJo software (Tree Star Inc.)

Humoral response

Detection of OV A specific antibodies in the sera from immunized

mice was evaluated by the Kinetic Enzyme-Linked Immunosorbent
Assay (KELA) as described previously [37, 38]. In short, 96-well
MaxiSorp plates were coated with 100ul of OVA (10pg/mlin carbonate
buffer, 0.1 M, pH 9.6) at 4°C overnight. The plate was washed with
0.IM PBS containing 0.05% Tween 20 (PBST) and subsequently
blocked with 200pl/well of 1% BSA for 2 hrs at RT. After washing,
100pl of serum diluted 1:200 in PBST was added to each well and
incubated for 1 h at 37°C in a humid chamber. The plate was washed
and incubated with 100 pl of a 1:2,000 dilution of peroxidase labeled
goat anti-mouse IgG (KPL) or peroxidase labeled anti-mouse IgG1
and IgG2a (Santa Cruz Biotech) for 30 min at RT. After extensive
washing, 100pl of TMB ready to use substrate was added to each
well. The plate was read three times at 1-min intervals at 650nm on
an ELISA reader. The results were calculated by the KELA computer
program and expressed as KELA units (KU).

CTL assay

The cytotoxicity assay was performed using the LDH method as
described previously [39, 49]. Briefly, 3x107 spleen cells were cultured
with 5x10° mytomycin C treated (50ug/ml for 45 min) EG.7 cells in
10 ml of RPMI plus 10% FBS containing 0.2 ng/ml IL-2, in 25-cm2
tissue culture flasks kept upright. After 5 days at 370C in a humidified
atmosphere supplemented with 5% CO2, the non-adherent cells were
recovered from the flask and used as effector cells. The cells were
counted and incubated with EG.7 (specific target) or EL-4 (non-
specific target). The

reaction mixture was set up with varying E:T ratios (10:1, 25:1,
50:1) for 5 h at 370C in a humidified atmosphere supplemented
with 5% CO2 and lysis of target cells was determined using a non-
radioactive cytotoxicity assay kit (Cytotox 96, Promega) following
the manufacturer’s instructions. Specific target cell lysis by CTLs
was calculated as the percentage of total LDH activity of target cells
as follows: % specific release = (experimental release- spontaneous
release)/(maximum release-spontaneous release)

RNA isolation and microarray analysis

RNA was isolated by using combination of Trizol and RNA easy
mini kits (Qiagen) to enhance yield and purity. Briefly, muscle tissues
(fine chopped) and PECs were put in 1ml Trizol and bead beated for 1
min. 500ul chloroform was then added and centrifuged at 10,000rpm
for 15 min. The clear supernatant was then passed through RNA
easy column and purified according to manufacturer’s protocol.
RNA concentration and quality was assessed using nanodrop
Spectrophotometer and Agilent Bioanalyzer 2100. Total RNA (20pg)
from each animal was used as templates in RT reactions. Synthesis
of cDNA and Cy3/Cy5 dye labelling was performed following the
protocols previously described [50]. Labeled cDNAs were extensively
purified to remove unincorporated dyes, combined, and concentrated
using Microcon 30 spin concentrators. Microarrays were scanned
using Agilent G2565BA scanner. Data was then extracted using
Agilent’s feature extraction image analysis software v 10.2. Resulting
data files was then loaded to Gene Spring GX v7.1 (Agilent
Technologies, CA). The net intensities were log2 transformed, within
chip normalized using lowess algorithm, and quantile normalized
across all chips using the Genespring Gx v7.1. The mean normalized
log2 ratio and standard deviation was calculated from all replicates.
All subsequent data analyses were performed using Microsoft Excel
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and Genespring Gx v7.1. The paired 2-sample t-test was performed
to identify differentially expressed genes. Significantly up- and
down-regulated genes in each comparison group were identified by
applying a P value of <0.05. Selected differentially expressed genes
from microarray results were validated by qRT-PCR. Differentially
expressed genes were further analyzed using Ingenuity Pathway
Analysis (IPA) (Ingenuity Systems, Redwood City, CA, USA) to enable
identification of functionally related and interacting transcripts in
pathways and networks. IPA organizes genes into networks based on
relationships and interactions extracted from peer-reviewed scientific
literature.

Statistical analysis

The statistical analysis was performed by using the Student’s t test
with Excel software. A p value of <0.05 was considered statistically
significant.

Results

Characterization of liposomes

The IFL varied in size with average size of 241+117 nm whereas CL
was of average size of 147+29nm. The antigen entrapment efficiency
of IFL was 56.2+2.1 % whereas CL had efficiency of 61.4+4.2 %. The
fusion potential of the liposomes was confirmed by monitoring the
transfer of fluorescent probe from liposome to the living cells (J774
Al). The results demonstrated that interaction with CL with J774
Al followed an endocytosis mode and resulted in a punctate type of
fluorescence, while IFL fused with target cells leading to fluorescence
being associated with the membrane (Figure 2A). The fusogenic
potential was further assessed by monitoring the mixing of lipids as
determined by Resonance Energy Transfer (RET) and Dequenching
assays. Our results demonstrate that unlike CL, IFL caused a
significant reduction (p < 0.05) in RET with time (Figure 2B). The
dequenching assay further validated the RET assay, where around
54% dequenching in IFL was observed after 60 min suggesting that
vesicles have undergone fusion (Figure 2C).

Conventional and immunostimulatory-fusogenic
liposomes induced distinct innate immune signals at the
site 24hrs post injection

The innate immune response/signals induced 24hrs post injection
by conventional (CL) or Immunostumulatory-Fusogenic Liposomes
(IFL) was investigated at the site of injection. Peritoneal exudate cells
(PECs) were collected at various time points from animals receiving
liposome injection in the peritoneum. PECs were analysed by surface-
staining for markers of different cell types. Both CL and IFL induced
similar pattern of recruitment of B cells, T cells and DCs at early time
points (<6hrs) after injection, however IFL induced higher number B
cells at later time point ( 12 and 24 hrs). IFL also induced recruitment
of significantly high (p < 0.05) number of monocytes and neutrophils
than CL at later time points (Figure 3A, 3B). In naive mice (before
adjuvant injection, t=0hrs), significant number of B cells, T cells and
DCs were present in the peritoneal cavity but their numbers rapidly
declined after injection of the CL or IFL. Both CL and IFL induced
similar recruitment of NK cells however their numbers were higher in
latter at 24hs post injection (Figure 3A, 3B). We evaluated the kinetics
of the serum cytokine responses in animals injected with liposomes
in muscles. Cytokines generated at the injection site can diffuse to
other sites. Thus, Liposome-induced cytokine proteins could be
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Figure 2: Fusogenic potential of liposomes. (A) Phase contrast and
fluorescence light micrograph of interaction of NBD —PE labeled CL and
IFL with J774A.1 cells (B) The efficiency of energy transfer between NBD
and Rhodamine incorporated on the surface of various liposomes (CL and
IFL) upon mixing with unlabeled probe as assessed by Resonance energy
transfer (RET) assay. (C) Interaction of various NBD- labeled liposomes
with their unlabeled counterparts as assessed by Dequenching assay. The
data represent mean of three determinations + S.D and are representative of
three independent experiments with similar observations. *indicates p value
is <0.03.

detected even if their mRNAs are not detected in the blood. The level
of evaluated cytokines (IL-5, IL-6, CCL2, TNF-a) increased rapidly
following injection of both CL and IFL and level peaked at 6hrs (Figure
3C). However level induced by IFL was significantly higher (p < 0.05).
IFL induced robust CCL2 and TNF-a when injected intramuscularly
however this level was low when injected intraperitoneally. The
serum cytokine levels were robust in animal injected i.m. with IFL
as compared to levels in animals receiving i.p. injection where the
response was delayed and low except IL5.

Microarray analysis revealed differences in
expression profile induced by CL and IFL adjuvants

gene

We also investigated the expression of genes for cytokines/
chemokines, their receptors, MyD88, TRIF, B and T cells and antigen
processing and presentation in a whole genome microarray analysis
on mRNA extracted from the muscle and PECs of mice injected with
the CL or IFL 24 hr previously (Figure 4). This single time-point was
chosen to make sure that enough number of cells was recruited at site
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Figure 3: Adjuvant specific immune response after intramuscular or intraperitoneal injection of liposomes. (A) Kinetics of lymphocytes in peritoneal exudate
cells (PECs) at the indicated time-points after intraperitoneal (i.p.) injection of either CL or IFL as analyzed by flow cytometry. (B) Pie chart showing percent fraction
of lymphocytes accessed at various time points after liposome injection. (C) Cytokines/chemokines levels measured in serum and peritoneal lavage at indicated
time points after liposome injection using sandwich ELISA kits from eBiosciences (USA). *indicates p value is <0.05.

of injection and significant number of genes activated which gives
confidence to do microarray analysis on individual mice. Microarray
analysis shows that a significant change in expression of immune
related genes was observed 24 hrs after liposome injection. The
most strongly induced transcripts included cytokines/chemokines,
cytokine receptors and signaling molecules, and molecules involved
in complement and antigen presentation pathways. A total of 157
genes have been selected with an average log2 ratio 3 compared with
PBS control and a P value <0.05 calculated on the three replicates.
Out of these 157, there were 36 hypothetical genes while 121 were
annotated during the immune response. Among the treatments IFL
had the most impact on expression of more than 82 genes (Figure
4A). IFL induced the expression of several granulocyte and monocyte
chemoattractant and activators (Ccl3, Ccl4, Ccl7 and Ccl12), range
of NK and T cell attracting C-X-C chemokines (CXCL9, CXCL10,
CXCL11 and the C-C chemokine CCL5. IFL also induced significant
number and high expression TRIF dependent genes (ifit3, irf7, mx1,
oasll, oasl2) and few MyD88 dependent genes (irgl). In contrast CL
induced only few genes related to chemokines (CXCL9, CXCL10
and CXCL13), cytokine receptor (TNFRSF13c) and TRIF pathway
(GBP3, IFIT, IRF7) and their level was significantly lower than
IFL (Figure 4B). IFL induced enhanced expression of T and B cell

recruiting chemokines. Thl cells recruiting chemokines, CXCL9
and CXCL10 were highly upregulated in muscle of IFL treated mice.
There was enhanced expression of B cell recruiting chemokine gene
CXCL13. T cells and APCs chemokine receptors (CCR2, CCR5 and
CSF3R) were also highly induced by IFL. Genes involved in antigen
processing and presentation (B2M, C3AR1, FCGRI1, H2-K1, H2-
M3, H2-T22, TAP1) were also upregulated by IFL. In contrast CL
induced at very low levels or failed to induce genes related to antigen
processing and presentation (Figure 4B). The majority of immune
response related gene upregulated strongly after IFL injection at
muscles induced at low levels or failed to induce at peritoneum at
24hr time point analysis. Few genes related to TRIF (IFIT3, IRF7,
OASL2), cytokine receptor (CXCR2, ILIF9, IL13RA2), cytokines/
chemokines genes (CCL12, CXCL5, ILIRN, SPP1, TNF) and antigen
processing (FCGR1) were induced by IFL at peritoneum. Pathway
analysis revealed that IFL induced significant upregulation of genes
related to five biologically important pathways viz Inflammatory
response, T cell receptor signaling, Cytokine and Inflammatory
response, IL-6 signaling and TNF-a and NFx» signaling at least in
mouse muscle 24hrs after injection (Figure 4C). The observed effect
of the adjuvants was not caused by the injection procedure and
related tissue injury because injection of physiological saline did not

Submit your Manuscript | www.austinpublishinggroup.com

J Immun Res 2(2): id1020 (2015) - Page - 05



Faisal SM

Austin Publishing Group

" wdzaa g
=
cor g o
1234 oo 2
o £ cors @ =]
revoas NS e E
rezcz = T @ 2
TIRAP & D rFiTzi g @ =
BGC S reee @ 3 =
TLR2: @ IRFS f=ad =]
TLRs S e ® & c ®
TuRs T s > & B
TLRT g IRFS = <
TLRS O oo (il § :O:
1RG1 2
L J g‘ . ._® e §.
boooni. . - = o
ok 234 sxm = e
an STATSA v =
Py LR3I, -
P — Foes ‘§.
Pt . B 1Fizos 3
oy i O 1r1as S
trarid) & I—M( i = L3
; =
il ee Ul e 2
% =1
vavl co48,
—e rrces =
el 3

Figure 4: Microarray analysis of liposome specific immune response in muscle and peritoneum 24 hrs. Postinjection. (A) Venn diagram showing distribution
of genes modulated by CL and IFL in muscle and peritoneum where CL-M and IFL-M indicates muscle injected with conventional and Immunostimulatory-
fusogenic liposomes respectively. CL-P and IFL-P indicates peritoneum injected with these liposomes. (B) Differentially expressed genes in muscle and PECs
filtered on fold change (3.0, p < 0.05) 24 h post injection. The genes significantly up-regulated after injections of CL or IFL are represented in a clustered heat map
based on the average gene-expression intensities of three individual mice per group. The heat map is colored according to Z-scores of log-transformed intensity
values, with red indicating Z-scores > 0, green indicating < 0 and yellow indicating ~0. (C) Pathway analysis indicating upregulated processes and the interaction

network among the differentially expressed genes.
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induce cell recruitment (data not shown). In order to confirm some
of the array results we performed RT-PCR for five genes namely
TLR-1, CCR5, CCL4, CXCL10 and IL-6. Four genes (TLR-1, CCR5,
CCL4, CXCL10) out of five displayed expression levels comparable to
those of the microarray. One gene (IL-6) whose expression was not
detected by microarray was detected through RT-PCR.

CL and IFL induced quantitatively and qualitatively
distinct antigen specific adaptive immune response

To test whether differences in innate adjuvant activity at injection
site correlated to antigen specific adaptive response we analyzed both
humoral and cell mediated immune responses against the model
antigen ovalbumin (OVA) delivered in CL or IFL. The antibody
response analyzed at day 14 and 21 shows significantly higher levels
of IgG were generated in animals immunized with IFL-OVA (p <
0.05). Both CL-OVA and IFL-OVA induced IgGl but levels were
significantly higher in latter (Figure 5A). IgG2a was only detected
in animals immunized with IFL-OVA. Animals immunized with
a simple mixture of OVA mixed with CL or IFL did not develop
significant levels of IgG or any IgG isotype as compared to controls
(data not shown). Splenocytes from animals immunized with IFL-
OVA exhibited significantly higher (p < 0.05) levels of proliferation
as compared to CL-OVA as revealed by BrDU incorporation. This
was confirmed using CFSE proliferation assay which showed that
significantly higher (p < 0.05) numbers of both CD4 and CD8 T cells
population from animals immunized with IFL- OVA expanded in

response to in vitro stimulation with OVA at Day 14 and 21 (Figure
5B). Both the liposomes induced similar level of Th2 cytokines (IL-4,
IL-10) into the culture supernatant, however Thl cytokine (IFN-y,
IL-2) was only induced by IFL-OVA (Figure 5C). Immunization
with IFL-OVA also caused activation and maturation of APCs as
revealed by expression of costimulatory molecules (CD80, CD86)
and maturation marker (MHCII) on spleen macrophages/monocytes
(Figure 5D). Our results further show that higher target cell (EG.7)
lysis (~45%) was demonstrated by CTLs obtained from animals
immunized with IFL-OVA as compared to CL-OVA (<10%) at the
highest E: T ratio (Figure 5E). Effectors obtained from both CL-OVA
and IFL-OVA were not able to lyse non-specific target (EL-4 cells),
further confirming the specificity of CD8 T cells (CTLs). Free OVA
or OVA physically mixed with CL or IFL induced insignificant or
very low level of adaptive immune response (data not shown). Thus
the two liposomal adjuvants induced qualitatively and quantitatively
distinct immune responses.

Discussion

Being associated with several limitations Alum is the only
approved adjuvant since several decades, hence there is urgent
need for development of new and improved vaccine adjuvants
[51-55]. Freund’s adjuvants (FA) although are very potent, the
mineral oil cannot be metabolized and the mycobacterial elements
cause severe systemic reactions and local ulcerations. Further, the
immune response to protein antigens emulsified in FA may be
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Figure 5: Antigen specific adaptive response. (A) Antibody response- The serum collected on day 14 and 21 from various groups was evaluated for IgG, 1gG1
and IgG2a by KELA as described in materials and methods (B) T cell proliferation- (a) Proliferation as measured by the incorporation of bromodeoxyuridine (BrdU)
using cell proliferation ELISA and expressed as Sl as described in material and methods (b) Proliferation as measured by dilution of CFSE dye. (C) Cytokine
estimation-The culture supernatants were collected after 72 hrs and analyzed for cytokines (IL-2, IL-4, IL-10, IFN-y) using specific Ready-Set-Go ELISA kit
according to the manufacturer’s instructions. (D) Analysis of co-stimulatory molecules- Cells were recovered and stained with FITC labeled CD80, CD86 or
MHCII antibodies, acquired on LSRII and then analyzed by FlowJo. (E) Cytotoxicity (CTL assay)- Effectors generated in vitro from splenocytes isolated from various
groups were added to specific (EG.7) or nonspecific (EL-4) targets in varying E: T ratios. Cytotoxicity was measured using a Cytotox kit (LDH method) following

lowered or suppressed [56]. Liposomes have advantage over FA
as they are biodegradable, non-toxic and induce strong immune
response for longer period of time. While liposomes have initially
reached the market as drug carriers, their potential as potent vaccine
adjuvant has been demonstrated against various infectious and life
threatening diseases, indicating that liposomes hold high promise in
becoming vaccine adjuvants of future [5-7, 57, 58]. With an increased
understanding of the type of immune response required to combat
various diseases it has become possible to retro-engineer adjuvants
to a particular disease. Although much success has been shown by
liposomes, the mechanism of their stimulating effect on innate
immunity has been studied inadequately. In particular their global
effects on gene transcription and the complex regulatory machinery
in the cell that leads to enhanced immune responses are poorly
understood. Liposomes are considered to be sensitive adjuvants.
Small changes in their properties (lipid composition, size, charge)
may induce radically different immune responses. Thus, availability
of immunological profile of a liposome with a particular charge,
size and lipid composition would enable rational retro- design of
liposomal vaccine adjuvants.

In the current study we have used microarray based gene
transcription profiling which is an attempt towards this approach.
Microarray based gene expression by DOTAP (1,2-dioleoyl-3-
trimethylammoniumpropane) liposome treatment was first study of
liposome induced gene expression profiling [43]. Recently Korsholm
et al have exploited microarray to compare immune response induced
by DDA/MPL liposomes (Thl adjuvant) with Th2 adjuvant, alum
[42]. Thus development of a common database for the immunoprofile
of liposomes would provide researchers an essential tool for the retro-
engineering of liposomal adjuvants. Our previous studies have
demonstrated that liposomes composed of fusogenic and
immunostimulatory lipids derived from non-pathogenic bacteria are
efficient adjuvants capable of inducing both antibody and cell
mediated immunity (CMI) correlating to protection against infection
in animal model [37-39]. Here we compared innate immune pathways
activated by immunostimulatory and fusogenic liposomes (made of
fusogenic lipid PE and incorporating immunostimulatory adjuvant
monophosphoryl lipid A MPLA) to non-stimulatory conventional
liposomes to understand how this innate response at site of injection

correlates to adaptive response. Conventional PC liposomes
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containing MPLA have shown considerable potency and safety in
human trials with a variety of candidate vaccines [57]. In the current
study MPL containing fusogenic liposomes (IFL) induced significantly
higher amounts of pro-inflammatory mediators and the influx of
large numbers of various types of immune cells whereas the
conventional liposomes (CL) induced a response which was associated
with the recruitment of lower number of these cells at the site of
injection. Although IFL induced recruitment of B cell, T cell and DCs
in significantly higher number as compared to CL after 6hrs post
injection, their number rapidly declined within 6 hrs of injection in
both CL and IFL. This phenomenon is difficult to explain; however it
is likely that trafficking of liposomes to draining lymph nodes have
led to migration of these cells from peritoneum. Some previous
studies which reported the similar observations after adjuvant
injection have not discussed the mechanism involved in rapid decline
of these cells [42, 59]. The cluster of genes modulated by both CL and
IFL named “liposome core response genes” was characterized by
upregulation of cytokine, chemokines and adhesion molecules
suggesting that liposome adjuvanticity is partly associated with
nonpathogenic inflammatory process. Microarray analysis further
revealed that innate response was robust at muscle injection site
whereas it was lower and much delayed within the peritoneum. The
kinetics and magnitude of the overall alterations in gene expression
differed between the two liposomes (CL and IFL). While IFL induced
a change in expression of large number of immune related genes at
24hrs post injection the response to CL was more modest and
transient, with significantly lesser number of genes modulated at the
same time point. However, not much difference in the level of gene
expression induced by between CL and IFL at 24hrs post injection
was observed in the peritoneum indicating that response is delayed or
these genes might have expressed at later time points (excluded from
analysis). IFL induced enhanced expression of TRIF dependent gene
which is in agreement with previous reports of MPLA being TRIF
biased TLR agonist [60]. IFL induced enhanced expression of T and B
cell recruiting chemokines. Th1 cells recruiting chemokines, CXCL9
and CXCL10 were highly upregulated in muscle of IFL treated mice
which is in agreement with similar TLR agonist adjuvant GLA
inducing these chemokines [41]. There was enhanced expression of B
cell recruiting chemokine gene CXCL13 by IFL in muscles indicating
that IFL can induce both B and T cell responses. In addition,
Monocyte and macrophage recruiting chemokines (CCL3, CCL4,
CCL5, CCL7 and CCL12) were also induced by treatment with IFL.
IFL induced expression of STAT (signal transducer and activator of
transcription) genes coding family of proteins that are key players in
the regulation of many immune processes. These proteins mediate
cytokine signaling and are critically involved in the differentiation of
both activated T and B cells [61]. IFL induced significantly higher
level expression of genes related to important immune pathways like
inflammatory response, T cell receptor and cytokine signaling. It is
likely that IFL, being small size particles, can traffic quickly in lymph
nodes following injection in muscles and can cause induction of
immunostimulatory genes that can promote migration of responding
immune cells [62]. Like other adjuvants viz. MF59 and CpG, IFL also
activated muscle fiber and caused activation of immune related genes
indicating that these liposomes have potential to be used in
intramuscularly injected human vaccines [40]. To gain better insight
to liposome adjuvanticity we measured adaptive response in C57/BL6

mice against model antigen OV A entrapped in CL or IFL. The strong
innate immune activity of IFL correlated to enhanced antigen specific
adaptive immune response. Activation through TLR4 induces TNF-a,
cc chemokines (CCL-3, CCL-4, CCL-5) and cxc chemokines like
CXCL2 (MIP-2), CXCL9, CXCLI10 expression as induced by IFL in
the current study that might have led to recruitment of inflammatory
monocytes resulting in macrophage differentiation [63-65]. These
inflammatory monocytes might differentiate into DCs, thus providing
a source of APCs capable of initiating subsequent antigen-specific
adaptive responses [66]. The strong fusogenicity of IFL coupled with
the ability to enhance expression of genes related to antigen processing
and presentation like B2M, FCGRI1, H2, TAP correlated to strong T
cell proliferation and Cytotoxic T cell response to recall antigen OVA
(Figure 5). The ability of CL to induce Th2 and IFL to induce Thl
biased or mixed Th1/Th2 immune responses may partly be attributed
to their sizes, as small size liposomes (~100nm) induce humoral
response and large size (~400nm) induce cell mediated immunity
(CMI) [67]. Furthermore, the ability of IFL to induce both Thl and
Th2 types of immune response simultaneously can be explained on
the basis that besides being phagocytosed by APCs and targeted to
endosomes a fraction of IFL might also fuse leading to delivery of
antigen to cytosol, thereby processing through proteosome machinery
and presentation through MHCI molecules leading to activation of
CDS8T cell response. This is in agreement with several previous studies
demonstrating the potential of fusogenic liposomes to target antigen
to both the endosomal and cytosolic pathways thereby inducing both
CD4 and CD8 T cell responses [36, 39]. IFL also induced enhanced
expression of costimulatory molecules (CD80, CD86) and maturation
marker (MHCII) on APCs; however these genes were not detected at
24 hr time point in microarray analysis. It is likely that these genes
expressed at later time points. Although the number of genes and
their expression levels were much lower in peritoneum than muscle
24hrs post IFL injection, the strong adaptive response after ip
injection of IFL-OVA indicates that response in peritoneum was
delayed and these genes were expressed at later time points. It would
have been more appropriate if we would have determined the kinetics
of liposome specific innate response by analyzing the gene expression
at various time points. The limitations associated with single time
point gene expression analysis as presented in the current study was
partly compensated by analyzing the response at two injection sites
(muscle and peritoneum) and our data clearly indicates that strong
innate response activated at site of liposome injection correlated to
adaptive immune response. To our knowledge, this is the first study
of transcription profiling of liposome adjuvants in mouse muscle and
peritoneum. The results provide new insights into understanding the
mechanism of action of their adjuvanticity. We expect that our
findings together with further analysis of molecular events underlying
the adjuvant action of liposomes will pave way for a better
understanding of key molecular components of immunomodulation
and for the future development of liposome based vaccine
formulations.
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