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Abstract

by splenocytes.

Background: Toll-like receptors (TLRs) play an important role in the innate and adaptive immune responses to
pathogens, and are the target of new vaccine adjuvants. TLR2 plays a role in parasite recognition and activation of
immune responses during cutaneous leishmaniasis infection, suggesting that TLR2 could be targeted by adjuvants
for use in Leishmania vaccines. We therefore explored using Pam,CSK, (Pam2) and PamsCSK,4 (Pam3) lipopeptide
adjuvants, which activate TLR2/6 and TLR2/1 heterodimers respectively, in vaccine models for parasitic infections.

Methods: The use of lipopeptide adjuvants was explored using two vaccine models. For cutaneous leishmaniasis,
the lipopeptide adjuvants Pam2 and Pam3 were compared to that of the Th1-driving double-stranded DNA TLR9
agonist CpG for their ability to improve the efficacy of the autoclaved Leishmania major (ALM) vaccine to protect
against L. major infection. The ability of Pam2 to enhance the efficacy of a soluble Brugia malayi microfilariae extract
(BmM(fE) vaccine to protect against filarial infection was also assessed in a peritoneal infection model of B. malayi
filariasis. Parasite antigen-specific cellular and humoral immune responses were assessed post-challenge.

Results: The use of lipopeptides in ALM-containing vaccines did not provide any protection upon infection with L.
major, and Pam2 exacerbated the disease severity in vaccinated mice post-challenge. Pam2, and to a lesser extent
Pam3, were able to elevate antigen-specific immune responses post-challenge in this model, but these responses
displayed a skewed Th2 phenotype as characterised by elevated levels of IgG1. In the B. malayi vaccine model,
the use of Pam2 as an adjuvant with BmMfE induced significant protective immunity to the same level as
inclusion of an Alum adjuvant. Here, both Pam2 and Alum were found to enhance antigen-specific antibody
production post-challenge, and Pam?2 significantly elevated levels of antigen-specific IL-4, IL-5 and IL-13 produced

Conclusions: These data indicate that TLR2/6-targeting ligands could be considered as adjuvants for vaccines
that require robust Th2 and/or antibody-dependent immunity.
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Background

Toll-like receptor (TLR)s are innate immune receptors
which recognise distinct molecular patterns (pathogen-
associated molecular patterns; PAMPs) of microbial or-
ganisms. Due to their ability to promote strong innate
and adaptive immune responses, TLR ligands are a
promising new class of adjuvants [1]. Many TLR ligand
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formulations have been included in experimental vac-
cines in human clinical trials, implicating them as safe
and efficacious adjuvants, but so far only two, which
both contain the TLR4 ligand 3-O-desacyl-4’-monopho-
sphoryl lipid A (MPL), have been licensed for use in
human vaccines: the Adjuvant System 04 (ASO4;
GlaxoSmithKline) is an oil-in water adjuvant and is li-
censed for use in the human papilloma virus (HPV) vac-
cine, and RC-529 which contains Alum and is licenced
for use in the hepatitis B vaccine [1-3]. Clearance of
parasitic infections requires different types of adaptive
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immune response depending on the type of causative
pathogen, with intracellular protozoa (such as Plasmo-
dium and Leishmania spp) requiring a Thl-type immune
response, while extracellular parasitic helminths (such as
filarial nematodes) require a Th2 response. Thus, the use
of parasitic models of infection in preclinical vaccine
studies can allow us to explore the ability of different
vaccine and adjuvant formulations to drive immune re-
sponses post challenge. Some TLR ligands, such as vari-
ous TLR4 ligands and the TLR9 ligand CpG, have shown
good efficacy in preclinical vaccine studies of malaria
and leishmaniasis [4—8].

TLR2 has been implicated in the recognition of
Leishmania parasites [9, 10], and in playing a role
during infection in vivo [11]. A widely used vaccine
model for cutaneous leishmaniasis is heat-killed auto-
claved L. major (ALM) given in two doses (prime and
boost) prior to challenge with L. major promastigotes
[7, 12-14]. In mice, the ALM vaccine provides good
efficacy to challenge infections with Leishmania para-
sites [7, 15]. Cp@G, an agonist of TLRY, elicits a strong
Thl response to a killed whole-cell L. major vaccine
in susceptible BALB/c mice, and provides protection
in 40 % of animals receiving the vaccine [12]. Whilst
the ability of whole-cell Leishmania vaccines to pro-
vide long term protective immunity has been dis-
puted, Okwor et al. [15] demonstrated that repeated
inoculation with ALM could result in the expansion
of sufficient Thl memory T cells specific for L. major and
this strategy was as effective as live parasites at providing
protection to challenge up to 13 weeks after the final dose
was given. This demonstrates that the use of first gener-
ation killed parasite vaccines can provide protection to L.
major when delivered in the appropriate manner, and
stimulates the search for the most appropriate adjuvants
to increase the efficacy of these vaccines.

TLR2 and its co-receptor TLR6 have also been found
to play a role in disease pathogenesis during infection
with the filarial parasite, Brugia malayi, which causes
lymphatic filariasis. In this setting, TLR2 is activated by
a lipopeptide from the bacterial endosymbiont of B.
malayi, Wolbachia [16, 17]. Mouse models to assess the
efficacy of experimental vaccines to protect against
lymphatic filariasis have used various forms of antigen,
including recombinant proteins, DNA vaccines, and at-
tenuated larvae, of which the latter has had the greatest
success [18, 19]. Given that using attenuated parasite lar-
vae is not feasible for a licensed vaccine, finding an
alternative approach using protein and adjuvant combi-
nations would be advantageous. As with resistance to
primary infections, both T and B cell responses appear
to be crucial for enhanced clearance to filarial infections
in vaccinated mice, as well as the production of IL-5 and
subsequent recruitment of eosinophils [20-22].
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Lipopeptides are agonists for TLR2 and their ability to
stimulate both cellular and humoural immune responses
has been widely reported [23-25], but their use as adju-
vants in vaccines for parasitic infections remains rela-
tively unexplored. In this study, we aimed to explore the
use of lipopeptides as potential new adjuvants for use in
vaccine models against two different parasitic infections:
Leishmania major which requires Thl immunity, and
Brugia malayi, which requires Th2 immunity [26].

Methods

Mice and parasites

All procedures involving the use of laboratory animals
were performed at the Biomedical Services Unit (BSU),
University of Liverpool, were approved by the Ethics and
Animal Care Committees of the University of Liverpool
and Liverpool School of Tropical Medicine (LSTM), and
were carried out according to the Animals (Scientific
Procedures) Act (UK Home Office).

Female C57BL/6 mice were purchased from Charles
River (UK) for use in Leishmania infection/ vaccine ex-
periments, while male BALB/c mice were purchased
from Harlan (UK) for B. malayi infection/ vaccine ex-
periments; all were 8—10 weeks at the start of each ex-
periment. Animals were randomly allocated in to groups
for vaccination and challenge experiments. While down-
stream analysis on the outcomes of animal experiments
was not performed blind to experimental groups, indi-
vidual samples from different groups were mixed during
measurement and analysis, to ensure no bias was
introduced.

L. major FV1 (MHOMY/IL/80/Friedlin) promastigote
parasites were cultured in complete M199 medium
(Invitrogen, containing 10-20 % heat-inactivated foetal
calf serum (PAA), BME vitamins (Sigma), and 25 pg/ml
gentamicin sulphate (Sigma)) and were sub-passaged no
more than twice after initial culture of lesion-derived
amastigotes. For the infectious challenge, parasites were
enriched for metacyclics as described elsewhere [27].

The B. malayi life cycle was maintained at LSTM as
described [18]. Jirds infected in the peritoneum with
adult B. malayi parasites were originally purchased from
TRS laboratories, USA. Microfilariae (Mf) produced by
B. malayi adults were obtained by a peritoneal tapping
method, as described by Griffiths [28].

Leishmania whole cell vaccines, vaccination and challenge
infection

Autoclaved L. major (ALM) antigen was made using a
method described first by Bahar et al. [29]. Briefly, L.
major promastigote cultures were grown to log-phase
(day 5) in complete M199 and diluted 1:5 in complete
Grace’s medium for a further 4 days. The promastigote
parasites (approximately 10°) were then washed (X3) in
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sterile phosphate buffered saline (PBS) and resuspended
in 2 ml in a glass container and autoclaved at 151 °C for
15 minutes. Protein concentration was measured using
the BCA assay (Pierce/ThermoScientific) and aliquots
were stored at —80 °C. The unmethylated CpG Oligo-
deoxynucleotide (ODN) 1826 adjuvant of the sequence
5- TCCATGACGTTCCTGACGTT -3 (CpG) was a
kind gift from Lyn Jones and Matthew Selby at Coley
(Pfizer). Lipopeptide adjuvants S-[2,3-bis(palmitoyloxy)-
(2RS)-propyl]-(R)-cysteine (Pam2) and N-Palmitoyl-S-
[2,3-bis(palmitoyloxy)-(2RS)-propyl]-(R)-cysteine (Pam3)
were purchased from EMC Microcollections. CpG,
Pam2 and Pam3 were dissolved in nuclease-free water
and stored as 1-10 mg/ml stocks at —80 °C.

Mice were immunised with 20 ul of PBS alone; 50 pg
ALM; 50 pg ALM +50 pg CpG; 50 pg ALM +10 pg
Pam2; 50 pg ALM +10 pg Pam3. The first dose was
given s.c to the upper side of the left hind foot (LHF),
and the second dose was given s.c to the shaven rump
two weeks later. Four weeks after the second vaccine
dose, mice were challenged by s.c. injection of 10°
metacyclic-enriched L. major FV1 parasites, in 20 pl
Hank’s Balanced Salt solution (HBSS, Sigma), to the
upper side of the right hind foot (RHF).

Measurement of lesion size on the infected foot was
achieved by measuring the thickness of the two hind feet
using a dial calliper and subtracting the thickness of the
uninfected foot from that of the infected foot (mm).

B. malayi vaccines, vaccinations and challenge infection

B. malayi Mf parasite extract (BmMIfE) was prepared as
previously described [30] with some adjustments. Mf
were separated from the peritoneal exudate using a PD-
10 column (GE Life Sciences) and resuspended in sterile
PBS at 2 x 10°/ml prior to sonication and centrifugation
[30]. Imject® Alum Adjuvant (Alum, Thermo Scientific)
was added dropwise to BmMIfE to a ratio of 1:1 and
mixed for 30 min at 4 °C. Mice were immunised with
100 pl s.c at the nape of the neck with either: PBS; 50 pg
BmMIE; 50 pg BmMIE + 10 pg Pam2; 50 pg BmMIE +
Alum. Two weeks later, mice were challenged with 50 B.
malayi L3 by i.p injection. Parasites were recovered six
or nine days post challenge.

Immune responses
The levels of antigen specific IgG1, 1gG2c (C57BL/6
mice) and IgG2a (BALB/c mice) in plasma samples from
mice were measured using a sandwich antibody ELISA
(Bethyl Laboratories) with L. major freeze thaw antigen
(FTAg; Leishmania experiments) or BmMIE; (B. malayi
experiments) as the capture antigen at a concentration
of 10 pg/ml

To assess recall responses, splenocytes were used at a
concentration of 8 x 10° cells/ well in complete medium
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for 72 h in the presence of parasite antigens (10 pg/ml
FTAg or 20 pg B. malayi L3 extract; BmL3E), or
medium alone (negative control), in a total volume of
200 pl/well. Culture supernatants were stored at —20 °C
until analysis for cytokine (interferon(IFN)y, interleukin
(IL)-4, IL-5 and IL-13) levels using a sandwich cytokine
ELISA (R&D Systems).

Statistical analysis

Where datasets were normally distributed (as determined
using the Shapiro-Wilk test), variance between groups
was determined using a one-way ANOVA and Dunnet’s
post-hoc test to compare test groups to control. Where
datasets were found to be non-Gaussian, variation across
groups was analysed using the Kruskall-Wallis test with
the Dunn’s post hoc-test to compare pairs of groups. Stat-
istical analysis was conducted using SPSS and Graphpad
Prism Software with a significance level of p < 0.05.

Results

Lipopeptide adjuvant Pam2 neutralises protection and
exacerbates disease in L. major vaccines

Mice vaccinated with ALM alone showed a partial but
non-significant reduction in lesion size, with no signifi-
cant difference in the AUC values between ALM-
vaccinated and the PBS-vaccinated control group
(Fig. 1A&B). When the gold standard CpG adjuvant was
included in the ALM vaccine, mice developed signifi-
cantly reduced lesions compared to either PBS- or
ALM-vaccinated mice, with reduced lesion sizes from 4-
9 weeks post infection and significantly reduced AUCs.
The addition of Pam3 appeared to neutralise the partial
reduction of ALM alone and showed a similar profile to
PBS control group. Notably, when Pam2 was used with
ALM, the lesion sizes were significantly increased when
compared to sham vaccinated (PBS) mice from 4 weeks
p.i, and the AUC values were also significantly increased
(Fig. 1A&B). Thus, when compared to the gold standard
TLR agonist adjuvant CpG, lipopeptide adjuvants have
an opposing effect on lesion development post-challenge
when used in a vaccine for cutaneous leishmaniasis.

Pam2 drives a predominantly Th2 type immune response
characterised by elevated IgG1 levels following ALM
vaccination

In order to determine whether there were differences in
the magnitude or polarization of adaptive immune re-
sponses post-challenge, we measured the ratio of
antigen-specific IgG1:IgG2c antibody levels as a marker
of the Th1/Th2 polarisation [31]. Antigen-specific IgG1
responses were significantly elevated in the ALM + Pam2
vaccinated mice (and not ALM vaccinated mice), when
compared to PBS (sham) vaccinated controls, suggesting
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Fig. 1 Development of L. major disease in mice vaccinated with ALM and adjuvants. Groups of 7-8 mice were vaccinated twice with one of the
following formulations: PBS; ALM; ALM 4+ CpG; ALM + Pam2; ALM + Pam3 and were subsequently challenged four weeks after the second dose
with L. major promastigotes in the right hind foot (RHF). a Lesion development was monitored by measuring the difference in thickness of the
infected and uninfected feet (RHF-LHF) in mm; mean values + SEM are shown (* p <0.05; p < 0.005 **; p < 0.0001). b The overall disease severity is
summarised by calculating the area under the curve (AUC) from weekly lesion size data sets (mean + SEM is shown). A single experiment was
performed, adequately powered to detect a difference of <40 % between lesion sizes in different groups. For both datasets, normality
was observed and thus variance between groups was determined using a one way ANOVA, with Dunnet’s post hoc test to determine
differences between test groups and the PBS control (* p <0.05; p <0.005 **; p <0.0001)

that the Pam2 lipopeptide adjuvant results in elevated mice (Fig. 2B), as demonstrated by elevated IgG1:IgG2c
Th2 antibody responses. levels in the plasma. In contrast, those vaccinated with

When Pam2 or Pam3 was included in an ALM vac- ALM + CpG had the lowest IgG1:IgG2c ratio compared
cine, there was a significant shift towards a Th2 response  to all other groups (p <0.005). Thus, both the lipopep-
to L. major antigen when compared to PBS- vaccinated tide adjuvants skewed the immune response towards a
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Fig. 2 Antigen specific IgG antibody responses to FTAg in vaccinated mice infected with L. major for 9 weeks. Groups of 7-8 mice were
vaccinated twice with one of the following formulations: PBS; ALM; ALM + CpG; ALM + Pam2; ALM + Pam3 and challenged four weeks later with
L. major. Plasma samples were collected after 9 weeks of infection with L. major. a Levels of IgG1 and IgG2c antibodies specific for L. major FTAg
were determined by ELISA, results are displayed as Absorbance (Abs) at 450-570 nm; bars represent the mean + SEM values for the average levels
of antibody (from duplicate samples for each individual) in each group. b The ratio of IgG1:1gG2c was estimated using the mean absorbance
values for each individual (from supplicate values); points represent the ratio of mean antibody levels (IgG1:1gG2c) for each individual. A single
experiment was performed, adequately powered to detect a difference of <40 % between lesion sizes in different groups. Variation
between groups was determined by conducting a one-way ANOVA test with Dunnet’s post hoc test to compare test groups with
controls (p <0.05 *; p<0.005 **; p<0.0001)
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Th2 type when compared to CpG adjuvant or when
mice were unexposed to antigen prior to infection, based
on parasite-specific antibody profiling. Levels of Thl and
Th2 cytokines were measured after in vitro stimulation
of splenocytes with L .major antigen FTAg, but the re-
sults failed to demonstrate clear differences in adaptive
immune responses between groups (data not shown).
This is likely due to the late time point during infection
(week 9) at which the splenocytes were recovered, as at
this point all groups have a predominant Thl response,
have begun to control the infection and reduce lesion
sizes.

Pam2 reduces parasite burden and drives a Th2 response
in a vaccine model of filariasis

Because of the exacerbation of disease and Th2-skewed
immune profile in the context of Leishmania vaccin-
ation, we subsequently tested the use of Pam2 as an ad-
juvant for vaccines that require Th2 responses for
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protective immunity, by utilising a vaccine model of the
human lymphatic filaria, B. malayi. Four weeks prior to
challenge infection mice were vaccinated with either
PBS, a gold-standard whole heat-killed Brugia L3 larval
preparation (HKBmL3), a filarial antigen extract
(BmMIfE), BmMIE + Alum, or BmMIE + Pam2. For
HKBmL3, mice received a boost two weeks prior to
challenge. Mice vaccinated with the filarial extract
BmMIE alone showed non-significant reduction in the
average parasite recovery in contrast with the gold-
standard HKBmL3 vaccine (Fig. 3A). However, when
mice were vaccinated with BmMIE + Alum, a significant
mean 43 % reduction in parasite recovery compared to
challenge controls was observed (Fig. 3B). When the
Pam2 adjuvant was used, a similar, mean (41 %) signifi-
cant reduction in parasite recovery was observed. Thus,
Pam?2 adjuvancy was able to reduce parasite burdens to
levels comparable to the gold standard Th2-driving
Alum.
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Fig. 3 The use of Pam2 adjuvant in a vaccine model for filariasis. Groups of 5 BALB/c mice were vaccinated with either a PBS control, HKBmL3
twice, 14 days apart or formulations containing BmMfE with or without the test adjuvants Pam2 or Alum once, s.c. to the nape of the neck.
Fourteen days after final vaccination, mice were challenged by infection of 50 B. malayi L3 larvae by intraperitoneal injection. a & b Parasite
recoveries 6 days after infection are presented, data is pooled from 2-3 individual experiments; median +/- interquartile is shown. ¢ At the time
of challenge recovery, blood and plasma were collected and plasma samples were used to measure the amount of circulating IgG antibody
isotypes specific for the vaccine antigen BmM(fE; levels of relative IgG1 and IgG2a are shown. d The ratio of IgG1:gG2a levels is also shown.
Data presented is pooled from 2 experiments; median averages are shown. Variation between groups was determined by conducting a
Kruskall-wallis test with Dunn’s post hoc test to compare test groups with PBS controls (p <0.05 *; p < 0.005 **; p < 0.001%**)
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The greatest [gG1 responses were recorded in individ-
uals vaccinated with BmMIfE + Pam2 (0.83 +/- 0.26),
followed by BmMIE + Alum (0.413 +/- 0.129) and
BmMIE (0.071 +/- 0.019), and both groups vaccinated
with adjuvants produced significantly higher levels of
IgGl compared to those vaccinated with PBS alone
(Fig. 3B). Thus Pam2 is able to induce a more pro-
nounced increase in the antigen specific IgG1 response
when compared to Alum.

The levels of antigen specific IgG2a antibody were also
elevated in the BmMIE + Pam2 group and BmMIE +
Alum group compared to the sham vaccinated mice, in-
dicating that Pam?2 is able to drive a mixed Th1/Th2 re-
sponse (Fig. 3B). This was further reflected in the ratios
of IgG1:IgG2a levels found in the plasma of the vacci-
nated mice, with the highest elevated levels recorded in
the group which received the Alum adjuvant, but with
all of the vaccine groups showing elevated IgG1:IgG2a
levels compared to PBS controls. Thus, Pam?2 is a strong
driver of both IgG1l and IgG2a responses, and is com-
parable to Alum in its ability to drive strong antibody

responses. When splenocytes were isolated from chal-
lenged mice and re-stimulated with infectious-stage
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parasite antigen (B. malayi L3 extract; BmL3E) cytokine
production indicated a significant elevation of Th2 cyto-
kines; IL-4, IL-13 and IL-5 (but not the Thl cytokine
IFNy) in mice vaccinated with BmMIE + Pam2. In con-
trast, vaccination with Alum had no effect on cytokine
recall responses at the time-point assayed (Fig. 4).

Discussion

Lipopeptides are TLR2-activating molecules that have
potential use as new adjuvants for vaccines [24, 32, 33].
They can induce both Thl and Th2 immunity and are
particularly effective at promoting antibody and cyto-
toxic T-lymphocyte (CTL) effector and memory re-
sponses through enhanced priming of dendritic cells
[34]. Here we explored their use in two different models
of parasitic vaccination, in which protective immunity is
polarised towards either Thl (L. major) or Th2 (B.
malayi) immunity.

The rationale for evaluating lipopeptides as adjuvants
for Leishmania vaccines is based on our previous work,
which demonstrates a protective role for TLR2 in infec-
tions with both L. major and L. mexicana (Halliday et al.
manuscript in preparation). We hypothesised that
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Fig. 4 L3 specific splenocyte cytokine responses of vaccinated mice and controls in the B. malayi vaccine model. Splenocytes were recovered
from vaccinated mice challenged with B. malayi L3 larvae, 6 days after challenge. Levels of cytokine (IL-4, IL-13, IFNy and IL-5) produced by
unstimulated cells were subtracted from those produced in the presence of BmL3E. Those sham vaccinated with PBS are shown (black circles),

as well as those vaccinated with BmMfE, BmMfE + Pam2, and BmMfE + Alum (grey triangles, light grey inverted triangles, and dark grey diamonds
respectively). Individual points represent the mean average levels of cytokine calculated from triplicate splenocyte cultures per mouse, and
horizontal bars represent median averages for each group. Data presented is from one individual experiment but is representative of 2. Variation
between groups was determined by conducting a Kruskall-wallis test with Dunn'’s post hoc test to compare test groups with PBS controls (p < 0.05 *)
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TLR2-activating adjuvants would enhance the efficacy of
whole cell Leishmania vaccines. However, we observed
the opposite effect with lipopeptide adjuvants, which
neutralised vaccine efficacy and, in the case of Pam2, ex-
acerbated the severity of challenge infection. Whilst this
is in contrast to a previous study that showed a
lipopeptide-containing recombinant vaccine gave en-
hanced protection against L. major challenge and drove
a strong Thl immune response [35], trace endotoxin
contaminants and other PAMPs derived from the ex-
pression system may explain difference in outcome. In
our study, pure, synthetic lipopeptides resulted in the
promotion of Th2 immune responses over the Thl re-
sponse, in contrast to the Thl driving CpG adjuvant,
which provided increased protection to L. major. This
was manifest in the ratio of IgG1:IgG2c levels in the ALM
+Pam2 and to a lesser extent ALM + Pam3 vaccinated
mice, which were skewed in favour of IgG1. Several stud-
ies have linked Leishmania-specific 1gG [36, 37], and in
particular IgG1 antibody isotypes [38] to susceptibility to
infection with L. major or other Leishmania spp. During
infection, amastigotes are able to infect new macrophages
via IgG antibody receptors (FcyRs), resulting in produc-
tion of IL-10 at the site of infection and allowing further
parasite replication [39]. The elevated IgG1 levels in the
Pam?2 vaccinated mice therefore may have a direct role for
the elevated disease severity observed in these mice. Alter-
natively, lipopeptide-driven expansion of Foxp3® CD25"
CD4" regulatory T cells may also compromise protective
Thl immunity [40]. The finding that Pam2 has a higher
potency in the L. major model when compared to Pam3
(in terms of enhancing disease severity and driving
antigen-specific antibody responses), is consistent with the
findings of others [41], and may relate to the higher solu-
bility characteristics of Pam2.

Conversely to the deleterious effects in the L. major
vaccine model, when Pam2 was included in the B.
malayi vaccine, it promoted protective immunity with
similar efficacy to Alum adjuvants. In the B. malayi vac-
cine, elevated IgG1l levels were also observed in chal-
lenged mice when Pam2 was included in the vaccine. In
addition, an elevated production of IL-4, IL-13 and IL-5
was observed after the ex vivo stimulation of spleno-
cytes, again showing an elevated Th2 response with
Pam2. An elevated level of antigen-specific IgG2a was
also detected in mice vaccinated with the B. malayi +
Pam2 vaccine, which was not observed in the L. major
model (for IgG2c). This may reflect a differential re-
sponse to the Pam?2 adjuvant between the strains of mice
used (C57BL/6 vs BALB/c), to the difference in antigen
and/or challenge pathogen used in the model, or indeed
to the chronicity of challenge infection (9 weeks or 6-9
days respectively). Importantly, whilst both Alum and
Pam2 elevated both antigen specific IgG1 and IgG2a
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levels in the B. malayi model, the ratio of IgG1:I1gG2a in
B. malayi + Pam2 vaccinated mice was lower compared
to Alum, indicating that Alum is a more selective driver
of Th2 rather than Thl responses (reported before in
mice [42]). Alum adjuvants are able to stimulate en-
hanced innate immune responses at the site of exposure,
in a mechanism independent of TLR signalling (via
MyD88 and/or Trif) [43]. Thus, while Alum and Pam2
both act to enhance innate and adaptive immune re-
sponses, the mechanism of action by which they do this
is strikingly different, as Pam2 drives immune responses
via engaging with TLR2/6, and via MyD88 signalling
[44]. Mechanisms which have been attributed to Alum’s
ability to potentiate immune responses include activa-
tion of the NOD-like receptor family, pyrin-domain-
containing 3 (NLRP3) inflammasome [45], and induction
of cell death followed by subsequent release of endogen-
ous danger signals [46]. However, the importance of each
of these in the ability of Alum to drive adaptive immune
responses is still a subject of debate, as some groups have
yet to find evidence of the involvement of the NLRP3
inflammasome upon exposure to Alum [46—48].

Humoral responses have important roles in parasite
clearance in lymphatic filariasis [49, 50]. B cell deficient
mice were unable to reduce parasite burden after pre-
exposure to irradiated L3 vaccine [50]. A recent study by
Sharmila et al. explored the use of a recombinant lipi-
dated antigen of filarial parasites, abundant larval tran-
script (ALT), in a rodent model of B. malayi infection
[51]. This study corroborates our findings as they also
demonstrate that the addition of a free diacylated lipo-
peptide adjuvant can enhance protection, and drive in-
creased antibody and cytokine responses when included
in a vaccine with native protein antigen [51]. It is inter-
esting that studies exploring the use of vaccines contain-
ing recombinant antigens engineered to harbour
intrinsically-linked lipid adjuvants report that such
formulations are able to drive strong immune response
of a Thl-type, in models of both L. major and B. malayi
[35, 51]. Thus, the influence of a lipopeptide adjuvant on
the resultant immune responses may differ dramatically
depending on the way in which it is presented; with free
lipopeptide adjuvants favouring an antibody and mixed
Th1/Th2 response, whilst intrinsically linked antigen
and lipopeptide formulations favour a Thl response.
Further, free lipopeptides formulated so that they can
electrostatically attach to antigens appear to favour en-
hanced cellular immunity [34].

Previous studies exploring the use of lipopeptide adju-
vants have reported various types of immune responses,
ranging from elevated IL-10 and/or T regulatory cell re-
sponses [40, 52, 53], to enhanced Th1 responses [54—56].
Pandey et al. recently demonstrated that while Pam3 and
peptidoglycan (PGN) can enhance infection of L. major in
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macrophages in vitro, a diacylated lipopeptide BPPcysM-
PEG can reduce infection [55]. Furthermore, BPPcysM-
PEG was able to reduce L. major infection in both
prophylactic and therapeutic settings in a BALB/c model
[55], which is in contrast to the enhanced diseased caused
by Pam2 in our experiments. It is evident that the conflict-
ing findings in the literature on the immune response
elicited by lipopeptide adjuvants, suggests that the subse-
quent immune response is not an intrinsic property of the
lipopeptides but is influenced by the lipopeptide-vaccine
combination. This contrasts with other TLR ligand adju-
vants, which consistently drive strong Thl immunity [1].
Further research to define under which circumstances
lipopeptide adjuvants promote polarised or mixed Thl/
Th2 immunity are required to support rational vaccine de-
sign [57, 58].

Conclusions

In summary, this study indicates that the use of Pam2 as
an adjuvant is able to drive improved efficacy in a hel-
minth vaccine model where Th2 immunity is required
for protective immunity, but is detrimental in vaccines
requiring Th1l immunity.

Abbreviations

ALM: autoclaved Leishmania major; ANOVA: Analysis of variation; AUC: area
under the curve; BmL3E: B. malayi L3 extract; BmMfE: B. malayi Mf extract;
CTL: cytotoxic T lymphocyte; FcyRs: IgG antibody receptors; IFNy: interferon
gamma; IgG: gamma immunoglobulin; IL: interleukin; L3: third-stage larvae;
Mf: microfilariae; Pam2: Pam,CSKy; Pam3: PamsCSKy; PAMPs: pathogen-
associated molecular patterns; PBS: phosphate-buffered saline; Th: T-helper
cell; TLRs: Toll-like receptors.

Competing interests
The authors declare that they have no financial or other competing interests.

Authors’ contributions

AH was involved in the experimental design, the experimental work, the
analysis, and with preparing the manuscript. JDT developed the
experimental design of the B. malayi vaccine model, assisted in the
experiments involving B. malayi vaccination and infection, and the
preparation of the manuscript. AG assisted with the experimental work
involving the B. malayi vaccine and infection model. PB was involved with
designing the L. major vaccine and infection models. MUT assisted with the
experimental design of all experiments, and assisted with the manuscript
preparation. All authors read and approved the final version of the
manuscript.

Acknowledgements
This work was funded in part by a BBSRC funded PhD position (CASE Award
with Pfizer) awarded to MJT.

Author details

'Department of Parasitology, Liverpool School of Tropical Medicine,
Pembroke Place, Liverpool L3 5QA, UK. 2Lancaster University, Furness
Building, Bailrigg, Lancaster LA1 4YG, UK.

Received: 9 November 2015 Accepted: 13 February 2016
Published online: 20 February 2016

References
1. Duthie MS et al. Use of defined TLR ligands as adjuvants within human
vaccines. Immunol Rev. 2011;239(1):178-96.

12.

20.

22.

23.

24,

25.

Page 8 of 9

Didierlaurent AM et al. AS04, an Aluminum Salt- and TLR4 Agonist-Based
Adjuvant System, Induces a Transient Localized Innate Immune Response
Leading to Enhanced Adaptive Immunity. J Immunol. 2009;183(10):6186-97.
Maisonneuve C et al. Unleashing the potential of NOD- and Toll-like agonists
as vaccine adjuvants. Proc Natl Acad Sci U S A. 2014;111(34):12294-9.

Raman VS, et al. Adjuvants for Leishmania vaccines: From Models to Clinical
Application. Front Immunol. 2012;3:144:1-15.

Llanos-Cuentas A et al. A clinical trial to evaluate the safety and
immunogenicity of the LEISH-F1 + MPL-SE vaccine when used in
combination with sodium stibogluconate for the treatment of mucosal
leishmaniasis. Vaccine. 2010;28(46):7427-35.

Reed SG, Coler RN, Campos-Neto A. Development of a leishmaniasis
vaccine: the importance of MPL. Expert Rev Vaccines. 2003;2(2):239-52.
Rhee EG et al. Vaccination with Heat-killed Leishmania Antigen or
Recombinant Leishmanial Protein and CpG Oligodeoxynucleotides Induces
Long-Term Memory CD4 +and CD8 + T Cell Responses and Protection
Against Leishmania major Infection. J Exp Med. 2002;195(12):1565-73.
Peters NC et al. Evaluation of recombinant Leishmania polyprotein plus
glucopyranosyl! lipid A stable emulsion vaccines against sand fly-transmitted
Leishmania major in C57BL/6 mice. J Immunol. 2012;189(10):4832-41.
Becker | et al. Leishmania lipophosphoglycan (LPG) activates NK cells
through toll-like receptor-2. Mol Biochem Parasitol. 2003;130(2):65-74.
Kavoosi G, Ardestani SK, Kariminia A. The involvement of TLR2 in cytokine
and reactive oxygen species (ROS) production by PBMCs in response to
Leishmania major phosphoglycans (PGs). Parasitology. 2009;136(10):1193-9.
Vargas-Inchaustegui DA et al. Distinct Roles for MyD88 and Toll-Like
Receptor 2 during Leishmania braziliensis Infection in Mice. Infect Immun.
2009;77(7):2948-56.

Walker PS et al. Immunostimulatory oligodeoxynucleotides promote
protective immunity and provide systemic therapy for leishmaniasis via
IL-12- and IFN-gamma-dependent mechanisms. Proc Natl Acad Sci U S A.
1999,96(12):6970-5.

Herndndez MX et al. Vaccine-induced protection against Leishmania
amazonensis is obtained in the absence of IL-12/23p40. Immunol Lett. 2006;
105(1):38-47.

Peters NC, et al. Evaluation of Recombinant Leishmania Polyprotein Plus
Glucopyranosy! Lipid A Stable Emulsion Vaccines against Sand Fly-
Transmitted Leishmania major in C57BL/6 Mice. J Immunol. 2012;189(10):
4832-41.

Okwor |, Kuriakose S, Uzonna J. Repeated inoculation of killed Leishmania
major induces durable immune response that protects mice against virulent
challenge. Vaccine. 2010;28(33):5451-7.

Turner JD et al. A Randomized, Double-Blind Clinical Trial of a 3-Week
Course of Doxycycline plus Albendazole and Ivermectin for the Treatment
of Wuchereria bancrofti Infection. Clin Infect Dis. 2006;42(8):1081-9.

Turner JD et al. Wolbachia Lipoprotein Stimulates Innate and Adaptive
Immunity through Toll-like Receptors 2 and 6 to Induce Disease
Manifestations of Filariasis. J Biol Chem. 2009;284(33):22364-78.

Babayan SA, Allen JE, Taylor DW. Future prospects and challenges of
vaccines against filariasis. Parasite Immunol. 2012;34(5):243-53.

Babayan SA et al. Vaccination against filarial nematodes with irradiated
larvae provides long-term protection against the third larval stage but not
against subsequent life cycle stages. Int J Parasitol. 2006;36(8):903-14.

Rajan TV et al. Brugian infections in the peritoneal cavities of laboratory
mice: kinetics of infection and cellular responses. Exp Parasitol. 2002;100(4):
235-47.

Paciorkowski N, Shultz LD, Rajan TV. Primed peritoneal B lymphocytes are
sufficient to transfer protection against Brugia pahangi infection in mice.
Infect Immun. 2003;71(3):1370-8.

Martin C et al. IL-5 is essential for vaccine-induced protection and for
resolution of primary infection in murine filariasis. Med Microbiol Immunol.
2000;189(2):67-74.

Benmohamed L et al. Lipopeptide immunization without adjuvant induces
potent and long-lasting B, T helper, and cytotoxic T lymphocyte responses
against a malaria liver stage antigen in mice and chimpanzees. Eur J
Immunol. 1997,27(5):1242-53.

BenMohamed L, Wechsler SL, Nesburn AB. Lipopeptide vaccines-yesterday,
today, and tomorrow. Lancet Infect Dis. 2002;2(7):425-31.

Jackson DC et al. A totally synthetic vaccine of generic structure that targets
Toll-like receptor 2 on dendritic cells and promotes antibody or cytotoxic T
cell responses. Proc Natl Acad Sci U S A. 2004;101(43):15440-5.



Halliday et al. Parasites & Vectors (2016) 9:96

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

Bancroft AJ et al. The role of CD4 cells in protective immunity to Brugia
pahangi. Parasite Immunol. 1994;16(7):385-7.

Bates PA. Characterization of developmentally-regulated nucleases in
promastigotes and amastigotes of Leishmania mexicana. FEMS Microbiol
Lett. 1993;107(1):53-8.

Griffiths KG et al. Using an intravenous catheter to carry out abdominal
lavage in the gerbil. Lab Anim (NY). 2010;39(5):143-8.

Bahar K et al. Comparative safety and immunogenicity trial of two killed
Leishmania Major vaccines with or without BCG in human volunteers. Clin
Dermatol. 1996;14(5):489-95.

Turner JD et al. Wolbachia Endosymbiotic Bacteria of Brugia malayi Mediate
Macrophage Tolerance to TLR- and CD40-Specific Stimuli in a MyD88/TLR2-
Dependent Manner. J Immunol. 2006;177(2):1240-9.

Finkelman FD et al. Lymphokine Control of in vivo Immunoglobulin Isotype
Selection. Annu Rev Immunol. 1990;8(1):303-33.

Moyle PM, Toth I. Self-adjuvanting lipopeptide vaccines. Curr Med Chem.
2008;15(5):506-16.

Zaman M, Toth I. Immunostimulation by synthetic lipopeptide based
vaccine candidates: structureactivity relationships. Front Immunol 2013:4:
318:1-12.

Chua BY et al. The use of a TLR2 agonist-based adjuvant for enhancing effector
and memory CD8 T-cell responses. Immunol Cell Biol. 2014,92(4):377-83.
Cote-Sierra J et al. Bacterial Lipoprotein-Based Vaccines Induce Tumor
Necrosis Factor-Dependent Type 1 Protective Immunity against Leishmania
major. Infect Immun. 2002;70(1):240-8.

Miles SA et al. A role for IgG immune complexes during infection with the
intracellular pathogen Leishmania. J Exp Med. 2005;201(5):747-54.

Kima PE et al. Internalization of Leishmania mexicana Complex Amastigotes
via the Fc Receptor Is Required to Sustain Infection in Murine Cutaneous
Leishmaniasis. J Exp Med. 2000;191(6):1063-8.

Thomas BN, Buxbaum LU. Fc{gammalRIll Mediates Immunoglobulin
G-Induced Interleukin-10 and Is Required for Chronic Leishmania mexicana
Lesions. Infect Immun. 2008;76(2):623-31.

Buxbaum LU, Scott P. Interleukin 10- and Fcy Receptor-Deficient Mice
Resolve Leishmania mexicana Lesions. Infect Immun. 2005;73(4):2101-8.
Yamazaki S et al. TLR2-dependent induction of IL-10 and Foxp3+ CD25+
CD4+ regulatory T cells prevents effective anti-tumor immunity induced by
Pam?2 lipopeptides in vivo. PLoS One. 2011,6(4):.e18833.

Zeng W et al. Highly Immunogenic and Totally Synthetic Lipopeptides as Self-
Adjuvanting Immunocontraceptive Vaccines. J Immunol. 2002;169(9):4905-12.
Hutchison S et al. Antigen depot is not required for alum adjuvanticity.
FASEB J. 2012;26(3):1272-9.

Gavin AL et al. Adjuvant-Enhanced Antibody Responses in the Absence of
Toll-Like Receptor Signaling. Science. 2006;314(5807):1936-8.
Buwitt-Beckmann U et al. TLR1- and TLR6-independent Recognition of
Bacterial Lipopeptides. J Biol Chem. 2006;281(14):9049-57.

Eisenbarth SC et al. Crucial role for the Nalp3 inflammasome in the
immunostimulatory properties of aluminium adjuvants. Nature. 2008;
453(7198):1122-6.

Coffman RL, Sher A, Seder RA. Vaccine Adjuvants: Putting Innate Immunity
to Work. Immunity. 2010;33(4):492-503.

McKee AS, Munks MW, Marrack P. How Do Adjuvants Work? Important
Considerations for New Generation Adjuvants. Immunity. 2007;27(5):687-90.
Flach TL et al. Alum interaction with dendritic cell membrane lipids is
essential for its adjuvanticity. Nat Med. 2011;17(4):479-87.

Gray CA, Lawrence RA. A role for antibody and Fc receptor in the clearance
of Brugia malayi microfilariae. Eur J Immunol. 2002;32(4):1114-20.

Martin C et al. B-cell deficiency suppresses vaccine-induced protection
against murine filariasis but does not increase the recovery rate for primary
infection. Infect Immun. 2001;69(11):7067-73.

Sharmila S et al. Bacterial lipid modification enhances immunoprophylaxis
of filarial abundant larval transcript-2 protein in Mastomys model. Parasite
Immunol. 2013;35(7-8):201-13.

Dillon S et al. A Toll-Like Receptor 2 Ligand Stimulates Th2 Responses In
Vivo, via Induction of Extracellular Signal-Regulated Kinase Mitogen-
Activated Protein Kinase and c-Fos in Dendritic Cells. J Immunol. 2004;
172(8):4733-43.

Dillon S et al. Yeast zymosan, a stimulus for TLR2 and dectin-1, induces
regulatory antigen-presenting cells and immunological tolerance. J Clin
Invest. 2006;116(4):916-28.

54.

55.

56.

57.

58.

Page 9 of 9

Gowthaman U et al. Promiscuous peptide of 16 kDa antigen linked to
Pam2Cys protects against Mycobacterium tuberculosis by evoking enduring
memory T-cell response. J Infect Dis. 2011;204(9):1328-38.

Pandey SP et al. Pegylated Bisacycloxypropylcysteine, a Diacylated
Lipopeptide Ligand of TLR6, Plays a Host-Protective Role against
Experimental Leishmania major Infection. J Immunol. 2014;193(7):3632-43.
Jayakumar A et al. TLR1/2 Activation during Heterologous Prime-Boost
Vaccination (DNA-MVA) Enhances CD8+ T Cell Responses Providing
Protection against Leishmania (Viannia). PLoS Negl Trop Dis. 2011;5(6):¢1204.
Awate S, Babiuk LA, and Mutwiri G. Mechanisms of action of adjuvants.
Front Immunol 2013;4:114:1-10.

Pulendran B, Ahmed R. Immunological mechanisms of vaccination. Nat
Immunol. 2011;12(6):509-17.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BioMed Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Mice and parasites
	Leishmania whole cell vaccines, vaccination and challenge infection
	B. malayi vaccines, vaccinations and challenge infection
	Immune responses
	Statistical analysis

	Results
	Lipopeptide adjuvant Pam2 neutralises protection and exacerbates disease in L. major vaccines
	Pam2 drives a predominantly Th2 type immune response characterised by elevated IgG1 levels following ALM vaccination
	Pam2 reduces parasite burden and drives a Th2 response in a vaccine model of filariasis

	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



