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Animal studies have demonstrated that helminth vaccines which induce type 2 immune responses can
be protective. To date, however, such vaccines have not been tested against repeated parasite challenges.
Since repeated antigenic challenge of patients with allergic disease results in immunologic tolerance, we
hypothesized that a helminth vaccine which induces type 2 immune responses may lose its protective
efficacy in the setting of repeated parasite exposures (RPEs). To test this hypothesis, we examined whether
RPEs induce immunological tolerance and reduce the effectiveness of a type 2 immune-inducing vaccine.
BALB/c mice vaccinated against Litomosoides sigmodontis, a filarial nematode of rodents, were repeatedly
exposed to irradiated larvae for 2 or 8 weeks or to non-irradiated infectious larvae for three months.

Vaccination-induced parasite-specific IgE levels, parasite antigen-driven basophil interleukin 4 (IL-4)

ype 2 immunity
L-4
asophil
ilaria
itomosoides sigmodontis
mmunological tolerance

release, and Th2 skewing of the cellular immune response remained stable in the face of RPEs. Further-
more, RPEs in vaccinated mice did not augment immunoregulatory responses, as parasite antigen-driven
cellular proliferation, production of IL-10, and frequencies of CD4+CD25+FoxP3+ regulatory T-cells were
not altered by RPEs. Challenge infections with infectious L3-stage larvae resulted in lower worm burdens
in vaccinated mice given RPEs than in vaccinated controls. These results demonstrate that vaccines which
induce type 2 immune responses can maintain their efficacy in the setting of repeated parasite exposures.
esensitization
egulatory T-cells

. Introduction

Helminths infect more than one billion people, primarily in
eveloping regions in Sub-Saharan Africa, Asia and the Ameri-
as [1,2]. Because of increasing appreciation for the substantial
orbidity caused by these infections, including growth stunting,

nemia, malnutrition, and impaired cognition [1,3,4], in the past
everal years there has been renewed interest in developing vac-
ines against human helminth infections.

Type 2 immune responses are characterized by the develop-
ent of antigen-specific IgE, and production of type 2 cytokines

uch as IL-4 and IL-13. Research efforts have found that induction of
ype 2 immune responses and antigen-specific IgE may be desirable
or the creation of effective helminth vaccines. Protection against
elminth challenge after vaccination with irradiated parasites is
ssociated with production of type 2 cytokines in animal models

f hookworm and filaria infection [5,6]. Similarly, high titers of
arasite-specific IgE antibodies in people are associated with partial
rotection against reinfection with Schistosoma japonicum [7] and
ookworm vaccine studies demonstrate that host IgE responses
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against hookworm antigen correlate with increased protection [8].
Additionally, IgE has been shown to be necessary for vaccine effi-
cacy against Haemonchus contortus, a blood-feeding nematode of
sheep [9], and for vaccine protection in the Onchocerca murine
model of filariasis [10]. Because of these findings, consideration has
been given towards developing helminth-specific vaccines which
induce parasite-specific IgE responses [11].

To date, helminth vaccines that induce type 2 immunity and
IgE responses have only been tested against a single challenge
infection. A theoretical concern of an IgE-inducing vaccine, how-
ever, is that the protective efficacy of an IgE-driven vaccine
response could possibly decrease in the setting of repeated para-
site exposures in a manner akin to that observed in desensitization
protocols of patients with allergen-specific IgE. In allergen-specific
immunotherapy (SIT), repeated allergen exposures result in clinical
tolerance towards allergen. Immunologic changes associated with
SIT include decreases in allergen-specific IgE, increases in allergen-
specific IgG4, an allergen-specific T-cell shift from Th2 to Th1, and
peripheral T-cell tolerance towards allergen due to increased IL-

10 production from antigen-specific and CD4+CD25+ regulatory
T-cells [12,13]. Thus, as Th2 responses and IgE have been shown
to be involved in protection to filarial parasites [10,14–19] and as
induction of immunotolerance facilitates helminth survival [20,21],
we hypothesized that repeated parasite exposures (RPEs) may

http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:mhubner@usuhs.mil
dx.doi.org/10.1016/j.vaccine.2009.12.016


ccine 2

d
a
v
e

m
n
i
i
2
v
d
a
i
r
v

2

2

e
o
f
U
L
c
T

2
c

i
m
w
c
a
8
s
o
a
m
u
t
b

l
8
a
l

2

d
e
w
R
i
t
r
t
f
s

M.P. Hübner et al. / Va

ecrease the efficacy of a type 2 immune-inducing vaccine. Such
phenomenon would have important implications for helminth

accine design since individuals in endemic areas are repeatedly
xposed to parasites.

For our studies, we chose to use the Litomosoides sigmodontis
urine model of filariasis [22,23] in which a series of three vacci-

ations with irradiated larvae confers protection against challenge
nfection with infectious-stage L3 larvae [24]. This vaccination reg-
men induces a type 2 immune response with increases in type

cytokines such as IL-4 [5] and, as we show in this study, ele-
ated levels of parasite-specific IgE. Testing of our hypothesis was
one by evaluating whether repeated injections of either irradi-
ted infectious-stage (L3) L. sigmodontis larvae for 2 or 8 weeks or
nfectious L3 larvae for 3 months substantially alter the immune
esponses and protective efficacy of the type 2 immune-inducing
accination regimen against L. sigmodontis.

. Materials and methods

.1. Mice and parasites

Female BALB/c and C57BL/6 mice (NCI Mouse Repository, Fred-
rick, MD) were maintained at the Uniformed Services University
f the Health Sciences (USU) animal facility. Experiments were per-
ormed with 4–6-week-old mice under a protocol approved by the
SU Institutional Animal Care and Use Committee. Infectious-stage
. sigmodontis L3 larvae were isolated by lavage from the pleural
avity of 4-day infected jirds (Meriones unguiculatus, obtained from
RS Laboratory Inc., Athens, GA) as described previously [25].

.2. Repeated parasite exposures (RPEs) with irradiated,
ryopreserved L3 larvae

BALB/c mice were vaccinated with three weekly subcutaneous
njections of either 25 irradiated L3s (450 Gy, cobalt 60 irradiator) in

edia (RPMI-1640, Mediatech, Herndon, VA) or media alone. Two
eeks after the third vaccination, mice were given RPEs by sub-

utaneous injection of five irradiated, cryopreserved L3s or media
s control every other day for 2 weeks or three times a week for
weeks. L3s were cryopreserved in RPMI-1640 containing 0.27 M

ucrose (Sigma, St. Louis, MO) and 6% DMSO (Sigma). Use of cry-
preserved larvae for RPEs ensured a regular supply of worms
vailable for injection every 2–3 days. Because irradiated larvae
igrate through the tissues but do not develop into adult worms,

se of irradiated, cryporeserved L3 larvae enabled us to easily dis-
inguish worms acquired during RPEs from adult worms acquired
y challenge infection.

Three days after the last RPE mice were sacrificed for immuno-
ogical studies. Additionally, some BALB/c mice that received 2 or

weeks of RPEs were challenged with 40 infectious L3s and euth-
nized 56 days later for enumeration of adult worms by pleural
avage.

.3. Repeated parasite exposures with infectious L3 larvae

In an additional experiment BALB/c mice were vaccinated as
escribed above and 2 weeks after the final vaccination repeat-
dly infected with five live, fully infectious L3 larvae (n = 10) that
ere isolated from the pleural cavity of recently infected jirds or
PMI as control (n = 9). Mice were repeatedly parasite exposed with

nfectious L3 larvae three times per month for 3 months with a

otal of nine repeated parasite exposures. Two weeks after the last
epeated parasite exposure mice were challenged with 40 infec-
ious L3 larvae and euthanized 20 days after challenge. Numbers of
ourth stage (L4) larvae in the pleural space at that timepoint repre-
ented worms from the final challenge infection, whereas any adult
8 (2010) 1746–1757 1747

(L5) worms recovered at that timepoint were acquired by RPEs (34
days after the last RPE).

In a single experiment naïve C57BL/6 mice were infected with a
total of 40 infectious L. sigmodontis L3 larvae by either a single chal-
lenge with 40 L3s (n = 4) or eight challenges of five L3s every other
week (n = 4). At day 62 after the last/single challenge, mice were
sacrificed, worm burdens determined, and immunological studies
performed.

2.4. Repeated administration of parasite antigen

In addition to testing RPEs with living worms, in a separate
experiment we analyzed development of immunologic tolerance
in BALB/c mice that were vaccinated with three weekly intra-
peritoneal injections of 100 �g of L. sigmodontis adult worm antigen
(LsAg, prepared as described in Section 2.5) adsorbed to alum
(Thermo Fisher Scientific Inc., Waltham, MA). Two weeks after the
last vaccination mice were injected three times per week with 5 �g
of LsAg (n = 10) or PBS as control (n = 10) for a total of 8 weeks.
Blood was collected from mice 2 weeks into the course of repeated
LsAg/PBS injections and mice were euthanized after 8 weeks of
LsAg/PBS injections to obtain blood and splenocytes for immuno-
logical studies.

2.5. L. sigmodontis adult worm antigen (LsAg)

Frozen adult L. sigmodontis worms were lyophilized, resus-
pended in PBS and stirred overnight at 4 ◦C. After centrifugation
(750 × g, 10 min, 4 ◦C) the supernatant was collected. The pellet was
stirred again overnight, centrifuged, and the supernatant combined
with the first supernatant. After a final centrifugation at 5300 × g for
30 min at 4 ◦C, supernatant was collected, sterile filtered, and the
protein content measured with the BCA Protein Assay kit (Pierce,
Rockford, IL).

2.6. Cellular proliferation

Three days after the last RPE, spleen, brachial and axillary lymph
node cells were isolated and single cell suspensions processed.
Red blood cell lysis was performed with spleen cells (ACK Lysing
Buffer, Invitrogen Inc., Carlsbad, CA). Cells were plated as tripli-
cates at 2 × 105 cells in 100 �l enriched media (Iscove’s Dulbecco
modified medium (Mediatech) including 10% fetal calf serum (Val-
ley Biomedical, Winchester, VA), 1% l-glutamine (Mediatech), 1%
insulin-transferrin-selenium (Invitrogen Inc.) and 80 �g/ml gen-
tamicin (Invitrogen Inc.)). Cells were stimulated with 20 �g/ml
LsAg or 5 �g/ml anti-CD3 (eBioscience, San Diego, CA) and 2 �g/ml
anti-CD28 (eBioscience) and cultured at 37 ◦C, 5% CO2. After 2
days, BrdU was added and cells were cultured for an additional
16 h. Cell proliferation was assessed using a BrdU chemilumines-
cent assay per the manufacturer’s instructions (Roche Diagnostics
GmbH, Mannheim, Germany).

2.7. Flow cytometric detection of regulatory T-cells and
intracellular cytokine production by T-cells and basophils

Three days after the last RPE, spleen cells were isolated and stim-
ulated as described above, at a total of 1 × 107 cells in 5 ml enriched
media. After two hours of incubation, BD GolgiStop (BD Biosciences,
San Jose, CA) was added and cells were incubated for an additional
four hours. Cells were prepared for flow as described previously

[26]. Collected cells were blocked for one hour with PBS/1% BSA
(Sigma), followed by fixation and permeabilization overnight in
fix/perm-buffer (eBioscience). After two washing steps, cells were
stained for flow cytometry with rat-anti-mouse CD4 PerCP (BD Bio-
sciences), rat-anti-mouse FoxP3 FITC (eBioscience), rat-anti-mouse
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Fig. 1. Comparisons of mice that were vaccinated against L. sigmodontis and non-vaccinated controls. (A) Plasma levels of L. sigmodontis-specific IgE (OD). (B) Percentages
o ured w
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f basophils that stain positively for IL-4 by multicolor flow cytometry when cult
fter vaccination and the corresponding controls. (C) Splenic IL-4 and (D) IFN� c
o anti-CD3/anti-CD28 stimulation. (F) Worm recovery 8 weeks after challenge w
ere analyzed by Mann–Whitney-U-test and between paired groups by Wilcoxon m

xperiments.

D25 APC-Alexa Fluor 750 (eBioscience) and rat-anti-mouse IL-10
E (eBioscience) or rat-anti-mouse CD4 PerCP (BD Biosciences), rat-
nti-mouse IL-4 APC (BD Biosciences) and rat-anti-mouse gamma
nterferon (IFN�) FITC (eBioscience).

Basophil flow was performed on cultured spleen cells that
ere blocked, fixed, and permeabilized as above and then subse-

uently cryopreserved with PBS/10% DMSO (Sigma). After thawing,
ells were washed and stained with rat-anti-mouse IgE FITC (BD
iosciences), rat-anti-mouse IL-4 APC (BD Biosciences), rat-anti-
ouse CD4 PerCP (BD Biosciences), and rat-anti-mouse B220 PerCP

BD Biosciences). During flow cytometric analysis, basophils were
dentified as CD4−/B220−/IgE+ cells.

Detection of IL-4 production in basophils from peripheral whole
lood samples was conducted as described previously [27]. Briefly,
00 �l of blood were diluted with 100 �l of RPMI and stimulated
ith LsAg or Media and incubated at 37 ◦C with 5% CO2. After 1 h
olgiStop (BD Bioscience) was added for an additional two hours
f incubation. Cells were then fixed and red blood cells lysed using
whole blood lysing reagent kit (Immuno-Lyse, Beckman Coul-

er, Inc.). Cells were permeabilized with Perm/Wash buffer (BD
iosciences) and basophils stained for flow cytometric analysis as
entioned above.
Flow cytometry was performed using a BD LSRII system and sub-

equently analyzed with FACSDiva 6.0 software (BD Biosciences).

ll flow cytometry antibodies were individually titrated and, prior

o each experiment, compensation conducted with BD CompBeads
BD Biosciences) bound to the flow cytometry antibodies used in
hat experiment. During analysis, cut-offs for cytokine and CD25-
ositivity were set using the fluorescence-minus-one approach.
ith media alone or with parasite antigen (LsAg). Shown are mice 4 or 10 weeks
e production in response to parasite antigen and (E) IL-4/IFN� ratio in response
infectious L. sigmodontis larvae. Significant differences between unpaired groups

ed pairs test (*p < 0.05). Horizontal lines represent median values obtained from all

2.8. Measurement of cytokines, LsAg-specific and total IgE by
ELISA

Cytokine enzyme-linked immunosorbent assays (ELISAs)
were performed on supernatants from 72 h cultures of
2 × 106 splenocytes/ml stimulated as described above. IFN�,
IL-4, IL-5 and IL-10 were quantified according to manufacturer’s
instructions (OptEIATM Set Mouse, BD Biosciences). Spontaneous
cytokine production of unstimulated cells was subtracted.

LsAg-specific and total IgE levels in mouse plasma were ana-
lyzed after 2 or 8 weeks of RPEs. EIA/RIA-plates (Corning Inc.,
Corning, NY) were coated overnight at 4 ◦C with 20 �g/ml of
LsAg in PBS or 10 �g/ml of purified rat-anti-mouse IgE (BD Bio-
sciences). Plates were then washed and samples incubated for 2 h
at RT. After another wash biotinylated anti-mouse IgE detection
antibody (BD Biosciences) was added at 2 �g/ml for 2 h at RT.
After a final wash, alkaline phosphatase-conjugated streptavidin
(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) was
added and 4-nitrophenyl-phosphate-disodium-salt-hexahydrate
(Sigma) was used as substrate. Absorbance was measured at
405 nm (Victor3V, PerkinElmer, Waltham, MA). For total IgE
ELISAs, purified mouse IgE (BD Biosciences) was used for standard
curves.
2.9. Statistics

Statistical analyses were performed with GraphPad Prism
software (GraphPad Software, San Diego, CA). Differences
between multiple groups were tested for significance using the
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Fig. 2. (A) L. sigmodontis-specific plasma IgE levels (OD) from mice that were vaccinated against L. sigmodontis and/or given repeated parasite exposures (RPE) with irradiated
larvae for 2 ( ) or 8 weeks ( ). OD levels from unvaccinated, media-exposed controls were set to zero. (B) Percentages of IL-4 positive basophils in response to parasite
antigen from mice that were vaccinated and/or repeatedly parasite exposed with irradiate larvae for 2 or 8 weeks, as determined by multicolor flow cytometry. Significant
differences between groups were analyzed by the Kruskal–Wallis test, followed by Dunn’s post hoc multiple comparisons (*p < 0.05). Timepoints listed are duration of RPEs.
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s RPEs started 2 weeks after final vaccination, mice in the 2-week group were tes
nal vaccination. Shown are medians from two independent experiments (2-wee
= 4, vaccination n = 7, vaccination + RPE n = 8).

ruskal–Wallis test, followed by Dunn’s post hoc multiple com-
arisons. Differences between two unpaired groups were tested
or significance with the Mann–Whitney-U-test and differences
etween paired groups with the Wilcoxon matched pairs test. p-
alues < 0.05 were considered significant.

. Results

.1. Vaccination of BALB/c mice with irradiated L. sigmodontis
arvae induces a protective type 2 immune response

To confirm that vaccination with irradiated L. sigmodontis lar-
ae induces a type 2 immune response, mice were vaccinated
ith irradiated L. sigmodontis larvae and assessed for both humoral

nd cellular parameters of immunity 4 weeks later. Whereas
nvaccinated mice never developed detectable LsAg-specific IgE,
accinated mice developed high quantities of circulating LsAg-
pecific IgE (Fig. 1A). This LsAg-specific IgE was shown to be
unctionally active, as flow cytometric studies demonstrated that
timulation of spleen cells with LsAg for 6 h caused significant
ncreases in the frequencies of basophils releasing IL-4 when
ompared to media stimulation in vaccinated mice but not in
nvaccinated mice (Fig. 1B).

To determine whether this vaccination protocol also resulted
n type 2 skewing of the cellular immune response, cytokine
roduction from splenocytes cultured with media, LsAg, or anti-
D3/anti-CD28 was assessed in vaccinated and unvaccinated mice.
plenocytes from vaccinated mice produced significantly greater
mounts of IL-4 in response to LsAg than splenocytes from unvac-
inated mice (Fig. 1C). While vaccination also resulted in the
roduction of LsAg-specific IFN� (Fig. 1D), as a whole the cellu-

ar immune responses of vaccinated animals were skewed towards
ype 2 phenotypes as the IL-4/IFN� ratio measured after stimu-
ation of splenocytes with anti-CD3/anti-CD28 was significantly
reater in vaccinated than control mice (median 0.0261 vs. 0.0026,

ig. 1E).

Protective efficacy of this vaccine regimen was clearly demon-
trated as challenge infection with 40 infectious-stage L3 larvae
esulted in an average protective efficacy of 88% (median of 25 adult
orms in control mice vs. 2 in vaccinated mice, Fig. 1F).
weeks after final vaccination and those in the 8-week group tested 10 weeks after
point: RPE n = 5, vaccination n = 8, vaccination + RPE n = 8; 8-week timepoint: RPE

3.2. Vaccination-induced LsAg-specific IgE levels remain high and
functional despite repeated parasite exposures with irradiated
larvae

Since repeated allergen exposures in specific immunotherapy
decrease allergen-specific IgE levels [12,28], we investigated if RPEs
decrease the amount of circulating parasite-specific IgE in vacci-
nated mice. Beginning 2 weeks after final vaccination, mice were
injected with irradiated larvae every other day for 2 weeks or three
times per week for 8 weeks and then assessed for circulating LsAg-
specific IgE and for basophil IL-4 production in response to LsAg.
Two weeks of RPEs did not significantly alter the amount of LsAg-
specific IgE present in the serum of vaccinated mice, and 8 weeks
of RPEs resulted in higher levels of LsAg-specific IgE compared to
vaccinated controls, though this difference was not statistically sig-
nificant (Fig. 2A). Circulating LsAg-specific IgE levels remained at
similar levels in vaccinated controls 4 and 10 weeks after final
vaccination.

Flow cytometric studies evaluating basophil IL-4 release paral-
leled those of circulating LsAg-specific IgE levels. Percentages of
basophils that released IL-4 in response to LsAg were the same
for vaccinated mice that received 2 weeks of RPEs as for those
that did not (Fig. 2B). In contrast, the percentages of basophils that
stained positively for IL-4 in response to LsAg was slightly greater
in vaccinated mice that had received 8 weeks of RPEs compared to
vaccinated mice without RPEs (Fig. 2B).

3.3. Repeated administration of irradiated larvae to vaccinated
mice does not decrease parasite antigen-driven spleen or lymph
node cell proliferation

SIT is associated with induction of T-cell tolerance characterized
by decreased allergen-specific cellular proliferation [13,29]. Thus,
we assessed the proliferative responses of spleen and lymph node
cells to parasite antigen from mice that were vaccinated alone or

vaccinated and administered RPEs with irradiated larvae for 2 or 8
weeks.

As with specific IgE levels, LsAg-driven proliferative responses
of spleen and lymph nodes did not decrease when vaccinated mice
were given RPEs with irradiated larvae for 2 or 8 weeks (Fig. 3).
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ells/baseline) × 100. Mice were vaccinated with irradiated L. sigmodontis L3s and
weeks (grey bars). Control groups were vaccinated with media and then given

he Kruskal–Wallis test, followed by Dunn’s post hoc multiple comparisons (*p < 0
xperiments (2-week timepoint: RPE n = 5, vaccination n = 8, vaccination + RPE n = 8

Whereas none of the groups tested after the 2-week RPE period
howed increased proliferation of spleen or lymph node cells to
sAg as compared to unvaccinated mice given sham parasite expo-
ures (control group), all mice that had received L3s, either by
PEs, vaccination, or both, showed slightly increased splenocyte
nd lymph node cell proliferation to LsAg compared to controls
fter the 8-week RPE period (Fig. 3). Importantly, there was no
ifference in LsAg-specific spleen cell proliferation between vac-
inated mice that had received RPEs compared to vaccinated mice
hat had not. LsAg-specific lymph node cell proliferation was high-
st in the group that received vaccination and 8 weeks of RPE,
lthough it did not reach statistical significance compared to the
ther treatment groups.

There were no differences in spleen cell proliferation to anti-
D3/anti-CD28 stimulation between any of the conditions studied
t 2 weeks after vaccination. In contrast, lymph node cells from
accinated mice given RPEs for 2 weeks showed the lowest pro-
iferation rate to anti-CD3/anti-CD28 compared to other groups
ested after the 2-week RPE period (Fig. 3). Interestingly, spleen
ells from mice that were vaccinated and given RPEs for 8 weeks
xhibited less proliferation in response to anti-CD3/anti-CD28 than
pleen cells from mice that had received either vaccination alone,
weeks of RPEs alone, or were sham treated, though the differ-

nce between the vaccine + RPEs and vaccine only groups was not
tatistically significant (Fig. 3).

.4. Vaccination-induced type 2 cytokine skewing is not

iminished by RPEs

As a shift from Th2 to Th1 immune responses is observed during
llergy desensitization [13], we compared by flow cytometry and
LISA the production of Th1 and Th2 cytokines by spleen cells from
sAg) and anti-CD3/anti-CD28. Shown is the stimulation index (OD of stimulated
en repeated parasite exposures (RPE) with irradiated larvae for 2 (open bars) or

ated media injections. Significant differences between groups were analyzed by
Timepoints listed are duration of RPEs. Shown are results from two independent
ek timepoint: RPE n = 4, vaccination n = 7, vaccination + RPE n = 8).

vaccinated mice that were and were not given RPEs with irradiated
larvae.

Neither 2 nor 8 weeks of RPEs with irradiated larvae decreased
vaccination-induced type 2 cytokine skewing. There were no dif-
ferences in LsAg-driven IL-4, IL-5 or IFN� cytokine production from
splenocytes of vaccinated mice that were given RPEs for 2 weeks
and those that were not (Fig. 4A). As with LsAg-specific IgE levels,
mice administered 8 weeks of RPEs had greater splenocyte pro-
duction of IL-4, IL-5 and IFN� in response to LsAg than mice given
vaccination alone, though these differences were not statistically
significant.

The total capacity of splenocytes from vaccinated mice to pro-
duce either IL-4, IL-5 or IFN� in response to anti-CD3/anti-CD28
stimulation appeared to be diminished by 2 weeks of RPEs as
IL-5 (p > 0.05) and IFN� (p < 0.05) cytokine levels in cell culture
supernatants and flow cytometry frequencies of CD4+IL-4+ T-
cells (p > 0.05) were lower in mice that had received vaccination
and 2 weeks of RPEs than in mice that had received vaccina-
tion alone (Fig. 4B and C). Except for a slightly lower frequency
of CD4+IL-4+ T-cells in the vaccination + RPE group, cytokine dif-
ferences in response to anti-CD3/anti-CD28 stimulation were no
longer present between the vaccination and the vaccinatioin + RPE
groups after 8 weeks of RPEs (Fig. 4B and C).

3.5. RPEs with irradiated larvae increase neither frequencies of
regulatory T-cells nor IL-10 production
Since the peripheral T-cell tolerance that develops in SIT is
believed to be due to increased IL-10 production and increased
numbers of regulatory T-cells [12,13,29,30], we analyzed the fre-
quencies of splenic CD4+CD25+FoxP3+ regulatory and CD4+IL-10+

T-cells as well as IL-10 production from spleen cells of vaccinated
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Fig. 4. IL-4, IL-5, and IFN� cytokine production from mice given L. sigmodontis vaccination, RPEs with irradiated larvae for 2 (open bars) or 8 weeks (grey bars), both, or
sham-vaccination and sham-exposures (Controls). (A) Supernatant measurements of splenocyte production of IL-4, IL-5, and IFN� in response to parasite antigen (LsAg) or
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B) anti-CD3/anti-CD28. (C) Percentages of CD4+IL-4+ and CD4+IFN�+ spleen cells in
nalyzed by the Kruskal–Wallis test, followed by Dunn’s post hoc multiple compa
ice are shown (*p < 0.05). Timepoints listed are duration of RPEs. Shown are resu

accination + RPE n = 8; 8-week timepoint: RPE n = 4, vaccination n = 7, vaccination +

ice given RPEs with irradiated larvae or media injections to deter-
ine if RPEs induce these immunoregulatory mechanisms in mice

accinated against L. sigmodontis.
Frequencies of CD4+CD25+FoxP3+ regulatory spleen cells were

etermined using flow cytometry (Fig. 5A). Neither 2 nor 8 weeks
f RPEs with irradiated larvae increased the frequencies of splenic
D4+CD25+FoxP3+ regulatory T-cells after in vitro incubation with
sAg or anti-CD3/anti-CD28 compared to vaccinated and unvacci-
ated controls (Fig. 5B).

All mice that had received L3s, either by RPEs, vaccination,
r both showed increased IL-10 production from spleen cells in
esponse to LsAg, but there were no differences between vacci-
ated mice that received RPEs and vaccinated mice that did not

Fig. 5C). The total capacity of spleen cells to produce IL-10 was
imilar between vaccinated mice given 2 or 8 weeks of RPEs com-
ared to vaccinated mice not given RPEs (Fig. 5C). The frequencies of
plenic CD4+IL-10+ T-cells in response to anti-CD3/anti-CD28 were
imilar in all studied groups (Fig. 5D).
nse to anti-CD3/anti-CD28. Statistical significant differences between groups were
s. Only statistical significant differences between vaccinated and vaccinated + RPE
m two independent experiments (2-week timepoint: RPE n = 5, vaccination n = 8,
= 8).

3.6. Repeated parasite exposures with either irradiated or
infectious larvae do not diminish the protective efficacy of
helminth vaccination

RPEs with irradiated larvae clearly did not decrease vaccine
efficacy. Vaccinated mice given 8 weeks of RPEs with irradi-
ated larvae had significantly fewer worms recovered than mice
given vaccination and sham-exposures for 8 weeks (median
1.5, range 0–5 vs median 4.5, range 2–10, p < 0.05, Fig. 6A).
Similarly, challenge of vaccinated mice that had received 2
weeks of RPEs with irradiated larvae resulted in fewer worms
recovered (median 0, range 0–11) than challenge of vacci-
nated controls (median 2, range 0–11), though this difference

was not statistically significant (Fig. 6A). Two and 8 weeks of
RPEs with irradiated larvae in the absence of initial vaccina-
tion resulted in partial protection of mice, with a median of
8 and 3.5 worms recovered, respectively (range 4–12 and 0–5,
Fig. 6A).
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Fig. 5. (A) Gating strategy for identification of CD4+CD25+FoxP3+ regulatory T-cells by flow cytometry. Lymphocytes were gated by forward (FSC) and sidescatter (SSC)
characteristics (left panel). CD4 PerCP positive lymphocytes were then gated (middle panel) and analyzed for CD25 APC-AF750 and FoxP3 FITC positivity (right panel). (B)
Percentages of splenic CD4+ cells that are CD4+CD25+FoxP3+ after in vitro stimulation of splenocytes with parasite antigen (LsAg) or anti-CD3/anti-CD28. (C) IL-10 cytokine
release from spleen cell culture supernatants in response to LsAg or anti-CD3/anti-CD28. (D) Percentages of splenic CD4+ cells that are CD4+IL-10+ in response to anti-
C L3s (
f edia a
w paris
i on + R

e
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d

D3/anti-CD28. Shown are cells from mice that were vaccinated with L. sigmodontis
or 2 (open bars) or 8 weeks (grey bars). Control groups were vaccinated with m
ere analyzed by the Kruskal–Wallis test, followed by Dunn’s post hoc multiple com

ndependent experiments (2-week timepoint: RPE n = 5, vaccination n = 8, vaccinati

As irradiated, cryopreserved L3s are not fully functional, we
valuated whether repeated administration of fully infectious live
3s alters the protective efficacy of helminth vaccination.

To accomplish this, vaccinated BALB/c mice were given a total

f nine subcutaneous injections of five non-irradiated infectious L3
arvae or media as control over 3 months. Two weeks after the last
epeated parasite exposure mice were challenged with 40 infec-
ious L3s and the worm burdens obtained from the pleural cavity
etermined 20 days later. This timing enabled us to distinguish
Vaccination) and/or given repeated parasite exposures (RPE) with irradiated larvae
nd then given repeated media injections. Significant differences between groups
ons (*p < 0.05). Timepoints listed are duration of RPEs. Shown are results from two

PE n = 8; 8-week timepoint: RPE n = 4, vaccination n = 7, vaccination + RPE n = 8).

worms from the challenge infection (which at 20 days p.i. were
still at the L4 stage) from worms acquired during the RPEs (adult
worms).

RPEs with infectious L3 larvae did not decrease vaccine effi-

cacy as vaccinated mice given RPEs had fewer fourth stage larvae
(p = 0.065, median 5, range 1–12) than vaccinated control mice
(median 10, range 4–17, Fig. 6B). Of note, the median number of
adult worms acquired from the repeated infectious parasite expo-
sures was 1 (range 0–6).
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Fig. 6. (A) Worm recovery 56 days after challenge infection of mice with 40 infectious L. sigmodontis larvae. Mice were vaccinated against L. sigmodontis and/or given repeated
p given
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arasite exposures (RPE) with irradiated larvae for 2 (©) or 8 weeks (�) or were
roups were analyzed by the Kruskal–Wallis test, followed by Dunn’s post hoc mult
*p < 0.05). (B) Worm recovery 20 days after challenge infection with 40 infectious
arvae or RPMI as control for three months. Significant differences were analyzed b

.7. Repeated parasite exposures with infectious L3 larvae do not
ause a resistant host to become susceptible to L. sigmodontis
nfection

In addition to determining whether repeated parasite expo-
ures alter the efficacy of a type 2 immune-inducing vaccine, we
lso sought to test whether repeated challenges with infectious
3 larvae cause immunologic tolerance to develop in a resistant
ost. To determine this, we tested whether repeated infections
ith non-irradiated infectious L. sigmodontis L3 larvae increase the

usceptibility of C57BL/6 mice to L. sigmodontis. In the C57BL/6
ouse strain, single challenge infections of L. sigmodontis are able

o develop into adult worms over the first month of infection but
re then cleared prior to establishment of a chronic patent infection
22].

C57BL/6 mice were infected with five non-irradiated infectious
3 larvae every other week for a total of eight challenges and final
orm burdens compared to C57BL/6 mice that were given a single

hallenge with 40 L3 larvae. Mice were euthanized 62 days after the
nal or single challenge, a timepoint at which susceptible strains
f mice still harbor adult worms and are microfilariae positive. At
tudy endpoint, microfilaraemia and worm burdens as well as para-
ite antigen-driven splenocyte proliferation and production of Th1
nd Th2 cytokines were investigated.

Worm recovery revealed that repeated parasite infections did
ot increase the final worm burden, as no worms were found in
he repeatedly infected group and only one worm was found in one

ut of four mice in the single challenge group (Table 1). In addition,
one of the mice developed a patent infection with microfilaraemia
data not shown).

Repeated challenges in mice did not decrease or alter splenocyte
roliferation to parasite antigen (Table 1) or anti-CD3/anti-CD28

able 1
epeated L. sigmodontis challenges in resistant C57BL/6 mice do not increase the suscepti

Worm # Proliferation IL-4

Single challenge 1 461 ± 89 1.
Repeated challenges 0 448 ± 54 10.

57BL/6 mice received a single challenge with 40 infectious L3 larvae (n = 4) or 8 challe
mmunological studies were examined 62 days after the last infection. Proliferation of sp
ntigen are shown. Shown are means ± standard deviation.
sham-vaccination and sham-exposures (Control). Significant differences between
mparisons, single stars show significant differences compared to the Control group
ae. Mice were vaccinated against L. sigmodontis and given RPEs with infectious L3

n–Whitney-U-test (*p < 0.05).

(data not shown) compared to administration of a single challenge.
Additionally, there were no statistically significant differences in IL-
4, IL-5, IL-10, or IFN� production in spleen cell cultures stimulated
with either LsAg (Table 1) or anti-CD3/anti-CD28 (data not shown).

3.8. Repeated LsAg injections upregulate regulatory T-cell
numbers and decrease antigen-specific splenocyte proliferation
and cytokine production, but do not suppress IgE responses in
LsAg-sensitized mice

To evaluate whether the protocols we utilized for RPEs were
of sufficient duration and frequency to enable the development
of immune tolerance in BALB/c mice such as that which occurs
in specific immunotherapy when an antigen is repeatedly admin-
istered to an allergic subject, we tested whether whole worm
antigen administration can induce immunologic tolerance in worm
antigen-sensitized BALB/c mice. To test this, BALB/c mice were first
sensitized to LsAg by administration of three weekly i.p. injections
of 100 �g LsAg adsorbed to alum and then given 5 �g LsAg injec-
tions three times per week for 8 weeks.

Blood samples were drawn after 2 and 8 weeks of repeated LsAg
administration and then tested for IgE levels and for basophil IL-
4 positivity in response to LsAg. Mice that were repeatedly LsAg
injected for 2 and 8 weeks had higher levels of LsAg-specific and
total IgE compared to repeatedly PBS-injected controls (Fig. 7A).
These differences were significant for LsAg-specific IgE after 2
weeks of repeated exposures and for total IgE after 8 weeks of

repeated injections. Similarly, mice that were repeatedly LsAg
injected for 2 weeks had significantly higher frequencies of spon-
taneous (data not shown) and LsAg-stimulated IL-4 + basophils
than vaccinated controls (Fig. 7B). Eight weeks of repeated
LsAg injections resulted in significantly increased frequencies of

bility to infection compared to a single challenge.

IL-5 IFN� IL-10

4 ± 2.8 1121 ± 585 8.2 ± 1.6 187 ± 46
6 ± 9.2 1377 ± 684 15.8 ± 7.8 89 ± 10

nges of 5 L3s every other week (n = 4). Total adult worm numbers per group and
leen cells (stimulation index) and cytokine release (pg/ml) in response to parasite
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Fig. 7. Immunological studies from BALB/c mice that were vaccinated against parasite antigen (LsAg) and repeatedly injected with LsAg or PBS for 2 (©) or 8 weeks (�).
(A) LsAg-specific and total IgE levels after 2 and 8 weeks of repeated LsAg/PBS injections. (B) Frequency of IL-4 positive basophils in response to LsAg after 2 or 8 weeks of
repeated injections. (C) Splenic IL-4, IL-5, and IFN� production in response to LsAg and (D) anti-CD3/anti-CD28 after 8 weeks of repeated exposures to LsAg or PBS. (E) Spleen
cell proliferation in response to LsAg or anti-CD3/anti-CD28 after 8 weeks of repeated injections. (F) Spontaneous frequency of CD4+CD25+FoxP3+ splenic T-cells after 8 weeks
of repeated exposures. (G) Splenic IL-10 production in response to LsAg and anti-CD3/anti-CD28 from 8-week repeatedly injected mice. Timepoints listed are duration of
RPEs. Shown are medians. Significant differences were analyzed by Mann–Whitney-U-test (*p < 0.05, **p < 0.01, ***p < 0.001).



ccine 2

L
(
o
s

o
e
f
i

e
5
t
s
c
t
a
t

p
p
i
p
C

o
i
c
l
(
t

r
B
b
L
I
t

4

e
g
l
i
w

a
v
i
m
t
h

s
h
t
i
w
L

a
p
I

M.P. Hübner et al. / Va

sAg-stimulated IL-4 + basophils compared to vaccinated controls
Fig. 7B), although no difference was observed in the frequency
f unstimulated IL-4 + basophils between both groups (data not
hown).

The development of cellular tolerance was tested after 8 weeks
f repeated LsAg/PBS injections by measuring splenocyte prolif-
ration and production of Th1 and Th2 cytokines as well as the
requency of splenic regulatory T-cells and splenic IL-10 production
n response to LsAg and anti-CD3/anti-CD28.

Sensitized mice that had received repeated LsAg injections
xhibited significantly decreased splenocyte production of IL-4, IL-
, and IFN� in response to LsAg as compared to sensitized mice
hat had received PBS injections (Fig. 7C). This decrease in antigen-
pecific cytokine production was not due to a decrease in the
apacity of splenocytes from the LsAg exposed group to produce
hese cytokines, as IL-4, IL-5, and IFN� production in response to
nti-CD3/anti-CD28 were equivalent in the experimental and con-
rol group (Fig. 7D).

In addition to exhibiting decreased antigen-specific cytokine
roduction, spleen cells from repeatedly LsAg-injected mice
roliferated significantly less in response to LsAg compared to PBS-

njected controls, whereas there was no difference in spleen cell
roliferation between both groups in response to anti-CD3/anti-
D28 (Fig. 7E).

Frequencies of spontaneous splenic CD4+CD25+FoxP3+ cells
f CD4+ T-cells were significantly increased in repeatedly LsAg-
njected mice compared to PBS controls (Fig. 7F). However, spleen
ells from repeatedly LsAg-injected mice produced significantly
ess IL-10 in response to LsAg compared to PBS-treated mice
Fig. 7G). There were no differences in IL-10 production in response
o anti-CD3/anti-CD28 between both groups.

Overall, these findings demonstrate that an 8-week course of
epeated administration of whole worm antigen to LsAg-sensitized
ALB/c mice induces significant cellular tolerance as evidenced
y upregulation of T-regulatory cells and downregulation of
sAg-specific splenocyte proliferation and cytokine production.
mportantly, though, such a course of repeated antigen adminis-
ration does not suppress IgE responses.

. Discussion

Chronic helminth infections are among the most prevalent dis-
ases of people in developing countries [2]. By impairing childhood
rowth and development, limiting the ability to conduct manual
abor, and adversely affecting pregnancies these chronic infections
mpart a tremendous toll on the general health of much of the

orld’s population.
While there is to date no commercially available vaccine against

ny helminth pathogen of humans, recently several hookworm
accine candidates have shown significant promise in animal stud-
es [8,31–33]. As antigens that induce high titer IgE responses are

ore protective against primary hookworm infections than those
hat do not [8,33], consideration is being given towards developing
elminth vaccines that induce parasite-specific IgE responses [11].

To date, the protective efficacy of helminth vaccines in animal
tudies has only been tested after single challenge infections. In
elminth-endemic areas, however, people are continually exposed
o helminth infections. Because repeated allergen exposure results
n the development of immunological tolerance in allergic patients

ho have allergen-specific IgE [12], in this study we tested whether

. sigmodontis vaccination remains effective in the face of RPEs.

In the L. sigmodontis filariasis model, vaccination with irradi-
ted larvae induces a type 2 immune response characterized by
roduction of type 2 cytokines such as IL-4 (Fig. 1c) and IL-5 [23].

n this study, we demonstrated that this vaccination protocol also
8 (2010) 1746–1757 1755

results in production of parasite-specific IgE. Further, we demon-
strated that basophils of vaccinated mice increased IL-4 expression
in response to LsAg whereas basophils of unvaccinated mice did
not. Since basophils primarily become activated through cross-
linking of IgE molecules bound to high affinity IgE receptors on their
surface, these results suggest the parasite-specific IgE induced by
the L. sigmodontis vaccination regimen is functionally active. While
the role IgE plays in vaccination-induced protection has not yet
been evaluated in the L. sigmodontis model, IgE has been shown to
play a protective role after vaccination of mice with larval stages of
the human filaria Onchocerca volvulus [10,34].

We chose to conduct RPEs for 2 and 8 weeks with injections
every other day or three times a week, respectively, as desensi-
tization protocols of patients with allergen-specific IgE differ in
their duration from a few days with several treatments per day
in accelerated immunotherapy to 3–6 months with bi- or weekly
treatments [35]. Also, animal studies of allergy desensitization have
used from 5 to 6 treatments on consecutive days to three weekly
injections for 4 weeks [36–38]. For the majority of our studies, RPEs
were performed with irradiated L3 larvae, which are attenuated but
still capable of migrating through the subcutaneous tissues with-
out developing to adult worms. Utilization of irradiated L3s for RPEs
thus allowed for comparison of worm recovery between RPE and
control groups of mice after challenge with equal numbers of viable
infectious L3 larvae.

Repeated L3 injections over eight, but not 2 weeks, resulted in
a tendency towards increased parasite-specific IgE levels in vacci-
nated mice compared to vaccination controls. Increases in specific
IgE have been reported in SIT, and are typically followed by gradual
decreases over months or years of treatment. Although the decrease
of serum IgE is not correlated with clinical improvement after SIT
[13,28,39], early desensitization of mast cells and basophils occurs
[12]. However, in our study basophils were not desensitized after
RPEs, as they showed no decreased expression of IL-4 in response
to LsAg compared to vaccination controls.

Furthermore, neither 2 nor 8 weeks of RPEs in vaccinated
mice decreased concentrations of Th2 cytokines or increased Th1
cytokine levels in spleen cell cultures stimulated with LsAg. In con-
trast, 8 weeks of RPEs resulted in slightly increased amounts of IL-4,
IL-5, and IFN�. This is in contrary to the expected effects of SIT, in
which an allergen-specific T-cell shift from Th2 to Th1 occurs that is
characterized by decreases in IL-4+ and IL-5+ T-cells and increases
in IFN�+ T-cells [12,13,40].

Another immunological manifestation of SIT is the induction of
peripheral T-cell tolerance that occurs within days. This periph-
eral T-cell tolerance is believed to be due to increased IL-10
production from antigen-specific and CD4+CD25+ T-cells which
suppress proliferation and cytokine production in response to aller-
gen [12,13,29,30]. In our study, though, RPEs failed to increase
splenic IL-10 production or to increase the frequency of splenic
CD4+CD25+FoxP3+ regulatory T-cells in vaccinated mice. Addition-
ally, neither proliferation of spleen nor lymph node cells to LsAg
was decreased in vaccinated mice that received RPEs compared to
vaccination controls.

Most importantly, this study clearly showed that RPEs did not
reduce the protective response induced by a Type 2 immune-
inducing vaccine. Indeed, mice given RPEs had lower parasite
burdens at study endpoint compared to mice given vaccination
alone. The inability of RPEs to reduce the protective efficacy of
helminth vaccination was not due to the use of irradiated larvae
for parasite exposures, as repeated administration with infectious,

non-irradiated L3 larvae also resulted in improved vaccine effi-
cacy at study endpoint. To our knowledge, this is the first study
to demonstrate that a vaccine which induces a type 2 immune
response and pathogen-specific IgE maintains protective efficacy
even after repeated exposures to the pathogen.
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Interestingly, the results of this study suggest that repeated low
ose parasite exposures might actually boost vaccine-induced pro-
ective mechanisms by inducing or maintaining a stronger Th2
mmune response. Immunologic studies on vaccinated mice that

ere repeatedly parasite exposed demonstrated increased produc-
ion of Th2 cytokines, increased total and antigen-specific IgE levels,
ncreased basophil activation, and increased cellular proliferation
o antigen in the axillary and brachial lymph nodes compared to
accinated controls that did not receive RPEs. If such results can be
onfirmed in other models of helminth vaccination, then it is possi-
le that vaccine regimens which induce type 2 immune responses
ight be more effective in endemic settings than initially predicted

y experiments that utilize just one infectious challenge.
Finally, our studies also demonstrated that repeated infections

f the intrinsically resistant C57BL/6 strain of mice with infectious
3-stage larvae did not alter the susceptibility these mice have for L.
igmodontis infection. These results are consistent with prior stud-
es that evaluated the effects of repeated parasite infections in the
bsence of initial vaccination in other animal models of helminth
nfections. Repeated infections with the filarial nematode Acan-
hocheilonema viteae in jirds was shown to reduce the recovery
ate of worms compared to jirds given a single challenge of larvae
41] and repeated infections with Brugia pahangi in cats resulted
n many of them becoming amicrofilaraemic and free of any adult

orms [42,43]. It is important to note, however, that some studies
ave shown evidence of tolerance with frequent worm exposures.
or example, repeated exposures with the nematode Trichuris muris
n resistant C57BL/6 mice caused an increase in worm numbers and
rolongation of worm survival [44].

It is unclear why RPEs did not induce immunological changes
kin to specific immunotherapy. The cause does not seem to be
ue to the frequency or duration of the RPEs administered since
epeated injections of parasite antigen given at the same fre-
uency and for the same duration as the 8-week course of RPEs
learly resulted in the development of cellular tolerance to LsAg in
sAg-sensitized mice. Specifically, repeated LsAg administration to
sAg-sensitized mice caused decreased LsAg-specific cytokine pro-
uction, decreased antigen-specific spleen cell proliferation, and
n increase of CD4+CD25+FoxP3+ regulatory T-cells. In contrast,
ice vaccinated against L. sigmodontis developed none of these

mmunologic changes after RPEs. The issue may be one of anti-
en concentration, since the concentration of antigens released by
arvae may have been substantially different than the amount of
sAg injected into mice. Alternatively, RPEs may not cause immune
olerance due to the tissue sites where they localize. Irradiated and
ive L3 larvae migrate to the pleural cavity, whereas soluble LsAg
egularly injected into the peritoneum likely enters quickly into the
irculation. Regardless of the reason, though, it is clear from these
tudies that RPEs do not cause immune tolerance in mice given a
ype-2 inducing helminth vaccine.

It is important to note that neither RPEs nor repeated anti-
en administration given three times a week for 8 weeks caused
ecreased parasite-specific IgE responses. As such, our study does
ot preclude the possibility that longer periods or greater frequen-
ies of repeated parasite exposures may suppress IgE responses and
erhaps vaccine efficacy.

In summary, this study demonstrates that a helminth vaccine
hich induces type 2 immune responses remains effective even in

he face of multiple parasite exposures for up to 8 weeks. Frequent
xposures to parasites after vaccination resulted in no substantial
lteration in Th2 skewing and no increases in immunoregulatory

echanisms. Most importantly, protective efficacy was maintained

espite repeated parasite exposures. These results suggest that if
safe and effective type 2 immune-inducing vaccine can be made
gainst helminth infections, it may be able to maintain protective
fficacy even in settings of frequent parasite exposures.
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