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a b s t r a c t

We evaluated the safety and efficacy of the mast cell activator compound 48/80 (C48/80) when used as an
adjuvant delivered intradermally (ID) with recombinant anthrax protective antigen (rPA) in comparison
with two well-known adjuvants. Mice were vaccinated in the ear pinnae with rPA or rPA + C48/80, CpG
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oligodeoxynucleotides (CpG), or cholera toxin (CT). All adjuvants induced similar increases in serum
anti-rPA IgG and lethal toxin neutralizing antibodies. C48/80 induced a balanced cytokine produc-
tion (Th1/Th2/Th17) by antigen-restimulated splenocytes, minimal injection site inflammation, and no
antigen-specific IgE. Histological analysis demonstrated that vaccination with C48/80 reduced the num-
ber of resident mast cells and induced an injection site neutrophil influx within 24 h. Our data demonstrate
that C48/80 is a safe and effective adjuvant, when used by the intradermal route, to induce protective

1/Th
antibody and balanced Th

. Introduction

Immunization programs have led to the eradication of small-
ox, the near eradication of polio, and the control of other infectious
iseases, including measles, mumps, rubella, and diphtheria. While
here are many success stories, HIV, pandemic Influenza, and a vari-
ty of emerging infectious diseases (West Nile Virus, Dengue, etc.)
rovide active reminders that safe and effective vaccines continue
o be needed to combat infectious diseases.

Adjuvants are substances that, when combined with vaccine
ntigens, enhance the induction of the desired immune responses
1,2]. For example, the addition of adjuvants to vaccines may
ncrease vaccine potency by enhancing the magnitude of antibody
r cellular responses induced, reducing the time to seroprotection

r selectively inducing CD4+ Th1, Th2, Th17, or CD8+ T cell responses
1,2]. The mechanism of action of adjuvants varies depending on
he adjuvant used, but the end result is thought to include the
ctivation and migration of dendritic cells as well as the expres-
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C 27710, USA. Tel.: +1 919 684 8823.
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2/Th17 responses.
© 2009 Elsevier Ltd. All rights reserved.

sion of antigen presenting molecules, providing superior induction
of antigen-specific T and B cell responses [1,2]. Despite increas-
ing information on the mechanism of action of adjuvants, there
are currently very few vaccine adjuvants licensed for human use.
Aluminum-based adjuvants are currently the only vaccine adju-
vants approved for use worldwide [3], although others, such as MPL
(GlaxoSmithKline) and MF59 (Novartis) [4], have been approved
for use in the European Union. New classes of adjuvants including
cytokines, toll-like receptor (TLR) agonists, and compounds target-
ing specific cell populations are currently being explored [1–3].

We recently reported that the mast cell activator compound
48/80 (C48/80) was an effective adjuvant for the induction of
anthrax lethal toxin neutralizing antibody responses when deliv-
ered intranasally or via the footpad to mice with anthrax protective
antigen (PA; 5 or 0.5 �g, respectively) [5]. The adjuvant activity
of C48/80 was associated with its ability to induce dendritic cell
migration via a mechanism that required mast cells and mast cell-
derived TNF but did not involve activation of TLR2–5, 7–9 or require

MyD88 [5]. The prevalence of mast cells in the dermis [6] suggests
that the use of mast cell-activating adjuvants in intradermal vac-
cines could further increase the potency of this immunization route.
Despite our demonstration that C48/80 provided effective adjuvant
activity when delivered by the nasal route, we had no information

http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:herman.staats@duke.edu
dx.doi.org/10.1016/j.vaccine.2009.03.069
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egarding the adjuvant activity of C48/80 when delivered by the
ntradermal route.

Safety is an important issue that must be evaluated for any new
djuvant [1,7]. For example, although complete Freund’s adjuvant
CFA) and incomplete Freund’s adjuvant (IFA) are potent adjuvants
hat have been used for many years in research settings, they often
nduce excessive injection site inflammation when used in humans
nd are therefore too toxic for routine human use [8–10]. Addition-
lly, some adjuvants induce undesirable immune responses such as
ntigen-specific IgE that could sensitize the host to allergic or ana-
hylactic responses upon antigen challenge [11–16]. In the current
tudy, the adjuvant activity and safety profile of C48/80 was eval-
ated when administered intradermally (ID) into the ear pinnae of
ice with Bacillus anthracis protective antigen. CpG, a TLR9 ligand

djuvant known to induce Th1 type responses [17,18] that has a his-
ory of use in humans [19–22] and cholera toxin (CT), a known Th2
djuvant [23,24] were used as control adjuvants.

. Materials and methods

.1. Mice

Female C3H/HeN mice were obtained from the Charles
iver/National Cancer Institute. Mice were housed in filter top
ages and provided food and water ad libitum. All procedures were
pproved by the Duke University Institutional Animal Care and Use
ommittee.

.2. Vaccination

Mice were immunized i.d. in the dorsal side of the left ear pin-
ae with 10 �l of vaccine (diluted in PBS) delivered with a Gastight
yringe using a 31-gauge needle (Hamilton Co., Reno, Nev.). Mice
ere anesthetized with ketamine–xylazine prior to immunization

nd ear tagged in the right ear following immunization. Mice were
ivided into groups of five. All mice, except naïve mice, received
.5 �g of recombinant anthrax protective antigen (rPA) (List Bio-

ogicals) as immunogen, either with or without adjuvant. Adjuvants
ncluded 3, 10, or 30 �g C48/80 (Sigma), 0.1 or 1.0 �g CT (List Bio-
ogicals), and 1 or 10 �g CpG DNA (CpG ODN 1826; Invivogen). CT
nd CpG doses were similar to those used intradermally by other
roups [14,25,26]. Mice were immunized on days 0 and +21. Serum
amples were collected on days +35 and +42.

.3. Ear swelling assay

Ear thickness measurements were taken of the left ear immedi-
tely prior to and 24 h post-vaccination with a dial thickness gauge
Mitutoyo, model no. 7326). The results are expressed as “vaccine-
nduced ear swelling” by subtracting the ear thickness prior to
mmunization from the ear thickness 24 h post-immunization. Ear
welling is expressed in units of millimeters.

.4. Sample collection

Blood samples were collected from anesthetized mice by orbital
inus or maxillary venipuncture. Samples were collected into 1.5 ml
entrifuge tubes, allowed to clot and centrifuged at 13,000 rpm at
◦C for 25 min in a Heraeus Biofuge fresco centrifuge. The serum
as transferred to a new tube and stored at −20 ◦C until tested.
.5. Ex-vivo restimulation of spleen cells

Mice were euthanized on day +42 using CO2 overdose, their
pleens were immediately harvested, and a single cell suspension
f spleen cells was prepared. Splenocyte restimulation was done as
27 (2009) 3544–3552 3545

previously described [27] with the following exception: 2.5 × 106

cells per well were plated in 250 �l into 48-well plates. 250 �l
of either T cell media or a solution of 2 �g/ml rPA in media (to
yield a final concentration of 1 �g/ml) was then added to the cells.
The plates were incubated at 37 ◦C for 60 h. Supernatants were
harvested to 96-well deep well plates and stored at −80 ◦C until
analyzed.

2.6. Cytokine profiles

Spleen cell restimulation cytokine profiles were determined
using a multiplex bead assay from R&D (Minneapolis, MN). Ana-
lytes measured included IL-4, IL-5, IL-6, IL-17, and IFN�. Samples
with analyte concentrations that fell below the low standard were
assigned a value equal to half the low standard for statistical anal-
ysis.

2.7. Lethal toxin neutralization assay

This procedure was performed as outlined by Staats et al. [16]
with the following exceptions. Serum collected from mice on day
+42 post-immunization was used to measure the titer of anthrax
lethal toxin neutralizing antibodies in an anthrax macrophage toxi-
city assay. The amount of toxin used was 4-fold of the dose required
for killing 100% of the cells. Serum samples were first diluted 1:64
in media and then serially diluted 1:2. rPA and rLF were added
at concentrations of 0.75 and 0.375 �g/ml, respectively for a final
concentration of 0.1875 �g/ml. Seventy-five percent neutralization
titers (NT75) were calculated by plotting percent neutralization vs.
serum dilution and using linear regression to calculate the dilution
at which 75% of the cells were viable. Samples with an NT75 less
than 1:128 were below our tested range and were assigned a value
of 1:2 for graphical representation and statistical evaluation.

2.8. Enzyme-linked immunosorbent assay

ELISAs were performed as outlined in Bradney et al. [28] and
Nordone et al. [29] except that ELISA plates were coated with rPA
at 2 �g/ml in CBC buffer. The log 2 endpoint titers were used for
statistical analysis.

2.9. IgE ELISA

ELISA plates were coated with 15 �l purified anti-mouse IgE
(clone R35-72; BD Pharmingen Cat. # 02111D) at 5 �g/ml in
CBC buffer. After overnight incubation, non-specific binding was
blocked by adding 30 �l/well dry milk in CBC buffer and incu-
bated for at least 2 h. Plates were washed in ELISA wash buffer
(PBS, 0.1% Kathon, 0.05% Tween20) and diluted samples (1:16)
were plated in complete sample diluent (10% 10× PBS, 1% w/v
bovine serum albumin, 1% w/v non-fat dry milk, 5% normal goat
serum, 0.05% Tween20, 0.5% Kathon, dH20) for overnight incu-
bation. Plates were washed and biotinylated rPA (15 �l/well) was
added at 2 �g/ml diluted in secondary antibody diluent (% 10×
PBS, 1% w/v bovine serum albumin, 5% normal goat serum, 0.05%
Tween20, 0.5% Kathon, dH20) and incubated for at least 2 h at room
temperature. Plates were washed, streptavidin-AP diluted in sec-
ondary antibody diluent was added (15 �l/well), and plates were
incubated for at least 2 h. Plates were washed with ELISA wash
buffer and 15 �l Attophos substrate (Promega) was added to each
well and incubated for 15 min before reading at 440/560 nm.
2.10. Histology

Vaccinations were performed as described above. Mice were
euthanized 4 and 24 h after vaccination and ears were removed and
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Fig. 1. Serum anti-rPA IgG geometric mean titers after intradermal immunization
in the ear pinna with 0.5 �g rPA with or without adjuvant on days 0 and +21. Serum
samples taken on day +42 were tested by ELISA. Bars represent the geometric mean
titers for each group on day +42 for all replicates, with error bars representing the
95% confidence level (CL). 0.1 �g CT, 1.0 �g CT, 1.0 �g CpG, and 10 �g CpG groups
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xed in 10% formalin prior to paraffin embedding. Sections were
ut at a thickness of 5 �m and stained with hematoxylin and eosin
H&E) or Toluidine Blue O. Sections were evaluated by a pathologist
linded to the treatment groups. Mast cells were counted at 40× in
t least 14 0.16 mm2 fields per ear section. Degranulating mast cells
ere defined as having at least three granules evident outside the

ell while hypogranulated mast cells were defined as having gran-
les reduced in density throughout entire cell and nucleus clearly
isible. The numbers of degranulating and hypogranulated mast
ells were added to yield the number of activated mast cells. The
ercent of activated mast cells was determined by dividing the
umber of activated mast cells by the total number of mast cells
ounted in each ear section.

.11. Statistics

Paired two sample t-tests were used to calculate significance
etween serum IgG1 and IgG2a (within groups), and media restim-
lated vs. rPA restimulated spleen cell cytokines (within groups).
values <0.05 were considered significant. ANOVAs for multiple

omparisons (Tukey) were performed in GraphPad Prism 5 for
erum IgG and IgG subclasses, as well as ear swelling data and
otal mast cell numbers. Non-parametric ANOVAs (Kruskal–Wallis)
ith Dunn’s Multiple Comparison Test were performed in Graph-

ad Prism 5 for serum IgE and spleen cell restimulation cytokines.

. Results

.1. Compound 48/80 is an effective adjuvant when administered
y the intradermal route with anthrax protective antigen

To evaluate the adjuvant activity of C48/80 (a mast cell activa-
or) when delivered by the intradermal route, female C3H/HeN mice
ere intradermally vaccinated with 0.5 �g rPA alone or combined
ith C48/80 (3, 10 or 30 �g) on days 0 and 21. Control adjuvants

ncluded CpG (1 or 10 �g) due to its Th1-polarizing activity [17,18]
nd CT (0.1 or 1 �g) due to its well-known Th2-polarizing effects
23,24]. Immunization with rPA alone induced moderate serum
nti-rPA IgG titers by day +42 (Fig. 1). The use of 3 �g C48/80 as
n adjuvant did not provide significant adjuvant activity and was
ot pursued further. Increasing the dose of C48/80 to 10 or 30 �g
ugmented the induction of anti-rPA IgG antibodies and increased
MTs 53- and 177-fold (1:2,522,926 and 1:8,388,608, respectively)
elative to rPA alone on day +42 (p < 0.001). The serum day +42
nti-rPA IgG titers induced by 30 �g C48/80 were not significantly
ifferent than those induced by CpG (1 or 10 �g; 1:11,068,835
nd 1:67,108,864, respectively) or CT (0.1 or 1 �g; 1:25,429,504
nd 1:25,429,504, respectively) (Fig. 1). Therefore, C48/80 provided

ig. 2. Serum anti-rPA IgG1, IgG2a, IgG2b, and IgG3 geometric mean titers after intraderm
n days 0 and +21. Bars represent the geometric mean titers for each group on day +42 for
T, 1 �g CpG, and 10 �g CpG have an n = 5. 3.0 �g C48/80 group n = 10. rPA alone, 10 �g C4
p < 0.05 over IgG2a; 3 p < 0.05 over IgG2b; *IgG3 was significantly lower than all other su
have an n = 5. 3.0 �g C48/80 group n = 10. rPA alone, 10 �g C48/80, and 30 �g C48/80
groups have an n = 15. *p < 0.05 over rPA alone and rPA plus 3 �g C48/80. **p < 0.01
over rPA plus 10 �g C48/80.

adjuvant activity comparable to that provided by CpG or CT when
delivered intradermally.

Antigen-specific serum IgG subclasses reflect the subset of CD4+
T helper cells that are induced by vaccination, with IgG1 and IgG2a
corresponding with Th2 and Th1 responses, respectively [2]. It is
still unclear what effects Th17 CD4+ T cells have on B cell class
switching and IgG subclass profiles [30]. To determine how C48/80
influenced the antigen-specific IgG subclass responses, day +42
serum samples were tested for rPA-specific IgG1, IgG2a, IgG2b, and
IgG3. IgG1 titers were significantly higher than the IgG2a, IgG2b,
and IgG3 titers in groups immunized with rPA alone (p < 0.001) or
rPA plus C48/80 for all doses tested (p < 0.05). Mice vaccinated with
rPA plus 1 or 10 �g CpG had anti-PA IgG2a titers that were greater
than the anti-PA IgG1 titers, although these increases were not sig-
nificant. Mice vaccinated with rPA plus 1 �g CT also had similar
levels of IgG1 and IgG2a. IgG1 titers were 12-fold greater than IgG2a
titers in mice vaccinated with rPA plus 0.1 �g CT (p = 0.0033) (Fig. 2).
These data demonstrate that C48/80 and CT induced Th2-biased IgG

antibody responses while CpG induced a Th1-biased response.

IgG2b levels were also increased by vaccination. All adjuvant
groups induced significantly higher titers of IgG2b than PA alone
(1:213; p < 0.001). Vaccination with 10 or 30 �g of C48/80 increased

al immunization in the ear pinna with 0.5 �g rPA in PBS with or without adjuvant
all replicates, with error bars representing the 95% CL. 1.0 �g CT has an n = 3. 0.1 �g

8/80, and 30 �g C48/80 groups have an n = 15. Serum samples were tested by ELISA.
bclasses (p < 0.01).
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Fig. 4. Serum anti-rPA IgE geometric mean titers after intradermal immunization
in the ear pinna with 0.5 �g rPA in PBS with or without adjuvant on days 0 and +21.
Lines represent the geometric mean titers for each group on day +42 for all replicates.
Serum samples were tested by ELISA. The Y axis is set at the threshold of detection
for this assay, 16. 0.1 and 1.0 �g CT groups have an n = 5 and n = 4, respectively. All
mice vaccinated with CT had detectable IgE. rPA alone mice had no detectable IgE.
A.L. McGowen et al. / V

gG2b titers to 1:7061 and 1:217,904, respectively. Mice vaccinated
ith 0.1 or 1 �g CT induced IgG2b titers of 1:456,419 and 1:330,281,

espectively. 10 �g CpG induced the greatest increase in IgG2b with
titer of 1:2,097,152, while 1 �g CpG induced a titer of 1:301,124.

gG3 levels were nearly nonexistent in the rPA alone group and very
ow in all mice vaccinated with C48/80, 0.1 �g CT, or 1 �g CpG as
djuvants (GMT < 1:41). Groups vaccinated with 1 �g CT and 10 �g
pG developed anti-rPA IgG3 GMT of 1:5161 and 1:21,619, respec-
ively, which were significantly increased over all other groups
p < 0.05 and p < 0.001, respectively).

.2. Compound 48/80 augments the induction of lethal toxin
eutralizing antibodies after intradermal immunization with
nthrax protective antigen

Induction of antigen-specific IgG measured by ELISA does not
lways correlate with protective antibody responses [31,32]. It has
een shown, however, that anthrax lethal toxin (LeTx) neutralizing
ntibody responses correlate with survival [33,34]. Therefore, we
ested day +42 serum from mice immunized i.d. with rPA plus or

inus adjuvant for its ability to neutralize LeTx using a macrophage
rotection assay. Of the 12 serum samples tested from mice vacci-
ated with 0.5 �g rPA alone, only one had a detectable level LeTx
f neutralizing antibodies (Fig. 3). C48/80 induced LeTx neutral-
zing antibodies in a dose-dependent fashion with 10 and 30 �g
48/80 augmenting significantly increased LeTx neutralizing anti-
ody titers of 1:31 (p < 0.05) and 1:1062 (p < 0.001), respectively.
.1 and 1.0 �g CT induced LeTx neutralizing antibody responses of
:624 and 1:1886, respectively, while 1.0 and 10 �g CpG induced
iters of 1:1752 and 1:2494, respectively. The adjuvant groups 30 �g
48/80, 0.1 �g CT, 1 �g CT, 1 �g CpG, and 10 �g CpG induced neu-
ralizing antibody titers that were significantly greater than rPA
lone and rPA plus 10 �g C48/80 (p < 0.001), but were not sig-
ificantly different from each other. This data demonstrates that

ntradermal immunization with any of the three tested adjuvants
nduced significant increases in LeTx neutralizing antibodies over

ntigen alone that were of sufficient magnitudes to protect mice
rom LeTx challenge, as previous work has demonstrated that an
T50 of 1:1250 is sufficient to protect animals from LeTx challenge

16,35]. However, their ability to induce LeTx-neutralizing antibod-
es relative to ELISA-binding antibodies varied. Relative to the serum

ig. 3. Serum lethal toxin neutralization titer 75 on day +42 after intradermal immu-
ization in the ear pinna with 0.5 �g rPA with or without adjuvant on days 0 and +21.
ars represent the geometric mean titers for each group on day +42 for all replicates,
ith error bars representing the 95% CL. rPA alone n = 12. 10 �g C48/80 and 30�g
48/80 groups have an n = 15. 0.1 �g CT, 1.0 �g CT, 1 �g CpG, and 10 �g CpG groups
ave an n = 5. Error bars represent 95% CL. Groups with neutralization titers below
:128 were assigned a value of 2 for graphical representation and statistical anal-
sis. *p < 0.05 over rPA alone. **p < 0.05 over rPA alone and rPA plus 10 �g C48/80.
**p < 0.001 over rPA alone and rPA plus 10 �g C48/80.
1 of 15 mice vaccinated with 10 �g C48/80 had detectable IgE, while 8 of 15 mice
vaccinated with 30 �g C48/80 had detectable levels. 1.0 and 10 �g CpG induced IgE
in two of five and two of four mice, respectively. **p < 0.01 over rPA alone and rPA
plus 10 �g C48/80.

anti-PA IgG titers at day 42, 30 �g C48/80 induced the greatest
proportion of neutralizing antibodies (i.e., higher NT75 with lower
serum ELISA titer) of all adjuvants tested. Although C48/80 did not
induce the highest serum IgG titer in our study, it had the greatest
ability to induce functional antibodies, with an efficiency 1.7-fold
greater than 1 �g CT and almost 3.5-fold greater than that of 10 �g
CpG.

3.3. Compound 48/80 does not induce PA-specific IgE

Adjuvant-induced, antigen-specific IgE responses are consid-
ered a safety hazard for vaccines. For example, given orally as
an adjuvant, CT can induce the production of antigen-specific IgE
resulting in anaphylaxis upon antigen challenge [36]. We therefore
monitored rPA-specific IgE responses induced by intradermal vac-
cination with rPA alone or combined with adjuvant (Fig. 4). C48/80
(10 or 30 �g) and CpG (1 or 10 �g) did not significantly induce the
production of IgE as anti-PA IgE geometric mean titers were lower
than the limit of sensitivity of our assay (1:16). Our positive con-
trol Th2 adjuvant, CT, (0.1 and 1 �g) induced anti-PA IgE titers that
were significantly greater than all other groups (p < 0.01; 1:128 and
1:91, respectively). These results demonstrate that C48/80 provides
effective adjuvant activity while not inducing potentially detrimen-
tal IgE.

3.4. Compound 48/80 induces splenocyte production of Th1, Th2,
and Th17 cytokines when used as an adjuvant for
intradermally-administered vaccines

Adjuvants are useful tools for directing the immune response
toward the desired CD4+ T helper cell response to combat dif-
ferent types of pathogens [37]. To evaluate the ability of C48/80
to influence antigen-specific T cell responses induced by vacci-
nation, spleens harvested at the end of each experiment were
restimulated with rPA and supernatants were evaluated for the
presence of Th1 (IFN�), Th2 (IL-4 and IL-5), and Th17 (IL-6 and IL-

17) cytokines (Table 1). Antigen restimulation of splenocytes from
naïve mice or mice immunized with rPA alone did not result in sig-
nificant cytokine production upon spleen cell restimulation when
compared to media-treated splenocytes from naïve mice. Vaccina-
tion with the highest dose of each adjuvant tested (30 �g C48/80,
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Table 1
Antigen-specific cytokine production after 60 h splenocytes restimulation with 1 �g rPA.

Group Treatment Cytokine production (pg/ml)

IL-4 IL-5 IL-6 IL-17 IFN�

a Naïve 0 ± 0 1 ± 2 2 ± 3 2 ± 6 11 ± 15
b PA alone 0 ± 0 9 ± 17 2 ± 3 0 ± 1 26 ± 46
c PA + 10 �g C48/80 1 ± 2 59 ± 52 16 ± 14 6 ± 11 230 ± 226
d PA + 30 �g C48/80 10 ± 10a,b 258 ± 149a,b,g 52 ± 17a,b 37 ± 29b 1,184 ± 475a,b

e PA + 0.1 �g CT 3 ± 6 68 ± 69 64 ± 40b 65 ± 72 878 ± 681
f PA + 1.0 �g CT 51 ± 30a,b,c,e,g 513 ± 592a,b 213 ± 116a,b,c 657 ± 443a,b,c 1,503 ± 330a,b

g 24
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cells present in the ears of mice vaccinated with either PA + CT or
PA + CpG did not differ from the number present in the ears of mice
vaccinated with PA alone (Fig. 7). Although the percentage of acti-
vated mast cells (defined as degranulating + hypogranulated mast
cells) did not differ between vaccination groups (data not shown),
PA + 1.0 �g CpG 0 ± 0 12 ±
PA + 10 �g CpG 13 ± 6a,b,c 78 ±

uperscript letters indicate treatment groups that are significantly different (p < 0.0

�g CT, or 10 �g CpG), resulted in the production of statistically
quivalent amounts of IL-4, IL-6, IL-17, and IFN�, which were signif-
cantly greater than the amounts produced by mice vaccinated with
PA alone (p < 0.05). 30 �g C48/80-induced IL-5 production was
lso significantly greater than 1.0 �g CpG-induced IL-5 production
p < 0.05). The highest concentrations of IL-4, IL-5, IL-6 and IL-17
n this study were produced by splenocytes from mice immunized

ith 1.0 �g CT as adjuvant. CT-induced IL-4 production was signifi-
antly greater than that induced by PA alone and all of the low-dose
djuvant groups (p < 0.05). Of the high-dose adjuvant groups, 30 �g
48/80 induced the lowest absolute production of the Th17-related
ytokines, IL-6 and IL-17, but the levels were significantly increased
ver PA alone (p < 0.001 and 0.05, respectively) and were not signif-
cantly less than the levels induced by 1.0 �g CT or 10 �g CpG. As
xpected, vaccination with rPA plus 10 �g CpG produced the abso-
ute highest concentration of IFN�, 3.67 ng/ml IFN�, nearly 2.5-fold
reater than the level induced by 1 �g CT (1.5 ng/ml) and 3.1-fold
reater than the level induced by 30 �g C48/80 (1.1 ng/ml), but
hese increases were not significant. Of the low adjuvant doses,
.0 �g CpG was the most effective, inducing significant increases in
ll but IL-5 production over PA alone (p < 0.05). 0.1 �g CT induced a
ignificant increase in IL-6 production (p < 0.05). These data indicate
hat C48/80 induces an antigen-specific cytokine response between
hat induced by a known Th1 adjuvant (CpG) and a known Th2 adju-
ant (CT), when used as an adjuvant for intradermally-administered
accines.

.5. Compound 48/80 induces minimal injection site swelling

Injection site reactions are a common adverse event observed
fter vaccination [38]. We therefore monitored vaccine-induced
ar swelling 24 h after vaccination as a measure of adverse events.
sing the anti-rPA serum IgG titers and serum LeTx neutraliza-

ion titers, we chose the dose of each adjuvant that induced the
reatest serum IgG titer. Mice immunized with rPA alone had a
accine-specific ear swelling thickness of 0.0046 ± 0.0097 mm at
4 h after immunization (Fig. 5). All three adjuvant groups induced
ignificant levels of ear swelling. The swelling induced by 30 �g
48/80 (0.0427 ± 0.018 mm) was significantly increased vs. mice

mmunized with rPA alone (p < 0.001). The amount of swelling
nduced by 30 �g C48/80 was similar to that induced by 10 �g CpG
0.0406 ± 0.024 mm), which was also significantly greater than rPA
lone (p < 0.01). However, 1.0 �g CT induced over twice as much ear
welling (0.0955 ± 0.025 mm) as the other groups tested (rPA alone,
0 �g C48/80, and 10 �g CpG; p < 0.001). Our results demonstrate
hat C48/80 does not induce excessive injection site swelling when
sed as an adjuvant for intradermally-administered vaccines.
.6. Compound 48/80 induced cellular influx into the injection site

It was also of interest to assess cellular infiltrates at the injection
ite at 24 h as an additional indicator of injection site inflammation.
99 ± 20a,b 73 ± 42a,b 3,321 ± 624a,b,c

112 ± 61a,b 138 ± 116a,b,c 3,686 ± 421a,b,c

Mice were vaccinated ID in the ear pinnae at time 0 and ears were
harvested 4 and 24 h later. Ear sections taken from mice immunized
with PA alone showed little inflammation (Fig. 6B/G) compared
to unvaccinated ears (Fig. 6A/F). Vaccination with PA plus 30 �g
C48/80 induced edema by 4 h that persisted through 24 h, at which
point cellular infiltrate was present in all sections examined. The
cellular infiltrate contained primarily neutrophils (Fig. 6H). Edema
was also present in ears from mice vaccinated with rPA plus 10 �g
CpG at both 4 and 24 h (Fig. 6D/I) with both mononuclear cells and
neutrophils present at 24 h (Fig. 6I). Ears taken from mice vaccinated
with rPA plus 1 �g CT showed less edema than that induced by the
other two adjuvants and minimal cellular infiltrate (Fig. 6E/J). Sepa-
ration of the ear tissue was visible in all ear sections taken from mice
vaccinated with CT (Fig. 6E), a histologic indicator of the massive
swelling noted grossly. Sections were also stained with Toluidine
Blue to highlight the mast cells in the ear tissue. Fully granulated
mast cells are evident in sections from naïve mice or mice immu-
nized with PA alone (Fig. 6K and L). However, mast cells could not
be identified in most of the ear tissue examined from mice vacci-
nated with C48/80 (Fig. 6M). The total number of mast cells in the
tissue at 4 h after vaccination decreased from 49 ± 12 in ears vac-
cinated with PA alone to 20 ± 11 MC/mm2 in ears vaccinated with
PA + C48/80 (p < 0.05). Mast cells were almost totally absent in the
regions with maximal edema and infiltrate (Fig. 7A). A similar pic-
ture was seen at 24 h after vaccination, with 51 ± 12 MC/mm2 in
ears vaccinated with PA alone and 16 ± 4 MC/mm2 in ears vacci-
nated with PA + C48/80 (p < 0.01) (Fig. 7B). The total number of mast
Fig. 5. Ear swelling in mm 24 h after intradermal immunization in the ear pinna
with 0.5 �g rPA in PBS with or without adjuvant on day 0. Bars represent the mean
swelling for each group for all replicates. 1.0 �g CT and 10 �g CpG groups have an
n = 5. rPA alone and 30 �g C48/80 groups have an n = 15. Measurements were made
using a dial thickness gauge. Error bars represent standard deviation. *p < 0.01 over
rPA alone. **p < 0.001 over rPA alone. ***p < 0.001 over all other groups.
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ematoxylin and eosin-stained sections are shown 4 h (A–E) or 24 h (F–J) after immu

nfiltrates. Toluidine Blue-stained sections (K–O) show that mast cells (black arrows
ut not following immunization with c48/80.

he decrease in mast cell number induced by C48/80 was likely
ue to their activation. The histological examination therefore sug-
ests that although C48/80 and CpG are inducing measurable ear
welling, they are encouraging the migration of neutrophils or neu-
rophils and monocytes to the site of injection, respectively, and that
ctivation of mast cells by C48/80 results in their absence from the
ections. Although this analysis did not determine what immune
arameter induced the ear swelling, we are confident that an innate

mmune mechanism is responsible, since ear swelling measure-
ents were taken just 24 h after the initial vaccination, which is

ot sufficient time to induce antigen-specific immune responses
uch as antibody production or a cellular immune response.
. Discussion

In this study, we have demonstrated that C48/80 provides adju-
ant activity when co-administered with B. anthracis protective
ere immunized with 0.5 �g rPA in PBS with or without the indicated adjuvant.
n. Stars indicate areas of prominent edema and white arrows indicate inflammatory

eadily detected following immunization with PA alone or with CT or CpG adjuvants,

antigen by the intradermal route. Vaccination using C48/80 as an
adjuvant was associated with increases in serum IgG, serum lethal
toxin neutralizing antibodies, and antigen-specific Th1/Th2/Th17
responses. Unlike CT, C48/80 did not induce antigen-specific IgE
when used as an adjuvant. In addition, C48/80 encouraged the
migration of inflammatory cells into the ear pinna while induc-
ing less injection site inflammation than CT. C48/80 was the only
adjuvant to activate mast cells.

This study is the first to demonstrate that an intradermally-
administered mast cell activator is able to provide vaccine adjuvant
activity and confirms our recent observation that mast cell activa-
tors provide effective adjuvant activity [5]. Others have previously
documented that mast cells are able to regulate adaptive immune

responses in the skin. For example, Mazzoni et al. demonstrated
that the application of some mast cell activators in addition to vac-
cination with OVA and LPS suppressed the ability of DCs to induce
Th1 CD4+ T cells [39]. Although their study involved the use of a sec-
ond adjuvant (LPS) and did not focus on the induction of humoral
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ig. 7. Total number of mast cells present per mm2 in ear sections taken at 4 h (A) or
4 h (B) after intradermal vaccination in the ear pinnae. Sections were stained with
oluidine Blue and mast cells were counted in a minimum of 14 (0.16 mm2) fields at
0×. Error bars represent standard deviation. *p < 0.05 against all other groups.

mmunity, they did demonstrate the ability of C48/80 to influence
he development of T cell responses, much like we saw in our study.
owever, we noted an increase in both Th1 and Th2 cytokines.
lthough their study did not focus on the ability of mast cell acti-
ators to provide adjuvant activity or induce humoral immunity, it
id demonstrate the important role that mast cells play in shaping
he adaptive immune response. Our study builds on this study and
thers to demonstrate the potency of mast cell activators as vaccine
djuvants when delivered intradermally.

Our results confirm the observations of others [40–46] that
ntradermal immunization is an effective route of immunization
hat requires reduced antigen doses for the induction of protec-
ive immunization. Others have utilized rPA as an immunogen
y the intramuscular [33,47] or nasal [48,49] routes and used a
otal of 30–60 or 15–120 �g of antigen, respectively, with three
mmunizations. Although all four studies induced LeTx neutraliz-
ng antibodies, the intradermal route used in our study required
5–120-fold less antigen. After just two immunizations, totaling
�g of antigen, we induced LeTx neutralizing antibody titers (NT50)

n excess of 1:1900. In contrast, Boyaka et al. [48] and Matyas
t al. [47] both induced LeTx neutralizing titers of ∼1:1000, but
hey required two nasal immunizations totaling 20 �g of antigen
nd three intramuscular immunizations for a total of 30 �g of rPA,
espectively. By comparison, our results demonstrate the ability
f intradermal immunization to induce potent immune responses
sing reduced antigen doses.

Adjuvants are useful tools for directing the immune response
oward the desired CD4+ T helper cell response to combat different
ypes of pathogens [37]. With regard to our study, vaccine-induced

h2 responses are likely to be the most effective in combating
. anthracis as antibody-mediated immune responses have been
hown by others to provide protection against anthrax lethal toxin
hallenge [16,50] and B. anthracis spore challenge [51,52]. C48/80
as second only to CT in IL-5 production, yet it produced much
27 (2009) 3544–3552

greater levels of IFN� than it did IL-4, IL-5, IL-6, or IL-17 and reduced
the IgG1/IgG2a ratio to 1.1. Although mast cells are generally con-
sidered to play a role in the induction of Th2 effector immune
responses [53], connective tissue mast cells, such as those found in
the mouse ear pinna, have the ability to produce the Th1 cytokine
IFN� [53]. It is therefore possible that C48/80 is acting through the
connective tissue mast cells to stimulate an environment favorable
for the development of Th1 immune responses. Of the three adju-
vants tested, C48/80 induced the most balanced cytokine profile.

Although adjuvants are useful for increasing and directing the
immune response to vaccine antigens, several well-known adju-
vants have been shown to induce strong inflammatory reactions.
For instance, complete Freund’s adjuvant induces fibrosis at the
site of injection [54] and incomplete Freund’s adjuvant has been
associated with injection site inflammation when used in humans
[55,56]. In addition to inflammatory reactions, the induction of
antigen-specific IgE is also an important consideration in vaccine
safety, as it has the potential to induce anaphylactic reactions
[36,57,58]. To monitor these potential side effects, we measured
adjuvant-induced injection site inflammation (i.e., ear swelling)
and antigen-specific serum IgE. In addition to its role as a strong Th2
adjuvant, CT is known to be a potent inducer of vaccine antigen-
specific IgE when given as a mucosal or intradermal adjuvant,
causing such serious reactions as anaphylaxis upon antigen chal-
lenge [23,24,36,59]. As expected, CT induced the greatest amounts
of both injection site swelling and antigen-specific IgE. In agree-
ment with our previous study [5], vaccination with C48/80 did not
induce antigen-specific IgE, and in fact, it induced similar injec-
tion site swelling as 10 �g CpG, which has been safely used in
several clinical trials [9,19–22]. Although mast cells are thought
to be involved in the IgE-mediated allergic response [8], it has
been shown that IgE-mediated anaphylaxis also occurs in mast cell-
deficient mice [60], demonstrating that mast cells are not required
for the induction of antigen-specific IgE. Our results confirm our
previous observations that the mast cell activator C48/80 does not
induce antigen-specific IgE.

Histological evaluation was necessary to more closely examine
the injection site reactions. The large neutrophil influxes seen when
mice were vaccinated i.d. with rPA plus C48/80 were likely due
to the mast cell-activating capacity of C48/80, as several studies
have demonstrated the ability of mast cells to rapidly recruit neu-
trophils [11,61,62]. In a study by Malayvia et al., it was demonstrated
that neutrophils migrated to the bladder of mice after Escherichia
coli challenge in a mast cell-dependent fashion [63]. The reduction
in the number of mast cells observed in ear tissues is presumably
due to C48/80-induced mast cell degranulation. Until recently, neu-
trophils were considered to only play a role in the innate immune
response, where they acted as important mediators of several pro-
cesses, including bacterial clearance in infection [61,64]. However,
it is becoming increasingly apparent that neutrophils do play a role
in inducing the adaptive immune response [65,66]. Two groups
have demonstrated that neutrophil depletion alters the balance of
Th1/Th2 cytokines in response to infection in favor of Th2 [67,68].
It has also been shown that neutrophils can interact with and mod-
ulate the maturation of dendritic cells [69,70], as well as migrate
to lymph nodes [71] and prime naïve T cells in vivo [66]. Such evi-
dence suggests that recruiting neutrophils to the site of vaccination
may be beneficial for driving immune responses.

C48/80 has safely been used in human subjects, and our data
are consistent with the few studies that have applied C48/80 cuta-
neously or intradermally to humans for allergy studies, in which it

did not induce any serious long term side effects [72–76]. In one of
these studies, researchers intradermally injected 700 �g of C48/80
into human subjects and no significant side effects were noted
beyond the traditional wheal response [76]. This demonstrates that
judicious application of MC activators appears to have no significant
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dverse effects and may provide a novel class of compounds for use
s vaccine adjuvants.

In summary, our findings demonstrate that the mast cell acti-
ator C48/80 is a safe and potent adjuvant for intradermally
elivered anthrax protective antigen. C48/80 induced enhanced
ntibody- and cell-mediated adaptive immune responses and lethal
oxin neutralizing antibodies while inducing undetectable antigen-
pecific IgE and resulting in minimal injection site inflammation.
ur results suggest that mast cell activators represent a new class
f adjuvants that may be safely administered with intradermally-
dministered vaccines.
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