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Vaccines are among the most effective approaches to prevent and
control many infectious diseases. Because of safety and reproduc-
ibility concerns, whole-cell vaccines (WCVs), made from live or
killed microorganisms and including hundreds of antigenic compo-
nents, have been mostly replaced by acellular or subunit vaccines
composed of well-defined, purified antigen components. The effi-
cacy of acellular vaccines is inferior to that of WCVs, however, for
two major reasons: limited antigen diversity and reduced immu-
nogenicity, especially in a lack of activation of antigen-specific
T-cell immunity, which plays an important role in protection against
mucosal and intracellular pathogens. Here we present the multiple
antigen-presenting system (MAPS), which enables the creation of
a macromolecular complex that mimics the properties of WCVs by
integrating various antigen components, including polysaccharides
and proteins, in the same construct and that induces multipronged
immune responses, including antibody, Th1, and Th17 responses.
Using antigens from various pathogens (Streptococcus pneumo-
niae, Salmonella typhi, and Mycobacterium tuberculosis), we dem-
onstrate the versatility of the MAPS system and its feasibility for
the design of unique defined-structure subunit vaccines to confer
comprehensive protection via multiple immune mechanisms. More-
over, MAPS can serve as a tool for structure-activity analysis of
cellular immunogens.

Since the advent of smallpox immunization, active vaccination
became one of the most effective strategies for the pre-

vention and control of infectious diseases. In modern vaccine
development, subunit vaccines are often favored over whole-cell
approaches that use attenuated or killed microorganisms as
immunogens, such as vaccines against smallpox, pertussis, tu-
berculosis, and typhoid, owing to several advantages, including
well-characterized antigen composition, better-defined immune
responses and protective mechanisms, and a reduced risk of side
effects (1).
The efficacy of current subunit vaccines rarely matches that of

whole-cell vaccines (WCVs), however, due mainly to two im-
portant hurdles: limited antigen coverage and the monotonic
(generally antibody-based) mechanism of protection. For bac-
terial pathogens in particular, current approaches have focused
on the generation of antibody responses to surface molecules,
most commonly the capsular polysaccharides (CPSs). Although
this strategy has proven effective against several extracellular
bacterial pathogens (e.g., Haemophilus influenzae type b, Neis-
seria meningitidis, Streptococcus pneumoniae), it has had far more
limited success for mucosal and intracellular pathogens [e.g.,
Staphylococcus aureus, Mycobacterium tuberculosis (TB), para-
sites, and fungi], against which specific T-cell responses (e.g., Th1
and/or Th17 responses) or combinations of B-cell and T-cell
immunity are required to ensure protection (2–6). Furthermore,
for a pathogen with many different serotypes [particularly S.
pneumoniae, in which more than 94 CPSs or serotypes have been
identified (7)], targeting serotype-specific CPSs provides limited
coverage and also carries a risk of serotype replacement, as has
been observed after introduction of the pneumococcal conjugate
vaccine pneumococcal conjugate vaccine (PCV) (7). Similarly,
although their prevalence in the rise of pertussis cases remains to
be determined, strains lacking pertactin, one of the target antigens

composing the acellular vaccine, have been identified in the
United States (8) as a potential example of the advent of escape
mutants after the introduction of a subunit vaccine (9).
With these issues in mind, we have developed the multiple

antigen-presenting system (MAPS) to reproduce the antigenic
and immunologic strengths of WCV strategies but in a defined,
acellular system. MAPS uses purified PS and proteins as immu-
nogens to provide defined composition/formulation and reduced
safety concerns; however, distinct from other subunit approaches,
in the MAPS system, the isolated antigen components are spe-
cifically reassembled into an integrated macromolecular complex,
based on the hypothesis that by mimicking some chemical and
physical features of a whole-cell construct, such a complex
could lead to the activation of comprehensive B- and T-cell im-
mune responses and thereby provide the multipronged protection
characteristic of WCVs.

Results
Creation of Macromolecular MAPS Complexes with Defined Antigenic,
Chemical, and Physical Properties. Instead of relying on covalent
linking, MAPS uses an affinity-based coupling approach, thereby
reducing potential epitope damage and providing flexibility and
versatility in the preparation and formulation of MAPS constructs
(as discussed below). Fig. 1A shows the construction of MAPS
complexes. A biotin-binding protein, rhizavidin (rhavi) (10) is
modified and recombinantly expressed in Escherichia coli (Fig.
S1A). The target protein antigens are genetically fused to the rhavi
moiety (Fig. S1B), and the target PS is biotinylated, at 0.05–1 mg
of biotin per 1 mg of PS (Fig. S2), to provide a scaffolding matrix
for the complex. Table S1 lists the protein antigens used in this
study. After mixing and incubation, the fusion antigens sponta-
neously attach to the PS backbone via a strong affinity linkage of
biotin and rhavi, resulting in a macromolecular construct (Fig.
1A). The assembled MAPS complexes are isolated by size-ex-
clusion chromatography in the early eluents owing to their high
molecular weight (Fig. 1B, peak A), whereas the unlinked protein
antigens are separated in the latter fractions (Fig. 1B, peak B).
Moreover, because the assembly is highly specific, any contami-
nating proteins (not fused to rhavi) that may be copurified with the
target antigens are not incorporated into the complexes and are
removed by chromatography (Fig. 1B).
MAPS complexes can be prepared efficiently even at low

concentrations of antigens (0.1–1 mg/mL) (Fig. S3). The asso-
ciation between PS and protein antigens is very stable, resistant
to treatment with reducing SDS buffer, and undergo dissociation
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only on heating to 100 °C, allowing for estimation of assembly
efficiency by comparing the SDS/PAGE antigen profiles of un-
heated and samples heated at 100 °C (Fig. S3). An overnight
incubation at 4 °C or 25 °C results in >90% incorporation of the
antigens into MAPS complexes (Fig. S3).
Given the high assembling efficiency, we theorized that the

protein/PS ratio in the resulting complexes should be closely
correlated to the input ratio. As shown in Fig. 1C, this is indeed
the case; as the number of protein molecules bound to each PS
increases, the complexes with higher protein/PS weight ratios are
also larger (Fig. 1C). At a given protein/PS ratio, the size of
a MAPS complex is determined by the length/molecular weight
of the PS, as demonstrated in dextran preparations of 90–500
kDa (Fig. 1D). Depending on the selected PS, MAPS complexes
can display a range of sizes from 20 nm to several hundred
nanometers in diameter, using a PS/protein weight ratio of 1:1–
1.5. Limitated biotinylation of the PS or, alternatively, addition
of excess protein can ensure that no unreacted biotin sites re-
main in the final construct.
The antigen formulation of MAPS complexes is versatile,

allowing for various combinations of biotinylated PS and fusion
protein and the inclusion of multiple protein antigens in the
same construct. The incorporation of each individual antigen was
confirmed by SDS/PAGE of the purified MAPS complex (Fig. 1
E and F). Given that the coupling mediated by rhavi–biotin in-
teraction is independent of the identity/property of the target
antigens, the amount of any antigen incorporated into a MAPS
complex is determined by its input concentration in the assem-
bling reaction (Fig. 1E). Fig. 1F shows several examples in which
two to four different protein antigens were incorporated in MAPS

complexes, using biotinylated dextran or serotype 1 pneumococcal
CPS as the backbone.

Immunization with MAPS Complexes Elicits Robust IgG Antibody
Against PS via a CD4+ T-Cell–Dependent Pathway. Compared with
whole-cell immunogens, purified antigens are much less effective
in activating certain immune responses even in the presence of
adjuvants, such as aluminum salts. Most purified PSs do not in-
duce immune memory, class switching, or high-titer IgG anti-
bodies when used as immunogens (11). Similarly, little or no
antigen-specific Th1 or Th17 responses have been observed after
vaccination with purified protein antigens (12). Current strategies
to circumvent this problem rely either on chemical modification of
antigen molecules, such as covalent conjugation of PS to a protein
carrier, or on novel adjuvants and/or delivery vehicles.
In contrast, assembly of the isolated components into a MAPS

complex, a virtual “whole-cell like” construct, significantly
increases and broadens the immunogenicity of the incorporated
PSs and protein antigens. As shown in Fig. 2A, control mice that
were immunized twice with the purified serotype-14 pneumo-
coccal CPS (CPS14) developed no detectable CPS-specific IgG.
In contrast, a single immunization with a CPS14 MAPS complex
[given with Al(OH)3, as was done with all immunizations in this
study] resulted in a detectable rise of anti-CPS14 IgG in the se-
rum (open bars). After two immunizations, the average serum
titer of anti-CPS14 IgG in MAPS-immunized mice was more than
80-fold higher than that in mice that received uncoupled CPS14
(black bars) and eightfold higher than that in mice (n = 10) that
received two immunizations with an equal amount of CPS14
contained in the licensed PVC Prevnar 13 (PCV13; Pfizer)
(positive control; dashed line).

Fig. 1. Generation of multimolecular MAPS complexes. (A) Schematic diagram of MAPS technology. (B) Separation of MAPS complexes by size-exclusion
chromatography. A mixture of rhavi and biotinylated dextran 500 (BD500; 425–500 kDa) was incubated overnight at 4 °C and then applied onto a Superose-6
column. Assembled MAPS complexes were eluted in early fractions (peak A) owing to their high molecular weight, whereas the excess rhavi was separated in
the latter fractions (peak B). cont, contaminating proteins. (C) MAPS complexes containing different protein/PS ratios were prepared by incubation of 0.5 mg
of rhavi-sp0435 with 0.1, 0.5, or 1 mg of biotinylated dextran 90 (BD90; 60–90 kDa). Input and output ratios of protein and PS antigens were similar. (D) Size of
MAPS complexes using rhavi-sp0435 with BD90, BD150 (150 kDa), or BD500 [protein/PS 1:1, (wt/wt)]. (E) Preparation of MAPS complexes containing two
different fusion antigens combined at the indicated ratios (wt/wt, input). (F) SDS/PAGE of multivalent MAPS complexes containing between two and four
different fusion antigens. 1, rhavi-PdT; 2, rhavi-PsaA; 3, rhavi-PdT; 4, rhavi-SP_0785; 5, rhavi-SP_1500; 6, rhavi-PdT/SP1534; 7, rhavi-SP_0785; 8, rhavi-SP_1500;
9, rhavi-SP_0435.
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The activity of the antibodies was tested in an opsonophagocytic
killing assay (OPA) against serotype-14 pneumococci. Serum from
MAPS-immunized mice had an approximately eightfold higher
OPA value compared with the PCV13 control serum (Fig. 2B).
Depletion of CD4+ T cells significantly abolished the generation of
CPS-specific IgG antibodies (Fig. 2C), suggesting that the PS
presented in the context of MAPS was processed using a thymus-
dependent pathway. Several experiments in which immunization
with MAPS induced a robust IgG antibody response against dif-
ferent PSs are shown in Figs. S4, S5, and S6.
The elevated anti-CPS response induced by MAPS complexes

was also confirmed in the rabbit model. Intramuscular immuni-
zation with CPS14 MAPS complex resulted in an up to 200-fold
rise in anti-CPS IgG titer (Fig. 2D, rabbits 3, 4, and 5), compared
with an only 1- to 2-fold rise in rabbits that received an equiva-
lent amount of CPS14. Also of note, the affinity interaction be-
tween PS and the rhizavidin moiety alone was sufficient to
enhance antibody responses to the PS (Fig. S7).

Immunization with MAPS Complex Induces Multipronged Immunity,
Including Antibody, Th1, and Th17 Responses to Protein Antigens.We
next evaluated the ability of MAPS complexes to elicit antigen-
specific cellular responses, using TB proteins as the target anti-
gens. As shown in Fig. 3, immunization of mice with a mixture of
purified TB protein antigens [ESAT6/Cfp10, TB9.8/TB10.4,
MPT64, and MPT83 (13)] resulted in rises in serum antibody
levels (Fig. 3B, mixture), but no detectable Th1 or Th17 responses

to the target antigens (Fig. 3 C and D, mixture). However, when the
same protein antigens were presented as a part of a MAPS complex
using pneumococcal CPS3 as the backbone, significant activation of
both B-cell and T-cell immunity was observed (Fig. 3A). Mice de-
veloped higher antibody titers (Fig. 3B; MAPS), as well as specific
cellular responses leading to the production of IFN-γ and IL-17A
on stimulation of blood samples with the target TB antigens (Fig. 3
C and D, MAPS).
Depletion of CD4+, but not CD8+, T cells from the isolated

splenocytes greatly abrogated the cytokine production that could
be recalled by coincubation of cells with TB antigens (Fig. 3E),
confirming that the cytokine responses induced by MAPS com-
plexes are derived mainly from CD4+ T cells.

Effect of Antigen Molecule Size on Generation of Th1 and Th17
Responses. To further understand the impact of the physical
properties of antigen molecules on their immunogenicity, we pre-
pared two MAPS complexes containing the same pneumococcal
protein antigens, the surface adhesin PsaA (14) and the pneumo-
lysoid PdT (15), but attached to biotinylated dextran of different
average molecular weights (90 kDa or 500 kDa), designated
MAPS-S and MAPS-B, respectively (Fig. 4A). Using dynamic light
scattering, we measured the average diameter of MAPS-S as 20 nm

Fig. 2. Immunization with MAPS complexes induces a robust PS-specific
antibody response. (A) Mice (n = 10 per group) were immunized with ad-
juvant alone (aluminum hydroxide; no Ag), adjuvanted CPS14, or MAPS
complex composed of biotinylated CPS14 coupled with rhavi-sp0435. Two
s.c. immunizations of 1 μg CPS14 per dose were administered. Serum IgG
antibody against CPS14 was measured by ELISA after the first immunization
(post 1, open bars) and the second immunization (post 2, black bars) with
adjuvant alone or with CPS14 or MAPS complex composed of biotinylated
CPS14 and rhavi-sp0435. The dashed line indicates the anti-CPS14 IgG titer in
a standard serum from mice that received two immunizations with PCV13.
Bars represent mean with SEM. ***P < 0.0001. (B) Opsonophagocytic killing
of serotype 14 pneumococcus (strain 1401) mediated by serum from MAPS-
immunized mice as described above. (C) Depletion of CD4+ T cells abolished
induction and recall of PS-specific IgG antibody. Iso, isotype control. ***P <
0.0001. (D) Anti-CPS14 IgG in rabbits immunized with free CPS14 or MAPS
complex composed of biotinylated CPS14 coupled with rhavi-sp0435.

Fig. 3. Immunization with MAPS complex elicits antibody, Th1, and Th17
responses to protein antigens. (A) Mice were immunized with adjuvant
alone, a mixture of CPS3 and TB antigens (mixture), or MAPS complex pre-
pared with biotinylated serotype-3 pneumococcal CPS (BCPS3) and four fu-
sion TB antigens, rhavi-ESAT6/Cfp10, rhavi-TB9.8/TB10.4, rhavi-MPT64, and
rhavi-MPT83 [1:1:1:1, (wt/wt)]. (B–D) The MAPS complexes elicited signifi-
cantly higher antibody titers against target proteins (B) and robust Th1 and
Th17 responses from peripheral blood, as measured by production of IFN-γ
(C) and IL-17A (D). Bars represent mean ± SEM. *P < 0.05; **P < 0.01; ***P <
0.0001. (E) Effect of depletion of CD4+ and CD8+ T cells on IFN-γ (Left) and
IL-17A production (Right). Open bars represent no Ag; gray bars, mixture;
black bars, MAPS.
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and that of MAPS-B as 50 nm. (The diameter of purified PsaA and
PdT is <10 nm.) Mice were immunized with a simple mixture of
two pneumococcal proteins with nonbiotinylated dextran (and thus
no complex was formed) or with the smaller (MAPS-S) or larger
(MAPS-B) complex. As shown in Fig. 4, the antigens presented in
the form of larger complexes elicited significantly greater immune
responses compared with antigens from smaller complexes or
nonassembled antigens. Immunization of mice with the uncou-
pled protein/PS mixture elicited antibodies to both protein anti-
gens, but no T-cell responses (Fig. 4 B and C, light-gray bars). In
contrast, mice immunized with the MAPS-S complex developed
significantly higher levels of anti-PsaA and anti-PdT antibodies.
In addition, in these mice, low but detectable Th1 and Th17
responses could be recalled by stimulation of peripheral blood
cells with purified PsaA, PdT, or pneumococcal whole-cell anti-
gen (Fig. 4 B and C, dark-gray bars). Mice that received MAPS-B
exhibited similar levels of antibody response as the MAPS-S
group, but associated with significantly greater activation of both
Th1 and Th17 cells, as evidenced by more robust production of
IFN-γ and IL-17A cytokines on stimulation with the target
antigens (Fig. 4 B and C, black bars).

We investigated the immunologic basis of these different
T-cell activation responses through in vitro assays using mouse
peritoneal macrophages. Consistent with the foregoing in vivo
findings, stimulation of cells with MAPS of larger size led to
significantly greater secretion of several proinflammatory cyto-
kines, including TNF-α, IL-12, IL-23, and IL-1β (Fig. 4D), all of
which have important roles in the development of Th1- and/or
Th17-mediated cellular responses (16, 17). To evaluate this fur-
ther, we designed MAPS constructs that would or would not ac-
tivate Toll-like receptor (TLR) 2, which enhances Th17 responses
(18, 19). We did this through the incorporation of a lipidated
version of rhavi to the biotinylated PS (Fig. S8A). Experiments
using HEK293 cells confirmed dose-dependent TLR2 activation
by a MAPS construct containing the lipidated version of rhavi,
which was not observed with a nonlipidated MAPS (Fig. S8A).
We also prepared MAPS constructs by including TB antigens

and either the nonlipidated or the lipidated version of rhavi (Fig.
S8B). Peripheral blood cells from mice immunized with the
lipidated (and TLR2-activating) TB MAPS construct produced
significantly higher concentrations of IL-17A after stimulation
with TB antigens than cells from mice immunized with MAPS
alone, suggesting that the inclusion of a TLR2-activating motif in
MAPS significantly enhances T-cell responses (Fig. S8C).

Designing a MAPS-Based Multiplex Subunit Vaccine That Protects
Against Pneumococcal Disease via Combined B- and T-Cell–Mediated
Immunity. The foregoing results demonstrate the capacity of the
MAPS system to present multiple antigens simultaneously and to
generate B- and T-cell immune responses. To evaluate this ap-
proach for comprehensive protection, we tested it in two pneu-
mococcal disease models. The pathogenesis of pneumococcal
disease involves two different stages, an initial (and necessary)
nasopharyngeal (NP) colonization (20) and subsequent blood-
stream invasion, leading to invasive diseases such as bacteremia,
sepsis, and meningitis. Protection against different pathogenic
stages appears to involve different immune mechanisms. Anti-
bodies against CPSs and specific protein antigens [e.g., pneu-
molysin, pneumococcal surface protein A, other surface proteins
(21)] are thought to confer resistance to invasive infections,
whereas antigen-specific Th17 responses facilitate the clearance
of NP colonization (22).
A prototype MAPS-based pneumococcal vaccine was designed

to include pneumococcal cell wall PS (CWPS), a putative pro-
tective antigen that is antigenically conserved across all pneumo-
coccal strains (23, 24), as the backbone along with five conserved,
protective protein antigens (25, 26) (Fig. 5A). Mice that received
this MAPS vaccine developed robust antibody responses to CWPS
and the five protein antigens (Fig. 5 B and C), as well as antigen-
specific Th17 responses (Fig. 5D).
We tested protection in both infection and colonization

models, using a pneumococcal WCV known to confer protection
via combined B- and T-cell–mediated processes (27) as a positive
control. As shown in Fig. 5E, in a lethal lung aspiration challenge
with a serotype-3 strain, 90% of MAPS-immunized mice survived
the infection, compared with only 30% of the mice that received
adjuvant alone or a mixture of uncoupled CWPS and protein
antigens. Significant protection was also observed when MAPS-
immunized mice were challenged in a NP colonization model
with a serotype-6B strain; the median density of pneumococcal
colonization was over 100-fold lower compared with mice in the
control groups (Fig. 5F). In both models, the efficacy of the
MAPS vaccine was similar to that of the WCV and, moreover,
was independent of capsular antibody.

Discussion
Live attenuated or inactivated WCVs are highly effective in
eliciting broad and long-lasting immunity to many pathogens,
particularly those for which natural infection confers protection

Fig. 4. Larger MAPS complexes induce significantly greater B- and T-cell
immune responses. (A) Small (MAPS-S) and larger MAPS complexes (MAPS-B)
were prepared using rhavi-PdT and rhavi-PsaA [in 1:1 ratio (wt/wt)], attached
to BD90 or BD500. (Left) The size of MAPS complexes was measured by
dynamic light scattering. (Right) SDS/PAGE indicated similar incorporation of
both antigens in small and large MAPS complexes. (B) Immunization with
small and large MAPS complexes elicited significantly higher antigen-specific
antibody responses compared with the uncoupled protein/dextran mixture
(mixture). (C) Immunization with larger MAPS complexes, but not small
complexes or uncoupled proteins, elicited Th17 (Left) and Th1 (Right)
responses against target antigens. Bars represent mean ± SEM. **P < 0.01;
***P < 0.0001. (D) Stimulation of isolated mouse peritoneal macrophages
with larger MAPS complex induced proinflammatory cytokines. Macro-
phages were stimulated with an uncoupled protein/dextran mixture and
small or large MAPS complexes at 1 μg/mL in the presence of aluminum
hydroxide (1.2 mg/mL). Cells stimulated with aluminum hydroxide alone (no
Ag) served as negative controls.
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(1). In many other instances, however, these strategies are in-
adequate, either because natural infection is not protective or
attenuation of the organism is insufficient to ensure safety.
More recently, public safety concerns with cellular approaches
have limited their use in many areas of the developed world
(28), leading to a shift to defined subunit vaccines.
Because subunit antigens alone are often poorly immuno-

genic, the addition of adjuvants, including aluminum salts, oil-in-
water emulsions, and saponin-based molecules (29), has been
necessary to enhance the immune response. These adjuvants, as
well as nanoparticles or microparticles, share a particulate na-
ture, a property with known important adjuvant effects (30, 31).
More recently, natural ligands and synthetic agonists for pattern
recognition receptors have been evaluated; several are currently
in clinical trials, and one (monophosphoryl lipid A, a Toll-like
receptor 4 agonist) is currently used with antigens and alum (32).
Here we present an acellular, defined approach to eliciting

broad immunity. A major advantage of this approach is that
MAPS constructs are highly immunogenic with respect to B- and
T-cell responses, likely owing to their particulate nature, with no
need for added adjuvants other than alum. In MAPS, immuno-
genicity depends mainly on the size of the PS scaffold. Although
the incorporation of a TLR2 agonist in MAPS enhances T-cell
responses (33), it is not required; alum-adjuvanted MAPS con-
structs elicit potent T- and B-cell immunity, as well as protection
against mucosal colonization and disease, as demonstrated with
the pneumococcal MAPS vaccine.
Thus, the MAPS approach holds particular promise for the

development of alternatives to WCVs involving combined subunit
vaccines against pathogens for which a combination of humoral
and cellular responses against a diversity of antigen components is
advantageous to ensure protection. In this respect, the MAPS
system provides a platform that integrates the strengths of defined
subunit vaccines andWCVs. The capability to incorporate multiple
proteins onto the same PS backbone with MAPS enhances cov-
erage in the same vaccine construct. Furthermore, we demonstrate
that the attachment, via affinity interactions, of the purified com-
ponents into a macromolecular and multimolecular complex sig-
nificantly enhances the generation of specific B-cell responses to
PSs and the Th1/Th17 immune responses to proteins, neither of
which could be elicited by the uncoupled components.
As a unique approach to vaccine design, the MAPS technology

will need to be carefully evaluated with respect to safety, with

particular attention to the immunogenicity of biotin and/or the
rhavi moieties. Our studies to date have been reassuring in this
regard. In mice, immunization with MAPS complexes formed by
the addition of excess protein (saturating all potential biotin
sites) did not result in a rise in levels of antibodies to biotin (Fig.
S9A) or a decline in serum biotin levels (Fig. S9B). Mice im-
munized with MAPS develop antibodies to rhavi, but this protein
has no known homology to human proteins, and antibodies to
rhavi do not cross-react with egg avidin (10) (Fig. S10).
Our data presented here challenge the generally accepted view

that covalent linkage of PSs to proteins is required for IgM-to-
IgG switching and induction of a booster response or T-cell
memory (34). In contrast, we demonstrate that covalent coupling
of PSs is not an absolute requirement, because affinity inter-
actions between PSs and proteins are sufficient and highly ef-
fective for CD4+ T-cell priming of antibody responses to the PS.
At the same time, differences among species in the antibody
responses to PSs have been reported (35–37), such that data
derived from weanling mice and/or rabbits do not necessarily
predict the responses of young children. These issues will be
important to keep in mind as clinical applications of the MAPS
technology are planned.
In summary, MAPS provides an attractive approach for eliciting

comprehensive B-and T-cell immune responses against pathogens,
with the advantage of a precisely defined acellular platform. The
flexible formulation and readily adjustable chemical/physical prop-
erties of MAPS complexes not only are beneficial for vaccine design
and optimization, but also provide a useful tool for exploring how
different antigenic constructs interact with the immune system and
dissecting the chemical, physical, and/or molecular requirements for
the activation of various immune responses.

Materials and Methods
Assembly and Purification of MAPS Complexes. Each MAPS complex was as-
sembled by incubation of biotinylated PS with fusion antigens at 4 °C or room
temperature overnight. The assembled complex was isolated by size-exclu-
sion chromatography, using Tris buffer (pH 8.0, 150 mM NaCl) as an eluant.
The fractions containing MAPS complex were pooled and concentrated by
ultrafiltration. The protein concentration in a MAPS complex was measured
using a bicinchoninic acid (BCA) protein assay kit (Pierce), and the PS con-
centration was determined by an anthrone assay. For MAPS complexes
containing more than one protein antigens, the relative amount of each
antigen incorporated into the MAPS complex was estimated by SDS/PAGE
after heating to 100 °C to dissociate the components.

Fig. 5. Design of a MAPS-based multiplex vaccine
for the prevention of invasive infection and NP
colonization with virulent pneumococci. (A) A pneu-
mococcal MAPS vaccine with biotinylated CWPS and
five protein antigens (rhavi-PdT, rhavi-PsaA, rhavi-
0435, rhavi-1458, and rhavi-1534) elicited protection
against invasive disease and carriage. (B–D) MAPS
elicited antibodies to the CWPS (B), as well as anti-
bodies (C) and Th17 responses (D) to the five in-
corporated pneumococcal proteins. Bars represent
mean ± SEM. Statistical analyses were performed in
comparison with the mixture group. *P < 0.05; **P <
0.01. ***P < 0.0001. (E and F) Vaccination with
MAPS complex protected against invasive infection
(E) and NP colonization (F) with pneumococci. A
pneumococcal WCV (100 μg total protein per dose)
served as a positive control. Horizontal lines represent
the median density of colonization. Statistical analyses
were performed in comparison with the no Ag group.
Open bars represent no Ag; gray bars, mixture; black
bars, MAPS.
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Immunization of Animals. For immunization of mice, the MAPS complex, CPS,
or protein/CPS mixture was diluted with saline solution (clinical grade) at the
indicated concentrations and then mixed with aluminum hydroxide (final
concentration 1.2 mg/mL) for overnight adsorption at 4 °C. Subcutaneous
immunizations were administered biweekly to C57BL6/J mice (n = 10 per
group) beginning at age 4–6 wk, in a total volume of 200 μL. Blood samples
were obtained at 2 wk after the first, second, or third immunization, as
indicated, for antibody and cytokine analysis.

For immunization of rabbits, the MAPS complex and CPS samples were
prepared as described above. Intramuscular immunizations were given to 4-
mo-old New ZealandWhite rabbits (Cocalico Biologicals), in a total volume of
500 μL. Peripheral blood samples were obtained before immunization and
after the third immunization for antibody analysis.

Pneumococcal Infection of Mice.All pneumococcal challengeswere performed at
2 wk after the last bleeding. In the NP colonization model, mice were inoculated
intranasally with 107 CFU of a serotype-6B strain (strain 0603) in 20 μL of PBS. To
quantify NP colonization, an upper respiratory culture was done 10 d later by
instilling sterile saline solution retrograde through the transected trachea of the
euthanized animal, collecting 0.1 mL from the nostrils, and plating dilutions of
samples on blood agar plates containing 2.5 μg/mL gentamicin.

In the aspiration-pneumonia challenge model, immunized mice were
gently anesthetized with isoflorane, held supine, and given a 100-μL

intranasal inoculation containing 106 CFU of a serotype-3 strain (WU2) as
described previously (23). The mice were evaluated for any evidence of
illness at least twice daily. A blood culture was obtained from any ill-
appearing animal for detection of bacteremia before euthanasia with
CO2 inhalation and terminal exsanguination. In all cases, blood cultures
obtained from ill-appearing mice confirmed the presence of pneumococcal
bacteremia.

Statistical Analysis. Statistical analyses were performed using PRISM version
5.0 (GraphPad Software). All data on antibody titer, cytokine concentration,
and NP colonization densities were analyzed using theMann–WhitneyU test,
and differences in survival were analyzed using the Mantel–Cox test. Sta-
tistical analyses were performed between animal groups that received
protein/PS mixture or MAPS complex, unless indicated otherwise. All bar
graphs represent mean ± SEM.
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