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Vaccination remains the most effective public health tool to prevent infectious diseases. Many vaccines are marginally effective
and need enhancement for immunocompromised, elderly, and very young populations. To enhance immunogenicity, we ex-
ploited the biphasic property of the (RADA)4 synthetic oligopeptide to create VacSIM (vaccine self-assembling immune matrix),
a new delivery method. VacSIM solution can easily be mixed with antigens, organisms, and adjuvants for injection. Postinjec-
tion, the peptides self-assemble into hydrated nanofiber gel matrices, forming a depot with antigens and adjuvants in the aque-
ous phase. We believe the depot provides slow release of immunogens, leading to increased activation of antigen-presenting cells
that then drive enhanced immunogenicity. Using recombinant hepatitis B virus surface antigen (rHBsAg) as a model immuno-
gen, we compared VacSIM delivery to delivery in alum or complete Freund’s adjuvant (CFA). Delivery of the rHBsAg antigen to
mice via VacSIM without adjuvant elicited higher specific IgG responses than when rHBsAg was delivered in alum or CFA. Eval-
uating IgG subtypes showed a mixed Th1/Th2 type response following immunization with VacSIM, which was driven further
toward Th1 with addition of CpG as the adjuvant. Increased specific IgG endpoint titers were observed in both C57BL/6 and
BALB/c mice, representative of Th1 and Th2 environments, respectively. Restimulation of splenocytes suggests that VacSIM
does not cause an immediate proinflammatory response in the host. Overall, these results suggest that VacSIM, as a new delivery
method, has the potential to enhance immunogenicity and efficacy of numerous vaccines.

Vaccines remain the single greatest public health tool to combat
infectious diseases. Vaccine formulation and delivery are key

to the ability of vaccines to induce the desired immune responses.
One goal of vaccine delivery is to present vaccine antigens in a
manner that enhances antigen-presenting-cell (APC) activation,
leading to antigen/organism uptake and processing of vaccine an-
tigen(s). Delivery methods or adjuvants that safely enhance vac-
cine immunogenicity/efficacy are desirable for vaccines that are
marginally effective and for vaccines administered to low re-
sponders or immunocompromised populations. Additional goals
are to reduce the number of doses required to induce effective,
vaccine responses and to reduce the amount of vaccine/dose, es-
pecially when a single dose of vaccine is administered, as with
annual influenza vaccines. Lastly, in pandemics, a vaccine that
produces high titers after a single administration would be bene-
ficial. Recent advances in the understanding of how innate mech-
anisms influence adaptive immunity have led to more rational
design in the development of new vaccine adjuvants and delivery
systems.

Aluminum salts were the first adjuvants licensed for human
vaccines in the 1920s. The licensure of non-aluminum salt adju-
vants took an additional 80 years (1). One reason for this long gap
is that the principles of adjuvant activity were largely unknown;
thus, the development of adjuvants was empirical, Moreover,
many adjuvants, including Freund’s adjuvant, were reactogenic
and not acceptable for licensure (2). Recent methods to improve
vaccine delivery have taken several approaches, including the use
of virosomes (3–5), vector-based methods (6–8), liposome-based
methods (9–11), and the use of more traditional formulation with
adjuvants (12–17). Each of these methods has some drawbacks, in
terms of reactogenicity, regulatory issues, product stability, or
time required for formulation; however, each of these methods
focuses on presenting the vaccine as a particulate.

To enhance vaccine immunogenicity over that seen when con-
ventional alum-based delivery methods are used, we focused on
identifying ways to deliver vaccines such that vaccine antigens are
released over time. This led to our development of a new vaccine
delivery method we call VacSIM (vaccine self-assembling immune
matrix). VacSIM is based on the unique properties of the
(RADA)4 synthetic oligopeptide and other biopolymers (18–22).
The (RADA)4 synthetic oligopeptide was created by Zhang (22)
and commercialized by 3-D Matrix Inc. for cell scaffolding and is
currently in clinical trials for wound healing (PuraStat), tissue
repair (23), and dental implant scaffolding (PuraMatrix) (24). As
such, it has already undergone third-party reactogenicity and tox-
icity testing (25). VacSIM is composed solely of the (RADA)4
synthetic oligopeptide. Thus, it is biocompatible and biodegrad-
able. Ex vivo, a 1.0% VacSIM solution is in liquid phase, resulting
in the flexibility to mix virtually any antigen, organism, and adju-
vant. Upon injection into tissue, VacSIM self-assembles into hy-
drated nanofibers (26), forming a gel matrix depot, which entraps
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and concentrates vaccine components in the aqueous phase at the
injection site (27). We hypothesize that the vaccine depot allows
slow egress of antigen out of the gel pores, leading to persistent
release of antigen, which is considered to be important in the
development of robust adaptive immunity and memory responses
(28, 29). We theorize that slow release of antigen and possible
cellular infiltration of the VacSIM gel depot increases activation
and maturation of antigen-presenting cells, which then drive
more robust adaptive responses. Further, it is possible that the gel
depot protects vaccine components from degradation.

VacSIM is different from other hydrogels, such as alginates and
methacrylates, as well as microneedle and layer-by-layer technol-
ogy, as all of these require polymerization ex vivo (30–35). Further,
it is different from other self-assembling peptide (SAP) technolo-
gies, such as the Q11 peptide, where the antigenic motif must be
directly conjugated to the SAP (36–38). In contrast, VacSIM is
prepared by simply mixing SAP and antigens prior to administra-
tion.

The biphasic property of VacSIM, coupled with the inert na-
ture of the resultant vaccine gel depot, provides novel technology
that can be translated for use in a multitude of vaccines. In this
study, we tested the ability of VacSIM to enhance specific immune
responses to the recombinant hepatitis B virus surface antigen.

MATERIALS AND METHODS
Immunizations. Five- to seven-week-old female BALB/c or C57BL/6
mice were purchased from Harlan Laboratories, housed under specific-
pathogen-free conditions, and allowed to acclimate for 1 week prior to
manipulation. All animal work was performed in accordance with all
applicable policies and approved by the University of Georgia institu-
tional animal care and use committee. Mice were immunized subcutane-
ously with recombinant hepatitis B virus surface antigen (rHBsAg), sub-
type adw (5 �g; Fitzgerald Industries, Inc., North Acton, MA, USA), with
or without CpG (50 �g; ODN 1826; InvivoGen, Inc., San Diego, CA,
USA), via alhydrogel (250 �g; Inject Alum; Thermo Fisher Scientific, Inc.,
Pittsburgh, PA, USA) with or without CpG, by VacSIM with or without
CpG, or in Freund’s (13 �l; Sigma-Aldrich Co., St. Louis, MO, USA) or
sham immunized with VacSIM or phosphate-buffered saline (PBS), at a
maximum volume of 200 �l per injection site. Three or four weeks later, as
indicated in the figures, mice were administered a second, identical im-
munization.

Antibody responses. For the kinetic experiments, blood samples were
collected from all immunized and control mice weekly, beginning at week
�1 prior to primary immunization. rHBsAg-specific antibodies in sera
were analyzed by enzyme-linked immunosorbent assay (ELISA). Briefly,
plates were coated with 4 �g/ml rHBsAg before singly diluted serum (1:
800 for IgA and IgG2a and 1:1,200 for IgM, IgG, and IgG1) was added.
Antibodies specific for rHBsAg were detected by horseradish peroxidase
(HRP)-conjugated secondary antibodies (1:2,000 anti-IgA, 1:2,500 anti-
IgM, and 1:2,500 anti-IgG from Santa Cruz; 1:1,000 anti-IgG1 and 1:1,000
IgG2a from Invitrogen). Plates were developed with SureBlue TMB
(3,3=,5,5=-tetramethylbenzidine) 1-component substrate (KPL), and the
reaction was stopped by the addition of 2 N sulfuric acid. To evaluate the
IgG1/IgG2a ratio, we multiplied the absorbance values by the dilution
factors of the sera to normalize prior to dividing. For nonkinetic studies,
all methods remained the same except that mice were bled prior to im-
munization and after each subsequent immunization. Each sample of
serum was diluted serially for endpoint titer antibody analysis, and sam-
ples with undetectable antibody were assigned a value below the detection
limit.

ELISpots. Splenocytes were obtained 3 weeks postprime or 2 weeks
postboost and then stimulated for 20 h to evaluate HBsAg-specific cell-
mediated responses using gamma interferon (IFN-�) enzyme-linked im-

munospot assay (ELISpot), according to the manufacturer’s instructions
(BD Biosciences, San Francisco, CA, USA). Briefly, single-cell suspensions
(3 � 105 and 1.5 � 105 cells per well) were cultured at 37°C with 5% CO2

for 20 h in complete medium (RPMI 1640 [HyClone, Thermo Scientific,
Logan, UT, USA] supplemented with 10% fetal bovine serum [FBS], 100
U/ml penicillin, 100 �g/ml streptomycin, antimycotic, nonessential
amino acids, and �-mercaptoethanol [Sigma-Aldrich, St. Louis, MO,
USA]). Cells were stimulated with 1 �g/ml concanavalin A (ConA), 20
�M HBs-specific peptide [S28-39; IPQSLDSWWTSL (synthesized at
more than 95% purity [Biosynthesis Inc., Lewisville, TX, USA] and dis-
solved in dimethyl sulfoxide [DMSO] prior to dilution in culture me-
dium) or left unstimulated. ELISpot plates were developed with 3-amino-
9-ethylcarbazole (AEC) substrate, and spot-forming units (SFU) were
counted using an immunospot analyzer (Cellular Technology Limited).
The SFU value was expressed as the mean for triplicate cultures per
mouse.

Flow cytometry. Splenocytes collected at 3 weeks postprime and 2
weeks postboost were stimulated for 3 days with 5 �M HBs S28-39 pep-
tide and 40 U/ml recombinant interleukin 2 (rIL-2) (Peprotech) for as-
sessment of molecular specificity. Briefly, HBs peptide was bound with
H2-Ld DimerX reagent (BD) at 37°C overnight and incubated with sec-
ondary antibody (A85-1-PE; BD) and isotype control (mouse IgG1�
[mIgG1�]; BD). Two million restimulated splenocytes were stained with
DimerX-HB reagent, anti-CD8 Pacific Blue antibody (BD), and viability
dye (live/dead near-infrared fixable dye; Invitrogen). Live cells were ac-
quired using a BD LSRII flow cytometer and analyzed with FACSDiva
software (BD).

Cytokine responses. Splenocytes were isolated 2 weeks postboost and
tested for rHBsAg-specific cytokine production. Single-cell suspensions
(1.5 � 106/ml) were cultured at 37°C with 5% CO2 in complete medium
and stimulated with 1 �g/ml ConA or 5 �g/ml rHBsAg or left unstimu-
lated. Levels of tumor necrosis factor alpha (TNF-�) and IFN-� were
quantified after 24 and 48 h culture, IL-5 after 48 h, IL-4 at 48 and 72 h,
and IL-10 after 72 h, each in triplicate, by ELISA, according to the manu-
facturer’s instructions (BD).

Statistical analyses. Except for the kinetic studies whose results are
shown in Fig. 1A, all data are represented by box-and-whisker plots, rang-
ing from the minimum value to the maximum, with the mean displayed as
a plus sign. Statistical analyses (one- or two-way analyses of variance
[ANOVAs] with Bonferroni posttests) were performed using Prism 5
(GraphPad, La Jolla, CA, USA). Differences were considered statistically
significant when P values were �0.05, as indicated by asterisks in the
figures.

RESULTS

Using recombinant hepatitis B surface antigen (rHBsAg) as a
model immunogen, we compared the VacSIM delivery to that of
rHBsAg in alum or Freund’s, with or without CpG as a model
adjuvant for use with VacSIM and alum.

VacSIM enhances and sustains specific humoral immunity.
To assess humoral immunity, total rHBsAg-specific IgA, IgM, and
IgG titers were quantified at various times postimmunization and
are presented in Fig. 1A. Mice immunized with VacSIM-delivered
rHBsAg had higher specific IgM levels than CFA-delivered antigen
(Fig. 1B, top) (P 	 0.05) 21 days after a single injection. When
mice were given rHBsAg administered with CpG adjuvant and
delivered by VacSIM, IgM levels were higher than those in all
other groups except those receiving antigen by VacSIM without
CpG adjuvant. Mice immunized with rHBsAg in VacSIM devel-
oped anti-rHBsAg IgG antibody within 2 weeks postprime. At 21
days postprime (Fig. 1B, bottom), mice receiving rHBsAg in Vac-
SIM had significantly higher levels of rHBsAg-specific IgG anti-
bodies than mice immunized with rHBsAg alone (P 	 0.0001) or
rHBsAg with the standard adjuvant/delivery methods, CpG (P 	
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0.0001), alum (P 	 0.0001), or Freund’s (P 	 0.05). When
rHBsAg was delivered by CpG-adjuvanted VacSIM, the IgG levels
postprime were higher than those obtained with CpG-adjuvanted
alum delivery of rHBsAg (P 	 0.0001) and all other groups (P 	
0.0001). One week postboost (Fig. 1A), levels of antibodies were
similar between groups, with the exception that the group immu-
nized with rHBsAg in VacSIM plus CpG had higher specific IgA
levels than mice immunized with rHBsAg in Freund’s. Immuni-
zation via VacSIM, compared to immunization with CpG, alum,
or Freund’s adjuvant, generated higher levels of specific antibody
responses after only a single injection, which remained elevated
postboost.

To determine if immunization using VacSIM would alter
rHBsAg-specific IgG isotype responses, we measured rHBsAg-
specific IgG1 and IgG2a levels in mice after the prime and boost. As
shown in Fig. 1C, the IgG1/IgG2a ratio elicited in vivo shows that
VacSIM delivery drove a mixed Th1/Th2 response, which could

be skewed further toward the Th1 type by the inclusion of CpG. As
expected, mice immunized with Freund’s trended toward a Th1
response, and those immunized with alum trended toward a Th2
response, which could be driven toward Th1 by addition of CpG.
Overall, these data show that single immunization with VacSIM
enhances specific antibody responses over that seen with single
immunization in the absence of adjuvants or with conventional
adjuvants such as alum or Freund’s.

To determine if host Th1/Th2 bias would alter the effect of
VacSIM, both C57BL/6 and BALB/c mice (Th1 and Th2 biased,
respectively) were immunized in a prime-boost manner, 3 weeks
apart, and serum was collected 3 weeks postboost. Tenfold serial
dilutions of the serum were analyzed by ELISA, as described in
Materials and Methods. The reciprocal value of the last dilution
showing a positive value after baseline correction was recorded as
the endpoint titer. As shown in Fig. 2, rHBsAg delivered by Vac-
SIM and CpG had high titers of all antibody types tested. Evaluat-

FIG 1 rHBsAg-specific humoral responses are enhanced and sustained by VacSIM delivery. (A) Kinetic evaluation of rHBsAg-specific IgA, IgM, and IgG
antibodies in sera of immunized BALB/c mice (n 
 10, pooled from 2 independent experiments) were determined by ELISA. Immunization times are indicated
by arrowheads. (B) rHBsAg-specific IgM (top) and IgG (bottom) levels from sera collected 21 days postimmunization. (C) The IgG1:IgG2a ratio was determined
at 35 days postimmunization. Statistical differences (*, P 	 0.05; **, P 	 0.01; ***, P 	 0.001; ****, P 	 0.0001) were determined by two-way ANOVA with
Bonferroni posttest.
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ing specific antibodies in serum showed high IgM, IgG, IgG1, and
IgG2b endpoint titers in both C57BL/6 and BALB/c mice.

Together, these results indicate that immunization of mice
with rHBsAg using VacSIM substantially improves and sustains
humoral immunity while requiring fewer doses and that it can be
used in a variety of host environments.

VacSIM induces rHBsAg-specific cellular responses. rHBsAg-
specific cytotoxic-T-lymphocyte (CTL) responses were evaluated
after the prime and boost by IFN-� ELISpot and flow cytometry
upon restimulation of splenocytes with the dominant CD8-re-
stricted peptide epitope (Fig. 3). All delivery methods tested re-
sulted in specific IFN-� ELISpot responses. Responses in groups
administered rHBsAg via VacSIM with and without CpG were not
significantly higher than those in other groups. When molecular
specificity of the CTL was examined by flow cytometry, all groups
showed an increase in percentage of CD8� T cells with T cell
receptors specific for the immunodominant epitope. Responses in
the group immunized with rHBsAg adjuvanted with alum were
significantly higher than the others, but only after the boost.

We analyzed cytokine responses to rHBsAg at 2 weeks post-
boost. Splenocytes were stimulated with rHBsAg ex vivo for 24 to
72 h, and levels of Th1 and Th2 cytokines were determined as an
estimate of the Th1/Th2 cytokine balance of the host. Figure 4A
shows the levels of the proinflammatory cytokines IFN-� and
TNF-�, collected at 24 and 48 h after ex vivo rHBsAg restimulation
of splenocytes. As expected, splenocytes from mice administered
phosphate-buffered saline (PBS) or VacSIM, without rHBsAg co-
administration, had minimal IFN-� secretion, whereas immuni-
zation with rHBsAg alone resulted in a dramatic increase in IFN-�
at 24 h. Similarly, splenocytes from mice immunized via VacSIM
without CpG made amounts of IFN-� and TNF-� similar to those
in splenocytes from mice immunized with only rHBsAg. Interest-
ingly, splenocytes from mice immunized using Freund’s adjuvant
delivery of rHBsAg had the lowest levels of IFN-� expression at 24
h, close to the amounts produced from splenocytes from PBS
(sham)- or VacSIM only-immunized mice., Surprisingly, spleno-
cytes from VacSIM with CpG-immunized mice had reduced
IFN-� expression at 24 h, compared to splenocytes from VacSIM-

FIG 2 Immunization with VacSIM increases rHBsAg-specific antibody titers in both Th1- and Th2-biased mouse models. Comparison of rHBsAg-specific
antibodies induced in mice immunized 3 weeks apart. The immunized and naïve groups had 5 and 4 mice per group, respectively. There are only 3 IgM values
for rHBsAg � CpG-immunized C57BL/6 mice, as sera were limited. Serum was collected 3 weeks postboost, and rHBsAg-specific IgM, IgG, IgG1 and IgG2b

endpoint titers were determined by indirect ELISA. Dashed lines indicate detection limits of the assay. Statistical differences (*, P 	 0.05; **, P 	 0.01; ***, P 	
0.001; ****, P 	 0.0001) were determined by one-way ANOVA with the Bonferroni posttest.
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rHBsAg, CpG-rHBsAg, and rHBsAg-alone groups. This result
suggests that VacSIM does not cause an immediate proinflamma-
tory response in the host. All remaining comparisons were not
significantly different from that obtained with antigen alone.

We assayed for IL-4, IL-5, and IL-10 at 48 and 72 h after
rHBsAg restimulation by ELISA (Fig. 4B). Cells from mice immu-
nized with rHBsAg in VacSIM or Freund’s adjuvant showed in-
creased levels of anti-inflammatory cytokines at both time points,
with significantly higher levels of IL-10 at 72 h than cells from
rHBsAg-only mice. Immunization via alum also induced a not
statistically significant increase in production of anti-inflamma-
tory cytokines. Addition of CpG to the immunogens inhibited
production of Th2 and anti-inflammatory cytokines.

Overall, these results suggest that VacSIM by itself is not pro-
inflammatory and that it has significant potential to enhance im-
munogenicity and efficacy of various immunogens.

DISCUSSION

Design and development of novel, nonreactogenic adjuvants, in-
cluding synthetic LPS derivatives such as glucopyranosyl lipid A
(GLA), are aimed at improving vaccine immunogenicity and effi-
cacy (14). Candidate vaccines have been defined for a number of
diseases that are currently unable to drive reasonable levels of

efficacy. For example, vaccines that need to drive robust CTL re-
sponses to kill intracellular pathogens induce weak Th1-biased
responses (39–41). Here, we compared a new delivery method
(VacSIM) to alhydrogel and CFA delivery of the rHBsAg im-
munogen, to determine if VacSIM delivery would drive enhanced
hepatitis B-specific humoral and cellular responses. For VacSIM,
alum and rHBsAg alone, we also compared immunization plus or
minus CpG as an adjuvant. The results demonstrate that delivery
of rHBsAg with VacSIM with or without CpGs functioned to in-
crease specific humoral (Fig. 1 and 2) and cellular (Fig. 3 and 4)
responses. Alum has been considered a reasonable, nonreacto-
genic adjuvant for years, promoting antigen presentation in a par-
ticulate form and enhancing internalization by APCs (42). The
results presented here show that for the rHBsAg, VacSIM is supe-
rior to alum, significantly enhancing the humoral response
postprime, by increasing antibody titers at earlier time points and
maintaining them in a sustained manner (Fig. 1). The ability of
VacSIM to increase early rHBsAg-specific adaptive immune re-
sponses may be due to the slow release of antigen from the gel
depot, possibly enhancing antigen uptake by APCs compared to
that seen when aluminum hydroxide particles or oil-in-water
emulsions are used.

A major focus for enhancing immunogenicity is activation of

FIG 3 Cell-mediated immunity is induced following immunization via VacSIM. Mice were immunized 4 weeks apart and rHBsAg-specific CD8� T cells were
enumerated by IFN-� ELISpot (A) and flow cytometry (B) of splenocytes harvested from mice (n 
 5, except n 
 1 for rHBsAg � Freund’s, due to lost samples)
at 3 weeks postprime (left) and 2 weeks postboost (right).
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the innate immune system by incorporating agents that ligate one
or more innate immune pattern recognition receptors on antigen-
presenting cells. Maturation of APCs is essential for priming an-
tigen-specific naive T cells, influencing both the magnitude and
the type of the T and B cell responses as well as the induction of
memory cells (2). Furthermore, the interaction of T cells and
APCs in the presence of immunomodulatory molecules (IL-4,
IL-2, IFN-�, IL-12, TGF-�, and/or other cytokines) defines the
lineage commitment of CD4� T cells to Th1 and Th2 subtypes.

We examined the T helper biasing of the humoral response by
evaluating IgG subtypes produced by the various immunization
schemes. Immunization using VacSIM resulted in a mixed Th1/
Th2 type antibody response, with more IgG1 than IgG2a. Adding
CpG to VacSIM skewed the response toward Th1. We also tested
biasing of cellular responses by analyzing antigen-specific re-
stimulation of splenocytes after the boost. In that context, VacSIM
induced a mixed Th1/Th2 type response, with high levels of all
cytokines. Interestingly, when CpG was added to rHBsAg and
VacSIM, the levels of all cytokines were reduced.

Conclusions. The VacSIM delivery system tested in this study

was superior to conventional delivery/adjuvants in driving early
immune responses. Given the flexibility afforded by VacSIM, dif-
ferential administration of adjuvants and delivery methods can be
employed to produce a Th2 or mixed-type response, depending
on the outcome desired for each vaccine target. In addition to our
studies on VacSIM delivery of recombinant subunit vaccines, we
are also evaluating VacSIM as a vaccine delivery method for par-
asitic and viral vaccines. In this regard, we are evaluating VacSIM
for delivery of influenza vaccines, including both whole inacti-
vated virus and subunit vaccines. A major goal of ongoing studies
is to determine the mechanism(s) whereby VacSIM delivery of
vaccines results in enhanced vaccine immunogenicity and effi-
cacy. Lastly, we are working to define optimal parameters for Vac-
SIM delivery, particularly the concentration of the (RADA)4 pep-
tide, as gel pore size will get smaller/larger with higher/lower
(RADA)4 concentration, respectively, altering the rate of antigen
release from the gel depot. Because VacSIM delivery leads to re-
lease of antigen from the gel depot over time, we also need to
optimize the interval between prime and boost and determine
whether VacSIM will function to deliver mucosal vaccines. In

FIG 4 VacSIM delivery produces a mixed Th1/Th2 type cellular response. Mice were immunized 4 weeks apart, and splenocytes were prepared from mice 2
weeks postboost. For rHBsAg-immunized mice, there are 10 mice per group and data were pooled from 2 independent experiments, whereas control groups
(PBS- and VacSIM-immunized) had only 5 mice per group. Splenocytes were restimulated with 5 �g/ml rHBsAg, and levels of proinflammatory (IFN-� and
TNF-�) (A) and anti-inflammatory (IL-4, IL-5, and IL-10) (B) cytokines were measured at 24, 48 or 72 h by ELISA. Statistical differences (*, P 	 0.05; **, P 	
0.01; ***, P 	 0.001; ****, P 	 0.0001) were determined by two-way ANOVA with Bonferroni posttest.
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summary, VacSIM delivery is a flexible “plug-and-play” platform
technology, representing a new approach for delivery of vaccines.
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