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A hybrid biological-biomaterial antigen delivery vector comprised of a polymeric shell encapsulating an
Escherichia coli core was previously developed for in situ antigen production and subsequent delivery. Due
to the engineering capacity of the bacterial core, the hybrid vector provides unique opportunities for
immunogenicity optimization through varying cellular localization (cytoplasm, periplasm, cellular sur-
face) and type (protein or DNA) of antigen. In this work, three protein-based hybrid vector formats were
compared in which the pneumococcal surface protein A (PspA) was localized to the cytoplasm, surface,
and periplasmic space of the bacterial core for vaccination against pneumococcal disease. Furthermore,
we tested the hybrid vector’s capacity as a DNA vaccine against Streptococcus pneumoniae by introducing
a plasmid into the bacterial core to facilitate PspA expression in antigen presenting cells (APCs). Through
testing these various formulations, we determined that cytoplasmic accumulation of PspA elicited the
strongest immune response (antibody production and protection against bacterial challenge) and
enabled complete protection at substantially lower doses when compared to vaccination with PspA
+ adjuvant. We also improved the storage stability of the hybrid vector to retain complete activity after
1 month at 4 �C using an approach in which hybrid vectors suspended in a microbial freeze drying buffer
were desiccated. These results demonstrate the flexibility and robustness of the hybrid vector formula-
tion, which has the potential to be a potent vaccine against S. pneumoniae.
� 2019 University at Buffalo, The State University of New York. Published by Elsevier Ltd. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Streptococcus pneumoniae is a major human bacterial pathogen
responsible for pneumococcal disease with outcomes spanning
pneumonia, otitis media, and bacteremia [1]. Pneumococcal infec-
tions are responsible for approximately 445,000 hospitalizations
and 22,000 deaths per year in the US alone [2]. Globally, the impact
of this pathogen is far greater as it represents one of the primary
causes of death in children under five, particularly in low-income
regions [3,4]. The current standard of care in the prophylactic
treatment against S. pneumoniae is glycoconjugate vaccines, such
as Prevnar 13, which contain capsular polysaccharides (CPSs) from
multiple S. pneumoniae serotypes conjugated to a carrier protein
(i.e., CRM197) [5]. Although the implementation of pneumococcal
conjugate vaccines (PCVs) has significantly reduced the burden of
pneumococcal disease in high income countries [6], significant
concerns regarding the long term utility of this approach remain.
Glycoconjugate vaccines provide potent serotype-specific protec-
tion; however, current PCVs cover only 13 of the 90+ disease-
causing serotypes of S. pneumoniae. Furthermore, the geographic
variations in serotype prevalence as well as niche replacement by
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non-vaccine type (NVT) serotypes [7] create a pressing need for
pneumococcal vaccines with increasing valency. Manufacturing
challenges associated with PCVs limit perpetual expansion of cov-
erage to effectively deal with emergent and less invasive serotypes
[8].

The deficiencies of PCVs have encouraged the development of
alternative vaccination strategies utilizing conserved protein anti-
gens due to the potential for serotype-independent coverage
[9,10]. Furthermore, protein vaccines do not require the chemical
synthetic step (reductive amination) required for the scaled manu-
facture of glycoconjugate vaccines. To date, attempts to develop
protein-based pneumococcal vaccines have included histidine
triad protein D (PhtD), pneumolysoid, pneumococcal choline-
binding protein A (PcpA), and pneumococcal surface protein A
(PspA) [11–13]. PspA, in particular, represents a model pneumo-
coccal protein antigen and has been studied extensively for its abil-
ity to prompt a humoral response and provide a degree of
protection against pneumococcal disease in mice [14–17]. Conven-
tionally, such protein antigens are delivered in conjunction with
adjuvants (e.g., Complete Freund’s Adjuvant (CFA) or alum) to
enhance or modulate the vaccination strategy due to the limited
immunogenicity of protein-based subunit vaccines compared to
alternative killed or attenuated bacterial options [18]. Such adju-
vants often elicit antibody-driven humoral responses; however,
recent evidence suggests that cellular immunity also plays an
important role in the clearance and prevention of bacterial infec-
tions such as S. pneumoniae [19,20].

Live bacterial vectors (LBVs) delivering protein antigens repre-
sent a promising alternative to traditional adjuvants. Pathogen-
associated molecular patterns (PAMPs), which interact with recep-
tors on antigen presenting cells (APCs), are innately associated
with bacterial systems and enable the stimulation of a mixed cel-
lular and humoral immune response [21,22]. Furthermore, this
approach harnesses cellular machinery to rapidly produce protein
antigens within the bacterial cell, thus, serving as a delivery vehicle
and providing a consolidated and cost-effective methodology for
in situ antigen production [21]. To date LBVs, such as attenuated
Salmonella and lactic acid bacteria (i.e., Lactococcus and Lacto-
bacilli), have been used to deliver PspA within immunization stud-
ies against S. pneumoniae [23–26].

Taking advantage of this approach, we developed a hybrid
biological-biomaterial vector, hereafter known as the ‘‘hybrid vec-
tor,” comprised of a nonpathogenic E. coli core and a cationic poly-
meric coating [27]. Like LBVs, the hybrid vector naturally expresses
PAMPs and is a size optimal for APC uptake (�2 µm) [28], which
results in comparable or stronger immune reactivity properties rel-
ative to traditional adjuvants [22]. In addition, the delivery and
adjuvant properties of this vector were further enhanced by coat-
ing the E. coli core with a cationic polymer (D4A4), chosen from
a library of poly(beta-amino esters) screened for optimal APC
delivery, covalently tethered to mannose (D4A4-Man) to accentu-
ate APC recognition and localization through receptor-mediated
targeting [27,29–31]. Upon phagocytic uptake by APCs, antigens
within the hybrid vector would be selectively delivered via the nat-
ural endosomal-lysosomal processing of foreign bodies for down-
stream immune presentation. Certain versions of the hybrid
vector also include heterologous expression of the listeriolysin O
(LLO) gene from Listeria monocytogenes to prompt endosomal
escape upon intracellular uptake and lysosomal processing initia-
tion by APCs [27], with the objective of routing antigen delivery
for enhanced cellular presentation (Fig. 1).

Preliminary work with the hybrid vector demonstrated
improved protection against pneumococcal pneumonia and sepsis
when compared to traditional vaccine formulations (i.e., PspA
+ alum, PspA + CFA) by delivering PspA accumulated within the
bacterial periplasm [22]. We initially tested the improved long-
term stability of this particular hybrid vector construct by identify-
ing the storage conditions aligned with cold chain requirements
(i.e., 2–8 �C) [32]. In addition, we sought to enhance the immuno-
genicity and protective efficacy of the hybrid vector to highlight its
potential as an effective pneumococcal vaccine. This was accom-
plished by evaluating the impact subcellular localizations and anti-
gen types had on the hybrid vector’s potency. Immunogenicity and
protective efficacy of these formulations were analyzed through
antibody titers and in pneumococcal challenge models, respec-
tively. The results herein represent the development of a second-
generation hybrid vector formulation with the potential to provide
strong and lasting protection against pneumococcal disease.
2. Results and discussion

2.1. Storage stability assessment

For many vaccine formulations, vaccine activity can be signifi-
cantly reduced when stored outside of cold-chain (i.e.,
temperature-controlled supply chain) temperatures [33], which
typically ranges from 2 to 8 �C. For prolonged durations [34], live
attenuated vaccines, in particular, have demonstrated pronounced
sensitivity to temperature fluctuations [32]. To test the stability of
the hybrid vector design, we assessed a version developed previ-
ously (the periplasmic hybrid vector [PHV]) [22]. The hybrid vector
vaccine demonstrated complete loss in activity after two weeks of
storage in phosphate-buffered saline (PBS) at 4 �C (Fig. 2A and B).
Therefore, we applied methods known to improve the retention
of immunogenicity of the hybrid vector. We tested the impact that
several storage buffers (trehalose and a microbial freeze drying
buffer [storage buffer]) and desiccation had on the hybrid vector’s
stability when stored for various durations (1, 7, 14, 28 days) at
4 �C.

Stability of the stored hybrid vector was determined through
quantifying the antibody response and protective efficacy of the
hybrid vector in a sepsis challenge model for both the aqueous
and desiccated storage formats. Long-term aqueous storage in
PBS, trehalose, and the storage buffer resulted in a more pro-
nounced loss of immunogenicity (Fig. 2A) and protection
(Fig. 2B) when compared to the freshly-prepared formulation.
However, desiccating the hybrid vector improved retention of
immunogenicity (Fig. 2A) and protective efficacy (Fig. 2C) across
all storage solutions. For example, survival in mice immunized
with vectors desiccated from PBS and trehalose stored for 1 week
increased from 16% to 83% and 67% to 100%, respectively. However,
the largest improvement was observed using the storage buffer,
which offered complete protection after a month-long storage per-
iod in the desiccated format. These results demonstrate that the
hybrid vector can retain activity within the cold chain, thus,
increasing its utility as a pneumococcal vaccine solution.
2.2. Antigen localization and production within the hybrid vector

The previously developed PHV featured a truncated form of
PspA (amino acids 1-302) localized to the periplasm and provided
protection against pneumococcal pneumonia in murine models
[22]. Since the D4A4-Man polymeric coating portion of the hybrid
device had been previously optimized for APC targeting [22], we
focused upon the antigen content of the bacterial core in the course
of this study. We initially varied the cellular localization of PspA,
localizing the truncated gene encoding PspA (from the plasmid
used in the PHV construct) to plasmids designed to direct protein
products to the cytoplasm and bacterial surface (Fig. 1), thus, gen-
erating two new hybrid vector formulations. Cytosolic targeting
was achieved using the commercially available plasmid
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Fig. 2. Evaluation of the periplasmic hybrid vector storage. (A) Relative antibody titers from mice immunized with periplasmic hybrid vector stored in PBS, trehalose, and
storage buffer in both aqueous and desiccated formats for varied lengths of time relative to freshly prepared vector. Error bars represent 95% confidence intervals of three
replicates. (B) Pneumonia challenge model in mice vaccinated with various hybrid vector formulations with PBS (sham) controls. (C) Pneumonia challenge model in mice
vaccinated with various hybrid vector formulations with sham controls. The 4 Wk samples in trehalose performed identical to the 2 Wk samples. Aqueous storage (AS),
desiccated storage (DS).
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pETDuetTM-1, thus, creating the cytoplasmic hybrid vector (CHV).
Alternatively, the surface hybrid vector (SHV) variant achieved sur-
face localization of PspA by fusion to an E. coli membrane protein
(cytolysin A [ClyA]), which has been shown in recent studies to
localize fusion partners such as GFP and b-lactamase to the bacte-
rial surface without altering biological activity [35,36]. In this
study, cellular localization of PspA was assumed through use of
the aforementioned expression plasmids. However, we acknowl-
edge that future efforts to experimentally confirm PspA bacterial
localization (or to confirm alternative antigens) would be needed
to further strengthen subsequent results in comparing the final
hybrid vector variants.

Once the bacterial strains of the three hybrid vectors had been
finalized, culturing conditions (induction time, induction tempera-
ture, and isopropyl b-D-1-thiogalactopyranoside (IPTG) inducer
concentration) for each of these constructs were varied systemati-
cally to optimize the soluble PspA titer by lysing formulated hybrid
vectors and quantifying protein in the supernatant using a densit-
ometry analysis of SDS-PAGE gels (Fig. 3A & B). This was compared
to the whole-cell protein (all protein contained within the hybrid
vector), which includes insoluble protein. Comprehensive results
for whole-cell and soluble protein concentrations can be found in
Supplementary Table 1. Through this analysis, it was found that
the maximum yield of soluble PspA (119.4 µg/OD600nm) was
obtained when the CHV was induced with 1 mM IPTG and grown
at 37 �C for 8 h (Supplementary Table 1). However, when com-
pared to protein produced at 30 �C for 8 h, the higher temperature
conditions generally result in a marked reduction in PspA solubility
(Supplementary Table 1). This decrease in overall PspA solubility
was most pronounced (76%) for the periplasmic hybrid vector
(PHV) after an 8-hour induction using 100 µM IPTG, indicating that
PspA thermal stability may be reduced within the bacterial peri-
plasm (Fig. 3C). Interestingly, however, we observed that even with
conditions that resulted in insoluble protein antigen content, the
associated hybrid vector could still retain vaccine effectiveness
(Fig. S1). Induction conditions of 30 �C for 8 h were determined to
be optimal for hybrid vectors to retain protein solubility while max-
imizing protein yield. Finally, in an effort to limit the costs associated
with IPTG, used to induce gene expression [37], we decreased the
induction concentration to 100 µMwhich reduced final protein yield
by an average of 36%. In this way, we obtained hybrid vectors with
optimized PspA production (economically and scientifically) for
use in immunogenicity and efficacy experiments.

2.3. Immunogenicity and protective efficacy of protein expressing
hybrid variants

The PHV was previously tested as a vaccine option against
pneumococcal pneumonia when 107 vectors were administered
per dose [22]. Consequently, mice were subcutaneously (SC)
immunized with 107 vectors of PHV, CHV, and SHV formulations,
which resulted in PspA ranging from 0.2 to 0.7 µg/dose depending
on the formulation (Table 1). It should be noted that despite the
presence of lipopolysaccharides (LPS) in the E. coli membrane,
the hybrid vector did not elicit any adverse effects, a result we have
repeatedly observed [22,27] and likely due to the overall reduced
toxicity associated with the base bacterial strain of the hybrid vec-
tor [38] and the attenuating and complementary adjuvant proper-
ties contributed by the surface cationic polymers [27,39]. As shown
in Fig. 4A, vaccine immunogenicity following the initial immuniza-
tion was positively correlated with PspA concentration. However,
this trend was not apparent during the secondary immune
response (i.e., post booster). When immunized mice were chal-
lenged with S. pneumoniae D39 (Serotype 2), only the CHV and
PHV offered complete (100% survival) protection during the pneu-
monia challenge model (Fig. 4C). These two formulations also out-
performed the SHV formulation in the sepsis challenge model, with
the CHV and PHV providing complete or near complete (83% sur-
vival) protection, respectively (Fig. 4B). However, the differences
in protection provided by the various formulations most likely
result from the inconsistent PspA doses administered (Table 1)
rather than antigen localization within the hybrid vector.

To eliminate PspA level as a variable, immunizations were stan-
dardized to 1 µg soluble PspA that, based on previous results
(Fig. 4), is able to provide complete protection using the CHV.
The number of cells per dose for each vector is tabulated in Table 1
and ranges from 1.32 to 5.93 � 107. While all hybrid vector formats
were capable of eliciting strong relative antibody titers, immuniza-
tion with the CHV and the SHV represented the most immunogenic
formulations, with no statistically significant difference between
the two (p = 0.98) (Fig. 5A). In the comparison between the CHV
and SHV formats, however, it is important to recognize the differ-
ence in total vector numbers administered (Table 1). The >4-fold
vector number increase for the SHV format relative to the CHV for-
mat suggests that vector-specific aspects (e.g., adjuvant capability)
may also be contributing to resulting outcomes, while also sug-
gesting that antigen localization influences results on a per antigen
and per hybrid vector basis. Variation in immune response due to
antigen localization did not have an impact on the efficacy of the
hybrid vector at doses of 1 µg soluble protein, as all formulations
provided complete protection (time to death � 21 days) in the sep-
sis challenge model (Fig. 5B). This likely indicates that all hybrid
vector formulations delivered a PspA dose greater than that of
the minimum effective dose. As such, further experimentation is
required to confirm whether localization impacts protection at
lower PspA concentrations. Regardless, the hybrid vector demon-
strates a strong response when compared to the control 15 µg
PspA + CFA/IFA, which only extended the time to death to approx-
imately 5 days, a result that has been observed in previous studies
[22]. The only control in this study capable of providing complete
protection in pneumococcal pneumonia challenge (100 µg PspA
+ CFA/IFA; Fig. 4C) was unable to provide complete protection in
the sepsis challenge (Fig. 4B). In contrast, the CHVwas able to provide
complete protection against both sepsis and pneumonia with only
1 lg of PspA. In other words, the hybrid vector can elicit compara-
ble/stronger immune responses with greatly reduced PspA levels rel-
ative to standard vaccination strategies, likely due to the inherent
adjuvant properties associated with the bacterial and biomaterial
components and vector-specific features (hybrid component design,
phagocytic size restriction) that heighten antigen delivery.

PspA localization also had an impact on the antibody class dis-
tribution, exemplified by the class-switching from immunoglobu-
lin M (IgM) to immunoglobulin G (IgG) within B cells, which was
most pronounced for SHV and CHV (Fig. 5C). As IgM to IgG anti-
body class-switching often signifies the generation of immunolog-
ical memory [40], and therefore is a strong indication of the long-
term success of a vaccination strategy [41], the CHV and SHV
demonstrate significant potential for providing potent protection
against pneumococcal disease. Despite eliciting varying levels of
IgG expression, localization had minimal impact on the IgG sub-
type profile (i.e., IgG1:IgG2a ratio), as detailed in Table 2. While
values ranged from 1.58 to 0.31, the ratios still represent a bal-
anced IgG1:IgG2a response [42]. As IgG1 and IgG2a signify Th2
and Th1 responses, respectively, in mice [42,43], this data also sug-
gest that the hybrid vector generates a balanced Th1/Th2 response.
Despite the common belief that clearance of S. pneumoniae is pri-
marily dependent on a Th2 response, recent evidence now suggests
that this response may limit complement binding to the bacterial
surface. In contrast, a balanced Th1/Th2 ratio has been shown to
improve complement binding and bacterial clearance [44]. There-
fore, as most adjuvants used in anti-bacterial vaccines elicit a pri-
marily Th2 response [45], the balanced response generated by the
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Table 1
Hybrid vector and PspA administration concentrations.

Hybrid vector
variant

Hybrid vector dose for 1 µg
PspA

PspA dose (µg/dose) for
107 Hybrid Vectors

Soluble
protein

Insoluble

Cytoplasmic 1.32 � 107 0.70 0.17
Periplasmic 2.39 � 107 0.36 0.10
Surface 5.93 � 107 0.26 0.04
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hybrid vector should provide improved protection against pneu-
mococcal disease when compared with standard adjuvants.

Combined, these results suggest that PspA localization to either
the bacterial cytoplasm or surface can improve immunogenicity
relative to the original PHV formulation. Both the CHV and SHV eli-
cited a more robust immune response with a greater shift towards
IgG production. While there was no statistical difference between
the immune responses generated by these vectors, the CHV pro-
duced 3.5� more soluble PspA than the SHV, indicating that this
vector not only has the greatest potential to provide lasting protec-
tion against pneumococcal disease, but also provides the best
opportunity for dose reduction when dose is defined by hybrid vec-
tor count. In other words, the CHV offers the potential for a �4-fold
decrease in the number of hybrid vectors required to achieve com-
plete protection when compared to the SHV. Therefore, we can
conclude that the CHV represents the next generation in the devel-
opment of the hybrid vector for pneumococcal disease application.
2.4. Hybrid vector as DNA vaccine

The hybrid vector was designed to increase uptake and process-
ing by APCs [27,29–31], thus, serving as a potential DNA vaccine
delivery vehicle. Although most efforts in DNA vaccine develop-
ment have been directed towards validating therapeutic vaccines
against cancers and intracellular pathogens [46,47], this strategy
has recently been applied to extracellular bacterial diseases (e.g.,
Pseudomonas aeruginosa [48]) due to the ability for DNA vaccines
to stimulate both humoral and cellular immune responses [49].
Moreover, such approaches have also demonstrated potential for
providing protection against S. pneumoniae [46,50]. For example,
immunization with a DNA vaccine vector expressing the 2/3C-
terminal half of PspA resulted in a 75% pneumococcal sepsis sur-
vival rate in a murine model [50].

In previous studies, the hybrid vector demonstrated improved
results relative to commercially available gene delivery systems
such as FuGENE HD, JETPEI, and OmniFect when delivering the
gene for green fluorescent protein (GFP) to macrophages [27]. To
conduct a comparative assessment of the hybrid vector in a gene
delivery format (used to deliver plasmids containing pspA) versus
the protein antigen hybrid vectors presented earlier in the study,
two variants were designed to direct antigen delivery and expres-
sion within APCs: (1) the plasmid hybrid vector (pHV) and (2) pHV
+ LLO. The pHV contains the standard hybrid vector core trans-
formed with the mammalian expression plasmid pcDNA3.3-pspA,
forming the bacterial strain BL21(DE3)/pcDNA3.3-pspA, while the
pHV + LLO vector uses the strain YWT7-hly (a strain containing
an IPTG-inducible T7-hly [i.e., LLO] cassette in the BL21(DE3) chro-
mosome) [27,51] transformed with pcDNA3.3-pspA (YWT7-hly/
pcDNA3.3-pspA). The pHV + LLO construct has been genetically
designed to produce LLO, a pore-forming protein previously shown
to facilitate antigen cargo escape from the APC phagosome [51,52].
Therefore, inclusion of LLO within the hybrid vector core was pre-
dicted to enhance the escape of plasmids from phagosomes and
promote antigen expression by APCs.
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Mice were immunized with hybrid vectors containing genetic
cargo encoding pspA. Both the pHV and pHV + LLO formulations
promoted improved immunogenicity relative to the 15 µg PspA
+ CFA/FA control (Fig. 6A), indicating successful uptake and expres-
sion of PspA by APCs. No statistically significant difference
(p = 0.31) in resulting antibody levels was observed between the
pHV and pHV + LLO hybrid vectors; therefore, we are unable to
conclude any impact resulting from the inclusion of LLO upon this
metric of delivery assessment. Neither vector was capable of elic-
iting an antibody class shift (Fig. 6B), possibly due to the intracel-
lular PspA production within the APCs. Antigens produced in this
manner are predominantly loaded onto MHC class I molecules,
which then activate cytotoxic T cells (CD8+ T cells) instead of the
CD4+ T cells needed to trigger the switch from IgM to IgG produc-
tion within B cells [49,53]. Data in Table 2 did however suggest a
balanced Th1/Th2 response when using the DNA versions of the
hybrid vector.

When immunized mice were challenged with S. pneumoniae
D39, the pHV + LLO outperformed the pHV, despite the lack of sta-
tistically relevant differences between the antibody responses, in
both the sepsis (Fig. 6C) and pneumonia (Fig. 6D) models. Specifi-
cally, the addition of LLO improved murine survival from �6 days
to �12 days in both models. This 2-fold increase in time to death
provided by the addition of LLO suggests enhanced release of the
mammalian expression plasmid from the APC lysosome, thus,
improving PspA gene delivery and eventual production. However,
neither DNA hybrid vector provided improved protection when
compared to the 100 µg PspA + CFA control and neither was able
to confer complete protection (i.e., 21-day and 14-day survival
for sepsis and pneumonia, respectively). As such, the DNA hybrid
vector variants were unable to match the effectiveness of their
protein-producing counterparts.

While the DNA hybrid vectors did not confer complete protec-
tion, the immunogenicity of this strategy could be improved by
applying established DNA vaccine enhancing techniques [54]. For
example, previous studies have demonstrated that priming with
a DNA vaccine can improve antibody production following vacci-
nation with recombinant proteins while also providing a strong
cellular immune response [54]. This could be applied to the DNA
hybrid vectors by either boosting with recombinant PspA or one
of PspA-producing hybrid formulations described above. Due to
the versatility of the hybrid’s E. coli core, a protein producing
hybrid vector could simultaneously carry the mammalian expres-
sion plasmid. This technique, if successful, would represent a
unique solution to pneumococcal disease that combines the pro-
tective humoral response elicited by the protein hybrid vector with
the strong cellular immunity generated by a DNA vaccine.
3. Conclusion

In summary, systematic alteration of growth conditions, anti-
gen localization, and antigen type (i.e., protein and DNA) of the
PspA hybrid vectors resulted in complete protection against pneu-
mococcal disease when using the protein delivery variants, regard-
less of antigen localization. Localization of PspA to the cytoplasm
and the bacterial surface improved immunogenicity when com-
pared with the original PHV formulation. Due to its high PspA con-
tent (3.5� greater than the SHV), the CHV represented the optimal
hybrid formulation developed in this study on a per dose basis.
Furthermore, desiccation of the PHV hybrid vector suspended in
a microbial freeze drying buffer retained activity even after a 1-
month storage period at 4 �C. As such, these results further position
the hybrid vector as an effective vaccine delivery solution for pneu-
mococcal disease.

The applications of the hybrid vector, however, are not limited
to pneumococcal disease. Due to the innate cellular machinery
within the E. coli core, this vaccination strategy can easily be
altered to immunize against other bacterial targets by replacing
PspA with antigens associated with specific pathogens (e.g., M pro-
tein for Group A Streptococcus). Furthermore, the potential to
induce a cellular immune response by the DNA formulations sug-
gest that the hybrid vector may also be effective at providing pro-
tection against intracellular pathogens (e.g., tuberculosis and viral
diseases) or cancer. As such, the hybrid vector has the potential to
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Table 2
Ratio of IgG1 and IgG2a relative titers.

Hybrid vector variant IgG1/IgG2a ratio

Day 14 Day 28

Cytoplasmic 0.82 1.58
Periplasmic 1.25 0.31
Surface 0.94 0.79
Plasmid 1.54 1.03
Plasmid + LLO 1.19 1.46
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act not only as a vaccine option for pneumococcal disease but as a
versatile antigen delivery platform for a diverse set of challenging
diseases.

4. Materials and methods

4.1. Materials

Reagents utilized to make bacterial and cell culture media were
purchased from Thermo Fisher Scientific (Waltham, MA) and
Sigma-Aldrich (St. Louis, MO). Chemically defined bacterial growth
medium (CDM) was obtained from JRH Biosciences (Lexera, KS).
Sheep blood was purchased from Hemostat Laboratories (Dixon,
CA). Monomers were purchased from Sigma-Aldrich and TCI (Port-
land, OR). Acetone (HPLC), chloroform (HPLC), n-hexadecane (99%),
DMF (HPLC), and DMSO (�99.7%) were purchased from Thermo
Fisher Scientific. The D4A4-Man polymer used in this study was
synthesized as previously described [31,55–57]. PBS was pur-
chased from Life Technologies (Grand Island, NY). Microbial Freeze
Drying Buffer was purchased from OPS Diagnostics (Lebanon, NJ).
The plasmid pETDuetTM-1 was purchased from Novagen (Madison,
WI). All remaining chemicals and reagents were purchased from
Sigma-Aldrich.

4.2. Ethics statement

This study was carried out in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory Ani-
mals of the National Institutes of Health. All protocols were
approved by the Institutional Animal Care and Use Committee at
the University at Buffalo and all conditions for bacterial inocula-
tions and treatments were performed in order to minimize any
potential suffering of the animals.

4.3. Strains and plasmids

The gene encoding for a truncated form of PspA (amino acids 1
to 302) from S. pneumoniae Rx1 (Accession M74122) was
expressed using various plasmids within the bacterial core of the
hybrid vector. The pspA gene was cloned from pUAB055-pspA, a
periplasmic localization plasmid derived from pET20b [58], and
inserted into either pETDuet-1 or pGEX4T1-ClyA. The commer-
cially available plasmids pETDuet-1 and pGEX4T1-ClyA have been
previously designed to produce cytoplasmic- and surface-localized
(via fusion to the E. coli membrane protein, ClyA) protein products,
respectively. Recent studies demonstrate that the fusion of recom-
binant proteins to the C terminus of ClyA results in the localization
of the proteins to the bacterial surface without altering the biolog-
ical activity of the protein [35,36]. Plasmids were transformed into
the E. coli strain BL21(DE3) via chemical transformation. For the
DNA hybrid vector formulations, pspA was cloned into pcDNA3.3,
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a mammalian expression vector, to produced pcDNA3.3-pspA prior
to chemical transformation into E. coli strain BL21(DE3) to provide
the pHV. The background BL21(DE3) strain served as the empty
hybrid vector control in these experiments. To enhance hybrid vec-
tor escape from endosomes, pcDNA3.3-pspA was also transformed
into E. coli strain YWT7-hly (derived from BL21(DE3)), expressing
LLO [51], thus facilitating the pHV + LLO formulation.
4.4. Hybrid vector formation and analysis

The E. coli strains harboring the various pspA expression plas-
mids were individually cultured at 37 �C and 250 rpm in lysogeny
broth (LB) medium. Upon reaching an OD600nm value of 0.4–0.5,
cultures were induced with 100, 500, or 1000 lM IPTG (prompting
gene expression) and incubated for 0, 2, 4, 6, or 8 h at post-
induction temperatures of 22, 30, or 37 �C. The exceptions to this
approach were the BL21(DE3) and YWT7-hly strains utilized in
the DNA vaccine hybrid vector, carrying the pspA genetic antigen
(pcDNA3.3-pspA), which was induced with 100 lM IPTG and
grown for 3 hrs at 22 �C post-induction. Cultured bacteria were
then washed once and standardized to an OD600nm of 1.0 in
25 mM NaOAc (pH 5.15). D4A4-Man polymer was dissolved in
chloroform, desiccated, and resuspended at 1 mg/mL in 25 mM
NaOAc (pH 5.15) before being added to bacteria (1:1 v/v) and
mixed by vortexing (Analog Vortex Mixer; Fisher Scientific) on set-
ting 5 for 10 s. Following self-assembly of the hybrid vector for
15 min, the solutions were then diluted in PBS to the cell counts
specified in Table 1. Protein expression plasmid constructs were
analyzed using SDS-PAGE to quantify protein content within the
bacterial core of the hybrid devices. Briefly, PspA was purified
using a sequence of French press cellular disruption and fast pro-
tein liquid chromatography with a Ni-NTA column as described
previously [59] and Bradford assay-quantified samples were
loaded onto 12% polyacrylamide SDS-PAGE gels run at a constant
120 V to generate a standard curve where gels were visualized
using Coomassie staining and densitometry analysis (using ImageJ
software [https://imagej.nih.gov/ij/]). The standard curve (Fig. 3B)
was then utilized to quantify PspA content from gel band images
for various levels of hybrid vector aliquots (subtracting background
image data from controls), as we have reported earlier [22].
4.5. Hybrid vector stability testing

After assembly, the various hybrid vector formulations were
assessed for retention of immunogenicity over time and at differ-
ent storage conditions. For these studies, formulations were
assembled using the pUAB055-pspA hybrid vector, which was
induced for 8 h at 1 mM IPTG and 22 �C. Subsequently, these vec-
tors were pelleted and resuspended in various storage media that
included PBS, Microbial Freeze Drying Buffer (storage buffer), and
trehalose. For dessicated samples, aqueous hybrid vectors, pre-
pared in one of the three buffers, were dried using a desiccation
chamber connected to an external vacuum source at room temper-
ature until dry. Vector formulations were then stored at 4 �C for 1,

https://imagej.nih.gov/ij/
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7, 14, and 30 days prior to characterization. Characterization of
vector immunogenicity and protective efficacy was conducted via
murine challenge studies described below.

4.6. Immunization of animals

Outbred 6-week-old female CD-1 mice (Harlan Laboratories,
Indianapolis, IN) were used in immunization experiments. For
experiments with the protein-based hybrid vectors, as well as for
the stability studies, mice were immunized by subcutaneous (SC)
injection (200 lL) using 107 bacterial cells per dose. Associated
doses of PspA are listed in Table 1. Further studies used a standard-
ized 1 µg soluble PspA dose, determined using densitometry anal-
ysis of SDS-PAGE gels. Concentration of bacterial cells within each
hybrid vector dose ranged from 107 to 108 (determined using
OD600nm) and are listed in Table 1. For DNA hybrid vector experi-
ments, mice were immunized with SC injection of 107 bacterial
cells per dose. Immunization controls included sham (i.e., PBS; all
samples were prepared in PBS as the background solution), empty
hybrid vector, and PspA + complete Freund’s adjuvant (CFA) that
was replaced with Incomplete Freund’s Adjuvant (IFA) during
booster immunizations. CFA and IFA were supplemented with
PspA following the adjuvant manufacturer’s instructions. Soluble
PspA utilized in control samples was purified from recombinant
E. coli protein production cultures as described above. After
14 days, mice were boosted with the same formulations; however,
IFA replaced CFA adjuvant as noted above. At days 14 and 28, sam-
ples for antibody analysis were collected by retro-orbital bleeding
and clarified by centrifugation to collect serum.

4.7. Characterization of antibody production

To quantify antibody titers, an enzyme-linked immunosorbent
assay (ELISA) was conducted by coating a 96-well Costar high
binding polystyrene plate with 10 lg/mL PspA in tris-buffered sal-
ine (TBS) overnight for 4 �C. Available antibody binding sites on the
plate were blocked with 3% BSA in TBS-Tween 20 (TBS-T) for one
hour at 22 �C. Serum collected from immunized mice was diluted
into TBS-T in ratios of 1:1000, 1:5000, 1:7500 and 1:10,000 and
added to the plate. The plates were then incubated with mild agi-
tations at 37 �C for three hours. The secondary antibody (Anti-
Mouse IgG, IgA, IgM [H + L], IgE, Highly X-Adsorbed-Biotin) was
added to the wells in a 1:1000 ratio and agitated for two hours.
Streptavidin conjugated with alkaline phosphatase was then added
to each well in a 1:1000 ratio and allowed to shake for 30 min. The
substrate p-nitrophenyl phosphate was then added to develop the
signal and the reaction was quenched using 0.75 M NaOH after
15 min. The signal was quantified using a Synergy 4 Multi-Mode
Microplate Reader (BioTek Instruments, Inc.) spectrophotometer
at an absorbance of 405 nm.

4.8. Pneumococcal challenge studies

Challenge studies were conducted using the D39 S. pneumoniae
strain (Serotype 2) due to a notable virulence profile and accep-
tance as one of the harshest preclinical challenge strains [10].
The strain was initially grown on Todd-Hewitt agar plates supple-
mented with 0.5% yeast extract and 5% sheep blood and incubated
overnight at 37 �C. Single colonies were used to inoculate 5 mL
Todd-Hewitt broth containing 0.5% yeast extract and incubated
at 37 �C to an OD600nm of 0.6. At this point, S. pneumoniae D39 cells
used for challenge studies were washed once with and resus-
pended in PBS. Mice that had been immunized with the hybrid vec-
tor formulations as described above were then challenged via
intraperitoneal (IP; sepsis) or intranasal (IN) administration with
isoflurane (pneumonia) with 1 � 104 and 1 � 106 CFU of S. pneu-
moniae D39, respectively, on day 28 and monitored every four
hours for signs of morbidity (huddling, ruffled fur, lethargy, and
abdominal surface temperature). Mice found to be moribund were
euthanized via CO2 asphyxiation and subsequent cervical
dislocation.

4.9. Statistical evaluation

A two-tailed Student t test for unpaired data was used to deter-
mine the statistical significance of column comparisons. For multi-
variance analysis, a one-way analysis of variance (ANOVA) that
was corrected using the Bartlett variance test was applied. In addi-
tion, the Bonferroni multiple-comparison test was used for multi-
ple comparisons. For all tests, a P value of 0.05 was considered
significant. Statistical analysis was performed using the GraphPad
Prism software (version 7; GraphPad Software Inc., La Jolla, CA).
All data resulted from animal experiments using six subjects per
group.

Acknowledgments

The authors recognize support from NIH awards AI088485 and
AI117309 (BAP).
Competing interests

C.H.J., A.H., and B.A.P. are cofounders of Abcombi Biosciences
Inc., a company focused on vaccine design.
Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jvacx.2019.100012.

References

[1] Henriques-Normark B, Tuomanen EI. The pneumococcus: epidemiology,
microbiology, and pathogenesis. Cold Spring Harbor Perspect Med 2013;3(7):
a010215.

[2] Huang SS, Johnson KM, Ray GT, Wroe P, Lieu TA, Moore MR, et al. Healthcare
utilization and cost of pneumococcal disease in the United States. Vaccine
2011;29(18):3398–412.

[3] O’Brien KL, Wolfson LJ, Watt JP, Henkle E, Deloria-Knoll M, McCall N, et al.
Burden of disease caused by Streptococcus pneumoniae in children younger
than 5 years: Global estimates. Lancet (London, England) 2009;374
(9693):893–902.

[4] Liu L, Oza S, Hogan D, Perin J, Rudan I, Lawn JE, et al. Global, regional, and
national causes of child mortality in 2000–13, with projections to inform post-
2015 priorities: an updated systematic analysis. Lancet 2015;385
(9966):430–40.

[5] Gruber WC, Scott DA, Emini EA. Development and clinical evaluation of
Prevnar 13, a 13-valent pneumocococcal CRM197 conjugate vaccine. Ann NY
Acad Sci 2012;1263(1):15–26.

[6] Active bacterial core surveillance report, emerging infections program
network, Streptococcus pneumoniae, 2015. Centers for Disease Control and
Prevention; 2015.

[7] Weinberger DM, Malley R, Lipsitch M. Serotype replacement in disease
following pneumococcal vaccination: a discussion of the evidence. Lancet
(London, England) 2011;378(9807):1962–73.

[8] Bogaert D, van Belkum A, Sluijter M, Luijendijk A, de Groot R, Rümke HC, et al.
Colonisation by Streptococcus pneumoniae and Staphylococcus aureus in healthy
children. Lancet 2004;363(9424):1871–2.

[9] Bogaert D, Hermans PWM, Adrian PV, Rümke HC, de Groot R. Pneumococcal
vaccines: an update on current strategies. Vaccine 2004;22(17):2209–20.

[10] Li Y, Hill A, Beitelshees M, Shao S, Lovell JF, Davidson BA, et al. Directed
vaccination against pneumococcal disease. Proc Natl Acad Sci 2016;113
(25):6898–903.

[11] Pichichero ME, Khan MN, Xu Q. Next generation protein based Streptococcus
pneumoniae vaccines. Human Vacc Immunother 2016;12(1):194–205.

[12] Odutola A, Ota MOC, Antonio M, Ogundare EO, Saidu Y, Foster-Nyarko E, et al.
Efficacy of a novel, protein-based pneumococcal vaccine against
nasopharyngeal carriage of Streptococcus pneumoniae in infants: a phase 2,
randomized, controlled, observer-blind study. Vaccine 2017;35(19):2531–42.

https://doi.org/10.1016/j.jvacx.2019.100012
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0005
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0005
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0005
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0010
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0010
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0010
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0015
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0015
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0015
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0015
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0020
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0020
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0020
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0020
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0025
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0025
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0025
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0035
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0035
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0035
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0040
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0040
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0040
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0045
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0045
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0050
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0050
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0050
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0055
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0055
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0060
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0060
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0060
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0060


10 M. Beitelshees et al. / Vaccine: X 1 (2019) 100012
[13] Brooks WA, Chang LJ, Sheng X, Hopfer R. Safety and immunogenicity of a
trivalent recombinant PcpA, PhtD, and PlyD1 pneumococcal protein vaccine in
adults, toddlers, and infants: a phase I randomized controlled study. Vaccine
2015;33(36):4610–7.

[14] Briles DE, King JD, Gray MA, McDaniel LS, Swiatlo E, Benton KA. PspA, a
protection-eliciting pneumococcal protein: immunogenicity of isolated native
PspA in mice. Vaccine 1996;14(9):858–67.

[15] Briles DE, Hollingshead SK, Paton JC, Ades EW, Novak L, van Ginkel FW, et al.
Immunizations with pneumococcal surface protein A and pneumolysin Are
protective against pneumonia in a murine model of pulmonary infection with
Streptococcus pneumoniae. J Infect Dis 2003;188(3):339–48.

[16] Ogunniyi AD, Folland RL, Briles DE, Hollingshead SK, Paton JC. Immunization of
mice with combinations of pneumococcal virulence proteins elicits enhanced
protection against challenge with Streptococcus pneumoniae. Infect Immun
2000;68(5):3028–33.

[17] Crain MJ, Waltman WD, Turner JS, Yother J, Talkington DF, McDaniel LS, et al.
Pneumococcal surface protein A (PspA) is serologically highly variable and is
expressed by all clinically important capsular serotypes of Streptococcus
pneumoniae. Infect Immun 1990;58(10):3293–9.

[18] Vogel FR. Improving vaccine performance with adjuvants. Clin Infect Dis
2000;30(Supplement_3):S266–70.

[19] Kidd P. Th1/Th2 balance: The hypothesis, its limitations, and implications for
health and disease. Alt Med Rev: J Clin Therap 2003;8(3):223–46.

[20] HogenEsch H. Mechanisms of stimulation of the immune response by
aluminum adjuvants. Vaccine 2002;20(Suppl 3):S34–9.

[21] da Silva AJ, Zangirolami TC, Novo-Mansur MTM, Giordano RdC, Martins EAL.
Live bacterial vaccine vectors: an overview. Braz J Microbiol 2014;45
(4):1117–29.

[22] Li Y, Beitelshees M, Fang L, Hill A, Ahmadi MK, Chen M, Davidson BA, et al. In
situ pneumococcal vaccine production and delivery through a hybrid
biological-biomaterial vector. Sci Adv 2016;2(7).

[23] Wang S, Curtiss R. Development of Streptococcus pneumoniae vaccines using
live vectors. Vaccines 2014;2(1):49–88.

[24] Kang HY, Srinivasan J, Curtiss R. Immune responses to recombinant
pneumococcal PspA antigen delivered by live attenuated Salmonella enterica
serovar Typhimurium vaccine. Infect Immun 2002;70(4):1739–49.

[25] Seo SU, Kim JJ, Yang H, Kwon HJ, Yang JY, Curtiss Iii R, et al. Effective protection
against secondary pneumococcal pneumonia by oral vaccination with
attenuated Salmonella delivering PspA antigen in mice. Vaccine 2012;30
(48):6816–23.

[26] Campos IB, Darrieux M, Ferreira DM, Miyaji EN, Silva DA, Areas AP, et al. Nasal
immunization of mice with Lactobacillus casei expressing the pneumococcal
surface protein A: induction of antibodies, complement deposition and partial
protection against Streptococcus pneumoniae challenge. Microbes Infect
2008;10(5):481–8.

[27] Jones CH, Ravikrishnan A, Chen M, Reddinger R, Kamal Ahmadi M, Rane S, et al.
Hybrid biosynthetic gene therapy vector development and dual engineering
capacity. PNAS 2014;111(34):12360–5.

[28] Parsa S, Pfeifer B. Engineering bacterial vectors for delivery of genes and
proteins to antigen-presenting cells. Mol Pharm 2007;4(1):4–17.

[29] Jones CH, Chen M, Gollakota A, Ravikrishnan A, Zhang G, Lin S, et al. Structure-
function assessment of mannosylated poly(beta-amino esters) upon targeted
antigen presenting cell gene delivery. Biomacromolecules 2015;16
(5):1534–41.

[30] Jones CH, Chen M, Ravikrishnan A, Reddinger R, Zhang G, Hakansson AP, et al.
Mannosylated poly(beta-amino esters) for targeted antigen presenting cell
immune modulation. Biomaterials 2014;37C:333–44.

[31] Jones CH, Gollakota A, Chen M, Chung TC, Ravikrishnan A, Zhang G, et al.
Influence of molecular weight upon mannosylated bio-synthetic hybrids for
targeted antigen presenting cell gene delivery. Biomaterials 2015;58:103–11.

[32] Kumru OS, Joshi SB, Smith DE, Middaugh CR, Prusik T, Volkin DB. Vaccine
instability in the cold chain: mechanisms, analysis and formulation strategies.
Biologicals 2014;42(5):237–59.

[33] Hill AB, Kilgore C, McGlynn M, Jones CH. Improving global vaccine
accessibility. Curr Opin Biotechnol 2016;42:67–73.

[34] Kahn AL, Kristensen D, Rao R. Extending supply chains and improving
immunization coverage and equity through controlled temperature chain
use of vaccines. Vaccine 2017;35(17):2214–6.

[35] Kim J-Y, Doody AM, Chen DJ, Cremona GH, Putnam D, DeLisa MP. Engineered
bacterial outer membrane vesicles with enhanced functionality. J Mol Biol
2008;380(1):51–66.
[36] Gujrati V, Kim S, Kim S-H, Min JJ, Choy HE, Kim SC, et al. Bioengineered
bacterial outer membrane vesicles as cell-specific drug-delivery vehicles for
cancer therapy. ACS Nano 2014;8(2):1525–37.

[37] Briand L, Marcion G, Kriznik A, Heydel JM, Artur Y, Garrido C, et al. A self-
inducible heterologous protein expression system in Escherichia coli. Sci Rep
2016;6:33037.

[38] Chart H, Smith HR, La Ragione RM, Woodward MJ. An investigation into the
pathogenic properties of Escherichia coli strains BLR, BL21, DH5a and EQ1. J
Appl Microbiol 2000;89(6):1048–58.

[39] Chen H, Li P, Yin Y, Cai X, Huang Z, Chen J, et al. The promotion of type 1 T
helper cell responses to cationic polymers in vivo via toll-like receptor-4
mediated IL-12 secretion. Biomaterials 2010;31(32):8172–80.

[40] Xu Y, Xu L, Zhao M, Xu C, Fan Y, Pierce SK, et al. No receptor stands alone: IgG
B-cell receptor intrinsic and extrinsic mechanisms contribute to antibody
memory. Cell Res 2014;24:651.

[41] Pulendran B, Ahmed R. Translating innate immunity into immunological
memory: implications for vaccine development. Cell 2006;124(4):849–63.

[42] Ferreira DM, Darrieux M, Oliveira MLS, Leite LCC, Miyaji EN. Optimized
immune response elicited by a DNA vaccine expressing pneumococcal surface
protein A is characterized by a balanced immunoglobulin G1 (IgG1)/IgG2a
ratio and proinflammatory cytokine production. Clin Vacc Immunol: CVI
2008;15(3):499–505.

[43] Spellberg B, Edwards JJE. Type 1/Type 2 immunity in infectious diseases. Clin
Infect Dis 2001;32(1):76–102.

[44] Vadesilho CFM, Ferreira DM, Moreno AT, Chavez-Olortegui C, Machado de
Avila RA, Oliveira MLS, et al. Characterization of the antibody response elicited
by immunization with pneumococcal surface protein A (PspA) as recombinant
protein or DNA vaccine and analysis of protection against an intranasal lethal
challenge with Streptococcus pneumoniae. Microb Pathog 2012;53(5):243–9.

[45] Lee S, Nguyen MT. Recent advances of vaccine adjuvants for infectious
diseases. Immune Network 2015;15(2):51–7.

[46] Ferraro B, Morrow MP, Hutnick NA, Shin TH, Lucke CE, Weiner DB. Clinical
applications of DNA vaccines: current progress. Clin Infect Diseases: Off Publ
Infect Diseases Soc Am 2011;53(3):296–302.

[47] Sharma AK, Khuller GK. DNA vaccines: future strategies and relevance to
intracellular pathogens. Immunol Cell Biol 2001;79:537.

[48] Jiang M, Yao J, Feng G. Protective effect of DNA vaccine encoding pseudomonas
exotoxin A and PcrV against acute pulmonary P. aeruginosa infection. PLoS
ONE 2014;9(5):e96609.

[49] Ingolotti M, Kawalekar O, Shedlock DJ, Muthumani K, Weiner DB. DNA
vaccines for targeting bacterial infections. Exp Rev Vacc 2010;9(7):747–63.

[50] Miyaji EN, Dias WO, Tanizaki MM, Leite LC. Protective efficacy of PspA
(pneumococcal surface protein A)-based DNA vaccines: contribution of both
humoral and cellular immune responses. FEMS Immunol Med Microbiol
2003;37(1):53–7.

[51] Parsa S, Wang Y, Rines K, Pfeifer BA. A high-throughput comparison of
recombinant gene expression parameters for E. coli-mediated gene transfer to
P388D1 macrophage cells. J Biotechnol 2008;137(1):59–64.

[52] Walton CM, Wu CH, Wu GY. A DNA delivery system containing listeriolysin O
results in enhanced hepatocyte-directed gene expression. World J
Gastroenterol 1999;5(6):465–9.

[53] Stavnezer J, Guikema JEJ, Schrader CE. Mechanism and regulation of class
switch recombination. Annu Rev Immunol 2008;26:261–92.

[54] Saade F, Petrovsky N. Technologies for enhanced efficacy of DNA vaccines. Exp
Rev Vacc 2012;11(2):189–209.

[55] Jones CH, Ravikrishnan A, Chen M, Reddinger R, Kamal Ahmadi M, Rane S, et al.
Hybrid biosynthetic gene therapy vector development and dual engineering
capacity. Proc Natl Acad Sci 2014.

[56] Jones CH, Chen M, Ravikrishnan A, Reddinger R, Zhang G, Hakansson AP, et al.
Mannosylated poly(beta-amino esters) for targeted antigen presenting cell
immune modulation. Biomaterials 2015;37:333–44.

[57] Jones CH, Chen M, Gollakota A, Ravikrishnan A, Zhang G, Lin S, et al. Structure-
function assessment of mannosylated poly(b-amino esters) upon targeted
antigen presenting cell gene delivery. Biomacromolecules 2015;16
(5):1534–41.

[58] Briles DE, Ades E, Paton JC, Sampson JS, Carlone GM, Huebner RC, et al.
Intranasal immunization of mice with a mixture of the pneumococcal proteins
PsaA and PspA is highly protective against nasopharyngeal carriage of
streptococcus pneumoniae. Infect Immun 2000;68(2):796–800.

[59] Jones CH, Zhang G, Nayerhoda R, Beitelshees M, Hill A, Rostami P, et al.
Comprehensive vaccine design for commensal disease progression. Sci Adv
2017;3:10.

http://refhub.elsevier.com/S2590-1362(19)30013-0/h0065
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0065
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0065
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0065
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0070
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0070
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0070
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0075
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0075
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0075
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0075
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0080
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0080
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0080
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0080
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0085
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0085
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0085
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0085
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0090
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0090
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0095
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0095
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0100
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0100
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0105
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0105
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0105
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0110
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0110
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0110
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0115
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0115
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0120
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0120
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0120
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0125
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0125
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0125
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0125
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0130
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0130
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0130
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0130
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0130
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0135
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0135
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0135
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0140
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0140
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0145
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0145
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0145
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0145
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0150
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0150
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0150
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0155
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0155
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0155
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0160
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0160
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0160
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0165
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0165
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0170
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0170
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0170
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0175
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0175
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0175
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0180
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0180
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0180
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0185
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0185
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0185
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0190
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0190
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0190
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0195
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0195
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0195
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0200
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0200
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0200
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0205
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0205
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0210
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0210
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0210
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0210
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0210
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0215
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0215
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0220
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0220
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0220
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0220
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0220
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0225
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0225
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0230
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0230
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0230
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0235
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0235
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0240
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0240
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0240
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0245
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0245
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0250
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0250
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0250
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0250
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0255
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0255
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0255
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0260
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0260
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0260
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0265
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0265
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0270
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0270
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0275
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0275
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0275
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0280
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0280
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0280
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0285
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0285
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0285
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0285
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0290
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0290
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0290
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0290
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0295
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0295
http://refhub.elsevier.com/S2590-1362(19)30013-0/h0295

	Antigen delivery format variation and formulation stability through�use of a hybrid vector
	1 Introduction
	2 Results and discussion.
	2.1 Storage stability assessment
	2.2 Antigen localization and production within the hybrid vector
	2.3 Immunogenicity and protective efficacy of protein expressing hybrid variants
	2.4 Hybrid vector as DNA vaccine

	3 Conclusion
	4 Materials and methods
	4.1 Materials
	4.2 Ethics statement
	4.3 Strains and plasmids
	4.4 Hybrid vector formation and analysis
	4.5 Hybrid vector stability testing
	4.6 Immunization of animals
	4.7 Characterization of antibody production
	4.8 Pneumococcal challenge studies
	4.9 Statistical evaluation

	ack19
	Acknowledgments
	Competing interests
	Appendix A Supplementary material
	References


