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Abstract
Distributed and on-demand vaccine production could be game-changing for infectious disease
treatment in the developing world by providing new therapeutic opportunities and breaking the
refrigeration “cold chain”. Here, we show that a fusion protein between a calcium phosphate
binding domain and the model antigen ovalbumin can mineralize a biocompatible adjuvant in a
single step. The resulting 50 nm calcium phosphate core-immunogen shell particles are
comparable to soluble protein in inducing ovalbumin-specific antibody response and class switch
recombination in mice. However, single dose vaccination with nanoparticles leads to higher
expansion of ovalbumin-specific CD8+ T cells upon challenge with an influenza virus bearing the
ovalbumin-derived SIINFEKL peptide, and these cells produce high levels of IFN-γ. Furthermore,
mice exhibit a robust antigen-specific CD8+ T cell recall response when challenged with virus 8
months post-immunization. These results underscore the promise of immunogen-controlled
adjuvant mineralization for just-in-time manufacturing of effective T cell vaccines.
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The next generation of vaccines should provide potent and long-lasting immune responses,
have minimal side effects, and be safe, stable and easy to manufacture. This means moving
from attenuated or killed pathogens towards purer, protein-based subunit vaccines. It also
means compensating for the fact that subunit vaccines are less effective than traditional ones
by including macromolecules or particles in the formulation to enhance, sustain and/or direct
antigen immunogenicity.1 These added compounds are known as adjuvants and function
either as immunostimulants that are bound by pathogen-recognition receptors (e.g., Toll-like
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receptors) to boost immune responses, or as vehicles that optimize antigen delivery and
presentation to the immune system.1, 2

Delivery vehicles are amenable to engineering design (which includes changes in structure,
composition, morphology, physicochemical properties and conjugation of
immunostimulatory or targeting molecules)1, 3 and they hold potential for single dose,
needle-free vaccination.4 Aside from liposome-based and virus-like particles antigen
delivery systems, several of which are already licensed or undergoing clinical studies,
considerable attention has been paid to nanoparticles in the 20–100 nm size range because
they freely enter the lymphatic system following subcutaneous or intramuscular
injection.5, 6, 2 Once these nanoparticles reach the lymph nodes, antigens coupled to their
surface or entrapped within their cores have the opportunity to directly activate follicular B
cells (which drive antibody-mediated responses), and to be efficiently taken up by dendritic
cells which are powerful inducers of the T cell responses required for long-lasting humoral
and cell-mediated immunity.5, 7, 6, 8, 9 To date, such vaccinating nanoparticles have been
made from polyesters (PLA/PLGA), polyanhydride (PVM/MA), and polysaccharides
(inulin, alginate, hyaluronic acid and chitosan) which have a long record of biocompatibility
(see ref.2 and references within). However, while polymeric-based nanocarriers decorated
with immunogens can induce robust antibody-mediated responses, achieving the robust
CD8+ T cell responses and memory that are critical to the development of therapeutic
vaccines against viral infections and cancer7, 8 can require considerable engineering (e.g.,
ref.10).

Another major challenge in vaccinology is that immunogens are often proteins which are
prone to degradation, aggregation, oxidation or deamidation and that particulate vaccines are
susceptible to colloidal instability.9 This translates into limited shelf life and a need for
stabilizing excipients and refrigeration. We believe that a solution to breaking the cold chain
is distributed and just-in-time vaccine manufacturing. In this concept, a limited number of
vaccine doses sufficient to treat the affected population are rapidly produced in rudimentary
facilities at the time and place where they are most needed.

Solid binding peptides (SBPs) selected by combinatorial techniques for their ability to bind
inorganic surfaces can be used to control materials nucleation, growth, crystallography,
shape, size and function.11–15 By engineering SBPs within larger protein frameworks, it is
further possible to combine inorganic- and protein-associated activities, as we have for
example demonstrated by using a fusion protein between a zinc sulfide binding peptide and
an antibody-binding module to produce immunoglobulin-binding luminescent
nanocrystals.16, 17 The approach is appealing because an inorganic core-protein shell
nanostructure of defined dimension can be produced in a single step and in aqueous solvents
by the simple expedient of mixing protein with precursor salts.

Previously, we reported on the construction, expression and purification of TrxA::PA44, a
derivative of E. coli thioredoxin A (TrxA) containing a 12 residues-long calcium phosphate
(CaP) binding peptide called PA44 in place of the protein’s native Cys-Gly-Pro-Cys active
site loop. We used this fusion protein for the one-pot mineralization of sub-100 nm particles
consisting of an amorphous calcium phosphate core stabilized by a capping protein shell.
We further demonstrated that the resulting nanoparticles were slightly more effective than
alum-adjuvanted TrxA::PA44 at eliciting a humoral response in C57BL/6 mice vaccinated
subcutaneously as there was an about 3-fold increase in anti-TrxA IgG titers 21 days post-
injection.18 Here, we amplify on the just-in-time vaccine manufacturing concept by showing
that a fusion protein between TrxA::PA44 and the model antigen ovalbumin (OVA) is
suitable for the production of ≈ 50 nm CaP core-immunogen shell nanoparticles that support
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antibody class switch recombination and are potent inducer of antigen-specific CD8+ T cell
responses and memory.

Materials and methods
DNA Manipulations

Plasmid pTrxA::PA44-OVA which encodes a fusion protein between a calcium binding
variant of thioredoxin called TrxA::PA4418 and chicken ovalbumin (OVA) was constructed
as follows. A DNA cassette encoding OVA was PCR-amplified from plasmid pAc-neo-
OVAl,19 a kind gift from Mike Bevan (University of Washington), using primers 5′-
CAACTCAGACCTAGGCATGGGCTCC-3’ and 5′-
TCAGCTCTCTTCTTCTTAAGGGGAAACACAT-3′ to introduce AvrII and AflII
restriction sites. Plasmid pTrxA::PA44,18 and primers 5’-
GCGTCGACCTTAAGTAATCGTACAGGGTAGT-3’ and 5’-
GCAAGCCTAGGTTAGCGTCGAGGAAC-3’ were used to introduce the same restriction
sites in a large DNA fragment specifying most of pTrxA::PA44. Amplified DNAs were
digested with AvrII and AflII and the cassette encoding OVA was ligated to the
pTrxA::PA44 backbone that had been dephosphorylated with shrimp alkaline phosphatase.
Construct integrity was verified by DNA sequencing. A plasmid encoding an OVA-
TrxA::PA44 fusion protein was also built but no protein expression was detected
(presumably due to the fact that a stem-loop structure at the 5’ end of the ovalbumin mRNA
interferes with transcription)20 and the construct was abandoned.

Protein expression, refolding and purification
BL21(DE3) cells harboring pTrxA::PA44-OVA were grown to A600 ≈ 0.5 at 37°C in 500
mL of LB medium supplemented with 34 µg/mL chloramphenicol. Flasks (2L) were
transferred to a water bath held at 25°C for 10 min and protein synthesis was induced by
addition of 1 mM of isopropyl β-D-thiogalactopyranoside (IPTG). After 4h, cells were
harvested by centrifugation at 3,000 g for 15 min, and resuspended in 20 mM Tris-HCl, pH
7.5 supplemented with 2.5 mM EDTA and 1 mM PMSF to an A600 of 50. Cells were
disrupted by three cycles of homogenization on a French pressure cell operated at 10,000 psi
and the lysate was separated into soluble and insoluble fractions by centrifugation at 14,000
g for 15 min.

Pellets containing the inclusion body material were resuspended by vortexing into 5 mL of
buffer A (20 mM Tris-HCl, pH 7.5, 2.5 mM EDTA, 1 mM PMSF) supplemented with 1%
(v/v) Triton X-100. Following centrifugation at 14,000 g for 10 min, the supernatant was
discarded and the wash step was repeated once as above and twice more using buffer A
alone. Washed inclusion bodies were resuspended in 15 mL of buffer A supplemented with
6 M of guanidium hydrochloride and incubated at room temperature for 1h with gentle
shaking. After removing any remaining insoluble material by centrifugation at 14,000 g for
10 min, unfolded protein aliquots (5 mL) were refolded by dropwise addition into 95 mL of
buffer A with gentle stirring. The remaining guanidium hydrochloride was removed by 16 h
dialysis against 2L of buffer A, with buffer changes at 1h and 4h. The refolded protein was
filtered through a 0.45 µm cartridge and loaded on a 1 cm column packed with 5 g of DE52
Cellulose (Whatman) pre-equilibrated in buffer A. The column was developed at 1 mL/min
in buffer A and TrxA::PA44-OVA was eluted with 200 mM NaCl after a 50 mM NaCl step
to remove contaminants. Protein concentrations were determined using the Thermo Bradford
assay with BSA as a standard, and lack of endotoxin contamination was confirmed using the
Pyrogent-5000 LAL assay kit (Lonza).
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Nanoparticle mineralization and characterization
Calcium phosphate (CaP) nanoparticles were produced essentially as described.18 Briefly,
200 µL of a 16.7 mM Ca(NO3)2 solution were added dropwise to 1.8 mL of a well-stirred
mixture of 1.11 mM (NH4)2HPO4/NH4H2PO4, pH 7.5 supplemented with 4.44 µM
TrxA::PA44-OVA that had been previously incubated at 4°C for 30 min. After addition of
the calcium, the mixture was allowed to age at 4°C for 2 h with high-speed stirring with a
small magnetic bar. Endotoxin-free water and disposable glassware cleaned with acetic acid,
acetone and water was used in all steps.

Hydrodynamic diameters were measured by dynamic light scattering (DLS) on a Nano-ZS
Zetasizer (Malvern). For SEM imaging, samples (≈ 100 µL) were allowed to contact a
clean, ≈ 1 cm2 silicon wafers for 30 min and excess fluid was removed by wicking with a
laboratory tissue. The substrate was rinsed with ddH2O to remove salts, air dried and coated
with a 7–10 nm Au/Pd film. Micrographs were taken with a FEI Sirion SEM at 10 keV
acceleration voltage.

Mice, immunization and challenge
All mice were used in accordance with the guidelines of the Institutional Animal Care and
Use Committees of the University of Washington. A total of 24 C57BL/6J mice were
purchased from Jackson Laboratory. One group (n=8) was immunized with 18 µg of
TrxA::PA44-OVA in 1 mM ammonium phosphate. A second group (n=8) was immunized
with 18 µg of TrxA::PA44-OVA@CaP in 1.67 mM calcium nitrate and 1 mM ammonium
phosphate. The final group (n=8) was left unimmunized to serve as a control. A total volume
of 200 µl of control protein or nanoparticles (≈ 0.005% v/v) was administered by sub-
cutaneous injection. Mice were challenged at 4 months (n=1 animal per cohort) or 8 months
(n=6 animals per cohort) post-immunization with 1000 plaque forming units (PFU) of a
recombinant influenza virus A/WSN/1933 (WSN) carrying the transgene for chicken
ovalbumin (WSN-OVA).21 Following viral challenge, spleens were extracted from half of
the animals on day 7 while the remaining mice were monitored for weight loss every other
day. Animals were sacrificed if they lost more than 20% of their starting body weight.

Antibody titration
At 1, 2 and 4 weeks post-vaccination, mice were bled and serum was analyzed for
ovalbumin specific antibodies. In brief, 96-well micro-plates (Corning #3369) were coated
overnight at 4°C with chicken ovalbumin (Fisher Scientific #BP2535-5) in 0.2M anhydrous
sodium carbonate, 0.2M sodium bicarbonate, pH 9.2. Non-specific binding was blocked
using 5% fat free milk in 0.05% Tween Tris-buffered saline at 4°C overnight. After
discarding the blocking buffer, twofold serial dilutions of serum samples (or for standards
curve, titrated anti-chicken ovalbumin monoclonal antibody; Gene Script #A00852) were
added to the plates. After 2h incubation at 37°C, the plates were washed 3 times with 0.5%
fat free milk in 0.05% Tween Tris-buffered saline. Anti-mouse IgG or anti-mouse IgM
conjugated to Horseradish Peroxidase (Millipore) were added and plates were incubated at
37°C for 1h. After 3 wash cycles, plates were developed with TBM reagent (Fisher
Scientific) for 20 min. Reactions were stopped by addition of 2 M sulfuric acid and
absorbance was read at 450 nm using a plate reader (Molecular Devices).

Flow cytometry analysis
Spleen, lung, blood or pulmonary training lymph nodes single cell suspensions were
prepared essentially as reported.22 In brief, single cell suspensions of intra-parenchymal
lung lymphocytes were prepared by Liberase-Blendzyme (Roche) digestion of perfused
lungs in the presence of DNAse (Sigma-Aldrich). Single cell lymphocyte cell suspensions
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were also made from spleen and lung draining lymph node by crushing the tissues between
two frosted glass slides. Red blood cells in the above single cell suspensions were lysed
using the ACK RBC lysis buffer (Invitrogen). The cells were subsequently stained for
surface markers using anti-mouse monoclonal antibodies against CD3 (clone 145-2C11),
CD4 (clone RM4-5), CD8 (clone 53-6.7), CD44 (clone IM7) and CD62L (clone MEL-14)
obtained from Biolegend. Ova-specific CD8+ T cells were detected using the major
histocompatibility complex class I (H2Kb) restricted SIINFEKL tetramer (OVA 257–264)
tetramerized to APC or PE-conjugated streptavidin. The antibodies and tetramer were
diluted in a buffer containing 0.1% sodium azide and 2.5% fetal bovine serum and Fc
receptor blocking antibodies (anti-mouse CD16/32). All stains were done at saturating
concentrations and 4°C for 30 min. To detect IFN-γ, aliquots of single cell lymphocytes
suspensions were stimulated with SIINFEKL peptide and incubated for 4 h in complete
RPMI (RPMI 1640 supplemented with 10% FCS, 2 mM L-glutamine, 10 mM Hepes, 0.5
µM 2-mercaptoehtanol, 100 U/ml penicillin, and 100 µg/ml streptomycin) in the presence of
monensin (BD Golgi-Stop). Cells were then stained for surface markers as above and, after
permeabilization, stained for IFN-γ (XMG1.2, BD) and incubated at 4°C for 30 min. Cells
were fixed in 1% paraformaldehyde solution in PBS and analyzed on a LSRII flow
cytometer (BD) and the FlowJo software (Tree Star).

Results
Construction and purification of a calcium phosphate-binding ovalbumin variant

To further explore the potential of CaP core-protein shell nanoparticles for vaccine
formulation, we fused TrxA::PA44 to ovalbumin (OVA), thus combining a domain capable
of producing CaP nanoparticles by surface capping18 with a model antigen (Fig. 1A).
Because the resulting fusion protein accumulated as inclusion bodies when overexpressed in
E. coli (Fig. 1B), we purified TrxA::PA44-OVA by unfolding it in guanidium
hydrochloride, refolding it by dilution, and removing trace contaminants and endotoxins by
ion exchange chromatography as detailed in Materials and Methods.

Protein-aided fabrication of calcium phosphate core immunogen shell nanoparticles
We first sought to determine how the presence of the 45-kDa OVA extension would affect
the ability of TrxA::PA44 to control the mineralization of CaP nanoparticles. To this end, 4
µM of fusion protein in calcium nitrate buffer was added dropwise and with high agitation to
a sodium phosphate solution essentially as described18 and the mixture was allowed to age
for 2h. SEM imaging of gold-palladium coated samples (Fig. 2A) revealed the presence of
well-dispersed spheroids that were 75 ± 12 nm in diameter based on manual measurement of
n = 50 particles. This size is in good agreement with a hydrodynamic diameter of 44 ± 3 nm
obtained by dynamic light scattering (DLS) once the 7–10 nm thickness of the Au/Pd
coating used for SEM visualization is taken into account. It is also comparable to the size of
particles that we previously obtained with unfused TrxA::PA44 (70 ± 15 nm by SEM and 60
± 20 nm by DLS).18 Inspection of higher resolution SEM images (Fig. 2B) suggests that
each nanoparticle is formed by the agglomeration of nanometer size CaP clusters whose
accretion is quenched upon adsorption of the fusion protein. We conclude that the presence
of a full-length OVA domain does not interfere with the ability of TrxA::PA44 to prevent
bulk CaP precipitation and to stabilize colloidal suspensions of ≈ 50 nm particles by surface
capping.18

Biomineralized nanoparticle induce antibody class-switch recombination
Class switch recombination (CSR) occurs in B cells after they have been exposed to antigen
and costimulatory signals, proliferated, differentiated and migrated to the germinal centers
of secondary lymphoid organs (spleen, lymph nodes and tonsils).23, 24 CSR is typically
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dependent upon CD4+ T helper cells25, 26 and involves deletional recombination events that
target the heavy chain constant region of immunoglobulins and redirect antibody production
from IgM and IgD classes to the IgG, IgA and IgE isotypes. To determine if TrxA::PA44-
OVA-mineralized nanoparticles (thereafter referred to as TrxA::PA44-OVA@CaP) would
induce CSR, C57BL/6 mice were injected subcutaneously with the nanomaterial (Figure 3,
closed symbols) or the same amount of purified TrxA::PA44-OVA (open symbols) and
serum ovalbumin-specific antibodies were quantified. Figure 3A shows that both
formulations induced comparable levels of ovalbumin-specific pentameric IgM, the first
antibody produced, with a production peak at 7 days post-immunization followed by a rapid
decline in serum levels. As expected for a typical CSR process, the concentration of OVA-
specific IgG and IgG1 subclass antibodies started to rise at day 7 in both populations,
reached a plateau at day14 and remained elevated after 4 weeks (Figures 3B–C). Clearly, the
TrxA::PA44-OVA@CaP formulation does not interfere with CSR which implies that the
particles are capable of inducing antigen-specific CD4+ T cell responses. Nonetheless, the
lack of difference in the levels or dynamics of IgM, IgG and IgG1 accumulation indicates
that there is no distinct advantage in using the nanoparticle formulation over free protein if
one seeks to induce humoral immunity. Why we did not observe a small increase in antigen-
specific IgG titers as we previously did when using TrxA::PA44-mineralized particles
remains unclear but may be related to differences in immunization protocol, more efficient
uptake of the larger TrxA::PA44-OVA by dendritic cells, or to the higher immunogenicity
of the OVA domain relative to TrxA.

Biomineralized nanoparticle are more efficient than free protein at inducing antigen-
specific CD8+ T cell responses

Protein immunogens that have been uptaken by antigen presenting cells (e.g., dendritic cells)
are processed into peptides in the endolysosome, loaded onto major histocompatibility
complex (MHC) class II molecules, and exported to the cell surface for stimulation of CD4+

T helper cells. The latter collaborate with activated B cells to generate antibody-producing
plasma cells and memory B cells. In a process known as cross-presentation, antigens may
also be loaded onto MHC class I molecules to prime CD8+ T cells which produce immune
cytokines such as interferon (IFN)-γ and tumor necrosis factor (TNF)-α, play prominent
roles in clearing viral infections and eradicating tumors.8

Most of the currently licensed vaccines confer protection through the induction of antigen
specific antibody responses.7 However, some infections are not easily controlled by
antibodies and require the induction of antigen specific CD4+ T cells and cytotoxic CD8+ T
cells for protection. Because soluble and nanoparticle-bound TrxA::PA44-OVA induce
similar antibody responses and support CSR (Figure 3), both formulations likely activate
similar CD4+ T cell responses. To determine if antigen-specific CD8+ T cells responses
would be different, we performed a preliminary challenge experiment at 4 months in which
one mouse from the groups immunized with TrxA::PA44-OVA, TrxA::PA44-OVA@CaP or
left unimmunized, was subjected to intranasal administration of WSN-OVA. This
recombinant influenza virus contains the ovalbumin-derived (OVA 257–264) SIINFEKL
peptide in the stalk of the neuraminidase capsid protein.21 Mice were sacrificed 12 days
after viral infection and their lungs were analyzed for antigen specific CD8+ T cell responses
against OVA by flow cytometry. Figure 4A shows that the mouse vaccinated with
TrxA::PA44-OVA@CaP induced a 2.5 fold higher expansion of antigen (SIINFEKL)-
specific CD8+ T cell relative to the animal immunized with free protein, and a 40-fold
higher expansion compared to the unimmunized animal. Furthermore, when these cells were
re-stimulated in vitro with the SIINFEKL peptide, they produced twice as much IFN-γ than
those from the animal vaccinated with free protein (Figure 4B). On the other hand, while
lung cells from both immunized animals produced significantly more TNF-α upon peptide
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stimulation relative to cells from naïve mice, the vaccine formulation had no influence on
the levels of this cytokine (Figure 4C). Although conducted on a single mouse per group,
these experiments revealed an encouraging trend: immunization with the nanoparticle
formulation leads to larger numbers of antigen specific CD8+ T cells at the infection site and
these cells are capable of producing high-levels of the antiviral cytokine IFN-γ.

Nanoparticle-induced CD8+ T cells are long-lived and undergo enhanced recall responses
A critical concern for vaccine development is the longevity of antigen-specific responses
which often wane after 6 months.27 To determine how long nanoparticle-induced CD8+ T
cell memory would last, we waited an additional four months to repeat the intranasal WSN-
OVA challenge. In this 8 months study, we measured OVA-specific CD8+ T cells in the
spleen 7 days post-infection and monitored mice for weight loss. We used three animals per
group for each of these two experiments. Figure 5A shows that antigen-specific T cells
could be detected in the spleen of mice from each of the three groups. However, expansion
was highest in mice immunized with TrxA::PA44-OVA@CaP. Further underscoring the
performance of nanoparticles in eliciting T-cell memory, there were 4-times more
SIINFEKL tetramer-binding cells in the spleen of animals immunized with TrxA::PA44-
OVA@CaP compared to those vaccinated with free protein (Fig. 5B). These results are
comparable to, and in complete agreement with, the preliminary data of Fig. 4 in which mice
were challenged at 4 months post immunization. Finally, although infected animals
immunized with TrxA::PA44-OVA@CaP lost weight at an initial rate that was comparable
to that of control mice, we observed a small but statistically significant difference in weights
at day 8 (Fig. 5C). Moreover, whereas two animals from the unimmunized group and two
animals from the TrxA::PA44-OVA-vaccinated group were sacrificed at day 9 because they
had lost over 20% of their original weight, all mice from the TrxA::PA44-OVA@CaP-
immunized group retained 85 to 90% of their original weight at day 10.

Discussion
In this study, we have shown that ca. 50 nm calcium phosphate core-immunogen shell
nanoparticles fabricated in a single-pot reaction using a fusion protein between a CaP-
binding moiety and OVA are effective elicitors of cell mediated immunity. More
specifically, we found that immunization with this formulation is vastly superior to the use
of free protein in eliciting long-lasting CD8+ T cell responses with high-level IFN-γ
production and enhanced recall responses. This may be due to the fact that the mean
hydrodynamic diameter of our nanoparticles falls within the 40–50 nm size that has been
determined to be optimal for delivery to dendritic cells in the lymph nodes28, 29, 10, 30 and
for antigen cross-presentation in mice31. In addition, the presence of multiple immunogens
on each nanoparticle is likely to improve loading on class I MHC molecules as cross-
presentation of antigens attached or adsorbed to particles in the 20 nm to 3 µm size range is
more efficient than with soluble proteins.32, 33 The role of the inorganic core is less clear. A
possible explanation is that the kinetics of dissolution of amorphous CaP nanoparticles34 and
the associated rate of antigen release in the acidic phagosomes where 50 nm diameter
particles are preferentially transported35 are optimal for antigen cross-presentation.36

He and coworkers have previously entrapped/adsorbed viral proteins within micrometer-
sized CaP aggregates by co-precipitation and reported that this formulation induces a robust
antibody response in mice.37, 38 By analogy to aluminum-based adjuvants,39 this is likely
due to the ability of the CaP aggregates to function as immunogen depots that enhance T
helper cell responses through long-lasting antigen release. The small nanoparticles that we
produce through our biofabrication scheme are morphologically very different. They are
expected to readily drain to the lymph nodes5 and are thus unlikely to function as antigen
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depots. In addition, while multiple epitopes decorate each nanoparticle, they are not
presented in the repetitive geometry that is necessary for efficient cross-linking of B cell
receptors and strong B cell activation.6, 40 It is therefore not surprising that the antibody
response observed with the TrxA::PA44-Ova@CaP is comparable to that obtained with the
soluble protein. Nevertheless, our nanoparticle formulation activates CD4+ T helper cell
responses since it supports CSR.25, 26 If a strong antibody-mediated response is desired, it
should be straightforward to modify the design by tethering or adsorbing Toll-like receptor
(TLR) ligands such as CpG-containing oligodeoxynucleotides since these molecules have
proven quite effective at enhancing humoral immunity.41, 42

Conclusions
Just-in-time vaccine manufacturing requires simple production schemes with rudimentary
equipment and an end-product efficacy comparable to, or superior to that of conventionally
manufactured vaccines. Here, we have shown that a model immunogen consisting of a
fusion protein between a calcium phosphate-binding segment and OVA can be used to
mineralize its own adjuvant in a single mixing step. In mice, the resulting 50 nm CaP core-
immunogen shell nanoparticles induce an OVA-specific antibody response and CSR
comparable to the free protein. However, they are much more powerful at inducing OVA-
specific CD8+ T cell populations that secrete high levels of IFN-γ, are long-lived and exhibit
enhanced recall responses. The strategy described here should prove useful for the
distributed and on-demand production of T cell mediated therapeutic vaccines that hold
great promise for the treatment of infectious diseases but have so far been very challenging
to produce.
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Using rudimentary equipment and a fusion protein between a solid binding peptide and
an immunogen, we achieve single-pot mineralization of ≈ 50 nm calcium phosphate
core-protein shell nanoparticles. Mice vaccinated with this formulation experience robust
antigen-specific CD8+ T cell expansion and recall responses, highlighting the potential of
immunogen-controlled adjuvant mineralization for just-in-time manufacturing of T cell
vaccines.
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Figure 1.
(A) Schematic structure of the TrxA::PA44-OVA fusion protein. (B) SDS polyacrylamide
gel analysis of soluble (Sol) and insoluble (Ins) cellular fractions and of washed inclusion
bodies (IB) and refolded material (Refold). Lane M contains molecular mass markers.
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Figure 2.
SEM images of CaP nanoparticles produced in the presence of 4 µM of TrxA::PA44-Ova at
low (A) and high (B) magnification.
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Figure 3.
Age and sex-matched wild type C57BL/6 mice (n = 8 in each group) were immunized with
18 µg of soluble TrxA::PA44-OVA protein (O) or mineralized TrxA::PA44-OVA@CaP
nanoparticles (●). Mice were bled at the indicated times and the concentration of ovalbumin
specific IgM (A), IgG (B) and IgG1 (C) antibodies was determined. Horizontal bars
correspond to mean values and shaded boxes to standard errors.
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Figure 4.
Age and sex matched WT C57BL/6 were left un-immunized (n = 8) or were immunized
with 18 µg of soluble TrxA::PA44-OVA (n = 8) or TrxA::PA44-OVA@CaP nanoparticles
(n = 8). Four months post-immunization, one mouse per group was challenged with WSN-
OVA, a recombinant influenza virus carrying ovalbumin transgene. (A) Lungs were excised
after 12 days and single cell suspensions were analyzed for OVA-specific CD8+ T cells by
flow cytometry using a monoclonal antibody against the CD44 antigen (a marker for
effector-memory T cells) and H2Kb-restricted SIINFEKL tetramer. (B) Lung cells were re-
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stimulated in vitro with the SIINFEKL peptide or left un-stimulated and IFN-γ (B) or TNF-
α production (C) was determined using monoclonal antibodies against these cytokines.
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Figure 5.
Unimmunized mice (n=6) or animals from groups immunized with TrxA::PA44-OVA (n=6)
or TrxA::PA44-OVA@CaP (n=6) were challenged with WSN-OVA 8 months post-
vaccination. (A) Spleens were excised from three mice in each group after 7 days. Single
cell suspensions were analyzed for OVA-specific CD8+ T cells by flow cytometry using
anti-CD44 antibody and H2Kb-restricted SIINFEKL tetramer. (B) Quantification of H2Kb-
restricted SIINFEKL tetramer binding CD8+ T cells from the spleen of the mice. (C) The
remaining 3 animals in each cohort were monitored for weight loss.
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