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An issue with many current vaccines is the dependency on broadly inflammatory adjuvants, such as aluminum
hydroxide or aluminum salts that affect many immune- and non-immune cells. These adjuvants are not neces-
sarily activating all antigen-presenting cells (APCs) that take up the antigen and most likely they also activate
APCs with no antigen uptake, as well as many non-immune cells.

Conjugation of antigen and adjuvant would enable the use of smaller amounts of adjuvant and avoid un-
necessary tissue damage and activation of bystander cells. It would ensure that all APCs that take up the antigen
would also become activated and avoid that immature and non-activated APCs present the antigen to T cells
without a co-stimulatory signal, leading to tolerogenesis.

We have developed a novel vaccine that co-deliver antigen and a nucleotide adjuvant to the same APC and
lead to a strong activation response in dendritic cells and macrophages. The vaccine is constructed as a fusion-
protein with an antigen fused to the DNA/RNA-binding domain from the Hc2 protein from Chlamydia tracho-
matis. We have found that the fusion protein is able to package polyinosinic:polycytidylic acid (poly(I:C)) or
dsDNA into small particles. These particles were taken up by macrophages and dendritic cells and led to strong
activation and maturation of these cells. Inmunization of mice with the fusion protein packaged poly(I:C) led to
a stronger antibody response compared to immunization with a combination of poly(I:C) and antigen without the
Hc2 DNA/RNA-binding domain.

1. Introduction

Vaccination against pathogenic microorganisms have had tremen-
dous impact on human health and is one of the most important medical

cells (APC) and forms a local depot to ensure a prolonged exposure to the
antigen [4]. Many experimental adjuvants being investigated are ago-
nists of pattern-recognition receptors (PRRs), which recognize
pathogen-associated molecular patterns (PAMPs) and damage-

achievements. According to the World Health Organization, vaccination
against infectious diseases such as diphtheria, tetanus, whooping cough
and influenza effectively prevents the untimely death of 4-5 million
people annually [1]. Subunit and toxoid vaccines, as those mentioned
above, are widely used, since they are easy to produce and present no
risk of introducing disease [2]. However, such vaccines normally need
the addition of an adjuvant in order to induce a sufficient immune
response.

Adjuvants induce an early state of inflammation and prevent devel-
opment of tolerance towards the antigen. The most commonly used
adjuvants are salts or hydroxide of aluminum [3]. Mixed with antigen,
these aluminum compounds induce activation of antigen presenting
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associated molecular patterns (DAMPs), and activate APCs to support
a potent adaptive immune response [5,6]. These include Toll-like re-
ceptor (TLR) agonists such as polyinosinic:polycytidylic acid (poly(I:C)),
synthetic CpG oligodeoxynucleotides (ODN), and imiquimod. Poly(I:C)
is a synthetic double-stranded RNA and a known ligand for TLR3 [7].
Poly(I:C) and its derivatives have been evaluated in clinical trials, but so
far, they have not received approval as vaccine adjuvants [6]. Several
other TLR agonists are being investigated for their potential as adju-
vants, in particularly TLR9 agonists [8].

Typically, antigen and adjuvant are injected together. The amount of
adjuvant must be sufficient to activate local dendritic cells even though
some of the adjuvant will diffuse away from the site of injection [6,9].
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Fig. 1. Pmp8f-Hc2rep binds DNA or poly(I:C) to form small particles. (A) Visual representation pmp8f-Hc2rep fusion construct with DNA or poly(I:C) bound.
Generated using BioRender. (B) SDS-PAGE gel loaded with He2rep, pmp8f, and pmp8f-Hc2rep and stained with Coomassie blue. The expected sizes were 3.8 kDa
(Hc2rep), 15.6 kDa (pmp8f), and 19.4 kDa (pmp8f-Hc2rep). (C) Electrophoretic mobility shift assay. A fixed amount of DNA or poly(I:C) was mixed with increasing
amounts of protein and loaded on an agarose gel. (D) Electron microscopy of poly(I:C) and pmp8f-Hc2rep-poly(I:C) complexes. Two out of five representative images
are shown. Scale-bar represent 500 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

This can cause excessive local tissue damage from toxic effects of the
adjuvant on non-immune cells. The adjuvant will provide a maturation
signal to local dendritic cells that will begin to migrate towards the
draining lymph node, where a T-cell response can be initiated. The
migration will take place irrespective of whether the dendritic cells also
have taken up antigen or not. This may induce unintended immune
responses. On the other hand, local dendritic cells that have taken up the
antigen, but not sufficient amounts of the adjuvant, may fail to activate
T-cells or even induce anergy in antigen-specific T-cells.

Delivering antigen and adjuvant combined in a single molecule could
potentially be a useful strategy to achieve strong adaptive immune re-
sponses, while limiting off-target effects. Indeed, Barbuto et al. has
demonstrated that a DC-targeted anti-DEC205 antibody coupled to poly
(dA:dT) and antigen led to an efficient immune response with low
toxicity [10]. Using DNA vaccination and electroporation, Fredriksen
et al. demonstrated that a strong immune response was generated in
response to antigen delivered directly to APCs using a major histocom-
patibility complex (MHC) class II targeting antibody fusion protein [11].
We have previously shown that targeting CD11c on DCs with antibody-
coupled DNA, lead to dendritic cell maturation [12]. Further, we have
shown that targeting antigen to CD11c led to strong antibody production
in vivo [13,14]. Antigen-adjuvant formulations may be created by
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conjugating the molecules chemically [12]. It is, however, time
consuming and challenging to ensure structural uniformity of the vac-
cine from batch to batch using chemical methods.

Here, we present the production and characterization of two small
recombinant fusion proteins including an antigen and an
oligonucleotide-binding domain. We demonstrate that the constructs
does bind nucleotides, which leads to formation of fusion protein-
nucleotide complex particles. The complexes are internalized by mac-
rophages and dendritic cells, which become potently activated. Further,
we demonstrate that the antigen can be expressed on MHC-I molecules
on dendritic cells. In vivo, the fusion protein-nucleotide complexes
induce a strong antibody response, with no observed side effects.

2. Materials and methods
2.1. Generation and evaluation of peptide construct

Two DNA constructs were made in the pET-30 Ek/Lic plasmid
(Merck), one construct encoding amino acid region 341 to 443 (pmp8f)
of polymorphic membrane protein 8 (pmp8) (accession number,
PMP8_CHLPN), containing an T-helper cell epitope from Chlamydia
pneumoniae (Fig. S1) [15], and one where the pmp8f sequence is
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Fig. 2. Pmp8f-Hc2rep complexed with DNA or poly(I:C) binds to and become internalized by THP-1 cells. (A) Representative histograms of THP-1 cells treated with
pmp8f, pmp8f-Hc2rep + poly(I:C) or pmp8f-Hc2rep + DNA, washed and kept on ice (control) (red), or incubated for 30, 60, 90 and 120 min at 37 °C (green). (B)
Triplicate data from (A) showing the median fluorescence intensity (MFI). Statistically significant difference was measured using Two-way ANOVA, *p < 0.05 **p <
0.01 ***p < 0.001 ****p < 0.0001. (C) Type-I IFN production from THP-1-derived macrophages after stimulation with pmp8f-Hc2rep, nucleotides, pmp8f-Hc2rep +
poly(I:C), or pmp8f-Hc2rep + DNA. Statistically significant difference was measured using One-way ANOVA, ****p < 0.0001. Bars represent the mean + SEM. Data
are from three biological replicates. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Bone marrow-derived dendritic cells favor internalization of pmp8f-Hc2rep-poly(I:C) particles. (A) Flow cytometry gating strategy used in (B-E). (B) Binding
of poly(I:C), pmp8f-Hc2rep, and pmp8f-Hc2rep- poly(I:C) to the surface of BMDCs after 30 min of incubation, 2nd Ab: background staining control from secondary
antibody. (C) Analysis of triplicate data from (B), showing the median fluorescence intensity (MFI). (D) Internalization of pmp8f-Hc2rep and pmp8f-Hc2rep-poly(1:C)
by BMDCs after 0 and 120 min of incubation. (E) Triplicate data from (D), showing the MFI. Bars represent the mean + SEM. Data are from three biological rep-
licates. Statistically significant difference was measured using One-way ANOVA, ***p < 0.001.

followed by a sequence coding for 36 amino acids repeat (Hc2rep) from
the histone Hl-like C. trachomatis DNA-binding protein histone like
protein 2 (Hc2) (Fig. S2 and suppl. Table 1) [16]. Plasmids was trans-
formed into BL21 (DE3) E. coli (Merck) and protein expression was
induced by 1 mM isopropyl-beta-D-thiogalactoside (IPTG) in Luria broth
supplemented with 30 pg/ml kanamycin. The bacteria were lysed in 6 M
Guanidinium, 0.1 M NaH3POy4, 10 mM Tris, 0.1 % p-mercaptoethanol

2011

(v/v), 0.5 % Noidet P-40 (v/v), pH 8.0 and sonicated. Proteins were
collected by Ni**-affinity chromatography (GE Healthcare, UK). Three
washes with 60 % isopropanol were used to remove endotoxins [17].
Elution was performed by gradually lowering the pH of the elution
buffer (8 M urea, 0.1 M sodium dihydrogen phosphate, 10 mM Tris, pH
5.9-4.5) with 20 % acetic acid in 6 M Guanidinium, 0.1 M NaH5POy4, 10
mM Tris. The protein containing fractions were subsequently dialyzed
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Fig. 4. Pmp8f-Hc2rep and poly(I:C)-induced maturation of murine BMDCs. (A) Flow cytometry gating strategy for gating out CD11c" BMDCs were used in (B-C). (B)
Representative histograms showing the maturation induced by poly(I:C) and pmp8f-Hc2rep-poly(I:C) at various concentrations (0, 2.25, 5, 9, 18 pg/ml). Blue-green
profiles show treated samples and untreated control is shown in red. (C) Triplicate data from (B) showing the median fluorescence intensity (MFI) of CD40, CD86, and
MHC-II. Bars represent the mean + SEM. Data are from three biological replicates. UT: untreated control (PBS). Statistically significant difference from UT measured
using One-way ANOVA, **p < 0.01 ***p < 0.001 ****p < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

against PBS over membranes with a molecular weight cut-off of 6-8 kDa
(Spectra, USA). Endotoxin levels in purified proteins were determined
using a Limulus amebocyte lysate (LAL) assay (Thermo Fisher Scientific)
and was below 0.4 EU/mg. Recombinant Hc2rep was synthesized by
Fmoc solid-phase-peptide synthesis on an automatic ABI 433 synthesizer
(Applied Biosystems, Waltham, MA, USA) [16]. MHC-I and MHC-II
epitopes of ovalbumin for the OVApep-Hc2rep construct were pre-
dicted using MHC Binding Prediction (IEDB Analysis Resource) and
BepiPred-2.0 (DTU Health Tech, Denmark). The final construct was
synthesized by Schafer-N (Denmark) (Fig. S3).

2912

2.2. Cell growth and differentiation

Murine bone marrow was extracted from femur and tibia of BALB/c
mice and cultured in RPMI 1640 (Gibco) supplemented with 10 % FCS
(Thermo Fisher Scientific), 2 mM L-glutamine (Invitrogen), 100 U/ml
penicillin (Sigma), 100 pg/ml streptomycin (Sigma), 50 uM beta-
mercaptoethanol (Sigma), 1 ng/ml IL-4 (Miltenyi Biotech Norden),
and 40 ng/ml GM-CSF (Miltenyi Biotech Norden) for 10 days, with fresh
IL-4 and GM-CSF added on day 3, 5 and 7. On day 10, non-adherent
immature bone marrow-derived dendritic cells (BMDCs) were
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Fig. 5. Maturation response of moDCs to pmp8f-Hc2rep-poly(I:C) particles. (A) Flow cytometry gating strategy used in (B-C). (B) Representative histograms from (C),
showing the maturation markers CD86, HLA-DR, and CD83 after stimulating moDCs with pmp8f-Hc2rep (5 ug/ml), poly(I:C) (5 ug/ml), pmp8f-Hc2rep + poly(I:C),
and LPS as the positive control. (C) Median fluorescence intensity (MFI) of CD86, HLA-DR, and CD83. UT: untreated control (PBS). Bars represent the mean + SEM.
Data are from three biological replicates. Statistical difference was measured using One-way ANOVA, pmp8f-Hc2rep showed statistical difference from all other

samples, ***p < 0.001 ****p < 0.0001.

collected. Human monocyte-derived dendritic cells (moDCs) were
generated from monocytes, extracted from PBMCs from healthy donors,
as previously described [12].

THP-1 cells (TIB-202, Leukemic monocyte, Tohoku Hospital
Pediatrics-1 Cells) were grown in RPMI 1640 medium supplemented
with 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine
(Invitrogen) and 10 % FCS. THP-1 cells were induced to differentiate
into macrophages by adding 100 ng/ml phorbol 12-myristate 13-acetate
(PMA) (Sigma) for 24 h.

HEK-Blue IFN-a/p cells (kindly provided by Martin R Jakobsen,
Aarhus University) were cultured in DMEM (Gibco) supplemented with
10 % FCS, 2 mM L-glutamine, 50 pg/ml streptomycin, 50 U/ml peni-
cillin, and 100 pg/ml normocin (InvivoGen) for 3 days, after which the
medium was further supplemented with 30 ug/ml blasticidin (Life
Technologies) and 100 ug/ml zeocin (InvivoGen). Cells were cultured
for another 2-3 days, after which they were ready for following
experiments.
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2.3. IEN- a/p detection assay

HEK-Blue cells, possessing an active type I IFN signaling pathway
and the reporter gene secreted embryonic alkaline phosphatase (SEAP),
was used as a reporter cell to measure the levels of IFN-a/f in the culture
medium of THP-1 cells, as per manufacturer’s instructions (InvivoGen).
Recombinant human IFN-alpha (104 U/ml) were used as a positive
control, and recombinant human IFN-y (104 U/ml) as a negative control.
Wavelengths of 620-655 nm were used to measure the color intensity,
using a Tecan Sunrise microplate reader.

2.4. Flow cytometry

Mature moDCs were harvested by rinsing the wells with RPMI and
PBS with 2 mM EDTA and washed with flow buffer (PBS, 0.1 % BSA,
0.01 % sodium azide, 1 mM EDTA). The cells were then stained with
viability dye (eFluor® 780, eBioscience) followed by staining with
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Fig. 6. Humoral response following in vivo immunization. (A) Schematic representation of experimental setup generated using BioRender. Mice were immunized
twice after which serum was collected and analyzed. (B) Serum from mice immunized with PBS, pmp8f-Hc2rep, poly(I:C), pmp8f-Hc2rep-poly(I:C), or pmp8f with
poly(L:C), was diluted 1:5000 and levels of pmp8f-specific antibodies were determined by ELISA (N = 6-7 mice per group). Bars represent the mean + SEM and dots

represent measurements from each individual mouse. Statistical difference was measured using One-way ANOVA, ***p < 0.001

mouse anti-HLA-DR (PE, L203; RND systems), mouse anti-CD83 (PE-
Cy7, HB15e; BD Biosciences), and mouse anti-CD86 (BV421, FUN-1; BD
Biosciences) for 30 min at 4 °C. Finally, the cells were fixed with 1 %
paraformaldehyde. Mature BMDCs were harvested and stained with rat
monoclonal antibodies against murine MHC II (PE, M5/114.15.2;
eBioscience), CD86 (eFluor450, GL1; eBioscience), and CD40 (APC,
1C10; Invitrogen) for 30 min at 4 °C before being fixed with 1 % para-
formaldehyde. The cells were analyzed by flow cytometry using a
CytoFLEX flow cytometer (Beckman Coulter) and using FlowJo v.10.8.1
software (BD Biosciences) for data analysis.

Internalization experiments were performed by treating the cells
with He2rep, pmp8f or pmp8f-Hc2rep loaded with poly(I:C) or DNA and
stained with mouse MAb11 anti-Lic-Tag (Loke Diagnostics) for 30 min at
4 °C and washed twice in PBS. Cells were incubated at 37 °C for various
timepoints and moved to ice before analysis by flow cytometry using
goat anti-mouse Alexa 488 (Jackson ImmunoResearch) or goat anti-
mouse Alexa 546 (Molecular Probes). Control samples was kept on ice
until analysis.

2.5. Electron microscopy

Electron microscopy of pmp8f-Hc2rep was performed as described
earlier [18,19]. Complexes of 3 pug/ml protein and 30 pg/ml poly(I:C)
(InvivoGen) or only 30 ug/ml poly(I:C) in 2 mM spermidine and 150 mM
NaCl were applied to carbon-coated, glow discharged 400-mesh copper
grids (Polaron) for 5 min. Afterwards, the grids were rinsed and dehy-
drated in 25, 50, 75, and 95 % ethanol and air dried. Specimens were
rotary shadowed with tungsten.

2.6. Animals and immunizations

Experiments with Female BALB/cJRj mice (Janvier Labs, France)
mice were approved by the Danish Animal Experiments Inspectorate
(license #2021-15-0201-01004). Mice were injected subcutaneously in
the scruff of the neck with 15 pg pmp8f-Hc2rep, 10 ug poly(l:C)
(InvivoGen), 15 ug pmp8f-Hc2rep + 10 ug poly(I:C), 15 pug pmp8f + 10
ug poly(I:C), or PBS (Gibco). All substances were dissolved in PBS and
the injected volume was 100 pl using a 22G needle. During injection,
mice were kept under anesthesia with isoflurane. The mice received an
identical booster injection after 14 or 17 days and were sacrificed by
cervical dislocation after another 22 days. Blood from all mice were
drawn from the facial vein and allowed to fully clot, whereafter serum
was collected and stored at —80 °C before downstream analysis.
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2.7. ELISA

96-well polystyrene plates (Nunc MaxiSorp, Thermo Scientific) were
coated with 1 pg/ml recombinant pmp8f in coating buffer (10 mM
carbonate/bicarbonate buffer, pH 9.6) overnight at 4 °C. Wells were
washed three times in washing buffer (0.05 % Tween-20 in PBS) and
blocked for 2 h at room temperature in blocking buffer (1 % BSA in PBS).
Serum from immunized mice was diluted in blocking buffer and incu-
bated for 1 h at room temperature. Wells were then washed three times
and incubated with goat anti-mouse Ig-HRP (Dako) for 1 h at room
temperature. Wells were washed three times, after which 100 ul
Enhanced K Blue Substrate (Neogen) were added and incubated for 5
min. To stop the reaction, 100 pl stopping solution (1 M sulfuric acid in
water) were used. Absorbance was measured at 450 nm with 620 nm
reference on a MultiScan SkiHigh Microplate Reader (Thermo
Scientific).

2.8. EMSA and SDS-PAGE

Protein production and purity was assessed by SDS-PAGE under
denaturing conditions. Purified protein (3.5 pg) was denatured in LDS
(lithium dodecyl sulfate) sample buffer and heated to 95 °C for 5 min
before loaded and run on a 12 % polyacrylamide gel (Expedeon, USA).
Gels were stained with Coomassie blue for protein band visualization.
Electrophoretic mobility shift assay (EMSA) was performed by incu-
bating various concentrations of purified Hc2rep, pmp8f or pmp8f-
Hc2rep protein with 900 ng poly(I:C) (InvivoGen) or plasmid DNA
(Agilent) for 10 min at 37 °C.

2.9. Statistical analysis

All data was analyzed using One-way ANOVA with multiple com-
parisons, with the exception of Fig. 2B, which was analyzed using Two-
way ANOVA with multiple comparison and Turkeys correction. Statis-
tics was performed using GraphPad Prism 9.

3. Results

3.1. Binding of dsDNA and dsRNA by Hc2rep leads to formation of small
particles

We set out to generate an antigen-nucleotide-binding fusion protein,
which could bind and form small particles when mixed with dsDNA or
dsRNA. Initially, we generated a fusion protein consisting of an antigen
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Fig. 7. SIINFEKL antigen is presented on mature BMDCs treated with OVApep-Hc2rep. (A) Confocal microscopy images of OVApep-Hc2rep internalization in
BMDCs. The DC marker CD11c (FITC) is shown in green, the Cy5-DNA is shown in red and nucleus is shown in blue (DAPI). (B) Representative histograms from (C),
showing expression of SIINFEKL-epitope-MHC-I on BMDCs treated with OVApep-Hc2rep with or without DNA. LPS was used as a positive control. (D) Median
fluorescence intensity (MFI) of SIINFEKL-epitope-MHC-I expression. (D) Representative histograms from (E) showing the expression of maturation markers CD86 and
MHC-II on the cells from the SIINFEKL-MHC-I-expression experiments (B & C). (E) Median fluorescence intensity (MFI) of CD86 and MHC-II expression on the
SIINFEKL-expressing cells (B & C). Bars represent the mean + SEM. Data are from three biological replicates. Statistically significant difference from UT measured
using One-way ANOVA, *p < 0.05 **p < 0.01 ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

fragment (pmp8f) derived from the Polymorphic Membrane Protein 8
from Chlamydia pneumoniae and the nucleotide-binding domain
(Hc2rep) from the Histone Hl-like protein Hc2, from Chlamydia tra-
chomatis (Fig. 1A). The Hc2rep domain is a small DNA/RNA binding
domain [16], and pmp8f is known to be an antigen, which lead to a
strong T-helper cell response in mice [15]. He2rep, pmp8f and pmp8f-

Hc2rep fusion plasmids, were expressed in E. coli, purified, and
analyzed on an SDS-PAGE gel. The fusion protein, and the Hc2rep was
found to match the expected sizes of Hc2rep (3.8 kDa), pmp8f (15.6
kDa), and pmp8f-Hc2rep (19.4 kDa) (Fig. 1B).

Since Hc2rep has previously been found to bind dsDNA and ssRNA,
leading to formation of small particles [20], an electrophoretic mobility
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shift assay was performed to confirm that recombinant pmp8f-Hc2rep
had the capacity to bind nucleotides. An increasing amount of Hc2rep,
pmp8f, or pmp8f-He2rep was combined with a fixed amount of DNA and
poly(1:C). Band-shifts was observed when Hc2rep or pmp8f-Hc2rep was
mixed with DNA or poly(I:C), whereas pmp8f alone showed no band-
shifts, thus confirming that pmp8f-Hc2rep formed complexes with the
nucleotides (Fig. 1C). Interestingly, the pmp8f-Hc2rep fusion protein led
to complex formation using lower amounts of DNA and poly(I:C)
compared to Hc2rep alone.

To further examine the formation of small complexes, we conducted
electron microscopy, which demonstrated that poly(I:C) was seen as
strings and did not give rise to particle formation (Fig. 1D). In contrast, a
mixture of pmp8f-Hc2rep and poly(I:C) resulted in particle formation
due to binding between protein and poly(I:C) (Fig. 1D). This is in
agreement with the mobility shift observed in gel electrophoresis
(Fig. 10).

3.2. Vaccine particles binds to and activates THP-1 cells

To investigate if the vaccine particles could bind, become internal-
ized, and activate APCs, we initially used THP-1 cells. The cells were
treated with pmp8f-Hc2rep alone or pmp8f-Hc2rep loaded with DNA or
poly(1:C), incubated for various timepoints, stained with anti-pmp8f
antibody and a Alexa546-conjugated secondary antibody and analyzed
using flow cytometry (Fig. 2A-B). Our results demonstrated that cells
treated with pmp8f-Hc2rep in the absence of DNA or poly(I:C), showed
no discernible shifts in the median fluorescent intensity (MFI) at any of
the timepoints (Fig. 2A-B). However, when pmp8f-Hc2rep was com-
plexed with DNA or poly(I:C), a time-dependent decrease in MFI relative
to pmp8f-Hc2rep alone could be observed (Fig. 2A-B). These results
indicate that the construct is internalized steadily over time.

To address if vaccine particles taken up by THP-1 cells triggered their
activation, the cells were subjected to treatment with DNA, poly(L:C),
pmp8f-Hc2rep alone or pmp8f-Hc2rep loaded with DNA or poly(I:C),
followed by measurements of type-I interferon (IFN) in the supernatant.
DNA, poly(I:C) or pmp8f-Hc2rep alone did not induce measurable levels
of type-I IFN production. On the contrary, when cells were treated with
pmp8f-He2rep loaded with DNA or poly(I:C), equally high amounts of
type-I IFN expression were observed (Fig. 2C). The complete lack of
response in the THP-1 cells that were treated with DNA or poly(I:C)
alone, is presumably due to the use of a relatively small amount of
extracellularly added nucleotide, which are poorly internalized, and
thus unable to activate the intracellular RNA and DNA sensors.

In summary, these findings show that pmp8f-Hc2rep complexed with
DNA or RNA can be taken up by THP-1-derived macrophages, leading to
activation of the cells.

3.3. Bone marrow-derived DCs can internalize vaccine particles bound to
their surface

Since DCs are the most prominent APCs responsible for induction of
adaptive immune responses, we wanted to investigate if DCs could also
bind and internalize the vaccine particles. To make the experiments
more compatible with mouse models, we used bone marrow-derived
dendritic cells (BMDCs) and poly(I:C) for the investigations. BMDCs
were treated with poly(I:C), pmp8f-Hc2rep, or pmp8f-Hc2rep-poly(I:C)
and analyzed by flow cytometry. BMDCs treated with pmp8f-Hc2rep-
poly(I:C) had an increased binding, compared to cells treated with
pmp8f-Hc2rep or poly(I:C) alone (Fig. 3A-C).

To further investigate if the pmp8f-Hc2rep-poly(I:C) particles were
also taken up, BMDCs were incubated with pmp8f-Hc2rep or pmp8f-
Hc2rep-poly(I:C) for 0 or 120 min. Flow cytometric analysis revealed
a significant decrease in MFI from 0 to 120 min of incubation with
pmp8f-Hc2rep-poly(I:C) complexes (Fig. 3D-E). This finding did not
apply for cells treated with pmp8f-Hc2rep alone (Fig. 3D-E), thus indi-
cating that BMDCs take up the complex, as observed for the THP-1 cells.
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3.4. Dendritic cells mature upon treatment with vaccine particles in vitro

Next, we wanted to assess whether the vaccine would induce DC
maturation. Immature BMDCs were treated with different concentra-
tions of poly(I:C) or pmp8f-Hc2rep-poly(I:C), and the expression level of
maturation markers CD40, CD86 and MHC-II were analyzed by flow
cytometry. Cells treated with a high dose of poly(I:C) showed increased
expression of all three maturation markers CD40, CD86, and MHC-II,
whereas lower doses did not (2.25 pg/ml to 9 pg/ml) (Fig. 4A-C).
Treatment with pmp8f-Hc2rep-poly(I:C) led to an increased expression
of all maturation markers at lower dosage level (4.5 ug/ml) than poly(I:
C) alone (Fig. 4A-C).

To investigate if human DCs responded equally to the vaccine,
immature monocyte-derived DCs (moDCs) were collected and stimu-
lated with pmp8f-Hc2rep, poly(I:C), pmp8f-Hc2rep-poly(I:C), or LPS.
Stimulated cells were analyzed for the expression of maturation markers
CD86, HLA-DR, and CD83 (Fig. 5A-C). We found that moDCs treated
with pmp8f-Hc2rep alone did not mature upon stimulation and moDCs
treated only with poly(I:C) showed a minor upregulation of maturation
markers. In contrast a high expression of maturation markers was
observed in cells treated with pmp8f-Hc2rep-poly(I:C), similar to our
findings using BMDCs, indicating that the vaccine works equally well on
human DCs.

Collectively, this shows that DCs are able to take up pmp8f-Hc2rep-
poly(I:C) particles, leading to a strong maturation of the cells.

3.5. Potent antibody response in vivo with no visual toxicity

Since pmp8f-Hc2rep-poly(I:C) particles led to activation and matu-
ration of DCs in vitro, we wanted to evaluate the immune response in
vivo. Mice received s.c. injections of vehicle, pmp8f-Hc2rep, poly(I:C),
pmp8f-Hc2rep-poly(I:C), or pmp8f mixed with poly(I:C) and an identical
booster injection 14 or 17 days later (Fig. 6A). An ELISA detecting anti-
pmp8f antibodies was carried out on serum samples from the immunized
mice and revealed that the combined delivery of pmp8f-Hc2rep and poly
(I:C) provoked a strong antibody response (Fig. 6B). Injections of pmp8f-
Hc2rep alone or pmp8f mixed with poly(l:C) did not give rise to
increased antibody levels, although a small increase could be observed
relative to control and poly(I:C) alone (Fig. 6B). Collectively, this indi-
cate that formation of particles containing both antigen and poly(I:C)
leads to a stronger response than un-coupled antigen and poly(I:C).
Importantly, no side-effects, such as piloerection and squinched eyes
was observed using this small amount of poly(I:C).

3.6. Bone marrow-derived dendritic cells present vaccine-epitopes on
MHC-I molecules

In order to evaluate if an antigen-Hc2rep construct could lead to
antigen-presentation on MHC-I, we generated a new construct
comprised of an antigenic fragment from hen-egg ovalbumin (OVApep)
(Fig. S3A). MHC-I presentation of the OVApep SIINFEKL-epitope can be
analyzed with a SIINFEKL-MHC-I specific antibody. Initially, we
analyzed the constructs ability to bind nucleotides and induce BMDC
maturation. Similarly, to the pmp8f-Hc2rep construct, it was confirmed
that the OVApep-Hc2rep construct also bound poly(I:C) and dsDNA
(Fig. S3B). Analysis of BMDC maturation, showed that OVApep-Hc2rep,
packaged with either poly(I:C) or dsDNA, could induce upregulation of
the maturation markers CD40, CD86 and MHC-II (Fig. S3C - D),
although OVApep-Hc2rep + poly(I:C) did not significantly increase the
maturation, compared to poly(l:C) alone. To investigate internalization
of the construct, we packaged OVApep-Hc2rep with Cy5-labled DNA,
and performed confocal microscopy, which showed that BMDCs could
take up the labeled particles (Fig. 7A). To confirm that epitopes from the
internalized construct could be presented on MHC-I, we treated BMDCs
with OVApep-Hc2rep or OVApep-Hc2rep + DNA for 24 h and stained
the cells with antibody recognizing the SIINFEKL-epitope bound to
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MHC-I (Fig. 7B & C). Both the construct with DNA and without DNA was
presented on the BMDCs. Interestingly, the DNA-packaged construct led
to a significant increase in presentation. Since this increase in presen-
tation is also seen when OVA-pep-Hc2rep is co-delivered with LPS, it is
likely due to the increased MHC-I expression in mature DCs. We further
investigated the maturation status of the cells from the presentation
experiments and found that only cells that received DNA or OVApep-
Hc2 + DNA had upregulated maturation markers, and similarly to
previous results, this was significantly higher in OVApep-Hc2 + DNA
treated cells compared to OVApep-Hc2 alone (Fig. 7D & E).

4. Discussion

Vaccination is one of the greatest medical discoveries, saving mil-
lions of people every year from an untimely death caused by infectious
diseases. Recent research indicate that vaccination may also become
important in anti-cancer therapy [21]. Peptide vaccines have been
employed for decades, but they have a relatively low efficacy compared
to live and attenuated vaccines and require co-administration of adju-
vant. A strategy to increase efficacy could be small peptide vaccines
packaged with DAMP or PAMP adjuvants.

We have constructed two fusion-protein vaccines, which contains
either a pmp8f antigen or an OVApep antigen and a DNA/RNA binding
motif. The constructs are able to induce activation and antigen presen-
tation in the same cell, thereby ensuring that adjuvant effect is restricted
to the APCs that took up the antigen. This may reduce the amount of PRR
agonist needed to get a beneficial immune activation.

DNA and RNA have been shown to be strong DAMPs, which lead to
induction of type-I IFN, and effective activation of several immune cells,
including DCs [22,23,24]. We and others have previously shown that
DNA and poly(I:C) are potent DC activators when delivered directly to
the cells [10,12,25]. Our results demonstrate that co-administration of
the constructs and DNA or poly(I:C) leads to potent mouse and human
DC maturation. We found that the SIINFEKL epitope from the OVApep-
Hc2rep construct, was presented on MHC-I in treated DCs, and these DCs
only matured when the construct was packaged with DNA. This confirms
an uptake of the particles, followed by MHC-I presentation, which was
enhanced in mature DCs.

Positively charged peptides have previously been used as carriers of
DNA and RNA to cells, where transactivator of transcription (TAT)
peptide derived from human immunodeficiency virus is one of the best
described [26]. Park et al. used a TAT fusion protein to deliver antigen
and poly(I:C) simultaneously and demonstrated an increased antigen-
specific immune response evident by increased levels of type-I IFN
producing T cells and reduced tumor volume in prophylactic and ther-
apeutic models [27]. However, they observed no difference in the
expression of maturation markers between TAT + poly(I:C) and poly(I:
C)-treated DCs in vitro, which could indicate excess amounts of poly(I:C)
were used. Although TAT has been used successfully in some fusion
protein vaccines to deliver poly(I:C), it seems to bind poly(I:C) less
efficiently than the vaccine in the present study, according to what was
reported for Melan A epitope-TAT [28]. However, comparative studies
have to be performed to determine the exact difference.

Since poly(I:C) is a powerful activator of TLR3, there may be a risk of
severe side-effects in vivo and thus it is important to find an optimal
delivery strategy to circumvent possible induced systemic toxicity [29].
It has been observed that poly(I:C) has a dose dependent toxicity
[30,31,32]. We found that delivery of poly(I:C) packaged with pmp8f-
Hc2rep or OVA-Hc2rep led to DC maturation at lower concentrations
compared to poly(l:C) alone, which should enable using poly(I:C) as an
effective adjuvant with very low levels, thus reducing toxicity. Indeed,
no visual toxicity was found when either poly(I:C) or poly(I:C) com-
plexed with pmp8f-Hc2rep were administered in mice.

In animal studies, poly(I:C) has been used for immune response
studies of viral infections [33,34,35] and as an adjuvant for vaccines
[27,36,37]. We found that immunization with pmp8f-Hc2rep packaged
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with a low dose of poly(I:C) led to a potent antibody response, with no
response in mice vaccinated with pmp8f + poly(I:C), pmp8f or poly(I:C)
alone. This indicate that delivering antigen coupled to a low dose of poly
(I:C) to the same cells, greatly enhances the response and production of
specific antibodies.

In conclusion, our results provide a new, easy and efficient way to
deliver antigen and a low amount of nucleotide adjuvant to APCs in vivo.
This could hold potential for future vaccine designs, as the need for high
amounts of DNA or RNA may pose a risk for excessive activation of the
immune system.
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