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The Magnitude and IgG Subclass of Antibodies Elicited by
Targeted DNA Vaccines Are Influenced by Specificity for APC
Surface Molecules

Ranveig Braathen,* Heidi C. L. Spang,* Mona M. Lindeberg,* Even Fossum,* Gunnveig Gradeland,* Agnete B. Fredriksen,*! and
Bjarne Bogen*'

*K.G. Jebsen Centre for Influenza Vaccine Research, Institute of Clinical Medicine, University of Oslo and Oslo University Hospital, 0027 Oslo,
Norway; and 'Centre for Immune Regulation, Institute of Immunology, University of Oslo and Oslo University Hospital, 0027 Oslo, Norway

ABSTRACT

Upon APC-targeted DNA vaccination, transfected cells secrete fusion proteins with targeting units specific for surface molecules
on APC. In this study, we have tested several different targeting units for their ability to influence the magnitude and subclass of
Ab responses to hemagglutinin from influenza A virus. The experiments employed bivalent homodimeric Ig-based molecules
(vaccibodies). The overall efficiency in BALB/c mice depended on the targeting units in the following order: «aMHC class Il > «CD11c
> aCD40 > Xcl-1 = MIP-1a > FliC > GM-CSF > Flt-3L > aDEC205. GM-CSF induced mainly IgG1, whereas Xcll, MIP-1a, «CD40, and
aDEC205 induced predominantly IgG2a. A more balanced mixture of IgG1 and 1gG2a was observed with «CD11c, «MHC class I, Flt-
3L, and FliC. Similar results of IgG subclass—skewing were obtained in Thl-prone C57BL/6 mice with a more limited panel of vaccines.
IgG1 responses in BALB/c occurred early after immunization but declined relatively rapidly over time. IgG2a responses appeared later
but lasted longer (>252 d) than IgG1 responses. The most efficient targeting units elicited short- and long-term protection against
PR8 influenza (H1N1) virus in BALB/c mice. The results suggest that targeting of Xcrl* conventional type 1 dendritic cells
preferentially induces IgG2a responses, whereas simultaneous targeting of several dendritic cell subtypes also induces IgG1l
responses. The induction of distinct subclass profiles by different surface molecules supports the APC—-B cell synapse hypothesis. The
results may contribute to generation of more potent DNA vaccines that elicit high levels of Abs with desired biologic effector
functions. ImmunoHorizons, 2018, 2: 38-53.

INTRODUCTION Conventional vaccines typically contain attenuated or in-

activated pathogens. Nevertheless, subunit vaccines are at-
Most successful vaccines owe their efficacy to the induction of  tractive due to their safety profile and ability to focus immune
protective Abs (1). Thus, a major aim must be to generate vaccine  responses toward the Ag of interest. Subunit vaccines have a
formats that induce high and long-lasting Ab responses with  number of advantages, but suffer from low immunogenicity,
appropriate biological effector functions. hence, their efficiency needs to be improved. Subunit vaccines
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may be delivered either as proteins in adjuvants or as DNA.
DNA vaccines are attractive due to their ease of construction
and cost-effective manufacture (2). However, although DNA
vaccines are efficient in rodents and some larger animals such
as dogs (3) and horses (4), immune responses in humans have so
far been disappointing (5).

Traditionally, DNA vaccines have been used to induce T cell
responses (2). However, DNA vaccination in certain formats can
induce high amount of Abs as well. One such Ab-enhancing format
combines DNA vaccination with targeting of Ag to APC. This is
achieved by the construction of DNA plasmids encoding secreted
fusion proteins that target APC for increased delivery of Ag,
resulting in improved immune responses (6-9). In this study this
principle is called a targeted DNA vaccine.

For targeted DNA vaccines to induce Abs, it is important that
the included Ags express conformation-dependent antigenic
determinants recognized by the BCR of B cells (10). Moreover,
induction of Abs appears to be enhanced if plasmids encode
dimeric (rather than monomeric) APC-targeting fusion proteins,
presumably due to a need for cross-linking of BCRs (11). To fulfill
these prerequisites, in our previous studies DNA vaccines have
encoded homodimeric vaccine proteins (vaccibodies), where each
chain contains a targeting unit and an antigenic unit, thus affording
bivalency both with regard to binding to APC surface molecules
and BCR recognition.

Because APC targeting increases Ab levels elicited by DNA
vaccines, it has been suggested that vaccine proteins bridge an APC
and a responding B cell (12, 13). Circumstantial evidence supports
the formation of APC-B cell synapsis during immune responses
(14-17). In such a putative APC-B cell synapse, the targeting units
of the vaccine protein bind surface molecules on the APC whereas
the antigenic parts bind BCRs of the responding B cell (10, 12). If
the bivalent APC-targeted vaccine proteins really function via an
APC-B cell synapsis, one would expect that the magnitude and
subclass profiles of Ab responses could be influenced by the type
and density of targeted surface molecules, as well as receptor
expression profile on different APC subtypes. This study was
undertaken to address these issues.

Targeted DNA vaccibody vaccines have previously been
constructed with different APC-specific units such as single-chain
fragment variable (scFv) specific for MHC class IT (MHCII) (8, 13)
or CD40 (9), or chemokines such as MIP-1a (11, 18) or Xcl1 (19).
These targeted DNA vaccines have resulted in different levels of
Abs (besides inducing T cells). However, the relative efficiencies of
the various targeting units have not been directly compared. In this
study we have performed a side-by-side comparison of these
previous targeted DNA vaccines in an influenza model using
hemagglutinin (HA) as Ag. In addition, we have included a number
of new targeting units in the vaccibody format (GM-CSF, Flt-3L,
FliC, aCDllc, aDEC205). The study shows that magnitude,
subclass, and duration of induced IgG Abs, as well as protection
against influenza, are heavily influenced by the targeting units
employed. The results may be useful for generating more potent
DNA vaccines that induce high levels of IgG Abs with desired
biologic effector mechanisms.
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MATERIALS AND METHODS

Mice, cell lines, and influenza viruses

BALB/c and C57BL/6 mice were obtained from Taconic, Den-
mark. The experimental protocol was approved by the Norwegian
Animal Research Authority (Oslo, Norway). Human embryonic
kidney (HEK) 293E cells and the macrophage (M¢) J774A.1 cell
line were purchased from American Type Culture Collection
(Manassas, VA). Cells were cultured in RPMI 1640 (Invitrogen)
and DMEM (Invitrogen) respectively, supplemented with 10%
heat-inactivated FCS (Biochrom AG), 0.1 mM nonessential
amino acids (Lonza), 1 mM natrium pyruvate (Lonza), 50 wM
monothioglycerol (Sigma-Aldrich), and 40 mg/ml Gensumycin
(Sanofi-Avensis Norway), at 37°C with 5% CO, in humidified
air. Influenza virus strain A/PR/8/34 (HIN1) was kindly provided
by Dr. A.G. Hauge at the National Veterinary Institute, Oslo, Norway.

Cloning of the various targeting plasmid vectors

The basic vaccine construct containing a human dimerization
unit consisting of hinge 1 and hinge 4 as well as C,3 from human
IgG3 has been previously described (8) (see Fig. 1A, 1B). The
vaccine constructs containing the HA Ag from influenza A virus
[A/Puerto Rico/8/34 (HIN1)] as the antigenic unit, and the targeting
units mouse MIP-la: (NM_011337.2), anti-I-E (scFv*™ %4, from
mouse 14-4-4S anti-MHCII mAD specific for the Ia.7 determinant
on E,, chains), or anti-5-iodo-4-hydroxy-3-nitrophenylacetyl (NIP)
(scFv™ NP from mouse B1-8 mAb specific for the hapten NIP),
have previously been published (13, 18). All these constructs
contained the Vy-leader derived from Vy-gene of B1-8 originally
included in the pLNOH2 vector (20). The targeting units anti-
CD40 (scFv*"iCP4 clone FGK-45) (9) and mouse Xcll
(NP_032536.1) (19) were subcloned into the unique restriction
sites BsmlI and BsiWTI of the pLNOH2 vector. The mouse GM-
CSF (GenBank: X02333.1), Flt-3L (mouse Fms-like tyrosine
kinase receptor-3 ligand, GenBank: 1.23636.1), and fliC (fliC/
flagellin from Salmonella typhimurium, GenBank: D13689.1)
genes were amplified with PCR. The specific primers used were:
5'mGM-CSF: 5'-GGT GTG CAT TCC GCA CCC ACC CGC TCA
CCC-3’, 3'mGM-CSF: 5'-GAC GTA CGA CTC ACC TTT TTG
GCT TGG TTT TTT GCA CTC-3', 5'Flt-3L: 5'-GGT GTG CAT
TCC GGG ACA CCT GAC TGT TAC TTC-3', 3'Flt-3L: 5'-GAC
GTA CGA CTC ACC TCT GGG CCG AGG CTC TGGG-3', 5'fliC:
5'-GGT GTG CAT TCC ATG GCA CAA GTC ATT AAT ACA
AAC-3’ and 3'fliC: 5'-GAC GTA CGA CTC ACC TCG CAG TAA
AGA GAG GAC GTT-3'. The PCR products were subcloned into
the unique restriction sites BsmI and BsiWI in the pLNOH2
vector containing the dimerization domain and HA. The murine
(m) GM-CSF gene contained one internal Bsml site that was
removed with quick-change mutagenesis PCR (the primers used
were: 5'mGM-CSF QC BsmlI: 5'-CTG ATA TCC CCT TTG AGT
GCA AAA AAC CAA GCC-3' and 3'mGM-CSF QC BsmlI: 5'-GGC
TTG GTT TTT TGC ACT CAA AGG GGA TAT CAG-3") before
subcloning into pLNOH2-vaccine vector. All the new constructs
were amplified without internal leader peptides and added 3’
to the Vy-leader included in pLNOH?2 as described above. For
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FIGURE 1. Targeted DNA vaccine constructs and characterization of encoded proteins.

(A) The dimeric vaccine protein structure consists of two identical chains, each with a targeting unit (green), a dimerization unit (gray), and an

antigenic unit (red). The various vaccine constructs differ in the targeting unit but share the same dimerization unit (shortened hinge region and C3

of hy3) and the same antigenic unit (HA) from the influenza virus A/Puerto Rico/8/34 (HIN1). (B) Overview of the DNA plasmid encoding the three
units of the vaccine protein (A). Unique restriction enzyme sites for cloning are indicated. The plasmid contains a CMV promoter and a leader (L, dark
green box). Short linkers (black boxes) increase the flexibility of the various units. (C) Vaccine proteins with the indicated targeting units in

supernatants of transiently transfected HEK293E cells as measured by ELISA. Bars indicate supernatants diluted 1/1, 1/3, 1/9, and 1/27, respectively

(mean = SD). (D) Western blot under nonreducing conditions of supernatants from transiently transfected HEK293E cells developed with an HA-

specific mAb. Homodimeric vaccine proteins are indicated by a bracket; the sizes are consistent with differences in sizes of the various targeting units.
Putatively monomeric HA is indicated by an arrowhead, trimeric HA by an asterisk. The vertical lines indicate where parts of the image were joined.

anti-DEC205 and anti-CD11c, rearranged V(D)J genes from the H
and L chain were PCR amplified from ¢cDNA (First Strand cDNA
Synthesis Kit; Amersham Biosciences) synthesized from mRNA
extracted (Dynabeads mRNA DIRECT Purification Kit; Life
Technologies) from the hybridoma NLDC-145 producing anti-
DEC205 mAD (a kind gift from Prof. K. Kretschmer at Center for
Regenerative Therapies, TU Dresden, Germany), and the N418
hybridoma (American Type Culture Collection) producing anti-
CD1lc. The primers were as follows: 5'Vy, DEC205: 5'-GGT GTG
CAT TCC GAC ATC CAG ATG ACA CAG TCT-3', 3"V, DEC205:
5'-GCCAGA GCCACCTCCGCCAGATCCGCCTCCACCTTT
CAATTC CAGCTT GGT G-3',5'Vy DEC205: 5'-GGC GGA GGT
GGC TCT GGC GGT GGC GGA TCG GAG GTG AAG CTG TTG
GAA TCT-3’, and 3'Vy DEC205: 5'-GAC GTA CGA CTC ACC
TGA GGA GAC TGT GAC CAT GAC-3' for anti-DEC205 and 5’ V7,
CDl1lc: 5'-GGT GTG CAT TCC GAC ATC CAG ATG ACC CAG
TCT-3',3'Vy, CDllc: 5'-GCC AGA GCCACC TCC GCCAGATCC
GCCTCCACCTTTGATTTC CAGCTT GGT G-3/,5'Vy CDllc:
5'-GGC GGA GGT GGC TCT GGC GGT GGC GGA TCG GAG

GTG CAG CTG GTG GAG AAG-3',and 3'Vi; CD11c: 5'-GAC GTA
CGA CTC ACC TGA GGA GAC GGT GAC CTG GGT-3’ for anti-
CDllc. The Vi, and Vi PCR products were combined to a scFv
format by PCR splicing by overlap extension and inserted into the
targeting unit of the pLNOH2-vaccine vector. An internal BsmI
site in scFv*"i™PEC205 yas removed by quick change mutagenesis
PCR (the primers used: 5'QBsmIVLDEC205: 5'-ACA AAA GTC
AGG CAA TGC TCC TCAA-3' and 3'QBsmIVLDEC205: 5'-TTG
AGG AGC ATT GCC TGA CTT TTGT-3") before subcloning into
vaccine constructs with HA. The amino acid sequences of the
scFvs are shown in Supplemental Fig. 1. The Vi and Vi, used in
scFvMi-PEC205 orrespond to the sequences for the DEC205-
specific Viy and Hy, found in GenBank AEP95114.1 and AEP95113.1,
respectively. The nucleotide sequences will be provided upon
request. Finally, the HA gene alone was ordered from GenScript
including the signal peptide of HIPR8 (GenBank: EF467821.1).
The Kozak site (5'-GCCACC ATG G-3') was strengthened by
mutating AAG into GAG right after ATG. The HA gene fragment
was ordered with HindIIT site 5’ to the signal peptide and BamHI
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site 3’ following the stop codon TGA, thus allowing subcloning of HA
alone into the pcDNA3.a vector (Invitrogen). All the various targeting
units used in the targeted DNA constructs are listed in Table 1.

Sequence alignment

The amino acid sequences of the scFvs derived from anti-DEC205
and anti-CD11c mAb were aligned and compared with the other
scFvs used in this paper, using the ClustalW program (http://www.
ch.embnet.org/software/ClustalW.html). The CDR loops were
determined based on analysis by IMGT/V-QUEST (http://www.
imgt.org/IMGT_vquest/vquest?livret=0&Option=mouselg). A
linker (GGGGS); connects the Vi, to Vyy in that order.

In vitro analysis of the vaccine proteins by SDS-PAGE and
Western blot analysis

Briefly, 1 g of DNA in 50 wl OptiMEM (Life Technologies) and 2
wl Lipofectamine 2000 (Invitrogen) in 50 wl OptiMEM were
mixed and incubated for 20 min at 25°C. The DNA/Lipofectamine
solution was added to the HEK293E cells (1 X 10° per well in a 24-
well plate), and incubated at 37°C in a 5% CO, humidified
atmosphere. The medium was changed to the protein free cell
medium FreeStyle 293 Expression Medium (Life Technologies
by Life Technologies) the day after the transient transfection.
Supernatants were collected after 3 d and centrifuged for 4 min at
13,000 rpm and up-concentrated 10 times with Vivaspin 20 Spin
Columns 10 kDa cut off (Sartorius Stedim Biotech). The vaccine
proteins were analyzed by SDS-PAGE using 4-12% Novex Tris-
Glycine Gels (Invitrogen), with a Spectra Multicolor Broad
Range Protein Ladder from Life Technologies, and developed
with biotinylated HA-specific Abs (H-36-4-52, a kind gift from S.
Weiss) and streptavidin-HRP (1:10 000; GE Healthcare) for 1 h at
25°C, before being developed with ECL Advance Western
blotting Detection Kit (GE Healthcare) in a G:Box Chemi XX6
device (Syngene).

ELISAs for vaccine protein analysis

ELISAs were performed in Costar 96-well plates (Corning) coated
with anti-human Cy3 (1 pg/ml, MCA 878G; AbD Serotec), NIP-
BSA (2.5 pg/ml), anti-mGM-CSF (1 wg/ml, 10236-08; AbD
Serotec), rmCD40 fused to Fc (1 wg/ml, 1215-CD; R&D Systems)
or anti-mFlt-3ligand (1 pg/ml, AF427; R&D Systems). Plates were
blocked with PBS containing 1% BSA (25°C for 1 h). Supernatants
from transiently transfected HEK293E cells (see above) were run
in triplicate, serially diluted 3-fold in ELISA buffer (PBS containing
0.2% Tween and 0.1% BSA, 0.02% Na azide), and incubated for at
least 1 h at 25°C. Biotinylated HA-specific Abs (1 pg/ml, H-36-4-
52), anti-Xcll (1 pg/ml, LS-C16241; Lifespan Biosciences followed
by anti-rabbit IgG-AP, 1:3000, from Sigma-Aldrich), biotinylated
anti-MIP-la (1 pg/ml, MAB415; R&D Systems), and biotinylated
anti-F1iC/Flagellin (1 pg/ml, ab193301; Abcam) were used to detect
the respective vaccine constructs (45 min at 25°C). Biotinylated
secondary reagents were followed by streptavidin-alkaline phos-
phatase (1:3000; GE Healthcare), and developed with addition of
phosphatase substrate (1 mg/ml; Sigma-Aldrich) dissolved in
substrate buffer. OD4os was measured with a TECAN Sunrise
Microplate reader using the Magellan v5.03 program.
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Flow cytometry for binding analysis of targeted vaccine
proteins to APC
BALB/c splenocytes were FcyR blocked with medium containing
30% rat serum and 100 pg/ml 2.4G2 (anti-FcyRII/III Ab) for 20
min at 4°C. Supernatants from transiently transfected HEK293E
cells were up-concentrated 10 times as described above, normal-
ized by ELISA, and incubated with the splenocytes for 30 min at
4°C. A staining solution with FITC-conjugated anti-MHCII (I-A/
I-E, rat IgG2a, 553623; BD Pharmingen) and anti-B220 allophy-
cocyanin (anti-CD45R/B220 APC, rat IgG2a, 1665-11; South-
ernBiotech), and matched isotype controls were used to gate
MHCII'B220~ splenocytes for the binding analysis. Bound
aCDllc- and aDEC205-targeted vaccine proteins were detected
with biotinylated anti-human CH3 (2 pg/ml, HP6017; BD Pharmin-
gen) followed by 2 pg/ml streptavidin-PE (BD Pharmingen).
Staining incubations were for 10 min at 4°C followed by fixation
with 2% paraformaldehyde. Cells were analyzed on a FACSCalibur
(BD Biosciences) and the CellQuestPro software (BD Biosciences).
For preparation of Flt-3L-induced dendritic cells (DCs), bone
marrow cells were harvested by flushing tibiae and femurs with
medium. The cell suspension was filtered through a 70 pm Nylon
cell strainer and seeded at a concentration of 2 X 10° cells per ml,
5 ml per well in a six-well plate. Then 0.1 pg/ml of Flt-3L
(PeproTech, NJ) was added and the cells were incubated for 9 d at
37°C 5% CO, (21). Semiadherent cells were subsequently
harvested and analyzed by flow cytometry. Conventional DC type
1 (¢DC1) and cDC2 populations were gated based on staining with
anti-CD45R/B220 (RA3-6B2; Tonbo Biosciences), anti-CD1lc
(N418; Tonbo Biosciences), anti-CD11b (M1/70; Tonbo Biosci-
ences), and anti-CD24 (M1/69; BioLegend), and were analyzed for
binding of GM-CSF-, Flt-3L- and FliC-targeted vaccine proteins as
well as nontargeted aNIP control. In addition, the J774A.1 Mo cell
line was stained. Vaccine proteins and nontargeted controls were
detected with biotinylated anti-HA mAD.

In vivo DNA vaccination and electroporation

Female BALB/c and C57BL/6 mice 6-8 wk of age were purchased
from Taconic Farms, Denmark. Mice were anesthetized by a s.c.
injection of Hypnorm/Dormicum (100 pl at 5 ml/kg) before each
hind leg was shaved to prepare for vaccination. Plasmid DNA was
purified using an Endofree-mega plasmid purification system
(Qiagen). Next, 50 pl of 0.5 g/l DNA solved in sterile 0.9% NaCl
solution (B. Braun) was injected i.m. into each quadriceps femoris
muscle. Electroporation was performed immediately after in-
jection with delivery of pulses from electrodes inserted im.
flanking the injection site (Needle EP) by the Elgen electroporator
device (Inovio Biomedical), as published in Liu et al. (22), with the
electric pulses given as 5 X 60 ms at 50 V/400 mA and 200 ms
delay. Blood samples were collected from the saphenous vein at
regular intervals, spun down twice, and sera were frozen at —20°C.

ELISA for detection of Ag-specific Abs in sera from BALB/c
and C57BL/6 mice

High-binding 96-well ELISA plates (CoStar) were coated with
2 pg/ml of inactivated PRS8 influenza virus (Charles River
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Laboratories). Serum samples were serially diluted (starting 1:
50, dilution factor 1:3) in ELISA buffer. Abs in sera from BALB/c
mice were detected with biotinylated anti-IgG (A2429; Sigma-
Aldrich), anti-IgG1* (553599; BD Pharmingen), anti-IgG2a®
(553502; BD Pharmingen). Sera from C57BL/6 mice were
detected with biotinylated anti-IgG1® (553533; BD Pharmingen)
and IgG2a® (IgG2c, 553504; BD Pharmingen). Otherwise, the
serum ELISAs were run as described above for protein vaccine
ELISAs. The AD titer was defined as the highest dilution of a
serum sample with OD values >(mean + 3SD) of NaCl-vaccinated
mice. Samples with a titer <50 were given an endpoint titer of 1.

Influenza challenge of vaccinated mice

Vaccinated mice were challenged either 14 d or 9 mo (252 d) after a
single vaccination i.m. as described above. Groups of anesthetized
mice (n =10 or 6 per group, respectively) were infected intranasally
with 5xLDs, of PRS influenza viruses in 20 wl (10 pl per nostril).
LDs, of PR8 was determined as described before (13). Mice were
monitored for weight loss and the humane endpoint was >20%
weight loss, as required by the Norwegian Animal Research
Authority.

Statistical analysis

All statistical analyses were performed using the GraphPad Prism
version 7.02. Statistical differences between Ab titers and differ-
ences in % body weight at day 6 for various targeting groups were
compared with Mann-Whitney two-tailed ¢ test, nonparametric.
Differences in survival were calculated by Mantel-Cox and
differences in weight curves postinfection were calculated using
two-way ANOVA. Correlations between weight day 6 and %
survival or HA-specific total IgG/IgG1/IgG2a titer were analyzed
using Pearson’s correlation two-tailed test. A titer of 50 or more
was considered a positive measurement. A p value = 0.05 was
considered statistically significant.

RESULTS

Targeted DNA vaccine constructs generate functional
vaccine proteins in vitro

The targeted DNA vaccine constructs encode a homodimeric
protein consisting of two identical chains, each composed of a
targeting unit, a dimerization unit, and an antigenic unit (vacci-
body, Fig. 1A) (8, 11). To directly compare the efficacy of the various
targeting units, in the present experiments the dimerization and
antigenic unit were kept unchanged in all constructs; respectively,
a shortened hinge and Cy3 domain from human IgG3 (di-
merization unit), and the influenza Ag HA from influenza A virus
[A/Puerto Rico/8/34 (HINI), antigenic unit]. The HA was
truncated at aa 18 and 541 to remove the leader peptide and the
transmembrane regions (13). The DNA cassette with unique
restriction enzymes sites (Fig. 1B) was used to insert the various
targeting units. Five new targeting units were generated and tested
together with four previously published targeting units. All
constructs used are listed in Table I, including the nontargeted

>
ﬂ 9. ImmunoHorizons

control aNIP-HA vaccine and HA alone. The latter was
constructed with the intrinsic HA leader for proper expression
(13). Most of the targeting units are expected to bind to surface
molecules broadly expressed on various mouse DC subtypes
(Table I). An exception is the Xcll targeting unit that binds
uniquely to Xcrl receptor found on CDI11¢"CDI11b~ CD8a” ¢DC1,
suggested to be highly efficient at cross-presenting Ag to CD8"
T cells. Another exception is FliC, which recognizes TLR5
suggested to be expressed mainly on CDIllc'CD11b"'CD8x~
c¢DC2. However, TLR5 is also found on monocytes, neutrophils,
and epithelial cells (Table I).

Prior to DNA vaccination, we tested if HEK293 cells transiently
transfected with the plasmid vaccine constructs secreted proteins
with anticipated structural features. ELISA analysis of vaccine
proteins detected in supernatant by specific mAb confirmed
proper folding of the Ag as well as the dimerization domain. All
constructs were translated into vaccine proteins. The Flt-3L-HA
and MIP-la-HA plasmids were expressed in somewhat lower
amounts compared with the others (Fig. 1C). The Western blot
analysis developed by HA-specific Abs confirmed that all constructs
were produced and expressed. The sizes were as expected, the
various targeting units accounting for the size differences observed
(Fig. 1D).

We next tested the functionality of the various targeting
units expressed in vaccine proteins. Specific Abs recognized
GM-CSF, Xcll, MIPlq, FliC/flagellin, and Flt-3L in ELISAs
(Fig. 2). The scFv*"""N'? in aNIP-HA bound to NIP-BSA, and
scFvAMi-CP40 41y CD40-HA bound to rmCD40-Fc (Fig. 2A).
The scFvs derived from the anti-DEC205 and anti-CD11c mAb
were assembled as V.-(GGGGS); linker-Vy;. The amino acid
sequence for Vi in both scFy*nt-PEC205 gpd gepyant-cblc
(Supplemental Fig. 1) have some discrepancies compared with
the sequences published by others (7), but for the scFy*-PE€205
the corresponding sequences were found in GenBank
AEP95114.1 and AEP95113.1. The aDEC205-HA and aCDIlc-HA
vaccine proteins bound MHCII® B220™ splenocytes (Fig. 2B).
GM-CSF-targeted vaccine protein bound Flt-3L-induced bone
marrow cDC2, although weakly, and also the J774A.1 M¢ cell line.
FliC-targeted vaccine protein bound Flt-3L-induced ¢DC2 as well
as Mo, as expected. The binding of Flt-3L-targeted vaccine was
only detectable with the Mo cell line and at very low levels (Fig.
2C). The latter result could indicate that the Flt-3L targeting
moiety might not be functional. Arguing against this possibility,
bat Flt-3L vaccibodies have previously been used for culturing bat
bone marrow-derived mononuclear cells into Flt-3L-induced DC
(23), suggesting that the Flt-3L-targeted vaccibody can bind to
APCs. aMHCII (aI-E%)-HA has previously been found to bind
MHCII I-E%-expressing cells (13, 18). MIP-1a and Xcll have also
previously been shown to retain receptor binding and chemokine
activity when used as targeting units in HA-containing vacci-
bodies (18, 19). Similarly, «CD40-targeted vaccine protein has
been found to bind CD19" spleen cells from BALB/c mice (9). In
conclusion, the various DNA vaccine constructs were all trans-
lated in vitro into targeting proteins with expected structures and
specificities.
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_ 3 . Targeted DNA vaccines induce HA-specific Abs of IgG1 and/
O N ~
0w T vm B g o |, or IgG2a subclasses
E" : : i : WA g 8v M § The efficacy of DNA vaccines at inducing HA-specific Abs was
2 2 w2 o ™ S |3 compared in vivo. Mice were vaccinated once with 25 ug DNA i.m.
~ ~— [eV] —
) 2z in each quadriceps, followed by electroporation to increase the
c 8 uptake of DNA by muscle cells. Serum obtained 14 d after
> 5 g vaccination were analyzed for HA-specific IgG. We found that
§ I g B % a 8 targeting by use of GM-CSF, FliC, aCDl1lc, a MHCII, «CD40, and
L"; L ad ] 8 8 % 8 s Xcll all induced higher levels of total IgG than HA Ag alone,
o gle 8 3 ) 8 8 ﬁvu S SRR nontargeted aNIP, or sham vaccination (NaCl). However, only
c < N . . . . . .
6 é 2 SRS, 83 14 Qog 32 G FliC, «CD11c, and « MHCII targeting induced significantly higher
S @ 4 3 d d : d <D§ (p < 0.05) amounts of anti-HA Abs compared with the non-
w
4 % 3 2 8 8 5 targeted aNIP-HA control (Fig. 3A).
L%‘ o g When analyzing IgG subclasses induced by the various
2 targeting specificities, GM-CSF, Flt-3L, FliC, «CDl1lc, and
@ I = S o«MHCII induced higher HA-specific IgGl titers than aNIP, but
“w 8 2 & _ o % significance was only reached for FliC, «CDl1c, and « MHCII (Fig.
= [} — = . o e . .
9 =2 ° g 3 5 ; g g 3B). These three targeting moieties also induced high amounts of
= 2 < =] . . .
2 g < -(; 2. g z e £ IgG2a. Other targeting moieties such as «CD40, Xcl1, and to some
2 § 2 2 & o % g2 ° g degree MIP-1q, induced IgG2a but little IgG1 (Fig. 3C). Overall,
&8 49 35§ 5§96 o £ o “ the FliC, aCDllc, «MHCII, and Xcll targeting units already
? g_ iv)) 8 i 2 3 2 g % § showed a significant targeting effect 2 wk after one vaccination,
z %= z = e . . . . . .
g § é_ g 3 o2 % 2 suggesting they are particularly efficient at inducing HA-specific
] I3 5 & 5 © QP & Abs at an early time point.
o . S o (] m g & c y p
s £ z e = 2 3 When plotting IgG1 versus IgG2a titers (Fig. 3D) and IgGl/
& ©O L w Q IgG2a ratios (Fig. 3E), at least two groups could be discerned. One
g G U O U f group consisting of MIP-la-, a«CD40-, and Xcll-expressing
§ 5 9 Q Q - 2 - vaccines preferentially induced IgG2a of significant titers. Another
o 5 5 BQ E £ 3 o € g group consisting of FliC-, aCDllc-, and aMHCII-expressing
= X N N o N . . . . . .
g 4= i N =28 eR o % =8 o é vaccines induced both IgG1 and 1gG2a of relatively high titers (Fig.
°© L4 (@] . a2 a=2gda=0 & : : . .
8 5 O A oqZ=e=sYa=8 g 3D). GM-CSF-, Flit-3L-, and DEC205-expressing vaccines induced
< o @] R
i E § £ ° s § 9 g 9 g“u g av |2 low amounts of IgG after 14 d.
o ¢ a9 0 3] 000 L
O © Q [a)] S - N . %
2 g 3 ° g g g g d The subclass profiles induced by the targeted DNA vaccines
§ o o o o 3 are maintained over prolonged periods of time
2 . @ We next followed anti-HA Ab responses for 9 mo after a single i.m.
£ % e 0 =3 vaccination. For reasons of clarity, only data for days 14, 56, and
£ oo 8 0., 9 050 oo § < 252 are given in Fig. 4, whereas all data points are given in
E S é % -% §§ a & 3™ é S é > 2 Supplemental Fig. 2. The data show that total IgG increased with
ko) - o
w70 59 © © 5 % = time after immunization, with the hierarchical order: « MHCII >
g z v O S 2 aCDIlc > aCD40 > Xcll = MIP-la > FliC > GM-CSF > Flt-3L >
[ s . ©
o s ¢z aDEC205.
c > =
% o § £ = Interestingly, whereas IgG2a titers increased with time, IgGl
[&] S . . . .
g 5 - 2 %‘ g titers declined after ~60 d (Supplemental Fig. 2). The targeting
w 88l LT < < < 2 S - : . .
w & I < T < o specificities that induced IgG2a > > IgGl remained quite stable
3>+ 1 <% T 1T £ |2 co i
2 2 g i s 00 To 5 § L <o'r ‘E < g £ 2 throughout the period with the following hierarchy: «CD40 >
; 5 g .
g S S % Lz.) Z % é' % O a Q 3 - s ; £ % Xcll = MIP-1a > > DEC205 (blue group). As for targeting
::_,’ c© "5 & 3 3 g 2% o g § 3 specificities inducing IgGl > > IgG2a, represented by GM-
o 3 = .
5 S5 g Té § S CSF (orange group), comparatively small amounts of Abs were
2 ° u S8 induced at all time periods. Concerning targeting specificities
S 0 Q .. .
S o ey S 2 23 £ that elicited both IgGl and IgG2a, the following order was
3 .5, S5 08 & 3 g £57 observed: «MHCII > aCDllc > > FliC > > Flt-3L (green
O 2232w & 1 2.9 S SEg
i ©5 *§> ‘L”I) o & §> §> §> K §> S 8 g group). Taken together, the tendency seen on day 14 (Fig. 3)
E:,‘ [ % % 2 % R L‘Lu), % § E é é % 9 g S was generally perpetuated for 252 d (Fig. 4) with the exception
= S Es that IgG1 responses declined after ~60 d.
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FIGURE 2. Characterization of the targeting units within the vaccine proteins.

(A) Supernatants from HEK293E cells transiently transfected with the various DNA plasmids were analyzed in sandwich ELISAs as indicated (mean =
SD). (B) Maintenance of CD11c and DEC205 specificity in targeted vaccine proteins. BALB/c splenocytes were stained with supernatants from
HEK293E cells transiently transfected with aCD11c-HA or aDEC205-HA plasmids (gray) and gated MHCIITB220~ cells analyzed for binding of
vaccine proteins. Isotype controls are shown as thick black lines, nonbinding aNIP-HA as a thin line, and mock control as a stippled lined. Bound
proteins were detected with mAb that recognize C,3. (C) BM-derived Flt-3L DCs from BALB/c mice and the J774A Mg cell line were (Continued)
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IgG subclass-skewing is maintained upon immunization of
Thi-prone C57BL/6 mice

We wanted to test if the IgGl versus IgG2a responses were
dependent on the targeted APC surface receptor and not due to
Th2 proneness of BALB/c mice. C57BL/6 mice are Thl prone.
Therefore, FliC-, «CDllc-, Xcli-targeted DNA vaccines as well as
the nontargeted control were tested in C57BL/6 mice. The Xcl1-
expressing vaccine induced mostly IgG2c in C57BL/6 mice,
suggesting a Thi profile, whereas aCD1lc- and FliC-expressing
vaccines induced IgGl as well as IgG2c¢ (Fig. 5). Thus, the IgG
subclass-profiles observed in BALB/c mice appeared to be
maintained in C57BL/6 mice. This suggests that the type of
APC/cell surface receptor engaged by the vaccine overrides any
influence of Thl or Th2 proneness of mouse strains. For unknown
reasons, aCD1lc gave low responses in C57BL/6 compared with
BALB/c. The aMHCII DNA vaccine could not be tested due to
MHC polymorphisms between C57BL/6 and BALB/c.

Targeted DNA vaccines delivered once induce protection
against PRS influenza challenge

Because some of the targeting units induced high amounts of HA-
specific Abs, we wanted to investigate if vaccination with the
different targeting units could induce protection against a
challenge with influenza A/PR/8/1934 (HIN1) virus (PRS). Briefly,
14 d after one i.m. vaccination, mice were challenged intranasally
with 5xLDso of PR8 virus and weight development monitored.
Targeting with «MHCII induced full protection of the immu-
nized mice whereas the aNIP-targeted or NaCl-vaccinated mice
succumbed to infection, corresponding with previous results
(13) (Fig. 6A). The various targeting groups were compared for
weight at day 6 because that time point represents the nadir of
the weight curves (Fig. 6A). Flt-3L, FliC, «CDllc, «MHCII,
aCD40, and Xcll all induced significant protection compared
with the aNIP-targeted vaccine (Fig. 6B). This result was con-
firmed upon analysis of survival (Supplemental Fig. 3). Of note, the
mean weight on day 6 showed a significant correlation with the %
survival of the various targeting groups (Fig. 6C), confirming that
the mean weight on day 6 is predictive for protection.

Next, we evaluated the ability of the various targeting units to
induce long-term protection in experiments where mice vacci-
nated once were challenged 9 mo later with influenza virus PR8
(Fig. 7). «aMHCII-, MIP-la-, and Xcll-HA vaccines conferred
significant resistance compared with nontargeted a NIP-HA (Fig.
7B, Supplemental Fig. 4). Again, there was a significant correlation
between mean weight on day 6 and the % survival of the various
targeting groups (Fig. 7C).

Protection correlated with HA-specific Abs
The levels of HA-specific total IgG, IgGl, and IgG2a Abs in sera
from vaccinated mice were compared with the weights of the mice
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on day 6 after challenge. Anti-HA total IgG correlated significantly
with % weight loss after influenza challenge in both the short term
(14 d after vaccination, Fig. 8A) and long term (252 d after
vaccination, Fig. 8B). When divided into IgGl and IgG2a
subclasses, a significant correlation was found for IgGl and IgG2a
after 14 d (Fig. 8A). However, only IgG2a titers displayed a
significant correlation with weight loss after 252 d (Fig. 8B). These
results demonstrate a significant correlation between amounts of
anti-HA Abs and protection.

DISCUSSION

Targeted DNA vaccines work by making transfected cells secrete
fusion proteins that target Ag to APC, resulting in enhanced Ab and
T cell responses (6-9). In this study we show that targeting
specificity greatly influences the quality of immune responses.
Nine targeting specificities of DNA vaccines were compared, four
of which have been previously published [MHCII (8,13), CD40 (9),
MIP-1a (11, 18), and Xcl1 (19)] and five new specificities (GM-CSF,
Flt-3L, FliC, aCD11lc, aDEC205). Readouts were the induction of
Abs against the HA vaccine Ag and protection against an influenza
virus challenge. The results show that targeted DNA vaccines
significantly enhanced Ab responses in the following order:
oaMHCII > aCDllc > aCD40 > Xcll = MIP-la> FliC > GM-
CSF > Flt-3L > aDEC205. Moreover, the targeting specificity
influenced the IgG subclass of Abs induced. Thus, GM-CSF
induced IgGl whereas Xcll, MIPl-a, «CD40, and «aDEC205
induced IgG2a. « MHCII, aCDllc, FliC, and Flt-3L induced mixed
IgG1 and IgG2a AD responses.

For logistic reasons, T cell responses were not measured in the
current experiments. However, previous reports have shown that
several of the targeting units used in this study (¢ MHCII, Xcll,
MIP1-a, «CD40) enhanced T cell responses (8,9,11,13,18,19). Thus,
the relatively selective IgG2a responses elicited by Xcll, MIP-1a,
and aCD40 targeting correlated with increased Thl responses
(9, 11, 18, 19), whereas the mixed IgGl/2a responses induced by
oMHCII targeting was associated with a mixed Thl/2 profile
(18, 24). Thus, for the novel specificities, it is likely that GM-CSF
induces predominantly a Th2 response, « DEC205 a Thl response,
whereas aCDl1lc, FliC, and Flt-3L elicit a mixed Thi1/2 response.

The IgG1 Abs appeared swiftly after a single vaccination, but
declined from day 60. By comparison, the IgG2a responses oc-
curred more slowly but lasted longer. The reason for this dif-
ference is unknown. Because a long duration of Ab production is a
desired feature of vaccines, and IgG2a is endowed with potent
biologic effector functions (25), targeting units that elicit IgG2a
Abs appears advantageous. In addition, vaccine-induced IgG2a
appears to be associated with Thl responses (9, 11,18,19), which in
itself could benefit protection against many infectious diseases.

analyzed for binding to vaccibody proteins by flow cytometry. DCs were defined as CD45R/B220 CD11c* cells, and further split into CD11b* (cDC2)
and CD24" (cDC1) populations, and evaluated for binding to GM-CSF—, Flt-3L—, and FliC-targeted vaccine proteins as compared with nontargeted

aNIP-HA vaccines.
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FIGURE 3. HA-specific Abs in serum 14 d after a single vaccination with the various targeted DNA vaccines.

Mice were vaccinated with 50 pl of 0.5 pg/pwl DNA i.m. in each quadriceps, followed by electroporation of the injection site. Sera obtained 14 d later
were analyzed for total IgG (A), IgG1 (B), and IgG2a (C) anti-HA Abs by ELISA (n = 6, bars indicate mean + SEM, *p < 0.05, **p < 0.01 compared with
the nontargeted aNIP-HA group by Mann—-Whitney two-tailed t test). Samples with a titer <50 was given an endpoint titer of 1. (D) HA-specific IgG1

versus 1gG2a titers were plotted for the various groups. For reasons of clarity, only means are shown. (E) HA-specific IgG1/IgG2a ratio shown for

individual mice. Mean * SEM is indicated. Dotted line indicates IgG1/IgG2a ratio = 1. Groups have been color coded as orange (primarily IgG1), blue

(primarily 1gG2a), or green (mix of IgGl and IgG2a).

Why do targeted DNA vaccines enhance immune responses
compared with nontargeted versions? First, targeted APC could
enhance their presentation of antigenic peptides on MHCII
molecules to CD4" T cells (26); such primed Th could later supply
increased help to B cells. Secondly, targeted vaccine proteins could

engender formation of APC-B cell synapses, as previously
suggested by others (16) and us (10, 12). However, evidence of an
APC-B cell synapse in vivo has not been firmly established.
Supporting an APC-B cell synapse, aMHCII-HA vaccination
resulted in preferential induction of Abs to the sialic acid binding
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FIGURE 4. A single DNA vaccination induced prolonged Ab responses of IgG1 and/or IgG2a subclass.
Mice were vaccinated i.m. with 25 g DNA in each quadriceps followed by electroporation. Serum obtained at day 14, 56, and 252 were analyzed for
HA-specific total IgG (A), IgG1 (B), and IgG2a (C) for all the various targeted DNA vaccines (n = 6, mean = SEM, *p < 0.05, **p < 0.01 compared with
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252. Mean = SEM is given. Dotted line indicates 1gG1/IgG2a ratio = 1. Color coding as in Fig. 3.
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FIGURE 5. A single DNA vaccination of C57BL/6 mice induced Ab responses of IgG1 and/or IgG2c subclass.
Each mouse was vaccinated with 25 ng DNA i.m. in each quadriceps followed by electroporation of the injection site. Serum obtained at various

time points were analyzed by ELISA for HA-specific total IgG (A), IgG1 (B), and IgG2c (C) for the indicated targeted DNA vaccines (n = 6, mean =
SEM). The individual titers for each mouse is shown for day 28 for total IgG (D), IgG1 (E), and IgG2c (F) anti-HA Abs by ELISA (n = 6, bars indicate
mean = SEM, *p < 0.05, **p < 0.01 compared with the nontargeted aNIP-HA group by Mann—-Whitney two-tailed t test). Samples with titer <50
was given an endpoint titer of 1. (G) HA-specific IgG1/IgG2c ratio shown for individual mice. Mean + SEM is indicated. Dotted line indicates IgG1/

1gG2c ratio = 1.

site on the distal end of HA, consistent with the targeted vaccine
protein bridging an APC-B cell synapse where the tip of HA points
toward the BCR of B cells (13). Also supportive, vaccine proteins
with a targeting unit that is poorly internalized resulted in
enhanced Ab responses whereas T cell responses were reduced
(21). In a putative APC-B cell synapse, the participant APC and
B cell are likely to compete for endocytosis of the bridging vaccine
protein. Depending on the outcome of such a tug of war, CD4"
T cells may preferentially recognize MHCII-presented Ag on
either the APC or the B cell, or both, possibly in three-cellular
APC/B cell/T cell aggregates. APC-B cell synapses could occur in

extra follicular areas in the cortex of lymph nodes, resulting in
activated B cells that enter follicles and initiate germinal center
formation (14-17).

The magnitude and isotype of vaccine-induced Ab responses
could be influenced by the type of targeted APC, as well as the
identity and density of the targeted cell surface molecule. The type
of APC involved seems to play a role, thus, ¢cDC1 appear to
preferentially induce Thl cells, whereas ¢cDC2 primarily elicit Th2
cells (27). Supporting such a view, the selective induction of IgG2a
and Thi responses induced by Xcll vaccines [(19, 21), results in this
study] could be due to the exclusive expression of the Xcrl

https://doi.org/10.4049/immunohorizons.1700038
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FIGURE 6. Targeted DNA vaccination induced protection against nasal challenge with influenza virus 14 d after DNA vaccination.

(A) Mice (n = 10 per group) were vaccinated with 25 pg DNA i.m. in each quadriceps and 14 d later challenged with 5xLDsq of influenza virus A (PR8/
H1IN1). Weight was monitored for 10 d as an indication of disease progression. Weight loss of 20% was defined as humane endpoint at which the
mice were euthanized (*p < 0.05, **p < 0.01, ***p < 0.001, two-way ANOVA). For reasons of clarity only some groups are shown, see (B) for results
of all groups. (B) Body weight (%) on day 6 for all the different groups. *p < 0.05, **p < 0.01, ***p < 0.001 compared with the nontargeted aNIP-HA
group by Mann-Whitney two-tailed t test. (C) Mean weight on day 6 versus % survival after challenge with influenza A (PR8/H1N1). Correlation
analyzed using Pearson correlation two-tailed test. Color coding as in Fig. 3.

receptor on cross-presenting ¢DC1 cells (28, 29). By contrast,
aMHCII-vaccine proteins most likely target many different types
of MHCII® APCs, perhaps explaining induction of a mixed IgG1/
IgG2a response as well as a Th1/Th2 profile [(8, 13, 30), results in
this study]. Similarly, «CD11c and Flt3 vaccine proteins should
target both ¢cDC1 and ¢DC2, contributing to the observed mixed
I1gG1/1gG2a responses (31-34). FliC-targeted vaccines induced a
mixed IgGl (early)/IgG2a (late) response. The IgG2a component
was surprising because FliC binds TLR5 expressed by ¢cDC2 (Fig.
2C) (35-38). However, FIiC is also sensed by the NAIP5/NLRC4
(also known as IPAF) inflammasome (39, 40), which could
contribute to the IgG2a response. It is more difficult to explain
why aCD40 and MIP1-a preferentially induced IgG2a Abs, similar
to Xcll, because the surface molecules targeted by these vaccine
proteins are expressed by many different types of APC (Table I).
Further complicating the issues discussed above, the DNA vaccines
of the current experiments were delivered i.m., and the types of
targetable APC in skeletal muscle may be restricted compared with

https://doi.org/10.4049/immunohorizons.1700038

the body as a whole (41). Moreover, electroporation could influence
APC composition due to its inflammatory effect (42, 43). Finally,
vaccine proteins could drain as soluble molecules to lymph nodes,
and target residential APC. Of note, results in BALB/c and C57BL/6
were similar, indicating that Th2-versus Thl-proneness of mice
strains did not seriously influence the results.

The present results demonstrate that MHCII, CD11c, CD40,
Xecrl, and CCR1/3/5 are the hitherto most promising targets
because high Ab levels and protection against viral challenge were
obtained with a single DNA immunization. Although T cells could
contribute (13, 19), protection correlated with vaccine-induced
ELISA Ab titers. Moreover, previous results demonstrated that
vaccine-induced ELISA Ab titers correlated with levels of
neutralizing Abs (13, 18, 19, 21). MHCII targeting in the present
experiments resulted in the highest levels of long-lasting Abs,
consistent with previous observations of us and others in rodents
(8, 13, 44, 45). Recently, MHCII-targeted DNA vaccines were
also shown to induce high titers of Abs in ferrets and pigs (30).
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FIGURE 7. Long-lasting protection against nasal challenge with influenza virus 252 d after a single DNA vaccination.
(A) Mice were vaccinated i.m. with 25 ng DNA in each quadriceps and 252 d later challenged with 5xLDsq of influenza virus A (PR8/HIN1, n = 6 per

group). Weight was monitored for 10 d. Weight loss of 20% was defined as humane endpoint (* p < 0.05, **p < 0.01, ***p < 0.001, two-way

ANOVA). For reasons of clarity only some groups are shown, see (B) for all groups. (B) The % body weight on day 6 for all the different groups. The

results were analyzed with Mann—-Whitney two-tailed t test, where *p < 0.05, **p < 0.01, ***p < 0.001 compared with the nontargeted aNIP-HA

vaccine. (C) Mean weight on day 6 versus % survival after challenge with influenza A (PR8/H1IN1). Correlation analyzed using Pearson correlation

two-tailed test. Color-coding as in Fig. 3.

CDl1lc-targeted DNA vaccination also induced relatively high
titers of Abs, in agreement with previous results of others (31,
47). Xcll, aCD40, and MIP-1a targeting induced delayed but
persistent appearance of IgG2a Abs. These three targeting units
induce potent Thl (9, 11, 18, 19, 47) and CDS8 (11, 18, 19, 47-49)
responses that could have contributed to protection.

The IgG subclass of anti-HA Abs may be of special importance.
Recently, broadly neutralizing HA stalk-specific Abs were found to
require binding to FcyR for protection against influenza, and
protection was restricted to the IgG2a subclass (50, 51). In contrast,
neutralizing Abs that block the sialic acid-binding receptor of HA
can equally well be of the IgG1 subclass (50). Thus, IgG1 and IgG2a
anti-HA Abs observed in this study could both confer protection
against influenza by partly overlapping mechanisms. In other
infectious diseases, vaccines that preferentially elicit IgG2a Abs
could be of special value due to the potent biologic effector
functions associated with IgG2a such as complement fixation and
Ab-dependent cellular cytotoxicity.

DNA vaccines are attractive because they are safe, and can
be rapidly constructed and produced in large amounts. This is
important in situations of pandemic threats, e.g., with avian
influenza virus (52). Another advantage of DNA vaccines is their
relative independence of a cold chain, due to the high resistance of
DNA to degradation. This asset might be of particular importance
for vaccinations in less developed areas of the world. A drawback
is the generally low immune responses obtained with DNA
vaccines in larger animals and humans (2). Immunogenicity may
be increased by use of targeted DNA vaccines, as recently
demonstrated in larger animals such as ferrets and pigs (30).
However, for targeted DNA vaccines to be efficient, they need to be
delivered with electroporation, which is hardly acceptable for
prophylactic immunizations in humans. In this respect, it appears
that electroporation might be replaced by a handheld needle-free
device using high pressure air to introduce the DNA intrader-
mally (jet delivery, PharmalJet). Thus, delivery of targeted DNA
vaccines with either electroporation or jet delivery gave similar

https://doi.org/10.4049/immunohorizons.1700038
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FIGURE 8. Protection against nasal challenge with influenza correlated both with IgG1 and IgG2a subclasses.

Mice were vaccinated once i.m. and challenged after 14 d (n = 10 per group) (A) or 252 d (n = 6 per group) with influenza PR8 (B). Total IgG, 1gG1,

and IgG2a titers in serum on the day before challenge were correlated with the % weight on day 6 after challenge. Mice with anti-HA titers =50,

from all the groups of Figs. 3—6, were included in the analysis. The R square (r?) and p values are shown in the figure. Significant p values are

shown in red.

Ab responses in pigs (30). Importantly, jet delivery is essentially
painless in pigs (30). Thus, prophylactic targeted DNA immu-
nization in larger animals and humans should probably be
combined with jet delivery rather than electroporation.

Promising targeting specificities defined in this study need not
necessarily be the best. Thus, hundreds of other target specificities
ought to be tested, which is challenging for logistical reasons. Such
a task may be more easily carried out by use of targeted DNA
vaccination than with purified fusion proteins. Because most
vaccines owe their efficacy to the induction of Abs (1), screening of
immunogenicity might be efficiently performed by measurement
of specific Ig rather than labor-intensive T cell assays.
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aNTP
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CDR1 CDR2

DIOMTQSPSSLPASLGDRVTIHCQASQDISN----YLTWYQOQKPGKAPKLLIYETNKLAD
DIQMTQSPSFLSTSLGNSITITCHASQNIKG-——--WLAWYQOKSGNAPQLLIYKASSLOS
DTVLTQSP-ALAVSPGERVTISCRASDSVST----LMHWYQQKPGQOQOPKLLIYLASHLES

QVQLTQSPASLAVSLGQRATISCRASKSVSTSGYSYMHWYQQKPGQPPKLLIYLTSNLES
QAVVTQES-ALTTSPGETVTLTCRSSTGAVTTSN-YANWVQEKPDHLFTGLIGGTNNRAP

CDR3 Linker
GVPSRFSGSGSGRDYSFTISSLESEDVGSYYCQHYYDYPRTFGPGTKLE IKGGGGSGGGG
GVPSREFSGSGSGTDYIFTISNLOQPEDIATYYCQHYQSFPWTFGGGTKLELKGGGGSGGGG
GVPARFSGSGSGTDFTLTIDPVEADDTATYYCQQSWNDPWTFGGGTKLELKGGGGSGGGG
GVPARFSGSGSGTDFTLNIHPVEEEDAATYYCQHSRELPWTFGGGTKLE IKGGGGSGGGG
GVPARFSGSLIGDKAALTITGTQTEDEAMYFCALWY SNHWVEGGGTKLTVLGGGGSGGGG

CDR1 CDR2
SGGGGSEVQLVEKGGGLVQPGKSLKLSCAASGFTFSEYWMNWVRQAPGKGLEWVGVIKYK
SGGGGSEVKLLESGGGLVQPGGSLRLSCAASGETENDEYMNWIRQPPGQAPEWLGVIRNK
SGGGGSEVQLVESDGGLVQPGRSLKLPCAASGFTFSDYYMAWVRQAPTKGLEWVASISYD
SGGGGSQVOLQQSGPDLVKPGASVTISCKASGYAFSSSWMSWLKQRPGKGLEWIGWIFPR
SGGGGSQVOLQQPGAELVKPGASVKLSCKASGYTFTSYWMHWVKQRPGRGLEWIGRIDPN

CDR3
YSNYATEYAESVKGRFTISRDDSKSSVYLOMNNLRAEDTAIYYCARTWENWYEFD————-FW
GNGYTTEVNTSVKGREFTISRDNTONILYLOMNSLRAEDTATIYYCARGGPYYYSGDDAPYW
G5-—-STYYRDSVKGRFTISRDNAKSTLYLOMDSLRSEDTATYYCGR--HSSYFD——-—--YW

DG--DTNYNGKFKGKATLTADKSSSTAYMOLSSLTSEDSAVYFCARRGDYHYGMD-—--YW
SG--GTKYNEKFKSKATLTVDKPSSTAYMOLSSLTSEDSAVYYCAR--YDYYGSSYFDYW

GQGTQVTVSS
GOGVMVTVSS
GQGVMVTVSS
GOGTSVTVSS
GQGTTLTVSS

Supplemental Figure 1. Alignment of the amino acid sequences from scFvs generated
and tested in the study. The V-gene regions from the hybridoma for anti-DEC205 (NLDC-
145) and anti-CD11c (N418) mAb were sequenced and combined with a linker into scFv. All
the scFvs used in the study were aligned with ClustalW. Hyphen denotes gaps. The CDR
loops are underlined based on analysis by IMGT/V-QUEST. The linker (GGGGS)3 between
the V|_and Vy is in bold.
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Supplemental Figure 2. A single DNA vaccination induced long-lasting antibody
responses of 1gG1 and/or 1gG2a subclass. Each mouse was vaccinated with 25 ug DNA i.m.
in each quadriceps followed by electroporation of the injection site. Serum obtained at various
time points were analysed by ELISA. The ELISA shows HA-specific total 19gG (A), IgG1 (B)
and 1gG2a (C) for all the various targeted DNA vaccines (n=6, mean+SEM).
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Supplemental Figure 3. Targeted DNA vaccination induced protection against nasal
challenge with influenza virus after DNA vaccination. Mice were vaccinated with 25ug
DNA i.m. in each quadriceps. After 14 days (n=10/group), mice were challenged with 5xLD*°
of influenza A (PR8/H1N1) viruses and the weight monitored for 10 days. 20% weight loss
was defined as humane endpoint at which time-point the mice were euthanized. Survival
curves of the various targeted vaccines compared with NaCl and nontargeted vaccine aNIP-
HA. Mantel-Cox analysis was used to compare targeted groups with nontargeted aNIP-HA.
Significant p values are shown in red.
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Supplemental Figure 4. Targeted DNA vaccination induced protection against nasal
challenge with influenza virus after DNA vaccination. Mice were vaccinated with 25ug
DNA i.m. in each quadriceps. After 252 days (n=6/group), mice were challenged with 5xLD*°
of influenza A (PR8/H1N1) viruses and the weight monitored for 10 days. 20% weight loss
was defined as humane endpoint at which time-point the mice were euthanized. Survival
curves of the various targeted vaccines compared with NaCl and nontargeted vaccine aNIP-
HA. Mantel-Cox analysis was used to compare targeted groups with nontargeted aNIP-HA.

Significant p values are shown in red.



