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ADNAVaccineThatEncodesanAntigen-Presenting
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Immunogenicity ofDNA vaccines can be increased by construct-
ing the DNA in such a way that it encodes secreted homodimeric
fusion proteins that target antigen-presenting cells (APCs). In
this study, we have developed novel APC-targeting vaccine mol-
ecules with an increased flexibility due to introduction of a het-
erodimerization motif. The heterodimeric proteins permit four
different fusions within a single molecule, thus allowing expres-
sion of two different APC-targeting moieties and two different
antigens. Two types of heterodimeric fusion proteins were devel-
oped that employed either the ACID/BASE or the Barnase/Bar-
star motifs, respectively. The ACID/BASE heterodimeric vac-
cines conferred protection against challenges with either
influenza virus or tumor cells in separate preclinical models.
The ACID/BASE motif was flexible since a large number of
different targeting moieties and antigens could be introduced
with maintenance of specificity, antigenicity, and secretion.
APC-targeting ACID/BASE vaccines expressing two different
antigens induced antibody and T cell responses against either
of the two antigens. Heterodimeric ACID/BASE DNA vaccines
were of approximately the same potency as previously reported
homodimeric DNA vaccines. The flexibility and potency of the
ACID/BASE format suggest that it could be a useful platform
for DNA vaccines that encode APC-targeting fusion proteins.
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INTRODUCTION
Naked DNA vaccines are attractive due to their ease of construction,
cost-effective manufacture, and safety profile. Several veterinary
DNA vaccines are currently licensed, e.g., for West Nile virus in hors-
es,1 melanoma in dogs,2 and infectious hematopoietic necrosis virus in
salmon.3 DNA vaccines against papilloma virus have been tested with
promising results in womenwith cervical intraepithelial neoplasia,4 but
there are as of yet no licensedDNA vaccines for humans.5 Despite these
encouraging results, DNA vaccines suffer from low immunogenicity.
In particular, it has been difficult to translate promising results in ro-
dents to larger animals and humans.6 Delivery with electroporation
(EP)7 or noninvasive needle-free jet delivery systems8 partially over-
comes the low immunogenicity of naked DNA.

Immune responses to DNA vaccines are due to the protein antigen
that the DNA encodes. A way to increase immunogenicity of protein
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antigens is to target them against antigen-presenting cells (APCs) by
use of antibody-antigen conjugates9–11 or antibody-antigen fusion
proteins.12,13 In a logical extension, it was later shown that DNA con-
structs encoding a secreted APC-specific fusion protein resulted in
increased T cell and antibody responses.14–19 Moreover, the speci-
ficity of the DNA-encoded fusion protein for APCs influenced the
type of immune responses that were induced.20–23 For example,
whereas anti-major histocompatibility complex class II (MHCII)
and anti-CD11c targeting units induced responses skewed against T
helper 2 (Th2) cells/immunoglobulin G1 (IgG1), MIP1a (CCL3)
and Xcl1 induced predominantly Th1/CD8/IgG2a responses.20,22,23

In further experiments, it was shown that inhibiting endocytosis of
the APC-targeting vaccine protein resulted in increased antibody re-
sponses, presumably because an APC-B cell synapse of longer dura-
tion supports a stronger B cell response.24 These results suggest
that by careful selection of targeting moieties in the APC-targeting
DNA vaccines, it should be possible to tailor vaccines in such a way
that they preferentially induce immune responses that match those
required to eliminate a certain pathogen.

In our previous studies, we used DNA vaccines that encode bivalent
vaccine proteins (Vaccibodies) where each chain in the homodimer
contains a targeting unit connected to the antigenic unit via a homo-
dimerization unit composed of a shortened Ig hinge linked to a CH3
domain. Given that the identity of the targeting moiety influences
immune responses,20,22,23 and the desirability of expressing several
antigens in the same molecule, we decided to generate novel DNA
vaccines that encode heterodimeric vaccine proteins with four arms
available for fusions, e.g., two for different targeting moieties and
020 ª 2020 The Author(s).
vecommons.org/licenses/by/4.0/).
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two for different antigens. Two heterodimerization motifs were
explored: (1) the ACID/BASE (A/B)-modified leucine zipper motif25

and (ii) the Barnase/Barstar (Bn/Bs) bacterial motif.26 We found that
the A/B-based DNA vaccines were superior to Bn/Bs-based vaccines
and at least on par with the CH3-based homodimeric vaccine mole-
cules. Moreover, the A/B-based format appeared to be flexible since
it readily accepted introduction of different targeting moieties and
antigens.

RESULTS
An APC-Targeting DNA Vaccine Based on the A/B

Heterodimerization Motif

We constructed a novel type of an APC-targeting DNA vaccine that at
the protein level uses a Jun/Fos-based leucine zipper with modified a

helices enriched for either acidic or basic amino acids to facilitate
non-covalent heterodimerization25 (Figure 1A). The ACID (A) and
BASE (B) chains of this motif were each linked to the human IgG3
(hIgG3) hinge 1 region that contains two cysteines for generation
of covalent disulfide bonds. APC-specific targeting units were linked
amino terminally to the hinge of the A and B chains, respectively. The
antigenic units were linked to the carboxyl-terminal end of either of
the two chains (Figure 1A). The two plasmids that together encode
the A/B vaccine protein are depicted to the right of the protein struc-
ture (Figure 1A). For the purpose of comparison we also produced
DNA vaccines based on the previously published bacterial Bn/Bs het-
erodimerization motif26 and the Ig CH3 homodimerization motif17

(Figure 1A).

Construction of an A/B Heterodimeric DNA Cancer Vaccine

To test efficacy of the different formats as cancer vaccines, the three
types of vaccine molecules were equipped with MIP1a as a targeting
unit (Figure 1A). MIP1a binds CCR1, CCR3, and CCR5 chemokine
receptors expressed on APCs and has previously been shown to
induce strong T cell responses when used in the CH3-based vaccine
format.16,20 The tumor-specific antigen expressed in the antigenic
unit was single-chain variable fragment (scFv)315, which corresponds
to the variable (V) regions of myeloma proteinM315 produced by the
MOPC315 multiple myeloma tumor, linked in a scFv format.16,17,27,28

In the non-targeting control vaccines, MIP1awas replaced with scFva
NIP specific for the hapten NIP (4-hydroxy-3-iodo-5-nitrophenylace-
tic acid) that should not be present in the body (Figure 1A).

To ensure that the three formats of DNA vaccines were efficiently
translated into vaccine protein, proper combinations of plasmids
were transiently transfected into human embryonic kidney 293E
(HEK293E) cells. Supernatants (SNs) were analyzed by ELISAs and
western blots for the presence of vaccine proteins. For all three vac-
cine formats, plasmids were translated into vaccine proteins that
were recognized by conformation-specific monoclonal antibodies
(mAbs) or haptens with an expected pattern (Figures S1A and
S1B). Vaccine proteins had an expected size (Figure S1C). All three
MIP1a vaccine proteins attracted the CCR1+CCR5+ cell line Esb-
MP (Figure S1D) but also Flt3L induced dendritic cell (DC)-enriched
bone marrow cells from BALB/c mice (Figure S1E). Both vaccine pro-
Molecul
teins either in supernatants or as affinity-purified proteins had
chemotactic activity (Figures S1D and S1E). The chemotactic activity
of MIP1a was similar for the A/B heterodimers and the CH3-based
vaccine, whereas the Bn/Bs heterodimer had weaker activity. Collec-
tively, these data suggest that the moieties in the targeting and anti-
genic units folded correctly as fusions with the three dimerization
units, including the novel A/B heterodimeric unit.

The A/B Heterodimeric DNA Vaccine Induces Protection against

Subcutaneously Injected Multiple Myeloma Cells

The three types of targeting DNA vaccines, all expressing the tumor-
specific antigen scFv315, were then tested for their ability to induce
protection against MOPC315 myeloma cells. BALB/c mice were
DNA vaccinated/EP once and challenged 14 days later with
MOPC315 cells injected subcutaneously (s.c.). Survival curves for
the various groups of vaccinated mice (Figure 1B), as well as the levels
of the tumor-specific myeloma protein M315 in sera (Figure 1C),
demonstrate that vaccination with the MIP1a-targeting A/B hetero-
dimer conferred a significant (60%) survival while all mice receiving
non-targeting control vaccines died. Results with the CH3-based
homodimer were similar while the Bn/Bs heterodimer gave no pro-
tection at all (Figures 1B and 1C). These results show that the A/B het-
erodimeric DNA vaccine confers equal protection against a tumor
challenge compared with the previously published CH3-based homo-
dimer.16 Moreover, the MIP1a targeting moiety is crucial for the
efficacy of the vaccine. Due to its ineffectiveness in this tumor model,
Bn/Bs-based DNA vaccines were excluded from further experiments.

The A/B Heterodimeric DNA Cancer Vaccine Induces Protection

against Intravenously Injected Multiple Myeloma Cells

Human multiple myeloma is characterized by expansion of malignant
plasma cells in the bonemarrow.We have generated amousemodel for
multiple myeloma where MOPC315.BM cells injected intravenously
(i.v.) induces bone disease.29 Mice vaccinated once with DNA vaccines
were challenged i.v. with the MOPC315.BM variant 14 days later. The
MIP1a-targeting A/B heterodimeric vaccine gave significantly better
survival (�70%) than did the non-targeting control (�20%) and an an-
tigen control that expressed a scFv from an irrelevant B cell lymphoma
(0%). The MIP1a-A/B heterodimeric vaccine gave slightly better sur-
vival than did the homodimeric CH3-based equivalent (�50%),
although the difference was not significant (Figure 2A). The levels of
myeloma protein in sera, as a readout for tumor load, reflected the sur-
vival curves (Figure 2B). In summary, the heterodimeric A/BDNA vac-
cine conferred protection against an i.v. tumor challenge, and the pro-
tection depended on APC targeting by MIP1a.

The Tumor-Protective Effect of the MIP1a-A/B Heterodimeric

DNA Vaccine Is Due to Induction of T Cells

To investigate the contribution of T cells to the vaccine-induced
protection, we used the MOPC315.BM variant stable transfected with
firefly luciferase (Luc), which permits easy tracking of tumor load
with noninvasive imaging.29 In a first experiment, mice vaccinated
once with a MIP1a-CH3-scFv

315 homodimeric vaccine were signifi-
cantly protected compared tomice immunizedwith the antigen control
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Figure 1. A MIP1a-Targeting ACID/BASE Heterodimeric DNA Vaccine Induces Protection against a s.c. Tumor Challenge

(A) Targeting vaccine molecules are compared. The vaccine molecules are formed by two chains consisting of a targeting unit (blue), a dimerization unit (different colors), and

an antigenic unit (green). The dimerization unit differs in the three formats. The ACID/BASE (A/B) heterodimer (left) uses the human (h)1 hinge region hg3 exons fused to a

duplicated Jun/Fos-based leucine zipper with modified a helices containing either increased amounts of acidic (A, red) or basic (B, blue) amino acids. The Barnase/Barstar

(Bn/Bs) heterodimer (middle) uses the h1 hinge region hg3 exons fused to either Bn (orange) or Bs (yellow). The homodimeric vaccine (right) uses the h1 and h4 hinge region

fused to CH3 hg3 (gray, to the right). The targeting unit is in all three cases the chemokine MIP1a while the antigenic unit is a tumor antigen, the variable (V) regions of mouse

myeloma protein M315 assembled in a scFv315 format. The theoretical disulfide bonds in the hinge regions are indicated. The DNA plasmids encoding the two chains of the

vaccine proteins are indicated on the right side of the vaccine molecules. The plasmids contain a CMV promoter (pCMV) and a leader (L, gray box). Short linkers (black boxes)

increase the flexibility between the various units in the protein. (B) Mice were vaccinated once with 100 mg (A/B and Bn/Bs heterodimer, two plasmids) or 50 mg (CH3-based

homodimer, one plasmid) of DNA i.m. combined with electroporation (EP). After 14 days, mice were challenged with 105 MOPC315 tumor cells s.c. Survival curves of

vaccinated mice (n = 10/group; **p < 0.01, ***p < 0.001, Mantel-Cox analysis, targeting group compared with non-targeting group). (C) Levels of tumor-specific myeloma

protein M315 in sera on day 14 after challenge (*p < 0.05, ***p < 0.001, Mann-Whitney test, two-tailed; ND, not detectable).
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(scFvA20, Figures 2C and 2D). In a second experiment, mice vaccinated
once with the MIP1a-A/B-scFv315 heterodimer were significantly pro-
tected compared to the non-targeted control (Figures 2E and 2F).
Although performed in two different experiments, the protection
conferred by CH3-based homodimers and A/B-based heterodimers ap-
pears similar, consistent with the direct comparisons in Figures 1 and
2A. To test the contribution of CD8+ T cells, mice immunized with
the heterodimeric format were from day 12 injected every second day
with either depleting anti-CD8 mAbs or isotype-matched control
mAbs (for efficiency of depletion, Figure S2). The protection elicited
by immunization with the A/B heterodimer was reversed by depletion
ofCD8+Tcells thatmost likely recognize an idiotope (Id) sequence con-
tained in scFv315 (Figures 2E and 2F). Injection of immunizedmicewith
anti-CD4 mAbs caused a reduced growth of MOPC315.BM.LUC cells,
most likely due to an unexpected CD4 expression on MOPC315 cells
(data not shown). Thus, we cannot say whether also CD4+ T cells
contributed to tumor protection elicited by A/B-based immunization.

By use of T cell receptor (TCR)-transgenic mice with CD4+ T cells
specific for residues 91–101 of the VL sequence of scFv

315, it has pre-
viously been shown that Id-specific CD4+ T cells can eradicate
MOPC315 cells.28,30 CD4+ T cells of this Id specificity are highly
infrequent in normal mice.31 Therefore, we reconstituted BALB/c
mice with TCR-transgenic T cells prior to immunization, as previ-
ously described.15 11 days after a single DNA vaccination of reconsti-
tuted mice, splenic Id-specific CD4+ T cells reactive to the Id peptide/
MHCII were detected in an interferon (IFN)-g T cell enzyme-linked
immunospot (ELISPOT) assay. Immunization with either MIP1a-A/
B-scFv315 or MIP1a-CH3-scFv

315 vaccines elicited significantly
increased IFN-g responses of similar magnitudes, suggesting an equal
ability to stimulate CD4+ T cells (Figure 2G).

Protection against Influenza Challenge by the Novel

Heterodimeric Vaccine

We next tested if the novel A/B heterodimeric DNA vaccine could
induce protection against influenza virus. Hemagglutinin (HA)
from the strain PR8 (A/PR/8/34 (H1N1)) was used as antigen. The
MIP1a targeting unit was exchanged with a targeting unit that binds
Figure 2. AMIP1a-Targeting A/BHeterodimeric DNAVaccine Induces T Cell Res

MOPC315.BM Multiple Myeloma Cells

(A) Mice were vaccinated with 100 mg (A/B heterodimer, two plasmids) or 50 mg (CH3-ba

i.v. with 104MOPC315.BM cells. Survival curves of the vaccinatedmice (n = 5–10/group

Blood samples were harvested on day 36 after challenge and analyzed for the myeloma

detectable). (C and D) Mice were immunized i.m. with 50 mg of DNA/EP. 2 � 105 MOPC

from tumor cells (mean of dorsal and ventral side) as a function of time (n = 7 for MIP1a

ANOVA). (D) Ventral bioluminescent signals in representative mice on day 27 after cha

Starting from day 12, mice were injected every other day for 14 days and after that once

2� 105 MOPC315.BM.Luc tumor cells were injected i.v. on day 14 after vaccination. (E)

a function of time (n = 6 for MIP1a-A/B-scFv315 iso ctrl and scFvaNIP-A/B-scFv315; n = 8

way ANOVA for comparison of CD8-depleted and iso ctrl groups at day 33). (F) Dorsal

group of either the iso ctrl or CD8-depleted group, and saline group (n = 3), taken on da

CD4+ T cells (3� 106) were transferred i.v. to BALB/c mice, followed the next day by the

IFN-g-secreting T cells (ELISPOT) after stimulation with a MHCII-restricted l2315 CDR3

within the groups (n = 4/group) and run in technical triplicate (mean ± SEM; *p < 0.05,

382 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2
the MHCII molecule I-Ed in BALB/c mice; this targeting unit is called
scFvaMHCII. The reasons for these choices are that HA is a major an-
tigen on influenza virus, that antibodies against HA are important for
protection, and that previous experiments with homodimeric CH3-
based DNA vaccines have shown that MHCII targeting results in
high levels of antibodies.20,22,32 As a non-targeting control, we used
identical molecules but with scFvaNIP in the targeting unit.

BALB/c mice were DNA vaccinated/EP once. The levels of HA-spe-
cific IgG1 and IgG2a were measured in sera 6 weeks later. The
MHCII-targeting vaccine induced significantly higher levels of HA-
specific IgG1 and IgG2a antibodies compared to the non-targeting
control (Figures 3A and 3B).

After another 9 weeks, vaccinated mice were challenged intranasally
with a lethal dose of PR8 virus. A weight loss of 20% was defined as
the humane endpoint at which time point the mice were euthanized.
The results show that the mice vaccinated with the MHCII-targeting
vaccine did not lose weight and stayed healthy, whereas the mice
vaccinated with the non-targeting control got sick, lost weight, and
had to be euthanized (Figures 3C and 3D). These findings demon-
strate that MHCII targeting of the A/B HA heterodimer increases
the levels of anti-HA antibodies and protection against virus,
compared to the non-targeting control.

We next directly compared the A/B HA heterodimer and the CH3-
based homodimer in the PR8 influenza model. Both vaccines induced
similar amounts of HA-specific IgG1 and IgG2a measured in sera
4 weeks after immunization (Figures 3E and 3F). Mice immunized
with either vaccine format were completely protected against a chal-
lenge with the PR8 virus (Figures 3G and 3H). These results suggest
that the two vaccine formats are equally efficient at inducing HA-spe-
cific antibodies and protection against influenza virus.

The A/B Heterodimeric DNA Vaccine Is a Flexible Vaccine

Platform

The A/B heterodimerization unit forces two different chains to
combine into a bivalent protein vaccine linked by covalent and
ponses and Protection against an i.v. Challengewith BoneMarrow-Homing

sed homodimer, one plasmid) of DNA i.m./EP. After 14 days, mice were challenged

; **p < 0.01, Mantel-Cox analysis, targeting compared with non-targeting groups). (B)

protein M315 in ELISA (mean; ***p < 0.001, Mann-Whitney test, two-tailed; ND, not

315.BM.Luc tumor cells were injected i.v. 14 days later. (C) Luminescence emitted

-CH3-scFv
315 and n = 4 for MIP1a-CH3-scFv

A20, mean ± SEM; **p < 0.01, two-way

llenge. (E and F) Mice were immunized i.m. with 100 mg (two plasmids) of DNA/EP.

a week with 100 mg of depleting mAb against CD8 or isotype control (iso ctrl) mAbs.

Luminescence emitted from tumor growth sites (mean of dorsal and ventral sides) as

for MIP1a-A/B-scFv315 CD8 depleted; n = 4 for NaCl, mean ± SEM; **p < 0.01, two-

bioluminescent signals in representative mice in the MIP1a-A/B-scFv315 vaccinated

ys 5, 20, and 33 after challenge. (G) M315 L-chain (l2315)-specific TCR-transgenic

indicated vaccinations (i.m.). After 11 days, spleens were harvested and analyzed for

peptide (ALWFRNHFVFGGGTKVT, amino acids 91–107). The spleens were pooled

Mann-Whitney test, one-tailed).

020



Figure 3. MHCII-Targeting A/B Heterodimeric and CH3 Homodimeric DNA Vaccines Both Confer Complete Protection against Influenza Infection

In (A)–(D), BALB/c mice were vaccinated with 100 mg of (two plasmids) DNA i.m./EP with the indicated A/B heterodimeric vaccines expressing HA from PR8 (H1N1). In (E) and

(F), A/B heterodimeric and CH3-based homodimeric vaccines were compared, using 100 mg (A/B heterodimer, two plasmids) and 50 mg (CH3 homodimer, one plasmid) of

DNA i.m./EP. (A, B, E, and F) Levels of HA-specific IgG1 (A and E) and IgG2a (B and F) serum antibodies 6 weeks after immunization (mean ± SEM, **p < 0.01, Mann-Whitney

test; ND, not detectable). (C and G) 15 (C) or 4 (G) weeks after vaccination, the mice were infected with a lethal dose of PR8 influenza virus (7.5� LD50). Weight was followed

for 10 days (mean ± SEM; *p < 0.05, **p < 0.01, Mann-Whitney test, comparing targeting to non-targeting vaccines). (D and H) Survival curves of the vaccinated mice. Non-

significant (ns, p = 0.0549) or significant p values are indicated (**p < 0.01, Mantel-Cox test). n = 6/group in (A)–(D), n = 8/group in (E)–(H). Weight loss of 20% was defined as

the humane endpoint, at which time point the mice were euthanized.
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non-covalent forces. Thus, four different fusions expressed in a single
molecule are theoretically possible. In the present work, we have used
the amino terminal fusions for targeting purposes and the carboxyl-
terminal fusions for antigens. Thus, each A/B heterodimeric molecule
may have either two identical or two different targeting units, and
either two identical or two different antigenic units. A premise for
the above is that all the four arms are suitable for fusions. To test
this, we co-transfected HEK293E cells with combinations of plasmids
encoding A and B chains with a variety of different targeting units and
antigens (Figure 4). Supernatants were tested in a panel of sandwich
ELISAs where the coat and detection reagents should bind to the
various parts of the A/B vaccine molecule, either in cis or in trans.
A positive signal in the sandwich ELISAs would indicate that the
two tested moieties, detected respectively by the coat and the detec-
tion reagent, are linked in the vaccine molecule.

Four experiments were performed (Figures 4A–4D). The experiments
employed four different targeting units (in addition to those
mentioned above, a chemokine Xcl1 previously used for targeting
Xcr1+ DCs23 was included). Five different antigenic units were used
(in addition to those mentioned above, novel antigens were oval-
bumin [OVA], the fluorescent protein mCherry, and HA of Cal07
[A/California/07/09 (H1N1)] influenza virus). In some experiments,
Molecul
vaccine molecules with a CH3-based homodimerization motif were
included. A number of conclusions can be made from the sandwich
ELISAs: (1) a signal was always obtained according to predictions;
(2) a signal was never obtained when not expected; (3) all four
arms appeared suitable for fusions with maintenance of secretion
and expression of conformational determinants; and (4) the two
chains assembled in heterodimers since a trans signal was always ob-
tained according to predictions. It may be concluded that the A/B vac-
cine format is robust in the sense that a number of different targeting
units and antigenic units may be introduced with maintenance of
secretion, conformation, and heterodimeric structure. The largest an-
tigen we have inserted in the A/B heterodimer with maintenance of
secretion and immunogenicity is 523 aa (HA). Thus, the A/B format
is flexible and could be useful for constructing vaccines for a number
of different antigens relevant to infectious diseases and cancers.

The respectively acidic and basic charges of the A or B dimerization
motif suggests that the two chains composing an A/B heterodimer
preferentially pair through an electrostatic interaction.25 To clarify
whether monomers could be produced as well, we performed tran-
sient transfection of HEK293E cells with either (1) A and B plasmids
that together encode A/B heterodimeric vaccine protein or (2) with
only one of the A or B plasmids. PR8 HA was used as antigen while
ar Therapy: Methods & Clinical Development Vol. 17 June 2020 383
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Cal07 HA served as a specificity control. Upon transfection with only
one plasmid, both the A and B plasmids were translated into mono-
meric vaccine proteins detected in ELISAs (Figure S3A, left). These
monomers, and especially chains with the B motif, were able to
form homodimers as suggested by a western analysis (Figure S3B).
Although this experiment demonstrates that monomers can be
secreted in vitro, and that B chains can dimerize, this result was ob-
tained in the absence of competition by an A chain. Under conditions
of competition, where the B chain can pair with either an A chain or a
B chain, the A chain was preferred (Figure S3A). Thus, it is likely that
when immunizing with A and B plasmids, A/B heterodimeric vaccine
protein is preferentially formed.

A Single Targeting Unit per A/B Heterodimeric VaccineMolecule

Is Sufficient for Chemotaxis and Induction of Antigen-Specific

IgG1 and IgG2a Responses

We proceeded to test the importance of one versus two targeting units
in a single heterodimeric A/B vaccine molecule. First, we tested
whether A/B vaccine proteins with either none, one, or two MIP1a
targeting units could induce chemotaxis in vitro. A single targeting
unit per vaccine molecule was sufficient to induce chemotaxis irre-
spective of whether the MIP1a-targeting unit was attached to the A
or the B arm (Figure 5A). Similarly, one MIP1a moiety in purified
A/B vaccine proteins was sufficient for chemotaxis of DC-enriched
bone marrow cells from BALB/c mice (Figure S4A). The MIP1a-con-
taining A/B heterodimers attracted conventional DCs of type 1
(cCD1, Figure S4A), consistent with a previous publication.33 To
demonstrate that a single A/Bmolecule can carry two distinct chemo-
kines that each have chemotactic activity, we employed the Xcl1 che-
mokine known to induce chemotaxis of Xcr1+ conventional type 1
DC (cDC1) cells.33 MIP1a/Xcl1-containing A/B vaccine protein at-
tracted cDC1 cells, and neither an excess of anti-MIP1a nor anti-
Xcl1 mAbs inhibited chemotaxis. This result is consistent with both
MIP1a and Xcl1 chemokines being functional within a single A/B
vaccine molecule (Figure S4B). Next, we tested whether A/B DNA
vaccines encoding vaccine protein with either one or two MIP1a-tar-
geting units differed in their ability to induce antigen-specific IgG1
and IgG2a responses against the scFv315 multiple myeloma antigen
that was bivalently expressed (on both A and B arms). No difference
was found in serum antibody levels in immunized mice (Figure 5B).
Similar results were found when testing either one or twoMHCII-tar-
geting units in molecules bivalent for scFv315 (Figure 5C). These
results suggest that a single targeting unit is sufficient for the DNA
vaccines to elicit antibodies.
Figure 4. Diverse Targeting Units and Antigenic Units Are Efficiently Expresse

(A–D) Targeting units, dimerization units, and antigenic units are indicated by symbo

of various DNA vaccine plasmids, theoretically yielding the vaccine molecules depicte

(mean + SD). Expected binding of coat mAb (green) or detection mAb (red) to protein v

sandwich ELISAs are indicated by + or �. (A) The targeting units, Xcl1 chemokine and s

mCherry as antigenic units, as indicated. Homodimeric scFvaNIP-CH3-scFv
315 was includ

fused to either A or B chains in combination with antigenic units OVA and mCherry, as in

targeting units of A/B heterodimers and CH3-based homodimers, as indicated. The ant

were expressed with antigenic units HA from PR8 and Cal07 influenza strains in A/B h
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Single Heterodimeric A/BMolecules That Express TwoDifferent

Antigens Elicit Antibody Responses against Either

We next tested whether two different antigens expressed in a single A/
B heterodimeric molecule are both able to elicit antibodies. HA from
PR8 and Cal07 influenza viruses was fused to respectively the A and B
arms (or vice versa). These two H1 HAs do not elicit cross-reactive
antibodies. The MHCII-specific targeting unit was bivalently ex-
pressed, i.e., on both the A and B arms. In immunized BALB/c
mice, levels of anti-HAPR8 and anti-HACal07 antibodies were similar,
irrespective of whether HAPR8 and HACal07 were attached to the A or
B chain. This result indicates that antigens fused to either the A and
the B arm elicit antibodies and to a similar extent (Figure 6A).

Single Heterodimeric A/BMolecules That Express TwoDifferent

Antigens Elicit T Cell Responses against Either

Finally, we expressed two different antigens, HA from PR8 virus and
OVA, in a single A/B heterodimeric molecule, fused to respectively
the A and B arms (or vice versa). The vaccine molecule was bivalent
for theMHCII-specific targeting unit. Splenocytes of DNA-immunized
mice were stimulated in vitro with defined MHC class I (MHCI)- or
MHCII-restricted synthetic peptides, or complete proteins, of either
the HAPR8 or OVA origin. IFN-g-producing cells were detected by
ELISPOT. Responses to HAPR8 and OVA proteins, or synthetic pep-
tides derived from them, were similar, irrespective of the arm to which
the immunizing antigen had been fused (Figure 6B). This result shows
that a single heterodimeric vaccine molecule can induce T cell re-
sponses toward two separate antigens expressed on the A and B chain,
respectively. As for antibody responses, T cell responses were elicited
regardless of whether the antigen was fused to the A or B arm.

Two Different Influenza HA Antigens within a Single

Heterodimeric A/B Molecule Can Induce Protective Immunity

against Either of the Two Corresponding Viruses

Twoways of immunization were compared: (1) co-injection of A and B
plasmids encoding an A/B heterodimer where HAPR8 was expressed on
the A arm while HACal07 was expressed on the B arm (the heterodi-
meric molecule bivalently expressed an anti-MHCII targeting unit),
and (2) co-injection of two different plasmids encoding anti-MHCII-
CH3 chains that expressed eitherHAPR8 or HACal07, respectively. Theo-
retically, CH3-based homodimerization in the endoplasmic reticulum
(ER) of transfected cells should give three types of molecules that ex-
press HAPR8/HAPR8, HAPR8/HACal07, and HACal07/HACal07 in a 1:2:1
ratio.34 The immunized mice were boosted after 5 weeks and PR8-
and Cal07-specific IgGs were measured 2 weeks after the boost. The
d on Both the A and B Arm of the Heterodimeric Protein Vaccine In Vitro

ls (given in boxes). HEK293E cells were transiently transfected with combinations

d in the top rows. Supernatants were analyzed in sandwich ELISAs as indicated

accine units (squares) is indicated by colors. Positive or negative signal obtained in

cFvaNIP, were genetically fused to either A or B chains in combination with OVA and

ed as a negative control. (B) The targeting units, Xcl1 and scFvaNIP, were genetically

dicated. (C) MIP1a and scFvaNIP were expressed in all possible combinations in the

igenic unit, scFv315, was invariable. (D) The targeting units, scFvaMHCII and scFvaNIP,

eterodimers, as indicated.
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Figure 5. A Single APC-Specific Targeting Unit in the A/B

Heterodimeric Vaccine Is Sufficient for Chemotaxis and

Induction of Antigen-Specific IgG1 and IgG2a Responses

In Vivo

(A) Chemotactic activity of the MIP1a targeting unit genetically

fused to either the A or B chain of the dimerization motifs, or

both, was analyzed in vitro. Dilutions of supernatant from tran-

siently transfected HEK293E cells were tested for their ability to

attract CCR1+ CCR5+ ESb-MP cells. (B and C) BALB/c mice

were vaccinated with 100 mg (two plasmids) of DNA i.m./EP

with A/B heterodimeric vaccines that express either one or two

MIP1as (B), or one or two scFvaMHCIIs (C), as indicated. 36 days

(B, n = 4/group) or 14 days (C, n = 3/group, n = 1-2 for saline

group) later, antigen (M315)-specific IgG1 and IgG2a were

analyzed in sera (mean ± SEM; Mann-Whitney test; ns, not

significant; ND, not detectable).
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two vaccine formats induced similar amounts of anti-HAPR8 and anti-
HACal07 antibodies (Figures 7A and 7B). Moreover, mice immunized
with either of the plasmid formulations were completely protected
against challenges with either PR8 (Figures 7C and 7D) or Cal07 (Fig-
ures 7E and 7F) viruses. Thus, when two different HAs were expressed
in a heterodimeric A/B molecule, protective immune responses against
both corresponding viruses were observed. Although a similar result
was obtained with the mix of two different plasmids encoding CH3-
based homodimers, one cannot conclude that the molecule that ex-
pressed HAPR8/HACal07 conferred immunogenicity and protection
since the immunization should also have resulted in formation of
HAPR8/HAPR8 and HACal07/HACal07 homodimers.

DISCUSSION
APC-targeting heterodimeric DNA vaccines based on the A/B heter-
odimerization motif appear to be of at least the same potency as pre-
386 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2020
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viously published DNA vaccines that use an Ig CH3
homodimerization motif, as tested in a tumor and
an influenza model in mice. The four arms available
for fusions in the heterodimeric vaccine molecule
accept a number of different fusions with mainte-
nance of secretion, conformation, specificity, and an-
tigenicity. Thus, the A/B heterodimeric DNA vaccine
format has an increased versatility compared to the
CH3-based homodimer and could thus be useful in
a number of applications. Note, however, that not
all heterodimerization motifs might work since the
Bn/Bs-based vaccine molecules gave comparatively
poor responses.

Upon intramuscular (i.m.) DNA vaccination and EP,
we have previously shown that transfected muscle
cells produce the APC-targeted CH3-based vaccine
protein.35 After intradermal (i.d.) DNA vaccination
and EP, others have found that cells in the panniculus
carnosus muscle layer in the skin and other cells in
the hypodermis are transfected.36 Subsequent to
DNA vaccination, CH3-based homodimeric vaccine proteins were
found in serum of mice but only in the absence of APC targeting
In contrast, when the vaccine molecules could bind MHCII, they
were undetectable in serum, presumably due to absorption by
APCs.17We have performed similar experiments with DNA immuni-
zation/EP with the A/B based heterodimers but have not been able to
detect vaccine proteins in sera of immunized mice. A reason for this
could be that the A/B heterodimeric vaccine proteins are more rapidly
degraded than CH3-based homodimers. If so, this does apparently no
preclude immune responses to the A/B-based heterodimers, which
were of similar magnitude to that induced by CH3-based
homodimers.

A potential disadvantage of the A/B DNA vaccine is that two sepa-
rate plasmids need to be injected upon immunization, each of them
encoding one of the two different chains (A and B) assembled in the



Figure 6. Antigen-Specific Responses Are Induced

Irrespective of Whether the Antigen Is Fused to the A or B

Arm in the Heterodimeric Vaccine Protein

(A) BALB/c mice were vaccinated with 100 mg (two plasmids) of

DNA i.m./EP with A/B heterodimers expressing influenza HA

antigen from Cal07 (H1N1) and PR8 (H1N1) connected to either

the A or B arm (n = 5-6/group). 14 days after vaccination, the

mice were bled and Cal07- and PR8-specific IgGs were

analyzed in the sera by ELISA (mean ± SEM;Mann-Whitney test,

ns, not significant; ND, not detectable). (B) BALB/c mice were

vaccinated with 50 mg (two plasmids) of DNA i.d./EP with A/B

heterodimers expressing influenza HA antigen from PR8 (H1N1)

and OVA connected to either the A or the B arm (n = 4/group,

analyzed as biological replicates). After 11 days, spleens were

harvested and analyzed for IFN-g-secreting T cells (ELISPOT)

after stimulation with HA whole protein, MHCII-restricted HA

peptides (HNTNGVTAACSHEG or SVSSFERFEIFPK), or MHCI-

restricted HA peptide (IYSTVASSL), OVA whole protein, MHCII-

restricted OVA peptide (ISQAVHAAHAEINEAGR), or irrelevant

peptide (l2315 CDR3 peptide, ALWFRNHFVFGGGTKVT).

Mann-Whitney test, two-tailed; ns, not significant.
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heterodimeric vaccine protein. The two different plasmids must
both be taken up by single cells, resulting in production of the A
and the B chains that presumably assemble with non-covalent
and disulfide bonds in the endoplasmic reticulum prior to secretion.
However, since the A/B heterodimeric vaccine elicits immune re-
sponses similar to those of the CH3-based homodimeric vaccine
based on a single plasmid, this might not be a problem. A likely
explanation is that a high number of plasmids are injected (1 mg
DNA contains 7.5 � 1013 plasmids with a size of 8 kDa), and
that a single transfected cell probably takes up many of each of
the A and B plasmids with a nearly 50/50 distribution.37 Consistent
with this scenario, joining of two plasmids into a single plasmid that
encodes both the A and B chain did not result in improved re-
sponses (unpublished data).

The two different chains of the heterodimer, A and B, were found to
be expressed in vitro when A and B plasmids were transfected sepa-
rately. Moreover, solitary transfections of the B plasmid resulted in
formation of B-B homodimeric proteins under such non-competi-
tive conditions. However, the acidic and basic charge of respectively
Molecular Therapy: Methods & Clinical Development Vol. 17 June 2020 387
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the A and B motif would suggest that they preferen-
tially bind to each other when both are present.25

Indeed, peptides having the A and B motif showed
105-fold greater propensity for heterodimer forma-
tion over homodimeric formation.38 Consistent
with this, we found that A/B heterodimers efficiently
formed in vitro as analyzed by antibodies binding
targeting and antigenic units in trans, and by bind-
ing of the 2H11 mAb that requires an assembled A/
B heterodimer for its binding.39 Furthermore, we
found that heterodimers were preferentially formed
under competing conditions where both A and B chains were
present.

We have previously shown that the targeting unit can affect the type
of immune response that is elicited by the vaccine antigen,22 mos
likely reflecting the type of APCs that the targeting unit binds and
possibly the particular cell surface molecule that is targeted. Thus, tar-
geting units (Xcl1, MIP1a) that bind to receptors preferentially found
on cDC1 cells increases Th1/IgG2a/CD8 responses.21,22,33 In contrast
targeting units (anti-MHCII, anti-CD11c) that bind to receptors ex-
pressed on many DC subtypes, including the cDC2, also increases
Th2 and IgG1 responses.20,22 These observations, made with CH3-
based homodimers, most likely apply to the A/B heterodimers
described herein.

It is surprising that having either one or two targeting molecules per A
B vaccine molecule did not have a striking effect on levels of antibody
production, T cell responses, or chemotaxis, at least not when employ-
ingMIP1a chemokine and anti-MHCII as targeting units. This finding
is in line with more limited experiments using heterodimeric vaccine
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Figure 7. Comparison of A/B Heterodimeric and CH3-

Homodimeric DNA Vaccines Expressing Two

Different HAs

BALB/c mice were vaccinated i.m./EP with 100 mg of DNA

(two plasmids) encoding either A/B heterodimeric or CH3

homodimeric vaccine proteins that express HA from both

PR8(H1N1) and Cal07(H1N1) as indicated. Mice were

boosted after 5 weeks. (A and B) Levels of PR8-specific IgG

(A) and Cal07-specific IgG (B) serum antibodies 2 weeks

after the boost (mean ± SEM; **p < 0.01MannWhitney; ND,

not detectable). (C and E) 2 weeks after the boost, the mice

were infected with a lethal dose of PR8 (C, 5 � LD50), or

Cal07 (E, 5 � LD50) influenza virus. Weight was followed for

10 days. Weight loss of 20% was defined as the humane

endpoint, at which time point the mice were euthanized (n =

8/group, mean ± SEM; Mann-Whitney test, *p < 0.05, **p <

0.01; ns, not significant). (D and F) Survival curves of the

vaccinated mice after challenge with either PR8 (D) or Cal07

(F) influenza virus.
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proteins with the suboptimal Bn/Bs heterodimerization motif.26 Thus,
the bonus effect of targeting APCs seems to primarily depend on hav-
ing at least one targeting unit and that adding more targeting units per
molecule does not addmuch. This opens the possibility of constructing
heterodimeric vaccine proteins with two different APC-specific target-
ing moieties, which could result in synergistic effects. For example,
combining anti-MHCII17,22 and anti-CD11c22 could possibly enhance
induction of antibodies, while combining MIP1a16 and anti-CD4015

could possibly elicit stronger T cell responses. Such dual targeting spec-
ificities within a single heterodimeric vaccine molecule could simulta-
neously cross-link different receptors on APCs and thus influence
intracellular signaling. Alternatively, in a four-armed heterodimeric
vaccine protein, only one arm could be used for targeting, leaving three
arms for expression of antigens.
388 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2020
APC-targeting heterodimeric DNA vaccines with
different antigens on the A and the B chains eli-
cited antibodies and T cells against either antigen.
Moreover, all different antigens tested so far have
been translated into vaccine proteins irrespective
of being expressed on the A or B arm. Thus, the
heterodimeric format opens the possibility of
broadening the immune response to several
different antigens derived from the same path-
ogen, e.g., HA and neuraminidase from influenza
virus. Another possibility is to express different
versions of the same antigen, e.g., HA from
different influenza viruses, in the same vaccine
molecule. Supporting this possibility, introducing
a mixture of six different group 1 HAs (H5, H6,
H8, H9, H11, H13) into the CH3-based homodi-
meric format resulted in protection of immunized
mice against a heterosubtypic H1N1 challenge,
suggesting that dilution of strain-specific epitopes
can result in preferential stimulation of B cells
specific for conserved, immunosubdominant epi-
topes.34 A recent publication of Kanekiyo et al.40 using nanoparticles
that express eight different H1 HAs support such a dilutional strategy
for induction of antibodies against subdominant epitopes.

Finally, utilization of different dimerization motifs should offer the
possibility of delivering two distinct APC-targeting DNA vaccines
simultaneously. Thus, a single injection of a mix of three plasmids,
two plasmids encoding the A and B chains of a heterodimeric mole-
cule and one plasmid encoding a CH3-based homodimeric molecule,
should result in secretion of two distinct vaccine molecules without
any mixing between the two (due to the specific interactions between
dimerization domains in the endoplasmic reticulum of the trans-
fected cell). One application would be to choose different targeting
units for the heterodimeric and the homodimeric vaccine molecules
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so that one type of vaccine molecule would primarily induce T cells
while the other primarily would elicit antibodies. Alternatively, the
same targeting unit could be used in the two types of vaccine mole-
cules while the number of different antigens could be expanded.
Possibly, by employing even more dimerization motifs than A/B
and CH3, the above scenario could be further expanded. In summary,
the current technology, and its extensions, could increase the versa-
tility of APC-targeting DNA vaccines.

MATERIALS AND METHODS
Ethics Statement

All animal experiments were approved by the Animal Ethics Com-
mittee of the National Committee for Animal Experiments (Oslo,
Norway) and were carried out in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health.

Mice and Cell Lines

Female BALB/c mice 6–8 weeks of age were purchased from Taconic
(Denmark). The l2315-specific TCR-transgenic mice on a BALB/c
background have been described previously.41 HEK293E cells were
from American Type Culture Collection (ATCC, Manassas, VA,
USA), and Esb-MP cells were kindly provided by Dr. J. Van Damme
(University of Leuven, Leuven, Belgium). Cells were cultured in RPMI
1640 (Invitrogen) supplemented with 10% heat-inactivated fetal calf
serum (FCS, Biochrom), 0.1 mM non-essential amino-acids (Lonza),
1 mM sodium pyruvate (Lonza), 50 mM monothioglycerol (Sigma),
and 24 mg/L gentamicin (Sanofi-Aventis Norway) at 37�C with 5%
CO2 in humidified air.

Generation of Heterodimeric DNA Vaccines

All vaccine constructs explored the pLNOH2 vector containing a cyto-
megalovirus (CMV) promoter and the VH leader derived from the VH

gene of B1–8.42 The homodimeric vaccibodies MIP1a-CH3-scFv
315

and scFvaNIP-CH3-scFv
315 have been described previously.16 In this

vaccine the dimerization motif consists of the hinge exons 1 and 4
and CH3 from human IgG3. The construction of the Bn/Bs hetero-
dimers has also been described.26 The cDNAs encoding the ACID
(A: AQLEKELQALEKENAQLEKELQALEKELAQ)- and BASE (B:
AQLKKKLQALKKKNAQLKKKLQALKKKLAQ)-modified leucine
zipper motif were a kind gift from Dr. Elizabeth Mellins.25 The genes
were amplified by PCR. The following primers were used: 50A/B, 50-
GGAGGTAGCAGCGGTGGAAAATTCGGCGGTTCCACTACA-30;
30A, 50-CCCTCCGCTACCACCTCCCTGAGCCAGTTCCTTTTCC
AG-30; and 30B, 50-CCCTCCGCTACCACCTCCCTGGGCGA
GTTTCTTCTTGAG-30. The hinge region of scFvaNIP-CH3-scFv

315

was amplified by the following: 50h1, 50-GGTGAGTCGTACGCTAG
CAA-30 and 30h1, 50-TCCACCGCTGCTACCTCCTGGGCACCG
TGGGCATGTGTGAGTTGTGTCACCAAG-30. The resulting two
PCR products formed the template for a new PCR with 50h1 primer
and 30A or 30B primer. The PCR products were digested with HindIII
and SfiI and subcloned into scFvaNIP-CH3-scFv

315. Finally, a new PCR
was done with primers 50L2A/B (50-GGAGGTGGTAGCGGAGGGT
TAACCAAATTCGGCGGTTCCACTACA-30) and the 30A or 30B
Molecul
primer. The resulting PCR product was subcloned into HindIII and
SfiI of scFvaNIP-CH3-scFv

315, generating the heterodimeric A/B vaccine
with either two ACID or two BASE motifs connected with the linker
GGGSGGLTKFGGSTTAPS. The hinge region upstream of the A/B
dimerization motif consists of hinge exon 1 only from the hIgG3,
similar to the Bs/Bn heterodimeric vaccine.

The same unique restriction enzyme sites were used for swapping of
either the targeting unit (BsmI and BsiWI) or the antigenic unit (SfiI
and SfiI) into the three variants of targeting DNA vaccines. Targeting
units subcloned N-terminally were MIP1a, the MHCII targeting unit
(scFvaMHCII, from mouse 14-4-4S anti-MHCII mAb specific for the
Ia.7 determinant on I-Ed molecules),17 and mouse Xcl1,23 as well as
the non-targeting scFv specific for the hapten NIP. Antigenic units
used were scFv315 (M315 myeloma protein) and scFvA20 (mouse B
cell lymphoma A20),17 HA antigen from influenza A viruses PR8
and Cal07,32 OVA,20 and mCherry.26

ELISAs for Vaccine Protein Analysis

ELISAs were performed in Costar 96-well plates (Corning Life Sci-
ences) coated with dinitrophenyl (DNP)-BSA (2.5 mg/mL), NIP-
BSA (2.5 mg/mL), anti-A/B mAb (1.0 mg/mL, 2H11, a kind gift
from Dr. Ellis L. Reinherz),39 anti-mCherry mAb (1.0 mg/mL),43 or
anti-Cal07 HA mAb (1.0 mg/mL, 29E3, a kind gift from Dr. Thomas
Moran). Plates were blocked with PBS containing 1% BSA (25�C for 1
h). 1 mg of DNA per plasmid in 50 mL of Opti-MEM (Life Technolo-
gies) and 2 mL of Lipofectamine 2000 (Invitrogen) in 50 mL of Opti-
MEM were mixed and incubated for 20 min at 25�C. The DNA/Lip-
ofectamine solution was added to the HEK293E cells (1 � 105 cells/
well in a 24-well plates) and incubated at 37�C in a 5% CO2 humid-
ified atmosphere. Supernatants were collected after 3 days and run in
triplicates, serially diluted 3-fold in ELISA buffer (PBS containing
0.2% Tween 20 and 0.1% BSA, 0.02% sodium azide), and incubated
for at least 1 h at 25�C. Biotinylated anti-PR8 HA mAb (1 mg/mL,
H-36-4-52, a kind gift from Siegfried Weiss), biotinylated anti-
Cal07 HA (1.0 mg/mL), biotinylated anti-MIP1a (1 mg/mL,
MAB450, R&D Systems), biotinylated anti-scFv315 (1.0 mg/mL,
Ab2-1.4), biotinylated anti-l (1.0 mg/mL, 9A8 rat anti-mouse Vl
mAb, specific for Vl1 in scFvaNIP and cross-reacting with the Vl2
domain in scFv315), and anti-Xcl1 (1 mg/mL, LS-C16241, LifeSpan
BioSciences [LSBio], followed by anti-rabbit IgG-AP [alkaline phos-
phatase], 1:3,000, from Sigma) were used to detect the respective vac-
cine constructs (45 min at 25�C). Biotinylated secondary reagents
were followed by streptavidin-AP (1:3,000, GEHealthcare) and devel-
oped with the addition of phosphatase substrate (1mg/mL, Sigma-Al-
drich) dissolved in diethanolamine substrate buffer. Optical density
405 (OD405) was measured with a Tecan Sunrise microplate reader
using the Magellan v5.03 program.

Analysis of the Vaccine Proteins by SDS-PAGE andWestern Blot

Vaccine proteins were produced by transient transfection of
HEK293E cells as described above, but up-scaled in six-well plates.
The DNA vaccines used in this study included a C-terminal histidine
(His) tag. Supernatants were collected after 3 days and vaccine
ar Therapy: Methods & Clinical Development Vol. 17 June 2020 389
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proteins were purified on His SpinTrap columns (GE Healthcare,
Buckinghamshire, UK). The vaccine proteins were analyzed by
SDS-PAGE using 4%–12% Novex Tris-glycine gels (Invitrogen) and
detected with biotinylated anti-MIP1a or anti-l1 (9A8, specific for
l1) and streptavidin-HRP (horseradish peroxidase, 1:10,000, GE
Healthcare) for 1 h at 25�C before being developed with an enhanced
chemiluminescence (ECL) Advance western blotting detection kit
(GE Healthcare) in a G:Box Chemi XX6 device (Syngene). The
Spectra multicolor broad range protein ladder (Life Technologies)
was used to determine the sizes of the vaccine proteins.

Chemotaxis Assay

600 mL of medium (RPMI 1640 with 1% BSA) containing recombi-
nant MIP1a (0.05 mg/mL, positive control, PeproTech) or vaccine
proteins (supernatants harvested from transfected HEK293E, 4-fold
diluted) was added to the bottom wells of Transwell plates (5-mm-
pore polycarbonate membrane). 100 mL (2 � 106) of CCR1+CCR5+

ESb-MP cells was added to the upper wells and incubated 2 h at
37�C. Cells that migrated to the bottom wells were counted by a
Countess automated cell counter (Invitrogen). The chemotactic index
was calculated as fold increase in the number of cells migrating in the
presence of chemotactic factors by the various vaccine proteins as
compared to spontaneous cell migration (medium alone or mock).

DNA Vaccination and EP

Mice were anesthetized by an intraperitoneal (i.p.) injection with a
mixture of Zoletil forte (250 mg/mL), xylazine (Rompun; 20 mg/
mL), and fentanyl (50 mg/mL) (ZRF, 6 mL/kg body weight) before
each hind leg was shaved to prepare for vaccination. Plasmid DNA
was purified using an EndoFree Mega plasmid purification system (-
QIAGEN). 50 mL of 0.5 mg/mL DNA per plasmid dissolved in sterile
0.9% saline solution (B. Braun) was injected i.m. into each quadriceps
femoris muscle. The amount was 50 mg of DNA per plasmid per
mouse, unless otherwise indicated in the figure legends. The plasmid
sizes ranged from 8,783 bp (the scFvaMHCII-CH3-HA plasmid) to
7,351 bp (theMIP1a-A-scFv315 plasmid). EP was performed immedi-
ately after injection through the delivery of pulses from electrodes in-
serted i.m. flanking the injection site (Needle EP) using an Elgen elec-
troporator device from Inovio Biomedical, as described.22 For
intradermal vaccination, the lower back was shaved. 25 mL of
0.5 mg/mL DNA per plasmid was injected into each flank of the lower
back, followed by EP using DermaVax (BTX/Harvard Apparatus), as
previously described.32 Blood samples were collected from the saphe-
nous vein at regular intervals, spun down twice, and sera were frozen
at �20�C.

Tumor Challenge

MOPC315.4, MOPC315.BM, and MOPC315.BM.Luc cells were
cultured in vitro (37�C, 5% CO2) and harvested during the exponen-
tial growth phase, then centrifuged (300� g, 7 min) and resuspended
in PBS. Mice were vaccinated once as described above and challenged
with tumor cells 14 days later as follows: (1) s.c. on the right flank with
105 MOPC.315.4 myeloma tumor cells (n = 10/group). The size of the
tumor was followed. A tumor diameter of 10 mmwas defined as a hu-
390 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2
mane endpoint, at which time mice were euthanized. (2) i.v. with 104

MOPC.315.BM cells (n = 10/group).29 Mice reaching endpoint para-
plegia were euthanized. (3) i.v. with 2� 105 MOPC.315.BM.Luc cells
(n = 4–8/group). In the experiment with MOPC.315.BM/Luc, from
day 12 mice were injected every other day for 14 days and after
that once a week with 100 mg of depleting mAb against CD8 (TIB-
105, ATCC) or with isotype control Ab (Y13-238, ATCC). Imaging
of Luc activity in vivo was performed essentially as described.29

Mice were injected i.p. with D-luciferin (150 mg/kg body weight)
and imaged using the IVIS Spectrum imaging systems (Caliper Life
Sciences, Hopkinton, MA, USA). Images were acquired from 10 to
20 min after substrate injection. Data were analyzed using Living-
Image software (Caliper Life Sciences). Each image included a non-
tumor-bearing control mouse also administered D-luciferin. Lumi-
nescence from each side or region of tumor-bearing mice was quan-
tified using average photons/s/cm2/steradian, with the respective area
on the non-tumor-bearing control mice subtracted. Disease was veri-
fied by measurement of M315 myeloma protein in ELISA.28

IFN-g ELISPOT

Adoptively transferred BALB/c mice (3 � 106 l2315-TCR-transgenic
CD4+ T cells/mouse) were vaccinated the next day with 50 mg of DNA
per plasmid i.m. as described above. 11 days after vaccination, spleens
were harvested and splenocytes prepared using the gentleMACS dis-
sociator (Miltenyi Biotec) according to the manufacturer’s enzyme-
free protocol. Splenic IFN-g peptide-specific T cells were determined
by an ELIspotPLUS for mouse IFN-g kit according to the manufac-
turer’s protocol (Mabtech, Nack Straand, Sweden). Briefly, spleno-
cytes were dissociated and treated with Tris-buffered ammonium
chloride (ACT) for 7 min on ice, washed three times with RPMI
1640, and filtered through a 70-mm nylon strainer to prepare sin-
gle-cell suspensions. Splenocytes were plated in triplicates (1 � 106,
5 � 105, and 2.5 � 105 cells/well) and synthetic peptide (5.0 mg/
mL, ALWFRNHFVFGGGTKVT, amino acids 91–107 of l2315 Ig L
chain) or irrelevant control peptide (5.0 mg/mL, HNTNGVTAAC-
SHEG from HA) was added.

BALB/c mice were vaccinated i.d. with 25 mg of DNA per plasmid.
Spleens were harvested after 14 days, plated in triplicates (5 � 105

cells/well), and stimulated with 2 mg/mL MHCII (SVSSFERFEIFPK
and HNTNGVTAACSHEG)- or MHCI (IYSTVASSL, both Invivo-
Gen)-restricted HAPR8 peptides, MHCII-restricted OVA peptide
(amino acids 323–339, ISQAVHAAHAEINEAGR, InvivoGen), or
complete recombinant HAPR8 protein (2 mg/mL, Sino Biological) or
OVA protein (5 mg/mL, InvivoGen). Spots were counted electroni-
cally and analyzed using the CT ELISPOT reader (CTL Europe,
Bonn, Germany).

Influenza Challenge of Vaccinated Mice

Vaccinated mice where challenged after a single vaccination i.m. as
described above. Groups of anesthetized mice were infected intrana-
sally with 7.5 � lethal dose 50 (LD50) of PR8 or 5 � LD50 of Cal07
influenza viruses in 20 mL of PBS (10 mL per nostril PR8 or Cal07,
kindly provided by Dr. Anna Germundsson Hauge at the National
020
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Veterinary Institute, Oslo, Norway). LD50s of PR8 and Cal07 were
determined as described before.32 Mice were monitored for weight
loss, and the humane endpoint was >20% weight loss, as required
by the Norwegian Animal Research Authority.

ELISA for Detection of Antigen-Specific Antibodies in Serum

from BALB/c Mice

High-binding 96-well ELISA plates (Costar) were coated with 2 mg/
mL myeloma protein M315 (IgA, l2) or recombinant HA (PR8,
0.5 mg/mL, or Cal07, 1 mg/mL, both Sino Biological). Serum samples
were serially diluted 3-fold, starting at 1:50 in ELISA buffer. Abs in
sera were detected with AP-conjugated anti-IgG (1:3,000, Sigma-Al-
drich), biotinylated anti-IgG1a (1.0 mg/mL, BD Pharmingen), or anti-
IgG2a (1.0 mg/mL, BD Pharmingen) and incubated for 1 h at 25�C.
Otherwise, the serum ELISAs were run as described above for protein
vaccine ELISA. Antibody titer was defined as the highest dilution of a
serum sample with OD values greater than the mean � 2 of saline-
vaccinated mice. Samples with a titer <50 were given an endpoint
titer of 1.

Statistical Analysis

All statistical analyses were performed using the GraphPad Prism
version 7.04. Statistical differences between antibody titers and lumi-
nescence curves at various time points were compared with two-way
ANOVA. Differences in survival were calculated byMantel-Cox anal-
ysis. Differences in tumor-specific antigen M315, M315- or HA-spe-
cific total IgG, IgG1, and IgG2a, and weight curves after influenza
challenge were calculated using a two-tailed Mann-Whitney test. A
one-tailed Mann-Whitney test was used for the IFN-g T cell ELI-
SPOT. A p value of 0.05 or less was considered statistically significant.
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