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ABSTRACT Current seasonal influenza vaccines are efficacious when vaccine strains
are matched with circulating strains. However, they do not protect antigenic variants
and newly emerging pandemic and outbreak strains. Thus, there is a critical need for
developing so-called “universal” vaccines that protect against all influenza viruses. In
the present study, we developed a bivalent heterologous DNA virus-like particle
prime-boost vaccine strategy. We show that mice immunized with this vaccine were
broadly protected against lethal challenge from group 1 (H1, H5, and H9) and group
2 (H3 and H7) viruses, with 94% aggregate survival. To determine the immune corre-
lates of protection, we performed passive immunizations and in vitro assays. We
show that this vaccine elicited antibody responses that bound HA from group 1 (H1,
H2, H5, H6, H8, H9, H11, and H12) and group 2 (H3, H4, H7, H10, H14, and H15) and
neutralized homologous and intrasubtypic H5 and H7 and heterosubtypic H1 viruses
and hemagglutinin-specific CD4 and CD8 T cell responses. As a result, passive immu-
nization with immune sera fully protected mice against H5, H7, and H1 challenge,
whereas with both immune sera and T cells the mice survived heterosubtypic H3
and H9 challenge. Thus, it appears that (i) neutralizing antibodies alone fully protect
against homologous and intrasubtypic H5 and H7 and (ii) neutralizing and binding
antibodies are sufficient to protect against heterosubtypic H1, (iii) but against het-
erosubtypic H3 and H9, binding antibodies and T cells are required for complete
survival. We believe that this vaccine regimen could potentially be a candidate for a
“universal” influenza vaccine.

IMPORTANCE Influenza virus infection is global health problem. Current seasonal in-
fluenza vaccines are efficacious only when vaccine strains are matched with circulat-
ing strains. However, these vaccines do not protect antigenic variants and newly
emerging pandemic and outbreak strains. Because of this, there is an urgent need
to develop so-called “universal” influenza vaccines that can protect against both cur-
rent and future influenza strains. In the present study, we developed a bivalent het-
erologous prime-boost vaccine strategy. We show that a bivalent vaccine regimen
elicited broad binding and neutralizing antibody and T cell responses that conferred
broad protection against diverse challenge viruses in mice, suggesting that this biva-
lent prime-boost strategy could practically be a candidate for a “universal” influenza
vaccine.
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urrent seasonal influenza vaccines are efficacious when vaccine strains are matched

with circulating strains. However, these vaccines need to be reformulated fre-
quently to elicit protective antibody responses against variants that arise via antigenic
drift. They also do not protect humans from pandemics and outbreaks of newly
emerging strains via antigenic shift, such as the emergence of the pandemic H1N1
influenza virus in 2009 and the avian H5N1, H5N6, H7N9, and H10N8 viruses (1, 2). Thus,
the holy grail of influenza vaccine research is to develop “universal” vaccines that
protect against both current and future influenza strains.

Influenza viruses are enveloped, negative-sense, single-strand RNA viruses with
segmented genomes. Hemagglutinin (HA), neuraminidase (NA), and matrix 2 (M2) are
three proteins on the virion surface. HA forms a trimer of covalently linked HA1/HA2
heterodimers. HA1 binds to sialic acid receptors, and HA2 mediates viral and endo-
somal membrane fusion. HA is a major target to host immune responses. Antigenically,
HA in influenza A viruses comprises 18 subtypes, which are divided into two phyloge-
netically distinct groups (3-6). Group 1 comprises of H1, H2, H5, H6, H8, H9, H11, H12,
H13, H16, H17, and H18, and group 2 consists of H3, H4, H7, H10, H14, and H15. HA
subtypes within a group or between two groups have 40 or 60% sequence diversity,
respectively.

The discovery of conserved epitopes in the HA stem region has spurred great efforts
on development of stem-based “universal” vaccines (7-22). Basically, there are two
approaches. One approach used sequential infection with different influenza strains (7)
or sequential prime-boosts with head/stem chimera (cHA), in which heads from differ-
ent HA subtypes were fused with a common stem (8-10). Sequential prime-boosts with
cHA containing a common H1 stem were able to cross-protect mice from lethal
challenge of H5N1 and H6N1 viruses (group 1) and to cross-neutralize H2N2 virus
(group 1) (9), whereas sequential prime-boosts with cHA containing a common H3 stem
were able to cross-protect mice from lethal challenge of H7N1 and H7N9 (group 2) (10).
Another approach was to develop stem-only (or headless) HA (12-21). For example, two
groups recently reported the construction of correctly folded H1 stem trimer (20) and
self-assembled H1 stem-containing nanoparticle (21). Mice immunized with these
immunogens had binding antibodies against HA from both group 1 and group 2 and
neutralizing antibodies against H1 and H5 strains and were completely protected from
H5 challenge (20, 21). Although the successful design of correctly folded stem is an
important advancement toward “universal” influenza vaccine, the safety and the
breadth of in vivo protection by stem-based “universal” vaccines remain to be im-
proved.

In addition to HA stem-based “universal” vaccines, multivalent “universal” vaccines
are also being developed. For example, Schwartzman et al. recently showed that an
intranasal (i.n.) immunization with a cocktail of virus-like particle (VLP)-expressing
group 1 (H1 and H5) and group 2 (H3 and H7) HA not only protects mice from
homologous and intrasubtypic H1, H5 and H7 virus challenge but also partially protects
mice from heterosubtypic H2, H6, H10, and H11 virus challenge, with a total of 94%
aggregate survival (23).

Previously, we showed that priming mice twice with DNA plasmid encoding H5 HA
and boosting once with VLP derived from A/Thailand/1(KAN)-1/2004 (THO4) strain
(notated as TH DDV) induced antibody responses that cross-neutralize all clades and
subclades of H5 viruses (24). To further improve the breadth and potency of antibody
responses and immune protection, we developed a bivalent TH/NE DDV plus in vivo
electroporation (EP) vaccine strategy (TH/NE DDV +EP), in which DNA plasmids and VLP
encoding H5 (group 1) and H7 (group 2) HA were derived from THO4 and A/Nether-
lands/219/2003 (NEO3) strains, respectively. It has been shown that immune sera
elicited by live-attenuated NEO3 strain cross-neutralizes diverse H7 strains from both
Eurasian and American lineages (25). We first compared antibody responses against a
panel of 12 influenza strains from subtypes H1, H3, H4, H5, H7, H9, and H10 between
TH DDV and TH DDV +EP sera, between NE DDV and NE DDV+EP sera, and between a
mixture of TH DDV+EP and NE DDV+EP sera and bivalent TH/NE DDV +EP sera. We
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then tested protective efficacy against diverse strains from subtypes H1, H3, H5, H7, and
H9 by active and passive TH/NE DDV+EP immunizations. Finally, we systematically
tested binding and neutralizing antibody and HA-specific T cell responses in immu-
nized animals.

RESULTS

Enhancement of antibody responses by in vivo EP during DNA priming. To test
the effect of in vivo electroporation (EP) during DNA priming on antibody responses, we
compared TH DDV and TH DDV+EP sera, as well as NE DDV and NE DDV+EP sera, in
their ability to bind to HA from 12 influenza strains of both group 1 (H1, H5, and H9)
and group 2 (H3, H4, H7, and H10) (see Table 1) and a control vesicular stomatitis virus
(VSV). Figure 1A shows that TH DDV sera only bound both HA1 and HA2 of H5 HA (SZ06
and CAMO5) and HA2 of H1 HA (WSN33 and CAQ9), but not HA from other eight strains
of H9, H3, H4, H7, and H10 subtypes and the VSV control (the left panel). In contrast,
TH DDV +EP sera not only increased the binding to both HA1 and HA2 of H5 HA and
HA2 of H1 HA but also bound HA2 of H9 HA (JS02 and JX04) and H3 HA (GZ89), as well
as HA1 and HA2 of H4 HA (HNO09), but not HA from H3 HA (HK68), H10 HA, and H7 HA
of group 2 and the VSV control (the right panel). Thus, we conclude that in vivo EP not
only significantly enhances binding antibody responses of TH DDV to H5 and H1 HA but
also broadens the responses to both group 1 (H9) and group 2 (H3 and H4) HA.

Similarly, NE DDV sera only bound both HA1 and HA2 of H7 HA (NE03) and HA2 of
H7 HA (AH13), H3 HA (HK68 and GZ89) and H10 (JX13), but not HA from other eight
strains of H4, H1, H5, and H9 HA and VSV control (the left panel in Fig. 1B). In contrast,
NE DDV +EP sera not only increased the binding to HA1 and HA2 of H7 HA (NEO3) and
HA2 of H7 (AH13), H3 HA and H10 but also bound to HA2 of H4 HA (HN09) and HA1
of H7 (AH13) and H3 (GZ89), but not HA from group 1 viruses (the right panel in Fig.
1B). Thus, we conclude that in vivo EP also quantitatively and qualitatively enhances
binding antibody responses of NE DDV. However, the enhancement is confined within
group 2 viruses.

We next tested a bivalent TH/NE DDV+EP immunization. Figure 1C shows that
TH/NE DDV +EP sera bound HA2 from all 12 strains of subtypes H1, H5, H9, H3, H4, H7,
and H10 and bound HA1 from 11 strains except for strain JX13, subtype H10 (the left
panel). The binding pattern was very similar to that detected by combined TH DDV +EP
and NE DDV+EP sera (the right panel), indicating that in the bivalent TH/NE DDV +EP
immunization, H5 and H7 HA did not interfere with each other in their immunogenicity.
Therefore, we subsequently focused on TH/NE DDV+EP immunization.

Protection by active TH/NE DDV+EP immunization. To test imnmune protection,
TH/NE DDV+EP- and control DDV+EP-immunized mice were i.n. challenged with five
50% mouse lethal doses (MLD,) of NEO3, CAMO5, SZ06, AH13, WSN33, CA09, JS02,
JX04, HK68, or AC68 strain (see Table 1). Figure 2A to | show that control DDV +EP-
immunized mice, after challenge with the NE03, CAMO5, SZ06, WSN33, CA09, JS02,
JX04, HK68, or AC68 strain, died. In contrast, TH/NE DDV+EP-immunized mice, after
challenge with the NEO3, CAMO05, SZ06, or WSN33 strain, did not have any sign of iliness
and weight loss, and all survived; after challenge with the CAQ09, JX04, or HK68 strain,
the mice experienced a weight loss nadir of <<20%, and all survived. When challenged
with the JS02 or AC68 strain, the mice experienced a weight loss nadir of >20% and 5
of 6 mice or 4 of 6 mice, respectively, survived. In aggregate, 94.12% (48/51 animals) of
TH/NE DDV +EP-immunized mice survived challenge compared to 0% (0/51 animals) of
control DDV+EP-immunized mice (P < 0.001).

Figure 2J shows that after challenge with AH13 H7N9 the lung tissues in control
DDV+EP-immunized mice exhibited significantly higher virus titers (average titer, 352
50% egg infectious doses [EIDs,]), whereas the lung tissues in TH/NE DDV+EP-
immunized mice did not show evidence of any viruses. Thus, we conclude that TH/NE
DDV+EP immunization not only completely protects against homologous and intra-
subtypic H5 and H7 virus challenge but also completely or partially protects against
heterosubtypic H1, H3, and H9 virus challenge.
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FIG 1 Comparison of binding antibodies between TH DDV and TH DDV +EP sera, between NE DDV and NE DDV +EP sera, and between TH/NE DDV+EP sera
and combined TH DDV +EP sera and NE DDV +EP sera against HA from a panel of 12 influenza strains of seven HA subtypes and VSV control by Western blotting.
(A) HAO, HA1, and HA2 bands revealed by TH DDV sera (left panel); HAO, HA1, and HA2 bands revealed by TH DDV+EP sera (right panel). (B) HAO, HA1, and
HA2 bands revealed by NE DDV sera (left panel); HAO, HA1, and HA2 bands revealed by NE DDV+EP sera (right panel). (C) HAO, HA1, and HA2 bands revealed
by TH/NE DDV+EP sera (the left panel); HAO, HA1, and HA2 bands revealed by combined TH DDV+EP sera and NE DDV+EP (right panel).

Protection by passive immunization with immune sera alone or with immune
sera and T cells. To determine whether protection was mediated by immune sera,
female BALB/c mice were i.p. injected with 700 ul of pooled TH/NE DDV +EP or control
DDV+EP sera. At 24 h after passive immunization, mice were i.n. challenged with 5
MLDs, of the NEO3, CAMO5, WSN33, JX04, or HK68. Figure 3A to E show that, after the
challenge, mice injected with control DDV+EP sera died within 10 days. In contrast,
mice receiving TH/NE DDV +EP sera after challenge with the NE03, CAMO5, or WSN33
strain experienced no weight loss, and all survived. After challenge with HK68 or JX04,
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FIG 2 In vivo efficacy of TH/NE DDV+EP immunization. (A to ) Time course of weight change (upper panels) and survival rate
(lower panels), followed by homologous NEO3 H7N7 (A), intrasubtypic CAMO5 H5N1 (B), intrasubtypic SZ06 H5N1 (C), or
heterosubtypic WSN33 H1N1 (D), CA09 H1N1 (E), HK68 H3N2 (F), AC68 H3N1 (G), JX04 HIN2 (H), and JS02 HIN2 (1) challenges.
The survival rate was calculated as the percent survival within each experimental group (n = 5 or 6 mice per group). (J)
Comparison of viral loads in lung tissues isolated at day 3 postchallenge of intrasubtypic AH13 H7N9 virus between TH/NE
DDV +EP- versus control DDV-+EP-immunized mice (three mice per group).

the mice experienced a weight loss nadir of 20 or 25% and 5 of 6 mice or 3 of 6 mice,
respectively, survived. In aggregate, 85.71% (24/28) of mice receiving TH/NE DDV+EP
sera survived challenge compared to 0% (0/28 animals) of mice receiving control
DDV+EP sera (P < 0.001).

Since protection against HK68 or JX04 by passive immunization with TH/NE
DDV +EP sera (Fig. 3D and E) was less than that by active TH/NE DDV +EP immunization
(Fig. 2F and H), we sought to determine whether T cells from TH/NE DDV+EP-
immunized mice could also provide certain heterosubtypic protection. To test this,
pooled immune sera or T cells either alone or combined were passively administered
to BALB/c mice, followed by HK68 or JX04 challenge. Figure 3F shows that after
challenge with HK68, all mice receiving both immune sera and T cells survived, whereas
5 of 6 mice receiving immune sera alone survived, and 2 of 6 mice receiving T cells
alone survived. Figure 3G shows that, after challenge with JX04, mice receiving both
immune sera and T cells experienced significantly less weight loss than mice receiving
immune sera or T cells alone, and all survived, whereas 3 of 6 mice receiving immune
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FIG 3 In vivo efficacy of passive immunization with immune sera or with immune sera and/or T cells. (A to E) Time course of weight change
(upper panel) and survival rate (lower panel), followed by homologous NEO3 H7N7 (A), intrasubtypic CAMO05 H5N1 (B), or heterosubtypic
WSN33 HIN1 (C), HK68 H3N2 (D), or JX04 HIN2 (E) challenge. The survival rate was calculated as the percent survival within each
experimental group (n = 5 or 6 mice per group). (F and G) Time course of weight change (upper panel) and survival rate (lower panel)
in mice receiving immune sera and/or T cells versus control sera, followed by HK68 H3N2 (F) or JX04 HIN2 (G) challenge. The survival rate

was calculated as the percent survival within each experimental group (n = 6 mice per group).

sera alone survived, and 1 of 6 mice receiving T cells alone survived. Thus, we conclude
that passive immunization with immune sera alone fully protects against homologous
H7, intrasubtypic H5, and heterosubtypic H1 challenges, whereas mice treated with
both immune sera and T cells completely survived heterosubtypic H3 and H9 chal-
lenges.

Broad binding antibody responses elicited by TH/NE DDV+EP immunization.
To investigate immune responses, we first measured total IgG, 1gG1, and lgG2a anti-
body responses in TH/NE DDV+EP sera against H1, H3, H5, H7, and H9 HA by
enzyme-linked immunosorbent assay (ELISA; gray shadow in Fig. 4A). Figure 4B shows
that the 50% effective concentrations (ECys) of total IgG, 1gG1, and IgG2a against
homologous H7 HA were 192,518, 70,636, and 110,552, respectively. Compared to the
ECs0s against homologous H7 HA, there were 4- to 10-fold decreases against intrasu-
btypic H5 HA, 20- to 25-fold decreases against H1 HA, 20- to 40-fold decreases against
H3 HA, and 60- to 110-fold decreases against H9 HA. Thus, there is a hierarchy in
HA-specific binding antibody responses in the immune sera against H7, H5, H1, H3, and
H9 HA, which correlates the antigenic distance between the HA of a given subtype and
the H5 or H7 HA immunogen (red color in Fig. 4A).

To further investigate the binding antibody responses, we generated a panel of
transduced CEM.NKR cells expressing His-tagged glycosylphosphatidylinositol-ancho-
red ectodomain of HA (GPI-HA) (Fig. 4C) from 16 HA subtypes (black color in Fig. 4A).
Figure 4D shows that the cell surface expression of GPI-HA from all 16 subtypes were
easily detected by anti-His tag antibody, although the levels of expression varied to
some degrees among transduced cells. When mock- or GPI-HA-transduced CEM.NKR
cells were stained with TH/NE DDV +EP sera, the GPI-HA from 14 of 16 subtypes was
stained positively (Fig. 4E). TH/NE DDV+EP sera stained H5 and H7 HA extremely well,
followed by H1, H2, H3, H4, and H10 HA and then by H6, H8, H9, H14, and H15 HA.
Staining was low but measurable by H11 and H12 HA. Thus, like the EC,,s shown in Fig.
4B, there is also a hierarchy in binding GPI-HA by TH/NE DDV +EP sera, which correlates
antigenic distance between HA of a given subtype and H5 or H7 HA immunogen (red
color in Fig. 4A).
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A/Canada/720/2005 CANO5 H2N2
AlThailand/1(KAN-1)/2004 TH04 H5N1
A/Anhui/1/2005 AH05 H5N1
A/northern shoveler/California/HKWF115/2007 CA07 HEN1
[T A/Hong Kong/1073/1999 HK99 HIN2
Alchicken/Jiangsu/7/2002 JS02 HON2

_{ Alpintail duck/Alberta/114/1979 AL79 H8N4
n Algreen-winged teal/ALB/199/1991 ALB91 H12N5

Alduck/Washington/663/1997 WA97 H11N9
[ Alblack-headed gull/Netherlands/1/2000 NE0OO H13N8

A/black-headed gull/Sweden/5/1999 SWE99 H16N3

A/Hong Kong/1/1968 HK68 H3N2

A/swine/Ontario/01911-1/1999 ON99 H4N6

A/mallard/Astrakhan/263/1982 AS82 H14N5
{ A/Netherlands/219/2003 NE03 H7N7
A/duck/Australia/341/1983 AUS83 H15N8
Alduck/Hong Kong/786/1979 HK79 H10N3

 ——
0.1
B ECs, (relative binding activity)
NEO3(H7N7) _ AHOS(HSNI1) _ WSN33(HINI) _ HK68(H3N2) _ HK99(HIN2)
total 1gG 192,518 51,526 7,958 4.879 1,696
(1.00) (0.27) (0.04) (0.03) (0.01)
16G 1 70,636 7,879 3,771 3,545 1,167
(1.00) (0.11) (0.05) (0.05) (0.02)
14G 22 110,552 10,607 5,261 3,356 886
(1.00) (0.10) (0.05) (0.03) (0.01)
C HA ectodomain | 1gG3 hinge| 6XHis|Foldon| DAF

FIG 4 Binding antibody responses elicited by TH/NE DDV+EP immunization. (A) Phylogenetic tree of various HA used in
binding assays. Red, homologous HA to immunogens (red); gray shading, HA used in ELISA; black, HA used to generate GPI-HA
detected by FACS analysis. (B) Summary of EC;,s and relative binding activity (in parentheses) of total IgG, IgG1, and IgG2a
antibodies that bound to homologous H7 HA, intrasubtypic H5 HA, and heterosubtypic H1, H3, and H9 HA. The relative binding
activity was calculated by dividing the EC,, against a given HA by the EC,, against homologous H7 HA. (C) Schematic diagram
of the third-generation self-inactivating lentiviral vector pRRL-HA/hinge/His tag/foldon/DAF. HA, the ectodomain of HA from
16 HA subtypes (H1 to H16); hinge, a human 1gG3 hinge region; His tag, a 6-histidine residue tag; foldon, a 27-residue
trimerization domain at the C-terminal bacteriophage T4 fibritin; DAF, the C-terminal 34 amino acid residues of the
decay-accelerating factor. The fusion gene was driven by the PGK promoter. (D) FACS analysis of cell surface expression of
GPI-HA from 16 HA subtypes (H1 to H16) detected by anti-His tag antibody. Gray shading, mock-transduced CEM.NKR cells; red
line, GPI-HA-transduced CEM.NKR cells. (E) FACS analysis of cell surface expression of GPI-HA from 16 HA subtypes (H1 to H16)
detected by TH/NE DDV +EP sera, which had been repeatedly absorbed by CEM.NKR cells (see Materials and Methods). Gray
shading, mock-transduced CEM.NKR cells; red line, GPI-HA-transduced CEM.NKR cells.

Neutralizing antibody responses elicited by TH/NE DDV+EP immunization.
Figure 5A shows that TH/NE DDV+EP sera at 1:40 dilution completely inhibit plaque
formation of NEO3, CAMO5, and SZ06 strains. Figure 5B shows that TH/NE DDV +EP sera
at a 1:5 dilution significantly inhibit the plaque formation of WSN33 strain but not that
of the other heterosubtypic strains. Thus, we conclude that TH/NE DDV+EP sera
neutralize homologous and intrasubtypic H5 and H7 strains well but only moderately
neutralize the limited heterosubtypic H1 strain.

HA-specific T cell responses elicited by TH/NE DDV +EP immunization. Finally, to
test HA-peptide specific T cell responses, splenocytes from TH/NE DDV +EP- and control
DDV+EP-immunized mice were assayed against a mixture of five HA peptides using
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FIG 5 Neutralization measured by plaque reduction assay. (A) Comparison of percentages of plaques between TH/NE DDV +EP sera versus control DDV+EP
sera at a 1:40 dilution against homologous NEO3 H7N7 and intrasubtypic CAMO5 H5N1 and SZ06 H5N1 strains. (B) Comparison of percentages of plaques
between TH/NE DDV +EP sera versus control DDV+EP sera at 1:5 dilution against heterologous WSN33 H1N1, CA09 H1N1, HK68 H3N2, AC68 H3N1, JX04 HON2,

and JS02 HIN2 strains.

intracellular cytokine staining assay. Figure 6A shows the gating strategy of single or
double cytokine-secreted CD4 T cells upon peptide stimulation. On average, 0.28, 0.32,
0.24, 0.17, 0.22, 0.18, and 0.13% of CD4 T cells from TH/NE DDV +EP mice versus 0.05,
0.07,0.06, 0.01, 0.03, 0.03, and 0.01% of CD4 T cells from control DDV +EP mice secreted
gamma interferon (IFN-v), interleukin-2 (IL-2), tumor necrosis factor alpha (TNF-a),
IFN-y + IL-2, IL-2 + TNF-q, IFN-y + TNF-a, or IFN-y + IL-2 + TNF-q, respectively.
Statistical analyses between two groups yielded results that were all significantly
different (P < 0.05) (Fig. 6B to H).

Figure 6l shows the gating strategy of single or double cytokine-secreted CD8 T cells
upon peptide stimulation. On average, 3.53, 0.73, 2.75, 0.65, 0.59, 2.43, and 0.54% of
CD8 T cells from TH/NE DDV +EP-immunized mice versus 0.03, 0.04, 0.05, 0.001, 0.002,
0.01, and 0.001% of CD8 T cells from control DDV +EP-immunized mice secreted IFN-y,
IL-2, TNF-e, IFN-vy plus IL-2 (IFN-y/IL-2), IL-2/TNF-e, IFN-y/TNF-«, or IFN-vy/IL-2/TNF-q,
respectively. Statistical analyses between two groups were all significant different (P <
0.05) (Fig. 6J to P). Thus, we conclude that TH/NE DDV+EP immunization elicits both
HA-peptide-specific CD4 and CD8 T cell responses.

DISCUSSION

In the present study, we developed a bivalent TH/NE DDV+EP vaccine strategy. We
show that in vivo EP during DNA priming significantly enhances binding antibody
responses quantitatively and qualitatively (Fig. 1A and B). As a result, immune sera
elicited by bivalent TH/NE DDV +EP immunization bind HA2 (stem) from all 12 strains
of both group 1 (H1, H5, and H9) and group 2 (H3, H4, H7, and H10) tested as well as
HA1 (head) from 11 strains of subtypes H1, H3, H4, H5, H7, and H9 (Fig. 1C). Moreover,
using fluorescence-activated cell sorting (FACS) analysis against transduced CEM.NKR
cells expressing GPI-HA from 16 HA subtypes, we show that TH/NE DDV +EP sera bind
14 of 16 HA subtypes hierarchically (Fig. 4). Thus, this bivalent vaccine elicits very
broader and hierarchical binding antibody responses against both the stems and the
heads of diverse HA from both group 1 and 2 viruses, which correlates antigenic
distance between a given HA subtype and an H5 or H7 immunogen.

In the present study, we also show that active TH/NE DDV +EP immunization confers
(i) complete protection (no weight loss and all survival) against a lethal challenge of
homologous H7 and intrasubtypic H5, and heterosubtypic H1 (WSN33), (ii) nearly
complete protection (20% or less nadir weight loss and 100% survival) against hetero-
subtypic H1 (CA09), H3 (HK68), and H9 (JX04), and (iii) partial protection (25% or less
nadir weight loss and 66 or 84% survival) against H3 (AC68) or H9 (JS02) (Fig. 2),
resulting in >94% aggregate survival. Recently, Schwartzman et al. showed that an i.n.
immunization with a cocktail of VLP-expressing group 1 (H1 and H5) and group 2 (H3
and H7) HA not only completely or near completely protects mice from homologous
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and intrasubtypic H1, H5, and H7 virus challenge but also partially protects mice from
heterosubtypic H2, H6, H10, and H11 virus challenge, with a total of 94% aggregate
survival (23). Thus, it appears that our bivalent (H5 and H7 HA) vaccine and their
quadruple (H1, H3, H5, and H7 HA) VLP cocktail achieve similar levels of protection
against homologous, intrasubtypic, and heterosubtypic strains even though the vac-
cine composition and administrations associated with these two regimens are quite
different.

To correlate immune protection, we performed passive immunization, as well as in
vitro neutralizing and binding antibody and HA-specific T cell responses. We demon-
strated that passive immunization with immune sera alone completely protects mice
against homologous H7, intrasubtypic H5, and heterosubtypic H1 challenge and that
mice passively immunized with both immune sera and T cells completely survived
heterosubtypic H3 or H9 challenge (Fig. 3). We also show that immune sera at 1:40
dilution completely inhibit the plaque formation of homologous H7 and intrasubtypic
H5 viruses and, at a 1:5 dilution, significantly inhibit the plaque formation of hetero-
subtypic HT (WSN33) virus, but not H1 (CA09), H3, and H9 viruses (Fig. 5). The ECg,s of
HA-specific total IgG, 1gG1, and IgG2a in immune sera against homologous H7 are 4- to
10-fold higher than those against intrasubtypic H5, 20- to 25-fold higher against
heterosubtypic H1, 20- to 40-fold higher against H3, and 60- to 110-fold higher against
H9 (Fig. 4). Finally, we show that the vaccine elicits both HA-peptide-specific CD4 and
CD8 T cell responses (Fig. 6). Thus, it appears that although this bivalent vaccine elicits
HA-specific neutralizing and binding antibody and CD4 and CD8 T cell responses,
neutralizing antibody responses alone fully protect against homologous and intrasu-
btypic H5 and H7 challenge, and neutralizing and binding antibody responses fully
protect against heterosubtypic H1 challenge; however, both binding antibody and T
cell responses are required for complete survival following heterosubtypic H3 and H9
challenge. However, more studies are needed to further correlate immune protections,
such as mapping protective epitopes from diverse HA subtypes, as well as the role of
CD4 versus CD8 T cells in immune protection.

Finally, DNA vaccines have been shown to be safe and well tolerated in various
human trials against various pathogens (26-29). DNA plasmid has been shown to be a
good priming regimen in animals and in humans against influenza viruses (30, 31). In
addition, influenza VLPs have been shown to be safe and immunogenic in human trials
(32, 33). Thus, the demonstration that this bivalent TH/NE DDV +EP vaccine elicits broad
HA-specific antibody and T cell responses that confer broad protection against diverse
influenza strains of subtypes H1, H3, H5, H7, and H9 in mice in the present study further
supports the development of this vaccine in ferrets and in humans.

MATERIALS AND METHODS

Ethics statement. The experimental protocol (CULATR-3064-13) was approved by the Animal Use
Committee and the Safety Committee on BSL-3 Facility and Infectious Agents Li Ka-Shing Faculty of
Medicine, the University of Hong Kong. All infection experiments were conducted at the biosafety level
3 facilities complying with the Ethics Committee regulations of University of Hong Kong, Hong Kong
Special Administrative Region in accordance with EC directive 86/609/CEE. Embryonated chicken eggs
were purchased from the Poultry Institute, Shandong Academy of Agricultural Science; the eggs were
inoculated with viruses at day 9 of embryonation, and allantoic fluid was harvested at day 12 of
embryonation.

Animals. Female BALB/c mice at the age of 8 weeks were purchased from Charles River Laboratories
(I'Arbresle, France) and housed in microisolator cages ventilated under negative pressure with HEPA-
filtered air and a 12/12-h light/dark cycle. Before each inoculation or euthanasia procedure, the mice
were anesthetized by an intraperitoneal (i.p.) injection of pentobarbital sodium (65 mg/kg; Sigma) to
minimize suffering.

Cell lines. The human embryonic kidney 293T cells were purchased from Invitrogen Life Technolo-
gies (Waltham, MA) and maintained in complete Dulbecco modified Eagle medium (high-glucose DMEM
supplemented with 10% fetal bovine serum [FBS], 2 mM L-glutamine, 1T mM sodium pyruvate, penicillin

FIG 6 Legend (Continued)
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TABLE 1 Influenza strains used in challenge experiments, plaque reduction assay, and Western blot analysis

Journal of Virology

Analysis result?

Strain Abbreviation Subtype MLD;,/50 pl EID5,/100 pl PFU/ml
A/WSN/1933 WSN33 H1N1 1023 ND 1.38 X 10°
A/California/07/2009 CA09 HIN1 1045 ND 1.23 X 107
A/Hong Kong/1/1968 HK68 H3N2 1033 ND 5.25 X 10°
A/Aichi/1/1968 AC68 H3N1 10575 ND 8.4 X 107
A/Guizhou/54/1989 GZ89 H3N2 ND 1075 ND
A/duck/Hunan/8-19/2009 HNO9 H4N2 ND 10725 ND
A/Cambodia/P0322095/2005 CAMO5 H5N1 1045 ND 3.0 X 10*
A/Shenzhen/406H/2006 SZ06 H5N1 10675 ND 8.75 X 107
A/Netherlands/219/2003 NEO3 H7N7 10275 ND 45 X 10°
A/Anhui/1/2013 AH13 H7N9 ND 106> ND
A/swine/Jiangxi/1/2004 JX04 HON2 10275 ND 1.21 X 10°
A/chicken/Jiangsu/7/2002 JS02 HON2 104> ND 5.63 X 107
A/lJiangxi-Donghu/346/2013 JX13 H10N8 ND 10775 ND

aND, not done.

[100 U/ml], and streptomycin [100 ug/ml]; Corning). The Madin-Darby canine kidney (MDCK) cell line was
purchased from American Type Culture Collection and maintained in complete DMEM. The CEM.NK®?
CCR5* Luc* (CEM.NKR) cell line (34, 35) was obtained from the NIH AIDS Research and Reference Reagent
Program (Germantown, MD) and maintained in complete RPMI 1640 medium (RPMI 1640 medium
supplemented with 10% FBS, 2 mM L-glutamine, T mM sodium pyruvate, penicillin [100 U/ml], and
streptomycin [100 pg/ml]).

Viruses. Influenza viruses A/Cambodia/P0322095/2005 (CAMO05) H5N1, A/Shenzhen/406H/2006
(SZ06) H5N1, A/WSN/1933 (WSN33) H1N1, A/California/07/2009 (CA09) H1N1, A/swine/Jiangxi/1/2004
(JX04) HON2, A/chicken/Jiangsu/7/2002 (JS02) HON2, A/Hong Kong/1/1968 (HK68) H3N2, A/Guizhou/54/
1989 (GZ89) H3N2, and A/duck/Hunan/8-19/2009 (HN09) H4N2 were listed in Table 1. The reassortants
A/Netherlands/219/2003 (NEO3, RG 6+2) H7N7, A/Anhui/1/2013 (AH13, RG 6+2) H7N9, A/liangxi-
Donghu/346/2013 (JX13, RG 6+2) H10N8, and A/Aichi/2/1968 (AC68, RG 7+ 1) H3N1 were generated by
cotransfecting the 293T and the MDCK cell mixture with gene segments encoding HA and NA or HA
protein derived from corresponding wild-type strains and the remaining six or seven gene segments
encoding NA, PB2, PB1, PA, NP, M, and NS from A/PR8/1934 or A/WSN/1933 strain as described by
Hoffmann et al. (36). Wild-type viruses and reassortants were propagated on MDCK cells or 9-day-old
embryonated chicken eggs using standard viral culturing techniques. The PFU count was measured on
MDCK cells, and the 50% mouse lethal doses (MLD.,) of the viruses and reassortants were determined
in BALB/c mice and calculated according to the method of Reed and Muench (37).

DNA plasmids. Mammalian expression vector pCMV/R-HA and pCMV/R-NA from THO04 H5N1 and
NEO3 H7N7, as well as pCMV/R-HIV-1 Gag, were described previously (38).

To construct fusion genes encoding various GPl-anchored ectodomain HA, codon-optimized
sequences encoding HA ectodomain from subtypes H1 to H16, the 1gG3 hinge region, foldon (a
27-residue trimerization domain at the C-terminal bacteriophage T4 fibritin), and a histidine tag were
genetically linked to the sequence encoding a GPI attachment signal (the C-terminal 34 amino acid
residues of the decay-accelerating factor). The fusion genes were inserted into a third-generation
lentiviral transfer vector pRRLsin-18.PPT.hPGK.Wpre (39). The resulting transfer constructs were
designated pRRL-GPI-HAs.

VLP production. TH and NE VLP expressing HA and NA from TH04 H5N1 and NEO3 H7N?7 strains and
control VLP expressing HIV gag alone were generated as described before (24, 40). Briefly, to generate
TH or NE VLP, 4.5 X 10° 293T cells were cotransfected with 14 ug of pPCMVA8.2, 2 ug of pCMV/R-H5 HA
or pCMV/R-H7 HA, and 0.5 ug of pCMV/R-N1 NA or N7 NA using a calcium phosphate precipitation
method. After overnight incubation, the cells were washed once with phosphate-buffered saline (PBS)
and cultured in 10 ml of complete DMEM. The VLP-containing supernatants were harvested in 16 to 20
h, filtered through a 0.45-um-pore-size filter, loaded onto 20% sucrose cushion, and ultracentrifuged at
25,000 rpm for 2 h at 4°C in an SW28 rotor (Beckman Coulter, Fullerton, CA). The pellets were
resuspended in PBS and stored at —80°C in aliquots until use. The amount of HA on the surfaces of
concentrated VLPs was measured with a standard hemagglutination assay.

Generation of stably transduced CEM.NKR cells expressing GPl-anchored ectodomain of HA
from all 16 HA subtypes. Recombinant lentiviruses were generated as described previously (41). Briefly,
4 X 10% 293T cells were seeded onto a P-100 dish in 10 ml of complete DMEM. After overnight culture,
the cells were cotransfected with 14 pg of one of sixteen pRRL-GPI-HA transfer constructs (see above),
14 ng of packaging construct encoding HIV-1 Gag/Pol (CMVRA8.2), and 2 ng of plasmids encoding the
VSV-G protein envelope (pLP/VSV-G), using a calcium phosphate precipitation method. After 16 h, the
culture supernatants were removed and replaced with fresh complete DMEM plus 1 mM sodium butyrate
(Sigma). After an additional 8 h, later, the supernatants were again removed and replaced with fresh
DMEM plus 4% FBS. After another 20 h, the culture supernatants were harvested and concentrated by
ultracentrifugation as described previously (41). The vector pellets were resuspended in a small volume
of DMEM and stored in aliquots in a —80°C freezer. Vector titers were determined as previously described
(41).
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To transduce CEM.NKR cells, 10> cells per well were seeded onto a 24-well plate. Cells were
transduced with lentiviral vectors expressing GPI-HA at a multiplicity of infection of 20 in the presence
of 8 ug of Polybrene/ml. After 24 h, the cells were washed with fresh complete RPMI 1640 and cultured
in complete RPMI 1640. The stability of GPI-HA transgene expression in transduced CEM.NKR cells was
checked periodically using anti-His tag antibody, followed by FACS analysis (see below).

Immunizations and immunization and challenge experiments. To generate immune sera and
splenocytes, 30 female BALB/c mice at the age of 8 weeks were randomly divided into five groups (6 mice
per group). Mice in groups 1 and 2 were primed twice intramuscularly (i.m.) with 50 ug of pCMV/R-HA
from THO4 or NEO3 strain at week 0 and 3 and boosted once i.p. with 640 hemagglutinin units (HAU) of
VLP from THO4 or NEO3 strain at week 6 (designated the TH DDV and NE DDV groups, respectively). Mice
in groups 3 and 4 were primed and boosted in the same way as in groups 1 and 2 except that during
the priming DNA were delivered by in vivo EP, which consisted of six pulses with a 50-ms pulse length
and a 1-s rest between adjacent pulses at a constant 60 V, using an EPT-I delivery device (TERESA,
Shanghai, China) (designated the TH DDV+EP and NE DDV+EP groups, respectively). Mice in group 5
were i.m. primed twice with pCMV/R-HA from both TH04 and NEO3 strains (50 ug each) at weeks 0 and
3, plus in vivo EP and i.p. boosted once with VLP from both the TH04 and NEO3 strains (640 HAU each)
at week 6 (designated the TH/NE DDV+EP group). At 7 days before the first prime and 14 days after the
boost, serum samples were collected by retro-orbital plexus puncture, heat inactivated, and stored in
aliquots at —20°C. The spleens were harvested 14 days after the boost, and splenocytes were isolated for
intracellular cytokine staining (see below).

For the active immunization and challenge experiments, a total of 112 8-week-old female BALB/c
mice were randomly divided into two groups (56 mice per group). Mice in the control group were i.m.
primed twice with pCMV/R empty vector plus EP at weeks 0 and 3 and then i.p. boosted once with
Gag-alone VLP at week 6. Mice in the immunization group were i.m. primed twice with pCMV/R-HA from
both TH04 and NEO3 strains (50 g each) at weeks 0 and 3, plus in vivo EP, and i.p. boosted once with
VLP from both the TH04 and the NEO3 strains (640 HAU each) at week 6. At 2 weeks postboost, mice in
both control and immunization groups were randomly divided into subgroups (five or six mice per
subgroup) and challenged i.n. with 5 MLD,, of CAMO5 H5N1, SZ06 H5N1, NEO3 H7N7, WSN33 H1N1,
CA09 H1N1, HK68 H3N2, AC68 H3N1, JX04 HON2, or JSO2 HION2 strain or with 10> EID., (50% egg
infectious doses) of AH13 H7N9 virus. After the challenge, mice were monitored for the signs of illness
for 14 days. Mice losing 30% of their initial weight were euthanized and scored as dead. For mice
challenged with AH13 H7N9 virus, lung tissues (three mice per subgroup) were harvested and homog-
enized at day 3 postchallenge. EID,, in lung tissues were titrated on 9-day-old embryonated chicken eggs
as described previously (42).

In passive immunization and challenge experiments, control and immune serum samples and
splenocytes were collected from a total of 160 mice (80 in the control group and 80 in the TH/NE
DDV+EP group) and combined at day 14 postimmunization. The serum samples were heat inactivated
at 56°C for 30 min, and T cells were isolated by negative selection using mouse pan-T-cell isolation kit
(Miltenyi Biotec) according to the manufacturer’s instructions. Then, 700 ul of control or immune sera
was i.p. transferred and/or 2 X 107 T cells (in 200 ul of PBS) were intravenously transferred into each
naive recipient mouse. At 24 h after transfer, the mice were i.n. challenged with 5 MLD,, of the CAMO05
H5N1, NEO3 H7N7, WSN33 H1N1, HK68 H3N2, or JX04 HON2 strain as described above. After the
challenge, the survival and body weights were monitored daily for 14 days.

Plaque reduction assay. To evaluate the neutralizing activity of TH/NE DDV+EP sera, MDCK cells
(5 X 10° cells per well) in complete DMEM were seeded into six-well plates at 48 h before use. The
medium was removed, the cells were washed with PBS, and 700 ul of serum-free DMEM was added to
each well. The viruses (50 PFU per well) were incubated with 4-fold-diluted (starting at 1:40 against
CAMO5 H5N1, SZ06 H5N1, or NEO3 H7N7 viruses) or 2-fold-diluted (starting at 1:5 against WSN33 H1N1,
CA09 H1N1, AC68 H3N1, HK68 H3N2, JS02 HIN2, or JX04 HON2 viruses) pooled TH/NE DDV +EP sera, with
a final volume of 100 wl at 37°C for 1 h. The virus-serum mixture was then added onto the MDCK
monolayer, followed by incubation at 37°C for 1 h. After the incubation, 0.8% (wt/vol) low-melting point
agarose (Sigma) in MEM (3 ml per well) was added. At 72 h postinfection, the agarose overlay was
discarded, and the cells were stained with 0.5% (wt/vol) crystal violet (1 ml per well) at room temperature
for 1 h. Crystal violet was then removed, the cells were washed with H,0, and the number of plaques was
counted as described previously (42). The assay was performed in triplicate.

Western blot analysis. To determine the binding specificity of TH DDV, NE DDV, TH DDV+EP, NE
DDV+EP, and TH/NE DDV+EP sera, 12 influenza viruses and a VSV control were produced and
concentrated by ultracentrifugation. The concentrated virus samples were heated at 95°C for 10 min in
the loading buffer containing 10% sodium dodecyl sulfate (SDS) and 5% B-mercaptoethanol and then
loaded onto and separated by SDS-12% PAGE. The gels were transferred onto polyvinylidene difluoride
membranes. The membranes were blocked with Tris-buffered saline containing 0.05% Tween 20 (TBST)
and 5% nonfat dry milk overnight at 4°C. The membranes were subsequently incubated with 5 ml of
1:250-diluted pooled TH DDV, NE DDV, TH DDV+EP, NE DDV+EP, TH/NE DDV+EP, or combined TH
DDV+EP and NE DDV+EP sera for 2 h at room temperature. After three washes with TBST, the
membranes were incubated with 5 ml of 1:2,500-diluted horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG antibody for 1 h at room temperature. After an additional three washes with TBST, the
membranes were probed with an EZ-ECL enhanced chemiluminescence detection kit for HRP (Biological
Industries) according to the manufacturer’s instructions.

ELISA. To measure the total IgG, IgG1, and IgG2a antibody responses in TH/NE DDV+EP serum
samples against divergent influenza HA, 96-well EIA/RIA flat-bottom plates (Corning) were coated with
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100 ng of soluble ectodomain of HA proteins from WSN33 H1N1, HK68 H3N2, A/Anhui/1/2005 (AHO5)
H5N1, NEO3 H7N7, or A/Hong Kong/1073/1999 (HK99) HIN2 (Sino Biological, Inc.) per well at 4°C
overnight. The plates were then washed six times with PBS containing 0.05% Tween 20 (PBST) and
blocked with PBS containing 5% FBS at 37°C for 1 h, followed by incubation with 4-fold-diluted pooled
TH/NE DDV+EP serum samples (starting at a 1:40 dilution) at 37°C for 2 h. The plates were washed and
incubated with HRP-conjugated goat anti-mouse IgG (1:5,000), goat anti-mouse IgG1 (1:500), or goat
anti-mouse 1gG2a (1:500) antibodies (Southern Biotech), respectively, at 37°C for 1 h. Then, the plates
were washed six times with PBST buffer. Colorimetric analysis was performed using a TMB substrate kit
(Thermo Scientific), and the absorbance was read at 450 nm by a spectrophotometer (Thermo Scientific).
Titration curves were generated using sigmoid dose-response of nonlinear fit from GraphPad, and the
EC,,s were determined as the dilutions of immune serum that generated 50% of maximal optical
densities at 450 nm.

FACS analysis. To analyze the cell surface expression of HA from 16 HA subtypes (H1 to H16),
CEM.NKR cells stably transduced with GPI-HA from CA09 H1N1, CANO5 H2N2, HK68 H3N2, ON99 H4N6,
THO04 H5N1, CA07 H6N1, NEO3 H7N7, AL79 H8N4, JS02 HON2, HK79 H10ON3, WA97 H11N9, ALB91 H12N5,
NEOO H13N8, AS82 H14N5, AUS83 H15N8, or SWE99 H16N3 virus were incubated with a mouse anti-His
tag antibody (Sigma), followed by fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse 1gG
antibody (H&L; Life Technologies). The cells were washed twice with FACS buffer (PBS containing 1% BSA
and 0.02% NaN,) and fixed with 2% formaldehyde in 0.3 ml of FACS buffer. FACS analysis was performed
on an LSRII apparatus (Becton Dickinson, Mountain View, CA).

To evaluate the binding activity of TH/NE DDV+EP sera against various GPI-HA, CEM.NKR cells stably
transduced with GPI-HA from the 16 HA subtypes described above were incubated with a 1:40-diluted
pooled TH/NE DDV sera for 45 min on ice. Prior to the binding assay, pooled TH/NE DDV sera had been
absorbed six times with CEM.NKR cells to remove the nonspecific binding activity. After the incubation,
the cells were washed twice with FACS buffer and stained with FITC-conjugated goat anti-mouse IgG
antibody (dilution of 1:500) for another 45 min on ice. The cells then were washed twice with FACS buffer
and fixed with 2% formaldehyde in 0.5 ml of FACS buffer. FACS analysis was performed using an LSRIl
flow cytometer.

Intracellular cytokine staining assay. To evaluate HA peptide-specific CD4 and CD8 T cell
responses, an intracellular cytokine staining assay was performed as described previously (43).
Briefly, spleens were harvested from control DDV+EP and TH/NE DDV+EP group mice at 14 days
postboost and gently homogenized into a single-cell suspension. After erythrocyte lysis with
ammonium-chloride-potassium (ACK), the splenocytes (2 X 106 cells/well) in complete RPMI 1640
medium were incubated with a mixture of five HA peptides—IYSTVASSL, LYEKVRLQL, HFEKIQIIPKS,
KSSFFRNVVWLIKKN, and TIKRSYNNTNQE (5 ng/well for each peptide) (44, 45)—along with anti-
mouse CD28 (2 ug/well) and anti-mouse CD49d (2 ug/well) antibodies in 24-well tissue culture
plates at 37°C. After 2 h, Golgi plug (2 wl/well) was added. After a 6-h incubation, the cells were
rested overnight at 4°C. The following morning, the cells were incubated with anti-mouse CD16/32
(Fc block) antibody, followed by surface staining with PerCP-conjugated anti-mouse CD4 and
allophycocyanin-conjugated anti-mouse CD8 antibodies on ice for 45 min. The cells were then
permeabilized with Cytofix/Cytoperm and stained with FITC-conjugated anti-mouse IFN-y, phyco-
erythrin (PE)-conjugated anti-mouse IL-2, and PE-Cy7-conjugated anti-mouse TNF-a antibodies on
ice for 45 min (all staining reagents were purchased from BD Biosciences). A total of 106 cells per
sample were acquired on an LSRIl flow cytometer. FACS data were analyzed using FlowJo software.

Statistical analysis. Analyses were performed using GraphPad Prism v5.0. An unpaired Student t test
was used to compare the two data sets, and differences were considered significant at a P of <0.05.
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