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ABSTRACT Influenza is a zoonotic disease that poses severe threats to public health
and the global economy. Reemerging influenza pandemics highlight the demand for
universal influenza vaccines. We developed a novel virus platform using extracellular
domain IV of the matrix 2 protein (M2e), AdC68-F3M2e, by introducing three con-
served M2e epitopes into the HI loop of the chimpanzee adenovirus (AdV) fiber pro-
tein. The M2e epitopes were expressed sufficiently on the AdV virion surface without
affecting fiber trimerization. Additionally, one recombinant adenovirus, AdC68-
F3M2e(H1-H5-H7), induced robust M2e-specific antibody responses in BALB/c mice
after two sequential vaccinations and conferred efficient protection against homolo-
gous and heterologous influenza virus (IV) challenges. We found that the use of AdV
with tandem M2e epitopes in fiber is a potential strategy for influenza prevention.

IMPORTANCE Influenza epidemics and pandemics severely threaten public health.
Universal influenza vaccines have increasingly attracted interest in recent years.
Here, we describe a new strategy that incorporates triple M2e epitopes into the fi-
ber protein of chimpanzee adenovirus 68. We optimized the process of inserting for-
eign genes into the AdC68 structural protein by one-step isothermal assembly and
demonstrated that this 225-bp HI loop insertion could be well tolerated. Further-
more, two doses of adjuvant-free fiber-modified AdC68 could confer sufficient pro-
tection against homologous and heterologous influenza virus infections in mice. Our
results show that AdC68-F3M2e could be pursued as a novel universal influenza
vaccine.

KEYWORDS universal influenza vaccine, M2e, adenovirus, HI loop, immune
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Influenza virus (IV) is a continuously evolving respiratory pathogen that places enor-
mous burdens on health care systems (1). The most cost-effective way to prevent IV

is vaccination (2). The efficacy of commonly used trivalent inactivated split vaccines
(TIV) largely depends on the accuracy of the prediction of epidemic strains in the
upcoming flu season (3). In 2009, the novel H1N1 strain, which had antigenically shifted
from the contemporary seasonal strain, swept across the globe. Studies revealed that
little or even no cross-reactive antibody against H1N1pdm09 was induced by seasonal
vaccines (4). In 2014 to 2015, �80% of circulating H3N2 viruses in the United States
antigenically mismatched the recommended vaccine strains. The estimated vaccine
effectiveness (VE) against H3N2 was �18% in that flu season, while the VE of antigen-
matched influenza B viruses was 45% (5). Recurrent human infection with avian
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influenza viruses poses additional challenges to vaccine development (6). The intrinsic
limitations of TIV motivate the development of universal influenza vaccines.

One basic strategy in developing universal IV vaccines is to screen for conserved
epitopes that would serve as immunogens. A total of 17 of 24 amino acids of
extracellular domain IV of the matrix 2 protein (M2e) are 94% identical among different
subtypes, making it an ideal candidate vaccine antigen (7). M2e forms tetramers on the
influenza virion surface which act as ion channels (8). The small size of the protein, as
well as its rarity on the virion surface, contributes to the poor immunogenicity of M2e.
During natural infection, the human body barely generates M2e-specific antibodies (9).
Hence, one of the main difficulties in developing M2e-based influenza vaccines is
improving immunogenicity. Previous studies adopted various approaches to enhance
M2e potency, such as coupling M2e to different chemical or genetic vectors (10–16).
These conjugates conferred to mice complete or partial protection against IV chal-
lenges. However, some fusion constructs were supplemented with experimental adju-
vants, including Freund’s adjuvant (11, 14) and monophosphoryl lipid A (15), which
induced severe side effects and were not clinically suitable. Thus, universal influenza
vaccines free of strong adjuvants are in urgent demand.

In this study, we established a delivery system by inserting M2e peptides into the
adenovirus (AdV) fiber protein. The AdV vector presented a tandem repeat of M2e
(derived from H1N1, H5N1, and H7N2) on the virion surface. These AdVs could induce
potent anti-M2e immune responses by the prime-boost strategy. More importantly,
intramuscular immunization with one adjuvant-free fiber-modified AdV conferred com-
plete protection against homologous H1N1 challenge and led to 80% and 75% survival
in BALB/c mice infected with heterosubtypic H9N2 and H5N1, respectively.

RESULTS
Construction of fiber-modified AdV molecular clones. It has been reported that

epitopes inserted into AdV fiber elicited the most potent immune responses among
capsid proteins, in spite of their rarity on the virion surface (17). Therefore, we decided
to incorporate three divergent M2e epitopes (derived from H1N1, H5N1, and H7N2)
previously demonstrated to confer cross-protection (18, 19) into the HI loop of AdV
fiber. Using Gly-Ala-Ala as a linker, the epitopes were chained together in the orders
H1-H5-H7 and H1-H7-H5. Multiple alignment of amino acid sequences, a schematic
presentation of the AdV clones, and structural modeling of chimeric fiber protein are
shown in Fig. 1 and specified in Materials and Methods. Recombinant AdVs were
rescued and their titers determined, as previously reported (20).

Trimerization of modified AdV fiber. AdV fiber proteins form trimers on the virion
surface under native conditions (21). Hence, we investigated whether insertion of a
225-bp foreign gene affected fiber trimerization. We performed Western blotting with
both nonreducing and reducing buffer-treated AdVs. AdC68-empty was used as the
negative control, following the same protocol. As shown in Fig. 2, both M2e-modified
AdV fiber proteins maintained their trimer structure under nonreducing conditions,
whereas 2-mercaptoethanol treatment turned trimers into �51-kDa monomers.
AdC68-empty exhibited no band when probed with M2e-specific antibody. These
results demonstrated that 75-mer triple M2e epitopes were incorporated into fiber
proteins without damping trimerization. Surprisingly, we observed that the M2e ex-
pression of AdC68-F3M2e(H1-H5-H7) was slightly higher than that of AdC68-F3M2e(H1-
H7-H5) in either trimer or monomer form. We speculate that two factors may contribute
to this difference. First, M2e peptides in AdC68-F3M2e(H1-H5-H7) may have been better
exposed and more easily recognized by antibodies than their H1-H7-H5 counterparts.
Second, the proportion of fiber protein with incorporated M2e might be higher in
AdC68-F3M2e(H1-H5-H7) than in its H1-H7-H5 counterpart.

Presentation of M2e on AdC68 fiber. To evaluate the in vitro expression of M2e,
we performed additional experiments using real-time PCR (RT-PCR) (Fig. 3a) and
Western blotting (Fig. 3b). We first transduced AdVs into human embryonic kidney 293
(HEK293) cells at a multiplicity of infection (MOI) of 0.1 and then determined RNA levels
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12 and 24 h later. Figure 3a illustrates the relative M2e expression levels at these two
time points. The average fold change values for AdC68-F3M2e(H1-H5-H7) and AdC68-
F3M2e(H1-H7-H5) M2e RNA expression were 232.2 and 53.0, respectively, at 24 h
postransduction; those levels were enhanced by �85- and �48-fold compared with
expression at 12 h, while AdC68-empty infected cells generated no M2e RNA. We next
assessed protein levels via Western blotting after infection using different doses of AdV.
AdC68-F3M2e(H1-H5-H7)- or AdC68-F3M2e(H1-H7-H5)-treated cells expressed high lev-

FIG 1 Construction of recombinant AdC68 with M2e displayed on fiber. (a) Sequence alignment of M2e derived from different IVs used in the
study. Residues that were conserved in all sequences are shaded in pink. (b) Schematic presentation of AdC68-F3M2e. (c) Structure modeling of
modified fiber proteins with H1-H5-H7 (left) or H1-H7-H5 (right) insertion into the HI loop by PyMol. M2e of H1, H5, and H7 is labeled in blue,
gold, and white, respectively. The knob is shown in pink.

FIG 2 Trimerization of M2e-inserted fiber. Purified AdC68-F3M2e(H1-H5-H7) and AdC68-F3M2e(H1-H7-
H5) were electrophoresed using 10% SDS-PAGE under nonreducing (a) or reducing (b) conditions.
AdC68-empty (105 PFU) was used as the negative control. MW, molecular weight marker. Lane 1, 105PFU
of AdC68-F3M2e(H1-H5-H7); lane 2, 105PFU of AdC68-F3M2e(H1-H7-H5); lane 3, 105 PFU of AdC68-empty.
Experiments were repeated three times.
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els of M2e protein in a dose-dependent manner (Fig. 3b). However, HEK293 cells
transduced with AdC68-F3M2e(H1-H5-H7) exhibited a slightly higher level of expres-
sion than their AdC68-F3M2e(H1-H7-H5)-transduced counterparts, indicating that the
levels of in vitro expression efficiency might differ.

Results determined in a previous study implied that capsid-incorporated epitopes
might present on intact virion for immune recognition (17). Hence, we conducted an

FIG 3 Expression of M2e incorporated in AdC68 fiber. (a) HEK293 cells were infected with AdC68-
F3M2e(H1-H5-H7), AdC68-F3M2e(H1-H7-H5), or AdC68-empty at an MOI of 0.1. Total RNA was extracted
and applied for M2e RNA expression analysis by real-time PCR 12 or 24 h later. Values were normalized
to �-actin data and are expressed as average fold changes relative to AdC68-F3M2e(H1-H7-H5) (the
reference) � standard deviations (SD). (b) Different doses of AdC68-F3M2e(H1-H5-H7) or AdC68-
F3M2e(H1-H7-H5) were transduced into HEK293 cells and analyzed for M2e expression (relative to
�-actin) by Western blotting 24 h later. AdC68-empty served as a negative control. (c) Plates were coated
with 5 � 104 PFU of the indicated adenoviruses, blocked, and incubated with 2-fold serially diluted (from
1:100 to 1:12,800) 14C2. HRP-conjugated anti-mouse IgG served as secondary antibody. Data are shown
as mean absorbance � standard deviation (SD). All experiments were repeated in triplicate.
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adenovirus-based enzyme-linked immunosorbent assay (ELISA) to demonstrate the
existence of M2e on the virion surface and to evaluate the binding affinities. ELISA
plates were coated with 5 � 104 PFU AdVs and reacted with serially diluted 14C2. As
shown in Fig. 3c, AdC68-F3M2e(H1-H5-H7) and AdC68-F3M2e(H1-H7-H5) exhibited
significantly higher affinities for 14C2 than AdC68-empty, suggesting that the fiber-
presented PR8 M2e epitope was well exposed and accessible to its corresponding
antibodies.

Induction of M2e-specific antibody responses. We examined whether the recom-
binant AdVs with M2e incorporated in fiber could enhance M2e immunogenicity.
Therefore, groups of BALB/c mice were immunized intramuscularly twice with 2.5 � 105

PFU of AdC68-F3M2e(H1-H5-H7) or AdC68-F3M2e(H1-H7-H5) using a 2-week interval,
and sera were collected to test M2e-specific immune responses 2 weeks after vaccina-
tion. AdC68-empty- or phosphate-buffered saline (PBS)-injected mice acted as controls.
Most AdC68-F3M2e(H1-H5-H7)- or AdC68-F3M2e(H1-H7-H5)-vaccinated mice barely
generated total IgG against H1, H7, or H5 M2e after the prime. No significant difference
existed between fiber-modified AdVs and the corresponding controls (data not shown).
After the boost, total levels of IgG against H1 and H7 M2e in both AdC68-F3M2e groups
were markedly elevated, while H5 M2e-specific IgG remained at low levels (Fig. 4a to c).
The geometric mean antibody titer (GMT) of total IgG for the AdC68-F3M2e(H1-H5-H7)
group was 4,079 against H1 M2e (Fig. 4a), which was statistically significantly different
from the control GMT (GMT � 50, P � 0.001). The GMT of IgG against H7 M2e was 606.3
in the AdC68-F3M2e(H1-H5-H7) group (P � 0.213). As for AdC68-F3M2e(H1-H7-H5), the
GMTs of H1 and H7 M2e were 1,152 and 446.3, respectively (not significant). Although
the endpoint titers of the AdC68-F3M2e(H1-H7-H5) group were not significantly higher
than those of either control group, the GMTs were elevated by 23- and 8.9-fold relative
to the control GMTs. In evaluating M2e-specific immune responses, we found that
AdC68-F3M2e(H1-H5-H7) induced stronger antibody responses than AdC68-F3M2e(H1-
H7-H5), as evidenced by higher GMTs of H1- and H7-specific IgG and isotype IgG. These
results might also have been due to the better-exposed structure or higher proportion
of M2e incorporated into AdC68-F3M2e(H1-H5-H7) (Fig. 2 and 3c). Moreover, to our
surprise, the total level of IgG targeting H5 M2e hardly rose even after the boost, and
the titers of H7 M2e targeting antibody were lower than those of H1 M2e in both
AdC68-F3M2e groups. We discuss possible reasons for these phenomena below.

To better elucidate the type of immune responses elicited by fiber-modified AdVs,
we investigated the isotype profiles (IgG2a and IgG1) postvaccination. As depicted in
Fig. 4d and g, we observed a substantial induction of H1-specific IgG2a in the AdC68-
F3M2e(H1-H5-H7)-treated group (GMT � 19,401, P � 0.003). In contrast, levels of IgG1
isotypes were barely elevated (GMT � 221.9, P � 0.512). Consistent with the results
described above, AdC68-F3M2e(H1-H7-H5) also generated a larger amount of H1-
specific IgG2a (GMT � 4,958) than IgG1 (GMT � 133.9). The GMTs of H7 M2e IgG2a in
AdC68-F3M2e groups were 13.9- and 6.2-fold higher than those in the corresponding
controls, but no significant difference existed [AdC68-F3M2e(H1-H5-H7) GMT � 696.4,
AdC68-F3M2e(H1-H7-H5) GMT � 309.9, P � 0.384] (Fig. 4e and h). Consistent with total
IgG results, most mice barely generated H5-M2e-specific isotype antibodies, as shown
in Fig. 4f and i. The isotype profile indicated the activation of a Th1 dominant immune
response after vaccination. Total IgG against A/environment/Hunan/6-69/2008, the
H5N1 strain that we used to challenge mice, was also analyzed, and the GMT values
were 193.2 and 207.4 in the AdC68-F3M2e(H1-H5-H7) and AdC68-F3M2e(H1-H7-H5)
groups, respectively (Fig. 4j). To further test the immunogenicity of single M2e, naive
mice were directly immunized with H1 or H5 M2e peptides with Freund’s adjuvants.
Antibody responses to H1 M2e (GMT � 800) were significantly stronger than those to
H5 M2e (GMT � 50, P � 0.001) (Fig. 4k), indicating the difference in immunogenicity.

In vivo protection against homologous PR8 challenge in BALB/c mice. To assess
the effect of increased antibody responses on clinical outcomes, we challenged the
immunized BALB/c mice [AdC68-F3M2e(H1-H5-H7) (n � 9), AdC68-F3M2e(H1-H7-H5)
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FIG 4 Antibody responses to M2e in BALB/c mice. Mouse sera were collected 2 weeks after AdV (a to j) or peptide (k) prime-boost and were tested for
M2e-specific antibody titers by ELISA. Endpoint titers were determined as described in Materials and Methods. Titers of negative serum samples were
assigned a value of 50 (half of the starting dilution). Total IgG levels were measured against H1 (a), H7 (b), H5 (c), or A/environment/Hunan/6-69/2008

(Continued on next page)
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(n � 10), AdC68-empty (n � 10), and PBS (n � 11)] with 5 50% lethal doses (LD50) of
PR8 2 weeks postboost. Clinical symptoms were monitored on a daily basis for 14 days.
As shown in Fig. 5a and b, the AdC68-F3M2e(H1-H5-H7), AdC68-F3M2e(H1-H7-H5), and
control groups all exhibited similar weight loss patterns at 2 days postchallenge.
AdC68-F3M2e(H1-H5-H7)-vaccinated mice lost at most 8% of their initial weight around
days 3 to 6 and gradually recovered. All AdC68-F3M2e(H1-H5-H7)-immunized mice
survived the lethal challenge (P � 0.001). The weight loss of AdC68-F3M2e(H1-H7-H5)-
vaccinated mice peaked at �19% by day 7, and 2 of 10 mice succumbed to infection
by day 8 (P � 0.001). In contrast, every subject mouse of the two control groups
suffered constant weight loss and died or required euthanasia by day 9. Thus, AdC68-
F3M2e(H1-H5-H7) protected BALB/c mice completely from lethal challenge with PR8,
while AdC68-F3M2e(H1-H7-H5) conferred 80% protection.

Cross-protection against H5N1 and H9N2 in BALB/c mice. We further investi-
gated whether AdC68-F3M2e(H1-H5-H7) or AdC68-F3M2e(H1-H7-H5) could enhance
the breadth of protection against heterologous influenza viruses. Antigenically different
H5N1 and H9N2 strains were selected for challenge experiments due to their potential
to infect humans and unleash pandemics (22, 23). Groups of BALB/c mice were
immunized and infected with 5 LD50 of H9N2 (n � 10 for all groups) or H5N1
[AdC68-F3M2e(H1-H5-H7) n � 8, other groups n � 10] as described above. Eight of 10
mice from the AdC68-F3M2e(H1-H5-H7)-vaccinated group survived the lethal H9N2
challenge, although they lost �14% of their original weight by day 6 (P � 0.001) (Fig.
5c and d). In the AdC68-F3M2e(H1-H7-H5) group, 50% of mice succumbed to infection
(P � 0.033), and this group suffered an average �19% decrease from their original
weight by day 7. All control mice were sacrificed 8 days postinfection (d.p.i.). In terms
of H5N1, AdC68-F3M2e(H1-H5-H7) and AdC68-F3M2e(H1-H7-H5) significantly alleviated
symptoms and conferred 75% protection (P � 0.002 compared with AdC68-empty) and
60% protection (P � 0.011 compared with AdC68-empty), respectively (Fig. 5e and f).
Survival rates of the AdC68-empty and PBS groups were 0% and 20%, respectively.
These results demonstrated that fiber-modified AdVs could confer efficient cross-
protection against antigenically distinct avian influenza viruses of high or low patho-
genicity.

Protection conferred by passive transfer of AdC68-F3M2e-vaccinated mouse
sera. To determine whether fiber-modified AdV-induced protection depended mainly
on humoral immunity, naive BALB/c mice were intraperitoneally (i.p.) injected with 500
�l sera from AdC68-F3M2e(H1-H5-H7)- or AdC68-F3M2e(H1-H7-H5)-immunized mice
and were challenged with 5 LD50 of PR8 24 h later. AdC68-empty- or PBS serum-treated
mouse served as controls. As depicted in Fig. 6, passive transfer of AdC68-F3M2e(H1-
H5-H7) serum protected 80% of the mice from lethal challenge (P � 0.01), while
administration of AdC68-F3M2e(H1-H7-H5) sera provided only 20% protection (not
significant). All controls succumbed to viral infection by day 7. Compared with control
group results, preinjection of AdC68-F3M2e(H1-H5-H7) or AdC68-F3M2e(H1-H7-H5)
sera reduced the extent of weight loss by �5% to 10% from day 3 to day 6. Passive
transfer results proved that humoral immunity played a crucial role in AdC68-F3M2e-
induced protection.

DISCUSSION

Traditional IV vaccines require regular update and large quantities of chicken
embryos for production. Consequently, novel universal influenza vaccines produced
independently of the use of eggs are in urgent demand. M2e has become a putative
candidate because of its conservation, and M2e-specific monoclonal antibodies de-

FIG 4 Legend (Continued)
(j) M2e peptides. Isotype IgG (IgG2a and IgG1) levels were determined against H1 (d and g), H7 (e and h), and H5 M2e (f and i). As for the single peptide
immunization (k), groups of mice (n � 6) were injected i.p. with H1 or H5 M2e peptides (100 �g per dose) in the presence of Freund’s complete adjuvant
and boosted with Freund’s incomplete adjuvant after a 2-week interval. Mice injected with adjuvant alone served as controls. The black lines in all panels
indicate the geometric mean titers. One-way ANOVA was applied to compare with the control groups. Experiments were repeated three times.
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monstrably restrict IV replication both in vitro (24) and in vivo (25, 26). However,
improving M2e immunogenicity remains a significant challenge. Liu et al. fused 16
tandem copies of M2e peptide with glutathione S-transferase and vaccinated BALB/c
mice with three doses in the presence of complete Freund’s adjuvant (50 �g antigen
per dose) (10). De Filette et al. immunized mice three times with 10 �g M2e-HBc in
combination with CTA1-DD, an adjuvant that fused the cholera toxin A1 subunit to a
dimer of the Ig-binding D-region of Staphylococcus aureus protein A (27). Although
these complexes protected mice from lethal IV challenge, the high doses of antigen and
adjuvant were indispensable.

FIG 5 Protection against lethal doses of H1N1, H9N2, and H5N1 challenge in BALB/c mice. BALB/c mice were immunized intramuscularly (i.m.) twice with 2.5 �
105 PFU of AdC68-F3M2e(H1-H5-H7) or AdC68-F3M2e(H1-H7-H5) and challenged with 5 LD50 of H1N1 (a and b), H9N2 (c and d), and H5N1 (e and f) 2 weeks
postboost [H1N1 challenge, AdC68-F3M2e(H1-H5-H7) (n � 9) or PBS (n � 11); H5N1 challenge, AdC68-F3M2e(H1-H5-H7) (n � 8) (others, n � 10)]. The
AdC68-empty- and PBS-treated groups served as controls. Mice from each group were monitored for 14 days for survival rates (a, c, and e) and weight loss (b,
d, and f). Mean weights � SD were determined at each time point. The chi-square test was applied to compare survival rates. The survival experiments were
repeated twice.
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The present study generated replication-defective chimpanzee adenoviruses as
platforms to present M2e epitopes. AdVs have been widely modified to function as
vaccine vectors for the following advantages: broad tropism, high transduction effi-
ciency, potent immune response induction, and excellent safety profile (28). Moreover,
the production of the AdV-based influenza vaccine is independent of chicken embryos
(29). We inserted M2e peptides into the HI loop of fiber, one of the AdV surface
proteins. In previous studies, the peptide inserted into the HI loop was usually smaller
than a 20-mer (17, 21, 30). Here we showed that a 75-mer foreign peptide insertion into
the HI loop of fiber protein could be well tolerated. M2e epitopes were well exposed
on the virion surface and were able to induce potent M2e-specific antibody responses
in mice. Vaccinated mice survived not only the homologous PR8 infection but also
infection using two heterologous IV strains that once circulated in poultry.

A major difficulty in displaying epitopes on AdV capsid proteins is that of construct-
ing the adenovirus molecular clone in light of its large genome size and limited
insertion size in structural proteins. Previous studies usually adopted multiple steps of
PCR amplification, enzyme digestion, and ligation (21, 31). Many shuttle vectors were
needed. Hence, the incorporated epitopes were unlikely to be directly modified. Here,
we generated the modified AdC68 molecular clone by inserting a PmeI site into the
fiber HI loop. Foreign epitopes with certain homologous sequences at both ends could
be linked with PmeI-linearized AdC68 vector via one-step isothermal assembly. The
process of AdV genetic construction was greatly simplified. In addition, we maintained
the I-CeuI and PI-SceI sites in the AdC68 E1 region. It may be feasible to coexpress
foreign genes in the E1 region and in fiber at the same time.

One unexpected result of our research was that BALB/c mice immunized with
AdC68-F3M2e(H1-H5-H7) or AdC68-F3M2e(H1-H7-H5) hardly generated antibodies
against A/Hong Kong/483/1997(H5N1) (HK483) M2e. Kim et al. reported a similar
phenomenon: the avian type II M2e (SLLTEVETLTRNGWGCRCS), whose amino acid
sequence was the same as the first 19 amino acids of the H5N1 M2e that we chose,
induced less-potent antibody responses, which those authors considered a positional
effect (32). In the present study, when we altered the chained order of the three M2e
sequences, AdC68-F3M2e(H1-H5-H7) and AdC68-F3M2e(H1-H7-H5) exhibited similar
immune response patterns, implying that the location of the H5N1 M2e peptide was
not the determinant of these results. Therefore, we speculated that the lack of anti-
HK483 immunity was due to the poor immunogenicity of HK483 M2e in BALB/c mice.

FIG 6 Protection conferred by passive serum transfer. Naive BALB/c mice were i.p. injected with 500 �l serum from AdC68-F3M2e(H1-H5-H7)- or AdC68-
F3M2e(H1-H7-H5)-immunized mice 1 day before infection with 5 LD50 of PR8 (AdC68-F3M2e(H1-H5-H7) (n � 5), AdC68-F3M2e(H1-H7-H5) (n � 5), or
AdC68-empty (n � 11) or injection of PBS (n � 12). AdC68-empty- and PBS-treated groups served as controls. Mice from each group were monitored for 14
days for survival rates (a) and weight loss (b). Mean weights � SD were determined at each time point. The chi-square test was applied to compare survival
rates. One mouse in the AdC68-F3M2e(H1-H7-H5) group survived the challenge, but its weight loss was not included in the data in panel b corresponding to
the time period after day 10. The experiments described above were repeated twice.

Fiber-Modified AdVs as Universal Influenza Vaccines Journal of Virology

April 2017 Volume 91 Issue 7 e02462-16 jvi.asm.org 9

http://jvi.asm.org


To test this hypothesis, we directly immunized BALB/c mice with H1 or H5 M2e peptides
in the presence of Freund’s adjuvants. We observed much stronger antibody responses
to H1 M2e than to H5 M2e (Fig. 4k), indicating that immunogenicity differences did
exist among these peptides. On the other hand, the total level of IgG against A/envi-
ronment/Hunan/6-69/2008, the H5N1 strain that we used to challenge mice, was
comparable to that seen with H7 M2e (Fig. 4j). The A/environment/Hunan/6-69/2008
amino acid sequence shared 83%, 87%, and 91% similarity with A/Puerto Rico/8/1934,
A/Hong Kong/483/1997, and A/duck/Tasmania/277/2007, respectively (Fig. 1a). There-
fore, we assumed that the antibody responses to and protection against A/environ-
ment/Hunan/6-69/2008 might be conferred by cross-reactivity with H7N2 or H1N1 M2e.
As for why A/Hong Kong/483/1997(H5N1) M2e could hardly induce antibody re-
sponses, we considered the following two possibilities. The first is the unstable binding
between major histocompatibility complex (MHC) class II and peptides, which could
alter the display of MHC class II-peptide complexes on antigen-presenting cells (33). It
resulted in insufficient differential priming and expansion of the population of H5-M2e-
specific CD4 T cells, a key in establishing protective antibody responses. The second
possible explanation is the comparatively lower binding affinity between H5 M2e and
the B cell receptor (BCR). Therefore, these B cells might undergo apoptosis during
selection in germinal centers (34).

The present results demonstrate that AdC68-F3M2e is a feasible universal influenza
vaccine and provide guidance in choosing the appropriate M2e as a universal IV vaccine
antigen. Additional studies, including studies of the display of highly immunogenic
M2e peptides on fiber or coexpression of other conserved antigens in the E1 region of
AdC68-F3M2e, e.g., the nucleoprotein (NP) and the hemagglutinin (HA) stalk, are
required to further optimize prophylactic efficiency.

MATERIALS AND METHODS
Cell culture. Human embryonic kidney 293 (HEK293) cells were acquired from the Shanghai Cell

Bank of the Chinese Academy of Sciences and were maintained in Dulbecco’s modified Eagle’s medium
(HyClone, Beijing, China) supplemented with 10% fetal bovine serum (Gemini Biological Products,
Calabasas, CA), 100 U/ml penicillin, and 100 �g/ml streptomycin (HyClone).

Influenza virus. Influenza virus strains A/Puerto Rico/8/1934 (H1N1), A/environment/Hunan/6-69/
2008 (H5N1), and A/chicken/Jiangsu/11/2002 (H9N2) were inoculated into the allantoic cavity of 9-day-
old specific-pathogen-free (SPF) chicken embryos, as previously described (18). The titer corresponding
to the median lethal dose (LD50) of each virus was determined in adult mice by intranasal inoculation.
All experiments with H5N1 were performed in biosafety level 3 (BSL-3) facilities at Fudan University
(Shanghai, China); other experiments were conducted under BSL-2 conditions at the Institute Pasteur of
Shanghai (Shanghai, China).

Mice. Female BALB/c mice (6 to 8 weeks of age) were obtained from a Shanghai laboratory animal
center and housed in BSL-2 (Institute Pasteur of Shanghai) or BSL-3 (Fudan University) facilities. All animal
experiment protocols were reviewed and approved by the Institutional Animal Care and Use Committee
of the Institute Pasteur of Shanghai.

Adenovirus vector. The construction of fiber-modified AdV vector was adopted from an optimized
isothermal assembly protocol (35, 36). Specifically, the AdC68 molecular clone was modified by inserting
two PmeI restriction sites into the HI loop (fiber positions 1161 to 1162 and 1170 to 1171) for
linearization. The three tandem M2e sequences (Fig. 1a) (H1-H5-H7 or H1-H7-H5) were synthesized by
Genscript (Genscript Corp., Nanjing, China) and amplified by PCR with the addition of homogenous
sequences (5= end, CCCTCAATGGTACTGGGCCC; 3= end, ACATATTCAATGTCATTTTC) at both ends. The
PmeI-linearized AdC68 backbone and amplified M2e sequences were ligated via isothermal assembly to
generate HI loop-modified AdC68 clones, namely, pAdC68-F3M2e(H1-H5-H7) and pAdC68-F3M2e(H1-
H7-H5) (Fig. 1b). The assembly reaction volume was 20 �l and comprised 10 �l Gibson Assembly master
mix (New England BioLabs, Beverly, MA), 50 ng of both fragments, and sterilized distilled water. Mixtures
were incubated at 50°C for 60 min. The molecular clones were subsequently verified by sequencing. To
recover recombinant adenoviruses, pAdC68-F3M2e(H1-H5-H7) or pAdC68-F3M2e(H1-H7-H5) clones were
transfected into HEK293 cells with X-treme Gene HP DNA transfection reagent (Roche, Indianapolis, IN).
After formation of plaques, supernatant was collected and further expanded in HEK293 cells. Adenovi-
ruses were purified by cesium chloride density gradient centrifugation, and titers were determined by
plaque-forming assay. The control AdV, AdC68-empty, was generated as described above.

Real-time PCR. The M2e RNA expression was determined by RT-PCR. Total RNA was extracted from
HEK293 cells by the use of TRIzol reagent (Invitrogen, Carlsbad, CA) at 12 or 24 h post-AdV infection and
was reverse transcribed with a Moloney murine leukemia virus (M-MLV) reverse transcriptase kit
(Promega, San Luis Obispo, CA), as previously described (6). The M2e expression level in cDNA was
further quantified in triplicate using a 7900HT real-time PCR system (Applied Biosystems, Foster City, CA)
and SYBR green I master mix (Roche Diagnostics, Mannheim, Germany) with the following primers: M2e
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forward, 5=-TCGGTGCAATGGCTCTTCAG-3=; M2e reverse, 5=-TAGCCCCAAATGTTGCTCCAA-3=. Measure-
ments were normalized to �-actin control measurements and compared with the AdC68-F3M2e(H1-H7-
H5) reference data. All data were analyzed using 7900HT System SDS software, version 2.4 (Applied
Biosystems, Foster City, CA). Experiments were repeated independently three times.

Western blotting. To evaluate the effect of M2e insertion on fiber protein structure, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed with purified AdVs under both
nonreducing and reducing conditions. Specifically, purified AdC68-F3M2e(H1-H5-H7), AdC68-F3M2e(H1-
H7-H5), and AdC68-empty were lysed without 2-mercaptoethanoland mixed with native gel sample
loading buffer (Biyuntian company, Shanghai, China) for nonreducing SDS-PAGE, as described previously
(37). As for reduction of samples, AdVs were first treated with radioimmunoprecipitation assay (RIPA)
buffer and SDS-PAGE sample loading buffer (Biyuntian) and were subsequently subjected to heat
denaturation. Treated samples were analyzed using 10% SDS-PAGE. After transfer, the membrane was
blocked using 5% nonfat milk. Protein expression was detected by incubating the membrane with
anti-M2e monoclonal antibody (14C2; Santa Cruz Biotechnology, Santa Cruz, CA) at 4°C overnight
followed by horseradish peroxidase (HRP)-conjugated IgG secondary antibody and ECL (enhanced
chemiluminescence) reagent (Sigma-Aldrich, St. Louis, MO).

In vitro expression of M2e was determined by measurement of titers by Western blotting in HEK293
cells. Cells infected with AdC68-F3M2e(H1-H5-H7) or AdC68-F3M2e(H1-H7-H5) (105 PFU, 5 � 105 PFU, or
104 PFU per well) or with AdC68-empty (105 PFU per well) were harvested and lysed by RIPA 24 h later
as described above. Expression levels were determined by 14C2 analysis. �-Actin (Sigma) served as a
normalization control for sample loading. Experiments were repeated independently three times.

ELISA. The existence of M2e on the surface of recombinant AdVs was assessed using enzyme-linked
immunosorbent assay (ELISA). AdC68-F3M2e(H1-H5-H7), AdC68-F3M2e(H1-H7-H5), and AdC68-empty
(5 � 104 PFU each) were each applied to a microplate. 14C2 that had been serially diluted 2-fold (1:100
to 1:12,800) served as the primary antibody. Plates were incubated with HRP-conjugated IgG (Sigma) and
TMB (3,3=,5,5=-tetramethylbenzidine) substrate (Thermo Fisher Scientific Inc., Waltham, MA). The absor-
bance at 450 nm was determined using a Varioskan Flash microplate reader (Thermo).

Endpoint titers of systemic antibody responses of immunized mice were determined by M2e
peptide-based ELISA. In brief, a 96-well plate was coated with 100 ng/well of H1, H5, or H7 M2e peptide
synthesized by Genscript. The peptide sequences are displayed in Fig. 1a. Mouse sera were 2-fold serially
diluted from 1:100, added to each well, and incubated at 37°C for 2 h followed by addition of
HRP-conjugated IgG (Sigma), IgG1, or IgG2a (Southern Biotechnology Associates, Birmingham, AL).
Assays of each sample were repeated in triplicate. The antibody endpoint titer was determined as the
reciprocal of the highest serum dilution whose absorbance was 0.1 optical density (OD) units above
those of both controls (absorbance of AdC68-empty- or phosphate-buffered saline-treated samples). The
experiments described above were repeated independently three times.

Vaccination and challenge. Groups of mice were immunized intramuscularly twice with AdC68-
F3M2e(H1-H5-H7) or AdC68-F3M2e(H1-H7-H5) using a 2-week interval. Mice injected with AdC68-empty
or phosphate-buffered saline (PBS) served as controls. To assess systemic antibody responses, serum
samples were collected at week 2 and week 4. Two weeks after the boost, mice were anesthetized and
challenged intranasally with 5 LD50 of the indicated influenza virus diluted in 30 �l PBS. Body weight and
survival rates were determined daily for 14 days postinfection (d.p.i.). Mice that lost over 25% of their
initial weight were euthanized. The survival experiments were repeated twice.

To compare the immunogenicity levels of different M2e peptides, groups of mice (n � 6) were
immunized i.p. with H1 or H5 M2e peptides (100 �g per dose) in the presence of Freund’s complete
adjuvant and boosted with Freund’s incomplete adjuvant using a 2-week interval. Mice injected with
adjuvant alone served as controls. Mouse sera were collected 2 weeks after prime-boost and tested for
M2e-specific antibody titers by ELISA.

Passive immunization. Sera were collected 14 days postboost from BALB/c mice immunized
following the aforementioned protocols. Groups of naive BALB/c mice [AdC68-F3M2e(H1-H5-H7) (n � 5),
AdC68-F3M2e(H1-H7-H5) (n � 5), AdC68-empty (n � 11), and PBS (n � 12)] were intraperitoneally (i.p.)
injected with 500 �l pooled serum 1 day prior to PR8 challenge (5 LD50) and observed as described
above.

Statistical analyses. Statistical analyses were conducted with SPSS 16.0 (Chicago, IL). Differences in
fold RNA expression levels and antibody responses were analyzed by one-way analysis of variance
(ANOVA) between groups. The chi-square test was applied to compare survival rates. Differences were
considered statistically significant when P values were �0.05.
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