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The novel H7N9 avian influenza A virus has caused human infections in China since 2013; some isolates
from the fifth wave of infections have emerged as highly pathogenic avian influenza viruses.
Recombinant hemagglutinin proteins of H7N9 viruses can be rapidly and efficiently produced with
low-level biocontainment facilities. In this study, recombinant H7 antigen was obtained from engineered
stable clones of Chinese Hamster Ovary (CHO) cells for subsequent large-scale production. The stable
CHO cell clones were also adapted to grow in serum-free suspension cultures. To improve the immuno-
genicity of the recombinant H7 antigens, we evaluated the use of a novel combination adjuvant of PELC
and CpG (PELC/CpG) to augment the anti-H7N9 immune responses in mice. We compared the effects
with other adjuvants such as alum, AddaVax (MF59-like), and several Toll-like receptor ligands such as
R848, CpG, and poly (I:C). With the PELC/CpG combination adjuvant, CHO cell-expressed rH7 antigens
containing terminally sialylated complex type N-glycans were able to induce high titers of neutralizing
antibodies in sera and conferred protection following live virus challenges. These data indicate that
the CHO cell-expressed recombinant H7 antigens and a PELC/CpG combination adjuvant can be used
for H7N9 subunit vaccine development.
� 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Influenza A viruses are negative-sense RNA viruses that belong
to the Orthomyxoviridae family [1]. Hemagglutinin (HA) and neu-
raminidase (NA) are the two major viral envelope proteins that
are generally used to classify different influenza A serotypes. There
are 18 (H1–H18) and 11 (N1–N11) different types of HA and NA,
respectively [2,3]. The novel H7N9 avian influenza A virus isolated
in 2013 China outbreaks [4,5] has already caused five waves of
human infections [6]. The fifth epidemic wave in 2016–2017 was
the most severe with 759 confirmed human cases, probably due
to the geographical spread of the virus from eastern China
throughout the whole country [7]. More importantly, the H7N9
viruses isolated during the fifth epidemic wave have evolved into
two distinct lineages, namely, the Yangtze River Delta and Pearl
River Delta lineages [8–10]. Some of these fifth-epidemic-wave
H7N9 isolates of Yangtze River Delta lineage carried polybasic
amino acids at the HA1/HA2 cleavage site, a characteristic of highly
pathogenic avian influenza viruses [11]. Recent evidence indicating
that the A/Shanghai/2/2013 vaccine strain may not elicit the
cross-reactivity of the immune response towards recent H7N9 iso-
lates, the World Health Organization (WHO) has suggested two
additional candidate vaccine strains: A/Guangdong/17SF003/2016
and A/Hong Kong/125/2017, besides for two previous vaccine
strains: A/Shanghai/2/2013 and A/Anhui/1/2013 (https://www.
who.int/influenza/vaccines/virus/candidates_reagents/summary_
a_h7n9_cvv_20181108.pdf?ua = 1). The development of effective
H7N9 vaccines is the best way to prevent further spread of the
virus and curtail potential pandemic.

The inactivated or split H7N9 vaccines require various adjuvant
systems, including alum [12–14], MF-59 or MF59-like adjuvant
[13,15–19], and AS03 adjuvant [17,18,20], to boost immunogenic-
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ity. Preparation of inactivated or split H7N9 vaccines is essentially
carried out under biosafety level 2+ or 3 facilities for egg-based or
cell culture-based virus propagation, inactivation, and purification
processes. Recombinant H7N9 subunit vaccines can be rapidly and
efficiently produced and require low-level biocontainment for vac-
cine manufacturing. Recombinant H7 (rH7) antigens have been
successfully expressed in E. coli, insect cells and mammalian cells;
however, these antigens need adjuvant formulations to boost anti-
H7N9 immunity as reported for RIG-1 ligand [21], flagellin [22],
polyethylenimine [22], poly (I:C) [23], alum [24], and squalene-
based oil-in-water emulsion systems [25,26]. As the antigenic
structures of influenza HA proteins are complex and require exten-
sive N-linked glycosylation to maintain their immunogenicity, one
approach is to obtain engineered stable clones of Chinese Hamster
Ovary (CHO) cells for the long-term expression of recombinant HA
antigens in culture supernatants. Such a production method may
allow semi-continuous or continuous harvesting of recombinant
glycoproteins within an extended period time, thereby providing
the advantage of the development of more cost-effective industrial
processes [27,28]. Using CHO cell technology, we have recently
obtained the high-yield producer stable cell clones for production
of glycan-masking Pan-H5 vaccines [29]. Similar strategies have
been also reported for production of a homogeneous HIV-1 envel-
ope SOSIP trimer vaccine [30] and a MERS-coronavirus vaccine
antigen [31].

In this study, we expressed rH7 antigens from engineered stable
clones of CHO cells through single cell cloning and standard dhfr-
methotrexate (MTX) gene amplification and selection procedures,
and screened and evaluated the immunogenicity of their formula-
tions with different adjuvant systems in mice. The anti-H7N9 anti-
body responses were analyzed by determining the titers of IgG and
IgG subtypes, hemagglutination inhibition (HI), and microneutral-
ization (MN) in sera; protective immunity was also assessed fol-
lowing live virus challenges. Our findings indicate that CHO-rH7
formulated with PELC/CpG combination adjuvant can be used for
H7N9 subunit vaccine development.
2. Materials and methods

2.1. Expression and purification of rH7 from stable clones of CHO cells

The coding sequence of rH7 protein carried the ectodomain of
HA sequence (A/Shanghai/2/2013 (H7N9), a GCN4pII trimerization
motif, and a 6x histidine tag. The gene was cloned into a pIS2ID
expression vector (containing the pCMV promoter, IVS, internal
ribosome entry site (IRES)-driven dihydrofolate reductase (DHFR),
and pSV40-driven zeocin resistance gene) to obtain a high-yield
stable clone of CHO cells, as previously described [32–34]. CHO/
dhFr- (dhfr deficient) cells (ATCC CRL-9096, Bioresource Collection
and Research Center in Taiwan) were maintained in Minimum
Essential Medium Alpha medium (MEMa) with ribonucleosides
and deoxyribonucleosides (Invitrogen), supplemented with 10%
fetal bovine serum. To amplify dhfr/H7-expressing CHO cells, selec-
tion was performed in MEMa, supplemented with 10% dialyzed
fetal bovine serum (Invitrogen) without RNS or dRNS. The pIS2ID
expression vector was transfected to CHO/dhFr- cells using lipofec-
tamine 2000 (Invitrogen) to establish permanent clones. At 24 h
post-transfection, cells from 24-well plates were subcultured in 3
duplicate wells in 6-well plates. Medium in each well was replaced
with MEMa without RNS and dRNS supplemented with 10% dia-
lyzed fetal bovine serum (Invitrogen) and 200 lg/ml Zeocin (Invit-
rogen). Following 2 weeks of selection, remaining cells were
diluted and inoculated into 96-well plates for single clone selec-
tion. After 2 weeks of incubation at 37 �C, single cell clones were
selected by visual inspection under microscopy. Additional cell
clone selection was performed by gradually increasing the concen-
tration of MTX (Sigma), which was an inhibitor of DHFR protein,
from 0.02 to 0.08 to 0.32 to 1.0 lM. Selection at each concentration
occurred over a 2–3 week period. Cell clones that survived follow-
ing treatment with 1 mM MTX were collected and analyzed by
Western blotting using anti-rH7 antibodies (GeneTex Inc.) to con-
firm CHO-rH7 expression. The final selected rH7-expressing clones
were cultured, and the culture supernatants were harvested for
rH7 purification using nickel-chelated resin affinity chromatogra-
phy (Tosoh), as previously described [29–31]. The purified rH7 pro-
teins were treated with endoglycosidase H (Endo H) (New England
BioLabs) or N-glycosidase F (PNGase F) (New England BioLabs) for
Western blotting characterization. To obtain CHO-rH7 with high-
mannose (mannose-terminated) type N-glycans, we also grew
the same stable CHO cell clones in medium containing 100 lM
kifunensine (KIF), a mannosidase inhibitor capable of blocking
the high-mannose trimming process during complex type N-
glycan biosynthesis, as the procedures we previously reported
[34]. To obtain CHO-rH7 with single-N-acetylglucosamine
(GlcNAc)-type N-glycans, the purified rH7 proteins obtained form
KIF-treated CHO cell cultures were reacted with Endo H (New Eng-
land Biolab) for 3 h at 37 �C, where Endo H was used to cleave high
mannose and some hybrid oligosaccharides from N-linked glyco-
proteins within the chitobiose core [34].
2.2. Mouse immunizations

Female BALB/c mice (6–8 weeks old, 5 mice per group) were
intramuscularly immunized twice over a 3-week interval. Groups
of mice were immunized with phosphate-buffered saline (PBS);
0.2, or 2 lg of rH7 proteins without or with 300 lg of alum adju-
vant (Adju-Phos, Brenntag); 10 lg of R848 (InvivoGen); 10 lg of
CpG K3 oligodeoxynucleotides, 50% of AddaVax (InvivoGen),
10 lg of poly (I:C) (InvivoGen), or PELC/CpG (10% PELC with
10 lg CpG). All procedures involving animals were performed in
accordance with the guidelines established by the Laboratory Ani-
mal Center of National Tsing Hua University (NTHU). Animal pro-
tocols were reviewed and approved by the NTHU Institutional
Animal Care and Use Committee.
2.3. Determination of serum IgG and IgG subtype, HI, and MN titers

Plates were coated with 0.2 mg rH7 proteins overnight and
blocked with PBS buffer containing 1% BSA. Serum samples were
two-folds serially diluted and incubated for 1 h at room tempera-
ture. Plates were subsequently incubated with 100 mL of a HRP-
conjugated anti-mouse IgG and IgG subtype antibody, followed
by treatment with 100 mL of TMB substrate (BioLegend). The reac-
tion was stopped with the addition of 2 N H2SO4. Optical density
(450 nm) was measured with a TECAN spectrophotometer. For HI
assay, serum samples were overnight treated with a receptor-
destroying enzyme (Denka Seiken), two-fold,serially diluted, and
incubated with four HA units of H7N9 virus (A/Taiwan/01/2013).
Turkey RBCs (0.5%) were added to the treated serum samples,
and HI titers were determined as the reciprocal of the highest dilu-
tion that could completely inhibit hemagglutination. For MN assay,
serum samples were serially diluted two-fold, co-incubated with
equal volumes of the H7N9 virus diluent (A/Taiwan/01/2013; 100
TCID50/well) for 1 h at 37 �C, and incubated with the prepared
MDCK cells. Infectivity was determined as the detection of cyto-
pathic effect on day 4. Neutralizing titers were defined as the recip-
rocals of the highest serum dilutions that could neutralizing 50% of
H7N9 virus infectivity in the infected cells compared with that in
the uninfected cells.
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2.4. Virus challenges

Three weeks after final immunization, mice were anesthetized
and intranasally challenged with 10 LD50 of the H7N9 virus (A/Tai-
wan/01/2013) in a volume of 50 lL. Mouse survival and weight
loss were monitored daily over 14 days. As per Institutional Animal
Care and Use Committee (IACUC) guidelines, body weight loss
>25% served as the end-point. Mouse challenge experiments were
evaluated and approved by the IACUC of Academia Sinica. Surviv-
ing mice from the immunization experiments were sacrificed using
carbon dioxide, according to the ISCIII IACUC guidelines.

2.5. Adaptation of CHO cell clones to serum-free medium

The CHO cell clones were adapted from MEM-a medium
(Gibco) supplemented with 10% fetal bovine serum (Biological
Industries) to serum-free BalanCD CHO growth A medium (IrvineS-
cientific) containing 2x GlutaMAX (Gibco) in T-75 flasks. CHO cell
clones were adapted to serum-free medium by gradually decreas-
ing the volume of serum-containing medium (100%, 50%, 20%, and
0%) and increasing the volume of serum-free medium (0%, 50%,
80%, and 100%). The cells were detached from T-75 flasks and sus-
pended in serum-free medium. These cells were transferred to a
125 mL spinner flask and cultured at 60 rpm (working volume
was 50 mL). The medium was replaced with fresh medium after
every 3 days. The suspended cells were counted using a hemocy-
tometer. The cell counts from days 1 to 9 of culture were deter-
mined for plotting the cell growth curve.

2.6. Determination of rH7 concentration in cell culture supernatant

The concentration of rH7 in serum-free cell culture supernatant
was measured with an ELISA using an influenza A H7N9(A/
Anhui/1/2013) hemagglutinin/HA ELISA pair set kit (Sino Biologi-
cal) as described in the manufacturer’s protocol. In brief, the 96-
well plates were coated with 100 mL of capture antibody (0.5 mg/
mL in PBS) at 4 �C overnight. After three times washes with TBST
(20 mM Tris, 150 mM NaCl, and 0.05% Tween20), the wells were
blocked for 1 h with TBST containing 2% BSA. A total of 100 mL of
culture supernatant samples collected on days 3 to 9 were added
to individual wells, and incubated for 1 h. After three washes,
100 mL of an HRP-conjugated detection antibody (0.5 mg/ml in TBST
with 0.5% BSA) was added, and the plates were incubated for 1 h.
After three washes, TMB substrate was added to each well to
develop the reaction, and 2 N H2SO4 was used to eventually stop
the reaction. The absorbance at 450 nm wavelength was recorded
and fitted to the standard curve of H7 proteins to measure the pro-
tein concentration.

2.7. Statistical analyses

All results were analyzed with one-way ANOVA and Tukey’s
test (GraphPad Prism v5.03). A value of p < 0.05 indicated statisti-
cal significance. All experiments were performed at least twice
each.

3. Results

3.1. Expression, purification, and characterization of rH7 protein in
stable CHO cell clones

The gene encoding HA of A/Shanghai/2/2013 (H7N9) virus
strain, with an additional GCN4-pII sequence and a 6 � histidine
tag, was cloned into a pIS2ID expression vector containing a pCMV
promoter, IVS, IRES-driven DHFR, and pSV40-controlled zeocin-
resistant gene (Fig. 1A). DHFR-deficient CHO cells (CHO/dhFr-)
were transfected with pIS2ID plasmids and the positive transfor-
mants were selected with zeocin. Single cell cloning for DHFR/
MTX-stepwise selection was performed to obtain CHO-rH7 stable
clones. After the stepwise increase of MTX selection procedures,
the survived clones at 1 mM MTX were maintained at least more
than five passages to ensure their stabilities for rH7 expression.
The rH7 proteins were purified from cell culture supernatants with
nickel affinity chromatography. The results of SDS-PAGE and Coo-
massie Brilliant Blue staining showed that the molecular mass of
CHO-rH7 was �70 kDa (Fig. 1B). The N-glycan pattern of rH7 pro-
tein was predominantly complex type, owing to its resistance to
Endo H, but not PNGase, as evidence from Western blotting results
(Fig. 1C). Additionally, we have already reported CHO-rH7 N-
glycan profiling using hydrophilic interaction liquid
chromatography- high-performance liquid chromatography [34].
The major glycoforms of CHO-rH7 contained tri- and tetra-
antennary structures with one or more terminal sialic acids for
36.6% Sia1-3Gal3Man3GlcNAc5Fuc and 27.0% Sia1-4Gal4Man3-
GlcNAc

6
Fuc [34].
3.2. Serum titers of total IgG and IgG subtype and induction of HI and
MN antibodies upon immunizations with rH7 formulated with various
types of adjuvants

Groups of BALB/c mice were intramuscularly immunized with
0.2 mg or 2 mg of CHO-rH7 formulated with alum, R848, CpG, Adda-
Vax, poly (I:C), or PELC/CpG adjuvants within a 3-week period
(Fig. 2A). Antisera were collected 2 weeks after the second dose
of immunization. At 0.2 mg dose of CHO-rH7, the total IgG antibody
titer was significantly higher with PELC/CpG adjuvant than with
other adjuvants (Fig. 2B). Furthermore, at 2 mg dose of CHO-rH7,
AddaVax, poly (I:C), and PELC/CpG adjuvants showed slightly
higher IgG titers than the titer observed with R848, but the differ-
ence was not statistically significant (Fig. 2C). Therefore, the for-
mulation containing CHO-rH7 in combination with PELC/CpG
triggered the strongest IgG response. The titer of IgG1 subtype
induced by PELC/CpG adjuvant was significantly higher than that
induced by alum, R848, CpG, AddaVax, and poly (I:C) adjuvants
at 0.2 and 2 mg doses of CHO-rH7 (Fig. 3A, D). Furthermore. PELC/
CpG and poly (I:C) adjuvants yielded higher titers of IgG2a than
alum, R848, and CpG adjuvants (Fig. 3B, E). Our results also showed
that 0.2 and 2 mg doses of CHO-rH7 formulated with PELC/CpG
adjuvant had significantly higher IgG2b titers than those induced
by alum, R848, CpG, AddaVax, and poly (I:C) adjuvants (Fig. 3C,
F). Since, Th1 and Th2 are known to drive the induction of IgG1
and IgG2a secretion, adjuvanting with PELC/CpG appears to
enhance both Th1 and Th2 cellular responses. Use of PELC/CpG
adjuvant also resulted in higher IgG2a and IgG2b titers that are
more capable of activating Fc effector functions such as
antibody-dependent cellular cytotoxicity.

Antisera were also analyzed for the titers of anti-H7N9 HI and
MN antibodies. At 0.2 mg CHO-rH7, the use of alum and PELC/CpG
adjuvants had higher HI titers compared to CHO-rH7 without adju-
vant use or with the use of R848, CpG, AddaVax, and poly (I:C)
adjuvants (Fig. 4A). At 2 mg CHO-rH7, the HI titer was significantly
higher with PELC/CpG than with alum, R848, and CpG adjuvants
(Fig. 4B). We further evaluated the titer of MN in the antisera
and found that the highest titer was reported in the presence of
PELC/CpG adjuvant than with other adjuvants at CHO-rH7 doses
of 0.2 and 2 mg (Fig. 4C, D). Therefore, the use of PELC/CpG adjuvant
clearly improved the titers of HI and MN antibodies than the alum
adjuvant for CHO-rH7 immunizations in mice.



Fig. 1. Expression and characterization of rH7 in stable clones of CHO cells. (A) CHO cell vector for rH7 expression; (B) purified rH7 protein analysis on SDS-PAGE gels with
Coomassie blue staining; (C) Western blot analysis of purified rH7 protein after Endo H and PNGase F treatments.

Fig. 2. Total IgG titers elicited by intramuscular immunization with rH7 formulated with PELC/CpG combination adjuvant. (A) Groups of BALB/c mice were intramuscularly
immunized with CHO-rH7 formulated with alum, R848, CpG, AddaVax, poly (I:C), or PELC/CpG adjuvant for two doses within a 3-week interval. Total IgG titers in sera were
determined by ELISA for (B) 0.2 mg and (C) 2 mg CHO-rH7 antigen without or with alum, R848, CpG, AddaVax, poly (I:C), or PELC/CpG adjuvant. * indicates P < 0.05; ** indicates
P < 0.01, ***, indicates P < 0.001.
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3.3. Protection after live virus challenge

To analyze the protective immunity, the groups of mice immu-
nized with 0.2 mg and 2 mg of CHO-rH7 in combination with PELC/
CpG and those treatedwith PBS-control groupwere challengedwith
10 LD50 of H7N9 virus (A/Taiwan/01/2013). The survival rates
slightly decreased from 100% to 80% as the dose of CHO-rH7 was
lowered from 2 to 0.2 mg with PELC/CpG as the adjuvant (Fig. 5A).
The body weight loss also increased as the CHO-rH7 dose was
reduced from 2 to 0.2 mg with PELC/CpG adjuvant; however, all for-
mulations usedmediated complete recovery (Fig. 5B). This observa-
tion indicates that immunizationwith 2 mg and 0.2 mg of CHO-rH7 in



Fig. 3. IgG1, IgG2a, and IgG2b subtypes in sera. IgG1 titers in antisera from mice immunized with the formulation of alum, R848, CpG, AddaVax, poly (I:C), or PELC/CpG
adjuvant with (A) 0.2 mg and (D) 2 mg dose of CHO-rH7 antigen. The IgG2a titers in antisera from mice immunized with the formulation of alum, R848, CpG, AddaVax, poly (I:
C), or PELC/CpG adjuvant with (B) 0.2 mg and (E) 2 mg dose of CHO-rH7 antigen. The IgG2b titers in antisera from mice immunized with the formulation of alum, R848, CpG,
AddaVax, poly (I:C), or PELC/CpG adjuvant with (C) 0.2 mg and (F) 2 mg dose of CHO-rH7 antigen. * indicates P < 0.05; ** indicates P < 0.01, ***, indicates P < 0.001.
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combination with PELC/CpG adjuvant provided protection in 100%
and 80% survival of mice against live virus challenge, respectively.

3.4. Immunogenicity of CHO-rH7 with different N-glycan patterns

Since the CHO cell-expressed recombinant H7 antigens con-
tained most terminally sialylated complex type N-glycans, we
can also obtain other two types of rH7 with different N-glycan pat-
terns: (i) CHO-rH7 (KIF) for rH7 with high mannose-type
(mannose-terminated) N-glycans using KIF treatments, and (ii)
CHO-rH7 (KIF + E) for rH7 with single GlcNAc-type N-glycans using
KIF treatment and Endo H digestion as we previously reported [34].
We observed the gradually reduced molecular weights from CHO-
rH7 to CHO-rH7 (KIF) and CHO-rH7 (KIF + E) in SDS-PAGE gels
staining with Commassie blue (Fig. 6A). Groups of BALB/c mice
were immunized with 0.2 mg of CHO-rH7, CHO-rH7 (KIF), and
CHO-rH7 (KIF + E) with PELC/CpG adjuvant following the same
immunization and virus challenge regimens. Results indicated that
reduced MN titers (ID50 dose) by CHO-rH7 (KIF), and to a larger
degree by CHO-rH7 (KIF + E), as compared by CHO-rH7 immuniza-
tion (Fig. 6B). Following live virus challenges, only the immuniza-
tion with CHO-rH7 plus PELC/CpG,resulted in protection with a
40% survival rate and the full body weight recovery (Fig. 6C and
D). No protection was observed for the immunization with either
0.2 mg CHO-rH7 (KIF) or 0.2 mg CHO-rH7 (KIF + E) formulated in
PELC/CpG adjuvants (Fig. 6C and D). Therefore, only rH7 with ter-
minally sialylated complex type N-glycans, can provide protection
against live virus challenge.

3.5. Adaptation of stable CHO cell clone in serum-free suspension
cultures

To meet the requirement of industrial application, the rH7-
expressing stable CHO cell clones were adapted to serum-free con-
ditions by gradually decreasing the FBS content of the medium
from 10% to 5% and eventually to 2% and 0%. The adapted CHO cell
clones were cultured as a single cell suspension in a serum-free
medium in spinner flasks and the cell growth and rH7 production
were monitored for 9 days. The culture medium was completely
replaced with fresh medium at day 3 and 6 to maintain the cell via-
bility around 90% (Fig. 7). As a result, the cell density increased
from 4.8 � 105 cells/mL at day 1 to 1.7 � 106 cells/mL at day 9
(Fig. 7). The cell viability for the adapted cell clones was all above
90% during the 9-day serum-free suspension cultures; however,
the cell growth was slow with a doubling time around 3 days.
The titers of rH7 production in culture supernatants increased to
20 mg/L from day 3 to 6, and to 15 mg/L from day 6 to day 9
(Fig. 7). The final yield of rH7 production was �8.2 mg/L, approxi-
mately double the amount for adherent cells from serum-
containing cultures. These results indicated that the rH7-
producing CHO cell clone was adapted to grow in serum-free sus-
pension cell cultures.



Fig. 4. HI and MN antibody titers in sera. HI titers in antisera from mice immunized with the formulation of alum, R848, CpG, AddaVax, poly (I:C), or PELC/CpG adjuvant with
(A) 0.2 mg and (B) 2 mg dose of CHO-rH7 antigen. The MN titers in antisera from mice immunized with the formulation of alum, R848, CpG, AddaVax, poly (I:C), or PELC/CpG
adjuvant with (C) 0.2 mg and (D) 2 mg dose of CHO-rH7 antigen. * indicates P < 0.05; ** indicates P < 0.01, ***, indicates P < 0.001.

Fig. 5. Protective immunity against the H7N9 virus. Three weeks after second dose immunization, mice were anesthetized and subjected to intranasal challenge with 10 LD50
of H7N9 virus (A/Taiwan/01/2013) in a volume of 50 lL. (A) Survival rate and (B) body weight loss were monitored for 14 days. Mice whose body weights fell below 75% of
their initial weights were sacrificed.
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Fig. 6. Immunogenicity of CHO-rH7 with different N-glycan patterns. (A) purified CHO-rH7, CHO-rH7 (KIF), and CHO-rH7 (KIF + E) protein analysis on SDS-PAGE gels with
Coomassie blue staining; (B) MN titers (ID-50) in antisera from mice immunized with 0.2 mg CHO-rH7, CHO-rH7 (KIF), or CHO-rH7 (KIF + E) antigen plus PELC/CpG adjuvant;
(C) Survival rate and (D) body weight loss from immunized mice following live virus challenge were monitored for 14 days. Mice whose body weights fell below 75% of their
initial weights were sacrificed.

Fig. 7. Stable CHO cell clone in serum-free suspension cultures. Cell density and
rH7 production titer of the adapted stable CHO cell clones cultured in serum-free
suspension cultures. The culture medium was completely replaced with fresh
medium at day 3 and 6 to maintain the cell viability around 90%.
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4. Discussion

Here, we reported the success to obtain engineered stable
clones of CHO cells for the production of rH7 antigens, which
may be used for the development of H7N9 recombinant HA
vaccines. The stable clones have been successfully adapted to grow
well in serum-free suspension cultures; this property may allow
large-scale production of these clones. The yield of rH7 produced
from the engineered stable cell clones was approximately twice
the amount obtained for serum-containing adherent cultures. Fur-
ther improvements in the CHO cell culture processes via medium
optimizations and fed-batch cultivation with extended culture per-
iod may increase the yield of antigen production from milligram to
gram per liter as reported for HIV-1 envelope antigen production
from stable CHO cells [35].

We evaluated the ability of the PELC/CpG combination adjuvant
to augment rH7 immunogenicity in mice. The non-pathogen-
associated molecular pattern (non-PAMP) adjuvants such as alum
and AddaVax (MF59-like), or the PAMP adjuvants like Toll-like
receptor (TLRs) ligands for R848, CpG, and poly (I:C) were used
as adjuvants for parallel comparison. PELC and MF59-like AddaVax
adjuvants are formulated using squalene-based oil-in-water emul-
sions that are similar in composition to MF59 adjuvant (4.3% squa-
lene, 0.5% Span85, and 0.5% Tween 80 in citrate buffer) [36]. PELC
formulation had only one different composition, obtained by
replacing Tween 80 with a biodegradable poly(ethylene glycol)-b
lock-poly(lactide-co-e-caprolactone) (PEG-b-PLACL) polymer, as
compared with MF59-like AddaVax adjuvant [37]. The effects of
these adjuvants on the augmentation of rH7 immunogenicity were
compared with alum, an adjuvant that is known to cause cell death
and release numerous molecules that act as damage-associated
molecular patterns (DAMPs) to alert the innate immune systems
[38]. Alum can also activate NLRP3 inflammasomes for the induc-
tion of effective B-cell responses and Th2 biased cellular immune
response [39]. MF59 or AddaVax (MF-59 like) is a more potent
adjuvant that elicits a broader immune responses than alum adju-
vant [40]. Our studies show that the combination PELC/CpG adju-
vant elicited significantly higher titers of anti-H7 IgG, IgG1, gG2a
antibodies, and HI- and MN-neutralizing antibodies in mice than
alum, AddaVax (MF59-like), and several TLR ligands investigated
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in this study. These results are in concordance with those reported
in studies for an inactivated H5N1 vaccine with the PELC/CpG com-
bination adjuvant [37], or a trivalent influenza vaccine with the
combination of alum, calcium phosphate, MF59, or poly-(lactide
co-glycolide) with CpG adjuvant [41], to act synergistically for
the elicitation of anti-influenza immunity.

The antigenic properties of influenza HA include binding to RBCs
for agglutination as well as to the sialic acids present in bovine
fetuin glycoproteins. We have previously reported that CHO-rH7
antigens lost the ability to agglutinate turkey RBCs as well as to
bind to sialic acids-containing bovine fetuin glycproteins, whereas
Sf9 insect cell-derived rH7 (Sf9-rH7) antigens retained both these
properties [26]. Although CHO-rH7 antigens were unable to agglu-
tinate RBCs or bind sialic acids-containing fetuin, the data estab-
lished in the present study clearly demonstrated that CHO-rH7
antigens were immunogenic for inducing anti-H7N9 immune
responses in mice. We also obtained two other N-glycan types of
CHO-rH7 antigen: (i) CHO-rH7 (KIF) with high mannose-type N-
glycans and (ii) CHO-rH7 (KIF + E) with single GlcNAc-type N-
glycans. Only the CHO-rH7 (KIF + E) antigen, but not the CHO-rH7
(KIF) antigen, was able to regain a weak property for RBC agglutina-
tion (data not shown). With PELC/CpG combination adjuvant, a
0.2 mg dose of CHO-rH7 but not CHO-rH7 (KIF) and CHO-rH7 (KIF
+ E) elicited a protective response and conferred protection in sur-
vival and body weight recovery of the immunized mice following
live virus challenges. The results are in contradictory to HIV-1
gp120 antigen produced in CHO cells where limiting N-linked gly-
cosylation to early oligomannose glycans can enhance the HIV-1
subunit vaccine efficacy [42]. Our present results demonstrated
that CHO cell-expressed rH7 antigens containing terminally sialy-
lated complex type N-glycans, but not high mannose-type or single
GlcNAc-type N-glycans, can provide protection against H7N9 infec-
tions. Furthermore, we have previously reported that CHO-rH5
antigens for the removal of terminal sialic acid moieties can
improve the immunity, when compared with the N-linked complex
type CHO-rH5 antigens or the paucimannose-type Sf9/Mimic cell-
derived rH5 antigens [33]. Ongoing studies investigating CHO-rH7
antigens after the removal of sialic acid moieties may further
improve their anti-H7N9 immunity.

In conclusion, the present study demonstrated a new method
for the production of CHO-rH7 vaccines using engineered stable
clones of CHO cells. These clones expressed antigens and were
adapted to grow in serum-free suspension cultures, which may
be useful for the large-scale industrial production of H7N9 subunit
vaccines. With the PELC/CpG combination adjuvant, CHO cell-
expressed rH7 antigens containing terminally sialylated complex
type N-glycans were able to induce high titers of neutralizing anti-
bodies in sera and conferred protection following live virus chal-
lenges. These data indicate that CHO-rH7 antigens coupled with
PELC/CpG combination adjuvant formulation may be useful for
the development of an effective H7N9 subunit vaccine
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