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ABSTRACT Supplementing influenza vaccines with recombinant neuraminidase (rNA)
antigens remains a promising approach for improving suboptimal vaccine efficacy.
However, correlations among rNA designs, properties, and protection have not been sys-
tematically investigated. Here, we performed a comparative analysis of several rNAs pro-
duced by the baculovirus/insect cell system. The rNAs were designed with different tet-
ramerization motifs and NA domains from a recent HIN1 vaccine strain (A/Brisbane/02/
2018) and compared for enzymatic properties, antigenicity, stability, and protection in
mice. We found that the enzymatic properties differ between rNAs containing the NA
head domain versus the full ectodomain, the formation of higher-order rNA oligomers is
tetramerization domain dependent, whereas the protective efficacy is more contingent
on the combination of the tetramerization and NA domains. Following single-dose
immunizations, an rNA possessing the full ectodomain and the tetramerization motif
from the human vasodilator-stimulated phosphoprotein provided much better protec-
tion than an rNA with ~10-fold more enzymatically active molecules that is comprised
of the head domain and the same tetramerization motif. In contrast, these two rNA
designs provided comparable protection when the tetramerization motif from the tetra-
brachion protein was used instead. These findings demonstrate that individual rNAs
should be thoroughly evaluated for vaccine development, as the heterologous domain
combination can result in rNAs with similar key attributes that vastly differ in protection.

IMPORTANCE For several decades, it has been proposed that influenza vaccines could
be supplemented with recombinant neuraminidase (rNA) to improve efficacy. However,
some key questions for manufacturing stable and immunogenic rNAs remain to be
answered. We show here that the tetramerization motifs and NA domains included in
the rNA construct design can have a profound impact on the biochemical, immuno-
genic, and protective properties. We also show that the single-dose immunization regi-
men is more informative for assessing the rNA immune response and protective efficacy,
which is surprisingly more dependent on the specific combination of NA and tetrameri-
zation domains than common attributes for evaluating NA. Our findings may help to
optimize the design of rNAs that can be used to improve or develop influenza vaccines.

KEYWORDS influenza vaccine improvement, recombinant neuraminidase, immune
response, protective efficacy, recombinant antigen optimization

nfluenza vaccine efficacy remains suboptimal despite the concerted efforts to moni-
tor the evolution of influenza viruses and the frequent updates on vaccine composi-
tion (1-3). A factor contributing to the poor efficacy is the need to prepare candidate
vaccine viruses containing a hemagglutinin (HA) that antigenically matches the circu-
lating strains months ahead of each influenza season. This requirement combined with

December 2021 Volume 95 Issue 24 e01160-21 Journal of Virology

Citation Gao J, Klenow L, Parsons L, Malik T,
Phue J-N, Gao Z, Withers SG, Cipollo J, Daniels
R, Wan H. 2021. Design of the recombinant
influenza neuraminidase antigen is crucial for
its biochemical properties and protective
efficacy. J Virol 95:e01160-21. https://doi.org/10
.1128/JV1.01160-21.

Editor Stacey Schultz-Cherry, St. Jude
Children’s Research Hospital

Copyright © 2021 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Robert Daniels,
Robert.daniels@fda.hhs.gov, or Hongquan
Wan, Hongquan.wan@fda.hhs.gov.

Received 9 July 2021

Accepted 30 September 2021

Accepted manuscript posted online

6 October 2021

Published 23 November 2021

jvi.asm.org


https://orcid.org/0000-0002-5988-2920
https://orcid.org/0000-0002-6374-0343
https://doi.org/10.1128/JVI.01160-21
https://doi.org/10.1128/JVI.01160-21
https://doi.org/10.1128/ASMCopyrightv2
https://jvi.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01160-21&domain=pdf&date_stamp=2021-10-6

Gaoetal.

the propensity of HA to mutate under selective pressure from antibodies makes it diffi-
cult to significantly improve vaccine efficacy using HA alone. Accordingly, many studies
have begun to investigate the potential vaccine benefits of including other influenza
virus antigens such as neuraminidase (NA) (4, 5).

NA is the second most abundant surface glycoprotein on influenza viruses. In con-
trast to HA, it assembles into homotetramers with sialidase that promotes the spread
of influenza viruses by removing the receptors for HA (5, 6). Previous work has shown
that NA-specific antibodies/immunity can inhibit the growth of influenza viruses in
vitro and confer protection against influenza virus infection in animal models and
humans (7-12). The confirmed benefits of NA immunity and additional advantages,
such as its relatively slower evolution than HA (13, 14), make NA an attractive target for
optimizing influenza vaccines.

Current inactivated influenza vaccines often contain the NA from the recommended
vaccine strains. However, the amount is usually small and variable (15, 16), likely due to
its labile nature and strain-dependent differences in NA content (17). Options for
addressing this bottleneck include developing candidate vaccine viruses that contain
higher NA contents (18) or supplementing influenza vaccines with purified viral NA or
recombinant NA (rNA). While NAs isolated from viruses and produced recombinantly
have both shown promising protective efficacy (19-25), rNA expressed in the baculovi-
rus/insect cell system currently has a greater potential for practical use because of its
capacity to generate high yields, and the system is currently used for manufacturing li-
censed vaccines, including the HA-based influenza vaccine Flublok (26).

Previous studies examining rNA protection have tested various construct designs
and have all used a two-dose immunization (prime and boost) with high rNA protein
amounts (27-31). While these studies have demonstrated the protective benefit of
rNA, several key questions remain for implementing rNA antigens in influenza vac-
cines, e.g., How does the rNA construct design affect the quality attributes and pro-
tective efficacy? Is NA enzymatic activity a reliable indicator of rNA immunogenicity/
protection? Can protection be achieved with a single dose of rNA using cost-effective
amounts? In the current study, we have addressed these questions using rNAs that
contain different stabilizing tetramerization domains combined with either the NA
head domain or full ectodomain. Our results show that the rNA construct design is
critical for protection by single-dose immunization with small rNA amounts and
that rNA antigens being developed for influenza vaccines should be thoroughly char-
acterized, as the protective efficacy can differ between rNAs with similar quality
attributes.

RESULTS

Design and purification of rNAs expressed in insect cells. Influenza virus NA is a
membrane glycoprotein that functions on the viral surface as a homotetramer (Fig. 1A) (32,
33). It is comprised of an enzymatic head domain connected to a short stalk region and an
N-terminal transmembrane domain. Due to the low abundance of NA in virions, various
designs and approaches have been used to generate rNA for structural and immunological
studies as well as vaccine development (22, 34-37). To examine if the rNA construct design
correlates with the biochemical properties and protective efficacy, we expressed four
secreted, soluble rNAs using the NA sequence from an H1N1 vaccine strain, A/Brisbane/02/
2018 (N1-BR18). The constructs were designed based on a common approach that includes
the addition of a signal peptide, a 6xHis tag, and a tetramerization motif in place of the N-
terminal transmembrane domain of NA (Fig. 1B) (34, 35). For two of the constructs, we
combined the tetramerization domain from the human vasodilator-stimulated phospho-
protein (VASP) with either the full ectodomain of N1-BR18 (V35) or the head domain (V82),
and the remaining two (T35 and T82) followed a similar design using the tetrabrachion
(TB) tetramerization domain instead (Fig. 1B).

The rNAs were expressed using High Five insect cells and isolated from the culture
medium by immobilized-metal affinity chromatography. Following isolation, all four
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FIG 1 Characterization of N1-BR18 rNAs. (A) Schematic diagram of full-length N1-BR18 showing the transmembrane (TM) domain and the
ectodomain, which includes the NA head and stalk. Potential N-linked glycosylation sites are labeled (green). Sites 88 and 235 are not visible
in the displayed view. (B) Diagrams of the N1-BR18 rNA construct designs. V35 and T35 contain the full ectodomain of N1-BR18 (residues 35
to 469) connected to the tetramerization domain from VASP (V35) or TB (T35). V82 and T82 are designed similarly using the N1-BR18 head
domain (residues 82 to 469). Structures of tetramerization domains from VASP (PDB accession number 1USE) and TB (PDB accession number
1FE6) are shown in a box. (C) Representative images of a Coomassie-stained SDS-PAGE gel containing the rNAs (2 ug/lane) and an
immunoblot (0.2 ug NA/lane) resolved using an N1-specific mAb. The rNAs were untreated or reduced with DTT prior to resolution by SDS-
PAGE. (D) Spectra of PNGase F-released N-linked permethylated glycans from each rNA. Structures of the most abundant glycoforms are
shown: mannose (gray circles), N-acetylglucosamine (black squares), and fucose (gray triangles). (E) Graph displaying the abundances of the

different glycoform subtypes. Man, mannose; Hex, hexose; GIcNAc, N-acetylglucosamine; Fuc, fucose.

rNAs resolved at the expected molecular weights by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), showed high purity based on Coomassie stain-
ing, and reacted with an N1-specific monoclonal antibody (mAb) by immunoblotting
(Fig. 1Q). In the absence of a reductant (dithiothreitol [DTT]), each rNA displayed faster
mobility on SDS-PAGE gels, suggesting that the proper intramolecular disulfide bonds
had formed.

Since N-linked glycans can influence antigenicity and NA folding (4, 38, 39), we also
analyzed the N-linked glycoforms on the rNAs by mass spectrometry. As expected for a
glycoprotein produced by insect cells, the majority of the N-linked glycans on the rNAs
were small and mainly consisted of paucimannose and high-mannose glycoforms (Fig.
1D). Both rNAs (V82 and T82) containing the head domain showed a higher abundance
of paucimannose and complex glycoforms (Fig. 1E), whereas fucosylated pauciman-
nose glycoforms were more prevalent on the rNAs (V35 and T35) comprised of the full
ectodomain (Fig. 1E), suggesting that these are from the stalk region. The substantial
difference in the glycoform profiles of V82 and T82 compared to V35 and T35 indicates
that the tetramerization domain may influence the glycosylation of the smaller rNA
constructs.

Enzymatic properties of N1-BR18 rNAs. NA functions only in its native tetrameric
conformation, suggesting that sialidase activity is a reasonable indicator for the proper
NA structural conformation (33). To compare the sialidase activities of the rNAs, we
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FIG 2 Designs with the N1-BR18 head domain produce more active rNA. (A) Graph displaying the mean enzymatic activities of the
indicated rNAs that were determined using the synthetic substrate Mu-NANA. Activity is expressed as relative fluorescence units (RFU) per
second and corresponds to the value from 1 wg of rNA. Purified BR18xWSN virus (a reassortant carrying the HA and NA genes from BR18
and the internal genes from HIN1 A/WSN/1933) containing an equivalent amount of NA was included for comparison. Error bars represent
the standard deviations (SD) from three technical repeats. (B) Michaelis-Menten kinetic analysis of N1-BR18 rNAs. The activity of the
indicated amounts of the rNAs was measured using increasing concentrations of Mu-NANA. The mean values = SD from three technical
repeats are shown. (C) Diagram showing the reaction of TR1 (structure at the top) with NA. The NA catalytic residue (Tyr406) makes a
nucleophilic attack of the TR1 reagent (i), resulting in the release of F,Mu and a covalently bound TR1 sialic acid intermediate (iia). The
presence of the guanidinium (Gu) and fluorine modifications decrease the subsequent attack by H,O (iib), which facilitates sialic acid release.
AcHN, N-acetyl group (D) Graph displaying the mean fluorescence measurements from the reaction of the indicated rNA amounts with the
TR1 reagent from three independent runs using 30-s intervals. (E) Correlation plot showing the protein concentrations of each rNA and the
F,Mu concentration released from the TR1 reagent. The linear regression slopes, used to determine the fraction of active rNA in each
preparation, are displayed. The data are the means * SD from three technical repeats. Purified BR18xWSN virus was included in all assays
for comparison.

used the synthetic substrate 2’'-(4-methylumbelliferyl) a-p-N-acetylneuraminic acid
(Mu-NANA). The rNAs with the head domain (V82 and T82) showed activity that was
~10-fold higher than that of the rNAs with the full ectodomain (V35 and T35) and
much closer to that observed for a similar amount of full-length N1-BR18 in a purified
reassortant virus (BR18 xWSN) that bears the HA and NA genes from BR18 and the in-
ternal genes from the H1N1 strain A/WSN/1933 (Fig. 2A). A Michaelis-Menten kinetic
analysis revealed that the lower activity of V35 and T35 is not associated with a change
in the substrate binding affinity, as the K, values of the four rNAs were similar (Fig. 2B
and Table 1).

To determine whether V35 and T35 possess lower catalytic rates (k) or a smaller
percentage of enzymatically active rNA in the preparations, we analyzed the rNA prep-
arations using the active-site-titrating agent TR1 (40, 41). TR1 is a modified Mu-NANA
compound that undergoes only a single sialic acid cleavage reaction per enzyme mole-
cule (Fig. 2Q), releasing one equivalent of difluoromethylumbelliferyl alcohol (F,Mu) in
a burst phase, which can be followed by a slow steady-state turnover phase for some
NAs (41). The TR1 profiles for V82 and T82 resembled that of full-length N1-BR18, with
a high initial burst that reached a maximum within ~2 min (Fig. 2D). Both V35 and T35
at higher protein levels showed a smaller initial burst followed by a slow steady-state
turnover phase, indicating that these rNAs possess a lower proportion of enzymatically
active tetramers that likely possess an alteration in the active site, which can facilitate
the release of the covalently bound TR1 intermediate. We then calculated the fraction
of enzymatically active rNA in each preparation by plotting the concentrations of F,Mu
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TABLE 1 Enzymatic properties of N1-BR18 rNAs

rNA K, (uM) Apparent k_,, (s™") % functional rNAs True k., (s7")
V35 48.67 12 6.8 176
V82 431 130 50 260
T35 45.6 10 43 232
T82 42.7 123 46 267
Virus® 44.6 221 74 298

aMean from three technical repeats.
bPurified BR18xWSN virus, which contains ~10% NA, was used as a control.

released from TR1 by each rNA at three protein concentrations (Fig. 2E). The results
showed that ~50% (slope = ~0.5) of the V82 and T82 preparations are enzymatically
active, in line with the percentage (~74%) observed for full-length N1-BR18. In con-
trast, only ~5% (slope = ~0.05) of the V35 and T35 preparations reacted with TR1 (Fig.
2E and Table 1). Using these values to derive the concentrations of active enzyme, the
calculated k,, values were found to be similar for all four rNAs (Table 1). These results
confirm that the designs for T35 and V35 produce ~90% less functional rNA than the
V82 and T82 designs, indicating that the proportion of functional rNA is mainly influ-
enced by the NA domain rather than the tetramerization domain.

Analysis of head domain epitopes on N1-BR18 rNAs. Based on the significant dif-
ferences in the amounts of functional NA, we analyzed the antigenic integrity of the
rNAs by a sandwich enzyme-linked immunosorbent assay (ELISA) (42) using mAbs CD6,
4C4, TH5, and 4E9, which bind various regions (43-45) in the N1 head domain (Fig. 3A).
The rNAs were first bound with CD6, 4C4, or 1H5 and then detected using horseradish
peroxidase (HRP)-conjugated mAb 4C4 or 4E9. At an arbitrary concentration of 1 ug/
ml, all four rNAs were readily bound by these mAbs, and the signals were in line with
those obtained for an equivalent amount of full-length N1-BR18 in purified virions (Fig.
3B). To confirm if these epitopes are preserved over time, rNAs stored at 4°C for
~4 months were serially diluted and tested in ELISAs with mAbs CD6 and 4E9. All the
rNAs were effectively detected at concentrations as low as 7.8 to 62.5 ng/ml (0.78 to
6.25 ng/well). V35 and V82 were detected at even lower concentrations (Fig. 3C), sug-
gesting that the head domain epitopes are slightly better conserved with the VASP tet-
ramerization domain or that these rNAs possess a different property than T35 and T82.
Despite the subtle differences, the overall similarity of the binding profiles implies that
the head domain epitopes remain largely intact on the rNAs, even though the percen-
tages of functional rNA differ.

Stability and molecular size analysis of N1-BR18 rNAs. Stability is a crucial attrib-
ute for vaccine antigens, and NA is known to be a labile tetrameric enzyme (17). To
test for stability differences, each rNA was examined by a thermal denaturation analysis
and after freeze-thaw cycling using enzymatic activity as a readout. All the rNAs
showed similar thermostability profiles, and the Ty, (temperature at which the enzy-
matic activity was reduced by 50%) values were ~57°C (Fig. 4A), far above routine vac-
cine manufacturing and storage temperatures. Following multiple freeze-thaw cycles,
the rNAs did not show evident activity loss (Fig. 4B), indicating that the stabilities of
the functional rNAs are similar for each design.

The molecular size of the rNAs was monitored by size exclusion chromatography
(SEC) within 10 days postpurification and after storage at —80°C and 4°C for 1, 3, and
6 months. In agreement with the estimated molecular weights, the newly purified V82
was found to have the smallest molecular size, followed by T82, V35, and T35 (Fig. 4C,
top). V35 and V82 also showed a more prominent early peak, corresponding to a larger
molecular size, which tracked with the NA activity readings (Fig. 4C, bottom). While all
the SEC profiles were similar to those of the newly purified rNAs following long-term
storage at —80°C, V35 and V82 exhibited dramatic shifts in the SEC profiles with pro-
longed storage at 4°C (Fig. 4D). In contrast, T35 and T82 showed largely consistent SEC
profiles during storage at 4°C (Fig. 4D). Despite the extensive molecular size shifts, no
loss in enzymatic activity was observed for V35 or V82 after storage at 4°C (data not
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FIG 3 N1-BR18 rNAs retain the antigenicity of multiple head domain epitopes. (A) Side view (left) and top view (right)
of an N1 dimer (PDB accession number 3NSS) showing the three epitopes that are recognized by mAbs CD6 and 4C4
and the broadly reactive mAbs TH5 and 4E9. The NA active-site residues 118, 151, 152, 224, 276, 292, 371, and 406
are shown in yellow. (B) N1-BR18 rNAs were readily bound by mAbs CD6, 4C4, 1H5, and 4E9. Binding was measured
by a sandwich ELISA, in which mAbs CD6, 4C4, and TH5 were used to capture the rNAs and the HRP-conjugated
mAbs 4E9 (4E9-HRP) and 4C4 (4C4-HRP) were used for detection. N2-specific mAb B10 and an rNA from A/Minnesota/
11/2010 (H3N2) were used as negative controls. rNAs were tested at 1 wg/ml. The data are the means = SD from
three technical repeats. (C) Serially diluted N1-BR18 rNAs were captured with mAb CD6 and detected with 4E9-HRP.
The data are the means * SD from three technical repeats. Purified BR18 xWSN virus was included as a control.

shown). These findings demonstrate that the size of the rNAs with the TB motif is more
stable, as the VASP motif promotes the formation of higher-order oligomers, or multi-
mers, likely explaining the higher sensitivity of V35 and V82 observed in the ELISAs
(Fig. 30).

Evaluation of the antibody response and protection elicited by the N1-BR18
rNAs. The immunogenicity and protective efficacy of rNAs have been evaluated using
a two-dose (prime-and-boost) approach in animal models (27, 29, 46, 47). To assess the
impact of the construct design on rNA protective efficacy, we immunized mice with
the N1-BR18 rNAs and conducted a lethal viral challenge (Fig. 5A). For the initial evalu-
ation, we measured the NA antibody response in mice that received either two intra-
muscular (i.m.) immunizations with 5 ng of rNA adjuvanted with poly(I-C) or one i.m.
immunization with 5 ug or 2 ug of rNA adjuvanted with poly(l-C). Based on the ELISA
results using full-length N1-BR18 in purified virus as an antigen, the serum NA binding
antibody titers were higher in mice that received two immunizations (Fig. 5B). Mice
that were immunized with a single dose showed consistent differences in the NA bind-
ing antibody titers from each rNA, with V35 eliciting the strongest response, followed
by T82, T35, and V82 (Fig. 5B). The serum NA inhibition (NAI) antibody titers, which are
considered indicative of protection (12, 16), displayed a similar pattern where V35 eli-
cited the highest NAI titers and V82 elicited the lowest, with all NAI titers being below
the limit of detection (Fig. 5C).

Based on the robust antibody responses from the single-dose immunizations, we
also included groups of mice immunized with 0.2 g of rNA adjuvanted with poly(l-C)
in the lethal viral challenge experiment. In the groups that received two 5-ug doses of
rNA or purified BR18xWSN virus, all mice were protected and displayed no evident
weight loss, whereas the control group immunized with phosphate-buffered saline
(PBS) containing poly(I-C) succumbed to the viral challenge (Fig. 5D). In the single-dose
groups, all mice immunized with 5 or 2 ug of V35 survived the viral challenge, with
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FIG 4 Stability similarities and variations between N1-BR18 rNAs. (A) Graphs displaying the thermal melt curves for the rNAs. The rNAs were
incubated for 10 min at the indicated temperatures, and the enzymatic activity was measured and normalized using the activity of the
sample at 37°C. Shown are the means = SD of the data from three technical repeats together with the T, values for each rNA. (B) The rNAs
were subjected to 5 cycles of freezing on dry ice for 10 min and thawing briefly at 37°C. The enzymatic activity was measured following
each freeze-thaw cycle and normalized using the activity from an untreated sample. Means = SD from three technical repeats are displayed.
rN9, rNA from A/Anhui/1/2013 (H7N9) expressed in human embryonic kidney 293 cells. (C) SEC profiles of the rNAs shortly after purification.
The rNAs were adjusted to 0.5 mg/ml, and equal volumes were loaded onto an SEC column. The absorbance at 220 nm (Abs,,,) versus the
elution volume is shown with the estimated molecular weights corresponding to each peak (top panels). The NA activity profiles of fractions
collected between 4.0 and 8.8 ml are shown in the bottom panels, with the activity of each fraction being normalized to the peak activity,
which is displayed for each rNA. mAU, milli-absorbance units. (D) SEC profiles of the rNAs stored at —80°C or 4°C for 6 months.

little weight loss, and most mice that received 0.2 ug of V35 also survived, with a maxi-
mal average weight loss of ~15% (Fig. 5E to G). T35 and T82 protected almost all of
the animals at single doses of 5 and 2 ug, although substantial weight loss was
observed in these groups, and the 0.2-ug dose showed little or no protection (Fig. 5E
to G). Consistent with the poor antibody response, V82 provided the least protection
across all of the single-dose immunizations. Together, these results show that the
domains included in the rNA design are crucial for achieving optimal protection, and
the unexpected differences in protection from V82 and V35 indicate that enzymatic ac-
tivity is not necessarily predictive of protection of rNA.

DISCUSSION

Since the 1990s, the biochemical and immunological properties of rNA have been
studied in some detail (20, 22, 31, 48). These and more recent studies (21, 29, 30, 49)
have established that rNA can be protective and provide cross-protection against influ-
enza virus strains carrying similar NAs but different HA subtypes, leading to the pro-
posal that rNA could be used to supplement existing influenza vaccines. However, all
of the previously reported animal studies used a two-dose (prime-and-boost) immuni-
zation regimen with large rNA amounts and provided little information on the rNA
quality attributes, which are critical for evaluating a vaccine antigen. The results from
our systematic comparison demonstrate the following: (i) the enzymatic properties of
rNAs are dependent on the NA domains included in the construct design, (i) the for-
mation of higher-order rNA oligomers is mainly determined by the properties of the
tetramerization domain, (iii) single-dose rNA immunizations in mice can provide full
protection against a lethal viral challenge and are more informative for evaluating
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FIG 5 N1-BR18 rNAs elicit different protective immune responses in mice. (A) Mice received two i.m. injections 21 days apart with 5 ug rNA
or a single-dose i.m. immunization with 5, 2, or 0.2 ng rNA. On day 21 after the second dose or day 28 after the single-dose immunization,
3 mice from each group (except those immunized with 0.2 ug rNA) were euthanized to collect sera for antibody assessment, while the
remaining mice were challenged with 10 LDy, of H6N1y,,xPR8 virus and monitored for weight loss and mortality for up to 14 days.
Purified BR18xWSN virus was used as a positive control in the two-dose immunizations, PBS was used as the negative control, and all
immunizations were conducted with 5 ug poly(l-C) adjuvant. (B and C) Serum NA binding antibody titers measured with an ELISA (B) and
serum NAI antibody titers measured with an ELLA (C). H6NT4,xPR8 virus was used as the antigen for both the ELISA and ELLA
measurements. The limits of detection (denoted by the dotted lines) for the ELISA and ELLA were 125 (2.1 log,,) and 20 (1.3 log,,),
respectively, and titers below these limits were arbitrarily set to 25 (1.4 log,,) for the ELISA and 5 (0.7 log,,) for the ELLA for the purpose of
calculation. Shown are the means = SD (n = 3) of data from two technical repeats. (D) Survival (left) and weight loss (right) of mice (n = 5)
challenged with virus after two-dose immunizations with 5 ug of the indicated rNAs. (E to G) Survival and weight loss of mice challenged
with virus after a single immunization with 5 ug (E), 2 ug (F), or 0.2 ug (G) of the indicated rNAs (n = 5 in the 5- and 2-ug groups, and n =
4 in the 0.2-ug group).

rNAs, and (iv) protective efficacy can substantially differ between rNA designs with sim-
ilar attributes, indicating that rNA immunogenicity is mainly determined by the combi-
nation of the NA and the tetramerization domains. These findings show that the rNA
design is critical for optimal protective efficacy and that rNA antigens being developed
to improve influenza vaccines would benefit from a comprehensive evaluation.

The interesting observation that rNA designs including the head domain (V82 and
T82) generate a higher percentage of functional rNAs than designs containing the full
ectodomain (V35 and T35) suggests that the stalk region impairs the function of the
head domain. Previous studies also demonstrated that the presence of the stalk signifi-
cantly reduces the activity of a secreted NA without a tetramerization domain, imply-
ing that head domain assembly is most efficient when the stalk is attached to a lipid
bilayer by the tetrameric amphipathic transmembrane (50, 51). To complement the ab-
sence of the transmembrane domain, the four rNAs in this study contain an N-terminal
tetramerization domain, and they are all recognized similarly by various N1 head-spe-
cific mAbs, indicating that multiple epitopes in the head domain are largely preserved
despite the activity differences. In addition, the rNA designs (V35 and T35) that
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produce the lowest percentage of functional NA elicited comparable (T35 versus T82)
or higher (V35 versus V82) antibody responses and protection. All of these results raise
the question of what causes the decrease in the enzymatic activity of the rNAs contain-
ing the full ectodomain. Previous work has shown that full-length NA assembles
through a cooperative process that requires compatibility between the head and trans-
membrane domains and that the formation of a tetramer-dependent central Ca?*
binding pocket is essential for NA activity (39, 52). We speculate that the tetrameriza-
tion domains attached to the stalk are less compatible with the head domain than the
native transmembrane region, resulting in the suboptimal formation of the central
Ca?* binding pocket and, hence, lower activity.

We also observed that the tetramerization domain from VASP introduces more
instability in the molecular size of the rNAs than the one from TB. This phenotype was
especially evident during storage at 4°C where V35 and V82 showed time-dependent
shifts in molecular size, which is indicative of higher-order oligomer or multimer forma-
tion. The molecular size increase did not coincide with a loss of activity (data not
shown), suggesting that the number of functional active sites in the higher-order V35
and V82 oligomers did not change. The more stable T35 and T82 might be preferred
from the perspective of vaccine manufacture as most influenza vaccines are commonly
stored at 4°C. However, it is unknown if the increase in molecular size, as observed for
V35 and V82 stored at 4°C, is a beneficial attribute for immunogenicity since our pro-
tection experiments were performed with rNAs stored at —80°C prior to the shift in
size. Protection experiments aimed at assessing the impact of the molecular size
increase on the immune response and protection will be reported in a subsequent
study, which will help to determine the rNA storage requirements.

With the common two-dose approach and large amounts of rNA, the protection in
mice was almost indiscernible, but with the single-dose immunizations, clear differen-
ces were observed in protection from the rNAs, suggesting that multiple doses of large
amounts may mask differences in the quality of the rNA antigens. Following the single-
dose immunizations, the highest antibody titers and protective efficacy were observed
for V35, which produces a low percentage of enzymatically active rNA, whereas the
poorest immune response was observed for V82, which produces a high percentage of
enzymatically active rNA. In contrast, similar antibody titers and protective efficacy
were observed for T35 and T82. The differences in the protective efficacy between V82
and the other three rNAs, especially T82, were very unexpected. We did observe a high
prevalence of a particular glycoform on V82 compared to T82. However, it is unlikely
that this minor modification of an insect cell glycoform is solely responsible for the low
immunogenicity of V82. The probable factors could be the smaller molecular size of
V82, the propensity for V82 to form multimers, and the immunogenicity of the charged
VASP domain in the context of the smaller NA head domain. Our results emphasize
that enzymatically active rNAs are not necessarily the most immunogenic, which is sig-
nificantly different than the common belief that enzymatic activity is an ideal attribute
for assessing NA quality.

The mass spectrometry analysis demonstrated that the N-linked glycans on the
insect cell-expressed N1-BR18 rNAs are small and mainly consist of paucimannose and
high-mannose glycoforms. These glycoforms are likely quite different from the more
complex glycoforms that are added during mammalian cell expression (53, 54) and can
potentially impact the rNA properties. We hypothesize that the larger glycans on N1-
BR18 rNAs generated using a mammalian cell system are likely to decrease the tend-
ency to form higher-order oligomers and may enhance stability. In the current study,
we also observed that the protection from the N1-BR18 rNAs containing the TB domain
was more consistent than the protection from the two constructs with the VASP tetra-
merization motif. Whether this difference is due to the influence of the coiled-coil tet-
ramerization domains on rNA immunogenicity is unclear and requires further studies
to identify if any potential immune response to the tetramerization domain, especially
the human-derived VASP, poses any risk to humans.
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In summary, our findings highlight the necessity to carefully select the elements
included in the design of rNAs, as different attributes are influenced by the choice of
the tetramerization and NA domains. Our data also indicate that NA activity may not
be the best attribute for assessing the quality of rNAs. Based on the clear difference
across the four recombinant N1 constructs, future studies are needed to evaluate the
designs of other vaccine-relevant rNAs, to identify additional methods for optimizing
rNA production, and to assess whether supplementing influenza vaccines with rNA can
enhance the immunogenicity and reduce the HA dose amounts needed in the vaccine.

MATERIALS AND METHODS

Cells and viruses. High Five insect cells (Invitrogen) maintained in Express Five serum-free medium
(Life Technologies) were used for N1-BR18 rNA expression. Recombinant baculoviruses that express the
N1-BR18 rNAs (see Fig. 1B for the rNA construct design) were produced by GenScript Inc. Recombinant
influenza viruses were rescued in Madin-Darby canine kidney cells and human embryonic kidney 293T
cells using reverse genetics as previously reported (55, 56). These viruses included BR18xWSN, which
bears the HA and NA genes from BR18 (H1N1) and the internal genes from A/WSN/1933 (WSN) (H1N1),
and H6NTgp,sx WSN and H6N1gz,,xPR8, which bear the HA gene from A/turkey/Massachusetts/3740/
1965 (H6N2), the NA gene from BR18, and the internal genes from WSN and A/Puerto Rico/8/1934 (PR8)
(H1N1), respectively. The rescued viruses were propagated in 9- to 11-day-old specific-pathogen-free
embryonated chicken eggs. The median lethal dose (LD,;) of H6N14;,,xPR8 in mice was determined for
the lethal viral challenge. Viruses were also inactivated with B-propiolactone (Sigma) and purified by su-
crose gradient centrifugation for in vitro assays and the animal study.

rNA expression and purification. High Five insect cells were grown to a density of ~2 x 10° cells/
ml in shaker flasks at 120 rpm at 27.5°C prior to infection with each recombinant baculovirus at a multi-
plicity of infection of ~2.0 to 5.0. At 72 to 96 h postinfection, when the NA activity plateaued, the cell
culture supernatant was clarified, concentrated, and exchanged to a pH 8.0 buffer (50 mM Tris, 300 mM
NaCl, 1 mM CaCl,) by tangential-flow filtration using a cartridge with a 30-kDa-molecular-weight cutoff.
The buffer was then adjusted to contain 40 mM imidazole, and the rNAs were purified with a HisTrap FF
1-ml column (GE Healthcare) using an Akta Start protein purification system (Cytiva). Alternatively, rNAs
were purified using a HisTrap FF 5-ml column (GE Healthcare) from the cell culture supernatant that was
clarified but not concentrated or buffer exchanged. The column was washed with a pH 8.0 buffer
(50 mM Tris, 300 mM NaCl, 1 mM CacCl,) containing 40 mM imidazole, and the bound protein was eluted
using a pH 8.0 buffer (50 mM Tris, 300 mM NaCl, 1 mM CacCl,) supplemented with 250 mM imidazole.
Fractions containing the rNAs were pooled and exchanged into in a pH 6.5 buffer (50 mM Tris, 150 mM
NaCl, 1T mM CaCl,, 5% glycerol) using 15-ml centrifugal filters with a 30-kDa-molecular-weight cutoff
(Millipore), and the rNA concentration was measured and adjusted to ~1.0 mg/ml. Each rNA was then
aliquoted and stored at —80°C or 4°C for subsequent assays.

SDS-PAGE and Western blotting. rNAs (2 wg/lane for Coomassie staining and 0.2 ug/lane for
Western blotting) were mixed with 2x sample buffer containing 50 mM DTT, heated at 50°C for 10 min,
and resolved by 4 to 12% polyacrylamide Tris-glycine SDS-PAGE wedge gels (Thermo Fisher Scientific).
Gels were either stained with simple blue (Thermo Fisher Scientific) or transferred to a 0.45-um-pore-
size polyvinylidene difluoride (PVDF) membrane (Life Technologies) at 65 V for 1 h. The membrane was
blocked with AzureSpectra fluorescence blot blocking buffer (Azure Biosystems) and incubated with
1 ng/ml N1-specific rabbit mAb (Sino Biological) and AzureSpectra 700 goat anti-rabbit 1gG (Azure
Biosystems). The Coomassie gels and immunoblots were then imaged using an Azure C600 bioanalytical
imaging system (Azure Biosystems).

Glycan analysis. Each rNA was exchanged into 50 mM ammonium bicarbonate buffer (pH 8.0) using
0.5-ml centrifugal filters (Millipore). The rNA samples were reduced by the addition of 5 mM DTT fol-
lowed by a 30-min incubation at 60°C. The cysteines were then alkylated by incubation with 15 mM io-
doacetamide for 30 min at room temperature in the dark. The alkylation reactions were quenched by
adding 25 mM DTT, and 25 ug of each rNA sample was digested at 37°C overnight with trypsin
(Promega). After 10 min at 95°C to denature the trypsin, the samples were incubated at 37°C overnight
with peptide-N-glycosidase F (PNGase F) (New England BioLabs) to release the glycans. Glycan purifica-
tion, permethylation, and data collection and analysis were done as described previously (57), and the
glycoform assignments were determined using a reference library of glycans known to be present in
insect cells.

ELISA. A sandwich ELISA was performed as previously described (42) to confirm the presence of vari-
ous epitopes on N1-BR18 rNAs. Briefly, Immulon 2HB flat-bottom microtiter plates (Thermo Fisher
Scientific) were coated with N1-specific mAbs CD6, 4C4, and 1H5 (43-45) and N2-specific mAb B10 (39)
at 1 ug/well. After blocking with 15% fetal bovine serum (FBS) (Atlanta Biologics) in phosphate-buffered
saline (PBS) (pH 7.4), diluted N1-BR18 rNAs and BR18xWSN virus were added, and the mixture was incu-
bated at 37°C for 1 h, followed by washing with PBS containing 0.05% Tween 20 (PBST) and incubation
with HRP-conjugated mAb 4E9 (44, 45) or 4C4 at 37°C for 1 h. Plates were then developed using the sub-
strate o-phenylenediamine dihydrochloride (OPD) (Sigma) for 10 min, the reactions were stopped with 1
N H,SO,, and the absorbance values at 490 nm (Abs,,,) were read. To measure the NA binding antibody
titers in mouse serum samples, plates were coated with purified H6N 1,4 x WSN virus at 0.5 wg/well of
the total viral protein. After blocking with 15% FBS in PBS, 2-fold serially diluted serum samples, starting
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from 1:10, were added and incubated at 37°C for 1 h. The plates were then washed, HRP-conjugated
goat anti-mouse IgG (Sigma) was added, and the plates were incubated at 37°C for 1 h. The plates were
developed the same way as for the sandwich ELISA. The cutoff Abs,, value was set at 0.08.

Enzymatic activity assay. To examine NA activity, rNAs and BR18xWSN virus were diluted in 25 ul
in 96-well, black-wall, clear-bottom plates (Corning) and warmed to 37°C. The reaction was initiated by
mixing each sample with 175 ul of a substrate solution (170 ul 0.1 M KH,PO, containing 1 mM CaCl, [pH
6.0] and 5 ul of 2 mM Mu-NANA). The fluorescence was measured using a Cytation 5 cell imaging multi-
mode reader (BioTek) at 37°C for 10 min using 30-s intervals with a 365-nm excitation wavelength and a
450-nm emission wavelength. The NA activity was determined based on the slope of the early linear
region in the emission-versus-time graph.

The Michaelis-Menten kinetic analysis was performed by diluting the rNAs and BR18 xWSN virus to a
known concentration and measuring the enzymatic activity in the presence of increasing concentrations
of Mu-NANA that reached saturation. The V, . and K, values were calculated by analyzing the nonlinear
fitting curves with GraphPad Prism version 8.0 (GraphPad Software). The k_,, values were calculated
using the V,_, value, the rNA concentration, and a 4-methylumbelliferone (Sigma) standard curve.

TR1 assay. The TR1 assay was performed as previously reported (41), with modifications. In brief,
F,Mu was 2-fold serially diluted in 96-well, black-wall, clear-bottom plates (Corning), starting from
1.0 uM, in 200 ul pH 7.6 buffer (50 mM Tris, 20 mM CaCl,). The fluorescence signals were read at a 365-
nm excitation wavelength and a 450-nm emission wavelength using a Cytation 5 cell imaging multi-
mode reader (BioTek), and a standard curve was created. The rNAs and BR18xWSN virus were serially
diluted to 20 ul using pH 7.6 buffer (50 mM Tris, 20 mM CaCl,) in 96-well, black-wall, clear-bottom plates
(Corning), and the reactions were initiated by adding 180 wl TR1 solution (175 ul 50 mM Tris [pH 7.6]
containing 20 mM CaCl, and 5 ul T mM TR1). The fluorescence signals were monitored continuously for
30 min at 30-s intervals, and the number of the active NA catalytic sites was calculated based on the sig-
nals reached at the plateau and the standard calibration equation.

rNA stability analysis. Thermostability was monitored by incubating the rNAs at 37°C, 43.2°C, 52°C,
54.1°C, 56.4°C, 59.6°C, 63.7°C, 67.1°C, and 70°C for 10 min in a C1000 Touch cycler (Bio-Rad) and meas-
uring the enzymatic activity with the Mu-NANA assay. The data were then analyzed using nonlinear fit-
ting curves to calculate the T, values with GraphPad Prism version 8.0 (GraphPad Software). Freeze-
thaw stability was determined by measuring the enzymatic activity of rNAs following 5 cycles of freezing
for 10 min on dry ice and thawing briefly at 37°C, and the enzymatic activity of the treated samples was
normalized to that of the untreated samples. rNA from A/Anhui/1/2013 (H7N9) expressed in human em-
bryonic kidney 293 cells (catalog number 40108-VNAHC; Sino Biological) was included in the assay for
comparison. To examine the tendency to form higher-order oligomers at the routine storage tempera-
ture, rNAs stored at 4°C and —80°C were analyzed by SEC at 1, 3, and 6 months. Briefly, 10 ul of each
rNA, adjusted to 0.5 mg/ml with pH 6.5 buffer (50 mM Tris, 150 mM NaCl, 1 mM CaCl,, 5% glycerol), was
analyzed using an Agilent 1260 prime high-performance liquid chromatography (HPLC) system
equipped with an AdvanceBio SEC 300-A column, a variable-wavelength detector set at 220 and
280 nm, and a fraction collector, run at a flow rate of T ml/min. The molecular weights for each rNA
were estimated using an AdvanceBio SEC 300-A protein standard (Agilent) of known molecular weights
that was included in the run, and the presence of NA in each fraction was measured with the Mu-NANA
assay.

Animal study. Mouse experiments were conducted to examine the immunogenicity and protective
efficacy of N1-BR18 rNAs against lethal viral challenge. For the two-dose immunization regimen, DBA/2
mice (female, 6 weeks old; The Jackson Laboratory) (n = 8 per group) were immunized i.m. with 5 ug of
each rNA mixed with 5 ng poly(l-C) adjuvant (Sigma) and boosted with the same dose of rNA and poly
(I-C) at a 21-day interval. On day 21 postboost, 3 mice from each group were euthanized, and blood was
collected for measuring the NA binding antibodies with an ELISA and NAI antibodies with an enzyme-
linked lectin assay (ELLA) (58). The remaining 5 mice per group were challenged intranasally (i.n.) with
10 LDy, of H6N 14, xPR8 in 50 ul of PBS. These mice were monitored for weight loss and mortality for
up to 14 days, and mice that lost =25% of their weight were euthanized. Mice primed and boosted with
5 ug inactivated, purified BR18 xWSN virus adjuvanted with 5 ug poly(l-C) were included as the positive
control, and mice receiving PBS containing 5 ug poly(l-C) were included as the negative control. For the
single-dose regimen, DBA/2 mice (female, 8 weeks old; The Jackson Laboratory) (n = 8 for the 5- and 2-
g rNA groups, and n = 4 for the 0.2-ug rNA groups) received a single i.m. immunization of rNAs at 5, 2,
or 0.2 ug or PBS mixed with 5 ug poly(l-C). On day 28 postimmunization, 3 mice from each group immu-
nized with 5 or 2 ug rNA were euthanized for blood collection, and the serum NA antibody titers were
measured. The remaining animals (n = 5 or 4) in each group were challenged and monitored similarly.
Federal guidelines and protocols approved by the Food and Drug Administration Institutional Animal
Care and Use Committee were followed in the animal experiments.

NAI assay. The NAI antibody titers in mouse serum samples were measured with an ELLA as
described previously (58). Serial dilutions of the serum samples were mixed with a predetermined
amount of virus diluted in pH 6.5 2-(N-morpholino)ethanesulfonic acid (MES) buffer (KD Medical) con-
taining 1% bovine serum albumin (Sigma) and 0.5% Tween 20 (Sigma). The mixture was added to 96-
well plates (Thermo Fisher Scientific) coated with 2.5 wg/well of fetuin (Sigma) and incubated overnight
at 37°C. Plates were washed with PBST, followed by the addition of HRP-conjugated peanut agglutinin
(Sigma). Plates were incubated at room temperature for 2 h in the dark and washed with PBST before
the addition of the OPD substrate. The reaction was stopped by adding 1 N H,SO,, Abs,,, values were
read, and the antibody titer was expressed as the reciprocal of the highest dilution that exhibited =50%
inhibition of NA activity.
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