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A long-held dogma posits that strong presentation to the immune
system of the dominant influenza virus glycoprotein antigens
neuraminidase (NA) and hemagglutinin (HA) is paramount for
inducing protective immunity against influenza virus infection.
We have deliberately violated this dogma by constructing a recombi-
nant influenza virus strain of A/PR8/34 (H1N1) in which expression of
NA and HA genes was suppressed. We down-regulated NA and HA
expression by recoding the respective genes with suboptimal codon
pair bias, thereby introducing hundreds of nucleotide changes while
preserving their codon use and protein sequence. The variants PR8-
NAM", pR8-HAM", and PR8-(NA+HA)M'" (Min, minimal expression)
were used to assess the contribution of reduced glycoprotein expres-
sion to growth in tissue culture and pathogenesis in BALB/c mice. All
three variants proliferated in Madin-Darby canine kidney cells to
nearly the degree as WT PR8. In mice, however, they expressed ex-
plicit attenuation phenotypes, as revealed by their LDs, values: PR8,
32 plaque-forming units (PFU); HAM™, 1.7 x 10° PFU; NAMI", 2.4 x 10°
PFU; (NA+HA)™", >3.16 x 10° PFU. Remarkably, (NA+HA)Y'™" was
attenuated >100,000-fold, with NA™" the major contributor to at-
tenuation. In vaccinated mice (NA+HA)"™" was highly effective in
providing long-lasting protective immunity against lethal WT chal-
lenge at a median protective dose (PDs) of 2.4 PFU. Moreover, at a
PDs, of only 147 or 237, (NA+HA)Y'" conferred protection against
heterologous lethal challenges with two mouse-adapted H3N2
viruses. We conclude that the suppression of HA and NA is a unique
strategy in live vaccine development.

chemical synthesis | computer-aided design | margin of safety |
Protective dose 50 | hetero-subtypic immunity

nfluenza virus is a human disease agent that leads to >30,000

deaths in the United States and several hundred thousand
deaths globally each year (1). Why is influenza not better con-
trolled? There are four reasons. First, the major neutralization
antigenic proteins providing protective immunity on the virion
surface, hemagglutinin (HA) and neuraminidase (NA), undergo
yearly genetic variation by point mutations (i.e., genetic drift).
This renders the viruses resistant to population immunity, thereby
setting the stage for “seasonal” epidemics (2). Second, influenza
virus may acquire a new antigenic makeup (i.e., reassortment of
heterologous genes, referred to as genetic shift), leading to pan-
demics (3). Third, because of the seasonal flu, new vaccines must
be produced every year. This is a complex undertaking, consid-
ering that more than one type or strain of influenza virus cocir-
culates in any flu season, possibly requiring the development of
multiple new vaccines each year. Fourth, only two major types of
vaccines are currently licensed: intramuscularly administered
trivalent inactivated vaccine (TIV) and (cold-adapted) live at-
tenuated vaccine (LAIV), given intranasally. The efficacy of these
two vaccines is suboptimal.

The injectable TIVs, which require a large quantity of starting
material, the equivalent of ~10'° plaque-forming units (PFU) per
dose, are incapable of inducing significant cell-mediated immu-
nity, which is now recognized as an important determinant of
protection (4). Moreover, the overall efficacy of TIVs in the US
adult population aged 18-65 y is only 59% (5). In contrast, LAIVs
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induce both humoral and cellular immunity, but are restricted for
use in persons aged 2-49 y (6, 7). Moreover, recurrent adminis-
tration of LAIVs, which use the same attenuating viral backbone,
could result in tolerance in repeat recipients (8).

Influenza viruses, classified as types A, B, and C, are enveloped,
negative-strand RNA viruses of Orthomyxoviridae, of which sub-
types of type A are the major culprit in human disease (9). The
viruses transcribe and replicate their multipartite genomes in the
cell nucleus, with each segment encoding one or two polypeptides.
Of these, the most important antigenic molecules are the glyco-
proteins HA and NA.

A basic premise in influenza vaccination is adequate delivery of
HA and NA to vaccine recipients, assuming that a very high dose
(TIV) or a dose corresponding to live viral infection (LAIV) of
these traditionally dominant antigenic polypeptides alone is suf-
ficient for adequate vaccine efficacy. Here we present data sup-
porting the opposite, where deliberate reduction of influenza HA
and NA expression leads to an ultraprotective live vaccine. In-
fection of BALB/c mice with a live subtype A HIN1 (PRS) virus
designed to significantly reduce HA and NA synthesis led to
a vaccine candidate with excellent growth properties in tissue
culture cells but with an extraordinary safety profile, as shown by
a favorable median protective dose (PDsg). The results obtained
with this counterintuitive strategy may lead to an entirely new class
of live influenza virus vaccines.

To modify the expression of HA and NA in the HIN1 vaccine
candidate, we made use of a little-known phenomenon known as
codon pair bias. In this bias, pairs of synonymous codons do not
appear in protein-encoding sequences of a species at the fre-
quency that would be predicted based on the genome-wide fre-
quency (or “codon usage”) of the individual codons (10-12).
Certain pairs are statistically overrepresented (preferred) in the
ORFeome, whereas other pairs are underrepresented (disliked);
the difference can be quantitated by calculating a codon pair
score that is more positive for the preferred codon pairs and
more negative for the disliked codon pairs (13, 14). The differ-
ences in biological function between overrepresented and un-
derrepresented codon pairs are small, but if a gene is recoded
with a large number of underrepresented (“deoptimized”) codon
pairs (leading to hundreds of point mutations), the effect on
expression of the corresponding protein can be substantial (13,
14). Importantly, neither codon use nor protein sequences are
changed during these manipulations.

Using a specific algorithm and chemical synthesis (9), we con-
structed virus PR8 (A/Puerto Rico/8/1934; HIN1), containing an
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excess of underrepresented codon pairs (“deoptimized”) in NA
and HA genes [variant (NA+HA)M™; Min, minimal gene expres-
sion]. Variant (NA+HA)M™ has surpassed our expectations of
safety and PDs, in the mouse system. Moreover, mice vaccinated
with 1,000 PFU of (NA+HA)™ variant were fully protected
against lethal challenge with two different heterologous, mouse-
adapted H3N2 influenza viruses.

Results and Discussion

Construction and Characterization of an HA and NA Codon Pair-
Deoptimized Influenza Virus in Tissue Culture. To achieve attenua-
tion of influenza virus PR8, we deoptimzed codon pair bias (in-
troducing underrepresented codon pairs) in viral genes H4 and
NA according to computer algorithms (13, 14) and chemical syn-
theses (15), aiming to reduce the expression level of the targeted
viral genes. The NA and HA glycoproteins are considered the
major dominant antigenic determinants of influenza viruses. Our
seemingly counterintuitive approach of targeting the expression
level of the two most important antigens was based on the as-
sumption that neither the HA gene product nor the NA gene
product is directly involved in the intracellular replicative cycle
(i.e, transcription, translation, and RNA replication). Thus, an
influenza virus expressing reduced amounts of HA and NA protein
might still replicate well up to the steps of virus budding, whereas
maturation and cell-to-cell spread may be impaired. We have
previously shown that PR8 with only deoptimized HA (HAM™; 353
synonymous mutations in 1,775 nucleotides) replicated well in
Madin-Darby canine kidney (MDCK) epithelial cells (14). Simi-
larly, a variant with a deoptimized NA gene (NAM™; 265 of 1,413
synonymous mutations; Fig. 14) also replicated well in MDCK
cells (Fig. 1C), and expressed a phenotype with only a slightly
smaller plaque size than WT PRS8 (Fig. 1B). Interestingly, vari-
ant (NA+HA)M™ (618 of 3,188 nucleotide changes), combining
the HAY" and NA™" genes, expressed growth and plaque pheno-
types in MDCK cells comparable to those of the individual HAM™
and NAM™ variants (Fig. 1 B and C). Apparently, in MDCK cells,
the codon pair deoptimization of (NA+HA)M™ does not involve
an “additive” relationship of the effect of deoptimized genomes,

1655 B

with significantly more negative codon pair scores in HAM™ and
NAMI" a5 was found with poliovirus (13).

However, in adenocarcinomic human alveolar basal epithelial
(A549) cells, the (NA+HA)M™ variant was highly attenuated (Fig.
1D), growing to a final titer three to four orders of magnitude
lower than WT PRS8. A549 cells retain a complex signaling net-
work that is related to the innate host response (16, 17). Our
results suggest that the innate immune response may have a
greater impact on (NA+HA)M™™ than on WT PRS, with the latter
growing to similar titers in MDCK and A549 cells.

Reduced NA mRNA and HA Protein Levels in (NA+HA)"™Infected Cells.
The adequate growth properties of (NA+HA)™™ in MDCK cells
raised questions as to the extent of HA and NA synthesis from its
codon pair-deoptimized genes. We first tested the apparent yield
of HA polypeptide by Western blot analysis in MDCK cells at 3 h
and 6 h postinfection (p.i.) with WT virus or (NA+HA)™™ at a
multiplicity of infection (MOI) of 5. At 6 h p.i., expression of HA
protein was significantly reduced in (NA+HA)M™.infected cells
compared with PR8-infected cells, whereas polymerase 1 (PB1)
and nonstructural protein 1 (NS1) were synthesized to equal
levels by viruses (Fig. 24). Unfortunately, we were unable to
carry out the same analysis for NA, owing to a lack of PR8 NA-
specific antibodies.

There are two possible explanations for the reduced amount
of HA protein in (NA+HA)M™infected cells. First, codon pair
deoptimization of the HA gene might render the corresponding
mRNA ineffective in translation, a scenario fitting with our hy-
pothesis of translation of mRNAs with significantly negative
codon pair scores (13). Second, there might be faster turnover of
mRNA transcripts of the modified HA gene. However, using the
levels of PB1 and GAPDH mRNAs as controls, Northern blot
analyses of mRNA levels in (J&IA+HA)M‘n-infected cells revealed
only slight reductions of HA™" mRNA at 3 h and 6 h (Fig. 2B).
We suggest that the small extent of this reduction cannot explain
the greatly diminished amount of HA protein (Fig. 24). This
result supports our hypothesis of reduced protein translation of
the recoded HA mRNA (13). In contrast, Northern blot analyses
indicated extensive reduction of the recoded NAM™ mRNA after
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Fig. 1. Construction of codon pair-deoptimized
variants and phenotypes in tissue cultures. (4) NAM"
and HAM" were designed as described previously
(12), leaving 120-200 nt of WT sequences at the 5
and 3’ ends (3), and constructed by chemical synthesis.
They were then used to replace one or two corre-
sponding genes of WT PR8 by reverse genetics (14).
The number of synonymous mutations is shown. (B)
Recovered viruses were analyzed for plaque size on
MDCK monolayers. (C) Growth kinetics of WT PR8
and codon pair-deoptimized variants were analyzed
in MDCK cells after infection at an MOI of 0.01. At
every 3 h p.i., cell supernatants were collected and
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kinetics of WT PR8 and (NA+HA)M™ virus were ana-
lyzed in A549 cells after infection at an MOI of 1.
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Fig. 2. Protein expression and mRNA levels in (NA+HA)V-infected tissue
culture cells. MDCK cells were infected with (NA+HA)M™ or WT PR8 at an MOI
of 5. (A) Western blot analyses were performed to determine the viral pro-
tein expression in infected cells at 3 h and 6 h p.i. (B) Northern blot analyses
were performed to determine mRNA levels of HA, NA, PB1, and GAPDH in
(NA+HA)YM"- or WT PR8-infected MDCK cells (Materials and Methods). At 3,
6, and 9 h p.i., cytoplasmic mRNAs were collected and analyzed. For HAM"
and HA"T transcript probes, we used the same 150 nucleotides that recog-
nized the common 3’ end of the respective genes. Similarly, the probes for
NAMIP and NA"T have the same 150-nt sequence corresponding to the com-
mon 3’ end of the NA genes.

6 h p.i. and particularly after 9 h p.i. (Fig. 2B). The reason for the
decreased recoded NAM™ mRNA signal is not known. The un-
derrepresentation of NAM™ mRNA is not likely related to in-
adequate transcription, considering that the sequences in the
nontranslated region and terminal sequences of the ORF gene
were kept WT (Fig. 14). )

Early in the course of infection (3 h p.i.), the level of NAM™
mRNA was slightly reduced, X?‘t on progression of replication, a
turnover of the recoded NA™"™ mRNA seemed possible. The
turnover of NAM™ mRNA may be caused by a ribosome surveil-
lance mechanism (e.g., no-go-decay) (18). How (NA+HA)M™ can
proliferate well in MDCK cells despite the reduced level of HA
and presumably also of NA is unclear. Apparently, those reduced
levels are not yet below the threshold of protein requirement in
MDCK cells, where cell-to-cell spread of the virus is virtually
unimpeded by host immune surveillance or physical barriers
(extracellular matrix).

Characterization of the Codon Pair-Deoptimized Variants as Vaccine
Candidates in Mice. Given that the (NA+HA)M™ variant grew well
in MDCK cells but poorly in A594 cells, we were interested in
examining its growth phenotype and pathogenesis in an animal
model. Groups of five BALB/c mice received (NA+HA)M™ at
a dose of 10%, 10°, or 10° PFU intranasally, and body weight and
survival was monitored continuously for 14 d p.i. (Fig. 3 4 and
B). Interestingly, the (NA+HA)™" variant did not induce ap-
parent disease after a dose of up to 10° PFU. Even at 10° PFU,
mice sustained transient weight loss, but all survived. Thus, the
theoretical LDs, of the (NA+HA)™™ variant was calculated to
be >3.16 x 10° PFU, which exceeds that of WT PRS by a factor
of at least 100,000. ) )

To what extent do the recoded HAM" and NA™™ genes con-
tribute to the attenuated phenotype of the double mutant (NA+
HA)M"? Whereas the (NA+HA)M™, HAM™ and NAM™ var-
iants replicated with nearly equal efficiency and similar kinetics as
WT PR8 in MDCK cells (Fig. 1C), the LDs of the variants were
by orders of magnitude different: PR8 = 32 PFU, HAM™ = 1.7 x
10° PFU (14), NAM™ = 2.4 x 10° PFU (Fig. S1), and (NA+
HA)M™ >3.16 x 10°. Because individually, the NAM™ is about
100-fold more attenuated than the HAM™, it appears that, sur-
prisingly, the recoding of the NA gene is the major contributor

Yang et al.

to (NA+HA)M™ attenuation. We hypothesize that this observa-
tion is related to the important biological role of neuraminidase in
aiding virus spread by destroying virus receptors on the cells from
which newly synthesized virions are being released (19, 20). An-
other proposed function of NA is facilitating virus access to the
respiratory epithelial target cells, by enzymatically degrading the
protective barrier of mucin-like glycoconjugates covering the re-
spiratory tract (21, 22). Such a function may be more critical for
infectivity of the virus in an intact host organisms compared with
tissue culture cells, where few such barriers exist.

If (NA+HA)M™ were to be used as a vaccine candidate it must
be capable of providing, at low dose, long-term protection from
challenge with a lethal dose of WT virus. Therefore, we determined
the dose of (NA+HA)M™ required to protect 50% of vaccinated
animals from subsequent lethal WT challenge (PDs). Groups of
five BALB/c mice were vaccinated with a single dose of 10°, 10", or
10% PFU of (NA+HA)M™ intranasally. 28 d after vaccination, the
animals were challenged with 10° PFU (3,000 x LDs,) of WT PRS
virus. As with the original infections, we monitored body weight
and survival of the animals for 14 d after the challenge. Re-
markably, although (NA+HA)M™ was highly attenuated in mice,
it was also highly proficient at protecting against lethal challenge
with the WT virus. As little as 10 PFU of (NA+HA)™™ protected
all five mice from lethal challenge (Fig. 3 C and D). The PDs,
value calculated by the Reed—-Muench method (23) was only 2.4
PFU. To our knowledge, this is the lowest reported protective
dose of an experimental vaccine in a mouse model.

As a measure of safety versus efficacy, we determined vac-
cine safety and protective range with various doses of either
(NA+HA)M™ variant or WT PRS. A zone of five orders of mag-
nitude (from 10 to 10° PFU) can be considered the “region of
safety” of (NA+HA)M™" vaccination (Fig. 3E), given that all mice
receiving increasing doses of “vaccine” within this region were
protected from lethal challenge with the WT virus. In contrast, the
safe and effective region for WT PRS8 was extremely limited

(Fig. 3F).

Greatly Reduced Growth of (NA+HAMI" in the Lungs of Vaccinated
Mice. To determine parameters of the (NA+HA)™™ pathoge-
nicity in vivo, we infected BALB/c mice with 10* PFU of WT
PRS8 or (NA+HAYM™, On days 1, 3, 5, 7, 9, and 11, three mice
each from the WT PRS and (NA+HA)™™ groups were eutha-
nized, after which their lungs were homogenized and virus titers
in the homogenates were determined by plaque assays. As
expected, WT PRS replicated well, but even (NA+HA)M™
replicated noticeably in lungs of the vaccinated animals. Both
PR8 and the variant achieved maximum titers at around day 3
(Fig. 44) although there was an ~100-fold difference in the titers
between the two viruses. All WT PR8-infected mice died on day
5, whereas all (NA+HA)M™-infected mice remained healthy.
(NA+HA)M™ was eventually cleared at 8-9 d p.i. (Fig. 44).
Generally, when mice were inoculated at different doses, the
(NA+HA)M™ titers were always 100- to 1,000-fold lower in lungs
compared with WT PRS titers on day 3 p.. (Fig. 4B). In-
terestingly, a vaccination dose of 10 PFU, at which (NA+HA)M™"
barely replicated in the lungs of the animals, nevertheless pro-
vided complete protection against WT PRS8 challenghe/:[,(Figs. 3D
and 4B). In addition, the attenuation of (NA+HA)™" in mice
correlates with the attenuation of (NA+HA)M™ in A549 cells
(Fig. 1D). The phenotype of the (NA+HA)""™ variant that we
observed in MDCK cells and mice share similarity with an HA
receptor binding site mutant virus (Y98F), in which the sialic
acid binding ability of HA was reduced (24-26). In contrast, in
our variants, amino acid sequence is 100% preserved, and the
observed phenotypes are a direct result of the reduced protein
expression, rather than of a change in protein function per se.

Cross-Protection and Long-Term Protection Induced by the (NA+HA)Mn
Variant. The (NA+HA)"" variant of PR8 belongs to the influenza
HINT1 subtype. Considering the significant ability of this variant to
protect against homologous challenge, we were interested in ex-
ploring whether (NA+HA)™™ could cross-protect animals against
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Fig. 3. Pathogenicity in mice. (A and B) Measurements of LDs,. Groups of five male Balb/C mice were intranasally infected with the (NA+HA)M" variant at
10%, 10°, or 10° PFU, and their relative body weight (A) and survival rate (B) were monitored for 14 d p.i.. Mice that lost 25% of their body weight were
euthanized. LDso was calculated based on the Reed-Muench method (23). (C and D) Measurement of PDsq. Groups of five male Balb/C mice were intranasally
vaccinated with 102, 10", or 10° PFU of (NA+HA)M™ on day 0. On day 28 postvaccination, all mice were challenged with 10° PFU of WT PR8 virus, and their
relative body weight (C) and survival rate (D) after challenge were monitored. PDs, was calculated based on the Reed—Muench method (23). (E and F) Safe
and effective vaccine ranges of the (NA+HA)Min (open box) and WT PR8 virus (gray zone) were plotted. Any vaccine dose within these regions was associated
with survival, as well as complete protection from lethal homologous challenge. Error bars represent SD.

infections with a heterologous influenza virus strain, such as a  experiment might need to be repeated in ferrets, which more closely
mouse-adapted H3N2 strain (A/Aichi/2/1968) (27). Groups of five  represent influenza infection in humans.

BALB/c mice were vaccinated with (NA+HA)™™ virus at doses We also asked whether (NA+HA)M™-vaccinated animals were
of 10°-10* PFU and challenged at 28 d postvaccination with a 100 x  protected against challenge after an extended period. Groups of
LDs, dose of H3N2 virus (1.5 x 10* PFU). Here an (NA+HA)M™  five mice were vaccinated with different doses (10'-10° PFU) of
dose of 1,000 PFU was sufficient to protect mice from the heter-  (NA+HA)M™ and then challenged 7 mo later with 10° PFU of WT
ologous lethal challenge, corresponding to a PDs, value of only 237  PRS. All vaccinated animals were completely protected, with no
PFU (Fig. 5 A and B) . A similar result was obtained when the  signs of disease (Fig. S2).

vaccinated (NA+HA)™" mice were challenged with a different ]

strain of mouse- adapted H3N2, A/Victoria/3/75. Again, as little as  Robust Antibody Response Induced by the (NA+HA)Y™" Variant. The
1,000 PFU of the HINT PR8-(NA+HA)M™ variant protected all  host response to (NA+HA)M™ inoculation suggested a strong
mice from lethal challenge with a 100 x LDs dose (3.2 x 10* PFU)  host response, including adaptive immunity. We tested this by
of A/Victoria/3/75. The PDs of (NA+HA)™™" protecting against A/  vaccinating groups of five BALB/c mice with different doses
Victoria/3/75 (H3N2) was only 147 PFU (Fig. 5 C and D). The  of (NA+HA)™™ or WT PRS and collecting sera on day 28 p.i.
foregoing results suggest that (NA+HA)™™ of HIN1 PRS can in-  The antibody response was then determined by a hemagglutina-
duce a robust cross-protective immune response in mice against tion inhibition (HAT) assay. The (NA+HA)M™ virus was capable
H3N2 subtypes. Further experiments, including passive transfer in  of inducing an equally high HAI titer as the WT virus, albeit at
mice, may be conducted to determine whether the CD8" T cells  higher doses (Fig. 6 4 and B). In parallel, we challenged the mice
contribute to the heterosubtypic immunity. In addition, the same  with a lethal dose of PRS (10° PFU). An HAI titer of >40 in the

A B
9 9 ,L Bl WT PR8 Fig. 4. Virus titers in the lungs of infected mice. (A)
8 /\: ‘:‘ 8 win  Groups of three male Balb/C mice were intranasally
w27 557 : AR infected with 10* PFU of WT PR8 or (NA+HA)™™. On
é g! 6 c o6 _,_ — " days 1,3,5,7,9,and 11 p.i., the mice were euthanized,
=5 ° g 5 and their lungs were harvested and homogenized.
g’ E 4 g T4 Viral titers in the homogenates were determined by
3 = 3 p = S 3 o plaque assays on MDCK cells. TAll WT PR8-infected
& 2] * WT PR8 10" PFU ol , mice were dead by day 5 p.i. *The virus titers in
1 o (NA+HAMM 10* PFU ¥ s 1 L (NA+HAMI"_infected mice after day 9 p.i. were un-
0l """:"““-. """" S ' """.'" - 0 i . i detectable (<4 PFU). (B) Comparison of virus titers in
0 2 4 6 8 10 S S S lungs of three mice each infected with WT PR8 or (NA+
. . “QQ ‘LQ(( \QQ HAM™ at a dose of 10'-10* PFU. The lungs of the
Days post infection D o D animals were harvested on day 3 p.i, and plaque
assays were performed to determine virus titers. Error

Inoculum dose bars represent SD. *P < 0.05.
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Fig. 5. Cross-protection against H3N2 virus infec-
tions in (NA+HA)M"(H1N1)-vaccinated mice. (A and
B) Groups of five BALB/c mice were vaccinated in-
tranasally with (NA+HAM™ at different doses. On

day 28 postvaccination, the mice were challenged

4
E 103PFU with 100 x LDso heterologous viruses A/Aichi/2/1968
- 102PFU (H3N2) virus (1.5 x 10* PFU). Survival rate and rela-
v RA%(!T(FU tive body weights were monitored for 14 d. The

cross-protection PDso against H3N2 Aichi virus was
calculated to be 237 PFU. (C and D) Mice vaccinated
intranasally with (NA+HA)M™ virus were also chal-
lenged with 100 x LDso A/Victoria/3/75 (H3N2) virus
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serum is generally considered protective (28). This level was
reached with 10! PFU of (NA+HA)M™, which protected vaccinated
mice from challenge with 10° PFU of WT PRS virus (Fig. 6B).

Concluding Remarks. We have used a unique strategy, which we call
“synthetic attenuated virus engineering” (SAVE) (12), to modify
genes of influenza virus by computer-aided design and chemical
synthesis. This procedure leads to viral variants with hundreds
of nucleotide changes in ORFs without changing codon use or
amino acid sequences. The sequence changes result from rear-
ranging existing synonymous codons such that new codon pairs
with suboptimal viral gene expression are formed (13).

We targeted the HA and NA genes, which encode the two gly-
coproteins most important in conferring immunity to influenza
virus infection, thereby generating viral variants NAM™ HAM™
(12), and (NA+HA)M™. The deliberate reduction of NA and HA
expression may seem completely counterintuitive for the de-
velopment of an influenza vaccine, yet it allowed us to evaluate the
roles of HA and NA in influenza virus pathogenesis. Our first
surprising finding was that the suppression of HA protein synthesis
and significantly decreased levels of NA mRNA in (NA+HA)M™-
infected cells did not significantly affect viral growth in MDCK

34 36 38 40
Days post infection (challenged
with H3N2 Victoria on d28)

(3.2 x 10* PFU). Survival rate and relative body
weights were monitored for 14 d. The cross-pro-
tection PDso against H3N2 Victoria virus was calcu-
lated as 147 PFU based on the Reed-Muench
method (23). Error bars represent SD.

cells. Our second surprising finding was that, in contrast to the
efficient replication in MDCK cells, (NA+HA)™™ not only was
significantly attenuated in mice, but also conferred an unusually
wide range of vaccine safety against lethal challenges (5 logs) from
WT virus to these mice. Comparing LDs, values also led to un-
expected observations of the very different effects of gene recoding:
WT PRS, 32 PFU; HAM™ 1.7 x 10° PFU; NAM", 2.4 x 10° PFU;
(NA+HA)YM" >3.16 x 10° PFU. Remarkably, recoding solely the
NA gene attenuated the WT PRS by nearly 10,000-fold, 100-fold
more than recoding solely the HA gene. It is possible that that the
substantial attenuation phenotype of NAM™ is the consequence of
reduced spread of this variant in the respiratory tract and lungs of
the host. When combined with the deoptimized HA gene, the
production of suboptimal quantities of NA and HA may delay
normal maturation of virus particles, further inhibiting viral spread.
Although this is pure speculation, HA molecules in (NA+HA)M"-
infected animals might be degraded, perhaps already during syn-
thesis from the recoded mRNAs, leading to the presentation of HA
fragments and novel species of neutralizing antibodies.

These considerations may explain the very small PDsg of only
2.4 PFU achieved with (NA+HA)™™, perhaps the lowest PDs of
any experimental vaccine in the mouse model. At the same time,

v *
v
AMAA YV sees
a ¥ Fig. 6. HAI assay with serum of vaccinated mice.

Groups of five male BALB/c mice were vaccinated
intranasally with different doses of WT PR8 virus (A)
or the (NA+HA)M" variant (B). Note that all mice
“vaccinated” with 10% PFU of WT virus died (Fig. 3F).
Sera were collected on day 28 p.i., and serum anti-
body titers were determined by HAI assays as de-
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scribed in Materials and Methods. All mice were
then challenged with 10° PFU of WT PRS, and their
survival rates were monitored for an additional 14 d.
Each dot represents a mouse. Gray symbols represent
mice that did not survive after the WT challenge.
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(NA+HA)YM™ induced significant production of virus-specific anti-
bodies. Moreover, (NA+HA) " vaccinated animals were signifi-
cantly cross-protected against heterologous virus challenge with two
H3N2 subtypes (A/Aichi/2/1968 and A/Victoria/3/75). Considering
that the H3N2 Aichi strain and our original PRS strain share ~42%
similarity of their HA and NA protein sequences, the dose required
to achieve full cross-protection against the heterologous H3N2
viruses (PDsy = 147 and 237 PFU, respectively) seems low.

We envision that LAIVs, based on codon pair-deoptimization
of HA and NA, can be derived each year anew in their entirety
according to the strains annually recommended by the World
Health Organization. Designing a codon pair-deoptimized virus
can be done in a matter of minutes, and new seed viruses can be
produced by de novo DNA synthesis in as little as 3 wk from the
time the sequences of the upcoming season have been an-
nounced. Because our method does not depend on any specific
virus backbone or any reassortant virus, such a vaccine candidate
would be 100% identical in all viral proteins to the circulating
target strain. Thus, the vaccine virus would keep pace with the
evolving seasonal target virus in all eight gene segments, not only
in HA and NA as is the case with all currently used influenza
vaccines. This would ensure the best possible antigenic match for
cellular immune epitopes, and also likely would enhance the
cross-protective capacity of such a vaccine against HA-drifted
viruses. In addition, a codon pair-deoptimized vaccine strain
would not introduce any new gene segments into the seasonal
human influenza virus pool that are not already circulating in the
population, thus eliminating the possibility of novel reassortants
between vaccine virus and circulating WT viruses. Of course, the
response of national or international regulators to codon pair-
deoptimized vaccines remains to be tested; nonetheless, we sug-
gest that suppressing HA and NA expression in live virus variants
presents a unique and counterintuitive strategy in influenza
vaccine development.

Materials and Methods

Cells and Viruses. MDCK (dog kidney epithelial), A549 (human lung epithelial
carcinoma), and HEK293 T-cell lines were maintained in DMEM supplemented
with 10% FBS at 37 °C. Influenza A/PR/8/34 (PR8) was cultured in MDCK cells.
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The genes of NAM", HAM" and (NA+HA)M" variants were codon pair-
deoptimized. They were designed, synthesized, and characterized as de-
scribed previously (12, 13).

Western Blot and Northern Blot Analyses. MDCK cells were infected with WT
PR8 or (NA+HA)M™ viruses or mock-infected at an MOI of 5. Western blot
analysis was performed as described previously (14). Mouse monolclonal
antibodies against influenza M1 (FIluAc), HA (C102), and NS1(23-1) and goat
polyclonal antibody against PB1 (vK20) were purchased from Santa Cruz
Biotechnology. Total cytoplasmic RNA was extracted with an RNeasy Kit
(Qiagen). Viral RNAs were detected with a DIG Northern Starter Kit (Roche).
All probes were designed as described in the figure legends.

LDso, PDsq, Long-Term Protection, and Lung Titers. After intranasal inoculation
of anesthetized animals with 50 pL of inoculum, the LDsy and PDsq values
and the titers of virus in the lungs were determined as reported previously
(14). Long-term protection assays were performed in the same way as the
PDs, assays, with the challenge time points at 7 mo p.i. All animal studies
were conducted under approved institutional protocols and in accordance
with the guidelines established by Stony Brook University’s Institutional
Animal Care and Use Committee.

Cross-Protection Assay. Groups of five male BALB/c mice were vaccinated
intranasally with 50 pL containing (NA+HA)M™ at different doses. On day
28 postvaccination, mice were challenged with A/Aichi/2/1968 (H3N2) or
AWNVictoria/3/75 (H3N2) at a dose of 100 x LDso, and their survival rate and
relative body weight were monitored for 14 d.

HAI Assay. Groups of five male BALB/c mice were infected intranasally with
50 plL containing WT PR8 virus or (NA+HA)M™ at different doses. On day 28
p.i., sera were collected, and HAI assays were performed as described in the
protocol of the World Health Organization’s Manual on Animal Influenza
Diagnosis and Surveillance (29).
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