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ABSTRACT: To provide broader protection and eliminate
the need for annual update of influenza vaccines, biomolecular
engineering of influenza virus-like particles (VLPs) to display
more conserved influenza proteins such as the matrix protein
M2 has been explored. However, achieving high surface
density of full-length M2 in influenza VLPs has been left
unrealized. In this study, we show that the ion channel activity
of M2 induces significant cytopathic effects in Spodoptera
frugiperda (Sf9) insect cells when expressed using M2-
encoding baculovirus. These effects include altered Sf9 cell
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morphology and reduced baculovirus replication, resulting in impaired influenza protein expression and thus VLP production.
On the basis of the function of M2, we hypothesized that blocking its ion channel activity could potentially relieve these
cytopathic effects, and thus restore influenza protein expression to improve VLP production. The use of the M2 inhibitor
amantadine indeed improves Sf9 cellular expression not only of M2 (~3-fold), but also of hemagglutinin (HA) (~7-fold) and of
matrix protein M1 (~3-fold) when coexpressed to produce influenza VLPs. This increased cellular expression of all three
influenza proteins further leads to ~2-fold greater VLP yield. More importantly, the quality of the resulting influenza VLPs is
significantly improved, as demonstrated by the ~2-fold, ~50-fold, and ~2-fold increase in the antigen density to approximately
53 HA, 48 M1, and 156 M2 per influenza VLP, respectively. Taken together, this study represents a novel approach to enable
the efficient incorporation of full-length M2 while enhancing both the yield and quality of influenza VLPs produced by Sf cells.

KEYWORDS: influenza virus-like particle (VLP), antigen density, universal influenza vaccine, M2, amantadine, Sf9 insect cells

nfluenza virus infection poses a significant global disease

burden, causing an estimated three to five million cases of
severe illness and 290 000—650 000 deaths each year world-
wide." While vaccination has been successful in generating
long-lasting immunity to many other viral infections, influenza
vaccines must be updated and administered annually to match
mutations that emerge in seasonal influenza strains and to
boost antibody titers which begin to wane several months after
vaccination.” However, the long production timeline of the
seasonal influenza vaccine (~6 months using the current egg-
based method)” often allows circulating strains to antigenically
drift from the vaccine strains already in production. As a
result, the current influenza vaccine efficacy in the U.S.
fluctuates from 60% to as low as 10% for a given year.” In
addition to limited efficacy, seasonal influenza vaccines provide
little protection against pandemic strains that arise from either
interspecies transmission or reassortment of the influenza A
hemagglutinin (HA) and neuraminidase (NA) subtypes
through a process termed antigenic shift.®” Given these
limitations, new vaccine strategies that provide broader
protection against mutation-prone seasonal influenza and
potentially pandemic influenza are of great interest.” '’

One strategy for improving the efficacy of seasonal influenza
vaccines is to develop new vaccines based on customizable
© 2019 American Chemical Society
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virus-like particles (VLPs). VLPs are commonly produced by
recombinant expression of the influenza glycoproteins (ie, HA
and/or NA) and the matrix protein M1, which form budded
particles that resemble the structure of the native influenza
virus but lack the viral RNA.">"* In contrast to conventional
influenza vaccines, VLPs can be produced rapidly (2-3
months) and be designed to include custom antigens with
tunable surface densities.”*™"* Therefore, VLPs presenting
broadly conserved influenza proteins have the potential to
protect against both seasonal and pandemic influenza.'® One
of the best-studied and broadly conserved antigenic targets on
influenza virus is the stalk domain of the HA protein.*’
Although the HA stalk domain is largely conserved across HA
subtypes,”' seasonal influenza infection or vaccination tends to
elicit a much stronger (~100000-fold) antibody response
against the variable HA head domain, resulting in poor
heterosubtypic protection.””** Therefore, identifying addi-
tional broadly conserved influenza antigens capable of eliciting
a robust antibody response is important for influenza vaccine
development.

Received: March 15, 2019
Published: September 5, 2019

DOI: 10.1021/acssynbio.9b00111

AFE Foasl Pind AAAA 6 AIAT A9t



ACS Synthetic Biology

Research Article

a
H1M1

H1IM1M2

polH

p10

VLP Cell Lysate Cell Surface
o e | a-HA s | oHA E (HIM]
8 [HIm1Mm2
a-M1 3 W
—— a-M1 E
1 am2 Tg“ .
— _ 2
a-M2 E W o-tubulin e
= 10 10" 107 10 e 0%ie®
H1M1 H1IM1M2 H1M1 H1IM1M2 a-HA (AF-847)

Figure 1. Characterizing the effects of M2 expression on influenza VLP production in Sf9 cells. (a) Schematic of the recombinant baculovirus
vectors used to produce HIM1 and HIMIM2 influenza VLPs in Sf9 cells. Western blot analyses of influenza proteins in (b) purified VLPs and (c)
baculovirus-infected cell lysates. Tubulin was used in (c) as a control to ensure equal amount of cell lysate was loaded for each sample. (d) Flow
cytometric characterization of HA surface expression on HIMI- and HIMIM2-infected $f9 cells at 72 hpi. WT baculovirus-infected cells were used

as a negative control.

One promising antigenic target that has emerged in recent
years is the influenza matrix protein M2.** The M2 protein is
highly conserved across all human influenza A subtypes, with
>98% homology for the first 15 amino acids of the M2
ectodomain (M2e).”” However, antibody responses against
M2e are generally absent following seasonal vaccination, which
is likely a result of the low M2 antigen density (~16—20 M2
monomers/virus) and the immunodominance of the larger and
more abundant HA (~1200 HA monomers/virus) and NA
(~160 NA monomers/virus) proteins.”*>* Significant efforts
have been made to increase M2e surface density on influenza
VLPs with the goal of eliciting a stronger M?2e-specific
antibody response.”” To this end, a recent study demonstrated
that fusing the M2e to a different transmembrane domain (e.g.,
HA) increases M2e surface density by >100-fold compared to
native influenza virus.”’ Vaccination with these M2e VLPs
resulted in improved Mz2e-specific antibody and T-cell
responses, which led to reduced weight loss and higher
survival rate of mice challenged with heterosubtypic influenza
strains,””*°

While M2e-fusion based VLPs have demonstrated great
potential as a vaccine candidate, there are two significant
advantages associated with incorporating full-length M2 into
influenza VLPs. First, it is well-known that T cells are critical
for heterosubtypic protection against influenza infection,
especially when there is no preexisting antibody response
due to antigenic drift or the emergence of a pandemic
strain.”' "** The transmembrane and cytoplasmic domains of
M2 contain T-cell epitopes that are capable of inducing long-
lasting, broadly protectwe M2-specific CD4" and CD8" T-cell
responses in mice.”* Many of these T-cell epitopes are even
more conserved than those in the M2e across influenza A
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subtypes of multiple species including human, swine and
avian.”** In addition, these epitopes are presented by HLA
alleles A*03:01, A*11:01, and DRB1*04: DI among others,*
which are found in ~15—30% of Caucasians.”” Therefore, new
influenza vaccine designs incorporating full-length M2, 2s well
as other highly conserved influenza internal proteins,’ hoid
great promises for universal influenza vaccine development.*
Second, the cytoplasmic tail of M2 is known to perform the
membrane scission function, which facilitates influenza viral
particle budding from host cells.’ Therefore, incorporating
full-length M2 into VLP-based influenza vaccines could
improve VLP yield by promoting more efficient budding
from the production host cell surface.

Insect cells are an attractive host for producing influenza
VLPs due to their ability to express high levels of complex
mammalian proteins;'**' however, the incorporation of full-
length M2 into influenza VLPs produced in insect cells is
inadequate for vaccination purposes. In an early attempt to
incorporate full-length M2 into influenza VLPs produced in
Spodoptera frugiperda (S£9) insect cells, M2 comprised only 1%
of the total VLP proteins,* inducing substantially weaker B-
and T-cell responses compared to M2e-fusion based VLPs.””*
It has been shown in other host cells that the expression of full-
length M2 mduces cytopathic effects, mcludmg rapid cell lysis
in both E. coli** and mammallan cells,” as well as impaired
growth rate of yeast.*® While it has been suggested that M2 is
also cytopathic when expressed in insect cells,”” the nature and
degree of these effects and how they affect influenza VLP
production are largely unknown. In the present work, we
quantitatively characterized the effects of full-length M2
expression on the production of influenza VLP as well as its
protein components in §f9 insect cells. Qur data suggest that
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Figure 2. Quantifying the cytopathic effects of M2 expression on baculovirus infection in $f9 cells. (a) Confocal microscopy images showing the
morphology of WT, HIM1, and HIMIM2-infected Sf9 cells at 72 hpi. (b) Time course of baculovirus induced cell lysis. (c) Baculovirus titers (i.e.,
number of baculovirus in 10°/mL) in the supernatants of cells infected with indicated baculoviruses at 72 hpi. For (b) and (c), data represent mean
+ SE (n = 3, unpaired Student’s ¢ test, **p < 0.01, ***p < 0,001, NS, p > 0.03, not significant).

the M2 ion channel activity induces significant cytopathic
effects in Sf9 cells, resulting in impaired expression of not only
M2, but also HA and M1 which are needed for influenza VLP
production. We further demonstrate that the M2 ion channel
inhibitor, amantadine, ameliorates the cytopathic effects of M2
and enhances both the yield and the quality (i, antigen
density) of influenza VLPs produced in Sf9 cells.

B RESULTS AND DISCUSSION

Characterizing the Effects of M2 Expression on
Influenza VLP Production. To evaluate the effects of M2
expression on influenza VLP production in Sf9 cells, two
baculovirus vectors were generated: one encoding HA and M1
(denoted HIMI) and the other encoding HA, M1, and M2
(denoted HIM1M2) (Figure 1a). All three genes were derived
from the A/PR/8/34 (HIN1) influenza strain. $9 cells were
subsequently infected with the resulting baculovirus vectors at
a multiplicity of infection (MOI) of 3. At 72 h postinfection
(hpi), influenza VLPs were purified from the supernatant (see
Experimental Methods and ref 48) and analyzed by Western
blots for influenza protein quantification. Influenza proteins
produced in Sf9 cells showed expected antibody binding
specificity and molecular weight in reference to purified HA
(59 kDa), M1 (28 kDa), and M2 (15 kDa) protein standards
(Figure S1). While the VLPs produced by HIM1M2-infected
Sf9 cells contained M2, the amount of HA and M1 was
significantly lower than that produced by H1MIl-infected cells
(Figure 1b). To determine if the decreased HA and Ml
content in the HIMIM2 VLPs is due to reduced influenza
protein expression in Sf9 cells, Western blot analysis of the cell
lysates was performed. As shown in Figure lc, the cellular
expression levels of HA and M1 in HIM1M2-infected cells
were significantly reduced compared to those of HIMI-
infected cells. We further performed flow cytometric analysis to

2305

measure the HA expression level on the surface of infected Sf9
cells. HIMI-infected cells showed a strong increase in the
median fluorescence intensity (MFI) relative to wild type
baculovirus-infected cells (denoted WT) (Figure 1d). How-
ever, the MFI of HIM1M2-infected cells decreased ~10-fold
compared to that of HIM], indicating a similar reduction of
HA expression on the cell surface (Figure 1d) to that in the
cell lysate (Figure Ic). Taken together, these data suggest that
the recombinant expression of full-length M2 in Sf9 cells
impairs the expression of HA and MI1 proteins, which are
required for influenza VLP production.

Further, when observing the baculovirus infection in Sf9
cells during the production of influenza VLDs, the HIM1M2-
infected cells behaved differently than those infected with
either WT or HIMI baculovirus. The cells infected with the
WT or HIMI baculovirus displayed slightly enlarged and
spherical morphologies that are typical of baculovirus infection
(Figure 2a, WT and H1M1 panel). In contrast, ~50% of the
HIMIM2-infected cells exhibited an elongated spindle
morphology characterized by polar projections (Figure 2a,
white arrows in HIM1M2 panel). Interestingly, this change in
morphology for HIMIM2-infected cells was accompanied by a
significant reduction in the rate of baculovirus-induced cell
lysis: only ~7% of Sf9 cells had lysed by 72 hpi for HIM1M2-
infected cells compared to ~50% for either WT-infected or
HIMIl-infected cells (Figure 2b), despite that all infections
were carried out at the same MOI of 3. As baculovirus
infection ultimately results in cell lysis, the lack of cell lysis in
the HIM1M2-infected cells suggests that the expression of M2
interferes with baculovirus replication. To test this hypothesis,
we quantified the baculovirus titers (i.e, number of baculovirus
in 10°/mL) in these infected cell supernatants as described
(see Experimental Methods and Figure $2).* Indeed, the
baculovirus titer in the HIM1M2-infected cell supernatant was

DOl 10.1021/acssynbio. 9600111
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Figure 3. Amantadine alleviates M2-induced cytopathic effects in Sf9 cells. Cells were infected with HIMIM2 or HIMIM2® baculoviruses in the
presence of 0 or 100 M amantadine as indicated. {a) Confocal microscopy images showing the morphology of HIMIM2- and HIMIM2"
infected Sf9 cells. (b) Percentage of cells with spindle morphology at 72 hpi. (c) Time course of baculovirus induced cell lysis. (d) Baculovirus titers
(i.e., number of baculovirus in 10°/mL) in the supernatants of cells infected with indicated baculoviruses at 72 hpi. For (b) and (d), data represent
mean + SE (n = 3, unpaired Student’s t test, *p < 0.05, ***p < 0,001, NS, p > 0.05, not significant).

reduced by >4-fold compared to that in the supernatant of cells
infected with either WT or HIMI baculovirus (Figure 2c).
Taken together, our data clearly demonstrate that M2
expression induces changes in the 5f9 cell morphology, delays
baculovirus-induced cell lysis, and impairs baculovirus
replication (Figure 2). These cytopathic effects further lead
to significant reduction in recombinant influenza protein
expression in Sf9 cells, impairing influenza VLP production
(Figure 1). The cytopathic effects reported here are likely a
direct result of the M2 ion channel activity, which has been
shown to normalize the pH between the Golgi compartments
and the cytoplasm in mammalian cell lines.*” It is known that
enzymes involved in protein synthesis and modification, such
as ribosomes and glycosylation enzymes, are highly sensitive to
pH.>"*? Therefore, it is likely that the ion channel activity of
M2 causes pH perturbation in Sf9 cells outside of the normal
operating range, which negatively impacts protein synthesis
and modification. This negative impact may go beyond the
influenza HA and M1 proteins as reported here to include
others involved in baculovirus replication, lytic function, and
$f9 microtubule reorganization, which could explain the
observed cytopathic effects and warrants future investigation.
Inhibiting M2 lon Channel Activity Alleviates
Cytopathic Effects in Sf9 Cells. Given the relationship
between M2 ion channel activity and cytopathic effects in Sf9
cells, we next investigated if inhibiting the M2 ion channel
activity can alleviate its cytopathic effects on Sf9 cells and
enable the production of influenza VLPs with increased surface
density of M2. Two strategies have been developed to inhibit
M2 activity: mutagenesis and small molecule inhibition,
Mutations in the transmembrane domain have been shown
to either partially reduce or completely abolish M2 activity,”
The latter however would also abolish several highly conserved
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T-cell epitopes for both human and mice.”* We therefore
chose to utilize amantadine, a small molecule that binds
directly to the pore of the ion channel formed by the M2
tetramer and blocks proton translocation, to inhibit M2 ion
channel activity.”* Previous studies have shown that inhibiting
M2 ion channel activity with amantadine can improve cellular
expression of M2 in insect’” and mammalian®® cells. However,
the effect of amantadine on the expression of other influenza
proteins in insect cells and the production of influenza VLPs
has not been explored. We hypothesized that the use of
amantadine during baculovirus infection could alleviate the
cytopathic effects induced by M2 expression. To test this
hypothesis, a control is needed to separate the effects of ion
channel inhibition from any potential extraneous effects of
amantadine. To this end, a baculovirus vector (denoted
HIMIM2®) was generated that was identical to the HIM1M2
vector except for two point mutations in the M2 protein
(V27A, S31IN). These two mutations confer amantadine
resistance on the M2" protein with an ICy, > 500 uM,
compared to the IC;; ~ 16 uM for Mz 59

Next, the HIMIM2 and HIMIM2® baculoviruses were
used to infect Sf9 cells at an MOI of 3 in the presence or
absence of 100 yM amantadine. The amantadine concen-
tration of 100 #M was chosen since it is well above the IC;; of
M2 and well below the ICy, of M2™ In the absence of
amantadine, HIM1M2®- and HIM1M2-infected cells behaved
similarly, with ~50% cells exhibiting a spindle morphology
(Figure 3b). In addition, both HIMIM2*- and HIMIM2-
infected cells showed a reduced rate of cell lysis (Figure 3c),
and impaired baculovirus replication (Figure 3d). However,
when 100 4M amantadine was added during the infection,
<5% of HIMI1M2-infected cells exhibited the spindle
morphology compared to ~30% of HIMIM2"infected cells

DOI: 10.1021/acssynbio.9b00111
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(Figure 3a,b). Thus, the use of 100 #M amantadine was able to
prevent the spindle morphology in the vast majority (>95%) of
H1MI1M2-infected cells, but not in HIM1M2 - infected cells.

Similar effects were observed when comparing the rate of
baculovirus-induced cell lysis. The addition of 100 uM
amantadine to HIMIM2-infected cells restored the rate of
lysis to a level comparable to that of WT- and HIM l-infected
cells (Figures 3c and 2b), whereas the rate of HIM1M2"™
induced cell lysis remained largely unchanged (Figure 3c).
Furthermore, HIMIM2 baculovirus titer was improved by >2-
fold, whereas the addition of 100 M amantadine did not
significantly improve the HIM1M2® baculovirus titer (Figure
3d). It should be noted that the use of 100 uM amantadine did
not restore the HIM1M2 baculovirus titer to the same level as
that of WT or HIM1 (Figures 3d and 2c). It is possible that
there may still be some residual cytopathic effect of M2 in the
presence of 100 uM amantadine. Alternatively, the ion channel
activity of M2 may not be the sole mechanism accounting for
the impaired baculovirus replication. Nevertheless, these data
clearly demonstrate that the ion channel activity of M2 is
indeed causing the aforementioned cytopathic effects in Sf9
cells, and these effects can be effectively alleviated by the use of
amantadine during the baculovirus infection.

Amantadine Improves Cellular and Surface Expres-
sion of Influenza Proteins. After demonstrating that
amantadine alleviates the cytopathic effects of M2 in Sf9
cells, we next investigated whether inhibiting M2 activity with
amantadine improves the cellular expression of influenza
proteins. Sf9 cells were infected with HIM1M2 baculovirus
in the presence of varying concentrations of amantadine, and
the cell lysates at 72 hpi were analyzed by Western blot. The
cellular expression level of the three influenza proteins was
then quantified using standard curves generated from purified
HA, MI1, and M2 protein (Figure S3). In the absence of
amantadine, the cellular expression level of HA, M1, and M2 in
HIMI1M2-infected Sf9 cells was ~3, ~7, and ~8 mg/L,
respectively (Figure 4a,b). In the presence of 0.1—100 uM
amantadine, the cellular expression level of each influenza
protein increased in an amantadine-dose dependent manner,
reaching a maximum of ~20, ~24, and ~28 mg/L at 100 uM
amantadine, for HA, M1, and M2, respectively (Figure 4a,b).
Increasing the amantadine concentration to 1000 #M did not
yield further improvement. The cellular expression level of HA
observed in the presence of 100 ¥M amantadine is within the
commonly reported range for HA expression in $f9 cells (20—
30 mg/L).*® This suggests that HA expression in HIM1M2-
infected Sf9 cells can be restored by inhibiting M2 activity.
Note that although the use of amantadine also restored
baculovirus replication (Figure 3d), this increased baculovirus
titer is unlikely the reason for the observed improvement of
influenza protein cellular expression because Sf9 cells, once
infected, become highly resistant to reinfection.”” The MOI of
3 used in all the experiments ensured a minimal number (<5%)
of uninfected Sf9 cells available for infection by the newly
produced progeny baculoviruses. Interestingly, while the
cellular expression level of each influenza protein was similarly
high (20—28 mg/L) in the presence of 100 yM amantadine,
inhibiting M2 activity provided the greatest fold increase (~7-
fold) for HA cellular expression compared to ~3-fold increase
for M1 and M2 (Figure 4c). This observation indicates that
HA expression is more sensitive to M2 ion channel activity
than both M1 and M2.

2307

a
a-HA e
AMT s —— c—— —
a-M2 e e A S S—

1000

0 0.1 1 10 100

H1M1M2 + Amantadine [pM]

w
o
i

N
w
I

OHA BM1 am2

[
o
i

i
(=]
I

wn

PUATRGATAS | T 20

b

Cellular Protein Expression (mg/L)
T

0 | S mE = L B
0 0.1 1 10 100 1000
HIM1M2 + Amantadine [uM]
C
10
{ =4
o
‘@ g { OHABMIOM2
‘E Q ’—!‘ r£
oc
o QO
£%
Ta
O
L 8
2
°©
U d
0 0.1 1 10 100 1000

H1M1M2 + Amantadine [uM]

Figure 4. Amantadine improves the cellular expression of influenza
proteins in Sf9 cells. The concentration of amantadine used in
HIMIM?2 infections is as indicated. (a) Western blot analysis of
influenza proteins in HIM1M2-infected cell lysates at 72 hpi. (b)
Cellular expression levels of influenza proteins. (¢) Fold increase in
cellular protein expression of each influenza protein relative to the
value when no amantadine was used. For (b) and (c), data represent
mean + SE (n = 3).

Because influenza proteins must be at the host cell surface to
be incorporated into VLPs, we next investigated the effect of
amantadine on the surface expression of HA and M2 in $f9
cells. At 72 hpi, HIMIM2-infected cells in the presence of
varying concentrations of amantadine were surface costained
with anti-HA and anti-M2 antibodies and analyzed by flow
cytometry (see Experimental Methods). Uninfected Sf9 cells
were used as a control to define the HA™ and M2" cell
populations (R2 gate, Figure S5ab). An amantadine-dose
dependent increase in the percentage of Sf9 cells expressing
HA and M2 on the surface was observed, with both reaching a
maximum of ~80% in the presence of >10 #M amantadine
(Figure 5a,b). Further, the frequency of S$f9 cells coexpressing
HA and M2 on the surface was also found to increase with
amantadine concentration, reaching a maximum of ~67% at
100 M amantadine (Figure Sc). These results indicate that

DOI: 10.1021/acssynbio.Sb00111



ACS Synthetic Biology

Research Article

a

o

Uninfected Sf9 Uninfected Sf9
- R1 A | . R1 |
g 4 R2: %HA+ = N\ | R2%M2+
S [HIMIM20 pM S 1 Wi 25%
O |20 . 5% O |Hmm2omd N 2%
S 0.1 M 2 63% S 0.1 pM 22%
3 P o 3 pe -
N 1M _d N\ 78% g i 1pM_ = \.\49%
£ 10 uM 83% g 10 uM 74%
S ST, S
z 100 pM // 85% Z2 100pM oo 76%
e - \o s [;/\\ -
1000 pM - 83% 1000 M & \72%
T i et s
10° 10" 102 103  10° 105 108 100 10" 102 10% 10¢ 105 106
a-HA (AF647) a-M2 (PE)
H1IM1M2 + H1IM1M2 + HIM1IM2 +
0 uM Amantadine 1 uM Amantadine 100 pM Amantadine
10y 8% | 1% )
105‘; s 1051
1041
1037
1021
1014
10° Jeerorremprerey . L[+ IRSASERNENH S 10° S remragrromgergro~eby ey
;E 10° 10" 102 10® 104 10% 105 100 10' 102 10% 10* 10° 106 10° 10" 102 10% 104 10°% 108
M2
d ok NS € ¥
3 *% S
g 3
[ |
3% r} 33
0] o
<04 o4
- 34 g
£ a % c &
O > Q >
(7} iy erd 0 =
g 2 g 2
g T 2 &2
2o NS 2o NS
k] T
O T T T T T 0 T = =
0 01 1 10 100 1000 0 01 1 10 100 1000

H1IM1M2 + Amantadine [uM]

H1M1M2 + Amantadine [pM]

Figure 5. Amantadine improves the HA and M2 surface expression in $f cells. The concentration of amantadine used in HIMIM2 infections is as
indicated. Flow cytometric characterization of (a) HA and (b) M2 surface expression on HIMIM2-infected Sf9 cells at 72 hpi. Uninfected S0 cells
(R1 gate, a and b) were used as a control for gating HA" (R2 gate, a) and M2' (R2 gate, b) cells. (c) Dot plots of HA vs M2 surface expression with
the HA"M2" cell population frequency shown in the upper right quadrant of each plot. Fold increase in (d) HA and (e) M2 surface density per cell
(i.e, MFI) for the HA'M2" cell population normalized to the value when no amantadine was used. For (d) and (e), data represent mean + SE (n =
3, unpaired Student’s f test, *p < 0.05, **p < 0.01, N§, p > 0.05, not signiﬁcant).

M2 activity limits the percentage of HIMI1M2-infected Sf9
cells coexpressing the HA and M2 proteins on the surface. This
observation may be partly attributed to the slower transport of
both HA and M2 to the cell surface due to M2 activity as
previously reported in mammalian cells,*° though the precise
underlying molecular mechanism requires further investigation.

Nevertheless, the increased percentage of Sf9 cells coexpress-
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ing influenza proteins on the surface is expected to increase
influenza VLP yield.

While the percentage of HA'M2" Sf9 cells is expected to
correlate with the yield of influenza VLPs, the HA and M2
surface density per Sf9 cell should in theory correlate with VLP
quality (i, antigen density per VLP). Therefore, we next
evaluated the effect of amantadine on the HA and M2 surface
density of the HA"M2" Sf9 cells by measuring their respective

DOI: 10.1021 /acssynbio.9b00111



ACS Synthetic Biology

Research Article

a 200

175 | DHIMIM2

—_

w

o
1

sk

125 -

—t

100 +

-~
w
L

Hi

Number of Antigens / VLP
o
=)

Number of VLPs in 10'9mL

[\8]
"
1

o

B HIM1M2 + 100 uM

C HIMIM2 +
H1IM1M2 100 uyM
x Amantadine
a-HA
a-M2 |

H1IM1M2
+100 pM
Amantadine

H1IM1M2

Figure 6. Amantadine improves the yield and quality of influenza HIMIM2 VLPs in Sf9 cells. HIMIM2 VLPs were produced in the absence or
presence of 100 #M amantadine as indicated. (a) VLP yield reported as the number of VLPs per mL of cell culture. (b) VLP antigen density
reported as the average number of influenza protein monomers per VLP. (¢) Transmission electron microscopy (TEM) images showing HA (top)
and M2 (bottom) immunogold labeled-VLPs. For (a) and (b), data represent mean + SE (n = 3, unpaired Student’s  test, **p < 0.01, ¥**p <

0.001).

MFI. When normalized by the MFI value obtained in the
absence of amantadine, the HA surface density per cell showed
an amantadine-dose dependent increase, reaching a maximum
of ~5-fold improvement at >10 M amantadine (Figure Sa,d).
Surprisingly the M2 surface density per cell did not change
significantly, regardless of the amantadine concentration used
(Figure Sb,e). Combined with the results shown in Figure 4c,
these data demonstrate that both the cellular and surface
expression of HA in Sf9 cells is more sensitive to M2 ion
channel activity than M2 itself. This greater sensitivity of HA
could be potentially attributed to the fact that HA is a large
membrane protein with 4—5 glycosylation sites. It is known
that glycosylation is important for membrane protein folding,
stability, and in many cases, transport from the Golgi to the cell
surface.””®" Even minor changes in pH can impair the activity
of glycosylation enzymes,62 making HA more vulnerable to the
M2-induced pH perturbation in the Golgi compartments.
Amantadine Improves Both Yield and Quality of
Influenza VLPs. Because the use of 100 yM amantadine
resulted in both maximum cellular expression of all three
influenza proteins (Figure 4) and maximum percentage of
HA'M2" $f9 cells (Figure Sc), we next aimed to evaluate if it
leads to greater influenza VLP yield and quality. The number
of influenza VLPs purified from H1M1M2-infected Sf9 cell
supernatant at 72 hpi in the presence or absence of 100 yM
amantadine was quantified using nanoparticle tracking analysis
(NTA) (see Experimental Methods). As expected, the use of
100 M amantadine indeed increased the yield of the influenza
VLPs by ~2-fold (Figure 6a), which is in line with the ~3-fold
increase in the percentage of HA'M2* Sf9 cells (Figure 5c).
Since it is well-known that influenza proteins can also
pseudotype into baculovirus,”® we evaluated the extent of
baculovirus contamination in the VLP sample as detailed in
Figure S4. Consistent with the data in Figure 3d, the number
of baculovirus increased by ~2-fold in the presence of
amantadine; however, baculoviruses only accounted for ~5%
of the total particles in the VLP sample (Figure S4). Combined
with the fact that all infections were conducted at an MOI of 3
and Sf9 cells are highly resistant to r'einfe«:tionf9 these data
suggest that the improvement in VLP yield is driven by the
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increased influenza protein expression in the presence of
amantadine and not by secondary infection of the newly
produced baculoviruses.

To measure the antigen density of influenza VLPs, the
amount of HA, M1, and M2 in the VLPs was quantified by
Western blot using purified HA, M1, and M2 proteins as
standard (Figure S5). The antigen density in these VLPs was
then calculated as the number of each influenza protein
monomer divided by the number of VLPs. As shown in Figure
6b, the influenza VLPs produced in the absence of amantadine
had an antigen density of ~29 HA/VLP, ~1 M1/VLP, and
~75 M2/VLP. The use of 100 yM amantadine resulted in
greater antigen density of all three influenza proteins: ~53
HA/VLP, ~48 M1/VLP, and ~156 M2/VLP, representing a
~2-fold, ~50-fold, and ~2-fold improvement, respectively.
This improvement in VLP antigen density was further
confirmed by visvalizing HA and M2 immunogold-labeled
VLPs using transmission electron microscopy (TEM). As
shown in Figure 6c, the influenza VLPs produced from Sf9
cells showed morphology resembling that of influenza virus
with spike-like projections and a diameter between 80 and 200
nm. Influenza VLPs produced in the presence of 100 uM
amantadine showed a greater degree of HA and M2
immunogold labeling than those produced without amanta-
dine, which is consistent with the greater VLP antigen density
reported above.

Unexpectedly, when we compared the fold increase of HA
and M2 surface density per $f9 cell (Figure 5d,e) with the fold
increase of HA and M2 density per VLP (Figure 6b) in the
presence of 100 #M amantadine, the data suggest that these
two parameters are actually not well correlated: 5- vs 2-fold for
HA and 0- vs 2-fold for M2. More strikingly, while the use of
100 M amantadine only improved the M1 cellular expression
by ~3-fold (Figure 4¢), it resulted in a ~50-fold increase in the
M1 density per VLP (Figure 6b). Therefore, the cellular and/
or surface expression level of influenza proteins does not
determine how efficiently they are incorporated into VLPs.
Instead, it is well-known that influenza protein—protein
interactions and their association with the é)lasma membrane
are critical for driving the budding of VLDPs. *=¢7 For example,
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M1 is known to oligomerize at the inner leaflet of the plasma
membrane, which both strengthens its association with HA
contained in lipid rafts and induces bending of the plasma
membrane to initiate particle budding.®® Coincidentally,
oligomerization of M1 is also pH-dependent; under low pH
conditions, M1 undergoes a conformational change that
releases itself from the plasma membrane back into the
cytosol.*>”® Therefore, restoring the normal intracellular pH
by inhibiting M2 activity with amantadine likely allows M1 to
better associate with HA at the plasma membrane and thus
results in its efficient incorporation into VLPs.

Over the past two decades, the frequency of influenza viruses
with the wild type M2 used in this study has diminished to
<2% of circulating strains as of 2015, while amantadine-
resistant M2 variants increased to >98%.”"7> These
amantadine-resistant M2 variants have similar IC;, values as
the M2" protein studied here. Therefore, we also quantified
the effect of amantadine on influenza protein expression and
VLP production for HIMIM2" in Sf9 cells. Compared to
HIMIM?2, similar improvements in cellular expression of all
three influenza proteins (Figure S6), HA and M2" surface
expression (Figure S7), VLP yield and antigen density (Figure
S$8) were achieved for HIMIM2", albeit at a much higher
concentration of amantadine (2500 pM). These data
demonstrate that a sufficiently high concentration of
amantadine can also alleviate the cytopathic effects of M2*?
ion channel activity and improve the yield and quality of VLPs
for vaccine designs toward current circulating influenza strains.

Significant effort has been made to develop vaccines that
provide broadly protective, long-lasting immunity against
influenza infection. While the M2 matrix protein has emerged
as an attractive vaccination target due to its highly conserved
sequence, its expression has been associated with cytopathic
effects in recombinant host cells, making it challenging to
produce influenza VLPs with high surface density of full-length
M2. Here we show for the first time that inhibiting M2 activity
with amantadine leads to improved influenza VLP production
in 59 insect cells showing both greater yield and higher
antigen density. The HIM1M2 VLPs produced in the presence
of 100 4uM amantadine display 8—10-fold higher density of M2
on their surface compared to influenza virus, which may
stimulate both stronger and broader M2-specific B- and T-cell
responses. However, the HA density of these VLPs (~35 HA
monomers/VLP) is much lower than that of influenza virus
(~1200 HA monomers/virus).”**” As a result, the HIMIM?2
VLPs reported here show a drastically inverted ratio of HA:M2
(1:3) compared to influenza virus (>10:1). Given the fact that
the current influenza vaccines (i.e., inactivated influenza virus)
suffer from poor heterosubtypic protection due to the
immunodominant responses to the HA head domain, these
HIMIM2 VLPs may prove advantageous in promoting a more
balanced immune response for a broader protection. Taken
together, these results present a promising outlook for the
vaccination potential of these engineered influenza VLPs with
high density of full-length M2 as a heterosubtypic vaccine
candidate.

B EXPERIMENTAL METHODS

Strains, Media, and Reagents. Sf9 insect cells (CRL-
1711, ATCC, Manassas, VA) were grown in Insect XPRESS
Media (Lonza, Walkersville, MD) supplemented with 10 mg/L
gentamycin at 27 °C and 135 rpm agitation. Madin—Darby
Canine Kidney (MDCK) cells (a kind gift from Dr. Malini
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Raghavan, University of Michigan, Ann Arbor) were grown in
Dulbecco’s Modified Eagle Media (DMEM) supplemented
with 10% fetal calf serum (FCS), 100 U/mL penicillin and 100
ug/mL streptomycin. DH10Bac cells (Bac-to-Bac Baculovirus
Expression Systems, Life Technologies, Foster City, CA) were
grown in Luria—Bertani (LB) medium containing 50 pg/mL
kanamycin, 7 pg/mL gentamicin and 10 pg/mL tetracycline.
Influenza virus strain A/Puerto Rico/8/1934 (PR8) (VR-1469,
ATCC) was propagated in MDCK cells at 37 °C and 5% CO,.
PR8 viral RNA was extracted using the ZR Viral RNA Kit
(Zymo Research, Irvine, CA) and reverse transcribed into
complementary DNA (cDNA) using the Transcriptor First
Strand c¢DNA Synthesis kit (Roche, Penzberg, Germany)
according to the manufacturers’ protocols. Unless otherwise
stated, all media and antibiotics were purchased from Thermo
Fisher Scientific (Waltham, MA) and all other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO). All primers
were purchased from Integrated DNA Technologies (Coral-
ville, IA).

Recombinant Baculovirus Generation. DNA sequences
encoding the HA and M1 genes were amplified from the viral
cDNA by polymerase chain reaction (PCR) and cloned into
the Xbal/Hindlll and Kpnl/Xmal site in plasmid pFastBac
Dual, respectively, to create plasmid pFastBac Dual-HIMI.
The templates and primers used for all PCR reactions are listed
in Table S1. The DNA sequence encoding the M2* gene was
PCR amplified from the PR8 viral cDNA and cloned into the
Xhol/Xmal site of pFastBac Dual to create plasmid pFastBac
Dual-M2". The wild type M2 gene was then generated by
introducing two mutations (A27V, N318S) into pFastBac Dual-
M2® using overlap extension PCR. Specifically, two fragments
(M2-F1 and M2-F2 in Table S1) were spliced and cloned into
the Xhol/Xmal site of pFastBac Dual to create pFastBac Dual-
M2. The expression cassette for M2" (or M2) including the
P10 promoter, M2* (or M2) gene, and HSV terminator was
then PCR amplified from pFastBac Dual-M2" (or M2) and
cloned into the Avrll site of pFastBac Dual-HIMI to create
pFastBac Dual-HIMIM2® (or pFastBac Dual-H1IM1M2). All
DNA sequences were confirmed using Sanger sequencing.

The recombinant baculovirus genome (ie, bacmid) was
created by transforming plasmid pFastBac Dual-HIMI,
pFastBac Dual-HIMIM?2, or pFastBac Dual- HIMIM2® into
DH10Bac via transposition. The empty pFastBac Dual plasmid
was treated similarly to generate the “WT” baculovirus as a
control. After confirming the recombination events by blue/
white colony screening and PCR, the recombinant bacmids
were purified using a PureLink HiPure Plasmid Miniprep kit
(Invitrogen, Carlsbad, CA). The purified bacmids were then
transfected into Sf9 cells using Cellfectin II (Invitrogen)
according to manufacturer’s protocol to generate recombinant
baculovirus P1 stocks, which were amplified in Sf9 cells to
obtain high-titer P2 baculovirus stocks for use in protein
expression experiments.

Baculovirus Titer Determination. Baculovirus titers of
P2 stocks were quantified using a flow cytometric assay*” with
slight modification. Briefly, 2 mL of Sf9 cells seeded at a
density of 2.0 X 10° cells/mL were infected with 2-fold serial
dilutions of the P2 stock in a six-well plate. At 24 hpi, cells
were stained with 2 ng/pL anti-GP64 PE antibody
(BioLegend, San Diego, CA) for 1 h at room temperature
prior to analysis using an Attune Acoustic Focusing Cytometer
(Applied Biosystems, Foster City, CA). Uninfected Sf cells
were used as a control for gating GP64" cells. The percentage
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of GP64" cells was used to calculate the multiplicity of
infection (MOI) using the esuation below simplified from the
inverse Poisson distribution.””

= —[n[

Given that 4.0 X 10° cells were used in each well, the
baculovirus titer in each of the six wells can then be calculated
as 4.0 X 10° x MOI divided by the volume of P2 stock used.
To increase the accuracy of the calculated baculovirus titer, the
values of 4.0 X 10° X MOI were plotted with respect to the
volume of P2 stock used for each of the six wells, and the slope
of the resulting linear regression was determined to be the
baculovirus titer (Figure S2).

Sf9 Cell Infection Characterization and Influenza
Protein Quantification. Baculovirus-infected Sf9 cell mor-
phology was visually assessed at 72 hpi using a Leica TCS
SP8MP inverted confocal microscope (Nikon, Melville, NY),
and the number of cells with spindle morphology was counted
using a hemocytometer (Hausser Scientific, Horsham, PA).
For each baculovirus construct, a total of at least 100 cells from
triplicate infections were analyzed. The amount of baculovirus-
induced cell lysis was similarly quantified as the percentage of
dead cells at 24, 48, and 72 hpi using Trypan blue staining and
a hemocytometer.

Cellular expression of HA, M1, and M2 protein was
quantified by Western blot analysis of cell lysates using
purified HA (BEI Resources, Manassas, VA), M1 (Sino
Biological, Beijing, China) and M2 (purified from E. coli as
described)’* as protein standards. Antibodies used include
anti-HA (Sino Biological), anti-M1 (Invitrogen), and anti-M2
(Invitrogen) antibodies, alkaline phosphatase-conjugated anti-
mouse or antirabbit 1gG secondary antibody (Life Technolo-
gies), and antitubulin antibody (Biolegend). All antibodies
were used at a working concentration of 0.3 ng/uL.
Densitometric analysis of Western blots was performed using
a Gel Doc EZ Imager (Bio-Rad, Hercules, CA) to generate
standard curves for HA, M1, and M2 (Figure S3), which were
then used to calculate their cellular expression level.

The surface expression of HA and M2 on infected Sf9 cells
was quantified by flow cytometric analysis. Specifically, at 72
hpi cells were costained with anti-HA and anti-M2 antibodies,
followed by secondary staining with antirabbit biotin antibody
(Life Technologies) and then tertiary costaining with
antimouse IgG Alexa Fluor 647 antibody (AF647, BioLegend)
and Streptavidin PE (eBiosciences, San Diego, CA) prior to
analysis on the Attune Acoustic Focusing Cytometer. All
antibodies were used at a working concentration of 2 ng/uL.
Uninfected Sf9 cells were treated the same way and used as a
control for gating.

Virus-like Particle (VLP) Production and Character-
ization. Influenza VLPs were produced from Sf9 cells infected
at an MOI of 3 and harvested 72 hpi. Cell debris was removed
from the supernatant by centrifugation at 300g for 20 min
followed by 10 000g for 20 min. The cleared supernatant was
overlaid on a 30% sucrose sublayer and centrifuged at 150 000g
for 2 h, and the pellet containing VLPs was resuspended in
PBS + 40% glycerol. All centrifugation steps were carried out at
4 °C.

The number of VLPs was quantified using a NanoSight
NS300 particle tracking system (Malvern Panalytical, Malvern,
United Kingdom). Specifically, VLPs were diluted in PBS to

number of baculovirus

— 0 +
RO = 100 — %GDP64 ]

number of cells 100
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manufacturer recommended concentrations prior to injection.
Videos of 60 s were recorded for three injections of each
sample, and the particle concentration was determined using
the nanoparticle tracking analysis (NTA) software provided
with the NS300 system. The amount of HA, M1, and M2 in
each VLP preparation was quantified by densitometric analysis
of Western blots as described in the section above.

VLPs were visually characterized by immunogold-labeling
analysis using transmission electron microscopy (TEM).
Briefly, VLPs were absorbed on Ni grids (Electron Microscopy
Sciences, Hatfield, PA) and incubated with 20 ng/uL anti-HA
or anti-M2 antibody for 1 h, followed by labeling with protein
G—gold nanoparticle (15 nm) conjugates (Electron Micros-
copy Sciences) at a concentration of 10" gold nanoparticles/
mL for 30 min. Grids were stained with 2% phosphotungstic
acid (PTA) and allowed to dry 1 h prior to TEM analysis on a
JEM-1400 Transmission Electron Microscope, 80 kV (JEOL,
Peabody, MA).

Statistical Analysis. Statistical analysis was performed
using unpaired Student’s f test. All data are represented as the
mean of three independent experiments and error bars
represent the standard error of mean (SE). *p < 0.05, **p <
0.01, ***p < 0.001, not significant (NS) p > 0.05.
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