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Abstract

Oral influenza vaccine provides an efficient means of preventing seasonal and pandemic disease.
In this work, the stability of envelope-type split influenza vaccine particles in acidic environments
has been investigated. Owing to the fact that hyper-osmotic stress can significantly affect lipid
assembly of vaccine, osmotic stress-induced morphological change of split vaccine particles, in
conjunction with structural change of antigenic proteins, was investigated by the use of stopped-
flow light scattering (SFLS), intrinsic fluorescence, transmission electron microscopy (TEM), and
hemagglutination assay. Split vaccine particles were found to exhibit a step-wise morphological
change in response to osmotic stress due to double-layered wall structure. The presence of hyper-
osmoatic stress in acidic medium (0.3 osmolarity, pH 2.0) induced a significant level of membrane
perturbation as measured by SFLS and TEM, imposing more damage to antigenic proteins on
vaccine envelope than can be caused by pH-induced conformational change at acidic iso-osmotic
condition. Further supports were provided by the intrinsic fluorescence and hemagglutinin activity
measurements. Thus, hyper-osmotic stress becomes an important factor for determining stability
of split vaccine particles in acidic medium. These results are useful in better understanding the
destabilizing mechanism of split influenza vaccine particles in gastric environment and in
designing oral influenza vaccine formulations.
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Introduction

Influenza viral infection is responsible for causing epidemic and pandemic respiratory
disease resulting in high morbidity and mortality (Thompson et al. 2003). Vaccination is the
most efficient strategy in impeding the infection, but mutations in antigenic glycoproteins
require annual reconfiguration and revaccination to induce the appropriate immune response
(Harper et al. 2004). Mass vaccination using intramuscular/intradermal is not sustainable
due to the high cost, difficulty of administration, and concerns over safety/waste
management. Intranasal immunization has been gaining attention due its ability to induce
mucosal and systemic immune responses without transcutaneous injection (Neutra and
Kozlowski 2006). However, intranasal influenza vaccine is not administered to the most
high-risk populations for infection/mortality (Fiore et al. 2010) and some formulations have
been removed from the market due to safety issues (Mutsch et al. 2004; Palese 2006).

As a potential alternative, focus on oral vaccination has increased. Advantages of oral
vaccinations include a lack of biohazardous waste, reduced costs (no needles/syringes, no
need for highly trained personnel), easier production, and potential self-administration
(Giudice and Campbell 2006). However, a major drawback of any oral influenza vaccine is
a significant decrease in immunogenicity and protective efficacy as a result of vaccine
destabilization in the acidic gastric environment (Lazzell et al. 1984; Farag-Mahmaod et al.
1988; Quan et al. 2011). As a result, vaccines must contain a greater amount of antigen,
reducing any economic advantages (Farag-Mahmaod et al. 1988; Neutra and Kozlowski
2006; Azizi et al. 2010). pH-induced structural change has been concluded to be the cause of
decreased immunogenicity (Skehel et al. 1982; Bullough et al. 1994). However, irreversible
pH-dependent conformational changes are not likely to be the lone reason for this activity
loss. Thus, a mechanistic understanding of the effects of the physiochemical gastric
environment on vaccine stability is considered to be an important step toward developing a
high efficacy oral influenza vaccine.

Digestion is a complex process that includes chemical degradations, osmotic stress, and
biological catabolism (Hunt 1959; Szarka and Camilleri 2009). In a recent study, we
investigated destabilization mechanisms of whole inactivated influenza virus (WIV) vaccine
under simulated gastric conditions, focusing on the effects of pH, temperature, gastric
retention time, osmotic pressure, and dilution on the stability of vaccine (Choi et al. 2013b).
It was shown that vaccine particles exhibited a step-wise morphological change, and that
vaccine destabilization was associated with the combined effects of low pH-induced
degradation of antigens and osmotic stress-induced morphological changes of the vaccine
particles. Furthermore, in the same report we demonstrated that hyper-osmotic stress
induced irreversible destruction of the virus morphology, significantly enhancing
destabilization of WIV vaccine particles in an acidic environment in contrast to hypo- and
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iso-osmotic stress. Clearly, the characteristics of the osmotic-response of enveloped vaccine
particles have a substantial impact on functional activity of oral vaccines in gastric
environment.

In the present study, we used stopped-flow light scattering (SFLS) analysis to investigate the
osmotic stress-induced morphological change of inactivated A/PR/8/34 (H1N1) split vaccine
particles associated with functional activity in an acidic environment. Microscopic
membrane destabilization and morphological change of the vaccine particles were predicted
from the correlation between volume and scattered light intensity established for liposomes.
A comparative study of osmotic stress-induced swelling/shrinkage behavior of split vaccine
particles and WIV vaccine particles was performed after exposure to hypo-, iso-, and hyper-
osmotic gradients. Transmission electron microscopy (TEM), intrinsic fluorescence, and
hemagglutination activity were measured to determine pH-induced morphological change of
vaccine, conformational change of antigens, and functional activity of hemagglutinin (HA).

Materials and methods

Preparation of WIV influenza vaccine

Whole inactivated A/PR/8/34 (H1N1) influenza A virus vaccine was prepared as described
elsewhere (Quan et al. 2008). Briefly, A/PR/8/34 virus was grown in chicken's eggs and
purified from allantoic fluids of infected eggs by a discontinuous sucrose density gradient
centrifugation. The purified virus was inactivated with formalin at a final concentration of
1:4,000 (v/v). Viral inactivation was confirmed by plaque assay with Madin-Darby canine
kidney cells and by the absence of the infectious influenza virus after inoculation into
embryonated chicken's eggs.

Preparation of split influenza vaccine

Split influenza vaccine was prepared by treatment of WIV vaccine with Triton X-100
(Sigma Aldrich, St. Louis, MO). In brief, 1 ml of WIV was mixed with 9 ml of 10 % Triton
X-100 for 2 h, and then dialyzed at 4 °C aginst phosphate-buffered saline. The buffer was
replaced three times for 3 h in a 10,000 Da cutoff dialysis cassette (Thermo Scientific,
Rockford, IL, USA), followed by overnight dialysis at 4 °C. After dialysis, split vaccine
particles were collected and stored at —80 °C.

SFLS analysis

Osmotic swelling/shrinking behavior of influenza vaccine particles was investigated by
monitoring time-dependent changes in light scattering intensity after mixing with different
concentrations of sucrose solutions in a stopped-flow apparatus (MOS-200/M spectrometer,
SFM-20; Bio-Logic USA, Knoxville, TN, USA). SFLS spectra were recorded with the
following instrumental conditions: excitation wavelength 546 nm; injection volume 66l;
flow rate 7 ml/s; scan range 8, 80, 400, and 7,200 s; temperature 4 °C. A rate constant (k)
was obtained from curve fitting of the spectra with a single exponential equation (I =a +
b-ekt) using Bio-Kine 32 \V4.46 software (Bio-Logic USA) (Choi et al. 2013a).
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The transmembrane osmotic gradient (A) was defined as the difference in osmolarity (osM)
between the external and inner medium (=Cgy — Cj,, Where Cjy, is 0.3 0sM) across the viral
membrane. To characterize morphology at a very early stage of incubation, 8-s scan SFLS
analysis was performed at 4 °C by exposing iso-osmotic vaccine suspension in 300 mM
sucrose (pH 7.0) to various concentrations of acidic sucrose solutions (pH 1.7) in an equal
volume ratio; i.e., hypo-osmotic (A = -0.15, -0.1, —0.075, and -0.05 osM), iso-osmotic (A =
0 osM), and hyper-osmotic (A = 0.025, 0.05, 0.1, 0.15, and 0.3 osM) gradients. To monitor
the step-wise morphological change of influenza vaccine, additional scans were carried out
over different incubation periods (80, 400, and 7,200 s) at 4 °C considering long-term
morphological change of orally administered vaccine.

Morphological change of influenza vaccine particles

Time-dependent size changes of influenza vaccine particles under various acidic
environments were assessed via SFLS plot analysis. The size of the vaccine particles was
calculated using the previously reported correlation between the SFLS intensity and the size
of phosphatidylcholine-liposomes (Choi et al. 2013b). In this work, liposomes served as a
reference for SFLS data interpretation of influenza vaccine particles under the hypothesis of
a similar response to osmotic stress. Briefly, osmotic stress corresponding to each SFLS data
point at time t (4) is calculated using an empirical function I,g = 1 + c-e¥/At + d.e¥/At where
¢, d, x, and y were —0.11653, —2.28333, 0.09645, and 1.61951, respectively, for hypo-
osmotic stress and 0.14824, 5.14043, —0.21065, and —3.30994, respectively, for hyper-
osmoatic stress, to establish the relationship between I, = and 4. Then, A is used to
determine the vaccine volume change relative to the iso-osmotic volume (Vg = V/Vis)
using equations: Vg = 1 — 0.52879-A; for A < 0, Vg1 = 0.79 + 0.21-(Cj/Cey) for 0 < A; <
0.46, and Vg = 0.07 + 2.03:(Cj,/Cqy) for A; = 0.46. However, this method resulted in 0.02
lower and 0.015 higher Vg values at I, = 1 for l,; > 1 and I, < 1, respectively. Thus, the
error in V¢ was corrected by adding 0.02 (V) for Iy > 1 and subtracting 0.015 (V) for
lre1 < 1.

Fluorescence spectroscopy

The effect of osmotic stress on the stability of split vaccine particles was examined by
recording intrinsic fluorescence in the presence of osmotic gradients (0 and 0.3 osM) at pH
7.0/2.0 and 4 °C. Fluorescence was measured with split vaccine particles (200 pug/ml) at the
excitation wavelength of 295 nm over the scanning range of 300-500 nm (slit size: 10 nm,
scanning speed: 200 nm/min) using a fluorescence spectrophotometer (Cary Eclipse; Varian
Inc., Palo Alto, CA, USA) (Choi et al. 2012a, 2013b, c¢). Split vaccine suspension in 300
mM sucrose (pH 7.0) and osmolyte sucrose solution (300 mM (iso-osmotic) and 900 mM
(hyper-osmaotic), pH 1.7) were mixed in an equal volume ratio to measure intrinsic
fluorescence after incubation for 2 h at pH 2.0 and 4 °C. The acquired fluorescence spectra
were corrected for background signal by measuring the same solution in the absence of
vaccine. As a reference, fluorescence spectra were measured at iso-osmotic condition after
mixing with 300 mM sucrose solution (pH 7.0) at 4 °C. After appropriate background
correction, the peak shift and relative intensity change of emission maxima were examined
with reference to the spectrum of vaccine in an iso-osmotic condition at pH 7.0.
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HA activity of split vaccine at low pH

The effect of osmotic gradients (0 and 0.3 osM) on the functional HA activity of split
vaccine at pH 2.0 and 4 °C was tested using hemagglutination assay as described previously
(Hirst 1942; Choi et al. 2012b). HA activity of vaccine in iso-osmotic condition at 4 °C (pH
7.0) was taken as a reference and HA activity of samples at each condition was calculated
relative to it.

Electron microscopy

The initial size and morphological change of influenza vaccine was analyzed using TEM
(Philips/FEI CM20; FEI, Hillsboro, OR, USA). To prepare TEM samples, vaccine
suspension was placed on a formvar-amorphous carbon-coated copper grid (Ted Pella,
Redding, CA, USA). After removing excess solution by blotting with filter paper, samples
were stained with 2 % phosphotungstic acid (pH = 7.0; Electron Microscopy Sciences,
Hatfield, PA, USA) for 30 s. The samples were air-dried and stored in a desiccator before
microscopic observation.

Statistical analysis

Minitab release 14 (Minitab, State College, PA, USA) was used for statistical analysis.
Student's t test or analysis of variance (ANOVA,; One-way, general linear model with
Tukey's method) was used to analyze data. A P value of less than 0.05 indicated a
significant difference.

Results and discussion

Figure 1 shows TEM micrographs of the prepared influenza vaccines in the form of (a) split
virion and (b) WIV. The spherical structure in the image represents vaccine particles,
identifiable by the presence of spike-like glycoproteins on the surface of the vaccine
envelope. Split vaccine particles (Fig. 1a) maintained the same morphology as WIV vaccine
particles (Fig. 1b), consistent with the previous report (Lee et al. 2011). However, it is
interesting to note that split vaccine particles exhibited a statistically significant decrease in
diameter compared to W1V vaccine particles (87 £ 17 nm for WIV vaccine and 30 £ 6 nm
for split vaccine; t test, P < 0.001). Considering the fact that split vaccine is prepared by
disintegration of WIV vaccine using Triton X-100, it is expected that reassembly of the
disrupted WIV vaccine occurred upon removal of detergents during dialysis in a similar
manner to liposomes (Ollivon et al. 2000). Furthermore, the observed hollow spherical
structure of split vaccine particles makes them susceptible to size and shape changes caused
by osmotic stress. Therefore, the osmotic behavior of split vaccine particles must be
assessed to predict its stability in various gastric environments.

Short-term SFLS of influenza vaccine particles

SFLS analysis was performed by applying five different hyper-osmotic stresses (A = 0.025,
0.05, 0.1, 0.15, and 0.3 osM), iso-osmotic stress (A = 0 osM), and four different hypo-
osmoatic stresses (A = -0.05, -0.075, -0.1, and —0.15 osM) to influenza vaccine particles at
pH 2.0 and 4 °C (see Fig. 2a for split vaccine particles and 2b for WIV vaccine particles in
hyper-, iso-, and hypo-osmotic conditions). It is noted that gastric contents/secretions
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significantly influence the physiological gastric osmolarity (Hunt 1959, Choi et al. 2013b).
Thus, vaccine particles can be subjected to hypo- (Cey < 0.3 0SM), is0- (Cex = 0.3 0sM), and
hyper-osmotic pressures (Cex > 0.3 0sM) in the gastric environment. Therefore, in this work
we used several representative osmotic pressures to investigate the time-dependent osmotic
response of the vaccine particles using SFLS. Furthermore, because the effects of
temperature on the SFLS behavior and stability of WIV vaccine were reported in our
previous work (Choi et al. 2013b), SFLS analysis in this work was performed at 4 °C for
vaccine samples to isolate the influence of osmotic stress in an acidic environment by
eliminating the temperature effects.

Figure 2a shows SFLS curves observed for 8 s from split vaccine particles as a function of
osmotic stress. The time course of I, exhibited a typical osmotic response. As shown in the
plot 2a(i), SFLS spectra exhibited an increase in I, upon exposure to hyper-osmotic stress
(=0.05 osM) by the shrinkage of split vaccine particles. On the contrary, I decreased with
time due to the swelling in response to hypo-osmotic stress (2a(ii)). However, in both cases,
I;¢| Saturation is reached at earlier stage with increasing osmatic stresses, indicating faster
shrinkage or swelling in the presence of hyper- and hypo-osmotic stress, respectively. It is
also noted that iso-osmotic stress (A = 0) showed a gradual decrease in scattering intensity
(2a(ii)), which can be attributed to low pH-induced clustering of vaccine particles (Choi et
al. 2013b). Such a decrease in I, is a general phenomenon when vaccine is incubated in
acidic solution, regardless of osmotic stress. This explains the lack of intensity variation
from split vaccine particles at A = 0.025 osM (see Fig. 2a-i).

Figure 2b shows the time course of I at different osmotic gradients obtained from WIV
vaccine particles. Osmotic responses of WIV vaccine particles were quite similar to those of
split vaccine results shown in Fig. 2a. However, unlike the split vaccine particles, the SFLS
spectra of WIV vaccine particles exposed to A = 0.025 osM generated a gradual intensity
decrease, and no significant level of intensity variation was observed from hyper-osmotic
gradients of 0.05 and 0.1 osM. This analysis implies the possibility that low pH-induced size
increase of WIV vaccine is greater than that of split vaccine particles and/or split vaccine
particles are more responsive to osmotic stress than WIV vaccine particles.

The rate constant (k) is plotted as a function of osmotic gradient (A) for split vaccine
particles (Fig. 2c-i) and WIV vaccine particles (Fig. 2c-ii). As shown in Fig. 2c(i), k values
of split vaccine were significantly higher upon exposure to hypo-osmotic stress (k=2.2 +
0.4/s, A = -0.15 osM) than hyper-osmatic stress (k= 0.5 = 0.1/s, A = —-0.15 osM). Both
vaccine types showed an increase in k with increasing hypo-osmatic stress (ANOVA, P <
0.001). Based on the observations of the statistically higher k values (ANOVA, P < 0.001)
of split vaccine particles than those of WIV vaccine particles at hypoosmotic stress, it was
predicted that the resistance of virus wall to swelling was significantly lower in the split
vaccine than in the WIV vaccine at the early stage of osmotic response. Furthermore,
application of hyper-osmotic stress caused statistically significant differences in k values
with vaccine type (ANOVA, P < 0.001), but this small variation between samples is of no
practical significance.
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Long-term SFLS of influenza vaccine particles

To characterize the long-term morphological changes of split vaccine particles in
comparison with WIV vaccine particles, SFLS spectra were measured for 80 s after
exposure to a hyper-osmotic gradient of 0.3 osM (pH 2.0, 4 °C). As previously observed
with WIV vaccine particles at pH 2.0 and 37 °C (Choi et al. 2013b), the split vaccine
particles also exhibited a step-wise intensity increase (Fig. 3a), i.e. the primary intensity
increase at 0 s is followed by a secondary intensity increase at about 60 s. Assuming I
mainly depends on the size change of particles, split vaccine particles underwent a rapid
volumetric shrinkage of <2 % during the first phase and showed progressive shrinkage after
the onset time for the secondary shrinkage (tonq) until a steady-state is reached (tong: ~60 s,
volumetric shrinkage: >25 %). In the case of WIV vaccine particles (pH 2.0, 4 °C) in Fig.
3b, a step-wise shrinking behavior was similarly observed in split vaccine (primary
shrinkage: <9 %, secondary shrinkage: >40 %), but in a far more clear way.

The step-wise morphological change was predicted to be associated with the unique double-
layered composite structure of the vaccine wall; a shell composed of a matrix protein (M1)
array adheres to a lipid bilayer (Choi et al. 2013a). The generation of the secondary
morphological change can be explained by the resistance of the M1 layer to further
shrinkage, and importantly, tong has been well correlated to the level of effective osmotic
shock applied to vaccine particles (Choi et al. 2013a). Thus, although quantitative
identification of protein components was not performed, the presence of the M1 layer in the
wall of split vaccine particles supports the observation of the secondary shrinkage from
SFLS spectra, thereby explaining the stepwise osmotic shrinkage in the same manner as
WIV vaccine particles. Lower levels of volumetric shrinkage of split vaccine particles can
be explained by its higher elastic compressibility modulus than that of WIV vaccine, due to
smaller its diameter. It is known that elastic properties of liposomes are dependent on their
size; a decrease in size has been reported to increase the elastic compressibility modulus
(Sun et al. 1986). This probably caused the reduced hyper-osmotic shrinkage of split
vaccine.

We next performed SFLS analysis at three different osmotic stresses (A = -0.15, 0, and 0.15
osM) to identify the effects of the direction of the osmotic gradients on the long term swell-
shrink characteristics of split vaccine (Fig. 4a). Time-courses of SFLS spectra of WIV
vaccine particles were measured for comparison with split vaccine particles under the same
test conditions (Fig. 4b). Upon exposure to hypo-osmotic stress, split vaccine exhibited a
step-wise decrease in Iy (Fig. 4a-i). As shown in Fig. 4a-ii, the initial and subsequent
decrease in I, can be understood in terms of the step-wise volumetric change: vaccine
swelled from 8 % at ~135 s to 15 % at ~157 s at A = —0.15 osM. At hyper-osmotic stress or
0.15 osM, shrinkage also proceeded in a step-wise fashion, consistent with 80-s scan SFLS
spectra. Since toq is taken as an indicator of osmatic stress, the smaller ty,4 at 0.15 osM
(Fig. 4a), compared to 0.3 osM (Fig 3a), can be explained by the lower osmotic stress (t test,
P< 0.001). Also, a gradual decrease in I at iso-osmotic stress can be attributed to a volume
increase (<3 %) caused by low pH-induced vaccine aggregation (Choi et al. 2013b). While
the observed change in osmotic stress-induced volumetric change of split vaccine was
slightly less than that of WIV vaccine (compare Fig. 4a, b), it is thought that both vaccines
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exhibit a similar osmotic swell-shrink behavior, due to their identical double-walled
structure.

The effect of osmotic stress on to,q Was measured by comparing SFLS curves obtained from
both split vaccine and WIV vaccine at varying osmotic gradients (Fig. 4c). It is shown that
tong increases with decreasing magnitudes of osmotic stress. WIV vaccine exhibited
significantly higher to,q relative to split vaccine (ANOVA, P < 0.001), but the most notable
difference occurred at low osmotic stress, i.e. at A = —0.15 and 0.15 osM. Therefore, the typq
data indicate that split vaccine would be more susceptible to osmotic stress-induced vaccine
destabilization. The lower tynq Of split vaccine compared with that of WIV vaccine implies
the possibility of a decrease in mechanical strength via a detergent treatment. This is further
supported by the well-known detergent-lipid/detergent-protein interactions, destabilizing
lipid membranes during the solubilization process (le Maire et al. 2000). Hence, the change
in the intrinsic mechanical properties of the split vaccine particle's wall probably resulted in
a more rapid and enhanced osmotic response. On the contrary, it is possible that the
intrinsically small size of split vaccine would limit its maximum level of volumetric change
as discussed in Fig. 3. The interplay between detergent destabilizing effect and intrinsic size
effect on mechanical property of the vaccine particles needs further study.

SFLS analysis was performed for 2 h to estimate the osmotic response of split vaccine
during the gastric digestion. SFLS curves at a hyper-osmotic gradient of 0.3 osM were
compared with those at iso-osmotic gradient. As expected, split vaccine exhibited shrinkage
and pH-induced aggregation at hyper- and iso-osmaotic stress, respectively (Fig. 5a for I
and 5b for V(). 2-h incubation in iso-osmotic, acidic solution resulted in a gradual decrease
in l,¢ (Fig. 5a) and thereby a progressive increase in Vg to about 12 % (Fig. 5b). In the
presence of hyper-osmotic stress, split vaccine shrank in a step-wise fashion consistent with
shorter-term scans seen in Figs. 3a and 4a. It is important to note that SFLS spectrum
displayed significant time-dependent intensity variations after reaching the secondary
intensity saturation [see (ii) for a magnification of the selected area in (i)]. Unlike the WIV
vaccine particles, which gradually decreased in intensity over time (Fig. S1), split vaccine
particles showed no noticeable decrease in I after 2 h of incubation. This indicates that
osmotic pressure-induced defects in the split vaccine wall are rapidly reversed after allowing
osmotic gradients to dissipate by diffusion of the osmolyte through the defect. Thus, two
competing processes, the small defect generation and the recovery, seem to characterize
hyper-osmotic shrinkage behavior of split vaccine particles, compared with the relatively
large defects in WIV vaccine particles. As a result, it is reasonable to assume that the
membrane perturbation may lead to destabilization of antigenic proteins and vaccine wall
despite the difference in the undulation pattern of I

Effect of osmotic stress on the stability of influenza vaccine particles

Stability of the antigenic protein structure of split vaccine particles was evaluated by
measuring intrinsic fluorescence and hemagglutination activity after incubation in iso- and
hyper-osmotic conditions (A = 0 and 0.3 osM, pH 2.0) for 2 h. The wavelength (Fig. 6a-i)
and intensity (Fig. 6a-ii) of emission maximum were measured after exposure to acidic iso-
and hyper-osmotic mediums and analyzed with the use of a reference (emission spectra
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measured at A = 0 and pH 7.0). As shown in Fig. 6a, a significant level of red shift was
observed after incubation in acidic iso-osmotic medium compared with controls, with
further shift of emission spectra in acidic hyper-osmotic medium (One-way ANOVA, P <
0.01). The red shift indicates that the protein's aromatic amino acids are exposed to a more
hydrophilic environment than those in neutral, iso-osmotic medium, a change likely due to
pH and/or osmotic stress-induced conformational change (Teale and Weber 1957). This
analysis is consistent with our previous study, showing that hyper-osmotic stress in acidic
mediums had a significant destabilizing effect on WIV vaccine stability (Choi et al. 2013b).
On the contrary, it is important to note that split vaccine showed an increase of relative
intensity with increasing structural change, as shown in Fig. 6b (One-way ANOVA, P <
0.001). While we do not fully understand how emission intensity is regulated yet, opposite
effects of antigen denaturation on fluorescence emission spectra have been previously
observed for different strains (Luykx et al. 2004). To better characterize the vaccine-specific
mechanisms, the relationship between vaccine type and fluorescence intensity needs further
study.

TEM analysis was performed to observe the morphological change of split vaccine after
incubation with acidic hyper-osmotic stress (A = 0.3 osM, pH 2.0) for 2 h. As shown in Fig.
6b, split vaccine lost its spherical shape and the spike-like glycoproteins covering the
surface of the vaccine particle were no longer observed, indicating irreversible
morphological change (compare Fig. 6b with Fig. 1a). This is consistent with our analyses of
SFLS and intrinsic fluorescence.

To further support the combined deteriorative effects of low pH and hyper-osmaotic stress on
the functional activity of split vaccine, functional HA activity was assessed by measuring
hemagglutination activity. As shown in Fig. 6¢, 2-h incubation at A = 0.3 osM and pH 7.0
did not yield statistically significant HA activity difference compared with the control at A =
0 0osM and pH 7.0 (t test, P = 0.17). In contrast, exposure to the acidic hyper-osmatic stress
(A =0.30sM, pH 2.0) led to significant levels of HA activity loss. This can be explained by
the membrane integrity loss of vaccine wall and conformational change of antigenic
proteins, as demonstrated by SFLS, intrinsic fluorescence, and TEM. Therefore, it is clear
that the hyper-osmotic stress-induced structural destabilization, as well as pH-induced
antigen denaturation, contributed to the decrease in HA activity under acidic environments,
consistent with our previous finding about W1V vaccine (Choi et al. 2013b). Since the
stability and activity of HA proteins is critical in inducing broad immune response (Wiley
and Skehel 1987; Stanekové and Vareckova 2010; Quan et al. 2011; Choi et al. 2012b), it is
likely that hyper-osmaotic stress is a major factor in affecting the immunogenicity and
efficacy of orally administered split influenza vaccine.

Conclusion

In the present study, we researched the destabilization of split vaccine in an acidic
environment. The swell-shrink behavior of split vaccine particles was mainly investigated
by analyzing SFLS spectra, and the results were compared with those obtained from WIV
vaccine particles. We found that split vaccine displayed the same osmotic swelling/shrinking
in response to hypo-/hyper-osmotic stress as WIV vaccine, which has been attributed to
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identical hollow spherical morphology and composite wall structure. While split vaccine
particles responded to osmatic stress more rapidly than WIV vaccine particles, its relative
change in volume was less than that of WIV vaccine, probably due to the smaller particle
size. Also, low pH-induced vaccine size increase was observed at acidic iso-osmotic
medium. In particular, structural integrity of the split vaccine wall was lost upon exposure to
hyper-osmotic stress, as indicated by an irregular light scattering pattern and TEM. As
demonstrated by a red shift of intrinsic fluorescence spectra and by a significant level of HA
activity loss, the membrane deformation resulted in further destabilization of the antigenic
proteins than acid-induced conformational change alone. The results support that hyper-
osmotic stress has a significant impact on the stability of the envelope-type split vaccine
particles in an acidic environment, as has been found for WIV vaccines. Although osmotic
stability was examined at 4 °C in this work, increased temperature, i.e. a physiological
temperature (37 °C), accelerates the destabilization of influenza vaccine in acidic hyper-
osmoatic solution. We expect that increasing the viscosity of vaccine formulation,
considering an inverse relationship between osmotic pressure and viscosity, as well as taking
oral vaccine on an empty stomach may minimize osmotic stress-induced vaccine damage
during digestion. Therefore, this research can be extended to study the stability of all
envelope-type vaccines and thus, contribute to the development of stable oral vaccine
formulations.
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Fig. 1.
Negative-stain TEM micrographs of influenza vaccine particles. Inactivated A/PR/8/34

(H1N1) influenza virus vaccines. a split vaccine particles and b whole inactivated virus
(WIV) vaccine particles. Vaccines incubated in iso-osmotic sucrose medium (pH 7.0, 4 °C)
were stained with phosphotungstic acid (2 %, pH 7.0) and allowed to dry under ambient
conditions before imaging. Inset at the left bottom in a shows magnified split vaccine image.
Vaccine particle size was determined by TEM image analysis for split vaccine particles (30
+ 6 nm in diameter, n = 30) and WIV vaccine particles (87 + 17 nm in diameter, n = 80)
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A comparison of osmotic swelling/shrinking behavior of influenza vaccine particles at pH
2.0. 8-s scan SFLS spectra of the split a and WIV b vaccine particles subjected to (i) hyper
and (ii) iso-/hypo-osmotic shocks using sucrose at 4 °C and c their corresponding rate
constant (k) as a function of osmotic gradients (A = Cgy — Cip, i.€. the difference in
osmolarity between the external and inner medium) for (i) split and (ii) WIV vaccine
particles. The osmotic behavior of the vaccine particles was investigated by recording
scattered light intensity (1) at 546 nm upon exposure to ten different concentrations of acidic
sucrose solutions (hyper-, iso-, and hypo-osmotic stress) at pH 2.0. The relative light
scattering data (I;g] = /1, lg: initial intensity at time zero, I: intensity at time t) are
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represented in (a, b) and the solid curve is a fit to the I,¢ data points. ¢ of SFLS spectra in
(a, b) are offset for clarity, but the intensity scale is same for all spectra. Spectra are
representative of n = 30-170 replicates at each condition. I, and k corresponding to WIV
vaccine at 0.3 osM (pH 2.0, 4 °C) shown in b(i) and c(ii) are reused from an earlier report
(Choi et al. 2013b)
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Fig. 3.
Step-wise morphological change of influenza vaccine particles. The osmotic shrinkage

behavior of the particles (a split vaccine, b WIV vaccine) was comparatively investigated by
applying a hyper-osmotic gradient of 0.3 osmolarity (osM) at pH 2.0 and 4 °C. The relative
volume (Vyel = VIVis, Viso: Volume in iso-osmotic solution, volume at time t) was
calculated from the I, — Vg relationship previously established for PC-liposome model.
Spectra are representative of n = 6 and ten replicates for WIV vaccine and split vaccine,
respectively, examined at each condition
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The effects of osmotic stress on the time-dependent osmotic response of influenza vaccine
particles. (i) I of SFLS curves and (ii) Vg of influenza vaccine particles (a split vaccine
particles, b WIV vaccine particles) corresponding to I in part (i) in response to hypo-, iso-,
and hyper-osmotic stress (A = —0.15, 0, and 0.15 osM). ¢ Onset time for the secondary
shrinkage (tong) as a function of osmotic gradient at pH 2.0 (filled square split vaccine
particles, empty circle WIV vaccine particles). (Mean + SD; n = 3-15.) The typq data
corresponding to WIV vaccine particles at 0.3 osM (pH 2.0, 4 °C) were reused from an
earlier report (Choi et al. 2013Db)
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Long-term course of morphological change of split vaccine particles. a Long-term course of
SFLS curves () and b Vg of influenza split vaccine particles exposed to iso- and hyper-
osmatic gradient (0 and 0.3 osM) at pH 2.0 and 4 °C for 2 h. Magnified SFLS spectra and
Vel corresponding to the selected area in (i) are shown in (ii). Spectra are representative of n
= 6 replicate samples
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Fig. 6.

Structural stability of split vaccine. a Intrinsic fluorescence spectra of split vaccine particles:
(i) shifts in maximum emission wavelength (AL = A = Aiso pH 7.0), (ii) relative intensity of
emission maxima (/ljso, pH 7.0)- The maximum emission position and intensity relative to

control (pH 7.0) were analyzed from fluorescence spectra measured from split vaccine

particles after 2 h of incubation at 4 °C. (Mean + SD; n=6.). b TEM micrograph of split
vaccine particles incubated in acidic hyper-osmotic medium (A = 0.3 osM, pH 2.0) for 2 h. ¢
HA activity of split vaccine particles. Hemagglutinating activity of split vaccine in acidic
hyper-osmotic medium was measured after 2 h of incubation, and the functional HA activity

relative to control (A = 0 osM, pH 7.0) is shown for comparison (Mean £ SD; n = 8)
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