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Abstract

Current influenza virus vaccines primarily elicit antibodies and can be rendered ineffective by
antigenic drift and shift. VVaccines that elicit CD8+ T cell responses targeting less variable proteins
may function as universal vaccines that have broad reactivity against different influenza virus
strains. To generate such a universal vaccine, we encapsulated live influenza virus in a biopolymer
and delivered it to mice subcutaneously. This vaccine was safe, induced potent CD8+ T cell
immunity and protected mice against heterosubtypic lethal challenge. Safety of subcutaneous (SQ)
vaccination was tested in Rag2—/—yc—/— double knockout mice which we show cannot control
intranasal infection. Biopolymer encapsulation of live influenza virus could be used to develop
universal CD8+ T cell vaccines against heterosubtypic and pandemic strains.
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1. Introduction

The increasing likelihood of an influenza virus pandemic and the potential threat of utilizing
easily transmittable viruses such as influenza virus as bioterrorism agents have made the call
to develop novel vaccine and adjuvant strategies urgent. The need for pandemic vaccine
production and delivery is constrained by the requirement to rapidly immunize vast numbers
of immunologically naive individuals in order to protect them from the impending wave of
influenza and to achieve protective levels of herd immunity that would slow down or inhibit
transmission and spread. In the event of a pandemic, current vaccine strategies will require 6
or more months to generate one billion monovalent doses [1]. This would be enough for the
immunization of 500 million individuals with the two doses of killed vaccine that are
expected to be required for protection [2,3]. Currently there are two anti-influenza vaccines
available for humans in the USA: one is a killed virus vaccine administered as intramuscular
injection and the other is an attenuated live vaccine given as a nasal spray. The current
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vaccines target the viral surface glycoproteins hemagglutinin (HA) and neuraminidase (NA)
[4]. Both these vaccines elicit anti-influenza virus antibodies that will neutralize subsequent
virus infections. However, emerging strains of virus which express variant antigenic
epitopes may not be recognized by antibodies elicited by prior vaccination, therefore the
need for a new vaccine to be administered yearly. If a pandemic strain were to emerge, it
would take a considerable amount of time to develop a vaccine against the new strain [1],
therefore highlighting the need for new techniques of vaccine development and production.

Since antigenic drift and shift result in loss of effectiveness of current influenza virus
vaccines, vaccines that elicit anti-viral CD8+ T cell responses may circumvent this major
drawback of commercially available ones. To overcome the problem of antigenic variability
of influenza virus, vaccines that target less variable antigens of influenza virus may provide
more broad protection. It should be noted that heterosubtypic immunity against avian
influenza has been shown to protect both mice and birds [5-7] and that in humans, influenza
immunodominant epitopes are preserved to a high degree in avian flu isolates [7-11]. In
humans there is also some evidence of heterosubtypic protection [12,13]. Vaccines that
generate CD8+ T cell responses against viral molecules which are conserved among
different serotypes of influenza virus could thus serve as “universal vaccines” [7]. Such a
conserved molecule is the nuclear protein (NP) and several vaccine strategies have targeted
NP for generation of a long-lasting homotypic and heretosubtypic immunity [14-16].
Although the subject of intense research, currently there is no CD8+ T cell inducing vaccine
against influenza virus. The generation of CD8+ T cells requires replication of the virus and
protein immunization is ineffective at eliciting CD8+ T cell responses. Infection of mice
with live influenza virus induces high levels of cross-reactive cytotoxic T cells whereas
intact inactivated vaccine induces low levels of protection against a heterosubtypic viral
infection [17]. To overcome many of the difficulties related to the development of an
efficient vaccine that elicits a CD8+ T cell mediated immune response against conserved
molecules of influenza virus, we used biopolymer encapsulated live influenza virus to
vaccinate C57BI/6J mice using a subcutaneous route of administration. Influenza virus
infection is initiated by exposure of the respiratory tract to virus. The pathogenic aspects of
influenza virus infection have been associated with respiratory and systemic infection [2,3]
with the later correlating with viremia [18]. Systemic influenza disease can be induced in
chickens with intravenous administration [19]. No evidence however exists that indicates
that intradermal (ID) or subcutaneous (SQ) exposure to influenza virus can lead to
dissemination and cause systemic disease. Indeed for many years researchers have been
using large doses of influenza virus intraperitoneally (IP) to prime animals for secondary
responses [20-22] with no infection occurring. As we have shown previously, even very
large doses of live influenza virus administered IP do not result in infection or disease in
mice [23]. IP injection of 3x108 TCIDs PR8 influenza strain induces no inflammatory
cytokines in tissues and no viral replication or weight loss in animals [23]. We found that the
subcutaneous route of administration of live virus did not cause overt disease and mice did
not lose weight, nor appeared sick. To confirm the inability of live virus administered SQ to
cause infection, we tested the SQ injection of live virus in Rag2—/—yc—/— mice because
these mice cannot develop an immune response [24,25]. Indeed as we show here these
Rag2—/—yc—/— mice fail to control intranasal influenza virus infection. Here we demonstrate
that subcutaneous vaccination of mice with live influenza virus is safe based on our
observations that immunodeficient Rag2—/—yc—/— mice that received live influenza virus
did not become sick and had no viral replication in tissues. To provide an additional layer of
protection against accidental infection via aerosols containing live virus, we used alginate
biopolymer to encapsulate the live virus. Subcutaneous vaccination of mice with alginate
biopolymer encapsulated live HIN1 influenza virus induced a strong CD8+ T cell mediated
immune response upon rechallenge of vaccinated mice with a heterosubtypic H3N2 strain of
influenza virus, and this immune response was focused on a conserved epitope of influenza
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nucleoprotein (NP3gg_374). Finally, this vaccination strategy provided heterosubtypic
protection of mice against lethal challenge with the highly virulent influenza H7N7 strain.

2. Materials and Methods

2.1 Animals, and influenza virus infections

Animal studies were conducted according to approved Drexel University IACUC protocols.
All mice are maintained in AAALAC certified barrier facilities at Drexel University College
of Medicine, Drexel University. Specific pathogen-free 8-12 week old C57BL/6J (B6) wild
type animals were purchased from Jackson Laboratories (Bar Harbor, ME). Rag—/—yc—/—
female mice were purchased from Taconic (Germantown, NY). For intranasal infections
(IN) the following viruses were used: Influenza A/Puerto Rico/8/34 (PR8) viral strain
(HIN1, generous gift of Dr. W. Gerhard, Wistar Institute, Philadelphia, PA), the X31
recombinant strain of A/Aichi/2/68 and A/Puerto Rico/8/34 (H3N2, kind gift from Dr. R. G.
Webster, St Jude Children’s Research Hospital, Memphis, TN) and the A/Equine/London/
1416/73 virus (H7N7 was a kind gift from Dr. Y. Kawaoka, University of Wisconsin). At
the time of IN infection the mice were anesthetized with Avertin (2-2-2 Tribromoethanol,
0.025 mg/g of body weight, injected IP), as indicated by Drexel University IACUC protocol
approved for these studies. Twenty microliters of virus at the appropriate virus dilution in
sterile saline were used for IN infections. For vaccinations HIN1 PR8 virus was
administered subcutaneously (SQ) in the rump of the mouse in 100 pl of biopolymer or
sterile normal saline. Viral stocks were quantitated as tissue culture infectious doses
(TCIDsp) units using a hemagglutinaton assay of virus-infected MDCK cell supernatants, as
previously described [26]. Lethal and sublethal doses were established for each viral stock
by IN infection of C57BI/6 mice.

2.2 Quantitation of the virus-specific immune response

For quantitation of primary and secondary immune responses, mouse lungs were digested at
37°C for 90 min in 3 mg/ml Collagenase A (Roche Molecular Biochemicals, Indianapolis,
IN) and 40U/ml DNAse (Sigma, St Louis, Mo) and passed through a 100um nylon mesh and
then washed with 5% fetal bovine serum supplemented RPMI. Lung lymphocytes were
separated by density centrifugation (500xg, 30 min., room temperature) using Lympholyte-
M (Cedarlane, Hornby, Ontario, Canada). Single cell suspensions (1x106 cells) were stained
for 30 minutes on ice with fluorochrome-bound monoclonal antibodies: anti-CD8-PerCP
(eBioscience, San Diego, CA), anti-CD4-PE (eBioscience) and APC-labeled MHC class |
tetramers complexed with NP3g6_374 peptide. Following washes and fixation in
paraformaldehyde, 2x10° cells were analyzed by flow cytometry using a FACS Calibury
(BD Biosciences) and FlowJo software (Treestar, San Carlos, CA).

2.3 Biopolymer formulation

The biopolymer was obtained by dissolving sodium alginate (LVVG, Pronova) at a final
dilution of 5.5% (w/v) in a 0.9% (w/v) NaCl solution containing 0.9 mM CaCl,. Gelation
and crosslinking was allowed to occur for 1h at 37°C. Live virus stock was added to the
reaction mixture at the concentration of 104 TCIDsq/100pl of gel.

2.4 Viral load quantitation

Influenza virus loads were measured as previously described [27]. Briefly, tissue was frozen
in 1 ml of TRIzole (TRI-Reagent, Molecular Research Center, Cincinnati, OH) at —20°C.
Tissue was homogenized in TRIzole reagent, on ice, using a polytron blade homogenizer.
RNA was extracted using the TRIzole protocol of the Molecular Research Center, followed
by cleanup of the RNA with QIAGEN RNeasy Kit (Valencia, CA). cDNA synthesis was
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performed using both a specific primer (5TCT AAC CGA GGT CGA AAC GTA 3') and
random hexamers. Real-time PCR assays were performed in triplicate with 5 pl cDNA, 12.5
ul 2X TagMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA), 900 nM
influenza A virus sense primer (5’AAG ACC AAT CCT GTC ACC TCT GA 3'), 900 nM
influenza A virus antisense primer (5'CAA AGC GTC TAC GCT GCA GTC C 3'), and 200
nM influenza A virus probe (FAM-5TTT GTG TTC ACG CTC ACC GT 3'-TAMRA). All
primers were specific for the influenza A virus matrix protein. Amplification and detection
were performed using an ABI Prism 7900HT sequence detection system with SDS 2.2.1
software (Applied Biosystems) at the following conditions: 2 min at 50°C and 10 min at
95°C, then 45 cycles of 15 s at 95°C and 1 min at 60°C. Viral loads were calculated as
TCIDs5pU/lung based on an influenza viral stock standard curve run in every assay.

2.5 Statistical Analysis

3. Results

Mann-Whitney U test, ANOVA and Shapiro-Wilk W test for normality were used for
statistical analysis with the JMP statistical analysis program (SAS). P values < 0.05 were
considered significant.

3.1. Subcutaneous immunization using live influenza virus results in potent CD8+ T cell

responses

Eight week old C57BI/6J mice were immunized IP or SQ with 30 TCIDsgq of the HIN1 PR8
strain of influenza type A virus and heterosubtypically rechallenged IN 45 days later with
0.6 TCID5g H3N2 X31 strain of influenza virus. As a positive control, we infected IN
C57BI/6J mice with a sublethal dose of influenza virus HIN1 PR8 (3 TCIDsg) and
rechallenged them IN 45 days later with 0.6 TCID5g H3N2 X31 influenza virus. Mice were
sacrificed on day 7 at the peak of the secondary immune response [20] and the
immunodominant influenza virus nuclear protein NP3gg_374-specific CD8+ T cell response
was examined.

The IP and SQ routes of administration resulted in a strong secondary immune response in
the lungs of the rechallenged mice, comparable to mice infected IN, based on the
percentages and total numbers of NP3gg_374-specific CD8+ T cells recovered (Fig. 1). We
recovered 3.9+3.7x106 and 1.9+1.6x10% NP3g5_374-specific CD8+ T cells from the lungs of
mice immunized SQ (n=6), or IP (n=5), respectively, and 2.4+1.4x106 virus-specific CD8+
T cells from the lungs of mice infected IN with HIN1 PR8 influenza virus (n=6) (Fig. 1).

These initial results indicated that live virus injected SQ induces a strong CD8+ T cell
immune response in the lungs of rechallenged mice, directed against the immunodominant
epitope NP3g6_374, cOmparable to the magnitude of an immune response induced by IN
infection with virus.

3.2 Immunodeficient Rag—/—yc—/— mice cannot control intranasal infection with influenza

virus

In order to establish a stringent animal model to assess the safety of a vaccine based on
administration of live influenza virus, we infected IN wild type C57BI/6J mice and
immunodeficient mice that lack T, B and NK cells (strain C57BI/10SgSnAiRag~yc ™/~
henceforth denoted Rag—/—yc—/—) with a sublethal dose (3 TCIDs) of influenza virus
H1N1 PRS8 strain. The Rag—/—yc—/— mice are very sensitive to virus infection since they are
unable to mount an NK-mediated or an adaptive immune response to the virus [24,25]. As
expected, IN influenza virus infected Rag—/—yc—/— mice could not control viral replication.
Following IN infection, the lung viral load of Rag—/—yc—/— mice was twenty fold increased
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compared to C57BI/6 mice at day 7 after infection (824.8 + 775.9 x102 TCIDsq vs. 39.2 +
4.9 x103 TCIDsp, mean + SE for Rag—/—yc—/— and C57BI/6 mice respectively) (Fig. 2A).
At day 13 of infection C57BI/6 mice had very low levels of virus in lungs (7.75 £ 1.5
TCIDsp) whereas Rag—/—yc—/— mice could not control and clear the virus and had >6,000
fold more virus in lungs (50 + 37.8 x103 TCIDsp) (Fig. 2A). Although both wild type
C57BI/6 and of Rag—/—yc—/— mice manifested weight loss, this was delayed and lower
initially in Rag—/—yc—/— mice (Fig. 2B). We attribute this delay in morbidity presented by
Rag—/—yc—/— mice to the lack of cells of the adaptive immune response and of NK cells
which can secrete pro-inflammatory cytokines that contribute to morbidity [28-30].
However, after day 9 of infection C57BI/6 mice started recovering and regained weight
while Rag—/—yc—/— mice continued to lose weight up to day 13 when they become
moribund and were euthanized (Fig. 2B). From the above, it is apparent that
immunodeficient Rag—/—yc—/— mice fail to control influenza virus infection and therefore
could be used as a sensitive animal model to test the safety of subcutaneous administration
of live influenza virus and exclude that this route could lead to active viral infection.

3.3. Safety of live virus administered SQ

To test whether SQ administration of live virus was safe and did not result in viral infection,
we immunized subcutaneously C57BI/6 and Rag—/—yc—/— mice with a virus dose 1000
times higher (3000 TCIDsp) compared to the virus dose used for intranasal infection (3
TCIDsp). 3000 TCIDgg of live HIN1 PR8 virus administered SQ failed to induce disease as
manifested by weight loss in Rag—/—yc—/—mice or in C57BI/6 mice (Fig. 3A). The lack of
disease symptoms in Rag—/—yc—/— mice after SQ injection of live virus was not due to a
lack of T cells, B cells or NK cells, since Rag—/—yc—/— mice can develop severe morbidity
and loss of 30% of the initial body weight which required euthanasia, when infected IN with
lethal (30 TCIDsgq) doses (Fig. 3) or sublethal (3 TCIDsgg) doses (Fig. 2B) of HIN1 PR8
influenza virus.

To test whether the safety of the SQ route of administration was not compromised when a
more virulent strain of influenza virus was used, we performed experiments in mice with a
virulent H7N7 London influenza virus strain [31]. IN infection of C57BL/6J mice with 1
TCIDsgq of H7N7 influenza virus strain resulted in sustained weight loss and animals had to
be euthanized when they reached a 30% loss of their initial body weight (Fig. 3). However,
100 TCIDsg (100 times higher than the dose used IN) of H7N7 influenza virus strain
administered SQ, induced no weight loss in Rag—/—yc—/— mice (Fig. 3).

To exclude that viral replication occurs with SQ administration of live virus we examined
whether virus can be detected in different tissues. As influenza virus H7N7 London strain
has been described to disseminate to different organs during infection [31,32], we examined
whether this strain of virus could have replicated in different tissues of Rag—/—yc—/— mice
after SQ injection, such as lungs, brain, liver, spleen and kidney, without causing overt
disease. As positive control, we infected IN C57BI/6J mice with a sublethal dose (0.02
TCIDsp) of influenza virus H7N7 London strain. Both Rag—/—yc—/— mice and wild type
C57BI/6J mice were sacrificed 7 days after virus administration. Viral load was quantitated
by real time PCR (RT-PCR) in the lungs, brains, livers, spleens and kidneys of Rag—/—yc—/
— mice and in the lungs of C57BI/6J mice (Table 1). The amount of influenza virus RNA in
the organs of SQ injected Rag—/—yc—/— mice was below the limit of detection the RT-PCR
assay.

In conclusion, SQ injection of live influenza virus does not result in productive viral
infection and disease even when immunodeficient Rag—/—yc—/— mice, which we have
shown above to be unable to control intranasal influenza virus infection, are infected with a
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strain of influenza virus known to be very virulent in mice. The above indicate that SQ
injection is a safe route of immunization with live influenza virus.

3.4. Live virus encapsulated in polymer induces an efficient immune response

While subcutaneous administration of the live virus has proven to be safe in our studies, the
prevention of aerosol production would add an extra level of safety to a live virus vaccine.
For this purpose we used alginate based biopolymer to encapsulate the live infectious virus,
thus preventing aerosol formation. This biopolymer, when cross-linked to a multivalent
cation, has the feature of remaining intact without any phase separation or liquid release
after extrusion through the needle of a syringe, thus preventing aerosol formation (Fig. 4).
To test whether the immunogenicity is preserved with encapsulation, we encapsulated live
influenza virus HIN1 PR8 strain in alginate biopolymer and immunized mice. Mice were
injected SQ with 10% TCIDs of virus encapsulated in 100 pl biopolymer. Control mice were
injected SQ with unencapsulated 104 TCIDs live influenza virus in 100 pl sterile normal
saline or with alginate alone. Forty-five days after vaccination, mice were heterosubtipically
challenged IN with H3N2 X31 influenza virus strain to examine the magnitude of the
secondary immune response following priming with the vaccine. The frequency and
numbers of immunodominant influenza virus NP3gg_374-specific CD8+ T cells infiltrating
the lungs of infected mice were determined at the peak of the secondary response on day 7
by flow cytometry using H-2DP MHC class | tetramers loaded with the NP3g6_374 peptide.
As additional controls we included a group of unvaccinated animals that were infected IN
with H3N2 X31 influenza virus and were analyzed at day 7 and day 10 of the primary
immune response.

SQ vaccination with live HIN1 PR8 virus encapsulated in alginate biopolymer generated a
vigorous secondary immune response when mice were challenged with H3N2 X31 influenza
virus strain (Fig. 5A and B). On day 7 post challenge the frequency of lung NP3g6_374-
specific CD8+ T cells was 26 + 2.7% of CD8+ T cells (mean £ SEM; n=13) and the total
number of lung NP3g6_374-specific CD8+ T cells was 1.07 + 0.23 x106 (mean + SEM; n=13)
in mice that received the polymer encapsulated vaccine (Fig. 5B). These frequencies and
total numbers of NP3g6_374-specific CD8+ T cells in mice immunized with virus
encapsulated in biopolymer were significantly higher than in mice injected with alginate
alone or in non vaccinated mice IN infected with H3N2 X31 influenza virus. On day 7 post
H3N2 X31 influenza virus infection, mice injected with alginate alone had frequencies and
absolute numbers of NP3gg_374-specific CD8+ T cell of 1.4+0.07% and 0.05+0.02x106,
respectively (mean = SEM, n=7) and this was comparable to non vaccinated mice which had
frequencies and absolute numbers of lung NP3gg_374-specific CD8+ T cell responses that
were 2 + 0.6% and 0.05 + 0.01 x108 (mean = SEM, n=6) (Fig. 5B). The day 7 secondary
response in vaccinated animals was higher than the peak of the primary response (day 10) to
H3N2 X31 influenza virus in non vaccinated animals which had a frequency of 9 + 0.8%
and a total number of 0.5 + 0.08 x10° lung NP3g6_374-specific CD8+ T cells (mean + SEM;
n=20). In the control group of mice injected SQ with HIN1 PR8 influenza virus in normal
saline and challenged IN with H3N2 X31 influenza virus strain, the frequency and total
number of day 7 lung NP3gg_374-specific CD8+ T cells were 45.3 + 4.1% and 5.3 + 1.8 x10°
(mean £ SEM; n=3), respectively. The results presented above show that biopolymer
encapsulation of live influenza virus delivered SQ can efficiently prime a CD8+ T cell
mediated immune response in mice and the magnitude of the secondary immune response 7
days after rechallenge is 10 times higher compared to the day 7 primary immune response
after IN virus infection. Alginate injected without virus did not have a non-specific
immunostimulatory effect since in this experimental group the number of NP3g6_374-Specific
CD8+ T cells was equal to the one in the negative control group (unimmunized mice).
Although vaccination with biopolymer encapsulated live virus resulted in a 5 fold lower
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secondary CD8+ T cell response compared to unencapsulated live virus, the encapsulated
vaccine still preserved a potent immunostimulatory capacity.

3.5. Live virus encapsulated in alginate biopolymer protects against lethal heterosubtypic
viral challenge

In order to determine whether the CD8+ T cell response induced by vaccination with live
influenza virus encapsulated in alginate biopolymer can protect mice against a
heterosubtypic infection with a lethal dose of virus, we SQ vaccinated mice with 10*
TCIDsg of HIN1 PR8 influenza virus encapsulated in alginate biopolymer and 45 days later,
challenged mice IN with a lethal dose of the virulent in mice H7N7 London influenza virus
strain [31]. Unimmunized mice and mice injected SQ with 10* TCIDsg HIN1 PR8 influenza
virus in normal saline served as controls. Following challenge with H7N7 London influenza
virus strain, unimmunized mice suffered sustained weight loss and had to be euthanized
when they reached 30% weight loss (Fig. 6). Mice vaccinated SQ with virus encapsulated in
alginate biopolymer however only lost about 15% of body weight by days 8-9 post infection
and then recovered. Control mice injected SQ with virus in saline lost about 10% of their
initial body weight by day 6 of infection and also recovered. The above indicate that
vaccination with encapsulated virus confers protection against infection with a lethal dose of
a heterosubtypic strain of influenza virus. This protection is most likely to be at least in part
due to cellular CD4+ and CD8+ T cell immune responses [33]. Cross-reactive NP3gg_374-
specific CD8+ T cells are expected to play an important role in such heterosubtypic
immunity [8,11,34-36]. The NP3g6_374 epitope expressed in H7N7 London virus differs by
only one amino acid from the NP3gg_374 epitope expressed by HIN1 PR8 influenza virus
(ASNENMETI vs. ASNENMETM) and crossreactive NP3g6_374-Specific CD8+ T cell are
induced with H7N7 London challenge of HIN1 PR8 virus primed mice (data not shown).
Similar crossreactive CD8+ T cells expansions have been shown in mice primed with
influenza A/H3N2 and challenged with A/H5N1 viruses [35]. Thus at least in part the
protection provided by the HLN1 PR8 vaccination against the H7N7 London is due to the
induction of large numbers of crossreactive CD8+ T cells which we demonstrated above to
occur after vaccination.

4. Discussion

The generation of a CD8+ T cell based universal vaccine against influenza virus would
overcome the problems associated with predicting future antigenicity of seasonal and
pandemic influenza virus strains. Although CD8+ T cell eliciting universal vaccines may not
prevent infection, we anticipate they will significantly alter the course of infection by
reducing viral loads and thus ameliorate morbidity and mortality [7,37]. Previous studies
have suggested that live viruses confer longer lasting immunity compared to inactivated
viruses [38]. Vaccines containing inactivated viruses do not induce strong CD8+ T cell
immune responses required for heterosubtypic immunity [38]. We therefore chose to utilize
a live influenza virus to stimulate potent CD8+ T cell responses. To enhance its safety we
encapsulated the live virus in an alginate-based biopolymer. Our studies demonstrate that
live influenza virus encapsulated in an alginate-based biopolymer can provide safe and
effective vaccination of mice against influenza virus infection. Biopolymer encapsulation
preserved the capacity of live virus to generate potent CD8+ T cell responses against
influenza virus and elicited heterosubtypic immunity which could protect against lethal
challenge with a virulent strain.

Although, crossreactive CD8+ T cells are expected to play an important role [34,35], we
cannot exclude that CD4+ T cell immune responses directed against other conserved
epitopes also contribute to the protection against heterosubtypic challenge in our vaccinated
animals. Our study was performed using C57BI/6 mice in which CD4+ T cell restricted
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immunodominant epitopes are not well characterized; however, others have shown that
CDA4+ T cells do participate to heterosubtypic immunity against influenza virus [10,33,39].
Future studies need to address the contribution of CD4+ T cells to the protection conferred
by our vaccination with live virus in biopolymer.

Heterosubtypic immunity is primarily mediated by T cells directed against conserved
epitopes of influenza virus [7,40]. The role of antibodies is less well understood with some
studies suggesting that antibodies are not required for viral clearance of heterosubtypic
challenge [33] while others have suggested that heterosubtypic immunity can occur in the
absence of functional T cells and can be mediated by crossreacting antibodies [41-46].
Indeed, administration of high doses of inactivated virus, especially in the presence of an
adjuvant, may confer heterosubtypic protection in animal models by the induction of cross
reacting antibodies [46-49]. How broad a spectrum of protection antibodies can yield is
unclear. In our studies vaccination with HIN1 PR8 live influenza virus encapsulated in
alginate induced neutralizing antibodies to HIN1 PR8 (data not shown). These neutralizing
antibodies are clearly not crossreactive as H3N2 and H7N7 infections were not prevented in
vaccinated animals. To what extent or if non-neutralizing crossreactive antibodies are
elicited and contribute to heterosubtypic protection provided by live virus vaccination is
unknown. Such antibodies if elicited would synergize with the potent CD8+ T cell response
we induce and facilitate viral clearance.

The recent swine flu pandemic demonstrates that even though this virus expresses
hemagglutinin and neuraminidase subtype 1 (H1N1), it maintains the capability to generate
new epitope regions that have not been encountered before by the human population [50].
These new epitopes are sufficiently different from the ones expressed by HIN1 viruses used
in vaccines [51]; therefore, the protection conferred by seasonal flu vaccination against
swine flu infection may not be efficient. In fact, it was found that only 31% of the B cells
epitopes of currently circulating HIN1 human influenza viruses are conserved in swine flu;
however, 69% of CD8+ T cell epitopes are completely invariant [52]. The same study also
demonstrated the existence of memory T cell immunity to swine flu in normal individuals
and the similarity in magnitude to the memory T cell immunity to seasonal HIN1 2008
influenza. These findings further support the necessity of developing vaccines that target
conserved T cell epitopes, which can be efficient not only for reducing the effects of
seasonal influenza infections but more importantly, of pandemic infections.

To what extent heterosubtypic immunity to different subtypes of influenza virus is present in
human population, is a subject of debate. Children never exposed to influenza virus were 3
fold more likely to become infected with the pandemic strain H2N2, compared to adults that
were previously exposed to HIN1 influenza virus [12], clearly demonstrating that previous
exposures to an influenza virus strain shaped the immune response to a totally new strain of
virus. Human subjects previously exposed to seasonal influenza virus have memory CD4+
and CD8+ T cells that cross-react with epitopes derived mainly from the conserved
molecules NP and M1 of H5N1 strains [40]. While there is now enough evidence that cross-
protection against different subtypes of influenza virus exists and functions in the human
population, it has been argued that such memory T cells that mediate heterosubtypic
immunity may not be long lived. Therefore vaccines that stimulate and/or boost a long lived
memory CD8+ T cell pool to conserved viral epitopes may function as universal vaccines to
influenza virus that induce new or boost pre-existing heterosubtypic immunity.

No evidence exists to suggest that influenza virus delivered intradermally or subcutaneously
can disseminate and cause systemic disease. Large doses of influenza virus injected IP to
prime immune responses in animals have been extensively used and caused no disease or
infection [20-22]. Such doses can be 100-1000 fold higher than those that result in infection
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when virus is delivered IN [20-22]. We previously have shown that even doses up to 3x10°
TCID5g HIN1 PR8 influenza virus administered IP into mice does not result in viral
replication, inflammation or weight loss in mice [23]. In the current manuscript we show
that SQ delivery of even the virulent H7N7 London live virus was safe, as injection of Rag
—/—yc—/— mice, which have no T cells, B cells or NK cells and are very sensitive to
influenza virus infection, did not infect these animals.

Biocompatible gels have been studied and used extensively for drug delivery, cytokine
delivery [53], gene therapy [54] and tissue engineering [55]. We chose alginate as the
hydrogel biopolymer to encapsulate the influenza virus. Alginate is a naturally occurring
linear polysaccharide extracted from brown seaweed. It is composed of 1-4 linked o-L-
guluronic (G) and B-D-mannuronic (M) acid residues. Different sources of alginate have
different guluronic acid content, and this in turn affects their properties. Alginate can form
hydrogels by reaction with divalent cations such as Ca2*, Ba?* Sr2* and more, but with the
exception of Mg2*. Trivalent cations such as AI3* and Fe3* have also been used. The
counter ion affects the gel strength and rigidity, depending on the fit between the ionic
radius of the cation and the architecture of the polysaccharide strands. The usual method of
preparation of these hydrogels simply involves dropping a sodium alginate solution into a
solution that provides the crosslinking cations, and can be performed under very mild
aqueous conditions and with nontoxic reactants. This makes it a very attractive choice as a
matrix for the encapsulation of biologicals, including drug-containing liposomes and cells.
Liposomes encapsulated in alginate have been studied for protein delivery [56-58] and
several different cell lines including pancreatic islets [59] and genetically engineered
fibroblasts [60,61] have been encapsulated in alginate for therapeutic applications. In recent
years, alginate has been investigated for use as a scaffold in tissue engineering [62].
Alginate hydrogels with covalently coupled peptides have been studied as synthetic
extracellular materials [63,64] and as a tissue bulking agent [65]. Our studies have
demonstrated that live virus encapsulated in alginate biopolymer preserves its
immunogenicity and stimulates potent CD8+ T cell responses. We did note that
encapsulation of live virus resulted in a 5-fold lower CD8+ T cell response compared to the
live virus in PBS when both were administered SQ. However the CD8+ T cells response
was still 20-fold higher than that of unvaccinated animals. Boosting would be expected to
enhance further the efficacy of the biopolymer vaccine. Clearly the trade-off between
reduced immunogenicity and the extra safety of biopolymer encapsulation is acceptable as
the vaccine still elicits a potent CD8+ T cell response. The extensive use and FDA approval
of alginate gels make them ideal polymers for our vaccine strategies.

Assessing the safety of the biopolymer encapsulated live virus as a vaccine approach clearly
needs further studies before advancing to human studies. Using live virus as a vaccine
entails the danger that aerosols of live influenza virus, if released, would lead to infections.
Our study here provides a first proof-of-concept report that encapsulation preserves
immunogenicity and is safe even in immunocompromised mice. Our studies with Rag—/—yc
—/— mice show that for productive influenza virus infection to occur, the exposure has to be
via the airways of the host while intradermal or subcutaneous administration of live virus do
not cause disease even in mice lacking an NK cell, T cell and B cell responses. Although
biopolymer encapsulation clearly reduces the danger of aerosolization of virus, further
studies are needed to examine this carefully. Such studies would need to address how well
encapsulation of live influenza virus prevents aerosolization and under what conditions. It is
also unclear whether intranasal application of encapsulated live virus can result in infection
something important to address accidental or intentional intranasal exposure. Future studies
are clearly needed to address these important issues.
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If a pandemic strain were to emerge, it would take an estimated 6 months to develop a
vaccine against a new strain [1] as current vaccine strategies will require 6 or more months
to generate one billion monovalent doses. This would be enough for the immunization of
500 million individuals with the two doses of killed vaccine that are expected to be required
for protection against some pandemic strains [2,3]. A pandemic, however, would spread
worldwide within one month of outbreak. We have explored a radical novel vaccine strategy
that utilizes live influenza virus which is encapsulated in biopolymer gels and can be
delivered ID or SQ. Gel encapsulation together with the 1D or SQ route of delivery makes
the vaccine safe. Currently the 3x108 doses of influenza vaccine produced worldwide are
generated from approximately 3x108 chicken eggs, thus a single egg generates enough
material for one dose [3]. Our studies show that 10* TCIDsg of polymer encapsulated live
virus can protect mice and lower doses may also be efficient. This would suggest that a dose
of ~106-107 TCIDsq (based on weight difference of mice and humans, 20gr and 70kgr
respectively) would be sufficient to immunize humans. Since each egg yields ~108 TCIDsg
this would suggest that a single egg could yield enough doses to immunize 10-100
individuals using the biopolymer encapsulated vaccine. Thus this approach could greatly
reduce the amount of material and time needed to generate sufficient vaccine doses to
rapidly immunize large parts of the population.

Here we propose a novel delivery strategy of live influenza vaccine that is safe, requires
very low doses of virus, and therefore may be produced faster than the current vaccine.
Safety is ensured by encapsulation of the vaccine in a polymer gel that releases the virus
once in the body. Delivery at subcutaneous or intradermal sites requires reduced amounts of
virus and avoids disease symptoms and pathogenicity associated with influenza virus
infection, when the virus uses the natural routes of entry and infection. In our study
encapsulation of virus in alginate preserved the antigenicity of the vaccine and allowed
generation of robust CD8+ T cell responses. This vaccine strategy elicits strong CD8+ T cell
mediated responses and can protect mice from a lethal challenge against a heterosubtypic
strain. Therefore the biopolymer encapsulated vaccine may serve as a universal vaccine that
confers broad protection against antigenically diverse influenza virus strains.
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Figure 1. Virus-specific CD8+ T cell responses to live influenza virus delivered IN, SQ or IP
Secondary virus-specific CD8+ T cell response in C57BI1/6J mice primed with 30 TCIDsgq of
H1N1 PRS8 influenza virus by different infection routes: IN, SQ or IP. Lungs were harvested
7 days after IN rechallenge with H3N2 X31 influenza virus and virus-specific CD8+ T cells
were measured. Percentage NP3gg_374-specific CD8+ T cells out of total CD8+ T cells (A)
and total numbers of NP3g6_374-Specific CD8+ T cells (B) are shown.
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Figure 2. Rag—/—yc—/— mice cannot control intranasal influenza virus infection

(A) Real Time-PCR was used to measure viral load in lungs harvested from C57BI/6 and
Rag—/—;—/— mice at days 7 and 13 after IN infection with 3 TCID50 of HIN1 PR8
influenza virus; each symbol represents an individual mouse. (B) C57BI/6 and Rag—/—y.—/—
mice (n=3-15 mice per time point) were IN infected with 3TCIDsq influenza virus PR8.
Body weight was measured at the indicated days after infection and mean percentage weight
loss £ SEM, is presented from two independent experiments; statistically significant
differences are indicated by asterisk.
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Figure 3. Subcutaneous injection of live HIN1 PR8 or highly virulent H7N7 London Influenza
virus strains is safe

(A) C57BI/6J (filled squares) mice and immunodeficient Rag—/—y.—/—mice (stars) were
infected IN with 30 TCIDsq of PR8 influenza virus; C57BI/6J mice were infected IN with 1
TCIDg of influenza virus strain London (H7N7) (filled triangles). Weight loss was
monitored over the next 14 days after infection. Mice that lost more than 30% of their initial
body weight were removed from the experiment (marked with a cross symbol). C57BI/6
mice (open circles) and Rag—/—y.—/— mice (open diamonds) were injected SQ with live PR8
influenza virus (3000 TCIDsp) or with London influenza virus (100 TCIDsg) (filled circles)
and weight loss was monitored for the next 14 days after treatment. The mean weight loss
per group is shown (n=5 mice per group).
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200 pl biopolymer extruded
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Figure 4. Biopolymer releases no fluid when extruded through a 26G needle

The alginate based biopolymer used to encapsulate live influenza virus for SQ
immunizations of mice can be easily extruded from a syringe with a 26G needle, without
phase separation. When extruded through the needle of a syringe, either as a stack (left) or in
line (middle), there is no release of liquid from the biopolymer. For comparison, a drop of
PBS is shown (right).
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Figure 5. A single SQ dose of biopolymer encapsulated live virus induces a potent secondary
NP366-374 specific CD8+ T cell immune response

(A) Representative FACS plots showing the frequency of lung NP3gg_374-Specific CD8+ T
cell response in mice and (B) the percentages (left panel) and the total numbers of lung
NP3g6_374-Specific CD8+ T cells (right panel), under different conditions of priming and IN
challenging with heterosubtypic virus, are shown. C57BI/6J mice were injected SQ with
either 100 pl biopolymer encapsulated live influenza virus HIN1 PR8 (10* TCIDsg) (n=12;
closed squares), 100 pl alginate biopolymer alone (n=7, closed diamonds), or with 100 pl
sterile saline containing 10% TCIDsg HIN1 PR8 virus (n=3; triangles). 45 days after
vaccination, these mice were challenged IN with influenza virus strain H3N2 X31 (0.6
TCIDsp). The lung NP3gg_374-specific CD8+ T cell response was measured 7 days after
rechallenge, at the peak of the secondary immune response. Controls include naive mice
infected IN with X31 virus for 7 days (h=6; open diamonds) or 10 days (n=20; circles).
Statistically significant differences are marked by horizontal lines and p values.
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Figure 6. Vaccination with biopolymer encapsulated live virus protects from lethal challenge
with a heterosubtypic strain of influenza virus

C57BI/6J mice (n=3 mice per group) were injected SQ with biopolymer encapsulated live
influenza virus PR8 (squares) or with saline containing live influenza virus PR8 (104
TCIDsp) (triangles). A control group of C57BI/6J mice (n=3) were left untreated
(diamonds). Forty-five days later, mice were challenged IN with a lethal dose (0.4 TCIDsq)
of influenza virus strain H7N7 London strain and weight loss was monitored for the next 15
days. Mice losing 30% of their initial body weight were euthanized (cross symbol).

Vaccine. Author manuscript; available in PMC 2011 December 16.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Boesteanu et al.

SQ injection of live virus is safe and does not lead to spread of the virus to different organs

Table 1

100 TCIDsq London

Strain Injection/infection Tissue Viral load/100mg tissue
C57Bl/6 IN 0.02 TCIDsq London | Lung: 14.5+12.8 x10° TCIDs,
Rag—/—yc—/— | SQ injected Lung: below detection limit*

SQ injected
100 TCIDsq London

Brain: below detection limit™

SQ injected
100 TCIDs London

Liver: below detection limit”

SQ injected
100 TCIDs London

Spleen: below detection limit”™

SQ injected
100 TCIDsq London

Kidney: below detection limit”™

*
RT-PCR detection limit: 4x10~4 TCID5q
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