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There is a need for vaccines that can protect broadly across all influenza A strains. We have produced a pseudotyped influenza
virus based on suppression of the A/PR/8/34 hemagglutinin signal sequence (S-FLU) that can infect cells and express the viral
core proteins and neuraminidase but cannot replicate. We show that when given by inhalation to mice, S-FLU is nonpathogenic
but generates a vigorous T cell response in the lung associated with markedly reduced viral titers and weight loss after challenge
with H1 and H3 influenza viruses. These properties of S-FLU suggest that it may have potential as a broadly protective A virus
vaccine, particularly in the setting of a threatened pandemic before matched subunit vaccines become available.

Experimental infection and recovery from influenza A virus in-
fection confer partial protection from distantly related A strain

viruses, in the absence of detectable cross-neutralizing antibodies
(reviewed in references 14 and 20). Protection is typically associ-
ated with 10- to 100-fold reduction in viral replication in the
lungs, milder pathology, and improved survival, even after chal-
lenge with highly pathogenic H5N1 viruses (5). Schulman and
Kilbourne coined the term “partial heterotypic immunity” for this
phenomenon (46), which was first observed soon after the isola-
tion of human influenza in the 1930s when ferrets that had recov-
ered from swine influenza were immune to the human virus but
failed to make detectable cross-neutralizing antibodies (18, 46,
48). Heterotypic (in recent years also called “heterosubtypic”) im-
munity has since been observed in mice, cotton rats, ferrets, pigs
(reviewed in references 13, 14, and 20), and nonhuman primates
(67). There is suggestive evidence that it can be induced in humans
(reviewed in references 6, 9, 14, 20, and 50). However, it may be
short-lived (15, 31, 37, 50), whereas strain-specific immunity me-
diated by antibody is long-lived (54).

Much effort has gone into defining the mechanisms involved,
without a complete resolution (reviewed in references 6, 14, and
20). In general, in experimental settings without adjuvants, het-
erotypic immunity is efficiently induced by infections of the lung
with live influenza A virus (28, 38). Likewise, recombinant vectors
capable of expressing the conserved viral proteins in host cells,
particularly in the lung, tend to be efficient inducers of heterotypic
protection (42, 49). The specificity of the protective effect corre-
lates with the conserved viral core antigens recognized by T cells
(reviewed in references 12, 14, 20, 29, and 68), and protection can
be transferred with core protein-specific T cells, particularly class
I restricted cytotoxic T lymphocytes (32, 59, 70). These results
suggest that the conserved viral antigens, including NP, M, and the
viral polymerases presented via the endosomal and cytosolic an-
tigen presentation pathways, play a key part in heterotypic immu-
nity through the induction of a coordinated protective T cell re-
sponse in the lung (1, 25, 28, 38).

A vaccine that could induce this form of immunity in humans
would be particularly useful for mitigating the first wave of a new
pandemic, before matched vaccines could be produced. Cold-
adapted live attenuated influenza vaccines have been shown to be
safe and effective in prevention of seasonal influenza in humans

(3, 4). In addition, they can induce cross-reactive T cell responses
(24) and provide a better level of protection against drifted sea-
sonal strains than subunit vaccines. However, they may not be
appropriate as prepandemic vaccines, as they can potentially re-
assort a novel hemagglutinin (HA) vRNA into circulating seasonal
influenza viruses.

In recent years, it has become possible to make pseudotyped
influenza viruses that are prevented from replication through in-
activation of the vRNA encoding the hemagglutinin (33, 34). The
defective virus can replicate through multiple cycles in appropri-
ate cell lines transfected with cDNAs encoding an HA of choice,
which complements the defect by providing HA protein for the
lipid envelope of the budding virus particles. These pseudotyped
influenza viruses appear indistinguishable from the wild type
(WT) in electron micrographs and can infect cells that lack expres-
sion of HA, synthesize viral RNA, and express all of the viral pro-
teins except for HA. But they cannot spread from cell to cell and do
not contain a viable HA vRNA that could reassort productively
with seasonal influenza. To date, they have been produced as safe
alternatives to their virulent counterparts for measurement of
neutralizing antibodies in low-level containment facilities (34).

However, these properties also make pseudotyped influenza
particles attractive as candidate vaccines for the induction of het-
erotypic immunity in the lung. They should infect as efficiently as
wild-type influenza to give a rigorously contained infection with
intracellular expression of the complete set of conserved proteins
of the virus, which is ideal for recognition by cytotoxic T lympho-
cytes (63, 64).

To assess this potential, we have produced pseudotyped influ-
enza based on a subline of A/PR/8/34 (H1N1 Cambridge) (69)
that is particularly virulent for mice (21). The vRNA encoding HA
was inactivated by suppression of the HA signal sequence to pro-
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duce S-FLU. We show that this preparation has lost all virulence
for mice but can induce solid heterotypic protection with preven-
tion of weight loss and suppression of viral replication in the lungs
after challenge with high doses of homologous H1N1 and heter-
ologous H3N2 A viruses. Protection was associated with a vigor-
ous influenza-specific T cell response in the lungs in the relative
absence of neutralizing antibodies detected in serum. Our results
suggest that appropriate pseudotyped influenza viruses should be
considered for development as vaccines for the induction of het-
erotypic immunity to influenza A viruses.

MATERIALS AND METHODS
Design of S-FLU (Fig. 1). The HA sequence derived from the vRNA of
A/PR/8/34 Cambridge (69) (GenBank CAA24272.1) was altered by re-
placing the original ATG start codon with TAG (bases A33T and T34A) to
suppress translation of the signal sequence. A single base at the end of the
signal sequence at position 83 was removed to ensure that if the original
ATG was reconstituted by back mutation, it would read out of frame.
Nucleotide 83 was replaced with the sequence GCGGCCGCCACCATG
that contains an idealized Kozac sequence containing a NotI site to initiate
protein synthesis beyond the signal sequence and to provide a cloning site
for insertion of any desired sequence. Finally, as a further safety mutation,
the Arg codon (positions 1063 to 1065, AGA) was changed to CAG to
encode Gln and inactivate the HA cleavage site (8). This S-HA sequence
was synthesized by GeneArt.

The S-enhanced green fluorescent protein (S-eGFP) form was made
by replacing the HA sequence between the introduced NotI site and an
EcoRI site at position 1268 with eGFP (Clontech), ending with a stop
codon to prevent expression of downstream HA sequence but preserving
all of the sequences required for packaging the vRNA (33, 34).

An additional pseudotyped S-eGFP virus was produced based on the
pandemic H1N1 strain A/Eng/195/2009 in which the N1 (GenBank acces-
sion no. GQ166659.1) vRNA and surface H1 HA (GenBank accession no.
ACR15621.1) from A/Eng/195/2009 replace those of A/PR/8/34. Finally, a
version of A/PR/8/34 with the wild-type HA from the Cambridge strain
(GenBank accession no. CAA24272.1) was also made.

Virus production. The required cDNA copies of vRNA sequences
with SapI sites positioned at both ends were synthesized by GeneArt and
cloned into pPolISapIT between the appropriate SapI sites as described
previously (16, 53). Recombinant pseudotyped viruses were produced by

standard transfection into 106 293T cells in a 2-ml volume with Lipo-
fectamine (Invitrogen) with the addition of the expression plasmid
pCDNA 3.1 containing a full-length coding sequence (without the 3= and
5= untranslated regions [UTRs]) for the required HA composed of hu-
manized codons to optimize expression and complement for lack of HA
expression by the virus. The full-length humanized HA sequences were
synthesized by GeneArt.

Pseudotyped viruses from the initial 293T transfections were propa-
gated in MDCK-SIAT1 cells (35) stably transduced with the lentiviral
vector pHR-SIN (10) engineered to express the full-length humanized HA
from A/PR/8/34 or A/Eng/195/2009 and lacking 3= and 5= UT regions.
Transduced cells were stained with HA-specific monoclonal antibodies
and sorted with a fluorescence-activated cell sorter (FACS) to achieve
maximal expression of HA. One milliliter of virus supernatants from the
293T transfections was added to 5 � 105 cells in 1 well of a 6-well plate for
1 h, 2 ml of Dulbecco’s modified Eagle’s medium (DMEM)-0.1% bovine
serum albumin (BSA) containing penicillin and streptomycin and 1
�g/ml of TPCK (tosylsulfonyl phenylalanyl chloromethyl ketone)-treated
trypsin (Sigma T-1426) were added, and the virus containing supernatant
(s/n) was collected after 48 h of incubation at 37°C. Control plates con-
taining eGFP-expressing viruses were inspected under UV at 48 h for
evidence of spreading plaques (Fig. 2). Virus stocks were produced by
seeding 0.5 hemagglutinating units (HAU)/106 cells (multiplicity of infec-
tion [MOI] of 1:100) on appropriate HA-expressing MDCK-SIAT1 cells
in the presence of trypsin as described above.

Nomenclature. In order to distinguish the various combinations of
genotype and surface HA of the pseudotyped viruses, we refer to the HA
and neuraminidase (NA) genotypes between square brackets, followed by
the origin of the surface HA. Three pseudotyped viruses were produced
for this paper: [S-HA(PR8)/N1(PR8)] H1(PR8), [S-eGFP/N1(PR8)]
H1(PR8), and [S-eGFP/N1(Eng195)] H1(Eng195), as well as the control
A/PR/8/34 with the HA from the Cambridge strain (69).

Virus titration (TCID50 and hemagglutination). Virus titrations
were based on standard procedures (36, 44, 66) with minor modifications.
Determination of 50% tissue culture infective dose (TCID50) on the
MDCK-SIAT1 cells in 96-well flat-bottomed plates was performed by
serial dilution of virus containing s/n in groups of 8 wells in 200-�l vol-
umes onto 3 � 104 MDCK-SIAT1 cells. Virus growth was detected by
staining the fixed (10% [vol/vol] formalin) and permeabilized (0.5% Tri-
ton X-100) monolayer for NP expression after 48 h at 37°C, with murine
(Abcam AA5H) or human (2-8C antibody, produced in-house) mono-
clonal anti-NP primary antibodies and Dako horseradish peroxidase
(HRP)-labeled anti-mouse (P0447) or anti-human (P0241) Ig, as de-
scribed previously (36), replacing the wash solution with phosphate-buff-
ered saline (PBS)-0.1% BSA. Wells were developed with Roche PM Blue
substrate (catalog no. 11-484-281-001) and read at 450 nm. Positive wells
were defined as giving a signal of �4 standard deviations (SD) above
the mean of 16 uninfected control wells. For titration of virus from
infected mouse lung homogenates, detection was by hemagglutination
of 50 �l 1% human red cells. TCID50 was calculated as described by
Reed and Muench (43).

HA titer was measured as described previously (66) by adding 50 �l
1% (vol/vol) human red cells (adjusted so that a 1:2 dilution gave an
optical density at 600 nm [OD600] of 1.8 � 0.05) to dilutions of virus in 50
�l PBS in V-bottomed 96-well plates. Hemagglutination was read at 1 h by
loss of teardrop formation after tilting the plate. Pseudotyped viruses
grown in 3-ml volumes in 6-well plates of confluent transduced MDCK-
SIAT1 cells routinely gave HA titers of 16 to 32 HAU/50 �l and TCID50

values of 0.5 to 2 �107/ml. Wild-type A/PR/8/34 (Camb) grew to 10- to
20-fold higher titers.

Indirect immunofluorescence staining of infected cells. Cell lines
(MDCK-SIAT1) were washed once in PBS and infected at an MOI of �5:1
for 1 h and then incubated overnight in complete medium (DMEM-10%
fetal calf serum [FCS] with Pen/Strep). Harvested cells were stained by
indirect immunofluorescence with monoclonal antibodies to hemagglu-

FIG 1 Schematic diagram of the design for the inactivation of the hemagglu-
tinin signal sequence to produce S-HA FLU. For eGFP expression, the S-HA
sequence was replaced with eGFP between the NotI site and a unique EcoR I
site at position 1268, beyond the HA cleavage site. Viruses were named accord-
ing to their genotype between square brackets, followed by the identity of the
HA in the viral coat obtained from the transfected cells in which replication
occurred. For example [S-H1(PR8)/N1(PR8)] H1(Eng195) is S-H1 and N1
vRNAs from A/PR/8/34, coat HA from A/Eng/195/2009 (pandemic H1).
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FIG 2 S-FLU infections in vitro. (A) Infection of MDCK-SIAT1 monolayer with [S-HA(PR8)/N1(PR8)] H1(PR8) or [S-eGFP/N1(Eng195)]H1(Eng195)
generates levels of NP expression similar to that of wild-type A/PR/8/34. MDCK-SIAT1 monolayers in replicates of 8 in 96-well plates were infected overnight
with 4 and 0.5 HAU/well and then doubling dilutions of virus. (B) Clonal expansion (detected by NP expression) of S-FLU requires the presence of hemagglutinin
expressed by the MDCK-SIAT1 cells and added trypsin. Virus [S-eGFP/N1(Eng195)] H1(Eng195) prepared at 1:400 of an HA unit/well and then serially diluted
2-fold in replicates of 8 in 96-well plates was grown in the presence of trypsin for 48 h. (C) The dependence of clonal expansion on HA expression in the
monolayer shown by eGFP expression by S-FLU. (D) Expression of neuraminidase but not hemagglutinin at the surface of cells infected with PR8 S-FLU.
MDCK-SIAT1 cells were infected overnight with [S-H1(PR8)/N1(PR8)/N1(PR8)] H1(PR8) or A/PR/8/34 and then labeled by indirect immunofluorescence
with monoclonal antibodies to hemagglutinin H9-D3 Cb13 or neuraminidase NA2-1C1. Experiments were repeated at least twice.
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tinin H9-D3 Cb13 or neuraminidase NA2-1C1 kindly provided by J.
Yewdell.

Microneutralization assay. Microneutralization assay was based on
Rowe et al. (44) with minor modifications. Viruses were diluted in virus
growth medium (VGM; DMEM-penicillin-streptomycin-0.1% BSA
[Sigma A0336] without trypsin) and titrated to give plateau expression of
NP in 3 � 104 MDCK-SIAT1 cells after overnight infection (1 to 4 HAU �
�2 � 104 to 8 � 104 TCID50 per well; see Fig. 2) in 96-well flat-bottomed
plates. Mouse antisera were heat inactivated at 56°C for 30 min, filtered
through a 0.22-�m-pore-size filter, and pooled in equal volumes from
groups of 4 to 6 animals. Dilutions of heat-inactivated mouse sera in 50 �l
starting at 1:20 were added to 50 �l of virus and incubated for 1 to 2 h at
37°C. A total of 3 � 104 indicator MDCK-SIAT1 cells were then added in
100 �l VGM without trypsin and incubated overnight at 37°C. The mono-
layer was formalin fixed and permeabilized with Triton X-100 as
described above and stained with human anti-NP IgG1 monoclonal anti-
body 2-8C (produced in-house) and HRP-labeled second-layer anti-hu-
man Ig (Dako P0241) as described above. Titers were defined as the final
dilution of serum that caused �50% reduction in NP expression (44).
Neutralization titers obtained with pseudotyped virus [S-eGFP/H1
(PR8)] H1(PR8) were regularly within one doubling dilution of titers
obtained with WT PR8 virus.

T cell ELISPOT assay. Enzyme-linked immunosorbent spot assays
(ELISPOT) were performed according to standard procedures similar to
that done in humans (40) but using a mouse ELISPOT kit (Mabtech,
Necka Strand, Sweden). Briefly, titrated numbers of spleen or lung single-
cell suspensions were incubated with 2 �M (final concentration) peptide
solutions in R10 (RPMI [Sigma] and 10% [vol/vol] FCS, 100 U/ml peni-
cillin and 100 �g/ml streptomycin [both Sigma], and 2 mM glutamine).
After 18 to 24 h, cells were discarded and plates washed and developed by
the addition of anti-IFN-�-biotin antibody followed by streptavidin alka-
line phosphatase and then an alkaline phosphatase substrate kit (Bio-Rad,
Hemel Hempstead, United Kingdom). Spots were read using a CTL
ELISPOT plate reader (CTL, Shaker Heights, OH). Negative controls were
irrelevant peptide (KK-restricted HA epitope) and media. Positive con-
trols used concanavalin A (Sigma, Poole, United Kingdom).

Animals and immunization schedules. Mice were bred at the BMS,
University of Oxford, or purchased from Harlan (Shaw Farm, Bicester,
United Kingdom). BALB/c or C57BL/6 females were used at 6 to 8 weeks
of age. All procedures were done under the authority of the appropriate
personal and project licenses issued by the United Kingdom Home Office.
Mice were immunized intranasally (i.n.) twice with S-FLU or eGFP influ-
enza in 50 �l under anesthesia at two weekly intervals followed by at least
14 days before challenge with 32 HAU PR8, X31, or B/Lee viruses. A
humane endpoint of weight loss and clinical score was used for mice that
would otherwise have succumbed to infection. Animals were assessed for
clinical score in terms of mobility, appearance, and breathing intensity.
Mice reaching 20% weight loss and/or a morbid clinical score were eutha-
nized.

Production of recombinant HA. Recombinant HA constructs were
based on the design of Stevens et al. (52). cDNA encoding the HA from
A/PR/8/34 Cambridge (69) (GenBank accession no. CAA24272.1) or
A/Eng/195/2009 (GenBank accession no. ACR15621.1) with human op-
timized codons was synthesized by GeneArt. HA sequences up to codon
176 of HA2 (H3 numbering) were linked to the T4 fibritin trimerization
sequence and hexahistidine tag for purification as described previously
(52) and subcloned into the murine retroviral vector pQCXIX (Clontech)
containing an eGFP expression cassette beyond an internal ribosome en-
try site (IRES) as described previously (45). Packaging of retrovirus, trans-
duction, and sorting of 293T cells and HA protein purification was done
as previously described with yields of 1 to 5 mg/liter (45). The purified
HA0 gave a single dominant band of �75 kDa on Coomassie-stained
reduced SDS polyacrylamide gels.

ELISA for antibodies to HA. The enzyme-linked immunosorbent as-
say (ELISA) was done as described previously (on page 564 in reference

22). Briefly, flat-bottomed 96-well ELISA plates (Falcon 353915) were
exposed for 2 h to 20 �g/ml purified HA, washed 2 times in PBS, and
blocked with 3% BSA (22). After being washed 2 times in PBS, mouse sera
were pooled (4 to 7 animals), heat inactivated at 56°C for 30 min, filtered
using a 0.22-�m-pore-size filter, and diluted from 1:20. Fifty-microliter
volumes were added to the plates for 1 to 2 h, washed 4 times with PBS,
bound with 50 �l Dako anti-mouse HRP antibody (P0447; 1:2,000),
washed 4 times, developed with 50 �l Roche PM Blue substrate (catalog
no. 11-484-281-001), and read at 450 nm. Titers were expressed as the last
dilution to give �50% of the plateau positive signal.

RESULTS
Generation of S-FLU and growth properties in vitro. We de-
signed two versions of S-FLU based on suppression of the hemag-
glutinin signal sequence (Fig. 1). The first prevents expression of
full-length hemagglutinin (HA) but allows for the expression of a
signal-deleted form of the protein (S-HA) in the cytosol that we
have previously shown is rapidly degraded and can be presented to
class I-restricted cytotoxic T lymphocytes (62) via the cytoplasmic
pathway of antigen presentation (63, 64). This version was made
to assess whether the addition of HA epitopes might enhance the
effectiveness of S-FLU as a vaccine. This was compared to a second
version in which most of the HA sequence was replaced with eGFP
(S-eGFP), which is expressed in the cytoplasm of infected cells and
can be visualized under UV light (33, 34).

We first established that S-FLU viruses could infect target cells
and express the viral NP as efficiently as the wild-type A/PR/8/34
virus. Figure 2A (left) shows that [S-HA(PR/8)/N1(PR8)]
H1(PR8) infects MDCK-SIAT1 cells at an MOI of �1:1 (1
TCID50:1 cell) in the absence of trypsin and expresses NP to levels
equivalent to that of wild-type PR8. The same was found for the
S-eGFP versions based on PR/8 or the pandemic H1N1 virus
A/Eng/195/2009 (Fig. 2A, right). Figure 2B shows that replication
of S-FLU is limited to MDCK-SIAT1 cells that express an appro-
priate hemagglutinin protein. The left panel shows that clonal
expansion of [S-eGFP/N1(Eng)] H1(Eng) titrated to beyond lim-
iting dilutions (MOI of 1: 3 � 104) occurred only in HA-trans-
fected cells in the presence of trypsin. Figure 2C shows this visually
for the [S-eGFP/H1(PR8)] H1(PR8) virus, which formed spread-
ing fluorescent plaques in HA-transfected cells but only single-cell
infections in untransfected cells. Replication was also dependent
on the presence of trypsin (not shown).

Finally, we compared surface expression of HA and NA after
overnight infection of MDCK-SIAT1 cells with the S-FLU viruses
and wild-type A/PR/8/34. Figure 2D shows that infection with
S-FLU achieves surface expression of NA similar to that of the wild
type, but as previously shown (62), suppression of the HA signal
sequence prevents expression of the folded HA protein at the cell
surface. Together, these results established that S-FLU can infect
cells and express viral proteins but is not able to spread from cell to
cell in vitro without a source of complete hemagglutinin protein in
the infected cell membrane and trypsin.

S-FLU is not pathogenic. We next compared the pathogenicity
of S-FLU with wild-type A/PR/8/34 expressing the Cambridge
hemagglutinin (69) in BALB/c mice. The HA from the Cambridge
strain of PR/8 confers markedly increased virulence for mice (21)
through �50� greater viral replication in the lung. Figure 3A
shows that as little as 7 TCID50 (�0.00032 HAU) given in 50 �l
into the nose of anesthetized mice is enough to initiate an infec-
tion of the lung which results in clinical symptoms and weight
loss. As the dose of virus is increased, weight loss occurs earlier
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after the challenge. The route of administration of A/PR/8/34 is
crucial for virulence (17), as is shown in Fig. 3B, where as much as
320 HAU given into the peritoneum does not cause any symp-
toms.

In contrast, the S-FLU viruses can be given in the maximum
dose of 32 HAU into the nose of anesthetized mice without caus-
ing any clinical symptoms or weight loss (Fig. 3B).

Immune responses to S-FLU: T cell responses. Having estab-
lished that S-FLU was nonpathogenic in doses up to 32 HAU given
i.n. to anesthetized mice, we decided on a vaccination regimen of
two doses separated by 2 weeks. The induction of heterotypic im-
munity by influenza correlates well with the induction of cytotoxic
T cell responses in the lower respiratory tract as opposed to the
spleen or other sites (1, 28, 38). We therefore measured the level of
major histocompatibility complex class I (MHC-I)-restricted T
cells in the lung and spleen specific for the conserved H2-Kd-
restricted NP peptide 147-158 (60) induced by two doses of 32
HAU of S-FLU given i.n. in 50 �l to anesthetized mice. Figure 4A
shows that both versions of S-FLU induced strong NP-specific
responses in the lung, with about 10-fold less detectable in the
spleen on a per-cell basis. Similar results (see Fig. S1A in the sup-
plemental material) were obtained in C57BL/6 mice responding
to the H2-Db-restricted NP peptide 366-374 (64). The version
expressing the S-HA molecule did induce some HA-specific T cells
to the 518-526 peptide in BALB/c mice, but to levels about 10-fold
less than NP.

Antibody responses to S-FLU. We next measured antibody
levels in response to vaccination both by HA-specific ELISA (Fig.
4B) and by microneutralization (Fig. 4C). In BALB/c mice, an
HA-specific response to vaccination i.n. was detected by ELISA,
but this was not associated with neutralizing activity at concentra-
tions of serum up to 1:20. In C57BL/6 mice, we also detected
HA-specific antibody by ELISA but with minimal neutralization
at 1:20 only (see Fig. S1B and C in the supplemental material). In
contrast, pooled sera from mice immunized with a single dose of
320 HAU of A/PR/8/34 intraperitoneally (i.p.), followed by chal-
lenge with 32 HAU i.n. gave a neutralizing antibody titer of 1:1,280
(Fig. 4C).

To see if the S-FLU preparations could induce neutralizing
antibody when given in larger doses, we gave two doses of 320
HAU (in 0.5 ml), separated by 2 to 3 weeks, into the peritoneum
and harvested serum after three or more weeks. Figure 4D (top
graph) shows that at this dose and route of administration, the

S-FLU preparations could induce an HA-specific ELISA titer to
1:2,560, within 2- to 4-fold of that induced by A/PR/8/34 in the
same dose. Figure 4E (top graph) shows that this was associated
with neutralization titers between 1:640 and 1:1,280.

To extend this result, we compared the pandemic H1 version
based on A/Eng/195/2009 with the A/PR/8/34-based version (Fig.
4D, lower). At this higher dose and route, each pseudotyped virus
induced a largely strain-specific antibody to HA detected by
ELISA, with low levels of cross-reaction (estimated at �3% from
comparing the titration curves). This was associated with neutral-
izing antibodies to titers to 1:640 to 1:1,280 that were strain spe-
cific with no cross-neutralization (Fig. 4E, bottom). Strain-spe-
cific neutralization was also found with antibody raised to the
wild-type A/PR/8/34 after two doses of 320 HAU i.p. (Fig. 4E). It is
noteworthy that after i.p. administration of these doses, the neu-
tralizing titer induced by the S-FLU-pseudotyped viruses (that
cannot synthesize fresh surface HA after infection) are only 2- to
4-fold less than the titer induced by two doses of 320 HAU i.p. of
wild-type A/PR/8/34 (Fig. 4E). In several experiments at both
doses, we did not detect any reproducible improvement in HA-
specific or neutralizing antibody induction by viruses that ex-
pressed the S-HA molecule compared to those expressing S-eGFP.

Vaccination with S-FLU induces homotypic and heterotypic
immunity. (i) Homotypic immunity. To assess the protective ef-
fect of vaccination with S-FLU, mice were given two doses of 32
HAU or one-third of this dose (�10 HAU) 2 weeks apart i.n.
under anesthesia and challenged with the highest dose of 32 HAU
wild-type A/PR/8/34 (H1N1) or X31 (H3N2) between 2 weeks to
4 months later. Figure 5A shows that both doses of S-FLU pro-
tected mice from weight loss (and clinical scores) after challenge
with 32 HAU of A/PR/8/34. No difference in protective effect was
seen with the virus that expressed the S-HA compared to S-eGFP.
The mice vaccinated with S-FLU showed a level of protection
similar to that of mice given a single dose of 320 HAU of the
wild-type A/PR/8/34 i.p.

(ii) Heterotypic immunity to S-FLU. These results were ex-
tended to protection by S-FLU from the H3N2 strain X31 in Fig.
5C. The protective effect of vaccination has been repeated up to 4
months postvaccination with less than 10% weight loss after chal-
lenge (Fig. 5D). The specificity of the protective effect for A but
not B viruses is shown in Fig. 5B. As classically described (46),
weight loss induced by infection with influenza B/Lee/40 is not

FIG 3 Pathogenicity of S-FLU compared to A/PR/8/34 (Cambridge) for BALB/c mice. Anesthetized BALB/c mice were infected intranasally with various doses
of wild-type A/PR/8/34 Cambridge strain HA sequence (32 HAU is equivalent to 7 � 105 TCID50) (n � 4 mice per group) (A) or the related pseudotypes S-HA
FLU [S-H1(PR8)/N1(PR8)] H1(PR8) or the eGFP-expressing version S-eGFP FLU [S-eGFP/N1(PR8)] H1(PR8) and monitored for clinical symptoms and
weight loss (n � 6 mice per group) (B). Mice judged moribund were killed. Data are from a representative experiment repeated three times. Values are means �
standard errors of the means (SEM).
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influenced by heterotypic immunity induced to influenza A vi-
ruses.

The replication of virus in the lungs of challenged mice on
day 3 of infection is shown in Fig. 5E. The titer of the heterol-
ogous virus X31 in the lungs of S-FLU-vaccinated mice was
reduced by at least 2 orders of magnitude, whereas homologous
virus was reduced by �3 orders of magnitude. This is typical of
heterotypic immunity, which does not prevent infection by a
second A strain virus but reduces viral replication and the as-
sociated pathology (46).

Postchallenge immune responses of vaccinated mice. The
levels of NP- and HA-specific T cells in the lungs of vaccinated
mice several weeks after homotypic challenge were similar in pat-
tern and extent to those 2 to 4 weeks postvaccination (Fig. 6A).
Again, the animals receiving the pseudotype that encoded the
S-HA molecule induced a higher level of HA-specific T cells. In
contrast, the HA-specific antibody response posthomotypic chal-
lenge showed a rise in titer suggestive of a secondary response and
was associated with the appearance of neutralizing antibody to
titers of 1:640 to 1:1,280. Priming with the lower dose of 10 HAU

FIG 4 Immune responses to S-FLU in mice. BALB/c mice were infected intranasally with 32 HAU PR8 S-HA FLU, [S-H1(PR8)/N1(PR8)] H1(PR8); 32 HAU
PR8 S-eGFP FLU, [S-eGFP/N1(PR8)] H1(PR8); or VGM on day 0 and day 14 and culled 21 days later when serum, spleens, and lungs were collected. (A) CTL
specific for NP and HA detected in lung and spleen after i.n. inoculation. Pooled spleen or lung single-cell suspensions were frozen before analysis by ELISPOT.
(B) Antibody response detected in serum ELISA after 32 HAU i.n. two times. (C) Neutralizing antibody not detected after 32 HAU i.n. two times. (D, E) BALB/c
mice were immunized by intraperitoneal (i.p.) injection with 320 HAU Eng S-eGFP FLU, [S-eGFP/N1(Eng195)] H1(Eng195); PR8 S-eGFP FLU, [S-eGFP/
N1(PR8)] H1(PR8); WT PR/8/34 Camb virus; or VGM. (D) Antibody response after 320 HAU i.p. two times measured by ELISA. (E) Neutralizing antibody
response after 320 HAU i.p. two times measured by MN assay. Data shown are from pooled spleen or lung cells or pooled serum and are representative
experiments with n � 6 mice, repeated at least twice with similar results. Assay determinations were triplicates (A), duplicates (B, C), or quadruplicate data (D,
E) shown as means � SD. Titers shown are the last dilution to give �50% of the plateau value for ELISA and �50% NP expression for microneutralization.
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S-FLU (which was fully protective) also resulted in postchallenge
neutralizing titers of 1:160 to 1:320. There was no reproducible
difference in the postchallenge titers of animals vaccinated with
the S-HA version compared to S-eGFP version of S-FLU.

Taken together, our results show that S-FLU, a nonreplicating,
nonpathogenic pseudotyped influenza virus, is capable of induc-
ing a strong local T cell response in the lung associated with clas-
sical cross-strain heterotypic immunity. In addition, S-FLU can

FIG 5 Protection from challenge after vaccination with S-FLU. BALB/c mice were immunized with PR8 S-HA FLU, [S-H1(PR8)/N1 (PR8)] H1(PR8); PR8
S-eGFP FLU, [S-eGFP/N1(PR8)] H1(PR8); or VGM at day 0 and day 14. Mice were then challenged with 32 HAU wild-type virus, and weight loss and clinical
score were monitored for at least 10 days. (A) Mice were primed with 32 or 10 HAU S-HA FLU or S-eGFP FLU virus i.n. Mice were challenged with 32 HAU PR8
on day 28 (A), 32 HAU B/Lee on day 46 (B), 32 HAU PR8 or X31 viruses on day 40 (C), or 32 HAU PR8 or X31 after 4 months (D). In panel D, 4 mice died
prechallenge, one from anesthetic overdose, one had a large tumor, and 2 were unexplained. These were the only unexplained deaths in a total of 196
immunizations in 10 experiments. (A to D) Number that were not judged moribund over number in group is shown in the legends. (E) Day 39 challenged mice
were culled at day 3 postchallenge, and lungs were collected and snap-frozen in liquid N2. TCID50 titers were then determined using MDCK-SIAT1 cells, and
statistical differences are determined by Student’s t test comparing log-transformed data. Experiments were repeated at least twice with similar results, and
representative data are shown. Percentage initial weights shown are means � SD.
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induce a strain-specific neutralizing antibody response if given in
sufficient dose.

DISCUSSION

The threat of pandemic influenza persists and has been empha-
sized by recent evidence that relatively few mutations are required
in highly pathogenic H5N1 viruses to render them competent to
transmit between ferrets (23, 26). From a practical point of view,
the critical period of susceptibility for humans is between the be-
ginning of the first wave of infection with a new pandemic strain
and the distribution of matched vaccines, which at the moment is

likely to be several months. A cross-protective vaccine to mitigate
this first wave of a pandemic would be particularly useful.

Heterotypic immunity across serologically distinct influenza A
strains, that at least prevents severe illness and reduces viral replica-
tion, has been observed repeatedly in convalescent experimental an-
imals since the earliest period of influenza research (6, 14, 18, 20, 46,
48, 67). Evidence that a degree of cross-protection can be generated in
humans that have been recently exposed to influenza A is indirect but
persuasive (reviewed in references 6, 9, 14, 20, 50, and 68). In general,
this form of postexposure immunity correlates better with cross-re-
active T cell responses to the core proteins (6, 14, 20, 68) than with
antibody to the glycoproteins and can be transferred between animals
with T cells (32, 59, 70). This is not to say that the final effector mech-
anisms in the lung are solely mediated by T cells. It seems likely that T
cells play a key part in coordinating a complex web of responses in the
lung that ultimately reduce viral replication and control the innate
inflammatory response (11, 27, 56).

On this basis, we reasoned that a pseudotyped influenza virus that
is related as closely as possible to the original would reproduce the
conditions needed to induce heterotypic immunity. Because pseu-
dotyped influenza can infect but not replicate, immune responses can
be induced with a rigorously controlled infection of the lung. Pseu-
dotypes can be made rapidly by standardized techniques (33, 34), can
incorporate any HA in the envelope, and are self-replicating in vitro
for bulk production. S-FLU is based on inactivation of the vRNA
encoding HA so does not contain a viable HA vRNA that could reas-
sort with seasonal strains. Finally, given the complete control over
replication, administration by small-droplet aerosol to the lung
might be a viable and efficient way to immunize (7, 49).

We have shown that doses of the A/PR8/34 H1N1 S-FLU of 32
and 10 HAU given twice via the nose to anesthetized mice pro-
vided solid protection from weight loss and viral replication after
challenge with the homologous highly virulent parental H1N1
virus (21, 69) and the heterologous H3N2 strain A-X31. The high
dose of the challenge and the increased virulence contributed by
the Cambridge hemagglutinin (21) were deliberately chosen to
provide a convincing test for vaccination. The S-FLU vaccine at
doses greater than 104-fold that of the wild-type virus that induced
severe weight loss did not cause any symptoms. At the time of
challenge, the S-FLU-vaccinated mice had a brisk cross-reactive T
cell response detectable in the lung but at this dose did not make
detectable neutralizing antibody in serum. This pattern of immu-
nity was associated with marked suppression of replication of both
challenge viruses in the lung and prevented major weight loss 4
months postvaccination. The success of this experiment in mice
suggests that further trials of S-FLU in other species challenged
with highly pathogenic influenza viruses are warranted.

The design of S-FLU allowed for the expression of either a signal-
deleted form of HA or eGFP which replaced most of the HA coding
sequence. The S-HA was included to see if presentation of HA T cell
epitopes added anything to the protective effect of the vaccine, be-
cause in the earliest T cell transfer experiments, polyclonal T cells
from animals immunized by influenza infection appeared to give
somewhat better protection when transferred to animals challenged
with HA-matched strains of influenza (70). Although the S-HA ver-
sion did induce some HA-specific T cells detected by ELISPOT, we
did not detect any obvious benefit from this, either in protection from
weight loss, levels of T cells induced in the lung, or priming for an
HA-specific antibody response. In the future, it may be wise to use

FIG 6 Immune responses postimmunization and challenge BALB/c mice
were immunized with 32 HAU S-HA FLU, [S-H1(PR8)/N1(PR8)] H1(PR8);
S-eGFP FLU, [S-eGFP/N1(PR8)] H1(PR8); or VGM at day 0 and day 14. Mice
were challenged at day 28, monitored for recovery, and then culled on day 45
when spleen, lungs, and serum were collected. (A) Pooled spleen and lung
single-cell suspensions from 6 animals were tested in ELISPOT assays. (B, C)
Pooled sera from 6 animals were tested in an ELISA (B) and microneutraliza-
tion assay (C). Data shown are triplicates (A) and quadruplicates (B) �SD,
representative of at least two experiments which had similar results. Titers
shown are the last dilution to give �50% of plateau value for ELISA and �50%
NP expression for microneutralization.
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versions of S-FLU that lack most of the HA sequence in their genome
to minimize any chance of reversion to the wild type.

The heterotypic protective response induced to S-FLU that we
have demonstrated here is comparable to the response in mice to
various influenza preparations attenuated by cold adaptation (41,
55, 58), NS deletions (57), HA cleavage site mutations (51), pack-
aging site changes (2), and gamma irradiation (1, 19). Each of
these induces heterotypic immunity with doses in the order of 106

or less influenza infectious units. In contrast, the response to in-
tranasal administration of recombinant nonreplicating adenovi-
ruses, capable of expressing NP and M2 proteins of influenza (42),
required a dose of �1 � 1010 particles of each recombinant ade-
novirus to minimize weight loss in the vaccinated animals. This
large difference in the dose required to achieve protection suggests
that influenza particles may have properties that favor the induc-
tion of the heterotypic immune response. These might include
expression of all of the core proteins in the cytosol to induce effi-
cient antigen presentation and thus a broader repertoire of T cells.
In the adenovirus experiment, immunization with either NP or
M2 separately resulted in significant weight loss after challenge
compared to the combination (42). In addition, the influenza-
based vaccines will introduce influenza RNA into the endosome
and cytosol to initiate an innate response, which could promote a
favorable adjuvant effect.

The dose of S-FLU given i.n. that promoted heterotypic immu-
nity was also sufficient to induce a specific antibody response to
hemagglutinin detectable in ELISA but not by neutralization (Fig.
4B). Assuming �1,000 HA spikes per virion, we calculate that this
represents a dose of HA in the total inoculum of less than 1
ng. The neutralizing response to a 10-fold-higher dose i.p. shows
that the HA in the pseudotyped virion is in a configuration favor-
able to the induction of neutralizing antibody, albeit highly strain
specific. In addition, the strong neutralizing response following
challenge of immunized mice suggests that the small i.n. dose may
have primed for a secondary strain-specific neutralizing response
to hemagglutinin. These results were not expected, as the amounts
of HA available in the S-FLU virion are limited and cannot be
amplified after infection. They suggest that this type of particle
may be highly immunogenic for B cells as well as T cells.

Broadly neutralizing monoclonal antibodies to influenza hem-
agglutinin can be isolated from mice (39) and humans (47), and
cross-exposures to serologically distinct strains of influenza can
induce these antibodies (30, 61, 65). Classical heterotypic immu-
nity is unlikely to be mutually exclusive to the induction of a
cross-neutralizing antibody response. In principle, a vaccine that
induces both should be possible. Given that the HA in the enve-
lope of pseudotyped influenza can be changed easily and is highly
immunogenic, a regimen of exposures to pseudotypes with an
appropriate range of variant hemagglutinins might be capable of
priming for broadly neutralizing antibodies while also inducing T
cell-dependent heterotypic immunity in the lung.

In summary, we have shown that a pseudotyped, nonreplicat-
ing influenza virus based on suppression of the hemagglutinin
signal sequence, S-FLU, can induce heterotypic immunity and
protect mice from challenge with a highly pathogenic strain of
A/PR/8/34 and the heterologous H3N2 virus A-X31. These results
suggest that pseudotyped influenza viruses should be considered
for development as broadly protective vaccines for influenza.
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