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Abstract Challenges facing seasonal and pandemic

influenza vaccination include: increasing the immunogenicity
of seasonal vaccines for the most vulnerable, increasing
vaccination coverage against seasonal influenza, and
developing vaccines against pandemic strains that are
immunogenic with very low quantities of antigen to
maximize the number of people who can be vaccinated
with a finite production capacity. We review Sanofi

Pasteur’s epidemic and pandemic influenza research and
development programmes with emphasis on two key

projects: intradermal influenza vaccine for seasonal vaccination
of both elderly and younger adults, and pandemic influenza
vaccine.
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Introduction

Since the initial development of inactivated influenza vac-
cines in the 1940s, vaccine manufacturers have continually
sought to improve their products in response to three main
drivers: increased safety and comfort of vaccinated individ-
uals, improved manufacturing security and productivity,
and greater vaccine efficacy. The most notable example of
such improvements was the development in the 1970s of
subvirion vaccines to replace whole virion inactivated vac-
cines to reduce vaccine reactogenicity, although these latter
vaccines are still commercially available in some countries.
The vast majority of influenza vaccines, both licensed and
in development, are produced from virus propagated in
embryonated hens’ eggs. In recent years, considerable
efforts have been made to develop alternative production
systems, such as cell-culture vaccines, as a complementary
source of influenza vaccine to further increase the global
production capacity. Most vaccine manufacturers have cell-
culture influenza vaccine development programmes and in
2007, a first cell-culture-based seasonal influenza vaccine
received European licensure. Other recent developments
include the reformulation of vaccine with novel adjuvants
including virosomes, influenza virus-like particles and the
production of recombinant influenza vaccines.™

The intense political and public interest surrounding
avian and pandemic influenza in recent years has stimu-
lated interest in influenza research by governments, non-

governmental organizations, vaccine manufacturers and
other researchers. The benefits of this renewed interest
extend beyond our preparedness for the next influenza
pandemic and into seasonal vaccination. There is increased
awareness of the immediate need to increase seasonal influ-
enza vaccination coverage and to optimize the immunoge-
nicity of current influenza vaccines.’

Here, we review sanofi pasteur’s epidemic and pandemic
influenza research and development programme with
emphasis on two key projects: intradermal influenza vac-
cine for seasonal vaccination and pandemic influenza vac-
cine development.

Intradermal vaccine against seasonal
influenza

Elderly adults

The elderly are at high risk of serious disease from respira-
tory infections, particularly influenza, and this population
accounts for the majority of the disease burden (for a review,
see Ref. 4). Influenza vaccination is thus recommended for
all individuals older than 65, 60 or even 50 years, depending
on the country.” While many studies attest to the efficacy of
influenza vaccination, the exact level of vaccine efficacy in
the elderly remains a matter of debate.”'* In healthy adults
aged <65 years, one dose of trivalent, inactivated vaccine is
considered to be highly immunogenic.'> With increasing age,
however, changes in the immune system result in a lower
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immunogenicity of influenza vaccines compared with that in
younger adults.'® Consequently, the efficacy of conventional
intramuscular influenza vaccines is also lower among the
elderly. This has led to calls to develop enhanced vaccines
specifically for this population.'”

One approach to increase influenza vaccine immuno-
genicity is the use of a vaccine adjuvant, such as MF59 in
the licensed vaccine Fluad®.'®'® A second approach is to
formulate the vaccine with virosomes that mimic the struc-
ture of viral particles with the aim of improving antigen
presentation, Invivac®).”® A recent study comparing both
of these vaccines, together with a licensed non-adjuvanted,
subunit vaccine, found all three vaccines to have similar
immunogenicity profiles.” Influenza vaccines change each
year, so by definition, vaccination of individuals in at-risk
groups is recommended before each influenza season, and
thus individuals can be vaccinated every year for many
years. The long-term safety of these repeated vaccinations
is therefore an important issue. Although such data do not
exist at an individual level, current formulations of conven-
tional inactivated split-virion vaccines are well known and
do have a good long-term safety record.”'™> During its
40 years of existence, approximately 1 billion doses of the
vaccine Vaxigrip® (Sanofi Pasteur, Lyon, France) have been
distributed.

To further improve seasonal influenza vaccines, the
approach adopted at Sanofi Pasteur has been to identify
alternative methods to increase immunogenicity without
using adjuvants or other additives. Intradermal vaccination
is one such alternative. The immunological potential of the
intradermal route for immunization has been known for a
long time. Since the 1930s, studies with a variety of anti-
gens have shown that vaccination via the dermis can
induce comparable immune responses to intramuscular
vaccination, but with a fraction of antigen dose (for a
review, see Ref. 24). Intradermal vaccination against rabies
is routinely used in some countries as a way of sparing
antigen, and against hepatitis B, the intradermal route has
also been shown to induce immune responses in individu-
als who were previously unresponsive to intramuscular vac-
cination.”® Although the exact mechanism remains unclear,
the efficiency of intradermal immunization is thought to be
due to the capture and presentation of antigen by dendritic
cells, predominantly dermal dendritic cells, which then
drain through the extensive lymph network to the lymph
nodes, as well as the direct migration to the nodes of free-
antigen, resulting in the stimulation of resident lymph node
dendritic cells. Together, these processes result in the acti-
vation of lymph node T cells and an efficient initiation of
cellular arm immune responses.*®

Although the potential of intradermal vaccination has
been known for some time, it is only recently that advances
in vaccine delivery systems have allowed this route to be

considered for the large-scale production of vaccines such
as influenza. Despite the successes attributable to the his-
torical intradermal injection methods (such as the standard
Mantoux intradermal injection technique that involves
inserting a 27G, 3/8- inch, short- bevel needle attached to
a plastic, 1-ml disposable syringe into the skin at a very
slight angle, the bifurcated needle for smallpox vaccination,
multipuncture devices for BCG and needle-free jet injec-
tors), all have important drawbacks.** The development of
an easy-to-use, disposable microdelivery system for intra-
dermal vaccination (Soluvia™; Becton Dickinson, Franklin
Lakes, NJ, USA) led to the reconsideration of the intrader-
mal route for influenza vaccination. This system has been
described in detail elsewhere.”” Briefly, it consists of a pre-
filled, ready-to-use syringe with an integral, narrow (30
gauge), short-bevel micro-needle that protrudes only
1'5 mm from the proximal end of a glass syringe. It was
designed and engineered based on skin anatomical require-
ments to ensure a consistent and reliable injection of
0-1 ml of fluid into the papillary and reticular dermis.*”*®

Sanofi Pasteur’s intradermal influenza vaccine pro-
gramme for the elderly is based on the hypothesis that the
natural potential of the intradermal route can be exploited
to increase immune responses to a vaccine produced using
essentially the same process as that used to produce a
licensed vaccine (Vaxigrip®). The physical properties of
the skin limit the volume of fluid that can be injected into
the dermal layer. The volume of a typical intradermal vacci-
nation is 0-1 ml, five times less than most intramuscular
vaccinations. Consequently, the challenges of developing an
intradermal influenza vaccine have included not only the
identification of the appropriate antigen dosage, but also
the production of vaccine containing the appropriate dosage
in one-fifth of the volume.

In a phase 2 study, the immunogenicity and safety of
two different intradermal vaccine formulations containing
15 or 21 pg of haemagglutinin per strain were compared
with that of Vaxigrip®, which contains 15 ug of haemag-
glutinin per strain.’® The study was designed to test
whether one or both of the investigational intradermal
vaccines induced statistically superior immune responses
compared with the control vaccine. Superiority was dem-
onstrated in terms of the primary endpoint (geometric
mean titres 21 days after vaccination) for all three strains,
and higher responses were observed in all but one of the
nine secondary analyses based on immunogenicity criteria
defined by the European Committee for Medicinal Pro-
ducts for Human Use (CHMP) (day 21 seroprotection
rates, day 21 seroconversion rates and day 0-21 mean titre
increases for each of the three strains). Differences between
responses in the two intradermal vaccine groups (15 or
21 ug haemagglutinin per strain) were not significant.
Study subjects were aged 60-85 with a median age of
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Table 1. Affect of age class on the difference in post-vaccination seroprotection rate after intradermal and intramuscular vaccination in a phase

2 study

Difference in seroprotection rate: 15 ug ID-15 ug IM

A/H1N1

A/H3N2 B

Aged 60-69 years

Aged 70-85 years

All (60-85 years)

Heterogeneity test of inter-group
differences between age class (P-value)

0-355

802 (-0-22; 16:25)
2:13 (=7-23; 11-41)
5-47 (-0-72; 11-65)

5:24 (1-33; 9:95)
4-06 (-0-46; 8-85)
471 (1-:81; 7:61)
0-692

873 (0-09; 17-31)
13-04 (5:10; 20-79)
1110 (5:31; 16-89)
0-468

Results are expressed as the absolute difference in seroprotection rate and 95% confidence interval of the difference for each strain after with
intradermal vaccine containing 15 pug haemagglutinin per strain or intramuscular vaccine containing 15 ug haemagglutinin per strain.

70 years. As could be expected, immune responses were
lower among subjects aged 70-85 than among those aged
60—69. This was the case with both intradermal and
intramuscular vaccines for each of the three strains and
importantly, seroprotection rates remained higher after
intradermal vaccination than after intramuscular vaccina-
tion in the older age group (Table 1). This study led to the
continued development of an intradermal influenza vaccine
for adults aged >60 years, containing 15 ug of haemaggluti-
nin per strain, which is equivalent to the quantity of anti-
gen contained in conventional intramuscular vaccines. The
results of a subsequent phase 3 trial with this vaccine con-
firm the superiority observed in the phase 2 trial.*

Adults younger than 60 years
While the greatest challenge surrounding seasonal influenza
vaccination for elderly adults is increasing vaccine immu-
nogenicity and thus the level of protection, for younger
adults the challenge is to increase the vaccination coverage.
Surveys of vaccination uptake repeatedly show that cover-
age rates among young adults are low. In five western
European countries in 2006-2007, coverage rates among
adults in their twenties and thirties were around 10%.>" In
these countries, coverage rates increase with age to 15% of
adults in their forties and 21% of adults in their fifties.
Comparable coverage rates are reported in the USA and in
countries in Asia, Latin America and Eastern Europe.’!??
These numbers are considerably lower than the target cov-
erage rates of between 50% and 90% set by National and
International Health Organizations.”'>* Even among
healthcare professionals — a population assumed to be bet-
ter informed of the risks of influenza for themselves and
for their patients — influenza vaccination coverage remains
low in many cases.”*

The morbidity and mortality associated with influenza
are lower among adults younger than 60 years than among

the elderly. The vaccine-preventable disease burden in this
former group is nevertheless substantial. Complications are
less frequent in young adults than in the elderly, but do
occur. For example, in a study of over 20 years of US
National Hospital Discharge Survey data (1980s and
1990s), the average annual rate of primary pneumonia and
influenza hospitalizations attributable to influenza was 6-8
per 1 00 000 person-years among persons aged 5—49 years
and 37-9 among persons aged 50-64 years.”> Typically,
however, influenza infection of a healthy young adult
results in uncomplicated illness with 3-7 days of high fever
with other symptoms including cough, headache and myal-
gia. Bedrest is usually indicated for the duration of fever.
The benefits of influenza vaccination in this age group are
therefore often expressed in terms of cost benefits because
of prevented work absenteeism. Studies among the general
adult population or among working adults have shown that
influenza vaccination can be cost-effective, and even cost
saving, ™"

In addition to cost benefits, the benefits of vaccinating
adults against influenza include reduced family and social
disruption, and reduced transmission to others who may
be at increased medical risk themselves. Indeed, while an
individual’s decision to get vaccinated is motivated pre-
dominantly to protect oneself,’® it is the prevention of
transmission to others who are at risk that motivates health
authorities to specifically recommend influenza vaccination
for healthcare workers and anyone with a household mem-
ber who is in a high risk group.

Many studies have sought to understand the drivers and
barriers to influenza vaccination uptake. Two recent sur-
veys in Europe and the USA found that around 14-16% of
individuals cited a dislike of needles and injections as one
of the reasons for not getting vaccinated.”*” Other barriers
included the common misperception that being healthy is
sufficient protection against influenza, that the risk of
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contracting the disease is low (most frequent responses in
these two studies), or a lack of recommendation by an
individual’s family practitioner, or a lack of reimbursement.
These findings suggest that, together with improved educa-
tion about influenza disease and vaccination, and reim-
bursement programmes, alternative vaccination methods
that avoid the need for a classic syringe and needle have
the potential to contribute to increase vaccination uptake
among such populations.

This is the rationale for the development of an intrader-
mal influenza vaccine for young adults using the same
microinjection system as described above. In contrast to the
vaccine for elderly adults, the intradermal vaccine for young
adults was developed with the aim of providing equivalent
immunogenicity to current intramuscular vaccines. Phase 2
trials have demonstrated that a 9 ug intradermal dose of
haemagglutinin per strain is sufficient to elicit an equivalent
(statistically non-inferior) immune response to Vaxigrip®
(J. Beran et al., Vaccination and Travel Medicine Centre,
Hradec Kralove, Unpublished results).*°

Clinical trial results obtained to date reveal no safety
issues with either the 9- or the 15-ug formulation of the
intradermal vaccine.”**® The rates of solicited systemic
reactions and unsolicited adverse events observed in each
trial performed to date have been comparable between
intradermal and intramuscular groups. Furthermore, a
study conducted over 3 consecutive years, with (re-)ran-
domization to intramuscular or intradermal vaccination
each year revealed that the rates of reaction did not
increase from year to year in any of the randomized sub-
groups, suggesting that intradermal vaccination could be
safely administered repetitively or in alternation with intra-
muscular vaccine from year to year (J. Beran et al., Vacci-
nation and Travel Medicine Centre, Hradec Kralove,
Unpublished results). Intradermal vaccination with the
microinjection system is inherently safer than vaccination
via the intramuscular route, since the 1-5 mm long micro-
needle limits the possibility of mechanical damage to nerves
or blood vessels. Also inherent to intradermal vaccination
is the higher frequency of minor visible injection site reac-
tions, such as redness, swelling or induration, around the
point of intradermal vaccination. Higher rates of these
injection site reactions after intradermal vaccination have
been observed in all the clinical trials performed to date,
but importantly the incidence of injection site pain has
been comparable between groups, and as with intra-
muscular vaccination, these reactions are short-lived and
disappear spontaneously.

A marketing authorization dossier on both the 9-ug for-
mulation for adults <60 years and the 15-ug formulation
for adults 260 years was submitted to the European Medi-
cines Agency and is currently (September 2008) under
review.

Adjuvanted pandemic influenza vaccines

The challenges of developing a pandemic influenza vaccine
candidate differ from those of developing improved vac-
cines against seasonal influenza in almost every respect.
Although an influenza pandemic is expected, it is not
known which strain of virus, or even which subtype, will
cause it. The challenge is therefore to develop a vaccine
against a disease that does not yet exist. Currently, the
most widely accepted scenario is that the next pandemic
strain will evolve out of one of the highly pathogenic avian
influenza A (H5N1) strains that have been in circulation
among both wild bird and poultry populations, and have
caused almost 400 human cases over the past 5 years.*!
Seed strains used to produce most of the current pandemic
vaccine candidates are derived by reverse genetics from one
of these H5N1 avian strains.*>*> Other possibilities include
the emergence of an H7 or H9 strain, or the resurgence of
a human H2N2 strain, which caused 1957 pandemic.

When a pandemic occurs, the priority will be to vacci-
nate as many people as possible, as quickly as possible.
Among the many industrial, logistical and political chal-
lenges that this implies, the identification of a minimum
dose of antigen needed to confer an acceptable level of pro-
tection against severe disease to optimize the manufactur-
ing capacity is critical.

Sanofi Pasteur’s strategy for pandemic influenza vaccine
development has been to provide a first-generation vaccine
as quickly as possible for stockpiling, whilst developing sec-
ond-generation vaccines with improved immunogenicity
profiles. Three egg-based pandemic vaccine projects have
been conducted in parallel.

First, using a manufacturing process adapted from sea-
sonal vaccine production (Fluzone® Sanofi Pasteur, Swift-
water, PA, USA), a non-adjuvanted H5NI vaccine was
produced in the USA under governmental contract and
provided to the US National Institute of Allergy and
Infectious Diseases (NIAID) for clinical evaluation. A dose
ranging study, which tested doses of 7-5-90 ug of haemag-
glutinin of this non-adjuvanted vaccine, revealed that a
two-dose regimen of 90 ug of haemagglutinin was needed
to elicit a response expected to reduce the risk of getting
influenza in 45% of subjects.** This led to the FDA’s
approval of this vaccine as a first measure to ensure the
nation’s readiness, pending the development of the next
generation of vaccines,* and confirmed the need for formu-
lations with improved immunogenicity. This vaccine has
been further evaluated in a second study of the response to
a third, booster vaccination 6 months later, which found
that titres were higher after the booster injection than after
the second injection.*®

A second project with an adjuvanted vaccine has there-
fore been conducted with the dual objective of improving
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the immune response to the vaccine whilst reducing the
dose of antigen needed. Aluminium-based adjuvants are
readily available, are widely used in licensed vaccines and
have documented safety. The first clinical trial with an alu-
minium hydroxide adjuvant was performed in France.*’
This trial was also designed as a dose ranging and formula-
tion finding trial and evaluated three antigen dosages (7-5,
15 and 30 pg of haemagglutinin), each with or without
adjuvant. Two priming injections were given 21 days apart.
The study findings were intriguing. Although the adjuvant-
ed 30 ug formulation was the most immunogenic and 67%
of subjects seroconverted after two vaccinations, there was
no adjuvant effect at either of the two lower dosages. Fur-
thermore, the lowest dose (7-5 pg) appeared to perform
better without adjuvant than with adjuvant. These findings
led us to select the adjuvanted 30 ug formulation and
7-5 ug non-adjuvanted formulation for further investiga-
tion. Results from a clinical trial of these two formulations
in children in Thailand confirm the immunogenicity of the
vaccine, with the adjuvant providing a clear immunogenic
advantage.** Aluminium hydroxide adjuvanted H5N1 vac-
cines have been evaluated by others with similar findings.*’
The MF59 oil-in-water emulsion adjuvant used in Novar-
tis’ licensed seasonal influenza vaccine for the elderly,
Fluad®, has been shown to increase immune responses to
H5N1 after both homologous vaccination as well as after
heterologous vaccination with a non-pathogenic HS5N3
virus-derived vaccine.’®' Another proprietary oil-in-water
emulsion-based adjuvant has been developed by Glaxo-
SmithKline Biologicals (GSK) and has been tested in an
H5N1 prototype vaccine formulation.”® These studies have
shown that these adjuvanted vaccine formulations are well
tolerated and significantly dose-sparing compared with non-
adjuvanted vaccine, and are able to induce cross-neutralizing
antibody responses to various H5N1 clades and subclades.
Our third project, undertaken in parallel with the alumin-
ium-based adjuvanted vaccine project, was the development
of vaccine containing an oil-in-water emulsion of the same
class as those described above. This proprietary adjuvant is a
squalene-in-water emulsion with a very fine particle size and
a narrow particle size distribution. The potential of this
emulsion in a clade 1 influenza A/Vietnam/1194/2004
(H5N1) vaccine has been evaluated in preclinical studies in
two species, as well as in a phase 1 clinical study. In a maca-
que viral challenge model, two injections of this emulsion-
adjuvanted H5N1 vaccine with 30 ug of haemagglutinin
were found to reduce the incidence and severity of interstitial
pneumonia, and protect against infection in the lungs and
upper respiratory tract after intratracheal challenge
3 months later with homologous wild-type virus.”> Protec-
tion against disease and death was seen in a ferret model in
which groups of animals received two injections of either
19, 3-8, 75 or 15 ug of haemagglutinin with emulsion

Improving seasonal and pandemic influenza vaccines

adjuvant or a saline control and were challenged 2 months
later with the parental wild-type virus.”* All vaccinated ani-
mals survived challenge, whereas five of the six controls died.
Vaccinated animals also showed fewer and milder clinical
signs of disease (temperature increase, body weight loss),
shed less virus in nasal samples 2 and 4 days after challenge,
and had fewer and milder lesions in the lungs upon histo-
pathological examination. Both species mounted robust
haemagglutination inhibition responses against the vaccine
strain, as well as cross-reactive responses against the clade 2
Indonesia/5/05 strain. Strong homologous immunogenicity
and cross-reactive responses were also seen in the first clini-
cal trial with this vaccine.”® This study in healthy 18- to
40-year olds, evaluated vaccine with antigen dosages ranging
from 1-9 to 15 ug. Results showed that after two injections,
even the lowest dosage elicited haemagglutination inhibiting
antibody titres =32 (1/dil) in more than 70% of subject.
Geometric mean titres were in the same range as 30 ug with
aluminium hydroxide adjuvant and as 90 ug without adju-
vant, i.e. a potential dose sparing of up to 48-fold (Figure 1).

None of the clinical or preclinical studies performed so
far have revealed any clinically significant adverse events
or safety signals after vaccination with any of the non-
adjuvanted or adjuvanted formulations.*”*®>* Clinical trials
comparing adjuvanted and non-adjuvanted vaccine show
that adjuvantation does increase the incidence of minor
injection site reactions, such as redness, but that increasing
the antigen dosage does not.

g 100 4
ha A A
[}
Q
e A
S o
= | |
S N
< S
s}
) [m]
g

[m] o
g g
2 ©
©
g A
8 10 T T .I T T T T

19 3-8 7-5 15 30 45 90
ug of haemagglutinin
Treanor Bresson Levie
No adjuvant ¢ [u] A
AIOH adjuvant L]
O/W emulsion A

Figure 1. Geometric mean titres of haemagglutination inhibiting
antibodies against clade 1 H5N1 influenza strains 21-28 days after two
vaccinations with non-adjuvanted or adjuvanted vaccine in groups of
healthy adults in three clinical trials. Adapted from data in Ref.
44,47,55.
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Summary

The challenges facing seasonal and pandemic influenza vac-
cination are different. Sanofi Pasteur has therefore adopted
different strategies to meet them. Recent advances in vac-
cine delivery systems have allowed the intradermal route of
administration to be reconsidered for annual vaccination
This strategy avoids the
unknowns associated with the repetitive annual administra-
tion of vaccine adjuvants and has led to the development
of a new vaccine based on a current, well-known, trivalent,
inactivated split-virion vaccine, with two dosage formula-
tions designed specifically for younger and older adults. In

against seasonal influenza.

contrast, adjuvanted vaccines will play a pivotal role in
protection against the next human pandemic of influenza,
helping to prime and immunize as many people as possible
against a newly emerging strain of influenza with a finite
vaccine production capacity. The ability of this new genera-
tion of vaccine to induce broadly cross-reactive antibodies
opens up the possibility of priming with stockpiled vaccine
to mitigate the impact of infection during the first few
months of the next pandemic, pending the availability of
vaccine against the actual pandemic strain. Defining the
optimum vaccination strategy is just one of the remaining
pandemic-preparedness challenges.
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