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Summary

Conflicting reports have emerged about the effectiveness of the live attenuated
influenza vaccine (LAIV). LAIV appears to be protecting particularly poorly
against currently circulating H1N1 viruses that are derived from the 2009
pandemic HIN1 (pH1N1) viruses. During the 2015/16 influenza season, when
pH1N1 was the predominant virus, studies from the United States (US) reported
a complete lack of effectiveness of LAIV in children. This led to a critical decision
in the US to recommend that LAIV not be used in 2016/17 and to switch to the
inactivated influenza vaccine. Other countries, including the UK, Canada and
Finland, have continued to recommend use of LAIV. This policy divergence and
uncertainty has far reaching implications for the entire global community, given
the importance of LAIV production capability for pandemic preparedness. In this
Personal View, we discuss possible explanations for the observed reduced
effectiveness of LAIV and highlight underpinning scientific questions. Further
research to understand the reasons for these observations is essential to enable
informed public health policy and commercial decisions about vaccine
production and development in coming years.



Introduction

Influenza vaccination remains the main strategy to control the burden of
seasonal influenza disease that affects 5-10% of adults and 20-30% of children,
resulting in 250,000-500,000 deaths worldwide each year.12 In the US, 140
million doses of vaccine are distributed each year and vaccination is estimated to
prevent nearly a quarter of predicted influenza-associated deaths.3 Vaccination
is also the primary public health response to a global influenza pandemic.

Influenza vaccines contain a mixture of three or four components designed to
protect against the different viruses that circulate contemporaneously as
seasonal influenza viruses. Currently, these are two influenza A viruses (H1IN1
and H3N2 subtypes) and two influenza B viruses (Victoria and Yamagata
lineages). Vaccine components are reviewed and updated regularly by the WHO
in line with observed antigenic drift of influenza viruses.

The traditional inactivated influenza vaccine (IIV) was introduced in the 1940s.
[IV is administered by intramuscular/intradermal injection, is licensed for use in
all ages and has a good safety record. However, effectiveness rates vary,
averaging around 50-60%.%> More recently, live attenuated influenza vaccine
(LAIV) was demonstrated to have greater efficacy than IIV in children, with
absolute efficacy rates of 75-80%.6-8

Internal genes of LAIV viruses are derived from a cold-adapted, attenuated strain
of virus, either Ann Arbor/1960 (from the US) or Leningrad/1957 (from Russia).
Haemagglutinin (HA) and neuraminidase (NA) surface antigens are engineered
to be representative of currently circulating strains. LAIV is nasally administered
and vaccine viruses replicate only in the air-cooled environment of the human
upper respiratory tract. This results in a mild and self-limiting infection; virus
cannot replicate at the warmer temperature of the lower respiratory tract. Yet,
the immune response stimulated is robust and unlike 11V includes cellular,
humoral and mucosal responses.®-11

The “Leningrad” LAIV has been used widely in Russia for over 50 years.12 The
“Ann Arbor” product became licensed in the US in 2003 and is available for 2-49
year olds, in Canada since 2010 for 2-59 year olds, and in the European Union
since 2011 for 2-17 year olds. LAIV was introduced to childhood vaccination
programmes in the UK in 2013 and Finland in 2015. Despite official
recommendation and promotion of seasonal influenza vaccination, uptake rates
in eligible individuals vary between countries.13.14

In this Personal View, we aim to discuss possible explanations for divergent
observations about the performance of LAIV and highlight important scientific
questions. Focussed efforts to develop an evidence base to resolve uncertainties
will aid timely clinical, commercial and policy decisions about use of LAIV.

Recent observations of reduced effectiveness of LAIV



Before licensure, vaccine efficacy is assessed in randomised controlled trials
(RCTs). This demonstrates the “best case scenario” of a vaccine’s protective
effect under controlled conditions in carefully selected populations. Post
licensure, vaccine effectiveness (VE) is monitored under “real world” conditions
in observational studies. Currently, the most widely used study design to
calculate influenza VE is the test-negative design (TND), utilising routinely
collected surveillance data from subjects with influenza-like illness (ILI).
Participants with a positive influenza test are assigned as “cases” and those who
test negative are “controls”. Vaccination history is collated and VE calculated as
[1 - odds ratio] x100. The final numbers released as percentage effectiveness are
the result of further adjustments that account for age, timing, and geography.

Effectiveness of LAIV in the US is reported to have declined since 2009, and the
H1N1 component appears to be the worst affected.1>16 [n RCTs from the early
2000s, LAIV was highly efficacious (~85%) against seasonal H1N1 strains in
children.” In 2009, a novel swine-origin pandemic HIN1 (pH1N1) virus emerged
and replaced the seasonal HIN1 strain that had been circulating in humans since
1977. In subsequent years when pH1N1 circulated as the predominant seasonal
virus, the US documented low pHIN1 VE: 15% in 2010/11, 17% in 2013/14 and
-21% in 2015/16.1617 As a consequence, the US Advisory Committee for
Immunization Practices (ACIP) recommended that LAIV not be used in the US in
2016/17 and that IIV should be utilized instead.18

In the UK, Canada and Finland, the problem with the pH1N1 component although
still evident, was not nearly as drastic, with effectiveness rates of 40-50%
reported in 2015/16.19-21 Emphasising the variability in VE results, the US
ICICLE study also reported pH1N1 VE of 50%.22 Importantly, VE estimates
against pH1N1 for IIV have been consistently higher than LAIV in all countries
(Table 1) and closer to that reported for H3N2 and influenza B. In contrast to the
US, the UK, Canada and Finland continued to recommend LAIV for the 2016/17
season.23-25

The recent introduction of LAIV in the UK and Finland was driven by cost-
effectiveness studies demonstrating that controlling influenza in children can
have protective effects on the wider community, including more vulnerable
groups.2627 Pebody et al. estimated that vaccinating 16 UK primary school
children could prevent one primary care ILI consultation and vaccinating 317
children could prevent one influenza hospitalisation.28 Similar herd protective
effects from vaccinating school children have been demonstrated in Russia,2?
Japan,39 and the US.3132 These beneficial effects for those outside the direct
programme also contribute to national policy decisions on influenza
vaccination.33

LAIV has been highlighted as a particularly valuable technology given that the
straightforward, high-yield manufacturing process and needle-free
administration are more transferable to low- and middle- income countries and
advantageous for pandemic surge production.3* There are very few studies of
LAIV in such populations but two recent RCTs assessed efficacy of “Leningrad”
LAIV in Senegal3> and Bangladesh3é. Surprisingly, the results from these two



studies are very different, with no efficacy demonstrated in Senegal, but 41%
efficacy in Bangladesh (Table 2). The reasons for these discrepant results are
unclear, but could be due to differences in the predominant virus circulating
(more pH1N1 in Senegal that year), population characteristics or environmental
factors. Understanding the contributions of these factors is important, given the
critical role of LAIV in the WHO's Global Action Plan for Influenza Vaccines,
which strives to expand influenza vaccine manufacturing capabilities in
developing countries as a strategy to improve global pandemic preparedness.3”

Hypotheses to explain the reduced effectiveness of LAIV

The “real world” effectiveness of LAIV in observational studies has varied
substantially and has not matched the potency demonstrated in RCTs performed
before 2009, when seasonal HIN1 viruses circulated. A clear global trend can be
seen of reduced effectiveness of the pH1N1 component of LAIV in particular,
which is under-performing compared to IIV in all studies. The main hypotheses
to explain these observations include: (i) heterogeneity and bias associated with
observational studies used to calculate VE; (ii) population characteristics and
levels of pre-existing immunity that may explain divergent reports from different
countries; (iii) biological characteristics of the pH1N1 virus that can explain the
poor performance of this vaccine component. Focussed research in each of these
areas is needed, some urgently so, to optimise and maintain the use of LAIV
globally.

(i)Variability between observational studies used to calculate influenza VE

The TND study design, using routine surveillance data, has been widely applied
for VE monitoring because it is convenient and cost-effective. Accuracy and
validity of the TND design has been demonstrated,38 although inherent bias and
confounding factors still exist in this observational study design. In practice,
small sample sizes leading to wide confidence intervals and lack of statistical
power, particularly upon sample stratification, contribute to imprecise VE
estimates. It is important to interpret %VE figures with consideration of their
confidence limits. Furthermore, variability in study methodology and analytical
techniques that exist between countries may limit comparability of data.3940 For
example, differences in inclusion criteria, study setting, influenza sampling type
and quality and how confounding factors are adjusted for. That said, VE
estimates for 11V, which would be affected by similar factors, have remained
generally consistent across studies. As more experience is gained on the use and
pitfalls of TND studies, with increased pooling of international data, there is
greater opportunity for harmonisation of protocols.4!

(ii)Prior vaccination and immunity

In pre-licensure RCTs, LAIV was not demonstrated to be any more efficacious
than IIV in adults. Absolute efficacy in 18-49 year olds was lower than in children
and efficacy was not demonstrated in the over 50s, leading to preferential
recommendation for LAIV in children.642 The common interpretation of this
finding is that adults have prior immune history of influenza infections and



possess cellular immunity to conserved internal viral proteins that can supress
local mucosal replication of LAIV well enough to preclude a robust immune
response. This cross-reactive immunity may be what protects many adults from
severe illness during a pandemic.%3

Between 2008 and 2014, uptake of LAIV in US 2-8 year olds increased from
20.1% to 38%.4* One suggestion is that VE observations in the US are a result of
recurrent exposure to LAIV over a prolonged time. Indeed, US children who
receive annual LAIV have effectively been repeatedly infected with a mild
influenza for the last decade, every year boosting their heterologous (cross-
reactive) immunity. Considering that the lifetime experience of influenza is
estimated around one natural infection every 5 years,*> administering LAIV
annually represents a significant increase on natural frequency. In this sense, US
children who receive annual LAIV have perhaps become immunologically akin to
adults, in whom the attenuated vaccine viruses cannot replicate effectively.
Support for this hypothesis might come from age stratified data, in which one
might expect older children to be less well protected; however, current
observational data sets are too small to allow firm conclusions to be drawn.

Given that annual vaccination with LAIV is planned for children in several
countries in coming years, it is important to understand whether repeated
vaccination over a longer term has contributed to the current difficulty using
LAIV in the US. Although some studies have indicated that a repeat dose of LAIV
in two consecutive years does not diminish efficacy,*¢ the consequence of
repeating vaccination every year for a decade has not been explored. Whilst
studies do support the notion that viral shedding and immune response to LAIV
may decline upon repeated use4748 and with increasing age,*° this has not yet
been correlated to a reduction in vaccine efficacy.>?

Moreover, use of live vaccine on an annual basis is unique to influenza and
further study is required to understand the implications. For example, whether
subtle changes in antigenicity affect LAIV “take” more than IV, requiring more
frequent strain updates or different methods of strain selection than that
established for IIV. Additionally, to account for non-specific effects from frequent
administration of a live vaccine, that may be quite distinct from inactivated
vaccines.>1

(iii)Biological characteristics of the pH1N1 virus
(a)Reduced infectivity of the pHIN1 component

Added to this is the unusual circumstance of pH1N1 being a virus only recently
introduced into human circulation. Some key adaptive changes required of
zoonotic influenza viruses to sustain transmission in humans occur in the HA
gene, the major viral antigen. These mutations enhance the replicative ability of
virus in the upper respiratory tract, including adaption to bind sialic acid
receptors that are abundant in human airway and to increase the
pH/temperature stability of the HA protein, allowing virus to survive the mildly
acidic environment of the human nasal mucosa.>2 By summer 2009, the



emerging pH1N1 virus had achieved the minimal requirements to overcome the
initial host range barriers, but was far from a fully human-adapted virus. Over
the next few years pH1N1 has accumulated further ‘humanizing’ mutations and
become more acid stable,5354 but the virus is still not as fine-tuned to its new
host as the human-specific influenza B viruses or H3N2 viruses that have
circulated in humans since 1968. Thus, immunogenicity of LAIV with pH1N1 HA
and NA antigens might be lower than for the other vaccine components because
replication in the target tissue is lower.

Some evidence to support this does exist although more focussed studies are
urgently needed. Influenza viruses with unstable HA replicate less well in the
upper respiratory tract of ferrets, the most representative animal model.>* A
stabilising mutation present in more recent pH1N1 isolates but not the earliest
strains from 2009 was associated with greater infectivity in the ferret nasal
tract.55 O’Donnell et al.>® demonstrated that viruses reassorted to contain “Ann
Arbor” internal genes became less pH stable than their wild-type counterparts
due to cold-adapting mutations in the viral M gene. This reduction in stability
could have greater impact on infectivity of pH1N1, which may already exist
closer to the threshold for inactivation in the upper respiratory tract. Moreover,
in the study from Senegal, Leningrad LAIV pH1N1 virus was shed by vaccinees
less frequently than H3N2 and B vaccine components.3> More quantitative
information on shedding would help to assess the relative fitness of vaccine
viruses. The lack of a clear correlate of protection for LAIV impairs our
understanding of immunogenicity; however, a Norwegian study demonstrated
that children vaccinated with LAIV had significant haemagglutination inhibition
titre and salivary IgA against H3N2 and B viruses but not for pH1N1.11

The extent of attenuation in internal viral genes could be key to take rate in
different age groups. In Russia, a more attenuated viral strain (47x passaged
Leningrad/1957) was developed for use in children, where as a lower passage
variant is used in adults.57 Ann Arbor/1960 was observed to be more attenuated
than both Leningrad/1957 strains in primary human bronchial epithelial cells>8
and less immunogenic in mice.5 Achieving the correct balance of attenuation
versus fitness requires further understanding and internal gene backbones may
need to be customised to the viral surface antigens, or the target patient group.

(b)Reduced thermostability of the pHIN1 component

A further concern is that the unstable HA of the pH1N1 component may have
been sensitive to breaks in the cold chain, which could have contributed to poor
effectiveness between 2010 and 2014.60 In response to this, vaccine
manufacturers took the initiative to update the pH1N1 component of LAIV in
their 2015/16 product to include the HA from a more recent pH1N1 isolate
(A/Bolivia/559/2013) that contains a known HA stabilising mutation>>. In
addition, measures were taken to improve maintenance of the cold chain.
However, this did not solve the problem, as 2015/16 was again a year with poor
VE recorded. Improved understanding of the viral genetic basis for good
infectivity in the nasal tract and stability during vaccine distribution would
improve the ability to select appropriate strains in the future.



(c)Viral interference between live vaccine components

Viral interference occurs when infection with one virus impedes infection with
another virus in the same host. For successful protection against all components
in a multivalent live vaccine, adequate replication of each individual vaccine
strain is required. As part of a multivalent product, it may be that the pH1N1
component is struggling to compete with other influenza viruses that are better
adapted for the host cell target. If correct, this situation may have been
exacerbated in 2013 when vaccine valency was increased from three to four
strains, to include both Victoria and Yamagata influenza B lineages that have co-
circulated in recent times. However, given that the pH1N1 component fared
poorly in 2010/11 when the trivalent formulation was used, a switch to
quadrivalent vaccine could only have made an existent problem worse. Further
studies, for example in the ferret model, would help to understand mechanisms
and impact of viral interference.®! A parallel experience with live attenuated
polio vaccine, where type one and three viruses were poorly immunogenic in
trivalent vaccine, was rectified by modifying the relative doses of each serotype
to a 10:1:3 formulation.®? Approaches such as this, to facilitate the pH1N1 virus
to better compete, should be a focus for future research.

Conclusion

The current situation is potentially a perfect storm of: (i)a set of vaccinees with
enhanced pre-existing immunity, (ii)a vaccine virus (pH1N1) that is not
optimally adapted for replication in the human nose, (iii)inclusion of multiple
strains of virus into the vaccine, with which the weakest component needs to
compete. The underlying biological root causes associated with poor
performance may be difficult to tease out in observational studies, which are
themselves subject to significant variation.

LAIV has been introduced with great promise and many advantageous features,
yet there remain many unknowns: how LAIV can work in different communities
with different exposures to natural and vaccine antigens, what are the correlates
of protection, whether annual dosing with LAIV is required to maintain and
update immunity in the same way as IIV, how to select and engineer vaccine
strains with optimal replication in the nasal tract, and how to accurately monitor
vaccine effectiveness. LAIV plays a key role in the WHO’s pandemic
preparedness plans and is currently one of the leading technologies that would
aid in universal access to vaccine in the face of a severe influenza pandemic.
Understanding how to make and use LAIV that protects against emerging
influenza viruses should therefore be a public health priority. Diminishing
seasonal LAIV production capacity would have serious impact on our ability to
produce adequate quantities of pandemic vaccine.®3 Given that the US is the
world'’s largest market for seasonal influenza vaccine, the ACIP recommendation
for 2016/17 has wide-reaching implications for the entire global community,
particularly in view of the concern that Ann Arbor LAIV may not remain
commercially viable. Urgent action is required to overcome uncertainties about



LAIV effectiveness to enable public health policy and commercial decisions to be
made for forthcoming years across the world.

Of further concern is that some scientists advise against turning to IIV for very
young children.6465 When children experience their first influenza infection the
clinical outcome can be severe,®® which may partly be due to a lack of cross-
protective cellular immunity. Vaccinating children every year with IIV that
induces a sterilizing immune response will limit acquisition of cellular immunity
through natural exposures. In the face of a new strain emerging for which there
is vaccine mismatch, for example a significant drift or pandemic, these young
individuals could be at risk of more severe disease*3 than if they had developed
cross-protective immunity through prior natural infections or vaccination with
LAIV. Therefore, it is imperative we understand how to use LAIV properly in
children.
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Search strategy and selection criteria

We searched PubMed and Google Scholar databases using search terms
“influenza” AND “vaccin*” AND (“live” OR “attenuated” OR “cold adapted” OR
“Ann Arbor” OR “Leningrad” OR “efficacy” OR “effectiveness”), “LAIV”, “CAIV”,
“live attenuated versus inactivated” for English language articles published up to
and including April, 2017. Relevant articles and presentations to scientific
conferences or public health bodies were identified through searches of
publically available information from the WHO and country-specific public
health websites (e.g. US CDC, UK PHE). Original articles, review articles,
editorials and commentaries identified from these searches were reviewed and
relevant references cited in those articles examined.




Panel

Priority areas for research to inform clinical and policy decisions about
LAIV

Studies to understand and improve the pandemic H1N1 vaccine component in
humans

Questions to be addressed:

What are the kinetics of vaccine virus replication and shedding in LAIV
recipients?

What viral characteristics are desirable in selecting LAIV strains and how can
they be identified?

What genetic changes could be engineered into vaccine viruses to optimise
replication?

What is the impact of viral interference between LAIV components and how can
this be minimised?

What strategies can be employed to balance the replication and immunogenicity
of individual components?

What are the differences between Ann Arbor and Leningrad donor viruses that
may aid our understanding about optimising LAIV immunogenicity?

Studies to understand the impact of pre-existing immunity and prior vaccination
history on vaccine effectiveness

Questions to be addressed:

What is the impact of long-term exposure to LAIV on its effectiveness?

What is the durability of immune protection from LAIV? [s annual dosing with
LAIV required to maintain immunity?

Do subtle changes in antigenicity affect LAIV “take” more that IIV, perhaps
requiring more frequent strain updates or different methods of strain selection
than those established for I11V?

What are the relative contributions of cellular, humoral and mucosal immune
responses induced by LAIV?

What are the correlates of protection for LAIV?

How do population characteristics, gender, nutritional status and environmental
factors contribute to LAIV effectiveness?

What are the public health benefits of LAIV versus 11V, for example conferring
herd protection and non-specific beneficial effects?

Improving monitoring strategies for influenza vaccine effectiveness

Questions to be addressed:

What is the optimum study design to measure influenza vaccine effectiveness?
Can internationally recognised protocols and methods for statistical analysis be
developed to standardise and compare vaccine effectiveness monitoring studies?
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Country

of origin

Study
type

Participant

ages

(vears) Adjusted 95% CI Adjusted 95% CI Adjusted 95% CI Adjusted 95% CI
[Crude] [Crude] [Crude] [Crude]
VE (%) VE (%) VE (%) VE (%)
US(CDC)  TND 2-17 17,18,67 3 -49 to 37 -21 -108 to 30 63 52 to 72%* 65 50 to 75%*
[-49] [57]
US (DoD)  TND 2-17 17,67 53 25 to 70%* 15 -48t0 51 66 50 to 75%* 68 45 to 80**
Us TND 2-17 22,67 46 7 to 69 50 -2t0 75 65 4810 76 71 50 to 80**
(ICICLE)
UK TND 2-17 20 58 25t0 76 42 -9t0 69 78 70 95 100 13to 100t
[45] [12 to 65] [11] [-48 to 47] [64] [-23 to 90] [100] [13 to 100]
Canada TND 2-17 19 ne ne ne ne
[74] [35 to 90]** [51] [-40 to 80]** [63] [25 to 80]** [87] [40 to 95]**
Finland  Cohort 2 21 51 2810 66 48* 22to 65 61 31to 78 80* 50 to 92
[47] [23 to 63] [45] [18 to 64] [58] [26 to 77] [78] [47 to 91]

Table 1. Live attenuated and inactivated influenza vaccine effectiveness reported in studies performed in 2015/16
Abbreviations: VE = vaccine effectiveness; 95% CI = 95% confidence interval; TND = test negative design; pH1N1 = 2009 pandemic H1N1 virus; CDC=Centres for
Disease Control and Prevention; DoD=Department of Defence; ICICLE=Influenza Clinical Investigation for Children; LAIV=live attenuated influenza vaccine;
[IV=inactivated influenza vaccine; Ref = reference; ne = not estimated due to small sample size

*Data shown for all influenza A from Finland

**Confidence interval estimated from figure

T Cornfield’s unadjusted estimate

Data provided where available
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Country of Study type Participant Predominant Ref

origin ages circulating
(years) viruses Adjusted VE 95% CI Adjusted VE 95% CI
(%) (%)
US (CDC) Ann Arbor TND 2-17 pH1N1, B- 68,16 -1 -40 to 40** 17 -39to 51
Yamagata
US (ICICLE)  Ann Arbor TND 2-17 pH1N1, B- 69 32 -13to 59 13 -5to 51
Yamagata
US (HIVE) Ann Arbor Cohort 2-8 pH1IN1 70 82 -65 to 98
9-17 11 -658t0 90
Canada Ann Arbor TND 2-19 pH1N1, B- 1 83* 25t0 96 86* -11to 98
(SPSN) Yamagata
Senegal Leningrad RCT 2-5 pH1N1, B- 35 0 -26 to 21 -9.7 -63to 26
Victoria
Bangladesh  Leningrad RCT 2-4 H3N2, pHIN1, 36 41 28to 52 50 9to 73
B-Victoria

Table 2. Live attenuated influenza vaccine effectiveness reported in studies performed in 2013 /14

Abbreviations: VE = vaccine effectiveness; 95% CI = 95% confidence interval; TND = test negative design; RCT=randomised controlled trial; CDC=Centres for
Disease Control and Prevention; ICICLE=Influenza Clinical Investigation for Children; HIVE=Household Influenza Vaccine Effectiveness; SPSN=Sentinel Physician
Surveillance Network; LAIV=live attenuated influenza vaccine; Ref=reference

*Unadjusted VE provided (adjusted VE not estimated due to small sample size)

** Confidence interval estimated from figure

Data provided where available

No data for US (HIVE) “all strains” due to predominance of pH1N1 in study cohort



References

1.

10.

11.

12.

13.

14.

15.

World Health Organization Fact Sheet no 211. Influenza (Seasonal).
http://www.who.int/mediacentre/factsheets/fs211/en/. Accessed
December 3, 2016.

World Health Organisation. Vaccines against influenza - WHO position
paper - 23 November 2012. WHO Wkly Epidemiol Rec. 2012;87(47):461-
476. http://www.who.int/wer. Accessed November 30, 2016.

Foppa IM, Cheng P-Y, Reynolds SB, et al. Deaths averted by influenza
vaccination in the U.S. during the seasons 2005/06 through 2013/14.
Vaccine. 2015;33(26):3003-3009.

Demicheli V, Jefferson T, Al-Ansary LA, Ferroni E, Rivetti A, Di Pietrantonj
C. Vaccines for preventing influenza in healthy adults. Cochrane Database
Syst Rev. 2014.

Osterholm MT, Kelley NS, Sommer A, Belongia EA. Efficacy and
effectiveness of influenza vaccines: a systematic review and meta-analysis.
Lancet Infect Dis. 2012;12(1):36-44.

Ambrose CS, Levin MJ, Belshe RB. The relative efficacy of trivalent live
attenuated and inactivated influenza vaccines in children and adults.
Influenza Other Respi Viruses. 2011;5(2):67-75.

Rhorer ], Ambrose CS, Dickinson S, et al. Efficacy of live attenuated
influenza vaccine in children: A meta-analysis of nine randomized clinical
trials. Vaccine. 2009;27(7):1101-1110.

Jefferson T, Rivetti A, Di Pietrantonj C, Demicheli V, Ferroni E. Vaccines for
preventing influenza in healthy children. Cochrane Database Syst Rev.
2012;16(2):CD004879.

Forrest BD, Pride MW, Dunning AJ, et al. Correlation of cellular immune
responses with protection against culture-confirmed influenza virus in
young children. Clin Vaccine Immunol. 2008;15(7):1042-1053.

Hoft DF, Babusis E, Worku S, et al. Live and inactivated influenza vaccines
induce similar humoral responses, but only live vaccines indice diverse T-
cell responses in young children. ] Infect Dis. 2011; 204(6): 845-853.
Mohn KG-I, Brokstad KA, Pathirana RD, et al. Live Attenuated Influenza
Vaccine in Children Induces B-Cell Responses in Tonsils. J Infect Dis.
2016;214(5):722-731.

Rudenko L, Isakova-Sivak I. Pandemic preparedness with live attenuated
influenza vaccines based on A/Leningrad/134/17 /57 master donor virus.
Expert Rev Vaccines. 2015;14(3):395-412.

European Centre for Disease Prevention and Control (ECDC). Seasonal
Influenza Vaccination in Europe: Overview of Vaccination
Recommendations and Coverage Rates in the EU Member States for the
2012-13 Influenza Season. Stockholm: ECDC; 2015.

Lu P-J, Singleton JA, Euler GL, Williams WW, Bridges CB. Seasonal influenza
vaccination coverage among adult populations in the United States, 2005-
2011. Am ] Epidemiol. 2013;178(9):1478-1487.

Chung JR, Flannery B, Thompson MG, et al. Seasonal Effectiveness of Live
Attenuated and Inactivated Influenza Vaccine. Pediatrics. 2016;137(2):1-
10.

13



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Flannery B. LAIV vs 11V effectiveness. Summary of evidence since 2009.
Presentation to The Advisory Committee for Inmunisation Practices. 2016.
http://www.cdc.gov/vaccines/acip/meetings/downloads/slides-2016-
06/influenza-07-flannery.pdf. Accessed December 12, 2016.

Flannery B, Chung J. Influenza vaccine effectiveness, including LAIV vs IIV
in Children and Adolescents, US Flu VE Network, 2015-16. Presentation to
The Advisory Committee for Inmunisation Practices. 2016.
https://www.cdc.gov/vaccines/acip/meetings/downloads/slides-2016-
06/influenza-05-flannery.pdf. Accessed December 2, 2016.

Grohskopf LA, Sokolow LZ, Broder KR, et al. Prevention and Control of
Seasonal Influenza with Vaccines. MMWR Recomm Reports. 2016;65(5):1-
54.

Skowronski D. Live attenuated influenza vaccine (LAIV) vs. inactivated
influenza vaccine (IIV): findings from Canada. WHO meeting on live
attenuated influenza vaccine effectiveness. Geneva; 2016.
http://www.who.int/immunization/research/meetings_workshops/Danu
ta_Skowronski_LAIV_meeting 2016_Geneva_l.pdf. Accessed October 2,
2016.

Pebody R, Warburton F, Ellis ], et al. Effectiveness of seasonal influenza
vaccine for adults and children in preventing laboratory-confirmed
influenza in primary care in the United Kingdom: 2015/16 end-of-season
results. Euro Surveill. 2016;21(38).

Nohynek H, Baum U, Syrjanen R, Ikonen N, Sundman J, Jokinen J.
Effectiveness of the live attenuated and the inactivated influenza vaccine
in two-year-olds - a nationwide cohort study Finland, influenza season
2015/16. Euro Surveill. 2016;21(38).

Ambrose C. 2015-16 US Influenza Vaccine Effectiveness. Influenza Clinical
Investigation for Children (ICILE) Study. Presentation to The Advisory
Committee for Imnmunisation Practices. 2016.
https://www.cdc.gov/vaccines/acip/meetings/downloads/slides-2016-
06/influenza-06-ambrose.pdf. Accessed December 12, 2016.

National Advisory Committee on Immunization. Addendum - LAIV Use in
Children and Adolescents. http://www.phac-aspc.gc.ca/naci-ccni/flu-
2016-grippe-addendum-children-enfants-eng.php. Published 2016.
Accessed December 3, 2016.

Joint Committee on Vaccination and Immunisation. JCVI statement on the
use of nasal spray flu vaccine for the childhood influenza immunisation
programme.
https://www.gov.uk/government/uploads/system/uploads/attachment_
data/file/548515/]CVI_statement.pdf. Accessed December 11, 2016.
Finnish Medicines Agency. Influenza vaccinations.
http://www.fimea.fi/web/en/for_public/influenza/influenza-
vaccinations. Accessed December 12, 2016.

Salo H, Kilpi T, Sintonen H, Linna M, Peltola V, Heikkinen T. Cost-
effectiveness of influenza vaccination of healthy children. Vaccine.
2006;24(23):4934-4941.

Baguelin M, Flasche S, Camacho A, Demiris N, Miller E, Edmunds W]J.
Assessing Optimal Target Populations for Influenza Vaccination
Programmes: An Evidence Synthesis and Modelling Study. PLoS Med.

14



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

2013;10(10):e1001527.

Pebody RG, Green HK, Andrews N, et al. Uptake and impact of vaccinating
school age children against influenza during a season with circulation of
drifted influenza A and B strains, England, 2014/15. Eurosurveillance.
2015;20(39):30029.

Rudenko LG, Slepushkin AN, Monto AS, et al. Efficacy of Live Attenuated
and Inactivated Influenza Vaccines in Schoolchildren and Their
Unvaccinated Contacts in Novgorod, Russia. J Infect Dis. 1993;168(4):881-
887.

Reichert TA, Sugaya N, Fedson DS, Glezen WP, Simonsen L, Tashiro M. The
Japanese Experience with Vaccinating Schoolchildren against Influenza. N
Engl ] Med. 2001;344(12):889-896.

Glezen WP, Gaglani M], Kozinetz CA, Piedra PA. Direct and Indirect
Effectiveness of Influenza Vaccination Delivered to Children at School
Preceding an Epidemic Caused by 3 New Influenza Virus Variants. J Infect
Dis. 2010;202(11):1626-1633.

Piedra PA, Gaglani M], Kozinetz CA, et al. Herd immunity in adults against
influenza-related illnesses with use of the trivalent-live attenuated
influenza vaccine (CAIV-T) in children. Vaccine. 2005;23(13):1540-1548.
Schwartz B, Hinman A, Abramson ], et al. Universal influenza vaccination
in the United States: are we ready? Report of a meeting. J Infect Dis.
2006;(Supplement 2):5S147-54.

Rudenko L, Yeolekar L, Kiseleva I, Isakova-Sivak I. Development and
approval of live attenuated influenza vaccines based on Russian master
donor viruses: Process challenges and success stories. Vaccine.
2016;34(45):5436-5441.

Victor JC, Lewis KKDCK, Diallo A, et al. Efficacy of a Russian-backbone live
attenuated influenza vaccine among children in Senegal: a randomised,
double-blind, placebo-controlled trial. Lancet Glob Heal. 2016;4(12):€955-
e965.

Brooks WA, Zaman K, Lewis KDC, et al. Efficacy of a Russian-backbone live
attenuated influenza vaccine among young children in Bangladesh: a
randomised, double-blind, placebo-controlled trial. Lancet Glob Heal.
2016;4(12):e946-e954.

Friede M, Palkonyay L, Alfonso C, et al. WHO initiative to increase global
and equitable access to influenza vaccine in the event of a pandemic:
Supporting developing country production capacity through technology
transfer. Vaccine. 2011;29:A2-A7.

De Serres G, Skowronski DM, Wu XW, Ambrose CS. The test-negative
design: validity, accuracy and precision of vaccine efficacy estimates
compared to the gold standard of randomised placebo-controlled clinical
trials. Eurosurveillance. 2013;18(37):20585.

Sullivan SG, Tchetgen Tchetgen EJ, Cowling BJ. Theoretical Basis of the
Test-Negative Study Design for Assessment of Influenza Vaccine
Effectiveness. Am | Epidemiol. 2016;184(5):345-353.

Sullivan SG, Feng S, Cowling BJ. Potential of the test-negative design for
measuring influenza vaccine effectiveness: a systematic review. Expert Rev
Vaccines. 2014;13(12):1571-1591.

Valenciano M, Ciancio B, -MOVE study team. [-MOVE: a European network

15



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

to measure the effectiveness of influenza vaccines. Euro Surveill.
2012;17(39).

Monto AS, Ohmit SE, Petrie ]G, et al. Comparative Efficacy of Inactivated
and Live Attenuated Influenza Vaccines. N Engl ] Med. 2009;361(13):1260-
1267.

Sridhar S, Begom S, Bermingham A, et al. Cellular immune correlates of
protection against symptomatic pandemic influenza. Nat Med.
2013;19(10):1305-1312.

Rodgers L, Pabst L, Chaves S. Increasing uptake of live attenuated influenza
vaccine among children in the United States, 2008-2014. Vaccine
2015;33(1):22-24.

Kucharski AJ, Lessler ], Read JM, et al. Estimating the Life Course of
Influenza A(H3N2) Antibody Responses from Cross-Sectional Data. Read
AF, ed. PLOS Biol. 2015;13(3):e1002082.

Caspard H, Heikkinen T, Belshe RB, Ambrose CS. A Systematic Review of
the Efficacy of Live Attenuated Influenza Vaccine Upon Revaccination of
Children. Hum Vaccin Immunother. 2016;12(7):1721-1727.

Bernstein DI, Yan L, Treanor ], Mendelman PM, Belshe R, Cold-Adapted,
Trivalent IVSG. Effect of yearly vaccinations with live, attenuated, cold-
adapted, trivalent, intranasal influenza vaccines on antibody responses in
children. Pediatr Infect Dis ]. 2003;22(1):28-34.

Johnson PR, Feldman S, Thompson JM, Mahoney JD, Wright PF. Immunity
to influenza A virus infection in young children: a comparison of natural
infection, live cold-adapted vaccine, and inactivated vaccine. ] Infect Dis.
1986;154(1):121-127.

Block SL, Yogev R, Hayden FG, Ambrose CS, Zeng W, Walker RE. Shedding
and immunogenicity of live attenuated influenza vaccine virus in subjects
5-49 years of age. Vaccine. 2008;26(38):4940-4946.

Belshe RB, Toback SL, Yi T, Ambrose CS. Efficacy of live attenuated
influenza vaccine in children 6 months to 17 years of age. Influenza Other
Respi Viruses. 2010;4(3):141-145.

Higgins JPT, Soares-Weiser K, Lopez-Lopez JA, et al. Association of BCG,
DTP, and measles containing vaccines with childhood mortality:
systematic review. BMJ 2016;355:15170

Cauldwell AV, Long JS, Moncorge O, Barclay WS. Viral determinants of
influenza A virus host range. | Gen Virol. 2014;95(Pt_6):1193-1210.
Elderfield R a., Watson SJ, Godlee a., et al. Accumulation of Human-
Adapting Mutations during Circulation of A(H1N1)pdmO9 Influenza Virus
in Humans in the United Kingdom. J Virol. 2014;88(22):13269-13283.
Russier M, Yang G, Rehg JE, et al. Molecular requirements for a pandemic
influenza virus: An acid-stable hemagglutinin protein. Proc Natl Acad Sci.
2016;113(6):1636-1641.

Cotter CR, Jin H, Chen Z. A single amino acid in the stalk region of the
H1N1pdm influenza virus HA protein affects viral fusion, stability and
infectivity. PLoS Pathog. 2014;10(1):e1003831.

O’Donnell CD, Vogel L, Matsuoka Y, Jin H, Subbarao K. The matrix gene
segment destabilizes the acid and thermal stability of the hemagglutinin of
pandemic live attenuated influenza virus vaccines. J Virol.
2014;88(21):12374-12384.

16



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Kendal AP. Cold-adapted live attenuated influenza vaccines developed in
Russia: Can they contribute to meeting the needs for influenza control in
other countries? Eur | Epidemiol. 1997;13(5):591-6009.

Ilyushina NA, Ikizler MR, Kawaoka Y, et al. Comparative study of influenza
virus replication in MDCK cells and in primary cells derived from adenoids
and airway epithelium. J Virol. 2012;86(21):11725-11734.

Wareing JM, Watson JM, Brooks M., Tannock G. Immunogenic and isotype-
specific responses to Russian and US cold-adapted influenza a vaccine
donor strains A/Leningrad/134/17/57, A/Leningrad/134 /47 /57, and
A/Ann Arbor/6/60 (H2N2) in mice. /] Med Virol. 2001;65(1):171-177.
Caspard H, Coelingh KL, Mallory RM, Ambrose CS. Association of vaccine
handling conditions with effectiveness of live attenuated influenza vaccine
against HIN1pdmO9 viruses in the United States. Vaccine.
2016;34(42):5066-5072.

Laurie KL, Guarnaccia TA, Carolan LA, et al. Interval Between Infections
and Viral Hierarchy Are Determinants of Viral Interference Following
Influenza Virus Infection in a Ferret Model. J Infect Dis.
2015;212(11):1701-1710.

Patriarca PA, Wright PF, John TJ. Factors Affecting the Immunogenicity of
Oral Poliovirus Vaccine in Developing Countries: Review. Clin Infect Dis.
1991;13(5):926-939.

McLean KA, Goldin S, Nannei C, Sparrow E, Torelli G. The 2015 global
production capacity of seasonal and pandemic influenza vaccine. Vaccine.
2016;34(45):5410-5413.

Bodewes R, Kreijtz JHCM, Rimmelzwaan GF, et al. Yearly influenza
vaccinations: a double-edged sword? Lancet Infect Dis. 2009;9(12):784-
788.

Bodewes R, Fraaij PLA, Geelhoed-Mieras MM, et al. Annual vaccination
against influenza virus hampers development of virus-specific CD8* T cell
immunity in children. J Virol. 2011;85(22):11995-12000.

Izurieta HS, Thompson WW, Kramarz P, et al. Influenza and the Rates of
Hospitalization for Respiratory Disease among Infants and Young
Children. N Engl ] Med. 2000;342(4):232-239.

Penttinen PM, Friede MH. Decreased effectiveness of the influenza
A(H1N1) pdmO09 strain in live attenuated influenza vaccines: An
observational bias or a technical challenge? Eurosurveillance. 2016;21(38).
Gaglani M, Pruszynski ], Murthy K, et al. Influenza Vaccine Effectiveness
Against 2009 Pandemic Influenza A(H1N1) Virus Differed by Vaccine Type
during 2013-2014 in the United States. J Infect Dis. 2016;213(10):1546-
1556.

Caspard H, Gaglani M, Clipper L, et al. Effectiveness of live attenuated
influenza vaccine and inactivated influenza vaccine in children 2-17 years
of age in 2013-2014 in the United States. Vaccine. 2016;34(1):77-82.
Ohmit SE, Petrie JG, Malosh RE, et al. Substantial Influenza Vaccine
Effectiveness in Households With Children During the 2013-2014
Influenza Season, When 2009 Pandemic Influenza A(H1IN1) Virus
Predominated. ] Infect Dis. 2016;213(8):1229-1236.

Skowronski DM, Chambers C, Sabaiduc S, et al. Integrated Sentinel
Surveillance Linking Genetic, Antigenic, and Epidemiologic Monitoring of

17



Influenza Vaccine-Virus Relatedness and Effectiveness During the 2013-
2014 Influenza Season. J Infect Dis. 2015;212(5):726-739.

18



