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Abstract

Background: One pathway through which pandemic influenza strains might
emerge is reassortment from coinfection of different influenza A viruses. Seasonal
influenza vaccines are designed to target the circulating strains, which intuitively
decreases the prevalence of coinfection and the chance of pandemic emergence
due to reassortment. However, individual-based analyses on 2009 pandemic
influenza show that the previous seasonal vaccination may increase the risk of
pandemic A(H1N1) pdm09 infection. In view of pandemic influenza preparedness, it
is essential to understand the overall effect of seasonal vaccination on pandemic
emergence via reassortment.

Methods and Findings: In a previous study we applied a population dynamics
approach to investigate the effect of infection-induced cross-immunity on reducing
such a pandemic risk. Here the model was extended by incorporating vaccination
for seasonal influenza to assess its potential role on the pandemic emergence via
reassortment and its effect in protecting humans if a pandemic does emerge. The
vaccination is assumed to protect against the target strains but only partially against
other strains. We find that a universal seasonal vaccine that provides full-spectrum
cross-immunity substantially reduces the opportunity of pandemic emergence.
However, our results show that such effectiveness depends on the strength of
infection-induced cross-immunity against any novel reassortant strain. If it is weak,
the vaccine that induces cross-immunity strongly against non-target resident strains
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but weakly against novel reassortant strains, can further depress the pandemic
emergence; if it is very strong, the same kind of vaccine increases the probability of
pandemic emergence.

Conclusions: Two types of vaccines are available: inactivated and live attenuated,
only live attenuated vaccines can induce heterosubtypic immunity. Current
vaccines are effective in controlling circulating strains; they cannot always help
restrain pandemic emergence because of the uncertainty of the oncoming
reassortant strains, however. This urges the development of universal vaccines for
prevention of pandemic influenza.

Introduction

Two evolutionary events make influenza A viruses hard to control: antigenic drift
due to mutation and antigenic shift generated from reassortment which occurs
when two different influenza A viruses co-infect a host cell. Mutations, which
cause relatively small but frequent changes in antigenicity of virus strains, are
responsible for the seasonal influenza epidemics. Vaccines used to control
seasonal flu must be reviewed twice each year in anticipation of the upcoming
winter influenza season [1]. Because the vaccine only provides partial protection
and was so far generally employed in an at-risk strategy, which therefore achieves
only a minimal reduction in transmission in a population, influenza A viruses still
cause much morbidity and mortality. Reassortment can lead to dramatic changes
in the viral phenotype and is responsible for at least the three of the last four
pandemics in humans in the 20" and 21°" centuries [2, 3]. Reassortment events
that produced pandemic strains in 1957 and 1968 likely occurred in people (e.g.,
[4,5,6]), but in 2009 reassortment was presumed to occur in pigs [7]; a recent
study [8] infers that the 1918 pandemic HIN1 influenza A virus arose via
reassortment between a pre-existing human H1 virus and an avian virus. Even
though not as common as mutations, accumulated data suggest that it is much
sources we estimated that the average rate of reassortment is roughly 10> per
coinfection per day [13].

In some instances, a reassortant virus can have high pathogenicity in animals
and humans. The exchange of genes between pairs of influenza A virus subtypes
increased virulence in animal models, including reassortment between subtypes
HI9N2 and HINT1, between H5N1 and HIN1, and between H3N2 and H5N1
[14, 15]. Reassortment events have historically introduced antigenically distinct
subtypes for which there has been little previous infection and little cross-
protection acquired from contemporary vaccine formulations. In 1957, reassort-
ment between an avian H2N2 and the circulating HIN1 viruses precipitated an
H2N2 pandemic [16]. The virus underwent further reassortment with an avian
H3 virus to generate the H3N2 pandemic in 1968 [17]. The pandemic strains were
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more pathogenic than previously circulating seasonal influenza strains, and each
of these pandemics is estimated to have killed in excess of one million people
[4,5]. A reassortant virus may also have high transmissibility within animal
models [14,15] and within humans. Whilst co-circulating with either seasonal
HIN1 or H3N?2 strains, the A(HIN1) pdm09 virus was able to outcompete these
strains and become the dominant transmissible virus for two years [18]. Following
the emergence of the A(HIN1) pdm09 virus, the circulating seasonal HIN1
strains were replaced in the human reservoir within a year. A similar phenomenon
has been seen following the introduction of other pandemic virus strains into
humans, whereby the new pandemic strain replaced a previously circulating
subtype (reviewed by [19]).

Since pandemic influenza is caused by a novel strain, a delay of around 6
months is to be expected until vaccine starts to become available due to the time
taken for the various manufacturing steps (e.g. [20,21,22]). Seasonal influenza
vaccines may offer no direct protection, but they are used to reduce the prevalence
of circulating strains and therefore that of their coinfection. As the generation of
reassortant strains depends on coinfections of different influenza A viruses, it is
natural to ask how a vaccination programme for seasonal influenza in humans
might affect the chance of novel pandemic strain emergence via reassortment and
the attack rate once it emerges.

Studies from animal models show that infection with influenza A viruses can
induce partial heterosubtypic immunity and empirical analyses also indicate that
immunity acquired from natural infection in humans can also partially protect the
[26] have found that those infected with seasonal influenza A during the 2008—
2009 season in Hong Kong had a lower risk of laboratory-confirmed A(HIN1)
pdm09 infection. Our recent theoretical investigations show that cross-immunity
induced by natural infection can greatly reduce the opportunity for pandemic
emergence [13].

Two different types of seasonal influenza vaccines are available: inactivated and
live attenuated. Both are safe and effective in inducing protective antibody
responses against matching seasonal strains of influenza, but only live attenuated
live attenuated vaccines in animals induce broad protective immune responses
[33, 34] and their use in humans has also shown to induce CD4+, CD8+, and 0 T
cells relevant for broadly protective heterosubtypic immunity [32]. Such vaccines
have been used for some time in North America and have now recently been
introduced into Europe, including in the UK as part of a new universal childhood
influenza immunisation programme. Nevertheless, whether vaccination for
seasonal influenza can provide any protection against pandemic strains is
controversial. Katz et al. [35] show that vaccination with both types of seasonal
influenza vaccines during 2005-2009 seasons was unlikely to provide protection
against the A(HIN1) pdm09 infection. However, a systematic review by Yin et al.
[28] suggests that trivalent influenza vaccines (TIVs) provided moderate cross-
protection against laboratory-confirmed A(HIN1) pdm09 illness. Whereas,
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Skowronski et al. [36] found that previous vaccinations for seasonal influenza
increase the risk of pandemic infection in 2009, which is unlikely to be explained
by an unmeasured confounder [37]. Thus seasonal influenza vaccination may
generate at most weak heterosubtypic immunity compared to that induced by
natural infection [38]. In view of this, effective vaccination of children against
seasonal influenza A viruses might prevent the induction of heterosubtypic
immunity by natural infection [39], which might provide one explanation why
seasonal influenza vaccination appeared as an increased risk of pandemic infection
[36]. The presence or absence of heterosubtypic immunity does not matter under
normal circumstances, but might make big differences in the context of a
pandemic caused by reassortment, or zoonotic infection of viruses from another
species such as avian H5N1 [39] and H7N9 [40].

There is a strong case to be made for the development of cross-reactive vaccines
that induce immunity against different subtypes of influenza, different strains of
the same subtypes (broad-spectrum protection) to control seasonal and pandemic
influenza [22]. Traditional vaccines target surface proteins haemagglutinin (HA)
and neuraminidase (NA), which are specific and always changing so different
vaccines have to develop every year. The core of the influenza virus (i.e. the non-
glycoproteins) are highly conserved between influenza A virus strains. It is
suggested that vaccines that target at highly stable viral gene products such as M2
protein and/or CD8 T cell will elicit cross-reactive antibody and thus
vaccines is one focus of pandemic influenza preparedness, and it is expected that
within a decade universal vaccines will become available. The very relevant
question is: how effective will these universal” vaccines be in controlling the
emergence of pandemic influenza via reassortment?

To answer the above questions, in this study we extend our previous population
dynamics model of pandemic emergence via reassortment [13] by including
seasonal influenza vaccination in the model. We assume two different strains of
influenza A virus co-circulate within a human population. Variants introduced by
mutation are considered as being identical to their parental strains and thus
ignored, with the effect of antigenic drift being reflected in the loss of immunity
(cf., [44]). The novel strain is generated only through reassortment from
coinfections within a human population, which may mimic what happened in
1957 and 1968 influenza pandemics (e.g., [4,5,6]). Because of stochastic
behaviour when a novel strain first emerges, we use a stochastic approach to
examine the influence of vaccination on the emergence of a pandemic strain via
reassortment, and on the number of people infected with the pandemic strain
once the pandemic emerges. To test the wide range of immunity response from
vaccination and natural infection, differing levels of hetero-subtypic immunity
will be considered.
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Model and Methods
Model assumptions

To study the potential role of vaccination for seasonal influenza in constraining
the emergence and spread of novel strains due to reassortment between two co-
circulating strains of influenza A virus, we consider a human population which is
infected by two strains. Strain 1 is resident, there is a vaccination programme
against it, and then strain 2 which is supposed as a minor strain and not included
in the vaccine is introduced. Co-circulation of two strains can cause coinfection
which then provides chance for reassortment. Empirical studies suggest that two
influenza A virus strains of co-infection can simultaneously transmit from person-
to-person (e.g., [45]). We assume that strains within dual infection can be
transmitted separately or simultaneously. The infectious individuals progress to
recover and to become immune to the infecting strain. This immunity wanes over
time. Thus we use a Susceptible-Infectious-Recovery-Susceptible (SIRS) model.
The human population is classified into 13 compartments to represent infectious
processes, and vaccinated, infectious and immune states (see Table 1). Possible
processes of transmissions and transitions among 13 compartments are listed in
Table 2 and the flow chart of the model is illustrated in Fig. 1.

Specifically, the following assumptions apply.

1. Neglecting the additional mortality caused by the virulence of infections,
births and deaths are assumed to occur at the same rate u so the total
population size N remains unchanged. Homogeneous mixing of the
population is assumed, for simplicity. Hence we ignore age and spatial
heterogeneity.

2. During the infectious period, the presence of a strain 7= {1, 2} does not affect
susceptibility to subsequent infection by the other virus strain 3-i [46].
Persons infected with strain 1 but not yet recovered (I;) can be further
infected by strain 2 as easily as those uninfected with strain 1, and vice versa.

3. The interaction between resident strains occurs in two distinct forms: a)
immediate interference, reducing the transmissibility of strain i from dually-
infected persons by factor ¢; to ¢;f; with 0<¢;<1, where f3;, i= {1, 2}, is the
transmission rate of strain 7 from singly-infected persons to uninfected
persons; and b) post-recovery cross-immunity, reducing the susceptibility to
strain 3-i of individuals that have been infected with strain i= {1, 2} but now
recovered by factor ¢ with 0<¢ <1 due to partial cross-immunity.

4. Simultaneous transmission of two strains from dually-infected individuals
occurs at a rate fiq with a constraint ¢,f;+¢,f,+f4= min(f;, f»), which
ensures the low transmissibility of double infection compared to that of single
infections.

5. A reassortant strain generated from coinfection is distinct from the two
resident strains and their coinfections by having higher transmissibility.
However, people who recovered from previous single or/and dual infections
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Table 1. Definition of symbols and baseline values of model parameters.

S
v

l;

lg

I
Ji
JV2
Ri
Rq
R:
parameter
p

Bi
Ba
Be
i

®
ov
W
v
1/;
144
1/,
1/o
1/oy
v
1/u
N

proportion susceptible to all strains

proportion vaccinated

Proportion singly infected with strain i={1,2}
proportion in dual infection with strains 1 and 2
proportion in infection with reassortant strain
Proportion in secondary infection with strain i={1,2}
Proportion in vaccinated people further infected with strain 2
Proportion immune to strain i only

Proportion immune to both strains 1 and 2
Proportion immune to reassortant strain

Description

Proportion of new-borns that were vaccinated
Transmission coefficient of strain i={1,2}

Transmission coefficient of dual infection with both strain 1 and 2

Transmission coefficient of reassortant strain

Factor in transmission coefficient of strain i={1,2} in dual-infection

Baseline values
40% [0%,80%]
0.50 —

0.10 —

0.53 —

0.40 [0.0,0.9]

Cross-protection conferred by primary infection against endemic strains (reduction in susceptibility) 0.50 [0.0,0.9]

Cross-protection conferred by vaccination against endemic strain 2 (reduction in susceptibility)
Immunity conferred by previous infection against reassortant strain (reduction in susceptibility)
Immunity conferred by vaccination against reassortant strain (reduction in susceptibility)

Infectious period of infection with strain i={1,2}
Infectious period of dual infection

Infectious period of infection with reassortant strain
Duration of natural immunity via primary infection
Duration of immunization via vaccine

Rate of reassortment per coinfection

Life span

Population size

0.50 [0.0,0.9]

0.50 [0.0,0.9]

0.50 [0.0,0.9]

3.0 day [2.0,4.0]

3.0 day [2.0,4.0]

3.0 day [2.0,4.0]

10.0 years [2.0,20.0]
10.0 years [2.0,20.0]
10 °day " [10 %, 10 *]
70.0 years [50.0,80.0]
6.3x107 —

Baseline values of model parameters were assumed so the basic reproductive number for both endemic strains are Ry' = Ry? = 1.50 and for dual infection
Ro%~0.3<1, for reassortant strain: Ry" =1.60>R,"'=Ry°. The values given within brackets [] are the range of parameter values considered in sensitivity

analyses.

doi:10.1371/journal.pone.0114637.t001

with resident strains possess some residual cross-immunity against the
reassortant strain and reduce their susceptibility by factor y with 0<y <1.

6. A vaccine is used to immunize a proportion of all newborns, conferring full
protection against strain 1, but partial protection only against strain 2 and the
novel strain from reassortment at rates 1-¢y and 1-yy, respectively. Because
the vaccine efficacy cannot be 100%, the proportion p which is protected is
the product of coverage and efficacy (cf., [47]).

7. Since the number of people that are infected with resident strains (i.e., 1, L,
Jv2 and Iy) is far smaller than those who are susceptible (S) and, generally,
those with protective immunity (i.e., V, R;, R, and Ry) at any particular time
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Table 2. List of 41 events of the whole model system.

Birth

Vaccination

Death in compartment S
Death in compartment /4
Death in compartment /,
Death in compartment Iy
Death in compartment /;
Death in compartment R,
Death in compartment R,
Death in compartment J,
Death in compartment J,
Death in compartment Jy»
Death in compartment Ry
Death in compartment R,
Death in vaccinated V
recovery

recovery

recovery

recovery

recovery

recovery

recovery

Loss of immunization

Loss of immunity

Loss of immunity

Loss of immunity

Loss of immunity
Reassortment from co-infection
primary infection with strain 1
primary infection with strain 2
Simultaneous co-infection
Primary infection with reassortant strain

Infection in people immune with strain 1 with reassortant strain
Infection in people immune with strain 2 with reassortant strain
Infection in people immune with both strains with reassortant strain
Infection in people vaccinated with reassortant strain

Secondary infection with strain 2 during infectious period
Secondary infection with strain 1 during infectious period
Secondary infection in people immune to strain 2 with strain 1
Secondary infection in people immune to strain 1 with strain 2

infection in people vaccinated with strain 2

S<S+1

Ve—V+1

S<S-1

ly<—14-1

lp<—Ip-1

lg<—1g-1

fe—1-1

Ri<—R-1

Ro—R>-1

Ji1Jdi-1

Jo—Jo-1

Jvaedva-1

Ry« R4 -1
Ri—R-1

VeV-1

l1<—I4-1, R1<—R4+1
ly<—I-1, Ry<—Ro+1
Ji<Ji-1, Ry <Ry +1
Jo—Jo-1, Ry <Ry +1
Jva—dya-1, Ry<—Ro+1
ly<—lg-1, Rg<—Rg+1
h—1-1, Ry <R, +1
Ve—V-1, SS+1
R1<R¢-1, S<S+1
Ro—Rx-1, S<S+1
Ry <Rg-1, S<S+1
Rr<—R-1, S<S+1
e —I+1, lg—Ig-1

Iy «—I4+1, S<S-1

I <lp+1, S<S-1

lg <lg+1, S<S-1
he—I+1, S<S-1
h—I+1, R1<—R4-1
Ire—I+1, Ry<—R5-1
Ire—I+1, Ry<—Rgy-1
he—I+1, V—V-1
lge—lg+1, I1<—14-1
lye—lg+1, lr—I>-1
Ji—J1+1, Ry<—R>-1
Joe—Jot1, Ri<—Ry-1
Jva—dyot1, Ve—V-1

u(1-p)N
“pN

uS

wh

w2

g

1R
1R2
s
w2
vz

uR:

uV

v1l4

v2l

711

v2Jd2

v2dv2

Vala

Vel

ayV

oR4

oR>

oRy

oR;

vy

B1S(l+J1+d11a)/IN
B2S(lrt+Jotdyatala)/N
PaSIy/N

BeSEIN

(1-)BR1 1IN
(1-9)peR2hIN
(1-¥)pRakIN
(1-Yv)BVIIN
Poli(loAdotdyotdalg)/N
Bala(l1+J1+¢1la)N
(1-9)B1R2(l1+J1+¢11a)/N
(1-9)B2R1(lz+Jatdvatala)/N
(1-pv) B2 VIt vt dola) N

doi:10.1371/journal.pone.0114637.t002
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Az Al
L |« S » I
A Aq 7l
2 v ; n
Ar 14
v A(1-gv)
A(1-yv) A i
A1-y)
R SipA R
’ i A(ly) L
2 \ 4
Ai(1-p) Y R, S Ay(1-)
Ar(l_\y)
72
v v
Ji » Rq J2
n 72

Fig. 1. Flow chart of the vaccination model. Arrows indicate transitions and expressions next to arrows
show the per capita flow rate between compartments. Loss of immunity from recovered or vaccinated to
susceptible, births and deaths are not shown. Variables and parameters are explained in Table 1, the force of
infection A4, 45, A4, and A, are given in equations (2-5).

doi:10.1371/journal.pone.0114637.9001

point for influenza diseases, the contacts of individuals infectious with
reassortant strain (I.) with those that are infectious with resident strains are
ignored, hence there is no transition from those in I, I, i, or I; to infections
with the reassortant strain.

It is worth mentioning that yearly vaccination against seasonal influenza viruses
has been recommended for children two years or older in the UK (or 6 months or
older in the US), the assumption here is a simple way to model it within a
population ignoring age structure (cf., [48]). Further, in reality, people get
vaccinated annually (and repeatedly) [38,49]. The ‘seasonal’ pattern of
vaccination has also been simplified because we will only consider the dynamical
process within one year period since the second endemic strain was introduced
into a human population at endemic with strain 1. Different programmes may
cause different proportions under vaccination protection at the time of
introduction of the second endemic strain; however, as the results below suggest,
it is the strength of cross-immunity that heavily controls the effectiveness of
vaccination while the role of vaccination coverage appears relatively weak. Hence
we expect that the simple method of modelling vaccination assumed here will be
sufficient to approximate the complicated vaccination programme within real
populations.

The deterministic version of the model can be specified by a set of differential
equations:

ds

pn =UN—-Np—S8)— (A1 + A+ Ag+A)S+ (R, + Ry + Ry +Ry) +ovV
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uNp—=V)—=[1 =)Ao+ (A —Yy)Ar +ov]V

dl

d—l =N S—A L —(y, + w1
t

dl

d_t2 =NS— AL —(y, + ),

— =A211 +A112+AdS—(yd+,u+v)Id

It — Iy AdS+ Ry Ry 4+ R)(1— )+ V(L — )] — O + s

d

% =(1=)AR— (1 + W
d

ﬁ = (1 —¢)A2R1 — ('Vz +.u)]2
d

Z_Z = (1= )NV — 1y + s

=y = [(1—=P)A+ (1 —Y)Ac+ 0+ pR,
2 =L —[(1—PA +1A—p)A + 0+ 1R,

dR
Sy i 47502+ Fva) +7ala— (1 =) A+ 0 + )R

(1)
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dR,

. = Ir_ Rr

In the above equations, the force of infection of strain i= {1, 2} are
A =p (L +]1+¢1a)/N (2)

Ay =By(L+ ]+ 2+ 9,10)/N (3)

and the force of coinfection and reassortant strain are

Ag=Pala/N (4)

Ar=pI:/N (5)

respectively.

Methods

Surveillance shows that influenza epidemics in any given year are mostly
dominated by a single virus A strain [50]. In this study we consider the situation
where one influenza virus strain is already endemic and the second strain is
introduced. To capture the stochastic features of invasion of the second strain and
the generation of reassortant virus strain, we use a Monte Carlo algorithm [51],
which tracks the succession of discrete events that change the number of
individuals in each compartment. The whole stochastic system is described by 41
possible transition events. Each event occurs at a rate equal to that in the
deterministic model (see Table 2). Fach compartment is occupied by an integer
number of individuals. Denote the sum of all individual event rates by 2. Given
initial sizes of compartments, the programme first determines the time of the next
event, which follows an exponential distribution with mean 1/€Q. The nature of
the next event is chosen at random, with each of the 41 events having a probability
equal to its own rate divided by €. For example, the probability Pg for an event E
to occur during the time interval [t, H#A?] is

P =rateE/Q (6)

Here rateE is the rate for event E (see Table 2) at time ¢ and At ~ exp(1/£2).
After each occurrence, the sizes of the compartments are updated according to the
picked events. The simulation programme was coded in Visual c++.

PLOS ONE | DOI:10.1371/journal.pone.0114637 December 10, 2014 10/ 27
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Empirical information on model parameters

Basic features of infection

We first show the basic characteristics of the infectious processes and then explore
the different estimates of vaccination efficacy. The basic reproductive number
(Ry), defined as the average number of secondary infections that result from the
introduction of a single infectious individual into an entirely susceptible
population, is an important parameter used to describe the transmissibility of
pathogens. R, for the influenza A virus is typically in the range 1.2-2.4 while the
mean infectious period appears to be shorter than 4 days [52]. For the baseline
values of model parameters we assume that among the contacts of dual-infected
people with the susceptible, 80% generate single infections equally with strain 1 or
strain 2, and 20% to dual infections (so f3=0.20 x ;=0.1). By assuming the same
infectious period, the baseline values of transmission coefficient are chosen (see
Table 1) so that the basic reproductive number of the reassortant strain (Ry")
=1.6, is slightly higher than that of endemic strains (R,'=R,*=1.5). The
assumption of a higher R, for the emerging pandemic strain than that of resident
strains might be indirectly supported by the observation that the new pandemic
strain quickly replaces previously circulating subtypes [18, 19]. The available
estimation suggests that on average reassortment occurs at a rate of 10> per
coinfection per day [13].

There are wide ranges for the estimates of cross-immunity from low to very
strong [23,25,26,53]. For example, Barry et al. [23] found that the first wave of
the 1918-1919 pandemic provided 35-94% protection against clinical illness
during the second wave, comparable to that conferred by modern influenza
vaccines, which are 50-70% effective against laboratory-confirmed influenza in
healthy adults [54,55]. In view of the estimation that about two thirds of
infections have symptoms [56], we assume a level of 50% cross-immunity
conferred by primary infection against endemic strains. The duration of immunity
has been estimated at 3-20 years [44,57,58,59].

Vaccination against endemic strains (¢V)

Influenza vaccines are available either as inactivated influenza vaccine (trivalent
TIV, and quadrivalent QIV) administered intramuscularly or live attenuated
influenza vaccine (LAIV and Q/LAIV) administered intranasally. Vaccinations are
targeted at young children and at-risk groups. Many countries are shifting from
targeting vaccination at high-risk groups to universal policies with the aim of
reducing transmission and thus providing indirect benefits to the population.
Influenza vaccines can provide moderate protection against virologically
confirmed influenza [55]. A study comparing LAIV and TIV showed that TIV can
reduce influenza-related illness by 42%, appearing more effective than LAIV in
preventing illness [60]. However, a recent systematic review and meta-analysis
from studies published from 1967 to early of 2011 suggests a pooled efficacy of
59% for TIV and 83% for LAIV in reducing the influenza risk of circulating
influenza viruses.
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Vaccine effectiveness in preventing laboratory-confirmed influenza illness when
the vaccine strains are well matched to circulating strains is 70-90% in
randomized, placebo-controlled trials conducted among children and young
healthy adults; it is lower for the strains that are less matched [61]. For example,
Cowling et al. [26] found that TIVs can protect the recipients against seasonal
A(HIN1) and A(H3N2); however, Hoskins et al. [62] reported that previous
inactivated vaccination may not offer protection against other influenza A strains.
That is, annual seasonal flu vaccinations provide weak protection against flu
viruses that the vaccine was not designed for [63]. A nested test-negative case
control analysis show that the effectiveness of seasonal influenza vaccine in
preventing medically attended influenza infection during the 2010/2011 season is
about 55% for both type A and type B [64].

Vaccination against novel reassortant strains (YV)

The systematic reviews and meta-analyses [28] show that the overall cross-
protection by TIVs against A(HIN1) pdm09 infection for confirmed illness was
19% (95% confident interval (CI)=13-42%) with notable heterogeneity. Pebody
et al. [65] show that the adjusted vaccine effectiveness was 34% (95% CI: 10-60%)
in preventing confirmed A(HIN1) pdm09 infection in the United Kingdom in the
2010/11 season if vaccinated only with monovalent influenza A(HIN1) pdm09
vaccine in the 2009/10 season; 46% (95% CI: 7-69%) if vaccinated only with TIV
in the 2010/11 season and 63% (95% CI: 37-78%) if vaccinated in both seasons.
Thus this study demonstrates that vaccination with pandemic vaccine in the
previous season still provided some residual protection against confirmed
A(HIN1) pdm09 infection.

The duration of vaccine-induced immunity appears to be shorter than that
induced by natural infection [38]. For example, the duration of immunity
induced by TIVs appears to extend beyond one influenza season, lasting between 6
and 12 months [66] while the cross-protective immunity following infection can
last more than 5 years [67]. The difference may stem from the different proteins
they spur to: vaccinations aim at variable surface proteins while natural infections
cause response from conserved internal proteins. Coverage of the seasonal
influenza vaccines had reached 30-40% in the general population in US and
Canada [68].

Analyses and Results

In order to investigate the impact of vaccine for seasonal influenza on the
emergence probability and the attack rate once it emerges, we assume the
following definition for a pandemic emerged from reassortant strains: the total
proportion infected with reassortant strain during the one year period since the
introduction of the second resident strain (i.e., the 1-year attack rate) must be
greater than 5% in view of the observation that the attack rate of seasonal
influenza is about 5-10% [39]. We consider a population of the UK size (63

PLOS ONE | DOI:10.1371/journal.pone.0114637 December 10, 2014 12 /27



@'PLOS | ONE

Seasonal Vaccination and Pandemic Influenza Emergence

million). The population is assumed to be already endemic with resident strain 1
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Here R,' = f,/(y,+1) is the basic reproductive number for strain 1. One single
infection seed with strain 2 was then introduced from outside of the population.
Ten million stochastic realisations were used to obtain the emergence probability
of pandemic via reassortment.

Upon the introduction of strain 2, three possible consequences come even
under the same values of model parameters: no reassortant strain emerges;
reassortant strains are generated but do not persist; reassortant strains emerge and
develop into a pandemic (Figure 6 of [13]). Figure 6 of [13] shows that the
emerging process is a stuttering scenario due to stochasticity and herd immunity
brought up by cross-immunity. Given all other features being the same, the
probability of pandemic emergence via reassortment reduces rapidly as the
transmissibility of the oncoming reassortant strain decreases and becomes lower
than that of the endemic strains (Fig. 2). The emergence probability of pandemic
strains depends on two critical processes: the generation of reassortant strains and
the increase in the number of infections with reassortant strains. The first process
counts on the fraction of coinfection while the other on the effective reproductive
number of reassortant strains; both are controlled by the interactions among virus
strains. We have discussed how infection-induced cross-immunity against
resident strains and novel reassortant strains controls the emergence probability of
pandemic influenza via reassortment [13], here we explore how the vaccine-
induced cross-immunity influences the emergence probability under different
levels of infection-induced immunity.

Overall effect of vaccination

To illustrate the effect of vaccination, we first consider a simple and ideal situation
where all different types of cross-immunity that were generated through
vaccination and by primary infection are assumed to be of the same strength.
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Fig. 2. Impact of transmissibility of the oncoming reassortant strain and cross-immunity induced by seasonal flu vaccination on the annual
emergence probability of pandemic strain via reassortment. The duration of both infection and vaccination-induced immunity is two years and the
values of other model parameters are as in Table 1. Here we consider a situation of cross-immunity structure where the cross-immunity conferred by
vaccination are less than or equal to that by natural infection: ¢::¢y:y=0.5:0.5:0.1:0.1 (red), and 0.5:0.5:0.5:0.1 (yellow), 0.5:0.5:0.5:0.5 (green). For
comparison, the situations without vaccination (blue) are also shown. As the basic reproduction number (Ry") of reassortant strain reduces, the emergence
probability of pandemic decreases rapidly. For example, when Ry decreases to 1.4, the annual probability of pandemic emergence reduces to below 10°°
(data not shown).

doi:10.1371/journal.pone.0114637.9002

Table 3 shows that the vaccination can help further reduce the emergence
probability of pandemic strains. For example, when the cross-immunity against
endemic and reassortant strains is 50%, the annual probability of pandemic
emergence via reassortment is 0.15% under the situation of no vaccination. When
applying vaccine at coverage 40%, the probability reduces to 0.12%, with a relative

Table 3. Impact of vaccination on the emergence probability of pandemic strains via reassortment.

Vaccine coverage Cross-immunity

0% 3.21e-2 (6.88e—4) 1.52e-3 (1.98e—4) 5.51e—6 (2.186-6)
40% 2.77e~2 (1.72e-3) 1.17e-3 (1.46e-4) 2.50e—6 (1.16e-6)
80% 2.24e-2 (1.10e-3) 1.01e-3 (2.26e-4) 1.83e-6 (9.84e-7)

The average probability of pandemic emergence and its standard deviation (in parenthesis) are obtained from ten million realisations of the dynamics
processes within one year period since the introduction of the second endemic strain into a population at endemic with strain 1. Here we consider the special
situations where vaccination and primary infection induce the same levels of cross-immunity against endemic and reassortant strains (i.e. o=y = py=yy).
The values of other model parameters are as in Table 1. The table shows that the levels of cross-immunity heavily control the effectiveness of vaccination
while the vaccine coverage plays a much weak role.

doi:10.1371/journal.pone.0114637.t003
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Fig. 3. Impact of cross-immunity and its duration induced by seasonal flu vaccination on the annual
emergence probability of pandemic strain via reassortment. The values of other model parameters are as
in Table 1. The pairs of numbers are the mean durations, in years, of immunity induced by natural infection
and vaccination, respectively. Here we consider a situation of cross-immunity structure where the cross-
immunity conferred by vaccination are less than or equal to that by natural infection:
oipvipy=0.5:0.5:0.1:0.1 (red), and 0.5:0.5:0.5:0.1 (yellow), 0.5:0.5:0.5:0.5 (green). For comparison, the
situations without vaccination (blue) are also shown.

doi:10.1371/journal.pone.0114637.g003
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reduction of 20%. While, at the same vaccination coverage 40%, the probability
will be reduced to a vanishingly small value if the cross-immunity increases to
80% (cf., [13]). This indicates that the strength of cross-immunity plays a much
stronger role than vaccination coverage does in limiting the probability of
pandemic emergence.

Under the realistic circumstance, cross-immunity generated by vaccination and
via infection more likely differs. If the cross-immunity induced by vaccination is
weaker, then the probability of pandemic emergence will increase (Figs. 2 and 3).
For the example shown in Fig. 3, when the cross-immunity induced by
vaccination decreases from yyy=@y=0.5 to Yyy=¢py=0.1, the annual probability of
pandemic emergence via reassortment increases from 0.12% to 0.24% for the
situation where duration of both types of immunity is 10 years. For the
vaccination that induces the cross-immunity of {»yy=0.1 and ¢y=0.5, the
emergence probability further increases to 0.36% per year and the 1-year attack
rate increases to about 13%. Interestingly, this suggests that when the vaccine-
induced cross-immunity against novel reassortant strains () becomes very weak
(i.e., 10%), its enhanced level against non-target resident strains actually increases
the pandemic risk and attack rate once a pandemic emerges.

Fig. 3 further shows that the duration of immunity can greatly change the
probability of pandemic emergence. Consider the example of Yy=¢y=0.5. When
the durations of both immunities are 2 years, the probability of pandemic
emergence is 2.1% per year; while if the duration of both immunities increases to
10 years, the probability decreases to 0.12% per year. That is, the emergence
probability is inversely proportional to the duration of vaccine-derived immunity.
Further, Fig. 3 also shows that the effect of duration of vaccine-induced cross-
immunity differs from that of infection-induced cross-immunity. Fixing the
duration of infection-induced cross-immunity (say at 10 years) and all other
parameters remaining the same, for example, the emergence probability of
pandemic decreases with the duration of vaccine-induced cross-immunity if
vaccine-induced cross-immunity matches or is stronger than that induced by
primary infection, but increases with the duration when vaccine-induced cross-
immunity is weaker. In contrast, fixing the duration of vaccine-induced cross-
immunity (say at 10 years), then the emergence probability of pandemic always
decreases with the duration of infection-induced cross-immunity. Their effects on
the 1-year attack rate are similar, though comparatively weak (Fig. 3B). These
observations are conditional on the implicit assumption that infection-induced
immunity is not weaker than that induced by vaccination. This happens because
when vaccine-induced cross-immunity is weaker, the longer it lasts, the more
people under vaccine-induced immunity protection against the target resident
strain (see equation (7)), which increases the effective reproduction number of
reassortant strain and the probability for reassortant strain to develop into
pandemic.
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Fig. 4. Interaction among cross-immunity generated by primary infection and vaccination: structural cross-immunity on annual emergence
probability and size of pandemic. The x-axis p:/:py)y represents the structural cross-immunity. Other parameters as in Table 1. In view of the
assumption that vaccine can fully protect against infection with target endemic strain, the situation of ¢y, =y =0 does not imply no effect of vaccination.

doi:10.1371/journal.pone.0114637.9004

Interaction among cross-immunity generated by primary infection
and vaccination

Next we scrutinize how the structure of cross-immunity influences the outcome
once vaccine was in use. First consider a situation where the primary infection
induces much weaker cross-immunity against a reassortant strain than against an
endemic strain (i.e. y<<g). To illustrate the possible patterns, we assume a fairly
strong cross-immunity against endemic strain of ¢=80% (Fig. 4A—4F). As shown
in Fig. 3 and Table 3, vaccination can reduce the probability of pandemic
emergence once the levels of vaccine-induced cross-immunity match or are
stronger than that induced by infection (Y/y=y and py=9). Further, if /vy =1, the
average size of pandemic remains the same once it begins to emerge. While if
Yv>1, then the average size of pandemic will be reduced. This is obvious: given
the same level of cross-immunity against endemic strain, stronger cross-immunity

against reassortant strain due to vaccination will more reduce the activity of
reassortant strain once it emerges; therefore the vaccination decreases both the
emergence probability and the size of pandemic.

However, if vaccine-induced cross-immunity is weaker than that induced by
infection, vaccination will increase the probability of pandemic emergence. Let us
consider an extreme condition where vaccination induces only immunity against
the target endemic strain (i.e. Yy =@y =0), the probability of pandemic emergence
will be substantially increased, compared to the situation of no such vaccination
(more than 5 times in Fig. 4A, 4C and 4E). In the situations where vaccine can
also induce cross-immunity against both resident and reassortant strains (i.e.,
¢v>0 and Y>0), the emergence probability will decrease with both ¢y and
(Fig. 4A and 4C); whilst the average size of pandemic always reduces (Fig. 4B and
4D), compared to the above extreme condition. This is easily understood. When

people vaccinated have a higher protection against endemic strains, all others
being the same, coinfections are rarer, reducing the opportunities for reassort-
ment. If a reassortant strain does emerge, then, its spread is more constrained by a
vaccination that incurred a higher level of cross-immunity against reassortant
strain and its 1-year attack rate will be reduced.

If the infection-induced cross-immunity against novel reassortant strain is
strong but still weaker than that against endemic non-target strain (i.e. {y becomes
close to @), some interesting phenomenon comes out. Given a level of vaccine-
induced cross-immunity against novel reassortant strains (i.e. fixing ),
increasing the level of vaccine-induced cross-immunity against endemic strains
will decrease the emergence probability but increase the 1-year attack rate of
pandemic (Fig. 4F and 4F). However, increasing y/y will always decrease both the
emergence probability and the 1-year attack rate of the pandemic.
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Now we consider a scenario where i/ increases to the high level of cross-
immunity against resident strains (¢) (i.e., 0.8 in Fig. 4G and 4H). As in the above
where ) <@, vaccination increases the emergence probability once vaccine-
induced cross-immunity is weaker than that induced by infection. Nevertheless,
some different behaviours surface. For example, under the extreme vaccination in
which y=¢y=0, the increase in the emergence probability will be less than
100%, compared to that of no such vaccination (only 78% in Fig. 4G). In the
presence of vaccine-induced cross-immunity, all other being the same, ¢y
increases but Yy decreases the emergence probability of pandemic and its 1-year
attack rate, compared to the condition where vaccination does not induce any
cross-immunity (Fig. 4G and 4H). This is different from the above situation
where there is weaker infection-induced cross-immunity against oncoming
reassortant strains.

These results suggest that compared to the special situation where vaccination
does not induce any cross-immunity, where vaccine-induced cross-immunity
against novel reassortant strains occurs () it always helps reduce the pandemic
risk; however, the influence of cross-immunity against endemic trains (¢v) is
conditional on the strength of infection-induced cross-immunity against
oncoming reassortant strain (/). When / is weak, ¢y decreases both the
emergence probability and attack rate of pandemic; if iy becomes strong but still is
weaker than ¢, ¢y decreases the emergence probability but increases the 1-year
attack rate of pandemic. Finally, when  increases to the level of ¢, ¢y increases
both the emergence probability and the 1-year attack rate of pandemic. Note that
as Y increases from 0.0 in Fig. 4A to 0.8 in Fig. 4G, the emergence probability and
size of pandemic decrease; however, their coefficients of variation increase, which
suggests the increased stochasticity under the enhanced cross-immunity against
reassortant strains.

The above results can be understood as follows. People vaccinated could be
infected with reassortant strain through two paths: one via direct contact with
people infected by reassortant strain at a rate A,(1-{y) (i.e., the red path in
Fig. 1), the other via becoming the recovered Ry after being infected with endemic
strain 2 (i.e., V—Jy»—>Rq—1, at rates A,(1-¢y) and A,(1-y)) for the 1* and 3rd
steps, respectively; the green path). Therefore, given all other conditions
remaining unchanged, increasing the vaccine-induced cross-immunity against
novel reassortant strains (y/v;) will decrease the contribution from path 1 and thus
reduce the pandemic risk. In contrast, the effect of ¢y, which controls the
contribution of path 2, depends on the levels of . In the situation where there is
much weaker infection-induced cross-immunity against reassortant strain (),
increasing ¢y will reduce the contribution through path 2, which decrease the
effective reproductive number of reassortant strain and the probability for
pandemic emergence. Once emerged, the spread of reassortant strain will be
constrained by cross-immunity against both reassortant strains () and resident
strains (@y), and so will be the size of pandemic (Fig. 4A—4D). For the scenario in
which cross-immunity generated from primary infection (/) becomes strong
enough to match or exceed the level of ¢ so that the contribution from path 2
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becomes very weak, increasing ¢ will hardly change the contribution of path 2
but reduce the chance for people vaccinated to get infected with non-target
resident strain (i.e. path 2) and allow people vaccinated to stay in class V longer.
This then increases the contribution of path 1: more people vaccinated to become
directly infected with reassortant strain, which hence indirectly increases the
overall probability of pandemic emergence (Fig. 4E and 4F). For the situation in
between the above (i.e., ¥ is strong but still weaker than ¢), there is somewhat
weak but yet strong enough contribution from path 2. Increasing ¢y will directly
reduce this bit contribution, which consequently decreases the emergence
probability; at the same time it increases the direct contribution from path 1
which results in an increase in 1-year attack rate of pandemic (Fig. 4G and 4H).

Discussion

Though we cannot manipulate the genetic and antigenic properties of novel
reassortant influenza strains, we might be able to change the risk of pandemic
emergence in the human population by vaccination. As the pre-requirement for
reassortment is co-infection, the risk of pandemic emergence via reassortment
would be reduced by reducing the prevalence of infection and particularly the
coexistence of multiple strains. Our results show that although vaccination can
reduce the chance of coexistence of multiple strains, the actual outcome also
depends on the structure of cross-immunity that was naturally generated through
primary infection.

If all cross-immunity components generated from vaccination (¢y and yry) are
at least of the similar strengths to those naturally generated (¢ and ), vaccination
can reduce the probability of pandemic emergence (Table 3). The probability can
be further reduced by prolonging the immunity period (Fig. 3), which implies
that repeated vaccination can help reduce coexistence and hence risk of pandemic
emergence. To reduce risk of pandemic emergence by controlling the spread of
reassortant strains, our investigations indicate that the ideal scheme of vaccination
should maintain either strong cross-immunity against both endemic and
reassortant strains or at least a strong cross-immunity against reassortant strains
(Fig. 4). With seasonal strains prevailing, a large effort has been made to enable
the vaccination strong enough to protect against the endemic strains. If
vaccination can also build up immunity against reassortant strains [24,41], the
risk of a pandemic will be further reduced. The pandemic can be avoided if the
immunization against reassortant strains is strong enough. Therefore if a vaccine
that can elicit antibody responses to protect against multiple strains of influenza is
available and enough persons are vaccinated, it is possible to effectively control the
pandemic at an early stage. Recently, some effort has been made to construct
novel approaches for the development of universal influenza vaccines [41,42].
These might promise to curb seasonal influenza annually and protect people
against future pandemics. Pre-pandemic influenza vaccine is an important
component of influenza pandemic preparedness plans. Though it cannot
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constrain the emergence probability of pandemic strain because it becomes
available only afterwards [69], its targeted use at the early stage is likely to
diminish the attack rate of the novel pandemic influenza.

Owing to the striking diversity in genetic and antigenic properties of reassortant
strains, cross-immunity induced by primary infection might not match well to
novel reassortant strains. With low levels of infection-induced cross-immunity,
the emergence probability of pandemics via reassortment can be high (Table 3;
[13]). Our simulation results show that the effectiveness of vaccination in
reducing pandemic risk via reassortment is conditional on the infection-induced
cross-immunity against reassortant strains (Fig. 4). If considering vaccination
policy as a means to reduce pandemic emergence, this reveals the characteristics of
the vaccines required and thus raises a challenge for pandemic preparedness via
vaccination. In one extreme scenario where there is very weak infection-induced
cross-immunity against reassortant strains, universal vaccines that induce strong
cross-immunity against common endemic strains and reassortant strains can
reduce the probability of pandemic emergence in humans. Further, the attack rate
will be reduced with the enhanced level of vaccine-induced cross-immunity
against reassortant strains. In the other extreme situation where infection-induced
cross-immunity is very strong against reassortant strains, vaccines that induce
cross-immunity strongly against common resident strains but weakly against
reassortant strains are shown to increase the probability of pandemic emergence
(Fig. 4G). The reason for this is apparent: people, who were vaccinated for
seasonal influenza and thus highly protected against other common resident
strains, remain susceptible to novel reassortant strains, which renders vaccination
ineffective against reassortant strains and allows reassortant strains to enjoy a
competitive advantage. Moreover, if the reassortant strain emerges, the average
attack rate in populations in which such vaccine was applied is higher than the
situation where no such vaccine was in use (Fig. 4H). Hence under this scenario,
the vaccine for seasonal influenza hardly provides any help in reducing the chance
of pandemic emergence and the attack rate if it emerges. For vaccinations that
induce weaker cross-immunity than that induced by natural infection, the longer
it lasts, the higher the probability that the reassortant strain develops into
pandemic is and the larger the attack rate is once a pandemic emerges (Fig. 3).
This implies that with such vaccination, the prolonged immunity by repeated
vaccination increases the pandemic risk. These analyses suggest that it is the
structured cross-immunity generated by both vaccination and primary infection
that controls whether vaccination favors or reduces the emergence of pandemic
strains though the duration determines the relative probability of pandemic
emergence (Fig. 3). Similarly, the vaccination coverage can have a weak effect only
on the relative probability of pandemic emergence (Table 3).

A universal vaccine would reduce the risk of pandemic emergence via
reassortment. Currently, LAIVs may produce some heterosubtypic immunity but
TIVs cannot. A vaccine for seasonal influenza that offers little protection against a
reassortant strain might increase the risk of pandemic emergence (cf., [39]). If
heterosubtypic immunity induced from vaccination is not broad and strong
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enough, the effect of vaccination on pandemic emergence depends on the
interaction between cross-immunity generated by natural infection and by
vaccination. Evaluation of the effectiveness of previous seasonal influenza
vaccination in preventing A(HIN1) pdm09 infection has led to a wide range of
outcomes: from offering no protection (e.g., [26,70,71]), to eliciting partial
protection (e.g., [72,73]), to increasing susceptibility to pandemic influenza [36].
To explain these observations, Mercer et al. [74] proposed a mathematical model
incorporating a hypothesised temporary strain-transcending immunity (about 4
months) after infection and concluded that the effect of seasonal vaccination can
be explained by the temporary immunity and the timing of the circulation of
seasonal and pandemic influenza infection. As they argued, in the Southern
hemisphere where pandemic influenza was not preceded by the circulation of
seasonal influenza, there was no apparent increased risk from receipt of the
seasonal vaccine (e.g., [75]); while in the Northern hemisphere where pandemic
influenza circulated soon after seasonal influenza, it was expected to see an
apparent increased risk of the seasonal vaccination as observed by Skowronski
et al. [36]. However, studies from other Northern hemisphere jurisdictions such
as England [76] and other regions of Canada [77] show no effect of seasonal
vaccination and hence offer no support to their model.

In this theoretical study, we show that the effect of seasonal vaccination
depends on the interaction between cross-immunity induced by vaccination and
that acquired through natural infection. As we try to explore the impact of vaccine
for seasonal influenza on emergence probability of pandemic via reassortment, we
focused on a simple situation: the epidemiological properties of the invader strain
are identical to that of the prevailing strain and the oncoming reassortant strain is
slightly better transmissible. If the invader strain is different from the prevailing
one, the coexistence and coinfection will be reduced, and so does reassortment
[13]. If the Ry of the oncoming reassortant strain is lower than that of the endemic
strains, the probability for the reassortant strain to develop into a pandemic will
be reduced substantially (Fig. 2) and the nature of stuttering emerging scenario
becomes strong under the situation of no vaccination as shown in [13]. This
result, on the other hand, hints a higher transmissibility of the pandemic strain
from observations of quick spread of the pandemic strain and replacement of
prevalent seasonal flu strains. Nevertheless, it is possible that the novel reassortant
strain that is of a lower R, could be made effectively more transmissible under
vaccination for seasonal influenza (Fig. 2). That is, how vaccination for seasonal
influenza changes the risk of pandemic influenza under those different situations
will still be determined by the interplay between infection-induced and vaccine-
induced cross-immunity. The diverse outcomes of seasonal vaccination on
pandemic risk from studies on pandemic pdmHIN1 2009 may result from
different exposure history and different vaccinations in different populations,
suggesting a complicated and variable relationship between immunity induced by
natural infection and by vaccination. Combining with this, our results suggest that
vaccination for seasonal influenza might effectively protect the human population
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against endemic influenza virus strains but cannot guarantee its effectiveness in
constraining the emergence of pandemic influenza via reassortment.

As the name ’pandemic’ suggests, pandemic influenza must take place globally.
Though we consider a population of the UK size, the qualitative conclusion
obtained should be readily applied to the whole world. Given all other conditions
being the same, the overall probability of pandemic emergence via reassortment
will increase with the population size. Under the circumstance where all cross-
immunity has a duration of 10 years and strength 20%, for example, the
probability of pandemic emergence is 0.13 per century for a population size of one
million (Table 4 of [13]) and it increases to 3.2 per century for a population of the
UK size (63 millions) (Table 3). However, the population size will not change the
relationship created by infection-induced and vaccine-induced cross-immunity.
Historical data suggest that reassortment may more likely occur in low income
regions of the world that are bound to have lower vaccine coverage. This can
hardly alter the outcome of our investigation because the role that vaccination
coverage plays in limiting the probability of pandemic emergence is quite weak in
relation to the strength of vaccine-induced cross-immunity.

Generation and emergence of pandemic strains is a mysterious process, and we
do not have decisive evidence about whether reassortment events leading to
historical pandemics occurred in humans or other influenza hosts. For simplicity,
we only model the scenario where reassortment occurs among humans, which
might apply to pandemic strains in 1957 and 1968 (e.g., [4,5,6]). To model the
pandemic emergence due to a reassortant strain that was generated in other hosts
(e.g., pigs) and then jumped to human populations as 2009 pandemic strain [7],
dynamic models must include at least two host populations (e.g., [78]). In this
study, we ignore age structure and assume homogeneous mixing. In reality,
contact patterns among age groups are heterogeneous ([79]) and susceptibility
and infectivity vary among ages ([59]). In order to make the conclusions more
applicable in practice, these factors should be included, which constitutes a further
investigation.

Author Contributions

Conceived and designed the experiments: XZ RP DD PJW AC JWM. Performed
the experiments: XZ. Analyzed the data: XZ RP PJW JWM. Contributed reagents/
materials/analysis tools: XZ. Wrote the paper: XZ RP PJW JWM.

References

1. Klimov Al, Garten R, Russell C, Barr IG, Besselaar TG, et al. (2012) WHO recommendations for the
viruses to be used in the 2012 Southern Hemisphere Influenza Vaccine: epidemiology, antigenic and
genetic characteristics of influenza A(H1N1)pdm09, A(H3N2) and B influenza viruses collected from
February to September 2011. Vaccine 30: 6461-6471

2. Neumann G, Noda T, Kawaoka Y (2009) Emergence and pandemic potential of swine-origin H1N1
influenza virus. Nature 459: 931-939.

PLOS ONE | DOI:10.1371/journal.pone.0114637 December 10, 2014 23127



@'PLOS | ONE

Seasonal Vaccination and Pandemic Influenza Emergence

10.

1.

12,

13.

14.

15.

16.

17.

18.

19.
20.
21.

22,

23.

24,

25,

Khiabanian H, Trifonov V, Rabadan R (2009) Reassortment patterns in Swine influenza viruses. PloS
one 4: e7366.

Scholtissek C, Rohde W, Von Hoyningen V, Rott R (1978) On the origin of the human influenza virus
subtype H2N2 and H3N2. Virology 87: 13-20.

Kawaoka Y, Krauss S, Webster RG (1989) Avian-to-human transmission of the PB1 gene of influenza
A viruses in the 1957 and 1968 pandemics. J Virol 63: 4603-8.

Lindstrom SE, Cox NJ, Klimov A (2004) Genetic analysis of human H2N2 and early H3N2 influenza
viruses, 1957-1972: evidence for genetic divergence and multiple reassortment events. Virology 328:
101-119.

Smith GJ, Vijaykrishna D, Bahl J, Lycett SJ, Worobey M, et al. (2009) Origins and evolutionary
genomics of the 2009 swine-origin H1N1 influenza A epidemic. Nature 459: 1122-1125.

Worobey M, Han GZ, Rambaut A (2014) Genesis and pathogenesis of the 1918 pandemic H1N1
influenza A virus. Proc Natl Acad Sci USA April 28, 2014. Doi: 10.1073/pnas.1324197111.

Gregory V, Bennett M, Orkhan MH, Al Hajjar S, Varsano N, et al. (2002) Emergence of influenza A
H1N2 reassortant viruses in the human population during 2001. Virology 300: 1-7.

Holmes E, Ghedin E, Miller N, Taylor J, Bao Y, et al. (2005) Whole-genome analysis of human
influenza A virus reveals multiple persistent lineages and reassortment among recent H3N2 viruses.
PLoS Biol 3: €300.

Schweiger B, Bruns L, Meixenberger K (2006) Reassortment between human A(H3N2) viruses is an
important evolutionary mechanism. Vaccine 24: 6683-6690.

Rabadan R, Levine AJ, Krasnitz K (2008) Non-random reassortment in human influenza A viruses.
Influenza Other Respi Viruses 2: 9-22.

Zhang X-S, De Angelis A, White PJ, Charlett A, Pebody RG, et al. (2013) Co-circulation of influenza A
virus strains and emergence of pandemic via reassortment: the role of cross-immunity. Epidemics 5: 20—
33.

Li C, Hatta M, Nidom CA, Muramoto Y, Watanabe S, et al. (2010) Reassortment between avian H5N1
and human H3N2 influenza viruses creates hybrid viruses with substantial virulence. Proc Natl Acad Sci
USA 107: 4687-92.

Sun Y, Qin K, Wang JJ, Pu JA, Tang QD, et al. (2011) High genetic compatibility and increased
pathogenicity of reassortants derived from avian HON2 and pandemic H1N1/2009 influenza viruses.
Proc Natl Acad Sci USA 108: 4164-9.

Masurel N (1969) Serological characteristics of a “new” serotype of influenza A virus: the Hong Kong
strain. Bull World Health Organ. 41: 461-468.

Webster RG, Bean WJ, Gorman OT, Chamders TM, Kawaoka Y (1992) Evolution and Ecology of
influenza A viruses. Microbiol Rev 56: 152—-179.

WHO recommendation viruses for influenza vaccines for use in the 2010-211. Available: http:/
www.who.int/influenza/vaccines/virus/recommendations/en/.

Palese P, Wang TT (2011) Why do influenza virus subtypes die out? A hypothesis. mBio 2: e00150-11.
Fedson DS (2003) Pandemic influenza and the global vaccine supply. Clin Infect Dis 36: 1552—1561.

Epstein SL, Price GE (2010) Cross-protective immunity to influenza A viruses. Expert Rev Vaccines 9:
1325-1341.

Osterhaus A, Fouchier R, Rimmelzwaan G (2011) Towards universal influenza vaccines? Phil
Trans R Soc B366: 2766-2773.

Barry JM, Viboud C, Simonsen L (2008) Cross protection between successive waves of the 1918—
1919 influenza pandemic: epidemiological evidence from US Army camps and from Britain. J Infect Dis
198: 1427-1434.

Grebe KM, Yewdell JW, Bennick JR (2008) Heterosubtypic immunity to influenza A virus: where do we
stand? Microbes Infect 10: 1024-1029.

Rios-Doria D, Chowell G (2009) Qualitative analysis of the level of cross-protection between epidemic
waves of the 1918-1919 influenza pandemic. J Theor Biol 261: 584-592.

PLOS ONE | DOI:10.1371/journal.pone.0114637 December 10, 2014 24 127


http://www.who.int/influenza/vaccines/virus/recommendations/en/
http://www.who.int/influenza/vaccines/virus/recommendations/en/

@'PLOS | ONE

Seasonal Vaccination and Pandemic Influenza Emergence

26.

27.

28.

29,

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Cowling BJ, Ng S, Ma ES, Cheng CK, Wai W, et al. (2010) Protective efficacy of seasonal influenza
vaccination against seasonal and pandemic influenza virus infection during 2009 in Hong Kong. Clin
Infect Dis 51: 1370-1379.

Powell TJ, Silk JD, Sharps J, Fodos E, Townsend ARM (2012) Pseudotyped influenza A virus as a
vaccine for the induction of heterotypic immunity. J Virol 86: 13397—13406.

Yin JK, Chow MY, Khandaker G, King C, Richmond P, et al. (2012) Impacts on influenza
A(H1N1)pdm09 infection from cross-protection of seasonal trivalent influenza vaccines and
A(H1N1)pdm09 vaccines: systematic review and meta- analyses. Vaccine 30: 3209-22.

Cassetti MC, Couch R, Wood J, Pervikov Y (2005) Report of meeting on the development of influenza
vaccines with broad spectrum and long-lasting immune responses, World Health Organization, Geneva,
Switzerland, 26-27 February 2004. Vaccine 23: 1529-33.

Girard MP, Osterhaus A, Pervikov Y, Palkonyay L, Kieny MP (2008) Report of the third meeting on
“influenza vaccines that induce broad spectrum and long- lasting immune responses”, World Health
Organization, Geneva, Switzerland, 3—4 December 2007., Vaccine 26: 2443-50.

Price GE Soboleski MR, Lo CY, Misplon JA, Pappas C, et al. 2009. Vaccination focusing immunity on
conserved antigens protects mice and ferrets against virulent HIN1 and H5N1 influenza A viruses.
Vaccine 27: 6512-6521.

Hoft DF, Babusis E, Worku S, Spencer CT, Lottenbach K, et al. (2011) Live and inactivated influenza
vaccines induce similar humoral responses, but only live vaccines induce diverse T-cell responses in
young children. J Infect Dis 204: 845-853

Suguitan AL Jr, McAuliffe J, Mills KL, Jin H, Duke G, et al. (2006) Live, attenuated influenza A H5N1
candidate vaccines provide broad cross protection in mice and ferrets. PLoS Med 3: €360.

Fan S, Gao Y, Shinya K, Li CK, Li Y, et al. (2009) Immunogenicity and protective efficacy of a live
attenuated H5N1 vaccine in nonhuman primates. PLoS Pathog 5: €1000409.

Katz J, Hancock K, Veguilla V, Zhong W, Lu XH, et al. (2009) Serum cross-reactive antibody response
to a novel influenza A (H1N1) virus after vaccination with seasonal influenza vaccine. MMWR 58: 521—
524.

Skowronski DM, De Serres G, Crowcroft NS, Janjua NZ, Boulianne N, et al. (2010) Association
between the 2008-09 seasonal influenza vaccine and pandemic H1N1 illness during Spring-Summer
2009: four observational studies from Canada. PLoS Med 7: e1000258.

Kelly HA, Mercer GN, Cowling BN (2012) The association of seasonal influenza vaccination with
pandemic influenza H1N1 2009 infection. Vaccine 30: 2037-2038.

Xiao Y, Moghadas SM (2013) Impact of viral drift on vaccination dynamics and patterns of seasonal
influenza. BMC Infect Dis 13: 589. http://www.biomedcentral.com/147-2334/13/589

Bodewes R, Kreijtz JHCM, Rimmelzwaan G (2009) Yearly influenza vaccinations: a double-edges
sword? Lancet Infect Dis 9: 784-788.

Xiong X, Martin SR, Haire LF, Wharton SA, Daniels RS, et al. (2013) Receptor binding by an H7N9
influenza virus from humans. Nature 499: 496-500.

Gilbert SC (2012) Advances in the development of universal influenza vaccines. Influenza Other Respi
Viruses 7: 750-8.

Pica N, Palese P (2013) Toward a universal influenza virus vaccine: prospects and challenges. Ann Rev
Med 64: 189-202.

Chen JR, Yu YH, Tseng YC, Chiang WL, Chiang MF, et al. (2014) Vaccination of monoglycosylated
hemagglutinin induces cross-strain protection against influenza virus infections. Proc Natl Acad Sci USA
111: 2476-1481.

Ferguson NM, Galvani AP, Bush RM (2003) Ecological and immunological determinants of influenza
evolution. Nature 422: 428-433.

Liu W, Li ZD, Tang F, Wei MT, Tong YG, et al. (2010) Mixed infections of pandemic H1N1 and seasonal
H3N2 viruses in 1 outbreak. Clin Infect Dis 50: 1359-1365.

May RM, Nowak MA (1995) Coinfection and the evolution of parasite virulence. Proc R Soc B261: 209—
215.

PLOS ONE | DOI:10.1371/journal.pone.0114637 December 10, 2014 25127


http://www.biomedcentral.com/147-2334/13/589

@'PLOS | ONE

Seasonal Vaccination and Pandemic Influenza Emergence

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Pitzer VE, Patel MM, Lopman BA, Viboud C, Parashar UD, et al. (2011) Modelling rotavirus strain
dynamics in developed countries to understand the potential impact of vaccination on genotype
distributions. Proc Natl Acad Sci USA 108: 19353-19358.

Restif O, Grenfell BT (2007) Vaccination and the dynamics of immune evasion. J R Soc Interface 4:
143-53.

Keeling MJ, White PJ (2010) Targeting vaccination against novel infections: risk, age and spatial
structure for pandemic influenza in Great Britain. J R Soc Interface 8: 661-670.

Finkelman BS, Viboud C, Koelle K, Ferrari MJ, Bharti N, et al. (2007) Global Patterns in Seasonal
Activity of Influenza A/H3N2, A/H1N1, and B from 1997 to 2005: Viral Coexistence and Latitudinal
Gradients. PLoS One 2: e1296.

Gillespie DT (1977) Exact stochastic simulation of coupled chemical reactions. J Phys Chem 81: 2340—
2361.

Boelle P-Y, Ansart S, Cori A, Valleron AJ (2011) Transmission parameters of the A/HIN1 (2009)
influenza virus pandemic: a review. Influenza Other Respi Viruses 5: 306-316.

Perera RAPM, Riley S, Ma SK, Zhu HC, Guan Y, et al. (2011) Seroconversion to pandemic (H1N1)
2009 virus and cross-reactive immunity to other swine influenza viruses. Emerg Infect Dis 17: 1897—
1899.

Jefferson TO, Rivetti D, Di Pietrantonj C, Rivetti A, Demicheli V (2007)Vaccines for preventing
influenza in healthy adults. Cochrane Database Syst Rev 18: CD001269.

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

Longini IM, Halloran ME, Nizam A, Yang Y (2004) Containing pandemic influenza with antiviral
aganets. Am J Epidemiol 159: 623—-633.

Finkenstadt B, Morton A, Rand D (2005) Modelling antigenic drift in weekly flu incidence. Am Stat 24:
3447-3461.

Xia YC, Gog JR, Grenfell BT (2005) Semiparametric estimation of the duration of immunity from
infectious disease time series: influenza as a case-study. J R Stat Soc Series C: Applied Statistics 54:
659-672.

Truscott J, Fraser C, Cauchemez S, Meeyai A, Hinsley W, et al. (2012) Essential epidemiological
mechanisms under-pinning the transmission dynamics of seasonal influenza. J R Soc Interface 9: 304—
312.

Wang Z, Tobler S, Roayaei J, Eick A (2009) Live attenuated or inactivated influenza vaccines and
medical encounters for respiratory illnesses among US military personnel. JAMA 301: 945-53.

Fiore AE, Bridges CB, Cox NJ (2009) Seasonal influenza vaccines. Curr Top Microbiol Immunol 333:
43-82.

Hoskins TW, Davies JR, Smith AJ, Alichin A, Miller CL, et al. (1976) Influenza at Christ's Hospital:
March, 1974. Lancet 1: 105-108.

Xie H, Jing X, Li X, Lin Z, Plant E, et al. (2011) Immunogenicity and cross- reactivity of 2009—2010
inactivated seasonal influenza vaccine in US adults and elderly. PLoS one 6: €16650.

Kafatos G, Pebody R, Andrews N, Durnall H, Barley M, et al. (2013) Effectiveness of seasonal
influenza vaccine in preventing medically attended influenza infection in England and Wales during the
2010/2011 season: a primary care-based cohort study. Influenza Other Respi Viruses 7: 1175-1180.

Pebody R, Hardelid P, Fleming D, McMenamin J, Andrews N, et al. (2011) Effectiveness of seasonal
2010/11 and pandemic influenza A(H1N1) 2009 vaccines in preventing influenza infection in the United
Kingdom: mid-season analysis 2010/11. Euro Surveill 16(6). pii: 19791

Piedra PA, Gaglani MJ, Kozinetz CA, Herschler G, Riggs M, et al. (2005) Herd immunity in adults
against influenza-related illness with use of the trivalent-live attenuated influenza vaccine (CAIV-T) in
children. Vaccine 23: 1540-1548.

Davies JR, Grilli EA, Smith AJ (1986) Infection with influenza A H1N1. 2. The effect of past experience
on natural challenge. J Hyg Lond 96: 345-352.

PLOS ONE | DOI:10.1371/journal.pone.0114637 December 10, 2014 26 /27



@'PLOS | ONE

Seasonal Vaccination and Pandemic Influenza Emergence

68.

69.

70.

71.

72,

73.

74.

75.

76.

77.

78.

79.

Viboud C, Simonsen L (2010) Does seasonal influenza vaccination increases the risk of illness with the
2009 A/H1N1 pandemic virus? PLoS Med 7: e1000259.

Plosker GL (2012) A/H5N1 prepandemic influenza vaccine (whole virion, vero cell-derived,
inactivated)[Vepacel]. Drugs 72: 1543-1557.

Kelly H, Grant K (2009) Interim analysis of pandemic influenza (H1N1) 2009 in Australia: surveillance
trends, age of infection and effectiveness of seasonal vaccination. Euro Surveill 14: 1-5.

Centers for Disease Control and Prevention (2009) Effectiveness of 2008-09 trivalent influenza
vaccine against 2009 pandemic influenza A (H1N1) - United States, May-June 2009. MMWR Morb
Mortal Wkly Rep. 2009 Nov 13; 58: 1241-1245.

Echevarria-Zuno S, Mejia-Arangure JM, Mar-Obeso AJ, Grajales-Muiiiz C, Robles-Pérez E, et al.
(2009) Infection and death from influenza A H1N1 virus in Mexico: a retrospective analysis. Lancet 374:
2072-2079.

Johns MC, Eick AA, Blazes DL, Lee SE, Perdue CL, et al. (2010) Seasonal influenza vaccine and
protection against pandemic (H1N1) 2009-associated illness among US military personnel. PLoS One 5:
e10722.

Mercer GN, Barry SI, Kelly HA (2011) Modelling the effect of seasonal influenza vaccination on the risk
of pandemic influenza infection. BMC Public Health 11 (Suppl 1): S11 http://www.biomedcentral.com/
1471-2458/11/S1/S11

Kelly HA, Grant KA, Fielding JE, Carville KS, Looker CO, et al. (2011) Pandemic influenza H1N1
2009 infection in Victoria, Australia: No evidence for harm or benefit following receipt of seasonal
influenza vaccine in 2009. Vaccine 29: 6419-6426.

Pebody R, Andrews N, Waight P, Malkani R, McCartney C, et al. (2011) No effect of 2008/09 seasonal
influenza vaccination on the risk of pandemic H1N1 2009 influenza infection in England. Vaccine 29:
2613-2618.

Mahmud SM, Caeseele PV, Hammond G, Kurbis C, Hilderman T, et al. (2012) No Association
between 2008-09 Influenza Vaccine and Influenza A(H1N1) pdm09 Virus Infection, Manitoba, Canada,
2009. Emerg Infect Dis 18: 801-810.

Coburn BJ, Cosner C, Ruan S (2011) Emergence and dynamics of influenza super-strains. BMC public
Health.2011, Feb 25; 11(suppl) 1: S6.

Mossong J, Hens N, Jit M, Beutels P, Auranen K, et al. (2008) Social contacts and mixing patterns
relevant to the spread of infectious disease. PLoS Medicine 5, e74.

PLOS ONE | DOI:10.1371/journal.pone.0114637 December 10, 2014 27127


http://www.biomedcentral.com/1471-2458/11/S1/S11
http://www.biomedcentral.com/1471-2458/11/S1/S11

	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	TABLE_1
	TABLE_2
	Equation equ8
	Figure 1
	Equation equ9
	Equation equ10
	Equation equ11
	Equation equ12
	Equation equ1
	Equation equ13
	Equation equ14
	Equation equ15
	Equation equ16
	Equation equ17
	Equation equ18
	Equation equ19
	Equation equ2
	Equation equ3
	Equation equ4
	Equation equ5
	Section_7
	Equation equ6
	Section_8
	Section_9
	Section_10
	Section_11
	Section_12
	Equation equ20
	Equation equ7
	Equation equ21
	Equation equ22
	Section_13
	Figure 2
	TABLE_3
	Figure 3
	Section_14
	Figure 4
	Section_15
	Section_16
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43
	Reference 44
	Reference 45
	Reference 46
	Reference 47
	Reference 48
	Reference 49
	Reference 50
	Reference 51
	Reference 52
	Reference 53
	Reference 54
	Reference 55
	Reference 56
	Reference 57
	Reference 58
	Reference 59
	Reference 60
	Reference 61
	Reference 62
	Reference 63
	Reference 64
	Reference 65
	Reference 66
	Reference 67
	Reference 68
	Reference 69
	Reference 70
	Reference 71
	Reference 72
	Reference 73
	Reference 74
	Reference 75
	Reference 76
	Reference 77
	Reference 78
	Reference 79

