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Large-scale immunization has profoundly impacted control of many
infectious diseases such as measles and smallpox because of the
ability of vaccination campaigns to maintain long-term herd immu-
nity and, hence, indirect protection of the unvaccinated. In the case
of human influenza, such potential benefits of mass vaccination
have so far proved elusive. The central difficulty is a considerable
viral capacity for immune escape; new pandemic variants, as well as
viral escape mutants in seasonal influenza, compromise the buildup
of herd immunity from natural infection or deployment of current
vaccines. Consequently, most current influenza vaccination pro-
grams focus mainly on protection of specific risk groups, rather
than mass prophylactic protection. Here, we use epidemiological
models to show that emerging vaccine technologies, aimed at
broad-spectrum protection, could qualitatively alter this picture.
We demonstrate that sustained immunization with such vaccines
could—through potentially lowering transmission rates and im-
proving herd immunity—significantly moderate both influenza
pandemic and seasonal epidemics. More subtly, phylodynamic
models indicate that widespread cross-protective immunization
could slow the antigenic evolution of seasonal influenza; these
effects have profound implications for a transition to mass vacci-
nation strategies against human influenza, and for the manage-
ment of antigenically variable viruses in general.

Influenza is a major disease of humans and animals (1). Current
influenza vaccines induce immunity primarily against the var-

iable viral surface antigen hemagglutinin (HA). Owing to on-
going evolution of HA—manifested on the population level as
antigenic “drift” (2)—current vaccines must be reviewed semi-
annually, in anticipation of the upcoming winter influenza season
in the Northern and Southern hemispheres (3). There is evi-
dence that current vaccines can elicit a degree of herd immunity
(4–7), even when imperfectly matched (8); however, ongoing
antigenic drift renders this effect too short-lived for any lasting
epidemiological impact. Similarly, vaccination for pandemic re-
sponse is limited to a largely reactive function that can only be
fully initiated once a pandemic virus has emerged (9).
There is therefore increasing interest in developing vaccines

targeting viral proteins more conserved than currently targeted
HA epitopes (10–14). By inducing immunity against different
subtypes of influenza, and different strains of the same subtype,
such vaccines do not require knowledge of what strain is emerging;
they could thus provide better pandemic and epidemic mitigation
than antiviral drugs or social distancing (15), by permitting long-
term suppression of transmission. In doing so, these vaccines may
afford qualitatively unique opportunities concerning the epide-
miology and evolution of influenza, which we explore here.
There are many different cross-protective vaccine candidates

under study (10–14). Such vaccines do not necessarily prevent
infection, but can be effective in reducing viral shedding, and can
greatly reduce morbidity and mortality in animal models (10, 11).
Fig. 1A shows recent experimental results (11) of a vaccine based on
two conserved viral components, the matrix protein M2 and the

nucleoprotein NP derived from an H1N1 strain. Vaccinated ferrets
challenged with H5N1 exhibited a striking (order-of-magnitude)
drop in nasal viral shedding over the course of infection. Further
studies reporting comparable results are shown in Fig. S1 in SI
Materials and Methods. If reducing viral shedding also reduces in-
fectiousness (Table S1), then studies such as these suggest a po-
tential impact of cross-protective vaccines on limiting onward
transmission.
Accordingly we refer to “cross-protection” as broadly includ-

ing: (i) protection of vaccinated individuals by reducing viral
shedding and/or morbidity and mortality, but not necessarily
preventing infection, and (ii) offering this protection against
different subtypes (e.g., H3N2 and H5N1), and against divergent
strains of the same subtype (e.g., drift variants of H3N2). Most
important in our context is the reduction in transmission that
could result from vaccination.

Results
A central concept in infection control is the basic reproduction
number R0, the mean number of infections arising from a single
infected case in an otherwise susceptible population (16). For
human influenza R0 is typically 1.5–3 (17, 18), significantly less
than some other respiratory infections such as measles (19, 20).
Where prior HA immunity exists, we refer instead to the “ef-
fective” reproduction number, Reff.
In light of the comparatively low R0 of influenza, well-estab-

lished concepts of herd immunity (21) would suggest that, in
principle, influenza pandemics could be substantially mitigated by
persistently lowering transmission. Such effects could be achieved
by deployment of cross-protective vaccines in advance of a pan-
demic in a way that would otherwise be impracticable with con-
ventional, strain-matched vaccines. Fig. 1B illustrates implications
for control, obtained by incorporating cross-protective vaccination
in a standard susceptible-infectious-recovered (SIR) framework
(Materials and Methods). In contrast with most other models of
vaccination (22, 23), here we assume conservatively that vacci-
nation lowers infectiousness (see e.g., refs. 24 and 25) but not
susceptibility to infection. In particular, Fig. 1B illustrates that
even incomplete vaccination coverage (modestly >50% of the
population) has the potential for substantial reductions in viral
spread, owing to the comparatively low R0 of influenza. As stated
above, these results relate to well-established concepts of indirect
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protection; uniquely, however, novel vaccines raise the prospect of
implementing such powerful concepts for pandemic control.
Evolutionary dynamics of seasonal influenza pose more subtle

questions, primarily: how might mass, cross-protective vaccina-
tion programs, sustained over several years, shape influenza virus
evolution? (Although we focus here on HA drift, our overall
findings would apply generically to other variable viral compo-
nents such as neuraminidase.)
Notable features of recent A/H3N2 evolution include its trunk-

like phylogeny (2), in which a single lineage dominates at any given
time, and punctuations in its antigenic evolution (26); the resulting
sequential antigenic “clusters” often necessitate major reformula-
tion of existing vaccines. (By contrast, a conserved antigen vaccine
might be able to control all these variants uniformly.) Two pre-
vailing paradigms capturing these and other aspects of influenza
evolution, are the “epochal evolution” (27) and the “strain tran-
scending immunity” models (28). Here, we present results of in-
corporating vaccination in the former; importantly, however, we
indicate that our qualitative results apply equally to the latter and
across the range of candidate explanations.

Briefly, the epochal evolution model proposes that influenza
HA evolves along a neutral antigenic network (27); thus, whereas
most substitutions do not result in significant immune escape,
over time, they accumulate a genetic background in which certain
context-specific mutations can ultimately effect a disproportion-
ate antigenic change. (This process can be viewed, for example,
in terms of conformational changes in HA epitopes.) Here, we
include cross-protective vaccination in a recent, phenomenolog-
ical formulation of this model (29), a framework incorporating
stochasticity and annual seasonality in viral transmission. Fig. 2
illustrates schematically the model structure in the case of a sin-
gle circulating strain, with further details summarized inMaterials
and Methods. Essentially, as in Fig. 1B, we assume a simple
vaccination program in which a proportion q of the population
has cross-protective immunity, reducing their transmission po-
tential by a proportion c.
Results (Fig. 3A) show that cross-protective vaccination sub-

stantially slows the process of natural HA drift, in particular
lengthening the mean “residence time” of each antigenic cluster.
Specifically, as in Fig. 1B, cross-protective vaccination does not
target HA, but acts indirectly through suppressing transmission,
thus lowering epidemic sizes. Indeed, the significance of affecting
transmission is apparent in the case of a low-efficacy vaccine (c=
0.25 in Fig. 3A), which has little evolutionary impact even at high
coverages (q = 0.6). Fig. 1B illustrates how even at such cover-
ages, such a vaccine effects only a limited reduction in epidemic
sizes. Nonetheless, given the comparatively low R0 of influenza,
Fig. 3A demonstrates that even partial protection (c = 0.5 or
greater) offers the potential for major vaccine-induced modula-
tion of influenza evolution. Moreover vaccination conserves
influenza’s trunk-like phylogeny (Fig. 3 B and C). We note that
the alternative framework of strain-transcending immunity shows
behavior in conceptual agreement with Fig. 3: Although the
shape of the phylogeny is insensitive to R0 (28), this model
predicts a lengthening strain lifetime with lowering R0 (30).
The epochal and strain-transcending immunity models capture

drift by very different biological mechanisms. However, a simple
analogy illustrates that vaccination essentially operates via a
common dynamical mechanism in both these scenarios. Con-
ceptually, sustained transmission dampening has a twofold evo-
lutionary impact: (i) by lowering infection prevalence, mutants
are generated at a reduced rate in the population. (ii) Reducing
cumulative incidence implies fewer individuals with HA immu-
nity, thus eroding the transmission advantage for any antigenic
novelty that does arise (equivalently, lowering Reff for novel
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Fig. 1. Reduction in viral shedding and potential effects on transmission
and epidemiology. (A) Results of cross-protective vaccination and lethal
H5N1 challenge in ferrets. Adult ferrets, 6 per group, were immunized with
three doses of DNA vaccine encoding influenza A matrix 2 and nucleopro-
tein (NP+M2) or influenza B nucleoprotein (B/NP) given intramuscularly at
2-wk intervals, followed by intranasal boosting with recombinant adenovi-
rus vectors (rAd) expressing the same antigen(s) 1 mo later. Animals were
challenged with 5 LD50 of A/Vietnam/1203/04 (H5N1) 6 wk after boosting,
and virus titers in nasal wash samples from days 1, 3, 5, 7, and 9 after
challenge determined by 50% egg infectious dose (EID50) assay. Mean virus
titers are shown ±SEM. The NP+M2 group differs significantly from the B/NP
group at all times, (P < 0.05 by one-way ANOVA). Note that the ferret model
shows susceptibility to influenza infection, similar symptoms to those in
humans, and is transmission-competent. For additional details, see ref. 11.
(Reprinted from ref. 11, Copyright 2009, with permission from Elsevier.). (B)
Simulated outcome of pandemic emergence in a vaccinated population,
taking R0 = 2, consistent with previous pandemics, and assuming that vac-
cinated individuals have transmission potential reduced by a proportion c.

Fig. 2. Compartmental formulation of infection and vaccination dynamics
in the epochal evolution model, shown for a single antigenic variant. The
lower row represents vaccinated individuals; α is the per capita rate of vac-
cination, whereas ω is the rate of waning of vaccine-derived immunity. Im-
munity within a single antigenic cluster wanes at a per-capita rate γ; infected
individuals recover at a rate ν; there is a constant per-capita birth and death
rate μ (not shown on figure for clarity), and the force of infection λ is given
by λ = β (I + (1 − c)I(v)), where β is the rate of infection and c is the proportion
by which transmission is reduced in vaccinated individuals.
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variants and, thereby, increasing the probability of their sto-
chastic loss). These effects are analogous to control of an in-
vading zoonotic pathogen, which might aim to reduce the annual
rate n of introductions in the human population (akin to effect i),
and lowering the reproduction number ρ in humans (akin to
effect ii). Specifically, the annual probability of emergence of
such a pathogen is P = 1–1/ρn. Fig. 4 illustrates this analogy and
its correspondence with cross-protective vaccination. Another
potential explanation for influenza dynamics invokes a network
of immune responses against a limited set of antigenic types (31).
In this formulation too, cross-protective vaccination would con-
trol all antigenic types uniformly, thereby potentially slowing the
rate of antigenic change.

Discussion
Our work illustrates how novel vaccines could qualitatively
change the nature of influenza control, adding rationale for large-
scale immunization programs that would otherwise be prohibi-
tively compromised by antigenic drift and shift. Moreover, slow-
ing antigenic drift could reduce the frequency of reformulation of
existing vaccines to match surface antigens of circulating viruses,
and this effect would be of great importance for certain risk
groups of the population.
An instructive thought experiment is to take the potential ef-

fect of mass vaccination to its conceptual extreme; consider
a scenario where, whatever the details of the cross-protective
vaccination program, transmission is reduced and drift is slowed
to such an extent that most individuals do not live sufficiently
long to acquire repeat infections. Consequently there is little or
no selective advantage for antigenic novelty, and the paradigm of
control is reduced to that of limiting SIR-like dynamics: in other
words, a measles-like scenario (32). A crucial distinction, how-
ever, is that influenza shows much less transmission, and a
shorter infectious period, than measles (16); hence, our results
that even modest levels of vaccination could significantly affect
pandemic spread and seasonal influenza evolution.
Although our models entail several simplifying assumptions,

fundamental mechanisms illustrated in Fig. 4 indicate that our es-
sential conclusion on the evolution-slowing effects of cross-pro-
tective vaccination is likely to be robust to these. Nonetheless, as
with any modeling approach, there are some important caveats to
our work. For simplicity we have assumed a homogeneous popu-

lation and, in doing so, neglect any heterogeneity in transmission
potential among hosts. However, this assumption is likely to be
conservative. If the majority of transmission is attributable to a
subgroup of the population, such as schoolchildren, then concen-
tration of vaccine in this subgroup may achieve as much impact as
random vaccination, but with lower overall vaccination effort (16).
Large-scale spatial structure is another potentially significant het-
erogeneity, with several studies (e.g., refs. 33 and 34) indicating a
dominant role for East/South-East Asia in seeding temperate
regions with new seasonal variants each year. Here too, a concen-

A B

C

Fig. 3. Results from the “epochal evolution” model of influenza surface antigenic evolution (see Materials and Methods, and Table S2 for parameters used). (A)
Antigenic cluster lifetime, over 150 repetitions. Points indicate means, and error bars span 95% of simulation outcomes. (B) Simulated HA phylogeny over 30 y in the
absence of vaccination, with changes in color representing punctuations in antigenic evolution. (C) As for B but in the presence of vaccination, with vaccine parameters
shown.Althoughdemonstratedhere for a particular choice ofq and c, theoverall ”trunk-like”phylogeny is similarly conserved for other parameter values plotted inA.

Fig. 4. A simple schematic model illustrating the effect of cross-protective
vaccination. The surface plots the annual probability of emergence of a zoo-
notic pathogen, one undergoing n introductions per year (x axis) with re-
production number ρ (y axis). For illustration, thewhite line indicates a subset of
this surface relevant to influenza strain replacement, a downward trajectory
denoting the effect of vaccination. Any single point on the line corresponds to
a choice of RV, the reproduction number in the presence of vaccination and in
the absence of HA immunity (see Eq. S3, and the comment thereafter). In the
context of the epochal model, effects associated with both n and ρ make
comparable contributions to slowing HA drift (SI Materials and Methods).
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tration of vaccination effort at the geographic sources of antigenic
novelty could achieve more efficient control than a more evenly
distributed coverage.
Another important consideration is the possibility of vaccine

program failure. Here, we have assumed a constant vaccination
effort α; the effects of temporary shortfalls in vaccine supply could
be mitigated by sufficiently long-lasting, vaccine-induced immunity.
An important corollary of our work is thus the need to quantify the
strength, breadth, and duration of transmission blocking for novel
vaccines (see Table S1 for relevant sources). A different scenario,
however, is the emergence of a fully transmissible vaccine escape
mutant, an event that would expose an accumulated pool of sus-
ceptibles. The antigens targeted by cross-protective vaccines are, of
course, relatively conserved among viral strains and subtypes and
are far less variable than HA (see Table S1 for relevant studies).
Moreover, targeting a combination of antigens, such as in the
NP+M2 studies described here (Fig. 1A), may well limit the like-
lihood of emergence of such escape mutants. The degree to which
viral escape could be blocked by such combination strategies will be
an important question for future research. Overall, any adverse
outcomes of vaccine program failure would be mitigated by the use
or reintroduction of strain-matched vaccines (not modeled here).
Finally, a crucial question arising from this work is how trans-

mission potential may be estimated from viral shedding data.
Indeed, studies summarized in Table S1 offer empirical support
for a positive correlation between shedding and infectiousness.
However, explicit quantitative relationships between shedding
and transmission potential remain unclear. Such a relationship
need not be linear (see ref. 35 for a discussion): For example
a “threshold” effect is possible, yielding transmission only above
a certain level of cumulative shedding. Elucidating this relation-
ship will be an important task for future work.
In summary, the advent of cross-protective vaccines could

open important strategic options in the control of pandemic and
seasonal influenza by prophylactic mass vaccination. More gen-
erally, this analysis illustrates the potential for cross-protective,
transmission-reducing vaccines to control the dynamics of any
antigenically variable virus. Such vaccines could potentially re-
duce the complex question of predicting and managing viral
evolution to the conceptually simpler task of maximizing and
maintaining cross protective herd immunity.

Materials and Methods
Basic Model of Transmission Dynamics. We take a population of size N; for
a single wave of infection with a virus having basic reproduction number R0,
write S and I for the numbers of susceptible and infected, respectively. Assume
conservatively that a cross-protective vaccine does not protect against infection,
nor does it reduce the infectious period. However, it moderates viral shedding
and the clinical course of infection, which reduces infectiousness (and thus
onward transmission) by a factor c, where 0 < c < 1, and c = 1 corresponds to
abolishment of transmission. We assume that, at the time of pandemic emer-
gence, a randomproportionq of the population has vaccine-induced immunity,
taking this to remain constantover the timescale of the pandemic. Those having
vaccine-induced immunity are designated with a superscript v (e.g., S(v)).

Neglecting births and deaths over the epidemic time course and assuming
homogeneous mixing, basic model equations are:

dS
dt

¼ − λS;
dSðvÞ

dt
¼ − λSðvÞ;

dI
dt

¼ λS− I;
dIðvÞ

dt
¼ λSðvÞ − IðvÞ; and

λ ¼ β

N

h
I þ

�
1− c

�
IðvÞ

i
0< c< 1;

[1]

where β is the rate of infection and time has been normalized with respect
to the mean infectious period. Note that the force of infection λ is the same
for both vaccinated and unvaccinated classes, owing to equal susceptibility.

The disease-free equilibrium has: S = (1 – q) N; S(v) = q N; and all other
quantities zero. Infection is then initiated by a perturbation to I. A

proportion (1 – ϕ) of the population is ultimately infected (Fig. 1B), where ϕ
is the nontrivial solution of

ϕ ¼ exp½−R0ð1−qcÞð1−ϕÞ�:

Such a nontrivial solution exists as long as R0(1-qc) > 1, that is as long as
sustained transmission occurs.

Epochal Evolution Model. Overview of the model without vaccination. We use the
stochastic, phenomenological implementation of this model developed in
ref. 29, because this lends itself more readily to repeated simulations than
the original, mechanistic model presented in ref. 27. Here, we give an
overview of the model structure, with further details given in ref. 29.

The phylodynamic model incorporates two structural “tiers.” The first tier
models the epidemiological dynamics of antigenic clusters, including their
stochastic emergence, competition, and loss (Fig. 3A), whereas the second
tier simulates HA sequence evolution within a given antigenic cluster,
yielding genetic data that can be used in reconstructing phylogenies (Fig. 3 B
and C).

Tier 1. Although implemented as a stochastic process (see “Numerical
simulations” below), the dynamics of antigenic cluster i, in the absence of
vaccination, can be summarized by the deterministic equations:

dSi
dt

¼ μðN− SiÞ−
Xn
j¼1

β
Si
N
σij Ij þ γðN− Si − IiÞ;

dIi
dt

¼ β
Si
N
Ii − ðμþ νÞIi −h

�
t − tei

�
Ii ;

[2]

where Si and Ii, are, respectively, the numbers susceptible and infected, with
reference to a strain from antigenic cluster i. Here, γ summarizes antigenic
evolution within a single cluster; β is the rate of infection (assumed to be
seasonally varying according to a sinusoidal form, as in ref. 29); 1/ν the mean
recovery period; 1/μ the mean host lifetime; n the total number of antigenic
clusters that have emerged by time t; and N the population size.

We take σij, the antigenic cross-reactivity between strains from clusters i
and j, as described in ref. 29. An implication of this assumption is a constant
cross-reactivity between any cluster and its descendant; however, because
cross-protective vaccination is assumed to control all such variants uniformly,
we do not expect our precise choice of cross-reactivity to qualitatively affect
our evolutionary results.

Finally, the function h in Eq. 2 represents the key evolutionary component
of Tier 1, the rate at which an individual infected with a strain from cluster i
gives rise to a novel antigenic cluster. This rate depends on the age of cluster
i, as follows: defining ti

e as the time at which cluster i emerged in the
population, we write

h
�
t − tei

� ¼ kW
λW

�
t − tei
λW

�kW − 1

;

that is, a Weibull hazard function parameterized by a shape parameter kW
and scale parameter λW. Taking kW > 1 captures the phenomenology of
antigenic jumps becoming more likely with increasing age of the incumbent
antigenic cluster (that is, (t − ti

e)), as described in detail in ref. 29. In a sto-
chastic formulation, the magnitude of h(t − ti

e) determines the probability
that a strain from cluster i that is infecting an individual mutates into a strain
belonging to a new antigenic cluster. Such an event increments n by 1 in Eq.
2; this and other transitions are described in detail in table 1 of ref. 29.

Tier 2. Taking as input the antigenic cluster changes simulated in tier 1 (as
driven by the function h), this tier simulates molecular evolution within
a given antigenic cluster to simulate a phylogenetic tree. Note that this tier
provides no feedback to tier 1. Details of tier 2 implementation are as given
in ref. 29.

For this model, neglecting the small contribution from per capita antigenic
transition rate h, we have:

R0 ≈
β

μþ ν

Incorporation of cross-protective vaccination. We now develop this model to
include new terms for vaccination and the loss of vaccine-derived immunity.
We assume for simplicity that HA immunity and conserved-antigen immunity
are independent, identifying the former with infection and the latter with
cross-protective vaccination. Thus, for example, we neglect CTL-based immu-
nity naturally elicited by infection, and the role of anti-HA vaccination: we do
not expect either of these features to alter qualitative results. (Incorporating
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the former would compound the transmission-reducing effects of cross-
protective vaccination, and its omission is thus a conservative assumption.)

As described in the main text, we assume a vaccination program such that
a proportion q of the population have cross-protective immunity, acting
equally across all “HA clusters.” As in Eq. 1 above, such individuals have the
same susceptibility to infection as others, but have a reduced rate of
transmission β(1 – c), where 0 < c < 1.

Writing 1/ω for the mean duration of vaccine-derived immunity, we also
define α as the per capita vaccination rate required to maintain immunity in
a proportion q of the population: we discuss in the SI Materials and Methods
how q, α, and ω are related.

The modified model is summarized with a compartmental flow diagram
for a single antigenic variant in Fig. 2. It is straightforward to show that the
vaccination-derived reproduction number RV, (i.e., in the presence of vacci-
nation and in the absence of HA immunity), is

RV ¼ R0ð1−qcÞ: [3]

Numerical simulations. We implement a stochastic simulation of this model in
the presence of vaccination, mapping all deterministic rates described above
to transition rates in a Markov process, and using a Binomial leap algorithm

(36). The simulation therefore incorporates host demographic stochasticity
(i.e., in N), as well as stochasticity in the infection and evolution process.
Definitions and default values for parameters used here are provided in
Table S2. All parameter values not related to vaccination are drawn from ref.
29, and sensitivity analyses are conducted on the remaining (SI Materials and
Methods and Figs. S2–S4).
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