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ABSTRACT

Objectives: The emergence of human pathogens with pandemic potential motivates rapid vaccine
development. We explore the role of vaccines in control and eradication of a novel emerging pathogen.
Methods: We hypothetically simulate emergence of a novel wild poliovirus (hnWPV) in 2020 assuming
an immunologically naive population. Assuming different nonpharmaceutical interventions (NPIs), we
explore the impacts of vaccines resembling serotype-specific oral poliovirus vaccine (OPV), novel OPV
(nOPV), or inactivated poliovirus vaccine (IPV).

Results: Vaccines most effectively change the trajectory of an emerging disease when disseminated
early, rapidly, and widely in the background of ongoing strict NPIs, unless the NPIs successfully
eradicate the emerging pathogen before it establishes endemic transmission. Without strict NPIs,
vaccines primarily reduce the burden of disease in the remaining susceptible individuals and in new
birth cohorts. Live virus vaccines that effectively compete with the nWPVs can reduce disease burdens
more than other vaccines. When relaxation of existing NPIs occurs at the time of vaccine introduction,
nWPV transmission can counterintuitively increase in the short term.

Conclusions: Vaccines can increase the probability of disease eradication in the context of strict NPIs.
However, successful eradication will depend on specific immunization strategies used and a global
commitment to eradication.
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1. Introduction Specifically, while we acknowledge significant differences
between these viruses, we postulate that policy insights
gained from control and eradication efforts are relevant to
both, as well as future emerging pathogens of comparable
(albeit not identical) characteristics.

Since the global experience with polio includes three polio-
virus serotypes with distinct biological and clinical pheno-
types, as well as two classes of vaccines, also with distinct
characteristics, the global polio model provides an opportu-
nity to explore multiple diseases and vaccine combinations
and to demonstrate the potential use of modeling in decision
support. The insights from this modeling may prove useful for
many clinically significant emerging viruses, including SARS-
CoV-2, since some of the key characteristics of the pathogens
and vaccines will likely overlap.

As we experience the evolution of Coronavirus Disease 2019
(COVID-19) from an emerging viral infection to an endemic
infectious disease [1], efforts to develop, produce, and
administer a vaccine represent an international global
health priority. The opportunity to learn from existing mod-
els of familiar vaccine-preventable diseases offers the possi-
bility to appreciate the potential value and limitations of
vaccines [2]. Building on extensive experience modeling
poliovirus transmission, as well as the health and economic
impacts of poliovirus vaccines [3], we consider polio and
poliovirus vaccines useful surrogates for studying and
managing the expectations of COVID-19 vaccines and vac-
cination strategies, as well as potential future pathogens.
While phylogenetically and structurally different viruses,
polioviruses and severe acute respiratory syndrome corona-

viruses, including SARS-CoV-1 (which caused the SARS mul-
tinational outbreak) and SARS-CoV-2 (which caused the
COVID-19 pandemic), share some clinical and epidemiologi-
cal similarities. For instance, both groups of viruses result in
respiratory and gastrointestinal infections, exhibit substan-
tial asymptomatic or subclinical infections with a small sub-
set of significant morbidity and mortality requiring intensive
care, transmit through multiple routes, including droplets
and aerosols, and include the potential for reinfection.

1.1. Prior modeling of the role of vaccines in responding
to a pandemic threat

As a foundation for exploring the role of vaccines in managing
an emerging viral pandemic, we separately applied an existing
global poliovirus transmission model to explore the dynamic
health and policy consequences of the introduction of
a hypothetical novel wild poliovirus (nWPV) with disease
emergence in early 2020 and biological properties like each
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of the existing three known wild poliovirus serotypes (i.e.,
nWPV1, nWPV2, and nWPV3) [4]. The study reviewed prior
modeling literature related to using nonpharmaceutical inter-
ventions (NPIs), which can reduce reproduction numbers and
exportations until die out, and it demonstrated the establish-
ment of endemic transmission for each of the three nWPVs in
the absence of a global commitment to contain and eradicate
the nWPV [4].

Numerous other studies explored the role of vaccines as
one of many potential interventions (part of a combination of
strategies) used to respond to a pandemic caused by an
emerging virus after a delay showing mixed results of the
impacts of vaccine [5-10]. For pandemic influenza, seminal
reports and policies emphasized the importance of rapid vac-
cine development [11-13]. Recognition of the need for incen-
tives for manufacturers to develop vaccines following the
experiences with SARS, Ebola, and Zika led to the creation of
the Coalition for Epidemic Preparedness and Innovations
(CEPI) [14]. Recently, global experience with SARS-CoV-2 led
to numerous modeling studies that explore the potential role
for SARS-CoV-2 vaccines [15-18]. The value of vaccines in
responding to an emerging pathogen depends on the time
required to develop, produce, distribute, and administer the
vaccine, and its properties (i.e., effectiveness, the nature and
durability of immunity induced, and coverage in susceptible
individuals and/or individuals who contribute the most sub-
stantially to transmission). The process of vaccine develop-
ment changed significantly over time.

1.2. Historical development of poliovirus vaccines

The actual historical development of poliovirus vaccines
occurred over decades as shown in Figure 1 and led to two
different classes of vaccines with different biological and clin-
ical properties: (1) oral poliovirus vaccine (OPV) and (2)

® Polio outbreak report

inactivated poliovirus vaccine (IPV). Although the process of
polio vaccine development involved many complexities [19]
and some false starts [20], we highlight the key milestones
related to three major challenges related to the development
of a safe and effective polio vaccine.

Critical to polio vaccine development, multiple landmark
studies suggested the existence of three distinct poliovirus
serotypes [24,25]. Recognition of different serotypes led to
a frenzy of confirmatory work over the subsequent few
years. These studies confirmed in 1951 that nearly 200 differ-
ent strains of poliovirus tested in thousands of monkeys fell
into three distinct serotypes conferring protective immunity.
Serotype 1 accounted for 82% of the strains, serotype 2 for
10%, and serotype 3 for 8%, which implied that a vaccine
containing these 3 serotypes of polioviruses would cover the
entirety of the disease spectrum [19]. Thus, a vaccination
strategy involving these three serotypes of polioviruses
would cover the entirety of the disease spectrum. Around
the same time, tissue culture methods for in vitro cultivation
of polioviruses overcame substantial safety and manufacturing
hurdles to vaccine development [26].

Building on these key basic science advances, the race for
the mass development and deployment of polio vaccines
followed two distinct strategies (IPV and OPV). IPV develop-
ment built on tissue culture techniques [27] that enabled
large-scale production of polioviruses followed by formalde-
hyde inactivation. The first human trials of IPV involved small
cohorts of institutionalized children in 1953, followed by large-
scale field trials in the US in 1954 involving more than 600,000
school children [28]. In spite of limited effectiveness against
serotype 1 poliovirus infection (68%), this study received
acclaim as a triumph over poliomyelitis and led to IPV licen-
sure in 1955 [29] and contracts for widescale production [30]

During the same time, work began on OPV by Koprowski
followed by work by Sabin (reviewed in [31]). In spite of

¢ Virus identified ® First large scale vaccine trial (IPV)
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Figure 1. Historical timelines of polio (blue font), SARS (green font) and COVID-19 (red font) highlight significantly different pathways to disease discovery and
vaccine development. Critical polio milestones spanned nearly a century, and vaccine development preceded molecular characterization of the virus by decades.
SARS was contained with no contribution from vaccines, and COVID-19 continues on a path distinct from polio and SARS. For context, global population growth is
represented by gray circles drawn to scale from 1.57B in 1890 to 7.79B in 2020 [21]. Superimposed on gray circles are blue circles drawn to the same scale showing
growth in global airline passenger volume from 0.31B in 1970 to 4.54B in 2019 [22,23]. The relationship between disease, world population and travel changed
substantially between polio, SARS, and COVID-19, with progressively larger global population with significant increase in mixing as seen in air passenger volume.



methodological differences in clinical studies, the principle of
live virus attenuation remains the same; namely, polioviruses
tend to lose neurovirulence after multiple passages in cell
culture. As a live attenuated virus vaccine, OPV induces
a subclinical infection and provides robust immunity against
its wild-type neurovirulent counterparts. Although the US did
not conduct large-scale trials using OPV, millions of children
received OPV in the Soviet Union (Sabin OPV), as well as
Poland, Croatia, and the Belgian Congo (Koprowski OPV) by
the early 1960s. The Sabin OPV strains considered as the least
neurovirulent based on studies in monkeys received approval
for a US vaccine trial in 1960, and OPV became the preferred
poliovirus vaccine of choice in the US [32] and for most
countries by 1963 [33]. Over the subsequent decades, refine-
ments of IPV and OPV vaccination formulations helped to
increase vaccine safety and efficacy, but the fundamental
principles of immunization against polioviruses remain the
same [34]. Global production, distribution, and use of OPV
and IPV followed extensive efforts by manufacturers to meet
demand largely driven by the 1988 global commitment to
polio eradication [35] and efforts of the Global Polio
Eradication Initiative (GPEI) [36-39].

Once individual countries, particularly relatively higher-
income countries, achieved high immunization coverage
with OPV, they successfully stopped indigenous transmission
of WPVs [32]. These countries began to only observe paralytic
polio cases associated with OPV use (i.e., vaccine-associated
paralytic polio or VAPP cases [40]), which motivated them to
switch from using OPV to using IPV for their national immu-
nization programs [32,41,42]. In some countries that elimi-
nated the indigenous transmission of WPVs, the continued
use of OPV with low coverage led to the observation of
paralytic cases caused by vaccine-derived polioviruses
(VDPVs) [40,43,44]. The potential for OPV to spread seconda-
rily, evolve into circulating VDPVs (cVDPVs) in populations
with low coverage, and cause outbreaks like WPVs motivated
a 2008 global commitment to coordinate cessation of all OPV
use following successful eradication of all WPVs [45]. Global
health leaders certified the eradication of WPV2 in 2015 [46]
and WPV3 in 2019 [47]. In mid-2016, the GPEI globally coordi-
nated the cessation of all serotype 2 OPV (OPV2) use and
recommended the introduction of a minimum of one dose
of IPV into national immunization programs in all countries
[48]. Prior to OPV2 cessation, the GPEI developed a stockpile of
monovalent OPV2 (mOPV2) for use in rapid outbreak response
in the event of detection of continued serotype 2 live polio-
virus transmission after OPV2 cessation [49]. Unfortunately,
OPV2 cessation did not lead to complete die out of serotype
2 live poliovirus transmission and the GPElI and countries
continue to respond to cVDPV2 outbreaks and to develop
contingency plans [50-52].

The GPEI current strategic plan to manage cVDPV2 risks
[53] focuses on the development and deployment of a novel
OPV (nOPV) for serotype 2 (i.e., nOPV2). Developers engi-
neered the nOPVs to make the attenuated Sabin OPV back-
bone less likely to lose its attenuating mutations and thus less
likely to revert to cVDPVs [54]. Ideally, the nOPVs would retain
the highly desirable ability of OPV to induce both mucosal and
humoral immunity and to spread secondarily, but reduce the
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probability of genetic reversion to wild-type virus phenotype
and the associated risks of VAPP and VDPVs [55]. Although the
public health benefits of such engineered vaccines compared
to currently licensed OPV would appear minimal during
a pandemic, nOPVs could represent a highly desirable option
for management of nWPV as an endemic disease or during
outbreak response. The relative benefits of nOPVs compared
to OPV will depend on their actual properties when used in
real populations, which remain uncertain [54].

1.3. Likely development pathway of a vaccine if a wild
poliovirus newly emerged in 2020

In contrast to the polio vaccine development timeline and
milestones, Figure 1 shows how the approach and timeline
for a COVID-19 vaccine fundamentally differed. This figure
reflects the vastly different biomedical technologies available
in 2020 compared to those available in the early to mid-20™"
century. Most importantly, approximately 1 month after the
first report of an epidemic emerging in China, the identifica-
tion of an RNA virus as the causative agent of COVID-19
received classification as a new member of the severe acute
respiratory distress-related coronavirus (SARS-related CoV) spe-
cies of the genus betacoronaviruses (3-CoV) [56]. Shortly
thereafter, molecular studies generated significant evidence
about the molecular structure of the virus, and nearly two
dozen vaccine candidates entered pre-clinical studies [57]. In
less than 12 months after identification of the virus, multiple
vaccine candidates entered phase 3 clinical studies, and sev-
eral vaccines started mass production following successful
clinical trials [58-61]. As of early 2021, multiple COVID-19
vaccines have been licensed for emergency use and countries
continue to administer the vaccine doses as quickly as possi-
ble. We postulate that if polio emerged as a novel disease in
2020, researchers would pursue the same approach as was
used for COVID-19 for a rational vaccine design [62]. Notably,
none of the first COVID-19 vaccines in use are live virus
vaccines because modern vaccine development strategies
favor new technologies. However, live virus vaccines with
potential for secondary spread could prove highly desirable
when rapid and large-scale vaccine deployment of vaccines
would help to shut down transmission more quickly, as in the
case of global response to an emerging pandemic. Of note,
SARS vaccine development efforts were essentially aborted
since the disease was eliminated through strict NPIs within
a few months of emergence (Figure 1).

Since the global experience with the COVID-19 pandemic
demonstrates substantial vaccine research and development
efforts undertaken for an emerging pathogen of global con-
cern, we postulate that if a nWPV had emerged in 2020, the
global commitment to develop a vaccine against nWPV would
occur with similar magnitude and scale. Thus, we assume for
this analysis that investments in vaccine development would
lead to the licensed use of a poliovirus vaccine at some point
in early 2021. For this analysis, we model the introduction of
serotype-specific OPV, nOPV, or IPV assuming their prompt
licensure for emergency use and sufficient production to
allow for their broad distribution at different points in time
after the isolation of the nWPV. The analysis provides some
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context for the potential benefits of introducing a vaccine to
respond to a novel emerging pathogen with pandemic poten-
tial as a function of the NPIs used prior to vaccine introduc-
tion. Although we use a polio-specific model, we emphasize
that this hypothetical analysis is not relevant to the current
situation with polio or the efforts of the GPEI.

2. Methods
2.1. Global structure

We apply our existing global poliovirus transmission model
[63,64], assuming nWPV emergence as a novel pathogen in
2020 in China, with no prior population immunity to polio-
viruses [4]. The technical appendix provides details about
the model (see Supplementary data and Tables Ala-ATh).
For this analysis, we use the full global poliovirus transmis-
sion model structure [63,65], which includes a set of con-
stant model inputs (Table Ala) and serotype-specific inputs
for the 8 model immunity states (Table Alb). The model
requires the use of different immunity states to capture the
very different nature of the immunological protection
induced by OPV versus IPV. Building on the prior analysis
[4], we demonstrate the expected health benefits of the
new vaccines for the same four policy scenarios: (i) no
response (NR), (ii) less strict flatten-the-curve (FTC1), (iii)
more strict flatten-the-curve (FTC2), and (iv) contain and
eradicate (C&E). Table Ale summarizes the model inputs
used to characterize the effects of each of these restrictions
or NPIs. Briefly, NR assumes no specific policy response to
affect mixing of individuals, while C&E represents very strict
and global action to limit mixing of individuals and expor-
tation of the disease. FTC1 and FTC2 are intermediate sce-
narios that result in different levels of decrease in mixing
and exportation (see additional detail elsewhere [4]). We
emphasize that for this analysis and the prior one [4], the
actual NPIs do not matter for this hypothetical analysis,
because the scenarios modeled focus on bounding the
overall space between doing nothing and acting as aggres-
sively as possible. Since this analysis does not seek to
characterize costs or effectiveness of NPIs or prioritize
among them, we simply highlight that the use of different
NPIs with different levels of effectiveness can affect the
expected health benefits of vaccines. Consistent with the
prior results, following the establishment of endemic trans-
mission in a population, most subsequent cases will occur
predominantly in relatively younger children as new birth
cohorts increasingly account for the bulk of the remaining
susceptible individuals.

The model structure stratifies the world into 72 blocks of
10 subpopulations each [63]. Within each subpopulation, we
assume people mix heterogeneously by age, but otherwise
homogeneously within the population of approximately
10.7 million [63]. The subpopulations correspond abstractly
to countries or parts of countries, and we classify each block
by a World Bank income level (i.e. low-income, LI; lower
middle-income, LMI; upper middle-income, UMI; high-
income, HI [66]). We assume block- or subpopulation-
specific dependent transmission model inputs (Table Alc)

and some income level-dependent model inputs, including
vaccine take rates (Table A1d) [63].

2.2. Vaccine assumptions and vaccination scenarios

We assume the introduction of the poliovirus vaccine occurs
1 year after the isolation of the nWPV in HI and UMI blocks and
we assume a 6-month delay to begin vaccination in LMI and LI
blocks. We run scenarios that show the impacts of introducing
a vaccine with the characteristics of OPV, ‘ideal’ nOPV as
described elsewhere [54], or IPV for each serotype. For this
analysis, we assume the same initial secondary spread char-
acteristics for both OPV and nOPV. However, ideal nOPV does
not cause VAPP or lose its attenuating mutations, so it never
increases in fitness or neurovirulence like OPV [54]. We
demonstrate the impacts of introducing these vaccines assum-
ing coverage at the current DTP3 coverage levels [67], initially
assuming 1 dose of vaccine given in routine immunization (RI)
at the age of 3 months and a one-time mass campaign
(@ catch-up supplementary immunization activity (SIA)) dose
targeting all individuals older than 3 months that occurs over
a period of 6 months from the start of the first Rl. Table A1f
summarizes the immunization inputs for each block and
Tables A1g and A1h provide the associated SIA coverage by
SIA impact level and assumed OPV take rates. The model
varies the IPV take rates by income level and OPV take rates
by population based on reviews of the available evidence
[65,68].

For the OPV, nOPV, and IPV scenarios, we demonstrate the
impacts of vaccinating all individuals within assumed age
groups, although we recognize the possibility that serological
testing would offer an option to vaccinate only individuals
who remain susceptible at the time of vaccine introduction
and that some individuals will refuse immunization. For IPV,
we also explore the implications of longer delay in vaccine
introduction (i.e., IPV late), which introduces IPV 2 years after
the isolation of the nWPV in HI and UMI, followed by
a 6-month delay to reach LMI and LI blocks.

We coded the model in the general-purpose programming
language JAVA™ in the integrated development environment
Eclipse™. We perform 100 stochastic iterations for each sce-
nario using the Amazon Elastic Compute Cloud (Amazon EC2).
For each scenario, we report the probability of eradication, the
expected value of the speed of global spread, and the
expected cumulative incidence of paralytic cases over time.

3. Results

Figures 2, 3 and 4 present the impacts of various vaccination
strategies on the average speed of virus spread through the
720 model subpopulations and the growth of the expected
cumulative global incidence of paralytic polio case for nWPV1,
nWPV2, and nWPV3, respectively. In each figure, panels on the
left represent the speed of virus spread, and the panels on the
right present the cumulative incidence of paralytic polio. Each
figure is further subdivided into 4 groups, representing 4 NPIs
including (@) NR, (b) FTC1, (c) FTC2, and (d) C&E. Table 1
reports the probability of eradication for each of the scenarios
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Figure 2. The average speed of nWPV1 spread through 720 subpopulations (left) and growth of expected cumulative global incidence of paralytic polio (right) over
time as a function of interventions and method of vaccination.

Abbreviations: C&E, contain and eradicate; FTC, flatten the curve; IPV1, inactivated polio vaccine serotype 1; NR, no response; nOPV1, novel OPV serotype 1; nWPV1, novel wild poliovirus
serotype 1; OPV1, oral polio vaccine serotype 1
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Figure 3. The average speed of nWPV2 spread through 720 subpopulations (left) and growth of expected cumulative global incidence of paralytic polio (right) over
time as a function of interventions and method of vaccination.

Abbreviations: C&E, contain and eradicate; FTC, flatten the curve; IPV2, inactivated polio vaccine serotype 2; NR, no response; nOPV2, novel OPV serotype 2; nWPV2, novel wild poliovirus
serotype 2; OPV2, oral polio vaccine serotype 2
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Figure 4. The average speed of nWPV3 spread through 720 subpopulations (left) and growth of expected cumulative global incidence of paralytic polio (right) over
time as a function of interventions and method of vaccination.

Abbreviations: C&E, contain and eradicate; FTC, flatten the curve; IPV3, inactivated polio vaccine serotype 3; NR, no response; nOPV3, novel OPV serotype 3; nWPV3, novel wild poliovirus
serotype 3; OPV3, oral polio vaccine serotype 3
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Table 1. Probability of eradication (%) for each nWPV serotype as a function of modeled scenarios for the period January 1, 2020 to January 1, 2030. Green boxes
highlight probabilities of eradication higher than 95%. Yellow boxes highlight probabilities of eradication between 75% and 95%. Red boxes show probabilities of

eradication below 20%.

NR FTC1

FTC2 C&E

nWPV1 nWPV2 nWPV3 nWPV1 nWPV2

Scenario

No vaccine)
OPV
nOPV
IPV

IPV late

nWPV3

nWPV1 nWPV2 nWPV3 nWPV1 nWPV2 nWPV3

72
22 32
44 47

Abbreviations: NR, no response; C&E, contain and eradicate; FTC, flatten-the-curve; OPV, oral polio vaccine; IPV, inactivated polio vaccine; nOPV, novel OPV; nWPV

(1,2,3), novel wild poliovirus serotypes 1, 2,3, respectively

shown in Figures 2-4. The results highlight several key differ-
ences between different poliovirus serotypes, due to differ-
ences in virus phenotype. For additional details about the
expected cumulative incidence of paralytic cases and the
number of affected subpopulations under each vaccination
strategy and NPI by serotype see Table A2.

3.1. Effects of vaccine introduction on expected spread
and cumulative incidence

Comparison of the results for Figures 2-4 highlight several
common patterns in response to various vaccination strate-
gies with significant health and policy implications for the
model time horizon of 2020-2030. First, all serotypes and all
scenarios studied show that the extent of NPIs and timing
of vaccine introduction substantially affect the global, long-
term outcomes of the emerging pandemic. Notably, in the
absence of effective NPIs, as occurs with NR and FTCI,
vaccines developed and deployed on a timeline similar to
the current COVID-19 vaccine timelines do not increase the
probability of eradication (Table 1), and only result in
a modest decrease in global spread and the expected
cumulative burden of the disease (Figures 2-4, NR and
FTC1 panels). This effect becomes more pronounced for
the less infectious and less virulent nWPV3 (Figure 4) than
the more infectious and more virulent nWPV1 (Figure 2) due
to the relatively smaller proportion of individuals who
remain susceptible at the time of vaccine introduction in
Figure 2. In addition, the live oral vaccines that come with
the benefits of secondary spread (i.e. OPV and nOPV) will
result in a modest reduction in the global spread of the
disease only when vaccine introduction occurs before the
virus reaches all 720 global subpopulations (e.g. compare
Figure 2a with Figure 2b). Again, this effect depends on the
virus phenotype, with the largest impact seen with nWPV3
(e.g. compare Figure 2b with Figure 4b). Perhaps the most
important health impact of vaccines in the absence of
effective NPIs would come from protection of vulnerable
populations (primarily represented by the immunologically
naive newborns) after the disease establishes endemic
transmission. Comparing the solid lines (no vaccine) and
dashed lines (OPV) for the expected cumulative cases
between 2024 and 2030 in panels a and b of Figures 2-4
shows the impact of the vaccines as and after the nWPV
establishes endemic transmission.

Second, live attenuated viral vaccines that can spread sec-
ondarily as represented by OPV (Figures 2-4, dashed lines) and

nOPV (Figures 2-4, dotted lines) consistently outperform the
IPV scenarios. These results highlight the importance of vac-
cine coverage in managing an emerging infection, and con-
trast with current non-transmissible COVID-19 vaccine leading
candidates. The results show the impact of delayed introduc-
tion of IPV introduction (i.e., double lines compared to dashed
double lines) (Figures 2-4), such that later vaccine introduc-
tion implies fewer susceptible individuals that may benefit
from IPV. Both IPV vaccination strategies (double lines and
dashed double lines) result in counterintuitive increases in
global spread of the pandemic (panel d, Figures 2-4) and
significantly reduced probability of eradication (Table 1). This
model behavior occurs due to the model assumptions that
NPIs stop at the time of vaccine introduction (Table Ale). The
same behavior occurs with different dynamics for FTC2 sce-
narios in which the use of IPV results in acceleration of the
spread of the virus during 2021 to 2024-2025 (panel ¢, left
side, Figures 2-4), even though expected cumulative paralytic
cases increase less because of the use of the vaccine (panel ¢,
right side, Figures 2—-4). These findings highlight an important
public policy and behavioral issue. Specifically, if the availabil-
ity and distribution of vaccines result in premature relaxation
of the NPIs, the pandemic may paradoxically become worse.
This may unintentionally result in loss of confidence in the
vaccine and vaccination strategy, and lead to lowered accep-
tance of vaccines, because the increase in cases could look like
ineffectiveness of the vaccine instead of increased risk of
exposure due to the relaxed NPIs. Perhaps surprisingly, in
the absence of effective NPIs (i.e. NR and FTC1 in Figures
2-4), vaccines play a less substantial expected role in protect-
ing most of the population, although they will still serve to
protect new birth cohorts and prevent substantial burdens of
disease caused by endemic transmission in later years.

The third general insight relates to OPV and nOPV and
builds on the history oral polio vaccine development and
incidence of VAPP and cVDPV [54]. For this analysis, which
assumes that OPV and nOPV perform equally well in prevent-
ing the spread of polioviruses for all three serotypes, the
results overlap in the left panels of Figures 2-4 (see dashed
(OPV) and dotted (nOPV) lines). In contrast, FTC2 shown in
panel c of Figures 2-4 shows much higher expected impact of
oral vaccines in preventing the spread of the virus, because
the introduction of OPV or nOPV in 2021 reduces the exporta-
tion of the nWPV to naive populations, and substantially
decreases the cumulative incidence of paralytic polio cases
(right panels). However, the sustained use of OPV, but not
nOPV, shows a subtle increase in the incidence of paralytic



cases over time due to VAPP cases and in some cases rever-
sion of OPV strains to cVDPVs, depending on the population
transmission dynamics and coverage. Panel d of Figures 3 and
4 shows these effects.

3.2. Effects of vaccine introduction on the probability of
eradication

Finally, the results show a substantial and arguably non-
intuitive interplay between virus phenotype, NPIs, and vac-
cines in the overall probability of success in achieving era-
dication of the emerging nWPV during the model time
horizon (Table 1). Importantly, most global policy actions,
including significant flatten-the-curve strategies, as well as
development and deployment of vaccines, result in less
than a 1 in 5 chance of success in disease eradication
(Table 1, light red boxes). Conversely, a high probability of
success (=95%) in disease eradication depends on global
coordinated efforts to contain and eradicate an emerging
pathogen through NPIs early on that limit population mix-
ing and exportation for prolonged periods of time (Table 1,
green boxes). While these may seem unrealisticc, we note
that countries such as China, Singapore, and New Zealand
deployed these strategies in response to COVID-19 with
reasonable success. However, in the absence of coordinated
global action, such local or national efforts must continue in
perpetuity to battle disease importation from other popula-
tion centers. Eradication is an all or nothing game. Again, as
noted earlier, vaccines may counterintuitively result in
a reduction in the probability of success in disease eradica-
tion if their deployment coincides with relaxation of NPIs
(Table 1, yellow boxes). Specifically, for the C&E NPIs, Table
1 shows the decrease in the probability of eradication when
introducing vaccines, which reflects the model assumptions
of relaxation of the strict NPIs that would otherwise con-
tinue. The introduction of vaccines while maintaining the
strict NPIs in these scenarios would result in unchanged or
increased probabilities of eradication, although long-term
use of OPV with low coverage would lead to ongoing
observation of VAPP and potential VDPV cases.

Consideration of the impacts of vaccine introduction does
not affect one of the key findings from modeling of NPIs [4].
Specifically, rapid, decisive, and coordinated global action to
limit mixing of individuals and to limit disease exportations
represent the most effective strategies to contain and eradi-
cate an emerging disease (Table 1, green boxes). Even with
modern technology, vaccines require time to develop, pro-
duce, and administer, and thus would likely play a minor
role in eradication of an emerging disease in the absence of
strict NPlIs. A false sense of reassurance in the form of relaxing
NPIs with the availability of vaccines such as IPV may in fact
result in a paradoxical increase in transmission and disease
incidence (panel d, left side, Figures 2-4) and lower the prob-
ability of eradication (Table 1, yellow boxes). On the other
hand, highly effective vaccines such as OPV and nOPV that
result in rapid population immunity can substantially reduce
disease transmission, morbidity, and mortality and increase
the probability of eradication when strict NPIs fall short (e.g.
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FTC2 or C&E) (Table 1). For example, the probability of eradi-
cation for serotype 2 for FTC2 increases from a low of 13%
without vaccination to a high of 84% after the introduction of
OPV or nOPV. The introduction of vaccines will yield the great-
est health benefits if introduced as early as possible such that
they can potentially protect more susceptible individuals, and
if NPIs remain in place during the administration of the initial
vaccine doses.

For a virus with characteristics similar to WPV1 (Table A1),
which would arguably present a more serious threat than
COVID-19, virtually no probability exists of disease eradication
within 10 years of emergence as a nWPV in 2020 without
effective NPIs, and the probability of eradication remains
very low with some NPIs even after vaccination (Table 1, NR
and FTC1 columns). The chance of eradication increases
slightly with a significantly less aggressive viral pathogen
such as WPV3, but remains less than 10% even with a highly
effective vaccine such as OPV as used in the model.

4. Discussion

The global experience with COVID-19, which stands in stark
contrast with successful eradication of a similar emerging
pathogen less than two decades ago (SARS), raises questions
about the collective global ability to combat emerging patho-
gens. A companion study [4] shows that in the absence of
decisive and coordinated global action, an emerging nWPV
would likely spread rapidly through the global population and
become endemic, which we anticipate would lead to substan-
tial costs to human health and economies. We see these
findings again in the ‘No Vaccine’ results shown in Figures
2-4 and Table 1 of this study. Notably, the introduction of
vaccines as a tool in global efforts to combat an emerging
hypothetical nWPV in an immunologically naive population
does not change the importance of using early and effective
NPIs to stop and slow transmission. In contrast, highly effec-
tive and strict NPIs can lead to eradication of the emerging
disease before it becomes established, and this eliminates
demand and the market for any vaccines (as occurred with
SARS). As a consequence of highly effective and coordinated
multinational NPIs in 2003, development of a SARS vaccine did
not progress into clinical trials despite favorable candidates
due to no market demand.

Although our studies investigate the hypothetical emer-
gence of polio as a novel disease in 2020, the global model
and all input variables related to the viruses, vaccines, and
vaccination strategies derive from decades of real-life experi-
ence supporting the GPEl and extensive use to support actual
global policy decision making [2,3,69]. Nonetheless, the model
and insights remain limited by the assumptions, model struc-
ture, and finite number of stochastic iterations performed [63].
In spite of these limitations, no other existing model for
a vaccine-preventable disease exists with this level of maturity
as a living policy model. As such, our insights could potentially
inform the global policy decisions regarding COVID-19 vac-
cines and vaccination strategies and future discussions about
the role of vaccination for emerging human diseases. No
model can perfectly predict the actual course of events that
would occur, which will depend on the choices, actions, and
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stochastic events that impact local transmission and the
aggregation of these to the overall trajectory of the pandemic.

As in the reality with polio, the available polio vaccines
could achieve eradication, but this depends on an effective
vaccination strategy. Specifically, the GPEI certified eradication
of endemic transmission of WPV2 and WPV3 by using a 3 or 4
dose childhood routine immunization schedule with OPV in
most countries and by performing supplementary immuniza-
tion activities (SIAs) with OPV that aimed to increase coverage
in young children to increase the population immunity to
transmission. Prior modeling demonstrates the dynamics of
population immunity to transmission and die out [70,71].
The GPEI immunization strategy increased population immu-
nity to levels high enough that the WPVs died out, such that
as of 2020, all countries successfully interrupted indigenous
transmission of all WPVs, except for Pakistan and Afghanistan
where WPV1 transmission continues to date [63]. Thus, the
development of vaccine tools can support the eradication of
some emerging and established diseases, but achieving eradi-
cation depends on the vaccine properties and coverage
achieved with the specific vaccine strategies. Eradication also
depends on overcoming the ‘weak links’ [72], which continues
to become increasingly difficult as the population and inter-
national travel increases substantially over time (Figure 1).
Arguably, the success of SARS control and eradication in
2003 and failure of COVID-19 control and eradication in 2020
are in part due to substantial growth in global population in
the context of an even larger increase in travel, rendering
SARS-like NPIs less effective in the battle against COVID-19.

With respect to insights relevant to COVID-19, these
results suggest that the introduction of vaccines may help
to control transmission, but not lead to eradication depend-
ing on the properties of the vaccines developed and the
coverage achievable and achieved. Thus, the eradication of
SARS-CoV-2, if even possible using the vaccine tools ulti-
mately developed and distributed, may require immuniza-
tion activities that go beyond the initial pandemic vaccine
outbreak response plans. The motivation to even consider
a commitment to eradicate SARS-CoV-2 may also not exist
given its expected trajectory [1]. The ability of some large
countries to protect their populations from transmission
(e.g., China) and prevent national establishment of the dis-
ease would substantially reduce the vaccine doses needed
to achieve eradication. However, those countries that suc-
cessfully prevent establishment or eliminate transmission
will face continued pressures of importations until eradica-
tion, as currently occurs with polio and measles.

5. Conclusion

The role of vaccines introduced in response to a pandemic will
depend not only on the properties of the vaccines and the
coverage achieved, but also on the NPIs taken prior to vaccine
introduction and during the vaccination campaign. Relaxation
of NPIs prior to widespread administration of vaccines may
lead to increases in transmission and cases shortly after vac-
cine introduction, which could negatively affect perceptions
about the effectiveness of the vaccines.
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