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Abstract

Introduction—The World Health Organization (WHQ) and other health agencies have
concluded that yellow fever booster vaccination is unnecessary since a single dose of vaccine
confers lifelong immunity.

Areas Covered—We reviewed the clinical studies cited by health authorities in their
investigation of both the safety profile and duration of immunity for the YFV-17D vaccine and
examined the position that booster vaccination is no longer needed. We found that antiviral
immunity may be lost in 1-in-3 to 1-in-5 individuals within 5 to 10 years after a single vaccination
and that children may be at greater risk for primary vaccine failure. The safety profile of YFV-17D
was compared to other licensed vaccines including oral polio vaccine (OPV) and the rotavirus
vaccine, RotaShield, which have subsequently been withdrawn from the US and world market,
respectively.

Expert Commentary—Based on these results and recent epidemiological data on vaccine
failures (particularly evident at >10 years after vaccination), we believe that current
recommendations to no longer administer YFV-17D booster vaccination be carefully re-evaluated,
and that further development of safer vaccine approaches should be considered.
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1. Introduction

Yellow fever virus (YFV) represents an important mosquito-borne human pathogen that is
endemic in approximately 40 countries in sub-Saharan Africa and South America [1].
Although disease may be mild in some instances, clinical presentation often involves severe
acute onset with fever, nausea, vomiting, hepatitis, hemorrhage and renal failure. The case
fatality rate (CFR) for severe cases of yellow fever ranges from 20-60% [2,3]. There are no
licensed antiviral drugs to treat yellow fever and prevention or reduction of disease burden is
mainly accomplished through vaccination as well as through vector control measures.

The live, attenuated YFV-17D vaccine was developed in 1936 and although there are two
main substrains that are used in commercial manufacturing (17D and 17DD), there appear to
be no major differences in safety or immunogenicity between YFV-17D vaccines [2,4-6].
Yellow fever vaccination is recommended for people living in endemic areas and for
travelers who may visit endemic areas with the notable exception of infants <9 months of
age and people with HIV, thymus disease, or other immunodeficiencies, since these
represent vulnerable populations in which yellow fever vaccination is contraindicated [7].
For many years, YFV-17D has been considered “one of the safest vaccines in the world” [8]
and has often been referred to as a “gold standard” among vaccines due to its remarkable
ability to induce lifelong immunity. Based on this premise, several heath advisory groups
convened with the task of determining whether the recommendation to administer booster
vaccinations at 10-year intervals is needed. In April 2013, the Strategic Advisory Group of
Experts (SAGE) on Immunization, the primary advisory counsel to the World Health
Organization (WHO), concluded that a single dose of YFV-17D vaccine provided lifelong
protection and that no booster dose was needed [9,10]. In May 2014, the World Health
Assembly adopted this change in guidance and the requirement for a booster dose to be
administered at 10-year intervals is expected to be removed from the International Health
Regulations in 2016. Evidence pertaining to the potential risks and benefits of yellow fever
vaccination were evaluated using the Grading of Recommendations, Assessment,
Development, and Evaluation (GRADE) framework [11] and in February 2015, the
Advisory Committee on Immunization Practices (ACIP) reviewed these documents and
voted to approve the use of only a single dose of vaccine for most travelers [12].

The change in recommendations for YFV-17D vaccines has been controversial and several
groups have questioned the decision by these health agencies to no longer recommend
booster vaccination [13-15]. Indeed, some endemic countries such as Brazil have indicated
that they will continue to recommend at least one booster vaccination among the endemic
population as well as continue to recommend booster vaccination for travellers who plan to
visit other yellow fever-endemic countries [16,17]. The risks of rare but serious side effects
following YFV-17D vaccination (including the risk of vaccine-related hospitalization and
death that mainly occur during primary vaccination) must be weighed in proportion to the
potential risks to individuals in yellow fever endemic countries who have primary vaccine
failures (i.e., lack of seroconversion after vaccination) or whose antiviral immunity wanes to
below the protective threshold. Here, we have reviewed the literature on YFV-17D vaccine
safety and immune memory that was used to justify the removal of booster vaccination from
the YFV-17D schedule. Our review of these documents indicates that although live
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attenuated YFV-17D vaccines are not completely safe, they are needed for control of yellow
fever disease burden in endemic areas and the recommendation for booster vaccination
should be reconsidered in order to protect those with primary vaccine failures as well as
those whose immunity has declined to non-protective levels. Based on the rapid loss of
immunity in a subpopulation of vaccine recipients, it should be considered whether the first
booster dose of vaccine be administered within 5 years after primary vaccination instead of
10 years after vaccination as previously proposed.

2. Can memory T cells provide protective immunity against reinfection?

YFV-17D is a highly immunogenic vaccine, resulting in strong innate immunity [18-21],
antiviral T cell immunity [22-26] and neutralizing antibody responses [27—-29]. Before one
can estimate the duration of immunity after YFV-17D vaccination, it is important to
determine whether memory T cells or pre-existing antibodies play the predominant role in
protection against infection. When the CDC concluded that YFV-17D vaccination induced
lifelong immunity, this was based, at least in part, on the potential role of T cells to provide
protection in the absence of neutralizing antibody responses. In the Conclusions section of
GRADE Table 3 [11], the authors noted, “Further evidence suggests that even with no
detectable neutralizing antibodies, immunity might be given due to cell-mediated protective
effects”. Niedrig et al. [27] and Reinhardt et a/. [30] were cited as evidence for T cells
demonstrating a protective role in antiviral immunity. However, the Niedrig study performed
no T cell analysis, and concluded their paper by stating, “ The relative contributions of
cellular and humoral immunity mediating protection against YF infection are not known. So
far our data indicate that NT [neutralizing titer] results are the most appropriate parameters
for monitoring 17D vaccine efficacy” [27]. The Reinhardt study did not directly measure
YFV-17D-specific T cells but only measured the frequency of total circulating CD8* T cells
in the blood after primary or secondary vaccination [30]. In their discussion, they mention
that the early expansion of T cells during primary YFV-17D infection, “strongly suggested
that CD8* T cells were involved in the primary immune reaction to YF vaccinatiorn’.
However, this observation cannot distinguish between a coincidental relationship or a causal
relationship in CD8* T cell responses and clearance of YFV-17D viremia. YFV-17D induces
T cell responses to all viral proteins with strong T cell responses directed towards non-
structural proteins [23,24]. However, the presence of T cell memory does not necessarily
equate to the presence of protective T cell-mediated immunity. Fortunately, this question has
been resolved by comparing YFV-17D to chimeric flaviviruses based on the YFV-17D
backbone [31-34]. The relative role of vaccine-mediated T cell memory has been elegantly
determined in two clinical studies involving YFV-17D and chimeric versions of YFV-17D in
which the neutralizing epitopes of the envelope and PrM proteins of YFV-17D were replaced
by the envelope and PrM proteins from dengue virus serotype 2 [31] or Japanese
encephalitis virus (JEV) [32] (Figure 1). When YFV-naive subjects were inoculated with
YFV-17D, ChimeriVax-JE (recombinant YFV-17D expressing JEV-specific neutralizing
epitopes) or ChimeriVax-DEN2 (recombinant YFV-17D expressing dengue serotype 2-
specific neutralizing epitopes), viremia was observed in 100%, 83%, and 57% of subjects,
respectively. This shows that each of these viruses is capable of inducing transient, systemic
viral infection in a naive human host. In contrast, when YFV-17D-immune subjects were
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inoculated with one of these three different viruses (Figure 1), there was complete protection
against YFV-17D replication (0% of subjects with detectable viremia) whereas ChimeriVax-
JE and ChimeriVax-DENZ2 viruses replicated as efficiently in YFV-immune subjects as that
observed in YFV-17D-naive subjects (92% and 79% viremia, respectively). If memory T
cells are able to control YFV infection, then YFV-immune subjects should have controlled
infection by the ChimeriVax-JE and ChimeriVax-DENZ2 viruses since 8/10 of the proteins
(including all of the nonstructural proteins) are from YFV-17D and therefore have identical
T cell epitopes. Instead, these studies indicate that in the absence of YFV-17D-specific
neutralizing antibodies, the pre-existing YFV-17D-specific memory T cell response is
unable to provide protection against repeat infection. Indeed, area-under-the-curve (AUC)
analysis showed that there was no reduction in the peak or duration of viremia and there was
no evidence that YFV-17D-specific T cells reduced disease symptoms after infection
(reviewed in [34]). In contrast, passive transfer of YFV-specific immune serum provides
protective immunity against lethal YFV infection in mice [28,35,36], hamsters [37], and
rhesus macaques [35]. Together, these studies indicate that neutralizing antibodies are both
necessary and sufficient for protection against yellow fever [33]. This also indicates that the
assumption that memory T cells might play a role in protection against yellow fever in
seronegative vaccinees [11] is unsubstantiated and one should use caution before using this
as evidence to support changing the YFV-17D vaccine schedule.

3. Yellow fever correlate of immunity and duration of antibody responses

Rhesus macaques are highly susceptible to yellow fever and the correlate of protective
immunity was first identified by vaccinating rhesus macaques with graded doses of live
YFV-17D vaccine and measuring neutralizing antibody responses prior to lethal challenge
with virulent YFV-Asibi [38]. At 20 weeks after vaccination, all but one of the vaccinated
animals with a pre-existing log neutralizing index (LNI) of >0.7 were protected against
YFV-Asibi challenge whereas animals with titers of <0.7 LNI were susceptible to YFV-
Asibi infection. The LNI procedure requires two serum samples (pre-challenge and post-
challenge) and is measured using a constant-serum, diluted-virus approach in which the
neutralizing activity of the immune serum is calculated after subtracting the neutralizing
activity of pre-challenge serum. This approach is feasible in the setting of prospective
clinical trials but is difficult to perform when studying long-term immunity since pre-
vaccination serum samples are often not available, especially when examining immune
responses more than 10 years after vaccination. For this reason, none of the studies cited by
the CDC [11], WHO [10], or ACIP [12] used LNI to determine the durability of vaccine-
mediated immunity after YFV-17D vaccination. Instead, researchers used other approaches
such as mouse protection studies or an /n vitro constant-virus, diluted-serum approach in
which the neutralizing titer is the reciprocal of the dilution of serum that reduces infectious
virus by a pre-specified percentage (e.g., 50% plaque reduction neutralizing titer is
designated as PRNT5g and focus reduction neutralizing titer is designated FRNT5g). Studies
involving adoptive transfer of YFV-immune serum into naive hamsters have provided further
insight into the level of neutralizing antibodies that are required for protection against lethal
YFV infection [37]. Animals with pre-existing PRNTxg titers of 240 were fully protected
against viremia and death after YFV challenge whereas animals with PRNTx titers of 10 to
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20 showed breakthrough of viremia although 83% to 88% of animals were still protected
from YFV-associated mortality, respectively. We have tested an experimental hydrogen
peroxide-inactivated YFV vaccine in rhesus macaques and our preliminary data also
indicates that a pre-existing PRN T titer of >20 is protective against lethal yellow fever
(Authors, unpublished data). Although more studies are needed, a PRNTgq >20 may
represent an immunological correlate of immunity in cases wherein measuring LNI is
unfeasible.

The WHO [10], ACIP [12] and CDC [11] reports utilized similar references in their
deliberations but the CDC report provided the most comprehensive list of studies that
measured long-term immunity after YFV-17D vaccination. They found that an average of
88% of subjects remain seropositive at =10 years after YFV-17D vaccination and this
represents one of the main pieces of evidence for the decision to no longer require booster
vaccination. Of the 13 studies included in Table 3 of the CDC publication (references
[13,27,28,30,39-46] and an unpublished analysis of CDC Arbovirus laboratory testing),
there were 4 that used mouse protection assays to determine the serostatus of the vaccinated
individuals. It remains unclear how mouse protection experiments relate to protective
immunity in humans since an early study demonstrated that mice could be protected by
transfer of immune human serum that was non-protective in the more clinically relevant
rhesus macaque model [35]. Of the remaining 9 studies that measured neutralizing titers at
=10 years after YFV-17D vaccination, 4 were performed in endemic countries [13,40,41,45]
and 5 were performed in non-endemic countries (references [27,28,30,46] and an
unpublished analysis of CDC Arbovirus laboratory testing). When stratified into these two
groups, 97.6% (359/368) of subjects from YFV-endemic areas maintained detectable
neutralizing antibodies whereas only 83.7% (264/337) of subjects who lived in non-endemic
countries remained seropositive. In addition to technical differences in measuring
neutralizing antibody levels (e.g., PRNTsg PRNT75 PRNTgo PRNTgp), there could be
additional confounders such as age, race, and gender differences, etc. However, the disparity
in protective levels observed between these two groups indicates that it may not be prudent
to include the data from endemic countries for estimating the inherent duration of vaccine-
mediated immunity after YFV-17D immunization due to the potential for periodic boosting
of immunity via exposure to yellow fever or other potentially cross-reactive flaviviruses.
Most importantly, these results indicate that on average, nearly 1 in 5 subjects from non-
endemic areas may lose measurable antibody responses within 10 or more years after
vaccination.

Two studies [27,28] cited by the CDC [11] as evidence of lifelong immunity after YFV-17D
vaccination are particularly informative. One of the studies in Table 3 of the CDC report [11]
was published by Poland et a/. in a non-endemic country [28] and 91/116 subjects (78%)
were considered seropositive by the CDC based on having a neutralizing titer (PRNTgg) of
>2. However, serum samples with a neutralizing titer of 2 or even 4 were inconsistent in
mouse protection studies (providing only 33-50% protection), making it difficult to know if
these neutralizing titers should be considered above a protective threshold. Neutralizing
titers of =16 consistently protected mice [28] and based on more recent PRNT5q studies in
hamsters [37] these levels are more likely to be above a protective threshold. If this more
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conservative cutoff value is used, then the long-term serostatus among vaccinated subjects
drops from 78% seropositive [11] to 62.9% seropositive [28].

Another study from Table 3 of the CDC report [11] by Niedrig et al. [27] provides a rich
source of information regarding the kinetics and durability of neutralizing antibody
responses from a few weeks to up to 35 years after YFV-17D vaccination (Figure 2). Their
data shows that sera with a neutralizing titer of >1:10 decreased from 94% in the first year
after vaccination to 74.5% after 10 years. Upon closer examination of the dataset (Figure 2),
it appears that immunity declines rapidly during the first 1-4 years after vaccination and if
the samples from 5-35 years post-vaccination are combined, then only 69% (51/74) of
subjects retain neutralizing antibodies of >1:10. This rapid decline in YFV-specific
antibodies shortly after vaccination is supported by another study based on the long-term
analysis of neutralizing antibody responses after YFV-17D booster vaccination of laboratory
workers at the United States Army Medical Research Institute of Infectious Diseases
(USAMRIID) [47]. Laboratory researchers with potential risk of exposure were screened for
neutralizing antibodies and revaccinated if their titers declined to below 1:40 or (as of 1996)
1:20. The decay rate kinetics of YFV-specific neutralizing antibody responses were
determined in 1,029 laboratory personnel. The antibody decay curves indicated that
neutralizing antibody titers dropped below 40 within 3—4 years for approximately half of the
subjects after booster vaccination and the authors noted that vaccine recipients with a low
pre-booster titer declined to below 40 within 3 years. These independent studies [27,47]
together indicate that a sizeable proportion of vaccinated individuals may lose antiviral
immunity in less than 5 to 10 years after a single YFV-17D vaccination.

Why is it that lifelong immunity is retained for decades after viral infection in some cases,
whereas in others, immunity is rapidly lost? We believe that this may be due to differences
in host:pathogen interactions in which viruses that are cleared too quickly may not replicate
sufficiently to prime the host immune system to generate long-term immunity (Figure 3).
For example, the immune responses elicited by two live smallpox vaccine strains, Dryvax
and Modified Vaccinia-Ankara (MVA), have very divergent outcomes. Unmaodified strains of
vaccinia virus such as Dryvax are able to replicate at the site of inoculation for several days
to several weeks, with the viral infection typically cleared at the time that the vaccination
scab detaches from the skin. Similar to yellow fever, virus-specific T cell memory is unlikely
to protect against orthopoxvirus infection [48] but smallpox vaccination elicits antiviral T
cell responses that can be detected for decades [49,50] and antibody responses that are
maintained with a 72 year half-life [51]. In contrast, MVA is a further-attenuated,
replication-deficient strain of vaccinia that is unable to establish an acute infection in
humans and is therefore rapidly cleared. Antiviral immune responses to this over-attenuated
strain of vaccinia are lower than that achieved with wild-type vaccine strains of replication-
competent vaccinia (Figure 3A) and antiviral immunity declines sharply even after 2 or 3
doses of vaccine have been administered [52,53]. For example, within 6 months after a
second vaccination as few as 35-54% of subjects maintain a measurable neutralizing
antibody titer of PRNTgg =10 [52]. Despite reaching peak geometric mean neutralization
titers of up to 77.6 shortly after booster vaccination, by the 6 month time point the antiviral
antibody titers of the remaining seropositive subjects ranged from 11.7 to 10.2 which is near
the limit of detection (PRNTgg = 10). Similar results were found in an earlier study in which

Expert Rev Vaccines. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Amanna and Slifka

Page 7

71% of subjects seroconverted after two MVA immunizations but only 28.8% maintained
neutralizing antibody responses by 2 months after booster vaccination [53]. In contrast to
these viruses, in which the difference in host-pathogen interactions are clearly due to
differences in vaccine strain attenuation, the vaccine strains of YFV-17D are genetically
stable viruses [54] and show similar safety and immunogenicity profiles [2,4-6]. It is
therefore unlikely that the long-lived immunity or short-lived immunity observed among
different vaccinated individuals (Figure 2) is due to differences in vaccine virus strains.
Indeed, even under circumstances in which lethal viscerotropic disease after YFV-17D
vaccination has occurred, sequencing of the virus from blood samples has shown that it
maintains its genetic identity and does not typically revert to a virulent phenotype [8,54,55].
In this scenario, we postulate that the differences in immunological memory following
yellow fever vaccination (Figure 3B) are more likely to be linked to rates of viral clearance
that are associated with differences in host susceptibility. The initial viral load after
YFV-17D vaccination varies between human subjects [56] and below a certain threshold the
level of systemic viral replication determines the peak in effector CD8" T cell responses. It
is plausible that the extent and duration of viral replication may also impact the peak and
duration of antiviral antibody responses as well (similar to smallpox vaccines, Figure 3A).
Interestingly, YFV-17D may persist in other organs for a longer period of time than one
might predict based on measuring serum viremia. One study found YFV-17D genomic RNA
excreted in the urine of vaccinated individuals at time points in which paired serum samples
taken at the same time were negative [57]. Moreover, viral RNA could be detected for up to
1-3 weeks after vaccination in a subpopulation of vaccinated individuals and positive urine
samples appeared to be more common among those with YFV-17D-associated adverse
events. Taken together with the clinical data on yellow fever showing clear examples of both
short-term and long-term immunity after vaccination (Figure 2) [27,28,47] and what is
known in terms of the durability of antiviral antibody responses with other viruses that are
either rapidly cleared (e.g., MVA) vs. those that mount an acute viral infection that is cleared
within a few weeks (e.g., Dryvax) (Figure 3A) [58], we propose the following model (Figure
3B): Following YFV-17D vaccination, >95% of adults mount neutralizing antibody
responses above the protective threshold of =0.7 LNI [59]. Among ~70% of YFV-17D-
vaccinated individuals, the magnitude and duration of virus replication is sufficient to induce
long-lived plasma cells and antibody responses that are maintained essentially for life. In
contrast, approximately 30% of vaccinated individuals may clear the viral infection too
quickly, resulting in reduced antigenic load and instead of inducing lifelong immunity,
antiviral antibodies wane to below the protective threshold within 5-10 years. Although this
is only a hypothesis at this point, we believe that this represents an area worthy of further
investigation.

4. YFV immunology, epidemiology and evidence of waning protective

immunity

In determining that one dose of yellow fever vaccine induces lifelong immunity, the WHO
provided evidence that there have been only 12 reported vaccine failures out of >540 million
doses of YFV-17D vaccine administered [9,10]. This remarkable statistic was revised
slightly upwards by the CDC to 23 reported failures, but further modified to only 18 out of
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>540 million doses because 5 cases of yellow fever occurred <10 days after vaccination, and
this may have been too early for vaccine-mediated protection to have formed [11]. These
statistics were subsequently referenced by the ACIP publication on YFV-17D vaccine
booster recommendations [12]. This finding is surprising, but also somewhat difficult to
support since no vaccine is 100% effective and a small proportion of vaccine failures will
leave a proportion of individuals at risk for subsequent infection. Clinical trials involving
YFV-17D vaccines produced by two different manufacturers found that between 98.6% and
99.3% of adult subjects elicit neutralizing antibody responses above the protective threshold
of =0.7 LNI within 31 days after vaccination [59]. If we consider that primary YFV-17D
vaccination is 99% effective, then one might have predicted 5 million primary vaccine
failures (based on failure to seroconvert) among 500 million doses of administered vaccine.

If one uses the meta-analysis performed by the CDC in reference to long-term immunity
after YFV-17D vaccination, then 88% of vaccinated individuals will remain seropositive
[11]. If we round this up to 90%, then one would have anticipated 50 million secondary
vaccine failures (defined as seropositive subjects who become seronegative) among more
than 500 million doses of administered YFV-17D vaccine. As noted earlier (Figure 2 and
Figure 3), based on immunological memory studies performed in non-endemic areas
([27,28,30,46] and an unpublished analysis of CDC Arbovirus laboratory testing) it is likely
that immunity is lost in 30-40% of individuals within 5-10 years after YFV-17D vaccination
and this would further increase the susceptible population. HIV infection is known to
interfere with the development of vaccine-mediated immunity and one study showed that
only 83% of HIV+ individuals were seropositive less than one year after YFV-17D
vaccination compared to 97% seropositivity in HIV- individuals [60]. Further, among the
102 HIV+ patients studied, there were 11 who initially seroconverted but became
seronegative after a median of only 1.8 years after vaccination (range; 0.9-5.1 years),
indicating that HIV+ status may profoundly impact the durability of antiviral immunity after
YFV-17D vaccination. Importantly, seroconversion rates are also lower among children after
YFV-17D vaccination (88% within 1-2 months after primary YFV-17D vaccination; [11]).
A large clinical trial involving 1,966 children comparing 17D-213/77 and 17DD vaccines
found seroconversion rates of only 84.8% and 85.8%, respectively [4]. However, among
children aged 12 months or older, the seroconversion rate was only 69% when concomitant
vaccination with measles, mumps, and rubella (MMR) was performed [4]. These results are
supported by prior studies in which only 552/792 children (70%) seroconvert after YFV
vaccination when administered with MMR vaccination [6]. Based on these two large
independent studies that clearly demonstrate poor seroconversion rates among children after
primary vaccination, the recommendation to only administer a single dose of YFV-17D
vaccine should be reconsidered.

After examining the frequency of primary vaccine failures and subsequent waning immunity
(Figure 2), one might question the reliability of the evidence indicating that only a maximum
of 23 vaccine failures have occurred among >540 million vaccinated individuals. There are
two likely explanations for the remarkably low rate of vaccine failures noted by the WHO
study. First, it is unlikely that all 540 million individuals were directly exposed to YFV-
infected mosquitoes. If a person is not exposed to yellow fever, a potential vaccine failure
will not be identified. Secondly, yellow fever is endemic in many remote regions of South
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America and Africa and in many developing countries with limited epidemiological
infrastructure, there are substantial problems with under-reporting. Together, this makes it
difficult to determine the “true” number of vaccine failures or to determine if protective
immunity does indeed wane over time. Fortunately, an extensive study examining sylvatic
cases of yellow fever in Brazil has provided much needed insight into this important
question [3]. In this study, patients were not only queried about their vaccination status, but
they were also asked whether they had been vaccinated within 10 years prior to contracting
yellow fever (Figure 4). There were 831 cases of yellow fever identified between 1973-2008
with a case fatality rate of 51%. Vaccination status was unavailable for 372/831 (45%) of
patients but the remaining 459 cases had received prior YFV vaccination and yet still
contracted yellow fever. Since all of the cases of yellow fever were virologically confirmed,
we believe that this is likely to be a more accurate representation of vaccine failures than the
previous estimate of only 23 worldwide vaccine failures occurring between 1944-2013
[11,12]. Of the individuals who contracted yellow fever, 3% had been vaccinated <10 years
before disease onset whereas 52% had been vaccinated >10 years previously. Although the
cumulative level of direct exposure to yellow fever-infected mosquitoes in each group is
unknown, this appears to indicate that there is a distinct difference in the likelihood of
contracting yellow fever based on the number of years since last vaccination. This data is
consistent with a low frequency of primary vaccine failures in addition to waning immunity
after YFV-17D vaccination (Figure 2) and supports the opinion that YFV-17D booster
vaccination be performed within 5-10 years after primary vaccination to prevent a lapse in
protective immunity.

5. Rates of YFV-17D serious adverse events (SAESs)

By some estimates, YFV-17D is considered one of the least safe vaccines in use [61].
Serious adverse events (SAEs) are commonly defined as causing in-patient hospitalization,
long-term disability, or death [62]. Although co-administration of multiple vaccines can
complicate the interpretation of some adverse events, known examples of YFV-17D-
associated SAEs include anaphylaxis, neurologic disease, viscerotropic disease, or vaccine-
related fatalities (Table 1). These are rare events and estimating the true rate of any rare
adverse event can be challenging, particularly under conditions of passive surveillance or in
locations with poor health-monitoring infrastructure. When determining that only a single
dose of YFV-17D vaccine is required for lifelong protection against yellow fever, the CDC
identified a total of 1,255 SAEs worldwide among 333,455,887 vaccine doses distributed
from 1990-2013 [11]. This low level of YFV-17D-associated SAEs was based on eight
published studies and an additional unpublished analysis of the US VAERS system from
2007-2013 [11]. However, two studies in particular [63,64] dominated the dataset, and
together accounted for 314 million vaccinations, or 94% of the total YFV-17D doses
analyzed by the CDC. The accuracy of such analysis is questionable, since these two studies
relied heavily on reporting from endemic countries with limited healthcare infrastructure
that are prone to under-reporting [63,64]. In one study, adverse events were followed in eight
African countries after mass YFV-17D vaccination campaigns that totaled 38 million doses
[64]. Only 164 SAEs were reported (4.3 SAEs per million doses), with the authors
acknowledging that this rate was substantially lower than prior observations in several non-
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endemic studies. They considered that this could be due to differences in the populations
under surveillance, but also conceded that underreporting was a significant concern. Indeed,
the authors estimated that based on crude mortality rates they should have detected around
38,000 deaths during their surveillance period but only 33 deaths were reported [64]. This
has substantial implications with regard to the limited sensitivity in their surveillance
system. Similar issues were highlighted in another study which reported SAEs following
distribution of 276 million doses of YFV-17D worldwide from 1993-2010 [63]. As noted by
the authors, while doses distributed in non-endemic countries accounted for only 5.9% of the
total distributed doses (16.2 million doses), they accounted for 95% of all reported adverse
events. In their analysis of YFV-17D vaccine-associated SAEs, the overall rate was reported
at 3 SAEs per million doses, but this number reached 51 SAEs per million doses in the non-
endemic (i.e. traveler) population [63]. These studies are important because they highlight
the limited sensitivity in the vaccine surveillance networks in developing countries and show
how this may dramatically skew vaccine safety results.

The differences between endemic and non-endemic communities within a single study [63]
appeared to be similar to the differences observed between studies cited by CDC when
segregated by geographic location (see Table 4 in [11]). To better measure these differences,
the average SAE rates from studies in only endemic regions [64—67] were compared to those
from only non-endemic regions ([62,68,69] and unpublished US VAERS analysis in [11]).
For endemic areas, a total of 234 SAEs were identified among approximately 43 million
doses of YFV-17D, equaling 5.4 SAEs per million. By comparison, for the non-endemic
locations a total of 216 SAEs were reported from approximately 14.4 million doses,
resulting in 15 SAEs per million. However, even this analysis of the non-endemic SAE rate
appears to be an underestimate due to the differences in one study between the number of
YFV-17D doses purchased versus the number of doses that were administered [68]. The
CDC [11] referenced a study of US civilian and military vaccinees that included 9.6 million
total doses (2.2 million civilian doses and 7.4 million military doses) [68]. However, in that
study there was a large difference between doses purchased and doses administered for the
military population and the authors clarified these differences, basing their subsequent
analysis on 2.2 million civilian doses and only 0.93 million military doses [68]. Using the
studies cited by the CDC [11] in non-endemic countries (corrected for the total number of
administered doses in [68]), and the non-endemic subset analysis from [63], it is estimated
that the SAE rate ranges from 13-51 SAEs per million doses of YFV-17D (Table 1).

6. Yellow fever vaccine-associated neurotropic disease (YEL-AND)

Neurological symptoms represent an SAE that was first widely recognized after YFV-17D
immunization of infants <6 months of age [70]. From 1952-1953, 5 cases of
meningoencephalitis were reported among 1,800 children (<12 months old) vaccinated at the
Pasteur Institute in Paris, yielding a rate of 2,800 cases per million vaccinations in this age
group [70]. In the report, 9 additional cases of encephalitis in YFV-17D vaccinated infants
(all <6 months old) were also identified [70], underpinning the current contraindication
against vaccination of infants <9 months old [71]. The clinical definition of yellow fever
vaccine-associated neurotropic disease (YEL-AND) now includes a wider range of
neurological complications including meningoencephalitis, Guillain-Barré syndrome, acute
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disseminated encephalomyelitis, and bulbar palsy [72]. Although not typically lethal, at least
one reported case of virologically confirmed YEL-AND resulted in the death of a 3-year-old
child [73,74]. The virus recovered from this patient had mutated to become more
neurovirulent after inoculation into mice or non-human primates [74].

Despite the contraindication of YF-17D in infants, this SAE continues to be observed in the
broader population following vaccination. Based on 8 studies from both endemic and non-
endemic regions [11], the CDC identified 208 vaccine-associated neurologic cases among
462 million doses (0.45 YEL-AND cases per million doses). However, this number may be
heavily skewed since 432 million doses (94%) were distributed in endemic countries. When
the analysis is specifically limited to endemic countries ([64,65,75,76] and the endemic
subpopulation in [63]) there are 0.38 cases of YEL-AND per million doses (165 cases from
approximately 432 million vaccinations). After correcting for the number of administered
military doses in [68], analysis from this study and the three other references cited by the
CDC [11] in non-endemic regions ([62,68,77], and the hon-endemic subpopulation in [63]),
together totaled 43 cases of YEL-AND among approximately 22.5 million vaccinations (1.9
YEL-AND per million doses).

As with SAEs in general, reporting rates for YEL-AND in endemic countries appear
problematic due to under-reporting. Of the 24 cases of YEL-AND identified by Cottin et a/,
only 1 occurred outside of their traveler vaccine subpopulation, which equates to 1 case per
259.8 million vaccinations (0.004 YEL-AND per million doses) [63]. In 2014, 63 cases of
YEL-AND were reported in Brazil among 31.4 million immunizations (2.0 YEL-AND per
million vaccinations) [75]. However, when limiting their analysis to only the state of Rio
Grande do Sul in 2009, where training of healthcare staff and surveillance were specifically
intensified due to a vaccination campaign, the YEL-AND rate jumped to 10.8 cases per
million. This emphasizes the importance of strong surveillance systems when studying rare
adverse events. Indeed, additional analysis has continued to identify subpopulations that may
be at even greater risk of YEL-AND due to age. Children aged 5-9 had YEL-AND rates as
high as 26 per million vaccinations [75]. Those of advanced age (= 60 years old) also appear
to be at increased risk, with the rate of YEL-AND estimated at 14 cases per million
vaccinations [68]. This appears to be a vaccine-specific problem since no such age-related
increase in adverse events was noted with other travelers vaccines (Hepatitis A or Typhoid)
within the same dataset [68]. When serious adverse events in the general population were
expanded to include a wider range of neurological symptoms such as aseptic meningitis (in
addition to encephalitis), one study in Brazil recorded rates as high as 38.7 per million after
a 2001 vaccine campaign involving 344,195 doses of vaccine [66]. While this number may
seem quite high, an even higher rate of 99 cases per million doses (meningitis or
encephalitis) was observed in a smaller retrospective study performed in France that was
based on 40,404 doses [78]. When considering the spectrum of neurologic symptoms
associated with YFV-17D, the results from large studies of >100,000 vaccinations yield a
range of 1.3-38.7 cases per million (Table 1). In total, modern experience with the YFV-17D
vaccine indicates that there is a much higher rate of neurologic symptoms in the general
population than was originally appreciated at the time of the vaccine’s initial development.
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7. Yellow fever vaccine-associated viscerotropic disease (YEL-AVD)

In 2001, a previously uncharacterized SAE with a high mortality rate, termed yellow fever
vaccine-associated viscerotropic disease (YEL-AVD), was first formally described [72,79].
YEL-AVD results from a widespread dissemination of the vaccine virus, closely mimicking
wild-type fulminant yellow fever [29]. The case-fatality rate has been estimated at ~65%
[29] and although sex and advanced age appear to be significant risk factors [68,80,81], a
substantial number of cases have also been observed in healthy young adults, as well as
children [81]. Following the initial description of YEL-AVD, increased monitoring has led
to a growing number of case reports across multiple continents [72,81], with retrospective
analysis dating cases to as early as the 1970s [82].

While precise measurements of the incidence of YEL-AVD in large populations are limited
by the lack of adequate prospective data, several retrospective reviews have addressed the
rate of this life-threatening condition [62,65,68,80,81,83]. The CDC identified a total of 72
cases from 437 million doses administered from 1990-2010, for an estimated rate of 0.16
cases of YEL-AVD per million doses administered [11]. As with the preceding discussion of
total SAEs and YEL-AND, when limiting the analysis to the studies performed in endemic
countries (endemic subpopulation in [63] and [64,65,75,76]), there were only 0.10 cases of
YEL-AVD per million doses of vaccine administered (43 cases among an estimated 424
million vaccinations). By contrast, 30 cases of viscerotropic disease were found following a
CDC-estimated 29.7 million vaccinations in non-endemic locations ([62,68,77], and the non-
endemic population in [63]). After correcting for the total number of administered doses in
the military population [68], there were on average 1.3 cases of YEL-AVD per million doses
of YFV-17D, with a range of 0.7-4 cases per million, and an overall mortality rate of 0.10-
2.6 deaths per million (Table 1). This statistic represents more than a 10-fold increase in the
occurrence of YEL-AVD in non-endemic countries compared to endemic countries.

The discrepancy in SAE reporting rates is illustrated in Cottin et a/., in which endemic and
non-endemic reports were compared within the same study [63]. Of the 12 cases of YEL-
AVD reported, 11 were from the non-endemic cohort, and the location of 1 was listed as
unknown. This means that there was <1 case per 259.8 million doses reported in endemic
regions (i.e., <0.004 YEL-AVD per million doses) compared to a rate of 0.7 per million
doses (11 cases per 16.2 million doses) in non-endemic countries. The distinction in YEL-
AVD rates between endemic and non-endemic populations could suggest differences in
demographics or in the surveillance and reporting capabilities of the various locations. The
latter explanation appears more likely since estimates from other studies in endemic
countries have yielded results comparable to non-endemic countries if enhanced surveillance
is undertaken. For instance, a study of Brazilian adverse events identified only 20 cases of
YEL-AVD following 107.6 million vaccinations from 1999-2009 [76] for a rate of 0.19
cases per million vaccinations. However, when the Brazilian analysis was limited to specific
vaccination campaigns in Rio Grande do Sul or Séo Paulo, the YEL-AVD rates increased
substantially, ranging from 1.1 to 3.1 cases of YEL-AVD per million doses, respectively.
This is strikingly similar to the range reported from non-endemic countries (Table 1).
Likewise, during an Argentinian vaccination campaign involving 1.9 million doses of
YFV-17D administered from 2008-2009, with specific surveillance systems established
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prior to initiating the campaign, there were 12 cases of YEL-AVD identified, yielding a rate
of 6 cases per million doses [65]. Since advanced age is a known risk factor for YEL-AVD
[68,80], the Brazilian National Immunization Program recommends that unvaccinated
individuals older than 60 years of age consult with their physician to evaluate the risk:benefit
ratio before considering yellow fever vaccination [16,17].

The most notable documented cluster of YEL-AVD occurred in the Ica Region of Peru [84]
and provides a cautionary note against implementing YFV-17D vaccination campaigns in
the absence of a clear threat of exposure. A single lot of YFV-17D (substrain 17DD) was
used to vaccinate 42,742 people as part of a post-disaster health response to a destructive
earthquake [84]. YFV was not considered endemic to this area of Peru and the vaccine
campaign resulted in 5 cases of YEL-AVD, and 4 deaths. In this instance, the YEL-AVD rate
of 116 per million vaccinations represents an incidence that is nearly 30 times greater than
the highest rate previously observed in the general population (Table 1). Genetic analysis of
the vaccine lot revealed no obvious changes in the virus genome sequence, limiting the
likelihood that this was a batch-specific issue [84]. Of the male patients, one was advanced
in age (79 years old), which is a risk factor [68,80]. The other male was 49 years old with a
history of appendectomy, though whether or not this represents a YEL-AVD risk factor is
unknown. Of the female patients, one was 49 years old and found to have underlying
immune disorders (systemic lupus erythematosus and rheumatoid arthritis) that may have
pre-disposed her to YEL-AVD. The two remaining female patients were younger (23 and 24
years old), apparently healthy and had no obvious risk factors. As the investigators noted,
“The occurrence of YEL-AVD in these and other young women Is concerning and
unexplained.” [84]. This lack of understanding of host susceptibility represents a continuing
and uncertain risk during YFV-17D mass vaccination campaigns.

8. YFV-17D vaccine risks in comparison to other withdrawn live virus

vaccines

The YFV-17D vaccine has been employed in vaccination programs since the late 1930°s and
had been broadly considered one of the most successful, and safest, vaccines ever developed
[85]. However, certain risks were recognized early in the history of YFV-17D vaccine use.
Following initial field trials it was recognized that controlling passage level was imperative
to reduce the risk of both over-attenuation and under-attenuation [29]. For example,
following a Brazilian vaccine campaign in 1941 using 7 lots of vaccine derived from the
same substrain (17D-NY 104), 199 cases of adverse events with ‘evidence of central nervous
system involvement’ were reported among approximately 55,000 vaccinees, with the authors
linking these adverse events directly to the YFV-17D vaccine [29,86]. It was concluded that
passage history played a role in this instance [86] and subsequent clinical studies indicated
that this high rate of encephalitis was a characteristic of this particular substrain [29].
Further, it was concluded that this trait developed following a small number of subcultures
from the parent strain, and recognition of this point contributed to further changes in the
seed-lot system by 1942 [70], including the establishment of better characterized primary
and secondary seed lots to reduce the potential for pathogenic changes, as well as restricting
vaccine lots to a single passage past the secondary lot [29]. This seed-lot system culminated
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with the current 17D substrains used in vaccine production today, which include 17D-204,
17D-213 and 17DD [87]. Encephalitis among YFV-17D-vaccinated infants led to early
contraindications in this age group [70], and additional contraindications now include
immunosuppressed patients, as well as those with hypersensitivity to egg products [71].
However, even in the seed-lot era and with contraindications for vulnerable populations in
place, serious adverse events (SAEs) have persisted at relatively high rates (Table 1).

YFV-17D-associated SAEs may include anaphylaxis, neurotropic disease, viscerotropic
disease, and death (Table 1). Although often described as one of the safest vaccines ever
developed, YFV-17D vaccines have safety issues at rates similar to other licensed live viral
vaccines that have been subsequently withdrawn from the US vaccine market due to safety
concerns (Table 1). For example, the oral polio vaccine (OPV) was first introduced in 1961
as an alternative to the existing inactivated-polio vaccine (IPV), and soon became the
dominant form used in the US [88]. While the vaccine was effective in reducing wild-type
polio transmission, it was clear that it also posed a risk of virulence reversion [89], leading
to a condition termed vaccine-associated paralytic poliomyelitis (VAPP). Once wild type
polio transmission was eliminated in the US, OPV became the sole source responsible for
endemic cases of paralytic poliomyelitis [88], at a rate of 0.4-0.5 cases per million doses
administered [90,91], with ~3% of those cases resulting in death (0.012-0.015 per million
doses administered) [92]. Based on this evidence, the Advisory Council on Immunization
Practices (ACIP) began recommending the reintroduction of IPV starting in 1997 [88], with
an IPV-only schedule adopted by 2000 [93]. Similar to OPV, the first rotavirus vaccine,
RotaShield®, represents another example of an attenuated live virus vaccine that was
eventually deemed unsafe for routine clinical use [94]. RotaShield was licensed for US
markets in 1998, but following an unexpectedly high rate of intussusception reports, ACIP
recommendations were rescinded by November of 1999 and the product was removed from
the market. More highly attenuated rotavirus vaccines (Rotarix® and RotaTeq®) only
became available 7-10 years later [94]. Retrospective analysis indicates that the increased
risk of intussusception from RotaShield was approximately 90—214 excess cases per million
vaccinated children [95,96], and the vaccine may have been associated with one death out of
an estimated 1.5 million doses administered (<1 per million doses) [97]. For OPV and
RotaShield, these rates of serious adverse events were considered too high for routine use
and the vaccines were withdrawn from the US and world market, respectively. It is
somewhat surprising to note that serious vaccine-related events are similar between
YFV-17D and either OPV or RotaShield, and the YFV-17D-associated mortality rate is also
much higher than that observed among these two withdrawn vaccines (Table 1). Increased
awareness of the risks associated with YFV-17D vaccination has prompted a reassessment of
the current live attenuated vaccine and led to calls for safer alternatives [7,98].

9. Yellow fever risk:benefit ratio for international travelers

The overall risk of contracting yellow fever among unvaccinated US travelers has been
estimated at approximately 0.5-5 cases per million travelers during a 2-week stay in yellow
fever endemic areas [62]. The theoretical incidence of YFV-associated deaths in travelers
has been estimated to be as high as 300 per year [99], but the actual observed incidence
comes in substantially lower, at approximately 0.7 cases per million travelers, based on 2
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cases of yellow fever among 3 million unvaccinated travelers per year [99]. In comparison,
the rate of YEL-AVD ranges from 0.7—4 cases per million doses administered, with a death
rate of 0.1-2.6 per million doses (Table 2). Although relative risk calculations can change
depending on individual travel plans, this comparison suggests that the current live
YFV-17D vaccine might actually pose as much risk to most US travelers as the disease itself
(Table 2) [99]. The challenge in making the decision to vaccinate the travelers population
has been underscored by recent expert analysis [7], in which it was highlighted that among
travelers from 1990-2010, 6 deaths were associated with wild-type yellow fever, while twice
as many deaths (12 total) were associated with YEL-AVD following YFV-17D vaccination.
As noted in the review [7], this is a problematic comparison since denominators for at-risk
travelers (either vaccinated or unvaccinated) are difficult to estimate, and one cannot know
for sure how many cases of wild-type infection were averted in the vaccinated population.
Still, the comparison acknowledges the point that the risk:benefit ratio for international
travelers is often unclear. While travel to Africa during epidemic activity warrants
vaccination, the risk:benefit ratio during non-epidemic periods is less certain [7]. The
situation in South America is even less clear, where risk of YFV exposure has been
estimated at approximately 10-fold less than Africa [99]. However, considering that YFV
can circulate in intense periods of local transmission [7], it is important for each individual
to consult with their physician based on their specific health status and travel plans.

10. Yellow fever vaccine cost:benefit analysis and broader considerations

Vaccines play a critical role in modern healthcare, and are considered the most effective
medical means to reducing mortality and supporting population growth [100]. However,
understanding the ultimate purpose of vaccines in our society can be subtle and challenging.
As articulated previously [101], one must consider if vaccines are simply a tool for reducing
healthcare costs, or do they serve a deeper purpose for reducing human suffering? Although
these positions are not mutually exclusive, there are instances wherein strict cost:benefit
calculations intersect with scientific and moral obligations. Polio vaccination provides an
important illustration of this point. The seriousness and impact of polio disease is
unguestionable, and the effectiveness of OPV in preventing paralysis and death is
indisputable [102]. However as described earlier, OPV is associated with rare but serious
side-effects (Table 1) that can mimic wild type polio in vaccinees and their susceptible
contacts [90,91]. Once wild-type poliovirus was eliminated in the US, it became clear that
all endogenous cases of paralytic polio were due to the vaccine, with approximately 10
children stricken with paralysis each year [88]. Despite the existence of IPV, a safe and
effective vaccine alternative, economic analysis indicated that the switch to IPV would not
be cost-beneficial compared to simply compensating children injured through vaccination
[103]. Nonetheless, governing bodies ultimately decided that eliminating the risk of directly
harming vaccinees outweighed strict economic considerations [88], and subsequent
economic analysis has demonstrated that IPV continues to be a cost-effective vaccination
strategy [102]. Yellow fever vaccines pose a similar dilemma. Wild type yellow fever is
severe, and vaccination with live YFV-17D is effective in preventing disease. However, the
vaccine comes with small but verified risks, including fulminant disease and in rare
instances, death (Table 1). Unlike poliovirus, licensed inactivated YFV vaccines are
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currently unavailable and live YFV-17D vaccination remains the only option for travelers
and those living in endemic countries. Nevertheless, recent advances in vaccine technologies
bring new hope to the field. Several groups are developing potentially safer non-replicating
vaccines [104-106] and at least one candidate has progressed to early stage clinical trials
[107]. Still, until new vaccine alternatives become available, healthcare providers and
individual patients will be left with challenging questions on how to balance the safety of the
vaccine versus the likelihood of contracting yellow fever.

11. Expert Commentary

Yellow fever represents a serious mosquito-borne disease with hospitalized cases associated
with up to 20-60% mortality. Introduced in 1936, YFV-17D vaccines have been in use for
80 years and represent an important tool for the prevention and control of yellow fever
outbreaks. However, these vaccines are not entirely safe nor do they induce lifelong
immunity among all vaccine recipients. Bearing this in mind, changes to the recommended
vaccination schedule must be carefully weighed in relation to the safety and long-term
efficacy of the current live attenuated YFV-17D vaccines. In order to make informed
decisions on YFV-17D vaccine recommendations, the available epidemiological literature
must be carefully reviewed with the understanding that there are inherent inefficiencies in
the passive reporting of vaccine-related adverse events, especially among developing nations
that may not have the necessary infrastructure to identify and report vaccine-associated
SAEs. We believe that a conservative approach be used in which the higher rates of adverse
events found among vaccine recipients in non-endemic countries be taken as the more
accurate indication of safety due to the likelihood of more efficient reporting and follow-up
of patient outcomes. In terms of the duration of antibody responses after YFV-17D
vaccination, it is true that these vaccines can elicit lifelong immunity. However, this does not
mean that every vaccinated individual will be endowed with lifelong immunity. This point
may explain why the ACIP recommends no booster vaccination for mosttravelers, but still
recommends booster vaccination at least every 10 years for travelers who might enter a
higher-risk setting based on season, location, activities, and duration of their travel [12].
Likewise, they recommend that laboratory workers who routinely handle wild-type yellow
fever virus to either have their serum tested for neutralizing titers or receive booster
vaccination at least every 10 years. In other words, the ACIP still recommends booster
vaccination for individuals with a high risk of yellow fever exposure [12]. Upon examination
of the literature used as the basis for recommending only a single dose of YFV-17D vaccine,
we found evidence indicating that antiviral immunity wanes after primary vaccination,
resulting in up to 1-in-3 to 1-in-5 individuals losing immunity due to a combination of
primary vaccine failure (especially among children) and waning immunity during the first 5
to 10 years after vaccination. This immunological data is supported by a large
epidemiological study in Brazil spanning 1973-2008, in which more than half (55%) of the
yellow fever patients had received YFV-17D vaccination prior to contracting virologically
confirmed yellow fever. Of the 831 yellow fever patients described in the study, there were
27 cases found among those vaccinated <10 years previously and 432 cases among those
vaccinated >10 years previously. Notably, the yellow fever case fatality rate was 51% - an
important reminder that this is a devastating and highly virulent disease among those without
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vaccine-mediated protection. Combined with the data on primary vaccine efficacy and
waning immunity, we believe that this epidemiological study supports the use of YFV-17D
booster vaccination within 5-10 years after primary immunization. However, based on the
safety concerns associated with live attenuated YFV-17D vaccines, the target population
should be limited to only those individuals with a credible risk of exposure.

12. Five-year view

As noted previously [7], YFV-17D vaccination will remain an important component of
immunization programs within endemic countries and continue to be required by the
International Health Regulations for international travel to prevent epidemics that could
otherwise spread across borders. The updated regulatory guidance to no longer recommend
booster vaccination will likely provide initial cost savings but the potential impact on long-
term immunity is uncertain and more studies on the durability of antiviral antibody
responses are needed among both adult and pediatric cohorts. Immunological studies use a
variety of methods to measure neutralizing antibodies (LNI, PRNT5p, PRNT75, PRNTgg,
PRNTgg, mouse protection, etc.) and this makes comparisons between groups difficult to
interpret. One consideration would be to agree on using a harmonized approach in which
future studies provide neutralizing data utilizing the same or similar methodology. The LNI
approach has historical significance and an LNI of =0.7 is the only correlate of protective
immunity after YFV-17D vaccination [38]. However, this approach requires relatively large
volumes of serum in addition to pre- and post-vaccination samples, making it difficult (and
in many cases unfeasible) to be used for long-term immunological studies. We would
propose the use of PRNTsgq since this has been used to determine a putative correlate of
protection in hamsters [37] and eventually could be correlated with LNI results. The
decision to recommend YFV-17D vaccination is further complicated by the risk:benefit ratio
for different populations. Although YFV-17D vaccination is necessary within many endemic
regions, the risk of vaccine-associated serious adverse events among elderly or
immunocompromised individuals can in some cases outweigh the risk of contracting natural
yellow fever, especially among international travelers. The need for safer vaccines against
yellow fever has been raised on more than one occasion [7,98] and there are several non-
replicating vaccines in various stages of development [7,54]. There are many gaps remaining
in our knowledge of YFV-17D vaccine safety and durability (Table 12 of [10]) and further
study into safer vaccine alternatives should be added to this list. Two of the most common
arguments against the development of an inactivated or subunit vaccine against yellow fever
include g)the feasibility to administer multiple doses of a given vaccine in developing
countries and 4) the cost of vaccine production. According to the WHO, 3-dose coverage of
tetanus/diphtheria/pertussis (DTP) vaccination of children in Africa has increased
dramatically from 5% in 1980 to 77% in 2014 [108] — indicating that it is becoming more
feasible to administer multiple doses of vaccine in developing countries. Vaccine production
costs on the other hand are typically product-specific and harder to predict, but this was also
considered one of the largest obstacles when the decision was made to replace live oral polio
vaccine (OPV) with inactivated polio vaccine (IPV). The successful transition from OPV to
IPV (and the associated improvements in safety) lends credence to the belief that eventually
live attenuated YFV-17D vaccines will be replaced by safer alternatives and with various
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improvements in modern vaccine manufacturing technologies, it is likely that this clinical
need will be addressed. There has been a long-held misconception that live attenuated
vaccines induce lifelong immunity whereas inactivated/non-replicating vaccines induce only
short-lived immunity and therefore require more booster vaccinations. In reality, nearly all
vaccines require at least one booster vaccination [109] and highly immunogenic multivalent
vaccines such as those developed against human papilloma virus [110] and hepatitis A virus
[111] elicit remarkably long-lived immunity. Indeed, two doses of the inactivated whole-
virus hepatitis A vaccine has been estimated to maintain protective immunity in >95% of
vaccine recipients for more than 30 years [109,111]. If a similar vaccine were to be
developed for yellow fever, then not only would the risk:benefit ratio likely be improved, but
long-term antiviral immunity may be attained with durability potentially reaching the levels
observed with live attenuated YFV-17D vaccines. Continued epidemiological studies on
yellow fever and rare YFV-17D vaccine-associated adverse events will be needed to gain a
clearer picture of the risk:benefit ratio for vaccinating different populations and there is
optimism that new, safer vaccine technologies are on the horizon.
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13. Key issues
. YFV-17D vaccines are highly immunogenic but have a questionable
safety profile.
. Analysis of YFV-17D SAEs indicate substantial under-reporting from

endemic areas and this may explain why it was originally considered to
have an excellent safety profile.

. The rate of SAEs associated with YFV-17D vaccination is similar to
OPV and RotaShield, two vaccines withdrawn from the US and world
market, respectively, due to safety concerns.

. Primary vaccine failures among YFV-17D-vaccinated children are
more common than among adults, with seroconversion rates of only
69%-85.8% in some instances.

. Immunity after YFV-17D vaccination wanes over time with
seropositive rates declining from >90% among adults shortly after
vaccination to as low as 70% within 5 to 10 years.

. Among 831 cases of yellow fever, 3% (7= 27) had been vaccinated
within the previous 10 years whereas 52% (/7= 432) had been
vaccinated >10 years prior to contracting the disease.
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YFV-17D ChimeriVax-JE ChimeriVax-DEN2
DEN2
prM/Env

Subjects: YFV-Naive YFV-Immune YFV-Naive YFV-Immune YFV-Naive YFV-Immune
Viremia: 5/5 (100%) 0/6 (0%) 10/12 (83%) 11/12 (92%) 8/14 (57%) 11/14 (79%)

Figure 1. YFV-17D-specific T cells fail to protect against infection in the absence of neutralizing
antibodies

Clinical studies were conducted to determine if pre-existing YFV-specific immunity would
impact virus replication upon challenge with YFV-17D or chimeric versions of YFV-17D in
which the prM (pre-membrane) and envelope (Env) proteins of YFV-17D were replaced
with either JEV [32] or DENV2 [31]. These recombinant viruses, ChimeriVax-JE and
ChimeriVax-DEN2, were composed of the YFV-17D capsid (C) structural protein and 7
YFV-17D non-structural proteins, but could no longer be neutralized by YFV-17D-specific
antibodies. This provided the opportunity to determine the impact of T cell-mediated
protection in the absence of a neutralizing antibody response. YFV-17D infection elicits T
cells to both structural and nonstructural proteins [23,24] but pre-existing antiviral T cell
memory had no measurable impact on the peak or duration of viremia as determined by
area-under-the-curve measurements [31,32,34].
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Figure 2. Neutralization titers after yellow fever vaccination with 17D (n = 209)
Serum plaque reduction neutralizing titers (PRNTgg) were determined at the indicated time

points following vaccination with YFV-17D. Neutralizing titers of >1:10 indicated a
protective level of immunity. Neutralizing titers of 1:10 were considered borderline and
titers of <1:10 were considered negative and both are highlighted in red. Adapted with
permission from [27].
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Figure 3. Models of host-pathogen interactions and potential impact on long-term immunity
Live virus vaccines may elicit different patterns of serum antibody maintenance based on

pathogen-specific or host-specific differences in replication and overall antigen load. (A)
The smallpox vaccines, Dryvax and MVA (Modified Vaccinia Ankara), are closely related
strains of vaccinia virus that differ in their attenuation and ability to replicate in the human
host. Dryvax is able to replicate locally in the skin for several days or weeks after
inoculation and this induces a long-lived immune response in the majority of vaccine
recipients [49,50]. MVA is replication-deficient and the virus is rapidly cleared, resulting in
lower antibody responses that decay more rapidly than that observed with Dryvax [52,53].
(B) YFV-17D vaccine strains of virus elicit a viremic infection of variable magnitude and
duration [56]. Approximately 70% of vaccine recipients achieve long-term, potentially
lifelong immunity whereas ~30% of individuals lose antiviral antibody responses within 5 to
10 years after vaccination [27]. Since YFV-17D is genetically stable, one hypothesis is that
differences in host susceptibility to YFV-17D infection represent an underlying factor that
influences the magnitude and duration of the acute viral infection, and in turn, the
differences in viral replication and systemic antigen load result in either short-term or long-
term antiviral immunity.
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Figure 4. Proportion of yellow fever cases in relation to YFV-17D vaccination history
The vaccine status of 831 cases of sylvatic yellow fever from 1973 — 2008 were reported in

Brazil [3]. In 45% of the cases (372/831), vaccine status of the patient was unknown. Of the
remaining cases, 52% of patients (432/831) had been vaccinated >10 years earlier and 3%
(27/831) of patients had been vaccinated <10 years prior to disease onset. All cases of
yellow fever were virologically confirmed and the case fatality rate was 51%.
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Table 1

Safety profile of YFV-17D compared to withdrawn live vaccines, OPV and RotaShield

Adverse Event Classification YFV-17D OPV RotaShield
Serious Adverse Events . . 1 9.0 per million doses 90-214 per million doses
13-51 per million doses administered administered? administered3

1.9 per million doses

Anaphylaxi — illi ini 4 N licabl
napnylaxis 2.0-18 per million doses administered administered® ot applicable
. . 1.3-38.7 per million doses 0.4-0.5 per million doses .

Neurological Disease . L Not applicable

g administered & administered” PP
Viscerotropic Disease 0.7-4 per million doses adminstered® Not applicable Not applicable

Death - n 9 0.012-0.015 per million doses <1 per million doses

0.1-2.6 per million doses administered administeredZ0 administeredZZ

JPassive surveillance in non-endemic locations, including reported rates of 47 per million [62]; 13 per million, based on 42 total SAEs from 3.16
million administered doses (2.23 million civilian and 0.93 million military) [68]; 25 per million [69]; and a rate of 51 per million reported among
non-endemic travelers [63]. Note that references [62] and [68] have overlapping datasets, but this does not impact reported rates of SAEs.

2, . . .

Passive surveillance of non-fatal serious events from the US VAERS system [112].
3 . . .

Defined as excess cases of intussusception [95,96].

Passive surveillance in non-endemic locations including 7.6 per million, based on 40 cases from 5.24 million doses [113]; 18 per million [62]; and
a rate of 2.0 per million from the non-endemic subpopulation [63].

All cases occurred in patients that received concurrent administration of injectable vaccines including DTP-Hib, hepatitis B, and MMR [114].

Passive surveillance in non-endemic locations, including rates of 8 per million [62]; 3.2 per million based on 10 reports from 3.16 million
administered doses (2.23 million civilian and 0.93 million military) [68]; 1.3 per million [77]; and 1.5 per million among non-endemic populations
[63], or endemic locations following enhanced surveillance to include neurological disorders such as aseptic meningitis (38.7 cases per million)

[66]. The rate of aseptic meningitis is supported by similar results in a smaller non-endemic study, which reported rates as high as 99 per million
[78].

7Defined as vaccine-associated paralytic poliomyelitis (VAPP) [90,91].

3Derived from studies performed in non-endemic locations, including 4 per million [62]; 2.5 per million based on 8 reports from 3.16 million
administered doses (2.23 million civilian and 0.93 million military) [68]; 1.3 per million [77]; and 0.7 per million among non-endemic populations
[63]. A smaller study of 47,742 people in Peru reported 116 cases per million doses [84].

gPassive surveillance in non-endemic locations, including 1.3 per million, based on 4 deaths associated with 1.53 million vaccinations [62]; 1.6 per
million based on 5 vaccine-associated deaths from 3.16 million administered doses (2.23 million civilian and 0.93 million military) [68]; 0.33 per
million based on 1 death reported among 3 million doses [77]; and a reported rate of 0.1 per million among non-endemic populations [63].

'mDerived by applying an estimated 3% mortality rate [92] to the reported rate of VAPP following OPV vaccination [90,91].

ﬂBased on 1 death potentially associated with an estimated 1.5 million RotaShield vaccinations [97].
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Table 2

Estimated risks of contracting viscerotropic yellow fever?

1liness Death
Travel to West Africa 500 per million travelers 100 per million travelers
Travel to South America 50 per million travelers 10 per million travelers

Overall risk to all US travelers  0.5-5 per million travelers 0.7 per million travelers

YFV-17D vaccination risk 13-51 per million doses ~ 0.1-2.6 per million doses

lThe travel risks of contracting yellow fever or dying from the disease have been estimated for a two week journey during inter-epidemic periods of
yellow fever in West Africa or South America [99]. The overall risk to all US travelers has been estimated at lower rates, based on data analysis for
US travelers from 1996-2004 [62]. The risk of yellow fever-associated death among US travelers is based on two deaths among an estimated 3
million unvaccinated US travelers [99] and the risks of illness or death due to YFV-17D vaccination are described in Table 1.
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