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ABSTRACT

The concept of “original antigenic sin” was first proposed by Thomas Francis, Jr. in 1960. This phe-
nomenon has the potential to rewrite what we understand about how the immune system responds to
infections and its mechanistic implications on how vaccines should be designed. Antigenic sin has been
demonstrated to occur in several infectious diseases in both animals and humans, including human
influenza infection and dengue fever. The basis of “original antigenic sin” requires immunological
memory, and our immune system ability to autocorrect. In the context of viral infections, it is expected
that if we are exposed to a native strain of a pathogen, we should be able to mount a secondary immune
response on subsequent exposure to the same pathogen. “Original antigenic sin” will not contradict this
well-established immunological process, as long as the subsequent infectious antigen is identical to the
original one. But “original antigenic sin” implies that when the epitope varies slightly, then the immune
system relies on memory of the earlier infection, rather than mount another primary or secondary

Zika virus response to the new epitope which would allow faster and stronger responses. The result is that the
Memory immune response immunological response may be inadequate against the new strain, because the immune system does
Antibody-dependent enhancement not adapt and instead relies on its memory to mount a response. In the case of vaccines, if we only
immunize to a single strain or epitope, and if that strain/epitope changes over time, then the immune
system is unable to mount an accurate secondary response. In addition, depending of the first viral
exposure the secondary immune response can result in an antibody-dependent enhancement of the
disease or at the opposite, it could induce anergy. Both of them triggering loss of pathogen control and

inducing aberrant clinical consequences.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

The concept of “original antigenic sin” was first proposed by
Thomas Francis Jr,, in his treatise “On the Doctrine of Original
Antigenic Sin” and has been advocated to explain a number of
immunological phenomena. In the 1940s the concept of “original
antigenic sin” was used to explain the way by which the immune
system contributed to the requirement for yearly influenza vac-
cines. As early as 1958, there was evidence that the clinical pan-
demics of influenza in the early 20th century depended on
interaction between immunological patterns of the human host
and viral characteristics [1]. “Original antigenic sin” is not limited to
humans [2—4], this was demonstrated in a study in rabbits primed
with beef myoglobulin, and thence boosted with myoglobulin from
other species including sheep, chicken, pig and sperm whale, that
mounted an increased antibody response to the original beef
myoglobulin [5].

With many viruses, the clinical presentation of an infection can
be quite different depending on the original virus or first serotype
to which the individual was exposed. For example, human Boca-
virus 1 (HBoV1) infects the respiratory tract, causes lower respi-
ratory infections including pneumonia with high prevalence in
children [6]. However, the serotype HBoV2, affects the gastroin-
testinal tract causing gastroenteritis. At first sight, the topic of
evolving serotypes should not be a problem, as the immune system,
in theory, should be able to combat each subsequent serotype
effectively. However, as we delve deeper, a strange phenomenon
emerges. After prior exposure to a virus, the immune system has an
ineffective to no response to a subsequent exposure of a different
serotype of the virus [6]. This observation can be explained with the
concept of “original antigenic sin”.

Although simple, the concept has extreme implications. It can be
explained in the following way. A body contacts a hypothetical first
virus, since the body has no prior exposure to this virus; it must
establish a primary response, a slow and intricate process of
identifying an antigen of a virus and develop the classic immune
response through innate and adaptive components with the aim to
activate both cellular and humoral defenses to combat the virus.
Subsequent exposure to the virus elicits a secondary amplified
response, in which the body responds much quicker against the
signal of a familiar antigen. Normally, classical understanding of the
mammalian immune system would suggest that exposure to a
closely related form of the virus, should trigger a secondary
response. If the virus is significantly different, the body should
recognize this as a completely new infection and undergoes a pri-
mary response (Fig. 1).

But according to “original antigenic sin”, reality is somewhere in
between, and it is indeed this hole that can trigger immune evasion
by the pathogen. In “original antigenic sin”, if an individual is
exposed to a serotype very similar to the pioneer virus, the immune
system can mistakenly identify the secondary virus antigens as
antigens from the first virus encountered, and progress to a clas-
sical memory response producing virus1-specific antibodies, which
may be ineffective towards the second virus. Another way of
looking at this is that the immune system is unable to differentiate
between the two serotypes (Fig. 1) [7], and makes a misdirection
error [8]. Actual clinical events that illustrate the effects of “original

antigenic sin” include the influenza epidemics, as it was observed
that people born prior to 1956 had a worse outcome than young
people exposed to influenza virus for the first time. This effect was
modeled in rats in a study by Angelova and Schvartzman in 1982
[9]. “Original antigenic sin” can affect a varied array of microbials,
including RNA viruses, bacteria and parasites [10]. In this manu-
script we will describe the mechanism of “original antigenic sin”
and its relevance in different human pathogens and clinical
outcomes.

2. Mechanism

The cellular mechanism of “original antigenic sin” has been
discussed in a triad of papers by Deutsch et al. in the 1970s [11—13].
The pathophysiologic mechanism of “original antigenic sin” in-
cludes two immunological components, the innate and adaptive
immune systems, which influence the way by which the body
mounts a secondary response on re-exposure to an antigen. Nor-
mally, on first exposure to a pathogenic antigen, the initial response
involves the innate immune system, which recognize the antigen as
being “new”, foreign and/or dangerous and prime the antigen
presenting cells (APCs) to further mount an adaptive immune
response. APCs process and present the antigens to naive T lym-
phocytes through the major histocompatibility complex (MHC)
activating this way antigenic-specific lymphocytes. This leads to
effector B-cells, effector T-cells, memory B-cells, and memory T-
cells being produced en masse in a process called clonal expansion.
The activated B-cells, or plasma cells, then proceed to produce
specific antibodies to identify, flag, and “catch” the pathogenic
antigens, which are then engulfed by phagocytes and destroyed,
thus protecting the body from the harmful effects of the infection.
The adaptive immune response to the first exposure of the antigen
takes time to occur, and has to go through the steps of recognition,
amplification and response. This whole process is known as the
primary response, which occurs after exposure to a completely new
pathogen, and takes approximately two weeks to run its course.

Upon a second exposure to the same pathogen, the response
occurs in a similar fashion but at a much faster pace due to the B
and T-cells having already seen the antigen of the pathogen and
being able to recognize it much quicker. The subsequent steps are
much faster and antibodies are produced more rapidly as well. This
secondary response allows for rapid clearance of the pathogen, and
is the basis for the mechanism of vaccines. The function of vaccines
is to provide a less harmful exposure to a pathogen so that if in
future the body is re-exposed to the wild type virus, the body can
respond much quicker. However, it is during this secondary
response that the problem of “original antigenic sin” can worsen
the pathogenicity of the infection.

The mechanism of “original antigen sin” occurs when the body
is re-exposed to a slightly evolved or different pathogen during a
subsequent exposure. In this case, due to the prior exposure of the
first antigen, memory lymphocytes do not respond to the variant
antigen itself, but instead use their memory, interprets the second
antigen as the original antigen and proceeds with a secondary
response to the original antigen. At first glance, this may seem like a
favorable phenomenon. The immune system is thus able to more
quickly respond to the intrusion. However, the problem arises
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Fig. 1. Mechanistic path of “original antigenic sin” response against a hypothetical virus, detailing the effects of the abnormal clonal expansion of B and T lymphocytes after

exposure to a variant virus serotype 2.

when the second antigen is sufficiently different from the original
antigen, and the response to the second antigen is not quite precise,
leading to a less-effective response and possibly failure to clear the
pathogen. In a more extreme example, the immune systems
recognition of the pathogen is compromised, with a failure of the
immune response to even identify or flag the offending secondary
antigen, leading to a complete evasion of the pathogen from the
immune system, a situation which clearly could have deadly im-
plications (Fig. 2).

Antibody production plays an important role in controlling virus
infection through four major ways: 1) neutralization, antibodies
strongly bind to the virus and avoid viral activity; 2) opsonization,
complex of antibodies and virus promotes phagocytosis via Fc re-
ceptor expressed on phagocytes cells membrane; 3) complement
activation, complex of antibodies and virus are recognized by
proteins of the complement, which activates complement system
leading to the lysis of the pathogen, and 4) antibody-dependent
cell-mediated cytotoxicity, natural Kkiller cells recognize anti-
bodies binding to infected cells and degranulate perforin and
granzymes, which trigger infected cells lysis.

After secondary infection, there is a more rapid and elevated
antibody response compared to the primary response. This
increased in immune response is motived by the stimulation of
memory lymphocytes B from the primary infection. The first anti-
bodies that appear following a secondary infection are able to
neutralize the original virus in a timely manner. However, in a new
infection with a slightly similar virus “original antigenic sin” leads
to the production of cross-reactive antibodies efficiently able to
control the original virus but unable to neutralize the new one.
Moreover, binding of such antibodies to the new virus could trigger
the internalization of the virus into Fc and complement receptor-
bearing cells such as macrophages or dendritic cells (DCs),
enhancing the entry of virus. In a classical scenario, neutralized
virus will enter into the cell guide to the lysosome and destroyed
but if the neutralization is not sufficient then opsonization can lead
to increase viral replication, which will augment the severity of the
infection. This phenomenon is known as antibody-dependent
enhancement (ADE) and has been described in dengue virus
(DENV) and human immunodeficiency virus (HIV) infection [14,15].
ADE related to “original antigenic sin” is theoretically possible for
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Fig. 2. Conceptual mechanism of “original antigenic sin”. Response to exposure to two similar serotypes virus. Serotype 1 antigen is processed and presented by the antigen
presenting cells (i.e., dendritic cells -DCs-), leading to the priming of the B and T lymphocytes, and subsequent clonal expansion of serotype 1 specific lymphocytes. This clonal
expansion is cross-reactive, and occurs even upon exposure to serotype 2, rendering an ineffective response against the serotype 2.

any pathogen that can productively infect Fc and complement
receptor-bearing cells resulting in infection of a higher number of
target cells, which may lead to higher viral production (Fig. 2).
Although initially described in the humoral response against
influenza virus and its different serotypes, “original antigenic sin”
can occur at the cellular immune response against other viruses.
During a first infection, virus-specific cytotoxic T lymphocytes (CTL)
are prime by APCs via epitope-MHC-II complex recognized by
specific T-cell receptor. This interaction generates memory T-cells
and effectors CTL able to lyse infected cells through secretion of
cytokines and lytic enzymes. If a second infection by a somewhat
different virus occurs, pre-existing memory CTL will lead the im-
mune response over the naive response. This may occur because
memory T-cell express more adhesion proteins and cytokines re-
ceptors and are prone to rapidly reacts against antigen at low doses.
Such peptides variants resulting from the new virus strain may be
of lesser avidity for the T-cell receptor triggering a qualitatively
different immune response. In some cases this leads to an exacer-
bated immune response such as a “cytokine storm” and

immunopathogenesis as described in DENV [16], and in others
cases leading to CTL anergy and loss of viral control [17,18] as
described for HIV and lymphochoriomeningitis virus [19].

The most drastic consequence of pathogens inducing “original
antigenic sin” is that it is much worse than not recognizing it at all.
The immune system completely ignore the antigen as a new
microorganism, and incorrectly identifies it as something else
triggering detrimental clinical outcomes after a secondary
infection.

3. Clinical implications in specific infections
3.1. Human Bocavirus (HBoV)

The lapse in the capability of the immune system to mount a
proper response to a pathogen through the mechanism of “original
antigenic sin” can obviously lead to dire consequences within
clinical practice. An example of this occurred with HBoV, a recently
identified human-pathogenic parvovirus. HBoV has several similar
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serotypes that affect the human body in vastly different ways.
HBoV1 infection is relatively common among children. It causes
lower respiratory tract infections including pneumonia. On the
other hand, HBoV2 infection primarily largely affects the gastro-
intestinal tract and is linked to gastroenteritis and diarrhea. HBoV3
and HBoV4 also infect the gastrointestinal tract, but tend to cause
asymptomatic infections. In a 2011 study, Kantola et al. [20] found
that healthy children who had pre-existing immunity to HBoV2 due
to prior infection tended to show extensive symptoms of wheezing
upon exposure to HBoV1. This was thought to be due to an inef-
fective response caused by the minimum or non-existent produc-
tion of HBoV1-specific antibodies, spite of a previous infection with
HBoV2, leading to the clinical manifestations of HBoV1 infection. It
is suggested that children with no previous history of HBoV2
infection are able to efficiently respond and clear an infection by
HBoV1 [6,20].

In order to further study the effects of “original antigenic sin”, Li
et al. [6] used rabbits heterologously vaccinated with a combination
of 2 HBoV1-4 antigens, while others were vaccinated against only a
single HBoV1-4 antigen. They have shown than among the 10
rabbits vaccinated with heterologous antigen combinations, five of
them indicated “original antigenic sin”. Authors argued that if the
human immune system acts in a similar fashion with other path-
ogens, “original antigen sin“ can theoretically be responsible for 1)
increased severity of endemic infections, especially in places with
limited public healthcare resources, 2) increased spread of disease,
and 3) an unexpected detrimental effect of vaccines programs
against a specific serotype, leading to potentially higher morbidity
and mortality [6].

Paradoxically, if “original antigenic sin” scenario would occur
with each secondary infection, it would be more dangerous to have
been heterologously inoculated than not to be inoculated at all
which would argue against vaccination principle. However, it is
important to remember that “original antigenic sin” has only be
described in few infections of highly homologous microbes. In
addition, “original antigenic sin” is not always associated with a bad
outcome; in some cases, it can be associated with a beneficial
response during re-exposure to the same microorganism but a
different strain. For instance, in a recent study, sera antibodies
specific for PR8-influenza strain were passively transferred to mice
without prior exposure to any influenza strain, then mice were
challenged with a different influenza strain (S12a). Authors
demonstrated that PR8-specific antibodies were able to protect
mice from S12a strain as efficiently as S12-specific antibodies [21].

3.2. Dengue virus (DENV)

DENV, a mosquito-borne flavivirus, is a single stranded RNA
virus of the family Flaviviridae, genus Flavivirus. DENV has four
main serotypes (1—4) and causes a wide range of diseases in
humans, from a self-limited dengue fever to a life-threatening
syndrome called dengue hemorrhagic fever or dengue shock syn-
drome [16]. “Original antigenic sin” was evidenced in a 1983 study
in which sequential blood samples of eight Thai children with
dengue shock syndrome were examined [22]. Authors found that
the children appeared to be able to mount a secondary response to
exposure to DENV [23]. Instead of developing limited infection that
would be expected by prior exposure, these children developed a
prior secondary response to DENV-1, -3, or -4, but not against
DENV-2 infection. Original antigenic sin would explain this by
virtue of cross-reactive DENV-1, -3, and -4 antibodies occupying the
majority of the immune response as a result of immunological
memory, thus preventing the development of a primary or sec-
ondary response to DENV-2. The result was therefore not limited
infection, but instead severe disease leading to dengue shock

syndrome and hospitalization [23].

As described above, dengue hemorrhagic fever has been largely
explained through the “original antigenic sin” and its serotypes
cross-reactivity. Nevertheless, this a very simplistic model and
other immune hallmarks have to be considered to explain the
disease outcome such as the relationship between the HLA haplo-
type and the lymphocytes T specificity. Thus the complexity of
parameters influencing the severity of the immune response de-
pends not only on the “original antigenic sin” as it has been
believed before, but of other possible mechanisms including host
genetics and virus variants [23]. For instance, HLA-B7 restricted
tetramer-positive T-cells correlated with disease severity only in
individuals HLA-A11 negative [24]. In addition, cross-reactive
response against DENV is not always detrimental for fighting
against a secondary infection. It would depend of the variant epi-
topes encountered in the secondary heterologous DENV infection,
in some cases T-cell responses can contribute to either protection or
inmunopathogenesis [23,25]. Also, ability of epitope-specific T-cells
to secrete cytokines influence the disease outcome. For example,
Th1-biased memory T-cell ruled by IFN-y is associated with less
severe secondary DENV infection [26—28]. Instead, a TNF-a. skewed
T-cell response was associated with a more severe infection [27]. As
pointed out by Rothman et al. [16] it is true than vaccines should
seek to avoid “original antigenic sin” but deeper studies are
necessary to predict the function phenotypes of T-cells elicit by
multi-serotypes vaccines.

3.3. Zika virus (ZIKV)

Infection by ZIKV, an arbovirus of the Flaviviridae family, is
transmitted by the female Aedes mosquito genus. The response to
infection normally varies between completely asymptomatic in-
dividuals to those with mild and self-limiting disease [29]. In such
individuals, the typical symptoms include rash, fever, arthralgia,
and conjunctivitis. Nevertheless, in some severe cases, ZIKV may
cause congenital [30] and neurological syndromes [31].

ZIKV shares a high degree of genetic and amino acid sequence
similarity with other members of Flaviviridae family. Specifically,
ZIKV envelope protein bears more than 50% homology with DENV,
resulting in immunological cross-reactivity. As described above,
primary infection with DENV typically results in a production of
neutralizing antibodies toward this virus. However, a secondary
infection with other DENV serotypes can lead to “original antigenic
sin” due to high similarity between both serotypes [32]. According
to the original antigenic sin model, it has been hypothesized that
this phenomenon can be replicated during ZIKV infection due to its
high similarity with DENV. It is probable that in previously DENV-
infected individuals ZIKV infection will trigger the production of
non-neutralizing antibodies or T-cell responses specifically
directed to DENV and unable to control the current ZIKV infection.
Moreover, these cross-reactive non-neutralizing antibodies against
ZIKV are responsible for ADE phenomenon; their binding to ZIKV
mediates endocytosis via Fc receptor into DCs, monocytes or
macrophages and leads to intracellular viral replication and higher
viral load [33,34]. In this context, ZIKV infection has been associ-
ated with autoimmune disease development such as Guillain-Barré
syndrome (GBS), however relationship between ADE phenomenon
and autoimmunity remains to be further investigated. Indeed, in a
recent study we observed an association between previous infec-
tion with Mycoplasma Pneumoniae, and GBS in patients with ZIKV
disease [31]. Whether this observation is related to ADE phenom-
enon remains to be evaluated.

These studies are revealing because they illustrate the problem
when microbials having high homology develop altered antigenic
determinants. Classical theories of how vaccines work and how
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they are developed must now be re-visited. According to the
concept of “original antigenic sin”, it can actually be detrimental to
vaccinate people against a microbial if there exists or in future may
evolve alternate serotypes or similar viruses with closely related
but not identical microbial antigens. Thus, it now becomes impor-
tant in the case of multiple serotypes, that we vaccinate to all the
serotypes known, or at least those known to be pathogenic and
causative of severe disease. This has critical implications in the
development of the influenza vaccine, because influenza is a virus
known to have multiple subtypes, and mutate quickly. Each year
brings new strains. Immunological responses to the 2009 H1N1
epidemic suggest a role of “original antigenic sin” [35].

3.4. Influenza virus

“Original antigenic sin” plays a role in influenza virus infections
[36] and impacts the development of vaccines against it. During the
2009 Swine Flu (HIN1) pandemic, researchers found decreased
antibody production in patients who had been vaccinated against
the seasonal A/Brisbane/59/2007 influenza (H1N1) in the previous
three months due to the cross-reactivity of the previously devel-
oped monotypic antibodies [ 16]. Nachbagauer et al. [37] found that
immune responses that are generated by natural infection are su-
perior in quality, duration and quantity than those elicited by im-
munization with influenza vaccines. More importantly, the
responses to vaccines were dependent upon exposure to influenza
virus strains during childhood. The authors found that young
subjects who were exposed to HIN1 and H3N2 as children when
these two viruses co-circulated demonstrated high immune re-
sponses to these subtypes, whereas there was limited cross-
reactivity. But older, middle aged subjects who were exposed
only to H3N2 as children had high titers only to H3 and low titers to
H1. In addition, those subjects initially exposed to HIN1 or H2N2
had very high levels of antibodies to H1 and H2, as well as H5. These
observations supported the concept that it is the first hemagglu-
tinin subtype encountered by a subject that leaves a defining
immunological memory, and this significantly impacts the anti-
body cross-reactome which the individual eventually develops,
which is an illustration of “original antigenic sin” [37].

The actual chemical differences that result in a failure to adapt to
new epitopes are not known, but one study of HIN1 proposed that
it was glycosylation that shielded the viruses from detection,
leading to the immune systems inability to recognize the mutated
species, leaving it with only immunological memory to depend on.
This theory proposes that the mismatch would be more severe in
progressively younger individuals, producing a susceptibility
gradation based on age distribution [38]. A study performed by
Nachbagauer et al. [37] proposed the role of glycoproteins in
“original antigenic sin”. On the other hand, a separate study found
no evidence of “original antigenic sin” in humans and ferrets who
were previously infected with HIN1, then subsequently infected
with the 2009 pandemic H1N1 influenza virus [39]. Another study
on CTLs recall responses demonstrated that “original antigenic sin”
is not universally applicable to all heterologous infections [40].

3.5. Human immunodeficiency virus (HIV)

The trapping of an immune system into a certain response
through its own memory has implications for vaccine development
in general. Attempts to produce a vaccine for HIV, a sexually
transmitted disease that affects more than 1.2 million people in the
United States alone, have been ongoing for the past 40—50 years.
However, since the virus itself frequently mutates (the mutation
rate of DNA viruses is 0.1 per genome, and RNA viruses mutate 10
times faster), scientists have not yet found a way to form a

secondary response that will adequately attack the virus [10,19]. In
addition, the formation of a vaccine that would trap an individual's
response to the inoculation generates a secondary response, which
is ineffective in combating the viruses [10,19].

3.6. Enterovirus (EV)

EV is part of the Picornaviridae family which includes members
as poliovirus, coxsackievirus, and echovirus. They are transmitted
by either respiratory or fecal-oral route and are commonly
encountered in infants and children. These viruses are responsible
for numerous clinical manifestations, including encephalitis,
aseptic meningitis, herpangina, hand foot and mouth disease and
pleurodynia. A study by Tsuchiya et al. [41] in Japanese children
with EV meningitis showed heterotypic and homotypic responses.
Indeed neutralizing antibodies produced after EV infection were
usually type-specific. However, if a child had immunological
memory of another EV infection, the child produced together
neutralizing specific-antibodies to the first and the second infection
[41]. In a recent murine study by Elmastour et al. [42], animals
inoculated with Coxsackievirus B4 and subsequently challenged
with encephalomyocarditis virus (another member of the family
Picornaviridae) presented enhanced infection as compared with the
non-previously inoculated control. This was explained by the
“original antigenic sin” followed by ADE phenomenon [42,43].

3.7. Chlamydia trachomatis

Besides evidence of “original antigenic sin” in HBoV, DENV and
Influenza, this phenomenon has been observed with other micro-
bials as well. The antibody response to Chlamydia trachomatis
serves as an example of differential priming effects to various
serovars. The response to the major outer membrane protein varied
in an experiment that involved priming with serovar C and then
boosting with either the homologous serovar or heterologous
serovars A, B, H or K. The antigenic sin response is demonstrated by
the fact that boosting with heterologous serovars led to an antibody
response to serovar C. The authors traced this response to the
variable domain 1 peptide of the major outer membrane protein of
serovar C, consistent with a typical “original antigenic sin” response
[44].

3.8. Leptospirosis

A case of leptospirosis was described in which a patient had an
initial primary infection, then re-infection twice within 3 months.
According to the organism isolated, the patient was first infected by
Leptospirosis Bulgarica, then Leptospirosis Celledoni, and finally with
Leptospirosis Zanoni. However, the antibody response after the third
infection was primary to indicate an increase in antibody titer
response to Celledoni from 100 to 200 and a decrease in response to
Bulgarica from 1600 to 200. This is consistent with “original anti-
genic sin”, because the primary memory response to Bulgarica may
have diluted the response to Celledoni. The patient was lost to
follow up during the third infection, so subsequent antibodies titers
to the three species could not be obtained [45].

3.9. Plasmodium

In addition, parasites such as Plasmodium have also been
described to trigger sub-optimal immune response due to “original
antigenic sin”. Malaria is a mosquito borne disease caused by
parasite from the Plasmodium type; five species of Plasmodium are
responsible to cause Malaria: P. falciparum, P. vivax, P. ovale,
P. malariae and P. knowlesi. Parasites are delivered to bloodstream
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via mosquito saliva and migrate to the liver where it infects he-
patocytes and reproduces asexually. Multiplication of these para-
sites on the cells triggers hepatocytes burst out and delivering to
the blood able to infect erythrocytes. Disease results from the host
responses to this infection and the increased destruction of both
infected and uninfected erythrocytes. In 1992, Currier et al. [46]
demonstrated that CD4 T-cells clones from individuals who were
not previously exposed to malaria were able to proliferate and
respond against Plasmodium stimulation. It has been stipulated that
this preexistent immune response to others microorganism might
skewed anti- Plasmodium specific T-cell repertoire to a non-specific
and non-protective response against this parasite [46].

Table 1 summarizes all of these microorganisms mentioned
above, which trigger “original antigenic sin” and its clinical impli-
cations [6,10,14,16,19,20,22,25,32,33,35—39,41-59].

4. Mitigating the effects of “original antigenic sin”

From the standpoint of vaccine strategies, the development of
newer vaccines against the same organisms with an increased
number of serotypes is one method of counteracting “original
antigenic sin” [60]. In the development of vaccines against viruses
with common antigenic determinants, all virus that could reason-
ably be encountered must be inoculated concurrently and prior to
any infection in order to stem off the effects of “original antigenic
sin”. This is what is being attempted with the newly developed
universal DENV vaccine. However, this would seem an almost
impossible task, since we cannot vaccinate against a serotype or
strain which has not yet emerged.

Because of this, other strategies to counter the effects of “orig-
inal antigen sin” have been developed. One method is the use of
adjuvants [61]. A study by Kim et al. [62] found that the use of
dendritic cell-activating adjuvants such as Bordetella pertussis toxin,
CpG oligodeoxynucleotides or squalene based oil in water nano-
emulsions were able to prevent “original antigenic sin” when given
during the first influenza immunization in mice, whether or not
this technique was employed in subsequent vaccinations. They also
found an alternative way of combating “original antigenic sin” us-
ing repeated immunizations of the second viral strain. There are
two known mechanisms to abrogate “original antigen sin” based on
the DCs activation during the viral challenge. First, DCs can be
activating with the adjuvants during the initial stimulation with the
original virus; thus will trigger production of multiple cross-

Table 1

reactive B and T-cells against the first virus from which some will
efficiently cross-react with the second virus. In the other hand,
adjuvant-stimulation of DCs during the second infection with the
new virus will induce a large production of B and T-cells specific
from the second virus but also from the original virus triggering
neutralizing antibodies and control of the infection [62].

Another method of potential mitigation of “original antigen sin”
is to use recombinant technology. We already have recombinant
vaccines, such as the Hepatitis B vaccine. In a trial conducted in
2015, Villar et al. [63] recombined antigens from multiple DENV
serotypes and attached them to a yellow fever virus, another fla-
vivirus that is similar enough to host the antigens, to form a vaccine
that would not trigger cross-reactivity. This vaccine was then given
to a sample subgroup of around 2000 Latin American children, with
79.4% of them having a seropositive status for one of more DENV
serotypes. For the group that had not been exposed prior to a DENV
serotype, there was a vaccine efficacy against hospitalization of
60.8%. For the group that had prior exposure to one or more sero-
types, there was a surprising increase in efficacy of 80.3% [63].
Anderson et al. [64]| compared immunization with a single peptide
epitope with a cocktail of multiple peptide that are closely related
to the epitope, and found that the latter results in a more highly
reactive and durable T-cell response [64].

Recombination of vaccines can circumvent the problems sur-
rounding issues with vaccinations with prior exposure to a sero-
type or new serotypes appearing post vaccinations, but it cannot
yet be applied to all viruses as a host virus such as yellow fever is
not readily available. The struggle to find a suitable host virus is
something that must be done for each individual virus and must be
a forefront of research to come (Table 2).

5. Discussion and perspectives

The concept of “original antigenic sin” can be employed to
explain the failure of the immune system to generate an immune
response against microbials that are closely related to a strain to
which the host had been either infected with or vaccinated against.
While this phenomenon has been recognized since the 1960s,
recognition or appreciation of the clinical implications have been
rather muted [65]. The concept of vaccination is based on generated
efficient production of memory B and T-cells responses against the
pathogen. Nevertheless, those pathogens are frequently changing
or are present as different strains, which stances a problem for

Pathogens with high degree of genetic variability within its own species inducing “original antigenic sin” described in the literature. Abbreviations: HBoV: Human bocavirus,
DENV: Dengue virus, ZIKV: Zika virus, HIV: Human immunodeficiency virus, EV: Enterovirus.

Pathogen Description Original antigenic sin implication References

HboV Single-stranded DNA virus of the family Respiratory complication upon infection by HBoV1 in previously HBoV2 infected [6,20,58]
Parvoviridae. children

DENV Single-stranded RNA virus from the Hyper-reactivity of T-cell and B-cell and "cytokines storm" after a re-infection with [14,16,22,25,56,57]

Flaviviridae family.

ZIKV Single-stranded RNA virus from the
Flaviviridae family.

Influenza
of the Orthomyxoviridae.

DENV by a different serotype
Antigenic sin trigger by DENV induce ADE phenomenon increasing the pathology

[32.33]

Single-stranded RNA virus from the family Difficulty to induce an efficient vaccine due to sequential mutations of the virus inducing [35—39,47—54,59]
sub-optimal memory response due to original antigenic sin

HIV Double-stranded RNA virus of the family ~ High rate of HIV mutations results in viral evasion of the immune response due to [10,19]
Retroviridae. original antigenic sin resulting in high viral load

EV Single-stranded RNA virus from the family ADE phenomenon trigger by subsequently infection with members of the family [41-43]
of the Picornaviridae.. Picornaviridae

Chlamydia Gram-negative bacterium from the Cross-reactive antibody response to the Chlamydia trachomatis provide protection [44]

trachomatis Chlamydiaceae family.
Leptospirosis Bacterium from the

Leptospiraceae family.

Plasmodium  Parasite from the Plasmodiidae family.

response

between different serotypes via Original antigenic sin

Case report about Leptospirosis Bulgarica infection followed by Leptospirosis Celledoni [45]
demonstrating a defective control during the second infection

Broad cross-reactive response against environmental pathogen induce poor anti-malaria [46,55]
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Table 2
Possible methods to circumvent the “original antigenic sin” phenomenon induced by vaccines.
Methods to avoid Rational Problems References
Original antigenic Sin
Inclusion of different serotypes in the same vaccine First exposure to virus will target all serotypes Impossibility to predict emergence of new [60]
at once serotypes
Vaccine delivery Dendritic cell-activating adjuvants at Increase the possibility to generate effective Decrease the possibility of "Original [61]
the first immunization cross-reactive B-cells an T-cells to multiple antigenic Sin" but do not exclude it
serotypes completely
Vaccine delivery Dendritic cell-activating adjuvants at Generation of the novo-response against the Only effective against already known [62]
the second boosting with a new serotype second serotypes serotypes of the same microbe.
Recombinant Vaccines In a single viral recombinant vector, different Optimization of the safety of viral vectors [63,64]
serotypes can be added need to be addressed
Table 3
Animal models used for “original antigenic sin” studies.
Animal model Advantages Disadvantages References
Guinea Pig Suitable model for Dengue virus infection and Broad immune cross-reactivity with different DENV serotypes. Do not [4,37]
serotypes cross-reactivity recapitulate second exposure in humans
Rabbit Established laboratory model for infectious disease Do not fully recapitulate immune cross-reactivity in humans [6]
Mouse Established laboratory model for infectious disease Do not fully recapitulate immune cross-reactivity in humans [17,19,21,37,42,44]
Ferret Immune cross-reactive response similar to the Lack of tools for it study [37,39,49,67]
human one
Non-Human  Closely recapitulate human immune response Infection diseases outcome and symptoms differs from the human [69,70]
Primate
Humanized Recapitulates human immune response Optimization of the system is required. [68]
Mouse

vaccination design. Vaccination are generated against immunodo-
minant epitopes and do not take into account the different anti-
genic variation of the pathogens. In general, this issue is unnoticed
because immune response can generate efficiently cross-reactive
response recognizing the different variant of the microorganisms.
However, in some cases “original antigenic sin” is an important
problem in terms of vaccine development due to the generation of
sub-optimal or not entirely cross-reactive immune response. This
has been largely described in the seasonal influenza virus vacci-
nation strategy, which can induce non-protective immune
response against appearance of variant strains [10]. Yet, this
concept can be the reason why classical vaccinations strategies may
not afford adequate protection, and may signify a need for novel
methods for preventative vaccines. Moreover, the immune “blind
spots” that can be caused by “original antigenic sin” can be
responsible for patterns of exceptionally high severity of influenza
epidemics seen throughout history [66].

Further studies of “original antigenic sin” implications are of
vital importance as drug developers make improved versions of
already available vaccines in order to protect against more strains of
the same pathogen. For instance, the new Human Papilloma Virus
vaccine (Gardasil 9) is designed to protect against five added viral
strains, and there are not studies about “original antigenic sin” that
could be generated by the previous vaccine. It is not known if this
vaccine could be used as a vaccine booster for young people already
vaccinated [60].

Another harmful immune response elicits by “original antigenic
sin” is the ADE phenomenon allowing the virus to gain entry into
the host cells and increase viral replication. This phenomenon has
been described in DENV successive infections resulting in hemor-
rhagic fever disease. In addition, it has been proved that ZIKV
pathogenesis can be exacerbated by ADE phenomenon induced by
previous DENV infections. More studies are necessary to under-
stand and dissect ADE phenomenon between different virus
sharing homologies. Especially in the context of new vaccines trials
against endemic virus such as DENV, ZIKV, Chykungunya and
others, which can trigger cross-reactive immune response that are

not predictable yet.

In this context, animal models should be improved, as mouse
model do not recapitulate “original antigenic sin” in humans. Fer-
rets seem to be a better model for “original antigenic sin” [67] since
in some studies their recapitulate better than mouse the secondary
response in human as shown by O'Donnell et al. [39]. Unfortu-
nately, we do not have the necessary tools to study this system.
Another promising model in this area are the humanized-mouse in
which epitopes recognized by different HLA can be replicated,
although such a model need improvement in order to recapitulate
human infection accurately [68]. Optimization of these models will
provide better understanding on how the first immunization will
influence futures immune responses (Table 3). This new knowledge
on “original antigenic sin” will be vital in the design and imple-
mentation of vaccinations with respect of exposure history.

References

[1] ORIGINAL antigenic sin, N Engl ] Med 258 (1958) 1016—1017.
[2] G.Fazekas de St, R.G. Webster, Disquisitions on original antigenic sin. II. Proof
in lower creatures, J. Exp. Med. 124 (1966) 347—361.

[3] G. Fazekas de St, R.G. Webster, Disquisitions of original antigenic sin. I. Evi-
dence in man, J. Exp. Med. 124 (1966) 331—345.

[4] S. Inouye, S. Matsuno, Y. Tsurukubo, "Original antigenic sin" phenomenon in
experimental flavivirus infections of Guinea pigs: studies by enzyme-linked
immunosorbent assay, Microbiol. Immunol. 28 (5) (1984) 569—574.

[5] LJ. East, P.E. Todd, S.J. Leach, Original antigenic sin: experiments with a
defined antigen, Mol. Immunol. 17 (12) (1980) 1539—1544.

[6] X. Li, K. Kantola, L. Hedman, B. Arku, K. Hedman, M. Soderlund-Venermo,

Original antigenic sin with human bocaviruses 1-4, J. general Virol. 96 (10)
(2015) 3099—-3108.

[7] P.H. Lambert, M. Liu, C.A. Siegrist, Can successful vaccines teach us how to
induce efficient protective immune responses? Nat. Med. 11 (4 Suppl) (2005)
S54—-S62.

[8] T. Francis, On the doctrine of original antigenic sin, Proc. Am. Philos. Soc. 104
(1960) 572—578.
[9] LA. Angelova, S. Shvartsman Ya, Original antigenic sin to influenza in rats,

Immunology 46 (1) (1982) 183—188.
[10] M.S. Park, J.I. Kim, S. Park, L. Lee, M.S. Park, Original antigenic sin response to
RNA viruses and antiviral immunity, Immune Netw. 16 (5) (2016) 261—-270.
[11] Sylvia Deutsch, A.E. Bussard, Original antigenic sin at the cellular level I. An-
tibodies produced by individual cells against cross-reacting haptens, Eur. ].
Immunol. 2 (4) (1972) 374—-378.


http://refhub.elsevier.com/S0896-8411(17)30222-6/sref1
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref1
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref2
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref2
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref2
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref3
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref3
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref3
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref4
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref4
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref4
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref4
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref5
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref5
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref5
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref6
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref6
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref6
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref6
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref6
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref7
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref7
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref7
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref7
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref8
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref8
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref8
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref9
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref9
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref9
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref10
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref10
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref10
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref11
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref11
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref11
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref11

20

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

A. Vatti et al. / Journal of Autoimmunity 83 (2017) 12—21

S. Deutsch, M.A. Vinit, A.E. Bussard, Original antigenic sin at the cellular level.
II. Specificity of the antibodies produced by individual cells, Eur. ]. Immunol. 3
(4) (1973) 235—-240.

S. Deutsch, M.A. Vinit, A.E. Bussard, Original antigenic sin at the cellular level-
III. Importance of protein carrier in the stimulation process, Immunochem-
istry 12 (3) (1975) 191-197.

C.M. Midgley, M. Bajwa-Joseph, S. Vasanawathana, W. Limpitikul, B. Wills,
A. Flanagan, E. Waiyaiya, H.B. Tran, A.E. Cowper, P. Chotiyarnwong,
P. Chotiyarnwon, J.M. Grimes, S. Yoksan, P. Malasit, C.P. Simmons,
J. Mongkolsapaya, G.R. Screaton, An in-depth analysis of original antigenic sin
in dengue virus infection, J. Virol. 85 (1) (2011) 410—421.

A. Taylor, S.S. Foo, R. Bruzzone, LV. Dinh, N.J. King, S. Mahalingam, Fc re-
ceptors in antibody-dependent enhancement of viral infections, Immunol.
Rev. 268 (1) (2015) 340—364.

A.L. Rothman, Immunity to dengue virus: a tale of original antigenic sin and
tropical cytokine storms, Nat. Rev. Immunol. 11 (8) (2011) 532—543.

R.A. Singh, J.R. Rodgers, M.A. Barry, The role of T cell antagonism and original
antigenic sin in genetic immunization, J. Immunol. Baltim. Md. 1950) 169 (12)
(2002) 6779—-6786.

D. Weiskopf, M.A. Angelo, E.L. de Azeredo, ]. Sidney, J.A. Greenbaum,
AN. Fernando, A. Broadwater, R.\V. Kolla, A.D. De Silva, AM. de Silva,
K.A. Mattia, BJ. Doranz, H.M. Grey, S. Shresta, B. Peters, A. Sette, Compre-
hensive analysis of dengue virus-specific responses supports an HLA-linked
protective role for CD8+ T cells, Proc. Natl. Acad. Sci. U. S. A. 110 (22)
(2013) E2046—E2053.

P. Klenerman, R.M. Zinkernagel, Original antigenic sin impairs cytotoxic T
lymphocyte responses to viruses bearing variant epitopes, Nature 394 (6692)
(1998) 482—485.

K. Kantola, L. Hedman, J. Arthur, A. Alibeto, E. Delwart, T. Jartti, O. Ruuskanen,
K. Hedman, M. Soderlund-Venermo, Seroepidemiology of human bocaviruses
1-4, ]. Infect. Dis. 204 (9) (2011) 1403—-1412.

S.L. Linderman, S.E. Hensley, Antibodies with 'original antigenic sin' properties
are valuable components of secondary immune responses to influenza vi-
ruses, PLoS Pathog. 12 (2016) e1005806.

S.B. Halstead, S. Rojanasuphot, N. Sangkawibha, Original antigenic sin in
dengue, Am. J. Trop. Med. Hyg. 32 (1) (1983) 154—156.

A.L Rothman, C.L. Medin, H. Friberg, J.R. Currier, Immunopathogenesis versus
protection in dengue virus infections, Curr. Trop. Med. Rep. 1 (1) (2014)
13-20.

H. Friberg, H. Bashyam, T. Toyosaki-Maeda, J.A. Potts, T. Greenough,
S. Kalayanarooj, R.V. Gibbons, A. Nisalak, A. Srikiatkhachorn, S. Green,
H.A. Stephens, A.L. Rothman, A. Mathew, Cross-reactivity and expansion of
dengue-specific T cells during acute primary and secondary infections in
humans, Sci. Rep. 1 (2011) 51.

J.  Mongkolsapaya, W. Dejnirattisai, X.N. Xu, S. Vasanawathana,
N. Tangthawornchaikul, A. Chairunsri, S. Sawasdivorn, T. Duangchinda,
T. Dong, S. Rowland-Jones, P.T. Yenchitsomanus, A. McMichael, P. Malasit,
G. Screaton, Original antigenic sin and apoptosis in the pathogenesis of
dengue hemorrhagic fever, Nat. Med. 9 (7) (2003) 921—-927.

T. Duangchinda, W. Dejnirattisai, S. Vasanawathana, W. Limpitikul,
N. Tangthawornchaikul, P. Malasit, J. Mongkolsapaya, G. Screaton, Immuno-
dominant T-cell responses to dengue virus NS3 are associated with DHF, Proc.
Natl. Acad. Sci. U. S. A. 107 (39) (2010) 16922—16927.

M.M. Mangada, T.P. Endy, A. Nisalak, S. Chunsuttiwat, D.W. Vaughn,
D.H. Libraty, S. Green, F.A. Ennis, A.L. Rothman, Dengue-specific T cell re-
sponses in peripheral blood mononuclear cells obtained prior to secondary
dengue virus infections in Thai schoolchildren, J. Infect. Dis. 185 (12) (2002)
1697—1703.

V.. Gunther, R. Putnak, K.H. Eckels, M.P. Mammen, ].M. Scherer, A. Lyons,
M.B. Sztein, W. Sun, A human challenge model for dengue infection reveals a
possible protective role for sustained interferon gamma levels during the
acute phase of illness, Vaccine 29 (22) (2011) 3895—3904.

C. Chang, K. Ortiz, A. Ansari, M.E. Gershwin, The Zika outbreak of the 21st
century, J. Autoimmun. 68 (2016) 1—13.

S.A. Rasmussen, D.J. Jamieson, M.A. Honein, L.R. Petersen, Zika Virus and Birth
Defects—Reviewing The evidence for causality, N. Engl. J. Med. 374 (2016)
1981-1987.

J.M. Anaya, Y. Rodriguez, D.M. Monsalve, D. Vega, E. Ojeda, D. Gonzalez-Bravo,
et al., A comprehensive analysis and immunobiology of autoimmune neuro-
logical syndromes during the Zika virus outbreak in Cucuta, Colomb. J.
Autoimmun. 77 (2017) 123—138.

L. Priyamvada, KM. Quicke, W.H. Hudson, N. Onlamoon, ]. Sewatanon,
S. Edupuganti, K. Pattanapanyasat, K. Chokephaibulkit, M.]. Mulligan,
P.C. Wilson, R. Ahmed, M.S. Suthar, J. Wrammert, Human antibody responses
after dengue virus infection are highly cross-reactive to Zika virus, Proc. Natl.
Acad. Sci. U. S. A. 113 (28) (2016) 7852—7857.

W. Dejnirattisai, P. Supasa, W. Wongwiwat, A. Rouvinski, G. Barba-Spaeth,
T. Duangchinda, A. Sakuntabhai, V.M. Cao-Lormeau, P. Malasit, F.A. Rey,
J. Mongkolsapaya, G.R. Screaton, Dengue virus sero-cross-reactivity drives
antibody-dependent enhancement of infection with zika virus, Nat. Immunol.
17 (9) (2016) 1102—1108.

S.V. Bardina, P. Bunduc, S. Tripathi, ]. Duehr, ]J. Frere, J.A. Brown,
R. Nachbagauer, G.A. Foster, D. Krysztof, D. Tortorella, S.L. Stramer, A. Garcia-
Sastre, F. Krammer, J.K. Lim, Enhancement of Zika virus pathogenesis by
preexisting antiflavivirus immunity, Sci. (New York, N.Y.) 356 (6334) (2017)

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

175—180.

A.A. Adalja, D.A. Henderson, Original antigenic sin and pandemic (HINT)
2009, Emerg. Infect. Dis. 16 (6) (2010) 1028—1029.

J.H. Kim, L. Skountzou, R. Compans, ]. Jacob, Original antigenic sin responses to
influenza viruses, J. Immunol. Baltim. Md. 1950) 183 (5) (2009) 3294—3301.
R. Nachbagauer, A. Choi, A. Hirsh, I. Margine, S. lida, A. Barrera, M. Ferres,
R.A. Albrecht, A. Garcia-Sastre, N.M. Bouvier, K. Ito, R.A. Medina, P. Palese,
F. Krammer, Defining the antibody cross-reactome directed against the
influenza virus surface glycoproteins, Nat. Immunol. 18 (4) (2017) 464—473.
T. Reichert, G. Chowell, H. Nishiura, R.A. Christensen, J.A. McCullers, Does
Glycosylation as a modifier of Original Antigenic Sin explain the case age
distribution and unusual toxicity in pandemic novel HIN1 influenza? BMC
Infect. Dis. 10 (2010) 5.

C.D. O'Donnell, A. Wright, L. Vogel, K. Boonnak, J.J. Treanor, K. Subbarao,
Humans and ferrets with prior HIN1 influenza virus infections do not exhibit
evidence of original antigenic sin after infection or vaccination with the 2009
pandemic HIN1 influenza virus, Clin. Vacc. Immunol. CVI 21 (5) (2014)
737—746.

D. Zehn, M. Turner, L. Lefrangois, M.J. Bevan, Lack of original antigenic sin in
recall CD8(+) T cell responses, J. Immunol. Baltim. Md. 1950) 184 (11) (2010)
6320—6326.

H. Tsuchiya, M. Furukawa, M. Matsui, K. Katsuki, S. Inouye, 'Original antigenic
sin' phenomenon in neutralizing antibody responses in children with
enterovirus meningitis, J. Clin. Virol. Off. Publ. Pan Am. Soc. Clin. Virol. 19 (3)
(2000) 205—207.

F. Elmastour, H. Jaidane, L. Aguech-Oueslati M.A. Benkahla, M. Aouni,
J. Gharbi, F. Sane, D. Hober, Immunoglobulin G-dependent enhancement of
the infection with Coxsackievirus B4 in a murine system, Virulence 7 (5)
(2016) 527—-535.

S. Bopegamage, Enterovirus infections: pivoting role of the adaptive immune
response, Virulence 7 (5) (2016) 495—497.

J.D. Berry, RW. Peeling, R.C. Brunham, Analysis of the original antigenic sin
antibody response to the major outer membrane protein of Chlamydia tra-
chomatis, J. Infect. Dis. 179 (1) (1999) 180—186.

S.B. Craig, G.C. Graham, M.A. Burns, M.F. Dohnt, L.D. Smythe, D.B. McKay,
A case of 'original antigenic sin' or just a paradoxical reaction in leptospirosis?
Ann. Trop. Med. Parasitol. 103 (5) (2009) 467—470.

J. Currier, J. Sattabongkot, M.F. Good, 'Natural' T cells responsive to malaria:
evidence implicating immunological cross-reactivity in the maintenance of
TCR alpha beta+ malaria-specific responses from non-exposed donors, Int.
Immunol. 4 (9) (1992) 985—-994.

W.E. Beyer, ].T. Van der Logt, R. van Beek, N. Masurel, G. Immunoglobulin,
A and M response to influenza vaccination in different age groups: effects of
priming and boosting, J. Hyg. (Lond) 96 (1986) 513—522.

J. Ma, J. Dushoff, D.J. Earn, Age-specific mortality risk from pandemic influ-
enza, J. Theor. Biol. 288 (2011) 29—34.

N. Masurel, J. Drescher, Production of highly cross-reactive hemagglutination-
inhibiting influenza antibodies in ferrets, Infect. Immun. 13 (4) (1976)
1023-1029.

J.E. McElhaney, G.S. Meneilly, K.E. Lechelt, B.L. Beattie, R.C. Bleackley, Antibody
response to whole-virus and split-virus influenza vaccines in successful
ageing, Vaccine 11 (10) (1993) 1055—1060.

M.A. Thompson, S. Raychaudhuri, M.P. Cancro, Restricted adult clonal profiles
induced by neonatal immunization. Influence of suppressor T cells, J. Exp.
Med. 158 (1) (1983) 112—125.

J.L. Virelizier, A.C. Allison, G.C. Schild, Antibody responses to antigenic de-
terminants of influenza virus hemagglutinin. II. Original antigenic sin: a bone
marrow-derived lymphocyte memory phenomenon modulated by thymus-
derived lymphocytes, J. Exp. Med. 140 (1974) 1571-1578.

R.G. Webster, J.A. Kasel, R.B. Couch, W.G. Laver, Influenza virus subunit vac-
cines. II. Immunogenicity and original antigenic sin in humans, J. Infect. Dis.
134 (1) (1976) 48—-58.

R. Yarchoan, D.L. Nelson, Specificity of in vitro anti-influenza virus antibody
production by human lymphocytes: analysis of original antigenic sin by
limiting dilution cultures, J. Inmunol. 132 (1984) 928—935.

M.F. Good, Y. Zevering, J. Currier, J. Bilsborough, 'Original antigenic sin’, T cell
memory, and malaria sporozoite immunity: an hypothesis for immune
evasion, Parasite Immunol. 15 (4) (1993) 187—193.

G. Kuno, D.J. Gubler, A. Oliver, Use of 'original antigenic sin' theory to deter-
mine the serotypes of previous dengue infections, Trans. R. Soc. Trop. Med.
Hyg. 87 (1) (1993 Jan-Feb) 103—105.

S. Zompi, E. Harris, Original antigenic sin in dengue revisited, Proc. Natl. Acad.
Sci. U. S. A. 110 (22) (2013) 8761—8762.

K. Kantola, L. Hedman, L. Tanner, V. Simell, M. Makinen, J. Partanen, et al., B-
cell responses to human bocaviruses 1-4: new insights from a childhood
follow-up study, PLoS One 10 (2015) e0139096.

Y.S. Choi, Y.H. Baek, W. Kang, S.J. Nam, ]. Lee, S. You, D.Y. Chang, J.C. Youn,
Y.K. Choi, E.C. Shin, Reduced antibody responses to the pandemic (H1N1)
2009 vaccine after recent seasonal influenza vaccination, Clin. Vacc. Immunol.
CVI 18 (9) (2011) 1519—1523.

S. Chakradhar, Updated, augmented vaccines compete with original antigenic
sin, Nat. Med. 21 (6) (2015) 540—541.

Wilfred Ndifon, A simple mechanistic explanation for original antigenic sin
and its alleviation by adjuvants, J. R. Soc. Interface 12 (112) (2015) 20150627.
JH. Kim, W.G. Davis, S. Sambhara, ]. Jacob, Strategies to alleviate original


http://refhub.elsevier.com/S0896-8411(17)30222-6/sref12
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref12
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref12
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref12
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref13
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref13
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref13
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref13
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref14
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref14
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref14
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref14
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref14
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref14
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref15
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref15
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref15
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref15
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref16
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref16
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref16
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref17
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref17
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref17
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref17
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref18
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref18
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref18
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref18
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref18
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref18
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref18
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref18
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref19
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref19
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref19
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref19
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref20
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref20
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref20
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref20
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref20
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref21
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref21
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref21
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref22
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref22
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref22
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref23
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref23
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref23
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref23
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref24
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref24
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref24
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref24
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref24
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref25
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref25
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref25
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref25
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref25
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref25
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref26
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref26
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref26
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref26
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref26
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref27
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref27
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref27
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref27
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref27
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref27
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref28
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref28
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref28
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref28
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref28
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref29
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref29
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref29
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref30
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref30
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref30
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref30
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref30
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref31
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref31
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref31
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref31
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref31
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref32
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref32
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref32
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref32
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref32
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref32
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref33
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref33
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref33
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref33
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref33
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref33
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref34
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref34
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref34
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref34
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref34
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref34
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref35
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref35
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref35
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref36
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref36
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref36
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref37
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref37
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref37
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref37
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref37
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref38
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref38
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref38
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref38
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref39
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref39
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref39
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref39
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref39
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref39
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref40
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref40
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref40
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref40
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref40
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref41
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref41
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref41
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref41
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref41
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref42
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref42
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref42
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref42
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref42
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref43
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref43
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref43
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref44
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref44
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref44
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref44
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref45
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref45
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref45
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref45
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref46
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref46
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref46
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref46
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref46
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref46
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref47
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref47
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref47
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref47
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref48
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref48
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref48
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref49
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref49
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref49
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref49
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref50
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref50
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref50
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref50
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref51
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref51
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref51
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref51
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref52
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref52
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref52
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref52
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref52
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref53
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref53
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref53
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref53
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref54
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref54
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref54
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref54
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref55
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref55
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref55
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref55
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref56
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref56
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref56
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref56
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref57
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref57
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref57
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref58
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref58
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref58
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref59
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref59
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref59
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref59
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref59
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref60
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref60
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref60
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref61
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref61
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref62

[63]

[64]
[65]

[66]

A. Vatti et al. / Journal of Autoimmunity 83 (2017) 12—21 21

antigenic sin responses to influenza viruses, Proc. Natl. Acad. Sci. U. S. A. 109
(34) (2012) 13751-13756.

L. Villar, G.H. Dayan, ].L. Arredondo-Garcia, D.M. Rivera, R. Cunha, C. Deseda,
H. Reynales, M.S. Costa, J.O. Morales-Ramirez, G. Carrasquilla, L.C. Rey,
R. Dietze, K. Luz, E. Rivas, M.C. Miranda Montoya, M. Cortés Supelano,
B. Zambrano, E. Langevin, M. Boaz, N. Tornieporth, M. Saville, F. Noriega,
CYD15 Study Group, Efficacy of a tetravalent dengue vaccine in children in
Latin America, N. Engl. . Med. 372 (2) (2015) 113—123.

D.E. Anderson, M.P. Carlos, L. Nguyen, ].V. Torres, Overcoming original (anti-
genic) sin, Clin. Immunol. Orl. Fla.) 101 (2) (2001) 152—157.

LR. Haaheim, Original antigenic sin. A confounding issue? Dev. Biol. 115
(2003) 49-53.

AJ. Kucharski, J.R. Gog, Age profile of immunity to influenza: effect of original
antigenic sin, Theor. Popul. Biol. 81 (2) (2012) 102—112.

[67]

[68]

[69]

[70]

R.G. Webster, Original antigenic sin in ferrets: the response to sequential
infections with influenza viruses, J. Inmunol. Baltim. Md. 1950) 97 (2) (1966)
177-183.

N. Frias-Staheli, M. Dorner, S. Marukian, E. Billerbeck, R.N. Labitt, C.M. Rice,
A. Ploss, Utility of humanized BLT mice for analysis of dengue virus infection
and antiviral drug testing, J. Virol. 88 (4) (2014) 2205—2218.

R.H. Whitehead, V. Chaicumpa, L.C. Olson, P.K. Russell, Sequential dengue
virus infections in the white-handed gibbon (Hylobates lar), Am. ]. Trop. Med.
Hyg. 19 (1) (1970) 94—102.

P. Koraka, S. Benton, G. van Amerongen, KJ. Stittelaar, A.D. Osterhaus, Char-
acterization of humoral and cellular immune responses in cynomolgus ma-
caques upon primary and subsequent heterologous infections with dengue
viruses, Microb. Infect. 9 (8) (2007) 940—946.


http://refhub.elsevier.com/S0896-8411(17)30222-6/sref62
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref62
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref62
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref63
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref63
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref63
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref63
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref63
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref63
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref63
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref63
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref64
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref64
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref64
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref65
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref65
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref65
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref66
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref66
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref66
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref67
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref67
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref67
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref67
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref68
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref68
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref68
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref68
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref69
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref69
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref69
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref69
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref70
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref70
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref70
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref70
http://refhub.elsevier.com/S0896-8411(17)30222-6/sref70

	Original antigenic sin: A comprehensive review
	1. Introduction
	2. Mechanism
	3. Clinical implications in specific infections
	3.1. Human Bocavirus (HBoV)
	3.2. Dengue virus (DENV)
	3.3. Zika virus (ZIKV)
	3.4. Influenza virus
	3.5. Human immunodeficiency virus (HIV)
	3.6. Enterovirus (EV)
	3.7. Chlamydia trachomatis
	3.8. Leptospirosis
	3.9. Plasmodium

	4. Mitigating the effects of “original antigenic sin”
	5. Discussion and perspectives
	References


