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Substantial evidence has accumulated that “original antigenic sin” is a central factor shaping
immune responses against influenza viruses. Here, we argue that this propensity of initial
influenza virus exposure to establish a lifelong immunological imprint presents a remarkable
opportunity: Immunization of infants prior to their initial, natural viral exposure could
circumvent narrow immunological imprinting directed toward a single viral strain.
Simultaneous initial exposure to antigens from multiple influenza strains via vaccination
holds the promise of extending immunological imprinting across all currently circulating
strains and against potential pandemic strains of influenza A virus, potentially providing a
readily accessible form of universal protection against severe disease from both pandemic
and seasonal influenza.

In a remarkable essay published in 1960, Tom
Francis, Jr. introduced the concept of “original

antigenic sin” (OAS); the idea that antibody
responses to early childhood influenza virus in-
fections are preferentially recalled later in life
upon exposure to antigenically distinct viral
strains (Francis 1960). Francis made clear that
he thought the real “sin” was that humans are
infected with only one influenza virus strain in
early childhood, leading to narrower immuno-
logical memory than multiple influenza virus
strains would deliver. Francis dreamed of vac-
cines that would educate infant immune systems

to respond effectively to diverse influenza virus
strains later in life. Accordingly, he concluded
his essay with these prescient words:

The gaps in [children’s] immunity should be
eliminated by providing early in life the antigenic
stimuli to meet the known or anticipated recur-
rent strains. Natural exposures would then serve
to enhance the broad immunity laid down by
vaccination. It is our hope that such vaccines
can be made from pools of chemically purified
antigens—or even with strains experimentally
devised. In this manner the original sin of infec-
tion could be replaced by an initial blessing of
induced immunity.
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In the intervening decades (Davenport et al.
1964; Webster 1966; Webster et al. 1976), and
especially over the last few years (Kim et al. 2009;
Lessler et al. 2012; Li et al. 2013; Miller et al.
2013; Fonville et al. 2014; Worobey et al. 2014;
Gostic et al. 2016; Linderman and Hensley
2016), evidence has accumulated that OAS is
a crucial factor shaping immune responses
against influenza viruses both within and be-
tween subtypes. The time has come to carefully
consider the challenges and opportunities pre-
sented by OAS for current and future vaccines
and vaccine policy. Vaccines that are capable of
granting an “initial blessing” of broad immunity
should be an explicit goal of the influenza vac-
cine enterprise and indeed might already be at
our fingertips. Vaccines delivered prior to initial
infection offer a route toward universal protec-
tion by laying down a broad “immunological
imprint” that could form the foundation of a
lifetime of protective responses against a range
of seasonal and pandemic influenza strains.

INITIAL CHILDHOOD INFLUENZAVIRUS
EXPOSURES ESTABLISH LONG-LIVED
IMMUNOLOGICAL IMPRINTS

Influenza A viruses can have 18 different hem-
agglutinins (HAs) and 11 different neuramini-
dases (NAs) (Krammer et al. 2018). Different
HA subtypes are antigenically distinct, but
they can be phylogenically split into two general
groups that share some conserved epitopes, in-
cluding epitopes in the HA stalk (Fig. 1A).
H1N1, H2N2, andH3N2 viruses have circulated
in humans at different times over the past 101
years (Fig. 1B). H1N1 and H2N2 viruses both
have “group 1”HAs, while H3N2 viruses have a
more distant “group 2” HA.

Most humans are infected with influenza
viruses by 3 years of age (Bodewes et al. 2011).
Because different influenza subtypes circulate
each year (Fig. 1B), an individual’s birth year
largely predicts which type of virus they initially
encountered early in life. For example, most
older individuals were likely initially exposed
to H1N1 in childhood as only H1N1 viruses
circulated between 1918 and 1957, whereas in-
dividuals born after 1968 were more likely to

be initially exposed to H3N2 in childhood
(Fig. 1C). It is difficult to infer precise immune
histories of individuals born after the mid-
1970s, as both H1N1 and H3N2 have cocircu-
lated since the reemergence of H1N1 in 1977.

Evidence suggests that individuals that first
encounter “group 1” HAs in childhood have
different immunological memory and viral sus-
ceptibility compared to individuals that first en-
counter “group 2” HAs (Worobey et al. 2014;
Gostic et al. 2016, 2019; Arevalo et al. 2019).
For example, H5N1 and H7N9 susceptibility
appears to be highly dependent on an individu-
al’s birth year (Gostic et al. 2016). Although the
immunological basis of this is incompletely un-
derstood, it is thought that initial childhood in-
fection with H1N1 or H2N2 (group 1 viruses)
provides lifelong immunity against H5N1 (also
a group 1 virus), whereas initial infection with
H3N2 (group 2 virus) provides lifelong immu-
nity against H7N9 viruses (also a group 2 virus).
Childhood infection with a putative H3N8 virus
(group 2), mismatched to the 1918 H1N1 virus
(group 1), was also strongly associated with high
mortality among young adults during the 1918
pandemic, possibly as a result of OAS-mediated
recall of unprotective anti-H3HA stalk respons-
es (Worobey et al. 2014). Recent studies suggest
that early childhood influenza virus infections
also influence susceptibility to seasonal H1N1
and H3N2 influenza virus strains later in life
(Arevalo et al. 2019; Gostic et al. 2019). Thus,
there appears to be something special about ear-
ly life childhood influenza virus exposures—and
the very first exposure in particular—that leads
to lifelong immunity against antigenically relat-
ed influenza virus strains. Unfortunately, most
humans first encounter influenza virus antigens
in the form of an infection with a single viral
subtype and therefore are only immunologically
imprinted with a limited number of antigens.

IMMUNOLOGICAL BASIS OF OAS

What is so special about initial influenza virus
exposures? Two factors are likely to be critical
for antibody responses to influenza viruses.
First, the sheer amount of antigen available to
naive B cells is likely highest during the first
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exposure because of relatively unfettered viral
replication. Anamnestic responses during all
subsequent infections—cross-reactive neutraliz-
ing antibodies, antibody-dependent cellular cy-
totoxicity, cytotoxic T cells—will diminish the
total antigen available to naive B cells reactive to
the secondary strain’s epitopes.

Second, and probablymore importantly, na-
ive B cells potentially reactive to new epitopes of
a secondary strain must compete on a severely
tilted playing field against memory B cells ar-
chived from the first infection: Affinity-matured

memory B cells have vastly higher avidity for
antigen than naive B cells and an overall lower
threshold of activation. Although a germinal
center, the site of B-cell maturation, may be
seeded by approximately 100 B cells, by the
time it achieves its maximum size it is often
composed of descendants of only one or a few
(Mesin et al. 2016). Those “winner” B cells are
the ones that achieve the most signaling from
antigen and from T follicular helper (TFH) cells.
If antigen is limited, memory B cells likely act as
antigen hogs, reducing opportunities for naive B
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Figure 1. Hemagglutinin (HA) phylogenetic groups, circulation history, and imprinting patterns. (A) Phyloge-
netic tree of the 18 known influenza A virus (IAV) HA subtypes and the two HA groups they fall into. Seasonal
human subtypes are depicted in larger font. (B) Circulation history of seasonal IAV subtypes, with group 1 strains
in shades of blue and group 2 H3N2 in red. (C) Reconstruction of the percentage of each birth year cohort with
initial IAV infection with each subtype. The color scheme follows B with the addition of gray, which represents
the percentage of infants who remained naive to both H1N1 andH3N2 as of 2015. (B, C, FromGostic et al. 2016;
adapted, with permission, from The American Association for the Advancement of Science © 2016.)
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cells to acquire antigen and thereby receive sur-
vival and proliferation signals. Memory B cells
also express higher levels of major histocompat-
ibility complex (MHC) class II molecules and
the costimulatory ligand CD80 compared to na-
ive B cells (Bar-Or et al. 2001), making them
more efficient than naive B cells at presenting
influenza virus peptides to TFH cells and attain-
ing TFH help.

All this will act to disfavor primary respons-
es to epitopes unique to the secondary strain,
instead focusing responses on secondary strain
epitopes shared with the first strain, whether or
not they provide protection against the second-
ary strain. Later exposure to strains somewhat
similar to the second strain is thus met with
weaker immune responses than would have oc-
curred had the first exposure never happened, or
had the primary and secondary strains been en-
countered in reverse order (Fig. 2). In this way,
OAS differs from “run-of-the-mill” immuno-
logical memory.

OAS AND VACCINATING YOUNG
CHILDREN

But what if that first exposure to influenza virus
antigens is not to a natural infection but to a
vaccine, one that delivers multiple strains’ epi-
topes simultaneously? Since 2004, inactivated
influenza vaccines have been recommended
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Figure 2.Hypothetical protection patterns under dif-
ferent influenza A virus antigen exposure histories.
(A) Initial natural infection with a group 2 hemagglu-
tinin (HA) virus skews long-term protective respons-
es toward epitopes present on the HA of that strain
(epitopes 1–7, in shades of red). Subsequent infection
with a group 1 virus results inweaker responses to that
strain’s epitopes (8–14, in shades of blue) because of
diminished antigen levels and of competition be-
tween naive B cells reactive to the group 1 strain’s
epitopes and memory B cells reactive to the initial
strain’s epitopes. (B) Initial natural infection with a
group 1 virus skews long-term protective responses
toward group 1 epitopes. (C) Simultaneous delivery
of group 1 and group 2 antigens during initial expo-
sure, via live attenuated influenza vaccine (LAIV),
allows for a broad immunological imprint and strong
long-term protective responses against epitopes pre-
sent on the HAs of both group 1 and group 2 viruses.
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for children as young as 6 months of age in the
United States (American Academy of Pediatrics
Committee on InfectiousDiseases 2004). There-
fore, it is virtually certain that some children’s
first exposure now occurs via vaccination with
inactivated antigens. Does this fulfill Francis’s
dream of laying down broadly protective immu-
nity to antigenically distinct viral strains? The
short answer is that we do not know. Perhaps
these vaccines establish long-lasting immuno-
logical memory against group 1 and group 2
influenza Aviruses as well as influenza B viruses.
But it is unknown whether inactivated anti-
gens provide an “immunological imprint” com-
parable to that induced by natural infection.
Do inactivated vaccines deliver enough antigen
and sustained immunological signaling to elicit
robust memory B and T cell responses that pro-
vide some level of cross protection that limits
severe disease, even without necessarily block-
ing infection? Attaining such protection in in-
dividual humans—across both HA groups—is
highly desirable and is probably achievable by
well-timed, early vaccination.

It is likely that stronger immunological im-
prints can be delivered by vaccines composed of
live viruses. We suspect that live attenuated in-
fluenza vaccines (LAIVs), which are already in
use and recommended broadly for children
(Harper et al. 2003; Haber et al. 2015), are better
able to mimic natural influenza virus infections.
Similar to conventional inactivated vaccines,
currently licensed LAIVs are composed of
antigens from H1N1, H3N2, and influenza B
viruses. The immunologic advantages of LAIVs
include the induction of tissue resident memory
B and cytotoxic T cells, the stimulation of local
secretory IgA responses (Petukhova et al. 2012),
and potential induction of antibodies to the HA
stalk antigens that may be the key to long-lived,
severity-lowering, broadly protective responses.
However, because these vaccines are only rec-
ommended above the age of 2 years, it is likely
that very few children receive their first influen-
za exposure through an LAIV.

LAIVs are not recommended for children
younger than 2 yr of age because of an excess
of wheezing in this age group in studies of the
original U.S. LAIV strains (Belshe et al. 2007).

However, it might be possible to further attenu-
ate LAIV strains. And, given the new evidence of
how profoundly initial exposure shapes the se-
verity of subsequent influenza infections, it is
worth reevaluating whether LAIVs could be
safely used in younger children now. Important-
ly, the excess of wheezing reactions was seen
mainly in infants younger than 10 months old
and the authors concluded that LAIV was safe
for children 12 months of age and older (Belshe
et al. 2007). Other early studies of LAIV detected
only mild reactogenicity events in infants 6
weeks to <24 weeks old (Vesikari et al. 2008).
So it might already be possible to use LAIV safe-
ly in children who are younger than 2. If the
recommended age of LAIV could be lowered
from 2 years of age to 1, many more vaccinees
could receive their first influenza exposure via
LAIV. And focused efforts to develop LAIVs
that are demonstrably safe in even younger in-
fants, or to evaluate current LAIVs to see wheth-
er they may already be safe for use in infants
younger than 12 months of age, might make
Francis’s aspiration a reality.

THE FUTURE

Webelieve it is imperative to test whether LAIVs
indeed establish broader, more durable immu-
nological imprints compared to inactivated
vaccines in young children, and compared to
natural infections by single strains. Previous
studies suggest that whereas ∼80% of 3-year-
olds have already seen their first influenza A in-
fection, about half of 2-year-olds likely remain
naive (Bodewes et al. 2011). Hence, evenwithout
lowering the age at which LAIVs are currently
used, it would be feasible to evaluate relevant
immune responses in individuals who receive
LAIV prior to natural infection (e.g., memory
B-cell repertoires, responses to subsequent vac-
cination, severity of subsequent natural infec-
tions). If there are imprinting-related benefits
of LAIV use in naive infants, it will then be im-
portant toweigh these effects against thepossible
risks associated with an increased chance of
wheezing if these vaccines were to be used in
younger age groups. Longitudinal birth cohort
studies, like those that are currently being initi-
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ated by the National Institute of Allergies and
Infectious Diseases (NIAID) (Butler 2019),
should help tease out whether LAIV and inacti-
vated vaccines elicit fundamentally different
types of immunological imprints compared to
natural infections.

A fortunate byproduct of the current cocir-
culation of H3N2 and H1N1 is that current sea-
sonal flu vaccines already contain antigens from
both a group 2 (H3N2) and a group 1 (H1N1)
influenza A virus. Hence, while fulfilling the in-
tended goal of protecting against seasonal influ-
enza, these vaccines, if delivered prior to natural
infection, hold out the possibility of inducing
broadly protective immunity across both influ-
enza AvirusHA groups, which could be recalled
later in life, potentially protecting against severe
outcomes from any influenza A virus subtype,
seasonal or pandemic (Fig. 2). In other words,
currently licensed vaccines against seasonal in-
fluenza may exhibit properties akin to aspira-
tional universal influenza vaccines when used
in the very young.

Although our central idea is that any vaccine
that simultaneously delivers at least one group 1
HA and one group 2 HA prior to natural infec-
tion is likely to provide protection against any
potential influenza A subtype, in the future we
should also consider adding antigens from other
viral strains to childhood vaccines. For example,
besides H1N1 and H3N2, the only other influ-
enza A virus strain with sustained circulation
among humans over the past 100 years is
H2N2 (Fig. 1). Although H1N1 early-life prim-
ing likely provides some protection against
H2N2, it would be reasonable to include H2
antigens in next-generation vaccines that are de-
signed to elicit broad immunological imprints
in children. It may be worth adding other HAs
as well, especially from subtypes like H5N1 and
H7N9 that represent pandemic risks today.

CONCLUDING REMARKS

The landscape of human influenza could be dra-
matically altered by vaccines that deliver strong
immunological imprints against distinct influ-
enza strains in childhood. Given the apparent
robust but HA group–restricted lifelong protec-

tion against severe disease that the first natural
infection can deliver, intentionally broadening
that immunity across both influenza Avirus HA
groups via early use of multivalent vaccines is an
exciting prospect. It should be emphasized that
such a priming vaccination would not obviate
the need to immunize each year with vaccines
that match the circulating strains, but that severe
influenza disease and devastating pandemics
caused by new strains might thus be prevented;
increasing herd immunity to both HA groups
over time is expected to act as an obstacle to a
new strain achieving efficient transmission in
humans or causing severe disease if it does.

Although our focus here is on LAIVs, inas-
much as inactivated influenza vaccines are used
in infants as young as 6 months, consideration
should be given to use of inactivated antigens or
adjuvanted inactivated antigens as primers, on
the condition that they are produced in cell
culture or recombinant technologies to avoid
adaptive HA mutations (Vesikari et al. 2018).
Whether adjuvanted vaccines or novel immuni-
zation platforms like messenger RNA (mRNA)
vaccination (Pardi et al. 2018) could successfully
overwrite OAS from prior natural childhood in-
fection is an important question, as almost every
adult now living on Earth has already been in-
fectedwith an influenza virus and therefore has a
skewed immunological imprint. But it is impor-
tant to recognize that early vaccination of chil-
dren not yet exposed to influenza virus may be
the one clear shot we have to establish broad
immunity across both HA groups (Fig. 2). It
thus offers an appealing solution to the chal-
lenge of providing universal protection against
severe disease while simultaneously delivering
standard-of-care protection against current sea-
sonal influenza strains. Intensive preinfection
vaccination could be a game-changer for com-
bating influenza, providing readily accessible,
broadly effective protection.
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