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First impressions are important and often long-last-
ing. The first influenza virus infection during child-
hood, termed immune imprinting, is recognised for its
influence on subsequent infections and vaccinations
[1,2]. The imprinting event initiates a cascade of
innate and adaptive immune responses leading to an
immunologicalmemoryretained overaperson’s lifetime.
Recent studies in Eurosurveillance report potential
implications for vaccine responses. Skowronski et al.
with the Canadian Sentinel Practitioner Surveillance
Network (SPSN) [3] and Kissling et al. with the Influenza
Monitoring Vaccine Effectiveness (I-MOVE) in Europe
[4] observed evidence of an age-related cohort effect
reducing vaccine protection during the 2018/19 influ-
enza season, which they infer occured as a result of an
immunological imprinting event.

In its publication, the Canadian group noted a rela-
tive paucity of influenza A(H3N2) cases due to clade
3C.3a among unvaccinated adults 35-54 years-old,
suggesting that this cohort may have had some pre-
existing protection [3]. The SPSN data also showed
a paradoxically increased risk of medically attended
influenza A(H3N2) illness among vaccinated adults in
the same age range — a negative vaccine-associated
effect that was not observed in flanking age groups or
in association with co-circulating clade 3C.2a viruses.
To reconcile these divergent age- and clade-specific
observations, the Canadian investigators propose a
unifying hypothesis they call imprint-regulated effect
of vaccine (I-REV). The I-REV hypothesis is predi-
cated on immune responses to a dominant molecular
epitope shared between contemporary 3C.3a viruses in
2018/19 and influenza A(H3N2) viruses that circulated
during the 20-year period following the 1968 pandemic
(Figure 1A). Egg-adaptive or other antigenic changes
coincidentally occurred at the same epitope in influ-
enza A(H3N2) strains from a different clade (3c.2a)
during the 2018/19 season. According to the I-REV
hypothesis, immunity arising from distant childhood
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imprinting to the shared epitope may have protected
unvaccinated adults from 3C.3a viruses in 2018/19,
whereas receipt of clade 3c.2a vaccine antigen may
have induced immunity that negatively interacted with
the imprinted immunity [3]. In their more recent publi-
cation in this issue, the I-MOVE group similarly reports
negative influenza A(H3N2) VE estimates that were pro-
nounced for middle-aged adults and 3C.3a viruses, in
keeping with the I-REV hypothesis [4].

The concept of immunological memory recall skewing
the outcome of a subsequent influenza virus infec-
tion is not new [5]. The term original antigenic sin
(OAS) was introduced in the 1960s and has since been
interpreted as the negative influence of the host’s
first influenza virus infection on subsequent influenza
exposure [5-7]. The sin in OAS refers to the immune
system’s preference to recall pre-existing antibodies
over eliciting new responses against novel antigenic
epitopes [8]. The notion of exclusively negative implica-
tions of pre-existing immunity is no longer the prevail-
ing dogma [6]. Epidemiological and seroarcheological
studies demonstrate that memory responses from a
first infection can also be protective, depending on the
order of virus exposures [2,9-11]. Specifically, B-cell
clonotypes producing cross-reactive antibodies can
be detected decades later, illustrating the longevity of
primary memory [9,12]. Examples include the low inci-
dence influenza-associated medical consultations by
elderly people (> 65 years) during the 2009 influenza
A(H1N1) pandemic attributed to cross-reactive antibod-
ies generated by ancestral influenza A(H1N1) viruses
following the 1918 pandemic [9,13], as well as immune
memory to highly conserved haemagglutinin (HA) stem
regions as reported by Gostic et al. and others [2,14].

Evidence from more mechanistic studies suggests
that during a secondary or tertiary exposure, the
imprinted immune system can recall imprinted mem-
ory, undertake clonotype modification, and elicit de



FIGURE 1
Influenza imprinting, immune refinement, and imprint-regulated effect of vaccine (I-REV)
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Ab: antibody; F: Phenylalanine; IVA: influenza virus A; S: Serine; Y: Tyrosine.

Panel A: Imprinting during infancy after the 1968 pandemic with an influenza A(H3N2) virus carrying a serine (S) at position 159 in the
haemagglutinin antigenic B site may have led to antibodies elicited toward this position. During the 2018/19 season, the circulating 3C.3a
viruses also carried a serine at amino acid 159. A re-exposure to S159 could back-boost previously acquired antibodies from the imprint.
Concomitantly, the H3N2 vaccine component from the 2018/19 season was a 3C.2a1 virus with a tyrosine (Y) at 159 which was further exposed
by a loss of glycosylation at site 160 following egg adaptation. Vaccination with the egg-adapted vaccine antigen may skew immune responses
and antibody generation away from targeting epitopes needed for protection.

Panel B: At the second exposure of a stable virus such as measles virus, the antibody responses are boosted toward the original antigenic
sites for a faster and larger response. In comparison, circulating influenza A(H3N2) viruses are constantly changing their antigenicity through
antigenic drift. The viruses retain some antigenic similarity over time but changes also occur as a result. The secondary exposure of a

person who has already been exposed to an influenza virus may lead to both back-boosting of originally acquired antibodies and also the
development of antibodies to new epitopes.
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novo B-cell clonotypes reactive towards new viral
epitopes [6,15,16] (Figure 1B). The continual interaction
between the immune system and influenza viruses is
dynamic, i.e. imprinted by the first infection but fur-
ther refined at each subsequent exposure, thereby
building the host immune background or preimmunity.
Both Skowronski et al. and Kissling et al. report nega-
tive vaccine effects that were pronounced among par-
ticipants who were repeatedly vaccinated vs repeatedly
unvaccinated in 2017/18 and 2018/19. This observation
may be relevant in the underlying mechanisms of vac-
cine interaction with preimmunity. Perhaps repeated
vaccination lends opportunity for several rounds of
immune refinement, shaping or narrowing of imprinted
cross-protection as suggested by Skowronski et al. The
phenomenon becomes understandable if it is proposed
that vaccine-induced antibodies are mismatched
towards key immunodominant epitopes as a result of
changes at these locations arising from egg adapta-
tion or other antigenic change in vaccine strains, which
then affects the precise repertoire of induced antibod-
ies [17]. Previous reports suggest that the immune sys-
tem of the imprinted host may undergo back-boosting,
epitope narrowing, and/or de novo antibody genera-
tion to reshape the immune landscape during second-
ary or tertiary exposures [10,18,19]. Considering these
possible immune events, the molecular mechanisms
of immune reshaping and potential vaccine interaction
with the previously exposed immune system require
experimental investigation.

Identifying serological correlates of protection against
natural influenza infection or following vaccination and
understanding how different vaccines can influence
some of these immune responses has become impera-
tive in the current attempts to improve vaccine effec-
tiveness (VE), particularly in the elderly population.
Recent detailed studies on immunological repertoire,
using human monoclonal antibodies derived by molec-
ular cloning from plasmablasts found in elderly adults
after vaccination, indicate reduced somatic recombina-
tion events during immunoglobulin maturation, limit-
ing diversity generation [20]. Other studies using a
similar approach, which studied individuals longitudi-
nally over several seasons of vaccination, demonstrate
a bias towards expansion of pre-existing B-cell clones
and a predominance of antibodies of lower potency
directed towards highly conserved stem regions of
HA [21], which may explain some of the observations
of back-boosting, imprinting and OAS. Such detailed
studies, dissecting monoclonal antibody responses
of a few individuals after vaccination, provide a use-
ful theoretical framework which can be used to inter-
pret what is being observed in clinical practice. New
influenza vaccines such as adjuvanted and mamma-
lian cell-derived vaccines are starting to be used, with
the expectation that there will be some incremental
improvements in vaccine performance. A more detailed
description of the pre-existing or preimmune serologi-
cal profile that associates with illness and severity,
especially in vaccine failures, will help understand the
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relationship with VE and assist with inferences about
population susceptibility.

Synthesising the I-REV hypothesis with imprinting evi-
dence from the literature, is a reminder that the foun-
dations of our understanding of imprinting lies in the
interpretation of observational data. From the recent
reports by Skowronski et al. and Kissling et al. to the
studies by Gostic et al. and Worobey et al. and older
accounts of OAS [2-4,7,8,15], there has been frequent
observational evidence of the influence of influenza his-
tory on current infections and vaccinations in humans.
However, the validation of these specific observations
by mechanistic experiments has not been as complete.
Cross-protection studies in animal models have been
plentiful, but these studies have not often appropri-
ately recapitulated the variables of the human data,
mainly because of the lack of appropriate reagents. Too
many of these studies have relied on mouse-adapted
influenza viruses which do not accurately represent
the viral antigenic variations that cause human clinical
disease [22]. Furthermore, infection—reinfection animal
studies often neglect the developmental time course
of immunological memory. The adaptive humoral
response follows clonal expansion and contraction,
leading to memory establishment over several weeks
to months: Immune maturation on this time scale is
rarely recreated in laboratory studies which can there-
fore not be representative of human seasonal influenza
virus exposure and immune memory maturation [23].

Improving influenza vaccines would benefit from
greater attention to human imprinting studies, lev-
eraging animal models with more human-like influ-
enza histories or technologies that better capture
immune specificity and virus evolution in humans.
Implementing these will help identify specific viral
epitopes of critical importance to protective immunity
or better model responses to current or novel vaccines
[18,24,25]. Routine sequencing of clinical viral isolates
will provide a detailed snapshot of what is circulat-
ing and capture prominent viral amino acid changes
potentially influencing immunity although the ability
to predict antigenic cluster transitions is very limited.
The choice of candidate vaccine strains is based on
recognition of emerging strains and expanding clusters
associated with disease rather than knowledge of pat-
terns of immune susceptibility in the human popula-
tion. The analysis strategy used by the Canadian group
associating molecular signatures of circulating and his-
torical viruses with observed VE could be employed to
determine other potential I-REV events. This requires
greater granularity in VE estimation and fuller charac-
terisation of viruses in the cases and controls contrib-
uting to VE estimates. Although the Skowronski et al.
report suggests a negative interaction of the imprinted
immune system in a particular age group with a spe-
cific vaccine composition, we should keep in mind, as
these authors have also underscored, that this obser-
vational phenomenon should be validated in the labo-
ratory with appropriate models and in other human



studies to provide mechanistic insights which move
us from observation to response. Designing future
human cohort studies in upcoming influenza seasons
with appropriate biological sampling to look closely at
imprinting to pivotal HA epitopes (e.g. at position 159)
will be an important investigational step [3,4].

Clinical trials have begun for next generation influenza
vaccines, less reliant on egg-based platforms and with
the promise of eliciting more broadly reactive antibody
repertoires. In light of these recent reports and increas-
ing prominence given to understanding antibody land-
scapes [1,2,26], we should now recognise that new
vaccines require evaluation taking into account com-
plex and diverse host influenza histories and sea-
sonal influenza virus circulation. Elucidating the viral
epitopes and immune mechanisms dictating refinement
or reprogramming during continual exposures, such as
the effects reported in Eurosurveillance this month,
should be addressed. Forany individual throughout life,
there may be multiple influenza infections. Now with
the expansion of annual immunisation programmes,
there are many more vaccine antigen exposures to con-
sider over that period. The hierarchy of immune prefer-
ence or immunodominance may depend on the order
of infection or exposure with a distinction between the
first and subsequent infection [27]. By viewing the his-
tory of influenza virus circulation through the lens of
imprinting, assumptions can be made about the virus
that imprinted on a person by cross-referencing their
birth year with the predominant influenza strain bear-
ing signature epitopes circulating at that time [2,3,8,9].
This may supplement predictions about susceptibil-
ity to infection or vaccine responses and may help to
develop precision vaccination strategies.

How can we make sense of complexity in the context of
needing to maintain confidence in influenza vaccines?
The consistency of the observed effects reported in
these two primary care studies and also suggested
elsewhere among inpatient and outpatient settings
(e.g. the United States) lends credibility [28]. However
additional study designs are necessary, involving the
range of clinical end points such as medically-attended
outpatient, hospitalisation or critical care admission
that influenza vaccines are intended to prevent [29].
Age- and clade-specific dips in vaccine performance
as described by Skowronski et al. and Kissling et al.
signal opportunities for improvement and reinforce
the need to develop new vaccines capable of inducing
broader and more cross-reactive protective immunity.
Importantly, however, clade 3C.3a infections com-
prised only a small proportion of cases in both studies,
limiting their contribution to a reduction in overall VE
[3,4]. As well, the effect was not observed at all for the
other vaccine components. As authors of both studies
underscore, receiving influenza vaccine remained ben-
eficial overall at 56% and 67% for the HIN1 component
in 2018/19 as in other seasons [3].

In summary, we suggest that the potential impact of
distant influenza immune imprinting on current vacci-
nation outcomes should be considered in the design
of next generation or universal vaccine candidates.
The I-REV hypothesis, methods and underlying mecha-
nisms may be of future use for identifying particularly
susceptible cohorts or for targeting improved immuni-
sation strategies, and may contribute to vaccine strain
selection including considering options for avoiding
egg adaptation in candidate vaccine strains. While
[-REV may contribute to improved scientific under-
standing and enhanced vaccine development in the
long term, considering our current vaccine programmes
and the total protective effect of vaccine, the benefits
of continued seasonal influenza vaccination in recom-
mended groups cannot be overstated.

Conflict of interest

None declared.

Authors’ contributions

AAK wrote the manuscript and created the figure. MZ also
wrote the manuscript and contributed to the figure.

References

1. Francis ME, King ML, Kelvin AA. Back to the Future for Influenza
Preimmunity-Looking Back at Influenza Virus History to Infer
the Outcome of Future Infections. Viruses. 2019;11(2):E122.
https://doi.org/10.3390/v11020122 PMID: 30704019

2. Gostic KM, Ambrose M, Worobey M, Lloyd-Smith JO. Potent
protection against H5N1 and H7Ng influenza via childhood
hemagglutinin imprinting. Science. 2016;354(6313):722-6.
https://doi.org/10.1126/science.aag1322 PMID: 27846599

3. Skowronski DM, Sabaiduc S, Leir S, Rose C, Zou M, Murti M, et
al. Paradoxical clade- and age-specific vaccine effectiveness
during the 2018/19 influenza A(H3N2) epidemic in Canada:
potential imprint-regulated effect of vaccine (I-REV). Euro
Surveill. 2019;24(46). https://doi.org/10.2807/1560-7917.
ES.2019.24.46.1900585

4. Kissling E, Pozo F, Buda S, Vilcu AM, Gherasim A, Brytting M,
et al. Low 2018/19 vaccine effectiveness against influenza
A(H3N2) among 15-64-year-olds in Europe: exploration by birth
cohort. Euro Surveill. 2019;24(48):1900604.

5. Francis T). On the Doctrine of Original Antigenic Sin. Proc Am
Philos Soc. 1960;104:572-8.

6. Monto AS, Malosh RE, Petrie JG, Martin ET. The doctrine of
original antigenic sin: separating good from evil. ] Infect Dis.
2017;215(12):1782-8. https://doi.org/10.1093/infdis/jix173
PMID: 28398521

7. Hoskins TW, Davies JR, Smith A}, Miller CL, Allchin A.
Assessment of inactivated influenza-A vaccine after three
outbreaks of influenza A at Christ’s Hospital. Lancet.
1979;1(8106):33-5. https://doi.org/10.1016/So140-
6736(79)90468-9 PMID: 83475

8. Worobey M, Han GZ, Rambaut A. Genesis and pathogenesis
of the 1918 pandemic HiN1 influenza A virus. Proc Natl Acad
Sci USA. 2014;111(22):8107-12. https://doi.org/10.1073/
pnas.1324197111 PMID: 24778238

9. Hancock K, Veguilla V, Lu X, Zhong W, Butler EN, Sun H, et al.
Cross-reactive antibody responses to the 2009 pandemic HiN1
influenza virus. N Engl ) Med. 2009;361(20):1945-52. https://
doi.org/10.1056/NEJMoao906453 PMID: 19745214

10. Andrews SF, Huang Y, Kaur K, Popova LI, Ho 1Y, Pauli NT, et al.
Immune history profoundly affects broadly protective B cell
responses to influenza. Sci Transl Med. 2015;7(316):316ra192.
https://doi.org/10.1126/scitranslmed.aado522 PMID: 26631631

11. Krammer F. The human antibody response to influenza A virus
infection and vaccination. Nat Rev Immunol. 2019;19(6):383-97.
https://doi.org/10.1038/s41577-019-0143-6 PMID: 30837674

www.eurosurveillance.org



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Yu X, Tsibane T, McGraw PA, House FS, Keefer CJ, Hicar MD,
et al. Neutralizing antibodies derived from the B cells of 1918
influenza pandemic survivors. Nature. 2008;455(7212):532-6.
https://doi.org/10.1038/natureo7231 PMID: 18716625

Karageorgopoulos DE, Vouloumanou EK, Korbila IP, Kapaskelis
A, Falagas ME. Age distribution of cases of 2009 (H1N1)
pandemic influenza in comparison with seasonal influenza.
PLoS One. 2011;6(7):e21690. https://doi.org/10.1371/journal.
pone.0021690 PMID: 21747947

Miller MS, Tsibane T, Krammer F, Hai R, Rahmat S, Basler CF,
et al. 1976 and 2009 H1N1 influenza virus vaccines boost
anti-hemagglutinin stalk antibodies in humans. ] Infect Dis.
2013;207(1):98-105. https://doi.org/10.1093/infdis/jis652
PMID: 23087428

Davenport FM, Hennessy AV. Predetermination by infection
and by vaccination of antibody response to influenza virus
vaccines. ] Exp Med. 1957;106(6):835-50. https://doi.
0rg/10.1084/jem.106.6.835 PMID: 13481247

Skowronski DM, Chambers C, De Serres G, Sabaiduc S, Winter
AL, Dickinson JA, et al. Serial vaccination and the antigenic
distance hypothesis: effects on influenza vaccine effectiveness
during A(H3N2) epidemics in canada, 2010-2011 to 2014-2015.

J Infect Dis. 2017;215(7):1059-99. https://doi.org/10.1093/
infdis/jixo74 PMID: 28180277

Zost S), Parkhouse K, Gumina ME, Kim K, Diaz Perez S,
Wilson PC, et al. Contemporary H3N2 influenza viruses
have a glycosylation site that alters binding of antibodies
elicited by egg-adapted vaccine strains. Proc Natl Acad

Sci USA. 2017;114(47):12578-83. https://doi.org/10.1073/
pnas.1712377114 PMID: 29109276

Francis ME, McNeil M, Dawe NJ, Foley MK, King ML, Ross TM,
et al. Historical H1N1 influenza virus imprinting increases
vaccine protection by influencing the activity and sustained
production of antibodies elicited at vaccination in ferrets.
Vaccines (Basel). 2019;7(4):133. https://doi.org/10.3390/
vaccines7040133 PMID: 31569351

Miller MS, Gardner T), Krammer F, Aguado LC, Tortorella D,
Basler CF, et al. Neutralizing antibodies against previously
encountered influenza virus strains increase over time: a
longitudinal analysis. Sci Transl Med. 2013;5(198):198ra107.
https://doi.org/10.1126/scitranslmed.3006637 PMID:
23946196

Henry C, Zheng NY, Huang M, Cabanov A, Rojas KT, Kaur

K, et al. influenza virus vaccination elicits poorly adapted

B cell responses in elderly individuals. Cell Host Microbe.
2019;25(3):357-366.e6. https://doi.org/10.1016/j.
chom.2019.01.002 PMID: 30795982

Lee J, Paparoditis P, Horton AP, Fruhwirth A, McDaniel JR,
Jung ], et al. Persistent antibody clonotypes dominate the
serum response to influenza over multiple years and repeated
vaccinations. Cell Host Microbe. 2019;25(3):367-76e5. PMID:
30795982

Bouvier NM, Lowen AC. Animal models for influenza virus
pathogenesis and transmission. Viruses. 2010;2(8):1530-63.
https://doi.org/10.3390/v20801530 PMID: 21442033

Kosikova M, Li L, Radvak P, Ye Z, Wan XF, Xie H. Imprinting

of repeated influenza A/H3 exposures on antibody quantity
and antibody quality: implications for seasonal vaccine
strain selection and vaccine performance. Clin Infect Dis.
2018;67(10):1523-32. https://doi.org/10.1093/cid/ciy327
PMID: 29672713

Allen JD, Jang H, DiNapoli J, Kleanthous H, Ross TM. Elicitation
of protective antibodies against 20 years of future H3N2
cocirculating influenza virus variants in ferrets preimmune to
historical H3N2 influenza viruses. ] Virol. 2019;93(3):€00946-
18. https://doi.org/10.1128/)VI1.00946-18 PMID: 30429350

Jang H, Ross TM. Preexisting influenza specific immunity and
vaccine effectiveness. Expert Rev Vaccines. 2019;18(10):1043-
51. https://doi.org/10.1080/14760584.2019.1675519 PMID:
31575308

Andrews SF, Kaur K, Pauli NT, Huang M, Huang Y, Wilson PC.
High preexisting serological antibody levels correlate with
diversification of the influenza vaccine response. ] Virol.
2015;89(6):3308-17. https://doi.org/10.1128/JVI.02871-14
PMID: 25589639

Lessler ], Riley S, Read JM, Wang S, Zhu H, Smith GJ, et

al. Evidence for antigenic seniority in influenza A (H3N2)
antibody responses in southern China. PLoS Pathog.
2012;8(7):1002802. https://doi.org/10.1371/journal.
ppat.1002802 PMID: 22829765

Flannery B, Kondor RJG, Chung JR, Gaglani M, Reis M,
Zimmerman RK, et al. Spread of antigenically drifted influenza
A(H3N2) viruses and vaccine effectiveness in the United States
during the 2018-2019 season. ] Infect Dis. 2019;jiz543. https://
doi.org/10.1093/infdis/jiz543 PMID: 31665373

www.eurosurveillance.org

29. Advisory Committee on Immunization Practices (ACIP). ACIP
live meeting archive - June 2019. Agency updates; influenza
vaccines. Atlanta: Centers for Disease Control and Prevention;
2019. Available from: https://www.cdc.gov/flu/weekly/
weeklyarchives2018-2019/Week18.htm

License, supplementary material and copyright

This is an open-access article distributed under the terms of
the Creative Commons Attribution (CC BY 4.0) Licence. You
may share and adapt the material, but must give appropriate
credit to the source, provide a link to the licence and indicate
if changes were made.

Any supplementary material referenced in the article can be
found in the online version.

This article is copyright of the authors or their affiliated in-
stitutions, 2019.



