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ARTICLE OPEN

Seasonal influenza vaccination expands hemagglutinin-specific
antibody breadth to older and future A/H3N2 viruses
Nina Urke Ertesvåg 1✉, Rebecca Jane Cox 1,2, Sarah Larteley Lartey1, Kristin G-I Mohn 1,3, Karl Albert Brokstad 1 and
Mai-Chi Trieu 1✉

History of influenza A/H3N2 exposure, especially childhood infection, shape antibody responses after influenza vaccination and
infection, but have not been extensively studied. We investigated the breadth and durability of influenza A/H3N2-specific
hemagglutinin-inhibition antibodies after live-attenuated influenza vaccine in children (aged 3-17 years, n= 42), and after
inactivated influenza vaccine or infection in adults (aged 22-61 years, n= 42) using 14 antigenically distinct A/H3N2 viruses
circulating from 1968 to 2018. We found that vaccination and infection elicited cross-reactive antibody responses, predominantly
directed against newer or future strains. Childhood H3-priming increased the breadth and magnitude of back-boosted A/H3N2-
specific antibodies in adults. Broader and more durable A/H3N2-specific antibodies were observed in repeatedly vaccinated adults
than in children and previously unvaccinated adults. Our findings suggest that early A/H3N2 exposure and frequent seasonal
vaccination could increase the breadth and seropositivity of antibody responses, which may improve vaccine protection against
future viruses.

npj Vaccines (2022)7:67 ; https://doi.org/10.1038/s41541-022-00490-0

INTRODUCTION
Annual influenza epidemics cause 3-5 million cases of severe
illness, and 290,000-650,000 respiratory deaths1, with particu-
larly increased mortality in epidemics dominated by influenza
A/H3N2 viruses2. Since the COVID-19 pandemic, many countries
have reinforced strict public-health measures, which also limit
the spread of influenza viruses3. However, co-infection with
influenza viruses in COVID-19 patients has been reported and is
associated with increased disease severity and deaths4,5.
Vaccination is the most effective way to prevent disease and
annual influenza vaccination is recommended for high-risk
groups6. Currently, there are two main types of seasonal
influenza vaccines, inactivated influenza vaccine (IIV) and live-
attenuated influenza vaccine (LAIV)7. Both vaccines aim to
induce immunity against the major viral surface glycoprotein,
hemagglutinin (HA)8. Antibodies directed against the globular
head of HA can be measured in the hemagglutinin inhibition
assay (HI), where a level of HI ≥40 is an established correlate of
protection9,10. Influenza A/H3N2 undergoes more rapid viral
drift than influenza A/H1N1 and B, facilitating a continual need
for seasonal vaccine updates. Since the A/H3N2 virus appeared
in 1968, 29 vaccine updates have taken place11, versus 15 times
for influenza A/H1N1 and 20 times for B12,13. Despite frequent
vaccine updates, vaccine mismatches due to drifted A/H3N2
viruses during influenza seasons causes low vaccine effective-
ness (VE)14. Therefore, the correct selection of A/H3N2 strains in
seasonal vaccines is critical to improve vaccine-induced
protection. However, the vaccine strain selection process has
largely ignored the role of human factors, such as pre-existing
immunity and repeated annual vaccination, influenced by a
lifetime of viral encounters15.
There are multiple theories of how pre-existing immunity

may impact immune responses. Focus has largely been on how
early-life influenza infections and repeated vaccination is

shaping the immunity. In 1953 Francis launched his theory of
the “original antigenic sin” describing an immunological
dominance of the first infecting virus over successive influenza
infections16,17, where later infecting viruses elicit antibodies
against the priming virus. Similarly, Lesser et al. found evidence
of “antigenic seniority”, where repeated exposure elicited the
highest antibodies to “senior” strains from childhood18. Anti-
body cross-reactivity has been modelled to explain an
individuals’ complex influenza infection history19. Other studies
focus on how priming or imprinting with influenza A subtypes
in different birth cohorts can preferentially impact the antibody
response and potentially reduce influenza mortality20–24. A
recent theory, termed “back-boosting”, does not restrict cross-
reactive antibody responses after recent infection or vaccina-
tion to the primary infecting virus, but rather against all
previously encountered viruses of the same influenza A
subtype25–28.
Studies of antibody landscapes against historical and

recently circulating viruses are needed to understand how
pre-existing immunity and historical exposure affects antibody
responses. Furthermore, whether back-boosting responses vary
in adults primed with different HAs compared to more naïve
children and the effect of repeated vaccination on antibody
cross-reactivity are unknown. Our study aimed to provide
detailed characteristics of cross-reactive antibody responses in
healthy adults and children, using 14 antigenically distinct A/
H3N2 viruses which circulated over five decades, from 1968 to
2018. We studied A/H3N2-specific antibodies after recent
infection, and single or repeated seasonal vaccination, con-
ducting long-term follow-up29,30. We further investigated the
extent and maintenance of A/H3N2 HI-antibody “back-boost-
ing”, the impact of “original antigenic sin” and childhood
priming. Our findings provide insight to cross-reactive antibody
responses by increasing age and repeated vaccination. We
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show that vaccination elicited cross-reactive antibody
responses similarly to infection-induced responses, highlight-
ing the value of annual vaccination.

RESULTS
We investigated the breadth and durability of influenza A/H3N2-
specific antibodies using 14 antigenically distinct A/H3N2 viruses
circulating from 1968 to 2018 in groups of adults (vaccinated or
infected) and vaccinated children (Fig. 1, Table 1). Vaccinated

adults (aged 22-61 years, n= 30) received IIV either in 2010, 2013
or both years. Children (aged 3-17 years, n= 42) were vaccinated
with LAIV in 2012 or 2013. Blood samples were collected in all
vaccinated individuals at day 0 and postvaccination day 21/28,
day 56 (only children), 6 and 12 months. The unvaccinated adults
provided blood samples in September/October each year in 2010-
2014, and natural infection was confirmed by seroconversion in
twelve adults. The majority of all adults (32/42) and half of children
(20/42) were female. No significant differences in age or sex
between the infected or vaccinated adult groups or between

Fig. 1 Study design. During the influenza seasons 2010-14, the A/H3N2 component in the seasonal vaccine changed from A/Perth/16/2009 in
2010-12 seasons to A/Victoria/361/2011 in 2012-14 seasons. a A group of unvaccinated adults were infected with circulating influenza A/H3N2
viruses, defined as a fourfold seroconversion in HI titres between pre- and post-season blood samples (infection, n= 12). Thirty adults were
vaccinated with IIV during the study period, generating three different vaccination groups (n= 10 each): single 2010 IIV, single 2013 IIV and
double 2010 and 2013 IIV. Five individuals from the single 2010 IIV group provided long-term follow-up blood samples 36 and 48 months after
vaccination (equivalent to day 0 and 12 months in the 2013-14 season). The children’s cohort were vaccinated with either one (≥9 years old) or
two doses (<9 years old) of a live-attenuated influenza vaccine (LAIV) in two different influenza seasons (2012 LAIV (n= 20) and 2013 LAIV
(n= 22)). Blood samples were collected in all vaccinated individuals at day 0 (D0) and post-vaccination day 21/28 (D21/D28), day 56 (D56, only
in children), 6 and 12 months (6 M, 12 M). (b) Timeline of A/H3N2 viruses circulated from 1968 to 2018 and the different groups’ perspective of
past, present and future viruses according to the timeline. Adults vaccinated or infected in 2010-12 with the A/Perth/16/2009 (PE09) had not
yet been exposed to A/Texas/50/2012 (TX12) or A/HongKong/4801/2014 (HK14), defined as future strains for these subjects. Vaccinated or
infected adults, and vaccinated children, in 2012-14 had not been exposed to the future strain HK14 which circulated from 2015-18.
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groups of children receiving LAIV were found (Supplementary
Table 1).

Infection and vaccination boosted homologous antibodies
We first tested the homologous HI antibody response after infection
or vaccination in adults and children. Twelve unvaccinated adults,
with no or low pre-existing antibody titres, seroconverted against
influenza A/H3N2 viruses during the 4-year period, probably due to
infection. These adults had increases in HI titres after infection, 7
individuals against the A/Perth/16/2009 (PE09) virus (p< 0.001)
between 2010-12, and 5 adults against the A/Texas/50/2012 (TX12)

(p= 0.062) in 2012-14 (Fig. 2a, d). Antibody titres then waned
overtime in the infected individuals.
We found significant increases in HI titres against the

homologous vaccine strains after vaccination in all groups
(Fig. 2b, c, e–h). Post-vaccination responses were surprisingly
comparable to post-infection responses against PE09 and TX12. A
higher number of children had pre-vaccination HI titres ≥40 in the
LAIV group vaccinated in 2013 than in 2012, however, post-
vaccination titres were similar between the two groups (Fig. 2g, h).
The double IIV group had higher pre-vaccination titres (p=
0.0637) but comparable post-vaccination titres to the single 2013
IIV group (Fig. 2e, f). This double IIV group also had higher titres

Table 1. The 14 genetically and antigenically distinct influenza A/H3N2 viruses used in the study.

Influenza season A/H3N2 vaccine strain1 Strains used in study Abbreviation

1970-72 A/Hong Kong/1/1968-like A/Hong Kong/1/1968 HK68

1976-80 A/Victoria/3/1975-like A/Texas/1/1977 VI75

1980-83 A/Bangkok/01/1979-like A/Bangkok/01/1979 BK79

1988-89 A/Sichuan/02/1987-like A/Sichuan/02/1987 SI87

1991-93 A/Beijing/353/1989-like A/Beijing/353/1989 BE89

1993-94 A/Beijing/32/1992-like A/Beijing/32/1992 BE92

1996-98 A/Wuhan/359/1995-like A/Wuhan/359/1995 WU95

1998–2000 A/Sydney/5/1997-like A/Sydney/5/1997 SY97

2004-05 A/Fujian/411/2002-like A/Wyoming/3/2003 FU02

2005-06 A/California/7/2004-like A/New York/55/2004 CA04

2006-08 A/Wisconsin/67/2005-like A/Hiroshima/52/2005 WI05

2010-12 A/Perth/16/2009-like A/Wisconsin/15/2009 PE09

2012-15 A/Victoria/361/2011-like A/Texas/50/2012 TX12

2016-18 A/Hong Kong/4801/2014-like A/Hong Kong/4801/2014 HK14

1WHO recommended
The influenza A/H3N2 virus that caused the 1968 pandemic and the 13 predominant circulating A/H3N2 strains until 2018 were selected. All strains were
recommended by the World Health Organization (WHO) to be included in seasonal influenza vaccines for the Northern hemisphere. All 14 viruses were egg-
grown and inactivated before use in the hemagglutination inhibition assay.

Fig. 2 Homologous hemagglutination inhibition (HI) titres after influenza A/H3N2 infection and vaccination in adults and children. Adults
were either infected or vaccinated with seasonal inactivated influenza vaccines (IIVs) and children were vaccinated with seasonal live-attenuated
influenza vaccines (LAIV). Serum samples were collected once a year before the start of influenza season in infected adults (September/October)
and time post-infection was calculated from the season seroconversion occurred. HI titres against homologous A/Perth/16/2009 (H3N2) or A/Texas/
50/2012 (H3N2) are shown in adults pre- and post-infection (n= 7 or 5, respectively) (a, b) and in adults pre- (day 0 (DO)) and post-IIV (day 21 (D21),
6 (6M) and 12 months (12M)) (n= 10 each) (c–f). LAIV was not licensed in Europe and Norway until 2012, therefore we do not have vaccination
responses against A/Perth/16/2009 in children. HI responses to the homologous A/Texas/50/2012 (H3N2) vaccine strain pre- (day 0) and post-LAIV
(day 21, 56, 6, and 12 months) in 2012 (n= 20) (g) and 2013 (n= 22) (h). Each symbol represents an individual HI titre. The horizontal lines show
geometric mean HI titres with 95% confidence interval. The dotted line indicates an HI titre of 40. Pre- and post-vaccination HI titres were compared
using nonparametric repeated measure Friedman test with Dunn’s multiple comparison correction for each vaccination group, except the TX12
infected group due to missing sample for long-term follow-up, which was analysed using non-parametric Wilcoxon matched-pairs signed-rank test
for pre- and 6M post-infection time points. *P< 0.05, **P < 0.01, ***P=< 0.001.
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than both groups of children pre-vaccination (2012 p= 0.039,
2013 p= 0.085) and 21/28 days post-vaccination (2012 p= 0.067,
2013 p= 0.0164) (Fig. 2f, g, h). Notably, only the double IIV group
had durable HI titres ≥40 at 12 months post-vaccination while
neither the single IIV nor the LAIV children achieved this.

Vaccination and infection increased heterologous antibodies
To investigate the breadth of antibody responses after infection
and vaccination, we evaluated HI antibodies against 14 anti-
genically distinct A/H3N2 viruses spanning from 1968 to 2018
(Fig. 1b, Table 1). Antibody landscapes were generated from the HI
titres pre- and post-exposure for each individual (Supplementary
figure 2,3) and from the geometric mean titres (GMTs) for each
group (Figs. 3–5).
We observed that infected adults had detectable pre-existing

antibodies (>10) against a number of past A/H3N2 viruses, but not
against the infecting or future viruses circulating in subsequent
years (Fig. 3a, d). Following PE09 infection (n= 7), HI antibodies
increased significantly (p < 0.01) against the infecting (PE09) and
future (TX12, HK14) viruses and back-boosted against the closest
virus, WI05, while antibodies against the distant historical viruses
were maintained above the pre-infection levels (Fig. 3a). HI titres
waned over the next two years post-PE09 infection, but remained
elevated above pre-infection levels (Fig. 3b, c). A similar trend of
antibody responses was observed after infection with TX12,
although not statistically significant probably due to a lower
number of subjects in this subgroup (n= 5) (Fig. 3d).
The IIV adults also had pre-existing antibodies against historical

viruses dating back to HK68 (Fig. 4). Unlike the infection group, all
IIV groups had pre-vaccination titres against PE09 and TX12.
Vaccination elicited significant increases in HI titres ≥40 at day 21
to the vaccine viruses, the previously circulating (back to SY97 or
CA04) and the future strain(s) (TX12 and/or HK14) (Fig. 4a–d). In all
IIV groups, the GMTs remained above baseline at 12 months post-
vaccination against the four strains WI05, PE09, TX12 and HK14.
The LAIV children had pre-vaccination antibodies against recent

(SY97-TX12) and future (HK14) viruses, but no antibodies against
historical viruses (HK68-WU95) that circulated before they were born

(Fig. 5a, b). A significant increase in HI titres at 28 days post-LAIV was
observed against the four strains WI05, PE09, TX12 and HK14 in the
2012 LAIV group (p< 0.001) and against TX12 and HK14 in the 2013
LAIV group (p < 0.01). These vaccine-induced antibodies waned
throughout the 12 months post-LAIV, but remained above pre-
vaccination levels. The antibody landscape in children was lower in
magnitude and breadth after LAIV compared to after IIV in adults,
with HI titres ≥40 post-LAIV only elicited against the TX12 vaccine
virus in both groups and additionally WI05 in the 2012 LAIV group.

Repeated vaccination in adults maintained cross-reactive
antibody responses
We followed vaccinees in the single 2010 IIV group (n= 5) up to
48 months and observed a decrease in antibody titres to below
baseline against most viruses at 36-48 months after vaccination
(Fig. 4a, Supplementary Figure 4). In contrast, the double 2010 and
2013 IIV group (n= 10) maintained antibodies at or above
baseline levels against all 14 viruses at 36 months after 2010
vaccination (first IIV) (Fig. 4c). HI antibodies against these 4 strains
WI05-HK14 were boosted following the second IIV in 2013 (p <
0.01, except HK14), and remained elevated above the pre-2010 IIV
baseline at the end of the 2013 season (Fig. 4a, d). This suggests
an advantage of repeated vaccination in inducing durable cross-
reactive antibody responses.

Priming influenced antibody landscapes
To better understand the effect of priming and age on antibody
cross-reactivity after infection and vaccination, we divided
children into two birth cohorts based on the recommendation
of one or two doses of LAIV; 2003-2009 (3-9 years old, n= 31) and
1995-2002 (10-17 years old, n= 11). Adults were divided into
three birth cohorts according to the likelihood of priming with
different influenza A subtypes that circulated when they were
born22: 1948-1966 (H1/H2 primed, n= 14), 1967-1976 (H3 primed,
n= 14) and 1977-1987 (H1/H3 primed, n= 14) (Fig. 6). As
expected, the antibody landscapes reflect the lifetime experience
of A/H3N2 virus encounters. The children had pre-existing
antibodies against recent viruses that circulated in the years since

Fig. 3 Hemagglutination inhibition (HI) antibody landscapes after A/H3N2 infection in adults. Antibody landscapes were generated with
geometric mean HI titres (GMTs) against 14 historical and future influenza A/H3N2 viruses (see Table 1 for the strains used). Error bars
represent the 95% confidence intervals of the GMTs. In Norway, the influenza season usually starts at the end of October and peaks between
December and March. Blood samples were collected annually in September/October from 2010 to 2014 from unvaccinated adults.
Seroconversion (four-fold increase in HI titres) between two time points against the predominantly circulating A/H3N2 viruses were defined as
infection. The time post-infection was calculated from the season seroconversion occurred. All individual landscapes are shown in
Supplementary Figure 2a. HI antibody landscapes are shown pre-infection (grey) and at 6-9 months (6 M) (a), 18–21 months (18 M) (b) and 30-
33 months (30 M) (c) post-infection with PE09, n= 7, and at 6-9 months post-infection with TX12, n= 5 (d). No landscape was generated at 18-
21 months post-TX12 infection because only 2 individuals provided serum samples. The viral exposure period is shown in blue based on the
group’s median age, and in light blue indicating the oldest individual in the group. Pre- and post-infection HI titres were compared using non-
parametric repeated measure Friedman test with Dunn’s multiple comparison correction for each infected group. *P < 0.05, **P < 0.01, ***P=
< 0.001.
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they were born (Fig. 6a, b). Following vaccination, antibodies were
significantly “back-boosted” against these viruses and induced to
future virus HK14 (p < 0.05). Interestingly, LAIV induced antibodies
against the PE09 virus (p= 0.027) in the older children born 1995-
2002, despite no pre-existing antibodies towards this strain. Adults
had higher and broader cross-reactive antibody responses
compared to children. There were significant differences between
adults and children against viruses that circulated before children
were born (HK68-FU02) (Supplementary Table 6). Only the 1967-
1976 birth cohort had significantly higher titres than children
cohorts post-exposure against all viruses, including the newer
strains (CA04-HK14).
Pre-existing titres were similar against recently circulating strains

from SY97 to HK14 between the different adult birth cohorts, but
differed against historical strains (Fig. 6c–e, Supplementary Table 6).
The two older birth cohorts (1948-1966 and 1967-1976) had higher
pre-existing titres to HK68 and VI75 than the youngest adults, which
circulated before this cohort was born. The 1967-1977 birth cohort
had broader antibody responses post-exposure, against 10 of 14
viruses (9 viruses p< 0.05 and 1 virus p= 0.055), including the oldest
HK68 (p= 0.046). In contrast, the antibodies in the youngest and
oldest adults were boosted primarily against the newer viruses (Fig.
6c–e), back to SY97 or CA04, respectively. The 1967-1976 birth cohort
had higher titers post-exposure against HK14, BE92, BE89 and BK79
(p< 0.1) compared to the 1948-1966 birth cohort, who did not have
the advantage of early childhood H3-priming.

HI-antibody responses were broadened by age and
vaccination
To further explore the lifetime impact of influenza A/H3N2-
exposure, we calculated the seroprotection rates (percentages of

individuals with HI titres ≥40) against the 14 A/H3N2 strains in the
five birth cohorts (Supplementary figure 5a–f). We then plotted
the cumulative seroprotection rates against the number of viruses
pre- and post-exposure (Fig. 7a–c). These seroprotection curves
aided in illustrating the breadth of antibody responses against the
range of 1-14 A/H3N2-viruses, regardless of when they circulated.
We found that the adults had significantly higher seropositivity
pre-exposure compared to children, particularly the 1967-1976
birth cohort (Fig. 7a, Supplementary Table 7). The greatest
differences pre-exposure between the birth cohorts were
observed to 5 viruses, to which ≥43% of adults had protective
antibodies, compared to only 6-9% of children. The seroprotection
curves were expanded in all birth cohorts after exposure, although
the adults had significantly higher percentages of seroprotection
than children (Fig. 7b, c, Supplementary Table 7). The 1995-2002
birth cohort had a peak post-exposure seroprotection curve
similar to adults up to 7 viruses (Fig. 7b), but did not maintain the
seropositivity long-term (Fig. 7c). Importantly, the 1967-1976 birth
cohort had broader seroprotection curves after exposure than the
1948-1966 birth cohort (peak p= 0.049, long-term p= 0.078), and
only this H3-primed cohort had protective antibodies to ≥12
viruses (Fig. 7b, c).
Similarly, we investigated the impact of previous vaccination on

the breadth of antibody responses by comparing cumulative
seroprotection rates against the range of 1-14 A/H3N2 viruses
between adults with different previous vaccination status (Fig.
7d–f) (see Supplementary figure 5g–I for seroprotection rates
against each A/H3N2 virus). The children were not included since
healthy children are not recommended for annual influenza
vaccination in Norway (only 2/42 of children had previously been
vaccinated). We found that adults with prior influenza vaccination
had a significantly broader seroprotection curve than the
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Fig. 4 The A/H3N2-specific hemagglutination inhibition (HI) antibody landscapes after vaccination with inactivated influenza vaccines
(IIV) in adults. Antibody landscapes were generated using the groups’ geometric mean HI titre (GMT) against 14 antigenically distinct
influenza A/H3N2 viruses (see Table 1 for the strains used). Error bars represent the 95% confidence intervals of the GMTs. The pre-vaccination
GMTs at day (D)0 are displayed in grey. a Antibody landscapes of adults vaccinated with single IIV in 2010, n= 10 (single 2010 IIV) at D21,
6 months (M), 12 M, 36 M (equivalent to D0 in 2013) (dark green), and 48M (equivalent to 12M in 2013) (light green) post-IIV. b Antibody
landscapes of adults vaccinated in 2013, n= 10 (single 2013 IIV) at D21, 6 M and 12 M post-IIV (dark blue). (c–d): Antibody landscapes of adults
vaccinated in both 2010 and 2013 (double IIV), n= 10, at D21, 6 M, 12 M and 36M after 2010 IIV (dark purple) (c) or after 2013 IIV (light purple)
(d). The individual vaccinee landscapes can be found in Supplementary Figure 2b–d. The black arrow indicates the vaccination virus, and the
dotted line indicates the HI titre of 40. The viral exposure period is shown in blue based on the group’s median age, and light blue indicating
the oldest individual in the group. Pre- and post-IIV titres were compared using nonparametric repeated measure Friedman test with Dunn’s
multiple comparison correction for each vaccination group. *P < 0.05, **P < 0.01, ***P= < 0.001.
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previously unvaccinated or infected adults before exposure
(Supplementary Table 7, Fig. 7d). The biggest difference pre-
exposure was found against 8 viruses, where 50% of the
previously vaccinated adults were seropositive compared to only
8% of the previously unvaccinated or infected adults. No
significant differences between the groups were found after
exposure (Fig. 7e, f). However, we observed a trend of higher
percentages of previously vaccinated adults having protective
antibodies long-term post-exposure compared to the previously
unvaccinated (p= 0.068) or infected (p= 0.135) adults (Fig. 7f),
suggesting a better maintenance of protective antibodies after
repeated vaccination.

DISCUSSION
Since its appearance in 1968, the influenza A/H3N2 has undergone
frequent antigenic drift, outpacing vaccine strain selection and
reducing seasonal VE. Therefore, studies of antibody landscapes
against historical and recent circulating A/H3N2 viruses are
important to understand the effect of pre-existing immunity and
priming-related differences of antibody responses to current virus
exposure. To the best of our knowledge, our study is unique in
describing the breadth, magnitude, and durability of antibody
responses to 14 historical, recent, and future A/H3N2 viruses after
LAIV in children, compared to after IIV or infection in adults. We
found that antibody landscapes after vaccination or infection are
affected by pre-existing immunity, shaped by priming, prior
vaccination status and age. Pre-existing antibodies were found
against viruses dating back to the individual’s birth year, in line
with earlier studies16,27. The pattern of antibody responses post-
vaccination or infection followed the pre-existing antibodies.
However, the greatest antibody increase post-exposure was
observed against viruses that circulated within the last 5-8 years,
regardless of priming pattern, vaccination or infection status, or
pre-existing immunity. Importantly, antibodies were induced to
future strains which the individuals had not yet encountered,
potentially providing partial immunity toward future A/
H3N2 strains. Remarkably, the exclusively H3-primed adult group
had increases in antibodies to most viruses post-exposure,
indicating that childhood priming increases the breadth and
magnitude of antibody cross-reactivity. Overall, the durability of
antibody responses was positively impacted by childhood H3-
priming and repeated vaccination, as reflected by broader
antibody responses. Our study has implications for the develop-
ment of next-generation influenza vaccines, and ultimately

universal influenza vaccines that can provide antibody-based
protection against past and future viruses.
Our findings of narrower antibody responses to A/H3N2 viruses

in children agreed with previous findings31,32 since age is
associated with greater influenza exposure33. Vaccination broa-
dened the antibody responses in children, however, adults had
maintained broader antibody responses. Importantly, we showed
that higher proportions of adults who were previously vaccinated
had protective antibodies pre- and post-exposure against higher
numbers of A/H3N2 viruses, compared to adults who had not
been vaccinated previously or were infected. This suggests that
annual influenza vaccination expanded and maintained the
breadth of antibody responses as vaccinated individuals had
pre-existing protective antibodies and durable post-vaccination
antibodies. Unvaccinated individuals with no or low pre-existing
antibodies remain more susceptible to influenza infection in the
coming seasons as shown in our infection group.
We found that the reactivity to the oldest viruses increased after

vaccination or infection, although non-significantly, and did not
change the overall antibody landscape. In contrast to the theories
of “original antigenic sin” and “antigenic seniority” we found that
the more recently circulating viruses (SY97-HK14) dominated the
cross-reactive HI-antibody responses in all birth cohorts with
higher titres post-exposure. These viruses are more genetically
and antigenically similar to the vaccine or infecting viruses than
the oldest viruses (Supplementary Figure 1). Our observations best
fit a cross-reactive hypothesis, boosting a homologous response,
as well as antibodies directed against conserved HA-head
epitopes on other strains26. Despite the constant evolution of
the A/H3N2-viruses, some conserved epitopes remain in the head
region, allowing for cross-reactive antibody responses34. Whilst we
would expect cross-reactivity against TX12 to be induced by the
closely related PE09, antibodies were also elicited against the
future drifted HK14 virus that dominated from 2015 to 2018.
However future studies are needed to confirm cross-reactive
antibody responses to circulating viruses35,36. On the other hand,
the H3-primed adults back-boosted antibodies against most
viruses, even the oldest HK68, thus the cross-reactive hypothesis
alone does not fully explain our results. Long-term memory
responses are probably influenced by multiple mechanisms,
including the order of influenza infections37. Our findings agree
with previous reports of back-boosting25,27,28, and further extend
the theory by detecting antibodies to an advanced, future strain.
More studies of antibody landscapes are needed to better
understand the impact of pre-existing immunity on antibody

Fig. 5 The A/H3N2-specific hemagglutination inhibition (HI) antibody landscapes after vaccination with live-attenuated influenza
vaccines (LAIV) in children. Antibody landscapes were generated using the groups’ geometric mean HI titre (GMT) against 14 antigenically
distinct influenza A/H3N2 viruses (see Table 1 for the strains used). Error bars represent the 95% confidence intervals of the GMTs. The pre-
vaccination GMTs at day (D)0 are displayed in grey. Antibody landscapes of children vaccinated with LAIV in 2012 (2012 LAIV, n= 20) (pink) (a)
or in 2013 (2013 LAIV, n= 22) (brown) (b) at D28, D56, 6 months (M) and 12 M post-LAIV are shown. Individual landscapes can be found in
Supplementary Figure 3. The black arrow indicates the vaccination virus, and the dotted line indicates the HI titre of 40. The viral exposure
period is shown in blue based on the group’s median age, and light blue indicating the oldest individual in the group. Pre- and post-LAIV titres
were compared using non-parametric repeated measure Friedman test with Dunn’s multiple comparison correction for each vaccination
group. *P < 0.05, **P < 0.01, ***P= < 0.001.
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responses. It remains to be seen if our findings extend to different
populations and with larger sample sizes.
With occasional antigenic shift and continuous drift, adults and

children will have different priming patterns to influenza A
subtypes, according to their birth cohorts. The children’s land-
scapes reflect their infection history, since healthy Norwegian
children are rarely recommended for influenza vaccination (only
0.05% in our cohort). The younger children had pre-existing
antibodies against the newer strains PE09-HK14, whereas the
older children had pre-existing titres to the older strains SY97-
WI05, which circulated in their early childhood. This suggests that
older children might not be susceptible to influenza infection with
the same subtype for a number of years after their first childhood
infection21. It is unclear how the children’s landscapes will evolve
in the future, especially since LAIV-induced immunity is multi-
faceted and different to antibody-mediated immunity after IIV. We
propose that there may be an advantage of childhood A/H3N2
vaccination upon antibody responses in the future. Interestingly,
the PE09-unprimed older children clearly demonstrated induction
of a cross-reactive antibody response to this strain after LAIV with
TX12. This finding supports the vaccine strategy of pre-emptive
vaccine updates with an advanced A/H3N2 strain to potentially
provide the dual benefit of cross-reactive antibody responses
directed to both advanced and previous viruses25.
The A/H3N2 viruses have been associated with the lowest VE of

all vaccine strains14,38, and reduced VE after repeated vaccina-
tion39,40. However, we found that vaccination-elicited A/H3N2-
specific antibody responses were equivalent to infection, suggest-
ing a robust vaccine response. We further observed that repeated
seasonal vaccination induced more durable cross-reactive anti-
body responses than in singly vaccinated individuals or those
without previous influenza vaccination, suggesting a potential

advantage of repeated vaccination. This discrepancy could be due
to the way VE is measured by the test-negative study design,
which is largely biased to symptomatic patients requiring medical
attention41,42. Whereas our findings suggest that repeatedly
vaccinated individuals may be partially protected against severe
disease and therefore experience asymptomatic or mild infection
not seeking medical care. Our healthy adult cohort was <65 years
old, a group with higher vaccine performance than the elderly
who often experience the greatest burden of A/H3N2 infections.
Our results are in line with previous studies, demonstrating that
repeated vaccination did not reduce influenza vaccine protec-
tion43–45 and beneficially induced antibody responses to drifted
strains46. However, we did not directly evaluate the vaccine
protection, but rather measured seroprotection. We suggest that
previous vaccination history and priming effects should be
accounted for in future VE studies.
Caveats to our study are limited numbers of individuals,

although we have included both adults and children, but not
the elderly. Furthermore, we used the dominant circulating strains
and defined infection by seroconversion at 6-9 months post-
infection, since we did not have clinical or laboratory confirmation,
limiting the number of subjects in the infection group. We used
the HI assay to measure protective antibodies against the head
region of HA against 14 A/H3N2 viruses, since only this assay has
established correlates of protection. However, IIV-induced anti-
bodies are known to be strain- and HA head-specific, whereas
infection and LAIV immunisation elicit a multifaceted response
directed against different viral antigens, which are not measured
by the HI assay. We cannot exclude all evidence of “original
antigenic sin” in our population, as we did not measure HA stalk-
targeting antibodies. In addition, detection of traditional HI
antibodies is becoming an increasing problem with the most

Fig. 6 The A/H3N2-specific hemagglutination inhibition (HI) antibody landscapes by birth-year in adults and children. Antibody
landscapes were generated using the groups’ geometric mean HI titre (GMT) against 14 antigenically distinct influenza A/H3N2 viruses (see
Table 1 for the strains used). Error bars represent the 95% confidence intervals of the GMTs. Children and adults were grouped by their birth
year regardless of the year they were vaccinated or infected. The pre-existing HI titres are displayed in grey. Peak titres after vaccination or
infection were used (21/28 days post-vaccination or 6 months post-infection). Antibody landscapes post-vaccination of children born between
2003 and 2009 (n= 31) in light green (a) and children born between 1995 and 2002 (n= 11) in dark green (b). Antibody landscapes post-
vaccination or infection of adults born 1977-1987 (n= 14) in ocean green (c), adults born 1967-1976 (n= 14) in blue (d), and adults born 1948-
1966 (n= 14) in lavender (e). The dotted line indicates the HI titre of 40 and the period of viral exposure is highlighted by a light blue
background. Pre- and post-vaccination or infection HI titres were compared using non-parametric Wilcoxon matched-pairs signed-rank test
with individual ranks computed for each comparison, and Holm-Šídák method for multiple comparisons. #P < 0.1, *P < 0.05, **P < 0.01,
***P= < 0.001.
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recent A/H3N2 strains47, although we found no differences in HI
titres against the newest virus (HK14) using an egg-grown virus
and different species’ red blood cells (Supplementary Figure 6).
Since egg-adapted changes in HK14 vaccine viruses have been
reported to alter antigenicity impacting vaccine-induced antibody
responses in different age groups35,36, our results should be
interpreted with caution. Further studies are warranted to
investigate the clinical impact of cross-reactive antibody
responses upon protection from infection.
Our results show that antibody landscapes diversified with

increasing age. However, not only age, but multiple factors, such
as the order and variability of influenza exposure influences the
antibody back-boosting responses. Individual landscapes dis-
played great diversity and were not simply guided by the first
or successive influenza infections or vaccinations, although
priming-related factors were observed in different birth cohorts.
More durable HI antibodies were detected after repeated
vaccination, and a history of multiple vaccinations broadened
the HI antibodies and increased the pool of cross-reactive HI
antibody responses. These antibodies might provide partial
immunity against novel influenza viruses or the recurring problem
of influenza A/H3N2 antigenic drift during an influenza season.
Vaccination with A/H3N2 strains in childhood and repeated
vaccination with advanced drifted strains may improve vaccine
protection against this subtype.

METHODS
Study design
Adults (21-61 years old) and children (3-17 years old) (n= 42 per group)
were included in this study which was approved by the regional ethics
committee (Regional Committee for Medical Research Ethics, Western
Norway (2009/1224 and 2012/1088) and the Norwegian Medicines Agency
(National Institute for Health database Clinical trials.gov (NCT01003288

(adults) and NCT01866540 (children)). All participants provided written
informed consent. The study population was retrospectively selected to
compare A/H3N2-specific antibody responses after IIV, LAIV and infection
(Fig. 1a). The majority of adults (32/42) and half of children (20/42) were
female (Supplementary Table 1). Depending upon their seasonal vaccina-
tion history, adults were divided into three groups (n= 10/group): single
vaccination in 2010 or 2013, or double vaccination in 2010 and 2013 IIV30.
Unvaccinated adults who were infected with circulating A/H3N2 viruses
were included for comparison (infection group, n= 12). Children were
intranasally immunized with seasonal LAIV either in 2012 (2012 LAIV, n=
22) or in 2013 (2013 LAIV, n= 20)29.

Vaccines
The trivalent seasonal IIV was either subunit (Influvac, Abbott Laboratories)
or split-virion (Vaxigrip, Sanofi Pasteur) containing 15 μg HA per strain. The
trivalent LAIV contained 107 fluorescent focus units (FFU) of each strain
(FLUENZ, AstraZeneca). The A/H3N2 viruses changed between seasons
from A/Perth/16/2009 in 2010-11 and 2011-12 to A/Victoria/361/2011 in
2012-13 and 2013-14.

Blood samples
Serum samples were collected pre- and post-vaccination (21 days, 6 and
12 months) in the three IIV adult groups and once a year before the start of
influenza season (September/October) in the infected adults. Five adults in
the single 2010 IIV group provided long-term follow-up blood samples at
36 and 48 months after vaccination. Plasma samples were collected pre-
and post-vaccination (28 and 56 days, 6 and 12 months) in the children
(Fig. 1a). Blood samples were aliquoted and stored at −80 °C until used in
the HI assay.

Viruses
Fourteen genetically and antigenically different A/H3N2 viruses were
included in the study, spanning from 1968 to 2018 (Fig. 1b, Table 1,
Supplementary Figure 1). The wild-type A/Hong Kong/1/1968 (HK68) virus
was propagated in embryonated hen eggs and used in the HI assay. The

Fig. 7 The impact of priming and previous vaccination on the breadth of hemagglutination inhibition (HI) A/H3N2-specific antibody
responses. The cumulative seroprotection rates (cumulative percentages of individuals with HI titres ≥40) against a range of influenza A/H3N2
viruses (total 14 viruses) regardless of the viruses’ circulation time pre-exposure (pre-vaccination or infection) (n= 84) (a), peak responses post-
exposure (day 21/28 post-vaccination or 6 months post-infection) (n= 84) (b), and long-term post-exposure (6 months post-vaccination or
18 months post-infection) (n= 79) (c). Subjects were stratified by their birth year based on the likelihood of priming with different influenza A
subtypes (a–c). Children were divided into two birth cohorts: 2003-2009 and 1995-2002 (both H1/H3 primed) and adults were divided into 3
birth cohorts: 1977-1987 (H1/H3 primed), 1967-1976 (H3 primed) and 1948-1966 (H1/H2 primed). The cumulative seroprotection rates against
the numbers of influenza A/H3N2 viruses in adults pre-exposure (n= 42) (d), peak post-exposure (n= 42) (e), and long-term
post-exposure (n= 37) (f) were stratified by previous vaccination history and compared to the infection group.
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twelve previously circulating viruses and one future strain A/Hong Kong/
4801/2014 (HK14) were inactivated egg-grown viruses, derived from either
reassortant vaccine strains or reference wild-type viruses (obtained from
the National Institute for Biological Standards and Controls (NIBSC), UK or
the International Reagent Resource (IRR), USA).

Hemagglutination inhibition assay
The HI assay was conducted as previously described30. Briefly, blood
samples were treated with receptor-destroying enzyme (Seiken, Japan)
and pre-adsorbed with packed turkey red blood cells (TRBC) before serial
dilution from 1/10 in duplicate and incubation with 4 hemagglutinating
units of each virus and 0.5% (volume/volume) TRBC. The HI titre was read
as the reciprocal of the highest dilution that inhibited 100% hemagglu-
tination. Negative values were assigned a titre of 5 for calculation
purposes. GMTs were calculated from duplicates and reported as final titre
for each sample. Fourfold or higher increases in HI titres were considered
seroconversion.

Statistical analysis
HI data was analysed and visualized in Prism version-9 (GraphPad
Software, USA). Missing data at 6 months were interpolated for subjects
that had day-21 and 12-month data using linear regression models (n= 6).
Other missing data at random were interpolated using the group’s GMT
(n= 6). Non-parametric ANOVA Friedman, Wilcoxon test or Kruskal-Wallis
test were used as appropriate to compare within or between groups, with
multiple comparison correction. Log-rank Mantel-Cox test was used to
compare the cumulative seroprotection curves between groups. Exact
p-values and other statistical values are reported in Supplementary Tables
2-7. P < 0.05 was considered statistically significant.

Reporting Summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY
The datasets generated during and/or analysed during the current study are available
from the corresponding authors on reasonable request. Supplementary Figures 2–3
show associated raw data.
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ARTICLE

A rapid antibody screening haemagglutination test
for predicting immunity to SARS-CoV-2 variants of
concern
Nina Urke Ertesvåg 1,22, Julie Xiao2,22, Fan Zhou 1, Sonja Ljostveit1,3, Helene Sandnes3, Sarah Lartey1,4,

Marianne Sævik 5, Lena Hansen1, Anders Madsen1,4, Kristin G. I. Mohn 1,5, Elisabeth Fjelltveit1,4,

Jan Stefan Olofsson 1, Tiong Kit Tan 2, Pramila Rijal 2, Lisa Schimanski2, Siri Øyen6, Karl Albert Brokstad7,8,

Susanna Dunachie 9, Anni Jämsén10, William S. James 11, Adam C. Harding11, Heli Harvala12, Dung Nguyen13,

David Roberts14, PHE Virology group*, Maria Zambon 15, Oxford collaborative group*,

Alain Townsend2,22,23✉, Bergen COVID-19 Research Group*, Nina Langeland 3,5,16,22,23✉ &

Rebecca Jane Cox 1,3,4,22,23✉

Abstract

Background Evaluation of susceptibility to emerging SARS-CoV-2 variants of concern (VOC)

requires rapid screening tests for neutralising antibodies which provide protection.

Methods Firstly, we developed a receptor-binding domain-specific haemagglutination test

(HAT) to Wuhan and VOC (alpha, beta, gamma and delta) and compared to pseudotype,

microneutralisation and virus neutralisation assays in 835 convalescent sera. Secondly, we

investigated the antibody response using the HAT after two doses of mRNA (BNT162b2)

vaccination. Sera were collected at baseline, three weeks after the first and second vacci-

nations from older (80–99 years, n= 89) and younger adults (23–77 years, n= 310) and

compared to convalescent sera from naturally infected individuals (1–89 years, n= 307).

Results Here we show that HAT antibodies highly correlated with neutralising antibodies

(R= 0.72–0.88) in convalescent sera. Home-dwelling older individuals have significantly

lower antibodies to the Wuhan strain after one and two doses of BNT162b2 vaccine than

younger adult vaccinees and naturally infected individuals. Moverover, a second vaccine dose

boosts and broadens the antibody repertoire to VOC in naïve, not previously infected older

and younger adults. Most (72–76%) older adults respond after two vaccinations to alpha and

delta, but only 58–62% to beta and gamma, compared to 96–97% of younger vaccinees and

68–76% of infected individuals. Previously infected older individuals have, similarly to

younger adults, high antibody titres after one vaccination.

Conclusions Overall, HAT provides a surrogate marker for neutralising antibodies, which can

be used as a simple inexpensive, rapid test. HAT can be rapidly adaptable to emerging VOC

for large-scale evaluation of potentially decreasing vaccine effectiveness.

https://doi.org/10.1038/s43856-022-00091-x OPEN

A full list of author affiliations appears at the end of the paper.

Plain language summary
The aim of this study was to rapidly

investigate the immune responses

after SARS-CoV-2 infection and vac-

cination of younger adults and the

elderly. Antibodies are proteins pro-

duced by the immune system that are

released into the bloodstream and

help fight infections. A simple

method using red blood cells

obtained from blood was developed

and used to detect antibodies to

SARS-CoV-2. This test was able to

measure protective antibodies to

several variants of concern. The

elderly had lower antibody responses

after vaccination. Two vaccinations

induced a broader antibody response

to viral variants, similar to the

response induced following Covid-19.

This antibody detection method

could be used as a finger prick test to

rapidly detect specific antibodies to

emerging variants and enable quick

identification of individuals who

might benefit from a booster

vaccination.
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There is increasing evidence that neutralising antibodies to
the receptor binding domain (RBD) on the severe acute
respiratory syndrome coronavirus-2 virus (SARS-CoV-2)

spike protein represent an immunological correlate of
protection1. SARS-CoV-2 evolution has been rapid with the
ancestral virus and emerging variants of concern (VOC) straining
global health care systems. These VOC (alpha (B.1.1.7)2, beta
(B.1.351)3, gamma (P.1)4, delta (B.1.617.2)5 and the recent omi-
cron (B.1.1.529)6,7 show increased transmissibility, can escape
pre-existing immunity and reduce vaccine effectiveness8–10, with
breakthrough infections reported in COVID-19 vaccinees with
low neutralising antibodies11. There is a need for a rapid low-cost
surrogate neutralisation assay, which can be used at a low bio-
safety level. This assay could be used for large-scale screening to
identify vaccinees potentially susceptible to emerging VOC and
who would benefit from a booster vaccine dose.

The neutralisation assay with live native virus is the gold
standard for evaluating antibodies to VOC1. However, neu-
tralising assays are difficult to standardise across laboratories, are
time consuming, expensive and require high containment.
Therefore, antibody binding and pseudotype virus assays are
widely used to study antibody responses12–14, but still require
specialised laboratory facilities.

Here, we correlate the low-cost rapid hemagglutination test
(HAT)15 with neutralisation of the ancestral Wuhan-like strain in
two large independent cohorts of infected patients. Further, we
confirm the correlation between HAT and neutralising antibodies
to VOC. In the HAT assay, the RBD domain is linked to a
monomeric anti-erythrocyte single domain nanobody. When
polyclonal serum antibodies bind to the RBD they cross-link and
agglutinate the erythrocytes, which can be read visually after one
hour. The HAT has a specificity of >99% for detection of con-
valescent antibodies after polymerase chain reaction (PCR) con-
firmed infection15,16. For influenza, a correlate of protection
(COP) has been defined as a haemagglutination inhibition (HAI)
titre of 40 for 50% protection from infection. If a similar COP
could be established for HAT, it would allow simple standardised
evaluation of susceptibility to SARS-CoV-2 infection and waning
vaccine responses to VOC to guide public health policies.

Initially, we establish that HAT titres correlate with neutralis-
ing antibodies. We then use the HAT to investigate the antibody
responses in 719 individuals consisting of home-dwelling older
vaccinees (80–99-year-olds) and younger adults, in both those
vaccinated with mRNA (BNT162b2) and in naturally infected
individuals to the Wuhan-like virus. With VOC HAT we confirm
that HAT titres can be used as a surrogate marker for neutralising
antibody titres in vaccinated or infected individuals. Finally, we
show that the HAT is readily adapted to finger prick testing.

Methods
Study participants
Norwegian vaccine and infection cohorts. A cohort of con-
valescents 415 infected individuals was prospectively recruited
during the first Wuhan (pre-alpha) and delta pandemic waves in
Bergen, Norway to compare the serological assays used in this
study as described in17–19. For the comparison of vaccine and
infection cohorts in Bergen Norway, we prospectively recruited
two different age groups (home dwelling older and healthy
younger adults) who received two doses of BNT162b2 mRNA
COVID-19 vaccine at a 3-week interval during January 2021, and
compared them to a group of 307 naturally infected individuals
infected (1–89, median 47 years) with the Wuhan-like virus
(D614G spike mutation) in February to April 202017,19 (Table 1).
The older vaccinee group consisted of 96 home-dwelling elderly
(80–99 years, median 86), 89 (92.7%) of whom were seronegative

and 7 had previous SARS-CoV-2 infection with detectable pre-
vaccination antibodies. The younger adult group consisted of 316
vaccinees (23–77 years, median 38) of whom 309 adults had no
history of confirmed SARS-CoV-2 PCR test. Four younger vac-
cinees were not vaccinated on day 21; they received their second
vaccination at day 19 (n= 1), or day 23 (n= 2) or day 24 (n= 1).
Seven younger individuals had previous SARS-CoV-2 infection
and pre-existing antibodies. This study is compliant with all
relevant ethical regulations for work with humans and conducted
according to the principles of the Declaration of Helsinki (2008)
and the International Conference on Harmonization (ICH) Good
Clinical Practice (GCP) guidelines. All Bergen subjects provided
written informed consent before inclusion in the study, which
was approved by the Western Norway Ethics committee (#118664
and #218629, NIH ClinicalTrials.gov Identifier: NCT04706390).
Demographics (gender, age), PCR test results and COVID-19-like
symptoms were recorded in an electronic case report form
(eCRF) in (REDCap® (Research Electronic Data Capture) (Van-
derbilt University, Nashville, Tennessee). Clotted blood samples
were collected on the day of vaccination, 3 weeks after receiving
the first and 3–5 weeks (mean 55 days, standard
deviation ± 5 days) after the second vaccine doses or 3–10 weeks
after confirmed infection. Sera were separated and stored at
−80 °C and heat-inactivated for one hour at 56 °C before use in
the serological assays.

UK convalescent cohort. Informed signed consent was obtained
from 420 blood donor in the NHS Blood and Transplant cohort
for purposes of clinical audit, to assess and improve the services
and the research, and specifically to improve knowledge of the
donor population. The use of these anonymised donor samples to
assess neutralising antibody levels using different assays was
approved by the National Blood Supply Committee for Audit and
Research Ethics of National Health Service Blood and Transplant
Research and Audit Committee (BS-CARE; BSCR20047 and
BSCR20051).

Finger-prick and venous blood comparison. For the comparison of
finger-prick and venous blood, participants were recruited from
Oxford University Hospitals NHS Foundation Trust when they
were attending the research clinic with the Oxford Protective T Cell
Immunology for COVID-19 (OPTIC) Clinical Team. Written
informed consent was obtained from participants with different past
infection and vaccination status. Seventy-eight paired finger-prick
blood and venous blood in EDTA tubes were taken at the same time
and analysed on the same day by the HAT assay. Human study
protocols were approved by the research ethics committee at
Yorkshire & The Humber-Sheffield (GI Biobank Study 16/YH/
0247).

Haemagglutination test (HAT). The haemagglutination test
(HAT)15 was used to investigate the SARS-CoV-2 specific anti-
bodies to the RBD of the ancestral virus (Wuhan-like, pre alpha)
and to the VOC alpha (B.1.1.7), beta (B.1.351), gamma (P.1) and
delta (B.1.617.2). Briefly, codon optimised IH4-RBD sequences of
VOC containing amino acid changes in the RBDs B.1.1.7
(N501Y), B.1.351 (K417N, E484K, N501Y), P.1 (K417T, E484K,
N501Y) and B.1.617.2 (L452R, T478K). IH4-RBD were expressed
in Expi293F cells and purified by their c-terminal 6xHis tag using
Ni-NTA chromatography.

The point HAT was performed in V-bottomed 96-well plate on
the same day as the blood was collected. Whole blood was diluted
1 in 40 in Phosphate buffered saline (PBS) 50 μl of dilution was
mixed with 50 μl 2 μg/ml IH4-RBD reagent in the test well. Anti-
RBD monoclonal antibodies, EY-6A20 or CR302221 (100 ng) were
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positive controls and negative controls were whole blood dilution
mixed with PBS. All sera were pre-screened at a dilution of 1:40
in PBS in 96 well V well plates. If HAT positive, serum was
double diluted in duplicate from 1:40 in 50 μl PBS giving final
dilutions of 1:40 to 1:40,960. Equal volumes of human O negative
red blood cells (~1% v/v in PBS)15 and 2.5 μg/ml IH4-RBD of
Wuhan-like or VOC (B.1.1.7, B.1.351, P.1 or B.1.617.2) (125 ng/
well) were pre-mixed and 50 μl added per well. Negative controls
(PBS) and positive controls (monoclonal antibodies CR3022 and
EY-6A) were included in each run. Plates were incubated to allow
red blood cells to settle for 1 hr and were read by tilting the plate
for 30 s and photographing. Positive wells agglutinated and the
HAT titre is defined as the last well in which the teardrop did not
form. Partial teardrops were scored as negative.

The IH4-RBD reagents for each VOC were standardised by
showing that agglutination of red cells occurred at the same
endpoint dilution (~16 ng/well) of the well characterised human
monoclonal antibody EY6A15,20 for each VOC at a working dilution
of IH4-RBD of 2 ug/ml (100 ng/well in 50 ul). All the RBDs of the
VOC share the conserved class IV epitope recognised by EY6A.

Enzyme-linked immunosorbent assay (ELISA). SARS-CoV-2
antibodies were detected using the ELISA in Bergen, Norway as
previously described, but with minor modifications (Supplementary
Fig. 1)13,17,18. Sera were screened for IgG antibodies against the
Wuhan RBD of the SARS-CoV-2 spike protein at a 1:100 dilution
and all samples were run in duplicates. The sera were diluted in 1%
milk, 0.1% Tween-20 solution in PBS and incubated for 2 h at room
temperature in 96 well plates (Maxisorp, Nunc, Roskilde, Denmark)
coated with 100 ng/well of the RBD antigen. Plates were washed
with PBS containing 0.05% Tween (PBST) between each step.
Bound IgG antibodies were detected with a horseradish peroxidase
(HRP)-labelled secondary antibody (cat. no.: 2040-05, Southern
Biotech, Birmingham, AL, USA) and the addition of the chromo-
genic substrate 3,3′,5,5′-tetramethylbenzidine (TMB; BD Biosciences,
San Jose, CA, USA). Optical density (OD) was measured at 450/
620 nm using the Synergy H1 Hybrid Multi-Mode Reader with the
Gen5 2.00 (version 2.00.18) software (BioTek Instruments Inc.,
Winooski, VT, USA).

RBD positive sera were run in an additional ELISA, where the
ELISA plates were coated with SARS CoV-2 spike protein
(Wuhan, 100 ng/well). Sera were serially diluted in duplicate in a
5-fold dilution, starting from a 1:100 dilution, and the ELISA
plates were incubated with diluted serum for 2 h at room
temperature. Bound IgG antibodies were detected and measured
as described for the RBD screening ELISA.

Positive controls were serum from a hospitalized COVID-19
patient with the pre-alpha virus and CR302222, whereas pooled

pre-pandemic sera (n= 128) were used as a negative control18.
The mean endpoint titre was calculated for each sample. Samples
with no detectable antibodies were assigned a titre of 50 for
calculation purposes.

Pseudotype-based neutralisation assay. The pseudotype-based
neutralisation assay was performed in biosafety level 2 laboratory in
Bergen, Norway. The SARS-CoV-2 pseudotype virus was generated
by co-transfection lentiviral vectors pHR’CMV-Luc, pCMVRΔ8.2,
and pCMV3 construct encoding the Wuhan or delta spike protein
into HEK293T cells as previously described23. The protease
TMPRSS2 and human ACE2 encoding constructs were transfected
into HEK293T to make target cells for the neutralisation assay. The
lentiviral vectors and TMPRSS2-encoding constructs were a kind gift
from Dr. Paul Zhou, Institute Pasteur of Shanghai, China. The
ACE2-encoding construct was a kind gift from Dr. Nigel Temperton,
University of Kent, UK. The SARS-CoV-2 Wuhan and delta spike-
encoding constructs were purchased from Sino Biological. Serum
samples were heat inactivated at 56 °C for 60min, analysed in serial
dilutions (duplicated, starting from 1:10). The SARS-CoV-2 pseu-
dotype viruses corresponding to 20,000 to 200,000 relative luciferase
activity (RLA) were mixed with diluted sera in 96-well plates and
incubated at 37 °C for 60min. Afterwards, ACE2-TMPRSS2 co-
transfected HEK293T cells were added into 96-well plates and cul-
tured for 72 h. RLA was measured by a BrightGlo Luciferase assay
according to the manufacturer’s instructions (Promega, Madison,
WI, USA). The pseudotype-based neutralization (PN) titres (IC50

and IC80) were determined as the reciprocal of the sera dilution
giving 50% and 80% reduction of RLA, respectively. Negative titres
(<10) were assigned a value of 5 for calculation purposes.

Virus strains. The Wuhan-like strain used in the micro-
neutralisation and virus neutralisation assays in Bergen Norway
was the clinical isolate; SARS-CoV-2/Human/NOR/Bergen1/2020
(GISAID accession ID EPI_ISL_541970) and at Public Health
England, UK the isolate England/02/202024 (GISAID accession
ID EPI_ISL_407073). At Oxford, UK25 the Wuhan-like
strain was Victoria/01/2020 (GenBank MT007544.1, B hCoV-
19_Australia_VIC01_2020_ EPI_ ISL_ 406844_ 2020-01-25, and
alpha (B.1.1.72) virus was the H204820430, 2/UK/VUI/1/2020, the
beta (B.1.351) (20I/501.V2.HV001) isolate and delta (B.1.617.2)
(sequence identical to virus Genbank ID OK622683.1).

Microneutralisation assay. The microneutralisation (MN) assay
was performed on 345 Bergen convalescent sera in a certified
Biosafety Level 3 Laboratory in Norway17–19 against a clinically
isolated virus: SARS-CoV-2/Human/NOR/Bergen1/2020. Briefly,
serum samples were heat inactivated at 56 °C for 60 min, analysed

Table 1 The demographics of the old and healthy adult vaccinees and naturally infected subjects.

Norwegian (Bergen) cohort UK (PHE)
cohort

Characteristics Vaccinated Infected& Wuhan convalescents§ Delta Convalescents§ Convalescents§

Old (n= 96) Adult (n= 316) (n= 307) (n= 378) (n= 37) (n= 420)

Age (median (age range)) 86 (80–99) 38 (23–77) 47 (1–89) 45 (1–89) 17 (11–20) 44 (19–65)
Sex (Female) 61 (63%) 214 (68%) 159 (52%) 216 (57%) 21 (57%) 114 (27%)
Comorbidity* 81 (85%) 41 (13%) 136 (44%) 154 (39%) 2 (5%) -
Immuno-suppression# 14 (15%) 4 (1%) 12 (4%) 11 (3%) 0 (0) -

*Diabetes, chronic respiratory diseases, chronic heart diseases, neurological diseases, chronic kidney, or liver diseases, dementia, rheumatologic diseases, active cancer.
#Inherent immunosuppressive disease, HIV, organ transplant, chemotherapy, other immunosuppressive treatment/drugs.
§In correlation analysis, Fig. 1.
&In haemagglutination test (HAT) analysis, Fig. 2.
- Information was not available.
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in serial dilutions (duplicate, starting from 1:20), and mixed with
100 50% Tissue culture infectious doses (TCID50) viruses in 96-
well plates and incubated for 1 h at 37 °C. Serum-virus mixtures
were transferred to 96-well plates seeded with Vero cells. The
plates were incubated at 37 °C for 24 h. Cells were fixed and
permeabilized with methanol and 0.6% H2O2, and incubated with
rabbit monoclonal IgG against SARS-CoV2 NP (Sino Biological).
Cells were further incubated with biotinylated goat anti-rabbit
IgG (H+L) and horseradish peroxidase (HRP)-streptavidin
(Southern Biotech). The reactions were developed with
o-Phenylenediamine dihydrochloride (OPD) (Sigma–Aldrich).
The MN titre was determined as the reciprocal of the serum
dilution giving 50% inhibition of virus infectivity. Negative titres
(<20) were assigned a value of 5 for calculation purposes.

The MN assay for the 420 convalescent UK samples was
conducted in a certified Biosafety Level 3 as previously described
at Public Health England (PHE), UK24. using the virus England/
02/2020. Sera were heat inactivated at 56 °C for 60 min, before
analyses in duplicate serial dilutions (starting from 1:20), and
mixed with 100 TCID50 viruses in 96-well plates and incubated
for 1 h at 37 °C. Then, the cell suspension was added to the virus/
antibody mixture24 and incubated at 37 °C for 22 h. Cells were
fixed and permeabilized before staining for NP antibodies, then
biotinylated goat anti-rabbit IgG, followed by Extravidin-
peroxidase. The reaction was developed with OPD and MN
titres calculated, as described above.

At Oxford, UK the detection of antibodies to the Wuhan-like
and VOC (alpha, B.1.1.7 and beta, B.1.351) used the method
described in25. Briefly, quadruplicate serial dilutions of serum
were preincubated with appropriate SARS-CoV-2 for 30 min at
room temperature, then Vero CCL81 cells were added and
incubated at 37 °C, 5% CO2 for 2 h. A carboxymethyl cellulose-
containing overlay (1.5%) was added, monolayers were fixed and
stained for the nucleocapsid (N) antigen or spike (S) antigen
using EY2A and EY6A monoclonal antibodies, respectively. After
development the number of infectious foci were counted by
ELISpot reader. Data were analysed using four-parameter logistic
regression (Hill equation) in GraphPad Prism 8.3.

Virus neutralisation assay. The virus neutralisation (VN) assay
was performed in a certified Biosafety Level 3 facility in Bergen,
Norway18. Serum samples were tested against a clinically isolated
virus: SARS-CoV-2/Human/NOR/Bergen1/2020 as previously
described18. Briefly, serum samples were heat inactivated at 56 °C
for 60 min, analysed in serial dilutions (duplicated, starting from
1:20), and mixed with 100 TCID50 viruses in 96-well plates and
incubated for 1 h at 37 °C. Mixtures were transferred to 96-well
plates seeded with Vero cells. The plates were incubated at 37 °C

for 4–5 days, all wells were examined under microscope for
cytopathic effect (CPE). The VN titre was determined as the
reciprocal of the highest serum dilution giving no CPE. Negative
titres (<20) were assigned a value of 5 for calculation purposes.

The delta virus neutralisation assay was performed at the
University of Oxford, UK as previously described26. Briefly, serial
two-fold serum dilutions from 1:20 were incubated with 50
TCID50 virus in 96-well plates for 1 h before addition of 20,000
Vero E6 TMPRSS2 cells per well. Plates were incubated for 3 days
before staining with amido black and CPE read by eye. Negative
titres (<20) were assigned a value of 5 for calculation purposes.

Statistics and reproducibility. The two-tailed Mann–Whitney U
test with 95% confidence level was used to compare ranks in HAT
titres between the older and adult vaccinees. The non-parametric
two-tailed Spearman R correlation with 95% confidence interval
was used to investigate the correlation between the antibody titres
from different serological assays. All analyses were conducted in
GraphPad Prism version 9.20.

Results
Previous studies have shown that the HAT titre correlates with
SARS-CoV-2 RBD binding and ACE2 blocking antibodies15,27,28,
and identified high titre (>100) neutralising sera with a sensitivity of
76.5%28. First, we used the World Health Organisation (WHO)
approved human SARS-CoV-2 standards panel to confirm the
relationship between spike specific binding and neutralising assay to
the HAT assay (Table 2). Second, we investigated the relationship
between endpoint HAT titres and neutralising antibodies using three
neutralisation assays in convalescent sera from SARS-CoV-2 infec-
ted individuals from the first pandemic wave (pre-alpha) and the
ongoing delta-wave in Bergen, Norway17–19. We then confirmed the
results in an independent UK cohort24.

Correlation of neutralising antibodies and HAT titres. In the
Bergen Wuhan convalescents cohort, microneutralization 50%
inhibitory concentrations (IC50) titres were significantly asso-
ciated with HAT titres (Spearman’s R= 0.82, p < 0.0001) (Fig. 1b,
Table 1, Supplementary Fig. 2). A HAT titre ≥ 40 detected 99% of
samples with MN IC50 ≥ 20, with positive predictive value (PPV)
of 94%. A HAT titre > 480 predicted MN titres > 100 with a
sensitivity 77% and PPV of 78%.

We extended these results by comparisons to a pseudotype
neutralisation (PN) assay, and a classical live virus neutralisation
(VN) assay with complete inhibition of Cytopathic Effect (100%
CPE) as its endpoint (Fig. 1a, d, e)18. The correlation of HAT and
PN titres were significant (p < 0.0001) at 50% (R= 0.79) and 80%

Table 2 Comparison of the haemagglutination test antibody endpoint titres to the neutralisation and binding antibodies in the
WHO anti-SARS-CoV-2 international standards.

WHO antibody standards*

Antibody test High Mid Low S, high N Low S

HAT 5120 640 5 5
MN titre (IC50) 2298 240 55 21
Neutralisation antibodies (IU/mL)# 1473 210 58 44
Anti-Receptor Binding Domain (RBD) (BAU/mL) 817 205 66 45
IgG anti-S1 (BAU/mL)# 766 246 50 46
IgG anti-Spike IgG (BAU/mL)# 832 241 83 53
Anti-N IgG (BAU/mL)# 713 295 146 12

*The WHO anti-SARS-CoV-2 international standards (20/268 NIBSC, UK) contained high (20/150), mid (20/148), low spike (S) and high nucleocapsid (N) (20/144) and low S (20/140) human
antibodies. The haemagglutination test (HAT) endpoint titres to the Wuhan-like virus were compared with microneutralisation (MN) titres and #neutralisation titres (IU/ml), and antibody binding
(BAU/mL) as reported by NIBSC. Negative HAT tests are given a value of 5 for consistency.
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(R= 0.78) IC (Fig. 1a, d). Confirming our previous results, the
VN titres correlated with HAT titres (R= 0.74, p < 0.0001)
(Fig. 1e). HAT titres ≥ 40 detected 100% of samples with VN
titres ≥ 20, but the PPV fell to 54% consistent with the classical
VN assay having the more rigorous endpoint.

Confirmation of correlation between neutralisation and HAT
titres. As interlaboratory variation has been reported for neu-
tralisation assays, we confirmed the significant correlation
between HAT and MN titres (R= 0.88, p < 0.0001) in an inde-
pendent UK collection of 420 convalescent samples (Fig. 1c,
Table 1, Supplementary Fig. 2). In close agreement with the
Bergen cohort, a positive HAT ≥ 40 detected 98% of samples with
MN IC50 titre ≥ 20, with PPV of 87%. Similarly, for identification
of high titre sera a HAT > 480 identified 75% of sera with MN
IC50 > 100 with PPV 86%. In summary, the HAT titres highly
correlated with neutralisation titres in two independent

laboratories showing the utility of HAT as a rapid and inexpen-
sive surrogate for the neutralisation test.

Evaluation of HAT antibody responses in older and younger
vaccinees. Older adults have carried the burden of COVID-19
throughout the pandemic with increased risk of hospitalizations
and death, and are prioritised for vaccination, although most
vaccine licensure trials have excluded the oldest (>85 years old)29.
As proof of principle, we used the HAT to investigate the Wuhan-
like antibody responses in seronegative healthy younger adults
(n= 309, median 37 years) and older home-dwelling adults
(n= 89, 80–99 years, median 86 years) after the BNT162b2
mRNA COVID vaccine and in individuals naturally infected with
the Wuhan-like strain (n= 307, median 47 years)19 (Table 1,
Fig. 2). A HAT titre of ≥40 was used as a cut-off to assess the
propor of vaccine responders to the Wuhan-like virus15. Only
31% of older subjects responded after the first vaccination

Fig. 1 The correlation between haemagglutination test and SARS-CoV-2 neutralising antibodies. Correlation of endpoint haemagglutination test (HAT)
titres with neutralising antibody titres. In a cohort of infected individuals from the first (Wuhan-like) and delta pandemic waves (diagnosis by PCR from
nasopharyngeal swabs or serology in Bergen, Norway) (a–b, d–g), Wuhan-like neutralising antibodies were measured using the pseudotype (PN) neutralisation
assay at 50% (PN50) (a) (R=0.79, 95% confidence interval (CI): 0.73–0.83) and 80% (PN80) (d) (R=0.78, 95% CI: 0.72–0.82) inhibition of pseudotype virus
infectivity, the microneutralisation (MN) 50% inhibitory concentration (IC50) (b) (R=0.82, 95% CI: 0.78–0.85) and virus neutralization (VN) 100% inhibition of
cytopathic effect (e) (R=0.74, 95% CI: 0.68–0.80) assays. Delta-like neutralising antibodies were measured in the PN assay at PN50 (f) (R=0.82, 95% CI:
0.67–0.90) and VN 50% inhibitory concentration (g) (R=0.72, 95% CI: 0.51–0.85). Convalescent sera from 420 infected individuals in UK for whom
neutralising antibody and HAT titre were measured (c) (R=0.88, 95% CI: 0.86–0.90). The correlation between the HAT and 50% inhibition of neutralising
antibody titres for Wuhan-like, and B.1.1.7 and B.1.351 VOC antibody titres performed at Oxford, UK (h) (R=0.87, 95% CI: 0.82–0.90). HAT titres were
measured in a set of donors either infected or vaccinated with one or two doses of the Pfizer BNT162b2 mRNA vaccine who had neutralising antibody levels to
the ancestral Wuhan, B.1.1.7, B.1.351 or B1.617.2 live viruses. Open symbols represent the positive anti SARS-CoV-2 WHO standard (20/130). The Spearman R
correlations and significant values are shown. In the MN assay, virus infectivity was measured by detecting the amount of nucleoprotein and also spike after
22–24 h incubation in Vero cells. In Bergen (b, e) the Wuhan-like local D614G virus hCoV-19/Norway/Bergen-01/2020 (GISAID accession ID EPI_ISL_541970)
was used in a certified Biosafety Level 3 Laboratory. The dotted lines show the lowest detectable titre in each assay, all negative values were assigned the number
5 for consistency, and the sample size can be derived from adding the blue numbers in the quadrants together.
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compared to 74% of younger vaccinees (Fig. 2a, Table 3). After
the second dose, 78% of the older vaccinees had HAT titre of ≥40
compared to 94% of infected individuals and 99% younger vac-
cinees. Older people also had a significantly lower magnitude of
response than younger adult vaccinees after both the first and
second vaccine doses, with the exception after second dose
against alpha (Table 4). In summary, the older adults had a
blunted response after one dose of mRNA vaccine and required
the second dose to increase the magnitude of the response.

Development of variant of concern reagents for HAT. Variants
of concern have amino acid changes in their spike protein, and
importantly in their RBD which may allow escape from neu-
tralising antibodies. The alpha variant rapidly became the
dominant strain in early 20212 with beta and gamma dominating
in some geographical areas, and was subsequently replaced by the
highly transmissible delta variant in 202130. We developed HAT
reagents for the VOC as they arose and confirmed a strong
correlation between the alpha (R= 0.79, p < 0.0001) and beta

Fig. 2 Haemagglutination test antibodies to the ancestral Wuhan SARS-CoV-2 virus and variants of concern in older and younger adult vaccinees and
after natural infection. Haemagglutination test (HAT) antibodies to the SARS-CoV-2 virus receptor binding domains of homologous founder virus (a–d:
Wuhan-like) and variants of concern (e–h B.1.1.7 alpha; i–l: B.1.351 beta; m–p: P.1 gamma and q–t: B.1.617.2 delta). Endpoint HAT titres are presented in
(b–d, f–h, j–l, n–p, r–t). The percentage of responders with haemagglutination test titre≥ 40 (a, e, i, m, q) and endpoint HAT titres (b, f, j, n, r) in
seronegative older (n= 89) and seronegative adults (n= 309) post 1st dose (3 weeks) and post 2nd dose (6–8 weeks after 1st dose) mRNA BNT162b2
COVID-19 vaccination. In infected individuals, convalescent serum was collected 3–10 weeks after SARS-CoV-2 confirmed infection (infected, n= 307)
with D614G virus during the first pandemic wave (a–b, e–f, i–j, m–n, q–r). HAT endpoint titres to Wuhan-like and VOC in previously infected older
individuals (n= 7) and adults (n= 7) who were vaccinated are shown in different colours, with the grey dashed line showing comparison of the geometric
mean HAT titres for the corresponding seronegative (not previously infected) old (n= 89) and adult (n= 309) vaccinees (c–d, g–h, k–l, o–p, s–t). For
endpoint HAT titres (b–d, f–h, j–l, n–p, r–t), negative values were assigned a value of 5. The geometric mean titres (GMT) and error bars with 95%
confidence intervals are shown in black and each symbol represents one subject (b, f, j, n, r).
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(R= 0.89, p < 0.0001) in a UK set of naturally infected and vac-
cinated donors25 (Fig. 1h). As the delta variant dominates in
Norway, we collected convalescent sera from from 37 infected
individuals to confirm the relationship between HAT and pseu-
dotype and virus neutralisation assays. A good correlation was
observed for both pseudotype (R= 0.82, p < 0.0001) and virus
neutralisation assays (R= 0.72, p < 0.0001) (Fig. 1f, g).

HAT antibodies to variants of concern in older vaccinees. We
then investigated the breadth of the VOC response in vaccinees
and infected subjects. Older vaccinees had the lowest number of
responders and lower cross-reactivity after both one and two
vaccinations. The second vaccination boosted the number of
responders in older adults, from 20–29% to 58–76% to VOC
(Fig. 2e, i, m, o). In older and younger vaccinees that responded
to VOC, there was good cross-reactivity to alpha and delta, but
less so to the beta and gamma in all groups after two doses of
vaccine or infection. A similar but higher response pattern to
different VOC was observed in infected individuals, with 92% to
alpha, 82% to delta, 75% to beta and 68% to gamma compared to
responses in 96–100% of younger adult vaccinees. In summary,
two doses of mRNA vaccine or natural infection induced higher
responses in younger adults to VOCs than in older vaccinees.

Vaccine response in previously infected younger and older
individuals. Natural infection induces higher titres of SARS-
CoV-2 specific antibodies in older individuals than in younger
adults17. Previously infected older subjects (n= 7, median age 87
years), none of whom had been hospitalised, had higher pre-
vaccination HAT titres to the Wuhan-like virus than previously
infected younger adults (n= 7, median age 38 years). Previously
infected older and younger adults developed high Wuhan-like
and alpha cross-reactive antibody titres after one vaccine dose
(Fig. 2c, d), although lower responses to other VOC. Cross-
reactive titres were boosted in some of the older and healthy
vaccinees after the second vaccination (Fig. 2g, h, k, l, o, p, s, t). In
summary, previously infected older individuals develop high
antibody titres after one vaccine dose comparable to healthy
younger adults, which contrasts with the suboptimal antibody
responses in SARS-CoV-2 naïve older vaccinees.

The use of HAT as a point of care fingerprick test. For the HAT
to be implemented at low biosafety level and in resource limited
settings, a fingerprick test using autologous patient erythrocytes
could be used to rapidly identify populations with low titres to
Wuhan-like and VOC SARS CoV-2 viruses. As advised by the
Infectious Diseases Society of America guideline on serological

Table 3 Comparison of Wuhan-like and variant of concerns haemagglutination test responders after one and two doses of mRNA
vaccine in younger and older adults, as well as in previously infected individuals with SARS CoV-2.

Responders n/N (%)

Virus# Vaccinated Infected3

Older1 Younger2 Older1 Younger2

Post 1st dose Post 2nd dose

Wuhan-like 28/89 (31) 228/309 (74) 70/89 (78) 308/309 (100) 289/307 (94)
Alpha, B.1.1.7 26/89 (29) 177/309 (57) 68/89 (76) 307/309 (99) 284/307 (92)
Beta, B.1.351 18/89 (20) 168/309 (54) 55/89 (62) 298/309 (96) 233/307 (76)
Gamma, P.1 22/89 (25) 171/309 (55) 52/89 (58) 299/309 (97) 209/307 (68)
Delta B.1.617.2 21/89 (24) 204/309 (66) 64/89 (72) 309/309 (100) 253/307 (82)

189 seronegative older vaccinees 3 weeks after 1st and 3–5 weeks after 2nd dose of mRNA vaccine.
2309 younger adult vaccinees 3 weeks after 1st and 3–5 weeks after 2nd dose of mRNA vaccine.
3307 SARS-CoV-2 infected individuals with convalescent sera collected 4–6 weeks after infection.
#The viruses tested are the ancestral virus (Wuhan-like) and variant of concern (B.1.1.7 alpha; B.1.351 beta; P.1 gamma and B.1.617.2 delta) viruses. The data is presented as the subjects with HAT titre
over 40 against the different variants, n/N and as percentage (%) of the whole group.

Table 4 The haemagglutination test (HAT) antibody response to the Wuhan-like virus and variants of concern after one and two
doses of mRNA vaccine and after SARS-CoV-2 infection in seronegative younger and older adults.

Vaccinated Infected3

Older1 Younger2 Older vs. younger Older1 Younger2 Older vs. younger

Post 1st dose Post 2nd dose

Virus# GM* Fold-change$ GM Fold-change P value# GM Fold-change GM Fold-change P value# GM

Wuhan-like 14 2.8 60 11.9 <0.0001 104 7.3 262 4.4 <0.0001 438
Alpha 13 2.7 31 6.2 <0.0001 101 7.6 175 5.6 0.3323 292
Beta 10 2.0 30 5.9 <0.0001 45 4.5 133 4.5 <0.0001 82
Gamma 11 2.2 25 5.1 <0.0001 44 4.0 116 4.6 0.0036 64
Delta 10 2.0 41 8.3 <0.0001 59 5.7 223 5.4 <0.0001 141

189 seronegative older vaccinees 3 weeks after 1st and 3–5 weeks after 2nd dose of mRNA vaccine.
2309 younger adult vaccinees 3 weeks after 1st and 3–5 weeks after 2nd dose of mRNA vaccine.
3307 SARS-CoV-2 infected individuals with convalescent sera collected 4–6 weeks after infection.
#The viruses tested are the ancestral virus (Wuhan-like) and variants of concern (B.1.1.7 alpha; B.1.351 beta; P.1 gamma; and B.1.617.2 delta) viruses.
*The data is presented as the geometric mean (GM) of the HAT titres. Negative values were assigned a value of 5 for calculation purposes.
$The fold change is shown in the vaccinated individuals from pre to post 1st dose and from post 1st to post 2nd vaccine dose. All individuals were seronegative (HAT < 40) at baseline.
#Two-tailed Mann–Whitney U test with 95% confidence level was used to compare ranks of HAT titres between the adults and the older vaccinees, with P < 0.05 considered significant.
Statistically significant P values are in bold.
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Fig. 3 Correlation of finger-prick and venous blood samples using the haemagglutination test on Wuhan and variants of concern. Correlation of paired
finger-prick and venous blood samples collected from vaccinated healthcare workers. HAT titres are shown by a symbol that can represent on or more
blood samples. Correlations were analysed by linear regression shown in graphs and tables. a The point haemagglutination test (HAT) showing
the correlation between finger-prick and venous whole blood samples (n= 78). Haemagglutination was scored as shown in the contingency table. “HAT+”

samples with haemagglutination and “HAT−“ refers to no haemagglutination or endpoint titres <5. b–f Endpoint HAT titres of paired finger-prick and
venous blood samples. Diluted finger-prick or venous whole blood samples (1 in 40 in phosphate buffered saline (PBS)) were centrifuged, and the
supernatant was titrated in the HAT assay using IH4-RBD-reagents and autologous red blood cells (RBC) (washed and diluted 1 in 40 in PBS). b Wuhan-
like (n= 63), c B1.1.7/Alpha (n= 62), d B.1.351/Beta (n= 62), e P1/Gamma, (n= 54), and f B.1.617.2/Delta (n= 53).
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testing31, we confirmed the comparability of fingerprick and
venous blood for reactivity to all VOC (Fig. 3). The HAT can thus
be rapidly adapted to test for antibodies to emerging VOC for
large-scale screening of fingerprick blood samples with auto-
logous erythrocytes.

Discussion
The rapid evolution of SARS-CoV-2 VOC, particularly delta and
omicron, with increased transmissibility and the possibility of
escape from vaccine induced immunity, represents a considerable
threat. There is a need for a low-cost rapid serological assay which
can be used for large-scale screening globally without requiring
specialised laboratory equipment to rapidly identify populations
susceptibility to VOC. HAT is simple to perform, requires no
special equipment, and can be done at the point-of-care in vir-
tually any setting using a fingerprick sample. The HAT IH4-RBD
VOC reagents are freely available for research15. Inter-laboratory
comparability can be guaranteed by including HAT titrations on
WHO approved standard sera (as shown in Table 2).

We demonstrate the versatility of the HAT in analysing sus-
ceptibility to VOC in home-dwelling older vaccinees showing the
importance of two vaccine doses to achieve good cross-reactive
antibody titres in older adults who have not been previously
infected. Older and high-risk individuals were prioritised in the
very first rounds of vaccination early in 2021 in Europe and
America. Depending upon the decay in antibody titres over time,
the HAT could be used to rapidly identify individuals who may
need a booster vaccine dose to mount efficient antibody responses
to VOC. We found the oldest age group had a decreased breadth
of cross-reactive antibodies to VOC after the first vaccine dose,
particularly to the beta and gamma viruses, in agreement with
escape from neutralising antibodies10. Although vaccination
induced cross-reactive antibodies against delta, milder break
through infection with this variant in vaccinated subjects is
becoming an increasing problem11. Reports of very high viral
load during delta infections32,33 may necessitate higher antibody
titres to provide sterilising immunity and prevent infection.

In previously infected adults, only one dose of vaccine seems to
be required to produce high levels of cross-reactive antibodies
against the VOC16,27. Extending these findings, we found that in
previously SARS-CoV-2 infected older adults, only one dose of
vaccine was required to mount strong anamnestic responses,
similar to younger vaccinees34–40.

Caveats to our study are that most convalescent blood samples
from our naturally infected cohort were collected during the first
SARS-CoV-2 Wuhan-like wave, but we did include a small subset
(n= 37) of delta infected individuals. Strengths are that we have
confirmed the relationship between HAT and several neu-
tralisation assays in two large cohorts in independent laboratories,
showing that the relationship holds for VOCs, and included 719
individuals either infected and/or vaccinated, aged up to 99 years
old. To our knowledge, this is the first study reporting antibody
cross-reactivity to four VOC in this older age group.

Neutralising titres of between 10 and 30 in humans1,
depending upon the assay, have been reported to predict 50%
protection from symptomatic infection, and much lower levels to
protect against severe infection. Although the absolute HAT titres
correlating with protection are not yet known, we demonstrated
that the HAT titres correlated with neutralisation titres, and thus
provide a surrogate test for neutralising antibodies. We suggest
that a positive HAT titre of 40–80, equivalent to 1:40 dilution of
whole blood obtained by fingerprick, would correlate with neu-
tralising titres 10–30, and would predict protection. A prospective
study to test this predicted relationship between HAT titres and

protection is now warranted. The HAT may also aid in evaluating
and licensing of new COVID vaccines.

We predict that the lower HAT titres against VOC will lead to
a more rapid decline in protective efficacy against variants, thus
requiring booster vaccinations. The emergence of the highly
infectious and transmissible delta and more worrying omicron
VOC which have caused breakthrough infections in vaccinees
highlights the importance of real-time cross-reactivity studies.
Monitoring of population susceptibility of both previously
infected subjects and vaccinees to VOC with increased trans-
missibility through simple serological assays can guide public
health policy.

Data availability
Source data behind figures are available in the Supplementary Data file.
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Post COVID-19 condition after delta infection and omicron
reinfection in children and adolescents
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Summary
Background The burden of COVID-19 in children and adolescents has increased during the delta and omicron waves,
necessitating studies of long-term symptoms such as fatigue, dyspnoea and cognitive problems. Furthermore,
immune responses in relation to persisting symptoms in younger people have not been well characterised. In this
cohort study, we investigated the role of antibodies, vaccination and omicron reinfection upon persisting and
long-term symptoms up to 8 months post-delta infection.

Methods SARS-CoV-2 RT-PCR positive participants (n = 276, aged 10–20 years) were prospectively recruited in
August 2021. We recorded the major symptoms of post COVID-19 condition and collected serum samples 3- and
8-months post delta infection. Binding antibodies were measured by spike IgG ELISA, and surrogate neutralising
antibodies against Wuhan and delta variants by the hemagglutination test (HAT).

Findings After delta infection, persisting symptoms at 3 months were significantly associated with higher delta
antibody titres (OR 2.97, 95% CI 1.57–6.04, p = 0.001). Asymptomatic acute infection compared to symptomatic
infection lowered the risk of persisting (OR 0.13, 95% CI 0.02–0.55, p = 0.013) and long-term (OR 0.28 95% CI
0.11–0.66, p = 0.005) symptoms at 3 and 8 months, respectively. Adolescents (16–20 years) were more likely to
have long-term symptoms compared to children (10–15 years) (OR 2.44, 95% CI 1.37–4.41, p = 0.003).

Interpretation This clinical and serological study compares long-term symptoms after delta infection between
children and adolescents. The association between high antibody titres and persisting symptoms suggest the
involvement of an immune mechanism. Similarly to adults, the dominant long-term symptoms in children are
fatigue, dyspnoea and cognitive problems.

Funding This work was funded by the Ministry of Health and Care Services, Norway, the University of Bergen,
Norway and Helse Vest, Norway (F-12621).

Copyright © 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Keywords: Post COVID-19 condition; SARS-CoV-2 infection; Antibody; Delta variant; Omicron variant; Children and
adolescents

Introduction
Infection with severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) can cause long-term symptoms,

commonly known as post COVID-19 condition or long
COVID.1 This condition has predominantly been char-
acterised in adults and fewer studies have focused on
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children and adolescents.2,3 Consequently, no paediatric
long COVID definition has been determined, but a
recent initiative suggested the following definition: at
least one persisting symptom with a minimum 3-month
duration, which impacts everyday functions.4 Our
evolving understanding is that risk factors for paediatric
long-term symptoms are acute symptoms, post-puberty
age and female sex.5

Knowledge about long-term symptoms comprises
mostly the ancestral Wuhan-Hu-1 (Wuhan) and alpha
strain, while data on long-term symptoms after delta and
omicron infection is limited.6 Significantly higher upper
respiratory tract viral loads were associated with the delta
variant.7 Previous studies with earlier variants have
found low prevalence of long-term symptoms in children
<16 years compared to adults8,9 or uninfected controls.10,11

Younger people have experienced the burden of new
infections with delta and omicron, and therefore the risk
of post-COVID complications may have increased in this
age group.12 Although COVID vaccines were licensed,
adolescents were often not vaccinated before the delta
wave due to prioritised vaccine roll-out, partially
explaining high infection rates in this population.13 It is
unknown if COVID vaccination decreases persisting
symptoms in younger age groups, but consensus of a
protective vaccine effect in adults is growing.14

Previous studies on post COVID-19 condition have
found an association between the SARS-CoV-2 spike
IgG antibodies and persisting symptoms in adults,15

even after mild disease.8,9 We have previously shown
that a rapid, low-cost receptor-binding domain (RBD)-
specific hemagglutination test (HAT) is highly corre-
lated with neutralising antibodies, including antibodies
to delta, and may be used as a correlate for neutralising
antibodies.16

We hypothesised that the higher viral load reported
after delta infections would impact persisting symptoms
in children and adolescents. We investigated if an as-
sociation between immune responses and long-term
symptoms could be found in children, similarly to
adults. In this study, we addressed these knowledge
gaps by following a prospectively recruited cohort of
children after mild SARS-CoV-2 delta infection.

Methods
Study design
During the first delta wave in Bergen municipality,
children and adolescents (n = 276, 40% of eligible par-
ticipants) aged 10–20 years who had SARS-CoV-2
infection confirmed by RT-PCR in a nasopharyngeal
or oral swab were recruited, from August 1st to
September 16th, 2021 (Supplementary Table S1). Local

Research in context

Evidence before this study
We searched PubMed, MEDLINE and preprint repositories
from May 9th, 2022, to January 5th, 2023, for publications
on long-term symptoms after COVID-19 in children and
adolescents without any language restrictions. Search terms
were “COVID-19”or “SARS-CoV-2” adjacent to long COVID or
post COVID-19 condition synonyms, combined with various
search terms for children and adolescent and age filters
(10–20 years). We further extended this search to include key
words for available COVID mRNA vaccines, comprising
preprint repositories. Finally, we searched for “immun*” or
“serolog* or antibod* after COVID infection or vaccination in
the relevant age group. We also found relevant references via
citation searching. The major paediatric long-COVID studies
are large, cross-sectional epidemiological studies that
investigate persisting symptoms after SARS-CoV-2 infection
with the ancestral or alpha strain, using online apps for data
collection. However, prospective systematic studies including
immune responses are largely lacking. The general
conclusion drawn from current research is that long-term
symptoms in young children are rare, but more common in
adolescents. Other risk factors are reported to be female sex
and acute SARS-CoV-2 symptoms. We could not find any
published articles on how vaccination impacted symptoms in
a young cohort.

Added value of this study
In our observational paediatric study, we have characterised
risk factors for long-term symptoms, using the WHO post
COVID-19 condition definition, after delta infection and
omicron reinfection. The study was designed to compare
symptoms between children and adolescents. We collected
blood samples from a subgroup, providing a unique
opportunity to connect persisting symptoms and reinfections
with immunological data. We found that acute symptomatic
infection and higher antibody titres correlated with post
COVID-19 condition. Adolescents were more likely to report
long-term symptoms than children, including fatigue (44% vs
19%), dyspnoea (25% vs 16%) and cognitive symptoms (36%
vs 16%), which often persisted over time. Omicron infection
resulted in increased respiratory and systemic symptoms,
particularly in children.

Implications of all the available evidence
While mortality and severe acute illness is uncommon in
children and adolescents, persisting symptoms may be a
major risk in these young people. The societal impact may be
further escalated by emergence of new variants with
increased infectivity, as observed by high rates of omicron
reinfection in our study. To mitigate long-term COVID
sequela, more studies are needed on pathophysiological
mechanisms in vulnerable groups, including children and
adolescents.
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recommendations for testing were symptoms of acute
respiratory infection or close contact with a confirmed
SARS-CoV-2 positive person. Questionnaires were
answered at recruitment (baseline), 3 and 8 months af-
ter initial delta infection (Supplementary Fig. S1).
Serum samples were collected at 3- and 8-months post
infection from n = 88 and n = 87 participants,
respectively.

Ethical considerations
The study was approved by the Regional Ethics Com-
mittee of Western Norway (#118664) and registered in
ClinicalTrials.gov (NCT04706390). All individuals pro-
vided written or digital informed consent. For children
aged 15 years or younger, parents or legal guardians
signed the informed consent.

Clinical data collection
Baseline data were collected by telephone interviews of
children or their parents (children <16 years) and stored
in electronic case report forms (eCRFs) in the Research
Electronic Data Capture database (REDCap®), Vander-
bilt University, Nashville, Tennessee. The first follow-up
at 3 months post-infection (median 104 days, inter-
quartile range (IQR) 62–109 days) involved a subgroup
of participants (n = 89) who were willing to come to the
study outpatient clinic and donate a blood sample
(n = 88). The second follow-up at 8 months post-
infection (n = 204, median 245 days, IQR 205–254
days), was a combination of online responses, telephone
interviews and in-person at our hospital’s outpatient
clinic. All participants were invited to answer a follow-up
online questionnaire. A link to the eCRF was sent by
SMS to participants ≥16 years or to their parents if less
than 16 years. If they were unable to attend the clinic,
participants (51%) were interviewed by telephone with
the same questionnaire.

Questionnaires at baseline, 3 and 8 months recorded
demographic information, comorbidities, medication,
COVID-19 vaccination, any reinfection, and up to 18
COVID-19 related symptoms (see Supplementary
Table S2). The WHO-definition of post COVID-10 syn-
drome,1 where fatigue, dyspnoea and cognitive symp-
toms are highlighted, were utilised when defining
persisting (3 month) and long-term (8 month) symp-
toms. Alternative diagnoses were excluded by collecting
information on comorbidities, and specifically asking if
the children had been diagnosed with any new medical
condition during the last 8 months at the 8-month
follow-up. If a participant reported any persisting or
long-term symptoms, not explained by any other diag-
nosis, the participant was considered to fulfil the criteria
for post COVID-19 condition. All participants answered
dichotomized yes/no questionnaires with questions
about persisting COVID-19 related symptoms at follow-
up visits. At 3 months, the validated 11-questionnaire
Chalder Fatigue Scale (CFS)9 with graded responses

was used to assess physical and mental fatigue in par-
ticipants aged ≥16 years, while a modified shortened
version of CFS was answered by all participants at the 8-
month follow-up.

Up to February 2022 a positive SARS-CoV-2 antigen
test result was confirmed by RT-PCR, but later the na-
tional health authorities accepted rapid antigen tests as a
verified case of COVID-19, and this is reported as a
positive test in our cohort. From December 30th, 2021,
all recorded reinfections were defined as omicron in-
fections, based on surveillance data from the Norwegian
Institute of Public Health. Participants were not
screened for omicron reinfections, but actively asked if
they had had SARS-CoV-2 infection. During this period,
active testing was conducted by the municipality with
free lateral flow tests provided to all Norwegians and
positive tests confirmed by centralised SARS-CoV-2
PCR testing. During recruitment, the national health
authorities recommended COVID-19 vaccination for all
age groups 16 years and older. Subjects vaccinated <14
(n = 7) and <3 (n = 4) days pre-infection were considered
unvaccinated when analysing the impact on symptoms,
and antibody responses, respectively. The two different
cut-offs were based on immunological responses.
Vaccination after a priming stimulus (or infection fol-
lowed by vaccination) may recall memory B cells within
3–5 days. The cut-off was therefore set at three days.
However, when it comes to symptoms, we chose a
minimum of 14 days to give sufficient time for the
antibody responses to reach a plateau, before measuring
its potential effect on symptom outcomes.

Source data are available upon reasonable request to
the corresponding author.

Serum samples
Serum samples were collected at follow-up visits at 3
and 8 months (Supplementary Fig. S1). At the first
follow-up, 88 participants provided serum samples, and
87 did so at the second visit. Clotted blood was centri-
fuged and sera separated, aliquoted, and stored
at −80 ◦C. Samples were heat-inactivated for 1 h at 56 ◦C
before running in the hemagglutination test (HAT) and
enzyme-linked immunoassay (ELISA).

Hemagglutination test (HAT)
The hemagglutination test (HAT)16 was used to investi-
gate the SARS-CoV-2 specific antibodies to the RBD of
the ancestral Wuhan-like, delta/B1.617.2 (L452R,
T478K) and omicron BA.2 variants using codon opti-
mised IH4-RBD sequence (see sequence alignment in
Supplementary Fig. S2). Three additional mutations
outside the antibody epitopes, Y365F, F392W and
V395I, were included in the BA.2 RBD sequence to
improve yield and stability (Supplementary Fig. S2).
Sera were double diluted from 1:40 to 1:640 with 120ng/
well of IH4-RBDs and equal volume of human 0-
negative blood (∼1% v/v in PBS). Negative (PBS) and
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positive (EY6A) controls were included in each run. Red
blood cells were allowed to settle for 1 h and positive
wells agglutinated red blood cells. The HAT titre is
defined as the last well in which a teardrop did not form.

ELISA
The SARS-CoV-2 spike protein from the Wuhan virus
was purified in house and used as coating antigen in the
ELISA to detect spike specific IgG antibodies as previ-
ously described.9

Statistical analysis
Data analysis and visualisation were performed in R
version 4.1.3 (R Foundation for Statistical Computing,
Vienna, Austria) and GraphPad Prism version 9.5.0
(USA). Illustrations were created with BioRender
(Supplementary Fig. S1).

Questions about fatigue, concentration, and memory
problems (from the Chalder questionnaire) and
depression, originally assigned four categories in ques-
tionnaires 3- and 8-months post-infection (0 = less/better
than usual, 1 = not more/worse than usual, 2 = more/
worse than usual and 3 = much more/worse than usual),
were converted to binary categories (0–1 vs 2–3).

The 95% CI in Fig. 1 and Table 1 were calculated by
applying prop. test function in R with default settings
(null hypothesis stating the two groups had the same
proportions and two-sided Z test with Yates’ continuity
correction and with Wilson’s score method). In Fig. 2,
the percentages of symptoms are shown with 95%
confidence intervals (CI) for proportions in this figure
were calculated by Wald interval. Crude risk differences
were calculated as an excess percentage of symptoms in
one group compared to another group, and significant
differences are shown by p values in the figure.

Univariable and multivariable binomial logistic
regression were used for analyses of binary outcome
variables. The variables were selected both based on a
priori hypothesis as explained above and suspicion of
confounding (especially age and COVID vaccination).
Variables were evaluated by a direct acyclic graph and
selected based on multiple published studies showing
that age, sex, baseline symptoms and vaccination af-
fect long-term symptoms. The linearity assumption is
checked both for univariable and multivariable anal-
ysis by using Box–Tidwell test (using car package with
boxTidwell function). All of the interactions were
insignificant.

IgG and HAT antibody titres in Figs. 3 and 4 and
Table 1, Supplementary Tables S3 and S4 were log(10)-
transformed to correct for skewness of distribution.
Mann–Whitney U test was used to compare untrans-
formed continuous variables in Figs. 3 and 4.

Role of funding sources
Funders had no role in study design, data collection,
data analyses, interpretation, or writing of report.

Results
Cohort descriptive
The cohort consisted of 276 children and adolescents
(BMI range 15.8–30.1), with mean age of 16.5 years
(range 10–20 years), 54% were females (Supplementary
Table S1). The most common comorbidities were sea-
sonal allergies (12%) and asthma (9%). All participants
had mild, self-limiting delta SARS-CoV-2 infection, not
requiring hospitalisation.

A total of 103 participants (37%), all 16 years or older
(mean age 19.0 years), had received their priming
COVID mRNA-vaccine dose (primarily Comirnaty (Bio-
NTech/Pfizer)) in June and July 2021, on average 1.5
months prior to the positive RT-PCR test (Supplementary
Table S1, Supplementary Fig. S1). Based on the differ-
ence in vaccine recommendations, the cohort was
divided into groups over and under 16 years.

Acute symptoms impacted persisting and long-
term symptoms
Participants were RT-PCR tested for SARS-CoV-2
mainly due to acute symptoms (89%) (Supplementary
Table S1). All participants with available serum sam-
ples 3 months post-infection (n = 88) had spike-specific
IgG antibodies (end point titres >485), and seropositivity
was 85% for HAT antibodies (titres ≥40) (surrogate
neutralisation titres). The most common acute symp-
toms in symptomatic cases were fatigue (68%), distorted
taste and smell (59%), fever (58%), cough (57%) and
headache (57%) (Supplementary Table S2). The median
duration of acute symptoms (n = 221) was 4 and 7 days
for children and adolescents, respectively. Twenty-five
participants had ongoing symptoms after the acute
phase.

Eleven percent (30/276) of the participants had
asymptomatic acute infection and were RT-PCR tested
mostly due to close contact with a SARS-CoV-2 posi-
tive. Cases who were asymptomatic at baseline were less
likely to have symptoms both at 3 (OR 0.13, 95% CI
0.02–0.55) and 8 (OR 0.28, CI 95% 0.11–0.66) months
post-infection (Table 1, Fig. 1, Supplementary Table S3).
Individuals reporting dyspnoea or fatigue during acute
illness, were more likely to report these symptoms long-
term at 8 months (OR 4.21, 95% CI 2.19–8.22 and OR
3.16, 95% CI 1.67–6.21, respectively) (Table 1). Experi-
encing headache during the acute illness was associated
with cognitive dysfunction (impaired memory and
concentration) (OR 2.48, 95% CI 1.33–4.76) 8 months
post-acute infection (Table 1).

Young age (<16 years) was associated with reporting
fewer symptoms. Adolescents (16–20 years) more
frequently experienced acute symptoms (fatigue, dysp-
noea, headache and taste-smell distortion) and long-
term symptoms (“any symptoms”, fatigue) (Fig. 2). In
the group eligible for vaccination (adolescents ≥16
years), there was no association between vaccination and
frequency of symptoms (Supplementary Fig. S3).
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At 3 months post delta infection (median 104 days,
IQR 62–109 days), we followed a subgroup of 89 par-
ticipants with questionnaires and serum samples
(n = 88). We found that 56% of the cohort reported
persisting symptoms at 3 months, although with a lower

symptom burden than during the acute phase (mean
number of symptoms 1.8 versus 4.0 in the acute phase).
The most prominent symptoms were fatigue (36%),
impaired concentration (27%) and headache (21%),
especially in adolescents (Supplementary Table S2).

Fig. 1: Risk factors for long-term symptoms 8 months post delta infection. Forest plots show odds ratios (OR) with 95% confidence
intervals (CIs) and p-values calculated by univariable binary logistic regression models using relevant symptoms. The outcomes are a fatigue, b
dyspnoea and c cognitive symptoms at 8 months and relevant risk factors are age (<16 or ≥16 years), sex, symptoms at baseline and omicron
reinfection status. The number and percentage (n/N, %) of individuals in each risk factor are shown with the relevant outcomes in the table and
forest plot.
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Older age (≥16 years) was associated with persisting
symptoms (Supplementary Table S3).

Convalescent antibody levels were associated with
persisting symptoms
In unvaccinated participants, persisting symptoms at 3
months were associated with higher delta (p = 0.042)
and Wuhan-specific HAT antibody titres (p = 0.008)
(Fig. 3a) as well as Wuhan-specific spike IgG (p = 0.048)
(Mann–Whitney U test) (Fig. 3b). Convalescent IgG
spike antibodies were significantly correlated with per-
sisting symptoms (Supplementary Table S3). Overall,
vaccinated individuals had significantly higher conva-
lescent antibodies (Fig. 4) than unvaccinated subjects,
but had no difference in antibody titres in respect to
persisting symptoms (Fig. 3).

Long-term symptoms post delta infection
When assessing long-term symptoms after delta infec-
tion, omicron reinfected participants were excluded. At
the 8-month follow-up (median 245, IQR 205–254 days),
the three most prevalent symptoms were fatigue (35%),
cognitive problems (29%) and dyspnoea (22%)
(Supplementary Table S2). Children <16 years reported

less frequent symptoms, while adolescents had un-
changed proportions of fatigue, dyspnoea, neurological
or cognitive symptoms (Supplementary Table S2,
Fig. 2). While long-term dyspnoea and fatigue were not
associated with age, composite and specific symptoms
such as cognitive dysfunction were associated with age
(OR 3.67, 95% CI 1.82–7.95) (Table 1, Fig. 1). Females
more frequently had long-term dyspnoea (OR 1.93, 95%
CI 1.03-3.68) but no other specific symptoms (Fig. 1b).
Depression was recorded only at 8-month follow-up, and
15% of our cohort reported feeling more sad or
depressed than usual, of whom 75% were female
(Supplementary Table S2). At 8 months, the data did not
show evidence of an association between vaccination
status and symptom prevalence in participants over 16
years, but the number of unvaccinated participants was
low (n = 22) (Supplementary Table S4).

During our follow-up, we recorded symptom-impact
on daily functioning, specifically school and/or work
absenteeism and the ability to participate in extracur-
ricular activities. At the 8-month follow-up, only 9
asymptomatic individuals (16%) were absent from work
and/or extracurricular activities. In the individuals
reporting absence, we found that 60% reported fatigue,

N OR (CI) P Unadjusted OR (CI) P Adjusted

Any persisting symptoms

Female sex 204 1.48 (0.84–2.61) 0.173 1.22 (0.66–2.23) 0.524

Age ≥16 years 204 2.44 (1.37–4.41) 0.003 2.33 (1.28–4.28) 0.006

Reinfection 204 1.43 (0.81–2.53) 0.214 1.41 (0.78–2.56) 0.254

Asymptomatic at baseline 204 0.28 (0.11–0.66) 0.005 0.35 (0.13–0.88) 0.029

Dyspnoea

Female sex 204 1.93 (1.03–3.68) 0.042 1.61 (0.83–3.18) 0.161

Age ≥16 years 204 1.77 (0.92–3.51) 0.093 1.3 (0.63–2.71) 0.484

Reinfection 204 1.73 (0.93–3.3) 0.090 1.67 (0.86–3.3) 0.135

Dyspnoea baseline 204 4.21 (2.19–8.22) <0.001 3.63 (1.82–7.34) <0.001

Cognitive symptomsa

Female sex 204 1.61 (0.88–3) 0.129 1.37 (0.72–2.65) 0.338

Age ≥16 years 204 3.67 (1.82–7.95) 0.001 3.36 (1.64–7.37) 0.001

Reinfection 204 1.8 (0.59–1.99) 0.813 1.05 (0.55–2.01) 0.881

Headache baseline 204 2.48 (1.33–4.76) 0.005 2.09 (1.08–4.12) 0.030

Neurological symptomsb

Female sex 204 1.33 (0.62–2.92) 0.464 1.14 (0.52–2.56) 0.750

Age ≥16 years 204 2.97 (1.23–8.32) 0.023 2.72 (1.11–7.67) 0.039

Reinfection 204 1.4 (0.49–2.26) 0.915 1.02 (0.47–2.26) 0.962

Headache baseline 204 2.2 (1.01–5.11) 0.055 1.92 (0.85–4.58) 0.125

Fatigue

Female sex 204 1.59 (0.91–2.82) 0.107 1.47 (0.82–2.66) 0.200

Age ≥16 years 204 1.69 (0.94–3.08) 0.082 1.5 (0.81–2.8) 0.202

Reinfection 204 1.52 (0.86–2.69) 0.151 1.43 (0.79–2.61) 0.233

Fatigue baseline 204 3.16 (1.67–6.21) 0.001 2.82 (1.47–5.62) 0.002

Age was used as a categorical variable to compare symptom prevalence in adolescents ≥16 years to children <16 years as a reference. Associated factors were reported as
odds ratios (OR) with 95% confidence intervals (CIs) and p-values. In the multivariable analysis, adjustment was done for factors listed as predictors in the table. aCognitive
symptoms include memory and concentration difficulties. bNeurological symptoms include numbness, dizziness and sleeping problems.

Table 1: Predictors for long-term symptoms 8 months post delta infection.
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compared to 33% fatigue in those without absence (OR
3.1, 95% CI 1.6–5.9) (Supplementary Table S5).

The impact of omicron on long-term symptoms
The omicron reinfected group reported more long-term
respiratory and systemic symptoms than those not
reinfected, who had only experienced delta infection
(Fig. 1, Supplementary Table S2), particularly in partic-
ipants under 16 years (Fig. 2). There was, however, no
difference in symptoms such as taste/smell, cognitive
and neurological symptoms compared to delta infection
alone (Fig. 1, Supplementary Table S1). After delta
infection, the adolescent group had more long-term
symptoms compared to children. Interestingly, adoles-
cents reported no change in symptoms after omicron
reinfection. This effect reduced the overall difference in
symptoms reported by children and adolescents at 8
months (Fig. 2).

Discussion
In our prospective paediatric study, we showed that
older age, having acute symptoms, and higher antibody
titres are associated with long-term symptoms after
SARS-CoV-2 delta infection. The association between
antibody titres and long-term symptoms previously
described in adults,8,9,15 can in this study be extended to
children. Hence, an immune dysfunction may also be
involved in maintaining symptoms in children,17 as
observed in adolescents after other viral infections.

The three most common long-term symptoms after
delta infection in our cohort were fatigue, dyspnoea and
cognitive impairment, with higher frequencies in ado-
lescents than in children. These three were recently
confirmed as the common clusters of long-term COVID
symptoms,18 and frequently reported as persisting pae-
diatric symptoms.3,11,19,20 We observed that adolescents
more frequently reported persistent and long-term

Fig. 2: Dynamics of long-term symptoms after delta infection by age group and omicron reinfection status. Symptoms were recorded 0-
(acute), 3- and 8-months post-infection. The percentage of symptoms after delta infection are shown by continuous lines for participants 10–15
(orange) and 16–20 (light blue) years, a any symptom, b fatigue, c dyspnoea, d headache, e taste/smell distortion and f cognitive impairment.
The dashed line indicates the percentage of symptoms reported at 8 months by omicron reinfected individuals. Crude risk differences were
calculated between age groups after delta infection.
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symptoms than children, confirming the association
between symptoms and age post-puberty,5 despite high
vaccination rates in adolescents. When comparing
groups of vaccinated and unvaccinated adolescents, we
found no significant differences in reported acute and
persistent symptoms, although the unvaccinated group
at 3 months was small. Many studies have found a
reduced risk of long COVID symptoms after vaccination
in adults,14 and this is yet to be confirmed in younger
age groups.

The course of long COVID can be fluctuating and
protracted with worsening symptoms over time.8,21,22

When investigating the individuals’ symptoms over
time, we observed that most symptoms improved, while
others worsened, and some reported new symptoms
during the study period. This fluctuation of symptoms is
an essential characteristic of post COVID-19 condition,
as defined by the WHO, and has been documented by
other studies.3 Furthermore, the post COVID-19 condi-
tion comprehend any impact on daily life, such as
absence from school, work, or extracurricular activities.
In 40% (49/124) of the young people in our study,
symptoms were associated with abstenteeism, compared
to only 11% absence in the asymptomatic group.

Our study did not detect a higher frequency of de-
pression or sadness than the Norwegian national
average in 13–19-year-olds.23 A recent study in children
and adolescents reported that mental health long-term
symptoms were more prevalent in cases compared to
controls.24 COVID-associated anxiety and mood disor-
ders have been found to gradually subside over time.25

In agreement with this, our 8 months data cannot
confirm an association between COVID infection and
long-term depressive symptoms. A recent large Nor-
wegian study found limited increase in healthcare
utilisation among adolescents 6 months after COVID-
19.26 However, concentration and memory problems
may go unnoticed by the health care system due to their
non-specific nature.

We confirm that acute symptoms and increasing age
are factors associated with persisting symptoms.3 A
paediatric Australian study, with a very low median age
of 3 years and high proportion of asymptomatic in-
fections, found that children had fully recovered 3–6
months post-Wuhan infection.27 In our cohort, children
were more often asymptomatic than adolescents.
Although most symptoms generally improved over
time, 28% of children and 71% of adolescents in our

Fig. 3: The relationship between SARS-CoV-2 antibodies and persisting symptoms. Hemagglutination test (HAT)-specific and binding (spike
IgG) antibodies and persisting symptoms 3 months post-infection. The geometric mean antibody titres (GMT) with 95% confidence intervals
are shown in black. a Delta (turquoise) and Wuhan (orange) antibodies and b Wuhan spike specific IgG antibody titres (orange) in individuals
with persisting (grey background) and no persisting symptoms (white background). Vaccination status is shown by circles (unvaccinated) and
triangles (vaccinated). Each symbol represents one individual. The dotted line indicates a positive test (HAT titre of ≥40), associated with
neutralising antibodies. Negative values were assigned a value of 5. The differences between antibody titres in groups with persisting and no
persisting symptoms were compared by the Mann Whitney U test.
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cohort reported one or more long-term symptoms at 8
months. However, our study design does not allow
inference about the contribution of COVID-19 to these
symptoms, and any comparison should solely be made
between these two age groups.

Our study is unique in combining immunological
results with detailed long-term symptoms, largely based
on personal interviews. Further strengths are long-term
follow-up for 8 months after delta infection, including
omicron reinfection rates. In contrast to other larger
epidemiological studies, we have prospectively recruited
participants shortly after infection, ensuring limited
recall bias of acute symptoms. Our dropout rate was low,
with 74% responding at 8 months. A strength of the
study was that children and adolescents could be
compared in the same geographic area, time period,
with identical variant exposure, enabling exploration of
the relative differences in long-term symptomatology.

Caveats to our study are the lack of a COVID negative
control group which may overestimate the incidence of
persisting symptoms attributable to SARS-CoV-2 infec-
tion, although our study was not designed to assess
prevalence. Nevertheless, our findings are similar to
studies with case control design.24,28 Inclusion in this
study was after delta infection, and we could therefore

not control for pre-infection physical and mental health.
Methodological limitations to the study are potential
unmeasured confounding factors, and indirect data
collection by parents of participants <16 years, although
these children actively participated in the interviews. A
modest sample size increases the risk of sparse data bias
as evident by large effect size and confidence limits. The
ongoing vaccination campaign during the study period
skewed the vaccination coverage exclusively to adoles-
cents, with only a few adolescents (n = 22/187) unvac-
cinated at 8 months, limiting interpretation of the
impact of vaccination on long-term symptoms. Omicron
reinfection increased the heterogeneity and hampered
the long-term evaluation of delta-only infection. We
were not able to investigate the relationship between
antibody titres and 8 months symptoms due to antibody
boosting after vaccinations and omicron reinfections
leading to small groups available for comparison.

With emerging variants, hybrid immunity and fluc-
tuating nature of post COVID-19 syndrome, it is diffi-
cult to diagnose and study paediatric long-term
symptoms during an evolving pandemic. Our findings
emphasise the importance of reducing the COVID-19
burden in young people and may shed light on the
underlying pathophysiology of this syndrome.

Fig. 4: Antibody titres in vaccinated and unvaccinated individuals. Hemagglutination test (HAT)-specific antibodies to the delta, Wuhan and
omicron SARS-CoV-2 receptor binding domain (RBD), HAT titres (a,c) and percentage (%) with titres ≥40 (b,d). Sera were collected at 3 (a,b)
and 8 months (c,d) post delta infection. At 3 months, individuals were divided based on pre delta infection vaccination status: vaccinated (blue,
n = 35, sampled mean 76.1 days) and unvaccinated (red, n = 53, sampled mean 87.9 days). At 8 months, individuals who had never been
previously COVID vaccinated were defined as unvaccinated (red, n = 39, sampled mean 147.0 days), and individuals with any previous
vaccination, n = 48 (blue, n = 48, sampled mean 95.4 days). At 8 months, the percentage of reinfected individuals was comparable (54.5% in
vaccinated and 66.7% in unvaccinated). Each individual is indicated by a circle. The dotted line indicates a positive test (HAT titre of ≥40), and
negative values were assigned a value of 5. The geometric mean titres (GMT) with 95% confidence intervals are shown in black by horizontal
lines. Vaccinated individuals were compared to unvaccinated by a Mann Whitney U test for each variant. Significant differences were maintained
after adjusting for days since infection or vaccination at both time points.
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