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Abstract

Avian H5N1 influenza viruses are circulating widely in cattle and other mammals and
pose a risk for a human pandemic. Previous studies suggest that older humans are
more resistant to H5N1 infections due to childhood imprinting with other group 1 viruses
(H1N1 and H2N2); however, the immunological basis for this is incompletely understood.
Here we show that antibody titers to historical and recent H5N1 strains are highest in
older individuals and correlate more strongly with year of birth than with age, consistent
with immune imprinting. After vaccination with an A/Vietnam/1203/2004 H5N1 vaccine,
both younger and older humans produced H5-reactive antibodies to the vaccine strain
and to a clade 2.3.4.4b isolate currently circulating in cattle, with higher seroconversion
rates in young children who had lower levels of antibodies before vaccination. These
studies suggest that younger individuals might benefit more from vaccination than older

individuals in the event of an H5N1 pandemic.
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48  Main text

49 Highly pathogenic avian influenza (HPAI) clade 2.3.4.4b H5 viruses began

50 circulating at high levels in bird populations across the world in 2020"* and have caused
51 infections in mammals such as foxes, seals, and mink®®. At the end of 2023, a clade

52  2.3.4.4b H5N1 virus began circulating in dairy cattle in the United States®, with

53  widespread transmission between cows'’. Clade 2.3.4.4b H5N1 viruses do not currently
54  bind well to receptors found in human upper airways'"'?; however, widespread

55  circulation in mammals could lead to adaptive substitutions that increase viral

56  attachment, replication, and human transmission'®'4.

57 Previously circulating H5N1 viruses caused higher mortality rates in younger

58  humans relative to older humans'®. It is possible that immunity elicited by seasonal

59 influenza viruses affects H5N1 susceptibility. Influenza A viruses can be broadly split into
60 2 different phylogenetic groups'. Group 1 (H1N1 and H2N2) and group 2 (H3N2)

61  viruses have circulated during distinct times since 1918 (Fig. 1a), and therefore

62  immunity against each of these viruses is partly shaped by an individual’s birth year

63 (Extended Fig. 1). Gostic and colleagues proposed that individuals born before 1968
64  may be more refractory to severe disease following H5N1 (a group 1 virus) infection

65  since most of these individuals were likely ‘immunologically imprinted’ with other group 1
66  viruses (H1N1 and H2N2) in childhood'®. Although H5N1 is antigenically distinct from

67 H1N1 and H2N2, all three of these viruses share homology in conserved epitopes,

68  including the hemagglutinin (HA) stalk domain'’. Previous studies reported that H1 stalk-
69 reactive antibodies are more prevalent in older individuals'®?; however, a subsequent
70  study found no clear association with H1 stalk-reactive antibodies and birth year among
71  adults®.

72 We quantified antibodies reactive to group 1 HA stalks (H1 and H5) and group 2

73  HA stalks (H3 and H7) in serum samples collected in 2017 from 121 healthy adults born
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between 1927-1998 (19-90 years old at time of sampling). H1 and H5 stalk-reactive
antibodies were higher in older adults, although younger adults possessed moderate
amounts of these antibodies (Fig. 1b-c). We asked if stalk-reactive antibody levels
correlated with the probability of immune imprinting (i.e., initial infection in childhood)
with viruses of the same subtype or group, estimated from historical data. H1 and H5
stalk-reactive antibody titers were both positively correlated with group 1 and H1N1
imprinting probabilities (Table S1). We found that group 2 HA stalk antibody levels were
generally lower with no obvious correlation between titer and birth year (Fig. 1d-e, Table
S1). H3 stalk-reactive antibodies were present in sera at similar levels regardless of
donor age (Fig. 1d) and H7 stalk-reactive antibodies were generally low in the sera from
most donors (Fig. 1e).

Consistent with the group 1 HA stalk titer data, we found that individuals
imprinted with group 1 viruses in childhood possessed high levels of antibodies reactive
to clade 1 H5 full length HA (A/Vietnam/1203/2004) (Fig. 1f, Table S1) and clade
2.3.4.4b H5 full length HAs (A/Pheasant/New York/22-00906-001/2022 and A/Dairy
Cattle/Texas/24-008749-002-v/2024) (Fig. 1g, Extended Data Fig. 2, and Table S1).
Most of these cross-reactive antibodies were non-neutralizing, although we detected
antibodies that neutralized clade 1 and clade 2.3.4.4b H5N1 in rare individuals of all
ages (Extended Data Fig. 3). Taken together, our data suggest that childhood
exposures to HIN1 and H2N2 prime mostly non-neutralizing group 1 HA stalk antibodies
that bind to diverse H5 HAs.

Previous studies showed that H5 vaccines elicit HA stalk antibodies in
humans???; however, it is unknown if H5 vaccines elicit different levels of HA stalk
antibodies in individuals with different birth years. We obtained serum samples collected
from children and adults (born between 1918-2003) before and after administration of a

45 pg dose of an H5N1 (A/Vietnam/1203/2004) unadjuvanted vaccine (ClinicalTrials.gov
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100  #s: NCT00133536, NCT00230750, NCT00115986%*). Since these clinical studies were
101  completed in the years 2005-2006, the participants ranged from 2-97 years of age at
102 time of vaccination. All participants received a prime-boost regiment, and we analyzed
103  serum samples before vaccination and 28 days after the 15t and 2" vaccination.

104  Consistent with our previous results, older adults possessed high levels of H5 stalk-
105 reactive antibodies before vaccination (Fig. 2a). H5 stalk-reactive antibody levels

106 increased slightly in older individuals and more substantially in children after each

107  vaccination (Fig. 2b-c). We observed the highest fold change in H5 stalk-reactive

108  antibody titers in children, whose antibody levels were lower prior to vaccination (Fig.
109 2d). We obtained similar data when we measured antibodies reactive to the full length
110  A/Vietnam/1203/2004 HA vaccine antigen (Fig. 2e-h). Older individuals possessed

111  higher levels of A/Vietham/1203/2004 HA-reactive antibodies relative to children before
112  vaccination (Fig. 2e) and these antibodies were boosted in participants in all age groups
113  after vaccination (Fig. 2f-g) with the greatest benefit in children (Fig. 2h). Consistent
114  with a recent report®®, we found that the clade 1 A/Vietnam/1203/2004 H5N1 vaccine
115 elicited antibodies that bound to the more recent antigenically distinct clade 2.3.4.4b HA
116  (Fig. 2i-l). Antibody levels against the clade 1 and clade 2.3.4.4b HAs were similar after
117  vaccination (compare Fig. 2g and Fig. 2k).

118 While some HA stalk antibodies are broadly neutralizing, many of these

119 antibodies protect through Fc receptor-dependent mechanisms such as antibody

120  dependent cellular cytotoxicity (ADCC)%*. We therefore determined if antibodies elicited
121 by the A/Vietnam1203/2004 vaccine neutralized H5 virus or mediated ADCC with

122 matched and mismatched H5 HAs. The vaccine elicited antibodies that neutralized clade
123 1 virus (Extended Data Fig. 4a-c) with larger fold-change titer increases in children
124  (Extended Data Fig. 4d). The clade 1 vaccine antigen also elicited clade 2.3.4.4b

125 neutralizing antibodies in some participants, but this was more sporadic (Extended Data
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126  Fig. 4e-h). ADCC activity against the clade 1 and clade 2.3.4.4b H5N1 viruses was high
127  in serum from older individuals prior to vaccination (Extended Data Fig. 4i and 4m) and
128 increased in younger individuals following vaccination (Extended Data Fig. 4j-k and 4n-
129 o), with the largest ADCC titer fold change in children following vaccination (Extended
130 Data Fig. 41 and 4p).

131 Finally, we directly compared antibody titers from our healthy donors (Fig. 1) with
132  pre-vaccination titers from adults from the H5 vaccine trials (Fig. 2). Since these

133  samples were collected 12 years apart (2005 versus 2017), we were able to determine if
134  H5 antibody levels were more closely associated with birth year or age (Fig. 3a-b).

135  Consistent with immune imprinting, antibody levels were similar across these datasets
136  when plotted as a function of birth year (Fig. 3a) but different when plotted as a function
137  of age (Fig. 3b). Using two different statistical approaches, we found that titers to full
138 length H5 proteins from clade 1 and clade 2.3.4.4b (but not to the H5 stalk) had stronger
139  statistical associations with year of birth and group 1 imprinting probability than with age
140 (Tables S2 and S3). Antibody levels were less strongly associated with H1N1 imprinting
141  than with group 1 imprinting, suggesting that initial infections with H1N1 or H2N2 prime
142  antibody responses against clade 1 and clade 2.3.4.4b H5 proteins. Taken together,
143  these analyses corroborate the role of imprinting with group 1 viruses in shaping

144  antibody levels to H5N1 in humans.

145 Further studies need to be completed to determine if strong immunological

146  imprinting is solely a byproduct of initial influenza virus encounters or if multiple

147  exposures during childhood are required to prime robust memory B cell responses. Our
148  previous studies suggest that heterosubtypic influenza virus infections in ferrets and

149  humans boost HA stalk responses against the originally infecting viral subtype?®’.

150 Longitudinal cohort studies, in which infections and vaccinations are tracked carefully

151  from birth, are required to better understand how childhood exposures impact the
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152  generation of influenza virus antibodies later in life. In our experiments, younger

153  individuals possessed lower levels of H5-reactive antibodies prior to vaccination, and it is
154  likely that many of the younger children in our study had not yet been exposed to group
155 1 viruses at the time of sample collection.

156 Our study has limitations. For our vaccination studies, we analyzed serum

157  samples from 3 separate clinical studies to compare antibody responses elicited in

158 individuals with diverse birth years. The same vaccine formulation, dose, and

159  vaccination schedule were used in all 3 clinical studies, so it is unlikely that the observed
160 differences were due to clinical study differences. We only compared antibody

161 responses elicited by unadjuvanted vaccines in our studies. Khurana and colleagues
162  recently reported that adjuvanted clade 1 H5N1 vaccines elicit antibodies with high

163  reactivity to clade 2.3.4.4b H5N1 viruses?®, and it will be important for future studies to
164  evaluate if there are birth year-related differences in responses to adjuvanted vaccines.
165  We only evaluated antibody responses to HA, and additional studies should be

166  completed to determine if humans possess cross-reactive antibodies against the

167  neuraminidase protein of H5N1. Finally, all our vaccine studies were based on clade 1
168  H5N1 antigens, and future studies should evaluate responses to other vaccine antigens
169 based on more contemporary H5N1 strains.

170 Based on our studies and the observation that H5N1 viruses have typically

171  caused more disease in younger individuals''®

, it is possible that older individuals

172  would be partially protected in the event of an HSN1 pandemic. Younger individuals who
173  have fewer group 1 influenza virus exposures would likely benefit more from an H5N1
174  vaccine, even a mismatch stockpiled vaccine?®. It will be important to continue to test

175 new updated vaccine antigens in individuals with diverse birth years, including children.

176 It will also be important to closely monitor clade 2.3.4.4b H5N1 virus circulating in wild
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177  and domestic animals, as well as spillover infections of humans, so that we can continue
178  to evaluate the pandemic risk of these viruses.

179
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Figure Legends
Fig. 1. Group 1 immune imprinting primes robust H5-reactive antibody responses.

(a) Group 1 (blue) and group 2 (red) influenza viruses have circulated at distinct times
since 1918. Sera samples were collected from healthy donors (n=121) at the Hospital of
the University of Pennsylvania in 2017 and we quantified IgG binding in ELISA to
‘headless’ A/California/4/2009 H1 stalk (b), ‘headless’ A/Vietnam/1203/2004 H5 stalk (c),
‘headless’ A/Finland/486/2004 H3 stalk (d), A/Shanghai/02/2013 H7 stalk (e), a clade 1
A/Vietnam/1203/2004 full length H5 HA (f) and a clade 2.3.4.4b A/Pheasant/New
York/22-009066-011/2022 full length H5 HA (g). (b-g) Vertical dashed lines mark years
of the 1957 H2N2 and 1968 H3N2 pandemics and 1977 reemergence of H1N1. Each
circle represents a geometric mean antibody titer in serum from a single donor from two
independent replicates, and the trend lines are locally estimated scatterplot smoothing

(LOESS) curves (smoothing parameter = 0.4, degree = 2) with 95% confidence intervals.

Fig. 2. H5N1 vaccination elicits strong H5 stalk-reactive antibodies in children.
Sera samples were obtained from participants (n=100) before (day 0) and 28 days after
receiving a first and second dose of an unadjuvanted A/Vietnam/1203/2004 H5N1
vaccine in 2005-2006. We quantified IgG binding to a ‘headless’ A/Vietnam/1203/2004
H5 stalk (a-c), and we calculated titer fold change by dividing day 28 post-boost titers by
day 0 titers (d). We also measured antibody binding and fold change to clade 1
A/Vietnam/1203/2004 full length H5 (e-h) and clade 2.3.4.4b A/Pheasant/New York/22-
009066-011/2022 full length H5 (i-l). Vertical dashed lines mark years of the 1957 H2N2
and 1968 H3N2 pandemics and 1977 reemergence of H1N1. Each circle represents a
geometric mean antibody titer in serum from a single donor from two independent

replicates. Samples from adults are grey and children are blue. Trend lines are locally

10
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230 estimated scatterplot smoothing (LOESS) curves (smoothing parameter = 0.4, degree =
231  2) with 95% confidence intervals, fitted to adult samples.

232

233  Fig. 3. H5-rective antibody levels correlate better with birth year compared to age.
234  Antibody titers in samples collected in 2005 (yellow) and 2017 (blue) against H5 stalk,
235  clade 1 A/Vietnam/1203/2004 full length H5, and clade 2.3.4.4b A/Pheasant/New

236  York/22-009066-011/2022 full length H5 are shown as a function of birth year (a) and
237  age (b). Vertical dashed lines mark years of the 1957 H2N2 and 1968 H3N2 pandemics
238 and 1977 reemergence of H1N1 (a). Each circle represents a geometric mean antibody
239 titer in serum from a single donor from two independent replicates. Trend lines are

240 locally estimated scatterplot smoothing (LOESS) curves (smoothing parameter = 0.65,
241  degree = 2) with 95% confidence intervals, fitted to adult samples.
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