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Summary
Background The impact of the infecting SARS-CoV-2 variant of concern (VOC) and the vaccination status was
determined on the magnitude, breadth, and durability of the neutralizing antibody (nAb) profile in a longitudinal
multicentre cohort study.

Methods 173 vaccinated and 56 non-vaccinated individuals were enrolled after SARS-CoV-2 Alpha, Delta, or Omicron
infection and visited four times within 6 months and nAbs were measured for D614G, Alpha, Delta, BA.1, BA.2,
BA.5, BQ.1.1, XBB.1.5 and JN.1.

Findings Magnitude-breadth-analysis showed enhanced neutralization capacity in vaccinated individuals against
multiple VOCs. Longitudinal analysis revealed sustained neutralization magnitude-breadth after antigenically distant
Delta or Omicron breakthrough infection (BTI), with triple-vaccinated individuals showing significantly elevated titres
and improved breadth. Antigenic mapping and antibody landscaping revealed initial boosting of vaccine-induced WT-
specific responses after BTI, a shift in neutralization towards infecting VOCs at peak responses and an immune
imprinted bias towards dominating WT immunity in the long-term. Despite that bias, machine-learning models
confirmed a sustained shift of the immune-profiles following BTI.

Interpretation In summary, our longitudinal analysis revealed delayed and short lived nAb shifts towards the infecting
VOC, but an immune imprinted bias towards long-term vaccine induced immunity after BTI.
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ForCovid project. The funders had no influence on the study design, data analysis or data interpretation.
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Research in context

Evidence before this study
Numerous vaccines have been authorized to target the SARS-
CoV-2 virus. However, the emergence of new immune escape
variants poses an ongoing threat, leading to a significant rise
in vaccine breakthrough infections. Various risk factors
contributing to breakthrough infections, including declining
immunity, age, and the specific vaccination or infection
regimen, have been identified. Moreover, recent evidence
strongly suggests the relevance of immune imprinting — a
phenomenon previously observed in individuals infected with
other viruses like influenza A — in understanding vaccine
efficacy and SARS-CoV-2 immunity. However, most studies on
immune imprinting suffer from limited participant numbers
or lack long-term follow-up data.
The critical question that remains is: How does immune
imprinting influence the neutralizing antibody profiles against
SARS-CoV-2 following repeated exposures to diverse
antigens? Understanding the potential impact of immune
imprinting is paramount for assessing existing immunity
against SARS-CoV-2 and developing effective vaccines.

Added value of this study
This study endeavours to shed light on the ramifications of
immune imprinting on neutralizing antibody profiles
following breakthrough infections, utilizing a cohort of 229
participants tracked over time. Notably, it stands as the
pioneering effort in scrutinizing the longitudinal impact of
vaccine-mediated immune imprinting on the evolution of
neutralization profiles using advanced techniques such as
antigenic mapping and antibody landscaping. Moreover, we
introduce the application of Kaplan-Meier-based analysis,
well-established in the HIV domain, to explore the magnitude
and breadth of neutralization against various SARS-CoV-2
variants of concern (VOC).
Our findings indicate that breakthrough infections with Delta
or Omicron variants, which are antigenically more distant to
the vaccine, tend to elicit a robust, enduring, and broad
neutralizing antibody (nAb) response. The evolution of
neutralizing antibody profiles over time varies significantly

depending on vaccination history and the specific VOC
responsible for the infection. Notably, the longitudinal
analysis reveals an initial augmentation of the vaccine-primed
nAb response upon infection, followed by a progressive
expansion of neutralization capacity towards the infecting
SARS-CoV-2 variant. Long-term observation reveals a
subsequent contraction and inclination towards dominant
wild-type (WT) immunity post-breakthrough infection.
Furthermore, this study marks a significant milestone as it
demonstrates, for the first time, the efficacy of AI/machine
learning models in accurately identifying the SARS-CoV-2 VOC
that caused the breakthrough infection based on the post-
infection neutralizing antibody profile. This underscores a
sustained shift in long-term immunity following
breakthrough infections, notwithstanding the imprinting bias
inherent in the immune response.

Implications of all the available evidence
Immune imprinting poses a persistent challenge in both
vaccine development and the assessment of SARS-CoV-2
immunity. Studies utilizing antibody depletion and
longitudinal BCR sequencing have compellingly demonstrated
the existence of B-cell specificities imprinted by initial
immunizations. Subsequent exposures with different antigens
serve to reinforce and broaden these specificities, yet don’t
elicit novel specificities, finally resulting in a recurring bias
towards the initial antigen. However, emerging evidence
suggests that prolonged exposure to the same novel antigen
may eventually override immune imprinting. Furthermore,
machine learning techniques indicate that even a single
encounter with a different antigen can lead to a lasting
reshaping of the elicited neutralizing antibody profile.
Moreover, repeated immunizations and specific booster
antigens influence both the magnitude and sustainability of
the neutralizing antibody response. Collectively, these
findings offer crucial insights for designing novel vaccines
aimed at achieving broad and ideally sterilizing immunity
against Coronaviruses.
Introduction
The appearance of new SARS-CoV-2 immune escape
variants remained an ongoing threat and resulted in
high numbers of vaccine breakthrough infections (BTI)
over the last 2 years.1

Multiple risk factors for a BTI2 - such as time after
vaccination, age, previous disease, vaccine type, and
circulating VOC - have been identified in various
studies,3,4 including a waning of vaccine-elicited anti-
bodies against SARS-CoV-2 infection over time.5,6
Furthermore, the rapid emergence and global spread
of Alpha, Delta, and Omicron VOCs impressively
demonstrated that neither prior infection nor vaccina-
tion efficiently protected from infection with new
VOCs.7

Regarding heterologous vaccine booster immuniza-
tions,5 combinations of vaccination and infection
(“hybrid immunity”),8 especially breakthrough infection
(BTI), or repeated infection with different VOCs,9

questions were raised whether immune imprinting10
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might be relevant in cases of preexisting immunity. This
phenomenon, also known for other respiratory viruses
such as the influenza virus, might limit broadening of
immune responses following repeated exposure to var-
iants of the same antigen.11–14

Since serum neutralization capacity was identified as
a key correlate of protection from COVID-19,15−17 the
impact of prior vaccination on neutralizing antibody
responses (nAb) following SARS-CoV-2 infection with
different VOCs is of high importance.18–20

Accordingly, based on a cohort of 229 individuals
with documented vaccination, infection, and clinical
history, this longitudinal study aims to elucidate the
interplay of prior vaccination and BTI with different
SARS-CoV-2 VOCs on the kinetic, magnitude, breadth,
and durability of neutralizing antibody responses
compared to infection in unvaccinated individuals. Us-
ing antigenic mapping and neutralization landscaping
as advanced bioinformatic tools, this study will also
provide insight into the potential impact of vaccine-
induced immune imprinting on neutralization capacity
following BTI.
Methods
Sampling
Blood samples of individuals from a prospective longi-
tudinal multicentre cohort study (CoVaKo) of acute
SARS-CoV-2 BTIs and non-BTIs were analysed. Study
centres were the respective University Hospitals in
Erlangen, Regensburg, Augsburg, Würzburg, and
Munich (TUM and LMU), all located in Bavaria, Ger-
many. The study design is described in Prelog et al.21

In brief, samples of 56 non-vaccinated and 173
vaccinated individuals with a newly diagnosed SARS-
CoV-2 infection were collected between April 2021 and
April 2022 for Alpha (n = 32), Delta (n = 134) infections
Vaccination
Status

Vaccinated Unvaccinated Vaccinated Unvaccinated Va

Infection with Alpha Alpha Delta Delta Om

n 24 8 94 40 55

Age (median) 40 35.5 38.5 31.5 38

Age (IQR) 34–46.3 30.8–42.8 29–50.8 27–46.5 28

Female n 18 6 53 25 29

Female % 75 75 56.4 62.5 52

Days after vax
(median)

76 – 95 – 10

Days after vax
(IQR)

61.8–81.8 – 56.3–134.5 – 85

Current
smoking n

5 1 15 6 5

Smoking % 20.8 12.5 16 15 9.

Including the numbers of participants for the respective subgroups, as well as age, sex, s
undeterminable due to no vaccination received). Abbreviations: number (n), interquart

Table 1: Demographic characteristics of the study cohort.
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and between January and August 2022 for Omicron
infections (n = 63). Individuals with vaccination received
at least two vaccinations with wildtype-based mRNA
vaccines (BNT162b2, Comirnaty, BioNTech/Pfizer and
mRNA-1273, Spikevax, Moderna (n = 155)) or vector-
based vaccines (AZD1222, Vaxzevria, AstraZeneca and
JNJ-78436735, Jcovden; Janssen-Cilag/Johnson&John-
son (n = 8)) or a combination of vector and mRNA-based
vaccines (n = 10) (Table 1, Supplementary Table S1).

The first study visit took part within 14 days after the
first positive SARS-CoV-2 RT-qPCR test (day 1, visit V1)
and included a VOC-specific PCR for determining the
SARS-CoV-2 VOC. Follow-up visits were carried out on
day 8 ± 1 (V2), day 15 ± 1 (V3), day 22 ± 2 (V4) and
between 4 and 6 months (V5) after the initial visit,
respectively. As V3 was an optional visit according to the
study protocol, which was only carried out in a minority
of individuals, this study visit was not included in this
analysis. The participant sex data was self-reported.

Pseudotype neutralization assay
The capacity of sera to neutralize different SARS-CoV-2
variants was determined using a lentiviral pseudotype
assay, as described previously.22

In brief, an inoculum of 2.5*10ˆ5 rlu/384-well of
lentiviral particles expressing luciferase and pseudo-
typed with SARS-CoV-2 spike protein was neutralized
with a 2-fold serum dilution series for 1 h. Luciferase
activity was determined 48 h post-infection of
HEK293T-ACE2 + -cells using BrightGlo (Promega
Corp, Madison, WI, USA). The 50% inhibitory dilution
(ID50) of the sera was calculated using GraphPad Prism
8 (San Diego, CA, USA) after normalizing to nonin-
fected and infected cells and curve fitting with the al-
gorithm “log (inhibitor) vs. normalized response”.
Neutralizing antibody titres were determined against
the variants WT/D614G, Alpha (B.1.1.7), Delta
ccinated Unvaccinated All All All Total Vaccinated Unvaccinated

icron Omicron Alpha Delta Omicron Total Total Total

8 32 134 63 229 173 56

30 39.5 37.5 34 38 39 31.5

.5–45.5 29–37.5 32.8–46.3 28–49 29–45.5 29–48 29–49 28–46.5

4 24 78 33 135 100 35

.7 50 75 58.2 52.4 59 57.8 62.5

8 – 76 95 108 95 95 –

–140 – 61.8–87.8 56.3–134.5 83.5–140 65–132.6 65–133 –

1 6 21 6 33 25 8

1 12.5 18.8 15.7 9.5 14.4 14.5 14.3

moking status, vaccination status and days between last vaccination and study inclusion (days after vax, “–” means
ile range (IQR).
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(B.1.617.2), Omicron BA.1, BA.2, BA.5 and BQ.1.1,
XBB1.5 and JN.1 (for V5).

Reagent validation
The HEK293T-ACE2+ cell line was kindly provided by
Stephan Pöhlmann, it was sourced from the DSMZ
(Cat. No.: ACC-635, RRID: CVCL_0063) and validated in
his Lab. ACE-2 expression was validated by Western
Blotting. Cells were regularly tested for Mycoplasma
infection by PCR (MycoSPY Master Mix, Biontex, M020-
050).

Magnitude-breadth analysis
As both, magnitude (nAb titre) and breadth (percentage
of VOCs neutralized) of serum neutralization are
important criteria for the evaluation of humoral im-
munity, we utilized the concept of magnitude-breadth
curves, as described early for the analysis of humoral
HIV immunity.23–25 In brief, for each serum and time
point, a Kaplan–Meier style curve was calculated using
the neutralization data against all tested variants. Curves
were calculated with “50% neutralization of one variant”
defined as the “event of interest” and the “time-to-event”
representing the 50% inhibitory concentration (IC50)
for that variant. Thus, yielding a curve representing the
magnitude of the immune response on the x-axis and
the breadth, represented by the percentage of variants
neutralized, on the y-axis. Magnitude-breadth curves for
each group were calculated as the sum of individual
curves divided by the number of individuals in the
group. In addition, areas under the curve (AUC) were
calculated for each magnitude breath curve, which fa-
cilitates the comparison of neutralization magnitude-
breadth results between the different groups and visits.

Antigenic cartography
Antigenic maps and antibody landscapes were calcu-
lated in R26 as previously described by others.27–29 In
brief, antigenic cartography quantifies and visualizes
neutralization data. It uses a two-dimensional antigenic
map to represent the difference in log2 titres between
antiserum S and antigens A and B. Modified multidi-
mensional scaling arranges the points on the map to
match the target distances from the neutralization data.
The resulting map shows the antigenic distance, with
distances between antigens and antisera inversely
related to log2 titres. Antigenic maps were computed
using the Racmacs package.30 Maps were constructed
with 1000 optimizations, setting the minimum column
basis parameter to “none”. Map bootstrap was per-
formed by randomly resampling the dataset with
replacement 1000 times, calculating new maps with
those samples and reoptimizing each map 100 times, as
further specified in the racmacs package reference.
Finally, a blob representing one standard deviation of
the antigen position was calculated from the resulting
bootstrap positions.
Antibody landscapes were generated by adding a
third dimension to the antigenic map represented by the
geometric mean titres to each variant and subsequently
fitting a cone-shaped object. Landscapes were calculated
using the ablandscapes package by Sam Wilks.31 Further
packages used were: tidyverse, meantiter, r3js,
htmlwidgets, webshot 2, grid, gridExtra, and patchwork.

Regression analysis
After explorative Spearman correlation, generalized ad-
ditive regression in R was used to jointly investigate the
association of quantitative nAb levels against the BTI
variant (IC50) with time after vaccination until BTI and
breakthrough variant among vaccinated study partici-
pants. Separate models were calculated for the different
visits. Smoothing terms were calculated using a thin
plate regression spline basis, with automatic selection of
the effective degrees of freedom. We illustrated the
model results by inspecting the estimated (non-linear)
associations and visualizing the predicted antibody
levels over the range of observed times after the last
vaccination until alpha, delta, and omicron infected,
respectively. The models were estimated using the
mgcv-package in R.32

Adjustment to study centre effects and varying
days of the visit
To adjust the neutralization data for study centre effects
and varying visit days, a Tobit model was selected as the
most suitable approach due to the upper and lower
censoring of the neutralization data. Biologically,
different directions and strengths of visit day effects are
expected at different time points (e.g. increasing titres
over time at visit 1 vs. waning titres at visit 5). Therefore,
according to the principle of parsimony, separate
(simpler) models were calculated for each visit opposed
to one large but complex model accounting for those
effects. To avoid overadjustment in the later visits, the
day of the visit was scaled to the mean day of the current
visit for each visit.

To ensure robustness, we chose a more stringent
model using the larger groups of vaccinated and un-
vaccinated individuals, rather than the smaller groups
also stratified by infection or breakthrough variant. This
approach minimizes the risk of fitting bias due to single
outliers in the smaller groups, yet it implies the risk of
non-adjustment for individual effects in those smaller
groups. For study centre effects, centre 5 (University
Hospital Regensburg), which provided the most partic-
ipants, was used as the baseline. Thus, all models were
calculated with neutralization titres dependent on the
neutralized virus variant, the number of days between
the first positive PCR test and the current visit, vacci-
nation status, study centres, and interaction effects be-
tween the visit day and vaccination status. Finally, all
neutralization values were corrected for study centre
effects, visit day effects, and the interaction effects of
www.thelancet.com Vol 110 December, 2024
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visit day and vaccination status, specific to each visit.
Combined variance accounted for by the models was
calculated by correlation of predicted values of all
models combined, with measured values.

Finally, adjustment of neutralization values was
performed utilizing the tobit-models’ effects as linear
effects and applying post-adjustment censoring to the
adjusted values to still comply with the experimental
upper and lower bound of 1 and 2561. Cases with
missing data were excluded from initial modelling, but
if possible, adjusted using available data, else they were
excluded.

Machine learning models
Random forest models with 500 trees as well as neural
networks were utilized to predict the infecting variant
(Alpha, Delta, Omicron) of either vaccinated or unvac-
cinated individuals from their neutralization titres
(IC50) against all tested VOCs. Thus, utilizing models
with the titres against D614G, Alpha, Delta, BA1, BA2
and BA5 as features and virus (Alpha, Delta, Omicron)
as a target on data filtered by vaccination status and visit.
Data was split in half into training and testing data by
random sampling of the single groups. To avoid
learning bias from different group sizes we used a
method inspired by bootstrapping with monte-carlo
simulation. In brief, the amount of learning data was
increased by random but group stratified resampling
from the available training datasets to gain a total of 999
equally fractioned training datasets. To avoid over-
learning from the resampling process, additional noise
was introduced in all resampled values while keeping
the overall neutralization profile. Single values were
randomly drawn from a generated normal distribution
of 50 values with a mean of the original value and a
standard deviation of 10% of the original value. As a
compromise of avoiding bias and improving accuracy, a
brute-force approach was used: 100 models were
calculated on the generated training data set and
checked for predictive accuracy using the respective test
dataset. After keeping the best model, novel datasets
were generated as described above and utilized to
calculate 100 new models. This process was looped 100
times finally reporting the mean metrics of all 100
models calculated on the different datasets. Separate
models were calculated for the vaccinated and unvacci-
nated subgroups as well as for the different visits. For
neural networks, hyperparameter selection (3–5 neu-
rons in the first, 0 to 3 neurons in the second hidden
layer) was performed by calculating 10 models of each
possible configuration, using the dataset for vaccinated
individuals at visit 4, the visit with the assumed highest
effect and the lowest chance of bias. The simplest
configuration resulting in the best mean accuracy was
chosen. Finally, shallow neural networks with 5 neurons
in one hidden layer, using a maximum of 109 gradient
steps for adjusting the weights of the network and a
www.thelancet.com Vol 110 December, 2024
threshold of 0.1 for the partial derivatives of the error
function to stop learning. Networks were trained for 100
independent datasets, generated as described above,
finally reporting the mean accuracy of all models.
Models were calculated in R using the randomForest
and neuralnet packages.

Statistical analysis
For intergroup comparison, we used Kruskal–Wallis
tests combined with post-hoc Dunn’s-corrected multi-
ple comparison tests, while we used Friedman tests with
Bonferroni-corrected post-hoc Wilcoxon testing for lon-
gitudinal/paired comparisons (e.g. visits). Two vs. three
times vaccinated groups were compared using a Mann–
Whitney U test. Individuals with Adenovirus/Vector
vaccination were compared to individuals with mRNA
vaccination using Mann-Whitney-U tests. The propor-
tion of current smokers, defined by self-reported ciga-
rette smoking, and sex distribution for individual
groups was evaluated using Fisher’s exact tests. Age
differences between groups as well as the days between
vaccination and infection were assessed using the
aforementioned Kruskal-Wallis-tests. Differences be-
tween magnitude-breadth curves were assessed by log-
rank-tests, while differences between the AUCs were
assessed by Kruskal–Wallis tests combined with post-
hoc Dunn’s-corrected multiple comparison tests.
Finally, due to unknown demographics and total
numbers of the infected population with or without
vaccination at the time of sampling it was impossible to
judge the cohort’s representativeness or perform valid
sample size calculations, which should be considered
when interpreting the study results and is further dis-
cussed later.

Multivariate analysis
For multivariate analysis we utilized PERMANOVA
models with post hoc pairwise comparison, due to the
non-normality of censored neutralization data. As some
possible influencing variables like number of vaccines,
vaccine type/vector vaccine or days_since_vax were non
applicable for unvaccinated individuals, and missing
values are unsupported by the method, two models were
calculated. Modelling neutralization distances at the
four visits as a function of age, gender, smoking status,
virus to be neutralized, infection variant for the unvac-
cinated individuals, adding in the aforementioned
vaccination specific variables for the vaccinated in-
dividuals. To adjust post-hoc comparison, we utilized a
tobit-model to retrieve residuals of neutralization as a
function of visit, age, gender, smoking status, virus to be
neutralized. Additionally, for vaccinated individuals
including number of vaccines, vaccine type/vector vac-
cine and days_since_vax. Here, infection variant was not
included as it ought to be post-hoc analysed. Afterwards,
we performed pairwise PERMANOVA on the distance
matrix of residuals.
5
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Software
Statistical analysis was performed using SPSS Statistics
(version 29.0.0.0 (241), IBM Corp. Released 2021. IBM
SPSS Statistics for Windows, Version 28.0. Armonk,
NY, USA), GraphPad Prism 8 for Windows (version
8.0.1, GraphPad Software, San Diego, CA, USA) or R
(version 4.2.3, R core team, Vienna, Austria) in RStudio
(2023.12.0 Build 369, RStudio Team, Boston MA, USA).

Ethics
Written informed consent was provided by all study
participants, the study was approved by the Ethics
Committee of the Friedrich-Alexander-University
Erlangen-Nürnberg, Germany (vote 46_21 B) and
adopted by the local ethics committees of all other study
centers. The study complies with the 1964 Declaration
of Helsinki and its later amendments. The Clinical
Trials registration was DRKS00024739.

Role of funders
This work was funded by the Bavarian State Ministry of
Science and the Arts for the CoVaKo study and the
ForCovid project. The funder had no influence on the
study design, data analysis or data interpretation.
Results
Descriptive analysis of the study cohort
In total, 229 individuals (173 BTIs and 56 non-BTIs)
were included (Table 1). The majority of the two-times
and the three-times vaccinated individuals received the
BNT162b2mRNA (BioNTech/Pfizer) vaccine (n = 104,
83.2% and n = 36, 75.0%, respectively) (Supplementary
Table S1). The vaccinated group comprised of in-
dividuals with a median age of 39 years (IQR 29–49),
57.8% (n = 100) being women and 14.5% (n = 25) cur-
rent smokers whilst the unvaccinated group included
individuals with a median age of 32 years (IQR 28–47), a
female share of 62.5% (n = 35) and 14.3% (n = 8) cur-
rent smokers. Comparing variant-stratified vaccinated
and unvaccinated groups, no significant differences in
age (p = 0.443), sex (p = 0.481), or smoking status
(p = 0.670) composition could be found. The median
interval in days from the last vaccination was 76 ± 32,
95 ± 55, and 108 ± 46 days for Alpha, Delta, and Omi-
cron BTIs, respectively. Comparing those intervals, we
found significant differences between Alpha and Omi-
cron BTIs (p = 0.002). Previous infection was excluded
by N-antibody measurements, health authority data and
self-reporting as described in Prelog et al.21

Adjustment for follow up time and study centre
effects
As this study was comprised of individuals sampled in
multiple study centres at varying time points for each
visit, bias/effects from both, study centres or follow up
time could not be excluded. On top, biologically,
different effects (e.g. raising titres with time after the
initial infection, waning titres at the long term visit)
were to be expected from follow up time for the different
visits. Thus, all neutralization data was adjusted for
those effects utilizing four tobit models, one for each
visit. Combining the predictions of the single models
for the whole dataset, overall variance accounted for by
the models was 0.69. The models identified several
significant influences of all, study centres (2 and 4 at
visit 1; 2,3 and 4 at visit 2; 2 and 4 at visit 4; 1,3 and 4 at
visit 5), follow up time (visit 1 and visit 4) and interac-
tion of vaccination status and follow up time at visit 5,
justifying the adjustment. Effect strength and direction
were, as biologically expected, varying at the different
visits, justifying the splitting of the models to the
different visits (Supplementary Figure S1). However,
those models could, because of smaller group sizes, not
adjust for possible additional group specific effects, thus
a remaining group specific bias from study centre and
follow-up time cannot fully be ruled out.

Neutralization assays of alpha/delta/omicron-
infected groups
The samples of vaccinated and unvaccinated partici-
pants of the Alpha-, Delta- and Omicron-infected groups
were analysed for their neutralizing antibodies against
the WT/D614G and the VOCs Alpha, Delta, Omicron
BA.1, BA.2, and BA.5 at four timepoints (V1, V2, V4,
V5; see Fig. 1), and additionally against the VOCs
BQ1.1, XBB.1.5 and JN.1 at V5 (Supplementary
Figure S2).

In general, for infections with the SARS-CoV-2 Delta
and Omicron VOC, a higher median neutralization ca-
pacity was found for vaccinated individuals compared to
the unvaccinated groups at all visits, in the variants with
minor antigenic distance against the vaccine antigen
(e.g. D614G, Alpha, Delta). Nevertheless, a high nAb
titre was found for unvaccinated individuals tested
against their infecting variant. Noteworthy, Omicron
infection in unvaccinated individuals resulted in overall
low nAbs against all tested PV variants except for the last
visit, where omicron-specific nAbs started to increase.
Consequently, individuals with Omicron BTI did benefit
most from prior vaccination regarding their nAb
response against variants tested here with less antigenic
distance to the vaccine antigen than BQ1.1, where
overall nAb titres started to decline correspondingly.

Additionally, sera at V5 (140 d, IQR 133–150 d after
infection) were analysed for their neutralization capacity
against the Omicron variant BQ.1.1, XBB.1.5 and JN.1
(Supplementary Figure S2). Differences were analysed
by Kruskal–Wallis tests with post-hoc Dunn’s tests. The
highest BQ.1.1 nAb titres were found in individuals
with Omicron infection history, whilst median IC50s
were comparable in vaccinated and unvaccinated in-
dividuals. BQ1.1 nAb titres in the Omicron infected
were significantly higher than those determined in the
www.thelancet.com Vol 110 December, 2024
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Fig. 1: Neutralization assays against different SARS-CoV-2 variants for vaccinated and unvaccinated Alpha, Delta and Omicron infected
study groups. Neutralizing antibody responses of vaccinated (V, n = 171) and unvaccinated (U, n = 56) individuals at visit 1, 2, 4 and 5 after
infection with Alpha (A, n = 32), Delta (D, n = 132) or Omicron (O, n = 63) (as indicated on the x-axis). Shown are the dilution factors for 50%
Inhibitory concentration (IC50) for WT/D614G, Alpha, Delta, Omicron BA.1, Omicron BA.2 and Omicron BA.5 spike, as indicated by the in-
dividual graph titles. The assay cut-off (IC50 = 20) as well as saturation (IC50 = 2560) are indicated by dashed lines. IC50s were measured in
three replicates. Median and interquartile ranges are indicated by the red horizontal line and whiskers.
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Alpha and Delta infected individuals, regardless of
vaccination status, respectively (p-values denoted in the
figure). NAb titres were lowest after infection and BTI
with the alpha VOC. Only in the Delta-infected group,
vaccinated individuals showed higher nAb titres against
BQ.1.1. in comparison to unvaccinated individuals
(p = 0.0001)[ Dunn’s]. Moving to the more recent vari-
ants XBB.1.5. and JN.1 a similar pattern was revealed,
though with notably lower overall response revealing a
loss of differences between the vaccinated and unvac-
cinated individuals with omicron infection history.
Regarding vaccinated individuals: while for BQ.1.1 a
significantly increased titre was found for omicron BTI
compared to Delta BTI (p < 0.05) and Alpha BTI
(p < 0.001), XBB.1.5 neutralization reached significance
only for Delta BTI (p < 0.001)[ Dunn’s]. Regarding JN.1
neutralization significance was lost for both Alpha and
Delta BTI.

Furthermore, we determined the variant-specific
neutralization profiles normalized to the infecting
variant for each group (Supplementary Figure S3).
Distinct neutralization profiles were found for Alpha,
Delta, or Omicron infected individuals peaking for
the infecting VOC, respectively. The vaccinated
groups revealed an additional maximum for WT/
D614G corresponding to the vaccine-encoded antigen
(Supplementary Figure S3 a–c).

Effects of booster vaccination, adenoviral-vector
vaccination and time between vaccination and BTI
An important covariate to be considered is the number
of vaccinations. Therefore, we utilized our vaccinated
Omicron group, the only one where individuals received
either 2 or 3 vaccinations (Supplementary Table S1).
Noteworthy, whereas no significant differences in
neutralization capacity could be found for all variants
during V1 – V4, the triple-vaccinated individuals
revealed (significantly) higher IC50 titres for the VOCs
Alpha (p < 0.05), Delta (p = 0.055), BA.1 (p < 0.05) and
BA.2 (p < 0.05)[Mann–Whitney] at V5 compared to the
double-vaccinated group (Supplementary Figure S4).

We further analysed the impact of adenoviral vector-
based vaccines in comparison to vast majority of par-
ticipants who received only mRNA based vaccines. Due
to the heterogeneity of vaccination regimens (see
Supplementary Table S1) in combination with low
numbers of participants, all participants who received
any vector-based vaccine (Janssen or Astra-Zeneca) at
any point in their vaccination history (first, second, third
or multiple) were pooled as the “vector-vaccinated
group” (n = 18). To evaluate on general effects,
neutralization titres against all variants were pooled as
overall neutralization. Here, no significant differences
between individuals in the vector-vaccinated group and
individuals without any vector vaccination were found at
any visit (Supplementary Figure S5a). Regarding variant
and visit specific effects (Supplementary Figure S5b) we
found significantly increased titres in the vector-
vaccinated group at visit 5 against D614G and Alpha
(p = 0.042 & p = 0.048) [Mann–Whitney].

Additionally, the effects of the time intervals between
vaccination and BTI on the nAb response towards the
infecting variant were investigated. Spearman correla-
tion revealed significant but poor correlation only for V2
and V5 (p = 0.030, rho = 0.165 and p = 0.002,
rho = 0.238, respectively). Subsequent nonlinear
regression models exhibited non-significant or insuffi-
cient fits for all visits. Overall, only a maximum of 9.39%
of the individual IC50 deviance could be explained by
the best model (for visit 5). Breakthrough variant strat-
ified analysis of did not reveal any significant smooths
(Supplementary Figure S6).

Magnitude-breadth analysis of alpha-/delta-/
omicron-infected groups
To explore and visualize differences in the magnitude
and breadth of neutralizing antibodies responses,
infection variant and vaccination-status stratified
(U = unvaccinated, V = vaccinated; A = Alpha infection,
D = Delta infection, O = Omicron infection) magnitude-
breadth curves were calculated for the study visits V1,
V2, V4 and V5 (Fig. 2a–d). The corresponding AUCs
were determined based on the nAb titres against WT/
D614G, Alpha, Delta, Omicron BA.1, BA.2, and BA.5,
respectively (Fig. 2e).

In line with the analysis of single variant neutrali-
zation, vaccinated groups revealed consistently higher
magnitude-breadth than unvaccinated groups between
visits V1 and V4 (Fig. 2a–c, e). While the unvaccinated
groups showed very low magnitude-breadth profiles at
V1, higher and comparable magnitude-breadth was
observed in all vaccinated groups (Fig. 2a–e). Whereas
the magnitude breadth profiles of all unvaccinated
groups remained at overall low levels (V2–V4) ([Fried-
man test] V1–V4 p (UA) = 0,6529, p (UD) < 0.0001, p
(UO) = 0,1993), a significant increase was found for all
vaccinated groups, respectively ([Friedman test] V1–V4 p
(VA) < 0.0001, p (VD) < 0.0001, p (VO) < 0.0001)
(Fig. 2b, c, e). At visit 1, significantly increased
magnitude-breadth was found for vaccinated omicron
infected compared to vaccinated individuals with delta
BTI ([Kruskal–Wallis with Dunn’s] p < 0.01) yet not for
alpha BTI ([Kruskal–Wallis with Dunn’s] p = 0.184).
Else, until V4 no significant variant-specific differences
in magnitude-breadth levels were observed neither in
the vaccinated nor the unvaccinated groups (Fig. 2e).

In contrast, the long-term visit V5 revealed signifi-
cant differences ([Kruskal–Wallis] V5 p < 0.0001) be-
tween variant stratified groups. Alpha BTIs lost
neutralization magnitude and breadth ([Friedman-
Dunn’s] p (VA V4 vs. VA V5)<0.0001) and yielded
significantly lower AUCs compared to Omicron BTIs
([Kruskal–Wallis Dunn’s] p (VA V5 vs. VO V5)<0.05),
dropping down to the unvaccinated groups level (Fig. 2d
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Fig. 2: Magnitude-breadth analysis for all study groups at the different visits. Magnitude-breadth curves of the vaccinated & Alpha infected
(VA, n = 24), unvaccinated Alpha infected (UA, n = 8), vaccinated & Delta infected (VD, n = 92), unvaccinated Delta infected (UD, n = 40),
vaccinated & Omicron infected (VO, n = 55) and unvaccinated Omicron infected (UO, n = 8) groups at visit 1 (V1), visit 2 (V2), visit 4 (V4) and
visit 5 (V5) (a–d). e Magnitude-breadth curves at V5 with the variant BQ.1.1 included in the analysis. f Calculated Areas under the curve (AUC) of
the magnitude-breadth curves in a-d for each infection variant-vaccination status combination sorted by visits. Statistically significant dif-
ferences are indicated by p values (*p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001) [Kruskal–Wallis test and post-hoc tests adjusted by
Dunn’s correction for multiple tests].
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and e). Though magnitude-breadth profiles for Delta
and Omicron BTIs also significantly decreased
compared to V4 ([Friedman Dunn’s] p (VD V4 vs. V5)
www.thelancet.com Vol 110 December, 2024
<0.0001; p (VO V4 vs. V5) <0.0001), the magnitude-
breadth AUC remained significantly higher compared
to unvaccinated groups. At V5, Omicron BTIs showed
9
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though not significant compared to Delta BTI, the
highest median neutralization magnitude-breadth AUC
of all groups ([Kruskal–Wallis Dunn’s] p (VO vs.
VD = 0.156), p (VA vs. VO < 0.05)), which was also seen
when including neutralization data for Omicron BQ.1.1
(Fig. 2f).

To provide an additional layer of comparison, log-
rank tests were performed to compare the overall
magnitude breadth curves (Supplementary Figure S7),
confirming our AUC-based comparison of curves. At
visit 1–4, significantly higher magnitude breadth was
found for all vaccinated groups compared to the un-
vaccinated groups ([log-rank] all p < 0.0001). At visit 1,
Omicron BTI exhibited even higher initial magnitude
breadth than Delta or Alpha BTI ([log-rank] both
p < 0.0001). At visit 2 and 4, significantly reduced
magnitude breadth was found for Omicron infection
without vaccination compared to Alpha or Delta infec-
tion ([log-rank] all p < 0.0021). As opposed to comparing
AUCs, Omicron BTI elicited a significantly higher
magnitude breadth compared to Delta BTI ([log-rank]
visit 2 p = 0.0144, visit 4 p = 0.0135). At visit 5, Omi-
cron BTI still exhibited a significantly higher magni-
tude breadth than Delta BTI ([log-rank] p = 0.0459) and
Alpha BTI ([log-rank] p = 0.0017), while Delta BTI
exhibited a significantly increased magnitude breadth
compared to Alpha BTI (p = 0.0459). Surprisingly,
magnitude breadth of Omicron infected without a
vaccination increased at visit 5 to similar levels as
Alpha infection, leaving delta infection in the last place
([log-rank] p Alpha vs. Delta <0.0001, p Omicron vs.
Delta = 0.0062).

Noteworthy, a subgroup analysis of the two-vs. three-
time-vaccinated individuals with Omicron BTI
(Supplementary Figure S8) at V5 revealed that the
magnitude breadth level of triple-vaccinated individuals
remained significantly higher in comparison to 2x
vaccinated individuals ([Mann–Whitney] p (O3xV vs.
O2xV) = 0.0384) on the level of the previously analysed
vaccinated Omicron BTI group (Supplementary
Figure S8). The 2x vaccinated individuals with Omi-
cron BTI dropped to levels similar to those of 2x vacci-
nated individuals with Delta BTI. Like the previous
analysis, no significant differences regarding magnitude
and breath were found in 2x or 3x vaccinated between
V1 and V4 (Supplementary Figure S8).

Multivariate analysis
Multivariate analysis was conducted using separate
PERMANOVA models for individuals with vaccination
as well as individuals without vaccination, this enabled
inclusion of vaccine-specific variables such as days be-
tween vaccination and infection, number of vaccina-
tions, and if the individual received any vector vaccine.
Those were included on top of sex/gender, age, smoking
status, neutralized variant, and infection variant as used
for modelling individuals without vaccination.
For vaccinated individuals, we found significant
impact of age (p = 0.001), number of vaccinations
(p = 0.009), time between vaccination and infection
(p = 0.001), virus to be neutralized (p = 0.001), and the
infection variant (p = 0.001) on neutralization. Post-hoc
pairwise PERMANOVA testing adjusted for all afore-
mentioned variables utilizing tobit models identified
significant differences between Omicron and Delta BTI
(p = 0.006) as well as Omicron and Alpha BTI (p = 0.015)
but no differences between Delta and Alpha BTI
(p = 0.158).

Similarly, significant impact of the infection variant
(p = 0.001) and virus to be neutralized (p = 0.001) was
found for individuals without vaccination before infec-
tion. In contrast to vaccinated individuals, age did not
have an impact in unvaccinated individuals (p = 0.978)
but a significant impact was found for smoking
(p = 0.005). Adjusted post-hoc pairwise PERMANOVA
testing revealed significant differences between all
cross-compared groups: Delta, Omicron and Alpha
infection (all p = 0.003).

To further explore the differences between in-
dividuals with or without vaccination, we utilized a tobit-
model (modelling neutralization against gender, age,
nicotine consumption, infection variant, vaccination
status, neutralized virus and visit, with interaction ef-
fects of infection variant and vaccination status) to
adjust for age, gender and nicotine consumption. Here,
the model identified significant positive effects for age
(p = 0.0031) and negative effects for nicotine con-
sumption (p (yes) = 0.0028), whereas gender didn’t
show significant impact. Of note, the model already
identified a highly significant positive impact of vacci-
nation (p < 0.001). After adjustment, PERMANOVA
revealed highly significant influence (p < 0.001) of vac-
cine status, neutralized virus, and infection variant,
whereas pairwise post-hoc PERMANOVA revealed
highly significant differences between vaccinated and
unvaccinated individuals (p < 0.001) with an R2 of 0.149.

Antigenic mapping and antibody landscapes
Subsequently, we used our neutralization data to
construct antigenic maps, visualizing the antigenic
relationship of the tested viruses and antibody re-
sponses elicited in the different groups, for all study
time points (Fig. 3). The mapped distances between
VOCs and the relative placement of the individual
antisera, respectively, correspond to the antigenic rela-
tionship and indicate the profile of the antibody
response for the respective groups at the indicated time
points (V1-5).

At early convalescence (V1–V2), the sera of the
vaccinated groups cluster mainly around the vaccine-
matched WT/D614G strain, regardless of the infecting
VOC. This suggests that vaccine-primed nAb specific-
ities are extended in the first place. Beginning at V2 and
towards the peak of the neutralizing antibody responses
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Fig. 3: Antigenic maps for SARS-CoV-2 variants. Antigenic maps for four different study time points (V1, V2, V4 and V5) based on sera of
vaccinated (n = 171) and unvaccinated (n = 56) participants with Alpha, Delta or Omicron (n = 32, 132, 63, respectively) infections. The SARS-
CoV-2 variants are shown as big, coloured circles on the map Wuhan/D614G (red), Alpha (purple), Delta (blue), Omicron BA.1 (orange), BA.2
(yellow), BA.5 (green) and BQ.1.1 (grey) and respective individual sera are indicated as small squares (vaccinated) or small circles (unvaccinated)
in purple, blue and orange for Alpha, Delta or Omicron infections, respectively. The y- and x-axes of the map both represent antigenic distance.
Each grid square (1 antigenic unit) represents a 2-fold change in neutralization titre. Row one are maps including all sera, while rows two and
three show only the sera of vaccinated or unvaccinated individuals, as indicated.
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at V4, the sera of the vaccinated groups shift with time
towards the respective infecting variant (e.g. sera from
Alpha BTI shifting towards the Alpha variant). Inter-
estingly, in the long-term (V5) the sera from all BTI
groups revoked and shifted back towards the vaccine-
matched WT/D614G strain (Fig. 3).

In contrast, the sera from unvaccinated individuals
were initially more widely distributed at V1, mainly due
to initially very low neutralization titres, but at the later
visits increasingly clustered around the infecting
variant, most pronounced at peak neutralizing re-
sponses at V4. At V5, the localizations of the unvacci-
nated sera dispersed again, likely due to the lower
overall neutralization titres (Figs. 3 and 1). Boot-
strapping and calculation of confidence intervals
confirmed the localization of virus variants on the map,
while the highest insecurity was found for BQ.1.1 at V1,
and the highest confidence levels were achieved at V4
(Supplementary Figure S9).
www.thelancet.com Vol 110 December, 2024
Finally, antibody landscaping complemented anti-
genic mapping by the addition of quantitative neutrali-
zation information. Confirming our magnitude-breadth
analysis, we found an increased and broadened
response in vaccinated vs. unvaccinated individuals at
V1–V4 (Fig. 4). Similar shapes and magnitudes were
calculated for the vaccinated groups at V1 and V2. In
contrast, obvious differences amongst the vaccinated
groups were revealed at peak response (V4). This is
particularly evident comparing the tilt of the Omicron
BTI group displaying a peak at the map’s BA.1/2 cluster
with the Delta infected individuals peaking at the map’s
Alpha/Delta cluster (Fig. 4). This was true for both, the
two times and three times vaccinated after Omicron BTI
(Supplementary Figure S10). At V5 tilting reverted back
towards a peak at the WT/D614G strain, leaving similar
landscapes for both, Delta and Omicron BTI. Addi-
tionally, sustained neutralization magnitude and
breadth were found after Omicron or Delta BTI, while
11
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Fig. 4: Antibody landscapes for each study group. Coloured surfaces show the fitted geometric mean titre (GMT) antibody landscapes for the
different study groups vaccinated & Alpha infected (dark purple, n = 24), unvaccinated Alpha infected (light purple, n = 8), vaccinated & Delta
infected (dark blue, n = 92), unvaccinated Delta infected (light blue, n = 40), vaccinated & Omicron infected (dark yellow, n = 55) and un-
vaccinated Omicron infected (light yellow, n = 8). While the base x-y plane corresponds to the antigenic map shown in Fig. 3, grey impulses
show the height of the GMT for specific SARS-CoV-2 variants. The vertical z-axis in each plot corresponds to the GMT on the log2 scale, each
two-fold increment is marked, starting from a titre of 20 at the map surface. The antibody landscapes for visit 1 can be seen in the upper left
panel, visit 2 in the upper right panel, visit 4 in the lower left panel and visit 5 in the lower right panel.
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Alpha BTI reverted back towards the levels of unvacci-
nated groups (Fig. 4).

Machine learning models to predict infecting VOC
from neutralization profiles
To confirm expansion of the nAb profile towards the
break-through infecting variant, random-forest models
were trained to predict the infecting VOC (Alpha, Delta,
Omicron) from the neutralization profile in break-through
infected or infected individuals. Reported are mean accu-
racies and errors of 100 models trained and tested on
independently generated datasets. Out-of-bag error was at
4.38% for the vaccinated at V4 and below 1.1% for all other
conditions, showing solid training for all models (Fig. 5a).

In unvaccinated individuals, model accuracy
increased from 72.5% (visit 1) to 87.8 and 87.1% for V2
and V4, respectively, staying at a high level of 78.7% for
the long-term visit (V5). Similarly, model accuracy in
vaccinated individuals started with 71.3% (V1),
increased to 76.1% (V2), peaked at V4 (77.3%) and
slightly decreased towards the long-term V5 (75.3%).
Model accuracies for the break-through infected were
slightly reduced compared to the unvaccinated group.
However, overall prediction of the infecting variant was
still reliable in all BTI models, especially at V4. This
provides additional proof, of a strong shift in overall
immune profiles following BTI - despite prior vaccina-
tion (Fig. 5b).

Consistently lowest variant-specific accuracy
(25–70%) was found for Alpha BTI throughout all visits,
slightly increasing towards visit 2 and 4. For Delta and
Omicron, increased accuracies were found for V2 and
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Fig. 5: Machine learning model accuracy and error rates. a Out of bag error rate of random forest models for the vaccinated, breakthrough
infected and unvaccinated, infected groups at the visits 1,2,4 and 5. b Random forest model accuracies for the vaccinated and breakthrough
infected or unvaccinated and infected groups at the visits 1,2,4 and 5 on an independent test dataset. c Variant-specific accuracy in vaccinated
and breakthrough infected individuals for visit 1,2,4 and 5 d Variant-specific accuracy in unvaccinated and infected individuals for visit 1,2,4 and
5. e Exemplary neuron configuration of the neural networks used. With 6 input neurons, one hidden layer of 5 neurons and three output
neurons giving the probability for A (Alpha), D (Delta) and O (Omicron) infection. f Neural network model accuracies for the vaccinated and
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V4, staying high at the long-term V5, similar to the
general model accuracy. Highest accuracies were ach-
ieved for omicron BTI. A similar pattern was found for
the unvaccinated and infected (Fig. 5c and d).

Random forest results were independently verified
by training neural networks as exemplarily shown in
Fig. 5e, achieving accuracies of 51.8, 57.6, 61.9 and
61.1% for the breakthrough infected individuals and
72.6, 85.7, 84.7 and 79.7% in the infected individuals for
the respective visits (Fig. 5f).
Discussion
Our study demonstrated that hybrid immunity, i.e. the
immune response acquired by vaccination and subse-
quent BTI is superior to infection-induced immunity
alone in terms of magnitude, breadth, and durability of
the neutralizing immune response. Yet, an antigenically
closely related immune response of limited magnitude
and breadth, may still be superior against a newly
emerging VOC, compared to an antigenically distant
immune response of high magnitude and breadth. The
highest magnitude and breadth were observed in BTIs
with the VOCs Delta and Omicron, which are antigen-
ically most distant to the vaccine-encoded wildtype-
based SARS-CoV-2 spike. Nonetheless, even those
groups lost their long-term response against novel and
far distant variants like XBB1.5. and JN.1, whereas
Omicron infection without prior vaccination revealed a
significantly higher response against those far distant
Omicron descendants as compared to delta infection.
Noteworthy, a third vaccination, although based on the
original SARS-CoV-2 wildtype spike, significantly
improved the long-term magnitude-breadth profile,
while we didn’t find any impact of a vector vaccine
history. Antigenic mapping indicated specific neutral-
izing antibody profiles elicited by BTI or non-BTI, which
evolved differently depending on the infecting SARS-
CoV-2 VOC. Noteworthy this analysis provided evi-
dence of initial immune imprinting by vaccination prior
to BTI with any of the VOC. Finally, antigenic land-
scaping highlighted the impact of a third vaccination
and helped to quantitatively refine our finding of a long-
term bias towards immunity against the vaccine
antigen.

Whereas the majority of previous studies on BTI are
either based on smaller numbers of participants or
lacking long-term follow-up data,33–35 our prospective
and longitudinal multicentre study design comprised
229 participants, who were observed for a period of 4–6
months. A Kaplan–Meier function was introduced to
quantify and combine neutralization against multiple
breakthrough infected or unvaccinated and infected groups at the visits 1,
24 Alpha, 92 Delta and 55 Omicron; n (unvaccinated) = 56, thereof 8 Alp
methods, model replicates (Random Forest) = 10,000, model replicates (
SARS-CoV-2 VOCs (magnitude-breadth) at different
time points. Our data confirm and expand previous
findings showing that VOC BTIs enlarge the functional
neutralization footprint of wild-type based COVID-19
vaccines.36,37

Previous studies have found differences in in-
dividuals vaccinated with mRNA-based vaccines
compared to individuals receiving a combination of
Adenoviral and mRNA-based vaccines, levelled out by a
third vaccination.38 Our data suggest that those differ-
ences get largely levelled out by breakthrough infection,
though increased titres against D614G and Alpha hint
towards a slightly increased durability. However,
regarding the heterogenicity and size of the vector-
vaccinated group within this study-collective, those re-
sults should not be over-interpreted. A different cohort,
designed around this research topic would be needed to
provide more reliable insights. On top, our longitudinal
design combined with modelling identified follow-up
time after infection and breakthrough infection as well
as study centre effects as potential confounding factors,
which ought to be considered when conducting those
kinds of studies. Of note, despite our efforts to account
for those confounding factors in the vaccinated and
unvaccinated individuals, we can’t fully exclude addi-
tional infection-virus-group-specific effects, as group
sizes became too small to adjust.

Previous data have shown,36 that short- or long-time
intervals between vaccination and subsequent BTI
impede or enlarge neutralizing antibody levels, respec-
tively. Our data added evidence, that enlarged intervals
barely influenced short-term nAb responses against the
infecting VOC but had some positive impact on the
long-term outcome of the neutralization capacity.

Furthermore, a third vaccination was demonstrated
to have long-term benefit neutralization magnitude and
breadth,39–41 even for more recent VOC such as BQ.1.1.
Noteworthy, also the antigenic distance between the
spike antigen presented with the BTI and the spike
variant (WT/D614G) delivered by the vaccine signifi-
cantly impacts the magnitude-breadth profile of hybrid
immunity.33–35,42 In particular, our longitudinal analysis
demonstrates that the long-term neutralization
magnitude-breadth persisted at higher levels in Delta or
Omicron BTI if compared to Alpha BTIs, which are
antigenically most related to the COVID-19 vaccine.
This suggests that a durable nAb response with a high
magnitude-breadth is preferentially induced by expo-
sure to antigenically more distant Delta or Omicron
variants. Nonetheless, even those groups lost their long-
term response against novel and far distant variants like
XBB1.5. and JN.1, whereas Omicron infection without
2,4 and 5 on independent test datasets (n (vaccinated) = 171, thereof
ha, 40 Delta, 8 Omicron, each n simulated to 333 as described in the
neural networks) = 100).
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prior vaccination showed similar response against those
far distant Omicron descendants compared to vaccina-
tion and Omicron BTI.

Using antigenic cartography, initially developed to
evaluate the quality of neutralizing antibody responses
against multiple influenza variants,43 the analysis of sera
from unvaccinated infected individuals confirmed
distinct antigenic clusters, formed dependent on the
antigenic relationship of the analysed SARS-CoV-2 var-
iants.28,44,45 Additionally, we found different antibody
profiles depending on vaccination history and the
infecting VOC. Noteworthy, the longitudinal evolution
of antigenic maps in BTIs suggests an initial boost of
the vaccine-primed wildtype-directed nAb response fol-
lowed by a broadening of nAb responses towards the
infecting variant with time. At the long-term visit, a
subsequent contraction of the nAbs towards wild-type-
specific nAbs dominating could be observed.

This effect might be explained by either de-novo
stimulation of naïve B-cells or, alternatively, by affinity
maturation and/or expansion of already primed mem-
ory B-cells. Recent evidence based on antibody depletion
studies and longitudinal BCR sequencing convincingly
suggests boosting and expansion of imprinted B-cell
specificities as the most probable explanation for the
observed broadening of neutralization capacity.46,47 This
pattern hints towards a phenomenon referred to as
“immune imprinting”, which has previously been found
for other viruses such as influenza.12 Our data would
also be compatible with a de novo priming of VOC-
specific neutralizing B cell responses, peaking at V4,
but vanishing faster as WT specific neutralization due to
lack of expansion and affinity maturation. As evidenced
recently, more sustained responses to the new and
antigenically distant infecting variant could be achieved
by repeated contact eventually overcoming immune
imprinting.48 Both interpretations would be in agree-
ment with our quantitative analysis highlighting that
neutralization magnitude-breadth improved with anti-
genic distance of the VOC causing the BTI to the vac-
cine antigen. Further implications of those
phenomenons are effectively illustrated with our data of
an increased immune response towards novel Omicron
descendants such as BQ.1.1, XBB.1.5. and JN.149 in in-
dividuals with Omicron infection but no vaccination
history. Emphasizing, that a lower overall breadth, but
imprinted with an antigenically closer antigen may still
be beneficial over a high overall breadth but imprinted
with a distant antigen.

Finally, antibody landscaping27 affirmed and expanded
our magnitude-breadth analysis by resolving the contri-
bution of VOC specific neutralization. This was especially
relevant comparing Omicron and Delta BTI, which yiel-
ded different slopes and directions in their fitted land-
scapes, especially when the three times vaccinated
individuals were excluded. Subsequent reversion towards
similar peaks and slopes after Delta or Omicron BTI
www.thelancet.com Vol 110 December, 2024
regarding long-term nAb response provide further
confirmation for the observed long-term bias towards WT
SARS-CoV-2 neutralization. Random forest models and
neural networks reliably predicted the infecting and,
noteworthy, also the breakthrough infecting VOC from
the neutralization profiles, including at the long term V5.
This independently confirmed a sustained shift of the
neutralization profile towards the breakthrough infecting
VOC, despite prior vaccination and immune imprinting.
Of note, multiple potential risks can be associated with
machine learning-based data analysis, possibly resulting
in biased results50(Preprint). We tried to minimize bias
derived from sample imbalance by resampling and
counteract potential bias from overfitting, by introducing
noise into resampled values. Looking at the different
variant-specific accuracies, a consistently lower Alpha
accuracy implied, that those measures might positively
influence but still not fully equalize the bias derived from
small and imbalanced groups. This expresses the need
for larger cohorts or even combined databases of multiple
cohorts to yield more refined models. To minimize the
impact of this potential bias and still allow careful inter-
pretation, we reported mean accuracies of 100 indepen-
dent models on 100 independently drawn datasets.
Another relevant consideration is the neural network’s
lower predictive accuracy, despite the neural networks’
theoretical advantages in modelling complex, non-linear
relationships. This highlights their potential under-
performance in smaller datasets, once again under-
scoring the necessity of larger datasets and maybe
necessary inclusion of additional variables for more
refined models. Nevertheless, we think our work provides
a solid proof of concept for the usability of such models
in answering arising questions of the field.

Our study also has some limitations. Due to the lack
of pre-infection samples and analytical reference points,
we could not exactly determine the impact of preexisting
immunity. Furthermore, the comparably low number of
individuals in the unvaccinated Alpha and Omicron
groups could impact comparisons between non-BTIs
and BTIs, respectively. Nevertheless, the results shown
align with the results obtained for comparing Delta
infection with and without prior vaccination. Another
possible source of bias might derive from cohort dif-
ferences, in specific, significantly increased prevalence
regarding preexisting disease in individuals with vacci-
nation compared to unvaccinated individuals. However,
no significant differences were found regarding
immune-related disease.21 Furthermore, despite random
and multicentre recruitment of acutely infected in-
dividuals with and without prior vaccination reported by
health authorities, we cannot fully exclude potential
sampling bias e.g. due to individuals avoiding official
SARS-CoV-2 testing to evade strict quarantine regula-
tions or other confounding effects. Finally, unknown
demographics of the infected population with or without
vaccination at the time of sampling and thus unknown
15
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representativeness should be considered when inter-
preting the study results. Moreover, there is uncertainty
because of low statistical power for certain subgroups
formed ex post, such as unvaccinated omicron BTI, so
that effects may be undetectable in these cases.

In conclusion, our prospective and longitudinal
multicentre cohort study revealed that neutralization
capacity, breadth, and durability did benefit from the
number of vaccinations and antigenic distance between
the infecting VOC and the WT spike delivered via the
vaccine. Antigenic mapping, antibody landscaping, and
machine learning models affirmed distinct immune
profiles, shaped based on the infecting VOC and time
after BTI. Our longitudinal study design proved an im-
mune imprinted initial boost of vaccine-specific
neutralization and a delayed shift towards the infect-
ing VOC at peak response, while the long-term
neutralization was contracted towards the vaccine
antigen.
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