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Evolution of protective SARS-CoV-2-specific
B and T cell responses upon vaccination
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SUMMARY

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Omicron breakthrough infection (BTI)
induced better protection than triple vaccination. To address the underlying immunological mechanisms,
we studied antibody and T cell response dynamics during vaccination and after BTl. Each vaccination
significantly increased peak neutralization titers with simultaneous increases in circulating spike-specific
T cell frequencies. Neutralization titers significantly associated with a reduced hazard rate for SARS-
CoV-2 infection. Yet, 97% of triple vaccinees became SARS-CoV-2 infected. BTl further boosted
neutralization magnitude and breadth, broadened virus-specific T cell responses to non-vaccine-encoded
antigens, and protected with an efficiency of 88% from further infections by December 2022. This effect
was then assessed by utilizing mathematical modeling, which accounted for time-dependent infection risk,
the antibody, and T cell concentration at any time point after BTI. Our findings suggest that cross-variant
protective hybrid immunity induced by vaccination and BTl was an important contributor to the reduced
virus transmission observed in Bavaria in late 2022 and thereafter.

INTRODUCTION

The emergence and dominance of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Omicron variant, in late 2021, resulted
in high infection rates across populations with high vaccination coverage.'* In Germany, roughly 63% of the population was vaccinated by
summer 2021 and then boosted in autumn/winter 2021.% Likewise, a large proportion of the Bavarian population and in particular health
care workers started SARS-CoV-2 vaccinations in the first half of 2021 and were boosted with a third RNA vaccination between October
and December 2021, just before the emergence of Omicron in Bavaria.' Despite the high vaccination rates, SARS-CoV-2 Omicron rapidly
replaced Delta by efficiently spreading among vaccinated individuals during multiple waves until December 2022, albeit having a lower
risk of severe COVID-19."” Since then, the reported case numbers substantially declined and remained on a comparatively low level as of
beginning of 2023.°

Parameters defining protective immunity to Omicron are likely comparable to those established in the pre-Omicron era; neutralizing anti-
body titers positively correlated with protection from SARS-CoV-2 infection.””'? Antibody transfer using spike (S)-specific immunoglobulin G
(IgG) was sufficient to mediate protection from SARS-CoV-2 infection in a preclinical infection model.” We have recently reported that nucle-
ocapsid (N)-specific T cell responses associated with control of primary SARS-CoV-2 infection in the upper airways before antibody serocon-
version.'' Moreover, memory T cells mediated protection from infection in several preclinical models; vaccine-induced airway-tissue-resident
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T cells targeting the N protein protected mice upon SARS-CoV-1 challenge.'” Similarly, intranasal vaccination with N and membrane protein
(M, both are structural proteins of the virion)-encoding vectors induced protective T cell responses in a non-human primate model.'® Indeed,
accumulating evidence suggests that SARS-CoV-2-specific T cell responses contribute to control of infection.”* ' Furthermore, intramuscular
vaccinations followed by breakthrough infection (BTI) result in a state of “hybrid immunity,” characterized by high S-specific antibody re-
sponses, broadening of virus-specific T cell responses to non-vaccine-encoded antigens, and formation of virus-specific T cell memory in
the airway epithelium.'’~'? Yet, while BTl induces a high degree of protective immunity, the adaptation of antibody and T cell responses after
BTl and their contribution to reduce infection spread within the population and development of further waves are incompletely understood.
We therefore investigated the dynamics of SARS-CoV-2-variant-specific neutralizing antibody and T cell responses against vaccine-encoded
and non-encoded viral antigens during vaccination, as well as before and after Omicron BTl spanning the transition from the pandemic to
endemic phase (February 2021 to December 2022). Mathematical modeling was then used to assess the protective effect of antibody and
T cell responses upon hypothetical re-exposure to neutralization-sensitive and neutralization-resistant SARS-CoV-2 variants, respectively.

RESULTS

Study population

To study vaccine-induced SARS-CoV-2-specific antibody and T cell responses, adult participants (n = 50) were recruited from Munich and
surrounding regions in Bavaria, Germany. Figure 1 and Table 1 summarize the characteristics of the study population including vaccination
types, SARS-CoV-2 infection events, and the observation time for each individual and also shows the concurrent SARS-CoV-2 incidence in
Bavaria over the study period (February 2021 to December 2022). The median age was 31 years (range 21-57 years), and 68% (34/50) were
female. Out of 50 individuals, no one reported chronic illnesses. 18 were recruited before their first vaccination, 23 before administration
of the second vaccination, and an additional 9 participants were recruited after the second vaccination dose. 34 subjects (indicated in the
underlying data) were followed longitudinally over an extended period from the first quarter of 2021 until December 2022. 16 participants
were followed only for a limited time (n = 7) or lost to follow-up before receiving a third vaccination (n = 9). mRNA vaccines accounted for
the majority of first immunizations, followed by adenoviral vector vaccines. Second and third booster vaccines were almost exclusively
mRNA vaccines. Of these 34 vaccinated subjects, 33 were subsequently SARS-CoV-2 infected between November 2021 and December
2022 with a median time of 157.5 days after the last vaccination (range: 10-406 [days]). 31 of 33 individuals received three vaccinations and
then were infected, while two participants were infected after the second vaccination. Infecting SARS-CoV-2 variants were determined by
imputation, using the Bavarian Variants of Concern (Bay-VOC) database. One individual was determined to be infected with Delta, eight sub-
jects with Omicron BA.1, 17 subjects with Omicron BA.2, and 14 were imputed to be infected with BA.5 or BA.5 sub-lineages. All infections
induced N-specific antibody seroconversion (Figure S1, source data provided), and none were associated with hospitalization.

97% (30/31) of triple-vaccinated study participants, who were followed up until December 2022, experienced a BTl within 14 months of their
last vaccination, while only four of these became infected a second time during the third and fourth quarter of 2022. Omicron BTI protected
with a high efficiency of 88% (30 out of 34) from a second infection by December 2022 (Figure 1). When limiting the observation time to
230 days after three vaccinations or BT, a difference can be observed where the majority vaccinated were infected thereafter. However, after
this BTI, only one subject was reinfected a second time within 230 days of the first BTI (Figure 2).

SARS-CoV-2 neutralizing antibody and T cell response dynamics during vaccination

We assessed the dynamics of SARS-CoV-2 neutralizing activity against three clinically relevant variants of concern (VOCs) by determining the
neutralizing antibody titers (half-maximal inhibitory concentration, ICsp) against Wuhan, Delta, and Omicron BA.5 (Figures 3A-3C, source data
provided). The median, interquartile ranges, and number of tested subjects are provided for all study visits grouped in time bins (Table S1).
Neutralizing antibody responses against all three variants followed a similar dynamic pattern, albeit at different intensity. ICsg values for Wu-
han neutralization were consistently higher as compared to Delta or Omicron BA.5, whereas Delta and Omicron BA.5 neutralization was com-
parable after vaccination (Table S1). Each vaccination induced a peak response that was at least 11- to 21-fold higher compared to the last
measured time point before vaccination (Table S1). Beyond 150 days after the second vaccination, titers had waned to pre 2" vaccination
levels, while the third vaccination boosted median ICsg titers 10- to 15-fold (depending on the tested variant) and remained significantly higher
beyond 150 days as compared to the levels after the second vaccination for all tested variants (p < 0.001, n = 10, excluding participants with
BTI before 3" vaccination). We next wanted to assess neutralization breadth for different variants and combined single-variant data using a
magnitude-breadth analysis approach,'®'” in which areas under the curve (AUCs) were determined for every single serum sample, based on
the neutralization data against all three variants. A slight, but statistically significant, increase in neutralization magnitude breadth was
observed after each vaccination, dwindling quickly within 90 days (Figure 3D).

Next, we assessed the dynamics of T cell responses against the vaccine-encoded spike (S) and the non-vaccine-encoded nucleocapsid
(N) and membrane (M) antigens (source data provided). Representative gating for CD4" or CD8" interferon (IFN) y+ T cells is shown in Fig-
ure S2.31%, 72%, and 94% of vaccinees had detectable S-specific T cell responses after the first, second, and third vaccination, respectively,
and median frequencies of circulating S-specific CD4" T cells increased from a median of 0.002% of CD4 T cells at baseline to 0.006% at 8—
35 days after the 1 vaccination, and to 0.017% and 0.032% at 8-35 days after the 2" and 3" vaccination, respectively, and slightly declined
thereafter (Figure 4A). Frequencies of circulating S-specific CD8" T cells followed a similar dynamic pattern (Figure 4B), albeit with overall
fewer IFNy+ cells.

2 iScience 27, 110138, June 21, 2024



iScience ¢? CellPress
Article OPEN ACCESS

observation time
@® vaccination

® Covid-19

2 . — : = — ’ = -

c . . . .

© - - . .

s e R . K . N .
S — -

B v . - -

© . . .

o . ° . ° . ° . ° .

Delta Omicron variants
60

=)
1<)
S
-l
=
8

by

©

>

@©
o0
=

"

4]

%]

©

Q

=

c

]
-
‘S
=

0
Jan. 01 2021 Jan. 01 2022 Apr. 01 2022 Aug. 01 2022 Dec. 31 2022

Time (days)

Figure 1. Overview of the study observation period, vaccination, and infection events for each study participant

Each line represents events for one participant from February 2021 until December 2022. The thicker gray lines indicate the study observation period, where there
was active blood sampling, with vaccination dates (purple) and SARS-CoV-2 infection dates (red) indicated by dots (upper panel). SARS-CoV-2 incidence (x1000)
in the study area (Bavaria, Germany) plotted over time (lower panel) for the same time period, with the delta and omicron waves indicated (www.|gl.bayern.de). A
flowchart of the blood sampling process is shown in Figure S7.

BTl induces persisting high levels of cross-neutralizing antibody responses and T cell reactivity to structural proteins of the
virion

Next, we assessed how BTl affected neutralization of the three tested SARS-CoV-2 variants and of spike, nucleocapsid, and membrane-
specific T cell responses. BTl induced a 1.5- to 3.3-fold increase in ICsq values (depending on the variant) compared to peak levels at 8 to
35 days after the third vaccination. Neutralization remained high beyond 150 days (Figures 3A-3C; Table S1); even beyond 150 days after
BTI, median ICsg neutralization values were comparable to peak levels directly after the third vaccination for all three tested variants. Like-
wise, the BTl increased the magnitude breadth by a substantial degree (2-fold, p < 0.0001, Figure 3D), resulting in a sustained response for
at least 150 days, exceeding what has been observed during the same time frame, after the third vaccination (2-fold, p = 0.052). The
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Table 1. Basic characteristics of study population

n 50
Sex %
Male 32% (16/50)
Female 68% (34/50)
Median age (range) 30 (21-57)
Vaccination 1 (B/M/A/J)* 32/1/11/6
Vaccination 2 (B/M/A/J)* 40/6/1/0
Vaccination 3 (B/M/A/J)* 31/9/0/0
Vaccination 4 (B/M/A/J)° 2/0/0/0
Median time between vaccination and infection (days, range) 157.5 (10-406)
Median time between last blood draw and infection (days, IQR range) 50 (52, 27-79)
Infection strain (Imputed)® (D/BA. 1/2/5/BQ. 1)° 1/8/17/13/1

?B = BioNTech, M = Moderna, A = AstraZeneca, J = Janssen.
D = Delta strain, BA.1/2/5/BQ.1 = Omicron BA.1, BA.2, BA.5, BQ.1 strain.
“Imputed using the infection date and the Bay-VOC database. The strain with the highest likelihood is presented here.

longitudinal ICsg values against the three variants tested (Wuhan, Delta, and Omicron BA.5) for the 34 subjects followed up are shown in
Figure S3.

Omicron BTl also boosted S-specific CD4" T cell frequencies up to a median of 0.041% after BTI (at 8-35 days, Figure 4, Table S2), which
persisted beyond 150 days at 11-fold higher median compared to pre-vaccination levels. Simultaneously, S-specific CD8" T cells increased
after BTI (Figure 4B), confirming our previous results from the pre-Omicron era.'® Moreover, peak frequencies of vaccine-induced S-specific
CD8" T cells after the 3" vaccination are strongly correlated with post-BTI frequencies; at 8-35 days: r = 0.8, p < 0.0001; at 36-90 days: r = 0.5,
p < 0.04; and >150 days: r = 0.7, p = 0.01 (Figure S4). Similar associations were also found for S-specific CD4" T cell responses (8-35 days: r =
0.4, p=0.03and >150days: r= 0.6, p = 0.02, Figure S4). BTl elevated CD4" T cell responses targeting the non-vaccine-encoded nucleocapsid
from background frequencies of 0.002% (median) at baseline to 0.025% at 8-35 days post-BTI (Figure 5A). In 17 of 18 participants, N-specific
CDA4" T cell responses remained above median baseline frequency beyond 150 days after BTI (Figure 5A, Table S2). Similar patterns were
observed for N-specific CD8" T cells and membrane-specific T cell responses (Figures 5B-5D). These results show that Omicron BTI was
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Figure 2. Cumulative incidence of SARS-CoV-2 infections after 3 vaccinations and after breakthrough infection

Kaplan-Meier survival analysis of incident (re-)infections was performed for 230 days after receiving the third vaccine dose (purple line, n = 32) and after the first BTI
(red line, n = 18). Only subjects who have been observed for at least 230 days post 3rd vaccination or BTl were included in the plot. The limit of 230 days shown in
the figure was set to retain sufficient number of subjects in the BTl group. Until 31%" of December 2022, an additional 13 incident infections after third vaccination
and 3 re-infections in the BT group were recorded after 230 days and are not shown.
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Figure 3. Dynamics of antibody neutralization during vaccination and after breakthrough infection

Neutralization was tested for original Wuhan (A), Delta (B), and Omicron BA.5 (C) strains using a lentiviral pseudovirus neutralization assay at post-vaccination 1
(PV1, orange), post-vaccination 2 (green), post-vaccination 3 (purple), and BTI (red). The area under the curve (AUC) was calculated for the neutralization of the
three variants to determine the neutralization breadth for each time point (D). If multiple samples were available within one time frame, the highest ICsg value was
reported for the peak response at 8-35 days after vaccination or infection. For the other time points, a mean ICsg value was calculated if more than one data point
was present. The upper limit of detection was an ICsg value of 2,560, while the lower cutoff was 20. Statistical analyses were performed using the Mann-Whitney
test. Median values, interquartile range, and p values below 0.05 are indicated.

associated with persistent high levels of cross-neutralizing antibody responses to spike, as well as broad and persistent T cell reactivity to the
non-vaccine-encoded virion antigens N and M.

Vaccine-induced peak neutralizing antibody ICs, titers are associated with risk reduction of Omicron variant infection

In order to address whether vaccine-induced antibody and/or S-specific T cell responses at least temporarily protected from SARS-CoV-2

Omicron variant infection; we estimated hazard ratios (HRs) using Cox regression. As covariates in our model, we separated study volunteers

into two groups based on levels of antibody ICsq values or S-specific CD4" or CD8" T cell frequencies at peak response (8-35 days after third

vaccination). The cutoff values for each covariate were optimized to separate between “protected” and “non-protected” individuals.
Omicron BA.5 neutralization ICs values above 400 were more significantly associated with a reduced hazard for Omicron infection (HR [95%

confidence interval (Cl)] =0.27[0.1-0.7], p = 0.007, Figure 6A), compared to Delta (ICsq values above 506, HR [95% Cl] = 0.3[0.11-0.81], p=0.019,
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Figure 4. Dynamics of SARS-CoV-2-specific T cell responses against vaccine-encoded spike protein

The frequency of S-specific IFNy+ CD4" (A) and CD8" (B) T cells before vaccination (Pre, brown), post-vaccination 1 (orange), post-vaccination 2 (green), post-
vaccination 3 (purple), and after BTI (red). The time bins after each vaccination and BTl are shown on the x axis. The median and interquartile range are shown;
whiskers extend up to the last point inside 1.5 X (IQ3-1Q1) range (Tukey definition). The Mann-Whitney test was used for statistical analyses. p values below 0.05
are indicated.

Figure 6B) and Wuhan neutralization (ICsg values above 1992, HR[95% Cl] = 0.4[0.16-1], p = 0.05, Figure 6C). Of note, for many participants and
time points, the ICsq values for the Wuhan variant were often above the dynamic range of the neutralization assay, which likely affected this HR
calculation. Circulating S-specific IFNy+ CD4" or CD8" T cell frequencies were not significantly associated with a change in the infection risk
(Figures S5A and S5B). A multivariate Cox regression model considering Omicron BA.5 neutralizing antibody levels, S-specific CD4* and
S-specific CD8" T cell frequencies, showed a significant risk reduction only for Omicron BA.5 neutralizing antibody levels (HR [95% CI] = 0.3
[0.11-0.8)) (Figure D). Together, these results demonstrate that a vaccine-induced cross-neutralizing antibody response was associated
with a significant reduction in hazard of Omicron infection when accounting for S-specific CD4" and S-specific CD8" T cell responses.

Effect of neutralizing antibodies on the infection risk against Omicron BA.5
We utilized a mathematical model to determine the role of neutralizing antibodies in protection from Omicron infection during the observed
time period and protection from future re-infection by an unknown Omicron strain. A schematic representation of the model can be found in
Figure 7A. This model describes the infection risk of individuals based on (i) their time-dependent antibody ICsg level and (i) the time-depen-
dent number of infectious individuals in the general population. More precisely, the infection risk is expressed by a hazard rate h(t) which is
influenced by the ICsq neutralizing antibody titers of the individual (Antibodies(t)) at any given time and the seven-day SARS-CoV-2 infection
incidence (Incidence(t)) per 100,000 inhabitants in Bavaria (Figure 7A). In this model higher Antibodies(t) reduce infection risk, whereas a
higher Incidence(t) increases it. The model contains two parameters: the base risk of infection for the Omicron lineage, 8o, and the estimated
effect of antibody levels on infection risk, 8;. Infection risk parameters were chosen based on the literature.”*

The effect of antibody levels on infection risk, 84, was inferred from the time-to-infection data from individuals as well as the match-
ing antibody levels. Using these parameters (8o and (1), the infection risks for individuals can be studied and visualized. In Figure 7B

6 iScience 27, 110138, June 21, 2024
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Figure 5. Dynamics of SARS-CoV-2-specific T cell responses against non-vaccine-encoded antigens

The frequency of N-specific IFNy+ CD4" (A) and CD8" (B) and membrane-specific IFNy+ CD4" (C) and CD8" (D) T cells before vaccination (Pre, brown), post-
vaccination 1 (PV1, orange), post-vaccination 2 (PV2, green), post-vaccination 3 (PV3, purple), and after BTI (red). The time bins after each vaccination and BTl are
shown on the x axis. The median and interquartile range are shown; whiskers extend up to the last point inside 1.5*(IQ3-1Q1) range (Tukey definition). The Mann-
Whitney test was used for statistical analyses. p values below 0.05 are indicated.

example trajectories of the seven-day incidence (left panel) and ICsg neutralizing antibody titers (right panel) are shown for three repre-
sentative individuals prior to an infection. Although only a minor variation in the risk of infection was observed between individuals 1
and 3, individual 2 clearly diverges and appears to be protected during the peak incidence in Bavaria between February and May. The
higher neutralizing antibody titers observed within individual 2 as compared to individual 1 and 3 potentially contributed to protection
(Figure 7B, right panel).

As the base risk of infection for the Omicron lineage, 8o, is not precisely known, we compared different literature estimates of the base risk
of infection and our estimated effect §; of antibody levels on infection risk (Figure 7C, right panel). Considering BA.5 neutralization data from
all 31 BTls, the effect did not depend strongly on the base infection risk factor 8o, leading to similar infection risk reduction for any given anti-
body ICsq value (Figure Sé). The different estimates for 8; result in a reduction of infection risk that quickly rises with an increase in the neutral-
izing antibody titers. Antibody levels at the upper detection limit (ICsq value of 2,560) reduce the risk of infection by almost 100%.

Finally, after determining the effect of the antibodies on the infection risk within our cohort for triple-vaccinated individuals, we utilized the
BA.5 ICso neutralizing antibody titers after BTl (assuming these correlate with neutralization of other Omicron variants®*) to simulate the risk of
a second infection with a SARS-CoV-2 Omicron variant (Figure 7D). In our simulation, the increased neutralizing antibody levels after BTI
strongly reduce the infection risk within 180 days compared to three vaccinations. The model predicts several infections within these
180 days, which were however not observed in our study volunteers.
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Figure 6. Survival analysis of infections in triple-vaccinated participants in relation to neutralizing antibody

The estimated survival probability after three vaccinations (n = 32) depending on the level of antibodies between day 8 and 35 after the vaccination for those
above (green) and those below (red) the ICsg cutoff are shown for Omicron BA.5 (A), Delta (B), and the original Wuhan strain (C). The respective cutoff criteria
are indicated above each graph. Events are BTl and time is measured in days after vaccination. (D) Displays the corresponding hazard ratios and confidence

intervals estimated from a Cox regression model.

Modeling the effect of pre-existing nucleocapsid-specific T cells on upper airway viral load upon hypothetical re-infection
with a neutralization-resistant SARS-CoV-2 variant

To estimate the effect of circulating SARS-CoV-2-specific T cells on the upper airway viral load (UA-VL) during a hypothetical second infection
with a completely neutralization-resistant virus variant, we employed a linear mixed-effects model previously described by Eser etal.'’ A sche-
matic comparison of estimated viral load levels within 7 days after secondary infection between a patient with or without pre-existing memory
SARS-CoV-2 N-specific CD4" T cells is shown in Figure 8A. Using measurements from this study we have modeled the frequency of pre-ex-
isting N-specific T after a hypothetical second infection at 180 days after the initial BTI (Figure 8B). Assuming that no expansion of pre-existing
N-specific T cells occurred upon second infection (i.e., the fold expansion is equal to one), a reduction of UA-VL between 7.3% and 23.0% is
predicted (Figure 8C). As highly variable expansion of pre-existing influenza M- and N-specific T cells was observed during human influenza
challenge experiments with an average of 10-fold increase at day seven, we have investigated the impact of it on the results of the model.””
According to our model, an estimated 10-fold expansion of N-specific CD4™ T cells could reduce acute infection UA-VL by 77.5% (53.0%—
92.7%) on average compared to previously non-exposed individuals (Figure 8C). In summary, pre-existing N-specific CD4" IFNy+ T cells
induced by a first BT! are likely to associate with a multi-fold reduction of acute-phase viral load upon a re-infection compared to first infection.

DISCUSSION

We investigated the evolution of peripheral SARS-CoV-2-specific antibody and T cell responses in a longitudinal Bavarian cohort during vaccina-
tion and upon subsequent BTI from February 2021 to December 2022. The study data were then utilized to assess the risk for re-infection as a
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Figure 7. Reduction of infection risk through neutralizing antibodies

A schematic representation of the model with a susceptible person (S) that becomes infected () is shown in (A). This model shows the risk of infection (h(t)), which is
dependent on the seven-day incidence per 100,000 inhabitants in Munich (Incidence(t)) and the neutralizing antibody titers (Antibodies(t)), where a high incidence
increases the infection risk (h(t)) and vice versa for the antibodies. Different parameter values for the Omicron variant baseline infection risk o were obtained from
literature.””?* The effect of the antibodies is represented by §; and was estimated from the data of this study. The current seven-day incidence in Munich (B, left
panel) and ICsp neutralizing antibody titers (B, right panel) are shown for three representative individuals after their third vaccination until the time of infection. The
antibody level is estimated from a linear mixed-effects model. The hazard rate for the different individuals is shown in (C) (left panel) for 8o = 11.55and 81 = 0.36.
Different base infection risk parameters were utilized to present the reduction in the infection risk via the ICsg antibody neutralizing titers (C, right panel). In (D), we
show the distribution of infections from data of this study (black line), our model fit to the data (gray shaded area), and results of a simulation study in which
individuals become infected after their BTI (red). Given our estimate of 8o and 8; from (C, left panel), seven-day incidence in Munich and measurements of
antibody levels after BTI, samples were drawn from the estimated cumulative distribution function after BTl up to 180 days after infection (limit of reported
incidence at time of analysis). The shaded areas indicate the 2.5%-97.5% simulation quantiles. The red solid line indicates the media simulation values.

function of neutralizing antibody titers and—in case of re-infection with a hypothetical, completely neutralization-resistant new variant—to esti-
mate the effect of pre-existing SARS-CoV-2-specific memory T cell responses on the UA-VL. Despite triple vaccination, 97% of the study partic-
ipants experienced BTl within one year of the last vaccination. Re-infection only occurred in 4 individuals consistent with high protective efficiency
against re-infection after Omicron BTI. Peak Omicron BA.5 neutralization |Csp titers after the third vaccination were the strongest correlate of tran-
sient protection from Omicron infection, while S-specific CD4* and CD8" T cell frequencies did not correlate with a reduced infection risk. Sur-
prisingly, 42% of vaccinees with peak BA.5 ICsq values above 400 (and likely higher ICsgs for BA.1/2) were infected within 120 days after the third
vaccination in early 2022.7° During the early phase 3 vaccine efficiency trials, even peak “Wuhan"” ICsq values above 100 were associated with a
protective efficiency of above 90%.> Lower protective ICsq in our study may be explained by the fact that phase-3-vaccine-trial participants, at
that time, encountered a virus strain more homologous to the vaccine. In addition, extraordinarily high numbers of virus encounters during the
Omicron BA.1/2 wave likely contributed to these BTls in the presence of high neutralizing antibody titers. Of note, our mathematical model sug-
gested that Omicron BA.5 ICsg titers above 400 reduce the infection risk by more than 90% against Omicron BA.5 infection, which is in the similar
range as described for the phase 3 vaccine trials of the pre-Omicron era.”” ' One possible explanation for the difference in our results compared
to the clinical trials could therefore be the high incidence and associated high number of virus encounters in Bavaria in early 2022, which was multi-
fold higher as compared to July 2020 to March 2021, when these trials were conducted. Protection from SARS-CoV-2 Omicron infection in Bavaria
in early 2022 therefore likely required higher titers and breadth of neutralizing antibodies as compared to the pre-Omicron era. Some method-
ological variability such as different amounts of input virus in the neutralization assay may also contribute to these differences in protective titers.

Differences in incident infection dynamics between high and low titer groups became more apparent beyond 4 months after the 3™ vacci-
nation, which, for most participants, coincided with the onset of spring-summer season and a season-associated reduction of infection inci-
dence, until emergence of the more virulent BA.4/5 and its sub-lineages (BQ.1, BF.1, and BQ.1.1) starting from May/June 2022 (data obtained
from Bay—\/OC).37

Omicron BTls further increased neutralization against the three tested variants significantly. While Wuhan- and Delta-specific neutralization
was also enhanced, the strongest effect was observed for Omicron BA.5 neutralization. Furthermore, our magnitude-breadth analysis show
significantly increased breadth of neutralization after BTI likely conveying improved protection from re-infection despite the evolution of novel
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Figure 8. Theoretical reduction of viral load through pre-existing nucleocapsid-specific CD4+IFNy+ T cells

(A) shows theoretical trajectories of N-specific CD4+IFNy+ T cells and upper airway viral (UA-VL) load after BTl and after an additional infection at 180 days after
BTI. Trajectory of an individual who experienced a BTI (orange) and who has not experienced the BTl (blue); both are subsequently infected at 180 days after BTI
time point. Measured nucleocapsid CD4+IFNy+ T cells after BTI with a fitted exponential decay model are displayed in (B, orange line). The orange-shaded area
represents the 95% confidence interval for the estimated fixed effect parameters. Using the level of N-specific CD4+IFNy+ T cells at 180 days after BTl and
different cell expansion factors, we can estimate the approximate T cell level at 7 days after secondary infection and compare it to measurements from
individuals without previous infection.'’ The difference (displayed as a ratio) in viral load of individuals with and without pre-existing T cells derived from a
linear mixed-effects model based on Eser et al. is shown in (C).

more neutralization-resistant variants. Our mathematical model further supported the concept that high neutralizing antibodly titers after Om-
icron BTI contribute to protection from subsequent re-infection. Interestingly, the protection in our cohort was higher than predicted by our
model considering only the antibody levels reached after a BTI, consistent with a protective role of cell-mediated immunity against re-infection.

Even long after BTI, we observed broad memory T cell recognition against the three tested virus antigens S, M, and N, similar to what was
observed in non-BTI Wuhan infection,'*** and these—according to our model—possibly contributed to the high level of protection observed
in our cohort after BTI. Indeed, pre-existing T cells, in particular those targeting the N protein, have been associated with protection from
SARS-CoV-2 infection."*">** Moreover, N-specific T cell responses are also associated with control of SARS-CoV-2 in the upper airways
and reduced systemic inflammation.'" The effect of pre-existing T cells on virus control and early T cell expansion was studied after controlled
influenza challenge of human volunteers.” Key results from the Eser and Wilkinson studies''?® were therefore utilized to estimate the effect of
pre-existing SARS-CoV-2-specific memory T cells on UA-VL upon a hypothetical re-infection with a neutralization-resistant SARS-CoV-2
variant. Assuming that the T cell expansion during SARS-CoV-2 behaves similar to influenza and the effect of T cells on virus clearance is un-
changed between the first and second infection, individuals with circulating SARS-CoV-2-specific T cells, in particular those targeting N, likely
control the neutralization-resistant virus efficiently. This process may depend on the level of pre-existing virus-specific memory T cells and
should reduce onward transmission and may even abort infection early.''>° Both primary and BT infection also result in the formation of
airway tissue-resident memory T cells, which differs from intramuscular vaccination.'”"'” BTI can therefore be considered as airway immuni-
zation. It should be noted that vaccination-induced formation of T cell memory in the airway tissues is a key determinant for infection outcome
in small rodent and non-human primate studies.'”"**** One recent clinical study showed that, after BTI, SARS-CoV-2-specific tissue-resident
memory T cells persist in the upper airways at similar levels up to 3 months but by month 6 have declined.” This decay of mucosal adaptive
immunity and the recruitment dynamics of virus-specific tissue-resident T cells into the airways upon re-exposure likely influence the outcome
upon virus re-exposure and need to be investigated in future studies.

The presented study had several limitations. We did not test neutralization with the autologous infecting virus variant, as most participants
were infected during the Omicron BA.1/2 wave. Moreover, T cell responses were only tested against three immunodominant antigens in
blood and not tested within the airway tissues. Furthermore, the mathematical models used for data analysis provided only a simplified
description of real-world processes. The model for the assessment of the infection risk makes, for instance, use of information on the
time-varying risk of infection (based on incidence) with a high-time resolution but constructs estimate for each individuals’ antibody trajectory
from observations with low-time resolution, which introduces some uncertainty. However, by simulating infections of several individuals from
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our model, we were able to confirm that the model accurately describes the data presented herein. Further, an accurate account of the exact
number of infected people in Bavaria is difficult to obtain, due to reporting issues, and only the official numbers reported by the RKI were used
in this study. Nevertheless, the infection process in this study could be reliably recapitulated using our model. Thus, we believe the model
provides valuable insights into the risk reduction through neutralizing antibodies against SARS-CoV-2.

In conclusion, this study revealed that Omicron BTl induced a state of hybrid immunity characterized by higher cross-reactive, more persis-
tent neutralizing antibody responses and broader SARS-CoV-2-specific T cell responses. These characteristics aligned with a high level of
protection from re-infection and—in the case of re-infection—reduced UA-VLs as suggested by our model. Events on a population scale likely
reflect induction of protective immunity upon BTl in Bavaria; Omicron waves occurred until October 2022 in the Bavarian population but
waned thereafter despite the onset of the winter season. These data therefore suggest that BTl-induced hybrid immunity was an important
contributor to the reduced virus transmission observed in the early winter of 2022. Future studies therefore should address whether intramus-
cular followed by intranasal immunization with attenuated respiratory viruses can induce broadly cross-protective hybrid immunity and assess
its durability.
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BD Biosciences
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Experimental models: Cell lines
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Sampson et al.*®

Inserts synthesized at GeneArt
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Software and algorithms

GraphPad Software version 8

Python, Python Language Reference, version 3.10.6
Python 3.10.12

Python package: seaborn 0.12.2

Python package: pandas 1.5.3

Python package: numpy 1.26.2

Magnitude Breadth Algorithm

R version 4.1.2

Zenodo record for the code used in this publication
Julia version 1.7.2

Nealder mead from Julia package NLopt version 0.6.5
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Boston, Massachusetts USA
Python Software Foundation
Ubuntu ‘apt’

Python “pip’

Python ‘pip’

Python “pip’

Huang et al.*”

R Foundation for Statistical

Computing, Vienna, Austria
Ahmed et al.*®

The Julia Project

Nelder and Mead”'

Johnson™?

www.graphpad.com
https://www.python.org
https://www.python.org/about/
https://seaborn.pydata.org/
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https://numpy.org/
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Cox proportional hazards regression model from the Cox*® https://cran.r-project.org/web/

R package survival version 3.5-5 Therneau and Grambsch®* packages/survival

Linear mixed-effects model with restricted maximum Bartlett* https://cran.r-project.org/web/
likelihood (REML) estimation from the R package Bates et al.*® packages/Ime4/index.htm|

Ime4 version 1.1-33

Nonlinear mixed-effects model with maximum likelihood Lindstrom and Bates"’ https://cran.r-project.org/package=nlme

estimation from the R package nlme version 3.1-162 Pinheiro and Bates®
Pinheiro et al.”’

RESOURCE AVAILABILITY
Lead contact

Any additional information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Christof
Geldmacher (geldmacher@lrz.uni-muenchen.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e Data have been deposited at Zenodo and are publicly available as of the date of publication. Accession numbers are listed in the key
resources table.
e All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOls are listed in the key re-
sources table.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
e All code is available on Zenodo using the link, https://doi.org/10.5281/zenodo.10814474.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

A total of 50 participants — residing in Bavaria — were recruited into this study between February 2021 and February 2022 as a sub-study of the
KoCo19 Study” named KoCo19-Immu which allows for longitudinal monitoring of immune responses to SARS-CoV-2.>" 41 of these were re-
cruited before or shortly after receiving their first SARS-CoV-2 vaccination during the vaccination campaign in the first half of 2021, while addi-
tional 9 volunteers were recruited at later time points. All subjects were regularly tested serologically for antibodies against the nucleocapsid
protein to confirm of SARS-CoV-2 status throughout the study to detect asymptomatic SARS-CoV-2 infections. Subjects were then followed
longitudinally for up to 18 months until December 2022. Whole blood and plasma samples were collected during multiple visits before and
after first, second and third vaccinations and after symptomatic SARS-CoV-2 BTI. Written informed consent was obtained from all participants
in accordance with the principles of the Declaration of Helsinki. This study is part of the ORCHESTRA project (Connecting European Cohorts
to increase common and Effective SARS-CoV-2 Response) and was approved by the Ethics Committee of the Faculty of Medicine at LMU
Munich (20-371).

METHOD DETAILS

Assessment of SARS-CoV-2 strains

SARS-CoV-2 BTl within this cohort occurred from November 2021 to December 2022 and were confirmed by SARS-CoV-2 N-specific serocon-
version. For logistical reasons, individuals who reported BTl were sampled only, once they were SARS-CoV-2 negative. The infecting
SARS-CoV-2 variant was therefore imputed using the Bavarian Variants of Concern (Bay-VOC) database at weekly resolution and using
>50% likelihood of a specific variant as a cutoff (https://www.bay-voc.Imu.de/surveillance.xhtml). This database tracks the sequence of the
SARS-CoV-2 VOC using data provided by hospitals and institutes in the region of Bavaria, Germany throughout the pandemic (starting
from November 2020).

Pseudovirus neutralization assay

The capacity of sera to neutralize different SARS-CoV-2 variants was determined using a lentiviral pseudotype assay, as described previ-
ously.***® In brief, an inoculum of 10° rlu/well of lentiviral particles expressing luciferase and pseudotyped with the according variant-specific
SARS-CoV-2 spike protein was neutralized with a 2-fold serum dilution series (starting from 1 in 20) 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 concentration (ICsg) of the
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sera was calculated with Prism 8 GraphPad (San Diego, CA, USA) after normalizing to non-infected and infected cells. Magnitude-breadth
analysis was performed as described by others.”” In brief for each serum and time point, a “survival curve” was calculated, with the “event”
of interest being neutralization of one variant and the “time-to-event” representing the titer required to get 50% neutralization. Despite
data censoring, areas under the curve were calculated to compare different sera or groups, as with three variants, the AUC provided a better
estimate than the 50% maximum Magnitude-Breadth.

Binding antibody titers

Serological assays to test for SARS-CoV-2-specific binding antibodies were performed as previously published.””>? EDTA plasma was used to
quantify binding antibodies specific for S and N protein throughput the study using Roche Elecsys anti-nucleocapsid (Ro-N-lg) (Roche, Man-
nheim, Germany). All assays were performed according to manufacturer’s instructions. A value above 0.8 counts on the Ro-N-Ig was consid-
ered as a positive response towards the SARS-CoV-2 nucleocapsid.

Flow cytometry

PBMCs were isolated within 6 h of blood collection via density gradient centrifugation (Cytiva Sweden AB) and stimulated immediately with
peptide pools representing the nucleocapsid, spike and membrane proteins of SARS-CoV-2 (1 pg/ml/peptide, Miltenyi Biotec) for 16 h at
37°C in the presence of anti-CD28 (clone L293, 1 ng/ml, BD Biosciences), anti-CD49d (clone L25, 1 pg/ml, BD Biosciences), and brefeldin
A (5 pg/ml, Sigma-Aldrich). Negative control wells lacked stimulants, and positive control wells contained staphylococcal enterotoxin B
(SEB, 0.6 pg/ml, Sigma-Aldrich). Cells were then stained with anti-CD4-ECD (clone SFCI12T4D11, Beckman Coulter) and anti-CD8-APC-
AF750 (clone B9.11, Beckman Coulter). Labelled cells were fixed and permeabilized using a FoxP3 / Transcription Factor Staining Buffer
Set (eBioscience) and further stained intracellularly with anti-CD3-APC-AF700 (clone UCHT1, Beckman Coulter), anti-IFNy-FITC (clone
B27, BioLegend), anti-IL2-PE (clone MQ1-17H12, BioLegend) and anti-TNF-a-BV510 (clone mAb11, BioLegend). Samples were acquired us-
ing a CytoFLEX Flow Cytometer (Beckman Coulter). Data analysis was performed using FlowJo software version 10 (FlowJo LLC). Background
subtraction was performed by subtracting IFNy+ T cell frequencies in the negative control from those in the antigen stimulated sample.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical modelling
Basic statistical analyses were performed using non-parametric tests in Prism version 8 (GraphPad). For Kaplan-Meier curves the patients that
have not completed threefold vaccination and those who were observed for less than 230 days after third vaccination or after BTI, respectively,
were excluded from the data used for the curve. The line depicting post third vaccination behaviour is based on 32 individuals, post BTl curve —
on 18 subjects. The percentage was calculated with respect to the number of patients meeting the criteria; the R package survival was used for
the analysis.>

In order to understand the effect of antibodies on reduction of infection risk, Cox regression with proportional hazards assumption was
performed with the R survival package (Figures 6 and S5). 95% confidence intervals for hazard ratios were obtained with the R package gtsum-
mary.”* Here, a hazard ratio below 1 indicates a reduction in hazard by presence of antibodies, CD4* or CD8" T cells.

Infection model
To estimate the effect of neutralizing antibodies on the risk of getting infected after three vaccinations against SARS-CoV-2 an infection model
was created. For this model, we assumed two states “susceptible” (S) and “infected” (/). We derived the unconditional probability density of
becoming infected within time t according to the framework used in standard survival analysis by applying a hazard rate that is tailored to an
infection process. Hence, our approach differs from the semi-parametric Cox regression. The time-dependent hazard rate for the infection is
assumed to follow the equation:

h(t) = 8- "9 () (1 tanh(s, -log(Antibodies()))
Here, Incidence(t) is the seven-day incidence per 100,000 inhabitants in Munich at time t (source RKI COVID Datenhub, https://npgeo-corona-
npgeo-de.hub.arcgis.com/). The base risk of infection 80 was fixed according to estimates of contact rates from SEIR models 20-22. Addition-
ally, the hazard rate is influenced by the ICsg neutralizing antibody titers Antibodies(t) against the SARS-CoV-2 Omicron variant BA.5. The
reductive effect of the antibodies on the infection risk is captured by the linear scaling factor 87 in the term 1 —(tanh (87 X log (Antibodies(1))).
Large values of 81 reduce the risk of infection, whereas values close to 0 would indicate no effect. Furthermore, the term tanh (871 X log (Anti-
bodies(t))) can be used to describe the percent reduction in infection risk conveyed by the neutralizing antibodies. Note that tanh(x) becomes
negative if x falls below zero. However, this never occurred in this study. Additionally, we tested our model by replacing tanh with the logistic
function and obtained similar results.

We estimated 87 from infection times after three vaccinations of the study volunteers. The neutralizing antibody levels of each individual
were estimated beforehand using a linear mixed effects model. Here, we assumed an exponential decay of the antibodies after third vacci-
nation. For estimation of the parameters of the mixed effects model, the R package Ime4 was used.*® The infection model was implemented in
julia and the parameters were estimated using the julia interface to the NLopt optimizer library (https://github.com/JuliaOpt/NLopt jl).>> After
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having estimated the effect of the antibodies, we compared model simulations after third vaccination to the observed data by drawing infec-
tion times for each study volunteer from the previously derived infection time distribution. Given these simulations, we calculated the 2.5%
and 97.5% simulation quantile at each observed infection time for visualization. With good agreement of model and data, the model was used
to predict secondary infections with Omicron BA.5 after BTl for several individuals. Therefore, we used measurements of neutralizing anti-
bodies after BTI, reported COVID-19 cases in Munich and estimates for 0 (= 11.55) and 87 (= 0.36), to draw the time of infection within
180 days after BTI for the 30 individuals of this study for 1000 times each from the infection time distribution.

Reduction in viral load by pre-existing nucleocapsid specific T cells

In order to estimate the influence of pre-existing N-specific CD4" IFNy+ T cells, we first estimated the average number of pre-existing T-cells
at 180 days after BTl using an exponential decay model. For the estimation, we employed the R package nime.>® The model was calibrated on
the flow cytometric measurements of CD4"* IFNy+ T-cells after BTl assuming a peak response at 14 days after infection. Using this model, the
average T-cell concentration could be calculated at 180 days after BTI. At that time a secondary infection was assumed, which would lead to
the expansion of T-cells. We tested different expansion factors for seven days after infection. Given the expanded T-cell population at day
seven after infection, we used a linear mixed effects model developed by Eser et al. 17 to estimate the reduction in upper airway viral load
between two virtual individuals: one with pre-existing N-specific CD4+IFNy+ T-cells and one without. For the individual without pre-existing
T-cells, the T-cell concentration between day four and seven after symptom onset measured by Eser et al. was used. This measurement was
taken to be a baseline T-cell level and added to the expanded T cell concentration of the individual with pre-existing T cells. Then, the model
from Eser et al. was evaluated for both virtual individuals and the ratio of viral loads was calculated.
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