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Abstract

The COVID-19 pandemic is resulting in a constantly fluctuating and challenging field
of research, where public health and socioeconomic decisions must be accompanied
by hard scientific evidence. In the work of this thesis, we developed, validated and
applied MULTICOV-AB, a multiplex serological assay as a tool for in-depth analysis
of the SARS-CoV-2 humoral immune response.

In our clinical assay validation, we achieved improved sensitivity and specificity over
widely used commercial assays for classification of previous infection. Although
initially hypothesized, we found no evidence of cross-protection from endemic
human coronaviruses. During the first wave of the pandemic, children were found to
get infected at a lower than average rate and were more often asymptomatic, which
we were able to associate with increased antibody formation over adults.
Furthermore, we found seroconversion to be independent of a symptomatic course

of infection in children and adults.

COVID-19 vaccines were developed and widely disseminated in the population at an
unprecedented pace. With the developed assay, we verified early on that mRNA
vaccines, which saw their first widespread use during the COVID-19 pandemic, were
able to induce a strong humoral immune response. We further found that
homologous vector based vaccination elicited an inferior humoral response, in terms
of titre and neutralizing activity. In addition, we showed that the humoral immune
response peaked roughly 28 days post immunisation and steadily declined over six
months, which was compensated by booster vaccinations. Furthermore, we found
vaccines to introduce an inferior humoral immune response in patients on

haemodialysis and observed fast decreasing antibody levels.

Rapid evolution of SARS-CoV-2 resulted in the emergence of virus variants with key
mutations, which called into question the effectiveness of vaccine protection. In
response, we expanded MULTICOV-AB to include variant-specific antigens. We
could show that some virus variants like Alpha and Delta exhibited mild to moderate
levels of immune evasion, while others were associated with heavily diminished
antibody binding, such as the Omicron sub-lineages. Overall, we were able to deliver
data on vaccines, virus variants and groups of special interest such as children or
haemodialysis patients in a time sensitive manner, thereby expediting adaption of
official recommendations for vaccination regimens as and furthering the

understanding of the immunity towards SARS-CoV-2.






Zusammenfassung

Die COVID-19-Pandemie fithrt zu einem sich stindig verdndernden wund
herausfordernden Forschungsbereich, in dem Entscheidungen im Bereich der
offentlichen Gesundheit und der Soziookonomie durch belastbare wissenschaftliche
Beweise begleitet werden miissen. Im Rahmen dieser Arbeit haben wir MULTICOV-
AB, einen serologischen Multiplex-Assay als Methode fiir die eingehende Analyse
der humoralen Immunantwort auf SARS-CoV-2 entwickelt, validiert und angewandt.

In der klinischen Assay Validierung erzielten wir fiir die Klassifizierung einer
zurtickliegenden Infektion eine verbesserte Sensitivitdt und Spezifitdt im direkten
Vergleich mit weit verbreiteten kommerziellen Assays. Obgleich initial vermutet,
fanden wir keine Hinweise auf eine Kreuzprotektivitdt durch endemische humane
Coronaviren. Wahrend der ersten Welle der Pandemie infizierten sich Kinder
unterdurchschnittlich oft und waren héufiger asymptomatisch, was wir mit einer
erhohten Antikorperbildung im Vergleich zu Erwachsenen assoziieren konnten. Des
Weiteren konnten wir feststellen, dass die Serokonversion bei Kindern und

Erwachsenen unabhingig von einem symptomatischen Verlauf der Infektion ist.

COVID-19 Impfstoffe wurden in einem beispiellosen Tempo entwickelt und in der
Bevolkerung angewandt. Mit dem entwickelten Assay konnten wir schon frith
verifizieren, dass mRNA-Impfstoffe, die erstmals wiahrend der COVID-19-Pandemie
in grofem Umfang eingesetzt wurden, eine starke humorale Immunantwort
induzieren. Wir haben aufierdem festgestellt, dass die homologe Impfung mit Vektor-
basierten Impfstoffen in Bezug auf Titer und neutralisierende Aktivitdt eine
schwéchere humorale Immunantwort hervorruft. Zudem haben wir gezeigt, dass die
humorale Immunantwort etwa 28 Tage nach der Immunisierung ihren Hohepunkt
erreicht und danach tiber sechs Monate hinweg stetig abnimmt, was durch
Auffrischungsimpfungen kompensiert werden konnte. Aufserdem stellten wir fest,
dass Impfstoffe bei Personen auf Hiadmodialyse eine schwéchere humorale

Immunantwort auslésen, und beobachteten schnell abnehmende Antikdrperspiegel.

Die rapide Evolution von SARS-CoV-2 fithrte zum Auftreten von Virusvarianten mit
Schliisselmutationen, die die Wirksamkeit des Impfschutzes in Frage stellten.
Daraufhin haben wir MULTICOV-AB mit variantenspezifischen Antigenen
erweitert. Wir konnten zeigen, dass einige Virusvarianten wie Alpha und Delta nur
geringe bis mittelstarke Immunevasion aufweisen, wéahrend andere, wie die
Omicron-Subtypen, mit einer stark verminderten Antikdrperbindung verbunden
sind. Zusammenfassend konnten wir Daten tiber Impfstoffe, Virusvarianten und
Gruppen von besonderem Interesse, wie Kinder oder Personen auf Hamodialyse
zeitnah liefern und konnten so die Anpassung der offiziellen Empfehlungen fiir
Impfschemata beschleunigten und das Verstiandnis der Immunitat gegen SARS-CoV-

2 voranbringen.
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Chapter 1:
Introduction






Chapter 1: Introduction

1.1. The COVID-19 Pandemic and SARS-CoV-2

1.1.1. The Beginning of the COVID-19 Pandemic

In late 2019, a localised outbreak characterised by heavy and often fatal pneumatic
disease symptoms was reported in Wuhan, China'2. The causative agent was
identified to be a novel Coronavirus, which is now believed to have spilled over from
its animal reservoir to humans via bats23. Within weeks of the first reported cases, a
full genome sequence was made available*>. The novel virus revealed a striking
homology to the causative agent of Severe Acute Respiratory Syndrome or SARS,
named SARS-CoV (assigned SARS-CoV-1 in this thesis), which saw an outbreak with
more than 750 deaths in 200367
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Figure 1: SARS-CoV-2 phylogenetic tree

Phylogenetic tree of early SARS-CoV-2 genome sequences and other betacoronaviruses,
highlighting likely bat origin and relation to SARS-CoV-1. Reprinted by permission from
Springer Nature Customer Service Centre GmbH: Springer Nature Reviews Microbiology
(Characteristics of SARS-CoV-2 and COVID-19, Ben Hu et al.§), © (2020).
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The novel disease was termed Coronavirus Disease 2019 (COVID-19) and the virus
was initially designated 2019-nCoV'2, which was later changed to SARS-CoV-2°. A
phylogenetic tree highlighting early SARS-CoV-2 genome sequences in within the

genus of betacoronaviruses is shown in Figure 1.

Within weeks, SARS-CoV-2 spread throughout the Wuhan province and China, with
125 infections reported by January 19t 202010. Shortly afterwards, more and more
countries began to report cases, with the first case in Germany officially confirmed on
January 27th 2020%. In response to the growing global spread, the World Health
Organisation (WHO) declared a pandemic on 11t March of 2020, by which point the
infection had spread to 114 countries and the global death toll was estimated over
4,00012. Deaths from SARS-CoV-2 increased more than tenfold by the end of the
month and reached almost 2 million deaths reported by the end of 2020°. Figure 2

shows an overview of events surrounding the outbreak of SARS-CoV-2.
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Figure 2: Pandemic outbreak timeline

Timeline of the outbreak of SARS-CoV-2, highlighting key events throughout the beginning
of 2020. Reprinted by permission from Springer Nature Customer Service Centre GmbH:
Springer Nature Reviews Microbiology (Characteristics of SARS-CoV-2 and COVID-19, Ben
Hu et al. 8), © (2020).
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1.1.2. COVID-19 Transmission and Symptoms

COVID-19 disease is transmitted from person to person primarily by droplets and
aerosols, the latter of which can penetrate deep into the lungs'3-16. Infection occurs at
the entry points of the human airway system?”18, after which the virus quickly
multiples and spreads throughout the body. Symptoms occur roughly 5 days after
initial infection®. In contrast, viral loads are reported to already peak 1-3 days before
symptom onset, which can lead to people spreading the disease before developing
symptoms202l. This was a major contributing factor to the rapid spread of
COVID-1921.22,

Symptoms of COVID-19 are diverse but the three most common symptoms are cough,
fever and shortness of breath?. Less common symptoms include diarrhoea, myalgia
and headache?-%, although anosmia and dysguesia (loss of smell and taste) are also
reported in some individuals®26-28, A significant fraction of infected individuals
remain asymptomatic, although estimates of the proportion of this group vary with
reports ranging from 4% to 31%22931. Spread of COVID-19 happens independently
of symptoms, making asymptomatic infections especially critical for containment of
the pandemic®. Severe symptoms commonly seen in hospitalized patients may
include hypoxemia and lymphopenia leading to acute respiratory distress syndrome,
requiring invasive ventilation in severe cases, potentially resulting in multiple organ

failure and death?253233,

Disease severity strongly varies between different groups of individuals.
Immunocompromised individuals such as organ transplant recipients3,
haemodialysis or cancer patients?>3¢ are particularly severely affected, which makes
them an at-risk group during the pandemic. Increasing age is considered a strong risk
factor for severe COVID-19 disease, so the elderly population in general is another at-
risk group, where notably males are more commonly hospitalized®. In constrast,
children are less often infected, develop symptoms less frequently and have milder
disease course®-40. Overall, COVID-19 had a world-wide fatality rate of roughly 2.3%
in 2020 (calculated using data provided by WHO), however fatality rates are
increased with age and reach 4.6% at age 75 and 15% at age 85 according to a large

meta study*!.
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The changing of predominant virus variants, which is discussed at a later point in this
thesis, has also had an influence on symptoms of COVID-19. During the Alpha and
Delta variant infection waves, COVID-19 infections were more often associated with
anosmia and dysguesia compared to before243 and the following Omicron variant
had a higher prevalence of sore throat and hoarse voice, while anosmia and dysguesia

were much more uncommon again#24445,

It must be noted, that a small percentage of infected individuals develop a long-
lasting disease stage characterized among other symptoms by general fatigue,
shortness of breath and decreased cognitive status#. This prolonged affliction, which
is often summarized under the term “long COVID” is difficult to define clinically,
since symptoms are variable and very general and therefore difficult to attribute
specifically to COVID-19%. More research on this topic is needed to identify causes
and biomarkers for diagnosis®, however in this thesis, COVID-19 infection and
disease progression is discussed in the context of the acute infection and immunity
and not in the context of “long COVID”.

1.1.3. SARS-CoV-2 Structure and Life Cycle

SARS-CoV-2 is a coronavirus of the genus betacoronavirus subgenus sarbecovirus®.
The virus particle of SARS-CoV-2 is schematically depicted in Figure 3 and is made
up of a lipid membrane containing three membrane-bound proteins (Spike, Envelope
and Membrane). Of these, the Spike Protein forms trimers and is crucial to viral cell
entry, while the Envelope and Membrane proteins are thought to play a role in virus
particle assembly#9%0. The Nucleocapsid protein is located within the membrane and
stabilizes the single-stranded, linear RNA genome within the virus particle.
Additionally, the genome encodes for two large polyproteins, which are
proteolytically processed into 16 proteins, relevant for virus replication®. Several
other non-structural proteins are encoded interlaced with the other open reading
frames on the SARS-CoV-2 genome>!.
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Figure 3: SARS-CoV-2 virus particle

Schematic illustration of the SARS-CoV-2 virus particle with all proteins contained in the virus
particle highlighted. Open reading frames in the SARS-CoV-2 RNA genome are shown below.
Virus schematic adapted by permission from Springer Nature Customer Service Centre
GmbH: Springer Nature Reviews Microbiology (SARS-CoV-2 pathogenesis, Mart M. Lamers
et al.?), © (2022) and genome illustration adapted from Zhou et al.2.

Figure 4 is an illustration of the life virus cycle of SARS-CoV-2. The virus particle is
able to latch onto human cells via the interaction of the trimeric Spike protein and the
human ACE2 receptor>*%. The Spike protein is subsequently activated by protease
cleavage via human serine protease TMPRSS2 at the S2 region5¢, which then mediates
fusion of the virus particle with the host cell membrane. In humans, ACE2 and
TMPRSS2 are co-expressed in nasal and bronchial epithelial cells, making these cell
types the primary target of viral entry into the host, thus causing predominance of
infection at entry points of the airway system and droplet spread of SARS-CoV-257.58,
The proteases Furin and Capthepsin L have also been associated with SARS-CoV-2

cell entry, the latter in an alternate entry pathway via endosomal escape>-61.
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Figure 4: SARS-CoV-2 life cycle

Schematic overview of the SARS-CoV-2 life cycle. Viral cell entry is followed by endosomal
escape, viral RNA synthesis in virus replication organelles, assembly of new virus particles
and viral egress by exocytosis. Adapted by permission from Springer Nature Customer
Service Centre GmbH: Springer Nature Reviews Microbiology (Coronavirus biology and
replication: implications for SARS-CoV-2, Philip V'kovski et al.?3), © (2020).

Upon membrane fusion, the viral protein-RNA complex is released into the host cell
cytoplasm, where the viral RNA is translated using cap-dependent translation of the
host. The polyproteins are subsequently processed and virus replication organelles
are formed at the endoplasmic reticulum resulting in double membrane vesicles as
centres for viral replicationt264. Assembly of new virus particles occurs at the
endoplasmic reticulum-golgi intermediate compartment, where budding is
facilitated by Spike, Membrane and Envelope proteins®. Newly formed virus

particles egress the infected cell via lysosomes®>.
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1.2. Serology

1.2.1. Overview of the Humoral Immune Response

When the human immune system comes into contact with a previously not
encountered pathogen, it raises a polyclonal set of antibodies which can with high
avidity bind to pathogen-specific structures, also called antigens. The human immune
response is highly individual and varies for each pathogen and antigen. Antigens can
be parts of proteins carried by the pathogen, and although they can be linear epitopes,
the majority of antigens that the human immune system responds to are believed to
be folded, conformational epitopest. Furthermore, many pathogens are highly
glycosylated either at the protein levels or at their membrane. These glycan structures
can also serve as antigens to the human immune system as was for example shown

in tuberculosis®’.

An antigen is processed by professional antigen presenting cells, which then present
it to naive B-cells at germinal centres, such as lymph nodes®. These B-cells undergo a
selection process which involves improving avidity towards presented antigens and
excluding reactivity to endogenous structures®. After stimulation by immune system
contact with their antigen, B cells differentiate into antibody-producing plasma cells
or memory B cells, the latter representing a diverse group of long-lived B cells that
contribute to an enhanced response upon re-exposure to the same antigen®. Each
plasma cell specifically produces monoclonal antibodies of one of several
immunoglobulin classes. Immunoglobulin G (IgG) constitute by far the largest
fraction of antibodies in serum and have the strongest binding affinity to their target?.
Besides IgG, immunoglobulin M (IgM) and immunoglobulin A (IgA) are the other
major antibody types found in serum?0. IgM is mostly produced in the early phase of
the immune reaction and has low affinity but high avidity due to its pentameric
structure”. While present in serum, IgA is mainly found in body secretions such as
breast milk or sputum and functions to protect mucosal membranes?7.. One of the
modes of action of antibodies is to directly disrupt entry of the pathogen into human
cells by binding to and thus blocking epitopes on specific pathogen structures?2. This
activity is also called neutralization2. Only a fraction of the polyclonal antibodies
generated upon exposure to a pathogen are neutralizing”. Antibodies in blood have
a half-life of 1 to 4 weeks, depending on the subclass, as shown for immunoglobulin
G (IgG)7. However, they are persistently replenished by plasma cells, resulting in a
constant total concentration of antibodies in human blood. Antigens-specific
antibody levels could be detected in serum for up to 50 years after a pathogen
encounter in some cases”. While plasma cells do not proliferate, they can persist for
long times in specialized niches in the bone marrow as memory plasma cells®. When

the immune system re-encounters a pathogen, its response is much faster, since
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memory plasma cells as well as memory B-cells can be re-activated®. Multiple

exposures to the same antigens are thought to iteratively improve antibody affinity®s.

In addition to the previously described humoral immune response, the immune
system also mounts an adaptive cellular immune response, characterized by the
activity of T-cells. In brief, T-cells are activated by professional antigen presenting
cells, if their T-cell receptor can bind to the presented antigen®s. After activation, the
diverse set of CD4* helper cells fulfil multiple roles in the adaptive cellular immune
response such as stimulating macrophage and B cell activity®. CD8* cytotoxic cells
can recognize and kill cells that are infected by the pathogen matching their respective
T cell receptor®®. As part of their effector function, T-cells secrete specific sets of
cytokines, which are small peptide molecules used in cellular signalling®. Therefore,
the presence of cytokines such as Interferon gamma can serve as a correlate for

activity of the cellular immune response?.

1.2.2. Applications of Serology

Serology is the study of serum and other bodily fluids, usually referring to the
identification of antibodies. In the context of this thesis, serology will explicitly refer
to the study of pathogen-specific antibodies in human bodily fluids such as blood
(serum and plasma) and saliva. An excellent overview of the current state and

challenges in serology is given by Wine and colleagues””.

Overall, the encounter with a pathogen leaves a specific "imprint" in the human
immune system, which can be read, among other things, from the antibodies. While
other methods of detecting infection, such as genome sequencing or detection of
antigens in samples, are better suited for diagnosing active infection, antibodies can

be detected long after infection and are an indirect measure of a person's immunity.

Serological assays are scientific methods for measuring the levels of antigen-specific
antibodies, usually in blood derivatives such as serum or plasma, but also in other
fluids such as saliva or cerebrospinal fluid. The most commonly measured class of
antibodies is IgG, which makes up the majority of antibodies in blood®7. Besides,
IgA and IgM are often measured. IgM can serve as a marker of recent infection, as its
half-life is reduced compared to IgG70. IgA can be used as a correlate of mucosal
protection’071. In addition to directly measuring the presence of antibodies, another
approach is to estimate their capacity to act as neutralizing antibodies. In such
surrogate neutralization tests, an infection is mimicked and a particular set of
antibodies, e.g., from serum, can be assessed for its capacity to disrupt the infection
and thereby provide protection against the pathogen. These assays can range from
complex systems such as models of infection in cell culture using live pathogens to

reductionist models that rely on protein-protein interaction to mimic infection.
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1.2.3. Multiplex Assays and xMAP Technology

Multiplexing of antigens is to simultaneously measure reactivity from a sample
towards a multitude of antigens. This approach is especially well suited to capturing
the aforementioned “imprint”, which a pathogen leaves on the human immune

system as accurately and broadly as possible.
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Figure 5: xXMAP technology

(a) Combination of different concentrations of three fluorescent dyes within the xMAP
microspheres allows to distinguish a total of 500 different emission profiles and enables
multiplexing. (b) In the FLEXMAP3D instrument system, microspheres are singled out and
classified with a red laser, while a green laser can be used to measure fluorescence intensity
on the surface of the bead. Figure modified and used with permission from Luminex, a
Diasorin Company?s.

Figure 5 displays the principles of the xXMAP technology (Luminex Corp.). Instead of
being coated to a well surface, as is the case in classical serological enzyme-linked
immunosorbent assay (ELISA), antigens are immobilized on xMAP magnetic
microspheres (beads). Beads have a combination of three internal dyes at different
concentrations in a total of 500 unique combinations, also called bead regions
(Figure 5a). A different antigen can be immobilized on each bead region allowing a
combination of up to 500 different antigens which can be analysed simultaneously.
The measurement device singles out beads and determines the bead region with its
red laser (638 nm wavelength), while detecting a signal for the bead with its green
laser (532 nm wavelength) for which phycoerythrin is a common chromophore
(Figure 5b).
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Figure 6: Multiplex serological assay

Schematic representation of a serological assay using xMAP technology. Beads with
immobilized antigens are incubated with samples containing antibodies, reaching a steady
state of antibodies binding to the antigens on the bead surface. Unbound antibodies are then
washed off and a chromophore-conjugated secondary antibody is added. After washing off
unbound secondary antibody, the fluorescence of every single bead is measured in the
measurement device, e.g. a FLEXMAP3D instrument. The fluorescence signal of the
chromophore is a direct correlate with the amount of antibody bound to each antigen. At least
35 beads are counted and the median fluorescence intensity is reported per region per sample
as the primary read-out of the assay.

Figure 6 is a schematic representation of a standard protocol for a serological assay
based on xMAP technology. The assay is performed in a 96-well format, allowing for
high-throughput processing of samples. The modular assay setup allows to easily
adapt protocols to change the primary readout by adding alternate secondary
antibodies. These can be specific for any species of immunoglobulin, e.g. IgG or IgA.
Multiplexing of serological assays allows to save processing time and costs. The bead
format also enables to work with high sample dilutions and for serum, sample
volumes of 5 puL are often sufficient for measurement. However, the amount of
antigens that can be assessed simultaneously can lead to very complex data sets and

requires careful planning for analysis and interpretation.
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1.2.4. Coronavirus Serology Prior to the COVID-19 Pandemic

SARS-CoV-2 and SARS-CoV-1 have moderately conserved genomes (79% sequence
identity)”®, with the Nucleocapsid (90%), Envelope (95%) and Membrane (90%)
proteins being well conserved on an amino acid level, whereas the Spike protein is
more divergent (76%)7. It was therefore clear that the results of research on SARS-
CoV-1 could be used as a basis for SARS-CoV-2 serology. For SARS-CoV-1, the major
antigens were Spike and Nucleocapsid, with B- and T-Cell epitopes within these
proteins being used to predict corresponding SARS-CoV-2 epitopes’?. Most
serological assays for SARS-CoV-1 were directed towards either the Spike or
Nucleocapsid and detected IgG from human serums!. Both antigens exhibited similar
levels of sensitivity and specificity and have therefore been the focus of SARS-CoV-2
serological assay development. However, it was shown that neutralizing antibodies
were exclusively directed towards Spikes2. In contrast to the SARS-CoV-1 epidemic,
the global pandemic for SARS-CoV-2 enabled significantly larger sample cohorts to

become available, allowing a thorough evaluation of individual antigen performance.

The presence of SARS-CoV-1 in the human body could most reliably be diagnosed by
sequencing of the viral RNA from specimens of the lower respiratory tracts or
nasopharyngeal swabs, due to viral loads increasing to detectable levels before
seroconversion. However, sequencing methods often suffered from poor sensitivity
and serological assays were recommended as confirmatory test in diagnosis of SARS-
CoV-168384 SARS-CoV-1 patients developed IgG, IgA and IgM levels between two
and four weeks after disease onset®>8. While IgM is generally considered to be an
early marker for infection, it was not detected earlier than IgG or IgA for SARS-CoV-
1 and further proved to have a higher cross-reactivity due to its low affinitys18>. IgA
and IgM titres decreased more rapidly, while IgG titres were more stable over times>.
SARS-CoV-1 infections could therefore reliably be detected with serological assays
for 8 months via IgG, while IgM and IgA added additional value in detecting whether
an infection occurred recently. Figure 7 is a schematic representation of the dynamics

of viral loads and antibody formation during a SARS-CoV-2 infection.
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Figure 7: Detection of COVID-19

Schematic illustration of viral load and antibody formation over COVID-19 disease course.
Initially, infection can only be detected by the presence of SARS-CoV-2 using PCR or antigen
testing. Antibodies can be reliably detected with serology after approximately one week,
depending on assay sensitivity. There may be a period where either test principle is unreliable,
depending on the course of disease and the individual immune response. Adapted from UK
Research and Innovation®.

During the SARS-CoV-1 epidemic, the WHO recommended the use of virus
neutralization tests to eliminate cross-reactive effects and directly measure inhibition
of virus infection®. However such assays are not widely applicable due to safety
requirements for live virus cultures of minimum biosafety level 3, nor are they
suitable to high-throughput screenings, due to high time and costs of cell culture. As
a result, virus neutralization tests were considered best suited as a tool to confirm

results and to evaluate serological assay performances4.

In addition to the coronaviruses SARS-CoV-1 and MERS-CoV, both of which caused
epidemics with high mortality rates but then disappeared, there are four species of
seasonal coronaviruses that infect humans. Namely these are 229E and NL63 of the
genus alphacoronavirus, as well as OC43 and HKU1 which like SARS-CoV-2 are
betacoronavirusess. All four viruses cause seasonal cold-like symptoms, with the
majority of humans being infected at least once in their lifetime®%. Together they are
therefore often referred to as endemic human coronaviruses (hCoVs). The viral
proteins of hCoVs and SARS-CoV-2 are related and have conserved stretches within
immunodominant regionss!. For the Spike protein, these stretches are mainly located
within the S2 domain, whereas the Nucleocapsid is more conserved overalls!. An
immune response towards hCoVs may therefore confer some form of immune
protection from SARS-CoV-2 via cross reactive antibodies and conserved epitopes, as
was demonstrated for SARS-CoV-189. However, there are indications that the
immunity to hCoVs may be short lived, as re-infections often occur 12 months after
infection®2. Therefore, the relevance of cross-protection from SARS-CoV-2 through
hCoV-induced immunity was uncertain and an important research topic in the

COVID-19 pandemic.
14
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1.3. Emerging Topics During the COVID-19 Pandemic

1.3.1. SARS-CoV-2 Vaccination

Shortly after the outbreak of SARS-CoV-2, many pharmaceutical and biotechnology
companies announced they were beginning pre-clinical development of a SARS-CoV-
2 vaccination. Within a year, and following accelerated approval of the first
generation of vaccines in fast-track system%9, several SARS-CoV-2 vaccinations
became publically available. Governments and public health bodies around the world
subsequently issued different vaccination regimens, based on clinical trial studies and
vaccine availability. In the first half of 2021, four different vaccines were approved for
use in Germany. These were BNT162b2, later marketed as Comirnaty by BioNTech
Manufacturing GmbH (BNT), mRNA-1273, later marketed as Spikevax from
Moderna Biotech Spain, S.L. (MOD); Vaxzevria from AstraZeneca AB (AZE) and
Jecovden by Janssen-Cilag International NV (J])%. While other vaccines have been
developed worldwide and some were approved for use in Germany in 2022, the
aforementioned four vaccines together make up nearly 100% of all administered
vaccine doses in Germany by July 1st of 2022% and are the focus of this thesis. An

overview is also presented in Table 1.

Table 1: Overview of COVID-19 vaccines in Germany

. . % of Doses
Name Dosage Licensing i
n Abbre- Manu- . administered
(Commercial P os | Type® (Number of Date in ’
name)’s viation facturer vaccinations)” | Germany®% in Germany as
of 01.07.2022%
BioNTech
BNTI16262 par | Manuface e | 30HERNA o 100020 73.8 %
(Comirnaty) turing (2x)
GmbH
Moderna
n(‘énfk‘z‘}j? MOD | Biotech | mRNA | ' *;%‘NA 06.01.2021 17.1 %
P Spain, S.L.
5x1010
ChAdOx1-S Astra- Vector- adenovirus o
(Vaxzeriva) AZE Zeneca AB | based vector 29.01.2021 7.0%
particles (2x)
Janssen- 5x1010
Ad26.COV2.S Cilag Inter- | Vector- adenovirus o
(Jeovden) I national based vector 11.03.2021 2.0%
NV particles (1x)

The COVID-19 pandemic led to the use of relatively novel vaccination methods, as
they proved more flexible and had short development times compared to
conventional methods?”. All four vaccines utilize the Spike protein as their antigen, as
the Spike protein receptor binding domain (RBD) is the target for the majority of
neutralizing activity towards SARS-CoV-2%. MOD and BNT are mRNA vaccines,

while AZE and ]J] are vector-based vaccines.

15



Chapter 1: Introduction

The urgent need for vaccines during the pandemic triggered to the first use of mRNA
vaccines outside of clinical trial studies. In this approach, vaccine formulations
contain mRNA encoding for a target antigen packaged in lipid-nanoparticles”. After
an intramuscular injection, the mRNA is delivered to cells and subsequently uses the
translation machinery of host cells to produce the antigen””. The mRNA contains
modulated 5 and 3" untranslated regions including 3’-polyadenylation and a 5'-cap
structure?”. Furthermore, Uridines in the mRNA of MOD and BNT are replaced by
N1-methylpseudouridine, which increases stability and improves tolerability by
suppressing innate immune responses®10l. One of their main differences is the
amount of mRNA in one dose, where BNT contains only 30ng, compared to 100ug for
MQOD102,103,

Other vaccine developers decided to utilize adenovirus vectors, which have seen
wide use in basic research and gene therapy studies!®. Although vector-based
vaccines were used during emergency situations in the Ebola outbreaks of the
2010s15, they have never been administered as widely as during the COVID-19
pandemic. Vector-based vaccines contain a modified adenovirus as a carrier for DNA
encoding for the target protein®”. Two vector-based SARS-CoV-2 vaccines were
approved for usage in Germany. AZE utilizes chimpanzee adenovirus Y25, while JJ
uses human adenovirus 26%. The vaccine delivery process is more complex than in
mRNA vaccines. The adenovirus infects host cells, but its genome is altered to contain
the SARS-CoV-2 Spike protein, while viral factors for genome replication are
deleted106-108, Once inside cells, the DNA is transcribed to mRNA in the nucleus and
subsequently SARS-CoV-2 Spike protein is translated and induced an immune

response, likely by exposure on the plasma membrane of the cell”.

Vaccine efficacy is the metric describing the actual protection from pathogen
infection, conferred by vaccination. This is assessed in double-blind clinical trials and
is an essential step in vaccine approval. For SARS-CoV-2, the WHO had set a goal of
50% vaccine efficacy for vaccines in development, meaning that COVID-19 should be
prevented in 50% of all vaccinated individuals'®. Clinical trials of the four vaccines
in use in Germany reported different efficacies, where the mRNA vaccines performed
superior to vector-based vaccines, with efficacies of 94% for MOD and 95% for
BNT?02, while AZE had 70%10 and J] 67 %111, Of the four vaccines described, JJ is the
only one for which the vaccination schedule of the original marketing authorization
only requires administration of a single dose of the vaccine for complete
immunisation!!?. All four vaccines were shown to be safe and rare adverse effects
such as myocarditis were outweighed by conferred protection from COVID-19, which

carries substantially increased risks for the same adverse events!12113,
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By contrast to the above discussed vaccines, many vaccine developers utilised more
conventional systems based on direct delivery of antigens!4, which are proven in
vaccines against many other pathogens!l>. However, they were met with limited
success. One approach that promised straightforward and fast generation of vaccines
was the use of attenuated, live viruses, as used in measles vaccination for example!?5.
However, this approach did not lead to a vaccine approved by WHO, as of July
2022116, Vaccines using inactivated whole virus have been developed, however while
they saw application in some countries'’®, none of the developed vaccines was
approved by the European Medicines Agency (EMA) and subsequently
recommended for use in Germany in 2021%. Subunit vaccines based on recombinant
proteins ultimately proved successful but were slow in development, likely due to
more complicated production and required optimisation'?”. Overall, vaccines that
were not based the delivery of genetic material were by comparison slow in
development or not widely approved by public health authorities, such as the EMA.
Two further SARS-CoV-2 vaccines have been approved for use in Germany, as of July
2022%. Nuvaxovid (Novavax CZ a.s.) is a subunit vaccine based on SARS-CoV-2 Spike
protein!8 and COVID-19 Vaccine Valneva (Valneva Austria GmbH) is a inactivated
virus vaccine!?. Their late arrival on the market has however lead to limited use in
Germany? and future usage will ultimately depend on pandemic development and

political decisions.

Serological assays are utilised in vaccine trials, to assess the generation and duration
of the immunological responsel00101106120. They are well suited for monitoring and
comparing vaccination outcomes across different vaccination regimens and between
different population groups. While vaccine effectiveness and safety were shown in
the clinical trial studies themselves, it was crucial to rapidly generate independent
data on the vaccine-induced immune response to inform public health strategies.
Throughout the pandemic the German Standing Committee on Vaccination (STIKO)
constantly evaluated the pandemic situation and adapted their recommendations
accordingly. For example, an additional dose of vaccine to boost declining immunity
levels was recommended for the general population at the end of 202112, but in the

vaccine trials before approval, a third vaccination was never investigated.
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In Germany, among many other countries, a risk-based priority system was
established, in which older citizens, healthcare workers and immunocompromised
were offered a vaccination first'22. Immunocompromised individuals are particularly
vulnerable during a pandemic because they are more susceptible to infection and
often have more severe courses of illness?12312¢, Haemodialysis patients are often
transplant recipients or have insufficient kidney function and belong to the group of
immunocompromised individuals. During haemodialysis, a patient's blood is filtered
outside their body and soluble components are largely removed to eliminate toxic
waste products that have accumulated, for example, due to reduced kidney
function!?. Patients on haemodialysis are often poor vaccine responders and require
adjusted vaccination regimens for many vaccine-preventable diseases!26127,
Therefore, it is critical to monitor the SARS-CoV-2 vaccine immune response in this
group and adjust their vaccination regimen accordingly to protect them from

infection.

1.3.2. SARS-CoV-2 Variants

In a pandemic scenario, due to the sheer number of infections and the changing
immunity landscape, driven for example by vaccination, a pathogen can undergo
rapid evolution to optimize and adapt to its circumstances. While certain countries
initially sequenced a fraction of their positive PCR samples, some countries and
research groups sequenced significantly more and began to identify the presence of
clusters of distinct viral strains. Genome sequences were collected in databases and
assigned clades based on divergence, allowing to track the evolution of
SARS-CoV-2128129. Over the course of 2021, several major SARS-CoV-2 variants
emerged with the first occurrence of mutations in key regions of their genome.
Mutations in the RBD of the Spike protein were considered critical due to the use of
this antigen in vaccines. Major variants were categorized as SARS-CoV-2 Variants of
Concern (VoC) or Variants of Interest (Vol) by the WHO, based on worldwide spread

and number of recorded infections30,131,
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Table 2: SARS-CoV-2 variants of concern designated by the WHO

Date Increased
WHO Pango Earliest Earliest designated transmissibility
labe]131 Lineage!3! | occurrencels! occurrencel3! e compared to non
VoC variants132
Alpha B.1.1.7 09.2020 United Kingdom 18.12.2020 29%
Beta B.1.351 05.2020 South Africa 18.12.2020 25%
Gamma P.1 11.2020 Brazil 11.01.2021 38%
Delta B.1.617.2 10.2020 India 11.05.2021 97%
Omicron* B.1.1.529 11.2021 Multiple countries | 26.11.2021 *

*The WHO definition of Omicron represents all Omicron sub lineages, which is an as of July 2022 still
evolving group

An overview of variants that have been assigned VoCs over the course of the
pandemic as of July 2022 is given in Table 2. It should be noted that the WHO
assigned Omicron as a general label for all circulating Omicron sub-lineages. Notably,
the VoCs all carried one or more mutations inside the RBD which re-occurred at
several distinct amino acid positions (Figure 8a). Through accumulated mutations,
the VoCs gained fitness advantages over other circulating variants and became

predominant locally or globally?32.

Notable global Variants in 2021 included the Alpha and Delta variant. The Alpha
variant was the first variant to dominate infection events worldwide and made up
more than 90% of fully sequenced infections in Germany from March 2021 to May
202112913, [t carried the key mutation N501Y in the ACE2 binding interface of the
RBD, which is associated with increased binding to ACE2134. In the first half of 2021,
there were two more designated VoCs beside Alpha. The Beta and Gamma variant
dominated in South Africa and Brazil, respectively, but were not successful globally.
In addition to the N501Y mutation, they each carried two more mutations in the RBD
at positions 417 and 484, which were associated with increased ACE2 binding and
immune escape’?13. The previously circulating variants were displaced by the Delta
variant in the second half of 2021, which became almost solely dominant worldwide
and made up over 99% of fully sequenced infections in Germany from August 2021
to December 202112913, The Delta variant developed a different set of mutations in
the Spike protein compared to the previous VOCs, such as L452R, which is a mutation
associated with increased viral shedding and infectivity?36137. A visualisation of Spike

mutations and variant frequencies is provided in Figure 8.
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Figure 8: Overview of SARS-CoV-2 variants of concern

(a) Defining mutations of VoC in the Spike protein compared to the original Wuhan_Hu-1
strain. Amino acid positions and Spike subdomains are indicated in reference to Wuhan_Hu-
1 strain. (b) Relative variant frequency in Germany over the course of the pandemic is shown.
The number of sequenced genomes of a specific variant in relation to all sequenced genomes
in a respective periods of 14 days was calculated. Figures were generated from CoVariants
data provided by Hodcroft and colleagues!3® using source data from GISAID!?.

Infectivity was increased from the original Wuhan Hul isolate to Alpha, and from
Alpha in turn to Delta, which enabled their global spread over competing variants's2.
Compared to infections with the original Wuhan Hul isolate, infections with VoCs
were associated with higher risks of hospitalisation and death3$13. These effects
were, however, mitigated by vaccination in countries where vaccination campaigns
could be rolled out quickly in 2021. A significant amount of breakthrough infections
occurred with VoCs in individuals convalescing after previous infections and in
vaccinated individuals, indicating immune escape properties of SARS-CoV-2
VoCs40142, It was therefore crucial to generate data on immune response towards
VoCs rapidly.

20



Chapter 1: Introduction

2022 saw the rise of the Omicron VoC, which quickly replaced Delta as the globally
dominant SARS-CoV-2 variant. Several sub lineages have developed during this
wave of infection, which is still ongoing as of July 2022143144, The Omicron infection
wave started out with the BA.1 sub lineage, followed by BA.2. As of July 2022, there
are three major circulating Omicron sub lineages (BA.4, BA.5, and BA.2.12.1) and it is
not quite clear which will prevail, although it appears that BA.5 is developing into
the major variant!33. While previous VoCs had few mutations, Omicron BA.1 had
developed an unprecedented number of mutations in the spike protein (Figure 8a).
Despite a vaccine coverage of around 70 % by the end of 2021 in Germany?¢, 18 million
infections have been recorded between February and July of 2022, which means
roughly one fifth of the population have been infected with an Omicron sub lineage
over the span of 6 months®0. This indicates significant immune escape from vaccine-
elicited immunity by the Omicron sub lineages. The increase in incidences was
unprecedented within the pandemic so far. Many people, who had been infected in
2020 or 2021 were reinfected with Omicron VoC in 2022140145, At the same time disease
severity was strongly reduced, especially in vaccinated individuals, even though the
vaccines were all directed towards the Wuhan Hu-1 Spike protein’4¢. The Omicron
sub lineages therefore present a major change in the SARS-CoV-2 pandemic and
understanding alterations of the immune response towards them is essential for

adjustment of vaccines as well as public health and political decisions.

As of July 2022, more than 500 million infections with SARS-CoV-2 have been
recorded worldwide and the total number of deaths associated with SARS-CoV-2 is
estimated to be above 6 million!0. The true costs of the COVID-19 pandemic in

damages to the socioeconomic landscape cannot be estimated.
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Chapter 2: Objective of the Thesis

This thesis aims to develop a multiplex serological assay for SARS-CoV-2, the
causative agent for COVID-19 and apply it to generate scientific evidence to
accompany the real-world pandemic situation and support critical decisions for

public health and socioeconomics.

In a first step, we evaluated candidate SARS-CoV-2 antigens and set a core antigen
panel. We subsequently established a system to classify SARS-CoV-2 infection in

serum and plasma samples with high clinical sensitivity and specificity.

In addition, we investigated whether cross-reactivity to endemic human
coronaviruses (hCoVs) is a relevant factor in SARS-CoV-2 immunity and hence

extended our antigen panel to include antigens from all four known hCoVs.

Next, we used our assay to assess why SARS-CoV-2 infection in children was less
common and more often associated with a milder course of disease, by comparing
the humoral immune response after infection in children and adults within a multi-

centric cohort study.

The development of vaccines was a key step towards managing infections and
stabilizing health infrastructure in the COVID-19 pandemic. We compared different
vaccination regimens in a large population-based cohort and investigated the kinetics
of the associated humoral immune response, with the aim of providing evidence for

health authorities to evaluate and adjust vaccination recommendations.

Immunocompromised patients, such as patients on haemodialysis are an at-risk
group in a pandemic setting. We accompanied a cohort of patients on haemodialysis
at multiple time points throughout the pandemic and assessed whether they
responded to the vaccines and whether they required an adjusted vaccination

regimen compared to healthy individuals.

The evolution of SARS-CoV-2 over the course of the pandemic has led to emergence
of several virus variants with mutations in key antigens. We therefore iteratively
expanded our assay to include variant-specific antigens to be able to generate data
relevant to the real-world situation. Shortly after the first SARS-CoV-2 variants of
concern (VoCs) emerged, we analysed whether VoCs were able to evade the vaccine
induced immune response. Most recently, the emergence of the Omicron variant has
led to an unprecedented number of vaccine breakthrough infections. In order to better
understand this shift in the pandemic landscape and to inform future development
of vaccines, we investigated its immune escape potential and compared it to the

previously circulating variants.
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Parts of this thesis have been previously published. A full list of the publications of
this thesis is shown below. Publications including supplementary material have been
reprinted in Appendix I-VIIIL
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3.1. Development of MULTICOV-AB

3.1.1. Purpose and Development of the Assay

In early 2020, prior to first confirmed cases being detected in Europe, we began the
development of a SARS-CoV-2 serological immunoassay utilizing highly sensitive
Luminex xMAP technology, which we later named MULTICOV-AB. The purpose of
MULTICOV-AB initially was to assess human serum for antibody binding to multiple
SARS-CoV-2 antigens, thereby providing a broad overview of the humoral immune

response in infected individuals.

As part of the development process for MULTICOV-AB, we evaluated the
performance of several antigens, spanning the range of proteins found in SARS-CoV-
2. Using a set of infected samples, we initially assessed whether we could detect
binding of IgG, IgA or IgM towards the antigens. We excluded proteins based on
SARS-CoV-2 Envelope and Matrix proteins, as we could not detect a specific antibody
response. Therefore, we focussed on different constructs of SARS-CoV-2 Spike and
Nucleocapsid for further development. These antigens are detailed in Figure 9 and
were used as the SARS-CoV-2 core panel of MULTICOV-AB throughout all studies
described in this thesis. In addition, we excluded detection of antigen specific IgM, as

we observed high background levels in serum samples from uninfected individuals.
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Figure 9: MULTICOV-AB SARS-CoV-2 antigen panel

Sequences of the MULTICOV-AB core antigen panel for SARS-CoV-2 are schematically
displayed. Spike-based antigens are shown in reference to the original Whuan-Hul sequence
(above) and divergences are annotated. Sequences are shown from N-terminus (left) to C-
terminus (right). Positions and domains are drawn to scale.
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Commercial vendors quickly developed SARS-CoV-2 serological assays on
established high-throughput platforms. However, these assays were optimized for
clinical routine laboratories and mostly focussed on single antigens only47.148, Most
commonly, single-antigen assays utilized constructs of Spike protein for detection of
SARS-CoV-2 specific antibodies, but in some cases Nucleocapsid was also used as the
antigen, which is in line with our initial assessment of suitable antigens. Other groups
also developed serological assays for SARS-CoV-2 research, which also
simultaneously assess IgG levels to multiple SARS-CoV-2 antigens using Luminex
XMAP technology, but also alternate methods, such as a spotted

electrochemiluminescence ELISA or proteome microarrays!4-153,

3.1.2. Clinical Assay Validation

Following the initial development cycle, we screened a large set of serum and plasma
samples from 310 infected and 866 uninfected individuals, as described in Becker &
Strengert et al. (Appendix I). From our pre-selected set of antigens, Spike Trimer and
RBD stood out in their ability to distinguish infected from uninfected individuals as
displayed in Figure 10a. The Spike Trimer is a construct spanning the entire
ectodomain of the Spike protein, which mimics the virus Spike proteins natural
trimerization with an inserted C-terminal T4 trimerization-domain. It contains
stabilizing mutations in the S2 region and additionally the polybasic cleavage site,
where virus Spike protein is naturally cleaved to initiate viral fusion is deleted (see
Figure 9). The RBD utilized construct spans only the Receptor Binding Domain of the
Spike protein, which enables to isolate the faction of antibodies directed towards the
primary attachment site for SARS-COV-2 on human cells. These antigens were
previously described for their excellent performance in ELISA!%. We were able to
achieve a greatly improved specificity for our assay by integrating the information
from both antigens into a combined cut-off for sample classification (Becker &
Strengert et al., Appendix I: Figure 2a). Through combining IgG and IgA detection,
we could achieve a sensitivity and specificity of 90 and 100% respectively (Becker &
Strengert et al., Appendix I: Figure 2b, Table 3). Additionally, we compared
MULTICOV-AB performance to a selection of widely-used commercial
immunoassays for a subset of 205 infected and 72 uninfected samples. MULTICOV-
AB had improved sensitivity over all assays as shown in Figure 10b and Becker &
Strengert et al. (Appendix I: Table 1, Supplementary Figure 3). The determined cut-
off for IgG was used to define samples as seropositive to determine seroconversion
events in infected or vaccinated individuals in following studies.

32



Chapter 3: Results and Discussion

a Spike Trimer RBD - b
8 =]
| 8 - . L 8
H . E o ' - ] SARS-CoV-2 infected uninfected
: | Bl s o
] I ! g = ; g MuLTICOV-AB IgG / total Ig
i ; o g ! a
=] : . 3 : o Roche negative
S g & : g
- : r < . , . r s
T 8 - “E £ 84 : T Siemens positive
251 + £ 237 s
B ' L g 3 % ; -8 & Euoimmun borderline
g4 ¢ : g ] L u
e [ o e, = 9
i - 8 = : e S uninfected
: - i S T -
g ] ¢ - sl i = ! " MULTICOV-AB
=l i Bts 1B M
3 4 8 L 2 - - )
n20s 72 208 72 no0s 72 0572 S
e
SARS-CoV-2 + — + - + -

SARS-CoV-2 + =
IgG

19G IgA

Figure 10: MULTICOV-AB, a sensitive and specific tool to monitor SARS-CoV-2 antibody
responses

Control sera (grey, n = 72) and sera from individuals with PCR-confirmed SARS-CoV-2
infection (red, n = 205) were screened with MULTICOV-AB and commercially available single
analyte SARS-CoV-2 IVD assays. (a) Reactivity towards Spike Trimer or RBD were found to
be the best predictors of SARS-CoV-2 infection. Data are presented as Box-Whisker plots of a
sample’s MFI on a logarithmic scale. Box represents the median and the 25th and 75th
percentiles, whiskers show the largest and smallest values. Outliers as determined by 1.5 times
IOQR of log-transformed data are depicted as circles. Cut-off values for classification for single
antigens are displayed as horizontal lines (Spike Trimer IgG: 3,000 MFIL, IgA: 400 MFI; RBD
IgG: 450 MFI, IgA: 250 MFI). (b) Comparison of assay performance between MULTICOV-AB
and commercial assays which detect total Ig (Elecsys Anti-SARS-CoV-2 (Roche); ADVIA
Centaur SARS-CoV-2 Total (COV2T) (Siemens Healthineers)) or IgG (Anti-SARS-CoV-2-
ELISA - IgG (Euroimmun)) or IgA (Anti-SARS-CoV-2-ELISA - IgA (Euroimmun)). SARS-CoV-
2 infection status of samples based on PCR diagnostic is indicated as SARS-CoV-2 positive or
negative. Results were classified as negative (grey), positive (red), or borderline (light red) as
per the manufacturer’s definition. Only samples with divergent antibody test results are
shown. Figure adapted from Becker & Strengert et al. (Appendix I: Figure 1).

Classification with MULTICOV-AB was optimized for specificity so as to avoid false-
positive results more than false-negative. Serology aims to detect antibodies, which
inherently imply immune protection or reactivity of the immune system and it is
therefore crucial to avoid falsely attributing immune protection to individuals, who
may be insufficiently protected. This is in contrast to methods for detection of the
virus itself such a PCR, where the cut-offs are optimized towards sensitivity, as the
aim is to detect and prevent the spread of infection. Since PCR status was used as
gold standard for whether a person was infected or not, this difference in assay cut-
off optimisation can also explain why we were unable to reach a specificity of over
90%, which was in line with studies reporting that up 10% of SARS-CoV-2 positive
individuals do not develop measureable antibody levels'49155. Other research groups
taking similar approaches to develop SARS-CoV-2 serological assays reached

comparable assay performances!4915,
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An intriguing point was the superior performance of Spike antigens over
Nucleocapsid (Becker & Strengert et al., Appendix I: Supplementary Figure 4). An
early study comparing serological assays reported, that combinatory use of antigens
may improve assay performance, since some individuals showed a better reaction in
Nucleocapsid based assays'#”. While samples from infected individuals showed high
signals for SARS-CoV-2 Nucleocapsid in our study, we also found high signals in a
significant proportion of pre-pandemic samples, which can be attributed to cross-
reactive antibodies. We therefore had to exclude the Nucleocapsid from our
classification in order to avoid false-positive results. Other groups were in agreement
with our findings that Spike antigens perform superior to Nucleocapsid for tracking
of SARS-CoV-2 infections!®015215, while others showed that detecting antibodies
against Nucleocapsid was more specific’¥”. Among the commercial assays we
compared in our study, the best performing assay was based on Nucleocapsid instead
of a Spike construct, however, it utilized a different means of antibody detection. In
that assay, serum antibodies bridge between two Nucleocapsid proteins, one of which
is bound to a bead and the other is bound to a fluorophore, thereby also being not
selective for antibody classes!®. Because the antibody must facilitate two binding
events to the Nucleocapsid, this assay better filters out low-affinity binders compared
to the classical detection with a secondary, species-specific antibody used in
MULTICOV-AB. However, this bridging approach is less suitable for multiplexing
because with a higher number of antigens, cross-reactivities of nonspecific binders
become more likely and in addition it requires fluorophore-labelled antigens, driving
the assay costs. Overall this demonstrates that the performance of antigens heavily

depends on the specific assay setup.

3.1.3. Technical Assay Validation

As part of the technical assay validation, we established quality control (QC) samples
to be processed with every assay run in order to track performance. MULTICOV-AB
was validated in a fit-for-purpose approach, which oriented itself on guidelines given
by the EMA'® and United States Food and Drug Administration (FDA)%0. We
assessed intra-assay variance, inter-assay variance, limit of detection, parallelism and
matrix effects from serum or plasma samples as described in Becker & Strengert et al.
(Appendix I). Overall the assay proved to deliver reliable results for IgG and IgA
detection in serum and plasma samples with coefficients of variation (%CV) values
of no larger than 8.5 % for SARS-CoV-2 antigens intra- or inter-assay variance (Becker
& Strengert et al., Appendix I: Supplementary Figure 2, Supplementary Table 1).
Reagent stability was not shown for prolonged periods, which is being addressed by

current efforts for an extended validation.
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3.14. Adaption of MULTICOV-AB During the COVID-19
Pandemic

In response to an evolving pandemic, MULTICOV-AB was also continually
developed and adapted as show in Figure 11. In a rapidly changing landscape of
vaccination recommendations and emerging virus variants, there was an urgent need

for feedback from the scientific community to inform policy decisions.
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Figure 11: MULTICOV-AB adaption and key studies throughout the COVID-19 pandemic
A timeline of pandemic events for vaccination policies in Germany and SARS-CoV-2 VoCs is
shown on top. Infection waves and numbers of cases per week are indicated for Germany.
MULTICOV-AB assay development and adaption, as well as key studies are shown below.
For studies and assay adaptions the first date of publication in preprint was used. Data for
weekly cases in Germany was collected by WHO?.
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Through the flexibility of the multiplex technology we were able to rapidly adapt our
antigen repertoire for MULTICOV-AB to include Spike and RBD constructs of SARS-
CoV-2 VoCs and Vols as they arose throughout the pandemic. For example, VoCs
were first addressed by WHO in mid-December 2020, and we were able to publish
data on changes in the immune response to them just three months later (Becker &
Dulovic et al., Appendix II), delivering critical data which was used in official WHO
reports!él. For Delta and Omicron VoCs, we were already able to publish results at
the beginning of the infection waves in Germany (Dulovic, Strengert & Morillas
Ramos et al., Appendix VII; Junker, Becker & Wagner et al., Appendix V). We took
advantage of the broad antigen spectrum of MULTICOV-AB to conduct a number of
studies on topical issues during the pandemic, such as comparative analysis of
vaccine regimens (Dulovic, Kessel & Harries et al., Appendix IV), changes in the
SARS-CoV-2 immune response in children compared to adults (Renk, Dulovic &
Seidel et al., Appendix III), and longevity of the vaccine-induced immune response
in dialysis patients (Strengert, Becker & Morillas Ramos et al., Appendix VI; Dulovic,
Strengert & Morillas Ramos et al., Appendix VII; Becker & Cossmann et al.,
Appendix VIII). Our findings in these studies are discussed in the following sections.
In addition, we established semi-automated high-throughput measurements in 384-
well format using a pipetting robot (Renk, Dulovic & Seidel et al., Appendix III:
Methods section) and adapted our protocol for measuring IgG in saliva samples,
which provides insights into the humoral immune response in the first line of defence

against infection (Becker & Dulovic et al., Appendix II: Figure 2).

For future developments, the usage of dried blood spots as samples would enable the
use of MULTICOV-AB in a broader range of studies, as was demonstrated for SARS-
CoV-2 in multiple studies?>162, Dried blood spots have the advantage that no invasive
venipuncture is required and sample collection is less skill and labour intensive63.
Furthermore, building on MULTICOV-AB, we have developed an assay to measure
surrogate neutralization for SARS-CoV-2 using the same RBD constructs as in
MULTICOV-AB4,
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3.2. Humoral Immune Response to SARS-CoV-2

3.2.1. Distinguishing Vaccination from Natural Infection

Distinguishing between the humoral responses generated vaccination or infection
was important to assess the performance of different vaccines. Moreover, it was
crucial for use in epidemiological studies to understand the true infection rate by
detecting unnoticed seroconversions, since in a significant proportion of individuals
the disease is either asymptomatic or even completely undetected?241165. This
differentiation was not possible with the majority commercial available antibody
assays that used the Spike protein (or parts of it) as their single analyte. Our
multiplex-based platform allowed the inclusion of a wide variety of antigens,
enabling distinction between individuals with a vaccine-induced immune response
and those that had been infected by SARS-CoV-2. We could show that only in an
infection, a humoral immune response towards SARS-CoV-2 Nucleocapsid occurs,
whereas it is absent in BNT vaccinated individuals as shown in Figure 12. We were
later able to confirm the absence of a Nucleocapsid response for MOD, AZE and ]]
vaccines as well (Dulovic, Kessel & Harries et al., Appendix IV). This was expected,
as the in 2021 available COVID-19 vaccines in Germany were all formulated against
the Spike protein only and do not contain any other parts of the virus. Due to the
multiplex design of our assay, these data can all be collected at once from the same
well, allowing for higher throughput and more comparable results in contrast to

corresponding data from conventional ELISA formats.
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Figure 12: Distinguishing between vaccinated and infected donors

IgG response in sera from BNT162b2 vaccinated (pre second vaccination (light blue, n = 25),
post second vaccination (dark blue, n = 20)), infected (red) (n =35), and negative (grey) (n = 20)
individuals were measured with MULTICOV-AB. IgG response is shown as normalized MFI
for RBD (Wuhan strain) versus normalized Nucleocapsid MFI values allowing for
visualization of separation between the different groups. Figure adapted from Becker &
Dulovic et al. (Appendix II: Figure 1).
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3.2.2. The Unique SARS-CoV-2 Immune Response of Children

Through the early stages of the pandemic, study cohorts and testing strategy were
targeted almost exclusively towards adults. As a result, it meant that there was very
little understanding of the immune response following infection in children. As part
of a multicentre study with the children’s hospitals of Freiburg, Tiibingen, Ulm and
Heidelberg, we analysed the specific humoral response in a large longitudinal cohort
of 548 children and 717 adults for up to a year post-infection (Renk, Dulovic & Seidel
etal., Appendix III). Key to this study was the recruitment of all members of the same
household, allowing for differences in humoral response, symptoms experienced and
disease progression to be evaluated between individuals with comparable exposure
risk. Children had a significantly lower seroprevalence compared to adults, with the
majority of infections also being asymptomatic. This pattern of increased
asymptomatic infections with lower age is in line with other studies*1¢. However,
SARS-CoV-2-specific IgG titres for Spike Trimer, S1, RBD and Nucleocapsid were all
significantly increased in children as shown in Figure 13. Interestingly, titres
themselves were not associated with symptomatic course of disease in exposed
individuals overall, but we identified dysguesia as the best indicator of seropositivity
in adults and children. These findings pointed towards children, whilst often having
asymptomatic courses of disease, being better protected against SARS-CoV-2 than
adults and might explain why COVID-19 affects the adult population much more
heavily.
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Figure 13: Children have a significantly higher humoral response to SARS-CoV-2 than
adults

The humoral response generated following SARS-CoV-2 household exposure with
seroconversion was examined using MULTICOV-AB. Children (orange, n = 181) produced
significantly more antibodies against the Spike ((a) p = 6.00 x 10-6), Receptor Binding Domain
(RBD) ((b) p = 2.86 x 10-6), S1 domain ((c) p = 3.00 x 10-14) and Nucleocapsid ((d) p = 1.76 x
10-2) than adults (blue, n = 414). Only samples from study time point 1 with a seropositive
status are shown. Box and whisker plots with the box representing the median, 25th and 75th
percentiles, while whiskers show the largest and smallest non-outlier values. Outliers were
identified using upper/lower quartile +1.5 times IQR. Statistical significance was calculated
using Mann-Whitney-U (two-sided) with significance defined as being *<0.05, ***<0.001.
Figure adapted from Renk, Dulovic & Seidel et al. (Appendix III: Figure 1).
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This study was the first to associate the often milder symptoms in children with an
improved humoral immune response and was included as part of the CDC report on
COVID¥. It occurred during the period of prolonged school closures within
Germany and demonstrated clearly that using symptoms to identify potential
infections was unreliable within children. At the time of publication on a pre-print
server, debates as to whether or not to vaccinate children were ongoing and our
results were featured in the eventual scientific justification of vaccination in children
between ages 12 and 17 in Germany¢. In agreement of our findings, other studies
were also able to show a higher and more stable antibody response in children
compared to adults'®170, Vaccination of children under 12 years of age has only
recently been recommended by STIKO in Germany, but for the time being only with
a single dose!”!. It will therefore be important to monitor the extent and stability of
the induced humoral immune response in children after vaccination and inform

further recommendations.

3.2.3. The Vaccine-Induced Humoral Immune Response

Following the licencing of SARS-CoV-2 vaccinations within the EU, distribution
began in the last few weeks of 2020. Initial studies, all provided by the manufacturers
themselves, identified strong efficacy02103110, As antibody levels have been shown to
correlate well with immunity for SARS-CoV-2172173, we independently investigated
the humoral response following BNT two-dose vaccination. We identified that the
BNT mRNA vaccine induced a humoral immune response to Spike protein on par or
even stronger than infection (Becker & Dulovic et al., Appendix II). Due to vaccine
shortage, it was politically debated whether to perform a single dose vaccination in a
broader population instead of prioritizing completing vaccinations. Importantly, we
demonstrated that a second dose of vaccine significantly boosted serum IgG as well
as IgA antibody levels (Becker & Dulovic et al., Appendix II: Figure 1c-d) and was
furthermore required to raise neutralizing antibodies towards SARS-CoV-2 in a virus
neutralization test, as well as our surrogate neutralization assay (Becker & Dulovic et

al., Appendix II: Figure 4).

Later in 2021, as part of the Germany-wide SARS-CoV-2 seroprevalence survey
MuSPAD74, we compared different vaccine regimens and their outcome on the
humoral immune response (Dulovic, Kessel & Harries et al., Appendix IV). We found
that Spike-specific IgG levels were lower in individuals vaccinated twice with AZE
compared to homologous vaccination with either mRNA vaccine as shown in Figure
14a and Dulovic, Kessel & Harries et al. (Appendix IV: Figure 1). This finding is
consistent with studies that showed reduced humoral as well as cellular responses of

vector based vaccines compared with mRNA vaccines!75176,
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Particularly with respect to emerging VoCs these findings called into question the
protective efficacy of AZE. However, we found that a heterologous vaccination
regimen of AZE and an mRNA vaccine lead to comparable levels to homologous
mRNA vaccination. A mixed vaccination regimen was later recommended in

Germany to those who received a single dose of AZE, which our data supported?”.
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Figure 14: Vaccine response of different regimens and kinetics of antibody titres

(a) IgG antibody levels against RBD were measured with MULTICOV-AB. Individuals
received either homologous mRNA-1273 (MOD/MOD, blue, n = 272), BNT162b2 (BNT/BNT,
orange, n = 738) or ChAdOx1-S (AZE/AZE, green, n = 228), heterologous ChAdOx1-S-
mRNA-1273 (AZE/MOD, light blue, n = 24), ChAdOx1-5-BNT162b2 (AZE/BNT, light green,
n = 114), or a single dose of Ad26.CoV2.S (J], grey, n = 24). Raw MFI values were normalised
against QC samples to generate signal ratios for each antigen. Data is shown as box and
whisker plots overlaid with strip charts. Boxes represent medians, 25th and 75th percentiles
and whiskers show the largest and smallest non-outlier values based on 1.5 IQR calculation.
Time between sampling and full vaccination is displayed as mean and SD for each group.
Number of samples per vaccination scheme are stated below. (b) Antibody kinetic up to 7
months after SARS-CoV-2 mRNA vaccination. Humoral vaccine response in independent
donors was assessed by MULTICOV-AB. Samples were either 5 to 12, 26 to 30, 54 to 58, 94 to
103, 129 to 146 or 176 to 203 days post-second dose of either a two-dose BNT162b2 (yellow, n
= 515) or mRNA-1273 (blue, n = 82) vaccination. Coloured line connects median response per
time point and vaccine. Data is displayed as normalised IgG RBD ratio. (c¢) Antigen-specific
antibody titres measured with MULTICOV-AB were scaled and centred per antigen.
Resulting values greater than 2.5 and smaller than -2.5 were set to these extreme values
instead. Samples were then clustered within their subgroups based on immunisation scheme
and are displayed as a heat map. Negative values represent below average titres and positive
values represent positive above average titres per antigen. Groups are annotated as in (a).
Figure adapted from Dulovic, Kessel & Harries et al. (Appendix IV: Figure 1, Figure 2,
Figure 6).

40



Chapter 3: Results and Discussion

At a later point in 2021, the J] vaccine was introduced in Germany, which as per the
manufacturer’s specifications only required a single dose for immunisation, in
contrast to all other then-licenced vaccines which required at least two doses. Like
others!78179, we found that the humoral immune response was significantly lower
compared to the other vaccine regimens (Dulovic, Kessel & Harries et al.,
Appendix IV: Figure 1), with the majority of individuals who had received only this
vaccine being classified as non-responsive. Subsequently, STIKO recommendations
were adjusted to no longer accept a single dose of J] as effective immunisation!s?.
Notably, while both homologous vector-based vaccinations resulted in lower
responses towards the Spike trimer, the S1 domain and the RBD, the response
towards the S2 domain was comparable (Figure 14c). Considering that neutralizing
antibodies are mostly binding the RBD, which is part of the S1 domain of the virus
Spike protein®, this observed bias towards generating S2-specific antibodies may
explain the reduced vaccine efficacies for the vector-based vaccines compared to the

mRNA vaccines.

Interestingly, homologous MOD vaccination induced significantly higher IgG levels
compared to BNT. It is notable that the dosage of mRNA in MOD is higher than in
BNT and that MOD vaccination was more often associated with adverse reactions
than BNT81182, However, recent findings indicate that MOD also confers a slightly
better protection from breakthrough infections compared to BNT83. The dosage of

mRNA in the formulation may therefore play a crucial role for future optimisations.

When analysing Saliva of BNT vaccinated donors, we found increased levels of Spike
protein specific IgG 2-4 weeks after second vaccination, but no increase in IgA (Becker
& Dulovic et al., Appendix II: Figure 2), which is in line with the findings of a more
recent study?84. The presence of salivary IgG indicates protection against virus spread
by droplet infection in newly vaccinated individuals. However, the absence of IgA
leaves open the question of whether the IgG levels, which are likely of serum
origin!14185 are sufficient and stable for prolonged periods of time after vaccination.
Novel COVID-19 vaccination approaches utilizing the oral or nasal route!s¢ may
induce a broader mucosal immune response including formation of mucosal IgA and

provide improved protection at the entry site of SARS-COV-2.
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In addition to efficacy of different vaccines and vaccine combinations, data on the
longevity of the induced immune response were urgently needed to adjust public
health recommendations over the course of the pandemic. When comparing samples
with different time after initial immunisation, we could determine that the humoral
immune response peaked after approximately 28 days and declined steadily
afterwards for eight months after homologous mRNA vaccination as shown in
Figure 14b and Dulovic, Kessel & Harries et al. (Appendix IV: Figure 6). In other
sample sets, we also saw a steep decline in healthy donors from 3 to 16 weeks
(Dulovic, Strengert & Morillas Ramos et al., Appendix VII: Figure 1) and from 5 to
35 weeks post initial immunisation (Becker & Cossmann et al.,, Appendix VIII:
Figure 2). Our study findings are in agreement with others describing similar kinetics
for the decline of the humoral immune response and associated protection from
breakthrough infections!87-1%, It has also been shown that delaying the second dose of
an mRNA vaccine can improve the magnitude and longevity of the humoral immune
responsel?l. Importantly, while antibody levels decline after vaccination, it was
shown that the COVID-19 mRNA vaccines are able to induce germinal centre B cells,
which persist after decline of circulating B cells and will contribute to long-term

immunity?%2.

Furthermore our results indicated, that convalescent individuals who were
vaccinated had an immune response which was improved over individuals with the
same vaccination regimen and no infection (Dulovic, Kessel & Harries et al.,
Appendix IV: Figure 5). This is in line with recent reports stating that breakthrough
infections occurred less frequently in recovered and vaccinated individuals than in

just vaccinated ones!93194,

Between December 2021 and July 2022, two further SARS-CoV-2 vaccines have been
approved for use in Germany%. Nuvaxovid (Novavax CZ a.s.) a protein-based
vaccine, contains recombinant SARS-CoV-2 Spike protein equivalent to the original
Wuhan-Hu 1 isolate!’8, while COVID-19 Vaccine Valneva (Valneva Austria GmbH),
an inactivated virus vaccine, utilizes a Wuhan virus strain, produced in cell culture!?°.
Due to the pandemic situation and high percentage of recently infected or boosted
population, these vaccines have not been administered widely in Germany as of July
2022%. However, ours and other studies have shown that a heterologous vaccine
regimen is comparable or even superior, depending on the vaccines!751761%, With
constantly evolving recommendations based on emerging evidence, mixed
vaccination regimens including newer vaccines will likely become standard in the
future and it will be interesting to monitor their effects in comparison to the mRNA
and Vector based vaccines. It is also likely, that the COVID-19 Vaccine Valneva will
generate a Nucleocapsid response, due to containing a full virus particle, which may
compromise the ability of MULTICOV-AB to distinguish the vaccine response from
the infection.
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3.24. Vaccine Effectiveness Against SARS-CoV-2 VoCs

In 2021, the first major SARS-CoV-2 VoC spread worldwide and became the prevalent
strains. We could show early on that VoCs and Vols had evolved different levels of
immune evasion by employing variant specific RBD and Spike proteins in
MULTICOV-AB. Across multiple studies (Becker & Dulovic et al.,, Appendix II;
Strengert, Becker & Morillas Ramos et al., Appendix VI; Dulovic, Strengert &
Morillas Ramos et al., Appendix VII), we found IgG binding and virus neutralization
in infected and vaccinated individuals greatly reduced for the Beta and Gamma
variant, whereas it was only very slightly reduced compared to the original Wuhan
isolate for the Alpha variant. This is highlighted in Figure 15, as well as in Becker &
Dulovic et al. (Appendix II: Figure 3, Figure 4), Strengert, Becker & Morillas Ramos
et al. (Appendix VI: Figure 1) and Dulovic, Strengert & Morillas Ramos et al.
(Appendix VII: Figure 2).
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Figure 15: Humoral immune response towards Alpha and Beta VoCs
Variant RBD antigens for Alpha (a) and Beta (b) were generated and added to MULTICOV-
AB to measure the immune response towards them in sera from BNT162b2 vaccinated pre-
second dose (light blue, n = 25), post second dose (dark blue, n=20), and infected (red, n = 35)
individuals, compared to the Wuhan strain RBD. A linear curve (y = x) is shown as a dashed
grey line to indicate an identical response between Wuhan strain and variant RBD. Kendall’s
tau was calculated to measure the ordinal association between the mutant and Wuhan strain.
Neutralization for the Beta variant (c) displayed as virus neutralizing titres (VNT50) was
measured in a virus neutralization assay compared to Wuhan strain with sera from BNT162b2
vaccinated (pre second vaccination (light blue, n =9), post second vaccination (dark blue, n =
7)), infected (red, n = 6), and negative (pre-pandemic) (grey, n = 2) individuals. Lines indicate
unique samples. Figure adapted from Becker & Dulovic et al. (Appendix II: Figure 3,
Figure 4).
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Our results are in line with the findings of other groups, confirming immune escape
properties for Beta and Gamma variants, but not for the Alpha variant19-1%,
Nonetheless, the Alpha variant proved better fit for spreading worldwide in the first
half of 2021, where Beta and Gamma variants were only able to dominate single
regions'33. Due to low vaccine coverage at the time, the immune escape properties

likely did not give enough of a significant advantage over the Alpha variant.

In the second half of 2021, the Delta variant became globally dominant. In vaccinated
individuals, we found that the immune response was slightly reduced compared to
the Alpha variant, but not to the same extent as for the Beta and Gamma variant
(Dulovic, Kessel & Harries et al., Appendix IV: Supplementary Figure 2; Dulovic,
Strengert & Morillas Ramos et al.,, Appendix VII: Figure 2). The findings of other
studies in vaccinated and infected individuals varied from neutralizing activity being
mostly retained against the Delta variant!¢420, to moderate loss of neutralizing
activity and vaccine effectiveness201202, From these results and given the increased
infectivity of the Delta variant!®2, the massive global increase in infections that came
with the Delta wave in the second half of 2021 can be attributed to a combination of
general increase in infectivity, but also immune escape properties of the Delta variant,

especially in the light of the improved vaccine coverage in the second half of 2021.

We were also able to show, that Wuhan strain infection-induced immune responses
followed the same patterns for different variants as shown previously for
vaccinations (Renk, Dulovic & Seidel et al., Appendix III: Figure 3) and therefore
likely offered no better protection from VoCs on the humoral level than vaccinations.
We also could confirm that kinetics of the decrease in humoral immune response were
comparable among SARS-CoV-2 variants (Dulovic, Kessel & Harries et al.,

Appendix IV: Figure 7).

The immune escape variants Beta and Gamma carry the RBD mutations K417T or
K17N and E484K within the ACE2 binding interface, as well as the N510Y, which is
also present in Alpha. In contrast, the Delta variant, which exhibits less immune
evasion, but vastly superior infectivity over other VoCs instead carries L452R and
T478K mutations, both of which are also within the ACE2 binding interface. VoC
mutations in the RBD can drive virus immune evasion by inhibiting binding of
neutralizing antibodies to RBD and enhance ACE2 binding affinity of RBD. This is
supported by structural and computational studies of the RBD-ACE2 binding
interface135203204, as well as correlations of the mutations with variant immune escape

based on data from studies such as ours.
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SARS-CoV-2 omicron variant became globally dominant shortly after its
identification at the end of 2021143144, The first globally dominant Omicron variant
belonged to sub-lineage BA.1, but was quickly superseded by sub-lineage BA.2,
which in turn was superseded by three simultaneously dominant sub-linages
BA.2.12.1, BA .4, and BA.5, of which it is unclear as of July 2022 which will prevail!3
(see also Figure 8). It was crucial for us to be flexible and not fall behind in this
constant fluctuation of variants in order to generate relevant data to inform public
health decisions and vaccine developments. We were able to rapidly implement RBD
and Spike proteins for the BA.1 and BA.2 variants in MULTICOV-AB, as well as our
surrogate neutralization assay¢*. We found a drastic reduction in the humoral
immune response compared to previously circulating variants in vaccinated and
infected individuals (Junker, Becker & Wagner et al., Appendix V: Figure 1). Booster
vaccination has proven to be an effective tool in managing the pandemic, as shown
by data from Israel, where it was the key factor in containing infections during the
Delta wave2. In our study, the identified pattern of immune escape between SARS-
CoV-2 variants persisted after booster vaccinations, but while booster vaccinations
were effective against the Delta variant, they elicited a significantly lower immune
response against Omicron BA.1 or BA.2 as shown in Figure 16. Other recent studies
report that mRNA booster immunization does confer effective protection from
Omicron, albeit to a lesser extent than other VoCs2% and that boosted individuals are
less often hospitalized2”. Furthermore, hybrid immunity of vaccination and infection
may be superior to pure vaccination208209, which is what our results with limited

samples also indicated (Junker, Becker & Wagner et al., Appendix V: Figure 2).
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Figure 16: Effect on booster vaccination on ACE2 binding inhibition toward VoCs
Changes in ACE2 binding inhibition following the third dose of BNT162b2 for VoCs in serum
samples from donors 5-6 months post-second dose of BNT162b2 ((a), n= 20) and boosted
donors ((b), n=20, median 14 days post boost). Individual samples are highlighted by
connected lines with bars representing medians. A value below 20% value indicates non
responders and is shown by the dashed line. Figure adapted from Junker, Becker & Wagner
et al. (Appendix V: Figure 4).
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The Omicron waves so far (as of July 2022) have been characterized by large amounts
of re-infections from convalescent individuals40145 and breakthrough infections in
vaccinated individuals?10, which combined with the dramatic increase in COVID-19
cases emphasizes the unprecedented immune escape potential of the Omicron sub
lineages. The Omicron variant therefore proved to be the first variant with strong
immune escape properties which could spread and dominate globally. This was likely
aided by rising vaccination coverage and the effect of booster vaccinations, which
proved effective in restricting Delta variant spread and therefore benefitted spread of
immune escape variants. Other studies also found diminished vaccine effectiveness
and reduced binding of neutralizing antibodies!78209211-213 Despite the large amount
of mutations in the RBD the virus has evolved to retain its affinity for the ACE2
receptor (Junker, Becker & Wagner et al., Appendix V: Supplementary Figure 2). It
has even been suggested that the Omicron sub lineages are to be considered a new
virus serotype?!4, supported by studies finding limited cross- neutralisation between

Omicron and other Vo(Cs215-217,

3.2.5. Vaccine Response in Haemodialysis Patients

Immunocompromised patients were among the first to be vaccinated against SARS-
CoV-2, due to their underlying conditions resulting in them having an increased risk
of severe infection?12124, Haemodialysis patients are due to their treatment required
to regularly attend hospitals/outpatient clinics, increasing their exposure risk
towards the virus, while they have been previously shown to be poor responders for
a variety of other vaccinations!26127. However, throughout the pandemic, official
recommendations and guidelines for this group have always lagged behind the
ongoing situation, meaning that attending physicians had to decide to the best of their
knowledge how to proceed. To help guide these decisions, we followed a cohort of
haemodialysis patients through their vaccination regimes (Strengert, Becker &
Morillas Ramos et al., Appendix VI; Dulovic, Strengert & Morillas Ramos et al.,
Appendix VII; Becker & Cossmann et al., Appendix VIII). An overview of cohort

sampling is shown in Figure 17.
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Figure 17: Participant recruitment scheme for longitudinal vaccination response analysis in
haemodialysis patients after triple BNT162b2 and fourth full-dose mRNA-1273

Patients on haemodialysis (n=50) and healthcare workers as controls (n=33) were triple-
vaccinated with BNT162b2 (yellow syringe) followed by a 100 pg (full) dose of mRNA-1273
(blue syringe) for dialysed individuals only. Samples were collected at multiple time points
(red serum tubes). Sampling and vaccination schedule is given in days and weeks. Figure
adapted from Becker & Cossmann et al. (Appendix VIII: Figure 1).

Initially, we found that although the vaccines had an effect in haemodialysis patients,
they developed significantly lower levels of SARS-CoV-2-specific IgG in their serum
and saliva 3 weeks after initial immunisation with two doses of BNT (Strengert,
Becker & Morillas Ramos et al.,, Appendix VI: Figure 1). This reduction was also
reflected in their IgG binding towards VoCs. The T-cell response was also reduced in
haemodialysis patients, as measured by interferon gamma release upon stimulation
of blood with SARS-CoV-2 Spike peptides (Strengert, Becker & Morillas Ramos et al.,
Appendix VI: Figure 2). However, on the individual level this did not correlate well
with the reduction in the humoral immune response (Strengert, Becker & Morillas
Ramos et al., Appendix VI: Figure 3), suggesting that for the vaccine response, the
balance of humoral and cellular level is highly individual. Following up 16 weeks
after first immunisation, we observed drastically reduced antibody levels in both
dialysis patients and the control group (Dulovic, Strengert & Morillas Ramos et al.,
Appendix VII: Figure 1). We therefore then concluded that a third vaccination would

be required, especially for the group of haemodialysis patients.

Subsequently, a third dose of BNT was administered during the Delta wave in
Germany, followed by a fourth dose of MOD during the Omicron wave. For booster
vaccinations, a MOD dosage of 50pg was recommended by STIKO for the general
population’?l. However, in light of early data on the Omicron VoC indicating its
potential for immune escape, the decision was taken to administer a full 100pg dose
of MOD for the fourth vaccination, as is recommended for immunodeficient

individuals!2,
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We were able to show that the immune response towards Delta VoC upon initial
vaccination was severely diminished in both the control group and dialysis patients
(Dulovic, Strengert & Morillas Ramos et al., Appendix VII: Figure 2). However, the
third vaccination was able to introduce a significant response towards the Delta
variant, but not Omicron in dialysis patients (Becker & Cossmann et al., Appendix
VIII: Figure 3).

As shown in Figure 18, only administration of a fourth vaccination dose was able to
confer a significant humoral immune response toward the Omicron variant.
Conversely to the observed fluctuations for the humoral immune response, the
cellular response remained relatively constant and was dominated by individual high
and low-responders throughout the study (Becker & Cossmann et al., Appendix VIII:
Figure 4). In line with this finding, the cellular immune response to SARS-CoV-2
vaccines was found more stable in immunocompromised individuals, such as

transplant recipients?18.
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Figure 18: Longitudinal humoral immune response in haemodialysis patients after a triple
vaccination with BNT162b2 and a fourth full-dose of mRNA-1273

IgG response (a) and ACE2 binding inhibition (b, ¢, d) towards the SARS-CoV-2 RBD of
Wubhan strain (a, b), Delta (5, (c)) and Omicron BA.1 (o BA.1, (d)) isolates were measured in
plasma from haemodialysis patients (n=50) using MULTICOV-AB (a) or an ACE2-RBD
competition assay (b, ¢, d) after immunisation with a triple dose of BNT162b2 (yellow syringe)
and a fourth full-dose of mRNA-1273 (blue syringe). Data is displayed as normalised median
fluorescence intensity (MFI) signal for IgG binding (a) or as % ACE2 binding inhibition where
100% indicates maximum inhibition and 0% no inhibition (b, ¢, d). Samples with an ACE2
binding inhibition of less than 20% (dashed line) are classified as non-responders (b, ¢, d).
Interconnecting lines represent samples from the same individual. Sampling time points in
days after the standard complete two-dose BNT162b2 vaccination is stated below the graph.
Figure adapted from Becker & Cossmann et al. (Appendix VIII: Figure 3).
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Vaccines have been found to be less effective in immunocompromised individual3435,
which is reflected in our findings of a reduced humoral immune response upon
vaccination compared to healthy individuals. Furthermore, our findings are in line
with reports that a third dose of vaccine is an effective boost of the immune response
in immunocompromised individuals, such as patients receiving immunosuppressive
medication?!® and cancer patients??. We showed that a third dose of the vaccine could
elicit a significant immune response against the Delta variant, which is in line with
other reports??!, whereas a fourth dose was required against the omicron variant for
a majority of our study population. Similarly, others found that a fourth vaccination
was required for an immune response towards Omicron in dialysis patients?22, but
neutralizing antibodies towards Delta and Omicron were significantly reduced
compared to the original virus isolate??. Another study found that a large portion of
kidney transplant recipients with low immune response after third vaccination
developed a neutralizing immune response after a fourth dose, while only a small
portion that showed no response after three vaccinations developed a neutralizing
response??4. Taken together, the findings of our studies and others have highlighted
that the SARS-CoV-2 vaccine response in immunocompromised individuals such as
haemodialysis patients is highly individual, but overall inferior compared to healthy
individuals. This at-risk group therefore requires adjusted vaccination regimes to
compensate. It remains to be seen, how the immune response declines after a fourth
dose, but from the decline we observed after second and third doses it is likely that
immunocompromised individuals will have to be regularly vaccinated throughout
the pandemic, where serological assays can serve as tools to identify individuals with
insufficient responses for targeted vaccinations. The upcoming new generation of
variant-adjusted vaccines?? may improve response rates further. Although there are
indications of improved protection, there are no are no population based data on

efficacy available as of July 2022 and no EMA approval has been granted.
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3.3. Cross Protection from hCoVs

3.3.1. High hCoV Response Rate Throughout the Population

As part of our routine SARS-CoV-2 measurements, we also assessed humoral
responses towards the hCoVs, aiming to identify if cross-reactive or cross-protective
patterns existed. We therefore included Spike S1 and Nucleocapsid antigens from all
four hCoVs in the MULTICOV-AB antigen panel in addition to the previously
described SARS-CoV-2 core panel. We identified that almost all individuals had an
immune response towards the hCoVs, characterized by specific IgG binding to hCoV
S1 and Nucleocapsid (Becker & Strengert et al., Appendix I; Becker & Dulovic et al.,
Appendix II; Renk, Dulovic & Seidel et al., Appendix III), suggesting that there is a
high level of pre-exposure to hCoVs among the population. The only exception to this
was in children under the age of five, where we identified a relatively high proportion
of naive individuals (Renk, Dulovic & Seidel et al., Appendix III). This is in
agreement with previous seroprevalence data, where hCoV infection and
corresponding ubiquitous seropositivity is on average found from the age of 5
onwards®8. It was therefore difficult to study the effects of SARS-CoV-2 infection in
hCoV naive individuals. Given these limitations, another approach is to study large
sample sets for associations of SARS-CoV-2 infection with hCoV infection or
longitudinally follow individuals after SARS-CoV-2 infection to capture alterations in
hCoV antibody titres.

3.3.2. Correlation of SARS-CoV-2 Seroconversion and hCoV
Immune Response

Initially, we examined potential correlations between pre-existing hCoV titre and
SARS-CoV-2 infection status to identify potential cross-protective effects (Becker &
Strengert et al., Appendix I). We found that there was no clear association of the
hCoV-specific humoral immune response with SARS-CoV-2 infection (Becker &
Strengert et al., Appendix I: Figure 4b-c), indicating no cross-protective effect. Using
clustering analysis, we found that the immune response towards the different hCoV
antigens correlated best within the clusters of alpha- or beta-hCoVs (Becker &
Strengert et al., Appendix I: Figure 4a), indicating that there is cross-reactivity within
these genuses of coronaviruses, but not between them or to SARS-CoV-2. We did,
however, find a slight ordinal association of a high response towards alpha and beta
hCoVs with infection (Becker & Strengert et al., Appendix I: Figure 5), meaning that
SARS-CoV-2 infected individuals were more likely to be hCoV high-responders,
although the diverse sample set limited the extent by which this data set could be
used for further analyses.
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Figure 19: hCoVs offer no protection against SARS-CoV-2, nor do they show a boost-back
antibody response following SARS-CoV-2 infection

Samples from households with a known index case (n = 971) were examined with
MULTICOV-AB to determine whether the antibody response to hCoVs (exemplified by OC43
S1 IgG titres) provides any protection against infection with SARS-CoV-2. (a) Initial screening
of the population showed that seroprevalence increases with age, although several samples
were within the blank range of the hCoV assays, indicating the presence of naive samples.
Naive samples were defined as those having less than one-tenth the mean antibody response
(indicated by dotted line), with the majority of these samples occurring in children under the
age of five. Boxes represent the median, 25th and 75t percentiles, while whiskers show the
largest and smallest non-outlier values. Outliers were identified using upper/lower quartile
£1.5 times IQR. (b) Line graph showing the longitudinal response of these naive samples from
study time point 1 to 2 (median 231 days), with new infections with OC43 shown in red. (c)
When comparing paired samples longitudinally within the SARS-CoV-2 seropositive
subgroup, there was no increase in hCoV-OC43 S1 response in either adults (blue, n = 76) or
children (orange, n = 103) following SARS-CoV-2 infection. Change in response is presented
as log2-fold change from study time point 1 to 2 and only samples with either log2-fold change
greater than 1 or smaller than —1 are shown. Spearman’s rank was used to calculate the ordinal
association between the change in response for HCoV-OC43 and SARS-CoV-2. (d) Box and
whisker plot showing there is no significant difference in OC43 S1 IgG antibody titre between
SARS-CoV-2 seropositive and seronegative individuals, among either adults (blue, n = 440, p
= 0.974) or children (orange, n = 436, p= 0 214). Boxes represent the median, 25th and 75th
percentiles, while whiskers show the largest and smallest non-outlier values. Outliers were
identified using upper/lower quartile +1.5 times IQR. Statistical significance was calculated
by Mann-Whitney-U (two-sided) with *** indicating a p value < 0.001 and ns indicating a p
value > 0.05. Figure adapted from Renk, Dulovic & Seidel et al. (Appendix III: Figure 4).
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In another study, we followed children that had been exposed to or infected by SARS-
CoV-2 (Renk, Dulovic & Seidel et al., Appendix III). In this cohort we were able to
identify hCoV-seronegative children (Figure 19a), mostly aged three and below. In
our analysis of longitudinal samples from these hCoV-naive children, we identified
hCoV infection events that lead to seroconversion as displayed in Figure 19b. We
interpreted these as a first contact of hCoVs with an immune system, however, the
increase in hCoV titres did not coincide with and increase SARS-CoV-2 titres (Figure
19c). We further found no association of hCoV titres with overall SARS-CoV-2
seropositivity across the study cohort of 548 children and 717 adults, as shown in
Figure 19d. Moreover, when analysing the effects of vaccination, we found that
SARS-CoV-2 seroconversion induced by BNT vaccination also did not affect hCoV S1

titres, as shown in Figure 20.
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Figure 20: Cross-reactivity of antibodies to endemic coronaviruses in vaccinated
individuals:

BNT162b2 vaccinated individuals did not have an increased antibody response towards S1
proteins of the endemic coronaviruses 229E (a), NL63 (b), OC43 (c) and HKU1 (d). hCoV S1
IgG titres are displayed against time after first vaccination dose in days. All samples were
measured using MULTICOV-AB. Light blue (n=25) indicates samples are pre second
vaccination, while dark blue (n=20) indicates samples are post second vaccination. Lines
indicated paired samples from the same donor. Figure adapted from Becker & Dulovic et al.
(Appendix II: Supplementary Figure 3).
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Overall, our findings with MULTICOV-AB suggest, that there is no association of
SARS-CoV-2 infection or seroconversion with hCoV infection or seroconversion.
Other studies using different serological methods also found no association of SARS-
CoV-2 specific antibody levels with hCoV infected sera or vice versal49226227,

In contrast to these findings, other groups have identified cross reactivity stemming
from the S2 region in the Spike protein, where conservation among coronaviruses is
higher than in the S1 region!69192228229 One study found cross-reactivity to the
betacoronaviruses HKU1 and OC43 in the serum of children, but not in adults?69,
which was in line with the findings of a second study, that found children to have
hCoV mediated neutralizing activity towards SARS-CoV-2228. Another study found a
boost of hCoV reactivity in the first week after COVID-19 hospitalisation??.
Furthermore, a small portion of Spike reactive germinal centre B cells which exhibit
cross-specificity with HKU1 and OC43 were found in vaccinated individuals in
another study’®? and a small portion of monoclonal antibodies isolated from SARS-
CoV-2 infected donors was found to be cross reactive to hCoV Spike proteins, but did
not target the RBD205,

In MULTICOV-AB we employed only hCoV S1 and Nucleocapsid antigens and were
therefore unable to evaluate these effects, which appear to be limited to the S2 region
of Spike. The limitation of this cross reactivity to the S2 region is congruent with our
initial characterisation of the MULTICOV-AB SARS-CoV-2 S2 antigen, where we
found a large amount of false-positive IgG binding from uninfected donors, leading
to reduced sensitivity and ultimately excluding S2 from our classification (Becker &
Strengert et al,, Appendix I: Figure 2c). Despite being unable to assess antibody
binding towards hCoV S2, our finding that an hCoV infection was not associated with
SARS-CoV-2 seroconversion remains valid because an hCoV infection would be

reflected in our antigens as we demonstrated using naive sera.

While our studies are focussed on the humoral immune response, there are
findings which suggest that a level of cross-protection may be conferred via the
cellular immune response through hCoV-induced T-cells in SARS-CoV-2 naive
individuals?30-232, Therefore, cross-protection via hCoV infection may not be ruled out
by our findings. The only way to definitely confirm this would be to study a large
cohort with a known history of hCoV infection throughout the pandemic and
determine whether hCoVs infection does confer additional protection from SARS-
CoV-2.
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In this thesis, we developed MULTICOV-AB, one of the first published multiplex
SARS-CoV-2 serological assays and thereby generated a tool to study the humoral
immune response towards SARS-CoV-2 in-depth. This development formed the basis

for a multitude of studies about ongoing topics within the COVID-19 pandemic.

Initially, we evaluated a set of SARS-CoV-2 antigens to form a core antigen panel and
determined an optimal cut-off for classification of serum and plasma samples from
infected individuals. We reached a sensitivity of 90% while retaining 100% specificity
for MULTICOV-AB in a sample set from over 300 infected and over 850 uninfected
individuals, using detection of IgG and IgA, which we were later able to confirm with
other large sample sets. We found Spike based antigens to allow for more specific
classification than those based on Nucleocapsid. MULTICOV-AB had an improved

classification over widely used commercial assays.

Although initially hypothesized, we found no evidence of cross-protection from
seasonal hCoVs across the studies of this thesis. This may in part be due to our
selection of hCoV antigens, as other groups have shown that cross-reactivity can stem
from the virus Spike S2 domain, which we did not include in our hCoV antigen panel.
However, the presence of cross-reactive antibodies does not confirm an actual impact
on cross protective immunity, especially as antibodies binding to the Spike S2 domain
are seldom neutralizing in human coronaviruses. It is possible that hCoV cross-
protection may be conferred on the level of the cellular immune response instead, as

recent findings are suggesting.

The development of vaccines was a key step in managing infection rates and
stabilizing health systems. Vaccines were developed and approved in a fast-track
system by authorities. Although safety and efficacy had been well documented in
clinical trials, the development of COVID-19 vaccines proceeded at an
unprecedentedly rapid pace, while at the same time achieving broad dissemination
in the population. It was therefore crucial to independently monitor the outcome of
vaccinations to ensure efficacy and longevity of the induced protective immune
response. Using MULTICOV-AB, we could verify that mRNA vaccines, which saw
their first widespread use during the COVID-19 pandemic, were able to induce a
strong humoral immune response on par or exceeding the response in COVID-19
convalescent individuals. We further showed that administering a second vaccine
dose led to greatly improved antibody formation and was required to induce a

neutralizing antibody response.
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In a population based study, we compared different vaccine regimens and found
homologous vector based vaccination to induce an inferior humoral immune
response compared to homologous mRNA vaccination, which is also reflected in
retrospective studies of vaccine efficacy over the pandemic. A heterologous regimen
of vector based and mRNA vaccination was able to confer an immune response on
par with a homologous mRNA regimen, which was subsequently also recommended
by German health authorities for individuals who had received a single dose of vector
based vaccine. In addition we showed that the humoral immune response peaked
roughly 28 days post immunisation and steadily declined over six months for
homologous mRNA vaccination, which called into question the longevity of vaccine

protection.

In the initial pandemic stages, children were found to get infected at a lower than
average rate and were more often asymptomatic. We therefore studied the immune
response upon virus exposure in children as compared to adults and found children
to form higher antibody levels, which was accompanied by a general milder course
of disease observed by us and others. Seroconversion did not coincide with
symptomatic course of infection in children and adults, meaning that asymptomatic

individuals did not necessarily have worse protection.

The sheer volume of reinfections and the presence of separate virus reservoirs in
different countries led to rapid evolution of SARS-CoV-2, and the first major SARS-
CoV-2 variants emerged in late 2020. Vaccine trial studies for the most widely used
COVID-19 vaccines were all performed in 2020 whilst the prevalent virus strains had
not yet evolved any key RBD mutations. However, vaccines were administered to the
general population in 2021, where the globally predominant variants were Alpha and
Delta, which were characterized by increased infection rates and mutations in the
RBD, raising concerns of virus immune escape capabilities. We were able to adjust
our assay systems and add variant RBD proteins to our antigen panel corresponding
to the virus variants, which enabled us to study how mutations affected the potency
of the immune response elicited by vaccines and infections. Across several studies,
we found varying levels of immune escape for different variants ranging from
virtually none in the Alpha variant to significant reduction in Beta and Gamma

variants.

The observed diminished response against SARS-CoV-2 variants as well as the
general decline of the humoral immune response observed by us and others led
health authorities to recommend a third, booster vaccination towards the end of 2021.
We found the booster vaccination to compensate for diminishing antibody levels as
well as for immune escape by the Delta variant, which was prevalent at the time. In
2022 the Omicron variant has become dominant worldwide and introduced a

dramatic increase in worldwide infections and vaccine breakthroughs. We and others
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showed that the Omicron variant is capable of immune escape to an extent beyond

what was observed for previously circulating variants.

We further studied the immune response in patients on haemodialysis, who are an
at-risk group in a pandemic setting. We found vaccination to induce an inferior
humoral immune response and observed rapidly decreasing antibody levels in a
haemodialysis cohort, whilst the cellular immune response remained more constant.
A booster vaccination was able to confer an improved immune response towards
Delta variant, but only a fourth dose elicited any significant response towards the
Omicron variant. These patients will be continually monitored, but it is likely that

they will have to be constantly re-vaccinated so long as the pandemic persists.

As of July 2022, the Omicron wave is still ongoing and it is unclear how infections
rates and further virus mutations will develop in the future. The COVID-19 pandemic
will remain a constantly evolving field, where conclusions and decisions may have to
be revised within months for example due to emergence of a new virus variant. The
implementation of variant adjusted vaccines and recommendations by health
authorities for further booster vaccination campaigns will likely play a key part in the
outcome of the COVID-19 pandemic.

Our research focussed mainly on the humoral immune response. However, immunity
to SARS-CoV-2 is also conferred on the level of the cellular immune response. To
provide a complete picture, findings regarding the cellular immune response must
also always be considered. Future research with MULTICOV-AB will aim to
characterize the more recent Omicron sub-lineages BA.4, BA.5 and BA.2.12.1 and any
new emerging variants. The multiplex assay platform allows to rapidly integrate new
antigens as we have shown in this thesis. Finally, developments in the vaccination
landscape should be followed closely to confirm their outcomes, with special focus
on new vaccines and vaccine regimens. Here, MULTICOV-AB can serve as a tool for
vaccine manufacturers to aid in development with in-depth analysis of the antibody

response.

Critical decisions for public health and socioeconomics need to be accompanied by
hard scientific evidence, if the pandemic is to be overcome. The work of this thesis
was aimed at generating relevant data to inform such critical decisions. Overall, we
were able to deliver data on vaccines, virus variants and groups of special interest
such as children or haemodialysis patients in a time sensitive manner and contributed

towards a better understanding of the immunity towards SARS-CoV-2.
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Exploring beyond clinical routine SARS-CoV-2

W) Check for updates

serology using MultiCoV-Ab to evaluate endemic

coronavirus cross-reactivity

Matthias Becker® 2%, Monika Strengert2’3'24, Daniel Jumkerw, Philipp D. Ka\‘serw, Tobias Kerrinnes
Bjoern Traenkle!, Heiko Dinter, Julia Ha’ring1, Stéphane Ghozzi?, Anne Zeck', Frank Weise',

Andreas Peter6'7'8, Sebastian Horber 6'7'8, Simon Fink 1, Felix Ruofﬂ, Alex Dulovic
Armin Bail\otm, Stefan Lohse® !, Markus Combergu, Thomas IIIigB, Jens Gottliebmﬁ, Sigrun Smola',
André Karch', Klaus Bergerw’, Hans-Georg Rammensee!/18.1%, Katja Schenke-Layland
Annika Nelde® 7'%22 Melanie Marklin® %2, Jonas 5. Heitmann'®2', Juliane 5. Walz

Markus Templin!, Thomas ©. Joos!, Ulrich Rothbauer' 2%, Gérard Krause® 23 &

Nicole Schneiderhan-Marra® 15

The humoral immune response to SARS-CoV-2 is a benchmark for immunity and detailed
analysis is required to understand the manifestation and progression of COVID-19, monitor
seroconversion within the general population, and support vaccine development. The
majority of currently available commercial serological assays only quantify the SARS-CoV-2
antibody response against individual antigens, limiting our understanding of the immune
response, To overcome this, we have developed a multiplex immunoassay (MultiCoV-Ab)
including spike and nucleocapsid proteins of SARS-CoV-2 and the endemic human cor-
onaviruses. Compared to three broadly used cammercial in vitro diagnostic tests, our
MultiCoV-Ab achieves a higher sensitivity and specificity when analyzing a well-
characterized sample set of SARS-CoV-2 infected and uninfected individuals. We find a
high response against endemic coronaviruses in our sample set, but no consistent cross-
reactive |gG response patterns against SARS-CoV-2. Here we show a robust, high-content-
enabled, antigen-saving multiplex assay suited to both monitoring vaccination studies and
facilitating epidemiologic screenings for humoral immunity towards pandemic and endemic
corgnaviruses.
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seventh known coronavirus to infect humans, has devel-

oped into a worldwide pandemic with dramatic socio-
economic consequences'~>. While the majority of individuals
suffer only from mild symptoms, approximately 14% of infected
adults experience particularly severe disease outcomes (ie.,
pneumonia) of COVID-19*% Of these 14%, 5% will progress into a
critical condition characterized by hypoxaemic respiratory failure,
acute respiratory distress syndrome and multiorgan failure®. To
date, the large number of infected individuals and of those
requiring urgent intensive care has put a high burden on public
healthcare infrastructures®.

In contrast to the recently emerged SARS-CoV-2, the four
endemic human coronaviruses (hCoVs) NL63 and 229E (a-
hCoVs) as well as OC43 and HKU1 (B-hCoVs), regularly circu-
late in the population® (one study reported a 91% prevalence for
OC43 in the adult population®) and are thought to cause up to
20% of mild colds’. As humoral immune responses are in general
seen as protective by production of neutralizing antibodies to
viral surface proteins®, it would be tempting to speculate that a
previous infection with an endemic strain offers protection
against infection with the B-coronavirus SARS-CoV-2, as already
seen in in vitro studies”. However, it has also been reported that
for both SARS coronaviruses and MERS-CoV, disease severity
and fatal outcome correlates with early seroconversion and/or
increased antibody titers by a yet undefined mechanism!0-13,
Consequentially, a detailed understanding of the humoral SARS-
CoV-2 immune response is of importance to provide insights into
COVID-19 disease biology!214.

Serological tests are essential tools in cohort-based epidemiolo-
gical studies to determine seroprevalence and precisely assess
mortality rates, the extent of asymptomatic or mild infections not
currently detectable by molecular testing, and ultimately determine
the effectiveness of population-based interventions and direct future
preventive strategies. Furthermore, serological testing is a compa-
nion diagnostic to monitor vaccination efficacy and mode of action
in vaccine trials!>!®. As a result, there is a need for robust ser-
ological tests to quantify antibody production against SARS-CoV-2
in detail. Currently, most commercially available serological assays
utilize single analyte technologies (i.e., ELISA) to measure anti-
bodies against SARS-CoV-2 spike (S) or nucleocapsid (N} anti-
gens!®1% Few tests combine and correlate N- and S-antigen-based
detection®?-22 or attempt global profiling of antibody responses
against the entire SARS-CoV-2 gen{)meH. To this end, we devel-
oped a multiplexed SARS-CoV-2 immunoassay (MultiCoV-Ab)
which included not only S and N protein-based antigens of SARS-
CoV-2, but also from endemic hCoVs (NL63, 229E, OC43, HKU1)
based on findings of numerous SARS-CoV-1 serological studies,
which reported on cross-reactive antibodies to antigens from cir-
culating hCoVs?%, Such an expanded antigen panel allows to both
resolve the SARS-CoV-2 antibody response in detail and to assess
and correlate potential cross-protection mechanisms between cor-
onaviruses, We measured both IgA and IgG responses, as these
isotypes in contrast to IgM can persist for extended periods in the
serum and in nasal fluids®®, Further, SARS-CoV-2 is a mucosal-
targeted virus, and reports indicate that IgA, as the dominant
antibody isotype in the mucosal defense is a good indicator for early
immune defense mechanisms in this case?®.

In this study, to determine how well MultiCoV-Ab performs,
we compare our assay to broadly applied commercial in vitro
diagnostic (IVD) tests with well-characterized sample sets for
clinical validation and further analyze potential sources of cross-
reactivity with hCoVs. For the sample set examined, we were able
to reach a specificity of 100% with MultiCoV-Ab and achieved an
improved sensitivity compared to commercial tests, confirming
its value as a serological screening assay.

S ince its first characterization in late 2019, SARS-CoV-2, the

Results
MultiCoV-Ab: a highly sensitive test for SARS-CoV-2 ser-
oconversion. To investigate the antibody response of SARS-CoV-
2-infected individuals, we developed and established a high-
throughput and automatable bead-based multiplex assay, termed
MultiCoV-Ab. We expressed and immobilized six different
SARS-CoV-2-specific antigens on Luminex MAGPLEX beads
with distinct color codes, specifically the trimeric full-length spike
protein (Spike Trimer), receptor-binding domain (RBD), S1
domain (S1), S2 domain (52), full-length nucleocapsid (N), and
the N-terminal domain of nucleocapsid (N-NTD) (Supplemen-
tary Fig. 1). Immunoglobulins from serum and plasma samples
were detected using phycoerythrin-labeled anti-human IgG or
IgA antibodies. To ensure assay stability and comparability,
quality control samples were processed in parallel within every
assay run. Quality control and assay performance data sets are
provided in Supplementary Fig. 2 and Supplementary Table 1.
To analyze SARS-CoV-2-induced seroconversion, we used the
Spike Trimer and RBD (previously described by Amanat et al.?)
as key antigens for classification, and initially screened a sample
set of 205 reconvalescent SARS-CoV-2-infected and 72 unin-
fected individuals with the MultiCoV-Ab. To critically assess
assay performance, we compared our results with three
commercially available IVD tests widely used in clinical routine
SARS-CoV-2 antibody testing namely: Elecsys Anti-SARS-CoV-2
(antibodies including IgG; Roche?®), SARS-CoV-2 Total (total
antibodies IgM and IgG; Siemens Healthineers?¥) and Anti-
SARS-CoV-2 ELISA (IgG/IgA; Euroimmun?®"). Using a combined
cut-off of both antigens, we identified all uninfected samples as
negative (Fig. 1a). In accordance with our MultiCoV-Ab, none of
the uninfected samples was classified as false positive by the
Roche and Siemens tests, while one sample was classified as false
positive and one as “borderline” by the Euroimmun IgG test. Of
the 205 infected samples, both MultiCoV-Ab and commercial
IVD tests for total Ig or IgG identified 24 (11.7%) as IgG
antibody-negative. However, the IVD tests missed an additional 8
(Roche), 11 (Siemens Healthineers), and 9 (Euroimmun IgG)
samples of SARS-CoV-2-infected individuals. Furthermore, the
Euroimmun IgG test classified 8 additional samples as “border-
line” (Fig. 1b, Supplementary Fig. 3a-c). When testing for IgA
antibodies in serum/plasma of SARS-CoV-2-infected individuals,
our MultiCoV-Ab classified 47 (22.9%) as IgA-negative, whereas
the Euroimmun test classified 32 (15.6%) as IgA-negative, and 16
(7.8%) as borderline (Fig. 1b and Supplementary Fig. 3d). For the
uninfected samples, the Euroimmun IgA test identified 7 (9.7%)
as false positives and 3 (4.2%) as “borderline”, whereas no
samples were classified as false positives by the MultiCoV-Ab,
Overall, the MultiCoV-Ab achieved a sensitivity of 88.3% and a
specificity of 100% in this initial set of samples using IgG
detection (Table 1). When comparing the results of the
commercial [VD tests to the respective manufacturers’ specifica-
tions, all tests were unable to reach their stated sensitivity of
100%. In contrast, for all commercial tests, the found specificities
were close to the manufacturers’ stated specificity in our sample
set (Table 1}. This demonstrates that antigen selection and assay
setup are crucial in achieving optimal performance and must be
considered when screening for SARS-CoV-2, particularly in low
prevalence scenarios.

Multiplex serology improves assay specificity. Next, to perform
a more detailed clinical validation of our MultiCoV-Ab, we
expanded our sample set to a total of 310 SARS-CoV-2-infected
and 866 uninfected donors (a simplified overview of this set is
shown in Table 2; a complete breakdown is displayed in Sup-

plementary Table 2). We performed a ROC analysis*!=2 per
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Fig. 1 MultiCoV-Ab, a sensitive and specific tool to monitor SARS-CoV-2 antibody responses. a Control sera (blue, n=72) and sera from individuals
with PCR-confirmed SARS-CoV-2 infection (red, n = 205) were screened in a mulliplex bead-based assay using Luminex technology (MultiCoV-Ab) to
quantify 1gG or IgA responses to various antigens. Reactivity towards trimeric SARS-CoV-2 spike protein (Spike Trimer) or SARS-CoV-2 receptor binding
domain of spike (RBD) was found to be the best predictor of SARS-CoV-2 infection. Data are presented as Box-Whisker plots of a sample’s median
fluorescence intensity (MF1) on a logarithmic scale. Box represents the median and the 25th and 75th percentiles, whiskers show the largest and smallest
values. Qutliers determined by 1.5 times IQR of log-transformed data are depicted as circles. Cut-off values for classification for single antigens are
displayed as horizontal lines (Spike Trimer IgG: 3,000 MFI, IgA: 400 MFI; RBD IgG: 450 MFI, IgA: 250 MFI). b Sample set from a, was used to compare
assay performance of the MultiCoV-Ab using Spike Trimer and RBD antigens with commercially available single analyte SARS-CoV-2 IVD assays which
detect total Ig (Elecsys Anti-SARS-CoV-2 (Roche); ADVIA Centaur SARS-CoV-2 Total (COV2T) (Siemens Healthineers)) or 1gG (Anti-SARS-CoV/-2-ELISA
- 1gG (Euroimmun)) or IgA (Anti-SARS-CoV-2-ELISA - IgA (Euroimmun)). SARS-CoV-2 infection status of samples based on PCR diagnostic is indicated as
SARS-CoV-2 positive or negative. Antibody test results were classified as negative (blue), positive (red), or borderline (gray) as per the manufacturer's
definition. Only samples with divergent antibody test results are shown. ¢ Performance and specifications as stated in the manufacturer's IVD assay
manual. For the manufacturer sensitivity specification, information for samples >14 days post-infection are presented. Respective sensitivity and specificity
values calculated in this study are given with 95% Clopper-Pearson confidence intervals®?, Positive and negative predictive values (PPV/NPV) were
calculated based on a seropositivity of 3%. Source data are provided as a Source Data file.

SARS-CoV-2 antigen and detection system (Supplementary towards our 4 additional SARS-CoV-2 antigens in our Multiplex
Fig. 4), which confirmed that Spike Trimer and RBD were the panel, we assessed the IgG response towards the SI and
best predictors of SARS-CoV-2 infection. We, therefore, decided 52 subdomains of the spike, which both did net improve sample
to use a combination of both antigens (IgG or IgA overall cut-off)  classification (Fig, 2c). Interestingly, RBD, which is a part of S1,
to define overall SARS-CoV -2 reactivity for IgG or IgA, for which ~ showed fewer uninfected samples with increased IgG response
the two independent cut-offs for Spike Trimer and RBD had tobe  compared to SI. For S2, even more, uninfected samples had
met (Table 3). Cut-offs were chosen with focus on maximum  increased signals, suggesting the presence of potential cross-reactive
specificity for the overall classification (Spike Trimer"/RBD1) to  antibodies for this domain of the spike protein (Fig. 2c). These
prevent false positive results (Fig. 2a). With the overall IgG cut-  findings suggest that the RBD response is highly characteristic of
off, we reached a specificity of 100%, which would not have been  the overall SARS-CoV-2 immune response. To further complement
possible for either of the antigens individually, while still retaining ~ our assay, we included the N and N-NTD proteins. Although these
acceptable sensitivity (88.7%). IgG detection was shown to be antigens have been successfully used in single-analyte assays?3, we
more specific and sensitive than IgA for determination of SARS-  observed a high cross-reactivity in uninfected samples for both
CoV-2 infection within our sample set. Only 8 samples which  (Fig. 2d). Interestingly, across the entire data set, only one sample
were IgA-positive showed no IgG response (Fig. 2b, dashed lines), showed a distinct immune response to N and N-NTD, but not to all
2 of which were uninfected and falsely classified as positive. Of  spike-derived antigens. This confirms that the performance of an
the 6 remaining samples, metadata (including the time between antigen is specific to the assay setup and cannot be easily general-
the onset of symptoms and sample collection) was available for 4 ized, as commercial IVD tests (i.e, Roche) are able to use the N
(2, 6, 7, and 15 days). As a result, we hypothesized that IgA in  protein to great effect in a different assay setup.
these samples can be used to measure an early onset of antibody
response as has been proposed by several groups26-334, There-
fore, to give an overall measure of SARS-CoV-2 infection, we Dynamics of antibody response in COVID-19 patients. Long-
used the IgG classification as a basis and included samples with itudinal samples from 5 hospitalized patients were used to per-
strong IgA positivity-signal to cut-off ($/CQ) > 2 for Spike Tri- form a small-scale time-course analysis of IgG and IgA immune
mer and RBD-as positive, irrespective of their detected IgG  responses (Fig. 3a). Levels of both Ig classes strongly increased
response (Fig. 2b, straight lines). With this combined IgG + IgA  within the first ten days after the onset of symptoms. While IgG
classification, we reached an optimal sensitivity of 90% while levels appeared constant over roughly two months, IgA levels
retaining a specificity of 100%. started to decline between day 10 and 20 after the onset of
symptoms. This reduction in IgA antibody levels was also
observed with increased time post-infection in samples without
Antigen selection affects SARS-CoV-2 serology test perfor- longitudinal follow-up (Supplementary Figure 5). These effects
mance. While further analyzing the immune response detected were consistent for the majority of SARS-CoV-2 antigens.

ONST (20211252 | https://doi org/10,1038/541467-021-20973-3 | www.nature.com/naturecommunications 3

81



Appendix

ARTICLE

998 (wLLL) £sL (%0'0) o (%Z0) z (%9'12) 81 %92 62z (&) vE e = (%9721) &0l %L'8) 6L PaRJULN Z-ASD-SHVS
w (%00 0 G6+'9) € %v'9) 3 (%900 5 (%EEY 9 (%8'62) #l @021 g (%8721) 9 HER) z Wi uojezyeydsoy
80Z %00 0 @600 o @00 0 (%gE) ] (%E9) £l (%02 £ (H9ET) 6 (@6202) £ (%0°57) zs pazierdsoy-uou
55 %o o (%00 o %00 0 EL) 4 (%81%) 34 (%600 3 (%552 vl (%9°E) z (%600) 9 pazijeydsoy
0lE (3600} 0 (301 £ 501 £ (%55 i (HSELD zv (HE02) £9 (3622 " (36591) 5 (v 51 05 PP E-AOI-SHYS
g (%0°ED ED %ED) € %0} H e voz (%0ED) uz T8 6 HTTD oL HIEL) 091 %EID 6EL u
2|qepiess 10N ey ajew ojeway 2lew ajeway sew ojeway 2lew o5
seu (%LED 9L (%Y°0) SLV (%S502) L¥E (36¥'ST) 66T u
k4 ojqepeae 10N 092 65-0v ses dnod a3y
"aduewopiad qy-ACORINI S3EPI[EA JaLiny 0y pasn 3as ajdies papuaixg Z ajqel
%E 66 %9PL (%LE6-6'SL) %L'98 (%T'TE-T0L) %99L 9 LSl L9ZL =Y %¥06 EL=V %00L LS w8 unwwioing
%WE'66 %00L (%00L-0'56) %00L (%9Z8-L'04) %LLL 44 85l - - Qgy + Jawl] s wa| qQy-A0DRINKY
%66 %69t (%L '66-€'06) %T L6 (%Z'98-6'EL) %008 0L oL L9ZL = U %066 £l = U %001 5y o8| unwiwiaang
%566 %00L (%600L-056) %00L (%8'L8-L'LL) %ET8 [44 0LL 685L=U %866 L =4 %00L agy s 3] |ejoL Suswalg
%566 %00L (%00L-0'56) %00L (%L'68-L8L) %Y ¥8 [44 €Ll TLIE =V %B'66 62 = U %00L N 3] |ejoL Yooy
%966 %00L (%00L-0'56) %00L (%¥'Z6-1'E8) %E'88 43 18L — - agy + Bwu] s o8| qQy-A0DRINKY
2auljeAddd 2aud|eAdld (12 %56) (12 %56) (ZL 30) (S0Z i0) Ayyipads Auanisuss pasn uonaRg Aessy
%E 18 AdN %E 18 Add Kypypads Ayany F Juun P Jul uoRaau| ysod shep pl< uaspuy
punog punog payisse> A|yali0) uonesymads Jainydegnueyy

*s|enuew Aesse 3yj U] Paje}s Se sUOKEdIadS JaINjeRNuUBLY pue s3Nsad Sujuaads uj 53533 AAI [B1243WW0D pue qy-ACDRINIA JO Uosiedwo) | 3jqel

5| (20211252 | httpsy//doi.org/101038/541467-021-20973-3 | www.nature.com/naturecommunications

82



Appendix

ARTICLE

Table 3 MultiCoV-Ab sensitivity and specificity of extended sample set for IgA and IgG based on a single analyte or a combined
cut-off of Spike Trimer and RBD (IgG or IgA overall) or combined isotype cut-off (IgG and IgA).
Correctly classified Sensitivity Specificity PPV at 3% NPV at 3%
Infected Uninfected (95% CI) (95% CI) Prevalence Prevalence
I1gG Spike Trimer 277 849 89.4% (85.4-92.6%) 98.0% (96.9-98.9%) 58.5% 99.7%
1gG RBD 276 862 89.0% (85-92.3%) 99.5% (98.8-99.9%) 85.7% 99.7%
1gG overall 275 866 88.7% (84.6-92%) 100% (99.6-100%) 100% 99.7%
IgA Spike Trimer 272 850 87.7% (83.6-91.2%) 98.2% (97-98.9%) 59.5% 99.6%
IgA RBD 255 855 82.3% (77.5-86.3%) 98.7% (97.7-99.4%) 66.7% 99.4%
IghA overall 254 864 819% (77.2-86.1%) 99.8% (99.2-100%) 9N.7% 99.4%
Combined IgA & 1gG 279 866 90.0% (86.1-93.1%) 100% (99.6-100%) 100% 99.7%
a 1gG overall cut-off b Combined IgG + IgA cut-off
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Fig. 2 Combination of 2 spike protein variants and isotype profiling by multiplex assay increases accuracy to identify SARS-CoV-2 antibody-positive
individuals. a, b Scatterplot detailing MultiCoV-Ab cut-offs. Signal to cut-off (5/CQ) values are displayed for Spike Trimer against RED on a logarithmic
scale. For IgG (a), cut-offs are visualized by straight lines and SARS-CoV-2-infected and uninfected samples are separated by color (black circles - SARS-
CoV-2-uninfected; red circles - SARS-CoV-2-infected). For IgA (b) cut-cffs are visualized as dashed lines and 5/CQO of 2 used for the combined cut-off is
shown as straight lines. SARS-CoV-2-infected samples are split into 1gG-positives and -negatives by color as indicated in the plot. €, d Scatterplots display
1gG response to additional SARS-CoV-2 antigens contained in the MultiCoV-Ab panel: MFI for spike subdomains 51 vs 52 (€) or nucleocapsid antigens N vs
N-NTD (d) are displayed on a logarithmic scale. SARS-CoV-2-uninfected samples are distinguished from SARS-CoV-2-infected and MultiCoV-Ab
classification into positives or negatives as indicated by color. Source data are provided as a Source Data file,

Furthermore, we found that patients” hospitalization, as a mea-
sure of disease severity (Fig. 3b), seemed to correlate with an
increased humoral immune response, particularly for IgA. Lastly,
we identified a trend for increasing age (Fig. 3c). While we overall
see correlation of the immune response with patient hospitali-
zation, age, and time post-infection, our sample set was not
designed to single out the leading cause amongst these effects.
Patients of higher age also had a higher rate of hospitalization in
our study population (see Table 2) and samples with increased

time post-infection were also less often hospitalized. It should also
be noted that our samples from infected donors had different
origins and thus different determinants of time post-infection, as
some were based upon PCR results and others on symptom onset.

Previous endemic hCoV infection indicates higher immune
response to SARS-CoV-2. In order to explore cross-reactivity of
hCoVs with SARS-CoV-2, we included S1, N, and N-NTD
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Fig. 3 Multiplex-based seroprofiling allows in-depth characterization of SARS-CoV-2 antibody responses. a Kinetic of SARS-CoV-2 anligen-specific IgA
and IgG responses is shown for indicated days after symptom onset for six SARS-CoV-2-specific antigens for five different patients. Patients are indicated
by color. b, € Samples of SARS-CoV-2-infected individuals were analyzed to identify antigen- and isotype-specific antibody responses based on
hospitalization indicating disease severity (b) or age (c). Data is presented as Box-Whisker plots of sample MF| on a logarithmic scale. Box represents the
median and the 25th and 75th percentiles, whiskers show the largest and smallest values. Outliers determined by 1.5 times IQR of log-transformed data are
depicted as circles. p-value (Mann-Whitney U test, two-sided) is displayed at the top of the boxes, indicating differences between signal distribution for
respective groups. Cut-off values for MultiCoV-Ab classification are displayed as horizontal lines (Spike Trimer IgG: 3,000 MFI, IgA: 400 MFI; RBD IgG:
A50 MFI, IgA: 250 MFI). Source data are provided as a Source Data file.
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antigens from human a- (NL63 and 229E) and p-hCoVs (OC43
and HKU1) in our MultiCoV-Ab panel (Supplementary Fig. 1).
The immune response towards all hCoV antigens was more
dependent on coronavirus clade than on antigen choice. How-
ever, within the clades of a-hCoVs and p-hCoVs, types of anti-
gens were more dominant than the virus subtype, as

ONS [ (202112152 | https://dol.org/10.1038/541467-021-20973-3 | www.nature.com/naturecommunications

demonstrated by rank correlation analysis and hierarchical clus-
tering (Fig. 4a, Supplementary Fig. 6a), suggesting there is
potential cross-reactivity within the hCoV clades. Interestingly,
IgG response against a-hCoVs clustered more closely to SARS-
CoV-2 than to B-hCoVs. This is unexpected, since SARS-CoV-2
has been assigned to the clade of B-CoVs and is also more similar
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Fig. 4 Correlation of seasonal hCoV and SARS CoV-2 antibody responses. a Correlation of 1gG response for the entire sample set (n =1176) is visualized
as heatmap based on Spearman’s p coefficient; dendrogram on the right side displays antigens after hierarchical clustering was performed. b-c, Immune
responses (IgG and IgA) towards hCoV 51 (b) and N (c) proteins are presented as Box-Whisker plots of sample MF| on a logarithmic scale for SARS-CoV-
2-infected (red, n = 310) and uninfected (blue, n = 866) individuals. Box represents the median and the 25th and 75th percentiles, whiskers show the
largest and smallest values. Qutliers determined by 1.5 times IQR of log-transformed data are depicted as circles. d-e, Relative levels of IgG-specific
immune response towards hCoV 51 (d) and N (e) proteins are presented as Box-Whisker plots/strip chart overlays of log-transformed and per-antigen
scaled and centered MF| for the sample subsets of Spike Trimer false positives (blue, n = 17) and combined IgG + IgA false negatives (red, n = 31). Box
represents the median and the 25th and 75th percentiles, whiskers show the largest and smallest values, excluding outliers as determined by 1.5 times IQR.
Source data are provided as a Source Data file.
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Fig. 5 Analysis of seasonal hCoV high and low responders. a From the entire study populatien, groups of a- or p-hCoV high and low responders were built
as indicated. High respender were defined as samples with above average MFI values for 51 and N-specific IgGs of the respective hCoV clade. Low
responders were defined with below MFI values, correspondingly. Responder groups (i) a-hCoV 1, red, n =233, (i) f-hCoV 1, green, n = 254, (iii) a-hCoV
L, blue, n =172 (iv) f-hCoV |, purple, n = 210 are shown as Box-Whisker plots of log-transformed and per-antigen scaled and centered MF| values across
hCoV M and 51 antigens. Box represents the median and the 25th and 75th percentiles, whiskers show the largest and smallest values. Outliers determined
by 1.5 times IQR are depicted as circles. b The over- or under-representation of SARS-CoV-2 responders (SARS-CoV-2 +, n= 279, as determined by
positive MultiCoV-Ab classification) within the four sample groups is visualized in Venn diagrams, stochastic significance was calculated using Fisher's

exact test (two-sided). Source data are provided as a Source Data file.

in sequence to the -hCoV's (Supplementary Table 3). Overall, we
identified a considerable immune response to hCoV antigens
throughout the whole sample set with no notable differences
between samples from SARS-CoV-2-infected and uninfected
donors in IgG or IgA for S1 (Fig. 4b), N (Fig. 4c), or N-NTD
(Supplementary Fig. 6b). We, therefore, used the IgG signal
relative to the average response per antigen for further analyses,
which allowed comparison among all hCoV antigens on one
scale. For those uninfected samples which showed an IgG cross-
reactivity towards Spike Trimer (Spike Trimer false positives), we
partially observed increased responses towards hCoV antigens.
Those samples, which did not show an immune response after
SARS-CoV-2 infection (false negatives, as determined by Multi-
CoV-Ab, combined IgG +IgA) were closer to the baseline
(Fig. 4d, e, Supplementary Fig. 6c). This indicates that cross-
reactivity with hCoVs causes some of the observed SARS-CoV-2
immune response in samples taken from individuals not exposed
to SARS-CoV-2. To investigate the correlation of hCoV and
SARS-CoV-2 immune response further, we grouped samples into
high and low responders for a-hCoVs and B-hCoVs, as the

antigens were shown to correlate closely within a single hCoV
clade. High responders were defined as having relative IgG signals
> 0 for N and S1 antigens of both hCoV subtypes within the
clade, while low-responders had signals < 0, respectively (Fig. 5a),
Samples with SARS-CoV-2 immune response (as determined by
MultiCoV-Ab, combined 1gG + IgA classification) were sig-
nificantly overrepresented within the group of a-hCoV high
responders (p = 3.78¢-03, Fisher’s exact test, two-sided), while
being significantly underrepresented within the group of a-hCoV
and f-hCoV low responders (p=1.14¢-03 and p=1.56¢-02,
respectively, Fisher’s exact test, two-sided) (Fig. 5b). These results
showed that while there were no discernible global effects for
single antigens, there is a correlation between the SARS-CoV-2
immune response with high hCoV responses, especially towards
a-hCoVs. This effect, and the clustering of a-hCoVs and SARS-
CoV-2 in Fig. 4a may be a result of similar host-pathogen
interaction (such as use of the same entry receptor as NL63, an a-
hCoV) or similarities in the mode of action of host suppressive
viral proteins. Interestingly, some longitudinal samples from
Fig. 3a, showed increased hCoV response post SARS-CoV-2
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exposure (Supplementary Fig. 7). However, to further explore
cross-reactivity and correlation between CoV-induced immune
responses, additional longitudinal samples from donors after
SARS-CoV-2 infection are needed to generate meaningful
conclusions.

Discussion

We demonstrated that our MultiCoV-Ab, a multiplex immu-
noassay, is highly suitable to classify seroconversion in SARS-
CoV-2-infected individuals. With a combined cut-off using
SARS-CoV-2 trimeric full-length spike protein and RBD, we were
able to eliminate false positive responses and achieved a sensi-
tivity of 90% with a specificity of 100% for 310 samples from
SARS-CoV-2-infected and for 866 samples from uninfected
individuals. We found that detection of IgG more accurately
reflected infection compared to IgA, although both were highly
specific. However, by simultaneously monitoring IgA, we addi-
tionally were able to detect an earlé( immune response in some
patients. Interestingly, Yu, et al.?® found that enhanced IgA
responses might confer damaging effects in severe COVID-19.
This is consistent with the observed significant increase in N
protein directed IgA in hospitalized COVID19-cases, and con-
firms that careful monitoring of serum IgA warrants further
attention.

The MultiCoV-Ab approach allows the easy addition of SARS-
CoV-2-specific antigens, here 6 in total, which provides an
additional level of confidence in patient classification. Thus, for
example, we noticed that the spike S1 domain showed fewer false-
positive responses compared to the S2 domain, Interestingly, Ng
et al.? reported reactivity towards SARS-CoV-2 S2 from sera of
patients with recent seasonal hCoV infection. These sera pre-
vented infection with SARS-CoV-2 pseudotypes in a neutraliza-
tion assay. Additionally, we found that spike non-responders also
did not show a response to nucleocapsid but not vice versa, where
nucleocapsid has been described as the strongest inducer of
antibody responses®>3¢. Interestingly, nucleocapsid showed sig-
nificant unspecific Ig binding in our assay. It has been previously
reported, that the SARS-CoV-2 N protein is highly positively
charged which may facilitate binding of viral nucleic acid but also
result in unspecific binding of negatively charged molecules?’. In
addition, N protein oligomerization which is required to form the
capsid®® could further contribute to non-specific protein-protein
interactions Therefore, our results highlight that the performance
of an antigen is highly specific to the assay setup and cannot be
easily generalized.

Another study measuring comparable numbers of serum/
plasma samples using multiplex Luminex technology reports
similar sensitivities and specificities for SARS-CoV-2 classifica-
tion2’, In our comparison to commercially available IVD tests,
the MultiCoV-Ab classified fewer samples from SARS-CoV-2
infected donors as negative. However, for 10% of all infected
samples, we could not detect a SARS-CoV-2 specific immune
response, both in our measurement with MultiCoV-Ab and the
commercial IVD Kits. Intriguingly, others have already reported
that up to 10% of SARS-CoV-2 patients do not develop detectable
Ig levels!2:2039 Whether those non-responders are able to limit
viral replication by innate immune mechanisms*, forms of pre-
existing immunity*!, or cellular immunity*>~** is dominant in
mediating viral clearance remains however to be determined.

One of the strengths of our study, compared to earlier stu-
dies!"2%:27, is the relatively large number of control and SARS-
CoV-2 infected sera. However, a limitation is the potential bias
introduced by an uneven age distribution across the study
population. The uninfected control cohort was heavily skewed
towards the age group of >60, whereas non-hospitalized COVID-

19 cases were over-represented in the age groups below 60.
Despite this, MultiCoV-Ab specificity will still be accurate as all
uninfected samples were identified correctly and all age groups
were well represented with >100 samples per group.

Expanding our MultiCoV-Ab to the endemic hCoVs NL63,
229E, OC43, and HKUI revealed a clear IgG immune response
for all tested samples. Furthermore, we did not observe a differ-
ence for the samples from PCR-confirmed hCoV-infected indi-
viduals, compared to all others, suggesting that there is a
significant degree of pre-exposure in the general population for all
endemic hCoVs. Due to the general lack of availability of samples
from hCoV-naive individuals, it was difficult to analyze hCoV-
mediated cross-reactivity, set a cut-off and subsequently calculate
specificities and sensitives for the hCoV S1, N-NTD, N antigens
used here. Nevertheless, our multiplexed readout indicates a
correlation between the SARS-CoV-2 immune response and high
hCoV responses. Currently, we are identifying population groups
which were highly exposed and showed different susceptibility to
SARS-CoV-2 infection, e.g., the “Ischgl-study group™ (unpub-
lished data)®®, in order to elucidate potential cross-protection
derived from immune responses towards endemic hCoVs in more
detail. Alternatively, studies analyzing hCoV signatures in sam-
ples from individuals before and after SARS-CoV-2 infection
using the MultiCoV-Ab would help to gain insight into a
potential cross-protection.

A multiplex setup such as in MultiCoV-Ab is especially suited
to vaccination studies, since the flexibility and broad antigen
coverage allows to efficiently map vaccine immune responses to
an immunoglobulin isotype and subtype level for the target
pathogen and related species”. Interestingly, previous SARS-
CoV-1 vaccine studies clearly indicated that a detailed char-
acterization of vaccine-induced antibody responses is mandatory
for efficient coronavirus vaccine development*®17, For instance,
Yasui et al.® reported that although vector vaccines encoding
SARS-CoV-1 § or N protein lead to comparable levels of anti-§
and anti-N IgG in the respective study groups, N protein-
immunized mice showed vaccine-induced pathology character-
ized by more severe lung damage, increased pulmonary neu-
trophil and eosinophil infiltration, and a significant upregulation
of pro-inflammatory cytokine secretion upon challenge®’.

In summary, we have established and clinically validated the
MultiCoV-Ab, a robust, high-content-enabled, and antigen-
saving multiplex assay. This assay is suitable for comprehensive
characterization of SARS-CoV-2 infection on the humoral
immune response and for epidemiological screenings to accu-
rately measure SARS-CoV-2 seroprevalence in large cohort stu-
dies. It could also provide the unique opportunity to assess and
correlate immunity for both endemic and pathogenic cor-
onaviruses. Finally, a broad and flexible antigen range through
the multiplex nature of the MultiCoV-Ab can deliver urgently
needed data to help guide decisions for SARS-CoV-2 vaccination
strategies.

Methods

Generation of expression constructs for viral antigen production. The sequence
optimized ¢cDNAs encoding the full-length nucleocapsid proteins of SARS-CoV-2,
hCoV-0C43, hCoV-NL63, hCoV-229E, and hCoV-HKU1 (GenBank accession
numbers “QHD43423.2"; “YP_009555245.1%; “YP_003771.17; “NP_073556.1";
“¥YP_173242.17) were produced with an N-terminal hexahistidine (Hisg)-tag by
DNA synthesis (ThermoFisher Scientific). The cDNAs were cloned by standard
techniques into Ndel/HindIII sites of the bacterial expression vector pRSET2b
(ThermoFisher Scientific). The N-terminal domains (NTDs) of all nucleocapsid
proteins were designed based upon previously published structural data®®. Through
this we were able to monitor the immune response against a rigid folded domain
and exclude potential unspecific interactions with the largely unstructured region
located between N-NTD and N-CTD of the nucleocapsid proteins. Furthermore,
by depleting the N-CTD which is responsible for oligomerization of the nucleo-
capsid, we aimed to monitor antibody binding of a monomeric version of the
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nucleocapsid. To generate NTDs of the respective nucleocapsid proteins (SARS-
CoV-2 NTD aa 1-189; hCoV-OC43 NTD aa 1-204; hCoV-NL63 NTD aa 1 - 154;
hCoV-229E NTD aa 1-156; hCoV-HKUI NTD aa 1- 203), a stop codon located N-
terminally to the Serine-Arginine (SR)-rich linker site!” was introduced via PCR
mutagenesis of the nucleocapsid encoding plasmids using the forward primer
pRSET2b down-for and respective reverse primers: SARS-CoV2_NTD-rev,
OCA3_NTD-rev, NL63_NTD-rev, 229E_NTD-rev, and HKUI_NTD-rev.

Primer sequences are shown in Supplementary Table 4.

The pCAGGS plasmids encoding the stabilized trimeric Spike protein and the
receptor binding domain (RBD) of SARS-CoV-2 were kindly provided by F.
Krammer?”,

The ¢<DNA enceding the 51 domain (aa 1-681) of the SARS-CoV-2 spike
protein was obtained by PCR amplification using the forward primer §1_CoV2-for
and reverse primer §1_CoV2-rev and the full length SARS-CoV-2 spike cDNA as
template and cloned into the Xbal/Notl-digested backbone of the pCAGGS vector,
thereby adding a C-terminal Hise-Tag,

The cDNAs encoding the S1 domains of hCoV-0C43 {aa 1-760), hCoV-NL63
(aa 1-744), hCoV-229E (aa 1-561) and hCoV-HKUI (aa 1-755) (GenBank
accession numbers “AVR40344.17; “APF29071.17; "APT69883.17; "AGW27881.1")
were produced by DNA synthesis (ThermoFisher Scientific), digested using Xbal/
Notl and ligated into the pCAGGS vector. All expression constructs were verified
by sequence analysis. An overview of all expressed constructs can be found in
Supplementary Table 5.

Protein expression and purification. For the expression of the viral nucleocapsid
proteins (full-length nucleocapsid and N-NTDs), the respective expression con-
structs were used to transform E.coli BL21 (DE3) cells. Protein expression was
induced in 1L TB medium at an optical density {ODggy) of 2.5-3 by addition of
0.2mM isopropyl-p-D-thiogalactopyranoside (IPTG) for 16h at 20 °C. Cells were
harvested by centrifugation (10 min at 6,000 x g) and the pellets were then sus-
pended in binding buffer (1x PBS, ad 0.5 M NaCl, 50 mM imidazole, 2 mM phe-
nylmethylsulfonyl fluoride, 2 mM MgCL,, 150 pg/mL lysozyme (Merck) and
625 pg/mL DNasel (Applichem}). Cell suspensions were sonified for 15 min
(Bandelin Sonopuls HD70 - power MS72/D, cycle 50%) on ice, incubated for L h at
4°C in a rotary shaker followed by a second sonification step for 15 min. After
centrifugation (30 min at 20,000 x g), urea was added to a final concentration of 6
M to the soluble protein extract. The extract was filtered through a 0.45 pm filter
and loaded on a pre-equilibrated 1-mL HisTrap!" column (GE Healthcare). The
bound His-tagged nucleocapsid proteins were eluted by a linear gradient (30 mL)
ranging from 50 to 500 mM imidazole in elution buffer (1x PBS, pH 7.4, 0.5 M
NaCl, 6 M urea). Elution fractions (0.5 mL) containing the His-tagged nucleocapsid
proteins were pooled and dialyzed (D-Tube Dialyzer Mega, Novagen) against PBS
The viral $1-domains, SARS-CoV-2 RBD, and the stabilized trimeric SARS-
CoV-2 spike protein were expressed in Expi293 cells following the protocol as
described in Stadlbauer et al.'®, In brief, Expi293F-cells were cultivated (37 °C, 125
rpm, 8% (v/v) CO;) to a density of 5.5 x 108 cells/mL. The cells were diluted with
Expi293F expression medium to a density of 3.0 x 10° cells/mL, followed by
transfection of the corresponding expression plasmids (1 pg per mL cell culture)
with Expifectamine dissolved in Opti-MEM medium, according to the
manufacturer’s instructions. After 20 h post-transfection, transfection enhancers
were added as documented in the Expi293F-cells manufacturer’s instructions. The
cell suspensions were cultivated for 2-5 days (37 °C, 125 rpm, 8% (v/v) CO;) and
centrifuged (4 °C, 23,900 x g, 20 min) to clarify the supernatant. The supernatants
were filtered using a 0.22 pm membrane filter (Millipore, Darmstadt, Germany)
and supplemented with His-A buffer stock solution (final concentration in the
medium: 20 mM Na,HPO,, 300 mM NaCl, 20 mM imidazole, pH 7.4), before the
solution was applied to a HisTrap FF crude column on a Akta pure system (GE
Healthcare, Freiburg, Germany). The columns were extensively washed with His-
buffer-A (20 mM Na,HPO,, 300 mM NaCl, 20 mM imidazole, pH 7.4) before
bound proteins were eluted with a imidazole gradient ranging from 50 mM - 400
mM. Eluted proteins were dialyzed against PBS and concentrated to 1 mg/mL.
All purified proteins were analyzed via standard SDS-PAGE followed by
staining with InstantBlue Coomassie stain (Expedeon) and immunoblotting using
an anti-His antibody (Penta-His Antibody, #34660, Qiagen, used at 1:1,000
dilution) in combination with a denkey-anti-mouse antibody labeled with
AlexaFluor647 (#A31571, Invitrogen, used at 1:1,000 dilution) on a Typhoon Trio
(GE-Healthcare, Freiburg, Germany; excilation 633 nm, emission filter seltings
670 nm BP 30) to confirm protein integrity. To further confirm correct expression,
integrity, and purity, proteins were analyzed by mass spectrometry. Ta control the
production reproducibility of the antigens, potential aggregation and melting
temperatures of the proteins were investigated by nano differential scanning
fluorimetry (nanoDSF) using a Prometheus (Nanotemper, Munich, Germany).

Commercial antigens. Two commercial antigens were used to complement the in-
house-produced antigen panel.

The §2 ectodomain of the SARS-CoV-2 spike protein (aa 686-1213) was
purchased from Sino Biological, Eschborn, Germany (cat # 40590, lot #
LCI4MC3007). A full-length nucleocapsid protein of SARS-CoV-2 was purchased
from Aalto Bioreagents, Dublin, Ireland (cat # 6404-b, lot # 4629).

10 NA

Bead-based serological multiplex assay. All antigens were covalently immabi-
lized on spectrally distinet populations of carboxylated paramagnetic beads
(MagPlex Microspheres, Luminex Corporation, Austin, TX) using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC)/sulfo-N-hydroxysuccinimide (sNHS)
chemistry. For immabilization, a magnetic particle processor (KingFisher 96,
Thermo Scientific, Schwerte, Germany) was used.

Bead stocks were vortexed tharoughly and sonicated for 155, Subsequently, 83 L
of 0.065% (v/v) Triton X-100 and I mL of bead stock containing 12.5 x 107 beads of
one single bead population were pipetted into each well. The beads were then washed
twice with 500 pL of activation buffer (100 mM Na,HPO,, pH 6.2, 0.005% (v/v) Triton
X-100) and beads were activated for 20 min in 300 pL of activation mix containing
Smg/ml. EDC and 5 mg/mlL sNHS in activation buffer. Following activation, the
beads were washed twice with 500 uL. of coupling buffer (500 mM MES, pH 5.0,
0.005% (vfv) Triton X-100) and the antigens were added to the activated beads and
incubated for 2h at 21 °C to immobilize the antigens on the surface.

Antigen-coupled beads were washed twice with 800 pL of wash buffer (1x PBS,
0.005% (viv) Triton X-100) and were finally resuspended in 1000 pL of storage
buffer (1x PBS, 1% (wiv) BSA, 0.05% (v/v) ProClin). The beads were stored at 4°C
until further use.

To detect human IgG and IgA responses against SARS-CoV-2 and the endemic
human coronaviruses (hCoV-NL63, hCoV-229E, hCoV-0C43 and hCoV-HKU1),
the purified trimeric spike protein (S), S1-domain, $2-domain (Sino Biological
GmbH, Europe), RBD, nucleocapsid (N) and the N-terminal domain of nucleacapsid
(N-NTD) of SARS-CoV-2 as well as the S1-domain, N, and N-NTD of the endemic
hCoV's were immobilized on different bead populations as described above, The
individual bead populations were combined into a bead mix. A bead-based multiplex
assay was performed. Briefly, samples were incubated at a 1:400 dilution for 2 hours at
21°C. Unbound antibodies were removed and the beads were washed three times
with 100 uL of wash buffer (1x PBS, 0.05% (v/v) Tween20) per well using a microplate
washer (Biotek 405TS, Biotek Instruments GmbH). Bound antibodies were detected
with R-phycoerythrin labeled goat-anti-human IgG (Dianova, Cat# 109-116-098,
Lot#148837, used at 3 pg/mL) or IgA (Dianova, Cat# 109-115-011, Lot#143454, used
at 5 pg/mL) antibodies (incubation for 45 min at 21 °C). For each sample, a single
measurement was performed. Readout was done using a Luminex FLEXMAP 3D
instrument and the Luminex xPONENT Software 4.3 (settings: sample size: 80 uL, 50
events, Gate: 7,500-15,000, Reporter Gain: Standard PMT).

Quality control and technical assay validation steps. In order 1o test the
repeatability of the MultiCoV-Ab three quality control samples (QUs) were pro-
cessed in duplicate on each test plate (n = 17) during the sample screening and
inter-assay variance was assessed for each antigen in the multiplex. For intra-assay
variance, 24 replicates for each of the three QC samples were analyzed on one plate.
Results from this are presented in Supplementary Table 1 and Supplementary
Fig. 2. A limit of detection (LOD) for each antigen was determined by processing a
blank in 24 replicates and the LOD was set as mean MFI + 3 standard deviations.
Sample parallelism and comparability of paired serum and plasma samples were
assessed over eight dilution steps ranging from 1:100 to 1:12,800 {Supplementary
Fig. 2). A set of samples derived from 205 SARS-CoV-2-infected and 72 uninfected
individuals was tested repeatedly with two different kit batches. The samples
classification in both runs matched 100%. Furthermore, as part of our negative
sample panel, we have analyzed samples with potentially interfering characteristics
(ie., samples from patients with PCR-confirmed hCoV infection, presences of
HAMA (human anti-mouse antibodies) and rheumatoid factor (RF), with high
procalcitonin values (> 3 ng/mL), as well as from pregnant women and patients
with neuroinflammatory diseases) (Supplementary Table 2).

Samples. A total of 1176 sera and plasma samples were used for the MultiCoV-Ab
assay development. Ethical approval was granted from the Ethics Committee of
Hannover Medical School (#9122_BO_K2020). Only de-identified samples were
used for the MultiCoV-Ab assay development. All samples were pre-existing.
Cohort age was 5-88 years; age was not known for 161 samples.

310 samples were from COVID-19 patients or convalescents. Samples were
classified as SARS-CoV-2 infected, if a positive SARS-CoV-2 RT-PCR was reported
and/or if hospitalization/quarantine for COVID-19 was indicated as part of the
samples metadata. dT defined as time between PCR test or symptom onset and
blood draw was 0-73 days (median= 38 d; n = 258). dT was not provided for
52 samples. SARS-CoV-2 infected samples used in this study were collected after
ethical review (9001_BO_K, Hannover Medical School; 179/2020/BO2, University
Hospital Tibingen; 85/20, Arztekammer des Saarlandes).

866 control samples were from non-SARS-CoV-2 infected individuals and were
classified as non-infected as they were obtained prier to the emergence of SARS-
CoV-2 in December 2019 or because they were taken from individuals who had not
reported cold symptoms since the beginning of 2020.

The majority of non-SARS-COV-2 infected samples were randomly selected
and consisted of pre-pandemic blood donors, commercially available (Central
BioHub GmbH, Berlin, Germany and BBI Solutions, Crumlin, UK) or bio-banked
specimens. 365 samples were from the Memory and Morbidity in Augsburg Elderly
(MEMO) study (a sub-cohort of the MONICA 82 cohort (WHO 1988)) and were
included based on available serological titers for HSV-1, HSV-2, HHV-6, and
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Supplementary Figure 1

SDS-PAGE analysis of the recombinant viral antigens used in this study. To test for purity and
integrity 1 - 2 ug of indicated recombinant proteins were boiled in reducing SDS-sample buffer
and subjected to a gradient (4 — 20 %) SDS-PAGE followed by Coomassie staining. SARS-
CoV-2 Spike Trimer, SARS-CoV-2 RBD and the S1-domains of SARS-CoV-2, hCoV-NL63,
hCoV-229E, hCoV-OC43 and hCoV-HKU1 were produced in ExpiHEK™ cells. Nucleocapsid
(N) and N-terminal domain of nucleocapsid (N-NTD) of SARS-CoV-2, hCoV-NL63, hCoV-
229E, hCoV-0C43 and hCoV-HKU1 were produced in E.coli. The image is an assembly of all
expressed proteins and is representative for single protein purity after purification. Source data

are provided as a Source Data file.
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a QC performance - SARS-CoV-2 RBD

QC performance - SARS-CoV-2 Spike Trimer
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Supplementary Figure 2

a, Three quality control (QC) samples, as well as a sample of assay buffer (blank sample) were
processed in duplicates on every plate. Performance across 17 assay runs is depicted and
mean and %CVs are shown on the left side (n=34). For plate 14, a processing error lead to
exclusion of one blank sample from this evaluation. b, To assess parallelism of signals from
different samples, 6 unique serum samples were processed over a dilution series of 8 steps
from 1:100 to 1:12,800. For 3 samples, paired plasma (EDTA and/or Heparin) were available
and processed together. For IgG and IgA detection of Spike Trimer and RBD, MFI are plotted
against sample dilution. Color indicates unique sample and shapes indicate sample type. The

data represent a single measurement per sample and dilution (n=1). Source data are provided

as a Source Data file.
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Spike Trimer (IgG) vs Roche N (total Ig) Spike Trimer (IgG) vs Siemens $1 (total Ig)
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Supplementary Figure 3

Scatterplots of sample set with defined SARS-CoV-2 infection status (infected: red, n=205;
uninfected: black, n=72) to compare performance of the MultiCoV-Ab Spike Trimer vs indicated
antigens of commercial SARS-CoV-2 test kits. Signals are depicted as Signal to cut-off ratios
(S/CO) on a logarithmic scale. Lines indicate the respective cut-off values as defined by the
manufacturer to determine positive and negative test results. Source data are provided as a

Source Data file.
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Supplementary Figure 4

ROC analysis'? for IgG and IgA detection of SARS-CoV-2 antigens based on the extended
sample set of 866 uninfected and 310 infected samples used for clinical validation for
MultiCoV-Ab. True positive rate is displayed against 1 - false positive rate, corresponding to

sensitivity and specificity at a given cut-off. AUC-values indicating individual antigen
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performance are shown. Source data are provided as a Source Data file.
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> dT = PCR specimen date — sample date
dT = PCR assay date — sample date
©dT = Symptom onset date — sample date
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Supplementary Figure 5

Impact of sample time on antibody response is visualized by scatter plots. Sample dT in days
is displayed against the observed MFI signal per antigen. Definition of dT is not consistent as
samples measured in this study were taken from various sources. dT was calculated from the
day of a positive PCR result (red circles), from the day of the PCR test itself (green circles) or

from the day of symptom onset (blue circles). Source data are provided as a Source Data file.

98



Appendix

a
Correlation of IgA Signal

Color Key

-1 =05 0 05
p(Spearman)

NLE3 N-NTD 229E N-NTD . 0C43 N-NTD 5 HKU1 N-NTD g
b T - - A . 1. - Fs .z &
8] R :—% RN 'g L I . - 8] T 7
8 ' i€ gl 8
| : P ' =1 P L&
o Emi iy flg Il'§ | LTE
! ] : ' L & i 40 R
& I EEEALEEY( | BERYTENE AEENENL
= P = = = Fa - L = = =
s | il Esgl YilsEzgl i i 35%—*' ii S
g i | itssec MW 2| [fzefyii i ilsze” |HE Tires
%*i : : g4 B H o Lo - Cod Cie
el i g i v I HE 10 mml®
o g g g4« I s : II_S
NER T i B |- ToE sl HEC
ST S ite F - Eler sigs g4 ¢ LiTF
; 'ﬂ!‘JU “EG 3‘|0 B?ﬁ 2 ‘n3‘|0 ;I;G 31IU D?B g _NJIO 3.?5 S;U B?ﬁ nS‘W “‘iﬁ J:D Bitﬂ
SARS-CoV-2 + = + - SARS-CoV-2 + = > = SARS-CoV-2 + = +* = SARS-CoV-2 + = + =
igG IgA 19G IgA G IgA 19G IgA
C Classification outliers vs hCoV N-NTD
< —|* 1gG Spike Trimer false positive Samples (n 17)
» Combined IgG + IgA false negative samples (n 31)
~ o -
k] i . ™ :
5 ; : : - - -
@ @ o 5 e @ H a3
o o : ‘ 2
2o 4.-THE, .... O B *......... . [Teaai .-
2 LEETL C
k= T - ¥ ¥ - : r
k - M i i KN . e
& H - t
. —-—
+
Y
T T T T
NL63 229E oc43 HKUA

99



Appendix

Supplementary Figure 6

a, Correlation of IgA response for the entire sample set (n=1176) is visualized as heatmap
based on Spearman’s p coefficient; dendrogram on the right side displays antigens after
hierarchical clustering was performed. b, Immune response (IgG and IgA) towards hCoV N-
NTD proteins are presented as Box-Whisker plots of sample MFI on a logarithmic scale for
SARS-CoV-2-infected (red, n=310) and uninfected (blue, n=866) individuals. Box represents
the median and the 25th and 75th percentiles, whiskers show the largest and smallest values.
Outliers determined by 1.5 times IQR of log-transformed data are depicted as circles. ¢,
Relative levels of IgG-specific immune response towards hCoV N-NTD proteins are presented
as Box-Whisker plots / stripchart overlays of log-transformed and per-antigen scaled and
centred MFI for the sample subsets of Spike Trimer false positives (blue, n=17) and combined
IgG + IgA false negatives (red, n=31). Box represents the median and the 25th and 75th
percentiles, whiskers show the largest and smallest values, excluding outliers as determined

by 1.5 times IQR. Source data are provided as a Source Data file.
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Supplementary Figure 7
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Kinetic of hCoV antigen-specific IgA and IgG responses is shown for indicated days after

symptom onset for the three used hCoV antigens across five different patients. Colored lines

indicated kinetic of respective SARS-CoV-2 antigen per patient. Source data are provided as

a Source Data file.
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SARS-CoV-2 is evolving with mutations in the receptor binding domain (RBD) being of
particular concern. It is important to know how much cross-protection is offered between
strains following vaccination or infection. Here, we obtain serum and saliva samples from
groups of vaccinated (Pfizer BNT-162b2), infected and uninfected individuals and char-
acterize the antibody response to RBD mutant strains. Vaccinated individuals have a robust
humoral response after the second dose and have high IgG antibody titers in the saliva.
Antibody responses however show considerable differences in binding to RBD mutants of
emerging variants of concern and substantial reduction in RBD binding and neutralization is
observed against a patient-isolated South African variant. Taken together our data reinforce
the importance of the second dose of Pfizer BNT-162b2 to acquire high levels of neutralizing
antibodies and high antibody titers in saliva suggest that vaccinated individuals may have
reduced transmission potential. Substantially reduced neutralization for the South African
variant further highlights the importance of surveillance strategies to detect new variants and
targeting these in future vaccines.
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SARS-CoV-2 has evolved into a global pandemic, with

more than 138 million infections and nearly 3 million
deaths (as per WHO, https://covid19.who.int/, accessed April 15,
2021), impacting severely on mental health®* and global
economics®. In response, the scientific community has made
unprecedented progress, resulting in the generation of multiple
vaccines, using a variety of different approaches®#, such as the
Pfizer BNT-162b2 vaccine, which encodes a full-length trimerized
spike protein”. In parallel, SARS-CoV-2 is continually evolving
impacting its infectivity!?, transmission! =13, and viral immune
evasion'*13, To date, advanced genomic approaches have iden-
tified thousands of variants of SARS-CoV-2 with multiple RBD
mutations circulating due to natural selection'®!7. The variability
of RBD epitopes is of specific concern as such mutations might
reduce vaccine efficacy, increase viral transmission, or impair
acquired immunity by neutralizing antibodies'™'®1%. For the
pandemic to be brought under control, herd immunity must be
achieved through vaccination. However, there is a discourse about
how long antibodies generated during the first wave persist, with
some studies suggesting seroreversion between 2 and 3 months??,
while others find antibodies present for up to 7 or 8 months post
infection?!-23. Alarmingly, antibodies generated during the first
wave also appear to have reduced immunoreactivity and neu-
tralization potency toward emerging variants22,

As the virus is known to continually mutate, particularly the
emerging UK (B.1.1.7)!2, South African (B.1.351)2%, Brazil (P1)%,
Mink (Cluster 5)26, and Southern California (hereon referred to
as “LA” (B1.429)%7 variants are of concern. The UK variant has an
increased risk of transmission!? and mortality!328, Tt further
exhibits reduced neutralization susceptibility?®, which is most
substantially related to a subset of RBD-specific monoclonal
antibodies!®??, The NS501Y mutation appears to mediate
increased ACE2-RBD interaction®® and is known to be critical
for SARS-CoV-2 infection in vivo in micel. Similarly, the South
African variant, which is now spreading globally, has two escape
mutations within the RBD (K417N and E484K)?* in addition to
the N501Y mutation. The combination of these three point
mutations results in both a higher infection rate and reduced
capacity of neutralizing antibodies produced against variants
without RBD mutations of concern (hereon referred to as “wild-
ty'pe")32. In light of these developments, and in spite of increasing
data provided by vaccine companies, it remains unclear whether
vaccines formulated against the original Wuhan strain of the
virus will remain effective against new and emerging variants
such as UK or South Africa. To understand this, we characterized
the antibody response post vaccination with the Pfizer BNT-
162b2 vaccine in both serum and saliva and then investigated the
presence and efficacy of neutralizing antibodies against emerging
variants of concern (UK, South Africa, Mink, and LA).

S ince the initial outbreak in Wuhan, China in late 201912,

Results

To analyze the humoral response generated by vaccination, SARS-
CoV-2 reactive antibody titers in serum samples from vaccinated,
convalescent (hereon referred to as “infected”), and uninfected
(hereon referred to as “negative”) individuals were measured using
MULTICOV-AB*? (Fig. 1). Descriptions of all groups of donors
can be found in Supplementary Table 1. Vaccinated individuals
had not been previously infected with SARS-CoV-2 as demon-
strated by the absence of anti-nucleocapsid IgG and IgA (Fig. 1a).
As expected, there was a typical variation in antibody titers
reflecting individual immune responses (Fig. 1a, b). When com-
paring between vaccine doses (Fig. ¢, d), all vaccinated subjects
showed an enhanced antibody response with increasing time after
the first dose and a further significant boost after the second dose.

This boosting effect was so pronounced that it reached the upper
limit of detection for MULTICOV-AB, as confirmed by a dilution
series (Supplementary Fig. 1).

To expand our understanding of the immune response of
vaccinated individuals, we analyzed their saliva for IgA and IgG
antibodies. The saliva of infected and negative individuals served
as controls. Infected individuals had significantly higher levels of
IgA than negative (P value =0.0008) or vaccinated individuals
(P value = 0.03), with no significant difference seen between
vaccinated and negative individuals (P value =0.23) (Fig. 2a).
Conversely, the IgG response in the saliva of vaccinated indivi-
duals was significantly higher than either infected (P value
<0.0001) or negative individuals (P value <0.0001) (Fig. 2b).
These results were verified using a second antibody test mea-
suring IgG in saliva (Supplementary Fig. 2). We also identified
that vaccination with Pfizer BNT-162b2 does not appear to offer
any cross-protection against other endemic coronaviruses (Sup-
plementary Fig. 3), as seen by the absence of change in antibody
titers following vaccination.

Having determined the humoral response induced by Pfizer
BNT-162b2, we then examined how emerging RBD mutations
present in different variants of concern impact antibody binding.
For this, we included RBD mutants for the UK (501Y), South
African (417N, 484K, and 510Y), Mink (453F), and LA (452R)
variants in MULTICOV-AB. For the UK variant, nearly identical
antibody response was observed for vaccinated and infected
individuals compared with wild-type variant (Kendall’s tau 0.965)
(Fig. 3a). In contrast, a varied and reduced immune response was
visible for the South African variant in both groups (Kendall's tau
0.844) (Fig. 3b). Both the Mink and LA variants had a similar
response as the wild-type variant (Supplementary Fig. 4). Having
seen that antibody-binding responses were reduced in the context
of RBD mutants in the South African variant, we examined its
neutralizing potential on samples from vaccinated individuals
using a virus neutralization test (VNT)*, employing a patient-
derived South African variant of SARS-CoV-2. Despite the
detectable variation, the VNT revealed substantially reduced
neutralization for the South African variant for sera obtained
from vaccinated and infected individuals (Fig. 4a). We further
confirmed these findings using an ACE2 inhibition assay
(Fig. 4b). Here, we additionally observed increased neutralization
capacities for both wild-type (Fig. 4c) and the South African
variant (Fig. 4d), in all samples derived from vaccinated indivi-
duals following the second dose, which was further confirmed by
the NeutrobodyPlex? (Supplementary Fig. 5). Overall, our results
showed individual differences in neutralization capacity for RBD
mutations found in variants (Supplementary Fig. 6), with mini-
mal to no change in neutralization for the UK, Mink, or LA
variants, Conversely, neutralization capacity versus the South
African variant was severely compromised.

Discussion

RBD mutants are particularly important to track and study due to
the role of the RBD:ACE2 interaction site in virus transmission
and neutralization'>® and their potentially  increased
infectivity!'? or lethality?8. This tracking has led to the identifi-
cation of several variants of concern, notably the UK!'?, South
African®*, Mink?¢, and LA?? variants. We initiated this study to
reveal the vaccine-induced immune response and most impor-
tantly to shed light on the still controversial question of how
efficiently antibodies can bind and neutralize SARS-CoV-2 var-
iants of concern. The presence of large titers of IgG antibodies
within the saliva of vaccinated individuals far exceeded those seen
in convalescent individuals. This was both surprising and wel-
come as it could indicate that vaccination might confer a
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sterilizing immune response in the oral cavity and thereby lower
virus transmission. Focusing on antibody response, we examined
in detail the effects of RBD mutations observed in emerging
variants of concern. While only minor differences were detectable
for the UK, Mink, and LA variants, a substantial reduction in
RBD-binding antibodies was observed for the South African
variant. These findings were confirmed at the functional level by a
VNT using patient-derived viral isolates, showing a significant
decrease in the neutralizing capacity of sera from vaccinated or
infected individuals for the South African variant, in accordance
with other recently published studies**=*%. This could provide a
reasonable explanation for infection in vaccinated or convalescent
individuals with the South African variant and suggests a
potential reduction in the efficacy of the Pfizer BNT-162b2 vac-
cine from a B-cell perspective.

This study is limited by the sample size, the restriction to only
two time points after vaccination for data analysis, and the lack of
paired saliva and serum samples for our infected and negative
groups. However, we want to note that our sample size examined
is similar to or larger than most other sample sets used to
examine immune response to mutants in detail®® and that we
examined paired serum and saliva samples for all of our vacci-
nated subjects. Furthermore, we performed VNT assays com-
paring wild-type to the South African variant with authentic virus
isolates on human cells, in contrast to utilizing a pseudotype
neutralization assay? or genetically engineered wild-type
variant®”., Notably, we focused our study on a detailed char-
acterization of the humoral immune response, as a proxy of an
individual’s immune response, as T-cell immunity has already
been extensively studied?l41, Future work should investigate the
antibody response and their persistence from different vaccines
(e, AstraZeneca-Oxford, Moderna) against similar or newly
emerging RBD mutants over a longer timeframe with increased
sample size.

Viewed in a larger context, the impaired RBD-binding capacity
to mutations in emerging variants of concern highlights the
importance of updating current vaccines accordingly. Particular
attention should be paid to the South African variant, because of
the reduced neutralizing potency identified, while spontaneous
independent enrichments of the E484K mutation have been
observed in several countries?2,

Methods

Data reporting. No statistical analysis was used to determine the sample size. The
experiments were not randomized, and the investigators were not blinded during
either experimentation or data analysis.

Study i t, sample and ethics t. Serum and saliva
samples were collected from healthcare workers, vaccinated with the Pfizer BNT-
162b2 vaccine. Two serum samples were collected from each individual. The first
collection took place on average 17 days following administration of the first dose,
while the second collection took place on average 12 days following administration
of the second dose. Saliva samples were collected 7-10 days following the second
serum sampling, Infected serum and saliva samples were collected from different
groups of individuals. Serum samples were collected from individuals hospitalized
at Universitit Klinikum Tiibingen between March 25, 2020 and January 22, 2021
All individuals tested positive for SARS-CoV-2 by PCR. Saliva samples were col-
lected from individuals who had previously been infected with SARS-CoV-2
between March 7, 2020 and June 19, 2020. All individuals had previously tested
positive by PCR, or were confirmed as being previously infected by ELISA mea-
surements plus the presence of at least one key symptom (ie., coughing, fever).
Negative serum and saliva samples were also from different groups of individuals.
Negative serum samples were purchased from Central Biohub. All of these samples
were collected pre-pandemic. Negative saliva samples were collected at the Institute
of Tropical Medicine, Universitit Tibingen from negative individuals and were
confirmed to be anti-SARS-CoV-2 negative by serum ELISA. As additional con-
trols, serum and saliva samples were collected from twao individuals vaccinated with
Phizer BNT-162b2, who do not have contact with active SARS-CoV-2 infected
patients, and one individual who had been previously infected with SARS-CoV-2
and was later vaccinated.

For serum collection, blood was taken by venipuncture, the serum extracted,
and then frozen at —80°C until use. For saliva collection, all individuals spat
directly into a collecting tube. To inactive the samples, TnBP and Triton X-100
were added to final concentrations of 0.3% and 1x, respectively. Saliva samples
were then frozen at —80 °C until further use.

This study was approved by the Ethics Committee of Eberhard Karls University
Titbingen and the University Hospital Titbingen under the approval number 222/
2020BO2 to Dr. Karina Althaus, Institute for Clinical and Experimental
Transfusion Medicine, University Hospital Tiibingen, and 312/2020BO1 (Coro-
Buddy) to Dr. Andrea Kreidenweiss, Institute of Tropical Medicine, University
Hospital Tibingen and Eberhard Karls University Tiibingen. All participants gave
written informed consent. Characteristics of vaccinated and infected serum donors
can be found in Supplementary Table 1. Characteristics of vaccinated, infected, and
negative saliva donors can be found in Supplementary Table 2.

Expression of RBD mutants. The pCAGGS plasmid encoding the receptor-
binding domain (RBD) of SARS-CoV-2 was kindly provided by F. Krammer®®.
RBDs of SARS-CoV-2 variants of concern were generated by PCR amplification of
fragments from wild-type DNA template followed by fusion PCRs o introduce
described mutation N501Y for the UK variant and additional mutations K417N
and E484K for the South African variant®®*, Forward primer RBDfor and reverse
primer N501Yrev were used for amplification of fragment 1, forward primer
N501Yfor and reverse primer RBDrev were used for amplification of fragment 2,
Both fragments containing an overlap sequence at the 3’ and 5 end were fused by
an additional PCR using forward primer RBDfor and RBDrev. Based on ¢cDNA for
the UK variant, additional mutations of the South African Variant were introduced
by PCR amplification of three fragments using forward primer RBD-for and
reverse primer K417Nrev, forward primer K417Nfor and reverse primer E484Krev,
forward primer E484Kfor and reverse primer RBDrev. Amplified fragments were
assembled by subsequent fusion PCR using forward primer REDfor and REDrev.
RBD mutation L452R as recently reported for the SARS-CoV-2 variant of concern
identified in Southern California (referred to in this manuscript as “LA”), was
introduced using primer RBD-for and reverse primer L452Rrev for amplification of
fragment 1 and forward primer L452Rfor for fragment 2. Both fragments were
subsequently fused using primers RBDfor and RBDrev. DNA coding for mutant
REDs (amino acids 319-541 of respective spike proteins) was cloned into Esp3l
and EcoRI site of pCDNA3.4 expression vector with the N-terminal signal peptide
(MGWTLVFLFLLSVTAGVHS) for the secretory pathway that comprises Esp31
site. All expression construcls were verified by sequence analysis. A full list of
primers used in this study can be found in Supplementary Table 3. Confirmed
constructs were expressed in Expi293 cells*. Briefly, cells were cultivated (37 °C,
125 rpm, 8% (v/v) CO;) lo a density of 5.5x 105 cells/mL, diluted with Expi293F
expression medium and transfection of the corresponding plasmids (1 pg/mL) with
expifectamine as per the manufacturer’s instructions, 20h post transfection
enhancers were added as per the manufacturer’s instructions. Cell suspensions
were then cultivated for 2-5 days (37°C, 125 rpm, 8 % (v/v) CO;) and then
centrifuged (4°C, 23,900xg, 20 min) to clarify the supernatant. Supernatants were
then filtered with a 0.22-pm membrane (Millipore, Darmstadt, Germany) and
supplemented with His-A buffer stock solution (20 mM Na2HPO4, 300 mM NaCl,
20 mM imidazole, pH 7.4). The solution was then applied to a HisTrap FF crude
column on an Akla pure system (GE Healthcare, Freiburg, Germany), extensively
washed with His-A buffer, and eluted with an azole gradient (50-400 mM)
Eluted proteins were dialyzed against PBS.

Bead coupling. Coupling of RBD mutant antigens was done by Anteo coupling
(#A-LMPAKMM-10, Anteo Tech Reagents) following the manufacturer's
instructions. Briefly, 100 L of spectrally distinct populations of MagPlex beads
(1.25 x 10%) (Luminex) were activated in 100 plL of AnteoBind Activation Reagent
for 1 h at room temperature. The activated beads were washed twice with 100 pL of
Coupling Buffer using a magnetic separator. Following this, 50 pg/ml of antigen
(diluted in Coupling buffer) was added to the beads and incubated for 1 h at room
temperature. The beads were then washed twice with 100 uL Coupling buffer and
blocked for 1 h at room temperature in 0.1% BSA in Coupling Buffer. After
washing twice in storage buffer, the beads were stored at 4 °C until further use.

MULTICOV-AB. MULTICOV-AB*, a multiplex immunoassay that simulta-
neously analyses 20 antigens was performed on all samples. In addition to the
antigens presently included in MULTICOV-AB (Supplementary Table 4), RBD
mulants from variants of concern were also included for measurements of all
serum samples. All RBD mutants except the Mink variant (#40592-V08H80, Sino
Biological) were produced in-house. Both IgG and IgA were measured for all serum
samples. To adapt MULTICOV-AB to analyze antibodies in saliva, the dilution
factor was changed from 1:400 for the serum to 1:12 for saliva. Samples were
diluted into assay buffer (1:4 Low Cross Buffer (Candor Bioscience GmBH) in CBS
{1x PBS + 1% BSA) + 0.05% Tween20) inside a sterile workbench. In total, 25 pL
of diluted sample was then added to 25 uL of 1x Bead Mix** using a 96-well plate
(#3600, Corning). Samples were incubated for 2 h at 20°C, 750 rpm on a Ther-
momixer (Eppendorf), after which the unbound antibodies were removed by
washing three times with Wash Buffer (1x PBS, 0.05% Tween20) using a
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microplate washer (Biotek 405TS, Biotek Instruments GmBH). Bound antibodies
were detected using either 3 pg/mL RPE-hulgG (#109-116-098, Dianova) or 5 pgf
mlL RPE-hulgA (#109-115-011, Dianova) by incubation for 45 min at 20°C,

750 rpm on a thermomixer. Following another washing step, beads were re-
suspended in 100 pL of Wash Buffer and re-shaken for 3 mins at 20 °C, 1000 rpm.
Plates were then measured using a FLEXMAP3D instrument (Luminex) using the
following settings: 80 uL (no timeout), 50 events, Gate:7500-15000 and Report
Gain:Standard PMT, Each sample was 1in three independ peri
Three cut-off (CO) samples with a known MFI value were generated as in ref, #*
and included on each plate as a quality control. CO2 was used to generate the plate-
by-plate CO value for the IgG Spike and wiRBD of SARS-CoV-2, with CO3 being
used for the same purpose but for IgA. Raw median fluorescence intensity (MFI)
values were divided by the mean MFI of CO2 (for IgG) or CO3 (for IgA), included
on each plate to produce a normalization value. For serum measurements of the
Spike and witRBD of SARS-CoV-2, a normalized MFI value > 1 indicates positivity.

Saliva IgG ELISA. To validate saliva measurements by MULTICOV-AB, samples
were re-measured using an in-house ELISA established by the Institute of Tropical
Medicine, Universitit Tiibingen. Saliva samples were analyzed for SARS-CoV-2
wild-type RBD reactive IgG antibodies by an in-house ELISA developed at the
Institute of Tropical Medicine, University of Tilbingen. SARS-CoV-2 RED
recombinant protein was dissolved in PBS to a final concentration of 2 pg/mL. In
all, 50 uL was then coated into 96-well Costar microtiter high binding plates
(#3590, Corning) and blocked at 4 °C overnight with The Blocking Solution
(Candor Bioscience GmBH), at room temperature on a microplate shaker set to
700 rpm. Before each of the following steps, wells were washed with PBS/0.1%
Tween20. Saliva samples were diluted using The Blocking Solution (1:3-1:729) and
100 pL added to each well. Plates were then incubated at room temperature for 1 h.
For detection, 1:20,000 biotinylated anti-human IgG (#109-065-008, Jackson
Immuno Research Laboratories) and 1:20,000 Streptavi HRP (#109-035-098)
were added and incubated for | h and 30 min, respectively. For visualization, TMB
was added and the reaction was stopped using 1 M HCL The plate was read at
450 nm and 620 nm using a microplate reader (CLARIOstar, BMG LABTECH,
running Software Version 5.40 R2). To estimate the concentration of the IgG
antibodies in the saliva, a dilution series of highly pure human 1gG (#31154,
ThermoFisher) was in parallel coated on the ELISA plates and quantified using the
secondary antibodies. A four-parameter logistic curve using MARS Data Analysis
Software Version 3.31 was fitted to the respective OD values and the antibody
concentrations in the sample specimen calculated .

Neutralization assays. Viral neutralization assays™! for the wild-type (Titl) var-
iant and the South African variant were performed on 16 vaccinated, 6 infected,
and 2 negative serum samples. Briefly, Caco-2 cells were cultured at 37 °C with 5%
CO; in Dulbecco’s modified Eagle medium (DMEM), supplemented with 10% fetal
calf serum (FCS), 2mM L-glutamine, 100 mg/mL. penicillin-streptomycin, and 1%
non-essential amino acids (NEAA). The clinical isolate (200325_Tiil)** which
belongs to the lineage B.1.126 is referred to as “wild-type” in this manuscript. The
South African variant (210211_SaV) was isolated from a throat swab collected in
January 2021 at the Institute for Medical Virology and Epidemiology of Viral
Diseases, University Hospital Titbingen, from a PCR-positive patient. In total,
100 pL of patient material was diluted in medium and used to directly inoculate
150,000 Caco-2 cells in a six-well plate. At 48 h post infection, the supernatant was
collected, centrifuged, and stored at —80°C. After two consecutive passages, the
supernatant was tested by gRT-PCR confirming the presence of three point
mutations (N501Y, K417N, and E484K). NGS confirmed that the clinical isolate
belongs to the lineage B.1.351. Sequence comparison of the Spike protein of
200325_Til and 210211_8aV can be found as Supplementary Data 1. Caco-2 cell
infection with 210211_SAv was detected by western blotting, using sera from a
convalescent patient. The multiplicity of infection determination (MOI) was
conducted by titration using serial dilutions of both virus stocks. The number of
infectious virus particles per millimeter was calculated as (MOI x cell number)/
(infection volume), where MOI = -In (1 - infection rate). For neutralization
experiments, 1 x 10+ Caco-2 cells/well were seeded in 96-well plates the day before
infection in a medium containing 5% FCS. Cells were co-incubated with SARS-
CoV-2 clinical isolate 200325_Tiil or SARS-CoV-2 clinical isolate 210211_SAv at
an MOI of 0.7. Patient sera were added in serial twofold dilutions from 1:40 to
1:5120. At 48 h post infection, cells were fixed with 80% acetone for 5 min, washed
with PBS, and blocked for 1 h at room temperature (RT) with 10% normal goat
serum (NGS). Cells were incubated for Lh at RT with 100 uL of serum from a
hospitalized convalescent donor in a 1:10,000 dilution and washed three times with
PBS. In total, 100 pL of goat anti-human Alexa594 (1:2000) in PBS was used as a
secondary antibody for 1 h at RT. Cells were then washed three times with PBS and
counterstained with 1:20,000 DAPI solution (2 mg/mL) for 10 min at RT. For
quantification of infection rates, images were taken with the Cytation3 (BioTek)
and DAPI-positive and Alexa594-positive cells were automatically counted by the
Gen5 software (BioTek). Virus neutralizing titers (VNTsys) were calculated as the
half-maximal inhibitory dose (IDs,) using 4-parameter nonlinear regression
(GraphPad Prism). An overview of the VNT assay and examples of cells treated
with both variants from one vaccinated and one infected individual’s serum can be
found in Supplementary Fig. 7.

6

ACE2 competition assay. Biotinylated recombinant human ACE2 (#10108-
HO8H-B, Sino Biological) was diluted to a final concentration of 571.4 ng/mlL in
assay buffer (1:4 Low Cross Buffer (Candor Bioscience GmBH) in CBS (1x PBS +
1% BSA) + 0.05% Tween20) to create ACE2 buffer. Plasma samples were diluted
1:50 in assay buffer and then to a final concentration of 1:400 in ACE2 buffer under
a sterile workbench, resulting in a final ACE2 concentration of 500 ng/mL in all
samples. In all, 25 pL. of diluted plasma samples were then added to 25 L of 1x
BeadMix** per well of a 96-well plate (#3642, Corning). In addition to the standard
bead mix used in MULTICOV-AB, all bead coupled RBD mutants were included.
As a control, 500 ng/mL ACE2 was also used. Samples were incubated at 21°C,
750 rpm for 2h on a thermomixer. Samples were then washed using a microplate
washer with Wash Buffer (1x PBS + 0.05% Tween20). 30 L of 2 pg/ml
Streptavidin-PE (#SAPE-001, Moss) was added to each well and incubated for
45 min, 21 °C, 750 rpm in darkness on a thermomixer. Following incubation,
samples were washed again and then resuspended in 100 ul. of Wash Buffer, before
being shaken again for 3 min at 1000 rpm, Samples were read individually on a
FLEXMAP3D instrument under the following settings: 80 uL (no timeout), 50
events, Gate: 7500-15,000, Reporter Gain: Standard PMT. MFI values were then
normalized against the control wells. All samples were measured in duplicates and
the mean is reported.

Neutrobody Plex. For further validation of the neutralization response, all samples
were analyzed using the NeutrobodyPlex*® using a final Nanobody (NMI1267)
concentration of 2 nM. Samples were diluted 1:25 into assay buffer (same as
MULTICOV-ARB) and then a further 1:8 in neutrobody buffer (MULTICOV-AB
assay buffer + 4.56 nM nanobody). In total, 25 uL of diluted sample was then
added 1o 25 pL of 1x MULTICOV-AB Bead Mix* using a 96-well plate (#3600,
Corning). Samples were incubated for 2 h at 21 °C, 750 rpm on a thermomixer
(Eppendorf), after which the unbound antibodies were removed by washing three
times with Wash Buffer (1x PBS, 0.05% Tween20) using a microplate washer
(Biotek 405TS, Biotek Instruments GmBH). Bound antibodies were detected using
3 pg/mL RPE-hulgG (#109-116-098, Dianova) by incubation for 45 mins at 21 °C,
750 rpm on a thermomixer. Following another washing step, beads were re-
suspended in 100 pL of Wash Buffer and re-shaken for 3 min at 21 °C, 1000 rpm.
Plates were then measured using a FLEXMAP3D instrument (Luminex) using the
same setlings as in MULTICOV-AB above. Samples were measured on the same
plate with their respective MULTICOV-AB IgG measurement. In addition to
MULTICOV-AB controls, for plate-to-plate qualification one control sample was
processed on all plates.

Data analysis. Data analysis and figure generation were performed in RStudio
(Version 1.2.5001), running R (version 3.6.1) with the additional packages “bees-
warm” and “ReolorBrewer” for data depiction purposes only. The type of statistical
analysis performed (when appropriate) is listed in the figure legends. Figures were
generated in Rstudio and then edited for clarity in Inkscape (Inkscape 0.92.4).
Mann-Whitney U test was used to determine the difference between signal dis-
tributions from different sample groups using the “wilcox.test” function from R’s
“stats” library. Kendall's t coefficient was calculated in order to determine the
ordinal association between the observed antibody responses towards RBD mutant
and wild-type proteins using the “cor” function from R’s “stats” library. Linear
regression was performed to assess the reduction in ACE2 neutralization observed
for RBD mutants compared to wild-type proteins using the *Im” function from R’s
“stats” library. Pre-processing of data such as matching sample metadata and
collecting results from multiple assay runs was performed in Excel 2016. GraphPad
Prism version 8.4.0 was used to process VNT data.

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

Data availability
Source data are provided with this paper.

Code availability
Custom analysis code in R and required input files have been deposited on GitHub:
https://github.com/BeckerMatthias/Vaccination_VoC_Publication.
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Supplementary Table 1 — Characteristics of Vaccinated and Infected sera

Characteristic Vaccinated Infected
Number of donors 23 35
Median age (IQR) — years 42 (16) 59 (19)
Female sex (%) 5(21.7) 10 (28.6)

1% sample collection — median AT

post first vaccination (range)

21 days (-1to 22 days)

Not applicable

2" sample collection — median AT

post second vaccination (range)

15 days (-7 to 16 days)

Not applicable

Median AT post positive PCR test

(range)

Not applicable

14 days (2 — 85 days)

For both vaccinated and infected groups, the number of donors, median age in years (including
inter-quartile range) and number of females are provided. For vaccinated groups, the median
time post-first vaccination is provided for the first sample, and the median time post-second
vaccination is provided for the second sample. The full range is included for both samples. A
total of 45 samples from 23 vaccinated donors were included in this study. For one individual
a second sample was not taken. One individual had their first sample collected before they
received a vaccination and so they have a negative AT for the first sample. Similarly, two
individuals had their second sample collected before they received their second vaccination

and so they have a negative AT for the second sample. For the infected group, the median AT

for time between positive PCR test and sample collection is given including the full range.

121



Appendix

Supplementary Table 2 — Characteristics of Vaccinated, Infected and Negative saliva

samples
Characteristic Vaccinated Infected Negative
Number of donors 22 27 49
Median age (IQR) — 43 (16) 38 (25— 58) 29 (25 - 38)
years
Female sex (%) 5(22.7) 17 (63) 27 (55)

For all three groups, the total number of samples, median age in years (including inter-quartile
range) and number of females are provided. The vaccinated samples are from the same
sample group as the serum samples. Infected samples were confirmed by either PCR test or
ELISA (Eurolmmun) plus the presence of at least one identifying COVID-18 symptom.

Negative samples were confirmed to be negative by ELISA (Eurolmmun).
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Supplementary Table 3 — Full list of primers used in this study

Primer Name Sequence (5'to 3')

RBDfor ATATCTAGAGCCACCATGTTCGTGTTTCTGG
NS501Yrev CCACGCCATATGTGGGCTGAAAGCCGTAG

N501Yfor GGCTTTCAGCCCACATATGGCGTGGGCTATCAGC
RBDrev AAGATCTGCTAGCTCGAGTCGC

K417Nrev GTTGTAGTCGGCGATGTTGCCTGTCTGTCCAGGG
K417Nfor GACAGACAGGCAACATCGCCGACTACAACTACAAGC
E484Krev GCAGTTGAAGCCTTTCACGCCGTTACAAGGGGT
E484Kfor GTAACGGCGTGAAAGGCTTCAACTGCTACTTCCC
L452Rrev CGGTACCGGTAATTGTAGTTGCCGCCG

L452Rfor GGCAACTACAATTACCGGTACCGGCTGTTCCGGAAG

Full List of primers used in this study for the production of RBD Mutants
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Supplementary Table 4 — Antigens included in MULTICOV-AB

Disease Antigen Manufacturer | Category number
SARS-CoV-2 Spike Trimer NMI -
SARS-CoV-2 RBD NMI -
SARS-CoV-2 S1 domain NMI -
SARS-CoV-2 S2 domain Sino 40590
SARS-CoV-2 Nucleocapsid Aalto 6404-b
SARS-CoV-2 Nucleocapsid N-terminal domain NMI -
hCoV-0C43 Spike Sino 40607-V08B
hCoV-OC43 S1 domain NMI -
hCoV-0OC43 Nucleocapsid NMI -
hCoV-0C43 Nucleocapsid N-terminal domain NMI -
hCoV-HKU1 S'1 domain NMI -
hCoV-HKU1 Nucleocapsid NMI -
hCoV-HKU1 Nucleocapsid N-terminal domain NMI -

hCoV-NL63 Spike Trimer NMI -
hCoV-NLE3 S'1 domain NMI -
hCoV-NL63 Nucleocapsid NMI -
hCoV-NLE3 Nucleocapsid N-terminal domain NMI -
hCoV-229E S1 domain NMI -
hCoV-229E Nucleocapsid NMI -
hCoV-229E Nucleocapsid N-terminal domain NMI -

Full list of antigens included as standard in MULTICOV-AB (minus controls), their

manufacturer, and if available, their category number. Full details on all NMI produced antigens

can be found in .
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Supplementary Figure 1 — High serum antibody titers after the second vaccination
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The second vaccination appears to plateau the serum antibody response at the Upper Limit of
Detection for MULTICOV-AB. To confirm this, 11 samples consisting of 10 paired samples
from five vaccinated individuals (shown in paired colours) and one negative individual (shown
in black) were examined in a dilution series. Due to the wide range of samples, a log curve is
used for the y axis. The three sera with the highest response maintained a similarly high
response for the initial dilution, indicating a plateau in the range of >40,000 MFI, therefore
suggesting that even for donors with high responses in the first sample, the second vaccination
strongly increased the antibody response. A uniform curve shape for all samples (including the

negative control) confirmed reliability of the generated data. Source data are provided as a

Source Data file.
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Supplementary Figure 2 — RBD reactive IgG detected by ELISA.
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To confirm results for MULTICOV-AB, anti-RBD IgG antibodies in saliva were measured by an
in-house ELISA. As in Fig 2, saliva IgG response was highest in vaccinated individuals. Results
for vaccinated (blue, n=22), infected (red, n=26) and negative (grey, n=45) individuals are
displayed as a Box and whisker plot. Two vaccinated sera samples from individuals not in
contact with active SARS-CoV-2 infected individuals and one sera sample from an individual
who was previously infected with SARS-CoV-2 and then later vaccinated are included as
triangles. Boxes represent the median, 25th and 75th percentiles, whiskers show the largest
and smallest non-outlier values. Outliers were determined by 1.5 times IQR. Negative samples
that measured 0 were raised to 0.1 for display purposes only. For statistical analysis, their true
value was used. Mann-Whitney U (two-sided) was used to determine statistical significance
between the groups. *** indicates p-values lower than 0.0001. Source data are provided as a

Source Data file.
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Supplementary Figure 3 — Cross-reactivity of antibodies to endemic coronaviruses in

vaccinated individuals
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Vaccinated individuals did not have an increased antibody response towards S1 proteins of
the endemic coronaviruses 229E (a), NL63 (b), OC43 (c) and HKU1 (d). All samples were
measured using MULTICOV-AB. Light blue (n=25) indicates samples are pre second
vaccination, while dark blue (n=20) indicates samples are post second vaccination. Lines

indicated paired samples from the same donor. Source data are provided as a Source Data

file.
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Supplementary Figure 4 — RBD mutants for the LA and Mink variants have similar

antibody binding compared to the wild-type variant.
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When compared to wild-type (wt), RBD mutants for both the Mink (a) and LA (b) variants of
concern resulted in similar response. RBD mutant antigens were generated (LA) or purchased
(Mink) and added to MULTICOV-AB to measure the immune response towards them from
vaccinated (blue, n=45) and infected (red, n=35) sera, compared to the wild-type RBD. A linear
curve (y=x) is shown as a dashed grey-line to indicate identical response between wild-type

and mutant. Kendall's tau was calculated to measure ordinal association between the mutant
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and wild-type. Source data are provided as a Source Data file.
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Supplementary Figure 5 — NeutrobodyPlex confirms reduced neutralization potential

of vaccinated and infected sera for the wild-type variant
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To further validate the results of the VNT and ACE2 competition assay, NeutrobodyPlex was
used to examine neutralization potential of sera from vaccinated (pre-second dose (light blue,
n=23), post-second dose (dark blue, n=20)) and infected individuals (red, n=28) for wild-type
(wt) RBD. The correlation between NeutrobodyPlex and ACE2 competition assay results is
shown. A linear regression (y=x) was calculated with the R? value shown. Source data are

provided as a Source Data file.
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Supplementary Figure 6 — Neutralization as measured by ACE2 inhibition assay for the

UK, Mink and LA RBD mutants compared to wild-type RBD
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To d|etermine the effect variants of concern had upon neutralization potential, an ACE2
competition assay was developed. RBD mutants for all variants of concern included within this
manuscript (UK (a), Mink (b), LA (c)) were examined as well as the wild-type (wt) variant on
sera from infected (red, n=35) and vaccinated (pre second vaccination (light blue, n=25), post
second vaccination (dark blue, n=20)) individuals. Linear regression (y=x) was calculated for
each panel, with the R? value shown. Linear regressions had the following equations for the

different figure panels: (a) y = -0.026 + 0.820x (b) y = -0.036 + 0.840x (c) y = -0.03 + 0.835x.

Source data are provided as a Source Data file.

12

130



Appendix

Supplementary Figure 7 — Overview of VNT
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Simple overview of the VNT protocol (a) with examples (b) for cells treated with the wild-type
(SARS-CoV-2-Tui1) and South African (SARS-CoV-2-SAv) for sera from one vaccinated
(Vac9_2) and one infected (S31) individual. A dilution series (1:40 — 1:5120) is shown with the

corresponding images for DAPI-positive and Alexa 594-positive cells. Scale bar = 1000 ym.
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The quality and persistence of children's humoral immune response following SARS-CoV-2
infection remains largely unknown but will be crucial to guide pediatric SARS-CoV-2 vacci-
nation programs. Here, we examine 548 children and 717 adults within 328 households with
at least one member with a previous laboratory-confirmed SARS-CoV-2 infection. We assess
serological response at 3-4 months and 11-12 months after infection using a bead-based
multiplex immunoassay for 23 human coronavirus antigens including SARS-CoV-2 and its
Variants of Concern (VOC) and endemic human corenaviruses (HCoVs), and additionally by
three commercial SARS-CoV-2 antibody assays. Neutralization against wild type SARS-CoV-
2 and the Delta VOC are analysed in a pseudotyped virus assay. Children, compared to
adults, are five times more likely to be asymptomatic, and have higher specific antibody levels
which persist longer (96.2% versus 82.9% still seropositive 11-12 months post infection). Of
note, symptomatic and asymptomatic infections induce similar humoral responses in all age
groups. SARS-CoV-2 infection occurs independent of HCoV serostatus. Neutralization
responses of children and adults are similar, although neutralization is reduced for both
against the Delta VOC. Overall, the long-term humoral immune response to SARS-CoV-2
infection in children is of longer duration than in adults even after asymptomatic infection.

A full list of author affiliations appears at the end of the paper
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NATURE CO

infection with severe acute respiratory syndrome cor-

onavirus type 2 (SARS-CoV-2) remains incomplete. In
light of current debates on vaccination strategies and non-
pharmaceutical preventative measures (e.g. school closures), a
comprehensive understanding of protective immunity after nat-
ural infection in children is required. As with other viral infec-
tions, immune control of SARS-CoV-2 is achieved through a
concerted interplay of humoral and cellular immunity!. Neu-
tralizing antibodies in children are of particular interest in this
context, given their role in blocking virus entry into cells by
inhibiting the interaction between the viral receptor binding
domain (RBD) within the S-glycoprotein and the angiotensin-
converting enzyme 2 (ACE2) receptor®,

Previous longitudinal studies of the humoral response have
found that neutralizing antibodies peak within 3-5 weeks post-
infection with a calculated half-life of up to 8 months, suggesting
long-term protection in convalescent individuals'=*~>. However,
most studies only included adults, and longitudinal studies on
SARS-CoV-2 infections in children had limited sample size and
duration of follow-up post-infection® !>, Furthermore, it remains
unclear as to whether any form of cross-protection is offered by
endemic human coronaviruses (HCoVs) that regularly circulate
in the pediatric population, with some studies identifying cross-
protection and others not!17,

To provide an in-depth characterization of the humoral
response in children, we initiated a multi-center longitudinal
study, encompassing 328 households each with at least one SARS-
CoV-2-infected member, which were followed for up to
12 months after the first infection in each household. This cohort
is unique as the subjects exhibited mainly asymptomatic or mild
disease with uninfected family members serving as environmental
and age-matched controls. We performed an extensive serological
evaluation of SARS-CoV-2 infection in all household members,
comprising analyses of production of antibodies against various
SARS-CoV-2 antigens, including Variants of Concern (VOCs),
production of neutralizing antibodies and the role of HCoVs.

To date, our knowledge of children’s immune response to

Results

A total of 548 children and 717 adults from 328 households
were examined at T1 and 279 households including 402 chil-
dren and 569 adults were followed to T2 (see Methods and
Appendix for full details, Table 1 for a description of the study
population, Fig. 82 in the Supplementary Appendix for details
on the age structure of the study population). Children were
substantially less often seropositive (33.0% at T1, 37.3% at T2)
than adults (57.7% at T1, 49.4% at T2) (Table 1). Seropositive
participants were almost exclusively mildly or asymptomati-
cally infected. In seropositive individuals, asymptomatic infec-
tions were five times more common in children (44.8% TI,
46,0% T2) than in adults (8.7% T1, 11.0% T2) (Table 1), with
the proportion of asymptomatic infections decreasing with
increasing age (Fig. $3). Overall, hospitalization was rare (3-6%
of adults, 0% of children, Table 1). The performance of the four
serological assays for children and adults at T1 and T2 is shown
in Table S1 and Fig. $4.

The detailed humoral immune response against different
SARS-CoV-2 antigens, assessed by MULTICOV-AB is shown in
Fig. 1. Children had significantly higher antibody titers against
spike (p<0.001), RBD (p<0.001), S1 domain (p<0.001) and
nucleocapsid (p = 0.01) compared to adults at T1. This increased
response was confirmed by the three commercial assays (Fig. §5).
In addition, we observed a large difference in seroreversion, with
only 3.8% of children, but 17.1% of adults seroreverting between
T1 and T2 (Table 1). Seroreversion was not associated with the

response to particular antigens, although the largest and smallest
decay in antibody concentrations were observed for antibodies
against the S2 domain and nucleocapsid, respectively, regardless
of age (Fig. $6).

For both children and adults, there was no significant differ-
ence in antibody response between symptomatic and asympto-
matic infections (Figs. 2a, b, §7). The frequency of reported
symptoms differed between adults and children and the pre-
dictive value of each symptom varied between both groups
(Fig. 2¢, d). While any of the symptoms fever, cough, diarrhea or
dysgeusia proved to be a good indicator of infection in adults,
dysgeusia was by far the best predictive symptom in children
(87.50% of children with dysgeusia were seropositive; 95% CI
71.4-95.2%, 30.5% of children without dysgeusia were ser-
opositive for SARS-CoV-2, 95% CI 29.7-31.3% Fig. 2d). Con-
versely, cough was a poor predictor of SARS-CoV-2 infection in
children (37.4% of children with a cough were seropositive; 95%
CI 29.3-46.3%, 33.0% of children without a cough were ser-
opositive; 95% CI 31.0-35.2%, Fig. 2d). Further examination of
predictive symptoms among children showed that in contrast to
dysgeusia, cough only gained predictive value in children above
the age of 12 and the predictive value of fever increased with age
(Table S2). There was no difference in the humoral response
associated with the presence of particular symptoms in either
adults or children (Fig. S8).

To further explore differences in the antibodies produced by
children and adults, we analyzed their neutralization potential as
well as their binding towards VOCs. The neutralizing potential of
a subset of children’s sera exceeded that of a subset of adults’ at
T1 (p <0.001) and T2 (p = 0.02) (Fig. 3a). However, this could be
attributed to antibody titers, as neutralization in children corre-
lated with the S1-directed antibody response (Spearman’s rank
0.86, Fig. 3b). There was no difference in antibody binding
responses to the RBD of Alpha and Beta VOCs between adults
and children, with an identical binding for the Alpha variant
compared to wild-type (Spearman’s rank 0.95, Fig. 3c) and a
reduction in binding for the Beta variant (Spearman’s rank 0.69,
Fig. 3d). Neutralization capacity in the pseudotyped virus assay
was significantly reduced against the Delta VOC compared to
wild-type in both children and adults (p<0.01, Fig. 3e, f).
However, neutralization was present in the majority of the ser-
opositive participants-both adults (77.5%) and children (82.0%).

Seroprevalence against endemic coronaviruses rose sharply
with age in early childhood, and was stable in older children,
adolescents and adults independent of age (Figs. 4a and §9). In
contrast to SARS-CoV-2 seroreversion, HCoV antibody titers
decreased faster in younger children than in adults (Fig. S10).
There were HCoV naive samples in this cohort and some indi-
viduals showed a substantial increase in HCoV antibody response
indicating exposure towards endemic HCoVs between the two
time points (Fig. 4b in red, Fig. S11). Amongst SARS-CoV-2
exposed individuals in households with a defined index case
(index cases excluded from the analysis, see Methods), there was
no difference in HCoV antibody titers between SARS-CoV-2
seropositive and seronegative children or adults (p = 0.21, Figs. 4¢
and S12). In addition, we assessed whether SARS-CoV-2 infection
boosted HCoV antibody responses, however there was no evi-
dence for an association between HCoV antibody responses and
SARS-CoV-2 antibody responses in exposed children or adults
(Spearman’s rank 0.03, Fig. 4d).

Discussion

To our knowledge, this is the largest prospective multi-center
study comprehensively comparing the adult and pediatric long-
itudinal humoral immune response following SARS-CoV-2
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Table 1 Demographics and key information for the study cohort.

seropositive)

Median (IQR) days from symptoms onset to timepoint (of

109 (67-122)

109 (67-122)

Time point T1 Time point T1 Time point T2 Time point T2
Number of participants by age group (n) Adult (717) Children (548) Adult (569) Children (402)
Median Age - years (IQR) 44 (37-49) 10 (6-13) 45 (38-50) 10 (6-14)
Number of females (%) 362 (50.5) 277 (50.6) 297 (52.2) 202 (50.3)
BMI (IQR) 25.4(22.2-27.7) 17.4 14.9-195) 247 (223-281) 17.0 15.0-19.7)
Number of seropositive participants 414 (57.7) 181 (33.0) 281 (49.4) 150 (37.3)

» Asymptomatic (%) 36 (8.7) 81(44.8) 31(1.0) 69 (46.0)

* Symptematic (%) 378 (91.3) 100 (55.2) 250 (89.0) 81(54.0)
Seroreverted at T2 (%) NA NA narn 7(38)
Symptoms at disease onset (of seropositive) - - - E

» Fever (%) 217 (52.4) 66 (36.5) 151 (53.7) 49 (32.7)

» Cough (%) 221 (53.4) 37 (20.4) 154 (54.8) 33 (22.0)

» Dysgeusia (%) 266 (64.3) 28 (15.5) 176 (62.6) 24 (16.0)

» Diarrhea (%) 75 (18.1) 18 (9.9) 55 (19.6) 16 (10.7)
Median (IQR) days from positive PCR test result to timepoint 96 (63-120) 96 (63-120) 333 (319-353) 333 (319-353)

340 (322-356)

Hospitalized (of seropositive) (%) 15 (3.6) 0(0.0) NA NA
Vaccinated (%) NA NA 24 (4.2) 1(0.3)
Number of households 328 328 279 279
Median (IQR) number of household members 4 (3-4) 4 (3-4) 4 (3-4) 4 (3-4)

340 (322-356)

See methads for definition of how samples were defined as being serapositive, asymptomatic or symptomatic. Median time from positive PCR test to time point (1
time from symptoms onset ta time point (n =349 at T1, n = 243 at T2) are calculated using adult samples far which this data was available. Percentages of seropositive participants refer to the sample
size at Time point 1 and Time point 2, respectively.
BM! Body Mass Index, IQR Interquartile Range, NA not applicable, PCR Palymerase Chain Reaction,

368 at T1, n = 310 at T2) and median
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Fig. 1 Children have a significantly higher humoral response to SARS-CoV-2 than adults. The humoral response generated following SARS-CoV-2
household exposure with seroconversion was examined using MULTICOV-AB. Children (orange, n = 181) produced significantly more antibodies
against the Spike (a p = 6.00 x10~%), Receptor Binding Domain (RBD) (b p = 2.86 x10~%), 51 domain (e p=3.00x10~') and nucleocapsid (NC)

(e p=1.76x10"2) than adults (blue, n = 414). There was no significant difference for either the 52 domain (d p = 0.66) or the N-terminal domain of the
nuclescapsid (NC NTD) (f p = 0.40). Only samples from T1 with a seropositive status (see Methods) are shown, Box and whisker plots with the box
representing the median, 25th and 75th percentiles, while whiskers show the largest and smallest non-outlier values. Outliers were identified using upper/
lower quartile 1.5 times IQR. Statistical significance was calculated using Mann-Whitney-U (two-sided) with significance defined as being *<0.05,
**20.001. Values >0.05 were defined as non-significant (ns). MFI Median Fluorescence Intensity
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SARS-CoV-2 infections in adults (a in blue, p = 0.684, n = 414) or children (b in orange, p = 0.712, n =181), as assessed by MULTICOV-AB. The receptor
binding domain (RBD) is shown as an example, all other SARS-CoV-2 antigens are shown in Fig. 57. Boxes represent the median, 25th and 75th percentiles,
while whiskers show the largest and smallest non-outlier values. Outliers were identified using upper/lower quartile +1.5 times IQR. Statistical significance
was calculated using Mann-Whitney-U (two-sided). ns indicates a non-significant p value >0.05. The four symptoms reported in this study were then
examined far their frequency within the study population (€), with all symptoms mare commonly reported in seropositive adults (in blue) than seropositive
children (in orange). Each symptom was then examined for its predictive ability to indicate SARS-CoV-2 infection (d), with dysgeusia a strong predictor in
both adults (dark blue, 84.2%) and children (dark orange, 87:5%). All other symptoms were poor predictors in children (fever 59.5%, cough 37.4%,
diarrhea 54.6%) compared to adults (fever 85.8%, cough 75.0%, diarrhea 80.7%). Only samples from T1were analyzed for this figure (n = 717 adults, 548
children). "+" indicates presence of the symptom "—" indicates absence of the symptom. MFI Median Fluorescence Intensity.
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household exposure, As the humoral immunity against SARS-
CoV-2 is now increasingly accepted as the central correlate of
protection'®-2%, improving our incomplete understanding in
children2'22 is of considerable value for public health and vac-
cination strategies. Importantly, our outpatient cohort has high
epidemiological relevance, as a mild course is the most frequent
outcome of SARS-CoV-2 infection overall®, Our findings iden-
tify several unique features of the pediatric serological immune
response against SARS-CoV-2.

Children had a lower seroprevalence after household exposure
and seropositivity followed asymptomatic infection more fre-
quently than in adults. This is in agreement with our previous
report of a different cohort consisting of parent-child pairs*%, In
light of potential pediatric vaccination campaigns, children’s

humoral response to SARS-CoV-2 is markedly increased in both
quantity and longevity, with children seroreverting at a sig-
nificantly lower pace than adults. Children generated higher titers
of SARS-CoV-2 antibodies than their parents after being exposed
to likely same viral strain, and antibody titers negatively corre-
lated with age. Of particular interest are the increase in antibodies
produced against the S1 domain and RBD, both of which are
associated with higher neutralization capacity, indicating that
children gruduce a high quality humoral response against SARS-
CoV-221825 The quality of the pediatric humoral response is
further illustrated by the similar binding capacity against the
SARS-CoV-2 Alpha and Beta VOCs and a similar neutralization
capacity towards the Delta VOC compared to adults. These data
argue for the generation of a protective long-term humoral
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Fig. 3 Children and adults produce antibodies with equal neutralizing potential and their antibodies offer the same protection against Variants of
Concern. a Box and whisker plot showing that antibodies produced by children (orange, n = 118) have a significantly higher inhibition of ACE2 binding than
those produced by adults (blue, n =267, p=4.37x10-3) at Tl and T2 (p = 0.02, child n = 59, adult n =106) as determined by the sVNT assay. Boxes
represent the median, 25th and 75th percentiles, while whiskers show the largest and smallest non-outlier values. Outliers were identified using upper/
lower guartile £1.5 times IQR. Statistical significance was calculated using Mann-Whitney-U (two-sided) with *** indicating a p value < 0.007, * indicating a
p value < 0.05, and ns indicating a non-significant p value > 0.05. To determine whether this was due to the higher titers in children, SARS-CoV-2 51
humoral response was determined using MULTICOV-AB for T1 and plotted against the results of the sVNT assay (b). Spearman’s rank was calculated to
measure the ordinal association between them, confirming that the increase in neutralization is due to higher titers. Protection against the Alpha (¢) and
Beta (d) VOCs was determined by MULTICOV-AB and plotted as a linear regression against the antibody binding response to the wild-type (wt) receptor
binding domain (RBD), with Spearman'’s rank calculated to measure the ordinal association. There was no difference in antibody response between children
(n =166, T1 samples only) and adults (n = 381, T1 samples only) for either variant. (e) Box and whisker plot showing reduced neutralization responses in
both adults (blue, n =142, p=438x103) and children (orange, n =83, p = 6.36 x 10~ 3) against Delta VOC as compared to WT as determined by a
pseudotype virus assay (VNT). Boxes represent the median, 25th and 75th percentiles, while whiskers show the largest and smallest non-outlier values.
Qutliers were identified using upper/lower quartile 1.5 times IQR. Statistical significance was calculated using Mann-Whitney-U (two-sided) with **
indicating a p value < 0-01 and ns indicating a non-significant value >0.05. Titers are given as serum dilution factor resulting in 50% pseudovirus
neutralization (PVNT50). The dashed line represents the lower limit of detection. f Linear regression comparing wild-type (WNTwt) and delta (VNTdelta)

neutralization responses with Spearman’s rank calculated to measure the ordinal association. ACE2 angictensin-converting enzyme 2, MFI Median
Fluorescence Intensity, (s)VMNT (surrogate) Virus Neutralization Test, wt wild type.

immune response also against VOCs after wild-type SARS-CoV-2
infection, but the quality and duration of this protection can only
be estimated following known exposure to VOCs. Children also
had significantly higher neutralizing antibody titers than adults,
indicating increased protection. This increase in neutralization
was directly correlated with higher antibody titers in the other
assays, and therefore may not be due to substantial qualitative
changes of the pediatric antibody profiles. These findings are in
line with one preprinted study?® but in contrast to two previous
studies, which found that children generated a lower humoral
response to SARS-CoV-2 than adults, with a corresponding
reduction in neutralization activity!®!2. However, compared to
our cohort, all three studies were substantially smaller in sample
size and the latter two investigated a different disease spectrum
comprising mostly hospitalized children or those diagnosed with
hyperinflammatory MIS-C syndrome, and sampled blood at
earlier time points after presumed infection.

It is striking that antibody levels in seropositive individuals
were independent of fever, cough or diarrhea, as clinical proxies
for systemic or localized inflammation of the respiratory or gas-
trointestinal tract, respectively. Previous studies have reported a
clear correlation between disease severity and neutralizing anti-
body titers in adults®7. At the other end of the disease spectrum
with mildly affected younger adults and children as in our cohort,
this association was not detectable irrespective of age. This
diverges from the classical infection immunology dogma that
systemic pathogen-host interaction is required for the generation
of robust immune memory. While titers themselves did not differ
between asymptomatic and symptomatic infections, we found
substantial differences in titers between adults and children.
Presence of any symptom was predictive of seropositivity in
adults, whereas children showed substantial differences in both
the prevalence of symptoms in seropositive individuals and the
predictive values of symptoms with respect to SARS-CoV-2 ser-
opositivity. Since cough was a relatively common symptom in
children irrespective of seroconversion, it was not useful in pre-
dicting SARS-CoV-2 infection. In contrast, dysgeusia, an infre-
quent symptom among children, was highly accurate in
predicting infection. These findings suggest that symptom criteria
used for subsequent PCR testing need to be different for children
and adults.

Similarly to other authors?, we identified that exposure to
HCoVs, as measured by seropositivity typically happens within
the first five years of life. The relatively small decline of HCoV
antibody levels during the study period, especially in the adult

population, in comparisen to the decline in SARS-CoV-2 anti-
body levels after a single infection suggests that long-term ser-
ological immunity against HCoVs may be driven by recurrent
exposure. We observed HCoV infections in previously naive
individuals, indicating that endemic HCoVs still circulated
between T1 and T2 despite SARS-CoV-2 related distancing and
hygiene measures. Although cross-reactivity and/or cross-
protection between SARS-CoV-2 and HCoVs have been hypo-
thesized, our analyses did not find evidence for such effects. For
both Alpha- and Beta-coronaviruses, HCoV antibody responses
were not associated with a lower likelihood of seroconversion
following SARS-CoV-2 exposure. Along with frequent HCoV
seronegativity in younger childhood, this strongly argues that the
lower incidence of SARS-CoV-2 infection in children is not due
to HCoV cross-protection. Moreover, there was no evidence for
boosting of HCoV titers following SARS-CoV-2 infection. In
contrast to other studies which did identify an effect for endemic
HCoV infection, our cohort is composed of intensely exposed
individuals from within the same households, which is a sub-
stantial strength compared to previous studies that have used pre-
pandemic sera or indirect control groups!6:26:29,

Limitations of our study include the potential recall-bias
inherent to retrospective self- or parent-reporting of symptoms
via questionnaires and physician-interviews. Additionally, PCR
tests for SARS-CoV-2 during the first wave in Germany were
mostly limited to the household index case, meaning it is possible
that infected individuals were not identified as such, despite the
multi-assay serological approach. However, the in-depth char-
acterization of the humoral response provides valuable data for
clinicians, public health officials and the public, at a time when
children are increasingly viewed as a potential viral reservoir due
to exclusion of pediatric populations from current vaccination
strategies. Moreover, the limited PCR capacities make it also
possible that non-index study participants were additionally
exposed to unknown infection sources outside of their household,
Given the relatively low incidence in Germany during the first
wave (peak incidence spring 2020 45 cases/100.000/7 days) and
the strict lockdown measures including school closures, this
scenario can be assumed to be a rare event. Similarly, while PCR
testing was not available for all individuals, the strength of this
cohort comes from the comparatively large number of children,
inclusion of children and adults from the same household, the
inclusion of seronegative household members as well-matched
controls, and the prospective longitudinal analysis of the humoral
response in children for up to one year post-infection. The
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seropositive cohort also comprises almost exclusively individuals
with mild or asymptomatic infections and so provides real-world
data representative for the majority of SARS-CoV-2 infections in
the community. It should be also stated that while all samples
were analysed using a range of serological assays, only a subset of
samples were analysed for their neutralizing capabilities, and as
such, caution should be applied in extrapolating the implications
regarding the neutralizing response to all study participants.

In summary, although children mostly show mild or even
asymptomatic clinical courses following SARS-CoV-2 infection,
they mount a strong and enduring humoral immune response.
This strongly argues for sustained protection after infection, and
might inform the design of vaccination strategies for SARS-CoV-
2 convalescent children.

- 0 5
change in SARS-CoV-2 $1 response
(log; fold change)

Methods

Cohort. This study forms part of a non-interventional, prospective observational
national multi-center cohort study’’, including 548 children and 717 adults from
328 houscholds each with at least one individual with a SARS-CoV-2 reverse-
transcriptase polymerase chain reaction (RT-PCR) proven infection andfor a
symptomatic and later serologically proven infection. Participants were recruited
during the first wave of the pandemic (May to August 2020) via local health
authorities and an in-hospital database of households with at least one laboratory-
confirmed SARS-CoV-2 infection. Due to restrictions in obtaining a SARS-CoV-2
RT-PCR test during the first wave (children and asymptomatic contacts of an index
case were not tested routinely), serological assays were the only means to identify
previous infection. This study was ated by the four University Children’s
Hospitals of Freiburg, Heidelberg, Tiibingen and Ulm and approved by the inde-
pendent ethics comumittees of each center. Sera and data for this substudy were
collected at the study sites in Freiburg, Tiibingen and Ulm. Participants were asked
to fill a questionnaire at time point | (May- August 2020) and follow-up time point
2 (February-March 2021).
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Fig. 4 HCoV's offer no protection against SARS-CoV-2, nor do they show a boost-back antibody response following SARS-CoV-2 infection. Samples
from households with a known index case (n=971) were examined with MULTICOV-AB to determine whether the antibody response to endemic
coronaviruses (HCoV) provides any protection against infection with SARS-CoV-2. Initial screening of the population showed that seroprevalence
increases with age, although several samples were within the blank range of the HCoV assays, indicating the presence of naive samples (a). Naive samples
were defined as those having less than one-tenth the mean antibody response (indicated by dotted line), with the majority of these samples occurring in
children under the age of five. HCoV-0OC43 is shown as an example, all other HCoVs can be found as Fig. 59. Boxes represent the median, 25th and 75th
percentiles, while whiskers show the largest and smallest non-outlier values. Qutliers were identified using upper/lower quartile #1.5 times IQR. b Line
graph showing the longitudinal response of these naive samples from T1 to T2, with new infections in HCoV-QC43 shown in red. € Box and whisker plot
showing there is no significant difference in HCoV-0OC43 antibody response between SARS-CoV-2 seropasitive and seronegative individuals, amang either
adults (blue, n = 440, p = 0.974) or children (orange, n = 436, p = 0-214). Boxes represent the median, 25th and 75th percentiles, while whiskers show
the largest and smallest non-outlier values. Qutliers were identified using upper/lower quartile #1-5 times IQR. Statistical significance was calculated by
Mann-Whitney-U (two-sided) with *** indicating a p value < 0-001 and ns indicating a p value > 0-05. d When comparing paired samples longitudinally
within the SARS-CoV-2 seropositive subgroup, there was no increase in HCaV-0C43 51 response in either adults (blue, n = 76) or children (orange,

n =103) following SARS-CaV-2 infection. Change in response is presented as log2-fold change from T1to T2 and only samples with either log2-fold
change greater than 1 or smaller than —1 are shown. Spearman’s rank was used to calculate the ordinal association between the change in response for
HCoV-0C43 and SARS-CoV-2. The same figures for the endemic coronaviruses HCoV-NL63, HCoV-HKU1 and HCoV-229E can be found as Figs. S9, ST

and S12. HCoV human Coronavirus, MFI Median Fluorescence Intensity, S1 Spike 51 domain., 51 Spike S1.

Study participants and eligibility criteria. Families were identified during the
first wave of the pandemic between May and August 2020 in the region of
Baden-Wiirtiemberg, Germany.

Inclusion criteria:

{i) Children (male or female) aged 1-18 years.
(ii) Parents and other adults (male or female) living in the same houschold with
the investigated children (without age limit).
(iii) Residency in the state of Baden-Wiirttemberg
(iv) Written consent to the study.

Key exclusion criteria:

{i) Severe congenital diseases (eg. infantile cerebral palsy, severe congenital
malformations).

Congenital or acquired immunodeficiencies.

Insulficient comprehension of German language.

(i
(i

Data collection. Children and adults within eligible households completed a
questionnaire containing demographic information (date of birth, gender, height,
weight, smoking), the presence of symptoms (fever, cough, dysgeusia or diarrhea)
in plausible tempaoral association (max. two weeks prior or later) with the onset of
the SARS-CoV-2 infection within the household or around the time of a positive
SARS-CoV-2 RT-PCR, and symptom duration. For younger children, parents
provided symptom information. They additionally provided serum samples for
immunological analysis at time point | and at follow-up time point 2 after the
SARS-CoV-2 infection within the household. Data on vaccination and potential re-
infection within the houschold were collected at time point 2. We investigated all
invited households with at least one child to avoid selection bias. Questionnaires
were checked for missing or inadequate data and inconsistencies; where possible,
these points were clarified retrospectively with the families. To predetermine the
sample size, we used a one-factor variance analysis design. Assuming 1.5 children
per household participating in the study and three different age ranges, we aimed at
a sample size of =200 households to reveal small effect sizes of about 0.1 at a
significance level of 5% and a test strength of 80%.

Data variables. Samples were defined as being “symptomatic” on the basis of
having at least one of four (fever, cough, diarrhea and dysguesia) symptoms, in
addition to a positive serology result. “Asymptomatic” samples were defined as
those without any of the above symptoms and a positive serology result. For some
households (# = 272) an “index case” was defined. This is the first houschold
member to test positive for SARS-CoV-2 by RT-PCR. The majority of index cases
in this study were adults (249 of 272). No index was defined for households where
additional household members tested positive by RT-PCR within 48 hours of the
first positive test or where infection was identified by the combination of positive
serology and symptoms only. If a household had a defined index case, then all other
household members were considered “exposed”. “Time post symptom onset”
within a household was calculated as the number of days between the first date of
symptom onset in any seropositive individual within a household and the sampling
date at T1 and T2 respectively.

Study oversight. This part of the study was conducted by the University Chil-
dren’s Hospitals in Freiburg, Tiibingen and Ulm, Germany. Ethics approval was
obtained from the respective Medical Faculties’ independent ethics committees
{University of Freiburg: 256/20_201553; University of Tubingen: 293/2020BO2;

University of Ulm: 152/20). Written informed consent was obtained from adult
participants and from parents or legal guardians on behalf of their children at both
sampling time points. Children’s preferences on whether or not to provide a blood
sample were respected throughout. This study was registered at the German
Clinical Trials Register (DRKS), study 1D 00021521, conducted according to the
Declaration of Helsinki, and designed, analyzed and reported according to the
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
reporting guidelines, The full study protocol can be found at (https://www.drks.de/
drks_web/navigate.do?navigationld=trial HTML&TRIAL_ID=DRKS00021521).

Blood sample collection. Samples were collected al two separate time points, an
carly time point (T1) al a median of 109 days (IQR 67-122 days) after earliest
symptom onset in household and a late time point {T2) at 340 days (IQR
322-356 days) post-symptom onset (Table 1, Fig. S1 in Supplementary Appendix).
Blood samples were collected by venipuncture from all consenting adults and
children within the study. Serum was separated on the same day by centrifugation,
aliquoted and frozen at —80°C until used.

Serological assays. Antibodics against SARS-CoV-2 in 2236 samples were
detected using the following four assays: (1) Eurolmmun-Anti-SARS-CoV-2 ELISA
1gG (S1), (2) Siemens Healthineers SARS-CoV-2 1gG (RBD), (3) Roche Elecsys Ig
(Nucleocapsid Pan Ig) and (4) MULTICOV-AB, a previously published bead-based
multiplex immunoassay that simultaneously analyses antibody binding to 23
antigens from SARS-CoV-2 (including VOCs)*1-*2, Seropositivity was defined as
any three of the four SARS-CoV-2 assays being positive. The MULTICOV-AB
assay also analyses antibody binding to endemic coronavirus antigens (i.e. HCoV-
0C43, -NL63, -HKU1 and —229E)*32,

Eurolmmun Anti-SARS-CoV-2 ELISA. The Eurolmmun Anti-SARS-CoV-2 ELISA
(1gG) was performed as the manufacturer's instructions to detect 1gG antibodies
against the 51 domain of the SARS-CoV-2 spike protein. All 2236 samples used in
the final analysis were measured with this assay. All samples were processed with
the specified controls and calibrators. Serological analysis was performed blinded
for all clinical covariables.

Siemens Healthineers SARS-CoV-2 IgG (sCOVG). The Siemens sCOVG assay was
performed as per the manufacturer’s instructions on an Advia Centaur XPT
platform to detect IgG antibodies against the receptor-binding-domain (RBD) of
the SARS-CoV-2 spike protein. All 2,236 samples used in the final analysis were
measured with this assay. All samples were processed with the specified controls
and calibrators. Serological analysis was performed blinded for all clinical
covariables.

Roche Elecsys Electrochemils ence i y (ECLIA). The Roche Elecsys
ECLIA was performed as per the manufacturer’s instruction on a Cobas e411 or
e811 platform to detect IgG, IgA and IgM antibodies against the nucleocapsid of
SARS-CoV-2. All 2236 samples used in the final analysis were measured with this
assay. All samples were processed with the specified controls and calibrators.
Serological analysis was performed blinded for all clinical covariables.

MULTICOV-AB", All 2236 samples used in the final analysis were analyzed using
MULTICOV-AB™!, a bead-based multiplex immunoassay that simultaneously

analyzes 23 antigens from SARS-CoV-2 (including RBDs from variants of concern
and endemic human coronaviruses)*.. A full list of antigens used in this study can
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be found in Table $3. Samples were measured in 384-well plates, with all pipetting
steps performed using a Beckmann Coulter i7 pipetting robol. Antigens were
coupled by EDC/s-NHS or Anteo coupling to spectrally distinct populations of
MagPlex beads (Luminex Technology). Samples were diluted in assay buffer (1:4
Low Cross Buffer (Candor Bioscience GmBH) in CBS (1x PBS + 1% BSA) +
0.05% Tween20) and added to bead mix to a final dilution factor of 1:400, before
being incubated for 2 hours at 21 °C on a thermomixer (1500rpm). Unbound
antibodies were then removed by washing with Wash buffer (1x PBS, 0.05%
Tween20). Bound antibodies were detected using RPE-conjugated human IgG

(3 pg/mL) and IgA (5 pg/mL) (both Biozol) by incubation for 45 mins at 21°C,
1800 rpm on a thermomixer. Following a further washing step, beads were
resuspended in 80 pL. of washing buffer and shaken briefly for 3 mins at 1500 rpm.
Plates were then measured using a FLEXMAP-3D (Luminex Technology) instru-
ment running xPONENT Software (version 4.3) with the following settings: 60 uL,
80's timeout, 35 events, Gate 7500-15000 and Reporter Gain: Standard PMT. For
quality control, eight wells for each QC sample plus eight blank wells (negative
control) were included on each 384-well plate’!~**. Additionally, control beads
coupled with human IgG, goat-anti-human 1gG, human IgA and goat-anti-human
IgA were included in each well to act as controls for both sample addition and
signal system addition. To pass QC, each sample had to meet the minimum
threshold for number of beads per ID (35), have a sample and signal system control
bead value within normal range and pass plate-by-plate QC sample controls. Any
plate or sample that failed QC was re-measured (83/2,390). Normalization values
for each antigen were generated by dividing the raw median fluorescence intensity
(MFI) value by the mean plate-by-plate MFI of QC2 (IgG) or QC3 (IgA). For
SARS-CoV-2, normalization values >1 for the trimeric spike and wild-type RBD
indicate positivity. To reduce analytical variations, all samples were analyzed in the
same run. Serological analysis was performed blinded for all clinical covariables.
Technical questions regarding the MULTICOV-AB™assay should be directed to
nicole.schneiderhan@nmi.de.

Surrogate SARS-CaV-2 Neutralization Test. A subset of 385 samples were analyzed
for neutralization with the surrogate SARS-CoV-2 neutralization test (GenScript)
as per the manufacturer’s instructions and as published previously*!. Briefly,
samples and controls were incubated with an HRP-conjugated RBD fragment.
Following this, the mixture was added to wells of a capture plate coated with
human ACE2 protein. The plate was then washed three times to remove any
complexes or non-bound antibodies. TMB was added and then stopped with the
addition of a stop reagent. The plate was then read by a microtiter plate reader
(POLARstar Omega) at 450 nm. The absorbance of the sample is inversely cor-
related with the amount of SARS-CoV-2 neutralizing antibodies. Positive and
negative controls served as internal assay quality controls. The test was considered
valid only if the OD450 for each control fell within the respective range
(OD450negative control >1.0, OD450positive control <0.3). For final interpreta-
tion, inhibition rates were calculated as follows: Inhibition score (%) = (1 — (OD
valuesample/OD valuenegative control) x 100%). Scores <30% were considered
negative, scores =30% were considered positive.

Cell culture. Vero E6 (African green monkey, female, kidney; CRL-1586, ATCC,
RRID:CVCL_0574) cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) supplemented with 2.5% heat-inactivated fetal calf serum (FCS),
100 units/ml penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine, 1 mM sodium
pyruvate, and Ix non-essential amino acids. HEK293T (human, female, kidney; ACC-
635, DSMZ, RRID: CVCL_0063) cells were grown in DMEM supplemented with 10%
FCS, 100 units/ml penicillin, 100 pg/ml streptomycin, and 2 mM L-glutamine, All
cells were grown at 37 °C in a 5% CO2 humidified incubator.

Preparation of pseudotyped particles. Rhabdoviral pseudotype particles were
prepared as previously described™. A replication-deficient VSV vector in which the
genetic information for VSV-G is replaced by genes encoding enhanced green fluor-
escent protein and firefly luciferase 3 (kindly provided by Gert Zimmer, Institute of
Virology and Immunology, Mittelhiusern, Switzerland) was used for pseudotyping.
HEK293T cells were transfected with expression plasmids encoding SARS-CoV-2 spike
variants D614G 4 (pCG1_SARS-2-Sdel18_D614G, kindly provided by Stefan Pahl-
mann} or B.1.617.2/Delta®, containing the spike mutations TI9R, G142D, E156-, F157-
+ R158G, L452R, T478K, D614G, P68IR, DI50N and a 19AA C-terminal deletion
(pcDNA3.1-525-IN2(B.1.617.2)419. 24 h post transfection, cells were inoculated with
V8V vector. After 2 h incubation at 37 °C, the inoculum was remaoved, cells were
washed with PBS and fresh medium added. After 16-18 h, the supernatant was col-
lected and centrifuged (2,000 x g, 5 min, room temperature) to remove cellular debris.
Cell culture medium containing anti-VSV-G antibody (11-hybridoma cells; ATCC no.
CRL-2700) was added to block residual VSV-G-containing particles. Samples were then
aliquoted and stored at —80°C.

Pseudovirus neutralization assay. A subset of 225 samples were examined by
Pseudovirus neutralization assay against Wild-type (Bl isolate) and the delta VOC
(B.1.617.2). For pseudovirus neutralization experiments, Vero E6 cells were seeded in
96-well plates one day prior. Heat-inactivated (56 °C, 30 min) sera were serially diluted

in PBS, mixed with pseudovirus stocks (1:1, v/v) and incubated for 30 min at 37 °C
before being added to cells. After 16-18 h, firefly luciferase activity was quantified as a
readout for transduction efficiency. For this, cells were lysed by incubation with Cell
Culture Lysis Reagent (Promega) at reom temperature. Lysates were then transferred
into white 96-well plates and luciferase activity was measured using a commercially
available substrate (Luciferase Assay System, Promega) and a plate luminometer (Orion
11 Microplate Luminometer running Simplicity Software v4.2, Berthold). For analysis,
background signal of untreated cells was subtracted and values normalized to pseu-
dovirus mixed with PBS only. Results are given as serum dilution resulting in 50%
pseudovirus neutralization (PYNT50) on cells, calculated by nonlinear regression
([Inhibitor] vs. normalized response—Variable slope) in GraphPad Prism Version 9.1.1.
The upper and lower cutoff values of this assay were set at PVNT50 >81,920 and
PVNTS50 <20, respectively.

Data analysis. Initial data collection was done using Microsoft Excel and Access.
Formal data analysis was performed on RStudio (Version 1.2.5001, running R 3.6.1)
with the following additional packages: “RColorBrewer”, “beeswarm”, “gplots”,
“VennDiagram”, all of which were used solely for data depiction and not statistical
analysis. Figures were generated in RStudio and then edited for clarity in Inkscape
(Inkscape 0.92.4). Only samples for which full data for MULTICOV-AB was available
were included in the analysis. Furthermore, only samples from time point 1 were used
for all non-longitudinal analyses. For longitudinal analyses, only those participants for
whom both T1 and T2 samples were available were included and all participants who
were vaccinated prior to T2 were excluded. For analysis of potential cross-protection
though endemic coronaviruses, only households with a known index case were used
and the index case itself was excluded. Statistical analyses performed are described in the
figure legends. For comparison of signal distribution between sample groups,
Mann-Whitney-U tests were performed using the “wilcox test” function from R's
“stats” library. For correlation analysis, Spearman’s rank was calculated using the “cor”
function from R's “stats” library. p values < 0.05 were considered to be significant.

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

Data availability

A short version of the study protocol is available at the German Clinical Trials Register
(DRKS, www.drks.de), study D 00021521, The full study protocol is available from
https:/fwww.drks.de/drks_web/navigate do?navigationld=tria. HTML&TRIAL_ID=
DRES00021521, Individual participant data, including data dictionaries will not be
available, since we did not seek parental consent for data sharing,

Code availability
Code will be available upon reasonable request,
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Figure S1: Overview of the time points within the study population. lllustration of
study design, from exposure to study participation time points. Times shown are the

IQR for each time point. T1 — Time point 1, T2 — Time point 2.
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Figure S3 — Proportion of asymptomatic infections decreases with age. Line
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MULTICOV-AB Eurolmmun Siemens Roche
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Figure S4 — Comparative performance of the different serology assays used in
this study. 4-way Venn diagrams showing how each assay classified samples as
being seropositive for T1 (a and b) and T2 (¢ and d) for adults (a and ¢) and children
(b and d). Samples were classified as being positive if three or more assays
classified them as being positive (shown in red). Negative samples for all assays are
indicated in the bottom left corner of the boxes. Assays are color-coded as defined by
the key including the manufacturer or name of the assay, which antigen it uses as a

target and which Ig-isotype it measures. RBD - receptor binding domain.
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Figure S5 — Children have higher antibody responses than adults. Seropositive
children (orange, n=181) had significantly higher IgG antibody titres against S1 (a,
p=1.52x10"8), receptor binding domain (RBD) (b, p=7.05x10""*) and nucleocapsid
(NC) (c, p=7.55x10""%) than seropositive adults (blue, n=414) as determined using the
commercial Eurolmmun (a), Siemens (b) and Roche (c) assays at T1. The Ig isotype
measured with each assay is indicated on the axis. Seropositive adults and children
were identified using the multi-assay definition of seropositivity explained in the
Method section. Box and whisker plots with the box representing the median, 25th
and 75th percentiles, while whiskers show the largest and smallest non-outlier
values. Outliers were identified using upper/lower quartile + 1-5 times |IQR. Statistical
significance was calculated by Mann-Whitney-U (two-sided) with *** indicating a p-

value <0-001.
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Figure S6 — Antibody decay occurs at the same rate in adults and children.
Longitudinal comparison of T1 and T2 samples using MULTICOV-AB to determine
the rate of antibody decay. The IgG antibodies against spike trimer, receptor binding
domain (RBD), S1 domain, S2 domain and nucleocapsid (NC) of SARS-CoV-2 are
shown. Samples are separated into distinct age groups: under 5 years old (n=28), 6-
11 (n=61), 12-18 (n=68), 19-24 (n=14), 25-34 (n=21), 35-44 (n=117), 45-54 (n=148)
and over 55 years old (n=31). All y-axis show the normalized MFI. Red lines indicate
mean rates of decrease; grey boxes indicate +1 standard deviation. Sr indicates
proportion of signal remaining, calculated as the ratio of the mean MFI| at T2

compared to the mean MFI at T1. MFI — median fluorescence intensity.
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Figure S7 — There is no difference in antibody response between asymptomatic
and symptomatic infections in children. Box and whisker plots with the box
representing the median, 25th and 75th percentiles, while whiskers show the largest
and smallest non-outlier values. Outliers were identified using upper/lower quartile
+1-5 times IQR. Statistical significance was calculated by Mann-Whitney-U (two-
sided) with * indicating a p-value <0-05. and ns indicating a non-significant p-value

W

>0-05. “+” indicates a symptomatic infection while “-* indicates an asymptomatic
infection. There were no significant differences between symptomatic and
asymptomatic seropositive children (orange, n=185) in terms of antibody response
for the spike trimer (b, p=0-43), S1 domain (d, p=0-34), S2 domain (f, p=0-87) or
Nucleocapsid (NC) (h, p=0-78). Symptomatic and asymptomatic seropositive adults
(blue, n=414) showed no significant difference for the spike trimer (a, p=0-94),
although there were small significant differences in the S1 domain (c, p=0-03) and S2
domain (e, p=0-05) and NC (g, p=0-01). MFI - median fluorescence intensity.
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Figure S8 — Symptoms do not moderate antibody response amongst
seropositive individuals after mild COVID-19. Box and whisker plots with the box
representing the median, 25th and 75th percentiles, while whiskers show the largest
and smallest non-outlier values. Outliers were identified using upper/lower quartile
+1-5 times IQR. Within the seropositive subgroups, neither adults (blue, a, ¢, €) nor

children (orange, b, d, f) showed any difference in response based on presence of
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symptoms for either the spike trimer (a and b), receptor binding domain (RBD) (c and
d) or S1 domain (e and f) of SARS-CoV-2. Symptom group sizes: no symptoms —
adults n=36, children n=83, cough — adults n=221, children n=37, fever — adults
n=217, children n=66, diarrhea — adults n=75, children n=18, dysgeusia — adults

n=266, children n=28. MF| — median fluorescence intensity.
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Figure S9 — Initial HCoV infection often occurs during the first five years of life.
Box and whisker plots with the box representing the median, 25th and 75th
percentiles, while whiskers show the largest and smallest non-outlier values. Outliers
were identified using upper/lower quartile +1-5 times IQR. Single ages from 1 to 5 are
shown (1 —n=8, 2 —n=17, 3 —n=17, 4 — n=19, 5 — n=23) with age then grouped into:
6-11 (n=160), 12-18 (n=163), 19-24 (n=34), 25-34 (n=37), 35-44 (n=195), 45-54
(n=346) and over 55 years olds (n=52). For all HCoVs (a — HKU1, b — 229E, ¢ —
NL63), the majority of naive samples are children. Dashed line indicates one-tenth of
the mean response of all samples. All samples below the dashed line are considered
to be naive. HCoV — human endemic Coronavirus, MFl — median fluorescence

intensity.
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Figure S10 — Children serorevert faster for HCoVs than adults. Longitudinal
comparison of T1 and T2 samples using MULTICOV-AB to determine the rate of
seroreversion. The S1 domain of HCoV-OC43, HCoV-HKU1, HCoV-229E and HCoV-
NL63 are shown. Samples are separated into distinct age groups: five years old and
under (n=84), 6-11 (n=160), 12-18 (n=162), 19-24 (n=32), 25-34 (n=36), 35-44
(n=182), 45-54 (n=228) and over 55 years old (n=48). Red lines indicate mean rate of
decrease; grey boxes indicate +1 standard deviation. Sr indicates the proportion of
signal remaining, calculated as the ratio of the mean MFI at T2 compared to the
mean MFI at T1. HCoV — human endemic Coronavirus, MFI — median fluorescence

intensity.
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Figure S11 — Naive samples are present within the study, although endemic
coronavirus infections persisted during the SARS-CoV-2 pandemic. Line graphs
showing longitudinal antibody response from T1 to T2 for samples defined as naive
at T1. Individuals who remain naive are shown in grey, individuals who seroconvert
between T1 and by T2 are shown in red. Not all individuals who show increased
HCoV antibody levels at T2 compared to T1 are considered to have been infected, as
some remain within the negative range for the assay at T2. Normalized MFI is shown
on a logscale for clarity. Although there is variation in the number of naive samples
between the different HCoVs (a — HKU1, b — 229E, ¢ — NL63), new HCoV infections
are seen across all HCoVs. HCoV — human endemic Coronavirus, MFI — median

fluorescence intensity.
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Figure S12 — HCoVs offer no cross protection towards SARS-CoV-2, nor do they
show a boost-back antibody response following SARS-CoV-2 infection.
Samples from households with a known index case were examined with MULTICOV-
AB to determine whether the antibody response to endemic coronaviruses (HCoV)
provides any protection against SARS-CoV-2. (a, ¢ and e) Box and whisker plots
demonstrating no significant difference between SARS-CoV-2 seropositive and
seronegative adults (blue, n=440) or children (orange, n=436) in terms of HCoV-
HKU1 (a, adult p=0-67, child p=0-47) or HCoV-229E (c, adult p=0-14, child p=0-99).
For HCoV-NL63, there was a small significant difference for adults only (e, adults
p=0-01, children p=0-35). Boxes represent the median, 25th and 75th percentiles,
and whiskers show the largest and smallest non-outlier values. Outliers were
identified using upper/lower quartile + 1-5 times IQR. Statistical significance was
calculated by Mann-Whitney-U (two-sided) with *** indicating a p-value <0-001, *
indicating a p-value <0-05 and ns indicating a p-value >0-05 (b, d and f). When
comparing paired samples longitudinally within the SARS-CoV-2 seropositive
subgroup, there was no association between change in SARS-CoV-2 antibody level
and change in HCoV antibody level for HCoV-HKU1 (b), HCoV-229E (d) or HCoV-
NL63 (f) and in either adults (b - n=79, d — n=74, f — n=80) or children (b - n=117, d —
n=114, f —n=118). Change in response is presented as log2-fold change from T1 to
T2 and only samples with a log2-fold change > 1 or < -1 are shown. Spearman’s rank
was used to calculate ordinal associations between the changes in HCoV antibody
level and change in SARS-CoV-2 antibody level. MFI — median fluorescence

intensity.
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Supplementary Tables

Table S1 — Comparative seroprevalence between different assays used in the

study
Assay Seropositive Seronegative Total % of Seropositive
Eurolmmun S1 991 1245 2236 443
IgG
Roche Elecsys N 1149 1087 2236 514
pan lg
Siemens RBD IgG 1067 1169 2236 477
MULTICOV S and
RBD IgG 1142 1094 2236 511

Only samples that were measured with all four assays are considered. For each

assay, the manufacturer or name of the assay is stated, as well as the target antigen

and lg-isotype detected. N — Nucleocapsid, RBD — receptor binding domain, S —

spike protein.
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Table S3 — List of antigens used in MULTICOV-AB

Disease Antigen Manufacturer Cat. No.
SARS-CoV-2 Spike Trimer NMI -
SARS-CoV-2 RBD NMI -
SARS-CoV-2 S1 domain NMI -
SARS-CoV-2 S2 domain Sino 40590
SARS-CoV-2 Nucleocapsid Aalto 6404-b
SARS-CoV-2 Nucleocapsid N- NMI -

terminal domain
SARS-CoV-2 RBD alpha variant NMI -
SARS-CoV-2 RBD beta variant NMI -
HCoV-0C43 S1 domain NMI -
HCoV-0C43 Nucleocapsid NMI -
HCoV-OC43 Nucleocapsid N- NMI -
terminal domain
HCoV-HKU1 S1 domain NMI -
HCoV-HKU1 Nucleocapsid NMI -
HCoV-HKU1 Nucleocapsid N- NMI -
terminal domain
HCoV-NL63 S1 domain NMI -
HCoV-NL63 Nucleocapsid NMI -
HCoV-NL63 Nucleocapsid N- NMI -
terminal domain
HCoV-229E S1 domain NMI -
HCoV-229E Nucleocapsid NMI -
HCoV-229E Nucleocapsid N- NMI -

terminal domain

List of antigens included in MULTICOV-AB in this study, including information about

their manufacturer, and if available, their category number. Full information on the

NMI produced antigens can be found at?3,
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Recent increases in SARS-CoV-2 infections have led to questions about duration and
quality of vaccine-induced immune protection. While numerous studies have been
published on immune responses triggered by vaccination, these often focus on
studying the impact of one or two immunisation schemes within subpopulations such
as immunocompromised individuals or healthcare workers. To provide information on the
duration and guality of vaccine-induced immune responses against SARS-CoV-2, we
analyzed antibody titres against various SARS-CoV-2 antigens and ACEZ2 binding
inhibition against SARS-CoV-2 wild-type and variants of concern in samples from a
large German population-based seroprevalence study (MuSPAD) who had received all
currently available immunisation schemes. We found that homologous mRNA-based or
heterologous prime-boost vaccination produced significantly higher antibody responses
than vector-based homologous vaccination. Ad26.CoV28S.2 performance was particularly
concerning with reduced titres and 91.7% of samples classified as non-responsive for
ACE2 binding inhibition, suggesting that recipients require a booster mRNA vaccination.
While mRNA vaccination induced a higher ratio of RBD- and S1-targeting antibodies,
vector-based vaccines resulted in an increased proportion of S2-targeting antibodies.
Given the role of RBD- and S1-specific antibodies in neutralizing SARS-CoV-2, their
relative over-representation after mRNA vaccination may explain why these vaccines have
increased efficacy compared to vector-based formulations. Previously infected individuals
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had a robust immune response once vaccinated, regardless of which vaccine they
received, which could aid future dose allocation should shortages arise for certain
manufacturers. Overall, both titres and ACE2 binding inhibition peaked approximately
28 days post-second vaccination and then decreased.

Keywords: SARS-CoV-2, mRNA vaccines, vector-based vaccines, variants of concern, protective immunity,
population-based study, longitudinal study, antibody persistence

INTRODUCTION

In response to the global SARS-CoV-2 pandemic, multiple
vaccines have been developed, tested and licensed for use
within record time (1-4). As vaccination coverage became
more widespread at the beginning of 2021, countries
experienced a reduction in SARS-CoV-2 infections (5, 6),
although case numbers have again begun to increase in recent
months due to spread among and by unvaccinated individuals
(7) as well as longevity-related reductions in vaccine protection
(8-11). Although a measurable correlate of protection that either
prevents SARS-CoV-2 infection or limits COVID-19 disease
progression is not yet defined, sufficient levels of neutralizing
antibodies are assumed to be a key element (12, 13). As in most
other countries, the German national vaccination strategy (until
June 7t 2021) was based on prioritisation by occupation,
underlying medical conditions or advanced age. Currently, 56.8
million German residents are reported to be completely
vaccinated (68.3% coverage), with a further 2.4 million having
s0 far received one dose. The majority of doses administered
based on delivery numbers in Germany are BNT162b2 from
Pfizer (77.0%), followed by Astra Zeneca's AZD1222 (11.3%),
Moderna’s mRNA-1273 (8.7%) and Janssen’s single-shot
Ad26.CoV2.S (3.0%; impfdashboard.de and rki.de as of
November 25" 2021). However, based on a lack of efficacy
data from phase IIT clinical trials, the German Standing
Committee on Vaccination (STIKO) recommended AZD1222
only for use in those below the age of 60. Following reports of
moderate to severe thrombocytopenia and atypical thrombosis
cases after AZD1222 vaccination in spring 2021 (14-16),
temporary suspensions and eligibility restrictions were not only
enacted in Germany (on March 15" 2021) but in 12 other EU
member states (17). Administration of AZD1222 was resumed
by the 1% of April 2021 in Germany, however only for those
above the age of 60 or after an individual risk analysis.
Individuals who had received a first dose of AZDI1222 and
were below the age of 60 were instead offered a mRNA-based
vaccine as second dose which resulted in a heterologous prime-
boost vaccination scheme (18). Although these “mix and match”
approaches were not covered by the initial licensing terms, it has
by now been shown that they result in a more robust humoral
and cell-mediated immune response compared to the
homologous AZD1222 immunisation (19, 20). While multiple
studies have so far investigated vaccine-induced responses,
predominantly in at-risk groups such as dialysis or transplant
recipients (21, 22), groups with increased exposure risk such as

Frontiers in Immunology | ww
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health care workers (23-25) or as part of the initial clinical
efficacy trials which in general enroll healthier than average
populations (26), we report immunological vaccination
response data from the general adult population. By using
samples from a population-based seroprevalence study
(MuSPAD), which assessed SARS-CoV-2 seroprevalence from
July 2020 to August 2021 in eight regions in Germany (27), we
examined the dynamics of vaccine-induced humoral responses
using MULTICOV-AB (28) and an ACE2-RBD competition
assay (29) to analyze ACE2 binding inhibition.

MATERIAL AND METHODS
MuSPAD Study Recruitment

Vaccination responses were analyzed in participants of the
multi-local and serial cross-sectional prevalence study on
antibodies against SARS-CoV-2 in Germany (MuSPAD) study,
a nationwide population-based SARS-CoV-2 seroprevalence
study (27) from July 2020 to August 2021. The study was
approved by the Ethics Committee of the Hannover Medical
School (9086_BO_S_2020). MuSPAD participants were
recruited by age- and gender-stratified random sampling based
on records from the respective local residents’ registration offices.
Study locations in eight regions across Germany were selected in
spring 2020 based on differing epidemic activity at that time. In
addition to the successive cross-sectional study design, certain
study locations were sampled longitudinally within a 3-4 month
interval. At the study center, following written informed consent,
all eligible participants (>18 years) were subject to a standardised
computer-based interview using the digital eResearch system
PIA (Prospective Monitoring and Management-App) to gather
basic sociodemographic data, information on pre-existing
medical conditions including a previously confirmed SARS-
CoV-2 infection or a SARS-CoV-2 vaccination, once it became
available in Germany in late December 2020. Information about
SARS-CoV-2 infections or vaccinations are self-reported. After
serum was obtained by venipuncture from a serum gel S-
Monovette (Sarstedt), samples were aliquoted in Matrix 2D
Barcoded Screw Top Tubes (Thermo Scientific) at the Institute
of Transfusion Medicine and Immunohematology and frozen at
-20°C before being transported on dry ice to the Hannover
Unified Biobank (Germany). After registration and quality
control, one serum aliquot was shipped to the Natural and
Medical Sciences Institute (Reutlingen, Germany) where they
were stored at -80°C until analysis.
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Study Design and Eligibility

Our study contains a total of 1821 samples from 1731 MuSPAD
participants which were divided into three subgroups to examine
different aspects of the vaccine-induced humoral response. Based
on our inclusion criteria, individual samples can be part of
several subgroups.

. Individuals who received a homologous or heterologous
complete two-dose vaccination with AZD1222, BNT162b2
and mRNA-1273 or the one-dose vaccine Ad26.CoV2.5 with
a blood sample taken at least 7 days but no more than 65 days
post the last vaccination (hereon referred to as “mix and
match sample cohort”).

. Individuals who donated one blood sample following a two-
dose homologous vaccination with BNT162b2 or mRNA-
1273 within the defined time frames of day 5 to 12, day 26 to
30, day 54 to 58, day 94 to 103, day 129 to 146 or day 176 to
203 after the second dose to monitor antibody kinetics
(hereon referred to as “time point sample cohort”).

. Individuals with paired blood samples taken at two separate
successive time points where the first sample had to be taken
a minimum of seven days after the second homologous dose
of BNT162b2 (hereon referred to as “longitudinal sample
cohort”).

[

w

All samples originated from the following locations where the
MuSPAD study had previously been scheduled to take place and
were collected from January to August 2021: Aachen
(Stidteregion), Magdeburg (Stadtkreis), Osnabriick (Stadt- und
Landkreis), Chemnitz (Stadtkreis) or Landkreis Vorpommern-
Greifswald. A flow chart to illustrate sample selection form the
entire MuSPAD cohort can be found in Supplementary Figure 1.
Basic sociodemographic information and details of comorbidities
(hypertension, cardiovascular disease, diabetes, lung disease,
immunosuppression, cancer) for each group are provided in more
detail in Table 1 and Supplementary Table 1. Apart from the
homologous BNT162b2 samples which are part of our mix and
match sample cohort, the maximum available sample number
meeting the specified criteria in groups 1-3 was used. For the
homologous BNT162b2 vaccination samples within our mix and
match sample cohort, we applied a random selection from the entire
available sample pool of BNT162b2 vaccinees who took part in the
MuSPAD study to select 771 sera. Individuals with a previous
SARS-CoV-2 infection either defined by a positive SARS-CoV-2
PCR or antigen test result, or a MULTICOV-AB nucleocapsid IgG
normalisation ratio above 1 are listed separately (hereon referred to
as “recovered”) within the mix and match sample cohort.
Additional sample eligibility criteria were having a complete
vaccination record (manufacturer and vaccination dates) and
information on age and gender as part of the participant’s metadata.

MULTICOV-AB

Vaccine-induced humoral responses were analyzed using
MULTICOV-AB (28), a previously published semi-quantitative
multiplex immunoassay that includes both antigens of SARS-
CoV-2 (e.g. Spike, Receptor Binding Domain (RBD), §1 domain,
$2 domain and nucleocapsid) and the endemic coronaviruses
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(OC43, HKU1, NL63 and 229E). While samples were processed
using an automated platform on a Beckman Coulter i7 pipetting
robot as previously described (30) with minor modifications, all
sample and reagent dilutions were already established and
verified as part of the initial MULTICOV-AB technical assay
validation process which is detailed in (28). Briefly, samples were
thawed at room temperature, vortexed and then centrifuged at
2000 g for 3 mins to pellet any cell debris within the sample.
Samples were then opened using a LabElite DeCapper SL
(Hamilton Company). Opened sample matrix racks were then
loaded into the pipetting robot, where the sample was diluted
1:200 in assay buffer, before being combined in a 384-well plate
and mixed 1:1 with 1x bead mix (see Supplementary Table 2 for
antigen panel), resulting in a final dilution of 1:400. Samples were
then incubated in a Thermomixer (Eppendorf) for 2 h at 1400
rpm, 20°C, in darkness. Following this initial incubation, samples
were washed to remove unbound antibodies using an automated
magnetic plate washer (Biotek). Bound IgG was detected by
adding R-phycoerythrin labelled goat-anti-human IgG (3 pg/mL;
#109-116-098, Jackson Immunoresearch Labs) and incubating
for a further 45 mins at 1400 rpm, 20°C, in darkness. Following a
further washing step, beads were resuspended in 100 pl of wash
buffer, shaken for 1 min at 1400 rpm and then measured once on
a FLEXMAP 3D instrument (Luminex Corporation) using the
following settings: Timeout 100 sec, Gate 7500-15000, Reporter
Gain: Standard PMT, 40 events. To ensure reproducibility, 3
quality control (QC) samples were included in octuplicate per
plate. Additionally, each plate had to pass 3 QC criteria to be
considered as valid run: first, throughout acquisition each sample
had to reach a minimum bead count of 35 per bead 1D, second
median fluorescence intensity (MFI) values of sample and signal
system control beads and third plate-by-plate QC sample
controls had to be within normal range. Beads coupled with
human IgG and goat-anti-human [gG were utilized to control for
sample and signal system addition. Any sample that failed QC
was remeasured for MULTICOV-AB and the ACE2-RBD
competition assay (30/1821). Raw MFI values were normalised
to a QC sample for all antigens as in (24, 31). A Signal to Cutoff
ratio (S/CO) of 1 or above for both the trimeric Spike and RBD
antigen was defined as reactive for SARS-CoV-2 Spike-
specific IgG.

ACE2-RBD Competition Assay

To enable high-throughput screening of ACE2-RBD binding
inhibition in the presence of sera, a previously established ACE2-
RBD competition assay (29) was automated on a Beckmann
Coulter i7 pipetting robot with minor modifications. 1:20
previously diluted samples from MULTICOV-AB were diluted
1:200 in ACE2 buffer (29) containing 150 ng/mL biotinylated
ACE2. Samples were then mixed 1:1 with 1x VoC (Variant of
Concern) bead mix containing RBDs of SARS-CoV-2 wild-type
and the Alpha, Beta, Gamma, Delta VoCs (Supplementary
Table 3), resulting in a final dilution of 1:400. Samples were
then incubated in a Thermomixer for 2 h at 1400 rpm, 20°C, in
darkness. Following this initial incubation, samples were washed
to remove unbound ACE2 using an automated magnetic plate
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TABLE 1 | Demographics of study population (n. a., not applicable; NA, not available).
Sample SARS-CoV-2 Vaccine  Mean AT (SD) in days Mean AT (SD) in Age (y), Female Comorbidities (min.  Number of
cohort (n) infection status* (n) post- inati days b dy median (n, %) 1/person) (n, %) comorbidities
(n) (IQR) (mean, SD)
Mix and +(70) MM (13) 34.7(16.3) 42.5(27.9) 58 (11) 81(61.5) 5(38.5) 0.5(0.8)
match (1470) P/P (33) 31.5(13.5) 253 (9.6) 66 (29) 25 (75.8) 13 (39.4) 0.6 (0.9)
AA(12) 35.3(13.5) 70.3 (19.8) 69 (7) 7(68.3) 10(83.3) 1.3(0.9)
AM (1) 17.0(0.0) 66.0 (0.0) age group 00 1(100.0) 1.0 (0.0)
66-79
AP (B) 47.8(14.5) 72.0(11.6) 57 (25) 3 (50.0) 4 (86.7) 0.8(0.7)
J(5) 422 (18.0) n. a. 40 (15) 3 (60.0) 3(80.0) 0.6 (0.5)
- (1400) MM (272) 36.5(16.5) 3127 56 (26) 162 (59.6) 108 (39.7) 0.6 (0.8)
P/P (738) 34.7 (17.1) 27.9(9.7) 59 (26) 456 (61.8) 438 (4 NA; 46.1) 0.7 (1.0)
AA (228) 37.3(13.8 73.6 (10.9) 66 (10) 122 (53.5) 114(50.0) 0.7(0.9)
AM (24) 20.8(7.8) 69.6 (16.9) 68 (5) 15 (62.5) 14 (58.3) 0.8(0.8)
AP (114) 31.6(17.4) 72.2(14.8) 59 (20) 64 (56.1) 55 (48.3) 0.8(1.0)
Ji24) 49.8(10.8) na 62 (14) 15 (62.5) 11(45.8) 0.8(1.2)
Time points - P/P (107) 6.9(1.4) 34.7 (13.5) 64 (26) 57 (53.3) 61(57.0) 0.8(0.9)
(597) MM (40) 6.7 (1.3) 39.7 (11.2) 58 (27) 20 (50.0 15(37.5) 0.5(0.8)
P/P (103) 27.901.4) 28.2 (9.9) 52 (42) 60 (58.3) 42 (1 NA; 41.2) 0.8(1.1)
MM (8) 28.1(1.4) 303 @4.7) 67 (39) 5 (62.5) 3(375) 0.5(0.7)
P/P (32) 55.9(1.5) 29.1(9.8) 61 (20} 60 (65.2) 45 (48.9) 0.8(1.0)
MM (22) 55.5(1.2) 28.010.3) 57 (15) 17 (77.3) 5{22.7) 0.3(0.6)
P/P (139) 97.7 (2.6) 223 1(4.0) 60 (22) 87 (62.6) 72(51.8 0.8(1.0)
MM (7) 98.1(2.6) 289 (2.3) 64 (8) 5(71.4) 3(42.9) 0.9 (1.1)
P/P (38) 138.0(3.8) 21.02.2) 80 (24) 25 (68.8) 24 (83.1) 12(1.2)
MM (5) 141.0(5.1) 29.2 (1.6) 83 (4) 2 {40.0) 3(60.0) 1.2(1.2)
P/P (36) 189.0(5.6) 217 (1.4) 50 (13) 30 (83.3) 11 (30.6) 0.4 ([0.6)
MM (C) na n.a. n.a. n.a. n. a n.a
Longitudinal - P/PT1 (90} 27.9(14.8) 21.3(1.2) 58 (34) 66 (72.2) 45 (2 NA; 51.1) 0.8(1.0)
(180) P/P T2 (90) 166.4 (19.4) 58(33)  65(72.2) 48 (53.3) 0.7(1.0)

Different vaccines and combinations are abbreviated as follows: MM [two-dose mRNA-1273), P/P (two-dose BNT162b2), A/A (two-dose AZD1222), A/M (first dose AZD1222, second
dose mANA-1273), AP flirst dose AZD1222, second dose BNT162b2) and J {one-dose Ad26.CoV2.5). The time points sampie cohort contains only hormologous BNT162b2 and mANA-
1273 samples. The longitudina! sample cohort contains only paired homologous BNTT162b2 taken at time 1 (T1) or 2 (T2).

*Based on salf-raported positive PCR/antigen test result at study center visit and/or MULTICOV-AB nucleocapsid 1gG S/CO ratio above 1; *‘only age group reportad as n=1.

washer, ACE2 was detected using R-phycoerythrin labelled
streptavidin (2 pg/mL, #SAPE-001, Moss) by incubating the
bead-sample mix for a further 45 mins at 1400 rpm, 20°C, in
darkness. Following a further washing step, beads were
resuspended in 100 pl of wash buffer, shaken for 1 min at 1400
rpm and then measured once on a FLEXMAP 3D instrument
using the following settings: Timeout 100 sec, Gate 7500-15000,
Reporter Gain: Standard PMT, 40 events. As controls, 12 blank
wells, 10 wells with 150 ng/mL ACE2 alone and 10 wells with an
ACE2 QC sample were included. ACE2 binding inhibition was
calculated as percentage ACE2 inhibition as in (29) with 100%
indicating maximum ACE2 binding inhibition and 0% no ACE2
binding inhibition. Samples with an ACE2 binding inhibition
less than 20% are classified as non-responders (29).

Data Analysis and Statistics
Initial results collation and matching to metadata was done in
Excel 2016 and R 4.1.0 (32).

For pair-wise comparisons of titres and ACE2 binding
inhibition between vaccination schemes within our mix and
match sample cohort, we used a two-sided generalized
Wilcoxon test also referred to as Brunner-Munzel test (33)
with a significance level of 0.05 as part of the lawstat package
(34). In each comparison of two vaccination schemes, the test
assesses if a titre (or ACE2 binding inhibition) tends to larger
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(smaller) values under one vaccination scheme in comparison to
the other. Where indicated, we adjusted for multiple testing by
using the Bonferroni-Holm’s procedure (35) to control the
family-wise error rate to be at most 0.05.

To investigate the impact of age, sex, comorbidities and time
post-vaccination on the ACE2 binding inhibition between the
different vaccination schemes, we used a normal linear mixed
model for logit-transformed ACE2 binding inhibition. Negative
measurement values were replaced by 0.001 to enable the
transformation. The model included additive effects of age, sex,
time post-vaccination (peak response period: 7-27 days vs plateau
response period: 28-65 days) and comorbidities [cardiovascular
disease, hypertension, diabetes, lung disease and cancer/
immunosuppression (which were combined to a binary
indicator based on low sample numbers)]. The model further
included a random effect defined by the variable “plate number” to
account for dependencies due to the measurement procedure, and
allowed for heteroscedastic variances for younger (<=70) and
older (>70) ages and vaccination types. REML estimation was
implemented using the Ime function [nlme library (36)]. Statistical
testing was based on the asymptotic normality of the estimates. As
part of a sensitivity analysis, we extended the model with
interaction terms between each confounder and the time post-
vaccination, allowing for possibly differing effects in the peak (7-27
days) and plateau (28-65 days) period after the last vaccination.
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Since the effects of the considered covariates were allowed to differ
between the individual vaccination schemes, we analyzed only
four vaccination schemes (BNT162b2-BNT162b2, mRNA-1273-
mRNA-1273, AZD1222-BNT162b2, AZD1222-AZD1222) with a
reasonable sample size in the mix and match study cohort, while
we excluded immunisation with AZD1222-mRNA-1273 and
Ad26.CoV2.S due to the low sample number of 24 per scheme.
Additionally, four individuals with a BNT162b2-BNT162b2
vaccination with missing comorbidity metadata were excluded
from this analysis. The described statistical comparison of
vaccination schemes within the mix and match cohort was
performed after the exclusion of recovered individuals.

To assess the impact of a previous SARS-CoV-2 infection on
RBD antibody titres and wild-type ACE2 binding inhibition
among the different vaccination schemes, we also used a two-
sided generalized Wilcoxon (Brunner-Munzel) test.

To generate a heat map for comparing antigen-specific
antibody formation across different vaccination schemes within
the mix and match sample cohort, normalised antibody
responses were initially scaled using the function “z-score”,
before being plotted as a heat map. To evaluate longitudinal
changes in antibody response and ACE2 binding inhibition
within our longitudinal sample cohort, changes from T1 to T2
were calculated using log2 fold change. Any increase in titre or
binding is represented by a positive value, while decreases in titre
or binding are represented by negative values.

Data visualization was done in RStudio (Version 1.2.5001
running R version 3.6.1). Additional packages “gplots” (37) and
“beeswarm” (38) were used for specific displays (22). Graphs
were exported from RStudio and further edited in Inkscape
(Version 0.92.4) to generate final figures.

RESULTS

First, we examined differences in humoral responses between
individuals who received homologous or heterologous
immunisation schemes within our mix and match sample cohort
where vaccine dose distribution is similar to the German vaccine
coverage. Using MULTICOV-AB, we compared vaccination-
induced antibody titres generated against the full-length Spike
trimer, RBD, S1 and S2 domains and found that mRNA-based
homologous vaccinations induced a greater Spike (median
normalised MFI: mRNA-1273 13.78, BNT162b2 12.49, AZD1222
5.68, Ad26.CoV2.8 3.65), RBD (median normalised MFL: mRNA-
1273 29.12, BNT162b2 24.89, AZD1222 9.61, Ad26.CoV2.§ 5.25)
and S1 response (median normalised MFl: mRNA-1273 1959,
BNT162b2 139.8, AZD1222 56.40, Ad26.CoV2.S 10.14) than
vector-based ones (Figure 1). When comparing between the two
vector-based vaccinations, the two-dose immunisation with
AZD1222 resulted in higher titres than the one-dose
Ad26.CoV2.S from Janssen. For mRNA vaccines, Moderna’s
mRNA-1273 produced a significantly higher response than
Pfizer's BNT162b2 (p-values <0.001, Supplementary Table 5).
Heterologous dose vaccination schemes resulted in comparable
titres (for Spike and RBD) as homologous mRNA vaccine regimens
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among our study group independent of the origin of the second
dose (Spike normalised MFI: AZD1222-mRNA-1273 13.59,
AZDI1222-BNT162b2 13.27, RBD normalised MFI: AZD1222-
mRNA-1273 28.17, AZD1222-BNT162b2 25.93). Heterologous
titres were in addition significantly higher than those after a
homologous AZD1222 two-dose immunisation (p-values <0.001,
Supplementary Table 5). In line with their lower titres, serological
non-responder rate (defined as a Signal to Cutoft ratio (S/CO)
below 1 for either Spike or RBD antigen) was highest for vector-
based homologous vaccination schemes (Table 2).

As multiplex-based serology tests such as MULTICOV-AB
offer the unique opportunity for in-depth profiling of polyclonal
antibody reactivity towards multiple viral antigens, we then
assessed differences in antibody specificities between the
different vaccines. Within the mix and match sample cohort, we
observed that mRNA-based SARS-CoV-2 vaccinations resulted in
reduced S2-specific antibody titres compared to vector-based ones
(Figure 1). To investigate this unequal antibody distribution
further, we initially scaled titres for each individual antigen
(Figure 2), and found that while Spike, RBD, S1 titres were low
for both AZD1222 and Ad26.CoV2.§, S2-specific titres were
considerably higher than expected. We then calculated
proportional ratios between antigens (Table 3), confirming that
homologous mRNA vaccination resulted in significantly higher
proportion of RBD- (mRNA-1273 14.01-fold, BNT162b2 18.63-
fold, AZD1222 5.23-fold) and Sl-targeted antibodies (mMRNA-
1273 97.21-fold, BNT162b2 110.10-fold, AZD1222 33.48-fold)
compared to S2-targeted immunoglobulins, This over-
representation of Sl-targeting antibodies following mRNA
vaccination, was also present in those who received a
heterologous immunisation scheme (AZD1222-mRNA-1273
47.60-fold, AZD1222-BNT162b2 65.06-fold).

Having determined that mRNA vaccines produce a
significantly higher proportion of RBD and S1 antibodies, we
next investigated their ACE2 binding inhibition as these antigens
are predominantly responsible for antibody-mediated virus
neutralization (12, 13). For this, we used a previously
published ACE2-RBD competition assay (22, 29, 30), which
detects neutralizing antibody activity only and is comparable to
classical viral neutralization assays (24, 29). As expected,
homologous mRNA vaccination resulted in higher ACE2
binding inhibition than homologous vector-based vaccination
(median ACE2 binding inhibition mRNA-1273 93.1%,
BNT162b2 80.1%, AZD1222 38.5%, Ad26.CoV2.S 3.3%,
Figure 3). Neutralizing antibodies generated following
vaccination with Ad26.CoV2.§ resulted in minimal ACE2
binding inhibition, with only 8.3% being classified as
responders (29). As variants of concern now comprise the
majority of infections globally (39), we also assessed ACE2
binding inhibition against the Alpha, Beta, Gamma and Delta
SARS-CoV-2 VoC strains. ACE2 binding inhibition was most
similar to wild-type for the Alpha variant, followed by Delta
whereas Beta and Gamma variants had the largest reductions in
ACE2 binding inhibition (Supplementary Figure 2).

Due to the range of responses recorded for each dose
combination and likely differences in population characteristics

February 2022 | Volume 13 | Article

181



Appendix

Dulovic et al. SARS-CoV-2 Vaccine-Induced Antibody Differences in Germany
365 347 73 208 318 498 36 347 7.3 208 316 498
mean 41 sd=16.5 sd=17.1 sd=13.8 sd=7.8 sd=17.4 sd=108 mean Al sd=16.5 sd=17.1 s0=13.8 sd=78 sd=17.4 sd=10.8
R s 2 4 —
EEE e :
@ @ H
2 & :
g 3 1
R ] -
&* T S ’
B + 2 i
i o 1 4
B : PO -
2 2*® : . i
T £ -
i 4 .
- ER .. e 4 -—
T T r T T T T T T T T T
MM P " AM P ’ MM PP A am AP 4
c n=272 n=738 =228 n=24 n=114 n=24 D n=272 n=738 n=228 =24 n=114 n=24
365 347 373 208 316 488 385 a7 373 20. 316 498
TONLL  4ei6§  sdeild  sde138  sd=T8  sd=iTd  sa=i0f MOANAG  ielg§  adei7d  sd=138  sd=78  sd=174 _ sd=108
. . : ! 2 -
- H - -+ : . .
8 £ 1 v’ . - .
H : ; N : :
z : i £ : : :
£g ! R - : i .
5 h 1 : ] ] !
3 H r 3 ¥ & b1 -
H K { E - i -
H -
28 N i 2
: = = =
o -
T T T T T T T T T T T T
ep WA Am wp J MM PP AR M P i
N2z n=738  n=228 n=24  nelt4 ne24 n=272 =738 n=228 ne2d n=t14 ne2d

FIGURE 1 | Different SARS-CoV-2 vaccination schemes result in distinct humoral responses. IgG antibody titres against full-length Spike trimer (A), receptor-binding
domain (RBD) (B), 51 domain (C) and 52 domnain (D) were measured with MULTICOV-AB. Individuals received either homologous mRNA-1273 (MM, blue, n = 272),
BNT162b2 (P/P, orange, n = 738) or AZD1222 (A/A, green, n = 228), heterologous AZD1222-mRANA-1273 (A/M, light blue, n = 24}, AZD1222-BNT1620b2 (AP, light
green, n = 114), or a single dose of Ad26.CoV2.5 (J, grey, n = 24). Raw MFI values were normalised against QC samples to generate signal ratios for each antigen.
Data is shown as box and whisker plots overlaid with strip charts. Boxes represent medians, 25th and 75th percentiles and whiskers show the largest and smallest
non-outlier values based on 1.5 IQR calculation. Time between sampling and full vaccination is displayed as mean and SD for each group. Number of samplas per

vaccination scheme are stated below.

as a result of changing vaccine recommendations, we examined
whether confounders (sampling time post-vaccination (AT), age,
gender or comorbidities) were instead responsible. To analyze
impact of AT, we separated samples into 7 to 27 days post-final
dose to capture peak response and 28 to 65 days post-final dose
to capture plateau response (Figure 4). While there was a
reduction in median response for samples from individuals
collected within the plateau phase, the pattern between the
vaccines remained consistent. While increasing age did result
in small reductions in ACE2 binding inhibition (only significant
for BNT162b2, p<0.001), the vaccine dosing scheme received had
a substantially larger effect, with the eldest age group (>79) of
homologous mRNA vaccine recipients still having increased IgG
titres and ACE2 inhibition capacities than the youngest (26 to
45) AZD1222 recipients (Figure 4). Regression modelling for
ACE2 binding inhibition against wild-type confirmed the
decrease of ACE2 binding inhibition with time post-
vaccination for all vaccination types except homologous
AZD1222 (Supplementary Table 4A), While age did not cause
a significant decrease for homologous AZD1222, this may have

been due to the low number of samples at both ends of the age
range within our cohort. For mRNA-1273, while age did result in
a significant decrease during the peak period (p=0.029), this was
not present within the plateau phase (p=0.615). For homologous
BNT162b2 vaccination, male sex seemed to be associated with a
decreased ACE2 binding inhibition, although the same was not
true for mRNA-1273. Similar patterns were observed for the
ACE2 binding inhibition against Alpha, Beta, Gamma and Delta
VoCs (Supplementary Tables 4B-E). As we observed serological
non-responders within our mix and match study cohort, we
systematically evaluated their distribution among the different
immunisation schemes (Table 2). Overall, vector-based
homologous vaccination (2.8%) resulted in a higher proportion
of non-responders than homologous mRNA-based vaccination
(0.9%). Neither age nor gender was a determining factor in being
a non-responder,

As our population-based cohort also contained individuals
who had been previously infected and then vaccinated, we
examined what effect this had upon their vaccine-induced
response, As previously observed (40), recovered and then
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TABLE 2 | Vaccine non-responder rates across study population.

Sample cohort (n) AT range post-vaccination (days) Vaccine (n)

Mix and match {1400) 765 MM (272)
PP (738)
A/A (228)
AM (24)
AP (114)
J(24)

PIP (107)
MM (40)
P/P (108)
MM (8)
P/P (92)
MM (22)
PP (139)
MM (7)
PIP (38)
MM (5)
P/P (36)
MM (0)
PP T1 (90)
P/P T2 (90)

Time points (597) 512
26-30
54-58

94-103

129-146

176-203

Longitudinal (180) T1: 7-83

T2:121-203

Non-responders MULTICOV-AB (n, %)

Non-responders ACE2-RBD WT (n, %)

0 (0.0) 0.0
9(1.2) 18(2.4)
4(1.8) 26 (11.4)
0 (0.0} 0 (0.0}
0(0.0) 0(0.0)
3(12.5) 22 [91.7)
6 (5.6) 13 (12.2)
1(2.5) 1(2.5)
1(1.0) 2(1.9)
0(0.0) 0(0.0)
11.1) 3(3.3)
0 (0.0} 0 (0.0
2(1.4) 8(5.8)
0 (0.0} 0 (0.0
3(7.9) 2(5.3)
1(20.0) 1({20.0)
0 (0.0} 8(22.2)
n.a n a.
2(2.2) 3(3.3
2(2.2) 17 (18.9)

MULTICOV-AB non-responders were determined as in (28), with samples that had a signal fo cutoff ratio below 1 for either the Spike or RBD being considered non-responders. ACE2-
RBD non-responders were determined as in (28], with samples that had a ACEZ binding inhibition less than 20% being considered non-responders. Different vaceines and combinations
are abbreviated as fallows: MM (two-dose mANA-1273), P/P (twa-dose BNT162b2), A/A (two-dose AZD1222), AMM (first dose AZD1222, second dose mANA-1273), A/P (first dose
AZD1222, second dose BNT162b2) and J fone-dose Ad26.CoV2.5). The time points sample cohort contains only homologous BNT162b2 and mRNA-1273 sampies. The longitudinal

sample cohort contains only paired homalogous BNT162b2 taken at time 1 (T1) or 2 (T2).

vaccinated individuals developed high levels of IgG with strong
ACE2 binding inhibition (Figure 5 and Supplementary Table
6). While mRNA or heterologous vaccination of recovered
individuals still elevated median RBD IgG titres (mRNA-1273
31.81, BNT162b2 32.23, AZD1222-mRNA-1273 35.18,
AZD1222-BNT162b2 30.49, Supplementary Figure 3) and
median ACE2 binding inhibition (mRNA-1273 98.1%,
BNT162b2 98.8%, AZD1222-mRNA-1273 99.3%, AZD1222-
BNT162b2 97.7%, Figure 5), increases were particularly
apparent for the vector-based vaccinations where median RBD
IgG titres (AZD1222 24.69, Ad26.CoV2.S 36.53, Supplementary
Figure 3) and median ACE2 binding inhibition (AZD1222
92.9%, Ad26.CoV2.S 70.8%, Figure 5) were significantly higher
than in SARS-CoV-2 naive vaccinated individuals (median RBD
IgG mRNA-1273 29.12, BNT162b2 24.89, AZD1222-mRNA-
1273 28.17, AZD1222-BNT162b2 25,93, AZD1222 9.61,
Ad26.CoVv2.8 5.25, Figure 1) and median ACE2 binding
inhibition (mRNA-1273 93.1%, BNT162b2 80.1%, AZD1222-
mRNA-1273 94.5%, AZD1222-BNT162b2 88.6%, AZD1222
38.5%, Ad26.CoV2.8 3.3%, Figure 3).

Having determined that mRNA-based vaccination resulted in
an increased humoral response, we evaluated lifespan and
antibody response kinetics using our time point sample cohort
which were selected to mimic key response periods for antibody-
producing B-cell activity such as expansion, peak and plateau
phase after a complete vaccination scheme. Vaccine-induced
titres and ACE2 binding inhibition both initially increased,
peaked during the second time point (26 to 30 days post-
second dose), and then decreased linearly as time increased
(Figure 6 and Supplementary Table 7). ACE2 binding
inhibition followed the same pattern of decrease as time
increased. In contrast to antibody levels, the percentage of
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non-responders showed however a trend for increased decline
already from time point 94 to 103 days post-second vaccination
onwards for BNT162b2, with 22.2% of samples considered as
non-responders at 176-203 days post-second vaccination
(Table 2). As already observed in Figure 1, mRNA-1273 (blue
line) resulted in higher titres and ACE2 binding inhibition
compared to BNT162b2 (yellow line) for all monitored time
points, To validate this pattern of decreasing antibody titres and
ACE2 inhibition activity, we examined samples from a cohort of
longitudinal donors (longitudinal sample cohort). Unlike the
time point sample cohort, this cohort contained paired samples
from each donor which allows to directly compare changes in
titre and neutralization activity from the first sampling to the
second sampling. While these samples had a variable initial AT
post-full vaccination (7-63 days), the sampling intervals between
first and second donation were more comparable (114-163 days).
Overall, mean reduction in RBD-specific antibody titres were
66.3% between their first and second sampling (Figure 7).
Among the different SARS-CoV-2 antigens, RBD and S1
antibodies had the largest decrease, while Spike Trimer and S2
had the smallest. This reduction in titre was also reflected in
ACE2 binding inhibition from the first to second sampling for
both the wild-type RBD which was reduced substantially (mean
difference of 42%) and for all the VoC RBDs (mean difference:
Alpha 36%, Beta 30%, Gamma 29%, Delta 38%).

DISCUSSION

We report both significant and substantial differences in humoral
responses generated by the different vaccines and immunisation
schemes currently available in Germany, with homologous
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FIGURE 2 | Humoral immune response after mRNA vaccination is skewed towards increased RBD and S1 titres, while vector-based vaccination results in increased
52 antibedy levels. Antigen-specific antibody titres measured in the mix and match sample cohort were scaled and centered per antigen. Resulting values greater
than 2.6 and smaller than -2.5 were set to these extreme values instead. Samples were then clustered within their subgroups based on immunisation scheme and
are displayed as a heat map. Negative values represent below average titres and positive values represent positive above average titres per antigen. Colour sha
indicate low (grey) to high (red) value distribution. A/A - two-dose AZD1222. AMM - first dose AZD1222, second dose mRNA-1273. A/P —first dose AZD1222
second dose BNT162b2. MM - two-dose mRNA-1273, P/P - two-dose BNT162b2. J - one-dose Ad26.CoV2.S.
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TABLE 3 | Antigen-specific ratios for different vaccination schemes.

Antibody target (95% CI)

Vaccine RBDvs S SivsS S$1vsRBD

AR 1.72 (1.66-1.78) 10.09 (9.72-10.47) 5.89 (6.73-6.11)
A 1.97 (1.85-2.26) 16.71 (15.04-18.37) 8.15 (7.86-8.68)
AP 1.97 {1.90-2.04) 14,16 (13.42-14.64) 717 (6.95-7.36)
MM 2.10{2.08-2.12) 14,19 (13.67-14.47) 6.80 (6.61-6.93)
PP 2.00{1.96-2.04) 11.21 (10.95-11.52) 572 (5.64-5.78)
J 1.23 (0.97-1.81) 3.30 (2.72-4.18) 2.79 (2.35-4.06)

Svs 82

3.38 (3.04-3.60)
2.76 (2.15-3.48)
4.76 (4.08-5.46)
6.88 (6.24-7.55)
9.99 (9.48-10.43)
B.89 (3.71-13.27)

RBD vs S2

5.23 (4.65-6.07)
5.86 (4.58-6.28)
8.60 (7.85-10.53)
14.01 (12.74-15.09)
18.63 (17.82-20.00)
683 (4.70-22.35)

$1vs 82

33.48 (27.92-37.56)
47.80 (41.28-53.66)
65.06 (58.95-69.61)
97.21 (92.07-100.90)
110.10 (104.20-114.10)
31.53 (15.53-38.83)

Ratios were calculated by dividing normalised MF values for the two targets for all samples. RBD - receptor-binding domain, 8 - full-length trimeric Spike protefn. Median values with 95%
Clin brackets are shown. A/A - two-dase AZD1222. A/M - first dose AZD 1222, second dose mRNA-1273. A/P - first dose AZD1222, second dose BNT162b2. M/M - two-dose mRNA-

1273. P/P - two-dose BNT162b2, J - one-dose Ad26.Col2. 5.
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FIGURE 3 | Different vaccination schemes impact ACE2 binding inhibition against SARS-CoV-2 wild-type. ACE2 binding inhibition against the SARS-CoV-2 wild-
type (B.1 isolate) RBD was assessed by an ACE2-RBD competition assay for homologous mRNA [mMRNA-1273 (M/M, blue), BNT16202 (P/P, orange]], heterclogous
prime-boost (AZD1222-mRNA-1273 (AWM, light blue), AZD1222-BNT162b2 (A/P, light green) or vector-based [AZD1222-AZD1222 (A/A, green), Ad26.Cov2.S (J,
grey)] vaccination schemnes in the mix and match cohort. Data is shown as box and whisker plots overlaid with strip charts. Boxes represent medians, 25th and 75th
percentiles and whiskers show the largest and smallest non-outlier values based on 1.5 1QR calculation. The threshold for non-responsive samples (ACE2 binding
inhibition less than 20%) is shown as dotted line. All samples below this threshold can be considered non-responsive. Time between sampling and full vaccination is
displayed as mean and SD for each group. Number of samples per vaccination scheme are staled below. ACE2 binding inhibition towards VoCs can be found in

Supplementary Figure 2.

mRNA or combined heterologous vector and mRNA vaccination
approaches inducing significantly higher titres and ACE2
binding inhibition compared to homologous vector-based
vaccination schemes. This expands on results from on-going
randomized and observational trials such as the ComCoV (41) or
CoCo (42) study which provided only information on AZD1222-
BNT162b2 schemes (20, 43). Further, as expected titres and
ACE2 binding inhibition for AZD1222 were reduced compared
to mRNA-based vaccination (43). Among homologous mRNA
regimens, we identified like others, that mRNA-1273 resulted in
higher antibody titres and ACE2 binding inhibition than
BNT162b2 (40, 44). Extending time periods between successive
doses of mRNA and vector-based vaccinations also positively
impacted on serological and cellular response levels or vaccine

efficiency and effectiveness (1, 45-49). The German STIKO
recommended at the time of the study dosing intervals of six
weeks between mRNA vaccines, 12 weeks for vector vaccines and
9-12 weeks for heterologous vaccination approaches (18). While
heterologous and vector vaccination dosing intervals in our mix
and match cohort adhere more closely to those extended
intervals (1), time periods for mRNA vaccine dosing across our
study population mimic 21 or 28 days from clinical trials (3, 4)
and licensing agreements (50, 51) making them unlikely
contributors to the observed differences in humoral responses.
While we have used an ACE2-RBD competition assay to
measure ACE2 binding inhibition as opposed to classic virus
neutralization assays, this assay analyses neutralizing antibodies
as seen by its similar performance to VNT (24, 29). ACE2
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FIGURE 4 | Efiect of time post-vaccination, gender and age on ACE2 binding inhibition for difierent SARS-CoV-2 vaccination schemes. ACE2Z binding inhibition against
the SARS-CoV-2 wild-type (B.1 isolate) RBD was assessed by an ACE2-RBD competition assay. Samples were split according to vaccination scheme (homologous
mANA [MRNA-1273 (M/M, blue), BNT162b2 (P/P, orange], heterclogous prime-boost (AZD1222-mRANA-1273 (AM, light blue), AZD1222-BNT162b2 (AP, light green)
or vector-based [AZD1222-A7D1222 (A/A, green), Ad26.CoV2.5 [J, greyl]. Te display impact of potential confounders, samples were further split in time post-vaccination
up to 27 and above 27 days (A), gender (B) and indicated age groups (C). Boxes represent medians, 25th and 75th percentiles and whiskers show the largest and
smallest non-outlier values based on 1.5 IQR calculation. The threshold for non-responsive samples (ACE2 binding inhibition less than 20%) is shown as dotted line. Al
samples below this threshold can be considered non-responsive. Time between sampling and full vaccination is displayed as mean and SD for each group. Number of
samples per vaccination scheme are stated below the figure. Statistical signficance was calculated by a regressicn model (Supplementary Table 4).

inhibition assays instead of a VNT have also already been used
successfully by other groups to determine neutralizing antibody
activity (52), Methodically, MULTICOV-AB and the ACE2-RBD
competition assay are also complementary and are measured
using a single initial sample dilution which further reduces
variability between their results. By multiplex-based antibody
profiling, we were able to further investigate titre differences and
determined that vector- and mRNA-based vaccines induced a
distinct pattern of Spike subdomain-targeted antibodies. While
vector-based formulations result in a significantly larger
proportion of S2-domain antibodies, RBD- and S1-domain
antibodies dominated in mRNA vaccines. While these
observations require further detailed investigation, the relative
over-representation of RBD- and S1-targeting antibodies within
mRNA vaccines is particularly intriguing as these two antigens
comprise the majority of neutralizing antibody activity (13, 53).
Although a series of modelling studies have now linked levels of
neutralizing antibodies to vaccine efficacy (12, 54), a clearly
defined correlation of vaccine efficacy and neutralizing antibody
levels is still lacking. Nevertheless it appears logical that increased

antibody levels specific to virus proteins-mediating cell attachment
could result in enhanced levels of protection from infection and
contribute to observed differences in vaccine efficacy and
effectiveness levels (3, 55, 56). Interestingly, our conclusions are
strengthened by studies examining the relative immunogenicity of
the different Spike subdomains. By immunising rabbits with SARS-
CoV-2 82, S1 or RBD proteins, Ravichandran et al. were able to
show that S2 protein elicited considerable lower neutralizing
antibody levels compared to the S1 and RBD antigens (57).
Similar results were obtained from isolating immunoglobulins of
COVID-19 convalescents where S2 subunit-targeting antibodies
showed weaker SARS-CoV-2 neutralization activity compared to
the RBD-targeting ones (58). While the Spike protein surface is
extensively glycosylated, including the membrane-proximal §2
domain, the RBD completely lacks N-glycans which might
explain its immunodominance (59-61).

An additional finding of our study requiring further
investigation is the relatively poor performance of Ad26.CoV2.S,
particularly for induction of neutralizing antibodies for both SARS-
CoV-2 wild-type and VoC RBDs. While some studies have reported
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FIGURE 5 | SARS-CoV-2 vaccination boosts ACE2 binding inhibition among recovered individuals independent of vaccination scheme. Differences in vaccination
responses of recovered previously SARS-CoV-2 infected individuals from our mix and match cohort were analyzed using an ACE2-RBD competition assay (A).
SARS-CoV-2 infection status was based on a previous self-reported positive PCR/antigen test or a MULTICOV-AB nucleocapsid lgG normalisation ratio above 1.
Samples were split according to vaccination scheme in homologous mRNA (MRNA-1273 (MM, biug), BNT162b2 (P/P, orange)), heterologous prime-boost
{AZD1222-mRNA-1273 (AM, light blue), AZD1222-BNT162b2 (A/P, light green) or vector-based (AZD1222-AZD1222 (A/A, green), Ad26.CoVv2.S (J, grey)). For
clarity and comparison, ACE2 inhibition of SARS-CoV-2 naive individuals are displayed (B). Boxes represent medians, 25th and 75th percentiles and whiskers show
the largest and smallest nen-outlier values based on 1.5 IQR calculation. If not enough sample to generate a box were present (minimurm 5, then only the median is
indicated by a line. The threshold for non-responsive samples (ACE2 binding inhibition less than 20%) is shown as dotted line. All samples below this can be
considerad non-responsive. Time between sampling and full vaccination is displayed as mean and SD for each group. Mumber of samples per vaccination scheme
are stated below the graph. Results of a formal statistical comparison of recovered-vaccinated and SARS-CoV-2 naive-vaccinated individuals are shown in

Supplementary Table 6.

sufficient levels of neutralizing activity after vaccination with
Ad26.CoV2.S (2), others identified minimal neutralizing activity,
particularly when compared to other COVID-19 vaccines from
Pfizer or Moderna (44). The relatively poor performance of
Ad26.CoV2.S in inducing an antibody response has also been
identified by researchers studying other bodily fluids (e.g. breast
milk), who found that Ad26.CoV2.8 produced significantly fewer
IgA antibodies than BNT162b2 or mRNA-1273 (62). While our
Ad26.CoV2.5 sample group size is low (n=29), it is three times
larger than a recent study from the manufacturer which reported
neutralizing activity against Delta and other VoCs [n=8 (63)]. It
should be noted that four of the eight individuals within their cohort
were reported as being spike seropositive at baseline which is a
consistent finding with our cohort, where strong ACE2 binding
inhibition was only achieved in those individuals who had been
previously infected. Our median time point is however earlier than
the reported peak of antibody activity (2, 64). Further independent
investigations into the neutralizing activity generated by single-dose
Ad26.CoV2.S to clarify those differing results within SARS-CoV-2
naive individuals are therefore urgently needed.

Among confounding variables, we identified like others that
age resulted in a general reduction in titre and ACE2 binding
inhibition (11, 40, 65), although the vaccination scheme received
had a more significant effect. While recovered individuals
developing high titres and ACE2 binding inhibition once
vaccinated has been previously reported (40, 43), we found
that these responses were similar among all vaccines and
immunisation schemes. Given that current German guidelines
require a six month post-positive PCR waiting period before
receiving a first dose, this suggests that such individuals would be

suitable for all currently licensed vaccines, assuming they meet
pre-existing EMA and STIKO criteria. This ability to use all
vaccines and generate a substantial response will be of particular
public health importance, given the on-going booster dose
administration which could impact availability for some
vaccine brands, as happened earlier in 2021.

Our results on the longevity of the humoral response post-
vaccination is similar to others, in identifying an initial peak from
approximately 28 days post-second dose onwards followed by a
gradual reduction over time (66). As expected, ACE2 binding
inhibition and titre are mostly mirrored in their decline over time.
However, the increased numbers of non-responders from
BNT162b2-vaccinated individuals from six months after the
second vaccine needs further careful monitoring until a precise
correlate of protection has been defined. Among the different
SARS-CoV-2 antibodies, it is unsurprising that the RBD and S1
underwent the greatest reductions as they had the largest titres to
begin with. Between VoCs, we did not identify any apparent
differences in ACE2 binding inhibition between the differing
immunisation schemes for confounders. Instead, again vaccine
type or regimen (homologous vs heterologous) received had the
largest effect upon ACE2 binding inhibition. The VoCs themselves
followed a previously published pattern (9, 22, 67), with the lowest
reduction for the Alpha variant, and the highest for the Beta and
Gamma variants. It should be stated that in our analysis of
longitudinal samples, there is a wide variety of timeframes post-
vaccination, meaning that initial samples are collected both before,
during and after the initial peak response at around 28 days. While
we have then made the assumption that decreases in responses
would be linear to the second sampling, this is not the case as some
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FIGURE 6 | Antibody and neutralization response kinetic up to 7 months after
SARS-CoV-2 mRNA vaccination. Humoral vaccine response was assessed by
MULTICOV-AB (A) and an ACE2-RBD competition assay (B) using the time
point sample set. Samples were either 5 to 12, 26 10 30, 54 10 58, 94 10 103,
129 to 146 and 176 to 203 days post-second dose of either a two-dose
BNT162b2 (yellow, n = 515) or mRNA-1273 (olue, n = 82) vaccination. Colored
line connects median response per time point and vaccine. Data is displayed as
normalised IgG RBD ratic or as % ACE2 binding inhibiticn where 100% indicates
maximum binding inhibition and 0% no binding inhibition. The threshold for non-
responsive samples (AGE2 binding inhibition less than 20%) is shown as dotted
line. All samples below this threshold can be considered non-responsive. Median
values with 95% Cl and IQR of RBD,, IgG signal and ACE2 binding inhibition are
shown in Supplementary Table 7.

of the early collected samples (e.g. 7 days post-second vaccination)
would have initially increased before later decreasing. However,
our purpose of this analysis was to measure changes over a larger
timeframe (4 months) and the difference in time from first to
second sampling, means that all samples should be in the decline
phase by their second sampling,

Our manuscript has several limitations, namely that we are only
measuring antibodies (including neutralizing antibodies) that are
present within serum. As previously stated, we have used an ACE2-
RBD competition assay to measure inhibition of ACE2 binding
instead of classical virus neutralization assays, although the results
of this assay have already been shown to be similar to VN'T and are
known to be specific to neutralizing antibody responses only. While

neutralizing antibodies themselves are considered a strong correlate
for protection (13), other components that are not measured within
our assays such as T-cell mediated immunity will also offer
protection (68, 69). Our use of serum also means that memory B-
cells, which are involved in protection against severe disease
progression (70), are equally excluded from our analysis. Our
study cohort consists of relatively low sample numbers for both
heterologous and Ad26.CoV2.§ vaccinations whereas BNT162b2
samples are overrepresented. However, our sample numbers are
similar or in case of Ad26.CoV2.5 exceed other previously
published work making our study one of the largest independent
evaluation studies of this vaccine. Our BNT162b2 sample size
mimics dose distribution in Germany where approximately 70%
of delivered vaccine doses were from Pfizer. Our study population is
also relatively similar in regard to age and gender. Last, self-reported
information abouta previous SARS-CoV-2 infection or vaccination
could bias study outcome. However, recent studies have found a
good correlation between self-reported and administrative records
with 98% consistency for vaccination type and 95% for vaccination
date or detection of SARS-CoV-2 antibodies with a positive
predictive value of 98.2% and a negative predictive value of
97.3%, respectively (71, 72). Additionally, our data on persistence
and magnitude of vaccine-induced humoral responses is consistent
with several other cohort-based studies (11, 20, 41, 66) which did
not rely on self-reported vaccination records, therefore stressing the
validity of our approach.

Next to an increasing number of observational studies
including ours which examine vaccine-induced protection by
assessing levels of humoral immunity, several large scale test-
negative design (TND) studies have by now been conducted to
determine vaccine effectiveness against a laboratory-confirmed
SARS-CoV-2 infection requiring medical attention outside of
randomized clinical trials (45, 73, 74). While readouts between
those study types are fundamentally different and both are
subject to different limitations (75-79), results are comparable.
For instance, our findings of significantly higher titres and ACE2
binding inhibition after mRNA or heterologous immunisation
schemes compared vector-based ones also translate to differing
levels of vaccine effectiveness against SARS-CoV-2 infection of
above 90% with at least one mRNA vaccine dose or of less than
70% with two doses of AZD1222 in a TND study from Canada
(45). Equally, our results of decreasing humoral response levels
after a full BNT162b2 vaccination correlate with increases in
PCR-confirmed SARS-CoV-2 infections up to six month post-
vaccination with BNT162b2 in an Israeli TND study (73).

Overall, we provide data on the vaccine-induced humoral
response for all currently available mRNA-, vector-based and
heterologous immunisation schemes in Germany. Within our
population-based cohort, mRNA homologous or heterologous
vaccination resulted in increased humoral responses. Our
multiplex approach identified differences in quantities and
ratios of RBD- and Sl-targeting antibodies following mRNA
homologous or heterologous vaccination. Further investigation
into this targeting will be of particular interest to improve
vaccine performance particularly for next generation vector-
based vaccines.
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MuSPAD cohort
n= 38870 (incl. 7198 Follow-up)

(incl. 1367 Follow-up)

MuSPAD 2020

n= 18855

MuSPAD 2021
n= 18015
(incl. 5830 Follow-up)

Unvaccinated
n= 12106
(Incl. 3446 Follow-up)

Vaccinated NA'
n=917
(incl. 134 Follow-up)

Partially vaccinated
n= 1881
(incl. 710 Follow-up)

Fully vaccinated
n= 3131
(incl. 1510 Follow-up)

]

Mix and match cohort
n= 1470
(AA2, CH1+2, VG1, MD2, 052)

Time point cohort
n= 597
(A2, CH2, VG1, MD2, 0S2)

Longitudinal cohort
n=90
(CH1+2)

Supplementary Figure 1. Flow chart for sample selection from MuSPAD cohort.

Sample selection for our vaccine response study from the entire MuSPAD cohort is displayed
in a flow chart. Samples were selected based on selection criteria outlined in method section to
examine impact of vaccination scheme, length and persistence of antibody response. Samples
originated from the following study locations: Aachen 2 (AA2), Chemnitz 1(CH1), Chemnitz
2 (CH2), Vorpommern-Greifswald 1 (VG1), Osnabriick 2 (0S2), and Magdeburg 2 (MD2).
Number of participants is given per group (n), NA: not available.
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Supplementary Figure 2. Different VoCs reduce antibody ACE2 binding inhibition
comparably between SARS-CoV-2 vaccination schemes.
ACE2 binding inhibition against the SARS-CoV-2 VoC Alpha (B.1.1.7), Beta (B.1.351),
Gamma (P1) and Delta (B.1.617.2) RBDs was assessed by an ACE2-RBD competition assay
for homologous mRNA (mRNA-1273 (M/M. blue), BNT162b2 (P/P, orange)), heterologous
prime-boost (AZD1222-mRNA-1273 (A/M, light blue), AZD1222-BNT162b2 (A/P, light
green) or vector-based (AZD1222-AZD1222 (A/A, green), Ad26.CoV2.S (J, grey)) vaccination
schemes in the mix and match cohort. SARS-CoV-2 RBD WT (Figure 3) is again shown for
clarity and comparison. Data is shown as box and whisker plots. Boxes represent medians, 25th
and 75th percentiles and whiskers show the largest and smallest non-outlier values based on 1.5
IQR calculation. Qutlier values are shown in clear circles. The threshold for non-responsive
samples (ACE2 binding inhibition less than 20%) is shown as dotted line. All samples below
this can be considered non-responsive. Number of samples per vaccination scheme are stated
below the figure.
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Supplementary Figure 3. SARS-CoV-2 vaccination boosts humoral response among
recovered individuals independent of vaccination scheme.

Differences in vaccination responses of recovered previously SARS-CoV-2 infected
individuals from our mix and match cohort were analyzed using MULTICOV-AB. SARS-CoV-
2 infection status was based on a previous self-reported positive PCR/antigen test or a
MULTICOV-AB nucleocapsid IgG normalisation ratio above 1. Samples were split according
to vaccination scheme (homologous mRNA (mRNA-1273 (M/M, blue), BNT162b2 (P/P,
orange)), heterologous prime-boost (AZD1222-mRNA-1273 (A/M, light blue), AZD1222-
BNT162b2 (A/P, light green) or vector-based (AZD1222-AZD1222 (A/A, green),
Ad26CoV2.S (I, grey)). Boxes represent medians, 25th and 75th percentiles and whiskers show
the largest and smallest non-outlier values based on 1.5 IQR calculation. When less than 5
samples were available per group, only the median is indicated by a line. Time between
sampling and full vaccination is displayed as mean and SD for each group. Number of samples
per vaccination scheme are stated below the figure. Results of a formal statistical comparison
of recovered-vaccinated and SARS-CoV-2 naive-vaccinated individuals is shown in Table S6.
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Supplementary Table 1. Comorbidities in study participants (n. a.: not applicable; NA: not
available; CVD: cardiovascular disease).

SARS-CoV-2 AT range in Hyper- . . Lung g Immuno-
S]s:mi)le infection days post- Vaccine (n) tension C\;) Dlab;tes disease (anoc/er suppression
cohort (m) | oo s (n) * vaccination (n, %) (n, %) o, %) (n, %) @, %) (n, %)
MM 4 1 2 0 0 0
(13) (30.8) (1.7) (15.4) (0.0) (0.0) (0.0)
P/P 12 4 3 0 0 1
(33) (36.0) (12.0) ©.1) (0.0) 0.0) (3.0)
AJA 7 3 2 1 1 2
(33) (58.3) (25.0) (16.7) (83) (8.3) (16.7)
+(70)
AM 1 0 0 0 0 0
) (100.0) (0.0) (0.0) (0.0) (0.0) (0.0)
AP 3 1 0 1 0 0
©) (50.0) (16.7) 0.0) (16.7) (0.0) 0.0)
. i 2 0 0 0 0 1
Mix and (5) (40.0) (0.0) (0.0) (0.0) (0.0) (20.0)
match 7-65
(1470) M/M 84 23 13 17 2 11
272) (30.9) 8.5) (4.8) (6.3) 0.7) (4.0)
P/P (734.4 263 101 64 59 20 37
NA) (35.8) (13.8) 8.7 @®.1) 2.7 (5.0)
AIA 91 25 25 12 2 9
228 399 111 11.0 53 09 4.0
- (1400) (228) (39.9) (1L.1) (11.0) (5.3) 0.9) (4.0)
AM 12 4 2 0 1 0
24 (50.0) (16.7) (8.3) (0.0) 42) (0.0)
AP 43 16 10 10 4
(114) (37.7) (14.0) (8.8) (8.8) (3.5) (5.3)
] 9 2 2 2 1 2
(24) (37.5) (83) 83) 83) 42) (8.3)
P/P 50 16 6 3 0 7
512 (107) (46.7) (15.0) (5.6) 2.8 (0.0) (6.5)
M/M 13 3 3 1 0 1
(40) (32.5) (7.5) (7.5) (2.5) (0.0) (2.5)
P/P 31 15 1 12 0 0
2630 (102; 1 NA) (30.4) (14.7) (10.8) (11.8) (0.0) (0.0)
i MM 3 1 0 0 0 0
8) (37.5) (12.5) 0.0) (0.0) (0.0) (0.0)
PP 37 14 7 0 2 4
54-58 92) (40.2) (15.2) (7.6) (0.0) (22 (4.4)
MM 2 0 2 2 0 1
Time 22) ©.1) (0.0) ©.1) ©.1) (0.0) (4.6)
ints B
'}2‘;‘7; P/P 59 18 12 1 7 0
(139) (42.5) (13.0) (8.6) 0.7) (5.0) (0.0)
94-103
MM 3 1 1 1 1 0
N (42.9) (14.3) (14.3) (14.3) (14.3) (0.0)
P/P 19 9 7 4 2 4
129-146 (38) (50.0) (23.7) (18.4) (10.5) (5.3) (10.5)
MM 3 2 1 1 0 0
%) (60.0) (40.0) (20.0) (20.0) 0.0) (0.0)
PP 5 2 1 2 0 3
(36) (13.9) (5.6) 2.8) (5.6) (0.0) (8.3)
176-203
MM . . . ; . .
(0) n a. n a. n. a. 1. a. n a. n a.
. ) PP TI 35 15 1 4 2 3
tL“’i'.‘g"l PP TI:7-63 (90; 2 NA) (39.8) a7.n (12.5) (4.6) (22) (3.4)
1(‘1;;3? - P/PT2: 121- P/P T2 33 12 3 3 1 9
203 (90) (36.7) (13.3) (8.9) (33) (L.1) (10.0)
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Different vaccines and combinations are abbreviated as follows: M/M (two-dose mRNA-1273),
P/P (two-dose BNT162b2), A/A (two-dose AZD1222), A/M (first dose AZD1222, second dose
mRNA-1273), A/P (first dose AZD1222, second dose BNT162b2) and J (one-dose
Ad26.CoV2.S). The time points sample cohort contains only homologous BNT162b2 and
mRNA-1273 samples. The longitudinal sample cohort contains only paired homologous
BNT162b2 taken at time 1 (T1) or 2 (T2).

* based on self-reported positive PCR/antigen test result at study center visit and/or
MULTICOV-AB nucleocapsid IgG S/CO ratio above 1
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Supplementary Table 2. MULTICOV-AB antigen panel.

Virus Antigen Manufacturer Product number
SARS-CoV-2 Spike Trimer NMI -
SARS-CoV-2 RBD B.1 (wild-type) NMI -
SARS-CoV-2 Nucleocapsid Aalto 6404-b
SARS-CoV-2 RBD B.1.1.7 (Alpha) NMI
SARS-CoV-2 RBD B.1.351 (Beta) NMI
SARS-CoV-2 RBD P.3 (Gamma) NMI
SARS-CoV-2 RBD B.1.617.2 (Delta) NMI
hCoV-0C43 S1 domain NMI -
hCoV-OC43 Nucleocapsid NMI -
hCoV-HKU1 S1 domain NMI -
hCoV-HKU1 Nucleocapsid NMI -
hCoV-NL63 S1 domain NMI -
hCoV-NL63 Nucleocapsid NMI -

hCoV-229E S1 domain NMI -
hCoV-229E Nucleocapsid NMI -

List of antigens included in MULTICOV-AB as well as their manufacturer and, if applicable,

their product number.
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Supplementary Table 3. ACE2-RBD competition antigen panel.

Virus Antigen Manufacturer Amino acid exchanges in RBD
SARS-CoV-2 RBD B.1 (wild-type) NMI -
SARS-CoV-2 RBD B.1.1.7 (Alpha) NMI N501Y
SARS-CoV-2 RBD B.1.351 (Beta) NMI N501Y, E484K, K417N
SARS-CoV-2 RBD P.1 (Gamma) NMI N501Y, E484K, K417T
SARS-CoV-2 RBD B.1.617.2 (Delta) NMIT T478K, L452R

List of antigens included in ACE2-RBD competition assay as well as their manufacturer, and

the mutations covered within the RBD.
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Supplementary Table 5. Statistical comparison of antibody titres between vaccination
schemes.

Comparison Full-length Spike trimer RBD S1 S2
X v Y P’ (p-value) p”’ (p-value) P’ (p-value) p”’ (p-value)
J M/M 091 (<0.001) * 0.93 (<0.001) * 0.96 (<0.001) * 0.86 (< 0.001) *
P/P 0.89 (<0.001) * 0.90 (<0.001) * 0.92 (<0.001) * 0.79 (< 0.001) *
AM 0.89 (<0.001) * 0.91 (<0.001) * 0.97 (<0.001) * 0.93 (<0.001) *
A/P 0.90 (<0.001) * 0.92 (<0.001) * 0.95 (<0.001) * 0.88 (<0.001) *
A/A 0.63 (<0.080) 0.74 (<0.001) * 0.86 (<0.001) * 0.81 (<0.001) *
A/A M/M 0.96 (<0.001) * 0.94 (<0.001) * 0.93 (<0.001) * 0.57(0.013) *
P/P 0.91 (<0.001) * 0.87 (<0.001) * 0.83 (<0.001) * 0.39 (<0.001) *
AM 0.93 (<0.001) * 0.91 (<0.001) * 0.93 (<0.001) * 0.84 (<0.001) *
AP 0.93 (<0.001) * 0.89 (<0.001) * 0.91 (<0.001) * 0.66 (< 0.001) *
A/P M/M 0.60 (0.002) * 0.64 (<0.001) * 0.55(0.114) 0.38 (< 0.001) *
P/P 0.42 (0.012) 0.49 (0.608) 0.34(<0.001) * 021 (<0.001) *
AM 0.59 (0.204) 0.59 (0.155) 0.69 (0.004) * 0.77 (<0.001) *
AM MM 0.50 (0.982) 0.53 (0.623) 0.33(0.014) * 0.16 (<0.001) *
P/P 0.33(0.014) 0.40 (0.085) 0.18 (<0.001)* 0.09 (<0.001) *
PP M/M 0.69 (<0.001) * 0.64 (<0.001) * 0.72 (<0.001) * 0.71 (<0.001) *

Estimated probability (p”’) that a random individual under one vaccination scheme in the mix
and match sample cohort, has a larger titre than a random individual under another vaccination
scheme. Two-sided generalized Wilcoxon also referred to as Brunner-Munzel test was used to
determine statistical significance with Bonferroni-Holm’s adjustment for multiple testing. For
a comparison of a scheme X with a scheme Y, a significant p’’ larger than 2 means that the
vaccination-induced titres under Y tend to be higher and a significant p’” smaller than %2 means
that the vaccination-induced titres under X tend to be higher. Different vaccines and
combinations are abbreviated as follows: M/M (two-dose mRNA-1273), P/P (two-dose
BNT162b2), A/A (two-dose AZD1222), A/M (first dose AZD1222, second dose mRNA-
1273), A/P (first dose AZD1222, second dose BNT162b2) and J (one-dose Ad26.CoV2.S).
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Supplementary Table 6. Statistical comparison of RBD antibody titres and wild-type ACE2
binding inhibition in recovered-vaccinated and SARS-CoV-2 naive-vaccinated individuals for
different vaccination schemes.

M/M PP AM AP A/A J
p” (p-value) p” (p-value) p” (p-value) p” (p-value) p” (p-value) p” (p-value)

RED 0.66 0.79 - (only 1 0.79 0.94 0.98
(0.074) (<0.001) convalescent) (<0.001) (<0.001) (<0.001)

inl:;i:;"i’g:ém 074 0.85 —(only 1 084 097 0.98
W I‘ = (0.016) (<0.001) convalescent) (0.004) (<0.001) (<0.001)

Estimated probability (p*’) that a random recovered-vaccinated individual has a larger titre than
a random SARS-CoV-2 naive vaccinated individual under the respective vaccination scheme.
Statistical analysis was determined by two-sided generalized Wilcoxon/Brunner-Munzel test.
A significant p’* larger than 2 means that the vaccination-induced titres tend to be higher in
recovered-vaccinated individuals. Different vaccines and combinations are abbreviated as
follows: M/M (two-dose mRNA-1273), P/P (two-dose BNT162b2), A/A (two-dose
AZD1222), A/M (first dose AZD1222, second dose mRNA-1273), A/P (first dose AZD1222,
second dose BNT162b2) and J (one-dose Ad26.CoV2.8).
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Supplementary Table 7. Antibody titres and ACE2 binding inhibition up to 7 months after

SARS-CoV-2 mRNA vaccination.

. (%) ACE2 (%) ACE2
Sample cohort A(;l" range in . RB!)‘" IsG binding RB!)“‘ IsG binding
ays post- Vaccine (n) signal My signal Py
(n) vaccination (95% CT) inhibition (IOR) inhibition
(95% CI) (IQR)
24.88 78.73 24.88 78.73
P/R(107) (20.02-27.10) (64.37-87.92) (15.09-31.17) (52.27-94.27)
S-12
M/M 26.76 89.03 26.76 89.03
(40) (21.38-30.47) (65.66-97.16) (12.24-31.69 (41.06-97.95)
P/P 25.60 83.34 25.60 83.34
(103) (23.15-27.79) (78.04-0.86.00) (18.76-30.87) (63.63-93.37)
26-30
MM 29.45 95.75 29.45 95.75
®) (21.01-34.13) (60.74-96.97) (26.20-32.42) (77.52-96.82)
P/P 19.96 70.59 19.96 70.59
(92) (18.22-22.73) (62.66-75.07) (14.00-26.37) (58.54-83.18)
54-58
MM 26.52 88.22 26.52 88.22
22) (23.56-30.01) (78.90-94.10) (23.54-30.20) (77.92-94.32)
Time points
(597)
PP 15.07 56.22 15.07 56.22
(139) (13.97-16.77) (50.18-61.20) (10.20-20.70) (39.97-69.67)
94-103
MM 18.85 75.94 18.85 75.94
) (11.67-31.61) (43.40-96.95) (14.18-28.24) (55.40-90.74)
p/p 8.67 33.82 8.67 33.82
38) (7.24-10.27) (27.95-39.87) (5.48-12.68) (25.52-50.97)
129-146
M/M 13.51 48.16
) 1351 (n.2) 4816 (n. a) (4.78-19.64) | (17.95.68.86)
P/P 797 30.44 797 30.44
36) (5.98-10.03) (23.38-42.16) (5.51-11.36) (20.50-48.77)
176-203
MM n.a. n.a n.a n.a.
) .a L L ¥

Median values with 95% CI and IQR are shown for normalised RBDw IgG signal or ACE2 binding
inhibition. Data is graphically displayed in Figure 6. Different vaccines are abbreviated as follows:
M/M — two-dose mRNA-1273. P/P — two-dose BNT162b2.
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Appendix V: Antibody binding and ACE2 binding
inhibition is significantly reduced for both the BA1 and
BA2 omicron variants
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Antibody Binding and Angiotensin-Converting Enzyme 2
Binding Inhibition Is Significantly Reduced for Both the
BA.1 and BA.2 Omicron Variants
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Background. The rapid emergence of the Omicron variant and its large number of mutations led to its classification as a variant
of concern (VOC) by the World Health Organization. Subsequently, Omicron evolved into distinct sublineages (eg, BA.1 and BA.2),
which currently represent the majority of global infections. Initial studies of the neutralizing response toward BA.1 in convalescent
and vaccinated individuals showed a substantial reduction.

Methods. We assessed antibody (immunoglobulin G [IgG]) binding, ACE2 (angiotensin-converting enzyme 2) binding
inhibition, and IgG binding dynamics for the Omicron BA.1 and BA.2 variants compared to a panel of VOCs/variants of
interest, in a large cohort (N =352) of convalescent, vaccinated, and infected and subsequently vaccinated individuals.

Results, While Omicron was capable of efficiently binding to ACE2, antibodies elicited by infection or immunization showed
reduced binding capacities and ACE2 binding inhibition compared to wild type. Whereas BA.1 exhibited less IgG binding
compared to BA.2, BA.2 showed reduced inhibition of ACE2 binding. Among vaccinated samples, antibody binding to
Omicron only improved after administration of a third dose.

Conclusions. Omicron BA.1 and BA.2 can still efficiently bind to ACE2, while vaccine/infection-derived antibodies can bind to
Omicron. The extent of the mutations within both variants prevents a strong inhibitory binding response. As a result, both Omicron
variants are able to evade control by preexisting antibodies.

Keywords. SARS-CoV-2; Omicron; antibody binding; multiplex; variants of concern.

Since its initial outbreak in late 2019, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has evolved into a
global pandemic, characterized by multiple waves of infection
within countries and regions. Following the initial global
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wave, subsequent waves were often triggered by the emergence
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of variants of concern (VOCs) [1] that outcompeted earlier var-
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rate of transmission or the ability to escape vaccine and
infection-induced immunity [2-7]. Due to concerns that its nu-
merous spike protein mutations would render it able to escape
immune control and its rapid spread in South Africa, the World
Health Organization classified Omicron as a VOC on
26 November 2021 [8]. Within days of this classification,
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Omicron had already been reported in multiple other countries
and as of 26th April 2022, it is the dominant global variant [9].
The BA.2 lineage has now surpassed BA.1 [9], which is not
only genetically distinct in key regions of the spike glycoprotein
[10, 11], but has also evolved to give rise to BA.4, BA.5, and
BA.2.12.1. Early studies at the end of 2021 of neutralization
against BA.1 found a substantial reduction in neutralizing ac-
tivity, particularly in individuals who did not receive 3 vaccine
doses [12-17]. Because of the urgency of these studies to estab-
lish real-time data of whether there is an evasion toward
vaccine-induced responses or therapeutics, they often included
limited sample numbers, diversity of sample types (eg, only
those vaccinated with Pfizer BNT162b2), or only directly
compared Omicron to wild-type (WT) or a single other
VOC. Complementary to these studies, we provide here a
comprehensive analysis of the binding capacity, binding dy-
namics, and angiotensin-converting enzyme 2 (ACE2) bind-
ing inhibition of Omicron BA.1 and BA.2 against antibodies
generated either by vaccination or natural infection com-
pared to WT, currently recognized VOCs, and the Lambda
and Mu variants of interest (VOIs). We also analyzed sam-
ples from a range of vaccines and dosing schemes currently
available within the European Union, including booster vac-
cines, as well as convalescent samples from both adults and
children from the first, second, and third waves of infection
in Germany.

METHODS

Sample Cohort
Serum samples used in this study were originally collected for use
in several other studies [18-21]. The sample set was designed to

include a broad representation of samples from infected individ-
uals (hereafter referred to as “convalescent”) from the different
waves of SARS-CoV -2 within Germany, as well as vaccinated sam-
ples. We separated our cohort into 4 groups: vaccinated samples,
convalescent samples, infected and later vaccinated samples, and
prepandemic samples as controls.

Vaccinated study participants received either 2 homologous
doses of AZD1222, BNT162b2, or mRNA-1273; 2 heterologous
of AZDI1222 and BNTI162b2 or AZDI1222 and
mRNA-1273; or 3 doses of BNT162b2. To examine how anti-
body dynamics changed over time, we included samples from
both 1-2 months post-second dose and 5-6 months post—
second dose. We also included samples from vaccinated
individuals who had a previous pelymerase chain reaction
(PCR)-confirmed infection and then received a single dose of
BNT162b2 as per national guidelines. Samples from convales-
cent study participants were collected approximately 3 months
after positive PCR. To assess differences between variants of
SARS-CoV-2, we collected samples from those with a WT,
Alpha, or Delta infection. WT samples came from both adults
and children. To be considered a W'T sample, the infection had
to occur during the first wave of the SARS-CoV-2 pandemic in
Germany (spring-summer 2020). Alpha samples were con-
firmed by PCR sequencing and were collected between
January and May 2021. Delta samples were either confirmed

doses

by PCR sequencing, or where collected during a time period
when all infections in Germany were considered to be Delta
(September-November 2021). To represent naive samples,
negative prepandemic samples were obtained from Central
BioHub. An overview of the characteristics for each cohort sub-
group can be found in Table 1.

Table 1. Overview of Sample Characteristics for the Study Population
No. of Median dT, Days No. (%) of Median Age, Years History of Immunosuppressive

Sample Type Subgroup Samples {IQR) Females (IQR) Condition or Medication, No. (%]
Convalescent WT (adults) 30 104 (94-119) 14 147) 62 (51-69) 0o

WT (children) 20 124 (116-129) 7(35) 11 (7-14) 0o

Alpha 30 88 (47-104) 12 (40) 56 (42-65) 14147)

Delta 6 18 (10-23) 5 (83} 65 (56-73) 4 (67)
Infected and vaccinated 25 54 (23-81) 16 (64) 55 (48-59) 114)
Vaccinated AA(1-2 mo) 30 49 (48-52) 20 (67) 64 (60-66) 2107

A/A (4-6 mo) 30 154 (146-158) 23(77) 55 (48-60) 00

MM {1-2 mo} 30 51 (48-54) 20 (67) b9 (49-61) 113

M/M (4-6 mo) 16 139 (131-145) 9 (56) 70 (51-83) 1 16)

P/P {1-2 mo} 30 51 (49-54) 20 (67) 58 (52-66) 113

P/P (46 mo} 30 152 (141-160) 25 (83) 38 (30-53) oo

AN 20 153 (150-154) 16 (80) 41(29-56) 010}

AP 20 151 (144-157) 19 (95) 48 (42-56) oo

P/P/P 20 14 (14-26.5) 13 (65) 33 (29-44) 21012)
Negative 15 B (53] 37 (29-41) 00

Abbreviations: A/A, 2-dose AZD1222; AIM, first dose AZD1222, second dose mRNA-1273; AP, first dose AZD1222, second dose BNT162b2; dT, time postinfection/last vaccination dose;
10R, interquartile range; MM, 2-dose mANA-1273; P/P, 2-dose BNT16202; PP/, 3-dose BNT162b2; WT, wild-type (8.1 isolate)
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Ethical Oversight

Informed written consent was obtained from all study partici-
pants. Ethical approval and oversight for the samples used in
this study was provided by the following ethics committees:
the Ethics Committee of the University Hospital Tuebingen
(293/2020B02, 764/2020/BO2 [amended 6 December 2021],
B312/2020BO1 [amended 2 June 2021], 556/2021BO1), the
Ethics Committee of the University of Tuebingen (179/2020/
BO2, 188/2020A), and the Ethics Committee of Hannover
Medical School (9086_BO_S_2020).

Mass Spectrometry of Omicron Receptor-Binding Domain
Receptor-binding domain (RBD) Omicron protein samples had
their structure verified by liquid chromatography-mass spectrom-
etry (LC-MS). In brief, samples were N-deglycosylated using
PNGaseF reducing kit (New England Biolabs), diluted 1:3 with
His-NaCl buffer and analyzed by liquid chromatography coupled
to electrospray ionization quadrupole time-of-flight mass spec-
trometry. For full details, please consult the Supplementary
Methods.

MULTICOV-AB Assay

MULTICOV-AB, a previously published multiplex immunoas-
say, was performed as described previously [22]. A full list of
antigens included within the assay is shown in Table 2.
Samples were randomly allocated to plates to ensure that at least
3 samples of every sample group were included on each plate.
All samples were measured twice in 2 independent experiments.

No sample failed quality control (QC). Raw median fluorescence
intensity values were normalized to a QC sample for all antigens as
per Becker et al [23]. Please consult the Supplementary Methods
for full details.

RBDCoV-ACE2 Assay

RBDCoV-ACE2, a previously published multiplex ACE2 inhi-
bition assay [19], analyzes neutralizing antibody activity
through ACE2 binding inhibition. A full list of antigens includ-
ed in this assay can be found in Table 2. ACE2 binding inhibi-
tion was calculated as a percentage, with 100% indicating
maximum ACE2 binding inhibition and 0% indicating no
ACE2 binding inhibition. Samples with an ACE2 binding inhi-
bition <20% are classified as nonresponders [19]. Please con-
sult the Supplementary Methods for full details.

Biolayer Interferometry

Analysis of binding kinetics of RBD-specific antibodies in se-
rum samples were performed using the Octet RED96e system
(Sartorius) as per the manufacturer's recommendations.
Purified RBDs of WT, Delta, and Omicron were biotinylated
with Sulfo-NHS-LC-LC-Biotin (Thermo Fisher Scientific) in
5 molar excess at ambient temperature for 30 minutes. Excess
of biotin was removed by size exclusion chromatography using
Zeba Spin Desalting Columns 7K MWCO 0.5 mL (Thermo
Fisher Scientific) according to the manufacturer’s protocol.
Data were analyzed using the Octet Data Analysis HT 12.0 soft-
ware applying the 1:1 fitting model for the dissociation step.

Table 2. Overview of Antigens Used in MULTICOV-AB and RBDCoV-ACE2 Assays

Category

Antigen Manufacturer Number Mutations Covered

Spike WT (B.1) NMI

RBD WT (B.1} MM

S1 domain WT (B.1) NMI

52 domain WT (B.1) Sino Biological 40590-V08B

Nucleocapsid WT (B.1) Aalto Bioreagents 6404-b

RBD Alpha (B.1.1.7) MNMI . NEQOTY

RBD Beta (B.1.351) NMI K417N, E484K, N&OTY

RBD Gamma (P1) NMI K417T, E484K, NEOTY

RBD Delta (B.1.617.2) NMI L452R, T478K

RBD Omicron (B.1.529/ Sino Biological 40692-V08H121  G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A,
BA.1) Q493R, G4965, Q498R, N501Y, YE05H

Spike Omicron (B.1.1.529/  Sino Biological 40588-V08H26 ABTV, del HVB9/70, T95I, G142D, del VY'Y 143-145, del N211, L2121, ins214EPE, G339D,
BA.1) S371L, $373P, S375F, K417N, N440K, G446S, S477N, T478K, E4844A, Q493R, G496S,
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0498R, N501Y, Y505H, T547K, HB55Y, N679K, PE81H, N764K, D796Y, F817P, NBSEK,
AB92P, ABISP, A942P, Q854H, N963K, L9B1F, K986P, VB87P
RBD Omicron (8.1.1.529/  Sino Biological 40592-V08H123  G339D, S371F, §373P, S375F, T376A, DA0SN, R408S, K417N, N44OK, S477N, TA78K,
BA.2) E4844, Q493R, Q498R, N501Y, ¥505H

Nucleocapsid Omicron Sino Biological 40588-VO7E35 P13L, del ERS 31-33, R203K, G204R, S413R
(B.1.1.529/BA.2)

RBD Lambda (C.37) NI L4520, F4905

RBD Mu (B.1.621) NI R346K, E484K, N501Y

WMutations present within sach antigen ars provided. Where appropriate, the manutacturer category number is provided. For detalls on the NI antigen production, pleass see |19, 22, 23]
Abbreviations: NMI, Natural and Medical Sciences Institute; RBD, receptor-binding domain; WT, wild-type.
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The binding profile response of each sample is illustrated as the  library was used to perform either Mann-Whitney U tests

mean wavelength shift in nm. For affinity determination, the  (2-sided) to estimate significance of observed differences be-

1:1 global fit of the Data Analysis HT 12.0 software was used.  tween different groups, or Wilcoxon signed-rank tests

Please consult the Supplementary Methods for full details. (2-sided) to estimate significance of observed different between
antigens. Graphs were exported from RStudio and further ed-
ited in Inkscape (version 0.92.4) to generate final figures.

Statistical Analysis Biolayer inferometry graphical representation was prepared us-

Data were collated and matched to metadata in Excel 2016. ing GraphPad Prism Software (version 9.0.0).

Data visualization was done in RStudio (version 1.2.5001 run-

ning R version 3.6.1). Additional packages gplots and bees-

warm were used for specific displays. The “Im” function of RESULTS

R’s stats library was used for linear regression analyzes. Initially, we examined immunoglobulin G (IgG) binding using

Correlation analyzes were performed using the “cor” function ~ MULTICOV-AB [22], a previously published SARS-CoV-2

of R’s stats library. The “wilcox.test” function from R's stats multiplex immunoassay that was adapted to analyze binding
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Figure 1.  Antibody binding response is significantly reduced for both BA.1 and BA.2. Binding response by preexisting antibodies generated through either infection or
vaccination was measured with MULTICOV-AB (4) and RBOCoV-ACE2 (8 assays and Biolayer interferometry {C and 0. A, Boxplot showing that immunoglobulin G binding
is significantly reduced for both BA.1 and BA.2 as compared to other variants of concern (VOCs|/variants of interest [VOIs) for convalescent (n = 86) and vaccinated (n = 226)
samples. Negative samples are included as controls {n= 15). B, Baxplot shawing that ACEZ binding inhibition is significantly reduced for both BA.1 and BA.2 as compared to
other VOCs/V0Is for both convalescent and vaccinated samples. Boxes represent the median with 25th and 75th percentiles; whiskers show the largest and smallest non-
outlier values. Qutliers were determined by 1.5 interquartile range. Cand D, Binding kinetics of receptor-binding domain {RBD}-specific antibodies from serum samples of
convalescent and vaccinated individuals {bath n = 5). Binding response (C) and dissociation constant { 0} were determined by 1:1 fitting mode! of the individual serum samples
between the different RBO variants. Median fold reductions for bath {4) and {8} can be found as Supplementary Tables 1-3 and 5. Statistical differences between all variants
was analyzed by Wilcoxan signed-rank test for both {4} and {B) and is available as Supplementary Tables 4 and 7. The response rate for {5} is available as Supplementary
Table 6. Abbreviations: ACEZ, angiotensin-converting enzyme 2; IgG, immunaglobulin G; Inf, infected; MFI, median fluorescence intensity; Neg, negative; RBD, receptor-
binding domain; Vac, vaccinated; WT, wild-type.
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toward RBDs from VOC/VOIs (a full list of antigens analyzed
and their mutations contained within can be found in Table 2).
For both vaccinated and convalescent samples, [gG binding to-
ward both Omicron BA.1 and BA.2 for preexisting antibodies
was significantly reduced compared to WT (BA.1: 2.3-4,1 me-
dian fold reduction, P <.001; BA.2: 2.1-3.0 median fold reduc-
tion, P<.001) (Figure 1, Supplementary Tables 1-4). This is
similar to the statistically significant reduction in binding to-
ward Beta (2.8-3.5 median fold reduction, P<.001) and Mu
(3.0-3.6 median fold reduction, P<.001,
Supplementary Tables 1-4). Within Omicron, BA.1 had a sig-
nificantly increased reduction in IgG binding compared to
BA.2 (1.1-1.2 median fold reduction, P<.001) (Figure 1,
Supplementary Tables 2-4).

Next, we analyzed ACE2 binding inhibition to determine
how effective the antibodies were at blocking the RBD-ACE2
interaction, using RBDCoV-ACE2 [19], a multiplex
ACE2-RBD inhibition assay. This assay mimics the interaction
between ACE2 and the RBD, while the multiplex format allows

Figure 1,

for the simultaneous measurement of all VOCs/VOls in a sin-
gle well. To evaluate binding against other antigens of
SARS-CoV-2, we also include the spike and S1 domain of
WT and the spike and nucleocapsid of Omicron. In line with
1gG binding, ACE2 binding inhibition against Omicron was
significantly reduced compared to WT (Omicron BA.1: medi-
an, 15.2%-16.4% and BA.2: median, 8.0%-10.9%; WT: median,
26.1%-27.2%; both P<.001) (Figure 1, Supplementary
Table 5), with less than half as many samples considered
responsive (WT: 62.8%; BA.1: 30.1%-32.6%; BA.2: 8.4%-
14.0%) (Figure 1B, Supplementary Table 6). Interestingly,
although BA.2 revealed reduced ACE2 binding inhibition and
sample response rate compared to BA. 1, this was not significant
(P=.08, Supplementary Table 7). While BA.2 had the lowest
response rate of all variants examined, the median ACE2 bind-
ing inhibition and response rate for BA.1 was greater than for
Beta (median, 8.9-11.4; response, 22.1%-31.0%), Gamma (me-
dian, 9.4-10.8; response, 25.5%-30.1%), and Mu (median, 8.1-
9.1; response, 19.8%-22.6%).
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Figure 2. Angiotensin-converting enzyme 2 (ACE2) binding inhibition and correlations of binding capacity between BA1, BA.2, and wild-type (WT) for different antigens
ACEZ binding inhibition {4) and immunoglabulin G {igG) binding capacity (B-f) were compared for the Omicran BA.1 and BA.2 receptor-binding domain (RBD), and spike (S) ta
the WT RBD and S. A, Boxplot showing that ACE2 binding inhibition is significantly reduced toward BA.1 for both RBD and S for both vaccinated {n = 226) and convalescent
(n=B86) samples. Boxes represent the median with 25th and 75th percentiles; whiskers show the largest and smallest nonoutlier values. Qutliers were determined by 1.5
interquartile range. Statistical significance was calculated by Wilcoxon signed-rank test; ***P < .001. B, Correlation analysis of g6 binding capacity for the BA.1 spike
compared to the BA.1 RBD. Spearman rank was calculated to assess ordinal association between the variables. C-F, Linear regressions of IgG binding capacity for the
BA.1 S compared to WT § (€}, BA.1 RBD compared ta wild-type RBD {0}, BA.2 RBD compared to WT RBD (£}, and BA.2 nucleocapsid compared to WT nucleacapsid (F).
R? is included to indicate the correlation. Abbreviations: ACEZ, angiotensin-converting enzyme 2; IgG, immunaglobulin G; Inf, infected; MFI, median fluorescence intensity;
NC, nucleacapsid; RBD, receptor-binding domain; S, spike; Vac, vaccinated; WT, wild-type.
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To investigate the RBD binding of BA.1 and BA.2 further, we
analyzed the binding kinetics of RBD-specific antibodies from
vaccinated (2 doses of BNT162b2) and convalescent (WT)
study participants
(Figure 1C and 1D). Binding response and dissociation cons-
tant were measured for each sample as an indicator of amount

by biolayer

interferometry analysis

and binding strength. Binding response toward BA.1 and BA.2
was reduced compared to both WT and Delta (Figure 1C),
while most samples showed increased dissociation kinetics
for Omicron (Figure 1D). Despite high variation observed for
both the vaccinated and convalescent samples, Omicron always
showed the lowest binding response (Supplementary Figure 1,
Supplementary Table 8). When binding toward ACE2 itself was
examined, Omicron BA.1 and BA.2 were still able to bind
ACE2 with high affinity (Supplementary Figure 2).

As mutations toward Omicron are not limited to the RBD,
we also analyzed ACE2 binding toward the full-length spike
protein. Omicron BA.1 ACE2 binding inhibition toward the

spike protein was significantly reduced compared to WT (P <
.001). Interestingly, the response rate underwent a similar
30% reduction from RBD to S for both WT (62.8% to 34.5%-
43.0%) (30.1%-32.6% to 3.5%-4.9%)
(Figure 24, Supplementary Table 9). IgG binding capacity to-
ward spike appears to be conserved to a similar degree as the
RBD (Figure 2B-D). However, this is substantially reduced
compared to the nucleocapsid of BA.2, for which there was

and Omicron

no change in binding capacity compared to WT for convales-
cent samples, regardless with which strain they had been previ-
ously infected (Figure 2E, samples highlighted according to
strain).

Next, we analyzed whether vaccine type (AZDI1222,
mRNA-1273, or BNT162b2) and number of doses (homolo-
gous or heterologous 2 dose, or homologous 3 dose) received
resulted in differences with respect to Omicron binding
response. To analyze how this response changed as time
postvaccination increased, we also compared the responses at
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Figure 3. Differences in Omicron binding response among different populations of vaccinated samples. Binding response toward Omicron BA.2 was analyzed by either
MULTICOV-AB (A) or RBOCoV-ACE? (8) assays for samples from different vaccine schemes {n= 30 for all samples, except for mRNA-1273 at 5-6 manths (n= 16, heter-
ologous vaccine schemes [both n = 20), and infected and vaccinated in = 25). Ta determine the effect of time postvaccination, samples from bath 1-2 months and 5-6 manths
postvaccination were included. Boxes represent the median with 25th and 75th percentiles; whiskers show the largest and smallest nonoutlier values. Outliers were de-
termined by 1.5 interquartile range. The 20% cutoff for nanresponders is indicated by the dashed line on {8). The equivalent data for BA.1 are provided as Supplementary
Figure 3. Abbreviations: A/A, AZD1222; ACEZ, angiotensin-converting enzyme 2; A/M, first dose AZD1222, second dose mRNA-1273; A/P, first dose AZD1222, second dose
BNT162b2; IgG, immunoglobulin G; Inf, infected; MFI, median fluorescence intensity; M/, mRNA-1273; P/P, BNT162b2; RBD, receptor-binding domain; Vac, vaccinated
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1-2 months post-second dose and 5-6 months post-second
dose for the homologous recipients. IgG binding capacity at
5-6 months was low for all recipients regardless of the admin-
istered vaccine, although homologous mRNA-based vaccina-
tion still had higher binding capacity at this timepoint than
1-2 months post-second dose for vector-based vaccination
(median of 9.16, 8.7, and 5.04 for mRNA-1273, BNT-162b2,
and AZD1222, respectively; Figure 3A). Among samples from
1-2 months postdosing, infected and then vaccinated had the
greatest 1gG binding capacity (median, 36.5), followed by
2-dose mRNA-1273 (median, 27.0), BNT162b2 (median,
18.7), and AZD1222 (median, 2.3). This pattern was consistent
for both BA.1 (Supplementary Figure 3) and BA.2 (Figure 3).
ACE2 binding inhibition was consistently low regardless of
type received and timeframe postdose (Figure 3B).

To determine whether a third dose results in increased bind-
ing responses against Omicron, we analyzed samples from indi-
viduals who had received a third dose of BNT162b2 and
compared it to those who had received their second dose in a
similar timeframe and individuals 5-6 months post-second
dose, who would be eligible to receive a third dose (Figure 4).
Further boosting was associated with higher Omicron ACE2
binding inhibition compared to 2 doses (27% and 0% of samples
were responders toward BA.1 and BA.2 post-second dose, re-
spectively; 55% and 25% were responders after boosting) sug-
gesting that boosting offers increased protection against
Omicron (Figure 4). However, this increase in protection was
not limited to Omicron and was present for all VOCs
(Figure 4). Compared to the second dose from a similar time-
point (30% and 10% responders to BA.1 and BA.2, respectively),
boosting with the third dose increased ACE2 binding inhibition,
substantially confirming this effect is generated by the third dose
itself, and not by time postvaccination alone (Figure 4C).

Last, we analyzed whether natural infection with different
variants resulted in differences in binding responses. There
was no difference in ACE2 binding inhibition between conva-
lescent individuals infected with either W'T or Alpha, with both
having minimal inhibition against Omicron (Figure 5A,
Supplementary Figure 3). While some samples with a previous
Delta infection showed substantially more activity compared to
WT or Alpha, they had been collected much sooner after the
infection (median dT, 18 days) than WT (median dT, 104
days) or Alpha (median dT, 88 days). To evaluate whether
children’s antibodies were more effective at binding toward
Omicron than adults, we compared convalescent samples 3-4
months post-PCR from the first wave in children (n = 20), to
convalescent samples 3 months post-positive PCR from the
same wave in adults (n=30) (Figure 5B and 5C,
Supplementary Figure 4). There was no significant difference
between adults and children in ACE2 binding inhibition
(P = .48; Figure 5B), although children did have significantly re-
duced binding capacity toward Omicron (P =.01; Figure 5C).
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Figure 4. Angiotensin-converting enzyme 2 {ACEZ) binding inhibition toward
Omicron is boosted by a third vaccine dose. Changes in ACEZ binding response
fallowing the third dose of BNT162b2 for all variants within the study. Samples
come fram either boosted (n= 20, A, 1-2 months post-second dose of BNT162b2
(n=20, B), or 5-6 months post-second dose of BNT162b2 (n=20, C). Individual
samples are highlighted by connected lines with bars representing medians.
The 20% cutoff for nonresponders is indicated by the dashed line. Abbreviations:
ACE2, angiotensin-canverting enzyme 2; WT, wild-type.

DISCUSSION

In this study, we provide an in-depth characterization of anti-
body binding to Omicron BA.1 and BA.2 compared to WT and
all other VOCs and variants under investigation in a large, di-
verse sample cohort. The use of an ACE2 inhibition assay en-
abled the comparison of multiple variants of interest
simultaneously, while also producing comparable results to
classical virus neutralization assays [19]. Similar to others, we

Omicron BA.1 and BA.2 Binding Dynamics « CID « 7

217

zzoz 1snbny 2| uoisanb Aq ¥61 | | 99/860BIO/PI/CEO L 0 L/I0P/3I01IE-20UBAPE/PIO/LLICD dNO dILWLSPEIE)/:SARY wioyy papeojumoq



Appendix

A B [ -
g 100 - N g ns g EF3

b= = 100 30 4 .
8 ° 5 g
3 80 O g o
£ £ 80 E 25
2 0 2 £ 204 |
3 3 60 o H
< ° £ £ »* .
5 s T 15 j
8 a0 . ~ £ !
w w . ° K1 P
b Hoo40 o See-
< . —e < & 10 - -

o . * 5 —.— 2

3 20 2 o204 o 5| e
a g &
@ @ @ T
T o L Z 0 e

T T T T T T T
Infection  WT a & Adults Children Adults Children

Figure 5. Differences inimmunoglobulin G {IgG) binding response and angiotensin-converting enzyme 2 {ACE2) binding inhibition toward BA.2 amang different populations
of convalescent samples. Comparative ACE2 binding inhibition {4 and B) and IgG binding capacity (C) between convalescent samples from different pandemic waves (4] and
adults and children (Band C) for BAZ. A, There are no differences in ACEZ binding inhibition toward BA.2 for individuals infected with wild-type (WT} (n = 30), Alpha {n =30},
or Delta (n=6). B, Children {n= 20) and adults {n = 30} have similar ACE2 binding inhibition toward BA 2 following WT infection, although they have significantly reduced loG
binding capacity {P=01). C, Boxes represent the median with 25th and 75th percentiles; whiskers show the largest and smallest nonoutlier values. Outliers were determined
by 1.5 interquartile range. Statistical significance was calculated by Mann-Whitney U test: **P<.01; ns, P < 05. The equivalent data for BA.1 are provided as
Supplementary Figure 4. Abbreviations: ACEZ, angiotensin-converting enzyme 2; lgG, immunoglobulin G; MFI, median fluorescence intensity; RBO, receptor-binding domain;

WT, wild-type.

identified that antibody binding and ACE2 binding inhibition
toward both Omicron BA.1 and BA.2 elicited by either immu-
nization or previous infection were significantly reduced
[14, 16, 24-28]. However, we provide here additional informa-
tion on IgG binding capacity and ACE2 binding inhibition by
the inclusion of a large variety of subcohorts representing the
present diversity of immunity against SARS-CoV-2, the com-
parison of the Omicron variant to all other VOCs/VOIs, and
the comparison between BA.1 and BA.2.

We found that both 1gG binding capacity and ACE2 binding
inhibition was significantly reduced for BA.1 and BA.2, similar
to reductions for Beta and Mu, with the majority of samples be-
ing classified as nonresponsive toward Omicron for ACE2
binding inhibition. Like others researchers [15, 24, 28], we
found that antibody binding responses toward Omicron were
significantly increased upon administration of a booster dose.
Boosting increases were not restricted to just Omicron IgG
binding capacity and ACE2 binding inhibition, but were pre-
sent against all VOCs/VOIs, No significant difference was pre-
sent between BA.1 and BA.2. However, data regarding the
longitudinal response post-third dose remains lacking, with
some countries now offering a fourth dose for certain groups
(eg, immunocompromised individuals). The increased re-
sponses following boosting also appear to apply for convales-
cent individuals, as seen by the increased IgG binding
capacity and ACE2 binding inhibition for previously infected
individuals who received a single dose, compared to those
who had received any 2 vaccine doses. This increase in respons-
es for individuals who have been both infected and vaccinated
is in agreement with Pajon et al [29], who found that infections
prior to vaccination resulted in a greater breadth of immune

response, while Lechmere et al [26] found that breakthrough
Delta infections among vaccinated individuals acted like a
booster dose. Thus, both reinfection and a booster dose leads
to appropriate affinity maturation of elicited antibodies.
Among those who had received 2 doses, binding responses
were consistent with other reports (eg, [16]) in identifying a sig-
nificant decrease for those who received homologous 2-dose
vector vaccination as opposed to homologous mRNA vaccina-
tion or heterologous vaccination.

We identified no significant difference in ACE2 binding in-
hibition toward Omicron for children compared to adults, al-
though IgG binding capacity was significantly reduced. This
is in contrast to previous research that has identified that child-
ren’s antibody titers are higher than adults following infection
[21]; however, a limitation of our study is that the children and
adult groups were not well-matched in terms of time post-
positive PCR (median dT, 104 for adults and 124 for children)
or disease severity (majority hospitalized adults vs asymptom-
atic/mildly symptomatic children). A larger investigation
including vaccinated samples from children is needed to inves-
tigate any possible protective effect from previous infection and
the antibody response toward Omicron itself in children in
more detail.

Similar to Carrefo et al [27], we identified that IgG binding
capacity toward Omicron was not as severely reduced as ACE2
binding inhibition. Interestingly, while BA.2 had significantly
increased IgG binding capacity to BA.1, it had reduced ACE2
binding inhibition. While mutations in BA.1 and BA.2 are
not limited to the RBD, their reduction in activity was limited
to the trimeric spike, with near-identical binding compared to
WT for the nucleocapsid. Our analysis of both the spike- and
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RBD-derived ACE2 binding inhibition suggests that while both
epitopes are sufficiently conserved to enable binding, their di-
vergent mutated sequences affect their inhibitory response.
Further investigation into this pattern and particularly the
role of S1-derived antibodies in neutralization is required to
understand the inhibitory protection offered against Omicron.

Overall, our results identify that while Omicron can efficient-
ly bind ACE2 and vaccine/infection-induced antibodies can
bind Omicron, the extent of the mutations within the RBD ap-
pear too divergent to enable RBD-directed antibodies to mount
an inhibitory response. The dramatic reductions in both IgG
binding and ACE2 binding inhibition toward Omicren, as op-
posed to other VOCs/VOls, confirm that this variant remains
capable of immune escape and requires careful sequence mon-
itoring to identify any further sequence evolution. Importantly,
booster doses elicit a significant increase in antibody response,
which correlates with a significant increase in both IgG binding
and ACE2 binding inhibition against Omicron. Our data add
weight to a growing body of evidence that the continuous adap-
tation of vaccines toward novel highly contagious variants needs
to be considered in order to control SARS-CoV-2.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corresponding
author.
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Supplementary Methods

Mass Spectrometry of omicron receptor binding domain (RBD)

The RBD omicron protein samples (5 pg) were N-deglycosylated using a PNGaseF
reducing kit (Rapid PNGaseF reducing kit, New England Biolabs, Frankfurt am Main,
Germany) by adding ' of the volume of reducing buffer included in the kit and
denaturation and reduction for 5 minutes at 80 °C. Subsequently, 0.125 yL PNGaseF
enzyme preparation, included in the kit, were added and deglycosylation was
performed for 10 minutes at 50 °C. Prior to Liquid chromatography-mass
spectrometry (LC-MS) analysis, the samples were diluted 1:3 with HisNaCl buffer (20
mmM His 140 mM NaCl, pH 6.0) and analyzed by liquid chromatography (HPLC)
coupled to electrospray ionization (ESI) quadrupole time-of-flight (QTOF) MS.
Samples (0.4 pg per injection) was desalted using reversed phase chromatography
on a Dionex U3000 RSLC system (Thermo Scientific, Dreieich, Germany) using a
Acquity BEH300 C4 column (1mm x 50mm, Waters, Eschborn, Germany) at 75°C
and 150 pl/min flow rate applying a 11-min linear gradient with varying slopes. In
detail, the gradient steps were applied as follows (min/% Eluent B): 0/5, 0.4/5,
2.55/30, 7/50, 7.5/99, 8/5, 8.75/99, 9.5/5, 10/99, 10.25/5 and 11/5. Eluent B was
acetonitrile with 0.1% formic acid, and solvent A was water with 0.1% formic acid. To
avoid contamination of the mass spectrometer with buffer salts, the HPLC eluate was
directed into waste for the first 2 min. Continuous MS analysis was performed using a
QTOF mass spectrometer (Maxis UHR-TOF; Bruker, Bremen, Germany) with an ESI
source operating in positive ion mode. Spectra were taken in the mass range of 600—
2000 m/z. External calibration was applied by infusion of tune mix via a syringe pump
during a short time segment at the beginning of the run. Raw MS data were lock-
mass corrected (at m/z 1221.9906) and further processed using Data Analysis 5.3

and MaxEnt Deconvolution software tools (Bruker).
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Antigen Immobilisation on beads

SARS-CoV-2 wild-type Spike, RBD, S1 domain, S2 domain and Nucleocapsid were
immobilised on magnetic MagPlex beads (Luminex) by EDC-sNHS coupling as
previously described(1).RBDs from variants of concern and the Omicron Spike
protein were immobilised on magnetic MagPlex beads (Luminex) by Anteo coupling
(AMG Activation Kit for Multiplex Microspheres, #A-LMPAKMM-400, Anteo
Technologies) as previously described(2). Following coupling, beads were stored at
4°C. Prior to experimentation, beads were then combined into a 25x Bead Mix and
stored at 4°C until used. The antigens used in these experiments can be found in

Table 2.
MULTICOV-AB

MULTICOV-AB, a previously published multiplex immunoassay was performed as
described(1). A full list of antigens included within the assay are listed in Table 2.
Samples were randomly allocated to plates to ensure that at least three sample of
every sample group was included on each plate. Briefly, samples were thawed at
room temperature, vortexed and then diluted 1:200 in assay buffer before being
mixed 1:1 with 1x Bead Mix in a 96-well plate (final dilution 1:400). Samples were
then incubated in darkness on a Thermomixer (20°C, 750 rpm, 2 hours) before being
washed three times to remove unbound antibodies. To ensure retention of beads, a
magnetic plate washer was used. To detect bound 1gG, 3 pg/mL RPE-goat anti-
human IgG was added to each well and then incubated for a further 45 mins on a
Thermomixer. After another washing step, beads were resuspended in 100 pL of
wash buffer, shaken for 3 mins at 1000 rpm, and then measured on a FLEXMAP3D
instrument (No Timeout, Gate 7500-15000, Reporter Gain Standard PMT, 50

events). 3 Quality control samples were included in duplicate on each plate. All

225



Appendix

samples were measured twice in two independent experiments. No sample failed
QC. Raw median fluorescence intensity (MFI) values were normalized to a QC

sample for all antigens as per(3) .
RBDCoV-ACE2

RBDCoV-ACEZ2, a previously published multiplex ACEZ2 inhibition assay(2), analyzes
neutralizing antibody activity through ACE2 binding inhibition. A full list of antigens
included in this assay can be found as Table 2. Briefly, 1:25 diluted samples from
MULTICOV-AB, were further diluted to 1:200 in ACE2 buffer(2), which contains 300
ng/mL biotinylated ACE2. Samples were then mixed 1:1 with 1x VOC bead mix in 96
well plates and incubated for 2 hours in darkness on a thermomixer (750 rpm, 20°C).
Following this initial incubation, samples were washed to remove unbound ACE2
using an automated magnetic plate washer. Bound ACE2 was detected by adding 2
Hg/mL RPE-labelled streptavidin and incubating for a further 45 mins. After washing
to remove unbound fluorophores, beads were resuspended in 100 pL washing buffer
and shaken for 3 mins at 1000 rpm. Plates were measured once on a FLEXMAP3D
instrument (No Timeout, Gate 7500-15000, Reporter Gain Standard PMT, 50
events). As controls, 3 wells with 150 ng/mL ACEZ2, 2 blank wells and 3 wells with a
QC sample were included. ACE2 binding inhibition was calculated as a percentage,
with 100% indicating maximum ACE2 binding inhibition and 0% indicating no ACE2
binding inhibition. Samples with an ACE2 binding inhibition less than 20% are

classified as non-responders(2).
Biolayer Interferometry (BLI)

Purified RBDwt, RBDs, RBDosa1 and RBDoga2 were biotinylated with Sulfo-NHS-LC-
LC-Biotin (Thermo Fisher Scientific) in 5 molar excess at ambient temperature for 30

min. Excess of biotin was removed by size exclusion chromatography using Zeba™
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Spin Desalting Columns 7K MWCO 0.5 ml (Thermo Fisher Scientific) according to
the manufacturer’s protocol. Analysis of binding kinetics of RBD specific antibodies in
serum samples were performed using the Octet RED96e system (Sartorius) as per
the manufacturer's recommendations. In brief, 5 ug/ ml of each biotinylated RBD
diluted in Octet buffer (PBS, 0.1% BSA, 0.02% Tween20) was immobilized on
streptavidin coated biosensor tips (SA, Sartorius) for 20 s. In the association step,
serum samples at a 1:100 dilution were reacted for 720 s followed by dissociation in
Octet buffer for 1200 s. Every run was normalized to a healthy control sample (pre-
pandemic) lacking RBD specific antibodies and for each sample technical duplicates
(n = 2) were performed. Data were analyzed using the Octet Data Analysis HT 12.0
software applying the 1:1 fitting model for the dissociation step. The binding profile
response of each sample is illustrated as the mean wavelength shift in nm. Binding
kinetics for ACE2 were performed by immobilizing 5 pg/ ml of each biotinylated RBD
diluted in Octet buffer on streptavidin coated biosensor tips (SA, Sartorius) for 20 s.
Dilution series ranging from 50 to 6.25 nM of ACE2 (Sino Biological) were applied for
300 s and one reference was included per run, followed by a dissociation step in
Octet buffer (480s). For affinity determination, the 1:1 global fit of the Data Analysis
HT 12.0 software was used.

Data Analysis

Data was collated and matched to metadata in Excel 2016. Data visualisation was
done in RStudio (Version 1.2.5001 running R version 3.6.1). Additional packages
“gplots” and “beeswarm” were used for specific displays. The “Im” function of R’s
“stats” library was used for linear regression analyzes. Correlation analyzes were

performed using the “cor” function of R’s “stats” library. The “wilcox.test” function from

R’s “stats” library was used to perform both Mann-Whitney-U Tests (two-sided) in

order to estimate significance of observed differences between different groups, and
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Wilcoxon Signed Rank Analysis (two-sided) to estimate the significance of observed
differences between antigens for the same samples. Graphs were exported from
RStudio and further edited in Inkscape (Version 0.92.4) to generate final figures.

Biolayer inferometry graphical representation was prepared using GraphPad Prism

Software (Version 9.0.0).
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Supplementary Figures

Supplementary Figure 1: Binding kinetics of RBD specific antibodies from serum

samples of vaccinated and convalescent individuals.
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Biotinylated RBDwt, RBDs, RBDosa1, RBDoaz were immobilized on streptavidin
biosensor tips and binding kinetics of serum samples from vaccinated (n = 5, Vac) and
convalescent (n =5, Inf) individuals were analyzed using BLI. All sensograms are

illustrated as mean of technical duplicates (n = 2).
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Supplementary Figure 2: Binding kinetics of ACE2 to RBDwt, RBD5, RBDoBa1 and

RBDogaz using BLI.
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Ko [nM] Kon [105 M 571] kot [10# 7]
RBDwt 1.26 £ 0.01 1.37 £ 0.00 1.72 £ 0.01
RBDs 0.96+0.01 1.24 £ 0.00 1.19+ 0.01
RBDogat 1.11 £ 0.01 210+ 0.01 2.32+0.02
RBDogaz 0.68 £0.01 1.75+0.00 1.19+£0.02

For biolayer interferometry (BLI)-based affinity measurements, biotinylated RBDwt,
RBDs, RBDosa1 and RBDosa2 were immobilized on streptavidin biosensors. Kinetic
measurements were performed using four concentrations of purified ACE2 ranging
from 6.25nM to 50 nM (illustrated with gradually lighter shades). The table

summarizes affinities (Ko), association (ken), and dissociation constants (ko) of ACE2

determined for the different RBD variants.
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Supplementary Figure 3: IgG binding capacity and ACE2 binding inhibition for

vaccinated samples towards BA1.
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Binding response towards omicron was analyzed by either MULTICOV-AB (a) or
RBDCoV-ACE2 (b) for samples from different vaccine schemes (n=30 for all sample
groups, except for mRNA-1273 5-6 months (n=16), heterologous vaccine schemes
(both n=20) and infected and vaccinated (Inf+vac, n=25). To determine the effect of
time post-vaccination, samples from both 1-2 months and 5-6 months post-
vaccination were included. A/A = AZD1222. M/M = mRNA-1273. P/P = BNT162b2.
A/M = first dose AZD1222, second dose mRNA-1273. A/P = first dose AZD1222,
second dose BNT162b2. Boxes represent the median, 25" and 75 percentiles,

whiskers show the largest and smallest non-outlier values. Outliers were determined
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by 1.5 IQR. The 20% cut off for non-responders is indicated by the dashed line on b.

The equivalent data for BA2 is shown in the main manuscript file as Figure 3.
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Supplementary Figure 4: Differences in IgG binding response and ACE2 binding

inhibition towards BA1 among different populations of convalescent samples.
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Comparative ACE2 binding inhibition (a and b) and IgG binding capacity (¢) between
convalescent samples from different pandemic waves (a) and adults and children (b
and c) for Omicron BA1. (a) ACE2 binding inhibition towards BA1 for individuals
infected with WT (n=30), alpha (n=30) or delta (n=6). (b) There is no significant
difference (p=0.18) in ACE2 binding inhibition between adults (n=30) and children
(n=20). (c) Adults have significantly higher IgG binding capacity (p=0.01) towards
BA1 than children. Boxes represent the median, 25 and 75" percentiles, whiskers
show the largest and smallest non-outlier values. Outliers were determined by 1.5

IQR. Statistical significance was calculated by two-sided Mann-Whitney U.
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Supplementary Table 1: Median fold reduction in IgG binding capacity from wild-

type to respective variant

Group Vaccinated Convalescent
WT 1 1

alpha 1.19(1.06 — 1.32) 1.17 (0.95 - 1.39)
beta 2.84 (1.80 — 3.88) 3.46 (1.24 - 5.67)
gamma 1.65(1.17 —2.13) 1.96 (1.03 — 2.90)
delta 1.21(1.03 - 1.38) 1.25 (0.95 — 1.55)
omicron BA1 2.32 (0.96 — 3.68) 4.09 (1.31-6.87)
omicron BA2 2.14 (0.96 — 3.32) 2.99(0.93 - 5.05)
lambda 1.73(1.24 —2.20) 2.03(1.29-2.76)
mu 3.01(1.60 — 4.42) 3.62 (1.25 — 5.99)

Median fold change in reduction towards WT for all other variants included within the
MULTICOV-AB assay. The IQR is shown in brackets. Values are shown for both
vaccinated (n=226) and convalescent (n=86) samples. WT — wild-type (B.1. isolate).
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Supplementary Table 2: Median fold reduction in IgG binding capacity from

omicron BA1 to respective variant

Group

Vaccinated

Convalescent

WT

2.32 (0.96 — 3.68)

4.09 (1.31 — 6.87)

alpha

1.91 (0.85 — 2.96)

3.16 (0.40 — 5.91)

beta

0.83 (0.62 — 1.04)

0.99 (0.67 — 1.32)

gamma

1.76 (1.07 — 2.45)

delta

(
(
1.39 (0.97 — 1.81)
1.91 (1.03 — 2.80)

3.00 (1.27 — 4.73)

omicron BA1

1

1

omicron BA2

1.10 (1.03 - 1.17)

1.18 (1.02 — 1.34)

lambda

1.31(0.79 — 1.83)

1.69 (0.73 — 2.66)

mu

0.78 (0.57 — 1.00)

0.94 (0.50 - 1.38)

Median fold change in reduction towards omicron BA1 for all other variants included
within the MULTICOV-AB assay. The IQR is shown in brackets. Values are shown for
both vaccinated (n=226) and convalescent (n=86) samples. WT — wild-type (B.1.

isolate).
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Supplementary Table 3: Median fold reduction in IgG binding capacity from

omicron BA2 to respective variant

Group

Vaccinated

Convalescent

WT

2.13 (0.95 — 3.32)

2.99 (0.93-5.05

alpha

1.72 (0.86 — 2.58)

2.47 (0.53 - 4.41

beta

0.76 (0.58 — 0.93)

0.84 (0.63 —1.04

gamma

1.26 (0.91—1.61)

delta

1.71(1.00 — 2.43)

2.30(0.87 -3.74

omicron BA1

0.91(0.85-0.97

)
)
1.45 (0.90 — 2.00)
)
)

0.85(0.73-0.96

omicron BA2

1

1

lambda

1.18 (0.74 — 1.62)

1.32 (0.62 — 2.01)

mu

0.72 (0.54 — 0.90)

0.80 (0.52 — 1.09)

Median fold change in reduction towards omicron BA2 for all other variants included
within the MULTICOV-AB assay. The IQR is shown in brackets. Values are shown for
both vaccinated (n=226) and convalescent (n=86) samples. WT — wild-type (B.1.

isolate).
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Supplementary Table 5: Median ACE2 binding inhibition of the respective variant

Group Vaccinated Convalescent
WT 26.11 (38.7) 27.25 (45.55)
alpha 20.63 (30.37) 30.23 (36.32)
beta 11.38 (18.48) 8.87 (14.52)

gamma 10.81 (17.34) 9.41 (17.19)

delta 16.67 (27.97) 15.72 (34.75)
omicron BAT 15.26 (11.26) 16.44 (11.54)
omicron BA2 8.03 (9.92) 10.88 (12.65)
lambda 18.79 (33.09) 16.13 (27.63)
mu 9.12 (15.08) 8.07 (12.16)

Median ACE2 binding inhibition for all RBD variants included within the RBDCoV-
ACEZ2 assay. The IQR is shown in brackets. Values are shown for both vaccinated
(n=226) and convalescent (n=86) samples. WT — wild-type (B.1. isolate).
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Article History: Background: Patients with chronic renal insufficiency on maintenance haemodialysis face an increased risk of
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COVID-19 induced mortality and impaired vaccine responses. To date, only a few studies have addressed
SARS-CoV-2 vaccine elicited immunity in this immunocompromised population.

Methods: We assessed immunogenicity of the mRNA vaccine BNT162b2 in at-risk dialysis patients and char-
acterised systemic cellular and humoral immune responses in serum and saliva using interferon y release
assay and multiplex-based cytokine and immunoglobulin measurements. We further compared binding
capacity and neutralization efficacy of vaccination-induced immunoglobulins against emerging SARS-CoV-2
variants Alpha, Beta, Epsilon and Cluster 5 by ACE2-RBD competition assay.

Findings: Patients on maintenance haemodialysis exhibit detectable but variable cellular and humoral
immune responses against SARS-CoV-2 and variants of concern after a two-dose regimen of BNT162b2.
Although vaccination-induced immunoglobulins were detectable in saliva and plasma, both anti-SARS-CoV-

Immunocompromised 2 IgG and neutralization efficacy was reduced compared to a vaccinated non-dialysed control population.
Similarly, T-cell mediated interferon y release after stimulation with SARS-CoV-2 spike peptides was signifi-
cantly diminished.

Interpretation: Quantifiable humoral and cellular immune responses after BNT162b2 vaccination in individuals
on maintenance haemodialysis are encouraging, but urge for longitudinal follow-up to assess longevity of
immunity. Diminished virus neutralization and interferon y responses in the face of emerging variants of con-
cern may favour this at-risk population for re-vaccination using modified vaccines at the earliest opportunity.
Funding: Initiative and Networking Fund of the Helmholtz Association of German Research Centres, EU Hori-
zon 2020 research and innovation program, State Ministry of Baden-Wurttemberg for Economic Affairs,
Labour and Tourism.
@ 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http:f/creativecommons.org/licenses/by-nc-nd/4.0/)
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Research in context

Evidence before this study

Patients on dialysis tend to have a reduced immune response to
both infection and vaccination. We searched PubMed and
medRxiv for studies including search terms such as “COVID-
19", “vaccine”, and “dialysis” but no peer-reviewed studies to
date simultaneously assessed both SARS-CoV-2 specific B- and
T-cell responses, mucosal immunoglobulins, and considered
the impact of SARS-CoV-2 variants of concern in this at-risk
population.

Added value of this study

We provide a comprehensive functional characterisation of
both T- and B-cell responses following a two-dose regimen of
BNT162b2 in at-risk patients on maintenance haemodialysis.
More importantly, to the best of our knowledge, we assess for
the first time binding and neutralization capacity of vaccina-
tion-induced circulation and mucosal antibodies towards
emerging SARS-CoV-2 variants of concern in an immunocom-
promised population.

Implications of all the available evidence

Patients on maintenance haemodialysis develop a substantial
cellular and humoral immune response following the
BNT162b2 vaccine. These findings should encourage patients
on maintenance haemodialysis to receive the vaccine, However,
we suggest continuing additional protection measures against
variants of concern in this at-risk population until longevity of
the vaccine response is fully evaluated.

conditions or requiring continual medical intervention such as dialy-
sis are at-risk of severe COVID-19 disease and associated death [2].
Although a series of vaccines have been developed, tested and
approved at unprecedented speed, only one vaccine study for NVX
CoV2373 has enrolled patients with chronic diseases such as chronic
kidney disease to assess efficacy and safety of SARS-CoV-2 vaccina-
tion within this vulnerable population [3]. Patients on maintenance
haemaodialysis are a particularly high-risk group, as renal disease has
been identified as a key risk factor for severe COVID-19 [4-7], while
at the same time their regular need for therapy does not allow them
to self-isolate and reduce contacts to avoid infection. A recent study
also suggested that seroreversion following natural SARS-CoV-2
infection is faster in dialysis patients compared to the general popula-
tion further increasing the risk of re-infection [8]. Other studies have
also demonstrated an impaired humoral immune response in dialysis
patients, as seen by the attenuation of antibody titres following vacci-
nation with SARS-CoV-2 vaccines [9-15]. Both, COVID-19 and
BNT162b2-induced effective immunity appear to result from

Table 1

functional T-follicular helper (TfH) cell responses and Th1 cytokines
[16,17]. In contrast, end-stage kidney failure is associated with pro-
inflammatory markers (including IFNy, TNFe, IL-8, CCL-2, and
others), exhausted T-cell phenotype, and perturbed TfH-cells [18].
Additional data on the efficiency of SARS-CoV-2 vaccination is
urgently needed not only for risk mitigation but also to assess
whether additional protective measures during therapy must be put
in place as seen by the impaired infection and vaccination-induced
responses for influenza A and hepatitis B [19-21]. While antibody
titres have already been characterised within vaccinated dialysis
patients, little is known about the ensuing cellular immune response
[22] or about the neutralization potential of vaccine-induced antibod-
ies [23), particularly in light of the increasingly appearing SARS-CoV-
2 variants of concern (VoC) which threaten the success of vaccination
programs [24].

To assess efficacy of SARS-CoV-2 vaccination in dialysis patients,
we characterised cellular and humoral immune responses in serum
and saliva of dialysed and non-dialysed individuals after vaccination
with the mRNA vaccine BNT162b2. Considering the increasing pres-
ence of mutated SARS-CoV-2 strains, we further compared binding
capacity and neutralization efficacy of vaccination-induced immuno-
globulins against emerging variants of concern such as B.1.1.7
(Alpha), B.1.351 (Beta), B.1.429 (Epsilon) and Cluster 5 (Mink).

2. Methods
2.1. Study design and sample collection

Following written informed consent, heparinized blood samples
from haemodialysis patients (n=81) were taken before start of dialy-
sis using a vascular access which was either an arterio-venous fistula
or a central venous catheter or by venipuncture from health care
workers (n=34), who served as non-dialysed control population. Par-
ticipants had to be over the age of 18 and able to give written
informed consent. All study participants were either patients or
worked at the dialysis centre Eickenhof and received the vaccine on
the same occasion. 10 of the 81 dialysis patients were on immuno-
suppressive medication such as prednisolone, tacrolimus, mycophe-
nolatmofetil, hydrocortisone, or a combination. Four of those patients
had received a kidney transplant, and one of them additionally a liver
transplant. Other reasons for immunosuppressive therapy included
polymyositis, polyarthritis, vasculitis and chronic ebstructive pulmo-
nary disease. Further details about the study population can be found
in Table 1, Table S2 and S3. One haemodialysis patient had previously
been tested positive for SARS-CoV-2 by routine PCR screening. As
subsequent antibody testing was negative for SARS-CoV-2 IgG, this
patient received BNT162b2 and was not excluded from the study. All
participants received the standard two-dose regimen of BNT162b2
21 days apart, followed by blood collection for analysis 21 days after
the second dose. Plasma was obtained from lithium heparin blood (S-
Monovette Plasma, Sarstedt, Germany). Whole blood samples were
used immediately for interferon y release assay (IGRA). For saliva col-
lection, all individuals spat directly into a collection tube. To

Characteristics of vaccinated study participants: IQR - Inter Quartile Range. BMI - Body Mass Index. n — absolute numbers per group. NA - Information not available.

n. a. - not applicable.

Characteristics

Non-dialysis control group (n=34)

Haemodialysis group (n=81)  p-value for difference between groups

Age (years), median (IQR) 54.5(15)
Gender (female, n, %) 28(82-35)
Days since start of haemodialysis (median, IQR)  n.a.
Immunosuppressive medication (n, %) 0(0)
Co-morbidities

Obesity (BMI, >30) 8(23-33)(1NA)
Diabetes mellitus (n, %) 1(2:94)
Cardiovascular disease (n, %) 0(0)

69(18) 29171071
34(41.98) 17171074
1371 (1664) na
10(1234) 7481072
18(2222) 1+10°
22(27-16) 678° 1073
39(4815) 1927 10°°
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inactivate replication-competent SARS-CoV-2 virus particles poten-
tially present in saliva samples, Tri(n-butyl) phosphate (TnBP) and
Triton X-100 were added to final concentrations of 0-3% and 1%,
respectively [25]. Both plasma and saliva samples were frozen and
stored at —80°C until further use.

2.2. Ethics statement

Ethical approval of the study was obtained from the relevant
authority - the Internal Review Board of Hannover Medical School
(MHH, approval number 8973_B0-K_2020, amendment Dec. 2020).
‘Written informed consent was obtained from all participants prior to
starting the study.

2.3. Bead coupling

Coupling of antigens to spectrally distinct MagPlex beads (Cat
#MC10XXX-01, Luminex Corporation, USA) was done by EDC[s-NHS
coupling for all standard MULTICOV-AB antigens [ 26]. Receptor-bind-
ing domains (RBD)s from VoC were coupled using Anteo coupling
(Cat #A-LMPAKMM-10, Anteo Tech Reagents, Australia) following
the manufacturer’s instructions [27].

24. MULTICOV-AB

Antibody titres and binding was analysed using MULTICOV-AB, a
multiplex immunoassay which simultaneously analyses 20 antigens,
as previously described [26G]. The full list of antigens included in this
study can be found in Table $1. Plasma samples were diluted 1:400,
while saliva samples were diluted 1:12 [27]. Briefly, antigens were
immobilised on spectrally distinct populations of MagPlex beads (as
above) and combined into a single bead mix. Samples were combined
with the bead mix, incubated for 2 h at 21°C and then washed using a
microplate washer to remove unbound antibodies. Bound antibodies
were detected following a 45 min incubation at 21°C with R-phycoer-
ythrin labeled goat-anti-human IgG (Jackson ImmunoResearch Labs,
United Kingdom, Cat #109-116-098, Lot #148837, RRID:
AB_2337678, used at 3 pg/mL) or IgA (Jackson ImmunoResearch
Labs, Cat #109-115-011, Lot #143454, RRID: AB_2337674, used at 5
fig/mL) as secondary antibodies. Following another washing step,
beads were re-suspended and then measured using a FLEXMAP 3D
instrument (Luminex Corporation, Texas, USA) using the following
settings: Timeout 80 sec, Gate: 7500-15000, Reporter Gain: Standard
PMT, 40 events. Each sample was measured once. Three quality con-
trol (QC) samples were included on each plate to monitor MULTI-
COV-AB assay performance, Raw median fluorescence intensity (MFI)
values or normalised values (MFI/MFI of QC samples [27]) are
reported.

2.5. ACE2-RBD competition assay

To determine neutralization, an ACE2-RBD competition assay was
carried out as previously described [27]. Briefly, biotinylated ACE2
was added to the assay buffer to a final concentration of 500 ng/mL
for all samples. Samples were then mixed with MULTICOV-AB bead
mix (see above) and incubated for 2 h at 21°C, 750 rpm. After wash-
ing, ACE2 was detected using Streptavidin-PE (2 jg/mL, Cat #SAPE-
001, Moss, Maryland, US) by incubating the sample for 45 min at
750 rpm. After an additional wash step and resuspension, samples
were measured on a FLEXMAP 3D instrument (same settings as MUL-
TICOV-AB). As control, 500 ng/mL ACE2 was used. For analysis, MFI
values were normalised against the control wells. All samples were
measured once.

249

2.6. SARS-CoV-2 QuantiVac ELISA

To further validate plasma IgG levels measured by MULTICOV-AB,
samples were further analysed using the Anti-SARS-CoV-2-Quanti-
Vac-ELISA IgG (Cat #El 2606-9601-10G, Eurcimmun, Germany)
according to the manufacturer’s instructions. Plasma samples were
diluted 1:400 to achieve assay linearity.

2.7. Interferon y release assay

SARS-CoV-2-specific T-cell responses were determined by mea-
suring IFNy production upon SARS-CoV-2 antigen stimulation using
the SARS-CoV-2 Interferon Gamma Release Assay (Cat #ET-2606-
3003, Euroimmun, Germany). Briefly, 0.5 mL of full blood was stimu-
lated with peptides of the SARS-CoV-2 S1 domain of the Spile protein
for a period of 20-24 h. Negative and positive controls were carried
out according to the manufacturer’s instruction. Following stimula-
tion, supernatants were isolated through centrifugation and IFNy
measured using ELISA (Cat #EQ-6841-9601, Euroimmun, Germany).
The remaining supernatant was stored at -80°C. Background signals
from negative controls were subtracted and final results calculated in
mlU/mL using standard curves. IFNy concentrations =200 mIUfmL
were considered as reactive. The upper limit of reactivity was
2000 mIU/mL.

2.8. Cytokine measurements

Supernatants of SARS-CoV-2 antigen stimulated blood cells were
prepared and isolated as explained for the detection of IFNy by SARS-
CoV-2 Interferon Gamma Release Assay and analysed Dby
LEGENDplex™ using the Human Essential Immune Response Panel
(Cat #740930, Bio Legend, California, US) for L-4, IL-2, CXCL-10 (IP-
10), IL-18, TNFe, CCL-2 (MCP-1), IL-17A, IL-6, IL-10, IFNy, IL-12p70,
CXCL-8 (IL-8), TGFB1) according to manufacturer's instructions. Anal-
ysis was performed using an LSR I flow cytometer (Becton Dickinson,
Germany) and data analysed using the LEGENDplex™ Data Analysis
Software Suite.

2.9. Data analysis and statistics

RStudio (Version 1.2.5001), with R (version 3.6.1) was used for
data analysis and figure generation. Additionally, the R add-on pack-
age “beeswarm” was utilised to visualise data as stripcharts with
overlaying boxplots and to create non-overlaying data points. A sec-
ond R add-on package “RcolorBrewer” was used to generate specific
colours for plots. The type of statistical analysis performed (when
appropriate) is listed in the figure legends. Figures were exported
from Rstudio and then edited using Inkscape (Inkscape 0.92.4). Spear-
man’s rho coefficient was calculated in order to determine correlation
between IGRA results and antibody responses or neutralization using
the “cor” function from R’s “stats” library. Mann-Whitney-U test was
used to determine difference between signal distributions between
dialysed and non-dialysed groups using the “wilcox.test” function
from R’s “stats” library. To assess differences in the study population,
Pearson's Chi-squared test with Yates' continuity correction was used
for categorical characteristics using the "chisq.test” function from R’s
“stats” library and Mann-Whitney-U test as above was used for dif-
ference in age. Pre-processing of data such as matching sample meta-
data and collecting results from multiple assay platforms was
performed in Excel 2016,

2.10. Role of the funders
This work was financially supported by the Initiative and Net-

working Fund of the Helmholtz Association of German Research
Centres (grant number S0-96), the EU Horizon 2020 research and
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innovation program (grant agreement number 101003480 - COR-
ESMA) and the State Ministry of Baden-Wirttemberg for Economic
Affairs, Labour and Tourism (grant numbers FKZ 3-4332.62-NMI-67
and FKZ 3-4332.62-NMI-68). The funders had no role in study design,
data collection, data analysis, interpretation, writing or submission of
the manuscript. All authors had complete access to the data and hold
responsibility for the decision to submit for publication.

3. Results

3.1. Dialysed patients have reduced antibody titres following
vaccination

To characterise the vaccination response in patients on mainte-
nance haemodialysis, we measured immunoglobulin levels 21 days
after the second dose of Pfizer BNT162b2 using MULTICOV-AB, a mul-
tiplex immunoassay containing antigens from Spike and Nucleocap-
sid proteins of both SARS-CoV-2 and the endemic human
coronaviruses (hCoVs) [26]. As a control group, 34 samples from
healthcare workers vaccinated at the same time points as the 81
patients on haemodialysis were used. (Detailed information on the
study population can be found in Table 1, Table S2 and S3). As indi-
cated by the lack of a significant anti-Nucleocapsid (N) 1gG or IgA
response at the time of blood draw 21 days after the second vaccina-
tion, none of the study participants had been previously infected or
seroconverted after a SARS-CoV-2 infection (data not shown). 1gG
responses towards the original B.1 isolate in vaccinated dialysis
patients were significantly reduced (p<0-0001, Mann-Whitney-U

test) and more variable (Fig. 1a) than in the control group, which
reached the upper limit of detection of the assay, as seen previously
[27]. Interestingly, plasma IgA responses in the dialysis group were
comparable to the control group (Fig. 1b, p=0-38, Mann-Whitney-U
test). While all participants in the control group seroconverted,
within our dialysis population, four from 81 vaccinated individuals
(4-92%) were classified as serologic non-responders with antibody
titres below the cut-off. As an additional control, 51 IgG titres were
measured using a commercial assay (Fig. 52), which identified the
same pattern of a significantly diminished antibody response in dia-
lysed patients (272.3 RU/mL) compared to non-dialysed individuals
(456-8 RU/mL, p<0.0001, Mann-Whitney-U test). Due to the small
sample size, we were unable to confidently identify factors associated
with reduced humoral immunity by analysis of variance. Dialysis
patients receiving immunosuppressive therapy tended to have lower
anti-spike 1gG levels (median 65-68 RU/mL, IQR 285-14) compared to
the remaining dialysis patients (median 112.3 RU/mL, IQR 323.6,
p=0.09, Mann-Whitney-U test), which is consistent with a recent
report [28].

As SARS-CoV-2 is a mucosal-targeted virus, we also collected
saliva from our vaccination cohort and assessed 1gG and IgA levels
using MULTICOV-AB. When examining antibody ftitres found in
saliva, dialysed individuals had significantly lower IgG titres
(p=0-0007), but similar IgA titres (p=0-70) to the control group
(Fig. 1c and d, p-values: Mann-Whitney-U test). To examine
responses towards emerging VoC, Spike-RBDs of the B.1.1.7 (Alpha),
B.1.351 (Beta), Cluster 5 (Mink) and B.1.429 (Epsilon) strain were
included as part of MULTICOV-AB [27]. As expected [24,27], antibody
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Fig. 1. Humoral immune response in haemodialysed individuals after vaccination with Pfizer BNT162b2.
12G (a, ¢}, IgA response (b, d) and neutralizing capacity of IgG (e) towards the indicated SARS-CoV-2 WT (B.1), Alpha (B.1.1.7), Beta (B.1.351) in plasma (a, b, ¢) or saliva (c, d) from
controls (red circles, n=34), individuals on maintenance haemodialysis (blue circles, n=71) and haemaodialysed individuals on immunosuppressive medication (yellow circles, n=10)

21 days post second va

on was measured using MULTICOV-AB (a, b, ¢, d) or an ACE2-RBD competition assay {e). Data is displayed as median fluorescence intensity (MFI) {a-d).

Neutralization capacity is displayed as ratio where 1 indicates maximum neutralization and 0 no neutralization (). Saliva (¢, d) was collected from 33 controls {red circles), 65 indi-
viduals on maintenance haemodialysis (blue circles) and from 9 individuals on maintenance haemodialysis and immunosuppressive medication (vellow circles). Boxes represent
the median, 25th and 75th percentiles, whiskers show the largest and smallest non-outlier values. Outliers were determined by 1.5 times IQR. Statistical significance was calculated
by Mann-Whitney-U (two-sided). Significance was defined as *=0.01, **=0.001, ***=0.0001 or n.s.>0.01.
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binding towards B.1.1.7 in both dialysed and non-dialysed individu-
als was comparable to B.1 (original isolate), while binding was clearly
reduced for B.1.351 (Fig. 1a). Antibody binding for Cluster 5 and
B.1.429 was similar to the B.1 isolate for both groups (Fig. S1). As part
of the MULTICOV-AB antigen panel, we also analysed the humoral
response towards endemic CoV S1 and N protein, but found no gen-
eral significant differences between control group and dialysis
patients (Fig. 53).

3.2. Neutralization is reduced in dialysis patients after vaccination

To assess neutralizing potency of plasma towards both the origi-
nal B.1 isolate and VoC RBDs, we used a previously described ACE2-
RBD competition assay [27]. Neutralization across both wild-type
and all VoCs measured was significantly reduced in dialysed com-
pared to non-dialysed individuals (all p<0-0001, Mann-Whitney-U

test) (Fig. le, Fig. 54). As expected, there were differences between
the VoCs themselves, with B.1.351 having the lowest neutralization
for both control and dialysed individuals. However, responses were
comparably low for all VoCs tested for patients on maintenance hae-
modialysis and additional immunosuppressive medication in the
dialysis group further reduced neutralizing potency with the majority
of samples located in the 25th quartile (Fig. 1e).

3.3. T-cell response to SARS-CoV-2 vaccination is diminished in dialysed
individuals

As clinical studies have suggested that both cellular and humoral
response can confer protection from a SARS-CoV-2 infection [29], we
also assessed vaccination-induced T-cell responses by IFNy release
assay and characterised cytokine and chemokine responses after
stimulation with a Spike S1-derived peptide pool by multiplex
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Fig. 2. Cellular immune response in haemodialysed individuals after vaccination with Pfizer BNT162b2.

Whole blood from vaccinated controls {red circles, n=34), individuals on maintenance haemodialysis (blue circles, n=71) and haemodialysed individuals on immunosuppressive
medication (yellow circles, n=10) 21 days post second vaccination was ex vivo stimulated using a SARS-CoV-2 Spike $1-specific peptide pool. Supernatant fractions were analysed
by interferon y release assay (IGRA, a) or bead-based multiplex-cytokine assay for CCL-2 (b), IL-8 (c), TNFa (d), IL-2 (¢) and IL-1(f). Data is shown in mIU/mL for IGRA or pgfml. for
the multiplex-cytokine assay. T-cells were classified as reactive if IFNy was =200 mIUfmL IGRA (a) was carried out with samples from all study participants. Bead based-cytokine
measurements (b-f) were performed with samples from 29 control, 42 haemodialysed and 8 haemodialysed individuals on immunosuppressive medication. Samples that were clas-
sified as above upper or below the lower limit of detection of the cytokine assay or the IGRA are shown at the respective limit. Boxes represent the median, 25th and 75th percen-
tiles, whiskers show the largest and smallest non-outlier values. Outliers were determined by 1.5 times IQR. Statistical significance was calculated by Mann-Whitney-U (two-sided).
Significance was defined as *=0.01, **<0.001, ***=0.0001 or n.s.>0.01.
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Fig. 3. Relationship of cellular and humoral immune response after vaccination with Pfizer BNT162b2.

T-cell responses assessed by IGRA for [FNy (mIUfmL) and B-cell responses assessed by MULTICOV-AB IgG binding to WT (B.1) RBD (a) or ACE2-WT (B.1) RBD competition assay
(b) were plotted for correlation analysis in the vaccinated control group (red circles, n=34), in the vaccinated haemodialysed group (blue circles, n=71) and in haemodialysed indi-
viduals on additional immunosuppressive medication (yellow circles, n=10). Correlation was calculated using Spearman’s coefficient.

cytokine measurements. Consistent with reduced anti-Spike S1 1gG
and anti-RBD IgG levels (Fig. 1a, Fig. S2), IGRA showed significantly
lower levels of IFNy released in the supernatants of stimulated T-cells
from vaccinated patients on maintenance haemodialysis (p<0-0001,
Fig. 2a). In addition, all but one individual within the control group
(97-1%) was classified as reactive by IGRA whereas only 71-6 % were
within the haemodialysed group. Of the 12 analysed cytokines
beyond IFNy, only IL-8 and CCL-2 (both p<0-0001, Mann-Whitney-U
test) were significantly different between the two immunised groups,
whereas no other Th1 type cytokines such as TNFe or IL-2 accompa-
nied the IFNy response (Fig. 2b-f, Fig. §5).

At this moment, there are no defined correlates of protection
against a SARS-CoV-2 infection and the relative importance of cellular
versus humoral response is equally undefined [30,31]. To shed light
on this, we correlated B- and T-cell responses within our vaccination
cohort. Comparable to other studies examining vaccination responses
of BNT162b2 in a similar setting [32], we observed a moderate corre-
lation between T-cell responses (measured by IGRA) and B-cell
responses (determined by RBD B.1-specific IgG levels (Spearman’s
rho=0-56, Fig. 3a) or RBD B.1 IgG-neutralizing potency (Spearman’s
rho=0-56, Fig. 3b)). In addition, we observed a skew towards
increased B-cell reactivity in both control group and individuals on
haemaodialysis.

4. Discussion

To control the ongoing COVID-19 pandemic, efficient vaccination
to create herd immunity without the infection-induced mortality will
be key. We initiated this study to further increase information,
including neutralization and response to VoCs, on vaccination-
induced immune responses in at-risk immunocompromised popula-
tions such as renal dialysis patients. Similar to other groups, we found
robust antibody responses following vaccination within dialysed
patients [9,13], confirming that our results are comparable to other
studies, Overall, 95% of our dialysis patients showed a humoral
immune response to vaccination, higher than what other studies
with similar time points had found [10-12,14,32]. We can only specu-
late about potential reasons for those discrepancies such as differen-
ces in renal replacement therapies, composition of the patient cohort
or co-morbidities. It should be noted that titres were significantly
reduced in dialysis patients compared to control individuals, which

could result in reduced vaccine efficacy within this group. We also
observed differences in humoral IgG and cellular T-cell response in
our dialysis group, with four (4.92%) non-humoral responders and 23
(28-4%) non-T-cell responders, respectively. Overall, it is apparent
from our data that in both groups vaccination response was skewed
towards secretory immunity. This is in line with exploratory studies
using BNT161b1 and other mRNA vaccines, which induce a B-cell
response peak around two weeks after the boosting dose to then
decline before reaching a memory plateau phase [33, 34]. Future
studies will be needed to determine the longevity and relative contri-
bution of both T- and B-cell responses towards vaccination-induced
protection. We found no significant differences in vaccination-
induced IgA levels in both saliva and plasma between our study
groups. Although several studies reported lower protective IgG titres
over time following hepatitis B, influenza A or SARS-CoV-2 vaccina-
tions, IgA levels were not analysed to determine if IgA vaccination
responses are in general less affected in dialysis patients [9-14,19-
21]. Interestingly, a monoclonal IgA antibody capable of recognizing
both the SARS-CoV-1 and SARS-CoV-2 spike proteins and blocking
ACE2 receptor interaction combined with an increased neutralization
ability over its IgG equivalent has been described [35]. ‘Some studies
even report a higher neutralizing capacity of purified serum IgA
monomers from early convalescent sera compared to IgG and
increased saliva IgA titres and neutralization versus IgG in recovered
hospitalised COVID-19 patients [36]. We identified a clearly reduced
neutralizing capacity towards all VoC RBDs tested in our dialysed
individuals compared to controls. Taking into account that SARS-
CoV-2 infections were increased in vaccinated dialysis patients com-
pared to vaccinated control individuals [11], further monitoring is
urgently needed to determine if vaccine-induced protection prevents
infection with increasingly circulating and diverse SARS-CoV-2
mutant strains, or if additional protection measures still need to be
put in place throughout therapy session despite a completed vaccina-
tion scheme.

Individuals with kidney failure are at increased risk of infections
and malignancies, with the uremic milieu potentially triggering a
chronic inflammatory state, which promotes T-cell exhaustion and
suppression of IFNy production [37,38]. Indeed, patients with end-
stage kidney disease (ESKD) are reported to have elevated serum lev-
els of cytokines such as IFNy, TNFe, IL-8, and CCL-2 compared to
healthy controls. After mitogen stimulation, both €D4" and CD8" T-
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cells in ESKD group demonstrated a pro-inflammatory phenotype,
more exhausted and anergic CD4* and CD8"* T-cells and a reduced fre-
quency of follicular helper T-cells, which are important for humoral
immunity [18]. In light of these immunological changes, our results
about diminished SARS-CoV-2 specific T-cell responses and increased
proinflammatory cytokine release may account in part for impaired
vaccine-induced IgG responses in these patients. Specifically, CCL-2
and IL-8, which both were increased following restimulation with
SARS-CoV-2 peptides in dialysis patients, could reflect a more pro-
nounced innate immune response released by monocytes and acting
on neutrophils and endothelial cells. We speculate these responses to
be secondary to mechanisms triggered by spike-specific T-cells and
their cytokines. Which mechanisms critically trigger and facilitate
such cytokine patterns in dialysis patients and whether constitutively
disturbed cytokine responses in dialysis patients are contributing to
hamper humoral or cellular immunity after BNT161b2 vaccination
remains to be studied with more careful approaches.

Our study has several limitations. While we have a reasonable
sample size (81 dialysis patients), which is similar or even larger
compared to several other studies [12,13,32], our control group is not
age- and gender-matched. Since others have described that both fac-
tors have independent influence on the immunogenicity of COVID-19
vaccines [39-42], our observed differences are likely to be influenced
by age and sex to some extent, In addition, we evaluated only one of
the currently approved SARS-CoV-2 vaccines with samples from a
single dialysis centre and did not perform in-depth immune pheno-
typing or assessment of SARS-CoV-2 responsive T-cell frequencies.
Thus, we cannot extrapolate that other COVID-19 vaccines or vaccine
schedules will lead to reduced immune responses in dialysis patients
as described here, We also lack paired saliva and plasma samples pre
and post first dose to characterise B- and T-cell response kinetics or
assess potential cross-reactivity of endemic CoV antibodies in immu-
nocompromised individuals across the dosing scheme. However, all
of our samples were collected at the same time with an identical dos-
ing regimen which allows us to make a direct comparison between
our two groups of interest (dialysed versus non-dialysed). Addi-
tionally, the lack of previously infected samples within our study
groups limits us to only study vaccine-induced responses. Several
groups independently report high antibody titres and neutraliza-
tion activity after the first dose of Pfizer or Moderna RNA vaccine
in individuals who already had SARS-CoV-2 infections [43]. This
effect is likely to be repeated in dialysis patients with a single
vaccination post COVID-19.

Taken together, we provide robust evidence that a completed
two-dose regimen of BNT162b2 elicits both antibody and T-cell
responses in patients on maintenance haemodialysis towards the
SARS-CoV-2 B.1 isolate. Future studies are needed to assess the life-
span and long-term kinetics of the vaccination response. As neutrali-
zation is reduced in dialysed patients towards all VoCs examined, our
data also highlights the need to monitor if infection with SARS-CoV-2
VoC occur more frequently in this vulnerable population compared
to vaccinated healthy individuals.
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Fig. S1. Binding capacity of antibodies from plasma after vaccination with Pfizer BNT162b2 for RBDs of
VoC B.1.429 (Epsilon) and Cluster 5 (Mink).

Plasma lgG (a) and IgA response (b) towards the indicated SARS-CoV-2 VoC Cluster 5 (Mink) and B.1.429
(Epsilon) from controls (red circles, n=34), individuals on maintenance haemodialysis (blue circles, n=71) and
haemodialysed individuals on immunosuppressive medication (yellow circles, n=10) 21 days post second
vaccination was measured using MULTICOV-AB, Data is displayed as median fluorescence intensity (MFI).
Boxes represent the median, 25th and 75th percentiles, whiskers show the largest and smallest non-outlier values.
Outliers were determined by 1-5 times IQR. Statistical significance was calculated by Mann-Whitney-U (two-
sided). Significance was defined as *<0-01, **<0-001, ***<0-0001 or n.s.>0-01. Binding towards wild-type RBD
(B.1) is again displayed for clarity and comparison.

256



Appendix

Q-
(op

- e
gzse =
— t - < 9 of
- T
E 34 [3 » s o°
3 = c = o o
é) ! ™ 8_ ® qoo
= S o o "o
(U] ° e 2 %] OD o0
o o ° 73] o o o
- 8 H (0] o 00 f%
w 5 8 [¢] woo% o
<< o o
@ Ct.‘f: =1 o © °
3 2o | é g ~ 0o o
ul & fid %
g ® g 8 0% oo
£ o 3 8 g_ o 945°
S S g o - ® @@,
g v oo ° o 0
o0’y
o §8 rho = 0.93
o - e T T T T T
J T 0 100 200 300 400

Control Dialysis

QuantiVac-ELISA S1 1gG (RU/mL)

Fig. S2. Quantitative 1gG titres in plasma after vaccination with Pfizer BNT162b2.

(a) Spike subdomain 1 (Sl)-plasma IgG from controls (red circles, n=34), individuals on maintenance
haemodialysis (blue circles, n=71) and haemodialysed individuals on immunosuppressive medication (yellow
circles, n=10) 21 days post second vaccination were analysed using the QuantiVac-ELISA from Euroimmun
(RU/mL). Samples that were classified as above upper or below the lower limit of detection of the assay are shown
at the respective limit. Boxes represent the median, 25th and 75th percentiles. whiskers show the largest and
smallest non-outlier values. Qutliers were determined by 1-5 times IQR. Statistical significance was calculated by
two-sided Mann-Whitney-U test. Significance was defined as *<0-01, **<0-001, ***<0-0001 or n.s.>0-01. (b)
Correlation of MULTICOV-AB wild-type RBD B.1-IgG and Euroimmun QuantiVac Spike S1-IgG is shown
across the study cohort. Correlation was calculated using Spearman’s coefficient.
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Fig. S3. Humoral immune response towards endemic coronaviruses in the vaccination cohort.

Plasma IgG (a) or [gA (b) levels towards S1 (left panel) or nucleocapsid (N, right panel) antigens were measured
using MULTICOV-AB. Data for controls (red circles, n=34), individuals on maintenance haemodialysis (blue
circles, n=71) and haemodialysed individuals on immunosuppressive medication (yellow circles, n=10) is shown
as normalised MFI using quality control samples for IgG and IgA, respectively. Boxes represent the median, 25th
and 75th percentiles, whiskers show the largest and smallest non-outlier values. Qutliers were determined by 15
times IQR. Statistical significance was calculated by two-sided Mann-Whitney-U test. Significance was defined
as *<0-01, **<0-001, *¥*<0-0001 or n.s.>0-01.
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Fig. S4. Neutralizing capacity of plasma IgG after vaccination with Pfizer BNT162b2 for RBDs of VoC
B.1.429 (Epsilon) and Cluster 5 (Mink).

Neutralizing capacity of plasma IgG towards the indicated SARS-CoV-2 VoC Cluster 5 (Mink) and B.1.429
(Epsilon) from controls (red circles, n=34), individuals on maintenance haemodialysis (blue circles, n=71) and
haemodialysed individuals on immunosuppressive medication (yellow circles, n=10) 21 days post second
vaccination was measured using an ACE2-RBD competition assay. Neutralization capacity is displayed as ratio
where 1 indicates maximum neutralization and 0 no neutralization. Boxes represent the median, 25th and 75th
percentiles, whiskers show the largest and smallest non-outlier values. Outliers were determined by 1-5 times IQR.
Statistical significance was calculated by two-sided Mann-Whitney-U test. Significance was defined as *<0-01,
**<0-001, *¥*<0-0001 or n.s.>0-01. Neutralization towards the wild-type RBD (B.1) is again displayed for clarity
and comparison,
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Fig. S5. Cytokine responses from PBMCs after ex vivo stimulation using a Spike S1-specific peptide pool.
Whole blood from vaccinated controls (red circles, n=34), individuals on maintenance haemodialysis (blue circles,
n=71) and haemodialysed individuals on immunosuppressive medication (yellow circles, n=10) 21 days post
second vaccination was ex vivo stimulated using a SARS-CoV-2 spike Sl-specific peptide pool. Supernatant
fractions were analysed by bead-based multiplex-cytokine assay (pg/mL) for IFNy (a), IL-10 (b), IL-12 (c), IL-4
(d), 1L-6 (e) and TGF-p (f). Bead based-cytokine measurements (b-f) were performed with samples from 29
control, 42 haemodialysed and 8 haemodialysed individuals on immunosuppressive medication. Samples that were
classified as above upper or below the lower limit of detection of the assay are shown at the respective limit. Boxes
represent the median, 25th and 75th percentiles, whiskers show the largest and smallest non-outlier values. Outliers
were determined by 1-5 times IQR. Statistical significance was calculated by two-sided Mann-Whitney-U test.

Significance was defined as *<0-01, **<0-001, ***<0-0001 or n.s.>0-01.
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Table S1. MULTICOV-AB antigen panel.

Virus Antigen Manufacturer Product number
SARS-CoV-2 Spike Trimer NMI -
SARS-CoV-2 RBD B.1 (wild-type) NMI -
SARS-CoV-2 Nucleocapsid Aalto 6404-b
SARS-CoV-2 RBD B.1.351 (Beta) NMI

SARS-CoV-2 RBD B.1.1.7 (Alpha) NMI

SARS-CoV-2 RBD Cluster 5 (Mink) NMI

SARS-CoV-2 RBD B.1.429 (Epsilon) NMI

hCoV-0C43 S1 domain NMI -
hCoV-0C43 Nucleocapsid NMI -
hCoV-HKU1 S1 domain NMI -
hCoV-HKU! Nucleocapsid NMI -
hCoV-NL63 S1 domain NMI -
hCoV-NL63 Nucleocapsid NMI -
hCoV-229E S1 domain NMI -
hCoV-229E Nucleocapsid NMI -
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Table S2. Causative kidney disease for dialysis: ANCA - Anti-Neutrophilic Cytoplasmic
Autoantibody.

Characteristics Haemodialysis group (n=81)
Diagnosis (n, %)

Autosomal dominant polycystic kidney disease 11(13-58)
Chronic glomerulonephritis 6(7-41)
Diabetic nephropathy 13 (16-05)
Focal segmental glomerulosclerosis 5(6:17)
IgA nephropathy 9(L1-11)
Interstitial nephropathy 6(7-41)
Nephrosclerosis 18 (22-22)
Acute toxic tubular epithelial damage syndrome 1(1-23)
Primary amyloidosis 1(1-:23)
ANCA-associated vasculitis 1(1-23)
Cardiorenal syndrome 2(2:47)
Medullary cystic kidney disease 1(1-23)
Membranous glomerulonephritis 1(1-:23)
Kidney dysplasia 1(1-23)
Obstructive nephropathy 1(1-23)
Reflux nephropathy 1(1-23)
Septic organ failure 1(1-23)
Cystic kidney disease 1(1-23)
Cyclosporin intoxication 1(1-23)
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Table S3. Medication of vaccinated study participants.

Characteristics

Non-dialysis control group (n=34)

Haemodialysis group (n=81)

Medication (n, %)

Angiotensin-converting enzyme 2(5-88) 25 (30-86)
inhibitors
Statins 0(0) 47 (58-02)
Angiotensin II Receptor Blockers | 9 (26-47) 26 (32-10)
Vitamin D Supplements 16 (47-06) 80 (98-77)
Immunosuppressants (dosing
range per day)
Prednisolone (2-7-5 mg) 0 5(6:17)
Prednisolone (50 mg) day 6- 1] 1(1-23)
14 post 2nd vaccination
Prednisolone (5 mg), 0 2(2:47)
Tacrolimus (0-5-2 mg)
Prednisolone (5 mg), 0 1(1-23)
Tacrolimus (12 mg),
Mycophenolatmofetil (500
mg)
Hydrocortisone (20 mg) 0 1(1-23)
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Diminishing Immune Responses
against Variants of Concern in
Dialysis Patients 4 Months after
SARS-CoV-2 mRNA Vaccination

Alex Dulovic,” Monika Strengert,’ Gema Morillas Ramos,' Matthias Becker, Johanna Griesbaum,
Daniel Junker, Karsten Lurken, Andrea Beigel, Eike Wrenger, Gerhard Lonnemann, Anne Cossmann,
Metodi V. Stankov, Alexandra Dopfer-Jablonka, Philipp D. Kaiser, Bjoern Traenkle,

Ulrich Rothbauer, Gérard Krause,? Nicole Schneiderhan-Marra,? Georg M.N. Behrens?

Patients undergoing chronic hemodialysis were among
the first to receive severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) vaccinations because of
their increased risk for severe coronavirus disease and
high case-fatality rates. By using a previously reported
cohort from Germany of at-risk hemodialysis patients and
healthy donors, where antibody responses were examined
3 weeks after the second vaccination, we assessed sys-
temic cellular and humoral immune responses in serum
and saliva 4 months after vaccination with the Pfizer-BioN-
Tech BNT162b2 vaccine using an interferon-y release as-
say and multiplex-based IgG measurements. We further
compared neutralization capacity of vaccination-induced
IgG against 4 SARS-CoV-2 variants of concern (Alpha,
Beta, Gamma, and Delta) by angiotensin-converting en-
zyme 2 receptor-binding domain competition assay. Six-
teen weeks after second vaccination, compared with 3
weeks after, cellular and humoral responses against the
original SARS-CoV-2 isolate and variants of concern were
substantially reduced. Some dialysis patients even had no
detectable B- or T-cell responses.

Persistence of vaccination-induced cellular
and humoral immune responses is crucial
to prevent severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection or at least

provide protection against severe coronavirus dis-
ease (COVID-19) that requires hospitalization. As in
many other countries, the SARS-CoV-2 vaccination
strategy in Germany was based on prioritization
by occupation, underlying medical conditions, or
advanced age (1). Although those priority groups
have been vaccinated, a debate has emerged as to
whether a third booster dose may be necessary to
maintain or raise levels of protection within some of
these groups. Decisions on whether to recommend
a third dose needed to be made within a short time-
frame, because SARS-CoV-2 infection case numbers
were expected to increase again in the upcoming
cold season, as previously observed in late 2020 (2).
To date, however, data are lacking regarding the
longevity of vaccination responses, and most pub-
lished studies only provide follow-up data until 3
months after the second dose (3). Only 2 studies
report data on extended time frames of 6 months
after a completed 2-dose scheme (4,5), and, to our
knowledge, no studies have considered follow-ups
in patients receiving chronic hemodialysis. Data on
the actual effect of a third dose are equally scarce
and, so far, limited to organ transplant recipients,
where a third dose substantially increased antibody
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responses (6). In addition, protection offered by
first-generation vaccines is reduced for SARS-CoV-2
variants of concern (VOCs) (7), which now account
for most infections worldwide (8), making the deci-
sion of whether a third dose is advisable even more
critical for those with underlying conditions, immu-
nodeficiencies, or an increased exposure risk (e.g.,
healthcare workers).

One particular risk group for SARS-CoV-2 infec-
tion and severe COVID-19 disease is hemodialysis
patients; currently, ~80,000 persons requiring regu-
lar renal replacement therapy in Germany (9). Their
various underlying medical conditions and dialysis
therapy often lead to a state of generalized immu-
nosuppression (10). At the same time, these patients
bear a continuous exposure risk because of the regu-
lar need for in-center hemodialysis therapy, which
prevents them from self-isolating or reducing con-
tacts to avoid infection. We and others have iden-
tified impaired cellular and humoral responses to-
wards several viral vaccinations (e.g., SARS-CoV-2,
influenza A, or hepatitis B) (10-13); however, there
is a lack of longitudinal vaccination response stud-
ies against SARS-CoV-2 within this population. To
guide future vaccination strategies as to whether
additional booster vaccinations for at-risk groups to
prevent severe COVID-19 are required, we provide
follow-up data for a previously reported cohort of
76 persons receiving hemodialysis and 23 healthcare
workers with no underlying conditions (13) for sys-
temic and mucosal B- and T-cell responses 16 weeks
after full BNT162b2 vaccination and the neutralizing
potency of vaccination-induced antibodies. Because
of the emergence of VOCs, and because all currently
licensed vaccines are formulated against the origi-
nal wild-type isolate (B.1), we also examined anti-
body binding and neutralization toward the Alpha

(B.1.1.7), Beta (B.1.351), Gamma (P.3) and Delta
(B.1.617.2) VOCs.

Methods

Study Design and Sample Collection

We collected blood samples by using vascular ac-
cess before the start of dialysis or by venipuncture
for the control population 16 weeks after the stan-
dard 2-dose vaccination with a 21-day interval of
BNT162b2 (Pfizer-BioNTech, https://www.pfizer.
com) was completed (T2). An analysis of samples
from this population that were collected 3 weeks
after the second dose of BNT162b2 (T1) has been
published previously (13). A total of 76 patients on
maintenance hemodialysis and 23 healthcare work-
ers from the same dialysis center participated in the
longitudinal follow-up (13). Demographic charac-
teristics (e.g., age and sex), body mass index, time
on dialysis, use of immunosuppressive medica-
tions, and anti-S1 domain IgG levels at T1 of persons
who did not provide a sample at T2 were not sub-
stantially different compared with persons included
in this analysis (Table; Appendix Table 1, 2, https:/ /
wwwnc.cde.gov/EID/article/28/4/21-1907-App1.
pdf). We obtained plasma by using an S-Monovette
lithium heparin blood collection kit (Sarstedt,
https:/ / www sarstedt.com). We used whole-blood
samples immediately for an interferon-y (IFN-y)
release assay (IGRA). To inactivate potential patho-
gens, we treated collected saliva samples with Tri
(n-butyl) phosphate for a final concentration of 0.3%
and Triton X-100 for a final concentration of 1%.

Ethics Considerations
The study was approved by the Internal Review
Board of Hannover Medical School (approval number

Table. Characteristics of participants in a study of immune response against variants of concern in dialysis patients 4 months after

SARS-CoV-2 mRNA vaccination®

Characteristic

No. (%) patients

p value for difference

Nondialysis control group Hemodialysis group between groups
NA

23 (100) 76 (100)

Median age, y (IQR) 55 (14) 70.5(18.25) 2.78 x 107
Sex 1.01 x 107t
M 6 (26.09) 43 (56.58)
F 17 (73.91) 33 (43.42)
Median days since start of hemodialysis (IQR) NA 1,337 (1,686.5) NA
Using immunosuppressive medication 0] 10 (13.16) 6.77 x 1072
Underlying condition
Obesity, BMI >30% 4(17.39) 16 (21.05) 8.68 x 107"
Diabetes mellitus 0 19 (25) 7.30 % 107
Cardiovascular disease [¢] 35 (46.05) 2.93 x 107

*Values are no. (%) except as indicated. Percentages are for total group. BMI, body mass index; IQR, interquartile range; NA, not applicable; SARS-CoV-

2, severe acute respiratory syndrome coronavirus 2.

tp value reflects difference in male-to-female ratios between the two groups, not differences explicitly for either male or female persons

$BMI for 1 person was not known.
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8973_BO-K_2020). We obtained written informed con-
sent from all participants before the start of the study.

Bead Coupling

We coupled antigens to spectrally distinct MagPlex
beads (Luminex, https:/ /www.luminexcorp.com) by
using EDC/s-NHS coupling for all standard (MULTI-
COV-AB) antigens (14). We coupled receptor-binding
domains (RBDs) from VOCs by using Anteo coupling
(AnteoTech, https:/ / www.anteotech.com) according
to the manufacturer’s instructions (15).

MULTICOV-AB

We analyzed IgG and IgA binding and levels by
using MULTICOV-AB, a multiplex coronavirus im-
munoassay, as previously described (14). For our
study, we used a panel of recombinant proteins as
antigens (Appendix Table 3). In brief, we immobi-
lized antigens on spectrally distinct populations of
MagPlex beads either by EDC/s-NHS coupling (14)
or by Anteo coupling according to the manufac-
turer instructions (15). We then incubated the com-
bined MagPlex beads with samples. After conduct-
ing a wash step to remove unbound antibodies, we
detected IgG or IgA with either R-phycoerythrin
labeled goat anti-human IgG (Jackson ImmunoRe-
search, https://www jacksonimmuno.com) or IgA
(Jackson ImmunoResearch)as secondary antibod-
ies. After conducting another wash step and bead
resuspension, we measured samples once on a
FLEXMAP 3D instrument (Luminex) by using the
following settings: timeout, 80 s; gate, 7,500-15,000;
reporter gain, standard photomultiplier tube; 40
events. Raw median fluorescence intensity (MFI)
values or normalized values (MFI/MFI of qual-
ity control [QC] samples) (15) are reported. Three
QC samples were measured per individual plate
to monitor MULTICOV-AB performance. We mea-
sured all samples once.

Angiotensin-Converting Enzyme 2 Receptor Binding
Domain Competition Assay

We carried out an angiotensin-converting enzyme
2 receptor-binding domain (ACE2-RBD) competi-
tion assay as previously described (15; D. Junker
et al, unpub. data, https://doi.org/10.1101/202
1.08.20.21262328) to determine IgG neutralization
capacity against SARS-CoV-2 wild-type and the
VOCs. For this assay, we combined biotinylated
ACE2 with individual samples (and as a control,
ACE2 alone) and incubated with the previously de-
scribed MULTICOV-AB bead mix. Before and after
ACE2 detection with Streptavidin-PE (Moss, Fisher
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Scientific, https://www.fishersci.com), we con-
ducted washes. We measured samples once on a
FLEXMAP 3D instrument with the same settings as
MULTICOV-AB and analyzed them by using nor-
malization of MFI values against the control. We
considered samples with a neutralization ratio <0.2
as nonneutralizing. This cutoff is based on compar-
ison to a classic virus neutralization test (D. Junker
et al., unpub. data).

Euroimmun ELISA QuantiVac

As a control for the MULTICOV-AB results, we also
analyzed plasma samples by using the Anti-SARS-
CoV-2 QuantiVac ELISA IgG (Euroimmun, https://
www.euroimmun.com). Samples were measured as
previously described (13). We measured all samples
once.

IGRA

We analyzed SARS-CoV-2-specific T-cell responses
from whole blood by measuring IFN-y production
after stimulation with a peptide pool from the
SARS-CoV-2 spike S1 with the SARS-CoV-2
Interferon Gamma Release Assay (Euroimmun)
and the IFN-y ELISA (Euroimmun), as previously
described (13). We subtracted background signals
from negative controls and calculated final results
in milli-TU (mIU) per milliliter by using standard
curves. Results from positive and negative controls
were not statistically significantly different be-
tween timepoints T1 and T2, We considered IFN-y
concentrations >200 mIU/mL as reactive. We de-
fined this arbitrary cutoff by using average back-
ground IFN-y activity without antigen-stimulation
in all samples of T1 multiplied with 10 for the
threshold for IGRA positive. Using this cutoff, we
found negative IGRA results in all of the 15 control
samples (prepandemic persons) (16). The upper
limit of reactivity was 2,000 mIU/mL.

Data Analysis and Statistics

We matched sample metadata and collected results
from different assay platforms in Microsoft Excel
2016 (https:/ / www.microsoft.com). We used Graph-
Pad Prism 8.4.3 (https://www.graphpad.com) for
statistical analysis. We generated figures in RStudio
1.2.5001 running R 3.6.1 (https:/ / www.rstudio.com).
We used the beeswarm add-on package to visualize
data as strip charts with overlaying boxplots and to
create nonoverlaying datapoints and used the Reol-
orBrewer add-on to generate specific colors for plots.
We then edited the figures by using Inkscape 0.92.4
(https:/ /inkscape.org).
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Results

Substantial Decrease in Antibody Titers from 3

Weeks to 4 Months Postvaccination

Because antibody levels are considered a proxy for
protection, we initially examined the seroreversion
rate by using MULTICOV-AB (14), a previously
published bead-based multiplex immunoassay that
simultaneously analyses >20 different SARS-CoV-2
antigens, including the RBDs of VOCs and the en-
demic human coronaviruses. Similar to findings
from our previous report (13), RBD IgG respons-
es within the dialysis group (median normalized
MFI 4.26 among 76 patients) toward SARS-CoV-2
wild-type RBD were significantly reduced com-
pared with those for the control group (median
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normalized MFI 13.6 among 23 persons; p<0.001)
(Figure 1, panel A) 16 weeks after complete vacci-
nation (T2). Compared with titer levels at 3 weeks
after the second dose (T1), at 16 weeks after (12),
antibody titers had significantly decreased, by 61%
in the control group and 75% in the dialysis group
(p<0.001) (Figure 1, panel A). RBD IgG levels mea-
sured by MULTICOV-AB were additionally verified
with a commercial quantitative in vitro diagnostic
antibody test (Spearman rank 0.956) (Appendix Fig-
ure 1). Although none of the samples of the control
group were classified as seronegative (titer below
the cutoff) (Appendix Figure 2), 19.7% (15/76) of di-
alysis samples were defined as such 16 weeks after
the second dose (T2), which constitutes a substantial
increase from 3 weeks after second vaccination (T1),
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Figure 1. Significant decrease in humoral and cellular responses induced by Pfizer-BioNTech vaccine BNT162b2 (https://iwww pfizer.

com) against SARS-CoV-2 from 3 weeks to 16 weeks after second

vaccination, observed in a study of immune response against

variants of concern in dialysis patients 4 months after SARS-CoV-2 mRNA vaccination. A) IgG response in plasma; B) 1gG response
in saliva; C) neutralizing capacity toward SARS-CoV-2 wild type B.1; D) T-cell response measured by IFN-y release assay. Blue

circles indicate dialysis patients (n = 76) and red circles controls (n

= 23). Samples were taken 3 weeks (T1) and 16 weeks (T2) after

vaccination. Saliva (panel B) has reduced sample numbers in both groups because of issues in sample collection (T1 control, n = 22; T1
dialysis, n = 69; T2 control, n = 23; T2 dialysis. n = 71). T1 timepoint data has been published previously (73) and is reproduced here for
clarity. Horizontal lines within boxes indicate medians; box tops and bottoms indicate the 25th and 75th percentiles; whiskers show the
largest and smallest nonoutlier values. Outliers were determined by 1.5 times interquartile range. Statistical significance was calculated
by Wilcoxon matched-pairs signed rank test when comparing T1 and T, and 2-sided Mann-Whitney-U test when comparing control and
dialysis groups. ACE2, angiotensin-converting enzyme 2; IFN-y, interferon y; MFI; median fluorescence intensity; NS, not significant;
RBD, receptor-binding domain; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; T1, timepoint 1; T2, timepoint 2.
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Figure 2. Reduced neutralizing capacity against SARS-CoV-2 variants of concern observed in a study of immune response against
variants of concern in dialysis patients 4 months after SARS-CoV-2 mRNA vaccination. Neutralizing capacity of plasma IgG toward
SARS-CoV-2 variants of concern Alpha (A), Beta (B}, and Gamma and Delta (C) in the dialysis (blue circles, n = 76) and control

(red circles, n = 23) groups 16 weeks after second vaccination with Pfizer-BioNTech vaccine BNT162b2 (https://www.pfizer.com)
Neutralization capacity is displayed as ratio, where 1 indicates maximum neutralization and 0 no neutralization. Horizontal lines within
boxes indicate medians; box tops and bottoms indicate the 25th and 75th percentiles; whiskers show the largest and smallest nonoutlier
values. Outliers were determined by 1.5 times interquartile range. Statistical significance was calculated by 2-sided Mann-Whitney-U
test. ACE2, angiotensin-converting enzyme 2; NS, not significant; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; T1,

timepoint 1; T2, timepoint 2.

at which point only 5.3% (4/76) of samples were
seronegative. When examining plasma titers against
nucleocapsid, we did not observe any dialysis pa-
tients, other than one who had a PCR-confirmed
infection before the first dose, having a value above
the cutoff that would indicate infection.

To evaluate whether this reduction in plasma RBD
IgG was also present at the mucosal site, we profiled
the local antibody response in saliva by using MULTI-
COV-AB. As observed in plasma, a significant reduc-
tion occurred in saliva RBD IgG titers in the dialysis
(median 143 among 71 patients) compared with the
control group (median 313.5 among 23 persons) (p =
0.02) (Figure 1, panel B). When comparing saliva RBD
IgG levels at T1 to those at T2, we observed a statisti-
cally significant decline in both groups (p<0.001) (Fig-
ure 1, panel B), suggesting that the antibodies have
potentially lost competence to prevent transmission
if infected. When examining RBD IgA, we observed a
significant difference in titers between persons in the
control and dialysis groups (p = 0.003) (Appendix Fig-
ure 3, panel A); 47.8% of controls and 75% of dialysis
patients were classified as seronegative. This more pro-
nounced reduction in IgA versus IgG levels most likely
represents the shorter IgA half-life. Saliva RBD IgA
tended to be higher in the dialysis group, although not
significantly (p = 0.051) (Appendix Figure 3, panel B).

Decreased Neutralization Capacity as Time
Postvaccination Increased

We next examined whether neutralization potential
was also hindered because solid evidence exists on the
protective role for neutralizing serum antibodies (17).
By using an ACE2-RBD competition assay, which as-
sesses neutralization potency toward SARS-CoV-2
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wild-type and the circulating Alpha, Beta, Gamma,
and Delta VOCs, we found that neutralization against
wild-type SARS-CoV-2 RBD was significantly reduced
in the dialysis group compared with the controls
(p<0.001) (Figure 1, panel C) 16 weeks after complete
vaccination. We found that 82.6% (19/23) of control
samples and 89.5% (68/76) of dialysis patient samples
were below the 0.2 threshold, which indicates the ab-
sence of neutralizing activity (Appendix Figure 2), a
threshold is based on information provided for other
available ACE2 competition assays (18). This differ-
ence represents a substantially significant reduction
(p<0.001 for both groups) in neutralizing activity com-
pared with 3 weeks after second vaccination, at which
pointonly 4.3% (1/23) of the control samples and 50.0%
(38/76) of the dialysis patient samples were below the
threshold (Figure 1, panel C; Appendix Figure 2).

Reduced T-cell Response after Vaccination in

Dialysis Patients and Decrease Over Time

Because some persons might be able to control and
clear SARS-CoV-2 infections with a strong T-cell
response alone, we examined spike-specific SARS-
CoV-2 T-cell responses by using a commercially
available IGRA. Although absolute mean IFN-y
responses in the dialysis group compared with the
control group tended to be lower (median 370 vs.
651 mIU/mL), this difference was not significant (p =
0.13) (Figure 1, panel D). In the control group, IFN-y
release after restimulation declined significantly from
the first timepoint (median 1,505; p<0.001) (Figure 1,
panel D), whereas for dialysis patients, this decline
was not significant (median 580; p = 0.13) (Figure 1,
panel D). This difference is probably attributable to
most control samples being at the assay’s upper limit
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of detection at the first timepoint, when the dialy-
sis samples already showed reduced IFN-y release.
Overall, the number of nonresponders was higher
in the hemodialysis group (40.8% [31/76]) than the
control group (21.7% [5/23]) (Appendix Figure 2). A
lack of serologic response appears to be more driven
by T-cell immunity than B-cell immunity; 2.6% (2/76)
of the dialysis group having a T-cell response but no
B-cell response, compared with 23.6% (18/76) who
had a B-cell response but no T-cell response. In total,
17.1% (13/76) of the dialysis group were classified as
complete nonresponders because of the absence of
detectable SARS-CoV-2 wild-type B- and T-cell re-
sponses, compared with none in the control group.

Significantly Reduced Antibody Binding and
Neutralization Capacity against VOCs

Having characterized response against wild-type
SARS-CoV-2, we then assessed humoral response
against the VOCs Alpha, Beta, Gamma, and Delta.
As shown with classical cell-culture based virus neu-
tralization assays (7), neutralization responses were
also reduced for all VOCs compared with wild-type
when we used the previously described ACE2-RBD
competition assay. Compared levels at with the ini-
tial timepoint, neutralization decreased significantly
for the Alpha and Beta VOCs (p<0.001 for both) (Fig-
ure 2, panel A, B). We were unable to determine these
changes for Gamma and Delta because these variants
were not measured in the initial analysis. In a com-
parison between the dialysis and the control cohort,
dialysis patients had significantly reduced neutral-
ization against Alpha (p<0.001) (Figure 2, panel A),
Gamma (p = 0.014) (Figure 2, panel C), and Delta (p
=0.002) (Figure 2, panel C) but not for Beta (p = 0.08)
(Figure 2, panel B). The number of nonresponders
was variable between the different strains although
consistently high; 87.0% of the control group and
93.4% of the dialysis group were considered nonre-
sponders against Alpha, 95.7% of the control group
and 100% of the dialysis group against Beta and Gam-
ma, and 95.7% of the control group and 96.1% of di-
alysis group against Delta.

Discussion

After our initial study (13), which focused on hu-
moral and cellular responses 3 weeks after adminis-
tering the second BNT162b2 vaccination, we provide
longitudinal data for 4 months after the second dose.
In comparison with other vaccine studies, which
have mostly examined peak humoral response with-
in 1 month or alternative prime-boost vaccination
schedules with BNT162b2 (12), our data reveal a
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substantial decrease in the subsequent months in
hemodialysis patients and healthy controls. Overall,
the decline in neutralizing anti-spike RBD antibod-
ies was comparable in both groups, and the difference
between groups was mostly driven by differences in
the magnitude of the initial humoral response. Al-
though this decrease is expected and can be attributed
to the memory phase, the extent of the reduction was
unpredicted because it resulted in a substantial pro-
portion of persons being classified as seronegative.
The reduction of salivary antibodies is particularly
important because their presence has been linked to
reduced transmission potential (15). This pattern of
reduced antibody binding with increasing time post-
vaccination was also reflected in diminishing neutral-
ization potential.

Most persons tested were classified below our de-
fined neutralization threshold for wild-type RBD with
an almost complete nonresponder rate against Delta,
which was the dominant strain in many parts of the
world at the time of our analysis (8). Although this
finding does not automatically translate to a failure of
vaccine efficacy, given that any active challenge of the
immune system should result in expansion of mem-
ory B- and T-cell populations along with increased
(neutralizing) antibody titers, it does suggest never-
theless that active protection against infection may be
reduced. Although a recent study by Pfizer (4) indi-
cated that BNT162b2 vaccine efficacy did only slight-
ly decrease 6 months postvaccination in the study
cohort (from 95% to 91%) in fully immunocompetent
persons, data from vaccinations in Israel identified a
reduction in efficacy to 40% (19). In combination with
our data, where 17.1% of the dialysis cohort were clas-
sified as having no evidence for vaccine-elicited T-
and B-cell immunity after 4 months, the Pfizer study
findings suggest that vaccine efficacy may be even
further reduced within this patient group. For dial-
ysis patients, this finding is particularly concerning
because they often have underlying conditions that
put them at additional risk for severe COVID-19 (10).
The lack of a considerable SARS-CoV-2 specific T-cell
response in dialysis patients may result from chronic
inflammatory conditions, leading to T-cell exhaus-
tion and suppression of IFN-y levels (20). Differences
in anti-SARS-CoV-2 T-cell kinetics between groups
presumably reflect difference in the magnitude of
T-cell responses after boost and during the contrac-
tion phase. To what extent T-cell immunity contrib-
utes to protection from COVID-19 and whether our
IGRA results below a cutoff provide evidence for the
lack of effective adaptive T-cell immunity, requires
further investigation. However, we should state that
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although we see reductions in titer, neutralizing ac-
tivity, and T-cell responses, we did not see any new
infections by T2 within our cohort.

Our study is limited by the relatively small sample
size of persons, who were not matched by age or sex.
However, the sample number and compromised match-
ing is consistent with similar studies on dialysis vaccine
responses (12). Although studies have indicated that
differences exist in protection and antibody responses
(21) after different COVID-19 vaccination schedules,
our study of Pfizer's BNT162b2 represents a real-world
situation for most dialysis patients. Because of reduced
anti-spike responses 4 weeks postvaccination in patients
with other chronic conditions (6), these groups should
undergo careful monitoring to determine whether their
responses also decrease substantially over time.,

Taken together, our results strongly argue that
all persons undergoing chronic hemodialysis should
be preferably administered a third dose of the
BNT162b2 vaccine. Recent studies on administering
a third dose to dialysis patients and transplant re-
cipients has identified strong increases in humoral
responses after vaccination, and a reduced percent-
age of recipients are considered nonresponders (22—
25). However, longitudinal follow-up studies will be
needed in early 2022 to monitor the rate of antibody
decay after administration of a third dose in these
and other vulnerable groups.
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Diminishing Immune Responses against

Variants of Concern in Dialysis Patients 4

Months after SARS-CoV-2 mRNA

Vaccination

Appendix

Appendix Table 1. Therapeutic indication for hemodialysis*

Diagnosis No. patients (%) in hemodialysis group
Total 76 (100)

Autosomal dominant polycystic kidney disease 11 (14.47)

Chronic glomerulonephritis 6 (7.90)

Diabetic nephropathy 11 (14.47)

Focal segmental glomerulosclerosis 5 (6.59)

IgA nephropathy 8(10.53)

Interstitial nephropathy 6 (7.90)

Nephrosclerosis 16 (21.05)

Acute toxic tubular epithelial damage syndrome 1(1.32)

Primary amyloidosis 1(1.32)

ANCA-associated vasculitis 1(1.32)

Cardiorenal syndrome 2(2.64)

Medullary cystic kidney disease 1(1.32)

Membranous glomerulonephritis 1(1.32)

Kidney dysplasia 1(1.32)

Obstructive nephropathy 1(1.32)

Reflux nephropathy 1(1.32)

Septic organ failure 1(1.32)

Cystic kidney disease 1(1.32)

Cyclosporin intoxication 1(1.32)

"ANCA, antineutrophilic cytoplasmic autoantibody
Appendix Table 2. Medication of vaccination cohort

No. (%)

Medication Nondialysis control group Hemodialysis group
Total 23 (100) 76 (100)
Angiotensin-converting enzyme inhibitors 2(8.70) 22 (28.95)
Statins 0(0) 45 (59.21)
Angiotensin Il Receptor Blockers 5(21.74) 25 (32.89)
Vitamin D Supplements 12 (52.17) 75 (98.68)
Immunosuppressants (dosing range per day)*

Prednisolone (2-7.5 mg) 0 5(6.59)
Prednisolone (50 mg) day 6-14 post 2nd vaccination 0 1(1.32)
Prednisolone (5 mg), Tacrolimus (0.5-2 mg) 0 2 (2.64)
Prednisolone (5 mg), Tacrolimus (12 mg), Mycophenoclatmofetil (500 mg) 0 1(1.32)
Hydrocortisone (20 mg) 0 1(1.32)

*Therapeutic indication for immunosuppression were in four patients a kidney transplant (one had received an additional liver transplant),

polymyositis, polyarthritis, vasculitis and chronic obstructive pulmonary disease.
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Appendix Table 3. MULTICOV-AB antigen panel

Virus Antigen Manufacturer Product number
SARS-CoV-2 Spike Trimer NMI -
SARS-CoV-2 RBD B.1 (wild-type) NMI -
SARS-CoV-2 Nucleocapsid Aalto 6404-b
SARS-CoV-2 S1 domain NMI -
SARS-CoV-2 52 domain NMI -
SARS-CoV-2 RBD B.1.1.7 (Alpha) NMI -
SARS-CoV-2 RBD B.1.351 (Beta) NMI -
SARS-CoV-2 RBD P.3 (Gamma) NMI -
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Appendix Figure 1. Quantitative plasma IgG titers 16 weeks after vaccination with Pfizer BNT162b2. A)
Spike S1-specific plasma IgG (RU/mL) from control group (red, n = 23) and dialysis group (blue, n = 76)
were analyzed 16 weeks post-second dose of Pfizer BNT162b2 using the QuantiVac-ELISA
(Euragimmun). Samples above upper or below the ELISA's limits of detection are shown at the
corresponding limit. Boxes represent the median, 250 and 75" percentiles, whiskers show the largest and
smallest non-outlier values. Outliers were determined by 1.5 times IQR. Statistical significance was
calculated by two-sided Mann-Whitney-U test. Significance was defined as ***<0.001. B) Correlation of
MULTICOV-AB wild-type RBD B.1-IgG and QuantiVac Spike S1-IgG across the study population.

Spearman'’s rank was used for correlation analysis.
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Haemodialysis patients respond poorly to vaccination and continue to be at-risk
for severe COVID-19. Therefore, dialysis patients were among the first for which a
fourth COVID-19 vaccination was recommended. However, targeted information
on how to best maintain immune protection after SARS-CoV-2 vaccinations in at-
risk groups for severe COVID-19 remains limited. We provide, to the best of our
knowledge, for the first time longitudinal vaccination response data in dialysis
patients and controls after a triple BNT162b2 vaccination and in the latter after a
subsequent fourth full-dose of MRNA-1273. We analysed systemic and mucosal
humoral IgG responses against the receptor-binding domain (RBD) and ACE2-
binding inhibition towards variants of concern including Omicron and Delta with
multiplex-based immunoassays. In addition, we assessed Spike S1-specific T-cell
responses by interferon vy release assay. After triple BNT162b2 vaccination, anti-
RBD B.11gG and ACEZ binding inhibition reached peak levels in dialysis patients,
but remained inferior compared to controls. Whilst we detected B.1-specific ACE2
binding inhibition in 84% of dialysis patients after three BNT162b2 doses, binding
inhibition towards the Omicron variant was only detectable in 38% of samples and
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declining to 16% before the fourth vaccination. By using mRNA-1273 as fourth
dose, humoral immunity against all SARS-CoV-2 variants tested was strongly
augmented with 80% of dialysis patients having Omicron-specific ACE2 binding
inhibition. Modest declines in T-cell responses in dialysis patients and controls after
the second vaccination were restored by the third BNT162b2 dose and significantly
increased by the fourth vaccination. Our data support current advice for a four-
dose COVID-19 immunisation scheme for at-risk individuals such as haemodialysis
patients. We conclude that administration of a fourth full-dose of MRNA-1273 as
part of a mixed mRNA vaccination scheme to boost immunity and to prevent
severe COVID-19 could also be beneficial in other immune impaired individuals.
Additionally, strategic application of such mixed vaccine regimens may be an
immediate response against SARS-CoV-2 variants with increased immune
evasion potential.

KEYWORDS

dialysis, mRNA vaccination, Omicron variant of concern, protective immunity,
immunocompromised, longitudinal response, mixed mRNA vaccination, COVID-19

Introduction

To date, SARS-CoV-2 vaccinations reassuringly provide
some degree of protection from severe COVID-19
independent of the currently circulating variants of concern
(VoC) for the majority of healthy individuals (1). However,
weaker immunogenicity and a faster decline in protection levels
to standard two-dose or three-dose booster SARS-CoV-2
immunisation schemes have been widely demonstrated in
immunocompromised individuals such as solid organ
transplant recipients (2), dialysis patients (3) or patients
suffering from other severe chronic conditions such as cancer
(4). Starting in mid-2021 and more widely since the beginning of
2022, several countries recommended a fourth dose of SARS-
CoV-2 mRNA vaccines for immunosuppressed populations at-
risk for severe COVID-19 disease and older individuals to
maintain levels of immune protection (5-8). This was driven
by weaker peak vaccine responses and waning immunity in
those individuals as well as continued evolution of SARS-CoV-2
variants with increasing levels of immune evasion potential as
demonstrated for Omicron VoC subspecies BA.1, BA.4, BA.5,
and BA.2.12.1 (9-12).

Revent studies reported improved SARS-CoV-2 humoral and
cellular responses not only towards the original SARS-CoV-2 B.1
isolate but also Delta and Omicron VoC after a fourth vaccination
in haemodialysis patients receiving either mRNA vaccines or
vector-based formulations in combination with mRNA vaccines
(13-15). However, targeted data on the most efficient dosing and
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vaccination scheme or even predictors of vaccination success in
haemodialysis patients at-risk of severe COVID-19 and its
associated mortality is limited. We aimed to comprehensively
examine the magnitude and kinetics of both cellular and humoral
immunity towards the most recently dominating Delta and
Omicron variant’s in a well-controlled longitudinal cohort of
haemodialysis patients. These patients received a triple dose of
BNTI62b2 followed by a full-dose of mRNA-1273. Healthcare
workers vaccinated three times with BNT162b2 served as
controls. Qur data provide preliminary evidence that in addition
to heterologous vector- and mRNA-based vaccination schemes also
heterologous mRNA vaccine regimens may become strategically
beneficial for achieving efficient immunity against SARS-CoV-2 in
immunosuppressed patients.

Methods
Study design and sample collection

This is a follow-up study in haemodialysis patients and
control individuals, for which the results for haemodialysis
patients after a complete two-dose BNT162b2 vaccination (16)
and subsequent decline {17) have been previously reported.
Blood samples were taken before start of dialysis treatment
(n=50) or from healthcare workers (n=33), who participated
in the COVID-19 contact (CoCo) study served (I18) as non-
dialysed control population. To be included in the study,
participants had to be over the age of 18 and able to give
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written informed consent. For the current analysis, we only
considered dialysis patients for which results from all time
points after either three or four vaccine doses were available.
All participants received the standard two-dose regimen of
BNT162b2 three weeks apart, followed by a third BNT162b2
vaccination about six (dialysis) or 8.5 months (controls) after the
second vaccination. Only dialysis patients were vaccinated a
fourth time with 100 pg mRNA-1273 four months after the last
BNT162b2 vaccination. The vaccination schedule and blood
collection time points are depicted in Figure 1 and Figure SI1.
Participants with SARS-CoV-2 infection diagnosed by either
PCR or anti-nucleocapsid IgG determined by MULTICOV-AB
multiplex measurement (19) were excluded from the analysis.
Demographic characteristics and medical information are listed
in Tables 1, 81, S2. Plasma was obtained from lithium heparin
blood (S-Monovette Plasma, Sarstedt, Germany). Whole blood
samples were used immediately for interferon ¥ release assay
(IGRA). For saliva collection, all individuals spat directly into a
collection tube. To inactivate replication-competent SARS-CoV-
2 virus particles potentially present in saliva samples, Tri(n-
butyl) phosphate (TnBP) and Triton X-100 were added to final
concentrations of 0.3% and 1%, respectively (20). Both plasma
and saliva samples were frozen and stored at —80°C until
further use,

MULTICOV-AB

IgG binding and levels were analysed using MULTICOV-
AB, a multiplex coronavirus immunoassay which contains the
trimeric Spike B.1, its subdomains (S1, S2, RBD), nucleocapsid
B.1and RBDs of Delta and Omicron BA.1 antigens as previously
described (9, 19). Briefly, antigens were immobilised on
spectrally distinct populations of MagPlex beads (Cat
#MCI10XXX-01, Luminex Corporation) either by EDC/s-NHS

10.3389/fimmu.2022.1004045

coupling (21) or by Anteo coupling (Cat #A-LMPAKMM-10,
Anteo Tech Reagents) following the manufacturer’s instruction
(19). The combined MagPlex beads were then incubated with
samples at an effective dilution of 1:3200 for plasma and of 1:12
for saliva. After a wash step to remove unbound antibodies, IgG
was detected with R-phycoerythrin labelled goat-anti-human
IgG (Jackson ImmunoResearch Labs, Cat #109-116-098, Lot
#148837, RRID: AB_2337678) as secondary antibody. After
another wash step and bead resuspension, samples were
measured once on a FLEXMAP 3D instrument (Luminex
Corporation) using the following settings: Timeout 80 sec,
Gate: 7500-15000, Reporter Gain: Standard PMT, 50 events.
Raw median fluorescence intensity (MFI) values or normalised
values (MFI/MFI of quality control (QC) samples (19, 22) are
reported. Three QC samples were measured per individual plate
to monitor MULTICOV-AB performance.

RBDCoV-ACE2

RBDCoV-ACE2, a multiplex competitive inhibition assay,
was performed as previously described (23) as surrogate assay to
determine immunoglobulin neutralisation capacity against
SARS-CoV-2 B.1 isolate and variants of concern. For this,
biotinylated ACE2 was combined with individual samples (and
as a control, ACE2 alone) and incubated with the above
mentioned MULTICOV-AB bead mix. Before and after ACE2
detection with Strep-PE (Cat #SAPE-001, Moss), washes were
carried out. Samples were measured once on a FLEXMAP 3D
instrument with the same settings as MULTICOV-AB and
analysed by normalisation of MFI values against the control.
100% ACE2 binding inhibition indicates maximum binding
inhibition. Responders for ACE2 binding inhibition are
classified as above a 20% ACE2 binding threshold as described
in Junker et al. (23).
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TABLE 1 Characteristics of study population.

Characteristics

(n = 50)
Age (years), median (IQR) 69.5 (60-79)
Sex (female: n, %) 19 (38.0)

Days since start of haemodialysis (median, IQR)

Immunosuppressive medication (n, %)

Haemodialysis group Non-dialysis control group

1263 (753-2314)

2021 (Vaccine dose 1-3)* 7 (14.0)
2022 (Vaccine dose 4)* 6(12.0)
Co-morbidities
Obesity (BMI, »30) 12 (24.0)
Diabetes mellitus (n, %) 14 (28.0)
Cardiovascular disease (n, %) 21 (42.0)
Cancer (n, %) 1(2.0)
Chronic conditions (n, %)
Ulcerative colitis (n, %) 0 (0.0)
Goiter (n, %) 0 (0.0)
Hashimoto's thyroiditis (n, %) 0 (0.0)
Hypathyroidism (n, %) 0 (0.0)
Other 0 (0.0}

*Participants on medication when vaccinated and sampled.

10.3389/fimmu.2022.1004045

p-value for difference between groups

(n =33)

42 (32-55) 1.08*10°"
23 (69.7) 926°10°%
n. a. . a.

0 (0.0) n.a
na n.a
NA na
1(3.0) 9277107
2(6.1) 8697107
0 (0.0) na
1(3.0) na
1(3.0) n.a
1(3.0) na
1(3.0) n. a
1(3.0) na

I1QR, Inter Quartile Range; BMI, Body Mass Index; n, absolute numbers per group; NA, Information not available; n. a., not applicable.

Anti-SARS-CoV-2 QuantiVac ELISA

Plasma samples were additionally analysed using the Anti-
SARS-CoV-2-QuantiVac-ELISA 1gG (Cat #EI 2606-9601-10G,
Euroimmun) as previously described (16).

Interferon vy release assay

SARS-CoV-2-specific T-cell responses from whole blood
were analysed by measuring IFNy production after stimulation
with a peptide pool from the SARS-CoV-2 Spike S1 with the
SARS-CoV-2 Interferon Gamma Release Assay (Cat #ET-2606-
3003, Euroimmun) and the IFNy ELISA (Cat #EQ-6841-9601,
Euroimmun) according to the manufacturer’s description and as
previously evaluated against alternative assays for antigen-
specific T-cell reactivity using intracellular cytokine stai
enzyme linked immuno spot assay (24, 25). Background signals
from negative controls were subtracted and final results

ng or

calculated in mIU/mL using standard curves. IFNy
concentrations >200 mIU/mL were considered as reactive. We
defined this arbitrary cut-off by using average background IFNy
activity without antigen-stimulation in all samples multiplied
with 10 for the threshold for IGRA-positive. Using this cut-off,
we found in all of the 15 controls taken from independent
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individuals before the COVID-19 pandemic negative IGRA
results (26). The upper limit of reactivity was 16,000 mIU/mL.

Data analysis and statistics

RStudio (Version 1.2.5001), with R (version 3.6.1) was used
for data analysis and figure generation. Additionally, the R add-
on package “beeswarm” was utilised to visualise data as
stripcharts with overlaying boxplots and to create non-
overlaying data points. A second R add-on package “gplots”
was used to generate specific colours for plots. Figures were
exported from RStudio and then edited using Inkscape
(Inkscape 1.2). Spearman’s rho coefficient was calculated to
determine correlation between IGRA results and ACE2
binding inhibition using the “cor” function from R’s “stats”
library. Mann-Whitney-U test and Wilcoxon test were used to
determine difference of signal distributions between dialysed and
control groups for unpaired and paired samples, respectively
using the “wilcox.test” function from R’s “stats” library. To
assess differences in the study population, Pearson’s Chi-
squared test with Yates' continuity correction was used for
categorical characteristics using the “chisq.test” function from
R’s “stats” library and Mann-Whitney-U test as above was used
for difference in age. The type of statistical analysis performed

frontiersin.org
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higher variability in dialysis patients (p=1.02*10"%, Mann-Whitney-
U test, Figure 2A). As an additional control, quantitative S1 1gG

(when appropriate) is listed in the figure legends. Pre-processing
of data such as matching sample metadata and collecting results
from multiple assay platforms was performed in Excel 2016. titres were measured using a commercial assay (Figure 52), which
led to a very similar pattern of significantly diminished antibody
responses in dialysis patients compared to non-dialysed individuals
after the second BNT162b2 dose, declining titres and a robust peak
response increase after the third vaccination. There was no

Results

Inferior humoral responses in
haemodialysis patients after triple
BNT162b2 vaccination

significant difference in male or female individuals and we did
not find any association to age. Regarding the decline in anti-8 1gG
after the third dose, we were able to measure this in only n=10 of the
control group at a comparable time point after vaccination to the
To characterise the vaccination response after the third haemodialysis group (Figure 53). Dialysis patients showed a mean
3-fold reduction in anti-S IgG levels 121 days (range 119-129 days)
after the third vaccination (from mean 2,314 BAU/mL to mean 771
BAU/mL). This was almost identical to the 3.2-fold decline in
healthy controls (from mean 5,430 BAU/mL to mean 1, 662 BAU/
mL), although the time point for the follow up was somewhat later.

For a functional characterisation of vaccine-induced

BN162b2 vaccination in 50 patients on maintenance
haemodialysis, we had followed immunoglobulin levels
longitudinally after the second dose of BNT162b2 using
MULTICOV-AB, a multiplex immunoassay containing antigens
from the Spike protein of SARS-CoV-2 and selected variants of
concern (9). As a novel control group, 33 samples from healthcare
workers with triple BNT162b2 vaccination were used for antibodies towards the original B.1 RBD isolate, we used
comparison. Detailed information on the study populations can RBDCoV ACE2 - a multiplex competitive inhibition assay
be found in Tables 1, S1, 2. Consistent with our previous reports (23). ACE2 binding inhibition was significantly reduced in
dialysed compared to non-dialysed individuals (p=2.42*10",
Mann-Whitney-U test) after the second vaccination
(Figure 2B). Responses were comparably diminished in both

(16, 17), IgG responses towards the original B.1 isolate in vaccinated
dialysis patients were significantly reduced (p=4.68*10", Mann-
‘Whitney-U test) when compared to the control group and declined

after the second vaccination to comparable levels in both groups groups four to eight manths after the second vaccination, with

(p=7.33*10"%, Mann-Whitney-U test, Figure 2A). A third
BNT162b2 vaccination about six to eight months after the second
increased the peak IgG RBD B.1 response in both groups but with

only 12% and 6% of samples being above the 20% responder
threshold in patients on haemodialysis and controls,
respectively. However, comparable to IgG binding levels, the
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third BNT162b2 vaccination restored and even augmented
ACE2 binding inhibition against the B.1 variant in
both populations.

Strong immune responses after a fourth
mRNA-1273 vaccination in haemodialysis
patients

Next, we followed the anti-Spike RBD IgG levels in
haemodialysis patients after the third vaccination over time
and after a fourth vaccination with a full 100 pg dose of
mRNA-1273, which was considered by German guidelines for
immunocompromised individuals. As expected, IgG responses
against the original B.1 isolate had again declined within
approximately 4 months after the third vaccination
(Figure 3A; Figure S2) as did the ACE2 binding inhibition
activity as a surrogate for virus neutralisation (Figure 3B).
Whilst the decline was not as severe as after the second
BNT162b2 dose with now 64% of samples remaining above
the 20% ACE2 binding inhibition threshold, only the fourth
vaccination with mRNA-1273 markedly raised both anti-Spike
RBD IgG levels (Figures 3A, 52; Table S3 for a complete

10.3389/fimmu.2022.1004045

statistical evaluation) and ACE2 binding inhibition (Figure 3B)
towards the B.1 isolate above levels seen at peak response after
the second and third dose of BNT162b2. 96% of samples from
individuals on haemodialysis were now classified as above the
20% ACE2 responder threshold. Further, we also analysed the
longitudinal development of ACE2 binding inhibition towards
the dominantly circulating SARS-CoV-2 of 2021 (Delta) and
2022 (Omicron) (Figures 3C, D). ACE2 binding inhibition
towards the Delta variant was slightly reduced over time
compared to levels observed with the B.1 isolate. Overall, the
third dose resulted in a clear increase in Delta ACE2 responder
rates from 24% after two-dose BNT162b2 scheme to 64%, which
was further increased to 94% after the subsequent dose of
mRNA-1273 (Figure 3C). Importantly, neutralisation against
the Omicron BA.1 variant, which was largely absent after the
second vaccination and only transiently above threshold in 38%
of dialysis patients after the third vaccination, reached high
levels of ACE2 binding inhibition with an 80% responder rate at
peak response after the fourth vaccination with mRNA-1273.
This coincided with Omicron being the dominant SARS-CoV-2
variant circulating in Germany (Figure 3D).

‘We also analysed IgG binding longitudinally after a triple
dose of BNT162b2 towards the RBD of B.1, Delta and Omicron
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BA.1 VoC in saliva of haemodialysis patients to determine
protection levels at the primary side of SARS-CoV-2
replication. Although anti-RBD specific [gG was readily
detectable both in the peak and plateau response phase
following the complete two-dose and the third booster dose of
BNT162b2, IgG binding towards the Delta and Omicron BA.1
RBD was significantly reduced compared to the B.1 RBD across
all time points (Figure 54). Interestingly, saliva responses across
vaccinated individuals were much more widespread in saliva
than in plasma.

As clinical studies suggested that both cellular and humoral
response can confer protection from COVID-19 (27), we also
assessed vaccination-induced T-cell responses by IFNY release
assay longitudinally. Overall, these responses were more stable
over time (Figure 4A). After two BNT162b2 vaccinations, IENy
release after in vitro re-stimulation was readily detectable in
haemodialysis patients, but declined slightly thereafter. The
third BNT162b2 vaccination increased cellular responses to
levels comparable to after the second vaccination. Similar to
the humaoral responses, the fourth vaccination with mRNA-1273
further increased IFNY release after Spike S1 peptide
restimulation of T-cells (Figure 4A; Table S3 for a complete
statistical evaluation).

Finally, we correlated B- and T-cell responses after each
vaccination within our longitudinal cohort of haemodialysis
patients. We overall observed moderate correlation between
peak T-cell responses (measured by IGRA) and B-cell
responses [determined by % ACE2 binding inhibition of the
B.1 variant (Spearman’s rho=0.561, Figure 4B, upper panel)],
which did not increase after the third (Spearman’s rho=0.405)
and fourth (Spearman’s rho=0.371) vaccination. We further
described responder rates for T- and B-cell response by a
combined cut-off as displayed in Figure 4B. Notably,
responder rates among haemodialysis patients strongly
increased to 72% after the triple BNT162b2 dose and further
to 86% after the fourth full-dose mRNA-1273. Importantly,
whilst we observed a similar trend for the correlation
coefficient between Delta and Omicron BA.1 % ACE2 binding
inhibition and T-cell responses (Figure 4B; middle and lower
panel, Table 53 for a complete statistical evaluation), dual
cellular (>200mIU/mL) and humoral (>20% ACE inhibition)
responders levels equally strongly increased for both VoC after
the third and fourth vaccination to a final 84% and
74%, respectively.

Discussion

Although overall case mortality rates for SARS-CoV-2 have
significantly decreased since the initial wave of the pandemic,
maintaining high levels of vaccine-induced protection is of
paramount importance for at-risk individuals for severe
COVID-19 such as haemodialysis patients. Ensuring that these
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and other similarly vulnerable individuals are sufficiently
protected remains challenging, with high case numbers
throughout 2022 as a result of successive occurrence of
Omicron subvariants. Despite clear recommendations on the
need for a fourth dose, worryingly this fourth dose uptake
among haemodialysis patients has decreased compared to the
first three doses, with disparities among demographic groups
remaining in place (28). At present, recommendations by the
German Standing Committee on Vaccination (STIKO) clearly
endorse a fourth SARS-CoV-2 vaccine dose including a full dose
of mRNA-1273 for immunocompromised individuals (5), which
contrasts WHO guidelines recommending 50 pg mRNA-1273
for fourth vaccinations (29).

Several studies report of superior immunity after initial
mRNA-1273 prime/boost vaccination when compared to
BNT162b2 in haemodialyis patients (30, 31) or in the general
population (32-34) and further improved humoral responses
after triple vaccination in dialysis patients (35-39). Third dose
vaccination with mRNA-1273 or BNT162b2 provided
comparable protection against symptomatic SARS-CoV-2
infection in the general population, although differences
between both vaccines were observed after the second dose
(40). Finally, Caillard et al. found that a four-dose mRNA-
1273 compared to a four-dose BNT162b2 results in increased
levels of binding antibodies in kidney transplant recipients (41).
In general, COVID-19 vaccine-induced humoral immune
responses tend to be higher in females and lower in elderly
people. Differences in anti-S IgG were prominent after the
second but not after the third vaccination, whilst males
remained to have inferior neutralisation activity even after the
third vaccination (42). We did not find such association most
likely due to the smaller samples size of our cohort.

Two studies found more durable neutralising antibody titers
four or six months after a third dose of mRNA vaccine compared
to two doses (43, 44). For the BNT162b2 vaccine the decline was
1.6-fold at four months. These findings indicate robust long-
lived antibody production after three doses, but the durability of
neutralising activity against different SARS-CoV-2 variants
could be variable (43). In a third study in an Israeli population
receiving the BNT162b2 vaccine, the decline over approximately
four months after the third dose was much higher (5.5-fold). We
observed an about 3-fold decline in both groups, which is in line
with the current literature and indicates that the peak anti-5 IgG
responses are the main drivers for the differences between
groups over time and that the anti-S IgG kinetics are likely
similar in dialysis patients and controls. However, conclusions
about durability of antibody responses after 3-doses mRNA
vaccination remain uncertain, particularly after combination of
different vaccines (45). With regard to the T-cell responses, we
(24, 25, 46, 47) and others (48, 49) have described that Spike-
specific T-cell responses (CD4+ or CD8+ T-lymphocytes) after
infection or prime/boost vaccination are more stable as
compared to the respective humoral responses in healthy
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individuals. Thus, vaccine-induced long-lasting T-cell memory
after two or three COVID-19 vaccination are most likely not a
specific response in dialysis patients COVID-19 (45). The IGRA
employed in this study reliably detects vaccine-induced Spike-
specific T-cell responses and showed good correlation to other
techniques for studying post-vaccination T-cell immunity
including ELISpot and intracellular cytokine staining (24, 26).

Potential causes for our observations may include the higher
dose of mRNA-1273. Similar doses of mRNA-1273 (25 pg) to the
BNT162b2 dose (30 pg) generated comparable Spike-specific
memory CD4 T-cell frequencies to natural infection and about
half as strong as those seen with high-dose vaccination (100 pg)
indicating that differences between cellular and humoral immunity
after two mRNA vaccines most likely result from the different
doses of the vaccine (48). In addition, Spike and RBD IgG+
memory B-cell frequencies increase between 3 and 6 months
after immunisation with mRNA vaccine (50) and germinal
centers appear to be central to the immune responses to
COVID-19 vaccines (45). Kidney transplant recipients, unlike
healthy subjects, presented deeply blunted SARS-CoV-2-specific
germinal center B-cell responses coupled with severely hindered
neutralising antibody responses. These data indicate impaired
germinal center-derived immunity in immunocompromised
individuals (51). Germinal centers can persist and be productive
for more than six months after two doses of COVID-19 mRNA
vaccines and that the quality of neutralising antibodies can
improve over three to six months (52). We speculate that
diminished B-cell memory generation and germinal center
formation is one feature of the immune dysfunction in dialysis
patients and that repetitive vaccination, mix of mRNA vaccines or
increase in vaccine dose may help to overcome these limitations.
Finally, we specifically looked at dialysis patients with IGRA
results below threshold after the third vaccination (n=12), of
which almost all were among individuals with lowest TGRA
results also after the second and fourth vaccination. We
classified these as “low responders”, since also their anti-S IgG
responses were persistently very low. These low responders
comprised all patients with organ-transplantation (n=4) and 7
out of 8 individuals with immunosuppressive therapy at the time
of the third vaccination. We found no other association to co-
morbidities or clinical conditions in the low responder subgroup.
Thus, immunosuppression as listed in Table 52 is a further
explanation for the inferior humoral and cellular vaccine
response in many of the low responders.

We can only speculate about the effects of mixing mRNA-
based vaccines. Janssen et al. compared heterologous and
homologous mRNA-1273 and BNT162b2 vaccination after the
respective first vaccination in a randomised trial (53). They found
the geometric mean titers of anti-Spike 1gG antibodies for each
heterologous regimen to be higher relative to the corresponding
homologous regimen. This is consistent with data from Israel (54)
and the COV-BOOST study (55), in which even half-dose
mRNA-1273 as fourth dose after triple BNT162b2 vaccination
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appeared to have higher immunogenicity than full-dose
BNT162b2. The authors suggested that this result might be due
to a heterologous schedule effect or the vaccine dose. Interestingly,
differences between both mRNA vaccines could be more complex,
since mRNA-1273 is reported to induce higher concentrations of
RBD- and N-terminal domain-specific [gA and more antibodies
eliciting neutrophil phagocytosis and natural killer cell activation
as compared to BNT162b2 (56).

Our study is, to our knowledge, the only study examining the
longitudinal humoral and cellular inmune response towards the
most recent SARS-CoV-2 isolates in haemodiaylsis patients after
administration of consistent vaccination regimens starting with
a triple dose of BNT162b2 followed by a fourth full-dose of
mRNA-1273. Whilst other studies principally support the
beneficial impact of a fourth vaccination dose on both
antibody titers and neutralising potency towards SARS-CoV-2
B.1 and VoC isolates, often various vaccination regimens
including heterologous vector-based/mRNA regimens were
pooled in cohorts (14) or vaccine dosages not provided (13).

Our data provide solid evidence that the triple vaccination
resulted in mean antibody concentration and neutralising
activity above levels to after the second vaccination.
Interestingly, we identified significant further increases in bath
humoral and cellular response rates following the fourth dose,
compared to the second and third. The increase in response rate
from 30% to 74% from third to fourth dose for Omicron is
particularly important considering it comprises almost all
currently circulating variants of SARS-CoV-2. We consider
this as a valid argument for a fourth vaccination in at-risk
patients, especially, since T-cell immunity elicited by current
vaccines is also effective against VoC including Omicron (57—
59). The large range in both humoral and cellular responses
illustrates however the variable nature of SARS-CoV-2
vaccination responses in dialysis patients and may be of
relevance for identifying individuals with inferior responses in
need for further doses.

Our study has several limitations. The number of
participants within our cohort was limited, with only 50
patients on haemodialysis and a further 33 control
participants, although our sample size is larger than similar
studies examining the effect of the fourth dose within
haemodialysis patients (15). The use of longitudinal cohort
also allows us to directly identify the responses and their
decline following each individual dose. Unfortunately, we were
unable to obtain samples post-fourth dose for our control
population, since many individuals were meanwhile infected
with Omicron, additional booster vaccinations are not generally
recommended and a full dose mRNA-1273 vaccination would be
the unlikely regimen for the healthy controls. Although our
control group was well-matched for sample collection at peak
antibody levels after the second and third vaccination, they were
not optimally matched for age and gender. A potential limitation
of our study is that we used only peptides from a single SARS-
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CoV-2 S1 protein for T-cell analysis, not taking into account
reactivity against other variants including Omicron. To
investigate the extent to which substitutions in spike and non-
spike proteins affect T-cell recognition, several studies examined
T-cells in vaccinated and convalescent individuals (49, 60-62).
Overall, these studies show a high degree of preservation of T-
cell epitopes between the ancestral strain, Omicron and other
variants of concern. However, the degree of cross-reactivity
varied among individuals, possibly as a consequence of genetic
aspects of antigen presentation. Finally, it would have been
interesting to directly compare homologous fourth BNT162b2
dose to mRNA-1273 in haemodialysis patients and to assess the
reactogenicity, but this would have required a prospective study
design for an interventional study.

Overall, a fourth full-dose of the mRNA-1273 vaccine elicits
improved cellular and humoral responses compared to the triple
BNT162b2 vaccination and appears to be an advisable strategy
for immunocompromised patients, such as haemodialysis
patients. Nevertheless, the decline after fourth vaccination and
the effectivity against emerging SARS-CoV-2 variants will have
to be monitored to assess the immune response duration and
requirement for further boaster vaccinations.
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Figure S1. Sampling time points after COVID-19 vaccination in the study population.

Graphic display of median and absolute range of sampling times after the indicated vaccination of haemodialysis
patients (n=50, blue circles) and healthcare workers (n=33, orange circles), who served as controls. Controls were
triple-vaccinated with BNT162b2 (vaccination 1-3) whereas haemodialysed individuals received an additional
full-dose of MRNA-1273 (vaccination 4).
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Figure S2. Development of quantitative plasma IgG titres after COVID-19 vaccination.

Spike subdomain 1 (S1)-plasma IgG from haemodialysis patients (blue circles, n=50) and controls (orange circles,
n=33) were analysed using the QuantiVac-ELISA from Euroimmun (BAU/mL) after a triple vaccination with
BNT162b2. For haemodialysed individuals, S1 IgG titres are additionally shown after a fourth 100 pg (full) dose
of mRNA-1273. Mean sampling time in days after the respective vaccination is displayed as At on the x-axis.
Boxes represent the median, 25th and 75th percentiles, whiskers show the largest and smallest non-outlier values.
Outliers were determined by 1.5 times IQR. Statistical significance was calculated by two-sided Mann-Whitney-
U test. P-values for relevant comparisons are given above the sample groups. Significance was defined as p<0.05.
Response data from dialysed individuals from day 21 and day 113 after the second BNT162b2 dose were already
published before as part of Strengert ef a/. (1) and Dulovic et al. (2).
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Figure S3. Decline in anti-S1 IgG after the third vaccination.

Spike subdomain 1 (S)-plasma IgG of dialysis patients (n=50) and a subgroup of healthy controls (n=10) after
the third vaccination. Note that the second time point was slightly different with mean 121 days (range 119-129
days) for dialysis patients and mean 164 days (range 112-223 days) in healthy controls. Reduction mean anti-S1
IgG in dialysis patients and the control group was 3-fold and 3.2-fold, respectively. Statistical significance was
calculated by two-sided paired Wilcoxon rank test. Significance was defined as p<0.05.
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Figure S4. Mucosal immune response in haemodialysis patients after triple vaccination with BNT162b2,
12G response in saliva of haemodialysis patients (n=29) towards the SARS-CoV-2 RBD of B.1, Delta and Omicron
BA.1 isolates were measured using MULTICOV-AB. Data is displayed as median fluorescence intensity (MFI)
signal for [gG binding. Sampling time points in days after a completed standard two-dose BNT162b2 vaccination
is stated on the x-axis. Statistical significance was calculated by two-sided paired Wilcoxon rank test. Significance
was defined as p<0.05. P-values for relevant comparisons are given above the sample groups. Response data from
dialysed individuals from day 21 and day 113 after the second BNT162b2 dose were already published before as
part of Strengert et al. (1) and Dulovic er al. (2).
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Table S1. Indication for haemodialysis in the study population.

Characteristics

Haemodialysis group
(n=50)

Diagnosis (n, %)

Autosomal dominant polycystic kidney disease 7(14.0)
Chronic glomerulonephritis 3(6.0)
Diabetic nephropathy 8(16.0)
Focal segmental glomerulosclerosis 3(6.0)
IgA nephropathy 7(14.0)
Interstitial nephritis 4 (8.0)
Nephrosclerosis 11(22.0)
Acute toxic tubular epithelial damage syndrome 1(2.0)
Anti-Neutrophilic Cytoplasmic Autoantibody (ANCA)-associated vasculitis 1(2.0)
Medullary cystic kidney disease 1(2.0)
Membranous glomerulonephritis 1(2.0)
Kidney dysplasia 1(2.0)
Obstructive nephropathy 1(2.0)
Cystic kidney disease 1 (2.0)
Cyclosporin intoxication 1(2.0)
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Table S2. Medication of study participants. NA - Information not available.

Medication (n, %)

Haemodialysis group
(n=50)

Non-dialysis control group
(n=33)

Angiotensin-converting enzyme inhibitor 15 (30.0) 2(6.1)
Statins 28 (56.0) 0(0.0)
Angiotensin II Receptor Blocker 16 (32.0) 1(3.0)
Vitamin D Supplements 49 (98.0) NA
L-Thyroxine 0(0.0) 3(9.1)
Ca’' channel antagonist 0(0.0) 2(6.1)
5-aminosalicylic acid 0 (0.0) 1(3.0)
DPP4 inhibitor + metformin 0(0.0) 1(3.0)
Factor Xa inhibitor 0(0.0) 1(3.0)
Immunosuppressants (dosing range per day)
Prednisolone (2 mg; every second day ) 1(2.0) 0 (0.0)
Prednisolone (5 mg)* 2(4.0) 0(0.0)
Prednisolone (7.5 mg) 1(2.0) 0(0.0)
Prednisolone (5 mg), Tacrolimus (1-2 mg) | 2 (4.0) 0(0.0)
Prednisolone (5 mg). Tacrolimus (12 mg). | 1(2.0) 0(0.0)
Mycophenolatmofetil (500 mg)**
Hydrocortisone (20 mg) 1(2.0) 0(0.0)
5-Fluorouracil*** 1(2.0) 0(0.0)

* One patient discontinued prednisolone 128 days after the second and 68 days before the third BNT162b2 dose.
** Mycophenolatmofetil discontinued 166 days after the second and 30 days before the third BNT162b2 dose.

*** First treatment cycle started 63 days before the fourth vaccination with mRNA-1273.
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Table S3. Statistical comparison of longitudinal cellular and humoral vaccination responses in
haemodialysis patients.

Assay Variant Figure | Sample 1 vs 2 | Sample 1 vs 3 | Sample 3 vs 4 | Sample 3 vs 5
MULTICOV-AB | B.1 3a 1.51*%10° 1.61%10° 2.44%10° 1.05%10°
RBDCoV-ACE2 | B.1 3b 0.005 7.79%1071° 4.38*10° 7.79%10°1
RBDCoV-ACE2 | Delta 3¢ 0.013 1.15%10° 1.20*10°® 7.79%10°1°
RBDCoV-ACE2 | Omicron 3d 0.002 3.52%107 8.48*1077 1.15%10°
BA.l
IGRA B.1 4a 1.38%10° 0.564 NA 0.0005
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