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1 Introduction

Outline

Staphylococcus aureyS.aureug is aGram-positive bacerium known to colonize partef the
human populatiorpersistentlyat various niches on the body surface, with the nares as @ar&ia

of colonization [Werthein2004. In a 19month longitudinal study at the Stater@ruminstitut in
1995, different modes of colonization were described:4%4 of the 104 persons investigated were
characterized as persistent carriers showing detectable amourfs afireusn over 90% of swabs,
16.3% as intermittent carriers (over 50% of swabs positiveSolaureuy 52.9% as occasional
carriers (over 10% of swabs positiveldal63% as norcarriers with not a single cultungositive
swab [Eriksenl995]. With the introduction of more sensitive culturedependent detection
technologiesthe separationof groups was rephrasad 2009byvan Belkunet al.: only two groups,
namelypersistentcolonization and intermittnt carriage should remain due similar responses of
intermittent carriers and nostarriers to artificial inoculatiofvanBelkum2009] Colonization itself
can remain unnoticed since no clinical symptoms are triggered, but due to the cousi@enge
with the bacterium, an increased risk siirgical site infections (8% was described ipersistent
carriers Kluytmansl995. Additionally, invasive events occur more often, when staphylococci are
able to enter the organism g.viamicro-lesions in the skin [Werthei2004. Due to thepersistent
challenge in carriers, it was hypothesized that these individuals should reflect these circumstances
with higher titers of antistaphylococcal antibodies together with matchingaBd Fcells primed to
staphylococcal antigendMertheim 2004, Holtfreter200§. This idea was addressed in mukipl
small casecontrol studies [VerkaiR009, Dryla2005, RigaR019, but the bigger picture studying

the general population was still missing.

The work described in this dissertatidiocuses on the detection of specific antibodies againgta s

of 79 staphylococcal antigens in a multiplex bdambed assay format to describe the anti
staphylococcal antibody repertoire in a study population resembling the general population. To
achievethis goal, a highly sensitive analysis strategy designed viich isdescribed irnthe first

publication ofthis thesisdTechnical report: xXMARrHighdynamierange (HDR) quantification of
antigenspecific antibody imdingg. This reporddresses thehallenge of measuring ovére wide

dynamic range expected in tigasma samplesf the Study of Health in Pomerania (SHo®P)vhich

the SHIPTRENDohort was used as a populatidmased cohort for thed SO2 y R LJd2o t A O G A
Comprehensive View on the Human Antibody Repertoire Ag&itagithylococcus auredsitigens

in the General Populati@anThe resulting antibody dataset was added to the mfaltitor analyses

of the SHIPFRENDxohort allowing a correlation of the individual astiaphylococcal antibody
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response to the genetiteatures of the study subjects in a genomeale association study (GWAS).
The findingsoncerningone ofthe included antigesd G 2 EA O a4 K2 01 & @& ylRNR Y S
RSAONAOSR Ay ( K®xinlexpash® and Jdid\ fallel€s: détérdige serum antibody
binding to toxic shock syndrome toxin 1 (T8%dfStaphylococcus auretidthexMAPrassay setup

can be applied to further fieldsf research where a quantitativeantibody detectioris needede.g.

the induction of specific antibodies after vaccination as showthéfourth publicationdntranasal
Vaccination With Lipoproteins Confers Protection Against Pneumococcal ColorisEliere mice

were immunized with antigens derived fro@treptococcus pneumoniae

G2 EA
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Factors influencingnteractions betweenS.aureusand the human host

Persistent carriage &.aureusaspart ofthe skin microbiome is influezed by multiple genetic and
life-style factors.n return, continuouscarriage can lead to health issues as well as help priming a

distinct immune response towardsaureusto avoid severe condins like sepsis.

Multiple studies haveexaminedpersistent carriagend host factorghat increase itdikelihood
They showed that distindubgroups within the human population present increased percentages
of colonization, for example atopic dermatitis patiefitotté 2016, where transepidermal water
loss and a shifted pH on the skiromote the presence db.aureugMiajlovic201q. Similar findings
were described for patients suffering from Epidermolysis bullosa,agtrriage rateof up to 100%

in patients with chronic wounds and 75% without chronic wouwds der KooiPol2012]

Besides majodisturbancesof the skin barrier and thereby diseaassociated carriage promoting
factors, age and sex showed a less pronounced but still detectable influence on carriage rates as
shown in largecohort studies: childrerespecially between 6 and 11 years al@é colonized more
frequently compared to adults, and the colonization rate is reported to decline at increasing age
[Gorwitz 2008]. Overall males show higher carriagéesacompared to females [Skram2011,

Mehraj 2014], and the bacterial load seems to be increased in males as \&elkdtrup2019,
opening the possibility for a lack of detection due to small numbers aghstiococci in female
subjects.UsingDNA sequencing technigaen a twin cohort studycarriage differences between

men and women could not be reproduced [Ri15]

Using genetic analyses of single nucleotide polymorphisms (SNPs) within the human genome
comparing persistent versus intermittent carriers, single loci could be identifiatinfluence
colonization in various manners. Multiple studies identified SNPs in thdikeolieceptor 2,
Mannosed A Y RAY 3 f SOUAYS 5STFSyYyary i man carnageSraidsSdzl Ay
[Vuononvirta2011- 489 children; Nurjad2013- 603adults; Emont2008- 3,851elderlieg.

While it is still hard to track these direct or indirect correlations to small changes in single maglecules
other life-style associated factors are easier t@emne. It was shown that smoking of tobacco can
affect the mucosal microbiome in the oral and nasal cavities due to substances within the smoke,
leading to lower carriage rates 8faureusamong current smokers\ouwen2004 Olsen2013. A
similar effect was described for tannins contained in the steam of blackalsadecreasing the
colonization rate [Gence2014. Furthermore,in obese humanstaphylococcal transmissiomas

more pronounced, yet the mechanism is still unc|daut it was suggestedo belinkedto changes

in metabolismGorwitz200§.
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With increased carriage rates two observations were made in earlier studies: on the one hand an
increased risk for invasivendogenousnfections with the cadnizing strain resulting in a higher
number of casesamong persistentcarriers[Pujol 1996, von Eff 2001], but also higher titers of
probably protective antistaphylococcal antibodies in th#ood of colonized individualgHoltfreter

2006] The aim of this work was teecord the antistaphylococcal antibody titers plasmaof
healthy study subjectsas another level of informatiorthat even covers the history of previous

encounters withS. aureusnd is more informativéhan current surfaceassociatedolonization.

The mucosal anthtumoral adaptive immune response

SinceS.aureuscan colonize humans asymptomatically on skin and mucosae as well as cause
invasive infections, multiple modes of the human adaptive immune response are involved in
interactions with staphylococci. The bacterial colonization on mucosal areas is padidhylled

by immunalobulin A (IgA), secreted by plasmellslocatedin the lamina propriaand actively
transported across the epithelial barrier as part of mucosal secretions in a dimerigdioed to a
secretorycomponent[Leong2014] schematically dpicted in figure A The systenreacts to the
presenceof bacteria and an introduction of new species [Hapfelm&i@t(, but itis not alowed

to be overprotective since a given amount of bacteria is needed to maintain a heailtface
associated microbiomeMucosal IgA against staphylococci was detected in nasal secretions with a

reliable correlation to serum IgA reflecting the spediis in similar proportions [lverse?017].
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Figurel: (A)IgA is produced by plasma c€PC)n the lamina propria as a dimer (dIgA) and transported through the epi
into the mucus joined to a secretory component (Slg@}he lumen, it can coat microbiota, whereas intruding pathog
can be exported once bound to dIgA in the lamina propi®). In blood, monomeric IgA can inhibit grdlammatory
responses through the interaction with monocytes (1) and deliver bound pathogens to Kupff¢KEgifter leakage of th
epithelium (2) modified fromBreedveld 2019licence CC BY

The role of monomeric IgA in the blood is still not well understoodeased levels of serum IgA
were reported inmultiple inflammatory diseasesvhereas the lack of IgA showed only limited

influence orhuman health [Breedveld 2019 s shown in figure 1B, not only secretory,lipét also

monomeric IgA is part of a balancing between-mnd anttinflammatoryeffects formaintaining
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homeostasis. By interacting with monocytes, IgA can inhibitipitammatory responses in the
circulation, but still deliver bound pathogens to Kupffer cells in the liver for their removal from the
blood stream [Breedveld 2019].

In case bacterial cells can overcome the skin barrier and spread through tissexenreach the

blood stream, the production of matching immunoglobulin M (IgM) is triggered at the first contact
of the humoral adaptive immune system, with the class switch to immunoglobulin Gog@)ing

for repeated contacts with the same epito@es shown in figure .2To establish a sustainable
immune memory of these epitopes, multiple components of the adaptive immune response need
to be triggered, including B cells carrying epitope matching B cell receptors leading to later antibody
production of the ame specificity, supported by «dimulatory T cells and a piiaflammatory
cytokine milieuln turn, the presence of a given antibody specificity hints to an earlier encounter

with the matching antigen that might have occurred unnoticed without clinical symptoms of an

infection.
A
Primary immune Secondary immune
response response
1 |
M
s ) .‘:) )
S Jols )
g M ;— Long lived plasma cells
§ Secondary . )/ in bone marrow
§ \ exposure to A Memory B cells differentiate \\(/ :ntlbodles to
into plasma cells
gl .. >0 L
3] Initial ;_
2 M
= | exposure .)/ﬂ
< toA Memory B cells
Short-lived plasma cells
p A
Memory B cells e
I 1 I | I I I I 2=

0 7 14 21 28 35 42 49 56
- . Time (days)

Naive B cells

Figure2: Development of a stablgG antibody respongdlahalingam 2021, licence CCGBEND]. After the first contac
with the antigen in the primary infectioor vaccination the antibody response is mainly comprised of IgM and o
small amount of IgG is produced. After repeated contacts to the same antigen, the IgG response is reinforced al
towards the antigen with larger amounts of matching memory cells.
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Estimating specific antibody titers in blood serology

The scientific field of serology was founded at the end of th® déntury with the discovery of
treatment options fordiphtherial Yy R S| y dza dza A y Ftoxin KySENLIBehringi S NHzY
{ KAO Ll al odzNJ YAGEFalF G2 t | df 9KNI AOK |yR 9NXOK
protective function of serum in infectious @éiases remained hidden until the end of the 1930s
when the’ -globulins were identified as antibodies by electrophoresis [Tisé®39]. Besides the
measurement of the total amount éfnmunoglobulinin bloodas a clinical parameter, the selective
detection of given antibody specificitiesd their titeris targeted eg. to determine the protective
capacity against known infectious diseases like measles, tetanus, and hepatitis A/Baifihe m
commonly applied method in clinical routireee enzymelinked immunosorbent assayELISA)
where the antigen is coated onto a surfaite an indirect assay formafollowed by multiple
incubation steps including the serum sample, a speciad subcssspecific detection antibody
coupled to a detection system [Engvafi71]. The actuakapabilityto block the infectious agent
from binding to target cells can only be proven in a neutralization assay using live cellulture
However, in routine practiceor many diseasesnly theantibody concentrationn bloodis studied

by ELISANd not usinghe highly timeconsuming neutralization assayhe selection opresented
antigen is the easiest for toxirmediated conditions like tetanus or pertussis since only one
molecule is in the focus of a protective antibody response withond. But for many othediseases
caused by viruses and bactetiae selection of the antigens for a gutitative assay is more
complex Various strategies are used ranging from selecting a sioglaultiple well-conserved
surfaceassociated proteisinvolved ine. g.receptor binding in the human host as main targfetr

the detection of spcific antibodies to applyinghole culture lysate of the pathogensat antigen
coating to detect multiplespecificantibody levelsagainst thediseasecausingagent. Using a lysate

for coating increases the rigkK crossreactivities sinc&eomplex antigen mixtures are not as well
defined and reproducibleompared toa single proteirand moreover, these have the problem of
over- or underrepresentation ofsingleantigens Theseproblems led to the development ohew
methods with the capacity to multiplexincludingthe usage ofmultiple well-definedantigenscg to

detect matching specific antibodies for each of the presented ansigeane run.

A multitude of advanced technologies has emerged from the basic princigla ofdirect ELISA
since its developmenComplex antigen mixtures were analyzed more detailed using Western blot
based applications to identify single compounds of the mixture mediating the binding of specific
antibodies. The experimental setup was shifted to more autenaéibnincreasing reproducibility,

with fully automated workflows like the Simple Westetn{Nguyen 2011]Starting from single

proteins of interest, multiplexingnethods were developed to combine multiple antigens in one

2

c
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measurement.In planarprotein array formats, thee antigens are spotted onto either flat array
surfaces or on the bottom of wells to detect matching antibodies visuallylsiggde [Kingsmore
2004. In nucleic acid programmable protein arrays (NAPPAgmplate DNAlibrary is used for
synthesis of the antigens directly on tpéanararray surface [Diez 2015chematically shown in
figure 3A Suspension arrays are based on spallor-coded microspheres tavhich antigens can
be bound as shown in figur@B. This approach allows the detection of antigezsponsesto

different antigens in one measurement.

A Planar B Suspension

=

Figure3: Methods for multiplexed proteirentibody detection [Tighe 201%icence CC BNG
NDO. Multiple antigens can be either spotted separately on a planar surface (A) or cou
color-coded beads in a suspension array (B).

For the presentation of a selected set of staphylococcal antigens, a suspension array was selected
in this work using thdeadbasedLuminex technology, since this application was most versatile

and easily adaptable to the projenteds One main advantage of multiplexing over single analyte
technologieshesides time and cost savings the improved consistency of data, since all antigens

are addressed in one measurement and thus, additional technical variance due to nadpplate

measurements and liquid handling steps can be avoided.

The antigens can be coupled directly to the carboxylated bead surface using the carbodiimide
chemistry includindl-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochlorid€DC) and N
hydroxysulfosuccinimiel (SulfleNHS)to generate amingeactive esters on the bead surface that
react with primary aminesH) of the antigens to form a covalent amide borkbr handling the
paramagnetic beads in liquids, a magneticaafor is necessary to remove solutions containing

the antigens acoupling as well ashe unbound sample and detection reagents along the assay
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protocol. Foithe detection of the coloccodedbeadsand themeasurement of themount of bound
detection reagent, the FLEXM®BD multiplexing instrument from Lumingxwas usedBriefly, it
scans the magnetic spheres ehg-one with two lasers emitting light in two distinct wavelengths
to detect the fluorophores coding for the bead region (uniqgue composition of three fluorophores
allows theseparationof 500 colors) as well as tlareptavidin-phyccerythrin (SAPE) coupled to

the antibody classpecific detection antibody.

Takinga high dynamic rangénto account for serological profiling

When serological assays are used to screen for the presence of a proteeti@ antibodies eg.
towards a specific diseasmusing agent like tetanus toxin, only a small dynamic range is of
particular interesseparatingsera with a sufficient titer to neutralize a given amount of toxin versus
sera with titers below this threshold@his small range of interest can be established by selecting
borderline sera with avell-establishecheutralization assay or single analyte ELISA followed by the

adaption d the necessary sample dilution foreadbased suspension assay.

In the case of antstaphylococcahntibodiesa much wider range of titers was expeciadhe study

of healthy individualof the SHIPTREND coharfThe variability is derived from the differences
between carriers and nenarriers as well as the differences in antigenicity of the selected antigens
within the panel.To avoid saturation effects and broaden the dynamic range of the applied bead
based multiplex assathe developed XMAPr approachith sevendilutionswas used for ajplasma
samplego reliably detect small differences in titers even at very low or very tigitentrations of
antibodies. This approach increased the complexity of the resulting data set since seven raw
fluorescence intensity values were retrieved to characterizeléivel of matching antibodies for
eachanl Sy Ay SI OK A JoRikegat® tetsé fuitiplear&wNdamoibts into one
characteristicvalue for each antigen/individual, a mustiep analysis pipeline was set up R
including the fitting ok non-linear and linear regressioto the data of the seven dilutions followed

by a decision tree choosing the best fit for each set of seven dilutions per antigen/inditedual
calculate a representative antibody response vallige whole data analysis workflow was set up

in R, accompanied by a Shiny application adding a user interface to improve the accessibility of the
data. The development of this experimental strategy was published in the Journal of Proteomics as
GTechnical report: XMARrHighdynamicrange (HIR) quantification of antigespecific antibody
bindingg @

The describedprocedure allows the analysis of numerous samples without prior screening to

determine the most appropriate dilution for a single dilution approach. In additiba, used
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regression analysis allows the extraction of a quantitative data poaatted within the linear part

of the variousdynamic ranges of the antigesample combinationsThe quantitative readout is
thereforealwaysderived from the point ahalf-maximal occupancy of the antigen by the antibodies
basal on the saturation curve modetrhis provides aeliable quantitative measure of immune
responss. However, a common problem in these of immunoassays is the Hoolkeet, which
describes the phenomenon of sigrkdcay at very high analyte concentratiomsehigh-doseHook

S 0 S O lespsgcialiiobserved for antigensliciting a strong immune response in subjetading

to falsenegative resultsExamination2 ¥ G KS SGSO0G Ay | aSNRf23IAO0Lf
serial dilutions showed that the concentration of the secondary detection antibody was not
saturated and therefore the signal per bead decreased due to the dilution of the detection antibody
across albeads presentpreventing full saturation adll binding siteslncreasing the concentration

of the secondary antibody eliminated the observed effect, but wusild increasehe coss of the
assaydeyond areconomically feasible range. The signapidetection algorithm implemengin

the xMAPr app detectshese effects and excludes the corresponding data points from the
calculation, resulting in @ook effectfree calculation In addition the presented method
outperforms single dilution approaches as it has been demonstnaitdn the publication for the
staphylococcal antigen LWERV in a comparison of bacteremia patient sera. The group comparison
shows a huge single dilutichased variation in ratioand statistical significancé&dditionally,the
immune response intensities calculated by xMAPr coincided with the higher dilution levels of this
highly immunogenic antigen, showing that the xMAPr approach is much more accuratbusnd

fewer incorrect assumptions are made from the data

The xMAPTr shiny app furthermore includes quality control meadikedeadcount checkingind
plots providinga direct overview of the resulting data s&icludingprinciple component analgs
(PCA), heatmap anabs single antigen/sample data inspection, and gratipe nonrparametric
statistical analyss all providingadditional value to theesearch communityThe overview of the

full workflow from wet lab to data visualization using the xMAPr app is shown in figure 4.
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Selecting staphyloaccalantigens

The selection ofantigens used toprofile the antistaphylococcal antibody repertoire in a
populationbasedstudy cohort was influenced by multiple factors. At first, the speSigsireus
exhibits an enormousgenetic variability, with a pagenome based on 6dtrains sequenced and
annotatedaccording to Boset al. comprisingin total of over 7,400 geneswith a core genome
accounting for only about one fifth of the payenome with 1,400 geng80si2016]. The main
overview reported by Bogit al.is shownin figure 5.With more than 13,000 genome assemblies
listed on NCBuntil now, one can only guess the actual chromosomal genetic divers8yaimreus

not to mention additional plasmicand phagederived genes.

S. aureus pan-genome
Unique Genome

<1%
<1%

Pan-genqme Accessory Genome

&

19%

1,441 genes

A A

COG categories:

L: Replication, recombination and repair
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Core genome B<i%
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I Accessory genome ’

. Unique genome

—-X-H0O>

®ZZ0060m
OVSN<NI
rom=<-—C

Figureb: Genetic variability in staphylococenpdified fromBosi2016 noncommercial usg Only 19¢
of the pangenome was described as core genome, 42% as-spegcific uniqgue genome and 39%
accessory genome shared by multiple strains.

To classify the vastumber of staphylococcal strains into groups in epidemiological studies, the
gene for the staphylococcal protein A (Spa) was selected for a typing approach to differentiate
global lineagesHarmsen 200Bbesides a muliocus sequence typing approach [Enright 2000].
Regarding the local diversity for ttgeographicalregion of the SHIP cohort, Holtfretet al.
[Holtfreter 2016]reported over 35Gspatypes detected with nasal swabs of the study population,
with 75% of the isolates belonging to seven major clonal compl&iese the goal of the study was

the depiction of the antibody repertoire in a largepulationbasedcohort, both core and variable

genome encoded antigens were selected to ensure the detection of matching antibodies against
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highly conserved structures as welltasllow the link of unique antibodies present in higher titers

only in individualgolonized by a strain carrying these genes.

Based on earlier findings [StentZ€15 and an initial study with a broader set of antigens but a
limited number of subjectsunpublished dath mostly secreted and surfaassociated antigens

were included in the final paneksulting in 79 antigensAlong the course of an infection those
antigensseemi 2 6S Y2NB LINRBYAYySyi(feée SE Linding Rpramidingd K S
results for the detection o&ntigenspecific immunoglobulinStenzelet al. used serum samples

from patients developing & aureusbloodstream infection and included extracellular, surface
associated, as well as intracellular proteins to analyze specific serum IgG at the onset of sepsis. It
was reported that escpecially extracellular and surfaocend staphylococcal antigens were

recognized by serum antibodies in the study corestshown in figure BStentzel 2015].

transport & cell other virulence
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NI, 5ACOLO4 SPIA _—
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Figure6: Staphylococcal proteins included in the sepsis study by Stegttae[Stentzel 2015licence CC BYhe proteins

are schematically shown depending on their predicted localization in relation to the bacterial cell components. The color
is codingor the normalized median serum IgG binding intensities with blue representing low amounts alidéelels

2F aLISOATAO LIAD Ay (GKS LI GASydaw asSnNI o

The production of the majority of the proteins was accomplishefl aoliSCS1using a tweplasmid
expressionsystem with & 2 LINR-D:EtliogalactopyranosidgIPTG) for induction of protein
expression, with a Hitag attached to all sequences for purificatigia a nickeliminodiacetic acid
resin column. The only exception was the strRincoliBL21expressing truncatedon-functional
staphylococcal protein A (Spafter induction with anhydrotetracylindgransformed with the

plasmid pASKBA33+whichwas constructed in the lab of Isabelle Bekereij@ngg.

K2ai
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The SHIFRENohort

The Study of Health in Pomerania first started in 1887a populatiorbased study with regular
follow-up examinations othe SHIFSTARTohort of about 4,300 subjects [VOIzR@11]. Follow

ups vere performed every five yearBesides personal interview of the subjeatsultiple biofluids

were collected, including blood, urine, and saliva, and basic medical examinations were performed
(e.g. measurement of height, weight, and blood pressum).each time point clinical and
subclinical data were recorded as well as possible risk factor associations and biomarkers were
addressed by investigating sample material from the subjects incluted2008 a second
independentcohort SHIFTRENDvas establishedn parallel to the second followp examination

of the first SHIRohort (SHIPSTART)he full timeline of SHIP is shown in figure 7.

n=4,308 ! n = 3,300 ! n=27333 n=1718 | n=1182 |}
1997 - 2001 H 2002 - 2006 H 2008 - 2012 2014 - 2016} 2019 - 2021}

H H
SHIP-TREND-0 [ SHIP-TREND-1
Baseline 4 Follow-up
n = 4,420 H n = 2,507
2008 - 2012 H 2016 - 2019

i SHIP-START-0 i SHIP-START-1 SHIP-START-2 SHIP-START-3 SHIP-START-4
E Baseline 3 Follow-up Follow-up Follow-up Follow-up
H — 4,30 H 30 ' 2,333 2 4

Figure7: Examination scheme of SHiRodified fromVélzke 2022 noncommercial usg Two parallel cohorts were
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examinations were performed until 2021, for SHIRENDhe firstfollow-up was finished in 2019.

For this work a subset of 996 subjeofshe SHIPTRENE cohort wasincluded For these subjects

an extended multomics data set was established to allow additional association studasna
samplesof each individualvere usedo investigate the antstaphylococcal antibody repertoifer

IgG and IgMABesides thelasma sampkeexamined in the multiplexed arstaphylococcal antibody
detection a wide variety of meta data were available for fineludedstudy subjects to set the
newly acquired antibogl data into context. Sex, age, boedhassindex (BMI), presence of
staphylococci in the nasal mucosa, smoking habits, and reported allergies could be included in a

comprehensive data analysis
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New findings from studying gopulation-based cohort with the xXMAPr high
dynamic range (HDRjpproach

In the manuscriptéA Comprehensive View on the Human Antibody Repertoire Against
Staphylococcus auredstigens in the General Populatibn LJdzo f A A KSR Ay CNRBY (dASNE
the following findings were presentef:full set of IgG and IgA antibody response data was acquired

for the study cohort of 996 subjects from SHIREND for 79 staphylococcal antiggbsmbining

the large number of samples and the HDR approach, this study surpasses the limitations of earlier

studies of antistaphylococcal antibodies in a healthy hun@opulation. The inclusion of multiple

dilutions allows the depiction of a broad range of results in one datagkta high sensitivity and

a broad dynamic range anithe large sample size facilitates insightful statistical analysis and

correlation to the available meta data.

In the following figure 8, an overview is given for all considered factors with their overall influences

on the antibody levels. All findings are explained in full detail afterwards.

1gG decreased IgG in/with increased IgG in/with decreased IgA in/with increased IgA in/with IgA
-— R — -— E —
carrier carrier
male 1l 26 ] I male
smoker 4] 3] smoker
allergy allergy
age = ER [ 6] age
BMI B BMI
glucose glucose

Figure8: Overviewof all antigenslisplayingncreased or dereasedantibody titersin addressedjroups or with adresse
factors[data from Meyer 2021publication included in chaptei 4gGresults are shown in the left, IgA in the right pa
Colored bars depict the statistically significant resaifser BH correction(increased in orange, decreased in bl
whereas grey bars show cowdf antigens withnon-significantchanges in antibody titeris the respectivecategories.

Multiple genetic and lifestyle factors were already described to influence the carriage of
staphylococci in humans. But the link of those factmegond carriage directlio serum antibody
levels against staphylococcal antigens remained elusive. In the presented study a positive

correlation of carriagand antibody titers against the included antigens was confirmed.

For all 79 antigens the mean IgG response value was higher for the group of carriers compared to
non-carriers.For 74 antigens the increasedncentrationof specific antibodies carriersreached
statistical significance at a level of 0.05 in the applied Wilcoxon signed rank test after Benjamini
Hochberg BH)correction for multiple testingfor IgA, all antibody responses showed higher mean
values in the carrier group compared to the nearriers as well, with 75 antigens reaching

significance. The ovex of significant antigens between IgG and IgA included 72 antigens, with Scc
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(a protein suspected tmhibit complemen} and SspA (a secreted proteinasejstitutingthe most
outstanding antigens for both immunoglobulotasse tested.These result agreewith previous
studies[Dryla2005, VerkailR009], butalsoallowa moreprofoundstatistical interpretation due to
the increased number of study subjects and the more sensitive experimental approach using the

multiplexing HDR workflow.

Regardingex, the mean antibody response for most of the included antigens was elevated in males
compared to females. For IgG, specific antibody responses against 68 antigens were higher in males,
but only 26 of these antigens reached statistical significanceh®fll antigens showing higher
responses in females, only one (LtaS, a transmembigaeichoic acid syntha3etested
statistically significant. The differences between sesessmedmore pronounced for IgA, with 78
antigens with higher responsé&s males of which 68 reached statistical significafi¢eincreased
influence on IgA in males could be coupled to overall higher bacterial dvatisicosaas described

in the Danish Blood Donor Study [Erikst2(i9]. Still, staphylococcalresencewas shown to be
evenly distributed in males and femalesnphasizinghe importanceof non-culture dependent
detection approaches using DNA sequending 2015]. But for 1gG levels and B cell numbers,
females were described to mount stronger otians [Kleinr2016].Since no measurement of total

IgG was included in thexamination scheme of SHItRe detected amounts of antitaphylococcal

IgG could not be set into perspective regarding the percentage of specifistapliylococcal
antibodies within the full spectrum of total IgG. Therefore, it is still not clear if the higher anti
staphylococchlgG responses in males shown in this study is reflected in higher overall IgG levels of
the included subjects or if there really is a strong enrichment of-gtaphylococcal antibodies

within probably lower total IgG levels.

For smoking habits, the study subjects were grouped in current smokers angnmakers The

group of subjects that had reporteglitting of smoking in the pasin the personal interview was
excluded becausef the variability within this groupRegarding 1gG, a clear trend towards lower
anti-staphylococcal antibody responses in current smokers was detected for the majority of 75
antigens with 34 of these reaching statistical significance. This trend could ne¢drdn the
analysis of theorrelation of Ig\ responses to smoking, with 36 antigens showing higher responses
in current smokers (three reaching statistical significance) versus 43 antigens with higher response
values in norsmokers (four antigens reaching statistical significan8ace carriage rates were
reported to be lower in current smokefslouwen 20040Isen2012] the immune system seems to

be challengedy staphylococcsystemicallyess frequentl)compared to norsmokers, resulting in

differences on the immunoglobulin level as well. Interestingly, the IgA levels reflecting mucosal
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challengedlid not differ between the groupsgmphasizing the need for a more detailed view on

mucosal changegndthe microbiome of thenaresin smokers

Since earlier studies [StentzeR017, Bachert202Q had reported the allergic potential of
staphylococcal proteins, the detected antibody responses were correlated to medically diagnosed
allergiesthat were reportedin the personal interview of the study subjects, but no trend could be

detectedfor neither IgGnor IgA.

Besides theabovementioned categoricalvariables, threecontinuoussets of meta data were

included in the presented work. In contrast to the Wilcoxon signed rank test applied for the
categoricalvariables, a spline regression followed by linear modeling was used to address the
continuousvariables. The Pearson correlation coefficient of the model was reported including the

p-value of the spline analysidter correction for multiple testing according to BH.

A clear trend of declininggG anti-staphylococcal antibody responses with increasing age was
detected for 69 antigenswith 61 antigensreachingstatistical significance. Interestingly, the
increased responses with increasing age of the remaining 10 antigens reached statistical
significance for six of those antigemscluding two enterotoxins and the pair of LuRS and LukF

PV.In contrast to IgG, nolear overaltrend was visible in the antibody responses of IgA \bizh
antigens showing a decrease in responses Wwitheasingage (rine antigens reaching statistical
significance) and 27 antigens inversely correlated (six antigens statistically significant, including
LukSPV).The decrease imntibody responses reflectower carriage rates at increasing age
[Gorwitz 2008] for IgG, but also parts of the process of immunosenescence, with a reported

increase in IgA [Kh&021] potentially counterbalancing the lower colonization.

With BMI and serum glucose levels, two mainlydifide dependent factors were included to target
their influence on the antstaphylococcal antibody respoes, since obesity was describasla risk

factor for colonizatiorearlier [Gorwitz200§. Compared to thestrengthof influence of age, only
weak correlations were detected for BMI and serum glucose. Nevertheless, for both factors a
negative correlation was retrieved from the IgG data, whereas a positive correlation was shown for
IgA. IgG responses against 66 antigigeased with increasing BMI and serum glucose levels with
two antigens reaching statisal significance, ten antigens showed increased responses with
increasing BMI and serum glucose concentrations, and the remaining three antigens showed no
common trend for both factors. In contrast, IgA responses were increased with increasing BMI and
serum glucose for 71 antigens, but only three antigens reached statistical significance for both

parameters
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Besides the analysis of the specific factorBuencing anti-S.aureus antibody responsesthe
extreme diversity of binding patterns to the included staphylococcal antigens exceeded the
expectations. Trying to define overall low and high responsive individupbsrtisulargroups, only

66 of the 996 subjects showed antibody response values in the upper third of the full range of
results for all 79 antigenggardinglgG, and 59 subjects with the same criteria for IgA. The overlap
of high responders between IgG and IgA was comprised of only eight indivalyeils highlighting

the independent modes of actih of the two immunoglobulinsThe same observation holds true

for the group of overall low responders, with 60 individuals showing response values in the lower
third of the full range for 1gG responsasd only68 individuals for IgA, and an overlap of only 21

individualsfor the combination of both requirements.

Comparing the ranking of antigens between IgG and IgA, some antigens showed antibody responses
shifted more to IgG includinthe serine proteases SplA/B/C, whereas others were far more
pronounced in the IgA ranking like fibroneechbimding protein A (FnbA) ansuperantigedike

protein 7(Ssl7).

The study provides a baseline of tBeaureustargetingantibody profiles in the generglopulation
but might ato have an impact on the development of future aBtiaureusvaccines. Past and
current vaccine candidates strongly differ in their natural immunogenicity. Ipds¢ vaccination
development approacheare extended to and complemented by antibody proflistudies in

patient cohorts, anore rationaldesign of multicomponent vaccines might be possible.

Colonizing strain influenceeradication andvaccinationstrategies

Using genetic data from the staphylococcal strains derived from the colohized donorsa co
occurrenceof superantigens mrducedby a given strain andmatchingspecific antibody response
within the human host was reported [Holtfret&2006]. For the colonized individuals of the SHIP
TREND cohort included in this work, information on superantigen gene presence was available for
a subset of 24@train/host pairs [Holtfrete2016].Individuals carrying sst-positive strain showed
significantly increase@ntibody responses against TSIS&@s well as SEP for both IgG and IgA
compared to carriers ofst-lacking strains. A similar result was detected for individuals carrying
strains withthe superantigen genesekandseglocated within the pathogenicity island Sapiho

also showed increased amounts of antibodies for the matching antigens. These findings support
the hypothesis of redccurringsubclinical infections and a constant challenge with the colonizing

strain previously described [mdEiff2001].But antigenic diversity can blur thigcture, as reported
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for SEP, where only 77% sequence identity between sequencedagenacluded proteirderived

from differing strainglisguised a correlation of results.

Theenormousgenetic diversity of staphylococci is part of the struggle to fight the wide variety of

clinical manifestations caused by infections with staphylococci. In patients with skin and soft tissue
infections, 70% will experience recurrent events, even if thiaintreatment with incision and

drainage or additional antibiotic treatment was successful [Cre20hY. Repeated use of

antibiotics can drivéhe emergence of resistanci&voringalternative strategies in management of
staphylococcal infacA 2y a® ¢ NHESGSR RSO2f2yAlliA2y 2F GKS
application of intranasal mupirocin and antimicrobial washes was thought to help avoid future
infections with staphylococci, but only shdagrm success was shown, if the eradicationgedure

worked at all [CreecB015. To increase to success rate, a decolonization of the whole household

was purposed, but only slight improvements could be detected [EB12)].

To avoidexcessive use of antibiotics, a vaccination strategy wouldaberable evading future
infection events in colonized as well as rmlonized individuals. Since regularly colonized
individuals already show increased asti@phylococcal antibody titers, a vaccination could boost
the pre-existing immune response in a targetedayy whereas in nowgolonized individuals, a
protective level of antibody response could be initiated by vaccinatiémtil now, all trials to
establish a staphylococtargetedvaccination have failed in humans [reviewed in Pro@0i5],

both for passive and active immunization approach&smparing the list of candidate antigens to
the pre-existing antibody repertoire in a healthy population, this work showed that candidates with
a seemingly low natural immunogenicity like CIfA (targeted in the passive vaccine Tefibazumab)
were selected asvell as mediumto highrrankingantigens including the pororming toxins Hla,
HIgBC, and multiple leukocidins. Still, an individualizeaskbof lacking antibody spedifiies by a
combination of manufactured antibodies in a passive vaccination approach could help in

management of staphylococcal infections.

Correlating antistaphylococcal antibody levels tbumangenetic features

Using the comprehensivaulti-layerdata of theSHIPTRENRohort, a link betweek dzY 'y K2 a i Q&
genetic featuresand thievel2 T aLISOAFAO I YyiAO2RASAa GFNBASGSR 3l A
aK201 &éyRNRYS§) wiag diskoyerediiie adalysis{wés published in Frontiers in
LYYdzy2t 23e dZjokrSeMgosuré $nd LA @liel&s deétermine serum antibody binding to

toxic shock syndrome toxin 1 (TS§Df Staphylococcus aurglend is included as third publication

within this thesis
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TSSAL was described in the focus ofemstrual toxic shock syndrom@$S) in the 1980s causing
severe lifethreatening conditions in young women using menstrual supplies lighlyabsorbent
materials[Shands 1980Besides ranstrual TSS, a namenstrual TS$an occur due to infection

with S.aureusat various patis of the human body, with a strong link to strains carrying the gene for
TSST [DeVries2011 2 FaaSaa 2yS AYRAGARIZ f Qa -1Npedific F2 NJ |
antibody levels agakt this antigen came into focus of studies targeting TSS [Bonventre 1984]. In
the study of Bnventre et al. the absence or loviters of anti-TSSAL was shown to be correlated
with the occurrenceof TSSThey further described thafi K S NS ¢ | doward etevatdd® y R
antitoxin titers[...] apparent afer recovery[from TSS, butho vigorous immunologic response to
TSTi.e.TSST]was noted . 2 Y @S yhewdreadydonciubled that the lack of alBST

1 could be assumed a predisposing factor for a8& that in healthy vwmen previous or current
colonization with TSST producing strains led to a substanteahount of specific antibodiesyut

the underlying mechanism hindering the establishment of a profound-E881 antibody

responsdn those suffering from TS8mained hidden.

Nowadays, TSSITisstill a staphylaoccal antigen of high interest aiitdwas also included in the
aS02yR Llzo f A Ol (AAGHyipreRefisiveliVielv Dn tide2HNGdavi Andibody Repertoire
AgainstStaphylococcus auredmntigens in the General Populatbor Ly O2y i N} ad G2
the 1980s using ELISA and radioimmunoassay measurements, no complete absencelef TSST
specific antibodies was detected in the samples from the SHIP cohort. The wide dynamic range of
the applied xMABbead based methodology ugjseven dilutions of each plasma sample may have
helped to detect even smalimounts of matching antibodieselow the detection limit of the
methods applied in the 1980%he definition of the atibody level ensuringrotection against TSS

had to be adapted to the new quality of data. Sieeglier studiede. g. Parsonnet 2008ssumed

about 15% of the population lack afftSTl-antibodies (or have only very low levels of specific
antibodies with no sufficient protective value), the data of the SFRENIzohort was split up
accordingly in two groups comprised of the bottom 15% versus the remainingo8%@e levels of
circulating IgG and IgAn the case of IgG4, 3.8% of the SHIP cohort plasma samples had no
detectable amount of alT SSAL even with the applied HDR approach.

Increased antT SSAL antibody levels due to recent colonization with T&®Foducingstrains were
shown for the SHHPRENDzohort confirming earlier findings from Bonventret al. [Bonventre
1984]. A subgroup of 48ndividualswas colonized with strains capable of producing TE8&fthe
time pointsamples for the SHIPRENRohort were collected, out of 976 participants included in

the analysis for the third publicatio@nly one individual out of the 49 specific carriers showed low
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anti-TSSAL IgG levels and was included in the bottom 15% group. For IgA two individuals fell below

the applied threshold dividing the two groups.

To correlate antiTSSAL antibody levels to genetic determinants, a genewide association study
(GWAS) was performed includitite phenotypes antifSSTL IgGt, IgAand IgG4evels Thesingle
nucleotide variants (SNggnetic information was retrieved using genomic DNA from whole blood
samples analyzed with the lllumina Infinium Omni2.5 BeadChip [described in Vdlzke 2011 and
2022] and additional alleles were imputed based on the HRC (r1.1 2016) dataset [McCarthy 2016].
For 1gGt and IgA arfiSSAL antibody levels, a strong association with a specific genetic region on
chromosome 6 comprising theuman leukocyte antigefHLA class Il genes DQ and DR was
identified, whereas only weak associations with other loci were found for IHGADQ and HLA

DR are highly polymorphic genes encoding the two chdinand i) of the human major
histocompatibility complex (MHC) Il, which is localized on the surface of pimfesantigen
presenting cells presenting peptide fragments to helpecells. To ensure a higluality
identification of the HLADQB1 and-DRB1 alleles, mHLAtyping of the given -chains was
performed by either whole genome sequencing or targeted sequendihg.results revealed a
positive association of HEBQB1*02:01 and H:EBRB1*03:01 with anfTSSAL IgGt and IgA levels,
whereas HLAQB1*05:01 and H:EBRB1*01:01 were negatively associatddlle to the ce
dominant expression of HLA alleles, an additionabdesanalysis confirmed a cumulativéeet of
influencing alleles by lineaegressionThe calculate@ffect size between the group with the most
negatively associated alleles and the group with all four alleles of the positively associated features
was a 4.9old increase in median antibody levels for IgGt andfdl® for IgA This value shows that

the influence of the individual HLA genotype is only a minor factor contributing to thel Si&ill
antibody level, whereas recent colonization with a streéipable of producing TSSThas a more
pronounced effect: Comparing the group of carriers to the-garriers, antiTSSL IgGt levels were
12.3fold higher in carriers, IgA levels §@d.

Applying the multiplexing HDR approach tiher research areas

The presentd multiplexing HDR workflow care adapted to a wide range of immunitglated
G2LA0CaAD Ly I(hikaBasalddxicihaticd WitH [3pgproteins Confers Protection Against
Pneumococcal Colonisation 0 KS R S @ Sif ahtithd$ néspons2afaingt pneumococcal
antigens was monitored in a mouse mod&he mice were challenged intranasallyngsselected
surfaceassociatedecombinantly produceggneumococcal antigen®letQ, PnrA, Pspfand DacB)

to prime an antpneumococcal immune response. Tihducedresponsewas verifiedhrough the
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detection of specific antibody speciésfiter 3 weeksps well as the detection of local1lZA. In a
second step, the immunized mice and a control group were challenged with actual pneumococci to

verify the protective functiorof the primed immune response.

Todetectsmall differences between thantigens included in the vaccinghe high sensitivity of the

HDR multiplexing method was applied to this project, sedectedpneumococcal antigens were
coupled to the beads and the sera of the mice were measured in a serial dilution resembling the
HDR approach described aboVée intranasal immunization withe recombinant antigens MetQ,
PnrA, PspAand DacBiriggered a strong systemic antigspecific antibody response in mice.
However, a substantial systemi€dgesponse to recombinant DaeBs detected only in one of six

miceincluded in the study

With the help of the multiplexing technology multiple antigens could be addressed within one
experiment resulting in a wide set of data despite the small volume of sample material and technical

variation was avoided due to the inclusive approach.
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E. coli
EDC
ELISA
GWAS
HLA
HDR

IgA

19G

IgM

IPTG
MHC

S. aureus
SAPE
SHIP
SNP

Spa

SSi
SulfeNHS
TSS
TSS1

BenjaminiHochberg

body-massindex

Escherichia coli
1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride
enzymelinked immunosorbent assay
genomewide association study
human leukocyte antigen

high dynamic range

immunoglobulin A

immunoglobulin G

immunoglobulin M

ia 2 LINRD-Ighiogalactopyranoside
major histocompatibility complex
Staphylococcus aureus
streptavidinphycoerythrin

Study of Health in Pomerania
singlenucleotide polymorphism
staphylococcal protein A

surgical site infection
N-hydroxysulfosuccinimiel

toxic shock syndrome

toxic shock syndrome toxin 1
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ABSTRACT

Here, we demonstrate a high-dynamic-range quantification of antibody binding to single antigens in a multiplexed suspension bead array format. Using a dilution-
based approach and the newly developed data analysis tool the quantitative dynamic range is increased by three orders of magnitude in the selected samples. The
strong increase in dynamic range results in a more robust data basis for downstream analyses.

1. Main text

The detection and quantification of human antibody levels directed
against specific antigens is of utmost importance in several fields ran-
ging from healthcare diagnostics, vaccine development, and im-
munological research to analysis of disease mechanisms. Several ap-
proaches for detection and quantification of antigen specific antibody
signals have been developed [1-3]. One of them is the bead-based
xMAP® technology [3] (x...analyte; MAP...Multi-Analyte Profiling)
(Luminex®), which requires only a few microliters of sample for the
analysis. In addition, the technology has been designed for multi-
plexing, which allows a rapid and cost-efficient high-throughput mea-
surement of e. g. the immunoglobulin level directed against various
antigens in parallel (up to 500) in biofluids with high sensitivity and
specificity. For an indirect serological XMAP® multiplexing assay all
desired recombinant antigens are covalently coupled to individual
small magnetic particles (MagPlex™) of unique fluorescence dye com-
binations (bead regions) in separate reactions, followed by incubation
with samples (serum or plasma) and sub-sequential incubation with a
detection antibody, which is covalently conjugated to a fluorescent
reporter molecule with specific excitation and emission wavelengths of
the fluorophore (excitation: 532 nm / emission: 565-585 nm).

During the detection process the individually-dyed magnetic
spheres in the multiplexing mixture are distinguished (bead classifica-
tion) and in parallel the detection antibody fluorescence intensity per
bead is quantified, representing the quantitative read-out for the
number of antibodies bound to each individual antigen loaded bead.

* Corresponding author.
E-mail address: stephan.michalik@uni-greifswald.de (S. Michalik).

https://doi.org/10.1016/j.jprot.2019.103577
Received 15 May 2019; Accepted 28 October 2019
Available online 01 November 2019

1874-3919/ © 2019 Elsevier B.V. All rights reserved.

Since the detection of one bead is not reliable at least 35 beads must be
detected per bead species and the median over the detection antibody
signal per bead species is reported as median fluorescence intensity
(MFI).

Since the introduction of xMAP® technology, bead-based serological
analyses have been widely applied but have usually been performed
with one or at most two sample dilutions after prior estimation of the
possible dynamic range of the included samples. However, pre-
screening of the samples can be very time-consuming and might often
not reflect all samples since antibody levels against some antigens can
be extremely diverse even within one study setting. Thus, the quanti-
tative dynamic range of a typical analysis usually extends only over a
few orders of magnitude. Therefore, commonly used standard one-di-
lution or even two-dilution approaches pose the high risk of generating
quantitative data above the upper or below the lower limit of detection
when including multiple antigens with a wide variance in antibody
responses. This results in error prone data sets making the interpreta-
tion, statistical analysis or a calculation of diagnostic or predictive
value of the experimental data very difficult and inaccurate.

A more advanced serial dilution-based approach has been devel-
oped to overcome this issue by generating high-dynamic range (HDR)
data, which are processed to generate antibody response data from the
individual linear ranges of each antigen/sample combination (Fig. 1,
supplemental protocol). Briefly, the preparation of the liquid bead array
is performed by conjugating the individual purified antigens to in-
dividual bead species in single reaction vessels using carbodiimide
crosslinker chemistry. The antigen-bead coupling efficiency is verified
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Fig. 1. Scheme of the xMAPTr serological assay workflow using the XMAP® technology. The preparation of the liquid bead array was performed by conjugating the
individual purified antigens to individual bead species in single reaction vessels using carbodiimide crosslinker chemistry. The antigen-bead coupling was verified in
a multiplex reaction using a monoclonal antibody directed against the recombinant tag of the antigens (left arm of the plot). The multiplexed beads (liquid bead
array) were incubated with the patient/proband samples using serial dilutions of each individual. The human antibodies binding to each antigen were detected using
a R-phycoerythrin conjugated secondary antibody (right arm of the plot). The generated data from the coupling control and the assay itself were analyzed using a
saturation curve model in the xMAPr shiny app (this work). The saturation curve model (MFI = mﬂﬁ‘”’ﬂ«_'— # MFl,4) is used to estimate the middle point

tton ot MPImax. , i

of the linear range of each antigen/sample combination by calculating the half-maximal MFI, which translates to 50% relative occupancy of the antigen by the
antibodies. The antibody response level is finally calculated as the product of the xfold-dilution at the half-maximal MFI and the half-maximal MFI itself.

in a multiplex reaction using a monoclonal antibody directed against analysis can be carried out via the simultaneously newly developed
the recombinant tag of the antigens. The multiplexed beads (liquid bead xMAPr app (https://github.com/stemicha/xMAPr app; supplemental
array) are incubated with the patient/proband samples using serial Fig. 1). The app guides the user through the data analysis using a pi-
dilutions of each individual. We suggest a 7-stage dilution series for peline. After filtering for quality features such as bead count and
total IgG detection e.g. 50-fold, 500-fold, 1000-fold, 10,000-fold, coefficient of variation, when using technical replicates, the im-
50,000-fold, 100,000-fold, 200,000-fold dilutions as a good starting plemented algorithm performs a normalization of each antigen/sample
point. The binding of human antibodies to each antigen was detected combination using the raw MFI data from the assay and the individual
using a R-phycoerythrin conjugated secondary antibody directed antigen-specific MFI from the coupling control to adjust for antigen
against the Fe-region of human antibodies. The resulting HDR data set coupling efficiency differences on the microspheres. In a next step the

N
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Fig. 2. Dynamic range problem in a multiplex serological assay (dilution series XMAP® data obtained from Stentzel et al., 2016 [5]). (a) The scatter plots display the
median normalized response data (x-axis) and the ratio of the MFI vs. median normalized response data per dilution stage (y-axis). The line marks colored in four
different shades of blue at the individual scatter plot sides are depicting the quartiles of the median normalized response data and the two-dimensional kernel density
estimation is shown with a multi-color gradient. If the response data and single dilution data would be identical the data points would scatter around 0 (y-axis). Since
diverse saturation and limit of detection difficulties occur in a single dilution measurement the point cloud deviates partly strongly from the zero line (blacked solid
line) particularly in the lower and upper limit of detection (over- or under-estimation). The dotted horizontal black line indicates a two-fold difference and per-
centage on the right side of each plot depicting the proportion of data points which are over- or under-estimated by two-fold. The solid black line plotted over the 2D-
kernel density point cloud represents the loess fit of the point cloud. (b) The plot depicts the individual antigen vs. the calculated dilution at 50% occupancy of the
antigen for all samples of the study (blue dots), whereas the red open circles indicate the minimum and maximum per antigen. The red lines display the median per

antigen. One representative patient example is highlighted via the grey line.

xMAPr pipeline uses a saturation curve model
diluth : : .
(MFI = A};y;‘:; # MFl,;,) to estimate the middle point of

+ dilution
the linear rangze of each antigen/sample combination via the calcula-
tion of the half-maximal MFIL The final antibody response level is cal-
culated as the product of the xfold-dilution at the half-maximal MFI and
the half-maximal MFI itself.

This workflow allows the analysis of numerous samples without
prior screening to estimate the most appropriate dilution for a one-di-
lution approach. In addition, the regression analysis allows the ex-
traction of one quantitative data point at the same linear place of the
individually differing dynamic ranges of the antigen/sample combina-
tions. This means the quantitative read-out is always performed at one
single point in the individual dynamic range at the half-maximal oc-
cupancy of the antigen by the antibodies based on the saturation curve
model, which provides a very reliable quantitative measure of the im-
mune response.

However, a common problem using immunoassays is the hook effect
[4], which describes the signal drop phenomenon at very high analyte
concentrations. In this study the hook effect was observed for antigens,
which triggered a strong immune reaction in subjects. Examination of
the effect in an xMAP® multiplex serological assay using serial dilutions
showed that the secondary detection antibody concentration was not in
saturation and thus the signal (MFI) per bead decreased because the
detection antibody got diluted over all present beads leaving not all
binding sites in a saturated state (supplemental fig. 2a). An increase in
concentration of the secondary antibody eliminated the observed effect.
The implemented signal drop detection algorithm of the xMAPr app
recognizes these effects and excludes the respective data points from
the calculation resulting in a non-hook effect biased calculation {sup-
plemental fig. 2b). This algorithm is an important feature of the xMAPr
app since the addition of e. g. 20 ug/ml of detection antibody to fully
saturate all binding sites might be feasible for small studies but for large
cohort studies it would increase the costs dramatically.

An additional critical point in the detection of antibody responses is
the preparation of the recombinant antigen, which can be native or
denaturing. To investigate the effect, a selection of antigens was pur-
ified both native and denaturing. Then, using the procedure described
above, the antibody responses were quantified from test samples
(supplemental fig. 3). It turned out that although the MFI fluctuates
between the two purification strategies, the samples hardly differ in
their ranking in the dynamic range. Thus, for our antigens we could not
observe benefits from a native preparation, so one can use the often
more advantageous and simpler denaturing purification method for
relative quantitation of immune responses.

To elucidate general detection limit effects, we used a serial dilution
dataset generated with sera from bacteremia patients using
Staphylococcus aureus derived antigens [5]. The one-dilution point of
view of this dataset shows impressively that at each dilution level used
from 50-fold to 200,000-fold dilutions, both saturation effects and de-
tection limit effects partly overlap in the multiplex approach (Fig. 2a,
supplemental fig. 4). Moreover, the one-dilution approach cannot cover
the large dynamic range in which, for example, a subject has an anti-
body level to certain antigens that differs in the linear quantitative
range from 70-fold to 200,000-fold sample dilution at half-maximal

MEFI (Fig. 2b). Thus, only a serial dilution approach together with the
XMAPr evaluation can provide precise quantification for this kind of
diversity. To illustrate this on the single antigen level, the antigen LukF-
PV, a promising vaccine candidate against S. aureus [6], was selected
(Fig. 3). The group comparison shows that the ratio varies strongly
depending on the used single dilution stage, and only the value at a
200,000-fold dilution is comparable with respect to the group com-
parison ratio and the significance of the chosen statistical test when
compared to the calculation incorporating all dilution stages.

The method presented here allows a highly accurate HDR quanti-
fication of antigen specific antibody levels and in combination with the
newly introduced web-based shiny application the data analysis of HDR
data is easily available to a wide audience of scientists.

2. Methods - online methods
2.1. xMAPr serological assay to generate high-dynamic-range data

The protocol for the XMAPr serological assay is provided in the
supplementals.

2.2. Protein purification (native/denatured)

E. coli pellets carrying a recombinantly expressed protein were re-
suspended in lysis buffer (native lysis buffer: 100 mM NaH,PO,,
300 mM NaCl and 1 mM MgCl, solved in water and pH adjusted to 8.0;
denaturing lysis buffer: 8 M urea and 2 M thiourea solved in water).
Cells were disrupted using a FastPrep® and subsequently pelleted by
centrifugation for obtaining protein extracts. Protein purification was
performed using a Protino® 96 Ni-IDA (MACHEREY-NAGEL GmbH &
Co. KG, Diiren, Germany) according to the manufactures protocol. The
purity was checked via 1D-SDS PAGE and mass spectrometry.

2.3. Data analysis and figure generation

All calculations and plot generation were done in R (v 3.5.3) [7]
using the tidyverse package (v 1.2.1) [8].
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Fig. 3. A representative example (LukF-PV) of the study from Stentzel et al,, 2016 [5] is shown. The dilution-wise grouped violin plots (upper panel) display the
individual measurement results, the median is highlighted either in blue for the “no sepsis” group or in red for the “sepsis” group. The calculated response, meaning
the product of the calculated x-fold dilution at 50% relative occupancy of the antigen and the half-maximal MFI of the model, is attached at the end of the plot. The
increasing variance over the patient cohort is clearly visible by the stretching of the violin plot with a maximal widening at the response data level, where all dilutions
are incorporated in one value by the model. The patient group data were statistically tested using a Wilcoxon test and the ratio between the medians per group and
the p-value are shown in the middle panel of the plot. The lower panel of the plot highlights the differences of the median values per group dilution-wise in

comparison to the calculated response data in a 100% plot.
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Supplementary data to this article can be found online at https://
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a secondary antibody dilution series
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analytical range per antigen

supplemental figure 4: analytical dynamic range 10407
(a) The analytical range for every antigen was calculated by
substracting the minimum value from the maximum value per dilution o 19406 ~3 logs
stage or calculated response. The antigens were plotted by their §
antigen rank, which is determined by their ascending intensity order B ;r";':l;d'r'::;‘nse
. ] " € :
in the calculated response data, against the anylitical range. A loess | = so0fold
. . . s fold
fit with a 95% confidence interval was performed for each data % 1e404 2 f:mw
subset. With our calculated response approach we gain % | Esgenden
approximately additional three orders of magnitude to the linear E 10408 st
" o
range of the full data set. o) B calc. response
(b) Histogram plots show the density curve of the data dilution-wise, 8 ter02
the last histogram shows the distribution of the calculated response
values. tes0l T
° o e 2
] g 3
antigen ranked by response
b density/histogram plot
S50fokd 50010l 1,000fold 10,000t0ld 50,000f0ld 100,000fold 200,000f0ld calc. response
2 12 - 04 05 05
| 04
15 09 06 03 i 1 - 04 04 93
2 03 03 S
210 06 0 02 e ve
'g 02 02
05 03 02 01 01 01 01 01
0.0 0.0 00 00 00 00 00 00
“ v w ~ v © ~ v o® ~ v ow® P ~ v oo

~ v © N v ©
logso MFI or calc. response



48 | Publications



Publications| 49

Publication of the study

A Comprehensive View on the Human Antibody Repertoire Against
Staphylococcus auredsitigens in the General Population.

Tanja C. Meyér Stephan Michali SilvaHoltfreter?, Stefan Weiss Nele Friedrich Henry Volzke
Thomas Kochér Christian Kohléy Frank Schmidf, Barbara M. Brokér Uwe Volkey

1 Department Functional Genomics, Interfaculty Institute for Genetics and Functional Genomics,
University Medicine Greifswald, Greifswald, Germany.

2 Department of Immunology, Institute of Immunology and Transfusion Medicine, University Medicine
Greifswald, Greifswald, Germany.

3 Institute of Clinical Chemistry and Laboratory Medicine, University Medicine Greifswald, Greifswald,
Germany.
4 Institute for Community Medicine, University Medicine Greifswald, Greifswald, Germany.

5 Unit of Periodontology, University Medicine Greifswald, Greifswald, Germany.

6 Friedrich Loeffler Institute of Medical Microbiology, University Medicine Greifswald, Greifswald,
Germany.

7 Proteomics Core, Weill Cornell Medici@atar, Qatar FoundatioEducation City, Doha, Qatar.

Published irFronters in Immunology2021 Mar 1012:651619.
doi: 10.3389/fimmu.2021.651619MD: 33777051

Contribution of Tanja C. MeyeExperimental work setting up the bedihsed analysis platform,
detection of the antistaphylococcal antibody profiledata quality assessment, visualizatiamd
statistics of the resulting data, writing of the manuscript.

Prof. Uwe Volker Tanja Meyer



50| Publications



? frontiers
in Immunology

OPEN ACCESS

Edited by:
Rachel McLoughlin,
Trinity College Dublin, Ireland

Reviewed by:

Dolores Correa,

Anahuac University of North
Mexico, Mexico

John Fraser,

The University of Auckland,
New Zealand

*Correspondence:
Barbara M. Bréker
broeker@uni-greifswald.de
Uwe Vilker
voelker@uni-greifswald.de

Specialty section:

This article was submitted to
Microbial Immunology,

a section of the journal
Frontiers in Immunology

Received: 10 January 2021
Accepted: 16 February 2021
Published: 10 March 2021

Citation:

Meyer TC, Michalik S, Holtfreter S,
Weiss S, Friedrich N, Voizke H,
Kocher T, Kohler C, Schmidt F,
Broker BM and Volker U (2021) A
Comprehensive View on the Human
Antibody Repertoire Against
Staphylococcus aureus Antigens in
the General Population.

Front. Immunol. 12:651619.

doi: 10.3389/fimmu.2021.651619

Frontiers in Immunology | w

frontiersin.org 1

Publications| 51

ORIGINAL RESEARCH
d: 10 March 2021
/fimmu.2021.6

Check for
|lpdatee

619

A Comprehensive View on the
Human Antibody Repertoire Against
Staphylococcus aureus Antigens in
the General Population

Tanja C. Meyer', Stephan Michalik’, Silva Holtfreter?, Stefan Weiss', Nele Friedrich?,
Henry Vélizke*, Thomas Kocher®, Christian Kohler®, Frank Schmidt'’, Barbara M. Bréker?*
and Uwe Volker™

' Department Functional Genomics, Interfaculty Institute for Genetics and Functional Genomics, University Medicine
Greifswald, Greifswald, Germany, * Department of Immunology, Institute of Immunology and Transfusion Medicine, University
Medicine Greifswald, Greifswald, Germany, * Institute of Clinical Chemistry and Laboratory Medicine, University Medicine
Greifswald, Greifswald, Germany, * Institute for Community Medicine, University Medicine Greifswald, Greifswald, Germany,
°Unit of Periodontology, University Medicine Greifswald, Greifswald, Germany, © Friedrich Loeffler Institute of Medical
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Our goal was to provide a comprehensive overview of the antibody response to
Staphylococcus aureus antigens in the general population as a basis for defining
disease-specific profiles and diagnostic signatures. We tested the specific IgG and IgA
responses to 79 staphylococcal antigens in 996 individuals from the population-based
Study of Health in Pomerania. Using a dilution-based multiplex suspension array, we
extended the dynamic range of specific antibody detection to seven orders of magnitude,
allowing the precise quantification of high and low abundant antibody specificities in the
same sample. The observed IgG and IgA antibody responses were highly heterogeneous
with differences between individuals as well as between bacterial antigens that spanned
several orders of magnitude. Some antigens elicited significantly more 1gG than IgA and
vice versa. We confirmed a strong influence of colonization on the antibody response
and quantified the influence of sex, smoking, age, body mass index, and serum glucose
on anti-staphylococcal IgG and IgA. However, all host parameters tested explain only a
small part of the extensive variability in individual response to the different antigens of
S. aureus.

Keywords: S. aureus, host-pathogen-interaction, antibody repertoire, anti-S. aureus IgG response, anti-S. aureus
IgA response, immunoproteomics

INTRODUCTION

The interactions between Staphylococcus aureus and humans span a broad range from unnoticed
colonization to severe damage in various diseases including blood-stream infections (1) and
recurrent episodes of skin and soft tissue infections (2). Due to the wide spread of S. aureus within
the population, the resulting high frequency of infections, and an increase of community-acquired
antibiotic-resistant strains, the burden on health-care systems has been continuously growing over
the past decades (3). Since about 20% of the human population carries staphylococci continuously
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and the remainder intermittently with transient phases of
colonization, a mean carriage rate of 37.2% has been estimated (4,
5). Some subgroups of the population show higher colonization
rates, for instance 73-94% in atopic eczema patients (6, 7),
56.4% in insulin-dependent diabetics, and 51.5% in hemodialysis
patients (4).

Besides disease-associated variation in carriage rates, multiple
host factors have been described that influence the individual
chance for a persistent colonization. Apart from genetic host
factors [for overview see (8, 9)], additional factors like age, sex,
nutritional status, and further lifestyle choices have an impact on
the rate of contacts with S. aureus and carriage rates. Carriage is
highest in children within the first 8 weeks after birth reaching
40-50% in infants and decreases with increasing age (10-12).
A sex bias was reported hinting to higher colonization rates in
males using culture-based detection methods (12), which might
be due to overall higher bacterial loads in males (13). In a large
colonization prevalence study in the US, obesity was linked to
increased colonization rates (11), and in the Rotterdam Study
diabetes and elevated fasting serum glucose showed a correlation
to higher colonization rates (14). Active smoking was described
to result in lower carriage rates (14), and a combined influence of
vitamin D levels in serum and smoking was shown in the Tromse
Staph and Skin Study (15).

The majority of the persistently colonized individuals carry
the same strain over long time spans, but also abrupt changesand
periods of co-carriage with two different strains were described
in a weekly swab study of healthy students conducted by
Ritchie et al. (16). A rapid turnover of strains was reported for
intermittent carriers with a median carriage duration of 4 weeks
and an estimated six episodes within 1 year (16). Applying a
staged protocol, the detection of multiple-strain colonization has
been improved, detecting up to four different spa types in a single
nasal swab (17).

It is known that persistently colonized individuals have a
higher risk of S. aureus bacteremia compared to non-colonized
patients when undergoing clinical surgery. This is usually caused
by their own colonizing strain (18, 19). Notably, in case of
blood stream infection, S. aureus carriers have a significantly
better chance of survival of severe infections (20). We previously
proposed that a pre-established memory immune response to
the colonizing strain due to long term exposure and repeated
minor infections may confer some degree of clinical protection
(21). Indeed, S. aureus carriers mount a strain-specific antibody
response against their colonizing strain (22). Moreover, high
antibody titers at the onset of S. aureus blood stream infection
are correlated with a milder disease course (23-25).

Depending on the mode of interaction between S. aureus and
the human host, specific antibody classes are triggered. Since
S. aureus colonizes and infects mucosal surfaces in humans,
the appearance of an anti-staphylococcal IgA response can be
expected. IgA occurs in two variants in the human body: the
monomeric IgA circulating in the blood stream, and a dimeric
form known as secretory IgA which mainly prevents mucosa-
associated bacteria from entering the human body (26). IgA
has neutralizing properties but comparably low inflammatory
potential (27). A strong clonal relationship between serum and

gut IgA was shown, allowing the use of serum monomeric IgA
as a proxy for the hardly accessible secretory dimeric IgA of
mucosae (28). In contrast, an anti-staphylococcal IgG response is
likely mounted after invasive episodes. Apart from neutralizing
bacterial factors, these antibodies promote inflammation and
bacterial clearance by professional phagocytes. Both IgA and IgG
with the potential of binding to S. aureus have been found in the
epidermis showing the importance of this first line of defense
(29). Systemic anti-staphylococcal IgG and IgA show an early
onset in childhood, with no correlation between the two antibody
classes, and not limited to individuals with clinical symptoms of
infection (30).

To lower the clinical burden on the human population,
various anti-S. aureus strategies including antibiosis and
vaccination have been tested, but with limited success so far.
Multiple strategies to develop a vaccine have failed until now,
including active as well as passive immunization approaches
(31, 32). The failure of early trials targeting adhesins and
surface glyocopolymers forced S. aureus researchers to revisit
S. aureus pathogenesis and potential correlates of protection.
Targeting single adhesion factors can fail due to multiple
functionally redundant proteins present in S. aureus. The
focus on opsonophagocytosis may not be as effective as
in other pathogens, since many additional virulence factors,
including toxins and immune evasion proteins, are involved
in S. aureus pathogenesis (33). As a consequence, current
approaches shifted to the use of multiple targets, e.g., the pore-
forming toxins targeted by a monoclonal antibody (34). The
selection of protective vaccine candidates targeting the majority
of staphylococcal strains is not an easy task due to the high
variability of genomes between various strains. Bosi et al. (35)
described the variable pangenome to harbor four times as many
entries as the core genome common to all strain (35). A detailed
understanding of the anti-staphylococcal antibody repertoire in
healthy individuals and disease cohorts is essential to identify
suitable vaccine targets for future trials.

The anti-staphylococcal antibody repertoire in humans has
already been addressed in earlier studies. In a study by Verkaik
et al. (36) profiling 19 antigens, it was shown that all included
individuals had specific IgG to at least CHIPS and SCIN,
underlining the wide spread of S. aureus in the human population
(36). The authors reported a high inter-individual variability
in antibody titers, but also a significant difference between
persistent carriers and non-carriers in the IgG and IgA response
to toxic shock syndrome toxin (TSST-1) and staphylococcal
enterotoxin A, and the IgA response to clumping factor A
and B. In patients suffering from acute infection caused by
S. aureus, Dryla et al. (30) reported increased IgG titers
directed against six of 19 staphylococcal antigens (30). Rigat
et al. (37) confirmed the “nearly universal” natural exposure of
humans to S. aureus using a panel of 134 antigens, but found
only little changes of the antibody levels due to a clinically
significant S. aureus infection (37). All the aforementioned
studies were limited in their dynamic range as only one serum
dilution was analyzed per sample, rendering them prone to
saturation and limit-of-detection effects. Additionally, most
studies were limited in sample size, with only small numbers
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