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SUMMARY

Staphylococcus aureus is a major human pathogen, yet the immune factors that protect against infection
remain elusive. High titers of opsonic IgG antibodies, achieved in preclinical animal immunization studies,
have consistently failed to provide protection in humans. Here, we investigate antibody responses to the
conserved S. aureus surface glycan wall teichoic acid (WTA) and detect the presence of WTA-specific IgM
and IgG antibodies in the plasma of healthy individuals. Functionally, WTA-specific IgM outperforms IgG
in opsonophagocytic killing of S. aureus and protects against disseminated S. aureus bacteremia through
passive immunization. In a clinical setting, patients with S. aureus bacteremia have significantly lower
WTA-specific IgM but similar IgG levels compared to healthy controls. Importantly, low WTA-IgM levels
correlate with disease mortality and impaired bacterial opsonization. Our findings may guide risk stratifica-
tion of hospitalized patients and inform future design of antibody-based therapies and vaccines against

serious S. aureus infection.

INTRODUCTION

The bacterial pathogen Staphylococcus aureus is among the
leading causes of both community- and hospital-acquired infec-
tions in human medicine. Despite significant advances in inten-
sive care management, high rates of morbidity and mortality
persist for patients with S. aureus bacteremia.’ This problem is
further compounded by the emergence of antibiotic-resistant
strains, particularly methicillin-resistant S. aureus (MRSA), which
hinders both treatment and prophylaxis efforts.” To improve
future clinical outcomes, improved risk stratification as well as
the development of alternative strategies, such as vaccines
and immune-based approaches, is imperative. However, a pre-
cise understanding of the immune correlates responsible for pro-
tection against S. aureus remains elusive.

Neutrophils play a critical role in eradicating S. aureus, as
demonstrated by human genetic studies and animal experi-
ments showing that defects in neutrophil responses predispose

trophils rely on additional immune factors, such as opsonic anti-
bodies and complement. Ig-mediated complement activation
leads to the deposition of C3b, enhancing bacterial uptake and
kiling by neutrophils, and promotes neutrophil recruitment
through the release of potent chemotactic factors such as
C5a.>° Despite the success of opsonic IgG antibodies against
other bacterial pathogens, such as pneumococci, meningo-
cocci, and Haemophilus influenzae type b (Hib), efforts to identify
phagocytosis-enhancing IgG targeting conserved surface struc-
tures for S. aureus have faced challenges.” ™ Therapeutic anti-
bodies and vaccines targeting surface-exposed antigens that
showed promise in preclinical animal models have consistently
failed in human clinical trials, highlighting the need for antibody
profiling studies in relevant patient cohorts to improve predictive
value.”®

One of the most prominent S. aureus virulence factors is
staphylococcal protein A (SpA), an abundant and universally
expressed surface molecule.’®'" SpA effectively inhibits Fc-

individuals to infection.®* To effectively combat S. aureus, neu- mediated IgG effector functions, including complement
"Zf Cell Reports Medicine 5, 101734, September 17, 2024 © 2024 The Author(s). Published by Elsevier Inc. 1
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activation and lg-mediated phagocytosis.'”'® SpA-mediated
IgG interference may explain the limited effectiveness of IgG
against S. aureus in real-world studies. However, 1gG is not the
only antibody isotype capable of boosting neutrophil activity.
IgM, the third most abundant isotype in blood, exhibits strong
complement activation capacity.’* Importantly, SpA does not
bind the Fc region of IgM, '° suggesting that its opsonic capacity
remains unaffected by SpA. Furthermore, IgM shows enhanced
binding to structures with repetitive epitopes, such as microbial
carbohydrates, due to its higher avidity compared to other Ig iso-
types.'® Despite these potential benefits, the role of S. aureus-
specific IgM in host defense has received limited research
attention.

S. aureus wall teichoic acids (WTAs) are conserved cell-wall-
anchored glycopolymers and a dominant target for opsonic
antibodies, with as much as 70% of the total surface-directed
IgG pool binding to WTA."” S. aureus WTAs exhibit distinct struc-
tural variation due to glycosylation with N-acetylglucosamine
(GlcNACc), impacting immune interactions and antibody recogni-
tion.'®"® Three WTA glycotypes have been identified, each
requiring a dedicated glycosyltransferase enzyme (TarM, TarS,
or TarP) to add the GIcNAc to the ribitol phosphate (RboP)
WTA backbone subunits in an «1,4 (TarM), 1,4 (TarS), or 1,3
(TarP) position.?°?? All S. aureus isolates possess the tarS
gene, while approximately 40% of strains co-contain tarM or
tarP.?® The specific WTA glycoprofile of a particular S. aureus
strain is determined by the presence of corresponding tar genes,
enzymatic activity, and environmental conditions, leading to gly-
covariation.?* The diversity in S. aureus WTAs holds important
implications for immune responses and potential antibody-
based therapeutics.

IgG antibodies, predominantly 1gG2, have been detected
against all three WTA-GIcNAc glycotypes in serum from healthy
donors, with a higher reactivity toward $1,4-GIcNAc and $1,3-
GIcNAc compared to ol,4-GIcNAc-WTA.'® These antibodies
enhanced complement deposition and neutrophil killing of
SpA-deficient S. aureus.”® " Despite the widespread reactivity
of WTA-reactive antibodies in healthy individuals, their potential
contribution to protection against severe S. aureus infections in
humans remains unexplored. In this study, we used synthetic
WTA oligomers that mimic S. aureus WTA to investigate human
systemic antibody responses to the three main S. aureus WTA
glycotypes. Unexpectedly, our studies revealed a critical role
for WTA-specific IgM in immune protection.

RESULTS

The antibody repertoire to S. aureus WTA in healthy
individuals

We employed a bead-based assay, adapted for multiplexing, us-
ing synthetic WTA oligomers to study the antibody repertoire
(IgG1, 1gG2, 1gG3, IgM, and IgA) targeting specific S. aureus
WTA glycotypes (Figure S1).'® Analysis of plasma samples
from 31 healthy donors revealed specific IgM responses to all
three WTA glycotypes in 29 out of 31 (94%) donors (Figure 1A).
Furthermore, WTA-specific IgG2 antibodies were detected
against at least two of the three WTA glycotype in all donors (Fig-
ure 1B) with 94% of individuals having detectable IgG2 levels
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against all three WTA glycotypes. Conversely, only low levels
of WTA-specific IgA, 1IgG1, and IgG3 were observed in approxi-
mately half of the donors (Figure S2). IgG2 responses to TarS-
modified WTA were consistently high and not significantly
different from 1gG2 levels against TarP-modified WTA (Fig-
ure 1B), likely due to cross-reactive antibody clones recognizing
B-GIcNAc-WTA (Figure 1C).'® In contrast, IgM antibodies
demonstrated a significant positive correlation in binding to all
three WTA glycotypes, indicating the presence of poly-reactive
IgM clones that bind GicNAcylated WTA irrespective of
GIcNAc configuration or linkage position (Figure 1D). These
observations highlight the extensive and diverse antibody reper-
toire targeting S. aureus WTA in healthy individuals, with poten-
tial variations in binding specificities and characteristics across
different antibody isotypes (IgG and IgM).

WTA-specific IgM contributes to protection against

S. aureus infection in vitro and in vivo

We postulated that WTA-specific IgM could play a more promi-
nent role in protective immunity against S. aureus than IgG2,
since the effector functions of opsonic IgG antibodies can be
subverted by the well-characterized S. aureus virulence factor
SpA. To this end, we compared the efficacy of IgM and IgG2
monoclonal antibodies (mAbs) derived from an original 1gG1
clone targeting B-GIcNAc WTA (clone 4497).'"*® The IgM
variant, 4497-IgM, was over 100-fold more effective compared
to 4497-1gG2 at inducing complement C3b deposition at equi-
molar concentrations on S. aureus N315, which expresses
B1,3- and B1,4-GlcNAc corresponding to the genetic presence
of tarP and tarS, respectively (Figure 2A). Importantly, the pres-
ence of surface-bound (Figure 2A) or secreted SpA (Figure 2B)
did not interfere with IgM-mediated C3b deposition, but did
attenuate IgG2-mediated functions (Figures 2A and 2B). Further-
more, complement deposition by 4497-IgM triggered neutrophil-
mediated killing of S. aureus, whereas 4497-1gG2 did not show
this effect at equimolar concentrations (Figure 2C).

To exclude strain-specific effects and assess the potential
hindrance by «1,4-GIcNAc WTA glycosylation on 4497-IgM
functionality in tarM-positive strains, we assessed 4497-IgM-
mediated complement activation on four additional tarS/tarM-
positive S. aureus strains belonging to three different clonal com-
plexes (Figures S3A and S3B). 4497-IgM was equally effective on
o/B-GIcNAc-WTA expressing strains (Newman, MW2, NRS384,
8325-4) compared to the B-GIcNAc-WTA expressing strain
N315, demonstrating that complement deposition is enhanced
by WTA-specific IgM independent of WTA glycosylation pheno-
type or genetic lineage. Similar to SpA, the absence of IgG bind-
ing protein Sbi did not affect 4497-IgM-mediated complement
deposition on S. aureus (Figures S3C and S3D).

To evaluate the protective potential of IgM in vivo, mice were
passively immunized with 4497-IgM prior to S. aureus infection.
The 4497-IgM-treated mice showed significantly lower colony-
forming unit (CFU) counts in the spleen compared to control
groups treated with PBS or a non-specific IgM antibody (Fig-
ure 2D). CFU counts were also lower in the kidneys of
4497-IgM-treated mice, although this did not reach statistical
significance (Figure S3E). Possibly, this difference in organ-spe-
cific S. aureus burden is related to the distribution of the IgM
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Figure 1. IgM and IgG2 antibody responses against three WTA glycotypes in healthy subjects
(A and B) Normalized binding of (A) IgM and (B) IgG2 to beads coated with TarS-WTA, TarP-WTA, and TarM-WTA in plasma from healthy donors (n = 31). Boxplots

extend from the 25th to 75th percentiles,the line represents the median, and the whiskers indicate the total range. Differences in antibody responses to the three
WTA glycotypes were analyzed with Kruskal-Wallis test with Dunn’s correction.

(C, D) Spearman correlations between binding of (C) IgG2 and (D) IgM reactivity toward distinct WTA glycotypes within individual donors. Each dot represents an
individual donor (n = 31). Dotted line represents the lower limit of quantification, symbols shown below this line represent extrapolated values. “p < 0.05,
***p < 0.001. See also Figure S2.

mADb, since WTA-specific IgM (4497-1gM) mainly localized inthe  (Figure S3F). Overall, these findings strongly support the
spleen but not in the kidneys, whereas the non-specific IgM con-  concept that WTA-specific IgM plays a critical role in conferring
trol antibody (anti-TNP IgM) showed the opposite distribution  protection against disseminating S. aureus bacteremia, likely by
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Figure 2. WTA-specific IgM supports im-
mune-mediated clearance of S. aureus
in vitro and in mouse infection experiments
(A) Complement C3b deposition on S. aureus
N315 wild-type (WT) or staphylococcal protein
A-deficient (Aspa) bacteria, pre-opsonized with
4497-19gG2 (0.3-270 nM) or 4497-IgM (0.01-10 nM).
Error bars indicate SD of the mean of biological
triplicates. Multiple unpaired t tests with Holm-
Sidak correction were used to compare antibody-
mediated C3b deposition on N315 WT and Aspa for
either IgM or 19G2.
(B) Relative complement C3b deposition on SpA-
ns deficient S. aureus (Newman Aspa/sbi), pre-
opsonized with 4497-IgG2 (10 nM) or 4497-IgM
(1 nM) in presence of recombinant protein A (SpA,
0.15-100 nM). C3b deposition in the absence of
8 —00 SpA was set at 100%; the dotted line represents
0600 background C3b deposition without antibody

*kkk

10 100

8‘812708 0© opsonization. Error bars indicate SEM of the mean

o of biological triplicates. Differences between
4497-IgM and 4497-1gG2 were assessed using a
two-way ANOVA with Sidak correction.
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(C) Neutrophil opsonophagocytic killing (OPK) of
S. aureus N315 WT, in presence of 10 nM
4497-IgM, 10 nM 4497-IgG2, or no antibody

control. Bacterial survival has been normalized over inoculum (dotted line at 100%); data are shown from three independent donors (mean + SD). Statistical

analysis was performed using a one-way ANOVA with Tukey correction.

(D) Spleen CFU counts from mice (n = 10-15 per group) at 24 h post infection with S. aureus N315 WT, passively immunized with 30 pg 4497-gM, anti-TNP-IgM, or
PBS control. Data were pooled from three independent experiments. Statistical analysis was performed using a Kruskal-Wallis test with Dunn’s correction. ns,
non-significant, *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. See also Figure S3.

enhancing opsonophagocytic killing of the pathogen by neutro-
phils, the key effector cells in innate antibacterial host defense.

Patients with S. aureus bacteremia have low levels of
WTA-IgM

Invivo animal models have a poor track record for predicting trans-
lational success in human vaccine and therapeutic antibody devel-
opment for S. aureus.”®*° To avoid overreliance on experimental
models, we further investigated the potential role of WTA-specific
IgM antibodies in protective immunity in a cohort of 36 ICU patients
with S. aureus bacteremia (Table 1) by assessing the natural reper-
toire of WTA-specific IgM and IgG antibodies and their respective
correlation to clinical outcomes. Plasma from ICU patients with
Streptococcus pyogenes bacteremia (n = 13) were included as
bacteremia patient control group (Table 1).

Our analysis focused on WTA-specific IgM and IgG2 re-
sponses using the same experimental setup as for the healthy
donor group. We observed that IgG2 responses to any of the
three WTA glycotypes were comparable between healthy do-
nors and both patient groups (Figure 3A). In contrast, patients
with S. aureus bacteremia exhibited significantly reduced IgM
levels to all WTA glycotypes compared to healthy donors, with
undetectable WTA-specific IgM in 7 out of 36 patients (19%)
(Figure 3B). Notably, reduced WTA-specific IgM responses
were not observed in patients with S. pyogenes bacteremia (Fig-
ure 3B), indicating a pathogen-specific phenomenon. While total
IgM titers were generally lower in patients with S. aureus bacter-
emia compared to healthy controls, they were similar to patients
with S. pyogenes bacteremia (Figures S4A and S4B) and did not
correlate with WTA-specific IgM responses (Figure S4C). More-

4 Cell Reports Medicine 5, 101734, September 17, 2024

over, IgM responses to CHIPS, a secreted and relatively
conserved S. aureus virulence factor,®" were not significantly
affected in the S. aureus bacteremia patient cohort compared
to healthy donors and did not correlate with WTA-IgM reactivity
or total IgM titers (Figures S4D-S4F). These findings suggest that
the reduced WTA-specific IgM antibody levels in patients with
S. aureus bacteremia cannot be attributed to a general decrease
in overall IgM titers, and the effect appears to be antigen specific
to some extent.

WTA is only one of many immunogenic antigens present on the
S. aureus surface. To examine the impact of reduced WTA-IgM
reactivity on IgM binding to the S. aureus surface, we used
sera from a separate patient cohort with S. aureus bacteremia
to determine IgM and IgG binding to S. aureus strain Newman
(tarS/tarM positive). This strain was genetically deleted for spa
and sbi to allow the assessment of both IgM and IgG binding
without interference by IgG Fc-binding proteins. Our analysis re-
vealed significantly lower IgM binding to intact S. aureus in sera
from patients with S. aureus bacteremia compared to healthy
donors, while no differences were observed for IgG binding (Fig-
ure 3C). Moreover, we observed a significant positive correlation
between IgM binding to WTA beads and intact S. aureus, sug-
gesting that WTA is a major target for IgM on the S. aureus sur-
face (Figure 3D).

WTA-specific IgM levels are inversely associated with
disease mortality risk

We next wondered whether low IgM reactivity to WTA within the
patient cohort would correlate with a poor disease outcome, due
to an impaired ability of the immune system to eradicate
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Table 1. Patient characteristics of ICU patients with S. aureus or S. pyogenes bacteremia

Characteristic S. aureus (n = 36) S. pyogenes (n = 13) p value®
Male, n (%) 26 (72) 8 (62) 0.500
Age, years mean (SD) 61 (16) 49 (17) 0.072
Admission type, n (%)
Medical 21 (58.3) 4 (30.8) 0.114
Planned surgical 6 (16.7) 0 (0) 0.174
Emergency surgical 9 (25) 9 (69.2) 0.007
Site of infection, n (%)
Pulmonary 4(11.1) 2 (15.4) 0.649
Cardiovascular 9 (25) 2 (15.4) 0.703
Musculoskeletal 7 (19.4) 0 (0) 0.167
Surgical site 4(11.1) 0 (0) 0.562
Abdominal 2 (5.6) 0(0) >0.999
Soft tissue 6 (16.7) 7 (563.8) 0.023
Central nervous system 0(0) 2 (15.4) 0.066
Unknown 4(11.1) 0 (0) 0.562
Comorbidities prior to ICU admission, n (%)
Diabetes mellitus 8 (22.2) 0 (0) 0.090
Non-metastatic solid tumor 5(13.9) 2 (15.4) >0.999
APACHE IV score, median (range) 84 (44-162) 67 (29-162) 0.349
White cell count, median (range) 12.5 (4.9-36.5) 18 (1.3-28) 0.026
Platelet count (SOFA coagulation score), n (%)
>150 (0) 24 (66.7) 1(7.7) <0.001
<150 (1) 8(22.2) 5 (38.5) 0.288
<100 (2) 3(8.3) 3(23.1) 0.321
<50 (3) 1(2.8) 4 (30.8) 0.014
Septic shock/sepsis, n (%) 14 (38.9) 4 (30.8) 0.307
Length of ICU stay in days, mean (SD) 18 (19) 7 (7) 0.033
ICU mortality, n (%) 6 (16.7) 2 (15.4) >0.999

8To compare both patient cohorts, continuous variables were analyzed with a Mann-Whitney test and categorical variables were assessed with a

Fisher’s exact test.

S. aureus. To examine a possible association between WTA-
specific IgM levels and clinical outcomes, specifically mortality,
WTA-specific antibody responses were stratified based on pa-
tient mortality. Among the 36 patients in the cohort, 6 (17%)
died while in the ICU (Table 1). IgM levels, but not IgG2 levels,
against TarS- and TarM-modified WTA were significantly lower
in deceased patients (Figures 4A and 4B). For TarP-modified
WTA, only IgG2 levels showed a significant reduction in
deceased patients (Figure 4A), whereas IgM responses were
not significantly different (Figure 4B). There were no significant
differences in total IgM or IgG levels, age, length of ICU stay,
or underlying co-morbidities between surviving or deceased pa-
tients (Figure S5A).

To determine whether the reduced WTA-IgM reactivity
observed in patients with S. aureus bacteremia was a conse-
quence of systemic infection or already existed prior to bacter-
emia, we analyzed longitudinal samples from 10 patients taken
approximately one week before, one week after, and four weeks
after the initial positive blood culture (dependent on sample
availability). While a few patients showed minor fluctuations in

WTA-specific IgM levels over the course of infection (e.g., pa-
tients 24 or 35), the responses to different WTA glycotypes re-
mained relatively constant over time (Figures 4C and S5B).
Notably, for two patients (indicated by #), the available earlier
time point was not one week but three years (patient 4) and three
months (patient 12) prior to the initial tested sample, showing
consistent WTA-specific IgM responses over extended periods
of time. Finally, three patients who later succumbed to
S. aureus bacteremia already exhibited low WTA-specific IgM
responses before the onset of bacteremia, indicating that low
WTA-IgM reactivity may predispose to poor disease outcome.

Low WTA-IgM reactivity impairs complement deposition
on live S. aureus bacteria

Our findings suggest that low WTA-specific IgM responses are
associated with increased disease mortality in patients with
S. aureus bacteremia. Since IgM-mediated complement activa-
tion is not affected by SpA and plays a critical role in S. aureus
killing (Figure 2), we hypothesized that impaired bacterial opsoni-
zation due to low WTA-specific IgM responses could contribute
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Figure 3. Patients with S. aureus bacteremia display reduced WTA-specific IgM antibody levels

(A and B) Normalized binding of (A) IgG2 and (B) IgM to beads coated with TarS-WTA, TarP-WTA, and TarM-WTA. Boxplots represent data for healthy donors (HD,
n =31) and ICU patients with S. aureus (SA, n = 36) or S. pyogenes (GAS, n = 13) bacteremia and extend from the 25th to 75th percentiles. The line inside the box
represents the median, whiskers indicate the total range with symbols representing individual donors. Statistical analysis was performed using a Kruskal-Wallis
test with Dunn’s multiple comparison test to compare both patient cohorts with healthy donors.

(C) IgG and IgM binding to S. aureus strain Newman Aspa/sbi in sera from healthy donors (n = 11) and patients with S. aureus infection (n = 10), defined as relative
binding compared to pooled human serum. Statistical analysis was performed using a Mann-Whitney test, to compare either IgG or IgM binding between healthy

donors and patients.

(D) Spearman correlation between IgM binding to Newman Aspa/sbi and cumulative IgM binding to TarS- and TarM-WTA beads; patients (n = 10) are shown in
blue and healthy donors (n = 11) in black. Dotted line represents the lower limit of quantification and symbols shown below the line represent extrapolated values.

ns, non-significant, *o < 0.05, **p < 0.01, ****p < 0.0001. See also Figure S4.

to this association within the patient cohort. Before addressing
this experimentally, we first determined WTA glycosylation
genetically and phenotypically in available clinical isolates to
align the patient’s antibody response with the WTA glycoprofile
of the infecting S. aureus strain. Confirmation of the expressed
glycoprofile with GIcNAc-WTA-specific Fab fragments is key,
since we recently showed that some S. aureus strains harbor in-
activating mutations of the encoded Tar enzymes.?* We obtained
original isolates from eight patients within the S. aureus ICU
cohort; four that survived the infection (patient 4, 10, 18, and
27) and four that passed away in the ICU (patient 12, 16, 20,
and 35). All eight S. aureus isolates contained tarS and expressed
the corresponding B1,4-GIcNAc moiety on their surface (Fig-
ure 5A); six isolates also contained tarM and showed correspond-
ing surface expression of a1,4-GIcNAc-WTA (Figure 5A). Of the
six patients that had been infected by tarS/tarM-expressing
S. aureus strains, four survived the infection (patient 4, 10, 18,
and 27) and two passed away (patient 16 and 35) (Figure 5A).
IgM binding and C1g- and C3b-deposition on the surface of a
tarS/tarM-positive S. aureus strain (Newman Aspa/sbi) were
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significantly reduced when incubated with plasma from
deceased patients compared to surviving patients (Figures 5B-
5E). IgM binding to S. aureus strongly correlated with IgM binding
to WTA beads (Figure 5C). Furthermore, spiking patient plasma
samples with low WTA-specific IgM with 4497 IgM mAb boosted
C3 deposition on S. aureus in 4 out of 7 samples (Figure S6). In
contrast, we did not observe this effect in patient plasma samples
with high WTA-specific IgM (Figure S6). These results reinforce
the importance of glycan-specific IgM binding and subsequent
complement C3b deposition on the S. aureus surface for patient
survival following bloodstream infection.

DISCUSSION

In this study, we conducted antibody profiling for glycosylated
S. aureus RboP-WTA, a prominent glycopolymer expressed by
nearly all S. aureus strains.”**? For this work, we took advantage
of synthetic glycosylated RboP-WTA oligomers, which resemble
S. aureus-expressed WTA as previously confirmed by WTA-spe-
cific mAbs and recognition by the C-type lectin receptor
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Figure 4. Association between longitudinal WTA-specific antibody responses and ICU mortality in patients with S. aureus bacteremia

(A and B) Normalized binding of plasma-derived WTA-specific (A) IgG2 and (B) IgM according to the three WTA glycotypes from ICU patients with S. aureus
bacteremia, stratified by ICU mortality. Boxplots extend from the 25th to 75th percentiles, and whiskers represent the total range. Symbols indicate individual
patients with S. aureus infection (n = 36). Statistical analysis was performed using a Mann-Whitney test.

(C) Cumulative IgM binding for the three WTA glycotypes (TarS-, TarP-, and TarM-WTA) in longitudinal plasma samples (in days from positive blood culture) for ten
patients with S. aureus bacteremia. Plasma samples at time point zero coincides with plasma samples shown in Figures 3A/B and 4A/B. The shading indicates
patients that died in the ICU (p12, p19, p20, and p35). # refers to a different timing of sample acquisition (not —7 days). Dotted line represents the lower limit of
quantification and symbols shown below the line represent extrapolated values. See also Figure S5. ns, non-significant, *p < 0.05, **p < 0.01.

langerin.'® Our data corroborated the near-universal presence
of WTA-specific IgM and IgG antibodies in healthy individ-
uals,’”*?° confirming widespread exposure to the bacterium in
the absence of clinical disease.'® Remarkably, IgM outper-
formed IgG in complement activation and conferred protection
against systemic S. aureus infection in mice, while being unaf-
fected by the major S. aureus virulence factor SpA. Importantly,
WTA-specific IgM levels, but not IgG or IgA, were significantly
lower among patients with S. aureus bacteremia, particularly in
non-survivors, and correlated with reduced complement activa-
tion, a vital response for recruiting and activating neutrophils.®**
Our findings suggest that IgM plays a critical role in protecting
against severe S. aureus infections, challenging the notion that
it is merely a transitional antibody isotype.'® Further experi-
mental and clinical studies are needed to determine the general-
izability of our findings. Experimental studies may include the
protective capacity of WTA-specific IgM in different mouse
infection models, e.g., infecting with different S. aureus strains
via various infection routes and assessing multiple parameters
for infection severity. From a clinical perspective, the inclusion
of other patient cohorts, for example children or patients with
S. aureus pneumonia or severe skin and soft tissue infection,
may be employed to investigate whether insufficient opsonic

IgM antibodies targeting WTA or other surface antigens repre-
sent a risk factor for poor clinical outcomes.

Our findings may have important implications for clinical care
management, particularly in risk assessment and prophylaxis for
hospitalized patients. Previous case reports have indicated that
patients with primary selective IgM deficiency are more suscep-
tible to S. aureus infections,®** and reduced IgM responses can
also occur in individuals with advancing age or impaired splenic
function.®”*® Based on our data, low WTA-specific IgM titers
may be a risk factor for the development of S. aureus bacteremia
and poor clinical outcomes. Conceivably, patients with a
planned procedure that holds risk for opportunistic S. aureus in-
fections could be evaluated for WTA-specific IgM titers, similar
to the assessment of other risk factors such as neutrophil counts
and S. aureus colonization,***° which clinicians could weigh in
decisions on antibiotic selection or frequency of monitoring.
Moreover, future studies could explore the potential prophylactic
or therapeutic application of polyclonal (e.g., IgM-enriched intra-
venous immunoglobulin  (IVIg)*'**?) or monoclonal IgM to
improve outcomes in S. aureus bacteremia. Here, we provide a
first proof of concept that the administration of opsonic IgM
mADbs to patients with low endogenous levels of WTA-specific
IgM may improve anti-S. aureus immunity, although further
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Figure 5. Complement deposition on S. aureus by WTA glycoprofile-specific IgM is reduced in ICU patients that succumbed to S. aureus
bacteremia

(A) Expression of B-GIcNAc-WTA (Fab clone 4497) and a-GIcNAc-WTA (Fab clone 4461) by clinical isolates from eight patients (survived patients: p4, p10, p18,
p27; deceased patients: p12, p16, p20, p35) and reference strains RN4220 AtarS and AtarM. Below the corresponding WTA glycosyltransferase genotypes (tarS,
tarM) as determined by PCR analysis. The dotted line indicates background staining.

(B) IgM binding to S. aureus strain Newman Aspa/sbi in 1% plasma from six patients infected with a tarS*tarM* S. aureus isolate (as shown in A), stratified on ICU
mortality.

(C) Spearman correlation between IgM binding to S. aureus (shown in A) and cumulative IgM binding to TarS-WTA and TarM-WTA beads in six patients, with
deceased patients shown in red and survived patients in blue. Dotted line represents the lower limit of quantification and symbols shown below the line represent
extrapolated values.

(D and E) Deposition of (d) C1qg and (e) C3b on Newman Aspa/sbi, pre-opsonized with 3% patient plasma, stratified on ICU mortality. Anti-WTA Fab staining,
deposition of IgM, C1g and C3b on S. aureus bacteria is depicted as geometric mean fluorescence intensity (FI) (mean + SD of biological duplicates or triplicates),
each symbol indicates individual patients. Statistical analysis for C, D, and E was performed using unpaired t tests with Welch correction. *p < 0.05, **p < 0.01. See

also Figure S6.

investigation is warranted to determine the breadth of protec-
tion. Indeed, a limited number of promising preclinical proof-
of-principle studies have been reported for pathogen-targeted
therapeutic monoclonal IgM antibodies against influenza,*® se-
vere acute respiratory syndrome coronavirus 2,** and Neisseria
meningitidis.*®

The potential advantages of opsonic IgM over IgG in protect-
ing against S. aureus bacteremia may have implications for vac-
cine development. Current vaccination strategies for S. aureus
have focused on inducing high levels of IgG, the classic opsonic
antibody isotype, but these approaches have consistently failed
in human clinical trials, despite promising results in preclinical
animal studies. The effectiveness of IgG-mediated strategies
may be hindered by the presence of IgG-Fc binding proteins
such as SpA and Sbi, which effectively interfere with IgG-medi-
ated downstream functions. Our data from a cohort of patients
with S. aureus bacteremia suggest that efforts to boost durable
opsonic IgM responses through vaccination may be more suc-
cessful, partly because SpA does not interfere with IgM-medi-
ated effector functions like it does with IgG. Characterizing the
B cells responsible for producing these glycan-specific IgM an-
tibodies, as well as understanding how to induce their produc-
tion, will advance our fundamental understanding of protective
adaptive immunity in humans. These insights could likewise
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inform vaccine development efforts for other human bacterial
pathogens that express IgG-Fc or IgA-Fc binding immune
evasion factors on their surfaces, including S. pyogenes.*®

In conclusion, we provide evidence of a key role for opsonic
IgM in protective immunity to S. aureus. The manipulation of B
cell responses by pathogens to their own advantage is an area
of increasing research interest,*” including the observation that
Fc binding by SpA in vivo can trigger large-scale supraclonal B
cell depletion by VH-targeted activation-induced cell death in
mouse models.*®“° Further research to dissect the host-path-
ogen interactions dictating opsonic IgM responses to S. aureus
can contribute to risk stratification of hospitalized patients and/
or rational design of antibody-based therapies and vaccines
against this foremost human pathogen.

Limitations of the study

There are limitations to our study, which warrant caution and
require future investigation. Firstly, the experimental mouse
infection model does not resemble infections in humans, in terms
of hostimmune status, route of infection, and bacterial inoculum.
Secondly, the IgM mADb (clone 4497) used in this study is derived
from an IgG1 clone, and therefore likely is not representative of
circulating human WTA-specific IgM antibodies. The third limita-
tion is the small group size of healthy donors and patients. Future
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studies should include larger groups of patients varying in
S. aureus infection severity, using data from this pilot study for
sample size calculations. Fourthly, we were not able to expand
on functional assays using patient material, e.g., assessing op-
sonophagocytic killing of S. aureus in patients with low WTA-
specific IgM levels, due to limited sample availability. Finally, a
prospective study would be required to validate the hypothesis
that low WTA-specific IgM levels increase the risk of S. aureus
bacteremia and mortality.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Alexa Fluor 647-conjugated goat F(ab’)2 -anti human kappa
PE-conjugated goat anti-human IgG

FITC-conjugated goat anti-human IgM

Alexa Fluor 647-conjugated goat F(ab’)2 anti-human IgA
PE-conjugated mouse anti-human IgG1 Fc

Alexa Fluor 488-conjugated mouse anti-human IgG2 Fc

Alexa Fluor 647-conjugated mouse anti-human IgG3 hinge
FITC-conjugated rabbit F(ab’)2 anti-human C3c
FITC-conjugated rabbit F(ab’)2 anti-human C1q

PE-conjugated goat F(ab’)2 anti-human IgM

Alexa Fluor 647-conjugated goat anti-human IgG

sheep anti-human IgG

sheep anti-human IgM

ChromPure human IgG

ChromPure human IgM

horseradish peroxidase (HRP)-conjugated goat anti-human IgG
horseradish peroxidase (HRP)-conjugated goat anti-human IgM
Bacterial strains

Staphylococcus aureus N315 wildtype (WT)

Southern Biotech
Southern Biotech
Southern Biotech
Southern Biotech
Southern Biotech
Southern Biotech
Southern Biotech

Dako, Cruz et al.™®

Dako, Cruz et al.™®
Southern Biotech
Southern Biotech

ICN Biomedicals

ICN Biomedicals
Jackson Immunoresearch
Jackson Immunoresearch
Southern Biotech

Southern Biotech

NARSA strain collection

Cat # 2062-31; RRID: AB_2795742
Cat # 2040-09; RRID: AB_2795648
Cat # 2020-02; RRID: AB_2795600
Cat # 2052-31; RRID: AB_2795711
Cat # 9054-09; RRID: AB_2796628
Cat # 9070-30; RRID: AB_2796640
Cat # 9210-31; RRID: AB_2796703
Cat #F0201; RRID: AB_2335709

Cat #F025402

Cat # 2022-09; RRID: AB_2795614
Cat # 2040-31; RRID: AB_2795651

Cat # 682311;

Cat # 682331

RRID: AB_2335117

Cat # 009-000-003; RRID: AB_2337043
Cat # 009-000-012; RRID: AB_2337048
Cat # 2040-05; RRID: AB_2795644
Cat # 2020-05; RRID: AB_2795603

www.narsa.net

S. aureus N315 Aspa Gerlach et al.?? N/A

S. aureus Newman WT ATCC Cat # 13420

S. aureus Newman AspaAsbi Sibbald et al.*° N/A

S. aureus Newman AspaAsbi - mAmetrine Cruz etal.? N/A

S. aureus MW2 WT CcDC®! N/A

S. aureus NRS384 WT NARSA strain collection www.narsa.net
S. aureus NRS384 AtarM Winstel et al.* N/A

S. aureus 8325-4 WT NARSA strain collection www.narsa.net
S. aureus RN4220 AtarS Winstel et al.*? N/A

S. aureus RN4220 AtarM Winstel et al.” N/A

S. aureus clinical isolates This study N/A

Biological samples

IgG- and IgM-depleted human serum Zwarthoff et al.>® N/A

Baby rabbit serum Pel Freez Cat # 31061
Bovine serum albumin Serva Cat # 11930
Human serum albumin (Albuman) Prothya Biosolutions RVG: 103585
Chemicals, peptides, and recombinant proteins

UDP-GIcNAc Merck Cat #U4375
protein A from S. aureus Cruzetal.™ N/A

CHIPS from S. aureus De Haas er al.”" N/A

TMB substrate for ELISA Sigma Cat #T0440
RPMI Medium 1640(1x) ThermoFisher Scientific Cat # 52400-025
Polymorphprep Alere Technologies Cat # 1114683
Achromopeptidase Sigma Cat # A3547

el Cell Reports Medicine 5, 101734, September 17, 2024

(Continued on next page)


https://www.narsa.net
https://www.narsa.net
https://www.narsa.net

Cell Reports Medicine @ CelPress

OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Lysostaphin Sigma Cat #9043

PEI max Polysciences Cat # 24765

POROS™ CaptureSelect™ IgM Affinity Matrix ThermoFisher Scientific Cat # 2812892005

Jacalin Agarose ThermoFisher Scientific Cat # 20395

Critical commercial assays

NucleoBond Xtra Midi kit Macherey-Nagel Cat # 740410

Experimental models: Organisms/strains

Mus Musculus BALB/c Charles River Strain # BALB/cAnNCtl

Oligonucleotides

Forward TarS: 5’- GTGAACATATGAGTAGTGCGTA-3’ Integrated DNA Technologies N/A

Reverse TarS: 5'-CATAATGTCCTTCGCCAATCAT-3' Integrated DNA Technologies N/A

Forward TarM: 5'-GGGATACCCATATATTTCAAGG-3' Integrated DNA Technologies N/A

Reverse TarM: 5'- CAATTCGCTTCGTTGGTACCATTC-3’ Integrated DNA Technologies N/A

Software and algorithms

GraphPad Prism 10 GraphPad Software https://www.graphpad.com/
scientificsoftware/prism/

FlowJo (v.10.8.1) FlowJo https://www.flowjo.com/

Other

Dynabeads™ M-280 Streptavidin ThermoFisher Scientific Cat # 11205D

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human participants

Blood from healthy individuals (n = 31) was collected in EDTA tubes with full informed consent and approval from the Institutional
Review Board of the University Medical Center Utrecht (METC protocol 07-125/C, approved March 1, 2010) in accordance with
the Declaration of Helsinki. EDTA-plasma was obtained by centrifugation (10 min, 2,000 g at 4°C), and stored at —80°C.

Patients, admitted to the intensive care unit (ICU) were included based on specific inclusion criteria as part of the Molecular Diag-
nosis and Risk Stratification of Sepsis (MARS) study (ClinicalTrials.gov, NCT01905033). The Institutional Review Board approved an
opt-out consent method (protocol number 10-056C). Plasma samples were collected from leftover blood drawn for routine care in
EDTA-treated tubes on day one after a positive S. aureus (n = 36) or Streptococcus pyogenes (n = 13; all patients available in cohort)
blood culture and stored at —80°C within 4 h after collection. Information on patient characteristics, including age, gender and clinical
parameters, is indicated in Table 1.

Blood from patients with S. aureus bacteremia (n = 10, METC protocol 19/495) and healthy donors (n = 11, METC protocol
07-125/C) were collected in serum tubes and centrifuged for 10 min at 3,000 rpm, 4°C. Serum samples were aliquoted and stored
at —80°C. Samples were received within 1 h of blood draw and processed immediately. Human serum samples were only used for
data shown in Figures 3C and 3D, all other figures depict data from human EDTA-plasma samples.

For neutrophil killing experiments, human blood was collected after informed consent from healthy human volunteers as approved
by the University of California San Diego (UCSD) Human Research Protection Program.

For all human samples excluding the patients included in the MARS cohort, there is no personal information (e.g., age, gender)
available, limiting the generalizability of the study.

Mouse strains

Mouse studies were reviewed and approved by the Institutional Animal Care and Use Committee. Experiments were performed in
accordance with regulations of the Animal Care Program at University of California, San Diego. Six weeks old BALB/c mice were
purchased from Charles River Laboratories. All mice were female, and were housed in specific-pathogen free facilities at University
of California, San Diego. Age-matched mice were used for in vivo experiments.

Bacterial culture conditions

Bacterial strains, used in this study, are listed in the key resources table. Bacteria were cultured overnight in 3 mL Todd-Hewitt broth
(THB; Oxoid) at 37°C with agitation. For Newman Aspa/sbi mAmetrine,'? bacteria were grown in the presence of 10 pg/mL
chloramphenicol. The following day, overnight cultures were subcultured in fresh THB and grown until reaching mid-exponential
growth phase, corresponding to an optical density of 0.5-0.6 at 600 nm (OD600). Bacteria were collected by centrifugation
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(10 min @ 3,000g, 4°C) and resuspended in PBS 0.1% BSA to an ODgqg of 0.4 for WTA glycoprofiling. For complement deposition and
antibody binding experiments, bacteria were resuspended in RPMI supplemented with 0.05% human serum albumin (HSA) or 0.1%
BSA (RPMI-A) to an OD600 of 0.4-0.5, and stored at —20°C until further use.

METHOD DETAILS

Glycosylation and coating of WTA beads

Biotinylated RboP-WTA hexamers were synthesized and glycosylated using recombinant TarS, TarP, and TarM enzymes as previ-
ously described. 8222354 Bjotinylated RboP oligomers (0.17 mM) were incubated for 2 h at room temperature with the respective
recombinant glycosyltransferase enzymes (6.3 pg/mL) and UDP-GIcNAc (2 mM, Merck) in glycosylation buffer (15 mM HEPES,
20 mM NaCl, 1 mM EGTA, 0.02% Tween 20, 10 mM MgCI2, 0.1% BSA, pH 7.4) (Figure S1A). The glycosylated RboP hexamers
were then coupled to magnetic streptavidin (5x 107) beads (Dynabeads M280 Streptavidin, Thermo Fisher Scientific) for 15 min
at room temperature. The coated beads were washed three times with PBS 0.1% BSA 0.05% Tween 20 (PBS-BT) and stored at
4°C. The successful coating of WTA beads was validated by binding of monoclonal IgG1 antibodies (3 png/mL) specific for
a-GIcNAc-WTA (TarM-modified WTA, clone 4461), B-GIcNAc WTA (TarS- and TarP-modified WTA, clone 4497) and B-1,4-GIcNAc
WTA (TarS-modified WTA, clone 6292), followed by detection with goat-anti human kappa-Alexa Fluor 647 (5 ng/mL, Southern
Biotech) and analysis of geometric mean fluorescence intensity (geoMFI) by flow cytometry (BD FACSVerse).

Production of monoclonal antibodies

Monoclonal antibodies (mAbs) targeting B-GIcNAc-WTA (clone 4497) in different |g isotypes and IgG subclasses were expressed in
EXPI293F cells (Thermo Fisher) as previously described.***> Heavy chain (hG) and kappa light chain (hK) constant regions for human
IgG1, 1IgG2, IgG3, IgM and IgA1 were cloned into the Xbal-Agel cloning sites of the pcDNA34 vector (ThermoFisher), along with pre-
viously described variable regions (VH and VL) derived from patent WO 2014/193722 A1.50'7-?® (Table S1). The VH and VL se-
quences, preceded by a Kozak sequence (ACCACC) and the HAVT20 signal peptide (MACPGFLWALVIST- CLEFSMA), were
codon-optimized for human expression and synthesized as gBlocks (IDT). Gibson assembly was used to clone VH and VL gBlocks
into the pcDNA34 vector, upstream of the Ig heavy chain (hG) and kappa light chain (hK) constant regions, following the manufac-
turer’s instructions. Nhel and BsiWI were used as the 3’ cloning sites for VH and VL, respectively, to preserve the amino acid
sequence of the immunoglobulin heavy and kappa light chains nce. For IgM, BamHI was used as the 3’ cloning site for VH. The con-
structs were transformed into E. coli TOP10F’ cells through heat shock, and clones were verified by PCR and Sanger sequencing
(Macrogen). Plasmids were isolated using the NucleoBond Xtra Midi kit (Macherey-Nagel) and sterilized using 0.22 um Spin-X centri-
fuge columns (Corning). For protein production, we used EXPI293F cells and their expression medium (Thermo Fisher); cells were
cultured at 37°C, 8% CO2 in conical flasks with culture filter caps (Sigma) placed on a rotation platform (125 rotations/min). One
day prior to transfection, the cells were diluted to a concentration of 2 x 10° cells/mL, and 100 mL of cell culture was used for trans-
fection the next day. In 10 mL of Opti-MEM (Thermo Fisher), 500 uL PEI-max (1 ug/uL; Polysciences) was mixed with DNA (1 ung/mL
cells) in a 3:2 ratio of hK and hG vectors. After a 20 min incubation at room temperature, this DNA/PEI mixture was added dropwise to
100 mL of EXPI293F cells (2 x 10° cells/mL). After 5 days, Ig expression was verified by SDS-PAGE, and the cell supernatant was
collected by centrifugation and filtration through a 0.45 uM filter. IgG1 and IgG2 were purified using a HiTrap Protein A column (GE
Healthcare) and Akta Pure (GE Healthcare). Elution was performed in 0.1M citric acid, pH 3.0, and neutralization done with 1M Tris,
pH 9.0. IgG3 was purified using a HiTrap Protein G column (GE Healthcare), with elution in 0.1M Glycine-HCI, pH 2.7, followed by
neutralization with 1M Tris, pH 8.0. IgM purification involved dialysis against PBS, and additional NaCl was added to the IgM prep-
aration to achieve a final concentration of 500 mM before application to a POROS CaptureSelect IgM Affinity matrix (Thermo Scien-
tific) column. IgM was eluted using 0.1M Glycine-HCL pH 3.0 on the AKTA Pure system. 0.5M NaCl was added to the pooled fraction,
which was then neutralized with 1M Tris pH 7.5. For IgA1 purification, a Jacalin agarose (Thermo scientific) column was used, fol-
lowed by elution with 0.1M Melibiose (Sigma). All Ig fractions underwent overnight dialysis in PBS at 4°C, and purified mAbs were
stored at —20°C.

Antibody binding to WTA beads
To analyze the presence of WTA-specific antibodies in human plasma or sera, we incubated 1 x 10° beads coated with glycosylated
RboP-WTA oligomers (WTA beads) and non-coated beads with a 3-fold serial dilution range of human plasma or sera (concentrations
ranging between 0.01% and 3%) in a 96-well round bottom plate (Greiner) at 4°C in PBS-BT for 20 min. The beads were washed once
with PBS-BT using a plate magnet, incubated with a mixture of either (1) goat anti-lgG-PE, goat anti-lgM-FITC and goat F(ab)2
anti-lgA-Alexa Fluor 647 or (2) mouse anti-lgG1 Fc-PE, anti-IgG2 Fc-Alexa Fluor 488 and mouse anti-lgG3 hinge-Alexa Fluor 647
(1 pg/mL, all from Southern biotech) for an additional 20 min at 4°C. After another wash, the beads were analyzed by flow cytometry
(BD FACSVerse) (Figure S1B) using a standardized template. We measured the geometric mean fluorescence intensity (geoMFI) of
10,000 events within a set gate (based on FSC-A/SSC-A).

Antibody binding to WTA beads was measured in triplicate or duplicate. The geoMFI values were corrected for median background
binding to non-coated beads, except for analysis of sera from healthy donors and patients for technical considerations (Figures 3C
and 3D). Background-corrected geoMFI values were interpolated using a standard curve of -GlcNAc WTA specific mAb (clone 4497
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in 19G1/1gG2/1gG3/IgM/IgA isotype, 0.003-10 pg/mL) binding to TarS-WTA beads (Figure S1C). For longitudinal sample analysis,
2xp1,4-GlcNAc WTA coated beads® were used for the 4497-mAb standard curve. Interpolated values were adjusted for the dilution
factor, and the mean normalized antibody binding was calculated using values from at least two dilutions. Values equal to or lower
than background were assigned a value of 0.05. Pooled human EDTA-plasma from nine healthy donors was included in each mea-
surement as control sample, ensuring an inter-assay coefficient of variation (CV) < 25% (Figure S1D).

Complement deposition assay

To assess antibody-mediated complement deposition on intact S. aureus, bacteria (~1 x 10° CFU) were incubated with diluted
monoclonal antibodies (IgM/IgG2) or human plasma (1:33 and 1:100) in RPMI-A for 30 min at 4°C. In case of data shown in Figure 2B,
a titration of wild-type recombinant protein A (SpA-WT, 0.15-100 nM), produced as described in,'® was added simultaneously with
4497-IgM (1 nM) or 4497-1gG2 (10 nM). The bacteria were washed, collected by centrifugation, and incubated with 1% IgG- and IgM-
depleted human serum®® for 30 min at 37°C in RPMI-A. Subsequently, the bacteria were washed with RPMI-A and incubated with
rabbit F(ab’), anti-human C3c-FITC (also reactive with C3b), rabbit F(ab’), anti-human C1g-FITC (both at 5 ng/mL, Dako as described
in'®), or goat F(ab’), anti-human IgM-PE (5 png/mL, Southern Biotech) for 30 min at 4°C. The bacteria were washed, fixed in 1% para-
formaldehyde in RPMI, and analyzed by flow cytometry (BD FACSVerse or Canto) using a standardized template. We measured the
geometric mean fluorescence intensity (geoMFI) of 10,000 events within a set gate (based on FSC-A/SSC-A).

Neutrophil opsonophagocytic killing assay

Human neutrophils were freshly isolated from whole blood using Polymorphprep (Alere technologies) per manufacturer instructions.
Bacteria were opsonized with 10 nM 4497-IgM or 10 nM 4497-1gG2 monoclonal antibodies in the presence of 2% baby rabbit serum
(Pel Freeze) in RPMI-A for 30 min at 37°C while shaking (650 rpm). Subsequently, freshly isolated human neutrophils were added at a
~1:10 bacteria to cell ratio in triplicate and incubated for 60 min at 37°C with agitation (200 rpm). To release the internalized bacteria,
neutrophils were lysed by incubating 15 min on ice with 0.3% (w/v) saponin (Sigma- Aldrich) in sterile water. Samples were serially
diluted in PBS and plated on THA plates in duplicate. CFUs were counted after overnight incubation at 37°C, and percentage survival
was calculated and normalized over inoculum.

Murine model of systemic S. aureus infection

Animal experiments were performed with S. aureus N315 to align with the bulk of in vitro experiments. S. aureus N315 WT was grown
overnight from a freshly streaked blood agar plate, diluted 1:200 in THB and grown to an OD600 of 0.7, followed by two washes with
PBS. Seven to nine-week old BALB/c female mice were anesthetized with isofluorane and injected intravenously with monoclonal
IgM antibodies (30 ng in 150 uL PBS) by retro-orbital injection. After 3 h, mice were infected with S. aureus N315 (3 x 107 CFU)
by intra-peritoneal (i.p.) injection. Spleen and kidneys were harvested after 24 h post-infection, homogenized in phosphate-buffered
saline (PBS), serially diluted and plated on THB agar plates for CFU enumeration.

We opted for this experimental design, where IgM was administrated intravenously and S. aureus intraperitoneally, to model the
majority of clinical cases of S. aureus bacteremia (i.e., disseminated bacteremia) and to adhere to the imposed constraints of a single
intravenous injection in a 24-h time window. Moreover, direct intravenous compared to intraperitoneal injection of IgM ensured an
more accurate estimation of the amount of human IgM in the circulation,since no loss would occur due to barrier crossing. We choose
a 3 h time interval between IgM mAb administration and S. aureus infection to accommodate experimental logistics and the relatively
short t1,» of human IgM in mice of ~8 h.*®

IgG and IgM binding to S. aureus

Newman Aspa/sbi mAmetrine bacteria were diluted 50 times from frozen stocks (OD600 of 0.5), and incubated with a serial dilution of
heat inactivated (56°C 30 min) human sera in RPMI-A for 30 min at 4 °C at 600 rpm to allow antibody binding. Heat-inactivated pooled
human serum was taken as reference, setting binding of this sample to 1. The bacteria were washed, collected by centrifugation
(7 min at 3,500 rpm, 4°C) and incubated with goat anti-human IgG-Alexa Fluor 647 and goat anti-human IgM-PE (both Southern
Biotech) for 30 min at 4 °C at 600 rpm. The bacteria were washed and fixed in PBS 1% formaldehyde before analysis by flow cytom-
etry (BD FACSVerse) using a standardized template. We measured the geometric mean fluorescence intensity (geoMFI) of 10,000
events within a set gate (based on FSC-A/SSC-A and mAmetrine).

WTA glycoprofiling of S. aureus isolates
DNA was isolated from S. aureus isolates, including RN4220 AtarS and RN4220 AtarM by incubation with lysostaphin and achromo-
peptidase (both at 100 ug/mL, Sigma) in 0.5 M NaCl, 10 mM Tris-HCI pH 8.0 at 37°C for 30 min. Samples were boiled for 5 min at
100°C, diluted 5-fold in 1 mM EDTA, 10 mM Tris-HCI pH 8.0 and stored at —20°C until further analysis. The presence of tarS and
tarM was determined by PCR analysis using the following primers: tarS (up) 5'- GTGAACATATGAGTAGTGCGTA-3' and tarS (dn)
5'-CATAATGTCCTTCGCCAATCAT-3' and tarM (up) 5'-GGGATACCCATATATTTCAAGG-3’ and tarM (dn) 5- CAATTCGCTTCGTT
GGTACCATTC-3'.

To analyze the correlation between the tar genotype and expressed WTA glycoprofile on the S. aureus surface, bacteria were
stained with Fab fragments (10 pg/mL) specific for a-GIcNAc WTA (clone 4461), B-GIcNAc WTA (clone 4497) as described
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previously,*® followed by staining with goat F(ab’), anti-human kappa-Alexa Fluor 647 (5 pg/mL, Southern Biotech), fixation in PBS
1% formaldehyde and analysis by flow cytometry (BD FACSVerse) using a standardized template. We measured the geometric mean
fluorescence intensity (geoMFI) of 10,000 events within a set gate (based on FSC-A/SSC-A).

Antibody levels in human plasma (ELISA)

To determine total IgG and IgM levels in human EDTA-plasma samples, Maxisorp plates (Nunc) were coated overnight at 4°C with
sheep anti-IgG or sheep anti-IgM (2 ug/mL in PBS, ICN Biomedicals). The next day, the plates were washed three times with PBS
0.05% Tween 20 (PBS-T), blocked for 1 h at 37°C with PBS-T containing 4% BSA (Serva). After three washing cycles with
PBS-T, plates were incubated for 1 h at 37°C with a concentration range of plasma samples in duplicate (5-fold serial dilution starting
at 1:10,000 for IgG, 1:1,000 for IgM) as well as a standard for either IgG (0.56-200 ng/mL, ChromPure human IgG, Jackson Immu-
noresearch) or IgM (3.12-400 ng/mL, ChromPure human IgM, Jackson Immunoresearch). Following three washing steps, horse-
radish peroxidase (HRP)-conjugated goat anti-human IgG or goat anti-human IgM (1:6,000, Southern Biotech) was added for 1 h
at 37°C, and after washing the plates were developed using tetramethylbenzidine (TMB). After 5-10 min, the reaction was stopped
by adding 1N H,SO,, absorbance was measured at 450 nm in an iMark Microplate Absorbance Reader (Bio-Rad), and values were
corrected for background signals at 595 nm. Pooled human plasma (n = 9 healthy donors) was included in every measurement as
control sample to determine the inter-assay variation, resulting in a coefficient of variation (CV) < 25% (data not shown).

To determine CHIPS-specific IgM responses in human EDTA-plasma samples, plates were coated overnight at 4°C with recom-
binant CHIPS (3 ng/mL in PBS), expressed as described previously.®' After washing and blocking, similar as described above, plates
were incubated for 1 h at 37°C with human EDTA-plasma samples in triplicate at a 1:100 dilution. Heat-inactivated pooled human
serum (from n = 30 healthy donors, 1:100 dilution) was included as an internal control. After three washing cycles, horseradish perox-
idase (HRP)-conjugated goat anti-human IgM (1:2,000, Southern Biotech) was added for 1 h at 37°C, and after washing the plates
were developed using TMB substrate (Sigma). The reaction was stopped by adding 1N H,SO4, and the absorbance was measured at
450 nm on a Synergy H1 Microplate Reader (BioTek). Values were corrected for background signals at 575 nm and normalized using
the pooled human serum control, which was set at 1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data obtained by flow cytometry was analyzed using FlowJo 10 (FlowJo LLC). All statistical analyses were performed with Prism soft-
ware (version 10; GraphPad). Data was checked for normality using the Shapiro-Wilk test, and all statistical details can be found in the
figure legends. Data are presented as mean + standard deviation (SD), unless otherwise stated. Correlations between antibody bind-
ing to different WTA beads or S. aureus bacteria were assessed using the Spearman correlation, and r values > 0.6 were considered
high correlations. Two-sided p values <0.05 were considered significant, and are depicted in the figures.
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