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Summary

Humans frequently encounter Staphylococcus aureus (SA) throughout life. Animal studies have
yielded SA candidate vaccines; yet all human SA vaccine trials have failed. One notable vaccine
“failure” targeted IsdB, critical for host iron acquisition. We explored a fundamental difference
between humans and laboratory animals - natural SA exposure. Recapitulating the failed Phase 111
IsdB vaccine trial, mice previously infected with SA do not mount protective antibody responses
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to vaccination, unlike naive animals. Non-protective antibodies exhibit increased a.2,3 sialylation
that blunts opsonophagocytosis and preferentially target a non-protective IsdB domain. I1sdB
vaccination of SA-infected mice recalls non-neutralizing humoral responses, further reducing
vaccine efficacy through direct antibody competition. 1sdB vaccine interference was overcome

by immunization against the 1sdB heme-binding domain. Purified human IsdB-specific antibodies
also blunt 1sdB passive immunization and additional SA vaccines are susceptible to SA pre-
exposure. Thus, failed anti-SA immunization trials could be explained by non-protective imprint
from prior host-SA interaction.
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The failure of S. aureus vaccine trials has been a conundrum. Using mice with S. aureus exposure,
Tsai et al. find prior infection preprograms the host immune system to respond poorly to vaccines
with antibody competition further reducing efficacy. Understanding S. aureus modulation of
vaccine responses may facilitate future success.

Introduction

S. aureus (SA) is a major cause of health burden and has been the target of vaccine

development for over a century (wright, 1902). Although many successful candidates have

emerged from laboratory animal studies, all passive and active immunizations taken to
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clinical trials have failed in humans without a clear explanation (Miller et al., 2020). We
propose that prior exposures to SA in humans account for the ineffectiveness of these
vaccines. Whereas mice in a laboratory setting have infrequent exposure to SA, human
infants have a colonization rate of over 50% during the first two months of life (Lebon et
al., 2008). As a pathobiont, SA elicits abundant antibodies (Ab) against SA in most subjects
(Kluytmans et al., 1997). However, these anti-SA Ab likely play a modest role against SA
infection as individuals with B cell deficiency are not more susceptible to SA infections
than normal subjects (Fowler and Proctor, 2014). SA has developed many mechanisms to
evade the host adaptive immune system (Alonzo et al., 2013; Gerlach et al., 2018; Goodyear
and Silverman, 2003; Kappler et al., 1989; Sanchez et al., 2017). Thus, we queried if
pre-existing immune response to SA can play a role in SA vaccine failures.

To address this question, we turned to one of the most notable SA vaccine “failures” to date
that targeted the iron-regulated surface determinant protein B (IsdB), a critical antigen for
acquisition of host iron (Fowler et al., 2013). Although the vaccine induced robust titers of
IsdB Ab in subjects, the vaccine was ineffective in the Phase 3 clinical trial.

Prior S. aureus infection abrogates protection conferred by IsdB vaccine

To model prior host exposure to SA, we intraperitoneally (i.p,) infected C57BL/6 mice with
SA 1-3 times at weekly intervals with an aim to achieve a steady serum IsdB antibody

titer (Figure S1A). We then immunized the mice with recombinant IsdB plus alum and
evaluated for bacterial burden or mouse mortality (Figure 1A). Corroborating earlier studies
(Stranger-Jones et al., 2006), IsdB vaccine was highly efficacious against SA challenge in
naive mice (Figure 1C). However, 2-3 prior SA infections attenuated anti-SA immunity
conferred by 1sdB vaccine in direct correlation with pre-existing 1sdB Ab titers (Figures
1B-E, S1B and S1C). Since 3 SA infections conferred the most robust interference across
experiments, we focused on this model for mechanistic studies.

Vaccine efficacy was also blunted by prior SA infections delivered subcutaneously or

i.v. (Figures 1F, 1G, S1D and S1E). Unlike human staphylococcal colonization, murine
intranasal colonization with SA over 3 weeks failed to induce significant anti IsdB-specific
Ab response (Figure S1F). Hence, the effect of intranasal infection on IsdB vaccine was not
studied. IsdB vaccine interference was observed in mice inoculated with SA strains LAC,
SA113 or Newman when used for both prior infection and final challenge (Figures 1D, S1G
and S1H). Interference was dramatic in all mouse genetic backgrounds tested (C57BL/6,
CBA, and BALB/c) and equally in both male and female mice (Figures 1D and S11-S1K).

Vaccine suppression did not depend on innate training mechanisms, as adoptive transfer of
B cells from SA-infected mice followed by vaccination of the recipients was sufficient to
induce vaccine suppression (Figure 2A and S2A). In addition, vaccine suppression persisted
for at least 3 weeks from the time of last SA infection (Figure S2B). Vaccine suppression
was antigen-specific based on efficacy of the 1sdB vaccine in mice previously infected with
the IsdB/HarA mutant that does not induce IsdB cross-reactive Ab (Figures 2B and S2C)
(Kuklin et al., 2006). In naive mice, 1sdB vaccination conferred anti-SA protection through

Cell Host Microbe. Author manuscript; available in PMC 2023 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tsai et al.

Page 4

B lymphocytes and Ab, but SA-infection prior to vaccination abrogated the ability of the
B cells and total 1gG to transfer anti-SA immunity (Figures 2C, 2D, S2D and S2E). In
comparison, transfer of CD4* T cells from vaccinated SA-naive mice was not protective
(Figure S2F). Hence, our data demonstrate that prior SA infection by different routes
abrogated specific humoral immunity induced by IsdB vaccination.

Protective and non-protective IsdB-specific antibodies differ in IsdB target and sialylation

To determine why vaccine-generated Ab were ineffective in mice previously infected with
SA, we compared IsdB-specific Ab generated by SA infection, by SA infection followed
by IsdB vaccination, and by vaccination alone. We found that Ab titers, isotypes, affinity,
and complement binding do not explain the differences in vaccine efficacy between naive
and pre-infected mice (Figures 3A, 3B and S3A-S3F): Specific Ab titers were not different
between Naive-vaccinated mice and SA-infected-vaccinated mice (Figures 3A and S3A-
S3D). In fact, 1sdB vaccination of SA exposed mice yielded antibodies that bound with
higher avidity to 1sdB and which bound more complement (Figure 3B and S3F).

However, we found that opsonophagocytic killing of SA by neutrophils was more efficient
with Ab generated by vaccination of naive mice (Figure 3C). The finding prompted us

to explored Ab glycosylation, particularly sialylation, which has been shown to reduce
opsonophagocytosis through blunting of FcgRIIl and FcgRIIb binding (Kaneko et al., 2006;
Scallon et al., 2007). We showed that Ab generated by IsdB vaccination of SA-infected mice
have increased a.2,3 sialylation (Figures 3D and 3E), and removal of the sialylation with
a2,3 neuraminidase improved opsonophagocytic killing of SA (Figure 3F). Consistent with
prior reports (Kaneko et al., 2006; Scallon et al., 2007), binding of the Ab to FcgRIIb also
increased with a.—2,3 neuraminidase treatment (Figures S3G and S3H). However, there was
no difference in FcgRIIb binding between Ab from naive and SA-infected mice vaccinated
with IsdB. Therefore, we conclude that a2,3 sialylation of anti-1sdB Ab likely blunted
opsonophagocytosis through interaction with another receptor on myeloid cells.

Analysis of Ab binding to an overlapping I1sdB peptide array showed that Ab induced

by SA infection or by vaccination in naive and SA-infected mice mapped to different

IsdB subdomains (Figures 3G and S4A). Most notably, naive mice immunized with IsdB
generated abundant Ab that bound to a protective NEAT2 heme-binding domain of IsdB
(Bennett et al., 2019). Ab to this region were infrequently induced after SA infection

alone and moderately induced after IsdB vaccination of SA-infected mice (Figure S4A).
Corroborating these findings, a hemoglobin-dependent SA growth assay revealed that only
Ab from naive mice vaccinated with IsdB restricted growth of SA (Figure 3H). Furthermore,
three distinct monoclonal Ab (mAb) from a B cell hybridoma library, generated from
naive mice vaccinated with IsdB and selected based on restriction of growth of SA in the
hemoglobin-dependent growth assay, were protective against SA infection in vivo (Figures
31, 3J and S3l).

IsdB vaccine recalls ineffective antibody memory response in S. aureus-infected mice

The findings of non-protective immunity conferred by both SA infection and SA infection
with 1sdB vaccination raised the possibility that 1sdB vaccine recalls the ineffective 1sdB-
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specific memory response if mice are pre-exposed to SA. To test this hypothesis, we
analyzed the complementarity-determining region (CDR3) of IsdB-specific B cells and
clonotypes associated with each infection and vaccination regimen. As demonstrated on
Alluvial plot and IsdB-specific clonotype network, administration of 1sdB vaccine to
previously infected mice resulted in the amplification of many IsdB-specific clonotypes
found in SA-infected mice. 1sdB vaccination of naive mice generated some of the same
clonotypes but produced a significant number of unique clonotypes (Figures 4A, 4B and
S4B), consistent with the results of epitope mapping using the IsdB peptide array. Moreover,
we found that 1sdB-specific 1gG response increased sharply within 7 days of vaccinating
pre-infected mice compared to vaccination of naive mice (Figures 4C and S4C-S4E). The
increased specific Ab levels are consistent with increased number and intensity of activated
Ab secreting cells isolated from mouse splenocytes on day 8 and reflect the recall of the
pre-existing humoral response (Figure 4D and S4F). Overall, these findings suggest that,
while IsdB vaccine in naive mice induces a protective neutralizing Ab response to the
heme-binding site, the same vaccine in pre-infected hosts recalls a non-protective response
predominantly targeting epitopes away from the heme-binding site.

Direct antibody competition reduces vaccine efficacy but can be overcome by
immunization against IsdB NEAT2 domain and epitope

IsdB vaccine interference was remarkably effective even though recall of preexisting Ab
responses limited but did not prevent de novo priming of I1sdB-specific Ab responses to

the heme-binding region (Figure 3G). Because both protective and non-protective Ab target
the same IsdB protein, we queried if recall of a non-protective Ab response could further
blunt 1sdB vaccine via antibody competition. In vivo, co-administration of equal volume or
quantity of non-protective sera (obtained from SA-infected then vaccinated mice) abolished
anti-SA protection conferred by sera from naive vaccinated mice (Figures 5A, 5B, S5A and
S5B).

In vitro, co-administration of the non-protective Ab also inhibited protective Ab functions
in opsonophagocytic killing and IsdB antigen binding assays (Figures 5C and 5D), although
a 3-10-fold excess of non-protective specific-Ab was required to reduce binding by the
protective Ab to the IsdB-coated plate.

To determine if it is possible to overcome Ab suppression mediated by prior SA infection,
we evaluated vaccine targeting of the protective heme-binding NEAT2 domain of I1sdB
alone. We showed that the previously characterized heme-neutralizing mAbs (Figures 31 and
3J) mapped to epitopes on NEAT?2 (Figures S5F and S5G), and therefore also tested their
ability to overcome Ab competition (Bennett et al., 2019). Immunization of naive mice with
recombinant NEAT?2, but not NEAT1, protected against SA challenge in naive mice (Figures
5E, S5C and S5D), consistent with the prior finding that NEAT2 contains the primary

target for neutralization. Importantly, immunization with NEAT2 also overcame suppression
by prior SA-infection (Figures 5E and S5D). One of the three NEAT?2 epitope-specific
mAbs (1C1) also resisted competition by Ab induced by SA infection, both in vitro in a
binding assay and in vivo (Figures 5F, 5G, and S5E). We conclude that despite vaccine
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interference, immunization against the NEAT2 subdomain or a selective epitope of 1sdB
induces protection in previously infected mice.

The role of human non-protective antibody imprint and susceptibility of other SA vaccines
to interference

Next, we queried if pre-existing IsdB-specific Ab from adult humans (Figure 6A) could
modify the protective function of IsdB-vaccine generated Ab. IsdB-specific Ab, which are
abundant in human sera, decreased binding of vaccine-generated protective specific Ab

to 60% at a 10:1 excess molar ratio (Figures 6B). To evaluate the in vivo suppressive
functions of human Ab, we developed and validated an adoptive model of human Ab
transfer and protection from SA challenge in mice (Tsai et al., 2021). The compatibility

of human IgG subclasses for mouse Fc gamma Receptors has been carefully studied and
shown to have similar affinity of binding to mouse 1gG subclass, which validated the use

of the assay (Dekkers et al., 2017). In the model, we showed that both human sera and
purified IsdB-specific Ab were non-protective against SA challenge (Figure 6C, 6D, S6A
and S6B). When co-administered with vaccine-generated protective mouse sera at near equal
volumes, the sera blunted the anti-SA efficacy of the protective Ab (Figures 6C and S6A).
To date, many failed staphylococcal vaccine trials have consisted of passive immunizations
(Armentrout et al. 2020). Simulating passive immunization in human hosts, we showed that
protective purified IsdB-specific Ab lose their protective efficacy when mice are pre-infused
with IsdB-specific human Ab at a ratio of close to 1:1 (figure 6D, S6B and S6C). Even
when the ratio of protective to non-protective antibodies is raised to 10:1, interference by
the human IsdB-specific antibodies remains robust, pointing to the surprisingly effective
modulatory role of specific non-protective antibodies (Figure 6E and S6D).

Our findings with IsdB vaccine beg the question if prior SA exposure has similar inhibitory
effect on other SA vaccines. Therefore, we tested two additional SA vaccines, cell-wall
anchored MntC and FhuD2, that conferred good protection against SA challenge when
administered to mice (Anderson et al., 2012; Mishra et al., 2012). Notably, MntC, was
tested in a multivalent human vaccine trial that was stopped early because of low probability
of achieving efficacy objectives (Gurtman et al., 2019), We showed that both vaccines
conferred strong protection against SA challenge in naive mice but were ineffective in mice
previously infected with SA (Figure 6F, 6G, S6E and S6F). These findings suggest that the
interference principles defined for IsdB might also apply to other SA vaccines.

Discussion

Our study provides a mechanistic framework to explain the failure of the IsdB vaccine

trial. SA infection induces preferential generation of Ab to the non-neutralizing NEAT1
domain of IsdB, in contrast to 1sdB vaccination in naive mice which generates robust
humoral response to the protective heme-binding NEAT2 domain. In addition, vaccination
in SA-infected mice enhances a2,3 sialylation of anti-1sdB antibodies leading to blunted SA
killing by opsonophagocytosis.

When administered to mice previously infected with SA, the otherwise protective 1sdB
vaccine recalls the non-protective antibody response albeit permitting modest priming of
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Ab response to the heme-binding region. We demonstrated that the recalled non-protective
Ab response effectively diminished the protective vaccine response by competitive

binding. These findings support recall of non-protective antibody response and antibody
competition as two critical mechanisms that could explain the failure of active and passive
staphylococcal immunizations. Consistent with these proposed mechanisms, a study of SA-
colonized minipigs demonstrated inefficacy of a SA capsular polysaccharide (CPS) vaccine
(Fernandez et al., 2022) that has been shown to be protective in mice (Lee et al., 1988;
Yoshida et al., 1987).

Induction of the “non-protective imprint” by SA is unsurprising and would serve to promote
survival of the pathogen during colonization or infection. We have previously shown that
mice could be repeatedly infected with SA without change in SA clearance, a finding we
attributed to the modulation of Th17 response (Sanchez et al., 2017). The induction of
non-protective antibodies would similarly benefit commensal lifestyle of the pathogen, but
importantly would provide a safeguard against protective specific antibody generation by the
host.

Vaccine interference by pre-existing anti-SA immunity bears similarity to the concept of
original antigenic sin that explains the decreased efficacy of influenza vaccines to influenza
strains that have undergone seasonal drift (Francis, 1960). Unlike the original concept
where differences in antigenic targets exist between the initial and subsequent antigen
exposure, SA IsdB vaccine is generated to a highly conserved antigen and is administered
to human subjects with abundant pre-existing specific Ab in the failed trial. Therefore, any
protective Ab generated needs to overcome competition from the potentially non-protective
Ab. This is arguably a more robust mechanism of interference than that encountered by
seasonal influenza vaccines. We showed that targeting of the heme-binding domain and
select epitopes of IsdB can overcome this competition.

Unlike the original antigenic sin concept that explains reduced or even deleterious host
responses after repeat infections with certain RNA viruses, e.g., influenza, HIV, RSV, and
dengue virus, original antigenic sin pertinent to conserved I1sdB may find broader application
to other SA vaccines and to vaccines against the many pathogens that have adapted to

a lifestyle of coexistence with the human host. Taken together, the integration of prior
host-pathogen interaction into vaccine studies can help explain the failure of seemingly
successful experimental SA vaccines that have been to date studied in silo in naive animal
models.

STAR Methods

Resource Availability

Lead contact—*Further information and requests for resources should be directed to and
will be fulfilled by the lead contact, George Liu (gyliu@ucsd.edu).

Materials availability—All unique reagents generated in this study are available upon
request made to the Lead Contact.
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Data Code and Availability

. Single-cell RNA-seq data have been deposited at GEO and are publicly available
as of the date of publication. Accession number is listed in the key resources
table.

. All original code has been deposited at https://github.com/LewisLabUCSD/
StaphVaccine_ BCR and is publicly available as of the date of publication. Please
also see the key resources table.

. Any additional information required to reanalyze the data reported in this work
paper is available from the Lead Contact upon request.

Experimental model and subject details

Mouse studies were reviewed and approved by the Institutional Animal Care and Use
Committee. Mouse experiments were conducted in accordance with recommendations
listed in the Animal Care Program at University of California, San Diego and
Cedars-Sinai Medical Center’s regulations and recommendations on animal experiments.
Experimentations using human blood were approved by the UCSD Human Research
Protection Program. Prior informed consents were obtained from the human subjects.
Experimental protocols were approved by the UCSD Biosafety Committee.

C57BL/6, BALB/c, and CBA mice were purchased from Charles River Laboratories. All
mice were housed in specific-pathogen free facilities and 6 to 12-week old age-matched
female or male mice were used for in vitro and in vivo experiments.

Bacterial strains and culture conditions—S. aureus Becker, S. aureus Becker IsdB/
HarA deletion mutant (gifts from Dr. Secore, Merck), S. aureus LAC, Newman, SA113
(courtesy of Dr. Fritz Goetz) were routinely cultured in Todd Hweitt Hweitt broth (THB).
Overnight S. aureus cultures were diluted 1:200 in THB and grown to an optical density of
0.8. Bacteria were routinely washed twice in PBS prior to use and inocula were confirmed
by determination of CFU on agar plates.

Primary Cells and Cell Line—CDA4 T cells or CD19 B cells were isolated from spleen
of 10-14 week-old S. aureus-infected female C57BL/6 mice using negative selection kits
(Biolegend). Purity of CD4 T cells or CD19 B cells were confirmed by flow cytometry
(>95%). P3X cells were maintained in RPMI 1640 media containing Pen/Strep and
supplemented with 10% FBS before cell fusion.

Method details

Murine models of S. aureus infection—Model of prior S. aureus infection — For
systemic infection, mice were inoculated with S. aureus via intra-peritoneal (i.p.) injection.
The mice were reinfected i.p. with the same inoculum on Day 8 and 15 (Figure 1A). For
skin infection, mice were injected with S. aureus subcutaneously (s.c.) on Day 1 and 14. For
bloodstream infection, mice were inoculated with S. aureus intravenously (i.v.) on Day 1.
Unless otherwise stated, 6-8 weeks old female mice were administered 2x10” LAC (USA
300) i.p. for each S. aureus challenge. Spleen and kidneys were harvested 24 hr after the last
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infection on Day 43, homogenized in phosphate-buffered saline (PBS) and plated on THB
agar plates for CFU enumeration. Other S. aureus inoculant were: 5x107 LAC i.p. for the
D90 infection, 2x107 SA113 i.p., 4x107 Newman or Becker (WT or IsdB/HarA mutant)
i.p., 4x107 LAC subcutaneous (s.c.), and 1x10% LAC intravenous (i.v.). Staphylococcal
antibodies titer was confirmed by ELISA.

Cloning and protein expression—The /saB gene was amplified from LAC using
primers: 5’1sdB (5’-GGTCGCGGATCCAACAAACAGCAAAAAGAATTT-3’) and 3’IsdB
(5’-GGTGGTGCTCGAGTTTAGTTTTTACGTTTTCTAGGTAATAC-3"). The PCR product
was cloned into pET28 expression vector (Novagen) and expressed as described previously
with some modifications (1). Briefly, IsdB-expressing plasmids were used to transform £.
coliBL21 (DE3) cells (NEB) to produce a His-tagged protein with 1mM of isopropyl-p-D-
thiogalactoside (IPTG) for 2 hours. Recombinant £. coliwas centrifuged and suspended in
lysis buffer (50 mM Tris-HCI (pH 8.0), 0.1 M NaCl, 2mM MgCl,, 10 mM imidazole, 0.1%
Tween 80, 1% Triton x100, PMSF, lysozyme (2mg/ml). His-tagged IsdB was purified from
the clarified lysate by His60 Ni Superflow Resin (Takara, 635660) chromatography. The
column was washed with 20 mM Tris-HCI (pH 8.0), 150mM NaCl, 0.1% Tween 80 and His-
tagged IsdB was eluted with 300 mM imidazole, 20 mM Tris-HCI (pH 7.5), 150 mM NacCl
and 0.1% Tween 80. To generate truncated constructs of IsdB containing single domain
(Figure 3E), primers: NEAT1, 5’-CAAGCAGCAGCTGAAGAAACAGG-3’ and 5’-TTA-
TTTGAATTTATCTGCactgttataaattgg-3’; NEAT2, 5’-ACTGAAGAAGATTATAAAGCTG-
AAA-3" and 5’-TTAGTTTTTACGTTTTCTAGGT-3" were applied to PCR reactions

using full length /sadB as template. Recombinant IsdB domains were purified as

described above. Recombinant MntC was expressed as described previously (Paterson

et al., 2020). The fAuDZ2 gene was amplified from LAC using primers designed

by Takara:5’-TAAGGCCTCTGTCGATGAAACTAAATCTTATAAAATGGACT-3’ and 5’-
CAGAATTCGCAAGCTTTATTTTGCAGCTTTAATTAA-3’. The PCR product was cloned
into pET6xXHN vector (Takara, 631433) and expressed.

Immunization with IsdB vaccine—Muice were immunized i.p. three times with IsdB
(75pg, 50ug and 50pg) plus aluminum hydroxide (Aluminum hydroxide gel, InvivoGen,
vac-alu-250) (450ug per dose) or with aluminum hydroxide alone at 7-day intervals. Mouse
sera were screened for reactivity to IsdB by ELISA.

Opsonophagocytic killing assay—Opsonophagocytic killing assay (OPK) was
performed as described (Thomer et al., 2016). Mouse neutrophils were isolated from bone
marrow by MojoSort™ Mouse Neutrophil Isolation Kit (BioLegend, 480058). Overnight
culture of SA LAC was diluted 1:200 in Todd Hewitt broth (THB) and grown to an optical
density of 0.6. SA was washed, resuspended in PBS, and incubated with mouse sera at 37°C
for 20 min, then added to 10° mouse neutrophils a multiplicity of infection (MOI) of 1:0.5
in the presence of 2% normal mouse serum. Following incubation at 37°C for 1 hr with
agitation at 200 rpm, samples were plated on THB agar plates for CFU enumeration.

Antibody avidity assay—Immunized serums were diluted 1:1000 in PBS containing 1%
BSA and added to 96-well plates coated with recombinant IsdB (1pg/ml). After incubation
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for 1 hr, different concentration of urea (0 to 8 M) with 0.05% Tween 20 in PBS were
treated for 15 mins. Plates were washed and bound antibodies were detected by horseradish
peroxidase (HRP)-conjugated goat anti-mouse 1gG (BioLegend, 405306).

Lectin-ELISA—Lectin-ELISA was described previously (Solkiewicz et al. 2021). Briefly,
high binding microtiter plates were coated with 10 pg/ml protein A (Sigma, P6031) in TBS
at 4°C overnight and blocked with TBS containing 1%BSA for 1 hr. 5ul of immunized
serum were diluted in 100ul of TBS-BSA and incubated for 3 hrs at 37°C. The plates were
then incubated with 100yl of biotinylated Sambucus Nigra Lectin (SNA) (1 pg/ml dilution,
Vector Laboratories, B-1305-2) or Maackia Amurensis Lectin Il (MAA) (4 ug/ml dilution,
Vector Laboratories, B-1265-1) in TBS-T for 90 mins at 37°C. Bound lectins were detected
by horseradish peroxidase (HRP)-conjugated Avidin (BioLegend, 405103).

FcgRIIb and FcgRIIl binding assays—Immunized sera were diluted 1:1000 in PBS
containing 1% BSA and added to 96-well plates coated with recombinant mouse FcgRIIb (5
pg/ml dilution, Biolegend, 783304) or mouse FcgRIII (5 pg/ml dilution, Biolegend, 790104)
at 25°C for 2 hrs. Plates were washed and bound antibodies were detected by horseradish
peroxidase (HRP)-conjugated goat anti-mouse 1gG (BioLegend, 405306).

Antibody-dependent complement deposition assay (ADCD)—Antibody-
dependent complement deposition (ADCD) was described previously (Fischinger et al.,
2019). Briefly, biotinylated 1sdB (EZ-Link™ Sulfo-NHS-Biotin, ThermoFisher Scientific,
21217) was coupled to red fluorescence NeutrAvidin beads (FluoSpheres, ThermoFisher
Scientific, F8775). Antigen coupled beads were washed with 0.05% Tween20 in PBS and
incubated with 10 pl of immunized serums (1:10 dilution) in 0.1% BSA for 2 hrs at 37°C.
Antibodies-beads complex were washed and incubated with 100 pl of complement factors
from guinea pig (MP Biomedicals, 086428) for 20 mins at 37°C and washed with 15 mM
EDTA/PBS to stop complement reaction. C3 deposition was detected by FITC-conjugated
anti-C3 polyclonal antibody (1:100 dilution, MP Biomedicals, 0855385) and subjected to
flow analysis.

IsdB ELISA and ELISPOT assay—IsdB-specific antibody levels in human and mouse
sera were measured by ELISA as described previously (Kuklin et al., 2006). Briefly, sera
were serially diluted in PBS containing 1% BSA and added to 96-well plates coated with
recombinant 1sdB (1pg/ml). Bound antibodies were detected by horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG or anti-mouse IgM (SouthernBiotech, 1021-05).

ELISPOT assay was performed on splenocytes isolated from IsdB-immunized mice to
quantify IsdB-specific 1gG-secreting cells. Splenocytes were serially diluted in RPMI
containing 10% FBS from 5x10° cells/well into 96-well PVDF plate (Corning, CLS3508)
coated with recombinant IsdB (1pg /well) and incubated for 6 hrs at 37 °C. Afterwards, the
cells were detached using PBS with 0.1% Tween20 and the plates were incubated for an
hour at 25°C with alkaline phosphatase (AP)-conjugated anti-mouse IgG (SouthernBiotech,
1030-04) and developed with BCIP/NBT solution (MABTECH, 3650-10). Spots were
analyzed using ImageJ.
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Hemoglobin-dependent S. aureus growth assay—Hemoglobin-dependent growth
assay was performed as described previously (Bennett et al., 2019). Briefly, SA LAC was
grown in RPMI medium (Gibco, 11835030) containing 0.1 Casamino Acids (Sigma, 2240)
and 200uM 2,2’ Bipyridyl (Sigma, D216305). Overnight cultures were washed twice in
RPMI containing 500uM 2,2’ Bipyridyl and diluted 1:100 in 200ul of RPMI medium
containing 500uM 2,2 bipyridyl, 25uM ZnCI2, 25uM MnCI2, ImM MgCl2, 100uM CaCl,,
and antibodies or sera with or without 1uM hemoglobin (Sigma, H7379). Bacterial growth
at 37°C as measured by ODggg and was recorded using a Perkin Elmer Ensire Alpha plate
reader.

Flow cytometric analysis of IsdB antibody binding to S. aureus—For
measurement of IsdB antibody binding to SA cell surface, 1x107 LAC were washed

and incubated with 10 ul of immunized serum, then FITC-conjugated anti-mouse 1gG
(Invitrogen, 31569). Fluorescence intensity was analyzed by FACSCanto (BD Biosciences)
and FlowJo software.

Epitope mapping using an overlapping IsdB peptide array—The IsdB-binding
profile of serum antibodies induced by IsdB immunization in naive and SA-experienced
mice was evaluated using a continuous peptide array composed of 141 15-mer peptides with
an 11-residue overlap, covering the full-length IsdB. Peptides were printed on immobilized
PVDF membranes. Membranes were blocked with TBST containing 1 % BSA, then

pooled serum samples were diluted 1:1000 in blocking solution and added to the peptide
array. Bound antibodies were detected by incubation with 800CW goat anti-mouse 1gG (LI-
COR) and fluorescent intensity was determined by Odyssey Imager (LI-COR). For epitope
mapping of mAb 3G1, 3H2 and 1C1, 10 pg/ml of mAb were diluted in blocking buffer and
incubated in peptide array of NEAT2 domain (#76-#103) for 1 hr. Bound antibodies were
detected by horseradish peroxidase (HRP)-conjugated goat anti-mouse 1gG.

Adoptive transfer of T lymphocytes, B lymphocytes, sera or purified
antibodies—Splenic CD4* T cells or CD19* B cells were isolated using kits following
instructions provided by the manufacturer (MojoSort, Biolegend, 480033 and 430088).
2x107 T cells or B cells were injected i.v. into recipient mice. IsdB-specific immune sera
were generated by SA-infection or immunization as described above. Human sera were
obtained from anonymized adult human volunteers. IsdB-specific antibodies were purified
from human or mouse sera using immobilized IsdB agarose columns (NHS-activated
agarose, ThermoFisher Scientific, 2697).

Generation of anti-lsdB monoclonal antibodies—Monoclonal antibodies were
generated as previous described (Bennett et al., 2019). Briefly, mice were immunized i.p.

3 times with 75 pg IsdB formulated with aluminum hydroxide. 20 ug IsdB were injected
i.p. 3 days prior to cell fusion. Splenocytes were fused with mouse myeloma partner P3X
(ATCC CRL-1580) by using polyethylene glycol 1500 (Sigma, 10783641001) at a ratio of
3:1. The fused cells were plated and screened by ELISA for reactivity to IsdB as previously
described. The complementarity-determining region 3 (CDR3) were analyzed as previously
described (Tiller et al., 2009).
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Preparation of single-cell sequencing—Splenocytes from IsdB immunized or
LAC-experienced mice were incubated with phycoerythrin (PE)-labeled 1sdB and
allophycocyanin-conjugated anti-mouse CD45R/B220. IsdB*B220" cells were sorted by
FACSAria Il (BD) and subjected to single-cell preparation by using a Single Cell 5’ Library
and Gel Bead kit and Chromium Single Cell A Chip kit, the cell suspension was loaded
onto a Chromium single cell controller to generate single-cell gel beads in the emulsion
(GEMSs) according to the manufacturer’s protocol (10X Genomics). SCRNA-seq libraries
were constructed using a Chromium Single Cell V(D)J Enrichment Kit, Mouse B Cell
following instructions provided by the manufacturer (10X Genomics). The libraries were
sequenced using an lllumina Novaseq6000 sequencer with a paired-end 150-bp (PE150)
reading strategy (performed by Institute for Genomic Medicine, UCSD).

Generation of anti-lsdB monoclonal antibodies—Monoclonal antibodies were
generated as previous described (Bennett et al., 2019). Briefly, mice were immunized i.p.

3 times with 75 pg IsdB formulated with aluminum hydroxide. 20 pg IsdB were injected
i.p. 3 days prior to cell fusion. Splenocytes were fused with mouse myeloma partner P3X
(ATCC CRL-1580) by using polyethylene glycol 1500 (Sigma) at a ratio of 3:1. The fused
cells were plated and screened by ELISA for reactivity to IsdB as previously described.
The complementarity-determining region 3 (CDR3) were analyzed as previously described
(Tiller et al., 2009).

Preparation of single-cell sequencing—Splenocytes from IsdB immunized or
LAC-experienced mice were incubated with phycoerythrin (PE)-labeled I1sdB and
allophycocyanin-conjugated anti-mouse CD45R/B220. IsdB* B220™* cells were sorted by
FACSAria 1l (BD) and subjected to single-cell preparation by using a Single Cell 5 Library
and Gel Bead kit and Chromium Single Cell A Chip kit, the cell suspension was loaded
onto a Chromium single cell controller to generate single-cell gel beads in the emulsion
(GEMs) according to the manufacturer’s protocol (10X Genomics). SCRNA-seq libraries
were constructed using a Chromium Single Cell VV(D)J Enrichment Kit, Mouse B Cell
following instructions provided by the manufacturer (10X Genomics). The libraries were
sequenced using an lllumina Novaseq6000 sequencer with a paired-end 150-bp (PE150)
reading strategy (performed by Institute for Genomic Medicine, UCSD).

Identification of clones and comparisons of clonotypes—The clonal groups were
identified by the R package — scRepertoire (Borcherding et al., 2020) based on paired heavy
and light chains. To determine clonal groups, we first used the filtered contig annotation
obtained from the results performed using the Cell Ranger Single-Cell Software Suites
(http://software.10xgenomics.com/single-cell/overview/welcome). Then, for the cells with
high quality paired heavy and light chains were sequenced, clones were assigned based on
strict definition of clonotype using the C7strict() function that considers clonally related
two sequences with identical V gene usage and > 85% normalized Levenshtein distance of
the nucleotide sequence. The clonotype changes between samples were visualized by the
compareClonotypes() function with the clones called by amino acid sequence of the CDR3
region.
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Clonal lineage analysis (CDR3 neighborhood network)—To indicate convergent
BCR evolution, we further used Scirpy (Sturm et al., 2020) to identify clonotype clusters
based on CDR3 amino acid sequence similarity. An identified clonotype clusteris a higher-
order aggregation of clonotypes that have different CDR3 nucleotide sequences, but might
recognize the same antigen because they have the same or similar CDR3 amino acid
sequence. Specifically, the clonotype clusters were identified by leveraging the Parasail
library (Daily, 2016) to compute pairwise sequence alignments and identify clusters of B
cells. The clonotype neighborhood networks was then visualized using Scirpy that makes
use of the sparse-matrix implementation from the scipy package (Virtanen et al., 2020).

Quantification and statistical analysis

All of the statistical details of experiments, including the statistical tests used, exact

value of n, what n represents, definition of center, and dispersion and precision measures
can be found in the figure legends. Two-group analysis used unpaired Student’s t test
(two-tailed tests). /n vivo experiments were analyzed using non-parametric Mann-Whitney
U-test. Comparisons of multiple groups were performed using one-way ANOVA, with
Kruskal-Wallis test in the case of missing normality. Log rank test was used for analysis of
mouse survival. Data were presented as mean + standard deviation (SD), unless otherwise
indicated. Statistical significance was assigned as ***p < 0.001; **p < 0.01; *p< 0.05; p>
0.05: ns (not significant). Analyses were performed using GraphPad Prism 5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Prior S. aureus exposure makes otherwise protective IsdB vaccine non-
protective.

. IsdB vaccine recalls non-protective humoral memory from prior S. aureus
infection.

. Specific antibody competition further reduces I1sdB vaccine efficacy.

. Staphylococcal MntC and FhuD2 vaccines are also blunted by prior S. aureus
exposure.
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Figure 1. 1sdB immunization is not protective in mice previously infected with S. aureus
(A) Experimental setting. C57BL/6 mice injected intraperitoneally (i.p.) with 2x107 SA

(LAC) or phosphate-buffered saline (PBS) 3 times at 7d intervals, immunized i.p. with IsdB
plus alum (IsdB) or alum alone (Mock), then challenged with 2x107 LAC i.p.

(B) Serum anti-IsdB 1gG after 1-3 LAC infections (/=15 per condition).
(C and D) Tissue bacterial burden in mice infected 1-3 times with LAC, then immunized
and LAC challenged as per Figure 1A. Bacterial burden was measured 24 hrs after the last
infection. N/IsdB: Naive mice vaccinated with IsdB, N/alum: naive mice given adjuvant
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alone; LAC/1sdB: LAC-infected mice vaccinated with 1sdB; LAC/alum: LAC-infected mice
given adjuvant alone (LAC/alum). A=5 for (C) and /=10 for (D) per mouse group.

(E) Kaplan-Meyer plot of mice treated as in Figure 1A with a final LAC challenge dose of
5x107 (LDgg) (=10 per mouse group).

(F) Tissue bacterial burden in mice infected subcutaneously (twice 2 weeks apart) with

SA (LAC), IsdB immunized two weeks later and then LAC challenged i.p. per Figure 1A
(m7=11-19 per mouse group).

(G) Tissue bacterial burden in mice infected once i.v. with SA, treated for 5 days with
vancomycin and then immunized and LAC challenged i.p. per Figure 1A (/7=9 per mouse
group).

Each data point represents an individual mouse; bars denote median and dashed lines
indicate the limit of detection (C, D, F and G). n.s., not significant, *P<0.05, **P<0.01, and
***pP< (0.001; one-way ANOVA (B to D, F and G) or long rank test (E). See also Figure S1.
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Figure 2. Parameters of 1sdB vaccine and vaccine interference
(A) B cells adoptively transferred from SA (LAC) infected mice blunt IsdB vaccine efficacy

in the recipient mice. Recipient mice were immunized with IsdB as per Figure 1A, 24h after
B cell transfer (/=10 per mouse group).

(B) Lack of vaccine interference when IsdB/HarA Becker strain is used for prior SA
infection and WT Becker used in final challenge (7=10 per mouse group).

(C and D) Prior LAC infection abrogates humoral protection conferred by IsdB vaccine.
Naive mice received splenic B cells (7=10 per mouse group) (C) or total 1gG (mock, 7=8;
IsdB, LAC/mock and LAC/IsdB, 7=10) (D) i.v. from donor mice infected and immunized
as in Figure 1A. The recipient mice were infected 24h later with LAC, and tissue bacterial
burden was measured after another 24 hrs. See also Figure S2.

Each data point represents an individual mouse; bars denote median and dashed lines
indicate the limit of detection. n.s., not significant, *P<0.05, **P<0.01, and ***P< 0.001,
one-way ANOVA (A to D).
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Figure 3. Differences in IsdB targets and sialylation contribute to functional differences of
IsdB-specific antibodies

(A) Total serum anti-IsdB 1gG on day 8 after IsdB immunization performed as per (Figure
1A) (n=5 per mouse group).

(B) Avidity of IsdB-specific Ab measured in the presence of increasing urea concentrations.
(n=2).

(C) Opsonophagocytic killing (OPK) of SA (LAC) by primary mouse neutrophils in the
presence of immunized sera. The graph represents mean values + SD from three independent
experiments.
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(D and E) Sialylation of immunized sera IgG was determined by binding to Sambucus Nigra
Lectin (SNA, a.2-6 sialic acid specific) (H) and Maackia Amurensis Lectin Il (MAA, a.2-3
sialic acid specific) (1) in a lectin-ELISA.

(F) OPK of SA (LAC) by primary mouse neutrophils in the presence of immunized sera
with or without a2-3 neuraminidase for 16 hrs at 4 °C.

(G) Ribbon representation of interaction between immunized mouse sera (from Figure 1A)
and overlapping IsdB peptide library. Colors indicate Intensity of Ab binding to specific
domains: green (0 or low intensity) to red (over 1000). White arrow points to heme-binding
motif.

(H) Heme-dependent growth of SA in the presence of immunized mouse sera. The graph
represents mean values £ SD from three independent experiments.

(1) Heme-dependent growth of SA in the presence of mAbs from clones derived from a
IsdB-specific B cell hybridoma library, generated by IsdB vaccination of naive mice. The
graph represents mean values + SD from three independent experiments.

(J) Adoptive transfer of IsdB-specific mAbs from Figure 2E (0.5 mg/kg) prevents SA
infection (/7=8-11 per mouse group).

Bar represents group median. Each data point represents an individual mouse (A and J);
bars denote median and dashed lines indicate the limit of detection (J). Error bars represent
means + SD. n.s., not significant, *P<0.05, **P<0.01, and ***P< 0.001; One-way ANOVA
(Ato F, and H to J). See also Figure S3 and S4A.
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Figure 4. 1sdB vaccination recalls the non-protective IsdB-specific response from prior S. aureus
infection

(A) Alluvial plot showing the top 40 of clonotypes from LAC, LAC/IsdB and N/1sdB.
(B) IsdB-specific clonotype network. Each dot represents cells with identical CDR3
sequence. For each clonotype, the numeric clonotype ID is shown in the graph. The size
of each dot refers to the number of cells with the same CDR3.

(C) Rapid rise of specific 1gG serum titer 7 days after first 1sdB vaccination in SA pre-
infected mice (/=10 per mouse group).

(D) ELISpot assay showing IsdB-specific IgG-secreting cells (ASCs) per 5x10% spleen B
cells isolated 7 Days after the first IsdB vaccination.
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Error bars represent means + SD. n.s., not significant, *P<0.05, **P<0.01, and ***P< 0.001;
one-way ANOVA (C and D). See also Figure S4.
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Figure 5. Competition for IsdB between non-protective and protective antibodies determines
outcome of S. aureus infection and overcoming antibody competition

(A) Anti-SA (LAC) immunity of mice co-injected with equal volume (50 pl i.p.) of
protective (NT-IsdB) and non-protective (LAC-1sdB) IsdB-specific sera (/=8 per mouse

group).

(B) Anti-SA (LAC) immunity of mice co-injected with equal amount (25 pg i.p.) of
protective (NT-IsdB) and non-protective (LAC-1sdB) IsdB-specific Ab (/7=5-8 per mouse

group).

(C) Effect of 1sdB-specific Ab competition on mouse neutrophil OPK. Graph represents
mean values £ SD from three independent experiments.
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(D) 1sdB binding to biotinylated IsdB-specific Ab from NT/IsdB (1 pg/ml) in the presence of
IsdB-specific Ab from LAC or LAC/IsdB immunized mice in an ELISA plate assay.

(E) Schematic of the IsdB, N1 and N2 proteins used for vaccination. Efficacy of N1 and N2
immunization in naive and LAC pre-infected mice (7=10-15 per mouse group).

(F) 1sdB binding by biotinylated mAbs (0.5 pug/ml) in the absence or presence of I1sdB-
specific Ab purified from LAC-infected mice, in an ELISA plate assay.

(G) Efficacy of adoptively transferred anti-IsdB mAbs (0.5 mg/kg i.p.) in preventing SA-
infection in naive and SA (LAC) pre-infected mice (#7=7-10 per mouse group).

Each data point represents an individual mouse, bars denote median and dashed lines
indicate the limit of detection (A, B, E and G). Error bars represent means + SD. n.s., not
significant, *P<0.05, **P<0.01, and ***P< 0.001; Student’s t test (C and D) or one way
ANOVA (A, B and E to G). See also Figure S5.

Cell Host Microbe. Author manuscript; available in PMC 2023 August 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Tsai et al.

A

Page 26
*
B . C " D
. o 74 -
R 1.2 *% 120 o4 10 N o B 106
E | ) 6 B ® . n.s.
c 1.01 A i 1004 DD E 10 Kk - E & ‘ o
o ] B = : @ £ 10%7
S 08 ﬂ § 80+ 5105-'%01 o BT e S5 o ;T
o B - * = G109 o e T
o 0.6 c 601 —8r 104 %j pel ®
ke L I f=_ 3 = o L
D 0.4 m T 404 me 240 O 2 10% %
ll’ g ] 5] w 5] =
= 0.24 @ 204 m 102+ 1021 -
s | 7 | bemmmmmm e =
© o-o-h 0 T T 101 T T T T T T T T 101 r r r
mouse human misdB misdB NisdB~- + =- + = + = + N/lsdB = + +
+hisdB #1 #2 #3 hisdB
F G
5_ * _ n.s. _
10 . .. 106 °® 106 ek
*kk n.s
O_*_ - 5 g [ ] 105 Cb v
= : = 1057 br— 1 ©
£ % £ £ oy ]
S 1044 o 5 % - S 5
a %D “ ..‘ L 1041 & ¥ .. E 1047 = _ﬁ ? “‘
3] o O ef * o = o
(=1
5 ‘ [ 1031 c Y | dc) 103 t
9 1034 Qo ] 2
o juin} o @ Q
(7] () %) O
O 1021 O 1021 [}
D ____________________________
1024+ T T T T T T T 101 T T T T 101 T T T T
N/lsdB- + - + - + - + mock FhuD2 mock FhuD2 mock MntC mock MntC
#1 #2 #3 Prior SA Prior SA

Figure 6. Human serum anti-staphylococcal antibodies blunting of protection conferred by anti-
IsdB passive immunization, and interference with FhuD2 and MntC vaccines

(A) Total anti-IsdB 1gG titer in human adult and naive laboratory mouse sera, diluted to
1:10,000 (mouse sera, m/=4; human sera, 7=22).

(B) IsdB binding by biotinylated IsdB-specific mouse Ab (1 ug) generated by vaccine in the
absence or presence of 1sdB-specific human Ab (10 pg) in an ELISA plate assay (human
sera, /1=16).

(C) Anti-SA protection conferred by co-transfer of IsdB-vaccinated mouse sera (50 pl i.v.)
and serum from 3 human donors (100 pl i.p.) (/7=4-8 per mouse group).

(C) Anti-SA protection conferred by sequential transfer of purified human IsdB-specific Ab
(or control 1gG, time = 0 hr) and vaccine-generated IsdB-Ab in mice (time = 16 hr). Ratio
of protective to non-protective Ab injected 1V: 25 pg to 35 pg. Each red square or circle
represents mean SA burden from 3-5 mice (human sera, 7=13).

(D) Anti-SA protection conferred by sequential transfer of purified human IsdB-specific Ab
(or control 1gG, time = 0 hr) and vaccine-generated 1sdB-Ab in mice (time = 16 hr). Ratio of
protective to non-protective Ab injected IV: 25 g to 2.5 pg (human Ab, n = 3).

(F and G) Tissue bacterial burden in mice infected 3 times with LAC, then immunized with
FhuD2 (F) or MntC (G) and LAC challenged as per Fig. 1A. Bacterial burden is measured
24 hrs after LAC challenge.

Each data point represents an individual mouse serum or human serum (A, B and D). Bars
denote median and dashed lines indicate the limit of detection (C, D, F and G). Error bars
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represent means + SD. n.s., not significant, *P<0.05, **P<0.01, and ***P< 0.001; Student’s
t test (A and B) or one way ANOVA (C to G). See also Figure S6.
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REGENT or RESOURCE

SOURCE

IDENTIFIER

Experimental models : Organisms/strains

Mus musculus C57BL/6 Charles river Strain # C57BL/6NCrl
Mus musculus BALB/c Charles river Strain # BALB/CANNCrl
Mus musculus CBA Charles river Strain # CBA/CaCrl
Primary cells

Mouse neutrophils /Bnczgig;;srgg;gi% Mus N/A

Mouse B cells %’Jﬁ?ﬁ;ﬁ?sfyrgﬂ /éw us N/A

Bacterial strains

Staphylococcus aureus. LAC (USA300) Dr. Binh Diep N/A
Staphylococcus aureus. Newman Dr. Ambrose Cheung N/A

S. aureus SA113 Dr. Fritz Goetz N/A

S. aureus Becker Dr. Secore (Merck) N/A

S. aureus Becker 1sdB/HarA Dr. Secore (Merck) N/A

E. coliBL21 (DE3) NEB Cat # C25271
Oligonucleotides

5’1sdB: 5’-GGTCGCGGATCCAACAAACAGCAAAAAGAATTT-3 Integrated DNA Technologies | N/A
gg_?E:A?r:&g%TGGTGCTCGAGTTTAGTTTTTACGTTTTCTA' Integrated DNA Technologies | N/A

5" NEAT1: 5’-CAAGCAGCAGCTGAAGAAACAGG-3’ Integrated DNA Technologies | N/A

3" NEAT1: 5’-TTATTTGAATTTATCTGCactgttataaattgg-3’ Integrated DNA Technologies | N/A

5" NEAT2: 5’-ACTGAAGAAGATTATAAAGCTGAAA-3’ Integrated DNA Technologies | N/A

3" NEAT2: 5’-TTAGTTTTTACGTTTTCTAGGT-3’ Integrated DNA Technologies | N/A
TAAGOCOTCTGTCOATGAAACTAAATCTTATAAAATGGACT-3" Integrated DNA Technologies f N/A

3’ FhuD2: 5’-CAGAATTCGCAAGCTTTATTTTGCAGCTTTAATTAA-3’ Integrated DNA Technologies | N/A

Recombinant DNA

pET-28a(+) Novagen Cat # 69864
pPET-6xHN Takara Cat # 631433
Antibodies

horseradish peroxidase (HRP)-conjugated goat anti-mouse 1gG Biolegend Cat # 405306

alkaline phosphatase (AP)-conjugated anti-mouse 19G

SouthernBiotech

Cat # 1030-04

horseradish peroxidase (HRP)-conjugated goat anti-mouse IgM

SouthernBiotech

Cat # 1021-05

FITC-conjugated anti-C3 polyclonal antibody MP Biomedicals Cat # 0855385
FITC-conjugated anti-mouse 1gG Invitrogen Cat # 31569
800CW goat anti-mouse 1gG LI-COR Cat # 926-32210
Chemicals, lectins and recombinant protein

His60 Ni Superflow Resin Takara Cat # 635660
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REGENT or RESOURCE SOURCE IDENTIFIER
Aluminium hydroxide gel InvivoGen Cat # vac-alu-250
Protein A from Staphylococcus aureus Sigma-Aldrich Cat # P6031

biotinylated Sambucus Nigra Lectin (SNA)

Vector Laboratories

Cat # B-1305-2

biotinylated Maackia Amurensis Lectin I| (MAA)

Vector Laboratories

Cat # B-1265-1

horseradish peroxidase (HRP)-conjugated Avidin BioLegend Cat # 405103
recombinant mouse FcgRI1b Biolegend Cat # 783304
recombinant mouse FcgRIII Biolegend Cat # 790104
complement factors from guinea pig MP Biomedicals Cat # 086428
EZ-Link™ Sulfo-NHS-Biotin ThermoFisher Scientific Cat # 21217
NHS-activated agarose ThermoFisher Scientific Cat # 2697
FluoSpheres ThermoFisher Scientific Cat # F8775
Casamino Acids Sigma-Aldrich Cat # 2240
2,2’ Bipyridyl Sigma-Aldrich Cat # D216305
hemoglobin Sigma-Aldrich Cat # H7379
P3X63Ag8.653 ATCC Cat # CRL-1580
polyethylene glycol 1500 Sigma-Aldrich Cat # 10783641001
a2-3 Neuraminidase S NEB Cat # P0743L
Critical Commercial Assays

MojoSort™ Mouse CD4 T Cell Isolation Kit Biolegend Cat # 480033
MojoSort™ Mouse Pan B Cell Isolation Kit I Biolegend Cat # 480088
Chromium Single Cell Mouse BCR Amplification Kit 10xgenomics Cat # 1000255
Chromium Next GEM Single Cell 5” Kit v2 10xgenomics Cat # 1000265
Chromium Next GEM Chip K Single Cell Kit 10xgenomics Cat # 1000287
RNeasy Mini-kit QIAGEN Cat # 74104
High Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific Cat # 4368814

Deposited Data

GEO:GSE193543; https://
www.ncbi.nlm.nih.gov/geo/

BCR-Seq Data This paper query/acc.cgi?
acc=GSE193543
https://github.com/

Original Code This paper LewisLabUCSD/

StaphVaccine_BCR

Software and Algorithms

GraphPad Prism 6.0

GraphPad Software

https://www.graphpad.com/
scientific-software/prism/

https://www.microsoft.com/

Microsoft Excel Microsoft enus/microsoft-365/excel
FlowJo (v.10.6.1) FlowJo https://www.flowjo.com/
R4.1.1 R Core Team N/A
Python 3.7.9 Python Software Foundation N/A
Cell Ranger 3.1.0 10x Genomics N/A
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REGENT or RESOURCE SOURCE IDENTIFIER
- https://zenodo.org/record/
scRepertoire v1.0.2 3826827#.Yoelq%<jMJPY N/A
Seurat V4 Satija lab N/A
. https://github.com/scverse/
Scripy 0.9.3 scirpy N/A
Scanpy 1.9 https://github.com/theislab/ N/A

Scanpy
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