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Staphylococcus aureus is a leading cause of lethal bacteremia and pneumonia,
which are driven by potent virulence factors such as T-cell superantigens and
alpha hemolysin. S. aureus has among the highest rates of antibiotic resistance,
yet no vaccines or alternative therapies are available. Here, we developed a
repertoire of potent, high-affinity nanobodies (Nbs) targeting key toxins in S.
aureus infection, including Hla and superantigens SEB, SEC, and TSST-1.
Comprehensive cryo-EM and AlphaFold3 analyses of these Nbs, which were
elicited with clinical cocktail vaccines, revealed diverse neutralizing epitopes
and mechanisms that provide insights for immunotherapy and vaccine stra-
tegies. Guided by these findings, we engineered stable, multivalent, and mul-
tifunctional Nb constructs. These constructs included an aerosolizable
trimeric Nb with enhanced neutralization activity against Hla and SEC, and a
decameric Nb-IgG-Fc fusion construct with pM or better potencies against a
wide range of major toxins in S. aureus sepsis (SEB, SEC, TSST-1, and Hla).
These multifunctional Nbs demonstrated protective activity in murine models
of pneumonia and sepsis, underscoring their potential as versatile immu-
notherapies that address the complex virulence of S. aureus. Our work lays a
foundation for precision immunotherapies beyond current treatment options
to combat complex bacterial infections with multiple virulence mechanisms.

Staphylococcus aureus is responsible for one-eighth of global
bacterial infections'™ and colonizes 30-50% of healthy
individuals®®. In patients with weakened immunity, invasive pro-

attribute 1.1 million deaths annually to S. aureus, primarily due to
pneumonia and bloodstream infections®. The widespread emer-
gence of methicillin-resistant S. aureus (MRSA) intensifies the

cedures, or breached tissue barriers, S. aureus can cause severe
infections, including hospital-associated pneumonia, sepsis,
osteomyelitis, and soft tissue infections®’. Recent global estimates

challenge of treating these infections. MRSA is therefore desig-
nated an Urgent Threat by the CDC' and a High Priority pathogen
by the WHO" 2,
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Despite their promise as alternatives to traditional antibiotics,
vaccines and monoclonal antibodies (mAbs) against S. aureus have
repeatedly failed clinical trials. S. aureus vaccines elicit titers of limited
protective duration and efficacy' . Monoclonal antibodies have also
yet to display clinical benefit, likely because they target just one of
many S. aureus virulence factors. These challenges underscore the
need for alternative strategies that broadly and efficaciously neutralize
key S. aureus pathogenic mechanisms.

T-cell superantigens (SAgs) and alpha hemolysin (Hla) are
amongst the most critical S. aureus virulence factors that drive severe
infections such as pneumonia and sepsis""®. SAgs such as staphylo-
coccal enterotoxin B (SEB), staphylococcal enterotoxin C (SEC), and
toxic shock syndrome toxin-1 (TSST-1) are expressed in many clinical
isolates' and these three particular SAgs have been historically asso-
ciated with Staphylococcal toxic shock syndrome®. Although S. aureus
strains can encode many SAgs simultaneously in different combina-
tions, TSST-1 as well as SEB and SEC have been strongly implicated in
severe S. aureus infections®. SEB, SEC, and TSST-1 are among the best-
described superantigens with strong implications in S. aureus diseases
such as pneumonia and sepsis'®***". SAgs cross-link TCR VB domains
with MHCII molecules on antigen-presenting cells to potently stimu-
late up to 30% of T cells, compared to ~0.001-0.01% in normal adaptive
responses®*>, This SAg-driven hyperimmune response can induce
cytokine storm-mediated shock and drive infective endocarditis by
compromising endothelial integrity and healing”***, SAgs also pro-
mote immune evasion through T cell exhaustion and conversion of
follicular helper T cells into cytotoxic phenotypes that kill antibody-
producing MHCII* B cells***.

Hla is a highly conserved pore-forming toxin with cytotoxic and
inflammatory activities*****°, and its central role in pneumonia and
sepsis has been thoroughly established®* ", Secreted as a monomer,
Hla oligomerizes into cytotoxic heptameric pores on host cell
membranes*®. Hla drives complicated infections and overall morbidity
by damaging immune and epithelial cells, promoting systemic bac-
terial dissemination, and inducing thrombotic multi-organ damage
through systemic platelet aggregation*>*°. Hla synergizes with SAgs
with distinct inflammatory and cytotoxic pathways to drive sepsis,
immune and tissue barrier compromise, and systemic infection®**",

Given the significant clinical burden of S. aureus and the limita-
tions of current therapeutics, alternative treatments are urgently
needed. Nanobodies (Nbs), which are antigen-binding domains from
camelid heavy chain-only antibodies, represent a new class of antibody
therapeutics. Nbs are minimal, monomeric antibody fragments
(~15kDa) that display excellent target specificity, solubility, and
stability’>. Their monomeric nature and marked stability make Nbs
highly amenable for engineering, including the development of mul-
tispecific constructs with expanded functional activities®>**. Nbs can
target diverse epitopes, including small and cryptic sites that are not
readily accessible with mAbs* ', Nb-based therapies have been clini-
cally approved, displaying excellent safety profiles®* .

Previous efforts have identified Nbs against specific S. aureus
antigens; however, most exhibit limited neutralization efficacy,
reflecting the marked bioactivity of these toxins and the challenges
inherent in identifying effective, potent neutralizers. Previous Nbs
were unable to neutralize SAgs even at saturating doses in vitro, have
not been validated in vivo, and only target a small subset of SAgs
(either SEB or SEC) with limited diversity of neutralizing
mechanisms®© %, scFvs against Hla had promising neutralizing efficacy
in vivo at high doses but displayed poor potencies in vitro (single-digit
p1M). Therapeutic Nbs have also been developed against antibiotic
efflux protein NorC®’and iron-transporting protein IsdB’°, but these
Nbs also displayed limited therapeutic activity in vitro and were not
validated in vivo.

Here, we report the development of high-affinity and potently
neutralizing Nbs against a panel of key S. aureus virulence factors,

including both SAgs (SEB, SEC, TSST-1) and Hla. Structural character-
ization of Nb-toxin complexes revealed diverse epitopes and neu-
tralization mechanisms, offering insights into immunotherapy and
vaccine design. To address the multifaceted nature of S. aureus
infections, we further engineered multivalent, stable, aerosolizable,
and half-life extended Nb constructs simultaneously targeting these
four major virulence factors. These potent constructs demonstrated
protective efficacy in two murine models, underscoring their potential
as a novel therapeutic platform against complex S. aureus infections.

Results

Discovery and functional characterization of anti-SAg Nb
repertoires

To raise high-quality Nbs, llamas were immunized (Fig. 1A) using
clinically investigated vaccine toxoids of SEB, SEC, TSST-1 and Hla,
each containing mutations to abrogate Hla oligomerization””* or SAg
interaction with MHCII and TCR™, Specific antibody titers against
wild-type SEB, SEC, TSST-1, and Hla were observed after immunization,
with -2-log titer enhancements compared to pre-immunization sera
(Fig. 1B). Antigen-specific, full-length heavy-chain-only antibodies
(hcAbs) were isolated and digested with trypsin/LysC or chymotrypsin
for mass spectrometry-based identification (Fig. 1A)*. LC-MS spectra
of the digested, full-length hcAb peptides were searched against
PBMC-derived variable domains of a heavy-chain-only antibody (VHH)
genomic database. Candidate peptide-spectrum matches were subse-
quently analyzed using our published software, AugurLlama®, which
effectively filters false positives and enables confident assignment of
CDR peptides, particularly CDR3, allowing deconvolution and identi-
fication of hundreds of diverse Nb CDR3 sequences against wild-type
SEB, SEC, TSST-1, and Hla (Fig. 1C-E).

A sequence-diverse panel of Nbs against SEB, SEC, and TSST-1
were expressed and purified from E. coli. ELISA confirmed high-affinity
binding to all three SAgs (Fig. IF-H and Table 1). Eight Nbs were
identified for SEB, nine for SEC, and three for TSST-1. Among anti-SEB
Nbs, BC105 and BI115 exhibited the highest affinities (EC50s of
3.2+1.0nM and 3.7+0.7 nM, respectively). Six of nine anti-SEC Nbs
displayed single-digit nM EC50s, while anti-TSST-1 Nbs showed EC50s
in the 10-20 nM range. Some Nbs (BC101, BC102, and BC105) displayed
binding against both SEB and SEC, which have relatively high sequence
homology (-~ 65%) (Supplementary Fig. 1A). BC105 bound strongly to
both SEB (EC50 =3.2+1.0 nM) and SEC (EC50 = 6.3+0.9 nM), whereas
BC101 and BC102 showed moderate binding activities.

Neutralization activities of anti-SAg Nbs were assessed in vitro
using human PBMC stimulation assays. Lead Nb B115 completely
neutralized SEB with high potency (IC50=2.5+1.2nM) (Fig. 1I). The
majority of anti-SEC Nbs (5/9) displayed strong neutralizing efficacy
and nM or better potencies, with lead Nb C107 neutralizing SEC with a
potency of 211+156 pM (Fig. 1J). All three anti-TSST-1 Nbs completely
neutralized TSST-1 with single-digit nM or better neutralizing poten-
cies, with lead T107 neutralizing at a potency of 445+281 pM (Fig. 1K).
Cross-reactive Nbs (BC105, BC101, BC102) had notably inconsistent or
poor neutralizing profiles. BC105 fully neutralized SEB (IC50 =200pM
+100pM) but showed lower efficacy and potency against SEC (Emax =
39.1%, IC50 =3.1nM). SEC-specific Nbs displayed significantly higher
neutralizing efficacies than cross-reactive Nbs, and a similar trend was
observed for SEB-specific Nbs (Supplementary Fig. 1B-D). Cross-
reactive Nbs may target conserved residues that do not overlap with
key SAg functional sites required for neutralization.

Next, Nbs were classified by epitope through competitive
size exclusion chromatography analyses of different Nb-toxin
combinations®®. Our analysis revealed multiple non-overlapping epi-
topes against each SAg, identifying 4 epitopes for SEB, 3 epitopes for
SEC, and 3 epitopes for TSST-1 (Supplementary Fig. 2 and Table 1). SAg
neutralization tended to be toxin and epitope-dependent, with select
epitopes showing consistently efficacious neutralization activity

Nature Communications | (2026)17:4456


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-73120-1

A

B Immunization Serum Titer

Baseline Test
Camelid NGS Database Affinity Proteomics Nb Identification 5 (Dilution) | (Dilution)
i 44 g
Immunization ( ( . 3 LT SEB 1.17E4 1.16E6
N AN ‘ < 3 \ + SEC 115E4 | 1.02E6
@, - | + g ¢ A - g2 LAY - TSST1| 7.55E3 | 321E5
¥_Faaqaas Emm b 1 o N\ o Hia 3.31E3 | 9.10E5
- - 0+ T s
0 2 4 6 8 10
Log10(Serum Dilution)
C F SEB ELISA Binding | SEB Neutralization
B il N=120 150
/ R\ - BC105 - -+ BC105
o \\ﬂ Hydrophobicity = BC102 5 — B104
(‘ f —— ) T Boton £ 100 ~ B2
\ / @ — B104 T 7 <+ B116
3 — B112 5% // B
o S 3 iy -
ey - B116 3 ol Jf/ I B115
02 108 16% 105 108 167~ BIN 2 J 107102 10° 105104 105 100
- - B115 -50 Nb Concentration (pM)
Concentration (pM)
N8 SEC ELISA Binding c SEC Neutralization
= —~ BC105
1507 -
Hydrophobicity 4 -= BC102 - 2(2:;05
ﬁ 3 - BC101 = 100 - C112
2 — —~ C111
Isoelectric Point g 2 €25 45 z - - C107
r———— g - o2 g 501 7 109
o 1 N 7 -
0o 5 10 -— C1M1 = i~ « C101
o SEC Nb CDR3 o — C107 I — o
588 Tgégm 107 10° 46% 16 10° 107 oo 2 {07107 10° 104 105 10°
3 04 Sy - : -+ C101 _504 Concentration (pM)
go 02 , y ,,j%}?ﬁﬁ,:_;a Concentration (pM) 50
SN N = . . . .
E 7 % N=156 H TSST1 ELISA Binding K TSST1 Neutralization
l Hydrophobicity
E,; e 34 - T102 150 . T102
“ 1' ! ‘0 " ‘1 2 z T o < 100 = T107
soelectric Poin .
N o _ = 3 e s ¢ ~ T108
S Lt 0o 5 10 X 1 g 50 T i
; TSST-1 Nb CDR3 o = 3
gg'g R§T 0 02 103 40t 105 108 107 % 0 bt H . b
“%8% Té;ééf 10 10° 10 10> 10° 10 z J 101:10\2 103 104 105 108
& o lapEReti. o Concentration (pM) -50 Concentration (pM)
SAg ELISA Binding Affinity SAg Neutralizing EMax SAg Neutralizing Potency
10%
. B <20nM 35% - >9°%0 = <10nM
20% 1 20-100nM = 80-90% B 10-100nM
0,
= >100nM = 50-80% = >100nM
= 0-50%

25%

Total=20

Total=20

Fig. 1| Discovery of Nbs against SEB, SEC, and TSST1. A Schematic of Nb dis-
covery pipeline. Created with Biorender.com. B Serum titers before and after
immunization. Identified Nb CDR3 diversity against SEB (C), SEC (D), and TSST-1 (E).
ELISA binding for Nbs against SEB (F), SEC (G), and TSST-1 (H). ELISA experiments
completed in biologic triplicate (different experimental units) and fitted according
to 4PL regression. Data represented as mean + standard deviation. Human PBMC

Total=20

assays for functional neutralization of SEB (I), SEC (J), and TSST-1 (K). PBMC
experiments were completed in biological triplicate (different experimental units)
and fitted according to 4PL regression. Data normalized to blank media and SAg
only controls. Data represented as mean + standard deviation. Summary of all anti-
SAg Nbs for (L) ELISA binding EC50s (M) Maximum neutralizing efficacy (EMAX)
and N Neutralizing IC50s. Source data are provided as a Source Data file.

(Supplementary Fig. 3). Notably, cross-reactive Nbs such as BC105,
which displayed variable neutralization activities, all targeted a single
conserved epitope shared by SEB and SEC. In contrast, Nbs against
certain epitopes specific to individual SAgs such as B115 (SEB epitope
B4), C107 (SEC epitope C3), and T107 (TSST-1 epitope T1) showed
strong neutralization. This data highlights the importance of selecting
Nbs that engage key functional SAg epitopes, which do not show
strong SAg cross-reactivity, for robust neutralizing activities.

Structural insights into Nb neutralization
To understand the neutralization mechanisms of anti-SAg Nbs, we
determined a 3.1 A cryo-electron microscopy (cryo-EM) structure of a

trimeric complex of SEC with two potent Nbs, C107 and C112 (Fig. 2A).
Nb C107, from the highly neutralizing C3 epitope class, binds directly
to the TCR binding interface on SEC using its CDR3, FR2, and FR3
regions. C107 buries deeply within a cleft on SEC formed by its
N-terminal beta barrel and helix 2 (Fig. 2B-D). Key stabilizing interac-
tions include GLU104 (CDR3) with residues ASN50 and THR47 of SEC,
and ARG53 (CDR2) with SEC ASP57 (Fig. 2E).

Nb C112 targets a distinct concave epitope of SEC formed by the
C-terminal beta barrel and helix 6, located adjacent to the MHCII
binding site (Fig. 2F, G). CDR3 and FR3 of C112 sterically clash with the
MHC II DR alpha binding domain, explaining its potent neutralization
activity (Fig. 2B-F). Stabilizing interactions include TYR29 (CDR1) with
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Table 1| Summary of epitope classification, ELISA binding, neutralization IC50, and neutralization efficacy for all Nb hits

against superantigens SEB, SEC, and TSST-1

Epitope Nb AF3 iPTM ELISA EC50 (nM) Neutralization IC50 (nM) Emax (%) Receptor Binding Site
SEB B1 BC105 0.91 3.2 0.2 100 MHCII
BC102 0.90 223.6 42 58.8
BC101 0.86 55.6 N/A N/A
B2 B104 0.89 37.9 81.5 69.8 Non-MHCII/TCR
B3 B112 0.14 16.7 20.1 78.2 Unknown
B116 0.13 16.4 41.0 47.8
B111 0.10 22 171 76.7
B4 B115 0.91 3.7 25 100 TCR
SEC C1 BC105 0.87 6.3 3.1 391 MHCII
BC101 0.85 30.6 N/A N/A
BC102 0.89 275 20.8 32.8
C25 0.10 13.6 4.1 81.9
cn2 0.88 6.4 3.7 88.4
C2 cm on 3.6 2.4 63.2 Unknown
C3 C107 0.92 2.5 0.2 100 TCR
C109 0.85 4 1.6 93.9
C101 0.88 2.9 0.9 100
TSST-1 T T107 0.88 12.7 0.4 96.1 TCR
T2 T102 0.90 19.6 1.3 100 TCR
T3 T108 0.38 10.2 & 92.9 Unknown

SEC ASP226, as well as SER53 (CDR2) with SEC ASP246 (Fig. 2H).
Overall, cryo-EM structure analyses reveal that direct TCR competi-
tion, as seen with C107, was crucial for neutralization. In contrast, the
activity of epitope C1 Nbs, which includes C112 as well as SEB and SEC
cross-reactive Nbs, likely depends on variable binding angles and
indirect steric overlaps with MHC IL.

To expand these insights across other anti-SAg Nbs, we used
AlphaFold 3 (AF3) to model Nbs targeting SEB, SEC, and TSST-1 (Fig. 3
and Supplementary Figs. 4-6)*°. High-confidence AF3 models closely
matched cryo-EM and epitope binning data (Supplementary Fig. 4)°.
For SEC, seven of nine Nbs were confidently predicted. Epitope C3 Nbs
(C101, C107, C109) consistently occupied the TCR binding site, cor-
relating with strong neutralization (Fig. 3B). Epitope C1 Nbs showed
variable competition with MHCII depending on framework orientation
(Supplementary Fig. 4). Nb BC101, which is oriented away from MHCII,
displayed notably weak neutralizing activity. Similar patterns were
seen for SEB, where five of nine Nbs were confidently modeled, with
lead Nb B115 engaging the TCR site directly and epitope B1 Nbs binding
to an epitope adjacent to the MHCII binding site with a variable degree
of overlap with MHCII (Supplementary Fig. 5). For TSST-1, AF3 con-
fidently predicted two Nbs (T102, T107), both targeting distinct
regions of the TCR binding site (Fig. 3C and Supplementary Fig. 6),
consistent with their potent neutralization. Overall, Nbs were found to
neutralize SAgs by disrupting SAg interaction with either TCR or MHC
II, with inhibition of TCR binding showing the most consistent and
complete neutralizing efficacy.

These Nbs collectively represent antibody repertoires elicited by
current clinical vaccine formulations of SAg toxoid cocktails® ™,
which are used to elicit antibodies against epitopes conserved across
the 26 different S. aureus SAgs. Our repertoire of high-quality Nbs,
encompassing 10 different SAg epitopes, was used to assess the
localization and neutralizing efficacy of conserved epitopes elicited
with cocktail vaccines. Mapping residue conservation across 26 S.
aureus SAgs revealed that TCR and MHCII binding sites, which were
necessary for effective toxin neutralization (Fig. 3D), are less con-
served than other surface regions (Fig. 3E-G). This heterogeneity in
the TCR and MHCII binding sites is thought to have evolved from S.

aureus targeting different TCR and MHCII subtypes to target larger
proportions of immune cell populations'®*°%%7_ For example, SEC’s
TCR binding site (0.22+0.27) was significantly less conserved
than non-functional areas (0.40 + 0.21). Cross-reactive Nbs targeting
epitopes Bl and Cl bound MHCII-proximal conserved regions
(Fig. 3H, I); however, in a limited sample (n=2), they exhibited
restricted cross-reactivity (Supplementary Fig. 7) and inconsistent
neutralization activity (Fig. 3K, L). Structure-function analyses of our
Nbs, which include Nbs targeting the most conserved SAg residues,
indicate that eliciting a protective broad-spectrum antibody
response with current cocktail vaccines is improbable, given the
particularly low conservation of therapeutically relevant TCR/MHCII
binding sites and poor overall sequence homology among differ-
ent SAgs.

Discovery and characterization of anti-HLA Nbs

Two high-affinity lead Nbs, H204 and H216, were identified against
recombinant WT alpha hemolysin (Hla), with ELISA EC50 values of
1.1+0.3 nM and 9.3+2.1nM, respectively (Fig. 4A). Epitope binning by
size exclusion chromatography showed that they bind distinct epi-
topes on Hla (Supplementary Fig. 2). In rabbit blood hemolysis
assays, both Nbs conferred complete protection against Hla activity
at potencies of 1.7+0.5nM for H204 and 2.8+0.9nM for H216
(Fig. 4B). High-quality AF3 models showed that H204 binds the beta-
sandwich cap region of the Hla monomer (Fig. 4C-E), where it
sterically clashes with adjacent Hla subunits to potentially block pore
oligomerization. H204 interacts through its CDR3 loop with Hla
loops L183-K190 and P129-K136. In contrast, H216 binds the inactive
conformation of the stem region (residues E137-Y174) (Fig. 4F),
which otherwise forms the transmembrane beta barrel pore to
mediate osmotic cytotoxic effects®.

Multivalent Nb engineering against SEC and Hla

Guided by structural insights, we engineered two multispecific Nbs: a
biparatopic dimer (C112-C107) and a trivalent construct (C112-C107-
H204). These constructs were designed to enhance neutralization
potency against SEC, and Cl112-C107-H204 had additional toxin
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N-Terminal
B-Barrel

Fig. 2 | Cryo-EM structures of lead anti-SEC Nbs. A Cryo-EM structure of Nb C107
and C112 in complex with SEC-2 (Overall resolution=3.1 angstroms). B Nb-SEC
structure superimposed with co-complex structures of SEC with TCR (PDB: 1JCK)
and MHCII (JWM). The fully assembled TCR from PDB:4C56 was used to fully
visualize TCR densities. Steric clash symbolism generated with Biorender.com.

3
18

= N \ add
IS~ Y a 4 S
= eull \_k R (MySh2 \
—FE%QML' :
QL S50 ~ =
/\‘}VT»}/AEHSU/"L\JHJ ( E@ 2
7 1\,-. s

J
<
AU (W7 = =\
Pro31 U Al ‘/,%“’:/;T.'p &é\\ {4
_ e N RN\

AN

C Zoomed view of Nb C107 and its overlap with TCR. D C107-SEC secondary
structure interactions. E C107-SEC residue interactions. F Zoomed view of Nb C112
and its overlap with MHCII. G C112-SEC secondary structure interactions. H C112-
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specificity against Hla (Fig. 5A, B). SEC was chosen due to its critical
role in bacteremia, pneumonia, and infective endocarditis®**%*%’, as
well as the availability of highly neutralizing Nbs against different SEC
epitopes. Hla was incorporated into the trivalent design to provide

broader protection, given its high conservation across S. aureus strains
and synergistic pathogenicity with SAgs in necrotizing pneumonia and
sepsis. A flexible GGGGSx5 peptide linker was inserted between Nbs to
enhance avidity effects.
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Fig. 3 | Nb neutralizing activities and pan-SAg conservation correlated with SAg
receptor binding sites. High confidence AF3 models for Nbs against A SEB, B SEC-
2, and C TSST-1. Steric clash symbolism generated with Biorender.com. D Emax
neutralizing activities of all anti-SAg Nbs categorized by TCR or MHCII competing
epitopes. Each data point represents the average Emax value determined by 4PL
regression analysis for each Nb over three biological replicates (different experi-
mental units). Comparisons made using ordinary one-way ANOVA analysis (* is
p<0.05 and **is p < 0.01). Comparison between average Emax of TCR binding site
Nbs and that of non-receptor binding site Nbs has p value of 0.0036. Data repre-
sented as mean + standard deviation. E-G Degree of sequence conservation of
TCR/MHCII receptor binding sites among all known S. aureus superantigens.
Comparisons made using ordinary one-way ANOVA analysis (* is p <0.05 and ** is
p <0.01). For SEC-2 (F), comparison between mean sequence conservation of TCR

SEB Epitope Neutralization Activity

100

50

EMax (%)

Epitope

SEC Epitope Neutralization Activity

Epitope

binding site and that of non-receptor binding site has p value of 0.026. For TSST-1,
comparison between mean sequence conservation of TCR binding site and that of
non-receptor binding site has p value of <0.0001. Data represented as mean +
standard deviation. H-J Residue conservation score plotted as red on structures of
SEB, SEC, and TSST-1. TCR and MHC Il binding regions are highlighted in yellow and
purple, respectively. Conserved Nb epitopes Bl and Cl are circled in red.

K, L Comparison of Nb neutralizing EMax of conserved epitopes Bl and C1 com-
pared to other epitopes. Each data point represents the average Emax value
determined by 4PL regression analysis for each Nb over three biological replicates
(different experimental units). Comparisons made using ordinary one-way ANOVA
analysis (*is p<0.05 and ** is p < 0.01). Data represented as mean + standard
deviation. Source data are provided as a Source Data file.

Both constructs were successfully cloned, expressed, and purified
with high yields (Fig. 5C). Surface Plasmon Resonance (SPR) analysis
showed that while monomeric Nbs C112 and C107 displayed Kp'’s of
179pM and 600pM, respectively (Fig. 5D, E), the biparatopic C112-C107
exhibited a strong avidity effect to SEC, with binding affinity beyond

the detection limit of SPR (Fig. 5F). The ultrahigh-affinity and enhanced
avidity of these Nbs were independently confirmed using BioLayer
Interferometry (BLI) (Supplementary Fig. 8).

Dissociation of these Nbs was extremely slow, precluding accu-
rate determination of koff values; therefore, the reported affinities

Nature Communications | (2026)17:4456


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-73120-1

A

Hila ELISA Binding

15 _

10 Nb | EC50 (nM)
S ‘ o H204| 14
g 054 = H216| 93
5 .

OO |2 |3 |4 |5 |6 |7

102 1060 10 10° 10® 10
05

Concentration (pM)

uvratoxumab
(MEDI4893)
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deviation. B Neutralizing activities of H204 and H216 against recombinant Hla in
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standard deviation. C AF3 models of H204 (iPTM: 0.83) and H216 (iPTM: 0.86)
complexed with Hla, superimposed with structures of Suvratoxumab-Hla co-com-
plex (PDB: 4U6V). D AF3 models of H204 and H216 superimposed with assembled
Hla structure (PDB: 7AHL). E Zoomed in view of H204 binding in assembled Hla state.
H204 sterically clashes with the adjacent Hla subunit. F Zoomed in view of H216
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Biorender.com. Source data are provided as a Source Data file.

should be interpreted as conservative lower-bound estimates. Never-
theless, the kinetic behaviors observed by SPR and BLI were consistent
with one another and correlated with the low-picomolar functional
potencies measured in vitro. The trimer C112-C107-H204 retained
structural integrity and homogeneity without major loss following
aerosolization (Supplementary Fig. 9). As a feasibility assessment not
designed for quantitative comparison (n=1), these constructs dis-
played potent ELISA binding profiles after aerosolization (Supple-
mentary Fig. 9). These results are supportive of aerosolized delivery in
pulmonary applications’®?",

Cl112-C107 exhibited an 18-fold increase in SEC neutralization
potency in PBMC stimulation assays, achieving a low picomolar IC50 of
8+1pM (Fig. 5G). Incorporation of H204 in the trivalent construct
maintained enhanced SEC neutralization potency (IC50 = 7+1pM) and

conferred potent anti-Hla activity (Fig. SH). Overall, our Nbs demon-
strate equivalent, complete efficacies as other anti-HLA antibodies’>”
at drug quality potencies (low nM) with additional drug quality func-
tionality against SEC. Our results demonstrate high engineering
potential and developability of affinity-matured Nbs*, offering a pro-
mising therapeutic strategy against multifactorial S. aureus infections.

Protective efficacy of a trivalent Nb C112-C107-H204 in murine
models of sepsis and pneumonia

To assess in vivo efficacy, we tested trivalent Nb C112-C107-H204 in
two infection models. In a murine sepsis model (Fig. 6A), we used
humanized HLA-DR4-IE (DRB1*0401) mice (n=10) infected intrave-
nously with the MRSA strain MW2, which expresses SEC and Hla as key
virulence factors. The MW?2 strain expresses SAgs (SEA, SEC, SEH, SEK,
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completed in 3 biologic replicates (different experimental units). Data normalized
to blank media and SAg only controls. Data represented as mean + standard
deviation. H Neutralization of Hla by C112-C107-H204 compared to H204, com-
pleted in three biologic replicates (different experimental units). Data normalized
to blank media and Hla only controls. All neutralization curves were analyzed using
4PL regression analyses. Data represented as mean * standard deviation. Source
data are provided as a Source Data file.

SEL, SEQ), Hla, and other exotoxins (PVL, LukED, LukGH, HIgAB,
HIgCB). Transgenic HLA-DR4 mouse more faithfully models human
responses to different S. aureus superantigens, which are adapted to
human MHC Il and TCR receptors®“*, Transgenic mice with huma-
nized MHCII receptors are proven models for delineating mechanisms
of SAg-driven S. aureus disease and therapeutic effects of SAg down-
regulation or neutralization® ¢!,

Previous work showed that SEC deletion reduces sepsis-
associated liver CFU by 1-2 logs in SEC expressing strain MW2%,
Compared with the scrambled Nb control, prophylactic treatment with
C112-C107-H204 significantly protected against MW2-induced weight
loss (Fig. 6B), indicating protection against overall bacteremia mor-
bidity. Nb treatment also reduced liver bacterial burden by 15-fold
compared to negative control Nb treatment (Fig. 6C), indicating
enhanced immune clearance and disruption of SEC-driven infection
pathogenesis. Kidney CFUs were not significantly reduced (Fig. 6D),
consistent with outcomes in SEC deletion studies®.

To evaluate the therapeutic potential of Hla neutralization in
pneumonia, we used our established mouse model of acute staphy-
lococcal lung infection'®. Although MW2 expresses Hla and transgenic
HLA-DR4 mice are likely to maintain susceptibility to Hla, we sought to
confirm the Hla-neutralizing effects of C112-C107-H204 in a dedicated,

validated model of Hla-driven infection. We intranasally instilled WT
Swiss-Webster mice with LAC (1x108 CFU), a USA300 MRSA strain that
is prototypically associated with Hla-driven lung infection'®'%, and
trivalent Nb Cl112-C107-H204 to simulate nebulized Nb treat-
ment (Fig. 6E).

Experimental outcomes included breathing score, lung bacterial
burden, and lung weight to body weight ratios as measures of pul-
monary edema*”'%%, Breathing score, which is a composite measure of
respiratory rate, rhythm, and effort'®?>, was monitored for 3h. The
breathing score has been well established to correlate with bronch-
oalveolar lavage content of total protein, a direct measure of pul-
monary edema and defining characteristic of acute lung injury'®. Lung
edema is a hallmark direct marker of lung damage and inflammation,
and lung weight to body weight ratio is a gold standard readout of lung
edema'®,

Compared to the scrambled Nb control, C112-C107-H204 sig-
nificantly improved breathing scores (n=10) (Fig. 6F) and reduced
lung weight-to-body weight ratios (Fig. 6G), indicating that C112-C107-
H204 decreased lung edema and inflammation. No significant lung
CFU reduction, a readout expected as a delayed effect of Hla neu-
tralization from enhanced immune clearance**'°®, was observed, given
the short experimental duration of 3 h (Fig. 6H).
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Fig. 6 | Trivalent Nb protection in mouse models of S. aureus sepsis and
pneumonia. Transgenic HLA DR4-B6 bacteremia models (n=10) for assessing
prophylactic treatment with C112-C107-H204 against a control Nb. A Experimental
design in vivo bacteremia models. Generated with Biorender.com. B Weight loss
protection by Nbs. Statistical comparison calculated using unpaired two-tailed t
test (* is p < 0.05; p=0.042). Data represented as mean + standard deviation.

C Liver CFU protection by Nbs. Statistical comparison calculated using Mann-
Whitney two-tailed test (* is p < 0.05; p = 0.0411). Data represented as mean +
standard deviation. D Kidney CFU count after Nb treatment. Statistical comparison
calculated using Mann-Whitney two-tailed test (* is p < 0.05; p = 0.2554). Data
represented as mean + standard deviation. WT Swiss-Webster mouse models of

pneumonia (n =10). E Experimental design and timeline for pneumonia in vivo
models. Generated with Biorender.com. F Breathing score progression. Statistical
comparison calculated using unpaired two-tailed t tests (* is p < 0.05; p =0.015).
Data represented as mean + standard error of mean. G Lung weight to body weight
ratio (LW/BW) as a measure of pulmonary edema. Statistical comparison calculated
using unpaired two-tailed t tests (* is p <0.05; p=0.027). Data represented as
mean * standard error of mean. H Lung CFU count after Nb treatment. Statistical
comparison calculated using unpaired two-tailed t tests (* is p < 0.05; p=0.272).
Data represented as mean + standard error of mean. Source data are provided as a
Source Data file.

Combined with aerosolization feasibility data of C112-C107-H204
(Supplementary Fig. 9), our data suggest that the trivalent Nb C112-
C107-H204 simultaneously neutralizes SEC and Hla in vivo against 2
different strains using diverse treatment methods and clinical models
of S. aureus infection.

Engineering of avidity- and half-life-enhanced multifunctional
Nb-Fc construct against four major toxins

Building on the success of Nb trimer (C112-C107-H204) and as a
proof-of-concept of expanded specificity and functionality, we
engineered a decameric Nb-Fc fusion construct targeting SEB,
SEC, TSST-1, and Hla (Fig. 7A). These toxins are important drivers
of S. aureus sepsis and pneumonia, and this decameric Nb-Fc
fusion construct represents a monotherapy that simultaneously
targets all of these toxins. The addition of anti-SEB and anti-TSST-
1 Nbs expands coverage against more superantigens, potentially
providing wider coverage against different SAg-producing S.
aureus strains.

We used a human IgGl1 Fc YTE variant (M252Y, S254T, T256E) to
enhance in vivo half-life (- 85 days in clinical trials'”’) while maximizing
avidity enhancing effects. This design incorporated biparatopic anti-
SEC Nbs (C112, C107) and anti-Hla Nb H204 into the N-terminus of the
Fc, with additional lead Nbs against SEB (B115) and TSST-1(T107) linked
at the C-terminus using flexible GGGGSx5 linkers (Fig. 7A). The
resulting decameric construct (MW =200.5kDa) was solubly and
abundantly produced (-0.5mg/ml of culture) in Expi293F cells
(Fig. 7B). The construct stably withstood freeze-thaw and lyophiliza-
tion cycles (Supplementary Fig. 10), and showed strong, specific

binding to all four toxins in ELISA binding assays (Supplemen-
tary Fig. 11).

Functional in vitro assays demonstrated pM to sub-pM neu-
tralization across all toxins. Notably, SEB neutralization improved 24-
fold compared to B115 monomers (IC50=103+32pM vs. 2.5+1.1 nM)
(Fig. 7D), while TSST-1 neutralization improved from 445+281pM to
18+12pM (Fig. 7F). Hla neutralization also improved 9-fold (1.7+0.3 nM
to 0.2+0.4nM) (Fig. 7G). SEC neutralization reached femtomolar
potencies, yielding -21-fold enhancement over the trimer C112-C107-
H204 (IC50=7+IpM) and -480-fold enhancement over lead C107
(IC50 = 144+50pM (Fig. 7E).

The decameric Nb Fc fusion construct also displayed promising
neutralizing activities in vitro against supernatants of prototypical
strains that express SEB (COL) and TSST-1 (MN8) (Supplementary
Fig. 12). The multivalent construct trended towards neutralization of
COL supernatant in PBMCs comparable to SEB deletion (Supplemen-
tary Fig. 12A) and displayed significant neutralization of MNS8 su-
pernatant in PBMCs comparable to TSST-1 deletion (Supplementary
Fig. 12B).

Discussion

S. aureus employs multiple exotoxins to drive severe infections and
undermine the development of protective immunity?~>'%, The
emergence of antimicrobial resistance, along with poor tissue pene-
tration and adverse side effects of antibiotics, has limited the effec-
tiveness of existing antibiotics>*""2. Small-molecule antibiotic
development has stalled, and new drugs are typically derived from
existing antibiotic classes. Vaccine efforts have also been unsuccessful,
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Fig. 7 | Decamer Fc in vitro neutralization of SEB, SEC, TSST-1, and Hla.

A Cartoon schematic of decameric Nb Fc YTE fusion construct against SEB, SEC,
TSST-1, and Hla. Molecular weight of the fully assembled construct is 200.5 kDa.
Generated with Biorender.com. B SDS-PAGE (replicated dozens of times) and C size
exclusion chromatography profile of decameric Nb Fc fusion construct. In vitro
neutralization activity of decameric Nb Fc YTE construct compared to respective

lead Nbs against D SEB, E SEC, F TSST-1, G Hla. All neutralization curves generated in
biologic triplicate (different experimental units) and fitted according to 4PL
regression analyses. Neutralization data normalized to blank media, and SAg only
(PBMC assays) or Hla only controls (rabbit blood hemolysis assay). Data repre-
sented as mean + standard deviation. Source data are provided as a Source Data file.

as pre-existing non-protective antibodies are reinforced by vaccination
and interfere with the development of effective antibody responses™*.
While passive immunization with neutralizing mAbs can address some
of these challenges, the multifactorial virulence of S. aureus demands
therapies that neutralize multiple toxins. Nbs, with their small size,
high epitope diversity, and engineering versatility, represent a pro-
mising therapeutic approach to overcome these limitations®>®*,

Here, we generated Nbs against clinically important S. aureus
toxins in bacterial sepsis and pneumonia using a proteomics-based Nb
discovery pipeline**"'%°, This diverse panel of Nbs targeted multiple
neutralizing epitopes and employed a wide range of neutralizing
mechanisms of action. Structural investigations by cryo-EM and AF3
modeling revealed that Nbs that engage SAgs at their TCR binding sites
exhibited superior neutralization activities compared to those target-
ing MHCII or non-TCR/MHCII regions. Structural analyses of these Nbs,

which were elicited using vaccine cocktail approaches that have failed
clinical trials, revealed that the most conserved SAg epitopes targeted
with vaccines are unlikely to bind and provide broad protection
against all S. aureus superantigens. This may exacerbate issues of non-
protective immune imprinting, which has recently shown to prevent
the development of protective immunity and result in adverse infec-
tion outcomes™. These insights underscore the importance of
epitope-specific targeting for effective protection in future vaccines
and immunotherapies.

As a proof-of-concept, we engineered multifunctional Nb con-
structs capable of simultaneously neutralizing SEB, SEC, TSST-1, and
Hla. Because clinically encountered S. aureus strains encode hetero-
geneous combinations of virulence factors, multivalent strategies are
thought to provide more reliable functional coverage'®. The aero-
solizable trimeric construct Cl112-C107-H204 demonstrated potent
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biparatopic SEC neutralization and robust Hla neutralization both
in vitro and in vivo. Building on this platform, our decameric construct
achieved marked neutralization (e.g., picomolar or higher potencies)
across all four targets, establishing the feasibility of comprehensive yet
precise multispecific anti-virulence targeting within a single molecular
framework. Given its half-life-extended Fc YTE scaffold, this construct
could enable infrequent dosing for prophylactic use in highly vulner-
able patients to prevent or treat bacteremia and pneumonia. Robust
in vitro neutralizing activities for these 4 toxins were achieved with a
single monotherapy construct, which may allow for a more compre-
hensive anti-virulence treatment against synergistic toxins using a
single dose. Multifunctionality may also enhance neutralizing breadth
against a wider range of strains, as SAgs are heterogeneously encoded
and expressed in different combinations in different S. aureus
strains®™'2, This multivalent Nb Fc fusion platform can be reconfi-
gured or augmented with Nbs against other virulence factors to further
tailor or expand therapeutic function, effectively addressing the
complex virulence profiles of S. aureus.

Our study highlights the potential of multivalent Nbs to address
pathogens with multiple virulence factors, and provides a foundation
for future investigations. Although Hla, SEB, SEC, and TSST-1 have
strong implications in S. aureus diseases®**™, they do not fully
encompass all theoretical virulence factors. In vivo toxin expression
also varies by strain, site, and disease stage'*, complicating model
interpretation. Our neutralization panel targeted major clinically
important toxins, but given the broad variability in toxin carriage and
expression across S. aureus lineages, expanding evaluation to diverse
clinical isolates will be essential. Closing this persistent model and
strain gap will be critical to advancing S. aureus therapeutic develop-
ment. Multivalent Nbs can be modularly expanded with Nbs against
other virulence factors in future investigations. Furthermore, the
therapeutic activity of Nbs as anti-virulence therapeutics was demon-
strated as a limited proof-of-principle prophylactic treatment with
potential clinical application in high-risk patients. Further investigation
of multivalent Nbs as acute treatment and against a wider range of S.
aureus strains is necessary for further progression towards clinical
consideration.

Lastly, utilizing appropriate animal models remains a significant
challenge to evaluating the clinical translatability of anti-S. Aureus
therapeutics, which have impeded the development of vaccines and
immunotherapies against S. aureus. Therapeutic development against
SAgs has been hindered by the lack of predictive animal models. Mice
are not native hosts of S. aureus, and SAgs do not interact strongly with
murine MHC Il and TCR subtypes, requiring humanized transgenic
mouse models'”. WT mouse models, which are often used to evaluate
Hla-driven disease**>'%12¢"2 'may underrepresent contributions of
SAgs. Rabbit and ferret models are more sensitive but require complex
regulatory review and substantially higher per-study costs?7>7+88129130,
More predictive nonhuman primates remain impractical due to
expense and ethical constraints. Transgenic HLA-DR4 mouse models
for SAg mediated disease and WT mouse models for Hla mediated
disease are validated animal models, but additional animal hosts that
are natively more sensitively responsive to S. aureus virulence, such as
ferret and rabbit models'” ™, are necessary to better evaluate trans-
latability and synergistic dynamics of Hla and SAgs. The mortality
benefit of multivalent Nbs was not assessed in this study due to insti-
tutional limitations that disallow mortality as an endpoint.

Together, these findings establish multivalent Nbs as a platform
for systematically targeting complex S. aureus virulence factors. The
high modularity of the Nb format enables rapid incorporation of bin-
ders against additional virulence factors, including bicomponent leu-
kocidins and non-classical superantigens, providing a flexible
framework for expanding functional coverage. Multivalent Nbs can
also be specifically tailored against virulence factors that are variably
expressed in specific infection subtypes and timelines, optimizing

therapeutic activity against specific diseases. More broadly, this pre-
cision immunotherapy strategy could be adapted to other bacterial
pathogens with complex, variable virulence profiles, offering a flexible
and cost-effective platform to address unmet needs in infectious dis-
ease treatment.

Methods

Ethics statement

All experiments are compliant with the respective institutional review
boards of Icahn School of Medicine at Mt. Sinai, University of Pitts-
burgh, Western University of Ontario, and Case Western Reserve
University. The approved Institutional Review Board for in vitro
experiments at Icahn School of Mt. Sinai is titled “Antimicrobial and
Anti-GPCR Nanobody Development with an internal identification
number of SPROT0202200000060. The in vivo humanized trans-
genic HLA-DR3 mouse experiments followed the Canadian Council on
Animal Care Guide to the Care and Use of Experimental Animals, and
the protocol was approved by the Animal Care Committee at the
University of Western Ontario (Animal Use Protocol #2024-082). The
Institutional Animal Care and Use Committee of the Icahn School of
Medicine at Mount Sinai approved the in vivo pneumonia mouse
experiments (Swiss Webster mice), under the protocol number IACUC-
2019-0071.

Recombinant toxoid purification and immunization

A llama (Capralogics; Hardwick, MA) was immunized using a cocktail of
purified recombinant toxoids of Hla, SEB, SEC, and TSST-1. Vaccine
constructs of each superantigen included TSST-1 G31R H135A7*7¢, SEB
L45R Y89A Y94A’*”7, and SEC-2 N23A Y94A’°’%, These toxoids were
developed as safe vaccine candidates by abrogating MHCII and TCR
binding activity, displaying no in vitro or in vivo activities’* %, Inacti-
vated Hla toxoid contained the mutation H35L, which prevents the
oligomerization of Hla into cytotoxic pores” > WT sequences for SEB
(residues 28-266, UNIPROT: P01552), SEC-2 (residues 28-266, UNI-
PROT: P34071), TSST-1 (residues 41-234, UNIPROT: POAOL2), and Hla
(residues 27-319, UNIPROT: P09616) were codon optimized and syn-
thesized into pET19b vectors (Synbio Technologies).

Codon optimized sequences for toxoids were synthesized into
pET19b vectors, which contain N-terminal His tags, using BamHI and
Ndel restriction sites (Synbio Technologies) and transformed into E.
coli BL-21 expression systems. Single colonies were incubated over-
night at 37°C at 240 rpm in autoclaved LB miller broth media with
50 pg/ml of ampicillin salt. Overnight seeds were incubated with large
volume LB broth cultures at 37 °C to an OD600 of 0.6-0.8 and were
induced with 500 uM of Isopropyl -D-1-thiogalactopyranoside (IPTG)
for recombinant protein expression. Recombinant protein expression
ensued at 16 °C at 240 rpm for 16-18 h. Expression cultures were pel-
leted, resuspended in lysis buffer (1x PBS, 10 mM Imidazole, 0.02%
Triton X-100, pH 7.4), and lysed with ultrasonication. Lysed cells were
clarified through high-speed centrifugation and transferred to pre-
washed His-Cobalt resin for 1h incubation at 4 °C using a rotating
mixer. His-cobalt resin was collected onto a filtered column and
washed with His-cobalt equilibration buffer (IxPBS, 10 mM imidazole,
pH 7.4) until minimal A280nm signal was measured. Recombinant
proteins were eluted using ~5 column volumes of a high imidazole
buffer (1xPBS, 150 mM imidazole, pH 7.4). Recombinant toxoids were
further purified using size exclusion chromatography (Superdex 7510/
300 GL column connected to AKTA Pure system). Endotoxins were
removed from purified toxoids using an immobilized polymyxin B
ligand-based resin (Detoxi-Gel Endotoxin Removing Gel; Thermo
Fisher).

Through a third-party service (Capralogics), 1 mg of each toxoid
was administered for the initial immunization bolus in Complete
Freund’s Adjuvant, followed by 3 additional boosters of 0.5 mg of each
toxoid in incomplete Freund’s Adjuvant every 3 weeks. Once a
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sufficient antibody titer enhancement was observed ( - 2 log enhanced
titers) in a test bleed, whole blood was obtained for antibody pull-
down experiments and PBMC cDNA next-generation sequencing
(NGS) library construction.

Whole blood processing for PBMC and plasma isolation

Around 500 ml of anticoagulated immunized whole blood is received
and processed immediately for (1) proteomic analysis of antibody pull-
down experiments and (2) generation of cDNA genomic libraries of
circulating PBMC’s. Whole blood was diluted 1:3 (v/v) with cell culture
grade Dulbeco’s PBS (dPBS) and filtered through a 70 um mesh cell
sieve to remove any blood clots. 15 ml of Histopaque density gradient
media was added to each 50 ml Falcon tube, and 30-35 ml of the 1:3
diluted whole blood was gently layered on top of the Histopaque
media. Samples were centrifuged at 1000 xg for 25min at room
temperature with gentle acceleration and with no brakes engaged. The
diluted plasma was carefully isolated into 50 ml Falcon tubes and kept
at 4 °C for antibody isolation and antigen affinity pulldown experi-
ments. Separated PBMCs on top of the Histopaque media were iso-
lated using a plastic dropper and transferred to a 50 ml Falcon tube on
ice, minimizing the pickup of excess Histopaque media. Isolated
PBMCs were washed and pelleted (200 x g for 5 min) twice with dPBS
for mRNA extraction and cDNA library generation.

PBMC cDNA library preparation

Around 1% 10° PBMCs were used to extract mRNA using the RNeasy kit
(Qiagen) and reverse-transcribed into cDNA using Maxima H Minus
c¢DNA Synthesis Master Mix (Thermo). All primers used in cDNA pre-
paration were synthesized from IDT Biosciences. In the first PCR
reaction to amplify the VH domain of camelid IgG’s, the forward primer
CALLOO1 (5-GTCCTGGCTGCTCTTCTACAAGG-3";) hybridizes with a
conserved leader signal for VH subgroup Ill whereas the reverse primer
CH2FORTA4 (5-CGCCATCAAGGTACCAGTTGA-3";) hybridizes with
the CH2 region of camelid IgG mRNA. The camelid IgGl populations
that are amplified include (1) the VH and hinge regions of hcAbs and (2)
the VH, CHI, and hinge regions of traditional IgGl antibodies. The
amplicons were separated with gel electrophoresis using a 1% agarose
ethidium bromide gel, and the lower molecular weight amplicon cor-
responding to the VH region of hcAbs was isolated using gel extraction
(Monarch NEB). In the 2™ PCR reaction, just the VH domain of hcAbs
was further isolated, starting with a forward primer for FR1 (5-ATC-
TACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNNNATGGC
T[C/GIA[G/TIGTGCAGCTGGTGGAGTCTGG-3’) and a reverse primer
for FR4 (5-ATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNN
NNNNNATGGCT[C/GJAIG/TIGTGCAGCTGGTGGAGTCTGG-3'). In the
3rd PCR reaction, P5 (forward primer P5 MiSeq: 5-AATGA-
TACGGCGACCACCGAGATCTACACTCTTTCCCTA-3’) and P7 (reverse
primer P7 MiSeq: 5-CAAGCAGAAGACGGCATACGAGATTTCTGAATG
TGACTGGAGTTCA-3') Illumina adapter sequences were added to aid
lllumina MiSeq cluster identification. The final amplicons were
sequenced using an lllumina MiSeq platform with 300 bp paired-
end model.

Heavy-chain-only antibody isolation

The plasma isolated from the immunized whole blood was converted
to serum by clearing clotting factors with the addition of a final con-
centration of 10 mM calcium chloride. Clotting factors are allowed to
precipitate through incubation at room temperature for 1-2 h. Pre-
cipitated clotting factors are removed by centrifuging at 4300xg for
30 min. The isolated sera were diluted with dPBS to 10x dilution of the
original whole blood and were mixed with Protein G resin (10% of the
diluted serum volume in resin bed volume). Serum was allowed to
incubate with Protein G resin at 4 °C using a rotating mixer for 1h.
Protein G resin was loaded on a filtered column and washed with dPBS
until a minimal A280 signal was observed. Heavy-chain-only antibodies

were eluted using a gentle sodium acetate elution buffer (0.1M
Sodium Acetate, 0.5M NaCl, pH 3.0), followed by the elution of tra-
ditional IgGl1 antibodies using a harsher glycine-based elution buffer
(0.1M glycine-HCI, pH 3.0). The flow through containing additional
heavy-chain-only antibodies was incubated with Protein A resin at 4 °C
using a rotating mixer for 1h, washed with dPBS, and eluted with
glycine-based elution buffer to isolate remaining hcAbs. Antibodies
eluted with sodium acetate elution buffer were neutralized to pH 7.4
using 1M Tris, whereas antibodies eluted with glycine elution buffer
were neutralized to pH 7.4 using 1 M sodium hydroxide. Purified hcAbs
were pooled and dialyzed at 4 °C overnight using a 10 kDa dialysis
cassette in dPBS. Pooled hcAbs were adjusted to a concentration of
1 mg/ml for antibody pulldown experiments.

Antigen-specific hcAb pulldown

Wild-type SEB, SEC, TSST-1, and Hla were synthesized in pET19b
vectors (Synbio Technologies) and produced as previously described
as His-tagged recombinant proteins and dialyzed into Cyanogen
Bromide (CnBr) resin coupling buffer (100 mM NaHCO;, 500 mM
NaCl, pH 8.3). 300ul of CnBr resin was prepared according to man-
ufacturer protocols and incubated with 1.5-4 mg of recombinant
toxin for free amine conjugation at 4 °C overnight using a rotating
mixer. Antigen immobilized CnBr agarose resin was blocked and
prepared according to manufacturer protocols. 40-60 mg of the
isolated hcAbs were incubated with the antigen immobilized CnBr
resin using a rotating mixer at 4 °C for 1 h. The antigen immobilized
resin was collected in a filtered column and washed with a high salt
PBS buffer (1xPBS, 0.5 M NacCl). Isolated heavy-chain-only antibodies
were eluted stepwise with increasing concentrations of magnesium
chloride (1, 2, 3, and 4.5 M). Starting with 1M magnesium chloride,
the resin was incubated with 3x volume of each elution condition for
5min on a rotating mixer at room temperature and eluted into a
1.5 ml Eppendorf tube through 50xg centrifugation for 30 seconds.
Eluted antibodies were buffer exchanged into 0.2x PBS using a
conical 10 kDa concentrator. Protein concentrations were measured
for each fraction and flash frozen in liquid nitrogen for downstream
mass spectrometry sample preparation.

Mass spectrometry sample preparation and analysis

Flash frozen eluted antibody samples were lyophilized using a
SpeedVac and reconstituted in a denaturing solution (8 M urea, 5mM
DTT, 5mM TCEP). After heating and dilution, the antibodies were
digested by either trypsin or chymotrypsin, desalted, and analyzed by
LC-MS. Purified peptides were analyzed with a Vanquish NEO coupled
with a Q Exactive Exploris 480 Orbitrap mass spectrometer (Thermo
Fisher). Peptides were loaded onto an analytical column and eluted
using a 60-min liquid chromatography gradient (3% B-5% B, 0-2 min;
5% B-25% B, 2-47 min; 25% B-80% B, 47 - 54 min; 80% B - 3% B, 54 min -
54 min 10 sec; 3% B, 54 min 10 sec - 60 min; mobile phase A consisted of
0.1% formic acid (FA), and mobile phase B consisted of 0.1% FA in 100%
acetonitrile (ACN)). CDR peptides and the corresponding Nb sequen-
ces were identified and quantified by AugarLlama to deconvolute
specific Nb sequences, as described™.

Recombinant Nb and recombinant toxin purification

Sequences for identified Nbs were codon optimized for E. coli Clear-
Coli BL-21 expression systems and synthesized into a pET-21b vector
using restriction enzymes EcoRI and Hindlll (Synbio Technologies).
Recombinant nanobodies were expressed with an N-terminal T7 tag
and a C-terminal His tag. Recombinant toxins were synthesized in pET-
19b vectors (Synbio Technologies). Non-Fc fused multivalent Nbs were
synthesized into pET21b through a CRO service (Synbio Technologies)
or subcloned within the lab. For subcloned constructs, Nbs were PCR
amplified using primer pairs that add different restriction enzyme
sites. Gene fragments of GGGGSxS linkers with compatible restriction
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sites and flanking PCR amplification sequences were synthesized (IDT
Bioservices) and PCR amplified. All Nb and linker amplicons were
digested with appropriate restriction enzymes and ligated using a 5
insert ligation mixture with T4 ligase. Subcloned multivalent Nb con-
structs were sequence verified using Sanger Sequencing (GeneWiz).

BL-21 seeds were grown in LB broth cultures at 37 °C to an OD600
of 0.6-0.8 and were supplemented with 500 uM final concentration of
Isopropyl B-D-1-thiogalactopyranoside (IPTG) for recombinant protein
expression at 16 °C for 16-18 h. Expression cultures were pelleted
(4300 x g for 15 min), resuspended in lysis buffer (1x PBS, 10 mM Imi-
dazole, 0.02% Triton X-100, pH 7.4), and ultrasonicated using a wand
ultrasonicator. Lysed cells were clarified through high-speed cen-
trifugation (21,000-30,000 x g for 10 min) and mixed with pre-washed
His-Cobalt resin for 1 h at 4 °C using a rotating mixer. His-cobalt resin
captured Nbs were washed with His-cobalt equilibration buffer (1xPBS,
10 mM Imidazole, pH 7.4) and eluted using ~5 column volumes of a
high imidazole buffer (1xPBS, 150 mM Imidazole, pH 7.4). Recombi-
nant Nbs were further purified of endotoxins using an immobilized
polymyxin B ligand-based resin (Detoxi-Gel Endotoxin Removing Gel;
Thermo Fisher).

Mammalian cell expression of Fc fusion Nbs

Nanobody Fc fusion constructs were cloned into a proprietary
expression plasmid vector using Gibson assembly of gene blocks
(Twisted Biosciences) with an N-terminal secretion signal peptide and
an ampicillin resistance gene for cloning selection. Plasmids were
purified from positive clones, verified with Sanger Sequencing (Gen-
ewiz), and purified at Midiprep scales for transient transfection.

Nb Fc fusion constructs were expressed in Expi293F cells (Thermo
Fisher), a high-yield transient expression system based on an engi-
neered HEK cell line. Frozen Expi293 cells were thawed, washed, and
cultured in Expi293 expression media in a 37 °C incubator with 8%
C02. Cells were grown to ~-3-5x10° cells/ml and split to 0.5x10° cells/ml
until the desired cell density and volume were achieved. Expi293F cells
were diluted to 2.9 x10° cells/ml and transiently transfected with Nb-
Fc plasmids pre-incubated with Expifectamine 293 reagent in Opti-
MEM reduced serum media. Transiently transfected Expi293F cells
were incubated with a shaker at 180 rpm in a 37 °C incubator with 8%
CO2 for 20 h, at which time the Expi293F culture was enhanced using
ExpiFectamine 293 enhancer 1 and ExpiFectamine 293 enhancer 2.
Expi293F cells were allowed to express proteins on a shaker at 180 rpm
in a 37 °C incubator with 8% CO2 for 4-6 days.

Expression cultures were transferred to 50 ml Falcon tubes and
pelleted at 300xg for 3 min. Supernatants were isolated and mixed
with recombinant Protein A agarose resin using a tumbling incubator
for 1h at 4 °C. Protein A resin captured Nb Fc fusion proteins were
transferred to a filtered column and washed with 1xPBS. Washed Nb
Fc fusion proteins were eluted with 5 resin bed volumes of 0.1M
glycine pH 3.0, neutralizing the pH with 1M Tris pH 8.0. Eluted Nb Fc
fusion constructs were buffer exchanged into cell culture grade dPBS
using a 30 kDa molecular weight cut off concentrator. Endotoxin
levels were verified using a LAL- based assay (ToxinSensor Chromo-
genic LAL Endotoxin Assay kit, Genscript) or a Recombinase C-based
assay (Recombinant Factor C Endotoxin Detection Kit, ACROBio-
systems). Detoxi-Gel endotoxin-removing gel was used to remove
any excess endotoxin in Nb Fc fusion proteins before animal studies.

ELISA serum titer and Nb binding measurement

Serum titer experiments were conducted with a sandwich ELISA-based
design. 96-well ELISA plates were coated with 1-10 ug/ml of antigens of
interest in a coating buffer (15 mM Na,COs;, 35 mM NaHCO3, pH 9.6) at
4 °C overnight. Non-immobilized antigens were decanted, and the
plate was washed with PBST buffer (Ix PBS, 0.05% Tween v/v). Plates
were blocked (PBST, 5% milk powder w/v) at room temperature for 2 h,
washed, and incubated with serial dilutions of T7-tagged Nbs or serum

in blocking buffer at room temperature for 2h. Immobilized Nb-
antigen complexes were washed and incubated at room temperature
for 1 h with 1:10,000 dilution of HRP-conjugated polyclonal anti-llama
IgG1 secondary antibody (for serum titer measurements). Plates were
washed thoroughly with PBST and incubated with TMB substrate (R&D
Systems) for 10-15 min and quenched with STOP solution (R&D Sys-
tems). HRP substrate colorimetric signals were measured using a plate
reader at wavelength 450 nm, using 550 nm as a background reference
wavelength. ELISA curves were plotted on GraphPad Prism (version
10.5.0) and analyzed using a nonlinear 4PL regression analysis.

Nanobody binding and serum titer experiments were conducted
with a sandwich ELISA-based design. 96-well ELISA plates were
coated with 1-10 ug/ml of antigens of interest in a coating buffer
(15mM Na,CO3, 35mM NaHCOj3;, pH 9.6) at 4 °C overnight. Non-
immobilized antigens were decanted, and the plate was washed with
PBST buffer (1x PBS, 0.05% Tween v/v). Plates were blocked (PBST, 5%
milk powder w/v) at room temperature for 2 h, washed, and incu-
bated with serial dilutions of T7-tagged Nbs or serum in blocking
buffer at room temperature for 2 h. Immobilized Nb-antigen com-
plexes were washed and incubated at room temperature for 1 h with
1:7500 dilution of HRP-conjugated polyclonal anti-T7 secondary
antibody (for Nb binding experiments) or 1:20,000 dilution of HRP-
conjugated polyclonal anti-human IgGl Fc secondary antibody.
Plates were washed thoroughly with PBST and incubated with TMB
substrate (R&D Systems) for 10-15min and quenched with STOP
solution (R&D Systems). HRP substrate colorimetric signals were
measured using a plate reader at wavelength 450 nm, using 550 nm
as a background reference wavelength. ELISA curves were plotted on
GraphPad Prism (version 10.5.0) and analyzed using a nonlinear 4PL
regression analysis.

Surface plasmon resonance

All SPR measurements were conducted on a Biacore 3000 SPR system
(GE Healthcare). Recombinant His-tagged SEC in a 10 mM sodium
acetate buffer (pH 4.0) was immobilized using amine coupling chem-
istry on a CM5 sensor-chip (Cytiva) activated with EDC/NHS. Excess
reactive groups were deactivated with ethanolamine @IM
ethanolamine-HCI pH 8.5). Each Nb was prepared in different dilutions
in HBS-EP running buffer (GE-Healthcare) and injected at a flow rate of
20 uL/min for 180 seconds, followed by a dissociation time of 20-
25 min. Between each replicate injection, the CM5 sensor chip was
regenerated with a 10 mM glycine-HCI buffer (pH 1.5-2.0) using a flow
rate of 30-40 uL/min for 30-45 seconds. Measurements for each con-
centration were conducted in triplicate. Sensograms were analyzed
using BlAevaluation software by using 1:1 Langmuir model fitting or 1:1
Langmuir model fitting with baseline drift correction.

BioLayer interference (BLI)

Binding kinetics were measured using the Sartorius Octet RS.
Recombinant His-tagged SEC2 was diluted to 10 ng/uL in 10 mM
sodium acetate buffer (pH 4.0) and immobilized onto Sartorius AR2G
sensors via amine-coupling chemistry activated with EDC/NHS. Resi-
dual reactive groups were quenched using 1M Tris-HCI (pH 7.5) to
terminate coupling. Running buffer for all kinetic measurements was
PBS. Nanobodies (Nbs) were prepared at a starting concentration of
10 nM and subjected to seven-point 1:2 serial dilutions in PBS to gen-
erate the final concentration series. Association was monitored for
300 s, followed by dissociation for 20 mins. New sensors were used for
each replicate. All measurements were performed in technical dupli-
cate using independent immobilization cycles, and data were analyzed
with 1:1 Langmuir binding model fitting.

Recombinant superantigen PBMC stimulation assays
Frozen aliquots of pooled human PBMC cells (Cytologics) were
thawed using a 37°C water bath. PBMCs were equilibrated in
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complete RPMI (RPMI 1640, 10% FBS, 0.3 g/L L-glutamine, 1x Peni-
cillin/Streptomycin) in an 8% CO, incubator at 37 °C for 5 min, pel-
leted at 300xg for 3 min, and washed with cell culture grade dPBS.
PBMCs were further equilibrated in complete RPMI for at least 1 h in
an 8% CO, incubator at 37 °C before stimulation with recombinant
superantigen. Endotoxin removed Nbs were serially diluted in cRPMI
and mixed with a dose-response optimized concentration of
recombinant SEB, SEC, and TSST-1. Nb-SAg binding mixtures were
allowed to incubate at room temperature for 30 min. Nb-SAg sam-
ples were mixed with 1 x 10° cells per well in a tissue culture grade 96-
well plate at a final SAg concentration of 0.01-0.1nM SEB or SEC and
1-10 nM TSST-1. PBMCs were allowed to be stimulated in an 8% CO,
incubator at 37°C for 18 h. Media supernatants containing PBMC
secreted cytokines (IFN- y) were collected for downstream ELISA
measurements.

IFN-y concentrations were measured using a commercial ELISA-
based IFN-y measurement kit (ELISA Max Deluxe Set Human IFN- y;
Biolegend). An ELISA 96-well plate was coated 1:200 diluted IFN- y
capture antibody in coating buffer (15 mM Na,COj3, 35 mM NaHCOs, pH
9.6) at 4 °C overnight. Plates were washed with PBST and blocked with
an albumin-based blocking buffer (2% w/v bovine serum albumin in
PBST) for 1 h at room temperature. Plates were washed and incubated
at room temperature for 2h with secreted supernatants diluted in
albumin-based blocking buffer (1:6 dilution for SEB or SEC and 1:2
dilution for TSST-1). Plates were washed with PBST and incubated with
1:200 dilution of biotinylated IFN-y detection antibody. Excess detec-
tion antibody was washed with PBST and incubated at room tem-
perature for 30 min with 1:1000 dilution of HRP-Avidin. The sandwich
ELISA immune complex was thoroughly washed with PBST and
allowed to react with TMB substrate (R&D Systems) for 10-15 min at
room temperature. HRP substrate colorimetric signals were measured
using a plate reader at wavelength 450 nm, using 550 nm as a back-
ground reference wavelength.

Interpolations of IFN-y standards were used to convert
A450 signals to cytokine concentrations. Secreted cytokine con-
centrations were plotted against Nb concentration on GraphPad Prism
(version 10.5.0) and analyzed using a nonlinear regression 4PL
regression analysis to determine the neutralization efficacy (neu-
tralization %) and potency (ICso).

Overnight S. aureus supernatant experiments were conducted
similarly to recombinant SAg experiments. Overnight stationary phase
S. aureus cultures (MN8, MN8 TSST1 deletion, COL, COL SEB deletion)
were pelleted to isolate supernatants containing secreted exotoxins.
Optimized dilutions of supernatants were preincubated with 500 nM
decameric Nb Fc and administered to human PBMCs as previously
described. ELISA-based cytokine readout kits were used to measure IL-
2 levels from overnight cell culture media supernatants. Multiple
comparison analyses were conducted with GraphPad Prism using one-
way ANOVA analyses.

Rabbit blood hemolysis experiments

Rabbit Alsever’s solutions (Colorado Serum Company) were pelleted
through centrifugation (300xg for 3 min) and washed with 1xPBS.
Washed rabbit RBC'’s were diluted to a final 5% RBC solution (v/v) with
PBS. Recombinant Hla was incubated with serial dilutions of Nbs in
1xPBS at room temperature for 30 min using non-specific Nbs as con-
trols. Nb-Hla samples were mixed 1:1 with 5% (v/v) RBC solutions in a 96-
well plate and incubated at 37 °C for 30 min for hemolysis to ensue.
Hemolyzed samples were centrifuged to collect hemoglobin-
containing supernatants, which were transferred to a 96-well plate
for hemoglobin absorbance measurement (542 nm). Using blank and
nonspecific Nb controls, absorbance values were converted to percent
hemolysis and neutralization values, which were plotted on Graphpad
Prism (version 10.5.0). Neutralizing IC50’s were calculated using non-
linear regression 4PL analysis.

Size exclusion chromatography epitope binning

Size exclusion chromatography experiments were done on a Superdex
7510/300 GL increase column connected to an AKTA Pure FPLC sys-
tem as well as on a Shodex Protein LW-803 column connected to a
Shimadzu HPLC system. All possible 2Nb combinations were incu-
bated with antigens of interest in 1xPBS for at least 30 min at room
temperature before size exclusion chromatography experiments.
Elution profiles for two Nb-antigen complexes were compared to elu-
tion profiles for one Nb-antigen complex and antigen-only controls.

Cryo-EM structure sample preparation

Purified recombinant Nb-antigen co-complexes were used for struc-
tural determination by Cryo-EM. Two Nb occupying different epitopes
were allowed to incubate with antigens, each at a 2:1 molar ratio. Nb-
antigen co-complexes were allowed to form at room temperature in
1xPBS for at least 30 min to ensure sample homogeneity. Antigen-Nb
co-complexes were purified with size exclusion chromatography.
Ultrafoil R1.2/1.3 Au 300 mesh grids (Quantifoil) were negatively glow-
discharged for 30 seconds at 15 mA. ThermoFisher Vitrobot Mark IV
was set to 4 °C and 100% humidity during freezing. The sample was
diluted to 0.6 mg/mL; 3.5uL of sample was applied to the grid and
blotted for 2 seconds with a blot force of 0.

CryoEM data collection of SEC-Nbs complex

The frozen-dehydrated grids were transferred to a Titan Krios (Thermo
Fisher Scientific) transmission electron microscope, equipped with a
Gatan K3 direct-electron counting camera and a BioQuantum energy
filter, for data acquisition under strict light-controlled conditions.
Specimen movies were recorded using SerialEM with a beam-tilt
image-shift data collection strategy in a 3 x 3 pattern, capturing one
shot per hole at a nominal defocus range of -0.8 to —2.0 um. The K3
camera operated in super-resolution mode at a nominal magnification
of 81,000x, yielding a physical pixel size of 1.07 A/pixel. Each movie
stack consisted of 50 frames, with a total exposure time of 2.5 seconds
(0.05seconds per frame). The accumulated electron dose was
approximately 44 electrons/A2 per stack.

CryoEM image processing of SEC-Nbs complex

Movie stacks of the SEC-Nbs complex were processed using CryoS-
PARC (version 4.6.0) (Punjani et al., 2017, 2020). Patch motion cor-
rection with an F-crop factor of 0.5 was used to align the movie stacks,
and patch CTF estimated the contrast-transfer function (CTF) para-
meters. Particles were autopicked using a 100 A Gaussian blob. The
number of bin2 particles selected after 2D classification is detailed in
Extended Data Table 1. Initial 3D volumes and decoys were generated
via ab initio reconstruction using selected good 2D classes and unse-
lected bad 2D classes (class number k = 3), respectively. The particles
cleaned up from 2D classification underwent one round of hetero-
geneous refinement using the ab initio 3D volume from good 2D
classes and decoy 3D volumes from bad 2D classes. Binl particles of
SEC-Nbs were then re-extracted from dose-weighted micrographs
based on their coordinates and angular information. The final particle
set underwent non-uniform 3D refinement, followed by global and
local CTF refinements, and local 3D refinement, resulting in final maps
with global resolutions determined using the 0.143 gold-standard
Fourier shell correlation (FSC) criterion (Extended Data Table 1). Half
maps were used to determine the local resolution of each map using
Relion 5.0 (Fernandez-Leiro & Scheres, 2017; Zivanov et al., 2018). The
final 2.7A cryoEM map was then used for model building and
refinement.

Model building and refinement

The AlphaFold 3 predicted SEC-Nbs complex model was docked into
the cryo-EM map using Chimerax (Pettersen et al., 2021). The final
model was manually built in Coot (Emsley & Crispin, 2018) and
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subjected to real-space all-atom refinement in Phenix (Afonine et al.,,
2018). The final refinement statistics for the models are provided in
Extended Data Table 118714,

AlphaFold 3 modeling

Amino acid sequences for Nbs and Hla were input together into
AlphaFold 3 servers to generate structural models. Nb-antigen models
with iPTM (interface Predicted TM-score) score thresholds of 0.8 or
above were considered high-confidence models. CIF files of AlphaFold
3 models were displayed on ChimeraX for downstream analyses.

Transgenic humanized HLA-DR4 mouse models of bacteremia
and sepsis

Humanized DR4-B6 transgenic mice were assessed for SAg neu-
tralization, as SAgs do not interact strongly with endogenous mouse
MHC II receptors. 8-11 weeks-old, sex-matched (male and female),
transgenic HLA-DR4-IE (DRB1*0401) humanized C57BL/6 (B6) mice
were used (n =10 per arm). The prototypical clinical strain SEC (MW2)
was used for these models, which have been thoroughly used in our
previous work®” 145146,

1x10° CFUs of S. aureus strain MW2 (SEC + ) was injected through
tail vein injection. Mice were sacrificed at 72 h post-infection (hpi), and
bacteria were enumerated by plating liver and kidney homogenates on
mannitol salt agar®’. Using at least 10 animals per arm, therapeutic Nbs
were compared against non-specific Nb controls to assess protection
against S. aureus bacteremia. To assess efficacy in Nbs unoptimized for
half-life, Nbs were administered at a dose of 10 mg/kg intraperitoneally
4 h prior to and 6 h after intravenous S. aureus inoculation. Weight loss
was monitored at 24 intervals for 3 days. All animals were euthanized
for CFU enumeration in the liver and kidney.

Detailed statistics are indicated in figures and legends. Paired
comparisons were analyzed using two-tailed ¢ tests. We considered
statistical significance at p < 0.05. Data were analyzed, and figures were
prepared using Microsoft Excel and PRISM (GraphPad, version 10.5.0).
No statistical method was used to predetermine sample size. No data
were excluded from studies. All in vivo experiments were randomized
and blinded.

These experiments were in accordance with the Canadian Council
on Animal Care Guide to the Care and Use of Experimental Animals,
and the animal protocol (AUP-2024-082) was approved by the Animal
Use Subcommiittee at the University of Western Ontario.

WT Swiss Webster models of bacterial pneumonia
Animals. Mice were male Swiss Webster, purchased from Charles River
Laboratories, 30-45 g, and 4-8 weeks old (n=10 per arm).

Bacterial strain and preparation. S. aureus was GFP-expressing
USA300 LAC (SA). SA were stored at -80°C in 25% glycerol in
autoclaved Luria-Bertani (LB) broth media (MP Biomedicals) and
propagated on LB-agar plates containing chloramphenicol (10 ug/
mL). Plates were refreshed from frozen stock every 2 weeks. Single
SA colonies were propagated in autoclaved LB media containing
chloramphenicol (10 pg/mL) in a shaking incubator at 37°C and
200rpm (New Brunswick Scientific) for 18 h (stationary growth
phase). SA was prepared for intranasal instillation by centrifuging
650 L of the stationary growth phase culture, then resuspending it
in 150 pL of Nb-containing DPBS.

Intranasal instillation. SA was instilled within 30 min of removing
the bacteria from the incubator. Mice were weighed, then anesthetized
with inhaled isoflurane (4%) and intraperitoneal injections of ketamine
(up to 1 mg) and xylazine (up to 0.1 mg). Each mouse was instilled with
30 pL of prepared Nb-SA solution to deliver 1 x108 CFU per mouse.
Instillation quality was recorded at the time of instillation by the per-
forming investigator and considered acceptable for experiments if no
loss of instillate was observed. Mice woke from anesthesia within 3 min
of instillation.

Breathing score. A blinded investigator assessed and recorded the
mouse breathing score on an hourly basis for 3h after Nb-SA instilla-
tion. No mice met our IACUC-approved criteria for need for euthanasia
during the experimental procedures. All mice were euthanized at the
conclusion of the experiments.

Lung wet weight to body weight (LW/BW) ratio and lung bacterial
content quantifications. LW/BW ratio and lung bacterial content were
quantified in the same experiment. At 3 h after SA instillation, we
used our established methods'®* to exsanguinate anesthetized mice
by cardiac puncture, then excise and weigh the lungs. The lungs were
mechanically homogenized by crushing in a specimen bag, then
diluted in 1mL of DPBS containing Ca** and Mg?'. We quantified SA
CFU by serial dilutions on chloramphenicol-containing LB agar
plates.

Statistics. Detailed statistics are indicated in figures and legends.
Paired comparisons were analyzed using two-tailed ¢ tests. We con-
sidered statistical significance at p <0.05. Data were analyzed, and
figures were prepared using Microsoft Excel and PRISM (GraphPad,
version 10.5.0). No statistical method was used to predetermine sam-
ple size. No data were excluded from studies. All in vivo experiments
were randomized and blinded.

Study approval. The Institutional Animal Care and Use Committee
of the Icahn School of Medicine at Mount Sinai approved the proce-
dures related to mouse models of lung infection.

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

Data availability

All data supporting the findings of this study are available within the
article and its Supplementary Information. The cryo-EM maps have
been deposited in the Electron Microscopy Data Bank under accession
code EMD-72377. The atomic coordinates for the deposited map have
been deposited in the Protein Data Bank under accession code
9XZX. Source data are provided with this paper.

References

1. Tacconelli, E. & Pezzani, M. D. Public health burden of anti-
microbial resistance in Europe. Lancet Infect. Dis. 19, 4-6 (2019).

2. Collaborators, G. B. D. A. R. Global mortality associated with 33
bacterial pathogens in 2019: a systematic analysis for the Global
Burden of Disease Study 2019. Lancet. 400, 2221-2248 (2022).

3. Collaborators, G. B. D. A. R. Global burden of bacterial anti-
microbial resistance 1990-2021: a systematic analysis with fore-
casts to 2050. Lancet. 404, 1199-1226 (2024).

4. Sakr, A., Bregeon, F., Mege, J. L., Rolain, J. M. & Blin, O. Staphy-
lococcus aureus nasal colonization: an update on mechanisms,
epidemiology, risk factors, and subsequent infections. Front
Microbiol. 9, 2419 (2018).

5. Kluytmans, J., van Belkum, A. & Verbrugh, H. Nasal carriage of
Staphylococcus aureus: epidemiology, underlying mechanisms,
and associated risks. Clin. Microbiol. Rev. 10, 505-520 (1997).

6. Lynch, J. P. 3rd, hospital-acquired pneumonia: risk factors,
microbiology, and treatment. Chest 119, 3735-384S (2001).

7. Kollef, M. H. et al. Epidemiology and outcomes of health-care-
associated pneumonia: results from a large US database of
culture-positive pneumonia. Chest 128, 3854-3862 (2005).

8. M. S. Linz, A. Mattappallil, D. Finkel, D. Parker, Clinical Impact of
Staphylococcus aureus Skin and Soft Tissue Infections. Anti-
biotics. 12, 557 (2023).

9. K. L. Urish, J. E. Cassat, Staphylococcus aureus osteomyelitis:
bone, bugs, and surgery. Infect Immun 88, e00932-19 (2020).

10. CDC, Antimicrobial Resistance Threats in the United States,
2021-2022. (2024).

Nature Communications | (2026)17:4456

15


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-73120-1

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

Chambers, H. F. & Deleo, F. R. Waves of resistance: Staphylo-
coccus aureus in the antibiotic era. Nat. Rev. Microbiol. 7,
629-641 (2009).

Foster, T. J. Antibiotic resistance in Staphylococcus aureus. Cur-
rent status and future prospects. FEMS Microbiol. Rev. 41,
430-449 (2017).

R. R. Watkins, M. Holubar, M. Z. David. Antimicrobial resistance in
methicillin-resistant Staphylococcus aureus to newer anti-
microbial agents. Antimicrob Agents Chemother 63,

e01216-19 (2019).

Tsai, C. M., Hajam, I. A., Caldera, J. R. & Liu, G. Y. Integrating
complex host-pathogen immune environments into S. aureus
vaccine studies. Cell Chem. Biol. 29, 730-740 (2022).

Caldera, J. R. et al. The characteristics of pre-existing humoral
imprint determine the efficacy of S. aureus vaccines and support
alternative vaccine approaches. Cell Rep. Med. 5, 101360 (2024).
Tsai, C. M. et al. Non-protective immune imprint underlies failure
of Staphylococcus aureus IsdB vaccine. Cell Host Microbe 30,
163-1172 1166 (2022).

Cheung, G. Y. C., Bag, J. S. & Otto, M. Pathogenicity and virulence
of Staphylococcus aureus. Virulence 12, 547-569 (2021).

Tuffs, S. W., Dufresne, K., Rishi, A., Walton, N. R. & McCormick, J. K.
Novel insights into the immune response to bacterial T cell
superantigens. Nat. Rev. Immunol. 24, 417-434 (2024).

D. Lefebvre et al. Multiplex detection of 24 staphylococcal
enterotoxins in culture supernatant using liquid chromatography
coupled to high-resolution mass spectrometry. Toxins 14,

249 (2022).

McCormick, J. K., Yarwood, J. M. & Schlievert, P. M. Toxic shock
syndrome and bacterial superantigens: an update. Annu Rev.
Microbiol. 55, 77-104 (2001).

Spaulding, A. R. et al. Staphylococcal and streptococcal super-
antigen exotoxins. Clin. Microbiol Rev. 26, 422-447 (2013).
Enany, S. et al. Two-dimensional electrophoresis of the exo-
proteome produced from community-acquired methicillin-resis-
tant Staphylococcus aureus belonging to clonal complex 80.
Microbiol Res. 168, 504-511 (2013).

Hodlille, E. et al. The role of antibiotics in modulating virulence in
Staphylococcus aureus. Clin. Microbiol Rev. 30, 887-917 (2017).
Bohach, G. A., Fast, D. J., Nelson, R. D. & Schlievert, P. M. Sta-
phylococcal and streptococcal pyrogenic toxins involved in toxic
shock syndrome and related illnesses. Crit. Rev. Microbiol 17,
251-272 (1990).

Bae, J. S. et al. Contribution of staphylococcal enterotoxin B to
Staphylococcus aureus systemic infection. J. Infect. Dis. 223,
1766-1775 (2021).

King, J. M., Kulhankova, K., Stach, C. S., Vu, B. G., Salgado-Pabon,
W. Phenotypes and virulence among Staphylococcus aureus
USA100, USA200, USA300, USA400, and USAB600 Clonal Linea-
ges. mSphere 1, e00071-16 (2016).

Zhao, R. et al. Molecular characterization and virulence gene
profiling of methicillin-resistant Staphylococcus aureus asso-
ciated with bloodstream infections in southern China. Front.
Microbiol. 13, 1008052 (2022).

Chung, J. W. et al. Superantigen profiling of Staphylococcus
aureus infective endocarditis isolates. Diagn. Microbiol. Infect. Dis.
79, 119-124 (2014).

Kinney, K. J. et al. SEC is an antiangiogenic virulence factor that
promotes Staphylococcus aureus endocarditis independent of
superantigen activity. Sci. Adv. 8, eabo1072 (2022).

Etter D., Schelin, J., Schuppler, M., Johler S. Staphylococcal
enterotoxin C-an update on SEC variants, their structure and
properties, and their role in foodborne intoxications. Toxins. 12,
584 (2020).

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

Mattis, D. M. et al. Engineering a soluble high-affinity

receptor domain that neutralizes staphylococcal enterotoxin

C in rabbit models of disease. Protein Eng. Des. Sel. 26,

133-142 (2013).

Choi, Y. et al. Selective expansion of T cells expressing V beta 2 in
toxic shock syndrome. J. Exp. Med. 172, 981-984 (1990).

Kotzin, B. L., Leung, D. Y., Kappler, J. & Marrack, P. Superantigens
and their potential role in human disease. Adv. Immunol. 54,
99-166 (1993).

Seilie, E. S. & Bubeck Wardenburg, J. Staphylococcus aureus pore-
forming toxins: the interface of pathogen and host complexity.
Semin Cell Dev. Biol. 72, 101-116 (2017).

Jenkins, M. K., Chu, H. H., McLachlan, J. B. & Moon, J. J. On the
composition of the preimmune repertoire of T cells specific for
Peptide-major histocompatibility complex ligands. Annu Rev.
Immunol. 28, 275-294 (2010).

Dan J. M. et al. Recurrent group A Streptococcus tonsillitis is an
immunosusceptibility disease involving antibody deficiency and
aberrant T(FH) cells. Sci. Transl. Med. 11, eaau3776 (2019).
Davies, F. J., Olme, C., Lynskey, N. N., Turner, C. E. & Sriskandan, S.
Streptococcal superantigen-induced expansion of human tonsil
T cells leads to altered T follicular helper cell phenotype, B cell
death and reduced immunoglobulin release. Clin. Exp. Immunol.
197, 83-94 (2019).

Berube, B. J. & Wardenburg, J. B. ubeck Staphylococcus aureus
alpha-toxin: nearly a century of intrigue. Toxins 5,

1140-1166 (2013).

Oliveira, D., Borges, A., Simoes, M. Staphylococcus aureus toxins
and their molecular activity in infectious diseases. Toxins. 10,
252 (2018).

Tabor, D. E. et al. Staphylococcus aureus alpha-toxin is conserved
among diverse hospital respiratory isolates collected from a glo-
bal surveillance study and is neutralized by monoclonal antibody
MEDI4893. Antimicrob. Agents Chemother. 60, 5312-5321 (2016).
Powers, M. E., Becker, R. E., Sailer, A., Turner, J. R. & Bubeck
Wardenburg, J. Synergistic action of Staphylococcus aureus
alpha-toxin on platelets and myeloid lineage cells contributes to
lethal sepsis. Cell Host Microbe 17, 775-787 (2015).

Surewaard, B. G. J. et al. Alpha-toxin induces platelet aggregation
and liver injury during Staphylococcus aureus sepsis. Cell Host
Microbe 24, 271-284 €273 (2018).

Diep, B. A. et al. Targeting alpha toxin to mitigate its lethal toxicity
in ferret and rabbit models of Staphylococcus aureus necrotizing
pneumonia. Antimicrob Agents Chemother 61, e02456-16 (2017).
McElroy, M. C. et al. Alpha-toxin damages the air-blood barrier of
the lung in a rat model of Staphylococcus aureus-induced pneu-
monia. Infect. Immun. 67, 5541-5544 (1999).

Bartlett, A. H., Foster, T. J., Hayashida, A. & Park, P. W. Alpha-toxin
facilitates the generation of CXC chemokine gradients and sti-
mulates neutrophil homing in Staphylococcus aureus pneumonia.
J. Infect. Dis. 198, 1529-1535 (2008).

Bhakdi, S. & Tranum-Jensen, J. Alpha-toxin of Staphylococcus
aureus. Microbiol. Rev. 55, 733-751 (1991).

Hook, J. L. et al. Disruption of staphylococcal aggregation protects
against lethal lung injury. J. Clin. Investig. 128, 1074-1086 (2018).
Wilke, G. A. & Wardenburg, J. B. Role of a disintegrin and metal-
loprotease 10 in Staphylococcus aureus alpha-hemolysin-
mediated cellular injury. Proc. Natl. Acad. Sci. USA 107,
13473-13478 (2010).

Cohen, T. S. et al. Staphylococcus aureus alpha toxin potentiates
opportunistic bacterial lung infections. Sci. Transl. Med. 8,
ra331(2016).

Dinges, M. M., Orwin, P. M. & Schlievert, P. M. Exotoxins of Sta-
phylococcus aureus. Clin. Microbiol Rev. 13, 16-34 (2000).

Nature Communications | (2026)17:4456

16


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-73120-1

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

Anderson, M. J. et al. Alpha-toxin promotes Staphylococcus aur-
eus mucosal biofilm formation. Front Cell Infect. Microbiol. 2,

64 (2012).

Muyldermans, S. Nanobodies: natural single-domain antibodies.
Annu Rev. Biochem 82, 775-797 (2013).

Yong Joon Kim, J., Sang, Z., Xiang, Y., Shen, Z. & Shi, Y. Nano-
bodies: robust miniprotein binders in biomedicine. Adv. Drug
Deliv. Rev. 195, 114726 (2023).

Xiang, Y. et al. Versatile and multivalent nanobodies efficiently
neutralize SARS-CoV-2. Science 370, 1479-1484 (2020).

Xiang, Y. et al. Integrative proteomics identifies thousands of
distinct, multi-epitope, and high-affinity nanobodies. Cell Syst. 12,
220-234 €229 (2021).

Xiang, Y. et al. Superimmunity by pan-sarbecovirus nanobodies.
Cell Rep. 39, 111004 (2022).

Sun, D. et al. Potent neutralizing nanobodies resist convergent
circulating variants of SARS-CoV-2 by targeting diverse and con-
served epitopes. Nat. Commun. 12, 4676 (2021).

Ketaren, N. E. et al. Unique mechanisms to increase structural
stability and enhance antigen binding in nanobodies. Structure
33, 677-690 e675 (2025).

Wilson, I. A. & Stanfield, R. L. 50 Years of structural immunology. J.
Biol. Chem. 296, 100745 (2021).

Li, M. et al. Broadly neutralizing and protective nanobodies against
SARS-CoV-2 Omicron subvariants BA.1, BA.2, and BA.4/5 and
diverse sarbecoviruses. Nat. Commun. 13, 7957 (2022).

Z. Sang et al. Repertoire-scale antibody structural prediction
informstherapeutic design. Sci Adv, 12, eaef7163 (2026).
Jovcevska, I. & Muyldermans, S. The therapeutic potential of
nanobodies. BioDrugs 34, 11-26 (2020).

Shen, Z., Sang, Z. & Shi, Y. Nanobodies as a powerful platform for
biomedicine. Trends Mol. Med. 28, 1006-1007 (2022).

Fridy, P. C., Rout, M. P. & Ketaren, N. E. Nanobodies: from high-
throughput identification to therapeutic development. Mol. Cell
Proteom. 23, 100865 (2024).

Sang, Z., Xiang, Y., Bahar, I. & Shi, Y. Llamanade: an open-source
computational pipeline for robust nanobody humanization.
Structure 30, 418-429 e413 (2022).

Brummelhuis, W. J. et al. Llama heavy-chain antibody fragments
efficiently remove toxic shock syndrome toxin 1 from plasma

in vitro but not in experimental porcine septic shock. Shock 34,
125-132 (2010).

A. C. Hughes et al. Development of thermally stable nanobodies
for detection and neutralization of staphylococcal enterotoxin B.
Toxins. 15, 400 (2023).

Ming, K. et al. Development of nanobodies against Staphylo-
coccus enterotoxin B through yeast surface display. Int J. Biol.
Macromol. 253, 126822 (2023).

Kumar, S. et al. Structural basis of inhibition of a transporter from
Staphylococcus aureus, NorC, through a single-domain camelid
antibody. Commun. Biol. 4, 836 (2021).

Valenciano-Bellido, S. et al. Targeting hemoglobin receptors IsdH
and IsdB of Staphylococcus aureus with a single VHH antibody
inhibits bacterial growth. J. Biol. Chem. 299, 104927 (2023).
Jursch, R. et al. Histidine residues near the N terminus of staphy-
lococcal alpha-toxin as reporters of regions that are critical for
oligomerization and pore formation. Infect. Immun. 62,
2249-2256 (1994).

Menzies, B. E. & Kernodle, D. S. Passive immunization with anti-
serum to a nontoxic alpha-toxin mutant from Staphylococcus
aureus is protective in a murine model. Infect. Immun. 64,
1839-1841 (1996).

Liang, X., Yan, M. & Ji, Y. The H35A mutated alpha-toxin interferes
with cytotoxicity of staphylococcal alpha-toxin. Infect. Immun. 77,
977-983 (2009).

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Gampfer, J., Thon, V., Gulle, H., Wolf, H. M. & Eibl, M. M. Double
mutant and formaldehyde inactivated TSST-1 as vaccine candi-
dates for TSST-1-induced toxic shock syndrome. Vaccine 20,
1354-1364 (2002).

Krupka, H. I. et al. Structural basis for abrogated binding between
staphylococcal enterotoxin A superantigen vaccine and MHC-
llalpha. Protein Sci. 11, 642-651 (2002).

Venkatasubramaniam, A. et al. TBA(225), a fusion toxoid vaccine
for protection and broad neutralization of staphylococcal super-
antigens. Sci. Rep. 9, 3279 (2019).

Chen, W. H. et al. Safety and Immunogenicity of a Parenterally
Administered, Structure-Based Rationally Modified Recombinant
Staphylococcal Enterotoxin B Protein Vaccine, STEBVax. Clin.
Vaccin. Immunol. 23, 918-925 (2016).

Hu, D. L. et al. A mutant of staphylococcal enterotoxin C devoid of
bacterial superantigenic activity elicits a Th2 immune response for
protection against Staphylococcus aureus infection. Infect.
Immun. 73, 174-180 (2005).

Schoergenhofer, C. etal. A randomized, double-blind study on the
safety and immunogenicity of rTSST-1 variant vaccine: phase 2
results. EClinicalMedicine 67, 102404 (2024).

Abramson, J. et al. Accurate structure prediction of biomolecular
interactions with AlphaFold 3. Nature 630, 493-500 (2024).
Hassanzadeh, H. et al. Efficacy of a 4-Antigen Staphylococcus
aureus Vaccine in Spinal Surgery: The STaphylococcus aureus
suRgical Inpatient Vaccine Efficacy (STRIVE) Randomized Clinical
Trial. Clin. Infect. Dis. 77, 312-320 (2023).

Anderson, A. S. et al. Development of a multicomponent Sta-
phylococcus aureus vaccine designed to counter multiple bac-
terial virulence factors. Hum. Vaccin Immunother. 8,

1585-1594 (2012).

Shinefield, H. et al. Use of a Staphylococcus aureus conjugate
vaccine in patients receiving hemodialysis. N. Engl. J. Med. 346,
491-496 (2002).

Fowler, V. G. et al. Effect of an investigational vaccine for pre-
venting Staphylococcus aureus infections after cardiothoracic
surgery: a randomized trial. JAMA 309, 1368-1378 (2013).
Moustafa, M. et al. Phase lla study of the immunogenicity and
safety of the novel Staphylococcus aureus vaccine V710 in adults
with end-stage renal disease receiving hemodialysis. Clin. Vaccin.
Immunol. 19, 1509-1516 (2012).

Deacy, A. M., Gan, S. K. & Derrick, J. P. Superantigen Recognition
and Interactions: Functions, Mechanisms and Applications. Front
Immunol. 12, 731845 (2021).

Tuffs S. W. et al. Superantigens promote Staphylococcus
aureus bloodstream infection by eliciting pathogenic
interferon-gamma production. Proc Natl Acad Sci. USA 119,
2115987119 (2022).

Salgado-Pabon, W. et al. Superantigens are critical for Staphylo-
coccus aureus Infective endocarditis, sepsis, and acute kidney
injury. mBio. 4, e00494-13 (2013).

Vu, B. G. et al. Superantigens of Staphylococcus aureus from
patients with diabetic foot ulcers. J. Infect. Dis. 210,

1920-1927 (2014).

Nambulli S. et al. Inhalable nanobody (PiN-21) prevents and treats
SARS-CoV-2 infections in Syrian hamsters at ultra-low doses. Sci.
Adv 7, eabh0319 (2021).

Detalle, L. et al. Generation and characterization of ALX-0171, a
potent novel therapeutic nanobody for the treatment of respira-
tory syncytial virus infection. Antimicrob. Agents Chemother. 60,
6-13 (2016).

Hua, L. et al. MEDI4893* promotes survival and extends the anti-
biotic treatment window in a Staphylococcus aureus immuno-
compromised pneumonia model. Antimicrob. Agents Chemother.
59, 4526-4532 (2015).

Nature Communications | (2026)17:4456

17


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-73120-1

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

10.

m.

Oganesyan, V. et al. Mechanisms of neutralization of a human anti-
alpha-toxin antibody. J. Biol. Chem. 289, 29874-29880 (2014).
Xu, S. X. et al. Superantigens subvert the neutrophil response to
promote abscess formation and enhance Staphylococcus aureus
survival in vivo. Infect. Immun. 82, 3588-3598 (2014).

Rahman, A. K. N. ur-ur et al. The T cell receptor beta-chain second
complementarity determining region loop (CDR2beta governs T
cell activation and Vbeta specificity by bacterial superantigens. J.
Biol. Chem. 286, 4871-4881 (2011).

Karau, M. J. et al. Passive therapy with humanized anti-
staphylococcal enterotoxin B antibodies attenuates systemic
inflammatory response and protects from lethal pneumonia
caused by staphylococcal enterotoxin B-producing Staphylo-
coccus aureus. Virulence 8, 1148-1159 (2017).

DaSilva, L. et al. Humanlike immune response of human leukocyte
antigen-DR3 transgenic mice to staphylococcal enterotoxins: a
novel model for superantigen vaccines. J. Infect. Dis. 185,
1754-1760 (2002).

Roy, C. J. et al. Human leukocyte antigen-DQ8 transgenic mice: a
model to examine the toxicity of aerosolized staphylococcal
enterotoxin B. Infect. Immun. 73, 2452-2460 (2005).

Li, F. et al. Characterization of genetic humanized mice with
transgenic HLA DP401 or DRA but deficient in endogenous murine
MHC class Il genes upon Staphylococcus aureus pneumonia.
Anim. Model Exp. Med. 6, 585-597 (2023).

Sharma, H. et al. Toxic shock syndrome toxin 1 evaluation and
antibiotic impact in a transgenic model of staphylococcal soft
tissue infection. mSphere 4, e00665-19 (2019).

Zhang, H. et al. Staphylococcal superantigens evoke temporary
and reversible T cell anergy, but fail to block the development of a
bacterium-specific cellular immune response. Nat. Commun. 15,
9872 (2024).

Tang, S. et al. Rescue of alveolar wall liquid secretion blocks fatal
lung injury due to influenza-staphylococcal coinfection. J. Clin.
Investig. 133, 163402 (2023).

Adhikari, R. P. et al. Novel structurally designed vaccine for S.
aureus alpha-hemolysin: protection against bacteremia and

pneumonia. PLoS ONE 7, e38567 (2012).

Bubeck Wardenburg, J., Bae, T., Otto, M., Deleo, F. R. & Schnee-
wind, O. Poring over pores: alpha-hemolysin and Panton-Valentine
leukocidin in Staphylococcus aureus pneumonia. Nat. Med. 13,
1405-1406 (2007).

Wacker, M. et al. Prevention of Staphylococcus aureus infections
by glycoprotein vaccines synthesized in Escherichia coli. J. Infect.
Dis. 209, 1551-1561 (2014).

Kleinhenz, M. et al., Toxin-neutralizing Abs are associated with
improved T cell function following recovery from Staphylococcus
aureus infection. JCI Insight 9, 173526 (2024).

Robbie, G. J. et al. A novel investigational Fc-modified humanized
monoclonal antibody, motavizumab-YTE, has an extended half-
life in healthy adults. Antimicrob. Agents Chemother. 57,
6147-6153 (2013).

Wardenburg, J. B. ubeck, Patel, R. J. & Schneewind, O. Surface
proteins and exotoxins are required for the pathogenesis of Sta-

phylococcus aureus pneumonia. Infect. Immun. 75,

1040-1044 (2007).

Shen, Z. et al. A resource of high-quality and versatile nanobodies
for drug delivery. iScience 24, 103014 (2021).

Clegg, J. et al. Staphylococcus aureus vaccine research and
development: the past, present and future, including novel ther-
apeutic strategies. Front Immunol. 12, 705360 (2021).

Elsherif, H. M. et al. Staphylococcal enterotoxins and toxic shock
syndrome toxin-1 and their association among bacteremic and
infective endocarditis patients in egypt. Biomed. Res. Int. 2020,
6981095 (2020).

12.

13.

14.

115.

16.

17.

18.

19.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Fischer, A. J. et al. High prevalence of Staphylococcus aureus
enterotoxin gene cluster superantigens in cystic fibrosis clinical
isolates. Genes. 10, 1036 (2019).

Ferry, T. et al. Comparative prevalence of superantigen genes in
Staphylococcus aureus isolates causing sepsis with and without
septic shock. Clin. Infect. Dis. 41, 771-777 (2005).

Mempel, M. et al. High prevalence of superantigens associated
with the egc locus in Staphylococcus aureus isolates from
patients with atopic eczema. Eur. J. Clin. Microbiol. Infect. Dis. 22,
306-309 (2003).

Becker, K. et al. Prevalence of genes encoding pyrogenic toxin
superantigens and exfoliative toxins among strains of Staphylo-
coccus aureus isolated from blood and nasal specimens. J. Clin.
Microbiol. 41, 1434-1439 (2003).

Hu, D. L. et al. Comparative prevalence of superantigenic toxin
genes in meticillin-resistant and meticillin-susceptible Staphylo-
coccus aureus isolates. J. Med. Microbiol. 57, 1106-1112 (2008).
Abbasi Montazeri, E., Khosravi, A. D., Khazaei, S. & Sabbagh, A.
Prevalence of methicillin resistance and superantigenic toxins in
Staphylococcus aureus strains isolated from patients with cancer.
BMC Microbiol. 21, 262 (2021).

Merriman, J. A. et al. Temporal and racial differences associated
with atopic dermatitis, Staphylococcus aureus and encoded
virulence factors. mSphere 1, e00295-16 (2016).

Tahmasebi, H., Dehbashi, S. & Arabestani, M. R. Association
between the accessory gene regulator (agr) locus and the pre-
sence of superantigen genes in clinical isolates of methicillin-
resistant Staphylococcus aureus. BMC Res. Notes 12, 130 (2019).
Kim, C. K. et al. Superantigens in Staphylococcus aureus isolated
from prosthetic joint infection. Diagn. Microbiol Infect. Dis. 81,
201-207 (2015).

Monecke, S., Luedicke, C., Slickers, P. & Ehricht, R. Molecular
epidemiology of Staphylococcus aureus in asymptomatic car-
riers. Eur. J. Clin. Microbiol Infect. Dis. 28, 1159-1165 (2009).
Bania, J. et al. Distribution of newly described enterotoxin-like
genes in Staphylococcus aureus from food. Int J. Food Microbiol.
108, 36-41(2006).

Chiu, L. S., Ho, M. S., Hsu, L. Y. & Tang, M. B. Prevalence and
molecular characteristics of Staphylococcus aureus isolates
colonizing patients with atopic dermatitis and their close contacts
in Singapore. Br. J. Dermatol 160, 965-971 (2009).

Wilson, G. J. et al. A novel core genome-encoded superantigen
contributes to lethality of community-associated MRSA necrotiz-
ing pneumonia. PLoS Pathog. 7, €1002271 (2011).

Kim, H. K., Missiakas, D. & Schneewind, O. Mouse models for
infectious diseases caused by Staphylococcus aureus. J. Immunol.
Methods 410, 88-99 (2014).

Tomaszewski, K. L. et al. Enhanced Staphylococcus aureus pro-
tection by uncoupling of the alpha-toxin-ADAM10 interaction dur-
ing murine neonatal vaccination. Nat. Commun. 15, 8702 (2024).
Kennedy, A. D. et al. Targeting of alpha-hemolysin by active or
passive immunization decreases severity of USA300 skin infection
in a mouse model. J. Infect. Dis. 202, 1050-1058 (2010).

Fritz, S. A. et al. A serologic correlate of protective immunity
against community-onset Staphylococcus aureus infection. Clin.
Infect. Dis. 56, 1554-1561 (2013).

Strandberg, K. L., Rotschafer, J. H. & Schlievert, P. M. Rabbit Model
for Superantigen-Mediated Lethal Pulmonary Disease. Methods
Mol. Biol. 1396, 81-93 (2016).

Spaulding, A. R. et al. Comparison of Staphylococcus aureus
strains for ability to cause infective endocarditis and lethal sepsis
in rabbits. Front Cell Infect. Microbiol. 2, 18 (2012).

Tarkowski, A. et al. Model systems: modeling human staphylo-
coccal arthritis and sepsis in the mouse. Trends Microbiol. 9,
321-326 (2001).

Nature Communications | (2026)17:4456

18


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-73120-1

132. Mrochen, D. M., Fernandes de Oliveira, L. M., Raafat, D., Holtfreter,
S. Staphylococcus aureus host tropism and its implications for
murine infection models. Int J Mol Sci. 21, 7061 (2020).
Salgado-Pabon, W. & Schlievert, P. M. Models matter: the search
for an effective Staphylococcus aureus vaccine. Nat. Rev. Micro-
biol. 12, 585-591 (2014).

Parker, D. Humanized mouse models of Staphylococcus aureus
infection. Front Immunol. 8, 512 (2017).

Bagnoli, F., Bertholet, S. & Grandi, G. Inferring reasons for the
failure of Staphylococcus aureus vaccines in clinical trials. Front
Cell Infect. Microbiol. 2, 16 (2012).

Pardon, E. et al. A general protocol for the generation of Nano-
bodies for structural biology. Nat. Protoc. 9, 674-693 (2014).
Arbabi Ghahroudi, M., Desmyter, A., Wyns, L., Hamers, R. &
Muyldermans, S. Selection and identification of single domain
antibody fragments from camel heavy-chain antibodies. FEBS
Lett. 414, 521-526 (1997).

Afonine, P. V. et al. Real-space refinement in PHENIX for cryo-EM
and crystallography. Acta Crystallogr D. Struct. Biol. 74,

531-544 (2018).

Emsley, P. & Crispin, M. Structural analysis of glycoproteins:
building N-linked glycans with Coot. Acta Crystallogr D. Struct.
Biol. 74, 256-263 (2018).

Fernandez-Leiro, R. & Scheres, S. H. W. A pipeline approach to
single-particle processing in RELION. Acta Crystallogr D. Struct.
Biol. 73, 496-502 (2017).

141.  Pettersen, E. F. et al. UCSF ChimeraX: structure visualization for
researchers, educators, and developers. Protein Sci. 30,

70-82 (2021).

Punjani, A., Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A. cryoS-
PARC: algorithms for rapid unsupervised cryo-EM structure
determination. Nat. Methods 14, 290-296 (2017).

Punjani, A., Zhang, H. & Fleet, D. J. Non-uniform refinement:
adaptive regularization improves single-particle cryo-EM recon-
struction. Nat. Methods 17, 1214-1221 (2020).

Zivanov, J. et al. New tools for automated high-resolution cryo-EM
structure determination in RELION-3. Elife 7, e42166 (2018).

Xu, S. X., Kasper, K. J., Zeppa, J. J. & McCormick, J. K. Super-
antigens modulate bacterial density during Staphylococcus aur-
eus nasal colonization. Toxins 7, 1821-1836 (2015).

K. Dufresne et al. TSST-1 promotes colonization of Staphylococcus
aureus within the vaginal tract by activation of CD8(+) T cells.
Infect Immun, 93, e0043924 (2025).

133.

134.

135.

136.

137.

138.

139.

140.

142.

143.

144.

145.

146.

Acknowledgements

We thank Shi lab members, as well as Aneel Aggarwal, Harm Van Bakel,
and Jeremiah Faith (Mount Sinai), for the insightful discussion. Wilmara
Salgado-Pabon (University of Wisconsin), Patrick Schlievert (University
of lowa), James Cassat (Vanderbilt University), Richard Novick (NYU), and
Matthew Culyba (University of Pittsburgh) for their expertise. Funding:
This work is partially supported by a school seed fund (to Y.S.), a NIH
grant R35GM137905 (to Y.S.), a T32 training grant (to Y.J.K;
5T32CA078207-24, 5T32GM062754-23), and Project Grant PJT-198030
from the Canadian Institutes of Health Research (to J.K.M.). N.R.B was
supported in part by an R.G.E. Murray Graduate Scholarship. Funding for
Hook Lab: NIH grant ROT1HL164821, Cystic Fibrosis Foundation Research
Grant 004792G222, and American Lung Association COVID-19 and

Emerging Respiratory Viruses Research Award 1031520, all to J.L.H. The
authors would like to acknowledge the following NIH S10 Shared
Instrumentation grant S100D032437-01 for supporting this work. The
content is solely the responsibility of the authors and does not neces-
sarily represent the official views of the National Institutes of Health.

Author contributions

Y.J.K.and Y.S. conceived the work and drafted the manuscript with input
from all authors. Y.J.K. performed all biochemistry, proteomics and in
vitro neutralization experiments, with contributions from Y.X., Z.S. and
M.L. N.R.W. performed the in vivo experiments related to SAgs in
transgenic HLA-DR4 mouse models, as well as supernatant in vitro
neutralization experiments. W.H. performed cryoEM analysis. C.S. and
S.M. evaluated Nbs in the Hla-driven pneumonia murine model. Y.S.,
J.L.H., K.C., D.J.T. and J.K.M supervised the study.

Competing interests

Y.J.K. and Y.S. are inventors on a patent application covering several
nanobodies evaluated in this study. All other authors declare no com-
peting interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-026-73120-1.

Correspondence and requests for materials should be addressed to
Yi Shi.

Peer review information Nature Communications thanks Barbara Bro-
ker, Serge Muyldermans and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work. A peer review file is avail-
able.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. You do not have permission under this licence to share adapted
material derived from this article or parts of it. The images or other third
party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2026

Nature Communications | (2026)17:4456

19


https://doi.org/10.1038/s41467-026-73120-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/naturecommunications

	Multivalent nanobodies for potent and broad neutralization of Staphylococcus aureus toxins
	Results
	Discovery and functional characterization of anti-SAg Nb repertoires
	Structural insights into Nb neutralization
	Discovery and characterization of anti-HLA Nbs
	Multivalent Nb engineering against SEC and Hla
	Protective efficacy of a trivalent Nb C112-C107-H204 in murine models of sepsis and pneumonia
	Engineering of avidity- and half-life-enhanced multifunctional Nb-Fc construct against four major toxins

	Discussion
	Methods
	Ethics statement
	Recombinant toxoid purification and immunization
	Whole blood processing for PBMC and plasma isolation
	PBMC cDNA library preparation
	Heavy-chain-only antibody isolation
	Antigen-specific hcAb pulldown
	Mass spectrometry sample preparation and analysis
	Recombinant Nb and recombinant toxin purification
	Mammalian cell expression of Fc fusion Nbs
	ELISA serum titer and Nb binding measurement
	Surface plasmon resonance
	BioLayer interference (BLI)
	Recombinant superantigen PBMC stimulation assays
	Rabbit blood hemolysis experiments
	Size exclusion chromatography epitope binning
	Cryo-EM structure sample preparation
	CryoEM data collection of SEC-Nbs complex
	CryoEM image processing of SEC-Nbs complex
	Model building and refinement
	AlphaFold 3 modeling
	Transgenic humanized HLA-DR4 mouse models of bacteremia and sepsis
	WT Swiss Webster models of bacterial pneumonia
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




