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Abstract

Staphylococcus aureus (SA) and its exotoxins activate eosinophils (Eos) and mast cells (MCs) via CD48, a GPl-anchored receptor belonging to
the signaling lymphocytes activation molecules (SLAM) family. 2B4 (CD244), an immuno-regulatory transmembrane receptor also belonging to
the SLAM family, is the high-affinity ligand for CD48. 2B4 is expressed on several leukocytes including NK cells, T cells, basophils, monocytes,
dendritic cells (DCs), and Eos. In the Eos and MCs crosstalk carried out by physical and soluble interactions (named the ‘allergic effector unit’,
AEU), 2B4-CD48 binding plays a central role. As CD48 and 2B4 share some structural characteristics and SA colonization accompanies most of
the allergic diseases, we hypothesized that SA exotoxins (e.g. Staphylococcus enterotoxin B, SEB) can also bind and activate 2B4 and thereby
possibly further aggravate inflammation. To check our hypothesis, we used in vitro, in silico, and in vivo methods. By enzyme-linked immuno-
sorbent assay (ELISA), flow cytometry (FC), fluorescence microscopy, and microscale thermophoresis, we have shown that SEB can bind spe-
cifically to 2B4. By Eos short- and long-term activation assays, we confirmed the functionality of the SEB-2B4 interaction. Using computational
modeling, we identified possible SEB-binding sites on human and mouse 2B4. Finally, in vivo, in an SEB-induced peritonitis model, 2B4-KO mice
showed a significant reduction of inflammatory features compared with WT mice. Altogether, the results of this study confirm that 2B4 is an
important receptor in SEB-mediated inflammation, and therefore a role is suggested for 2B4 in SA associated inflammatory conditions.

Introduction results in the stronger killing of influenza virus-infected cells

Both 2B4 (CD244) and CD48 belong to the SLAM protein [3]Or1 the other hal:ld, IH chronic HBV inCC.tiOIl, 2B4 plays an
family and, as expressed on the membrane of most immune inhibitory role and its high expression on virus-specific CD8*

cells, form a high-affinity ligand-receptor couple for each T cells regulgs in a‘decrease in anti-viral immune response [4].
other [1]. 2B4 is a transmembrane receptor composed of an Ir} bacterial infections, to t,he be.st of our knowledge, no spe-
extracellular segment containing two immunoglobulin (Ig)- cific role for 2B4 has been investigated other than two reports

like domains, a transmembrane region, and a cytoplasmic showing its high exp.ression on CD& T cells in patients in-
tail containing four immunoreceptor tyrosine-based switch fect(;d by rnycobactefruilm—tuberculoms (MEB) 3, 6]. |
motifs (ITSMs). The ITSMs of 2B4 bind and phosphorylate The SA, 1S one of the most coOmmon auman commensa
SLAM-associated protein (SAP), which further transduces Gra‘m.—p ositive bacFerla .that occaspnally become§ an oppor-
signaling for cell activation. Nevertheless, the third ITSM can ~ tunistic patho.gen n sk1p and respiratory tract disorders [7,
bind cytoplasmic inhibitory phosphatases SHP1, SHP2, and ,8]' In allergic 1nﬂammat10n, pgthogemc SA is highly common
SHIP, hence suggesting 2B4 also as an inhibitory receptor on '™ asthma [9], atopic 'der'matms (AD) [10], and allergic .rhm—
some cells under specific conditions. Indeed it seems that ex-  'US (AR) [11], where its involvement enhances the severity of

pression levels of the adaptor molecules, their availability, and the disease [12].

competitive binding define whether 2B4 will act as an inhibi- MCs and Eos are the main .players.in allergic diseases (13,
tory or activating receptor (IR or AR) [2]. 14]. We have studied possible interactions of SA with Eos and

The role of 2B4 as expressed mostly by NK cells in viral in- MCs and found that SA and its exotoxin SEB bind and acti-

fections is well established. For example, in influenza, it plays ~ vate MCs [}35 ] and Eos [16f] via CD48. Moreover, W}‘: have
an activating role and its increased expression on NK cells described the importance of CD48 as expressed by human
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and mouse MCs and of 2B4 as expressed by both human and
mouse Eos [17, 18] in their pro-inflammatory physical cross-
talk, termed by us the ‘allergic effector unit’ (AEU) [19, 20].

As CD48 and 2B4 belong to the same receptor family and
share structural characteristics, we hypothesized that SA and/
or its exotoxins (e.g. SEB) can also bind and activate 2B4
possibly influencing inflammation. We therefore conducted in
vitro, in silico, and in vivo studies that demonstrate a specific
and functional interaction of SEB with 2B4. Our results pro-
vide strong evidence for a possible functional role of 2B4 in
SA infections.

Material and methods

Generation of human 2B4-Fc (h2B4-Fc) and mouse
2B4-Fc (m2B4-Fc)

Fusion proteins were generated as previously described [3,
21]. In brief, the sequence encoding the extracellular part of
human 2B4 was amplified by PCR using the 5 CCCACCGGT
GCCGCCACC ATG CTG GGG CAA GTG GTC ACC
(including Agel restriction site) and the 3" GGATCCGG CCA
AAATCT GAATTC CTG (including BamHI restriction site).
This PCR fragment was cloned into an expression vector con-
taining a mutated Fc portion of human IgG1 (CSI-Ig Puro
plasmid). The same protocol was performed for the generation
of the mouse 2B4-Ig fusion protein (m2B4-Fc) using the rele-
vant primers for the extracellular part of mouse 2B4—5" CCC
ACCGCT GCCGCCACC ATG TTG GGG CAA GCT GTC
CTG (including Agel restriction site) and 3 GGG ATCCGG
CAG AAA TCT GAA ATT CGAA (including BamHI restric-
tion site). Fusion proteins were generated in 293T cells and
were purified on a protein G column (HiTrap™ protein G HP,
GE Health Care, Rockville, MD, USA).

ELISA assay

ELISA plates were coated with SEB, 10 pg/ml in PBS, for over-
night (ON) at 4°C. Afterwards, plates were washed four times
with wash buffer (PBS-Tween 20, 0.05%) and blocked with
BSA 1% in PBS for 2 hr at room temperature (RT). Then,
plates were washed four times with wash buffer and h2B4-Fc
or hKIR1-Fc were added at different concentrations (0-10
pg/ml) for 2 hr at RT. Afterward, plates were washed four
times with wash buffer and biotinylated anti-human-IgG
(Jackson ImmunoResearch, West Grove, PA, USA) was added
for 1hr at RT. Plates were then washed (wash buffer X4) and
Streptavidin-HRP (Jackson ImmunoResearch) was added for
30 min at RT. Plates were washed (wash buffer X4) and sub-
sequently TMB solution was added. Developing color was
measured by a plate reader Cytation/3 (BioTek, Shoreline,
USA) at OD of 650 nm.

Mouse BW thymoma (BW) cells

BW cells were generously given to us by Prof. O. Mandelboim
(Lautenberg Center for General and Tumor Immunology and
Cancer Research, Hebrew University of Jerusalem, Israel).
BWh2B4 cells were generated and BW/BWh2B4 cell FACS
experiments were performed as previously described [22].
For FACS analysis distinct BW cells were blocked (BSA, 5%
in PBS) for 15 min on ice and washed once with wash buffer.
Labelled SEB (produced by the use of Monolith NT™.115
Protein Labeling kit BLUE-NHS; Nano temper, Munchen,
Germany) was added for 40 min on ice, washed and cell
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fluorescence was then analyzed using Cytoflex (Beckman
Coulter, Indianapolis, IN, USA).

BW cell assay

BW cell assay was performed as described previously [22].
ELISA plates were coated with different concentrations of
SEB or CD48-Fc/2B4-Fc (1 pg/well) (positive control) at
37°C for 2 hr, then plates were aspirated to remove the super-
natants. BW and BWh2B4/BWhCD48 cells (5 x 104200 pl in
RPMI medium) were added to the plates for 48 hr at 37°C.
Cell activation was assessed by measurement of IL-2 secretion
using a commercial kit (PeproTech, Modi’in, Israel).

Microscale thermophoresis

For microscale thermophoresis (MST) experiments, Monolith
NT.115 instrument (Nano Temper Technologies, Munchen,
Germany) was used at the following settings—20% MST
power, 40 s and 80% LED power, at 25°C. SEB was labelled
using the Monolith NT™.115 protein-labelling kit BLUE
(Nano Temper Technologies) and standard MST capillaries
were used. The interaction was assessed by labelled SEB
and unlabelled h2B4-Fc or a control human-Ig. Constant
concentrations of labelled SEB were maintained during the
assay while unlabelled h2B4-Fc or a control human-Ig was
added at serial dilutions in PBS. The accuracy of the experi-
mental settings was confirmed by a typical denaturation-
sensitivity test.

Preparation of human peripheral blood Eosinophils

For purification of human Eosinophils (Eos), blood do-
nations of mildly atopic non-treated volunteers (with Eos
counts of 5-15%) were processed as detailed previously [2].
Briefly, samples (150 ml) were left to sediment for 1 hr in 6%
Dextran (Sigma-Aldrich, Jerusalem, Israel). Leukocytes were
centrifuged on Ficoll—Hypaque (700 g, 25 min), and neutro-
phils and lymphocytes in the granulocyte-enriched pellet were
tagged using anti-CD16 and anti-CD3 micromagnetic beads,
respectively. Neutrophils and lymphocytes were eliminated by
negative selection via magnetic cell sorting, and the resulting
cell suspension was 95-100% Eos pure (as determined by
Kimura staining) and >98% viable (Trypan blue exclusion).
Cells were washed and resuspended in a culture-enriched
medium consisting of RPMI 1640 supplemented with heat-
inactivated fetal bovine serum (10%), penicillin-streptomycin
solution (100 pg/ml) (Biological Industries, Beit Haemek,
Israel), and GM-CSF (20 ng/ml).

All human blood samples were collected following eth-
ical approval of the Hadassah-Hebrew University Human
Experimentation Helsinki Committee and written informed
consent was obtained according to its guidelines.

Eosinophil functional experiments

Blocking 2B4-binding site in SEB:

SEB was pre-incubated with or without h2B4-Fc¢ at 5 pg/ml
in PBS/medium for 30 min at 37°C and thereafter added to
1.5 x 10° Eos for either 40 min or 18 hr and cell activation
was assessed by quantifying the supernatants for the released
EPO or IL-8, respectively.

Blocking of 2B4 on human Eos:

1.5 x 10° Eos per sample were incubated with sCD48 in PBS
(5 ug/ml, 40 min on ice), washed twice with ice-cold PBS after
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which SEB was added (or not) for cell activation at 10 pg/ml
in PBS or Eos culture medium. After 45 min in PBS, or 18 hr,
in Eos medium, supernatants were collected and analyzed by
the use of the relevant ELISA kit (PeproTech, Modi’in, Israel),
for EPO and IL-8 levels, respectively.

Generation of murine bone marrow-derived
eosinophils from 2B4-KO and WT mice

Bone marrow-derived eosinophils (BMEos) were obtained
by culturing bone marrow (BM) cells obtained from femurs
of 2B4-KO and WT (C57BL/6) mice as previously described
[17].

In brief, to obtain BMEos, BM-derived progenitors were
placed in RPMI 1640 media supplemented with 20% fetal bo-
vine serum, 100 000 U/ml penicillin, 100 mg/ml streptomycin,
25 mM HEPES, 1 mM sodium pyruvate, 1x nonessential
amino acids, 2 mM glutamine (Biological Industries, Kibbutz
Beit-Haemek, Israel), and 50 mM B-ME (Invitrogen, Modi’in,
Israel). The media, replaced every other day, was supple-
mented by recombinant murine SCF and FLT3-ligand
(PeproTech, Modi’in, Israel, 100 ng/ml each) from days 0 to
4, and recombinant mouse IL-5 (R&D Systems Minneapolis,
MN, USA 10 ng/ml) from day 5 and on. Cells were cultured
for at least 12 days and were not used beyond day 21. Before
all the experiments, cells were assessed for >95% viability
(by Trypan Blue exclusion), and FC for the characteristic Eos
surface markers Siglec-F + (clone E50-2440, BD Biosciences,
Brunswick, New Jersey, USA) and CCR3 (clone REA122,
Miltenyi Biotec, Shoham, Israel).

All mouse cells were harvested according to the ethical
approval of the Animal Ethics Committee of The Hebrew
University of Jerusalem, Israel.

BMEos activation

For short-term stimulation of WT and 2B4-KO BMEos,
1.5 x 10°/well were seeded and washed twice in ice-cold PBS.
Next, cells were re-suspended in BSA 0.1% in PBS, and SEB
was added (to final concentration of 10 pg/ml) for cell activa-
tion (37°C, 45 min, 5% CO,). For positive control, cells were
incubated with PAF at 10uM. EPO release was measured as
described above.

For long-term stimulation of BMEos, 1.5 x 10° cells/well
were seeded and washed twice in ice-cold PBS. Next, cells
were re-suspended in the BMEos growing media (above)
with SEB (10 pg/ml) or media alone for 18 hr (37°C, 5%
CO,). Afterwards, sCD48 levels were quantitated by commer-
cially available mouse CD48 ELISA kit (Icosagen AS, Tartu
maakond, Estonia) according to the manufacturer’s’ instruc-
tions.

In silico modeling of SEB-2B4 interaction

We generated models of the SEB-2B4 interaction using two
different strategies: (1) docking of the monomer structures
using ClusPro [23, 24] and (2) modeling of the full complex
starting from the sequence of the partners using AlphaFold2
(AF2) [25]. All structures were visualized using Pymol 2.5.4
(Schrodinger).

Docking with ClusPro:

We docked the solved structure of SEB (PDB ID 3SEB) [26]
to the solved structure of 2B4 and CDA48, separately and
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together (based on the solved structure of the 2B4-CD48
complex, PDB ID 2PTT) [23] using the ClusPro 2.0 protein
docking server (https://cluspro.bu.edu/login.php) [25, 26]. We
inspected the top 10 models.

Modeling the interaction using AF2:

Structure prediction of the interactions between SEB and
2B4, as well as between SEB and the complex of 2B4 and
CD48, were performed with the publicly available AF2
Google Colab  (https://colab.research.google.com/github/
sokrypton/ColabFold/blob/main/AlphaFold2.ipynb) [24, 27],
using multimer versions with default parameters and Amber
refinement. The input included the query sequence without
using any structure templates (see Table 1 for details about
the sequences used).

Selection of models:

We applied the Rosetta InterfaceAnalyzer [23] to analyze the
interfaces of the different structural models generated by AF2.
InterfaceAnalyzer calculates a number of features of a given
interface, such as predicted binding energy, buried interface
surface areas, surface complementarity, packing quality and
more.

We ran InterfaceAnalyzer with the following flags:

-in:file:] input_list -out:file:score_only score.sc -com-
pute_packstat true -pack_input true -pack_separated true
-add_regular_scores_to_scorefile true -use_jobname true
-pose_metrics:inter_group_neighbors_cutoff 4

The output scores that were most important when
evaluating the results of the analysis were:

dG_cross dG_cross/dSASAx100 dSASA_polar dSASA_
hphobic dSASA_int fa_atr fa_rep fa_sol fa_elec hbond_E_
fraction hbonds_int delta_unsatHbonds nres_int packstat
per_residue_energy_int

Mice

2B4-KO mice, a kind gift from Prof. V. Kumar (University of
Chicago, Chicago, IL, USA) were housed and bred in the spe-
cific pathogen-free animal facilities of The Hebrew University
of Jerusalem. C57BL/6 (WT) mice were purchased from
Harlan Laboratories Inc, Jerusalem, Israel. Mice were euthan-
ized by CO, inhalation.

All murine experiments were approved by the Animal
Experimentation Ethics Committee of the Hebrew University
of Jerusalem and performed according to the committee’s
guidelines.

Table 1. Protein sequences used in this study

Protein Uniprot IDs

2B4  CD244_ HUMAN 22-209 (29-130) CD244_MOUSE
22215 (22-130)
CD48_MOUSE

29-209 (29-130)

CD48  CD48_HUMAN 29-212 (29-130)

SEB ETXB_STAAU 28-266

The sequence range used for the full protein (in parentheses: for the
extracellular first IgG domain) is indicated.
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Staphylococcal enterotoxin B-induced peritonitis in
2B4-KO mice

2B4-KO (8 weeks old) and their age-matched C57BL/6 WT
mice were injected i.p. with 200 pl of SEB 5 pg/ml in PBS, or
PBS alone. After 48 hr mice were euthanized by CO, inhal-
ation followed by cervical dislocation, and peritoneum was
then lavaged with cold PBS (3 ml/mouse). Spleens were also
collected, and their weight was recorded. Lavages were cen-
trifuged (7 min, 300g, 4°C) and supernatants were saved in
-20°C. Peritoneal cells were re-suspended in PBS containing
0.1% BSA and 5% goat serum for 15 min on ice for blocking.
Cells were then washed and analyzed by FC, using BD FACS
Calibur, as follows: First, for total cell numbers, all events
in samples were recorded for 30 s at a medium flow rate.
Second, Granulocytes, lymphocytes and monocytes were
identified by physical parameters (FSC, SSC) and their abso-
lute numbers were evaluated by specific gating (as described
in ref. [28] Supplementary Fig. S5). Third, Eos were identified
by double staining using anti-Siglec-F (clone E50-2440, BD
Biosciences) and anti-CCR3 (clone REA122, Miltenyi Biotec)
and the relevant isotype matched control Abs. sCD48 levels
were quantitated in peritoneal lavages by commercially avail-
able mouse CD48 ELISA kit (Icosagen AS) according to the
manufacturer’s instructions.

Data normalization

Where indicated, data were normalized by division, in each
experiment, of all results by the average of the not activated
(NA) sample results.

Statistical analysis

All experiments were done at least three times unless other-
wise stated. Repetition of experiments with human eo-
sinophils was performed with distinct individuals. In vitro
experiments were done in triplicates (7 = 3) and in vivo ex-
periments (7 = 2) included 5-6 mice in each treatment group.
The data were analyzed using GraphPad Prism 6 software
and statistical significance was determined using a two-tail
unpaired Student’s “#-test” between two groups or ANOVA
for more than two groups. “P” value of <0.05 was considered
significant. Data are mean = SD/SEM, *P < 0.05, **P < 0.01,
*#*P < 0.001.

Results

Staphylococcus enterotoxin B binds to 2B4

To check whether SEB can bind 2B4, we first performed
an ELISA experiment where increasing concentrations of
h2B4-Fc or hKIR1-Fc as a negative control, were added
to plate-bound SEB. A strong significant dose-dependent
binding of h2B4-Fc to SEB was observed (Fig. 1A) in contrast
with a weak binding of the negative control that did not show
any dose dependence. Similarly, increasing concentrations of
mouse 2B4-Fc (m2B4-Fc) were added to plate-bound SEB and
dose-dependent binding was detected (Fig. 1B).

Next, we analyzed SEB binding to 2B4 in the BW cell re-
porter system. BW null cells were engineered to express human
2B4 (BWh2B4), as confirmed by FC analysis using anti-2B4
mAD (Supplementary Fig. S1). Binding of fluorescent-labeled
SEB to BWh2B4 or BW null cells as a negative control was
analyzed by FC and specific binding of SEB with 2B4 was
demonstrated (Fig. 1C). This result is similar to the one
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observed with fluorescent-labeled SEB and BWhCD48 cells
(our internal positive control, data not shown). Staining of
BWh2B4 cells with both fluorescent-labeled SEB and anti-2B4
mADb showed by the use of fluorescent confocal microscopy,
co-localization of SEB and 2B4 (Fig. 1D). Finally, using
microscale thermophoresis (MST) analysis, we confirmed the
specific binding of SEB to h2B4-Fc with a K of 75 = 10.2 nM
(Fig. 1E)when compared with no binding of SEB to human-
IgG used as a negative control (Fig. S2).

Altogether, these results demonstrate a specific binding of
SEB to 2B4.

In silico study predicts possible SEB-2B4
interactions

To better understand the interaction between SEB and 2B4,
we generated structural models of SEB-2B4 binding using
AlphaFold2 (AF2) [29] and the global docking protocol
ClusPro [25, 30]. We generated models for binding of SEB
to human 2B4 and to mouse 2B4, where the partial structure
of the 2B4-CD48 complex that has been already solved [23]
was also used for our modeling. The resulting models suggest
three possible interfaces between human 2B4 and SEB, hereby
termed interactions A, B, and C (Fig. 2A). Two of these inter-
actions (A and B) were sampled also for the mouse 2B4-SEB
interaction (Fig. 2B). According to Rosetta Interface Analyzer,
the most probable conformation is interface A.

SEB activates human and mouse eosinophils
through 2B4

To evaluate the functionality of SEB-2B4 binding, we em-
ployed freshly isolated primary human peripheral blood Eos
known to express 2B4 [2] (and CD48 [16]) and to be ac-
tivated by SEB [16, 28]. We have activated these Eos with
SEB that was pre-incubated (or not) with 2B4-Fc for blocking
of its proposed 2B4 binding site/s or with D1-Fc for nega-
tive control. Use of the “2B4-blocked” SEB for human Eos
activation resulted in a significant decrease in the immediate
EPO release (Fig. 3A, left panel). A non-significant trend of
decrease was also found in the long-term IL-8 release (Fig.
3A, right panel).

Another way to test the functionality of SEB-2B4 inter-
action is to block 2B4 expressed on Eos prior to SEB activa-
tion. As blocking Abs for 2B4 are not commercially available,
we used instead the specific ligand for 2B4, CD48, in its sol-
uble form (sCD48) shown previously by us to block specif-
ically 2B4 for anti-2B4 mAb binding and activation [28].
Figure 3B shows that pre-incubation of human Eos with
sCD48 resulted in a significant decrease in SEB-induced cell
activation as measured by both short- and long-term Eos me-
diators (EPO and IL-8, 3B left and right panels, respectively).
This result indicates that binding of sCD48 to 2B4 competes
with 2B4 binding by SEB or at least interfere with its activa-
tion by SEB. Overall, these results confirmed that SEB activa-
tion of human Eos is mediated, at least in part, by binding and
activation of 2B4.

To further establish the activating effect of 2B4 binding
by SEB, BMEos from 2B4-KO or WT mice (both confirmed
by FC, Fig. S3) were activated with SEB. As expected, WT
BMEos reacted to SEB activation with a significant release
of the activation markers EPO and sCD48, shown by us as a
major marker of eosinophilic inflammation {28, 31]. In con-
trast, 2B4-KO BMEos responded to SEB activation with a


http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxad089#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxad089#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxad089#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxad089#supplementary-data

Role of 2B4 in allergic inflammation, 2024, Vol. 215, No. 1

A .
Ny 2 3 SEBonly
3 3 hKir1-Fc
£ W h2B4-Fc
S
& 2]
8
14
o-
& \6‘\' \6‘\’ &
& $ & $
) o &)
QX A
C BW BWh2B4

Count
ount

T T
w? w0’ 0* 0’ 10 1w’ % ®
FLI-AZFITC-A FLI-AZFITC-A

Data Analysis Fluorescence
& UED B% 25% WIST Power 20% s FIEKE

10° 10' 10° 10" 10* 1° 10° 10
Concentration

Fitting for Kd Formular
Fitted Parameter Fitted Vaiue
Dis ant T80i-10.2
FnGone i

11

B 0.64 -~
Toal o«
f
(=]
wn
e
a
g 02
0.0-
" "y Y "
& &
i os’é & @&
Q(P. QCP. (4] ‘G
g & & &L
D <& <&
o .
BF
. -
BF

Figure 1. Staphylococcus enterotoxin B (SEB) binds to 2B4. SEB was adsorbed to 96W-plate and increasing doses of (A) h2B4-Fc, hKIR1-Fc, or

(B) m2B4-Fc were added, and binding was analyzed by ELISA. (C) Binding
labeled-SEB, BW null (BW), and BWh2B4 cells. (D) Co-localization of SEB
microscopy. Arrows indicate 2B4-SEB double-positive cells. (E) Affinity of
mean + SEM, are representative of n = 3 independent experiments. *P <

lower release of both inflammatory markers (Fig. 4A and B).
Activation of BMEos by PAF, was less sensitive to the knock-
out of 2B4 (Supplementary Fig. S4) implying for the specifi-
city of 2B4 activation by SEB.

Reduced inflammation in 2B4-KO mice in SEB-
induced peritonitis

Following the in vitro and in silico results, we evaluated the
consequence of the absence of 2B4 in our well-established
mouse model of SEB-induced peritonitis [16] (represented
schematically in Fig. 5A). As previously shown, in WT mice,
SEB induced a robust peritonitis with a significant increase
in total peritoneal cell numbers (compared with PBS con-
trol). This increase was significantly reduced in 2B4-KO mice
(Fig. 5B). More detailed analyses (demonstrated in Fig. S5)
revealed similar decreases in SEB-induced increases in num-
bers of peritoneal monocytes (Fig. 5C), granulocytes (Fig.
5D), lymphocytes (Fig. SE), sCD48 levels (Fig. SF), and in
spleen weight (Fig. 5G). Moreover, monocyte, granulocyte,
lymphocyte, sCD48 level, and spleen weight did not show any
significant increase in 2B4-KO mice following SEB injection
(compared with mice injected with PBS). No significant differ-
ence was observed in total eosinophil numbers between WT
and 2B4-KO mice (Fig. SH).

of SEB to cell expressed 2B4 was analyzed by FC, using fluorescent

and 2B4 was confirmed in BWh2B4 versus BW null cells by confocal

SEB binding with 2B4 was evaluated by MST analysis. A-E—Data, shown as
0.05, **P < 0.01, ***P < 0.001.

Discussion

Our first finding in the current study is that SEB, the main
exotoxin of SA, binds specifically to human and mouse 2B4,
which to the best of our knowledge, is the first evidence for
binding of 2B4 with a bacterial toxin. We analyzed the affinity
of h2B4-SEB binding by the use of MST, and found a K of
75 = 10.2 nM, indicating a high-affinity interaction relative to
the published K, for the typical 2B4-CD48 interaction (8 pM
for the human and 16-37 uM for the mouse proteins) [23,
32]. Our structural models also provide atom-level, plausible
suggestions for the SEB-2B4 interaction.

This finding together with our previous data showing that
SEB can activate Eos [16] known to express a functional 2B4
[2], and the clinical data demonstrating that SA and Eos both
play a role in allergic inflammation [16, 28], prompted us to
test the functionality of the 2B4-SEB interaction. We have
shown in human Eos that either blocking the binding site
for 2B4 in SEB or blocking 2B4 expressed on the Eos with
its ligand sCD48, result in significant inhibition of SEB ac-
tivation. Moreover, in mouse BMEos, genetic elimination of
2B4 resulted in a robust inhibition of SEB-induced activation.
These results confirm that SEB binds 2B4 and thereby activate
both human and mouse eosinophils.

Interestingly we have shown, as mentioned above, that SEB
binds and activate human eosinophils via CD48, the ligand/
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B. Mouse

SEB-2B

Figure 2. Proposed in silico models for SEB binding to 2B4. In silico study reveals (A) three possible interfaces for interaction (A, B, C) between human
2B4 (cyan) and SEB (A-green, B-lemon, and C-forest) and (B) two possible interfaces for interaction (A, B) between mouse 2B4 (cyan) and SEB (A-green

and B-lemon).

activator of 2B4, and its absence in CD48-KO BMEos leads
to a significant decrease of SEB-induced activation [16]. The
facts that: 1. SEB activation is strongly decreased in both
CD48-KO and 2B4-KO BMEos and 2. blocking of either
2B4 (present results) or CD48 [16] on human Eos interferes
strongly with SEB activation—imply that both 2B4 and CD48
are indispensable for SEB activation of eosinophils. This as-
sumption is also supported by our experiments in BW cells
where expression of either human CD48 or 2B4 alone was
not enough for SEB activation (Supplementary Fig. S6). The
apparent need for expression of both receptors for SEB acti-
vation raises the hypothesis that on Eos, SEB forms a ternary
complex with 2B4 and CD48 and this ternary complex ac-
tivates the cells. As 2B4-CD48 cis interaction was shown in
NK [33] cells and also in T cells [34, 35] (where 2B4 binds in
cis to CD2—the SLAM low-affinity 2B4 receptor which re-
places CD48), it is likely to occur also on Eos and may form
a “docking site” for SEB. Nevertheless, our result that sCD48
blocks 2B4 on human Eos for SEB activation imply a com-
petition between SEB and CD48 on binding of 2B4. This ap-
parent competition raises the alternative hypothesis—that on
human Eos SEB forms separate complexes with either CD48
or 2B4 and both complexes are needed for cell activation.

It is noteworthy that sCD48 that showed competition with
SEB, binds 2B4 in trans which differs from the proposed cis
interaction between cell-membrane expressed 2B4 and CD48.
It might be that while the cis interaction allows the participa-
tion of SEB as a third partner, the trans interaction created
when sCD48 displaces the membrane bound CD48 precludes
1t.

To shed additional light on the feasibility of an SEB-
2B4-CD48 ternary complex, we added CD48 to the in silico

modeling. Figure 6A shows that CD48 can join as a third
component to two of the three human-2B4-SEB predicted
structures (interactions A and C, but not B, see in Fig. 2) and
also to the two predictions for the SEB-mouse 2B4 interaction
(Fig. 6B), suggesting that theoretically, a ternary complex can
be formed.

As mentioned above, interaction A is the most probable
SEB-2B4 conformation, and it is also the preferred one when
modeling the interaction between SEB and the isolated IgG
domain of 2B4 (using the crystal structure PDB id 2ptt) by
both AF2 and ClusPro. Although interaction A allows theor-
etically the formation of the ternary complex, it might induce
allosteric effects that lead to changes in 2B4 conformation
and thereby interfere with sCD48 binding and/or functional
cooperation and vice versa. In the human system, interaction
B determines a competition between CD48 and SEB binding
to 2B4 because it predicts that SEB binds 2B4 exactly in its
CD48-binding site.

As yet, more research is needed to determine unequivocally
between the two above-mentioned hypotheses and to prove
or disprove the formation of the ternary complex.

Following the in vitro and in silico studies, we checked the
significance of 2B4 in SEB activation iz vivo in our mouse
model of SEB-induced peritonitis [16, 28], in WT versus
2B4-KO mice. Peritonitis was assessed at 48 hr following
induction, a time by which we can reasonably assume the
innate immunity is mostly activated and probably adaptive
immunity also develops due to super-antigen activity of SEB
on T cells [36]. In agreement with our previous report [16],
in WT mice, SEB injection induced a significant increase
in spleen weight, in total peritoneal cell numbers particu-
larly monocytes, granulocytes, lymphocytes and Eos, and in
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Figure 3. SEB activates human eosinophils through 2B4. (A) Human Eos were activated with SEB that was pre-incubated with h2B4-Fc or D1-Fc for
negative control (both at 5 pg/ml, 30 min, 37 °C) and EPO (left panel) and IL-8 (right panel) release was measured by ELISA. (B) Eos were incubated with
or w/o sCD48 followed by activation with SEB. EPO (left panel) and IL-8 (right panel) secretion was measured by commercial ELISA kits. Normalized

data are shown as mean + SEM, n= 3. *P < 0.05, **P < 0.01, **P < 0.001.
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Figure 4. SEB activates murine eosinophils through 2B4. BMEos from WT and 2B4-KO mice were activated by SEB and EPO (A) and sCD48 (B)
secretion was measured by commercial ELISA kits. Normalized data are shown as mean + SEM, n = 3. **P < 0.01, ***P < 0.001.

peritoneal sCD48 levels. In contrast, in 2B4-KO mice, SEB
injection resulted in a significantly lower increase of all in-
flammatory markers, including spleen weight, with the not-
able exception of Eos numbers that increased similar to the
WT mice. This general reduction in inflammatory parameters
in 2B4-KO mice is in agreement with our in vitro results
implying a major function for 2B4 in SEB-induced inflam-
mation.

Regarding the normal increase in Eos numbers in 2B4-KO
mice, it could have been induced by a strong activation, by
SEB, of 2B4-KO MCs. MCs are a main Eos-recruiting cell in
Th2-inflammation and indeed 2B4 has been found to func-
tion in mouse MCs as an inhibitory receptor [17]. Therefore,
it might be that activation of 2B4-KO MC induces an inten-
sive eosinophil recruitment. Nevertheless, the general decrease
in inflammatory parameters in the 2B4-KO mice reflects the
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Figure 5. Reduced inflammation in 2B4-KO mice in SEB induced peritonitis. SEB was injected i.p. to induce peritonitis in WT versus 2B4-KO mice. (A)
A schematic description of the SEB-induced peritonitis mouse model. Peritoneal lavage cells were analyzed by FC (B-E, H). (B) Total cell number, (C)
monocyte number, (D) granulocyte number, (E) lymphocyte number, (F) peritoneal lavage sCD48 level assessed by ELISA, (G) spleen weight, and (H)
peritoneal lavage Eos number. Data, shown as mean = SD of each mice group (5-6 mice/group), are representative of n =2 experiments. *P < 0.05,
**P < 0.01, **P < 0.001.

A. Human B. Mouse

SEB-2B4-CD48

Figure 6. /n silico modeling shows possible SEB-2B4-CD48 tertiary complexes. (A) Two possible models (A, C) for ternary complexes of human 2B4
(cyan), human CD48 (magenta), and SEB (A-green, and C-forest). (B) Two possible models (A, B,) for ternary complexes of mouse 2B4 (cyan), mouse
CD48 (magenta), and SEB (A-green and B-lemon).

predominance of the activating function of 2B4 on immune  peritonitis [28], therefore, the significant decrease in sCD48
cells other than MCs in the mouse system. Noteworthy, Eos  levels in 2B4-KO mice implies that in spite of Eos substantial
were found to be the major source of sCD48 in SEB-induced ~ SEB-induced recruitment, their activation is mediated by and
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therefore inhibited in the absence of 2B4. The present results
are in agreement with and bolster our previous results [17]
showing the importance of 2B4 in OVA-SEB-induced AD in-
flammation.

In summary, we have demonstrated a functional binding of
SEB to cell surface 2B4 in vitro and in vivo and provided in
silico structural models of their interaction/s. All these results
strongly support the conclusion that 2B4 is an important re-
ceptor in SEB-mediated inflammation in allergy and beyond
and therefore may constitute an interesting therapeutic target.

Supplementary Data

Supplementary data is available at Clinical and Experimental
Immunology online.
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