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Abstract
Background: Staphylococcal superantigens are virulence factors that help the pathogen escape the
immune system and develop an infection. Toxic shock syndrome toxin (TSST)-1 is one of the most
studied superantigens whose role in toxic shock syndrome and some particular disorders have been
demonstrated. Inhibiting TSST-1 production with antibiotics and targeting TSST-1 with monoclonal
antibodies might be one of the best strategies to prevent TSST-1-induced cytokines storm followed by
lethality.

Results: A novel single-chain fragment variable (scFv), MS473, against TSST-1 was identi�ed by selecting
an scFv phage library on the TSST-1 protein. The MS473 scFv showed picomolar a�nity and speci�c
binding to TSST-1. Moreover, MS473 could signi�cantly prevent TSST-1-induced mitogenicity and
cytokine production.

Conclusions: Using traditional antibiotics with an anti-TSST-1 scFv as a safe and effective agent leads to
deleting the source of infection and prevents the detrimental effects of the toxin disseminated into the
whole body.

Background
Staphylococcus aureus is one of the major causes of nosocomial and community-acquired infections,
including skin and soft tissue infections, endocarditis, pneumonia, bacteremia, and toxic shock
syndrome, the challenges facing the healthcare system in the world [1-3]. S. aureus is equipped with
virulence factors with various functions, some of which have redundancy [1, 4]. Staphylococcal virulence
factors range from cell wall-associated proteins to cytolysins and superantigens [3]. The staphylococcal
superantigens such as staphylococcal enterotoxin serotype A (SEA), SEB, SEC, and toxic shock syndrome
toxin (TSST)-1, interrupt the immune response against the pathogen through the antigen-independent
activation of T cells and antigen-presenting cells (APCs) [5]. The concurrent binding of TSST-1 to the V
beta domain of the T cell receptor (TCR) on T cells and the α-chain of major histocompatibility complex
class II (MHC-II) on APCs begins a cascade of signaling pathways, leading to APCs and T cells
hyperactivation and enormous cytokine secretion [5-7]. The nonspeci�c and hyperactivation of T cells by
TSST-1 can be the cause of some autoimmune diseases such as rheumatoid arthritis and psoriasis or
emerge as acute infections and multi organs failure such as toxic shock syndrome [5, 8-10]. Functional
strategies employed to inhibit TSST-1 include using antibiotics such as vancomycin, killing the pathogen,
clindamycin or linezolid, preventing the protein synthesis, and direct targeting TSST-1 [3, 8, 11-14]. Given
the emergence of resistant S. aureus strains and antibiotic-related side effects [1], speci�c targeting TSST-
1, disseminating to the organs [15], in combination with antibiotics, can lead to better results in patients.
Monoclonal antibodies (mAbs) are the most functional agents used for toxin neutralization [16]. Of note,
three mAbs, including bezlotoxumab against the toxin B of Clostridium di�cile and raxibacumab and
obiltoxaximab against the anthrax toxin of Bacillus anthracis, have been approved by the Food and Drug
Administration of United States (FDA) [1, 16]. In this regard, several studies reported mAbs against TSST-
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1, neutralizing the superantigenic effect of TSST-1 on human peripheral blood mononuclear cells
(PBMCs) or murine spleen cells [12, 13, 17], and protecting against TSST-1-induced lethality in animal
models [12, 13]. In contrast to the whole mAbs, great binding ability, high tissue penetration, and suitable
clearance of antibody fragments such as single-chain fragment-variables (scFvs) make them superior
neutralizing candidates [8, 18]. The scFv comprises a heavy-chain variable domain (VH) connected to a
light-chain variable domain (VL) of an antibody by a peptide linker [1, 18]. In this respect,
Rukkawattanakul et al. generated three human anti-TSST-1 scFv antibodies, including HuscFv35,
HuscFv53, and HuscFv56, inhibiting massive T cell proliferation and proin�ammatory cytokine
production promoted by TSST-1 [8].

In the current study, a fully human scFv phage library was screened against the TSST-1 protein, leading to
the identi�cation of a novel scFv with high a�nity and speci�c binding to TSST-1. Next, we demonstrated
the inhibition ability of the scFv on the TSST-1-induced mitogenesis and cytokine release in vitro. 

Results
Selection of scFvs speci�c to TSST-1

A fully human scFv phage display library was enriched against the recombinant TSST-1 protein, leading
to the isolation of a pool of phages assessed based on their binding ability to the TSST-1 protein by the
polyclonal-phage enzyme-linked immunosorbent assay (ELISA). As illustrated in Fig. 1A, the phages
eluted from the third and fourth round of biopanning (output phages) on the TSST-1 protein had the
highest signal intensities compared to other output phages and the controls. More than 500 Escherichia
coli TG1 colonies infected with output phages of the third and fourth rounds of biopanning were
evaluated for binding to TSST-1 by the monoclonal-phage ELISA. Based on the results, 20 phage clones
showed potential binding to the TSST-1 protein, among which �ve clones, MS457, MS460, MS465,
MS473, and MS475, with the highest binding signal, were selected for further assessment (Fig. 1B) To
generate soluble scFvs, E. coliHB2151 bacteria were infected with phages of positive clones, including
MS457, MS460, MS465, MS473, and MS475. Next, the expression of MS457, MS460, MS465, MS473,
and MS475 was induced with isopropyl β-d-1-thiogalactopyranoside (IPTG), examined by sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE). As shown in Fig. 2A, the expression yield of �ve
scFvs ranged from 1 to 1.5 mg/ml. Western blot assay demonstrated a single band at approximately 27
kDa, corresponding to the scFv (Fig. 2B). Sequences analysis of �ve scFvs showed that MS457, MS473,
MS475, MS460, and MS465 shared a common sequence. Therefore, MS473, having slightly higher
expression levels (~ 1.5 mg/ml), was selected for more analysis in the IMGT/V-QUEST database. Based
on the results, the V-regions of VH and VL domains of MS473 was derived from the human germline
IGHV1-46*01 F (or IGHV1-46*03 F) and IGKV1-39*01 F (or IGKV1D-39*01 F), respectively.Furthermore, the
VH and VL domains of MS473 had a complementarity determining region 3 (CDR3) length of 14 and 9
amino acids, respectively (Supplementary Fig. S2). 
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The MS473 scFv was puri�ed from the periplasmic extract using nickel-nitrilotriacetic acid (Ni-NTA) resin,
followed by dialysis. The concentration of puri�ed and dialyzed scFv was about 400 μg/ml. The results
of SDS-PAGE showed a single band at approximately 27 kDa, corresponding to the expected size of the
scFv (Fig. 3A). The TSST-1 binding of MS473 was examined by ELISA. As illustrated in Fig. 3B, similar to
mouse anti-staphylococcal TSST-1 mAb (Santa Cruz), MS473 showed strong TSST-1 binding compared
to the controls.

Reactivity of MS473 to TSST-1

To determine the binding a�nity ofMS473 to TSST-1, the TSST-1 protein at concentrations of 1 and 2
μg/ml was incubated with different concentrations of the scFv. The a�nity constant (Kaff)was calculated
using the formula described previously by Beatty et al. [19]. Based on the results, the Kaffof MS473 was

0.4 pM-1. 

The speci�c binding of MS473 to TSST-1 was appraised by ELISA using a group of proteins, including
adiponectin, α-hemolysin, bovine serum albumin (BSA), and skimmed milk powder in addition to TSST-1.
As shown in Fig. 4, MS473 had substantial binding to TSST-1 but not to other proteins tested. 

Inhibition of TSST-1-induced mitogenesis and cytokine secretion by MS473 

Human PBMCs were incubated with varying concentrations of TSST-1 (1, 10, 25, 50, and 100 ng/ml), and
the results exhibited an equal mitogenic activity of TSST-1 at concentrations more than 50 ng/ml
(Fig. 5A). Next, human PBMCs were treated concurrently with TSST-1 (50 ng/ml) and MS473 (80 μg/ml)
to investigate the inhibition effect of MS473 on PBMCs proliferation induced by TSST-1. As shown in Fig.
5B, MS473 could signi�cantly inhibit the proliferative effect of TSST-1 and decrease the number of
lymphocyte colonies in the wells containing human PBMCs incubated with TSST-1 and MS473 in
comparison with a large number of clumps observed in the control group (the cells treated with TSST-1
and phosphate buffer saline [PBS]). Furthermore, treatment of human PBMCs with TSST-1 and MS473
led to the decreased secretion of interleukin (IL)-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, IL-17A, interferon (IFN)-
γ, tumor necrosis factor (TNF)-α, granulocyte colony-stimulating factor (G-CSF), and transforming growth
factor (TGF)-β compared to the control group (human PBMCs treated with TSST-1) (Fig. 6).  

Discussion
The possible involvement of TSST-1 in a group of complicated disorders, from atherosclerosis [20] and
autoimmune diseases (e.g. rheumatoid arthritis, psoriasis) [3, 9, 21], to Kawasaki syndrome and sudden
infant death syndrome [9, 21], plus its prominent role in the toxic shock syndrome [5, 22], highlight the
need to �nd functional agents speci�cally targeting TSST-1. The history of applying antibodies as
neutralizing toxins and three FDA-approved mAbs in the market (bezlotoxumab, obiltoxaximab, and
Raxibacumab) [16] make mAbs the �rst choice as anti-TSST-1 agents. Although few mAbs targeting
TSST-1 have been developed [12, 13], scFv antibodies have particular characteristics, such as small size,
high tissue penetration, low immunogenicity, and low-cost and easy production, making them functional
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toxin-neutralizing agents compared to conventional antibodies [1, 8, 18]. To isolate TSST-1-speci�c scFvs,
we enriched a fully human scFv phage library was against the TSST-1 protein in this study. One novel
scFv, MS473, was identi�ed, and its binding reactivity was assessed. The MS473 scFv showed high-
a�nity binding to TSST-1 (Kaff = 0.4 pM-1). The speci�c binding of MS473 to TSST-1 compared to the
control proteins, including adiponectin, α-hemolysin, BSA, and skimmed milk powder, was appraised by
ELISA, and the results demonstrated the speci�c binding of MS473 to the target toxin (TSST-1). 

TSST-1 exerts its mitogenic activity by bridging TCRs on T cells and MHC II on APCs in an antigen-
independent manner [5]. Of note, Huseby et al. showed that the treatment of the mononuclear cells with
TSST-1 (1 μg/well) resulted in the formation of lymphocytes colonies as brown clumps [23]. In this
respect, we treated human PBMCs with TSST-1 (50 ng/ml) and MS473 (80 μg/ml) to determine whether
the binding of the scFv to TSST-1 led to the inhibition of the proliferation of PBMCs stimulated with TSST-
1. Based on the results, MS473 had a signi�cant inhibition effect on PBMCs proliferation and reduced the
number of colony-forming cells. The effect of MS473 on the secretion of a group of cytokines from
PBMCs induced by TSST-1 was also evaluated by a Multi-Analyte ELISArray Kit. The data indicated that
MS473 could decrease the release of cytokines, including IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, IL-17A,
IFN-γ, TNF-α, G-CSF, and TGF-β from TSST-1-stimulated PBMCs in comparison with PBMCs treated with
TSST-1 alone. The human PBMC population consists of various cells, including B cells, dendritic cells,
monocytes, natural killer cells, CD8+ T cytotoxic cells, and CD4+ T helper (h) cells (e.g. naïve T cells, Th1,
Th2, Th17, and T regulatory) [24, 25]. Therefore, TSST-1-mediated activation of APCs and CD4+ T cell
subsets in PBMCs might lead to the secretion of a cocktail of cytokines ranging from proin�ammatory to
inhibitory cytokines [5, 21, 26-28]. In contrast, the neutralization of TSST-1 by MS473 could prevent TSST-
1-induced cytokines production in PBMCs. In this regard, Bonventre et al. developed a murine IgG mAb
against TSST-1, designated MAb 8-5-7, blocking TSST-1-induced mitogenesis in murine spleen cells,
inhibiting IL-1 production from human PBMCs stimulated with TSST-1, and protecting the rabbits against
TSST-1-induced lethality [12]. In another study, Kum et al. reported that MAb5, a mouse IgG1 mAb, had a
signi�cant inhibitory effect on TSST-1-induced mitogenicity, and IL-1β, IL-6, and TNF-α secretion in human
PBMCs [13]. Moreover, they showed that MAb5 prolonged the survival rate in the subcutaneous TSST-1
infusion rabbit model and the D-galactosamine sensitized murine model of lethal shock [13]. In the study
by Pang et al., MAb5 had a neutralization effect on SEB-induced superantigenic activity in human PBMCs
(e.g. inhibition of SEB-induced mitogenicity and TNF-α release) [29]. However, its neutralization activity
was 1000-fold lower than against TSST-1 [29]. Similarly, Kum and Chow showed that although MAb5
inhibited SEA-induced mitogenicity and TNF-α production in human PBMCs, and protected mice against
SEA-induced lethality, its inhibition potency against SEA was lower than against TSST-1, resulting from
the lower binding a�nity of MAb5 to SEA (780 nM-1) compared to TSST-1 (0.9 nM-1) [30]. Consistent with
our study, Rukkawattanakul et al. isolated three anti-TSST-1 scFv antibodies (HuscFv35, HuscFv53, and
HuscFv56) from a human scFv phage library [8]. To assess the neutralization activity of HuscFv35,
HuscFv53, and HuscFv56, human PBMCs (5  104 cells/well) were incubated with the TSST-1 protein
(1000 ng/ml) and the HuscFv (4 μg/well) for 24 hours. Based on the results, HuscFv35 and HuscFv56
exhibited more inhibitory effects on the proliferation of T cells and production of IL-1β, IL-6, and TNF-α in
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PBMCs induced by TSST-1 than that of HuscFv53 [8]. Taken together, MS473 displayed high-a�nity
binding to TSST-1 (with the Kaff in the picomolar range), leading to the inhibition of PBMCs proliferation
and a signi�cant reduction in the secretion of a group of in�ammatory and anti-in�ammatory cytokines,
including IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, IL-17A, IFN-γ, TNF-α, G-CSF, and TGF-β.

Conclusions
We developed a high a�nity fully human scFv, MS473, with speci�c binding ability to TSST-1. The
MS473 scFv could signi�cantly affect TSST-1-induced mitogenesis and decrease the release of an array
of cytokines from human PBMCs stimulated with TSST-1. Moreover, the protective activity of MS473
against TSST-1-induced lethality is also being evaluated in a D-galactosamine–sensitized mouse model
of lethal shock. Given the role of TSST-1 in toxic shock syndrome and some disorders with unknown
causes, the use of conventional antibiotics in combination with a neutralizing scFv with substantial
pharmacokinetic and pharmacodynamic pro�les might lead to encouraging results in patients with
complicated conditions. 

Methods
Isolation of phages expressing scFvs speci�c to TSST-1

To isolate TSST-1-speci�c phages, a fully human scFv phage library with total diversity of 2×1010 was
enriched against the TSST-1 protein as described previously with some modi�cations [1, 31]. Brie�y, a 96-
well MaxiSorp plate (Nunc, Roskilde, Denmark) was coated with 100 μl of the TSST-1 protein (2 μg/ml in
NaHCO3) (Sigma-Aldrich, St. Louis, MO, USA) overnight at 4°C. Following blocking the plate (200 μl; 15
mg/ml BSA in PBS containing 0.1% tween-20 [PBS-T]), pre-blocked phages (~ 1012 plaque-forming
unit/ml) ampli�ed from the scFv phage library were added to the wells, and incubation was done for 90
minutes at room temperature (RT). Following several times washing with PBS-T, bound phages were
eluted (output) and ampli�ed (input) for further biopanning rounds. This procedure was repeated for four
rounds. Washing steps were increased from round one (10 times) to round four (25 times). The
output/input ratio of each round was determined to evaluate enrichment e�ciency.

The polyclonal-phage ELISA was carried out to determine which biopanning round contained the phages
speci�c to TSST-1 [31]. In brief, a 96-well MaxiSorp plate was coated with 100 μl of the TSST-1 protein (2
μg/ml) or BSA (2 μg/ml) (Merck, Darmstadt, Germany) overnight at 4°C. The wells were blocked, followed
by the incubation with output phages obtained from the �rst to the fourth round of biopanning (output1-
output4) for 60 minutes at RT. After multiple washing steps with PBS-T, horseradish peroxidase (HRP)-
conjugated mouse anti-M13 antibody (1:2000 dilution in blocking buffer) (Santa Cruz Biotechnology,
INC.) was added to the wells, followed by the incubation for 60 minutes at RT. Next, the wells were
washed several times with PBS-T, and the signals were generated by adding 3,3′,5,5′-
Tetramethylbenzidine (TMB) (Thermo Scienti�c, MA, US). The reactions were stopped with sulfuric acid
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(1 M) (Merck), and the absorbance at 450 nm was measured using a microplate reader (Epoch, BioTek,
USA).

Based on the data obtained from the polyclonal-phage ELISA, output phages of the third and fourth
rounds of biopanning (output3 and output4), showing the highest signal intensity compared to the
control, were further assessed by the monoclonal-phage ELISA [31]. Brie�y, E. coli TG1 bacteria were
infected with output phages (output3 and output4) and cultured on lysogeny broth (LB) agar (Merck)
plates with 150 µg/ml ampicillin (Sigma-Aldrich). After incubation overnight at 37°C, the colonies were
picked up randomly, and phage ampli�cation was done as described previously [1]. The binding ability of
phages to the TSST-1 protein was investigated by ELISA, as mentioned above in the polyclonal-phage
ELISA.

Expression

Five phage clones, MS457, MS460, MS465, MS473, and MS475, which showed the highest binding to the
TSST-1 protein compared to the control in the monoclonal-phage ELISA, were selected for more
evaluations. To produce soluble scFv antibodies, the non-suppressor E. coli strain, HB2151, was infected
with the phages obtained from �ve phage clones and cultured on LB agar plates containing ampicillin,
followed by the incubation overnight at 37°C [1, 32]. The single colonies were picked up and cultured in
terri�c broth containing 100 µg/ml ampicillin. After adding IPTG (0.1 mM) (Thermo Scienti�c) and
incubating overnight at 24°C, the cultures were centrifuged, and the pellets were incubated with the lysis
buffer for 60 minutes at RT [32, 33]. Next, the existing level of scFvs in the periplasmic fraction of E. coli
HB2151 bacteria, carrying the phagemids (MS457, MS460, MS465, MS473, or MS475), was investigated
by a 12% SDS-PAGE gel, followed by western blot analysis. After electrophoresis, the proteins were
transferred from the SDS-PAGE gel (12%) onto polyvinylidene �uoride (PVDF) membrane (GE Healthcare,
Little Chalfont, UK). The blocked membrane was incubated with mouse anti-human scFv polyclonal
antibody (1:200 dilution) for 60 minutes at RT [1]. After several washing steps with tris-buffered saline
(TBS) with 0.05% tween-20 (TBS-T) and TBS, the membrane was incubated with goat anti-mouse IgG-
HRP-conjugated antibody (1:2000 dilution) (Santa Cruz) for 60 minutes at RT, followed by several
washing steps and addition of 3,3′-diaminobenzidine substrate (DAB) (Sigma-Aldrich) and hydrogen
peroxide (H2O2) (Merck).

Sequencing 

The phagemid DNA of clones MS457, MS460, MS465, MS473, and MS475, was puri�ed using the High
Pure Plasmid Isolation Kit (Roche, Mannheim, Germany), based on the manufacturer's recommendation.
For sequencing, the forward primer, 5'- CTA TGA CCA TGA TTA CGA ATT TCT A -3', was used. The
nucleotide sequences of �ve scFvs were appraised using the Gene Runner program (version 6.0).
Furthermore, the amino acid sequences of V-regions of MS473 was analyzed by the IMGT/V-QUEST tool
(http://www.imgt.org/IMGT_vquest/analysis) [1].
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Assessment of the binding ability of the puri�ed scFv to TSST-1

The soluble scFv, MS473, was puri�ed using a Ni-NTA column (Qiagen, Hilden, Germany), according to
the manufacturer's instructions. The bound proteins were eluted with 200 mM imidazole (Merck). Next, all
the eluted fractions were pooled and then placed in a dialysis bag (cut off 14 kDa, Sigma-Aldrich),
according to the manufacturer's instructions. The concentration of puri�ed and dialyzed scFv (MS473)
was measured via the Bradford assay. Moreover, the purity of the scFv was analyzed by a 12% SDS-PAGE
gel.

The binding ability of puri�ed scFv to TSST-1 was determined by ELISA as described previously with
some modi�cations [31]. Brie�y, a 96-well MaxiSorp plate was coated with 100 μl of the TSST-1 protein (2
μg/ml) or BSA (2 μg/ml) (as the control). Next, the wells were blocked and then incubated with MS473 or
SP220 (an scFv against staphylococcal α-hemolysin) (400 μg/ml) for 60 minutes at RT. After several
washing steps, mouse anti-human scFv polyclonal antibody was added to the wells, and incubation was
done for 60 minutes at RT. The wells were washed several times with PBS-T and PBS, and goat anti-
mouse IgG-HRP-conjugated antibody was added to the wells, followed by incubation for 60 minutes at
RT. Moreover, the TSST-1-coated wells incubated with mouse anti-staphylococcal TSST-1 mAb (1/1000
dilution) (Santa Cruz), followed by goat anti-mouse IgG-HRP-conjugated antibody were used as the
positive control. After multiple washing steps, the TMB substrate solution was added to the wells, and the
color reactions were stopped with sulfuric acid. A microplate reader determined the absorbance at 450
nm. 

A�nity determination

The binding a�nity of MS473 to TSST-1 was determined as described previously [19, 31, 34]. In brief, a
96-well MaxiSorp plate was coated with 100 μl of the TSST-1 protein (1 and 2 μg/ml). After blocking, the
wells were incubated with serial dilutions of the MS473 scFv (0.02-500 μg/ml) for 60 minutes at RT. After
several washing steps, mouse anti-human scFv polyclonal antibody was added to the wells, and
incubation was done for 60 minutes at RT. Next, the wells were washed multiple times, followed by the
incubation with goat anti-mouse IgG-HRP-conjugated antibody for 60 minutes at RT. After adding the
TMB substrate solution, the color development was stopped with sulfuric acid. The absorbance was read
at 450 nm. The Kaff of MS473 to the TSST-1 protein was measured using the following formula: 

Ag / Ag' = n

Kaff= n – 1 / 2 (n [scFv'] – [scFv])

Where Ag and Ag' are the TSST-1 protein at concentrations of 2 and 1 μg/ml, respectively; the scFv and
scFv' are the concentration of MS473 at OD-50 and OD-50' for the wells coated with the TSST-1 protein at
concentrations of 2 and 1 μg/ml, respectively.

Speci�city
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The binding speci�city of MS473 to TSST-1 was assayed by ELISA as described previously [31]. In brief, a
96-well MaxiSorp plate was coated with 100 μl of the TSST-1 protein (2 μg/ml), the adiponectin protein (2
μg/ml) (R&D Systems, Minnesota, US), the α-hemolysin protein (2 μg/ml) (Merck, Calbiochem, Germany),
BSA (2 μg/ml), and skimmed milk powder (1 mg/ml). After blocking, the wells were individually incubated
with MS473. The wells were washed several times, and mouse anti-human scFv polyclonal antibody was
added to the wells, followed by goat anti-mouse IgG-HRP-conjugated antibody. Next, the TMB substrate
solution was added. After stopping the reaction with sulfuric acid, the absorbance at 450 nm was read
using a microplate reader. 

Assessment of the inhibition ability of MS473 on the TSST-1-induced mitogenesis and cytokine release in
human PBMCs 

The neutralizing activity of MS473 against the superantigenic activity of TSST-1 was examined on
human PBMCs isolated from the whole blood of two healthy donors (men, 50 and 45 years) as described
previously with some modi�cations [8, 12, 13, 29, 35, 36]. To determine the effective proliferative dose of
TSST-1, fresh human PBMCs (~ 106 cells/ml) in RPMI 1640 medium (Gibco; Grand Island, NY, USA) with
L-glutamine (2 mM) (Gibco) supplemented with heat-inactivated fetal bovine serum (10%) (Gibco) were
seeded in 96-well round-bottom tissue culture plates (JET BIOFIL, Guangzhou, China) and were incubated
with the TSST-1 protein at concentrations of 1, 10, 25, 50, and 100 ng/ml for 24 hours at 37°C, 5% CO2.
The proliferation of PBMCs and the formation of cell clumps induced by TSST-1 were investigated using
an inverted microscope [23]. Next, the cells were incubated concurrently with the TSST-1 protein (50
ng/ml) and MS473 (80 μg/ml) for 24 hours at 37°C, 5% CO2. The cells incubated with PBS or the TSST-1
protein (50 ng/ml) and PBS were used as the controls. The inhibitory effect of MS473 on the proliferation
of PBMCs stimulated with TSST-1 was assessed by an inverted microscope. Moreover, the culture
supernatant of PBMCs treated simultaneously with the TSST-1 protein (50 ng/ml) and MS473 (80 μg/ml)
were collected after 24 hours incubation at 37°C, 5% CO2, followed by the centrifugation at 1000 g for 5
min. The cells treated with PBS or the TSST-1 protein (50 ng/ml) and PBS served as the controls. The
concentrations of human IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, IL-17A, IFN-γ, TNF-α, G-CSF, and TGF-β in
the culture supernatant of PBMCs (stimulated and unstimulated) were calculated using the standard
curve provided in a Multi-Analyte ELISArray Kit (Qiagen), according to the manufacturer's instructions.
Experimental procedures with human blood were approved by the Ethics Committee of the Pasteur
Institute of Iran and were done in accordance with the Helsinki Declaration. The participant provided
written informed consent before enrollment.

Statistical analyses

The one-way analysis of variance (ANOVA) and Student’s t-test were carried out in GraphPad Prism
version v.6.0.7. The P-value < 0.05 was considered signi�cant. 
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The binding properties of puri�ed phages to TSST-1. The TSST-1-binding of phages obtained from four
rounds of biopanning on the TSST-1 protein was assessed by (A) the polyclonal-phage ELISA and (B)
monoclonal-phage ELISA. (A) The wells coated with TSST-1 or bovine serum albumin (BSA) were
incubated with the selected phages, followed by horseradish peroxidase (HRP)-conjugated mouse anti-
M13 antibody. The highest signal intensities were observed with output phages of the third and fourth
round of biopanning on the TSST-1 protein compared to other output phages and the controls. (B) Twenty
phage clones showed potential binding to the TSST-1 protein, among which �ve clones, MS457, MS460,
MS465, MS473, and MS475, with the highest binding signal, were selected for further assessment.
Samples were run in triplicate, and the results are expressed as mean ± SEM of at least three individual
experiments. Statistical comparisons were carried out with Student’s t-test. *P < 0.05, **P < 0.01. 

Figure 2

The expression of �ve soluble scFvs in E. coli HB2151. The expression of �ve scFvs, MS457, MS460,
MS465, MS473, and MS475, in E. coli HB2151, was evaluated by (A) SDS-PAGE and (B) western blot
analysis. (A) The expression level of MS457, MS460, MS465, MS473, and MS475 (~ 27 kDa) in the
periplasmic extract of E.coli HB2151 infected with the selected phagemids and the periplasmic extract of
uninfected E.coli HB2151 (control) induced by 0.1 mM IPTG were assessed by an SDS-PAGE gel (12 %).
(B) A single band of the expected size (~ 27 kDa), related to the scFv, was detected by probing with
mouse anti-human scFv polyclonal antibody, followed by goat anti-mouse IgG-horseradish peroxidase
(HRP)-conjugated antibody. Lane M: pre-stained protein marker. The original images can be found in
Supplementary Fig. S1.
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Figure 3

The signi�cant binding of MS473 to TSST-1. The purity and TSST-1 binding ability of MS473 was
evaluated by (A) SDS-PAGE and (B) ELISA. (A) A single protein band at approximately 27 kDa related to
the puri�ed scFv is seen on a 12% SDS-PAGE gel stained with Coomassie® blue. IgG: human
immunoglobulin G, Lane M: unstained protein marker. The original image can be found in Supplementary
Fig. S3. (B) The wells coated with TSST-1 or bovine serum albumin (BSA) (control), and empty wells
(control) were individually incubated with MS473 or SP220, followed by mouse anti-human scFv
polyclonal antibody (MPAb) or unimmunized mouse sera (UnMsera; control). Next, the wells were
incubated with goat anti-mouse IgG- horseradish peroxidase (HRP)-conjugated antibody (GtAb), followed
by the addition of the TMB solution. Other control groups include the TSST-1-coated wells, BSA-coated
wells, and empty wells incubated directly with anti-staphylococcal TSST-1 mAb (STmAb) followed by
GtAb; incubated directly with MPAb, followed by GtAb; incubated directly with UnMsera, followed by GtAb;
or incubated directly with GtAb. Samples were run in triplicate, and the results are expressed as
mean ± SEM of at least three individual experiments. Statistical comparisons were carried out with the
one-way analysis of variance (ANOVA). *P < 0.05.
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Figure 4

TSST-1-speci�c binding of MS473. The speci�c binding of MS473 to TSST-1 was evaluated by ELISA.
The wells coated with adiponectin, α-hemolysin, bovine serum albumin (BSA), skimmed milk powder, and
TSST-1 were incubated with MS473, followed by mouse anti-human scFv polyclonal antibody and goat
anti-mouse IgG-horseradish peroxidase (HRP)-conjugated antibody. The MS473 scFv exhibited signi�cant
binding to TSST-1 compared to the control proteins. Samples were run in triplicate, and the results are
expressed as mean ± SEM of at least three individual experiments. Statistical comparisons were carried
out with the one-way analysis of variance (ANOVA). *P < 0.05. 
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Figure 5

Inhibition of the mitogenic response of human peripheral blood mononuclear cells (PBMCs) to TSST-1 by
MS473. (A) To determine the effective proliferative dose of TSST-1, fresh human PBMCs (~ 106 cells/ml)
were incubated with the TSST-1 protein at concentrations of 1, 10, 25, 50, and 100 ng/ml for 24 hours at
37°C, 5 % CO2. The cells incubated with PBS served as the control. The proliferation of PBMCs and the
formation of cell clumps induced by TSST-1 were investigated using an inverted microscope. (B) Fresh
human PBMCs (~ 106 cells/ml) were incubated simultaneously with the TSST-1 protein (50 ng/ml) and
MS473 (80 μg/ml) for 24 hours at 37°C, 5% CO2. The cells incubated with PBS or the TSST-1 (50 ng/ml)
and PBS served as the controls. The MS473 scFv exhibited a signi�cant inhibitory effect on PBMCs
proliferation and decreased the number of colony-forming cells. 
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Figure 6

Inhibition Effects of MS473 on the production of cytokines from human peripheral blood mononuclear
cells (PBMCs) stimulated with TSST-1. To assess the inhibition effect of MS473 on the TSST-1-induced
cytokine secretion, fresh human PBMCs (~ 106 cells/ml) were incubated simultaneously with the TSST-1
protein (50 ng/ml) and MS473 (80 μg/ml) for 24 hours at 37°C, 5% CO2. The cells treated with PBS or the
TSST-1 protein (50 ng/ml) and PBS served as the controls. The concentration of human interleukin 2
(IL)-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, IL-17A, interferon (IFN)-γ, tumor necrosis factor (TNF)-α, G-CSF, and
transforming growth factor (TGF)-β in the culture supernatant of PBMCs (stimulated and unstimulated)
were calculated using the standard curve provided in a Multi-Analyte ELISArray Kit (Qiagen). The
concentration of cytokines (pg/ml) is represented on a logarithmic scale. The concentrations of IL-4, IL-5,
IL-12, and IL-13 in the culture supernatant of PBMCs treated with TSST1 and MS473 (or PBS) were less
than the limit of detection (LOD). Moreover, the concentrations of IL-2, IL-17A, and G-CSF in the culture
supernatant of PBMCs treated with PBS were less than the LOD. Samples were run in triplicate, and the
results are expressed as mean ± SD. *P < 0.05, **P = 0.01, ***P < 0.01. 
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