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Staphylococcal enterotoxin B (SEB) is a major virulence factor for staphylococcal toxic shock syndrome (TSS). SEB activates a
large subset of the T lymphocytic population, releasing proinflammatory cytokines. Blocking SEB-initiated toxicity may be an
effective strategy for treating TSS. Using a process known as systematic evolution of ligands by exponential enrichment (SELEX),
we identified an aptamer that can antagonize SEB with nanomolar binding affinity (K; = 64 nM). The aptamer antagonist effec-
tively inhibits SEB-mediated proliferation and cytokine secretion in human peripheral blood mononuclear cells. Moreover, a
PEGylated aptamer antagonist significantly reduced mortality in a “double-hit” mouse model of SEB-induced TSS, established
via sensitization with p-galactosamine followed by SEB challenge. Therefore, our novel aptamer antagonist may offer potential

therapeutic efficacy against SEB-mediated TSS.

Staphylococcal enterotoxins (SEs) are prototype superantigens
excreted primarily by Staphylococcus aureus and Streptococcus
pyogenes. SEs are potent activators of the immune system that can
stimulate up to 40% of the naive T cell population and cause
diverse human diseases, including food poisoning, autoimmune
diseases, and toxic shock syndrome (TSS) (1). SEs can activate
both monocytes/macrophages and T lymphocytes by directly
binding to major histocompatibility complex class II (MHC II)
molecules and to the variable region of the B-chain of T-cell re-
ceptors (TCR), without being taken up and presented by antigen-
presenting cells (2).

These toxins lead to the proliferation of monocytes/macrophages
and T lymphocytes and stimulate secretion of excess proinflamma-
tory cytokines, including interferon gamma (IFN-v), interleukin 2
(IL-2), and tumor necrosis factor alpha (TNF-a). Among these SEs,
staphylococcal enterotoxin B (SEB) is considered an important cause
of staphylococcal TSS, which is characterized by high fever, erythe-
matous rash, hypotension, multiorgan system failure, and even death
(3). Remarkably, SEB is highly heat resistant, easily transformed into
an aerosol, and readily produced on a large scale using genetic engi-
neering techniques. Humans are extremely susceptible to this super-
antigen, so SEB is often referred to as an “incapacitating agent” by the
military, which may use this toxin as an antipersonnel aerosol or as a
food supply contaminant (4).

At present, SEB is thought to be an effective treatment strategy
for TSS by blocking early processes prior to T cell activation and
initiation of the toxic cascade. Previous studies have suggested
multiple approaches for interfering with SEB binding to MHC II
and/or TCR. These include vaccine immunization to induce anti-
SEB antibodies (5, 6), passive immunoprophylaxis with natural or
artificial antibodies (7, 8), and the use of synthetic peptides (9) or
receptor mimics (10, 11) as antagonists to prevent the formation
of the MHC II-SEB-TCR complex. Research to identify new com-
pounds with greater half-lives, improved SEB binding affinity, and
less immunogenicity is ongoing.

Aptamers are artificial short, single-stranded oligonucleotides
(ssDNA or ssRNA) that can form elaborate three-dimensional
structures and specifically bind to desired targets with high affinity
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(12, 13). Because of their intrinsic properties, aptamers are non-
toxic and nonimmunogenic. In addition, aptamers composed of
modified nucleotides have a long in vivo half-life of hours to days.

During the past 2 decades, numerous aptamers have been de-
veloped to inhibit pathogenic antigen activity and many have sub-
stantial clinical potential for treating various diseases (14). Several
researchers have reported on the selection of specific DNA apta-
mers against SEB (15-17). Methods using these aptamers as cap-
ture molecules have also been established to detect SEB in various
samples (15, 18). However, as far as we know, no aptamer has been
selected to inhibit the biological activity of SEB.

Therefore, we selected DNA aptamers directed against native
SEB in vitro and identified aptamer antagonists capable of neutral-
izing SEBs by studying their therapeutic effects on SEB-mediated
toxic shock (TSS) in vitro using human peripheral blood mono-
nuclear cell (PBMC) cultures as well as a lethal murine model.

MATERIALS AND METHODS

SELEX (systematic evolution of ligands by exponential enrichment) li-
brary and primers. The ssDNA library, which contained random 60-mer
and fixed primer regions and all primers used, was described previously
(see Table S1 in the supplemental material) (19). All oligonucleotides
were synthesized and purified by high-performance liquid chromatogra-
phy (HPLC) (Invitrogen, Guangzhou, China). For animal experiments,
the aptamer candidate was conjugated at the 5" end with 40-kDa polyeth-
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ylene glycol (PEG). The PEGylated aptamer was prepared by treating
40-kDa PEG N-hydroxysuccinimide ester with 5’-amino and 3'-inverted
dT modified aptamer candidates. All PEG-aptamer conjugates were pu-
rified by anion exchange and then by reverse-phase HPLC (Seebio Bio-
tech, Shanghai, China).

Aptamer screening for specific SEB binding. ssDNA aptamers spe-
cific to SEB were screened by a SELEX process as described previously,
with minor modifications (20). Briefly, highly purified SEB (Toxin Tech-
nology, Sarasota, FL, USA) was coupled to M-270 carboxylic acid Dyna-
beads (DYNAL, Oslo, Norway) according to the manufacturer’s instruc-
tions. Prior to selection, the ssDNA library was dissolved in 500 pl
selection buffer (50 mM Tris HCI [pH 7.4], 5 mM KCl, 100 mM NaCl, 1
mM MgCl,), denatured by heating at 95°C for 5 min, and immediately
placed on ice for 10 min. The denatured ssDNA library and a 5-fold molar
excess of yeast tRNA (Invitrogen) were incubated with SEB (100 ng) im-
mobilized on magnetic beads in a 500- .l reaction mixture and incubated
at 37°C for 60 min with shaking.

Nonbinding oligonucleotides were removed by washing the DNA-
bead complex three times with selection buffer (0.2% bovine serum albu-
min [BSA]). SEB binding species were eluted by heating at 100°C for 5 min
in 200 pl of sterile double-distilled water (ddH,0). ssDNA was amplified
by PCR with fluorescein isothiocyanate (FITC)-labeled sense primers and
biotin-labeled antisense primers (20 to 30 cycles of 0.5 min at 94°C, 0.5
min at 52°C, and 0.5 min at 72°C, followed by 5 min at 72°C). All PCR
products were purified using a Biospin gel extraction kit (Bioer Technol-
ogy, Hangzhou, China). From all purified PCR products from each
SELEX round, large aliquots were alkaline denatured and used to prepare
the aptamer strand using M-280 streptavidin Dynabeads (Dynal AS, Oslo,
Norway) according to the manufacturer’s instructions, and small aliquots
were stored at —80°C prior to use.

To create aptamers with high affinity and specificity, we progressively
increased the selective pressure by increasing the number of washes and
KCl and by decreasing the ratio of ssDNA to SEB and the incubation time
(see Table S2 in the supplemental material). The counterselection (deple-
tion of aptamers that bind to nontarget molecules) was introduced against
BSA-coupled or staphylococcal protein A (SPA)-coupled M-270 beads in
the 7th, 9th, and 11th rounds. BSA was the blocking protein for SEB
coupling, and SPA is a major protein of Staphylococcus aureus (21). To
reduce the matrix binders, reaction tubes were blocked with 1% BSA—
phosphate-buffered saline (PBS), and preselection steps with uncoupled
streptavidin beads were performed.

Cloning, sequencing, and bioinformatic analysis. After rounds of
SELEX selection, the selected ssDNA pool was PCR amplified using unla-
beled primers under the conditions described for screening. PCR prod-
ucts were purified and then cloned into pGEM-T vector (Promega, Mad-
ison, WI, USA) according to the manufacturer’s instructions. The
resulting products were transformed into Escherichia coli DH5a. Individ-
ual cultured colonies were chosen randomly, and their inserts were se-
quenced by Invitrogen Company. The aptamer sequences were analyzed
by ClustalX software, and the secondary structure was predicted by a free-
energy minimization algorithm according to Zuker (22) using the internet
tool Mfold (http://mfold.rna.albany.edu/?q=mfold).

Aptamer binding assay for SEB. A binding assay with fluorescently
labeled ssDNA was performed to monitor the enrichment of each SELEX
round and to evaluate aptamer binding affinity. In brief, fluorescently
labeled ssDNA was thermally denatured in 200 pl of selection buffer and
then incubated in the dark with SEB immobilized on magnetic beads at
37°C for 1 h with shaking. After incubation, nonbound ssDNA was col-
lected, and SEB-bound ssDNA was eluted by heating at 100°C for 5 min in
200 pl of selection buffer. The fluorescent intensity of applied, nonbound,
and eluted ssDNA was measured respectively using a TBS-380 minifluo-
rometer (Turner Biosystems, Sunnyvale, CA). All binding assays were
repeated three times. To monitor the enrichment of each SELEX round,
the percent of ssDNA (200 nM) binding with SEB (20 M) was calculated.

To determine the binding affinity of a selected aptamer, the binding
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assay was performed as described above but with increasing amounts of
ssDNA aptamer (0 to 400 nM) and a constant amount of SEB (20 uM) for
each assay. To calculate the dissociation constants (K,;) of the aptamers,
the aptamer quantity bound to targets was plotted and data points were
fitted to the equation y = B, x/(K,; + x) via nonlinear regression analy-
sis, using GraphPad Prism v5.01 (GraphPad, San Diego, CA).

Human PBMC proliferation assays. To study the effect of aptamers
on SEB-mediated T cell proliferation, an MTT [3-(4,5-dimethyl-2-thia-
zolyl)-2,5-diphenyl-2H-tetrazolium bromide] cell proliferation assay was
performed with human PBMCs as described previously (23). Human
PBMCs were isolated from heparinized venous blood by Ficoll-Hypaque
density gradient centrifugation from healthy human donors. After eryth-
rocytes had been lysed, PBMCs were cultured in RPMI 1640 medium
(Gibco, Grand Island, NY, USA) supplemented with 2 mM L-glutamine,
100 U/ml penicillin, 100 mg/ml streptomycin, 10 mM HEPES, and 10%
(vol/vol) fetal bovine serum (Gibco) at 37°C. PBMCs (10° cells/well) were
plated with SEB (200 ng/ml) alone or combined with various concentra-
tions of aptamer candidates in triplicate in a 96-well plate.

PBMC:s cultivated in RPMI 1640 medium alone served as the negative
control. Plates were incubated in a 5% CO, humidified incubator at 37°C
for 48 h. After stimulation, cell proliferation was measured by adding 20
pl of MTT solution (Sigma, St. Louis, MO, USA), prepared in PBS at 5
mg/ml (pH 7.2), to each well. After 2 h of incubation, 100 ! of sodium
dodecyl sulfate-dimethylformamide (SDS-DMF) solution was added to
each well, and the assay product was allowed to develop overnight. The
plates were read at 570 nm. Data are expressed as stimulation indices (SI).
The SI was calculated as the ratio of the absorbance at 570 nm of pools
incubated with SEB to that of pools incubated with medium only.

Cytokine quantitation. To measure cytokines, a standard curve was
first prepared using known concentrations of recombination cytokines.
After stimulation with SEB with or without the addition of the candidate
aptamer, human TNF-a, IL-18, IL-6, IL-2, and IFN-v in culture super-
natants from PBMCs were measured by enzyme-linked immunosorbent
assay (ELISA) according to the kit instructions (R&D Systems, Minneap-
olis, MN, USA). Cytokines in each sample were measured from the stan-
dard curve, and the detection limit of all assays was 20 pg/ml.

Aptamer binding assay for the MHC II molecules. The ability of ap-
tamer A11 to bind to the MHC II molecules was measured with a compe-
tition assay as described previously (16). Human Raji cells (2 X 10° cells)
were incubated in 100 pl of selection buffer (1% BSA) with various final
concentration of SEB (0, 25, 50, 75, or 100 pg/ml) and with or without a
5-fold molar excess of A11 for 40 min on ice. Cells were washed in selec-
tion buffer and incubated with FITC-conjugated SEB (FITC-SEB; 50
pg/ml), prepared using a FluoReporter FITC protein labeling kit
(AMRESCO, Solon, OH, USA). After extensive washing, Raji cells
were resuspended and analyzed by flow cytometry. The surface fluo-
rescence of Raji cells was measured as the mean fluorescence from
three independent experiments.

Murine experiments. To investigate the therapeutic efficacy of ap-
tamers in vivo on SEB-induced TSS, a “double-hit” murine model was
established (24). Pathogen-free female BALB/c mice 10 to 12 weeks of age
were purchased from the Experimental Animal Centre of Fuzhou General
Hospital of Nanjing Military Command (Fuzhou, China). The mice were
housed under controlled conditions and fed commercial mouse chow and
water. Groups of mice (n = 19) were sensitized by intraperitoneal injec-
tion of p-galactosamine (GalN; 20 mg/animal; Sigma, St. Louis, MO,
USA) and then challenged by intraperitoneal injection of SEB (20 g/
animal) at 4 h. After treatment, mice fasted but were allowed ad libitum
access to water.

For therapeutic investigations, PEGylated aptamer (14 nmol) was in-
jected intravenously 1 h before or 2 h after SEB injection. All agents were
dissolved in sterile nonpyrogenic saline solution (pH 7.2) and were in-
jected intravenously via the tail vein at 10 pl/g. Mouse survival was calcu-
lated by Kaplan-Meier survival analyses. The IACUC of Fuzhou General
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FIG 1 The abilities of ssDNA pools (200 ng) to bind to SEB (20 wM) were
monitored by binding assay. The arrows indicate the counterselections per-
formed using BSA and staphylococcal protein A (SPA). An increasing binding
ability of the pool was achieved as the selection progressed.

Hospital of Nanjing Military Command approved all experimental pro-
cedures.

Statistical analysis. Results are presented as means * standard devi-
ations (SD) and were analyzed for significant differences by the Student ¢
test. Kaplan-Meier methods were used to compute survival analyses. A P
value of <0.05 was considered statistically significant. All data were pro-
cessed by SPSS 12.0 for Windows.

RESULTS

In vitro selection and sequence analysis of SEB binding apta-
mers. (i) Relative binding rate of ssDNA and SEB. Eleven rounds
of in vitro selection were used to isolate aptamers that could favor-
ably bind to SEB. Figure 1 depicts the binding ratio of the ssDNA
pool to SEB, which increased gradually with increasing number of
selection rounds and then remained nearly constant in the last
three rounds. This suggested that SEB-binding aptamers with
good binding affinity were enriched, and the binding ability of
selection pools plateaued after about 10 rounds of selection.

(ii) Cloning, sequencing, and sequence analysis of oligonu-
cleotide aptamers. The enriched ssDNA pool of the 11th round was
cloned into E. coli DH5a using the pGEM-T vector system. Forty
individual clones were chosen randomly and sequenced. Multiple
sequence alignments revealed that the primary clone structures
were modestly enriched. In total, 6 nonredundant sequences were
identified, and 13 sequences were identical to aptamer Al and 8
variants of aptamer A1 which were highly homologous to aptamer
A1, with only one or two base differences. Among the sequences, 5
A2,3 A3,2 A4,1 A5, and 1 A6 aptamers were identified. Although
each aptamer had the characteristic stem-loop or hairpin, their
secondary structures predicted by software were significantly dif-
ferent. Although all aptamers can bind SEB (see Fig. S1 in the
supplemental material), and some had dissociation constants in
the low nanomolar range, none could inhibit SEB function except
aptamer A2, which had a weak inhibitory effect (Fig. 2).

Screening functional aptamers by PBMC proliferation assay.
To identify functional aptamers that can inhibit SEB superantigen
activity, 40 individual clones from the 10th round were sequenced
further as mentioned above. In total, 29 nonredundant sequences
were identified; Al to A6 were from the 11th round, and A7 to A29
were from the 10th round. Because superantigens can polyclonally
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FIG 2 Inhibition of human PBMC proliferation stimulated with SEB by can-
didate aptamers. Each value is the mean from three experiments. Lib, the
original synthetic ssDNA library.
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activate T cells, these 29 oligonucleotides were all chemically
synthesized and were tested for inhibition of SEB-mediated pro-
liferation of human PBMCs. Data show that SEB-mediated pro-
liferation of PBMCs decreased most significantly by A11 in a dose-
response manner, with maximal inhibition (93%) achieved at 20
times the molarity of SEB compared to controls incubated with
toxin alone (P < 0.05). At the same concentration, A2 achieved
34% inhibition (P < 0.05). However, the other 27 did not signif-
icantly inhibit binding (Fig. 2). A2 and A11 both bound with high
affinity to SEB, with dissociation constants of 26 nM and 64 nM,
respectively (Fig. 3A). Although no significant between-aptamer
sequence similarity was found, secondary structures of A11 and
A2 were predicted to be similar, and both had the characteristic
stem-loop (Fig. 3B). Thus, the candidate aptamer A11 could po-
tentially inhibit superantigen activity of SEB in vitro.

Inhibition of SEB-mediated cytokine release from human
PBMC:s. To confirm the inhibitory role of A11, the effect of A11
on the production of proinflammatory cytokines was examined
by ELISA in human PBMCs incubated with SEB. Figure 4 shows
that A1l dose-dependently reduced cytokine production from
PBMCs incubated with SEB, compared to controls incubated with
toxin alone (P < 0.05). TNF-a, IL-1B, IL-6, IL-2, and IFN-vy in
culture supernatants were reduced by 77, 97, 64, 96, and 99%,
respectively, at the same concentration (16 nM) at which maximal
inhibition of SEB-induced PBMC proliferation response was
achieved. Furthermore, inhibitory effects of A11 on SEB-medi-
ated PBMC proliferation or cytokine release were not due to cy-
totoxic effect of aptamers; PBMCs had similar viability with ap-
tamer addition. In addition, inhibitory effects were not mediated
by an SEB-independent mechanism; A11 did not influence acti-
vation of PHA-induced stimulation of PBMC proliferation (data
not shown).

A11 binding to MHC II molecules. The inhibitory activity of
A1l may arise from its ability to bind to SEB or to MHC II mole-
cules. To clarify this, MHC II binding ability of A11 was estimated
using a competitive binding assay against FITC-SEB. As shown in
Fig. 5, SEB but not a mixture of SEB and A11 competed effectively
with FITC-SEB for binding to MHC II-bearing Raji cells. Thus,
the binding target of A11 was SEB, not MHC II molecules.

Modified optimization of A11. To prolong in vivo Al1l reten-
tion time, a PEGylated form of A11 (PEGA11) was prepared by
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FIG 3 Dissociation constants and predicted structure of A2 and All. (A)
Binding curve of the aptamers A2 and A11 with SEB. The dissociation con-
stants (K,;) were calculated by nonlinear regression analysis. (B) Comparison
of a secondary structure prediction for the aptamers A2 and A22. Structures
were predicted by Mfold.

modifying A1l at the 5" end with a 40-kDa PEG. An aptamer
binding assay indicated that PEGylation did not decrease the af-
finity for binding of A11 to SEB. PEGA11 had a dissociation con-
stant of 83.5 nM in selection buffer, and in vitro, PEGA11 blocked
the SEB-induced PBMC proliferation response more efficiently
than did A11. At a relatively low molar concentration, PEGA11
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FIG 4 Inhibition of TNF-a, IL-1B, IL-6, IL-2, and IFN-vy production by hu-
man PBMCs stimulated with SEB by various concentrations of A11. Each value
is the mean * SD from three experiments.

April 2015 Volume 59 Number 4

Antimicrobial Agents and Chemotherapy

Aptamer Antagonist against SEB

5000
&
4000 1 ':ll'
)
Q
c
]
§ 3000 -
5 ——3
"é 2000 -
g -—{—-SEB
1000 A —&— SEB+A11
0
0 20 40 60 80 100
SEB conentration (pg/ml)

FIG 5 Binding ability of A11 to the MHC II molecules. The binding of FITC-
SEB to MHC class II-bearing Raji cells was competed by SEB or All. Each
value is the mean = SD from three experiments.

had greater inhibitory activity for SEB (Fig. 6). Meanwhile, PEG
alone did not bind to SEB or inhibit its activity.

Protection and rescue of mice from SEB-mediated TSS. Next,
we confirmed an inhibitory role for A11 on SEB in vivo using a
“double-hit” murine model of SEB-induced TSS as described in
Materials and Methods. SEB killed 50% of the animals 36 h after
injection. In contrast, PEGylated A11 injected (intraperitoneally)
30 min prior to SEB injection allowed more than 90% of the mice
to survive the lethal challenge (P < 0.05) (Fig. 7). Surviving mice
appeared to be indistinguishable from GalN-sensitized mice with
respect to appetite and behavior. Moreover, PEGylated A11—if
injected within 2 h after toxin exposure— could rescue mice from
alethal shock (P < 0.05) (Fig. 7). Thus, A11 can effectively inhibit
SEB superantigen activity in vivo and may be a potential super-
antigen antagonist for protecting and treating TSS.

DISCUSSION

Aptamers, similar to antibodies, can be used to inhibit or antago-
nize superantigen activity and as such may be promising thera-
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FIG 6 Inhibition of proliferation of human PBMCs stimulated with SEB by var-
ious concentrations of PEGA11. Each value is the mean * SD from three experi-
ments.
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FIG 7 Survival analysis of GalN-sensitized mice treated with normal saline
(NS), SEB, SEB plus A1l at 1 h before SEB, or SEB plus A1l at 2 h after SEB.
Survival time up to 60 h after SEB challenge is shown. Each value is the mean *
SD from two experiments.

peutics for treating various diseases. To treat bacterial infection,
functional aptamers have been selected to bind with antigens (25),
toxins (26, 27), drug-resistant enzymes (28), and cells (29) of
pathogenic bacteria. Here, we report the creation of a functional
aptamer that can inhibit SEB superantigen activity.

In general, selecting an aptamer as a therapeutic agent is more
difficult than selecting one as a recognition element. To inhibit
superantigen activity, a functional aptamer should bind to or near
the target’s active site with high affinity. For example, Chang’s
group screened aptamer antagonists against human Toll-like re-
ceptor 2 by sequencing >400 clones from four IP-SELEX rounds
(30). Although strategies such as competitive elution and coun-
terselection may increase the chance of achieving functional ap-
tamers (31), given the low molecular weight of SEB, we chose
aptamers against SEB using the classic SELEX strategy and
screened functional aptamers from more candidate aptamer
clones. Among the 50 clones sequenced from the 11th SELEX
round, 6 nonredundant aptamers were identified. Although sev-
eral of these aptamers could bind SEB with high affinity, none
could achieve the desired inhibition of SEB-mediated PBMC pro-
liferation. Given that the functional aptamers with relatively low
affinity might be lost in the elution and PCR steps of SELEX, we
screened functional aptamers from the previous SELEX round.
Finally, aptamer clone All was identified in the 10th SELEX
round and this decreased SEB-mediated PBMC proliferation sig-
nificantly, suggesting it may be a specific antagonist of SEB.

In in vitro functional analysis, A11 inhibited SEB-mediated ex-
pression of human genes for TNF-q, IL-13, IL-6, IL-2, and IFN vy,
cytokines that mediate shock, implying that A1l could signifi-
cantly inhibit SEB activity at the beginning of the toxicity cascade,
before the pathological activation of T cells. Furthermore, A11 did
not inhibit T cell proliferation mediated by either TSS toxin 1
(TSST-1) or SEA (data not shown). The high specificity of aptam-
ers may limit their application against bacterial infections, but it
may also decrease side effects (32). To acquire aptamer antago-
nists with broad spectra against SEs, selecting aptamers that bind
to highly conserved regions of SEs or combining aptamers specific
to different SEs may be a viable approach.

Because SEB pathology in vivo is related to excessive produc-
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tion of inflammatory cytokines, A11 may be curative against SEB-
induced TSS in vivo. However, therapeutic aptamers alone are not
sufficiently stable for in vivo delivery, so they are usually modified
or conjugated to vehicles that are resistant to nucleases to improve
their residence time (33). Considering that PEGylation is one of
the most commonly used modifications of aptamers (34, 35), we
analyzed the therapeutic effects of PEGylated A1l in vivo. PE-
Gylated A11 could significantly prevent and rescue a mouse model
from SEB-mediated TSS, implying that the affinity of A11 for its
targets remained high in vivo and did not decrease after PE-
Gylation. A11 proved to inhibit SEB superantigen activity in both
cultured human PBMCs and the murine model, implying that
A11’s protective effects are not MHC restricted and that the bind-
ing site of A11 might be the SEB active site. This finding is consis-
tent with results from competitive binding assays against FITC-
SEB, and these data offer a foundation for further clinical
applications of A11 as an SEB antagonist.
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