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Abstract

The ever-increasing threat of multi-drug resistant bacterial infections has spurred renewed interest
in alternative approaches to classical antibiotic therapy. In contrast to other mammals, humans do
not express the galactose-a-1,3-galactosyl-p-1,4-N-acetyl-glucosamine (a-Gal) epitope. As a
result of exposure of humans to a-Gal in the environment, a large proportion of circulating
antibodies are specific for the trisaccharide. In this study, we examine whether these anti-Gal
antibodies can be recruited and redirected to exert anti-bacterial activity. We show that a specific
DNA aptamer conjugated to an a-Gal epitope at its 5’ end, herein termed an alphamer, can bind to
group A Streptococcus (GAS) bacteria by recognition of a conserved region of the surface-
anchored M protein. The anti-GAS alphamer was shown to recruit anti-Gal antibodies to the
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streptococcal surface in an a-Gal-specific manner, elicit uptake and killing of the bacteria by
human phagocytes, and slow growth of invasive GAS in human whole blood. These studies
provide a first in vitro proof of concept that alphamers have the potential to redirect pre-existing
antibodies to bacteria in a specific manner and trigger an immediate antibacterial immune
response. Further validation of this novel therapeutic approach of applying a-Gal technology in in
vivo models of bacterial infection is warranted.
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Introduction

The emergence and rapid spread of multi-drug resistant (MDR) bacteria represent a severe
threat to the global health and economy. In 2012, the Director-General of the World Health
Organization, Dr. Margaret Chan, warned that we risk entering a “post-antibiotic era”,
which “means, in effect, an end to modern medicine as we know it” [1]. The incidence of
MDR, associated morbidity and mortality, clinical and economic impact, and unmet need for
novel drug development were highlighted in a recent US Centers for Disease Control and
Prevention (CDC) report [2]. In the USA alone, an estimated two million people develop
serious MDR bacterial infections annually, resulting in at least 23,000 deaths [2].

The present MDR crisis underscores an urgent need for the development of novel
antibacterial therapeutics. Current clinical development efforts are largely focused on
modifying existing antibiotic classes (e.g., beta-lactams, fluoroquinolones, aminoglycosides)
or the screening or design of small molecule inhibitors to a few as yet unexploited bacterial
enzyme targets [3, 4]. While some progress has been made, the development pipeline
remains precariously thin. The effectiveness of such “classical” antibiotics involves
targeting of core processes such as bacterial nucleic acid, protein, or cell wall synthesis,
frequently providing broad-spectrum activity. However, broad-spectrum activities may
adversely impact the human commensal microflora homeostasis, which can provoke serious
medical complications, e.g., Clostridium difficile colitis, while exerting a continual selective
pressure for MDR evolution.

Additional approaches to prevent or treat bacterial infections involve active vaccination to
prevent bacterial diseases or passive immunization with therapeutic monoclonal antibodies
(mAbs) consisting of immunoglobulin G (1gG) or M (IgM) [5]. While no vaccine has been
approved against the current most important MDR bacteria, the ESKAPE organisms,
significant progress in vaccine development has been made with some having entered into
clinical trials as reviewed in [6-9]. Therapeutic antibodies provide antibacterial activity via
mechanisms including bacterial opsonization for recognition by phagocytic Fc receptors
leading to bacterial uptake and destruction, or complement activation leading to C3b
deposition, which allows recognition by phagocyte complement receptors, or initiates direct
lysis of susceptible bacteria. However, despite significant development efforts, no mAb is
yet approved for therapeutic use in humans against acute or chronic bacterial infections [10].
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Here, we explore an entirely different approach to immunotherapy of bacterial infection—a
strategy to redirect pre-existing high-titer immunoglobulins called natural anti-Gal
antibodies to target a specific pathogen. Unlike other mammals such as swine, humans do
not express the galactose-a-1, 3-galactosyl-p-1,4-N-acetyl-glucosamine (a-Gal) epitope on
cell surface glycolipids and glycoproteins. As a result of a-Gal exposure as antigen of the
gut microflora, humans naturally produce anti-Gal antibodies [11]. Remarkably, ~1 % of
circulating antibodies and human B cells are a-Gal specific [12, 13]. These
immunoglobulins are responsible for hyper-acute rejection in xenotransplantations in which
organs from a-Gal-positive donor mammals such as pigs have been implanted into humans
[14, 15].

We theorized that if a molecular adaptor could be provided that (a) bound effectively to a
target antigen on bacteria and (b) simultaneously displayed the a-Gal epitope, pre-existing
anti-Gal antibodies could be recruited to provide antibacterial activity. In essence, the goal is
to instantly recruit therapeutic antibodies from the patient’s own serum, wherein the novel
drug is a modular molecular adaptor rather than a mAb. For the adaptor function, we chose
nucleic acid aptamers, which are single-stranded RNA or DNA oligonucleotides exhibiting
high target affinity and specificity [16]. Aptamer specificity has been exploited for
development of diagnostics for detecting microbial infections [17]. Moreover, aptamers are
emerging as novel therapeutic agents [18] with currently one aptamer, pegaptanib
(Macugen), approved by the US Food and Drug Administration for use against age-related
macular degeneration.

In this study, we seek a first proof of principal of an a-Gal-based antibacterial
immunotherapy, utilizing as a model the major human pathogen, group A Streptococcus
(GAS). GAS is estimated to cause ~700 million cases of localized infection (pharyngitis,
impetigo) and more than ~660,000 cases of invasive infection leading annually to ~160,000
deaths worldwide [19]. We identify the molecular target of a DNA aptamer (20A24P)
proposed for diagnostic use [20] to be the conserved domain of the surface-expressed GAS
M protein and derive an a-Gal conjugated “alphamer” version of 20A24P as therapeutic
tool. We then evaluate the ability of this alphamer to redirect pre-existing anti-Gal
antibodies to the GAS surface and promote opsonophagocytic clearance in vitro.

Material and methods

Aptamers

HPLC-purified 5’- or 3’-6-carboxyfluorescein (FAM)-labeled and 3’-biotin-TEG aptamers
were purchased from Integrated DNA Technologies (Coralville, I1A), HPLC-purified 5-a-
Gal aptamers £3’-FAM label, herein referred to as alphamers, were provided by Biosearch
Technologies (Novato, CA). See Supplementary Methods online for details on aptamer
preparation for assays. Secondary aptamer structures were modeled with the Mfold web
server for nucleic acid folding prediction [21]; QGRS-Mapper was used to predict G-quartet
formation [22].
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Bacteria

Several GAS strains representing clinically relevant M serotypes were used for the study.
These are listed in Supplementary Methods online along with bacterial mutants and culture
conditions.

Aptamer/alphamer and M protein antiserum IgG binding to bacteria

FAM-labeled aptamer or alphamer and M protein antiserum IgG binding to streptococci was
assayed by flow cytometry (see Supplementary Methods online).

ELISA with recombinant M1 protein to determine aptamer target

The binding of 3’-biotinylated GAS and control aptamers to recombinant hisg-tagged full-
length or truncated M1 proteins and control proteins was examined by ELISA (see
Supplementary Methods online).

Purification of IgG and IgM mouse antibodies and measurement of mouse and human anti-
a-Gal titers

Transgenic GT™~ mice expressing the variable region of the anti-a-Gal mAb M86 heavy
chain produce a-Gal-reactive antibodies [23]. IgG and IgM from these animals were
separated as described in [24]; the anti-Gal titers in mouse 1gG and IgM and human 1gG
(human IVIG (hIVIG); Gamunex-C, Talecris Biotherapeutics) were determined by ELISA
(see Supplementary Methods online for details).

Recognition of alphamers bound to GAS by anti-Gal antibodies

Streptococci were incubated with 5-a-Gal, 3’-FAM GAS or control alphamers, or 3'-FAM
aptamers with no a-Gal, or vehicle. Subsequently, the bacteria were exposed to purified
mouse antibodies or vehicle. Antibodies bound to the bacteria were detected with Alexa
Fluor®647 secondary antibodies. Aptamer/alphamer binding (green fluorescence) and
antibody binding (red fluorescence) were simultaneously analyzed by flow cytometry. See
Supplementary Methods online for details.

Phagocytosis studies

Green fluorescent GAS was incubated with alphamers, aptamers, or vehicle. Then,
polyclonal mouse 1gG or hlVIG as anti-Gal antibody sources were added. Subsequently, the
pre-opsonized bacteria were co-incubated with human blood neutrophils. The percentage of
neutrophils with ingested bacteria was determined by fluorescence microscopy as described
[25]. Neutrophil purification and experimental conditions are described in Supplementary
Methods online.

Opsonophagocytic and human whole blood killing experiments

GAS cells were pre-incubated with GAS or control alphamers. In opsonophagocytosis
experiments, a mixture of human neutrophils and h1VIG was added. Samples with hIVIG
and no phagocytes served as controls. In blood killing assays, heparinized human whole
blood was added to the alphamer-coated streptococci. At various time points, the bacterial
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concentrations in the samples were determined. The procedures are detailed in
Supplementary Methods online.

Statistical analyses

Phagocytosis data were analyzed using unpaired, two-tailed t test. Opsonophagocytic and
whole blood killing data were analyzed by two-way ANOVA with Bonferroni post tests.
Statistical tests were performed using GraphPad Prism (GraphPad Software) or Microsoft®
Excel® software. P values <0.05 were considered statistically significant.

Ethics permissions

Results

Permission to collect human blood under informed consent was approved by the UCSD
Human Research Protection Program. Mouse blood was collected as approved by the
University of Massachusetts Medical School Worcester Institutional Animal Care and Use
Committee.

Prioritization of group A Streptococcus (GAS) aptamers

Hamula and colleagues reported a panel of 39- to 80-nucleotide (nt) DNA aptamers that
bind to clinically prevalent GAS serotypes for diagnostic purposes [20]. Green fluorescent
FAM-labeled versions of nine of these (listed in Table 1) and two negative control aptamers
(RAND-39 and RAND-80) were synthesized and tested for binding to live GAS SF370 cells
by flow cytometry. In the binding buffer described by Hamula et al. [20], the 80-nt GAS
aptamer 5-FAM-20A24P bound significantly to stationary phase GAS, whereas 5-FAM-
RAND-80-treated bacteria showed background fluorescence equivalent to vehicle-treated
cells (Fig. 1a). In contrast to 5’-FAM-20A24P, absent or only weak binding was detected for
the other eight 5-FAM GAS aptamers and 5’-FAM-RAND-39 (data not shown). 5’-
FAM-20A24P also bound to GAS in Hank’s balanced salt solution with calcium and
magnesium (HBSS+/+), Dulbecco’s phosphate-buffered saline (DPBS), and RPMI-1640
(data not shown). 5-FAM-20A24P bound to representative strains of the serotypes M1,
M1T1, M2, M3, M4, M12, and M77, confirming the reported broad-spectrum aptamer
reactivity [20] but did not bind to the M49 strain NZ131 (data not shown). Of note, 5’-
FAM-20A24P also bound to stationary phase cells of a highly encapsulated animal-passaged
GAS 5448 strain [26] (data not shown), an invasive isolate representative of the hyper-
virulent M1T1 clone that has emerged as the leading cause of invasive GAS infections
worldwide [27]. 3’-FAM-20A24P bound to GAS 5448 (Fig. 1a) indicating that FAM
placement on the 5’ end was not required for aptamer binding. In a dose titration experiment
with 5/-FAM-20A24P and strain 5448, the aptamer exhibited dose-dependent reactivity (Fig.
1b). 20A24P was prioritized for further experimentation.

Truncation of 20A24P leads to increased affinity of GAS aptamer

Seven truncated 5'-FAM-20A24P variants ranging from 22 to 69 nt in length were
synthesized (see Supplementary Table 1 for sequences and Supplemental Fig. 1A for
secondary structures). These were assayed for binding to GAS 5448 to help pinpoint the
minimal functional 20A24P sequence. Aptamers 20A24P.A2, 20A24P.A3, 20A24P.A4,
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20A24P.A8, and 20A24P.A9 bound significantly to GAS, with 20A24P.A3 showing the
strongest reactivity (Fig. 2a). In dose titration experiments, 20A24P.A3 showed increased
GAS binding compared to the parental aptamer at 10-1000 nM concentrations (Fig. 2b).
Given the guanosine residue prevalence in 20A24P and that 20A24P.A3 and 20A24P.A8
displayed binding to GAS whereas 20A24P.A6 did not, it is likely that the parental aptamer
forms a G-quartet that is required for aptamer binding starting with Gy and ending with Ggg
as predicted by the QGRS-Mapper tool (Supplemental Fig. 1B). Subsequent experiments
were done with 20A24P and/or 20A24P.A3.

20A24P and 20A24P.A3 binding to GAS is growth-phase dependent

5-FAM-20A24P.A3 was assayed for binding to live GAS 5448 at different growth stages.
5-FAM-20A24P.A3 binding was absent in early exponential phase bacteria, weak binding
was seen with mid-exponential phase GAS, and strong reactivity was seen during the late
exponential and stationary growth phases (Fig. 3). The results were confirmed with 5’
FAM-20A24P (data not shown). Reduced aptamer reactivity with exponential phase
streptococci could not be explained by antigen masking by the hyaluronan capsule or
aptamer degradation by DNase Sdal, since the aptamers lacked binding to exponential phase
5448 capsule (AhasA) and DNase (Asdal) negative mutants, respectively, whereas 20A24P
bound well to the mutants in the stationary phase (data not shown).

Identification of the conserved region of M protein as the 20A24P target

To identify the molecular target of 20A24P and 20A24P.A3, aptamer binding to several
isogenic GAS 5448 mutants was tested in the stationary growth phase. Both aptamers
showed equivalent binding to wild-type GAS and a capsule-deficient AhasA mutant,
indicating that the capsule was not the aptamer target (data not shown). Similarly, the
aptamers bound well to a mutant lacking the cysteine protease SpeB (AspeB) (data not
shown), proving that the aptamer target did not require proteolytic SpeB processing, which
is expressed strongly in stationary phase at the peak aptamer reactivity. Importantly, both
20A24P and 20A24P.A3 did not bind to a M1 protein-deficient (Aemm1) mutant, and
reactivity was restored in a complemented mutant strain expressing emml on a plasmid pM1
(Fig. 4a shows 20A24P data). This indicated that the 20A24P and 20A24P.A3 target was the
M1 protein or that aptamer binding to another target required M1 presence. To determine if
the aptamer target was the M protein, 3’-biotinylated 20A24P was synthesized and its
binding to recombinant full-length M1 protein and several truncated M protein versions
tested by ELISA (Fig. 4b illustrates the M1 protein variants). Biotinylated 20A24P
reproducibly bound strongly to full-length M1 protein and a C-terminal region containing
the conserved S domain, C repeats and D repeats (SCD), whereas minimal binding was
observed to the variants HC, AB, BC (see photographs of ELISA wells in Fig. 4b) or
negative control proteins. These results pinpointed the M protein as the 20A24P target; the
aptamer specifically reacted with the conserved protein SCD region.

After the M protein was identified as the 20A24P aptamer target, we re-examined why lower
aptamer binding was observed in the exponential phase of GAS growth. M protein-specific
rabbit and mouse hyper-immune antisera were used to determine whether detectable M
protein expression correlated with 20A24P binding. First, we demonstrated that antiserum
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IgG binding to GAS wild-type bacteria was M protein specific, since both mouse and rabbit
IgG bound more strongly to GAS wild-type 5448 bacteria compared to an isogenic M
protein deficient emml mutant (Supplemental Fig. 2A). As shown in Supplemental Figure
2B, antiserum IgG binding to GAS was readily detectable in early exponential phase and
increased in later growth phases. The increased antiserum IgG reactivity correlated with
enhanced 20A24P binding in late exponential phase. Therefore, one potential reason for
lower aptamer binding until late exponential phase might be that the M protein has to
accumulate to a critical density before strong aptamer binding can be detected.

Preparation of 5”'-a-Gal conjugated 20A24P and 20A24P.A3

5’-a-Gal, 3’-FAM versions of the GAS aptamers 20A24P and 20A24P.A3, herein designated
as alphamers a20A24P and a20A24P.A3, were prepared and tested for reactivity with live
GAS 5448. The 5-a-Gal, 3’-FAM alphamer aRAND-80 served as negative control.
a20A24P bound well to GAS 5448 and SF370, whereas the fluorescence shift of GAS
exposed to aRAND-80 was only slightly greater compared to vehicle-treated cells (Fig. 5a).
In contrast, the truncated alphamer a20A24P.A3 bound only weakly to GAS (data not
shown). The lack of binding of a20A24P.A3 was attributable to the positioning of the 3/-
FAM label, since non-a-Gal conjugated aptamer 20A24P.A3 with a 3-FAM tag also lost
GAS binding (data not shown).

Recognition of alphamers bound to GAS cells by mouse anti-Gal antibodies

We next determined if the GAS alphamers could serve as a molecular bridge to promote the
binding of anti-Gal antibodies to the bacterial surface. As a consistent high-titer anti-Gal
source, mouse antibodies purified from transgenic GT~~ mice expressing the anti-Gal
antibody M86 [23] were utilized. Supplemental Fig. 2 shows the anti-Gal titers of these
preparations. To determine mouse antibody binding, live GAS was pre-incubated with
a20A24P, control alphamer aRAND-80, or vehicle. Then, bacteria were mixed with
transgenic mouse IgM, or IgG, or buffer only, and surface-bound IgM and IgG were
detected with Alexa Fluor® 647-labeled anti-mouse antibodies. By flow cytometry, both
alphamer binding (FL-1 channel) and mouse antibody binding (FL-4 channel) were
simultaneously measured. As seen in the leftmost FL-1 histogram overlay in Fig. 5b, 3’-
FAM a20A24P bound well to GAS, whereas the aRAND-80-treated cells showed
background fluorescence comparable to vehicle-treated bacteria. Strongly enhanced mouse
IgM binding was detected on a20A24P-treated GAS (second to the left FL-4 histogram in
Fig. 5b) indicating that IgM recognized the GAS alphamer on the streptococci. As negative
controls, bacteria treated with a20A24P, aRAND-80, or vehicle were probed with
secondary antibodies in the absence of mouse IgM. Here, a20A24P bound well to GAS
(Fig. 5h, FL-1 histogram on the right), but no secondary antibody signal was observed (Fig.
5b, FL-4 histogram on the right), ruling out non-specific secondary antibody binding to
a20A24P-treated GAS. Similar results were obtained with mouse 1gG (Fig. 5¢), which
bound only to 3’-FAM-a20A24P-treated GAS.

As mentioned above, the 5’-a-Gal, 3-FAM truncated GAS alphamer a20A24P.A3 only
bound weakly to streptococci due to 3’ manipulation with FAM. Binding of non-FAM-
labeled 5’-a-Gal alphamer a20A24P.A3 was confirmed functionally, since mouse IgM
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bound to GAS treated with 5-a-Gal a20A24P.A3 but not to negative control alphamer-
treated bacteria (Fig. 5d).

To demonstrate that the a-Gal modification was required for aptamer recognition by mouse
antibodies, binding studies with 5-a-Gal, 3-FAM-a20A24P were performed in parallel
with non-a-Gal conjugated 3’-FAM-20A24P. The a-Gal portion was necessary for mouse
IgM binding to GAS suggesting that these antibodies were a-Gal specific (Fig. 5e). In the
dot plots, 86 % of GAS cells exposed to 1 pM a20A24P and mouse IgM were FL-1 and
FL-4 positive corresponding to alphamer and IgM binding, respectively, whereas 10 % of
FL-1 negative cells were also FL-4 negative demonstrating that alphamer binding was
required for IgM binding. In contrast, no IgM binding was seen for GAS cells treated with
3’-FAM-20A24P, despite 43 % of the cells being FL-1 positive (Fig. 5e). As expected,
vehicle or negative control alphamer-treated cells were FL-1 and FL-4 negative (Fig. 5e).

Combined, the results demonstrated that the a-Gal portion of a20A24P mediated anti-Gal
antibody recruitment to GAS.

Alphamers promote GAS phagocytosis by human neutrophils

A critical goal of alphamer-based therapeutics is promotion of opsonophagocytic bacterial
clearance. We tested if a20A24P and a20A24P.A3 could stimulate GAS phagocytosis by
human neutrophils in the presence of mouse and human anti-Gal 1gG. Human neutrophils
were added to green fluorescent GAS 5448 pre-incubated with anti-GAS alphamers,
negative control alphamer, or vehicle control, all in the presence of mouse or human
polyclonal anti-Gal 1gG or vehicle control. The GAS alphamers did not confer phagocytosis
over the negative controls in the absence of 1gG (see vehicle control panel in Fig. 6a). In
contrast, both GAS alphamers significantly increased phagocytosis in the presence of either
transgenic mouse IgG or hIVIG (Fig. 6a). The hl1VIG used was verified to possess a
significant anti-Gal 1gG titer (Supplemental Fig. 3).

We next demonstrated that anti-Gal antibodies in both mouse and human IgG were
responsible for stimulating phagocytosis. Specifically, 5’-a-Gal, 3-FAM a20A24P but not
parental 3’-FAM aptamer 20A24P (no a-Gal) promoted GAS phagocytosis in the presence
of mouse or human IgG (Figs. 6b—c).

a20A24P confers killing of GAS by human phagocytes and impairs GAS growth in human

blood

After finding that GAS alphamers promote phagocytosis, we determined whether this
translates to bactericidal activity in opsonophagocytic killing and human whole blood
experiments. Bacteria were opsonized with alphamers and then co-incubated with purified
human neutrophils or whole blood. In the presence of 1 mg/mL hlVIG as anti-Gal source,
a20A24P promoted GAS SF370 killing by human neutrophils compared to control
aRAND-80 (Fig. 7a). Control samples without neutrophils demonstrated that the a20A24P-
anti-bacterial effect was phagocyte-dependent (Fig. 7a). a20A24P impaired the growth of
invasive isolate GAS 5448 in human whole blood when compared to control aRAND-80
(Fig. 7b).
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Discussion

The goal of this study was to provide first in vitro proof of principle of an
immunotherapeutic approach using a-Gal-modified aptamers to recruit pre-existing
antibodies for an antibacterial function. We demonstrated that M protein-specific 5'-a-Gal
DNA alphamers bound a broad range of GAS serotypes, recruited anti-Gal 1gG and IgM
antibodies to the streptococcal surface in an a-Gal-dependent manner, and mediated
bacterial uptake and killing by human neutrophils. Moreover, the GAS alphamer a20A24P
was shown to reduce growth of invasive GAS in human blood.

Hamula et al. reported 20A24P as a high affinity aptamer reacting with several different M
serotypes in a GAS species-specific manner [20]. In our study, we identified the abundant
cell surface antigen M protein as the 20A24P target. 20A24P specifically bound to the
highly conserved SCD C-terminal M protein region [28], which explains the broad-spectrum
reactivity of the aptamer to multiple M serotype strains despite the high structural variability
of the M protein N-terminal regions [29]. Of note, 20A24P may form a G-quartet, which
appears to be required for binding to the bacteria. Truncation of 20A24P further increased
the binding strength of the aptamer.

M protein is a major GAS virulence determinant, which, among other functions, is
implicated in having roles in adhesion to and internalization into host cells and in inhibition
of phagocytosis and complement deposition [29, 30]. It will be interesting to explore if
a20A24P can inhibit M protein function and thereby alter GAS virulence traits. Importantly,
the activity of a20A24P in phagocytosis assays was fully dependent on the a-Gal portion of
the alphamer, indicating that the antibacterial effect was not due to M protein inhibition.

The M protein-specific aptamer 20A24P bound in a growth phase-dependent manner to
GAS with highest reactivity observed in the late exponential and stationary growth phases.
We hypothesized that the reason for low 20A24P binding in the early and mid-exponential
growth phases was that the hyaluronic acid capsule may mask the aptamer target epitope, as
expression of the capsule synthesis genes is highest in the exponential phase and diminishes
in later growth stages [31, 32] coinciding with higher aptamer reactivity. However, the
aptamer failed to bind to capsule-negative GAS cells in early and mid-exponential phase.
Consistent with this, the conserved target region of 20A24P in the M protein is believed to
extrude the bacterial cell wall [29]. Moreover, DNase Sdal expression did not influence
aptamer binding. The M protein-encoding emm gene is highly expressed in the exponential
growth phase [32]. Consistent with this, we showed detection of M protein by mouse and
rabbit M protein-specific antisera on exponential phase GAS cells. Antiserum IgG reactivity
with the streptococci increased in later stages of growth correlating with a higher degree of
20A24P aptamer binding. Therefore, one potential reason for the low aptamer binding until
late exponential phase might be that the M protein has to accumulate to a critical density
before strong 20A24P binding can be detected.

Mouse 1gG and IgM from transgenic GT~/~ mice producing anti-Gal antibodies [23] bound
specifically to a20A24P-and a20A24P.A3-coated streptococci. Since the a20A24P a-Gal
modification was essential for mouse IgM binding, we concluded that the immunoglobulins
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directed to the bacteria were anti-Gal antibodies. Uptake of a20A24P-covered GAS by
human neutrophils in the presence of mouse or human 1gG was also dependent on the a-Gal
modification, further suggesting that anti-Gal antibodies recognized the alphamer on the
bacteria and mediated their phagocytosis. Since the phagocytosis experiments were
conducted without complement, it is likely that the bacterial engulfment via a20A24P and
a20A24P.A3 and mouse or human IVIG was dependent on neutrophil Fc receptors.

The opsonophagocytosis experiments showed that «20A24P could not only mediate GAS
uptake by neutrophils but also bacterial killing. In our model system, purified pooled normal
human serum IgG (hIVIG) at 1 mg/kg could not mediate killing of GAS SF370 by human
phagocytes during a 60-min incubation period. In contrast, ~50 % killing of the streptococci
was achieved the presence of a20A24P in a phagocyte-dependent manner. These
experiments establish proof of concept that a model alphamer can mediate antibacterial
activity. Salvadori et al. showed previously that human sera with anti-GAS capsule titers
could mediate various degrees of opsonophagocytic killing of GAS [33]. Moreover, the
levels of M protein-specific antibodies in human serum correlate with protection against
infection with the homologous serotype of GAS [34]. It would be interesting to see how
a20A24P activity would compare side by side with human sera with high anti-GAS capsule
or M protein titers or hyper-immune sera from humans treated with a GAS vaccine.
However, such reagents are not readily available and comparative activity experiments were
not in the scope of the current proof-of-principle study. Overall, there is no clear correlate
available between the activity of GAS polyclonal or monoclonal antibodies (or alphamers)
in opsonophagocytic killing assays and their in vivo efficacy in animal models of infection
or humans. Therefore, future in vivo studies with alphamers that are specific for GAS or
other bacteria will be critical to address the therapeutic alphamer potential.

a20A24P impaired the growth of invasive GAS M1T1 in human whole blood. Nevertheless,
the alphamer was not able to fully inhibit bacterial growth. One possible explanation could
be degradation of the DNA alphamer by blood nucleases. This limitation could theoretically
be overcome by chemical modifications rendering the alphamer more nuclease-resistant [35]
or reselection of a nuclease-resistant GAS-specific aptamer. In contrast to neutrophil
phagocytosis and Killing assays, active complement was present in whole blood assays. It
remains to be evaluated if the anti-Gal antibodies bound to bacteria via a-Gal bridging can
activate the classical complement pathway, which is an important component of the immune
defense against bacteria [36].

Previous evidence for the potential of antibody-recruiting molecules for treating bacterial
infections in humans was recently reviewed by McEnaney et al. [37]. Li et al. induced
binding of endogenous anti-Gal antibodies to Escherichia coli tagged with a-Gal-mannose
conjugates, which bound to the bacteria via a mannose-specific lectin [38]; anti-Gal-
mediated antibacterial activity was not tested [38]. Kaewsapsak and colleagues [39] labeled
Helicobacter pylori with dinitrophenyl for recognition by an anti-dinitrophenyl mAb and
killing by human blood cells. Other studies with hapten-labeled bacteria demonstrated that
monoclonal anti-avidin and anti-fluorescein antibodies can induce complement-mediated
lysis and phagocytosis of E. coli [40] and Staphyl ococcus aureus and Streptococcus
pneumoniae uptake by mouse macrophages [41]. Unlike ours, those studies testing
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antibacterial activity did not use endogenous human antibodies, but mAbs. Nevertheless, it
can be contemplated that humans could be vaccinated with haptens to passively induce
antibodies that would recognize hapten-tagged bacteria.

In summary, we showed that a-Gal linked to a GAS-specific DNA aptamer could label
bacteria for recognition by pre-existing anti-Gal antibodies and can mediate host phagocytic
uptake and killing in vitro. This proof-of-concept study raises the possibility that any other
bacterial pathogen for which a specific alphamer could be designed could be targeted for
recruitment of pre-existing human antibodies (summarized schematically in Fig. 8). Of note,
since aptamers can be generated in a highly specific manner and would likely be
administered for systemic infections, minimal side effects of a carefully designed alphamer
to the beneficial host micro-flora would be expected. As for any other antiinfective drug,
animal models of infection will be critical to examine the therapeutic potential of an
alphamer (Fig. 8). Furthermore, human anti-Gal levels will have to be correlated with
antibacterial alphamer activity and pharmacodynamics. Further exploration of this novel
therapeutic approach of applying a-Gal technology to nuclease-resistant aptamers specific
for additional pathogens of critical importance to human medicine such as multi-drug
resistant species is warranted.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Initial binding tests with DNA aptamer 20A24P and live GAS cells. a Stationary phase GAS
SF370 or GAS 5448 cells were incubated for 45 min at 37 °C with the indicated end
concentrations of 5’- or 3’-FAM labeled 80-nucleotide (nt) GAS aptamer 20A24P (solid
black lines), the 80-nt negative control aptamer 5’-FAM-RAND-80 (dashed lines), or
aptamer vehicle (gray solid). Subsequently, the bacteria were washed and subjected to flow
cytometry to measure the fluorescence intensities of 20,000 bacterial particles per sample. b
Performed as above, GAS 5448 incubated with 5’-FAM labeled GAS aptamer 20A24P over
a range of concentrations. The histograms show FL-1 channel overlays for representative
samples of several experiments performed. Each sample was run in duplicate with similar
results
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Truncation of GAS aptamer 20A24P from 80 to 52 nucleotides leads to enhanced binding to
live GAS 5448 cells. a Binding of the indicated 5’-FAM labeled truncated versions of the
GAS aptamer 20A24P (solid black lines) and 39-nt negative control aptamer RAND-39
(dashed lines) at 500 nM end concentration or aptamer vehicle (gray solid). For the data
shown for 20A24P.A9, 3’-FAM labeled GAS aptamer (solid line) and 52-nt negative control
aptamer RAND-52 (dashed line) were used. The length of the respective GAS aptamers is
indicated in parentheses. b Binding comparison of parental 5-FAM 80-nt GAS aptamer
20A24P (black solid lines) and 5’-FAM truncated 52-nt aptamer 20A24P.A3 (dashed lines)
at the indicated aptamer end concentrations vs. aptamer vehicle (gray solid). For all samples,
the bacteria were incubated with the aptamers or vehicle for 37 °C at 45 min, then washed
and subjected to flow cytometry to measure the fluorescence intensities of 20,000 bacterial
particles per sample. Each sample was run in duplicate with similar results
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Grgowth phase dependence of 20A24P.A3 binding to live GAS cells. GAS 5448 cells were
grown in THB media to the indicated optical densities at 600 nm (ODggq), then washed and
photometrically adjusted to the same bacterial concentrations. Then, the binding of 5’-FAM
versions of the 52-nt GAS aptamer 20A24P.A3 (black solid lines) to the bacteria was tested
as described in Figs. 1 and 2. 5-FAM 52-nt aptamer RAND-52 (dashed lines) and aptamer
vehicle (gray solid) served as negative controls. FL-1 histogram overlays for the indicated
stages of growth for a representative experiment of several performed are shown. For each
experiment, the samples were run in duplicate yielding similar results
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M protein is the target of aptamer 20A24P on GAS cells. a The binding of 5’-FAM GAS
aptamer 20A24P (black solid lines) at a concentration of 500 nM to stationary phase cells of
live GAS 5448 wild type, an isogenic M1-deficient emml mutant, and a complemented
emml mutant was determined by flow cytometry. Five hundred nanomolar 5’-FAM 80-nt
aptamer RAND-80 (dashed lines) and aptamer vehicle (gray solid) served as negative
controls. The histogram overlays show the FL-1 fluorescence intensities of 20,000 bacterial
particles per sample. b By ELISA, the binding of 3’-biotinylated 20A24P to immobilized
recombinant full-length mature M1 protein and truncated versions, which are schematically
depicted, was tested. Biotinylated aptamer RAND-80 and vehicle served as negative
controls. The photographs show representative results of several experiments performed.
Yellow color indicates binding of an aptamer to the respective protein, whereas colorless
wellsindicate lack of binding of a given test reagent to the immobilized proteins
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Fig. 5.

Rgcognition of 5’-a-Gal GAS alphamers on bacteria by anti-a-Gal antibodies. 5'-a-Gal
conjugated versions of the GAS aptamers 20A24P (a20A24P) and 20A24P.A3
(a20A24P.A3) as well as negative control RAND-80 (aARAND-80), herein referred to as
alphamers, were prepared. a Binding of 5-a-Gal, 3’-FAM a20A24P (black solid lines) and
aRAND-80 (dashed lines) to live GAS 5448 and SF370 cells at an end concentration of 1
UM. The binding of transgenic mouse IgM (b, d) and 1gG (c) antibodies to alphamer coated,
live GAS 5448 cells was tested by flow cytometry. Bacteria were pre-incubated with 5/-a-
Gal, 3’-FAM-labeled GAS alphamer a20A24P (Black solid linesin b, ¢), non-FAM-labeled
20A24P.A3 (black solid lines in d), 3’-FAM-labeled control alphamer aRAND-80 (dashed
lines) or alphamer vehicle (gray solid). The binding of the primary antibodies was detected

with secondary Alexa Fluor® 647 anti-mouse IgM (b, d) or anti-mouse IgG (c) antibodies.

This allowed for simultaneous visualization of alphamer and mouse antibody binding in the
FL-1 and FL-4 channels, respectively. Samples incubated with alphamers but no mouse IgM
or 1gG (—mouse IgM; —mouse 1gG) served as negative controls to rule out unspecific
secondary antibody binding to the bacteria. Representative results of several experiments
performed are shown in the histogram overlays. e To determine if the a-Gal portion was
critical for mouse antibody binding to 5’-FAM-a20A24P-coated GAS 5448, the ability of
the alphamer and non-a-Gal-conjugated aptamer 5’-FAM-20A24P at 1 M endconcentration
to redirect mouse IgM antibodies to the bacteria was compared as above. Vehicle and 5’-
FAM-aRAND-80 were used as controls. FL-1 (= Aptamer/alphamer binding) vs. FL-4 (=
IgM binding) dot blots for one representative experiment of several performed are shown
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GAS alphamers confer uptake of GAS M1T1 cells by human phagocytes in the presence of
mouse and human polyclonal 1gG in an alpha-Gal-specific manner. Green fluorescent GAS
cells were pre-incubated with the indicated 5'-a-Gal conjugated GAS alphamers, non-alpha-
Gal GAS aptamer, the respective control alphamer/aptamer, or vehicle only. Then,
polyclonal mouse IgG or human IgG (hIVIG) and, finally, purified human blood neutrophils
were added to the bacteria. After 20 min of co-incubation, the phagocytes were washed and
examined for uptake of GAS by fluorescence microscopy. Extracellular bacteria were
distinguishable from intracellular bacteria by counterstaining with ethidium bromide.
Samples were run in quintuplicate or hexuplicate, and average percentages of neutrophils
with phagocytosed bacteria + SD are shown in the graphs. ***p<0.00005, unpaired t test,
GAS alphamers vs. respective control alphamers and vehicle controls. Representative data
of one experiment for each data set of at least two performed are shown
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Fig. 7.

Agtivity of GAS alphamer in opsonophagocytic Killing assays and whole blood killing
assay. a Late exponential phase GAS SF370 was pre-incubated with GAS alphamer
a20A24P or control alphamer aRAND-80. After 20 min, neutrophils and human IgG
(h1VI1G) were added. Samples to which vehicle (HBSS+/+) and h1VIG instead of neutrophils
were added served as no phagocyte controls. At various time points, the percentage of live
colony forming units as compared to time point 0 min was determined. Quadruplicate to
hexuplicate samples were run for each condition, and average bacterial percentage values as
compared to the initial bacterial concentrations£SD plotted. *p<0.05; ***p<0.001,
a20A24P vs. aRAND-80 in presence of neutrophils; two-way ANOVA with Bonferroni
post test. b 1.1x10% CFU/mL of GAS M1T1 5448 were pre-incubated for 15 min with 1 uM
of the GAS alphamer a20A24P (closed bars) or the control alphamer aRAND-80 (open
bars) in a total volume of 30 pL. Then, 120 L of human blood was added. Thus, the
alphamer end concentrations were 200 nM. After 60, 120, 180, and 240 min of co-
incubation, the bacterial concentrations were determined. Each sample was run in
quadruplicate and average values+ SD are plotted. *p<0.05, a20A24P vs. aRAND-80 two-
way ANOVA with Bonferroni post tests
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Fig. 8.

Sugmmary scheme for characterizing aptamer-based drugs. In a process termed Systematic
Evolution of Ligands by Exponential Enrichment (SELEX), bacterial whole cells or
bacterial components, aptamer libraries, PCR, and sequencing are used to identify aptamer
candidates for further characterization. Fluorescently tagged aptamer candidates are
synthesized and prioritized based on their binding to several strains of the target bacterial
species by flow cytometry. Then, alphamer versions of prioritized aptamers are prepared.
After confirmation that the alphamers bind to bacteria and attract anti-Gal antibodies to the
microbial surface, alphamer activity is tested in correlate of protection assays in vitro
(complement deposition and lysis, phagocytosis assays) that may predict the in vivo activity
of candidate molecules. Alphamers with strong in vitro activity could then be tested in
mouse infection models and later in humans
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