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Abstract

Nucleic Acid Aptamers (NAAS) are a class of synthetic DNA or RNA molecules that bind
specifically to their target. We recently introduced an aptamer termed R1.2 against membrane
Immunoglobulin M (mIgM) expressing B-cell neoplasms using Ligand Guided Selection (LIGS).
While LIGS-generated aptamers are highly specific, their lower affinity prevents aptamers from
being used for translational applications. Highly specific aptamers with higher affinity can
increase targetability, boosting the application of aptamers as diagnostic and therapeutic
molecules. Herein, we report that dimerization of R1.2, an aptamer generated from LIGS, leads to
high affinity variants without compromising the specificity. Three dimeric aptamer analogues with
variable linker lengths were designed to evaluate the effect of linker length in affinity. The
optimized dimeric R1.2 against cultured B-cell neoplasms, four donor B-cell samples and migM-
positive Waldenstrém’s Macroglobulinemia (WM) showed specificity. Furthermore, confocal
imaging of dimeric aptamer and anti-IgM antibody in purified B-cells suggests co-localization.
Binding assays against IgM knockout Burkitt’s Lymphoma cells utilizing CRISPR/Cas9 further
validated specificity of dimeric R1.2. Collectively, our findings show that LIGS-generated
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aptamers can be re-engineered into dimeric aptamers with high specificity and affinity,
demonstrating wide-range of applicability of LIGS in developing clinically practical diagnostic
and therapeutic aptamers.
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Introduction

Hematological diseases are commonly diagnosed on the basis of abnormalities in gene and
protein expression, or based on tissue morphology [1-4]. The resulting knowledge
collectively leads to improved clinical diagnoses, including revision of existing
classifications, and increased data for scientific study. For example, the World Health
Organization (WHO) introduced a classification of neoplasms in 2001, which was later
updated in 2008 and 2016 with new guidelines, introducing new variants and new
entities[2-4]. Despite such new guidelines, misclassification of cases still occurs in high
numbers, especially in developing countries[5]. This can be attributed to the mishandling of
specimens and lack of technical improvements in clinics[5]. This calls for improved
detection platforms for point-of-care testing. In this regard, nucleic acid aptamers (NAAS)
are very well suited for designing molecular tools for point-of care detection. NAAs are a
class of synthetic DNA or RNA molecules that bind specifically to their target, ranging from
small molecules to proteins and whole cells[6, 7]. Since NAAs are chemical in nature, they
generally show extended shelf life, as well as compatibility with a variety of solvents and
heat, thus allowing a wide range of applications[8, 9]. Aptamers are selected using a simple
iterative method called Systematic Evolution of Ligands by Exponential Enrichment
(SELEX)[10, 11]. Since the inception of SELEX, a number of variants to the method have
been developed, and alternative strategies to design SELEX libraries with enhanced
chemical diversity have been introduced[7, 12]. The hallmark of NAAs arises from their
target affinity and specificity, which are particularly important when developing diagnostic
and therapeutic molecules against cell-surface receptor proteins in their native state. Many
groups prominent in the aptamer research field have introduced variants of SELEX to
improve the screening of NAAs. Few of these methods include, for instance, the use of
whole cells as the sample, whole cells with flow cytometry for biomarker discovery,
crossover-SELEX and reverse-crossover SELEX[12]. Indeed, these methods have already
produced several successful molecular probes against cell-surface targets, and they have
been applied in proof-of-concept studies[12-19]. We recently introduced a novel variant
termed Ligand-guided Selection (LIGS)[20, 21]. LIGS is designed to identify highly specific
aptamers from an enriched SELEX library against a whole cell. The core principle of LIGS
is based on competition whereby aptamers against a predetermined cell-surface receptor
compete against a secondary ligand for the same receptor to select aptamers with the
greatest specificity for that target[7]. Using this method, we introduced an aptamer (R1)
against membrane IgM (mIgM) expressed on Burkitt’s lymphoma cells, a form of mature B-
cell lymphoma[20]. The post-SELEX truncation of aptamers generates favorable secondary
folds while destabilizing the formation of undesirable secondary structures, leading to
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increase in affinity. Therefore, we later truncated aptamer R1 to generate a shorter second-
generation aptamer R1.2 to improve its affinity without compromising its specificity[22].
The target of aptamer R1.2, mlgM, is expressed on the surface of B lymphocytes at multiple
stages of their development in the bone marrow[23]. Mature B-cells express migM as a part
of the B-cell receptor complex (BCR complex), which is involved in regulating B-cell
survival, differentiation and development[23].

Based on the diagnostic potential of aptamer R1.2, we herein investigated the impact of
dimerization of R1.2 to improve its affinity. Accordingly, we designed three dimeric aptamer
analogues of R1.2, and investigated the linker-length connecting the aptamer as a function of
affinity. We then analyzed the specificity of all three analogues, against mlgM-expressing
cell lines using mIgM negative cultured B- and T- cell lines as controls. We further validated
the specificity of dimeric aptamer utilizing migM knockout Burkitt’s lymphoma cell line
engineered utilizing CRISPER/CAS9 technology. Furthermore, binding analysis of one of
the dimeric analogues of R1.2 against mlgM-positive B-cells from healthy donor peripheral
blood mononuclear cells (PBMC) showed positive binding towards migM positive B-cells,
but not towards Ig expressing CD3 positive T-cells, indicating that LIGS-generated aptamers
are able to specifically recognize its epitope expressed on primary cells. In addition,
confocal imaging of dimeric aptamer and anti-IgM antibody in purified B-cells from PBMCs
suggested co-localization, while co-incubation of anti-IgM antibody and dimeric aptamer
resulted in rapid internalization into cultured lymphoma cells. Finally, we show that dimeric
R1.2 could specifically bind to migM-positive WM cells, but not to non-B cells.
Collectively, these findings demonstrate that dimerization did not alter specificity of LIGS-
generated aptamer R1.2 while increasing dimeric aptamer’s affinity towards cultured cells
and primary cells that express the same epitope, and that these aptamers can be re-
engineered into molecular probes with high functional affinity without compromising
specificity.

Materials and detailed protocols of formulations of buffers are available in supporting file.

Determination of binding affinity at 4 °C

Binding affinity of each dimeric R1.2 molecule towards target cells was evaluated by using
BJAB cells. 1 uM working solution of each dimeric aptamer sequence was prepared by
diluting the respective 10 uM solution using the binding buffer containing 0.2 M KCI.
Following 10 min of heating at 95°C and folding on ice for 45 min, a range of aptamer
concentrations was prepared by serial dilution. About 1.0 x 10° BJAB cells were suspended
in 75 L of cell suspension buffer and incubated with 75 L of aptamer solution of different
concentrations for 1 hr on ice, making the final volume 150 pL. At the end of 1 hr incubation
time, 2 mL of wash buffer at 4°C were added for one wash, and the cells were then
reconstituted in 250 pL of wash buffer. Aptamer binding towards BJAB cells was analyzed
with a FACSCalibur Flow Cytometer (Cytek Biosciences) by counting 5000 events for each
concentration. The equilibrium dissociation constant (Ky) of aptamer-cell interaction was
obtained by plotting the difference in median fluorescence intensity against concentration.
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Specific binding was calculated using GraphPad Prism 5 (La Jolla, CA, USA). Binding
affinity for dimeric R1.2 molecules at room temperature (RT) was tested using conditions
similar to those at 4°C, except 1.5x10° BJAB cells were used, and incubation was performed
in a 25°C incubator.

CRISPR/cas9 Experimental Design

sgRNA Plasmid Construction—The sgRNA was cloned into a 3rd generation
lentiCRISPRv2 (Addgene Plasmid #52961) plasmid containing BsmBI sites downstream
from the human U6 promoter with a cas9 expression vector[24]. Both forward and reverse
SgRNA oligonucleotides were annealed without phosphorylation at a concentration of 100
UM in 10 pL water. The mixture was incubated in a thermocycler for 5 min at 95°C. Then,
the heat was gradually reduced until the oligonucleotides reached RT (25°C) at 5°C/minute.
The annealed sgRNA oligos were inserted into the lentiSRISPRv2 following golden gate
CRISPR assembly as previously described [25, 26]. In a 20 pL reaction, 1ug of
lentiCRISPRv2 was combined with 1 uL. BsmBI (ThermoScientific ER0451), 2 uL 10X
FastDigest buffer, 1 uL annealed oligos, 1.5 pL T4 DNA ligase buffer (NEB M0202S), and 2
pL 10X T4 ligase buffer. The ligation mixture was then incubated in a thermocycler at 37°C
for 12-15 hours. For transformation of the plasmid, 2 L of the ligation mixture was added
into 50 pL of sub cloning efficiency stabl3 cells (Invitrogen C737303) using appropriate
protocol described by Invitrogen. Then, 75 puL of the transformation was spread on a pre-
warmed ampicillin selected plates (100 pg/mL ampicillin) and incubated overnight at 37°C.
The colonies from the plate were grown in LB media, and the DNA plasmid were extracted
with QIAprep Spin Miniprep Kit at high concentration. The plasmid constructs were then
sequence verified using EtonBioscience sequencing service with the U6 promoter (LKO.1
5%) as the primer.

Lenti-viral Particle Productions

HEK-293T (ATCC CRL-3216) cells were used for packaging of plasmids and production of
viral particles. The cells were maintained in DMEM media (ATCC 30-2002) supplemented
with 10% fetal bovine serum (FBS), and 100 units/mL penicillin-streptomycin (P/S). In
addition to the lentiSRISPRv2 plasmids containing the SgRNA insert and cas9 expression
vector, two other packaging plasmids were used as envelope expressing plasmid; pMD2.G
(Addgene Plasmid #12259) and psPAX2 (Addgene Plasmid #12260). To generate lentiviral
particle 1.5 millions HEK-293T cells were plated in tissue culture treated T-25 flask the
night before and incubated in 5% CO> tissue culture incubator at 37°C. The following day,
cells were transfected using lipofectamine 2000 (Invitrogen 11668027) transfection method.
At first, 5 ug of lentiCRISPRv2, and 1.25 pg of the packaging plasmids were mixed in a tube
together with 0.5 mL of Opti-MEM | serum medium (Gibco 31985070) incubated for 5 min.
In a separate tube, 10 pL of lipofectamine 2000 was mixed with 0.5 mL of Opti-MEM |
serum medium and the plasmid mixture from the first tube was added, then, the mixture was
incubated together for ~20 min at room temperature. The media of HEK293T cells were
removed and replaced with 2 mL of Opti-MEM | serum medium. Then, the cells were
transfected with the lipofectamine mixture and combined very gently. About 8-10 hours
post-transfection, the lipofectamine media was aspirated from the cells and replaced with
complete DMEM media. The viral supernatant was collected twice at 24 hours and 48 hours
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post-transfection, clarified at 3000 RPM for 10 min, passed through a 0.45 um filter, pooled
and used either fresh or snap frozen in small aliquots for later use.

Delivery of CRISPR/cas9 into target cells

The CRISPR/cas9 system can be easily delivered to human cells by transfection with a
plasmid that encodes the cas9 protein and sgRNA, however cell lines can vary widely in
their transfection efficiency[27]. Therefore, in order to increase the possibilities of knockout
we used SKLY-16 Burkitt’s lymphoma cell line, which was a generous gift from David
Scheinberg lab at the Memorial Sloan Kettering Cancer Center. Prior to transduction with
viral particle, SKLY-16 cells were assessed for the expression of appropriate IgM markers to
verify the cell line authenticity for the knockout. The cells were maintained in RPMI 1640
medium supplemented with 10% dialyzed fetal bovine serum (FBS), and 100 units/mL
penicillin-streptomycin (P/S). For transduction, we utilized spinoculation method by adding
polybrene (Santa Cruz Biotechnology NC9840454) to enhance the efficiency of the
retroviral infection to the mammalian cells[28, 29]. Cells were cultured to high confluency
prior to the infection and maintained in appropriate culture media without P/S to increase the
puromycin selection after the knockout. We utilized three infection conditions with different
viral particle volume as followed, 0 uL, 500 pL (IgHM), 750 uL (IgHM). For transduction,
1.0x10°% cells were placed in 15 mL sterile conical tubes with a total volume of 5 mL and a
final polybrene concentration of 10 pg/mL. Then, appropriate volume of viral particles was
added to each tube and incubated at RT under a tissue culture hood for ~60 min. For
spinoculation, the cells in conical tube were spun at 800g/2000RPM in a pre-warmed 32°C
centrifuge for 30 min. The virus containing media was aspirated from the cells and re-
suspended in 3 mL of fresh media, placed in 6 well plates, and incubated in 5% CO, at 37°C
in tissue culture incubator.

Puromycin Selection and Cell Sorting

After post-transfection, the cells were selected with puromycin (MP Biomedicals
0219453925). Initially, after 48 hours of post-transduction, cells were treated with 1.0
ug/mL puromycin and transferred into T25 flask with a total volume of 10 mL RPMI media
without P/S. This initial treatment was done to ensure and only select the cells with a
lentiCRISPR construct, which contain puromycin resistance were selected. At this stage, the
cells were routinely assessed with propidium iodide staining of dead cells with flow
cytometry for negative screening. After initial puromycin screening cells with negative
IgHM expression and a rate of knockout were transduced with 750 pL of lentiviral particles.
Finally, these migM (=) populations of SKLY-16 cells were further isolated by FACS
(fluorescence-activated cell sorting) analysis.

Specificity Assay with CRISPR-Cas9 knockout SKLY-16 cells at 4°C

Specificity assays were conducted for DR1.2_3S, DR1.2_5S and DR1.2_7S with wild-type
and CRISPR-Cas9 knockout SKLY-16 cells. These assays were performed by incubating 75
uL of 1 pM working solution of each dimeric aptamer or random control with 1.0x10° cells
in 75 pL of cell suspension buffer on ice for 45 min. The incubation period was followed by
washing twice with 1.5 mL wash buffer each time. Cells were reconstituted in 200 uL wash
buffer. Binding was analyzed using flow cytometry by counting 5000 events. Percent
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aptamer — random
aptamer

using GraphPad Prism software. Reagents used for this experiment were kept at 4°C.

specific binding was determined using the equation x 100 and quantified

Specificity Assay with Cultured Cells at 4°C

Specificity assays were conducted for all three dimeric R1.2 aptamers separately with six
different cell lines, including the B-cell lines, BJAB, Ramos, SKLY-16, CA46 and Toledo,
and the T-cell line, MOLT-3. These assays were performed by incubating 75 pL of 1 uM
working solution of each dimeric aptamer or random control with 1.0 x10° cells in 75 pL of
cell suspension buffer on ice for 1 hour, followed by washing twice with 1.5 mL wash buffer
each time. Cells were reconstituted in 250 puL wash buffer. Finally, binding was analyzed
using flow cytometry by counting 5000 events for each cell line. Expression of migM on all
five cell lines was also analyzed by incubating 1.0x10° cells in 75 pL volume using a final
concentration of 0.5 pg/mL anti-lgM monoclonal antibody (mAb) (Novus Biologicals),
followed by flow cytometric analysis. Percent specific binding was determined using the

aptamer — random
aptamer

assays at RT (25°C) were also performed in a manner similar to those at 4 °C, except that
incubation was performed in a 25°C incubator in a final volume of 150 uL. Reagents used
for this experiment were kept at room temperature.

equation x 100 and quantified using GraphPad Prism software. Specificity

Specificity Assay with Primary Cells at 25°C

Peripheral blood mononuclear cells (PBMCs) were isolated from the whole blood of 4
different healthy donors using Ficoll-Paque PLUS (GE Healthcare). B-cells were separated
from PBMCs by using human CD19 microbeads, according to the manufacturer’s manual
(Miltenyi Biotec). Specificity assays were conducted at 25°C in a manner similar to that
described above, except that the primary cells were reconstituted in cell suspension buffer
containing anti-human CD3-Percp-Cy5.5 and anti-human CD19-PE-Cy7 (BD Pharmingen,
1:100 dilution), in order to differentiate between B-cells and T-cells, respectively, during
flow cytometric analysis.Expression of mlgM on the primary B-cells was analyzed by
incubating the cells suspended in 75 pL of cell suspension buffer with 2.5 pL of anti-IgM
mADb (Novus Biologicals), or isotype control using 1:50 dilution, followed by flow
cytometric analysis. Cells were reconstituted in 250 uL wash buffer containing DAPI (4°,6-
diamidino-2-phenylindole) (Sigma Aldrich) in 1:3000 dilution for the staining of live cells.

WM bone marrow mononuclear cells were obtained through ficoll gradient centrifugation
from bone marrow aspirates of three WM patients with CD20+IgM+kappa+ clonal B-cells.
The samples were stained with anti-human CD3-Percp-Cy5.5, anti-human CD19-PE-C, anti-
human CD20-APC and anti-human kappa light chain-Alexa700(BD Pharmingen, 1:100
dilution), and the specificity assay was conducted at 25°C in a manner similar to that
described above.

Microscopy Imaging

Primary B-cells separated from the extracted PBMCs were obtained from healthy donors’
blood samples as described above. Cells were reconstituted in cell suspension buffer and
incubated with 75 uL of 2 uM DR1.2_7S or random control and 2.5 uL of 1:100 dilution of
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anti-lgM mAb (Novus Biologicals) for 45 mins at RT. The cells were washed with 2 mL of
wash buffer, followed by reconstitution in 50 pL of wash buffer containing Hoechst 33342
Fluorescent Stain (10 mg/mL) using a 1:3000 dilution for live cell fluorescent staining of
DNA and nuclei. The solution was then transferred to a glass slide and covered with a cover
slip for imaging using an upright confocal microscope.

Results

Dimerization of aptamer R1.2

The original aptamer R1 was 79 bases in length but showed low affinity of 315 + 44 nM
[20]. Later, we introduced a truncated second-generation 42-mer aptamer R1.2 with
improved affinity constants of 35.5 + 8.94 nM at 4°C [22]. While significant improvement to
the affinity was achieved in the truncated version, we aimed to further improve the affinity
by systematic linear dimerization of R1.2, as described before[30]. Accordingly, dimeric
aptamers were engineered by linking two R1.2 aptamers with spacer molecules comprised of
Poly Ethylene Glycol (PEG) units. It has been previously shown that dimerization of an
aptamer can effectively enhance its affinity [30]. Investigation of the length of linker
connecting the two aptamers was done by designing three different versions of dimeric
aptamers utilizing 3, 5 and 7 spacer molecules (Fig. 1). Following solid-state synthesis, each
dimeric construct was analyzed for affinity. Affinity at 4°C significantly improved for all
dimeric versions, despite the length of the linker (Fig. 1 and supplementary figure 1). We
previously reported that R1.2 binds to circulating soluble IgM, which prevents using R1.2 as
a therapeutic molecule. Therefore, we are currently focusing on evaluating diagnostic
applicability of aptamer R1.2 scaffolds. Thus, affinities of dimeric scaffold were evaluated
only at 4°C and 25°C. Interestingly, all three dimeric aptamer constructs showed
significantly improved affinity at 25°C (Fig. 1 and Supplementary Fig. 2).

Evaluation of Specificity

The specificity of all three dimeric constructs was evaluated against cultured cell lines
known to express membrane bound Immunoglobulin M (mIgM). One cell line that highly
expresses mlgM is BJAB, a Burkitt’s lymphoma cell line, which was used as a positive
control (Fig. 2A). A T-cell lymphoma cell MOLT-3, negative for migM, was utilized as a
negative control. Specificity was first investigated at 4°C (Fig. 2B and Supplementary Fig. 3)
and then at 25°C (Fig. 2C, and Supplementary Fig. 3). Substantial higher dimeric aptamer
binding was observed compared to monomeric aptamer R1.2 (Fig. 2B and C), suggesting the
enhancement of affinity without compromising the specificity of dimeric aptamer constructs.
This observation demonstrates that dimerization is an effective strategy to improve aptamer
binding to its epitope. In order to investigate whether improved affinity also leads to
improved signal, three more cell lines, Ramos, CA-46 and SKLY-16, which express low
level of surface IgM, were compared and used for binding analysis. DR1.2_7S could
specifically recognize these two cell lines with higher signal-to-noise ratio, suggesting that
improvements to affinity do, indeed, lead to higher signal (Fig. 2D and 2E). Furthermore,
DR1.2_7S did not bind to the diffuse large B-cell lymphoma cell line Toledo, which lacks
chromosomal translocation that expresses migM, further demonstrating the specificity of the
dimeric R1.2 aptamer construct (Fig. 2F). We previously reported that the original aptamer
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R1 and its truncated version R1.2 did not show cross-reactivity with 1g-a and -p positive
cells Jurkat.E6 cells. As expected the dimeric variants show no binding to Jurkat.E6 cells
further suggesting that dimerization did not alter specificity (Supplementary Fig. 4).

CRISPR/CAS9 knockout of migM and Specificity Analysis

Designing of sgRNA—The target gene of deletion in this study was human
immunoglobulin gene (IgM). We designed single guided RNA (sgRNA) to edit
immunoglobulin heavy constant mu (IgHM)[31]. The 20 nucleotide SgRNAs with a
preceding 5’-NGG protospacer adjacent motif (PAM) region was manually designed using
available online design tools, chopchop and synthego[32, 33]. The target site for the sgRNA
selection on the specific gene was designed as previously described by Zhang et. al [34].
After designing the sgRNA, the off target sequence effects were confirmed by using NCBI
blast [35]. The IgHM 20 nt genomic target SgRNA backbone was designed with sticky
overhang in the forward sequence. Additionally, the complementary annealing oligos for the
SgRNA reverse were also designed as:

IgHM sgRNA-fwd 5’-TCAGGCCCCTGTGATCCACG-3’ sgRNA-rev 5'-
CGTGGATCACAGGGGCCTGA-3'—Following sgRNA plasmid construction and lenti-
viral packaging as described in methods, SKLY-16 cells were transfected and selected via
puromycin and FACS cells sorting (Supplementary Fig. 5). Flow cytometric analysis
utilizing anti-lgM antibody of expression of mlgM on the CRISPR treated and FACS sorted
cells showed that anti-IgM no longer binds to knockout cells indicating successful knockout
of the target gene (Fig. 3A panel 1). We then analyzed binding of all three dimeric constructs
with wild type SKLY-16 and mlgM knockout SKLY-16 cells to validate specificity. As
shown in figure 3 A-B, mIgM negative SKLY-16 cells do not bind to the three dimeric R1.2,
further validating specificity of R1.2 constructs.

Evaluation of dimeric aptamer specificity against B-cells from healthy donors and WM
samples

Next, the specific binding of dimeric aptamer DR1.2_7S was analyzed against B-cells from
healthy donor mononuclear cells. B-cells were magnetically enriched (MACS sorting) using
CD19 beads. The positively selected, B cell enriched fraction of the sample was used for the
analysis of IgM staining in B-cells (gated on CD19+ cells), while the B-cells depleted flow
through was used for the analysis of IgM staining in T cells (gated on CD3+ cells). As
expected CD19+ B-cells showed mlgM positivity through anti-lgM antibody staining. In a
similar fashion, CD19+ B-cells were positive for DR1.2_7S binding (Fig. 4A and B).
Furthermore, CD3+ T-cells (in CD19 depleted samples) tested negative for both dimeric
aptamer and anti-lgM antibody (Fig. 4C and D). As observed in flow cytometric analyses in
Fig. 4B and 4D, T-cells, which are known to express Immunoglobulin on their surface, show
no binding to dimeric aptamer R1.2, suggesting that dimerization of R1.2 does not alter its
specificity towards migM expressed on B-cells. These collective observations suggest that
aptamers generated from LIGS can successfully recognize membrane markers expressed in
both cultured and primary B-cells.
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Next, we analyzed the aptamer construct DR1.2_7S binding to B-cells and T-cells from WM
samples. All three WM samples showed specific binding with DR1.2_7S. However, we did
not observe significant signal/noise ratio for WM cells suggesting that epitope of the
DR1.2_7S could have been altered leading to lower affinity towards the epitope of the
aptamer and resulting in lower signal/noise ratio (Fig. 5A and B). Importantly, we did not
observe any non-specific DR1.2_7S binding to CD3+ T-cells, which known to express Ig-a
and Ig-B on their cell surface indicating that while positive signal is lower for WM cells
compared to purified B-cells from PBMCs, the binding observed for B-cell population of
WM cells is specific towards migM expressed on WM cells.

Confocal Microscopy Imaging

Confocal microscopic analysis of dimeric aptamer DR1.2_7S and anti-lgM antibody on the
cellular membrane of B-cells isolated from PBMCs suggests co-localization of dimeric
aptamer and anti-lgM antibody on B-cells (Fig. 5C and D). Interestingly, confocal
fluorescence microscopic analysis of DR1.2_7S with anti-IgM antibody against Burkitt’s
lymphoma cell line BJAB gave evidence of internalization and co-localization of the dimeric
aptamer and anti-lgM antibody in the same intracellular compartment (Supplementary Fig.
6). Further investigation of internalization kinetics of dimeric analogues of R1.2 in cultured
lymphoma cells is currently underway.

Discussion

Multivalency plays a ubiquitous role in cell-surface receptor interaction with ligands. One of
nature’s most sophisticated designs is that of multivalent analogues of antibodies with
dimeric, tetrameric and decameric assemblies[36]. Such molecular architecture contributes
to the exquisite specificity and functional affinity, or avidity, of these assemblies, leading to
a decrease in dissociation rate from the cell surface[36]. While antibodies have been
successful in a variety of applications, synthetic analogues able to mimic antibody activities
are highly desirable. In this regard, aptamers, unlike small-molecule drugs, show great
potential owing to their flexibility towards multimerization. A number of approaches to
design multimeric aptamer scaffolds have been introduced. For example, a dimeric thrombin
aptamer was designed to enhance inhibitory activity[37], dimeric aptamer complexes were
designed using anti-PSMA aptamer with rigid linkers composed of nucleic acids, and
multimeric aptamers were designed against heat-shock factor to enhance functional
affinity[38, 39]. Thus, multivalency is a widely accepted molecular engineering concept in
generating high-affinity ligands utilizing low- affinity ones. Here we took advantage of
linear assembly of aptamers utilizing polyethylene glycol phosphoramidite on a DNA
synthesizer to generate dimeric R1.2 analogues. Interestingly, at 25°C, the affinity against
BJAB cells as a function of linker length is not statistically distinct. However, at 4°C,
affinities appear to show a correlation with the linker lengths of the dimeric design. It is
often challenging to define binding events of a dimeric aptamer construct due to variable
receptor density on cell surfaces. In addition, at higher temperatures, it has been reported
that lateral angles of mlgM receptor can change due to its mobility, which can contribute to
variable binding patterns.[30] Thus, the mobility of mIgM receptors as a function of
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temperature can challenge exact predictability of binding pattern of dimeric aptamers at
higher temperatures.

Recently, our group introduced a variant of complex target SELEX, termed LIGS[20]. LIGS
enables the discovery of specific aptameric ligands enriched in a SELEX library against a
predetermined receptor protein utilizing competitive elution. Aptamer interaction is specific
towards one target; in particular, aptamers generated through LIGS technology, are expected
to possess high specificity towards one cell surface receptor. Accordingly, we used LIGS to
select an aptamer, termed R1, against migM expressed in Burkitt’s lymphoma cell lines.
One of the goals in this report is to demonstrate the application of molecular engineering to
design dimeric aptamers to enhance affinity without compromising specificity. Here, we
demonstrate in this report the re-engineering of R1.2 into dimeric analogues using variable
linkers to facilitate specific recognition of migM expressed in B-cells. Typically B- and T-
cells mediate immune responses via recognizing antigens mediated by immunoglobulins
expressed on their membranes. Typically, T-cells express immunoglobulin a and p chains,
which are comprised of T cell receptor.[40] Lack of binding of dimeric R1.2 with cultured
T-cells and the primary Tcells obtained from PBMCs suggest that dimeric R1.2 can
distinguish IgM expressed on B-cell membrane from other Igs expressed on non-B cells.
Moreover, the specificity of dimeric aptamers R1.2 constructs is further confirmed by
knocking out mlgM expression in Burkitt’s lymphoma cell line SKLY-16.

Currently, all hematological diseases are diagnosed by examining their CD expression
profiles utilizing anti-CD antibodies[1, 2, 4, 5, 41]. Recently, differential expression of
mlgM has been used to describe and distinguish early and late onset of pediatric Burkitt’s
lymphoma[42]. Based on their synthetic nature, nucleic acid aptamers, or NAAs, are
sufficiently versatile for the development of diagnostic tools. Thus, with improved affinity
and specificity, dimeric R1.2 could recognize migM expressed on the cell surface of isolated
B-cells obtained from PBMCs. These data demonstrate that L1GS-generated aptamers are
specific toward both cultured and primary cells expressing the same receptor. It has been
shown that aptamers targeting receptor molecules could internalize into cellular
compartments. Accordingly, our lab is currently studying the internalization kinetics of
dimeric aptamer R1.2 and downstream signaling of BCR crosslinking induced by dimeric
aptamer binding in cultured B-cell lymphoma cells.

WM accounts for 1 to 2% of hematologic cancers[41]. Moreover, higher levels of migM
expression in WM define a subset of patients with high BCR signaling profiles and more
aggressive clinical course[43]. Dimeric R1.2 binding to WM cells and observed low signal/
noise is intriguing given the high expression levels of migM in WM, when assessed by
polyclonal anti-lgM antibodies. Given that the BCR complex is often pre-clustered in B cell
malignancies, we cannot exclude the possibility that the epitope recognized by DR1.2_7S is
masked or high expression levels of mIigM leads to steric crowding, hindering the dimeric
aptamer binding to its epitope[44]. Another observation discussed greatly in previous reports
is the lower signal output from aptamers compared to antibodies. Typically, antibodies are
conjugated to approximately 4-5 fluorophores, which leads to higher signal output from an
antibody, while aptamers are conjugated to one fluorophore leading to lower signal output.
Enhancement of signal amplification of aptamers is typically addressed by a coupling of
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enzymatic reactions, incorporating isothermal amplifications and coupling of multi-dye
incorporated nanoparticles[45]. However, analysis of clinical specimen calls for simple
approaches that could complement existing establish methods. In that regard, we are
investigating the ability of appending multi-dye dendrimer constructs to enhance the signal
in detecting the mIgM expression in the clinical B cell lymphomas, which will address the
observed low signal output by dimeric aptamers.

In conclusion, we have introduced a dimeric re-engineering of aptamer R1.2, which was
initially identified using LIGS. We demonstrated that multimerization of R1.2 could further
improve the functional affinity of the aptamer, while its specificity remained unchanged.
Microscopic analysis utilizing purified B-cells and cultured cells implied co-localization
with anti-lgM antibody, and in cultured cells, it appears that the aptamer and the anti-lgM
antibody rapidly internalized. Specificity analysis against mlgM-positive B-cells obtained
from healthy donors and WM patient samples showed specific recognition, demonstrating
that LIGS-generated aptamers could be developed into clinically practical diagnostic tools
and therapeutic agents.
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Highlights

Dimerization of an aptamer selected by Ligand Guided Selection significantly
improves affinity

Dimerization of an aptamer does not alter specificity

LIGS generated aptamer recognize same epitope expressed on primary samples
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Molecule | Kd’ at 4°C (nM) |Kd’ at 25°C (nM)
DR1.2_3S|558+ 9.94 114+ 139
DR1.2_58|31.7+ 642 208+ 321
DR1.2_7S|239+ 3.74 48.6+ 3.28

Design of dimeric assemblies of aptamer R1.2 and their affinity. Dimeric aptamer R1.2
linked by spacer molecule comprised of Polyethylene glycol (PEG). Three analogues were
designed with 3, 5 or 7 spacer molecules. All constructs were synthesized using standard
solid-state phosphoramid ite chemistry, and affinity was evaluated against migM positive
BJAB cells (a Burkitt’s Lymphoma cell line). Monomeric R1.2 showed an affinity of 35.5
+8.94 nM at 4°C.
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Figure 2.
Anti-IgM antibody binding (A) and conclusion from three independent specificity analyses

of dimeric aptamers towards BJAB and MOLT3 cells at 4°C (B) and at 25°C (C). Binding of
DR1.2_7S against Ramos, CA-46, SKLY-16, BJAB and Toledo cells (D). Conclusion from
three independent analyses of specificity of DR1.2_7S with Ramos, CA46, SKLY16 (E).
Overall conclusion from three independent specificity analyses against migM negative
Toledo cells (F). ( 2way ANOVA test **** : P < 0.0001).
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Figure 3.
Analysis of specificity of dimeric R1.2 constructs against migM negative SKLY16 knockout

cells. Evaluation of negative migM in CRISPR/CAS9 SKLY-16 knockout cells against
SKLY16 wild type and analysis of binding of dimeric aptamer constructs to SKLY-16
knockout and wild-type (A). Overall conclusion from three independent binding studies
against knockout SKLY-16 cells (B).
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Figure 4.
Analysis of DR1.2_7S binding to mlgM-positive B-cells against mlgM-negative Tcells from

peripheral blood mononuclear cells (PBMCs). Anti-IgM antibody was used as a positive
control. Gray, tinted histograms depict an isotype control for anti-IgM antibody stained
samples or a random sequence control for anti-lgM aptamer control stained samples.
Colored lines represent staining with either binding of anti-IgM antibody or binding of
DR1.2_7S.
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Figure 5.
Specificity of DR1.2_7S towards B-cells gated from WM samples. Anti-lgM and DR1.2_7S

binding to B-cells and T-cells (A and B). Confocal microscopic analysis of DR1.2_7S and
anti-IgM binding to purified B-cells from PBMCs (C) and dimeric random sequence and
anti-lgM binding to purified B-cells from PBMCs (D).
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