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Pattern recognition receptors such as Mincle (Clec4e) play a
significant role in the regulation of inflammation. Enhanced
signaling of Mincle through the release of damage-associated
molecular patterns during sterile inflammation has been shown
to be important in the progression andmanifestation of several
diseases. A limitation to Mincle-targeted therapeutics is the
feasibility of human-scale antibody therapy and the lack of
alternative small-molecule inhibitors. Herein, we describe a
highly specific neutralizing DNA aptamer targeting Mincle
and demonstrate its therapeutic potential. Our data demon-
strate that AptMincle selectively binds to both human and
mouse Mincle with high affinity and is able to directly target
and reduce Mincle activation. AptMincle can specifically
reduce trehalose-6,6-dibehenate (TDB)-induced Syk and P65
phosphorylation in vitro in a manner comparable to that
of the commercially available neutralizing antibody in vitro.
Moreover, a bio-stable modified aptamer, AptMincleDRBL,
was successful in reducing disease activity in a dextran sodium
sulfate (DSS)-induced model of ulcerative colitis in a dose- and
sequence-dependent manner. The results present an alterna-
tive, highly specific DNA aptamer with antagonistic function
for use in the investigation of Mincle-associated diseases. The
data also show the translational potential of Mincle-targeting
aptamers as a new category of biologic therapy in the treatment
of inflammatory bowel disease (IBD).

INTRODUCTION
An expanding field of biological therapy aims to target individual
pattern recognition receptors (PRRs) due to their proposed roles in
the initiation and continuation of chronic inflammatory diseases.1–4

Indeed, many PRRs have been found to be dysregulated within the
diseased host and described to contribute directly to mounting
inflammation through the spontaneous or uncontrolled production
of inflammatory mediators.4,5 A subset of these receptors, which
includes inducible PRRs (iPRRs), are thought to play a distinct role
in the pathogenesis of many diseases, including inflammatory
bowel disease (IBD), psoriasis, multiple sclerosis, and some parasitic
infections such as leishmaniasis.5–8 Macrophage-inducible C-type
lectin (CLEC4E/Mincle) was first identified in the late 1990s and
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was observed to be transcriptionally upregulated in macrophages
following stimulation with a variety of inflammatory stimuli. During
homeostasis, Mincle expression is low, but expression can be induced
through the activation of several PRRs, including TLR2 and TLR4, or
inflammatory cytokines such as IFN-g, TNF-a, and IL-6.9 Impor-
tantly, the increase in Mincle expression is seemingly dependent on
MyD88 and NF-kB (P65/RELA). Mincle expression has been shown
to be limited to a subset of cell types, predominantly myeloid cells
such as neutrophils, monocytes, monocyte-derived macrophages,
and dendritic cells.10–13

Mincle, through Syk-mediated signaling, mediates a variety of proin-
flammatory responses within the host that can promote or even pro-
long inflammation.13 Interestingly, while Mincle has been described
to serve as a receptor for a variety of mycobacterial,14,15 bacterial,16

and fungal pathogens,17 it can be directly activated by several host-
derived damaged-associated molecular patterns (DAMPs), suggesting
an intimate involvement in sterile inflammatory insult.18 Specifically,
previous studies have reported that Mincle senses aberrant levels of
cholesterol sulfate7 and SAP130,19 DAMPs associated with cellular
damage and necrosis, which, when bound to Mincle, trigger a proin-
flammatory cytokine response in the host. Furthermore, through the
use of knockout mice, neutralizing Mincle antibodies, targeted
siRNA, and pan-Syk inhibitors, the distinct role of Mincle in these
disease models has been significantly investigated.5–8,16,18

The expanding field of nucleic acid therapeutics has highlighted the
potential use of aptamers as a direct substitute for commercially avail-
able, but rather expensive, monoclonal antibodies while avoiding the
non-specific nature of kinase-directed pharmacological inhibitors.20

The inherent nature of aptamers with their high specificity and
non-immunogenic qualities makes them desirable for the targeted
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blockade of inflammation as an alternative to small immune-pathway
chemical inhibitors and their possible off-target effects.21 Promised
for almost 20 years, aptamer-based therapeutics, such as the anti-
VEGF aptamer pegaptanib (Macugen),22 have begun to spill into
the market. However, with the familiarity of monoclonal antibodies,
the need for aptamer biosimilars is overlooked.

IBD, subdivided into ulcerative colitis (UC) and Crohn’s disease
(CD), is a rapidly expanding cohort of chronic inflammatory intesti-
nal diseases, predominant within the developed world.23 UC is a
chronic idiopathic disorder of the colon manifesting in contiguous
mucosal inflammation that can extend from the distal ileum to the
anus. Bimodal in its age distribution, UC is the most common form
of IBD and is a significant form of morbidity worldwide.24 Patients
with UC frequently experience acute cyclical episodes of disease
manifestation with symptoms including bloody diarrhea, pain, fever,
and weight loss. With several proinflammatory cytokines elevated
during the disease flares, current biological therapies revolve almost
entirely around modulating systemic TNF-a, through the prohibi-
tively expensive use of monoclonal antibody therapies such as inflix-
imab, adalimumab, certolizumab, or golimumab.25,26 Furthermore,
the underlying cause of the overproduction of TNF-awithin these pa-
tients is still debated. It is with this incomplete understanding of dis-
ease pathogenesis that the discovery and investigation of new targets
for therapeutic interventionmust bemade. PRRs, such asMincle, pre-
sent a novel and promising target upstream of the canonical neutral-
ization of circulating inflammatory cytokines.

While Mincle has been implicated in the progression of several exper-
imentally induced inflammatory disease models, the lack of commer-
cially available, Mincle-directed therapeutic agents has meant that its
translational potential into the clinic is currently based only in theory.
Therein, aptamers provide an attractive alternative to costly mono-
clonal antibody development. Highly specific, affordable, and modifi-
able, DNA aptamers can circumvent many issues associated with
monoclonal antibody therapy. In addition to being non-immuno-
genic, simplistic modifications of size and structural integrity means
aptamer delivery can be tailored for acute delivery and clearance from
the biological system (occurring within hours) or protected from
exonuclease action and renal filtration through size modification (ex-
tending half-life to several days in vivo).27 In this study, we develop,
characterize, and investigate an antagonistic Mincle-targeting
single-stranded DNA (ssDNA) aptamer and its protective effects
within the chemically induced mouse dextran sodium sulfate (DSS)
model of UC.

RESULTS
Generation of Mincle-specific DNA aptamers

The full-length amino acid sequences of human and mouse Mincle are
65% identical (UniProt: CLC4E_Mouse Q9R0Q8, CLC4E_Human
Q9ULY5). The recombinant fragment of extracellular Mincle used
within this project contains 85% overall amino acid sequence identity.
Given that functional studies are typically carried out in murine
models, we examined whether a human Mincle-targeting ssDNA
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aptamer could function in multiple species while retaining immediate
translational potential into human systems in the future.

HumanMincle-targeting aptamers were identified using the nitrocellu-
lose filter SELEX (detailed under Materials and methods). The cloned
and sequenced aptamers and recurrent sequences were analyzed using
Clustal Omega alignment algorithms and categorized into predicted fa-
milial groups based on their homology (Figure S1). In total, eight highly
abundant sequences (72% of the sequenced community) were taken
forward for in silico structural predictions and protein interaction
modeling. Identification and validation of one of these sequences, here-
in referred to as AptMincle, was validated for specific binding to
Mincle. AptMincle was synthesized with a 50-biotin and 30-inverted
dT—this modified sequence is referred to as AptMincleDRBL—and us-
ing a modified enzyme-linked oligonucleotide assay (ELONA) proto-
col, its binding efficiency was quantified (KD = 1.722 nM). Through
comparative analysis and replacement of key portions of the sequence,
it was determined that the initially random, n = 40, region at the core of
the sequence (AptMincleCORE, Kd = 1.512 nM) was responsible for its
binding affinity toward Mincle. It was only by randomizing that core
region (AptMincleRND, Kd N/A) that functionality was lost. Replace-
ment of the flanking primer sequences (AptMinclePORT KD =
1.376 nM) had no discernible negative impact on binding affinity to-
ward Mincle (Figures 1A and 1B).

Secondary structures, predicted in silico by Vienna Webfold, revealed
that AptMincleCORE forms a long-stem stable hairpin structure. In sil-
ico 3D-structure predictions of AptMincleCORE in RNAComposer
were combined to create simulations of docking to the crystal struc-
ture of humanMincle (PDB: 3WH3). Note that, as there is an absence
of modeling software for the prediction of ssDNA tertiary structures,
we have assumed the sequence can be modeled as ssRNA. The gener-
ated interactions suggested that the short hairpin structure of the core
sequence of AptMincleCORE (40 bases in length), specifically nucleo-
tides 18–30, potentially interacts with Mincle in regions near calcium
binding domains, suggesting a possible site of interference through
allosteric hindrance (amino acids Ser90–Val152), a highly conserved
region between human and mouse Mincle (93.5% homology) (Fig-
ure 1C). To further support the prediction, the n = 40 scrambled
oligonucleotide sequence of AptMincleRND was modeled in the
same manner and was poorly predicted to bind to a nondescript re-
gion of the extracellular domain fragment (Figure 1D).

Functionality assessment of AptMincle in vitro

As an inducible PRR, Mincle is expressed at low levels in unstimulated
macrophages (Figure 2A; control). However, this expression can be
greatly increased via overnight stimulation with the TLR4 agonist lipo-
polysaccharide (LPS) (Figure 2A; LPS). Within LPS-primed J774.1
macrophages (Minclehigh), stimulation with a ligand of Mincle,
trehalose-6,6-dibehenate (TDB), induces a robust phosphorylation
of the Mincle adapter, SykY525 (Figure 2A; pSyk). This phosphoryla-
tion is not found in control cells stimulated with TDB only (Fig-
ure 2A; TDB alone). This LPS-induced increase in Mincle protein
expression can be detected in the primed cells using commercially



Figure 1. Characterization of the in vitro function of aptamers with Mincle affinity

(A) Binding characteristics of AptMincle, and its modified counterparts, with rhMincle as determined by ELONA. (B) Graphical depiction of the modifications made to the

aptamer sequences (black, original; white, modified). (C) The predicted secondary and tertiary structures and docking simulation of AptMincleCORE (purple) with Mincle

(white). Box: highlighted predicted region of interaction surrounding a calcium molecule. (D) The predicted secondary and tertiary structures and docking simulation of

AptMincleRND (purple) with Mincle (white). Box: highlighted predicted region of interaction surrounding a calcium molecule. Dissociation constants were calculated on

GraphPad Prism 8 using a non-linear regression binding analysis with assumed one-site target parameters.
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available monoclonal antibody immunostaining (Figure 1A; Mincle).
Combining two suspensions of J774.1 macrophages, one primed
with LPS (Minclehigh) and the other untreated (Minclelow), we formed
a heterogeneous population of Mincle-expressing cells. Immunofluo-
rescence staining revealed that both the antibody and a 50-Cy3-conju-
gated AptMincle could detect and discriminate between these cell
populations, staining the primed murine lymphocytes in a highly
conserved pattern (Figure 2B). Determining that AptMincle specif-
ically bound Mincle in vitro, we aimed to determine whether it could
impede phosphorylation of the Mincle adapter SykY525 in an antago-
nistic/blocking manner as structurally predicted in Figure 1D. Phos-
phorylation of SykY525 in LPS-primed and TDB-stimulated J774 mac-
rophages could be effectively neutralized in a dose-dependent manner
using both a commercially available Mincle-neutralizing antibody and
the AptMincle sequence, from which the IC50 of each was calculated
(Figure 2C). The IC50 of AptMincle (IC50 = 0.05853 mg/mL) was
shown to be almost 10 times less than that of the commercial antibody
(IC50 = 0.5274 mg/mL) within this system. AptMincle displays
continued downstream antagonistic activity toward murine Mincle,
confirmed through analysis of both the phosphorylation of the Mincle
adapter Syk and NF-kB subunit P65 phosphorylation measured in
TDB-stimulated cells by whole-cell lysate direct ELISA (Figures 2Di
and 2Dii). Highly abundant in exonucleases, the blood of mice, or hu-
mans, would rapidly degrade naked DNA sequences to prevent aber-
rant immune responses through other PRRs such as TLR9. This effect
can be compounded in inflammatory settings, where serum and
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 937
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intracellular exonucleases can be altered in expression and function.
Furthermore, the body’s natural filtration system, the nephron-based
renal exclusion system, has been previously shown to exclude unmod-
ified aptamers due their relatively low molecular weight (<25 kDa).28

In an attempt to combat these eventualities, two modifications were
added to protect the sequences. The first was an inverted deoxythymi-
dine base (iDT) added at the 30 terminus of the sequence, preventing
degradation by 30 exonucleases while simultaneously preventing
extension byDNA polymerases.29 This significantly improved stability
in isolated serum; however, the viability within the host was improved
to only between 24 and 48 h, as the excess was likely filtered and
excreted in the urine. The latter modification, an additive 50 biotin, al-
lowed for the direct conjugation of a variety of streptavidin-linked
moieties (Figure 2E). In this project we also wanted to increase the
molecular weight of the sequence to improve its bioavailability by
reducing renal filtration. This was achieved through the addition of
a 50 streptavidin linker, which increased AptMincle’s molecular weight
to �75 kDa. In combination with the 30 iDT, the 50 streptavidin
improved the bioavailability of AptMincle in vivo past 4 days
(confirmed by quantitative analysis of AptMincle in whole blood).
These data suggest that AptMincle significantly depletes endogenous
TDB-induced Mincle Syk and P65 phosphorylation within macro-
phages (Figures 2C and 2D) and that synthesis with 30 iDT and
biotin-streptavidin 50 modification protect it from in vitro degrada-
tion. The aptamer will herein be referred to as AptMincleDRBL and
was used as the primary aptamer sequence for in vivo investigation.

AptMincleDRBL demonstrates a dose-dependent protective

effect in DSS-induced colitis

Having validated the AptMincle sequence and improved its stability
in vivo, we aimed to test the therapeutic potential of the sequence
in a characterized disease model previously shown to be regu-
lated in part by Mincle.5 We used the chemically induced DSS model
of UC, which results in an acute inflammation of the gastrointestinal
tract, manifesting primarily within the colon and reproducing many
of the pathological signs of human UC, such as weight loss, diarrhea,
intestinal bleeding, colon shortening, and submucosal inflamma-
tion.4,30,31 Previously, we highlighted that the earliest DSS-induced
colitis macroscopically displayed within the 7 days of DSS treatment
is at day 3, whereby fecal consistency and weight loss are prominent.
Therefore, at day 3, a single dose of AptMincleDRBL was injected intra-
peritoneally into mice (0.35, 1, 3.5 mg/kg) as a therapeutic interven-
tion rather than prophylactically. This treatment method is in line
with our previously published data of the protective effect of TLR4 in-
hibition in the same model.4 The data show a protective effect of
Figure 2. In vitro binding characteristics of aptamer AptMincle in comparison

(A) Immunofluorescence imaging of the relative expression of pSykY525 and Mincle in un

(10 ng/mL LPS + 50 mM)-stimulated J774.1 macrophages (left to right). (B) Staining of a

macrophages co-stained with anti-CLEC4E antibody (InvivoGen, USA) and 50-Cy3-co
J774.1 macrophages by anti-Mincle antibody (InvivoGen) compared with AptMincle.

LPS-primed, TDB-treated J774.1macrophages when challenged with AptMincle (1 mM).

RT-PCR. IC50 was calculated on GraphPad Prism 8 using a non-linear fit: y = 100/(1 + x

parametric data comparisons. ***p < 0.001, ****p < 0.0001. Scale bar = 10mm.
AptMincleDRBL, which was achieved in a dose-dependent manner.
The disease activity index (DAI) was significantly improved following
the aptamer administration (day 4, Figure 3A; black arrow). At the
termination of the experiment (day 7), colonic inflammation, indi-
cated by myeloperoxidase (MPO) activity, was significantly reduced
with AptMincleDRBL treatment (MPO reduced by 0.35 mg/kg =
37.2%, 1 mg/kg = 52.3%, 3.5 mg/kg = 63.5%) (Figure 3B). Loss of
body weight accompanying DSS treatment was also significantly
reduced at the highest dose of AptMincleDRBL (Figure 3C, 3.5 mg/
kg, ANOVA, p = 0.0002) and was tending to significance at the lower
doses. Interestingly, at all therapeutic concentrations of
AptMincleDRBL, colonic shortening (an indicator of intestinal inflam-
mation and fibrosis) was completely resolved (Figures 3D and 3H,
p < 0.0001). All AptMincleDRBL treatment groups, regardless of
dose, showed a significant resolution of day 7 DSS-associated DAI
(Figure 3E, p < 0.0001), while the random-sequence oligonucleotide
control, AptMincleRND, had no protective effect in any assessed
metric (Figure 3E). Analysis of colon sample lysates using western
blot and band densitometry analysis showed a trend toward a
reduction of DSS-induced total Syk (p = 0.068) and P65 phosphory-
lation within the tissue in mice treated with the highest dose of
AptMincleDRBL (Figures 3F and 3G). Finally, DSS-induced colon
changes, as well as alterations of the luminal content of the colon,
can be seen in representative examples of harvested tissue (Fig-
ure 3H). Overall, these data highlight the in vivo protective effect of
AptMincleDRBL at multiple therapeutic doses, and through the con-
current assessment and use of the AptMincleRND control sequence,
we show the nucleotide sequence specificity of the aptamer core re-
gion and the gross anti-inflammatory action created by the active
sequence.

AptMincle’s bio-protective effect in DSS-induced colitis is

sequence specific

As shown throughout this article, it appeared that the core oligonucle-
otide sequence of AptMincle is solely responsible for the aptamer’s
binding function in vitro. In an attempt to confirm whether the pro-
tective effect of AptMincleDRBL in vivo was too sequence specific, we
evaluated the potential of the alternate sequences: AptMinclePORT

(alternative flanking primers but with conserved core n = 40
sequence),32 AptMincleCORE (removal of flanking primers, having
an overall reduced molecular weight), and AptMincleRND (scrambled
n = 40 core region, but with conserved flanking primers). As pre-
sented in Figure 4A, by day 7, the single “high-dose” (3.5 mg/kg) of
AptMincleDRBL or AptMinclePORT had a significant effect in attenu-
ating the DAI compared with DSS controls (ANOVA, p < 0.0001),
with antibody

stimulated, TDB-stimulated (50 mM), LPS-primed (10 ng/mL, 24 h), or LPS / TDB

heterogeneous population of control (Minclelow) and LPS-primed (Minclehigh) J774.1

njugated AptMincle. (C) Dose-dependent inhibition of SykY525 phosphorylation in

(D) Whole-cell ELISA of (i) pSykY525/Syk and (ii) pP65/P65 relative expression in

(E) Whole-blood assessment of AptMincleDRBL presence inmice via fully quantitative

/IC50). One-way ANOVA with Tukey’s post hoc test was performed for multiple non-
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Figure 3. AptMincleDRBL suppresses DSS-induced colitis through a dose-dependent inhibition of colonic inflammation

(A) Daily changes in disease activity score (DAI) over the onset of DSS-induced colitis. (B) MPO activity within colon. (C) Body weight percentage change at the end of the

experiment. (D) Colon length and (E) terminal DAI measured at day 7with relation to treatment groups with AptMincleDRBL (0.35, 1, or 3.5mg/kg) or AptMincleRND (3.5 mg/kg).

Immunoblot analysis of (F) Syk or (G) P65 phosphorylation of total colonic lysates. (H) Representative photographs of colons from mice (DSS + AptMincleDRBL is 3.5 mg/kg

group only). These data are presented as the mean ± SEM and were analyzed by a repeated measures ANOVA with Tukey’s post hoc test. Black asterisks indicate signif-

icance against sham group, while red asterisks indicate significance compared with DSS group: *p < 0.05, ***p < 0.001, ****p < 0.0001. Mice are a composite of 10-week-old

mice, n = 4–12, with experiments performed on separate days.
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while AptMincleRND had no discernible effect (ANOVA, p = 0.705).
Interestingly, AptMincleCORE initially showed a potent preventative
effect upon DAI in the mice (day 4, ANOVA, p = 0.003), but this
was rapidly lost at day 6 (ANOVA, p = 0.292), 3 days after injection.
This correlated with the sudden loss of detectable AptMincleCORE

within the serum of the treated mice as determined by fully quantita-
tive RT-PCR (Figure 4B). We theorize that while the 30 iDT present
on the AptMincleCORE sequence shielded it from degradation within
the host, the drastic reduction in molecular weight meant it fell short
of the renal filtration threshold and was likely excreted from the sys-
tem in the urine. Histological assessment of the colon of mice demon-
strated that during DSS treatment there was significant leukocyte
infiltrate, goblet cell loss, crypt density and hyperplasia, muscle thick-
ening, and submucosal infiltrate compared with healthy controls,
with a loss of villus length, as detailed in Koelink et al.33 The histology
scoring and villus length were shown to significantly improve in the
DSS + AptMincleDRBL and DSS + AptMinclePORT groups compared
with DSS counterparts (Figures 4G, 4H, and S2). The results com-
pound the evidence that the size (molecular weight) and nucleotide
sequence of AptMincle are important for its longevity and action,
respectively, in vivo.

DISCUSSION
In the current study, we developed, characterized, and validated a
DNA aptamer targeting the PRR Mincle (CLEC4E). Termed
AptMincle, this oligonucleotide aptamer demonstrates specific bind-
ing and antagonistic activity toward both human and murine Mincle
and, subsequently, had a protective effect against experimental colitis
in mice, a setting where Mincle has been previously demonstrated to
play a crucial role in the maintenance of disease.5 We first identified
eight highly enriched aptamer sequences that bound recombinant hu-
man Mincle, utilizing a modified nitrocellulose-based SELEX proto-
col (Figure S1). This protocol selected a community of putative
Mincle-specific agonistic, neutral, or antagonistic aptamers targeting
a recombinant fragment of the extracellular domain of humanMincle
(accession no. Q9ULY5, amino acids 41–219). In silico structural
prediction using the Vienna Webfold server suggested that
AptMincle formed a tight hairpin structure specifically at its core re-
gion (n = 40). Due to the lack of tertiary structure modeling software
for ssDNA we have assumed the aptamer can be modeled as RNA.
RNAComposer successfully modeled AptMincleCORE (Figure 1C).34

For subsequent protein-RNA association modeling, we combined
the PDB crystal structure of Mincle (PDB: 3wh3) with the predicted
tertiary structure of RNA-AptMincleCORE using PatchDock.35,36 It
was noted that the proposed 3D model suggested a likelihood that
AptMincleCORE bound to Mincle near calcium binding regions and
proposed potential antagonistic properties of the aptamer sequence.
As aptamers bind to proteins based on van der Waals, hydrogen
bonding, and electrostatic interactions, it was promising to note
that the confirmational structure of human and mouse Mincle was
highly conserved. Using the alphafold structural prediction of murine
Mincle (as no crystal structure existed as of the time of writing this
paper), we aligned the sequences using PyMOL 2.0. The predicted
root mean square deviation (RSMD) was <1 Å (0.612). The authors
highlight and acknowledge that these data are speculative and are
provided for reference purposes only. Structural binding of
AptMincle to Mincle must be performed in the future to support
these claims.

When evaluated, the binding of AptMincle to recombinant Mincle
was determined to be specific to the core 40-nucleotide (initially var-
iable) region. This specificity was confirmed through post-SELEX
truncation of the sequence removing the flanking primers
(AptMincleCORE), substituting the primer sequences for alternatives
(AptMinclePORT), or a scrambled control (AptMincleRND). It was
noted that only the AptMincleRND lost its binding capacity to
rhMincle, while the AptMincleCORE and AptMinclePORT sequences
maintained function (Figure 1). As previously mentioned, one of
the main project goals was to develop an antibody alternative for tar-
geting Mincle. Comparative analysis and the use of commercially
available anti-Mincle antibodies allowed us to demonstrate similar,
if not better, functionality in neutralization assays and immunofluo-
rescence imaging (Figure 2). Based on our data the IC50 of AptMincle
is significantly less than that of the monoclonal antibody, suggesting a
much more powerful mechanism of inhibition. However, we accredit
this to the aptamer’s vastly smaller molecular weight (�25 kDa) and
therefore an �6� abundance of molecules within mol-mol equiva-
lents (1 mg/mL AptMincle = 40 nM = 240 � 1014 molecules, while
1 mg/mL monoclonal antibody = 6.67 nM = 40 � 1014 molecules).
As AptMincle was able to be successfully used in an ELONA and in
immunofluorescence (IF) imaging, it is feasible that the sequence
can be used for all techniques where the confirmational structure of
Mincle is maintained (non-denaturing PAGE, immunoprecipitation,
flow cytometry, etc.). These applications will require validation in the
future. Serum exonucleases, combined with renal filtration and excre-
tion, commonly result in rapid degradation and removal of oligonu-
cleotides from the system.37,38 Thankfully, due to their highly modifi-
able nature, the half-life of nucleic acid aptamers within a system can
be readily and easily altered. We wanted AptMincle to be stable
within the host to inhibit Mincle-induced proinflammatory responses
during inflammation. However, the unmodified oligonucleotide was
rapidly degraded in isolated serum and undetectable after 30 min
exposure at room temperature (data not shown). In an attempt to
circumvent these issues, modifications to the 50 and 30 ends of the
AptMincle sequences were made to (1) inhibit exonuclease digestion
and (2) limit renal secretion. Both of these modifications were made
during the sequence synthesis process and allowed for flexible modi-
fication of the sequence for specific application (Figures 2–4). The in-
clusion of an inverted dT on the 30 end of the sequence alone
improved the stability of AptMincle within the serum, but it was still
noted to be depleted in vivo, likely due to size exclusion during
nephron filtration within the kidneys (Figures 2 and 4). The addition
of the 50 biotin moiety and subsequent streptavidin conjugation
increased the molecular weight of AptMincle to �50–75 kDa, far
exceeding the filtration threshold.27 This modification in combina-
tion with its exonuclease resistance allowed the aptamer to persist
within the system in excess of 4 days (Figure 4). It is also important
to discuss that without these modifications, any aptamer’s biological
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 941
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function would likely be reduced to short (<1 h) bursts following
administration, a strategy that could aid in preventing long-term or
off-target cellular toxicities, although no such eventualities have
currently been identified. Previous work has implicated Mincle in
the pathogenesis of several diseases, including models of UC.5 We
therefore wanted to validate the protective effect of AptMincle within
the same model, murine DSS-induced colitis. The addition of the 50

biotin-streptavidin and 30 iDT allowed for treatment to consist of a
single dose of AptMincleDRBL (0.5, 1, or 3.5 mg/kg) due to minimal
clearance from the host and no additional benefit with multiple doses
(Figure S3). Initial experimentation showed a clear dose-dependent
therapeutic response of the aptamer with significant reduction in
several disease markers (Figure 4), with the data demonstrating a sig-
nificant reduction in DAI, weight loss, colonic shortening, and
colonic MPO. Interestingly, disease activity scoring, which is a com-
bination of three distinct parameters (weight loss, stool consistency,
and occult rectal bleeding), indicated that a majority of the reduction
was due to improvements in weight and stool consistency, but the
presence of blood in the feces was not affected, suggesting a
Mincle-independent role of vascular leakage and rectal bleeding.
Furthermore, the significant reduction in DSS-induced colonic
MPO improved histological scoring and colon length, suggesting
the primary mechanism of action is through the prevention of a
Mincle-driven inflammatory response. In an attempt to further
support the validity of the AptMincle sequence in vivo, multiple ver-
sions of the sequence were created. Previous data had shown that
the CORE nucleotide sequence was solely responsible for binding
to recombinant Mincle in vitro. We therefore assessed the biological
impact of these alterations by comparing the protective capacity
of each sequence to the DSS colitis model. Data show that
AptMincleDRBL and AptMinclePORT (alternative flanking sequences)
were equally effective in reducing the severity of disease activity
in treated mice. Interestingly, AptMincleCORE had a potent effect dur-
ing the early stages of pathology, negating all external markers of
disease activity until day 5, at which time all mice rapidly returned
to similar DSS-control values. We predict that this phenomenon
is driven by two intrinsic mechanisms. First, as we treated mice
with 3.5 mg/kg of each modified aptamer, it is possible that the
reduced size of the AptMincleCORE (MW 12,451.10 Da/28.1 mM)
versus AptMincleDRBL/PORT (23,656.36 Da/14.8 mM and 24,354.87
Da/14.4 mM, respectively) increased the overall concentration of
the therapy by up to 2-fold. Combining this with the previously deter-
mined half-life of the unmodified AptMincle sequence in vivo, we can
hypothesize that these are the key reasons the protective effect of
AptMincleCORE is transient. Importantly, the efficacy of AptMincle
in a model of UC presents and supports the use of this newly devel-
Figure 4. The protective effect of AptMincleDRBL in DSS-induced colitis is sequ

(A) Disease activity score (DAI) during the onset of DSS-induced colitis compared with t

ence of detectable AptMincle sequences within the serum of treated mice. (C) Overall

nation. (E) DAI measured at termination at day 7. (F) MPO activity in the colon of mice

and (H) themeasured villus length of colon samples. These data are presented as theme

test. Black asterisks indicate significance compared with sham control, while red asteris

Mice are a composite of 10-week-old mice, n = 3, with experiments performed on sep
oped aptamer in patients unresponsive to conventional anti-inflam-
matory therapeutics. The absence of toxicity and tractable modifica-
tions made to the sequence makes it an encouraging candidate for
further clinical assessment in IBD and other Mincle-related diseases.
While sequence homology between human and mouse Mincle is
calculated at 65% (UniProt alignment codes Q9ULY5/Q9R0Q8),
the evidence presented here suggests a conserved activity of
AptMincle on murine Mincle despite being raised against a recombi-
nant human protein. Furthermore, AptMincle did not bind signifi-
cantly to BSA, mouse serum components, or recombinant CLEC4D
(MCL) despite the latter sharing 35% sequence homology with
CLEC4E (Mincle) and a common ligand, TDB, further validating
the specific targeting of Mincle by AptMincle. Other aptamers against
PRRs have been developed that show protective effects in disease-
relevant animal models.39,40 Rather than targeting secreted, serum,
or tissue-born cytokines, as is the case with conventional antibody-
based biologic therapies, it is proposed that the targeting of aberrant
PRR activity is a more effective way to treat the inflammation at the
causative source. The aptameric targeting of inducible PRRs like
Mincle, however, has never been attempted. AptMincle’s develop-
ment creates a novel avenue for intervention medicine whereby the
uncontrolled and sustained inflammatory response can be dampened,
increasing the chance of tissue regeneration and disease resolution.
AptMincle, presented here, provides a tool for the investigation and
treatment of Mincle-driven diseases, including UC. Before the ap-
tamer can be used in human settings, additional tests and validation
methodologies will need to be performed in animal models to charac-
terize biodistribution and long-term immunogenicity responses.
Once fully validated, we envision that AptMincle will be assessed
for translational potential into humans for the treatment of UC.
Furthermore, investigation into the therapeutic benefits in mouse
models of Crohn’s disease, psoriasis, and multiple sclerosis, diseases
all shown to be exacerbated or driven in part by Mincle, is underway.
With limited effective treatments in all of the aforementioned disease
groups, the addition of a new therapeutic is greatly needed. Further-
more, the stability, cost effectiveness, and low immunogenicity asso-
ciated with nucleic acid-based aptamers, compared with current anti-
body biologic therapies, provide an appealing alternative to both
clinicians and patients.

MATERIALS AND METHODS
Ethics committee approval and mouse use

All mice were housed at constant temperature (22�C) on a 12:12-h
light-dark cycle, with food and water ad libitum. Both male and fe-
male mice were used at 8–10 weeks of age. The animal handling
and experiments were approved by the University of Calgary Animal
ence specific

reatment groups AptMincleDRBL/RND/CORE/PORT (3.5 mg/kg) given at day 3. (B) Pres-

body weight percentage change during the experiments. (D) Colon length at termi-

at day 7. (G) The 14-point histological assessment of terminal colon of the groups

an ± SEM andwere analyzed by a repeatedmeasures ANOVAwith Tukey’s post hoc

ks are significance against the DSS group: **p < 0.01, ***p < 0.001, ****p < 0.0001.

arate days.
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Care and Ethics Committee and conformed to the guidelines estab-
lished by the Canadian Council on Animal Care (Protocol AC17-
0186).

Chemicals and oligonucleotides

All oligonucleotides were synthesized by Integrated DNA Technolo-
gies, Inc. (Coralville, IA, USA). The sequences of all ssDNA anti-
Mincle aptamers created by this project can be found in Figure 1.
All chemicals were purchased from Sigma-Aldrich Canada (Oakville,
ON, Canada) unless otherwise stated.

Aptamer selection protocol (SELEX)

Mincle-specific ssDNA aptamers were isolated and identified using
nitrocellulose filter SELEX. The synthetic library of ssDNAs was
composed of 76-nucleotide-long ssDNAs with a random region
of 40 bases (RND40) flanked by conserved primer sequences:
50-GCGGATGAAGACTGGTGT-[N]40-GCCCTAAATACGAGCA
AC 30, N = A/T/C/G.

In the first round of the SELEX procedure, 1 nmol (6.022 � 1014 in-
dividual sequences) of the RND40 population (10 mL of 100 mM
stock) was added to 90 mL of SELEX buffer (20 mM Tris-HCl
[pH 7.4], 150 mM NaCl, 1 mM MgCl2), denatured at 90�C for
10 min, and then cooled on ice for 10 min. These aptamers are
then termed “folded.” The folded RND pool was then mixed with
1 mg (14 pmol) of rhMincle (ab152015; Abcam, Toronto, ON, Can-
ada) (reconstituted in phenol red-free DMEM + 10% fetal calf serum
[FCS]) in 90 mL of SELEX buffer (200 mL total) and incubated at 37�C
for 1 h (rounds 1–3) or 30 min (rounds 4–6).

The bound aptamer-rhMincle complexes were purified using nitro-
cellulose adherence as previously described41 and, after being washed
three times with SELEX buffer, the ssDNA-protein complexes were
boiled off of the membrane in 200 mL of distilled H2O and amplified
by PCR. Simply, 20 mL of the eluted aptamers from the previous
round was amplified for 15–25 cycles using F0 and R0 primers
(detailed below) in complete 2� PCR buffer under the conditions
of 1 mM/primer, 250 mMdNTPs, in a final volume of 100 mL as above.
Counterselection steps were performed before the initial round and
after the third and sixth selection rounds using the reconstitution me-
dium (DMEM +10% FCS) and the nitrocellulose membrane as the
non-specific targets. All aptamers that bound to the membrane at
these points were discarded and the unbound fraction (Mincle-tar-
geted) was retained. The PCR amplifications performed at the end
of each round of selection showed increased amounts of DNA prod-
uct after the 15 cycles, but they did not reach saturation, consistent
with the molar ratio of Mincle protein target used consistently
throughout the process.

Primers used in serum analysis of aptamer

Detection of AptMincle within the blood was analyzed using fully
quantitative PCR with an eight-part AptMincle standard curve. Briefly,
1 mL of collected whole blood frommice was used as a template for RT-
PCR and quantified relative to the standard curve. Primers used for
944 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
detection were as follows: AptMincleDRBL/RND forward, 50-GCGGAT
GAAGACTGGTGT-30, reverse, 50-GTTGCTCGTATTTAGGGC-30;
AptMinclePORT forward, 50-AGAAACGCTGGTGAAAGT-30, reverse,
50-CGCAAGCATAAAGTGTAAAG-30; and AptMincleCORE forward,
50-TCGGTGACGGTGGTTATT-30, reverse, 50CAAAACAAAAGAA
CTTAA-30.

The amplification protocol consisted of an initial denaturation step at
98�C, followed by 30 cycles of 95�C for 30 s, 55�C–59�C for 15 s, 72�C
for 30 s, and a final extension 72�C for 5 min. Amplicon specificity
was determined by agarose gel electrophoresis.

Educated aptamer pool cloning and sequencing

The final pool of putative aptamer sequences was cloned into pJET1.2
blunt cloning vectors using the CloneJet PCR cloning kit (Thermo
Fisher Scientific, Burlington, ON, Canada). Successfully transformed
DH10B competent E. coli were grown on ampicillin (100 mg/mL) LB
selection plates, after which colonies were picked and plasmids
sequenced using pJET1.2 Forward and Reverse sequencing primers
and the Sanger Sequencing Platform at the University of Calgary’s
Centre for Health Genomics and Informatics Facility. Aptamer flank-
ing primer regions were identified by hand and sequences were
compiled.

Aptamer modification

AptMincle (with biotin modification at the 50 end) was incubated in a
1:4 molar ratio with streptavidin (BioLegend, San Diego, CA, USA) in
SELEX buffer for 1 h at 37�C. Successful conjugation was confirmed
by aptamer band retardation assessment within a 2.5% agarose gel.

Binding affinity determination (ELONA)

Recombinant human Mincle (0, 1, 3.33, 10, 33.3, 100 nM) was bound
to an ELISA capture plate before being probed with 50biotin-
AptMincle (100 nM) at 37�C for 1 h. In addition, rhMincle
(100 nM) or BSA (100 nM) was incubated and probed with
AptMincle to confirm the specificity of the aptamer. After binding
of 50biotin-AptMincle, the samples were washed before being incu-
bated with streptavidin-horseradish peroxidase (HRP) for 30 min at
room temperature. Samples were washed again before colorimetric
assessment of binding via TMB (3,3’,5,5’-Tetramethylbenzidine) sub-
strate conversion and acid neutralization. The dissociation constant
(Kd) was calculated by GraphPad Prism 8, using the equation y =
Amax � x/(Kd + x). The value of AptMincle binding to rhMincle
was represented as percent bound using PBS alone as the baseline
reference.

Mincle-aptamer agonism/antagonism assessment in J774.1

macrophages

J774.1 murine macrophages were cultured and maintained in DMEM
supplemented with 10% FCS, 1% pen/strep. To induce expression
of Mincle within the resting macrophages, 1 ng/mL E. coli LPS
was added to the stimulation medium for 24 h (termed J774-Mn+).
Induction of Mincle expression was confirmed through immunoflu-
orescence imaging. The prestimulated J774-Mn+ cells were then
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challenged with TDB (InvivoGen, San Diego, CA, USA; 50 mg/mL) or
aptamer species (1 mM) for 30 min, and phosphorylation of Syk and
P65 was assessed by western blot analysis as proxies of Mincle
receptor activation. Agonistic effects of aptamers were assessed by in-
cubation of J774-Mn+ cells with 1 mM individual folded aptamer spe-
cies, while antagonistic effects were determined by preincubation with
1 mM aptamer species followed by stimulation with 50 mg/mL TDB
(InvivoGen, cat. no. tlrl-tdb).
Protein collection and quantification

Cell culture and tissue samples were prepared in lysis buffer as previ-
ously described.42 Briefly, cells or cleaned and mechanically homog-
enized tissues were lysed in NP-40 lysis buffer (100 mM NaCl,
200 mM Tris-HCl [pH 8.0], 0.5% SDS, and 1 mM EDTA supple-
mented with: phosphatase inhibitor cocktail [cat. no. C755C25],
25 mM sodium fluoride [1 M], 1 mM sodium orthovanadate, and
1% Triton X-100). Samples were sonicated to ensure complete cellular
lysis and dissociation of proteins before being clarified at 12,000g for
10 min at 4�C. Protein concentration was then confirmed and
normalized using the Pierce BCA protein assay kit (Thermo Fisher
Scientific, Burlington, ON, Canada).
Direct enzyme-linked immunosorbent assay

Protein (10 mg diluted in 1% BSA in TBST [0.1% Tween 20]) was
loaded in triplicate per sample into wells of a 96-well plate and incu-
bated overnight at 4�C to allow for protein binding. All wells were
subsequently blocked for 1 h at room temperature (RT) in 2% BSA
(TBST) before being washed three times with TBST. Sample wells
were then incubated with primary antibodies for 2 h at RT on an
orbital shaker. After three more washes with TBST, relevant HRP-
conjugated secondary antibodies were incubated in corresponding
wells for 1 h on an orbital shaker. Samples were washed for a final
three times before being developed, acid-stopped (1 M HCl), and
analyzed using a Victor X4 SpectraMax plate reader. Phosphorylated
protein values were normalized to total protein for analysis and
comparison.
Western blot

Previously collected protein lysates were combined with 5� loading
buffer (20% SDS, 1MTris [pH 6.8], bromophenol blue, b-mercaptoe-
thanol, glycerol, and water) and boiled for 10 min. Samples (30 mg)
were loaded and run on 10% Tris-glycine SDS-PAGE gels made by
hand according to standard protocols. Following resolution, the pro-
teins were transferred to a nitrocellulose membrane for 1.5 h on ice.
Ponceau staining confirmed efficient and complete transfer. Blots
were washed and then blocked for 1 h in 5% BSA or milk in TBST
(0.1% Tween 20) at room temperature on an orbital shaker. Blots
were subsequently incubated with primary antibodies at predeter-
mined manufacturer dilutions overnight under agitation at 4�C. Blots
were washed and incubated with the appropriate HRP-conjugated
secondary antibody (Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA, USA) for 1 h at room temperature. Finally, the blots
were incubated with extended-duration ECL chemiluminescent sub-
strate (Thermo Fisher Scientific, cat. no. PIA34075) and visualized us-
ing Bio-Rad ChemiDoc MP.

Immunofluorescent staining and imaging

The protocols used for the immunofluorescent staining of sectioned tis-
sue or cells in culture are the same. Briefly, samples were fixed in 4%
paraformaldehyde (PFA) for 20–60min at room temperature before be-
ing transferred into PBS (containing 0.1% sodium azide). Colonic tissue
samples were further processed by overnightfixation in 30% sucrose so-
lution before being embedded in OCT and sectioned into 10-mm sec-
tions on a cryotome. Slides were blocked with 2% BSA in PBST (0.1%
Triton X-100) for 1 h at RT before being incubated overnight with pri-
mary antibodies at 4�C. The samples were then washed three times for
5 min in PBST before being probed with secondary antibodies or com-
plementary conjugatedprimary antibodies for 2h atRTunder agitation.
The samples were washed a further three times for 10 min before being
sealedwithVectashieldfluorescencemountingmediumanda coverslip.
All images were taken on an inverted Leica SP8 confocal microscope
and analyzed using Leica LASX software (LEICA Microsystems Can-
ada, Inc., Richmond Hill, ON, Canada).

Induction of colitis and administration of treatments

Six-week-old C57BL/6 mice were obtained from The Jackson Labora-
tory (Bar Harbor, ME, USA). Colitis was induced in these mice by
administration of 2.5% (wt/vol) DSS (Affymetrix, Cleveland, OH,
USA) in their drinking water for 7 days. Sham mice were given
normal drinking water. Intraperitoneal injections of aptamer
sequence variations of AptMincle (0.5–3.5 mg/kg) were administered
at day 3 in 200 mL total volume saline; control mice received saline
only. Mice were euthanized at day 7 by exposure to isoflurane (Phar-
maceutical Partners of Canada, Richmond Hill, ON, Canada) and
cervical dislocation.

Disease evaluation

To assess the severity of DSS-induced inflammation a multi-param-
eter approach was used. DAI is a combinatory metrics consisting of
weight loss, fecal consistency, and fecal blood content. Calculation pa-
rameters of DAI are detailed in Table 1. Colon shortening, a common
sign of inflammation-driven fibrosis, and MPO assays were used as
measures of colonic inflammation.

Myeloperoxidase assay

MPO activity was measured in colonic tissue samples by quantifica-
tion of the absorbance of a colored compound produced by MPO in-
teracting with O-dianisidine and hydrogen peroxide. Absorbance
readings were normalized to tissue weights.

Aptamer structure prediction and docking simulation

The 2D structure of AptMincle was predicted using the Vienna web
server (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.
cgi). Due to the lack of ssDNA 3D structure prediction models, we
have assumed that AptMincle could be modeled as an ssRNA ap-
tamer. We used RNAComposer (http://rnacomposer.cs.put.poznan.
pl/) for 3D-structure prediction rendering. Docking simulations for
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AptMincle and Mincle (PDB: 3WH3) itself were performed using the
PatchDock Server (http://bioinfo3d.cs.tau.ac.il/PatchDock/) and im-
ages were taken using the PDB online viewer (https://www.rcsb.
org/3d-view).

Statistics

Data are expressed as the mean ± 1 standard error of the mean (SEM).
Experiments were performed as a minimum experimental triplicate
with technical triplicates performed for each experiment. Statistical
significance was assessed through the use of two-tailed unpaired Stu-
dent’s t test for parametric data, while the Mann-Whitney test was
performed for non-parametric data. GraphPad column analysis func-
tion was used to determine what previously mentioned tests were
used on what dataset due to normal distribution characteristics. Mul-
tiple analyses were performed using a one-way ANOVA with Tukey’s
post hoc test where indicated. A p value of 0.05 was considered signif-
icant: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtn.2022.05.026.
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