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Allergic contact dermatitis is a prevalent occupational disease
with limited therapeutic options. The chemokine CCL22, a
ligand of the chemokine receptor CCR4, directs the migration
of immune cells. Here, it is shown that genetic deficiency of
CCL22 effectively ameliorated allergic reactions in contact hy-
persensitivity (CHS), a commonly used mouse model of allergic
contact dermatitis. For the pharmacological inhibition of
CCL22, DNA aptamers specific for murine CCL22 were gener-
ated by the systematic evolution of ligands by exponential
enrichment (SELEX). Nine CCL22-binding aptamers were
initially selected and functionally tested in vitro. The 29-nt
DNA aptamer AJ102.29m profoundly inhibited CCL22-depen-
dent T cell migration and did not elicit undesired Toll-like re-
ceptor-dependent immune activation. AJ102.29m efficiently
ameliorated CHS in vivo after systemic application. Moreover,
CHS-associated allergic symptoms were also reduced following
topical application of the aptamer on the skin. Microscopic
analysis of skin treated with AJ102.29m ex vivo demonstrated
that the aptamer could penetrate into the epidermis and
dermis. The finding that epicutaneous application of the ap-
tamer AJ102.29m in a cream was as effective in suppressing
the allergic reaction as intraperitoneal injection paves the
way for therapeutic use of aptamers beyond the current routes
of systemic administration.

INTRODUCTION

Allergic diseases, including allergic reactions of the skin, represent a
significant global health concern, with a rising prevalence worldwide."
Manifesting as rash, itch, redness, and pain, these allergic reactions
impose a substantial burden on individuals” quality of life.' > Approx-
imately 20% of the population suffers from contact allergies, such as
allergic contact dermatitis (ACD), that can develop upon repeated
exposure to allergens. ACD is a delayed hypersensitivity reaction
initiated by highly reactive low-molecular-weight chemicals called
haptens. During sensitization, haptens form a complex with endoge-
nous proteins as carrier molecules, thereby forming an immunogenic
neo-antigen that induces antigen-specific T cells, which upon a sec-
ond contact with the hapten create a strong immune response leading
to an allergic reaction.*

Central to the immunopathogenesis of allergic reactions is chemo-
kine-mediated cell migration, orchestrating the recruitment of im-
mune cells to sites of inflammation.”® Among the chemokines impli-
cated in allergic skin diseases, CCL17 and CCL22 stand out as critical
mediators, binding to the chemokine receptor CCR4.”'® Elevated
serum levels of CCL17 and CCL22 have been consistently observed
in patients with atopic dermatitis, serving as potential biomarkers
for disease severity and early diagnosis of ACD, particularly in
children."” >

In mice, both chemokines are constitutively detectable in the skin
with an enhanced expression upon inflammation.'” Furthermore, it
was proven that CCR4-expressing T cells are recruited into the
skin after the induction of ACD.** In contact hypersensitivity
(CHS), the mouse model for ACD, a reduction of allergic symp-
toms was observed for CCL17-deficient (CCL17 /") mice,'”'®
whereas a deterioration of skin inflammation in CHS was detected
in CCR4 knockout (CCR4™/™) mice.”> Remarkably, simultaneous
antibody-mediated blockade of CCL17 and CCL22 did not
inhibit CHS or attract activated T cells to the skin.***® These un-
expected findings might be explained by differential signal trans-
duction of CCL17 and CCL22 following binding to CCR4, with a
dominance of CCL22 over CCL17, a phenomenon called
biased agonism.”” >’ Understanding the role of CCL22 in
allergic diseases not only sheds light on the underlying mecha-
nisms of allergic inflammation but it also underscores the impor-
tance of targeting chemokine signaling pathways for therapeutic
interventions.
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In a previous study, we demonstrated that blockade of CCL17 with
RNA aptamers via a systemic application route successfully sup-
pressed the allergic reaction in CHS.'® As CCL22 has previously
been described to preferentially attract regulatory T cells,”>*’
blockade of CCL22 could influence the development of allergic symp-
toms in CHS differently compared to CCL17. In the present study, we
specifically assessed the role of CCL22 in CHS and evaluated the po-
tential of a pharmacological blockade of CCL22 with DNA aptamers.

RESULTS

CCL22 deficiency ameliorates CHS

We first investigated the impact of a genetic deficiency of CCL22 on
CHS. Mice were sensitized on 2 consecutive days with 0.25% 1-fluoro-
2,4-dinitrobenzene (DNFB) in an olive oil-acetone mixture on the
shaved abdomen to induce an immune response against the DNFB-
self-peptide complex.”’ Four days later, mice were challenged with
the same hapten or vehicle control on the ears to elicit allergic symp-
toms (Figure 1A). The change in ear thickness served as an indicator
of the severity of the allergic reaction. Interestingly, CCL22-deficient
(CCL227'7) mice™ showed a significantly reduced ear swelling
response in CHS compared with wild-type (WT) mice (Figure 1B).
Thus, the CHS response of CCL22™'~ mice was similar to that of
CCL17~'~ mice but different from CCR4 '~ mice,"®* identifying
CCL22 as an additional potential therapeutic target for the treatment
of CHS.

Selection of CCL22-specific DNA aptamers

To inhibit CCL22-dependent T cell migration pharmacologically, we
developed CCL22-binding DNA aptamers by systematic evolution of
ligands by exponential enrichment (SELEX).>*** We conducted 10
selection cycles, progressively increasing the stringency of selection
(Figure S1; Table S1). To assess binding of the single-stranded (ss)
DNA library to CCL22, we employed a flow cytometry-based interac-
tion assay with Cy5-labeled ssDNA and CCL22 on magnetic beads.
The DNA library obtained after 10 selection cycles showed over
25-fold higher binding compared to the starting library (SL) (Fig-
ure 1C). Enrichment of CCL22-binding ssDNA was observed after
the 5th selection cycle, with DNA from the 8th cycle exhibiting a sub-
stantial 13-fold increase in binding compared to the SL. The DNA li-
braries obtained after selection cycles 3, 6, 8, and 10, as well as the SL
were subjected to next-generation sequencing (NGS), with 10°-10°
sequences analyzed per DNA library (Figure 1D). The analysis re-
vealed a continuous decline in the number of unique sequences,

reaching 30% after selection cycle 10 (Figure 1E). Likewise, the per-
centage of sequences with copy numbers exceeding 10,000 rose to
38% in selection cycle 10 (Figure 1F), suggesting a successful enrich-
ment of DNA sequences. The distribution of nucleotides in the ran-
domized region of the sequences also underwent changes from an
equal distribution of the four nucleotides in the SL to guanine being
the most frequently enriched nucleotide at many positions of the
random region after 10 selection cycles (Figures 1G, 1H, and S2).

Based on the analysis of the libraries enriched during selection, nine
of the most abundant sequences were chosen for further analysis (Fig-
ure 1I). Among these sequences, AJ1 (15.3%) and AJ81 (14.5%)
emerged as the most enriched sequences in selection cycle 10.
Throughout the selection cycles, stringency was gradually increased
by reducing the amount of CCL22, increasing washing steps, and
elevating the concentration of heparin as competitor. Consequently,
sequences experiencing a decline in frequency after selection cycle
8, with the exception of the highly enriched sequence AJ4, were
excluded from analysis due to their potential as being less specific
binders.

To assess the binding capabilities of the nine selected sequences to
CCL22, we used an enzyme-linked oligonucleotide assay (ELONA)
(Figure 1J). Eight out of nine sequences displayed binding affinity to-
ward CCL22. Notably, AJ4 did not recognize CCL22, suggesting it
may have represented a non-specific, easily amplifiable sequence
that accumulated during selection and subsequently diminished in
frequency with higher competitor concentrations beyond selection
cycle 8.

To test whether the aptamers functionally suppressed migration to-
ward CCL22, we tested their inhibitory capacity using an in vitro
transwell assay. This assay quantifies the migratory capacity of
CCR4-expressing T cell lymphoma cells (BW5.1473 cells) toward
CCL22 (12.8 nmol/well).* Aptamers were added in a 1:10-M ratio,
an equimolar ratio, and a 10:1-M ratio to CCL22. Medium was
used as a negative control and scrambled versions of the aptamers
were tested in equimolar ratios. All tested aptamer candidates showed
significant concentration-dependent inhibition of migration toward
CCL22 (Figures 2A-2H).

Sequence analysis of the eight inhibitory aptamer candidates revealed
three conserved sequence motifs (Figures 2I and 2J). Motif 1 was

Figure 1. Identification of CCL22 as a target for treatment of contact allergy and development of aptamers targeting murine CCL22

(A) Time line of the CHS mouse model. (B) The ear swelling response in CCL22 ’~ mice in the CHS model is significantly reduced compared to WT mice (n = 7, mean + SEM).
Data were tested for statistical significance by 2-way ANOVA with Bonferroni post hoc test (*p = 0.01-0.05; **p = 0.001-0.01; **p < 0.001; ***p < 0.0001). (C) Flow cy-
tometry-based interaction analysis of enriched DNA libraries from the SL and selection cycles 5, 8, and 10 to murine CCL22. (D) Frequency of unique sequences in selection
cycles 3, 6, 8, and 10. The frequency was calculated by dividing the overall number of sequences by the number of unique sequences. (E) Number of sequence reads in the
NGS analysis per selection cycle. (F) Fraction of sequences in the DNA population from selection cycles 3, 6, 8, and 10 sharing the indicated copy numbers. (G and H)
Nucleotide distribution in the random region of the SL and library from selection cycle 10. The nucleotides are evenly distributed in the SL, and preferences for particular
nucleotides at certain positions evolve during the selection. (I) Frequency of the most enriched sequences in selection cycles 3, 6, 8, and 10. Missing data points indicate that
the sequence could not be detected in the NGS data of the respective round. (J) DNA sequences identified by NGS were analyzed for binding to murine CCL22 by ELONA

(n =2, mean + SD).
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present in AJ81 and AJ82; motif 2 was found in AJ1, AJ25 and AJ104;
and motif 3 was observed in AJ21 and AJ102. We selected AJ82 and
AJ102 for further experiments as both aptamer candidates effectively
inhibited CCL22-dependent migration in the transwell migration
assay. Kinetic properties of the aptamer-protein interaction were as-
sessed by flow cytometry and surface plasmon resonance (SPR) ex-
periments. Flow cytometry (fluorescence-activated cell sorting) anal-
ysis revealed high affinity in the nanomolar range for both aptamers
to CCL22 on magnetic beads: 146.1 nM for AJ82 and 146.7 nM for
AJ102 (Figure S3). This high binding affinity was confirmed by SPR
analysis using aptamer-coated sensor chips and concentration series
of 1-270 nM unmodified CCL22 (Figures 3A and 3B). Equilibrium
dissociation constants of 24.8 and 10.7 nM were found for AJ82
and AJ102, respectively. As depicted in Figures 3A-3C, a very slow
dissociation of bound CCL22 from the aptamer-coated surface in
running buffer was detected.

To assess the specificity of AJ82 and AJ102, interaction analysis via
ELONA was conducted (Figure 3D). Results indicated that both ap-
tamer candidates exhibited no cross-reactivity with human CCL22
and murine or human CCL17.

To remove unnecessary nucleotides in the aptamer candidates, while
keeping nucleotides essential for target binding, we truncated AJ82
and AJ102 based on structure predictions by Mfold.*® For AJ82, a
structure featuring two hairpins was predicted. Consequently, we
explored the necessity of the individual hairpin structures (82.27
and 82.19) for binding, which, when isolated, did not bind CCL22
(Figures 4A and 4B). Furthermore, a truncated version of AJ82.59
was generated by removing nucleotides from the 3" and 5’ ends close
to the hairpin regions. To stabilize the stem region of the hairpin at
the 3’ end, a point mutation from dA to dC was inserted at position
49, resulting in increasing binding intensity. Further truncations re-
sulted in sequence 82.51. The removal of additional nucleotides
from the 3’ or 5 ends resulted in decreased or negligible binding to
CCL22 (Figure 4A). Likewise, sequence AJ102 was truncated based
on the Mfold structure bearing three hairpins (Figure 4C). Nucleo-
tides were systematically removed, leading to the shortest binding
sequence AJ102.29 (Figure 4D). Truncation of additional nucleotides
from the 5’ (AJ102.24) or 3’ end (AJ102.25) resulted in reduced or
negligible binding to CCL22. Point mutations in the region of the en-
riched motif within AJ102.29 revealed that mainly dG positions were
essential for target binding (Figure 4E). To identify potential
G-quadruplex (GQ)-forming sequences within AJ102.29, we used
the prediction tool QGRS Mapper.”” QGRS Mapper proposed two
G-tetrad layers from guanine residue 21 to 39, with a G-score of 16.

However, experimental analysis via circular dichroism (CD) of
AJ102 did not confirm the formation of a GQ structure (Figure S4).
Similarly, no GQ structure was validated for aptamer AJ82, despite
its GC content of 60.5% and the G-score of 21 indicating the likeli-
hood of a G-tetrad layers spanning from guanine 37 to 62.

Following truncation, the binding properties of both aptamers were
analyzed to ensure that truncation did not cause loss of affinity or
specificity. Notably, both aptamers showed improved affinities of
29.3 nM for AJ82.51 and 63.6 nM for AJ102.29 to CCL22, as deter-
mined by flow cytometry (Figures 3C and S3). Furthermore, the spec-
ificity of AJ82.51 and AJ102.29 was assessed against a variety of
related and unrelated chemokines, demonstrating that specificity
was maintained after truncation (Figures 4F and 4G). A 20-kDa
5'-polyethylene glycol tail and a 3'-dT cap structure (AJ82.51m,
AJ102.29m) were added to increase the half-life and prolong resis-
tance to renal clearance.”®*” Whether the modifications influenced
the ability of the aptamers to inhibit CCL22-dependent migration
was tested by performing transwell assays (Figure 5A). The inhibitory
capacity of the modified truncated aptamers AJ82.51m (Figure 5B)
and AJ102.29m (Figure 5C) were comparable to their parental ap-
tamers. Thus, the modifications did not alter functionality.

Inhibitory potential of CCL22-specific aptamers in vivo

Prior to in vivo application, both aptamers were tested for activation
of DNA sensing pattern recognition receptors, which could lead to
adverse immune responses (Figure 6). We determined the propensity
of the aptamers to trigger Toll-like receptor activation by assessing the
secretion of tumor necrosis factor (TNF) in immortalized murine em-
bryonic stem cell-derived immortalized macrophages. This revealed
that AJ82.51 and AJ82.51m, and to a lesser extent, their scrambled
controls, induced TNF secretion (Figure 6A). Thus, the application
of AJ82.51m might lead to the induction of innate immune responses
in vivo, and therefore it is not suitable for potential use in the CHS
mouse model. In contrast, AJ102.29m did not induce TNF secretion
(Figure 6B). To optimize the application time points of AJ102.29m
during CHS, the stability of the aptamer in mouse serum and in
DPBS was analyzed in comparison to the unmodified version
AJ102.29 (Figure S5). Both unmodified AJ102.29 (Figures S5A and
S5C) and modified AJ102.29m (Figures S5B and S5D) were stable
in DPBS during the first 48 h. In mouse serum, hydrolysis was
observed, which led to a decrease to 26% (AJ102.29) and 11%
(AJ102.29m) of the original amount of aptamer within the first 2 h.
After 48 h, 10% (AJ102.29) and 2% (AJ102.29m) of the DNA was still
intact. Incubation with DNAse I resulted in the same value as for the
no-template controls (Figure S5E). Therefore, to ensure sufficiently

Figure 2. Aptamer-dependent inhibition of migration toward mCCL22 in vitro and motifs enriched during CCL22 SELEX

(A-H) Migration of BW5147.3 cells toward CCL22 (12.8 nM) was measured in a transwell migration assay in the presence of aptamers. Full-length aptamers AJ1 (A), AJ21 (B),
AJ25 (C), AJ78 (D), AJ81 (E), AJ82 (F), AJ102 (G), and AJ104 (H) were tested in a 1:10 M ratio (1.28 nM), an equimolar ratio (12.8 nM), and a 10:1 M ratio (128 nM) along with
their scrambled control sequences. As control, migration without the addition of CCL22 or aptamers, as well as the migration toward CCL22 only were measured. Statistical
significance was calculated against migration toward CCL22 and tested by using ordinary 1-way ANOVA with post hoc Bonferroni test with n = 3-16 (mean + SEM, *p = 0.01-
0.05; **p = 0.001-0.01; **p < 0.001; ***p < 0.0001). (I) Frequency of 3 motifs common among the most enriched sequences. Motif 1 is found in AJ81 and AJ82. Motif 2 is
found in Ad1, AJ25, and AJ104. Motif 3 is found in AJ21 and AJ102. (J) Sequences of the motifs identified by MEME Suite.
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(A and B) Concentration-dependent binding of aptamer AJ82 (A) and AJ102 (B) measured by SPR using murine CCL22 as analyte and biotinylated aptamers as immobilized
ligands (n = 2, mean + SD). (C) Table of kinetic properties of the aptamers AJ82, AJ82.51, AJ102, and AJ102.29 as measured by flow cytometry or SPR. nd, not determined.
(D) Interaction analysis of aptamer AJ82 and AJ102 with murine CCL22, human CCL22, murine CCL17, human CCL17, and human CCL3 measured by an ELONA (n = 2-3,

mean + SD).

high levels of AJ102.29m in the circulation, two consecutive intraper-
itoneal injections of 10 nmol AJ102.29m, 12 h apart, were used to
investigate the therapeutic potential of AJ102.29 in vivo. As a suitable
application time point, we chose to apply the aptamer during the chal-
lenge phase—in other words, directly after the challenge and 12 h post
challenge (Figure 7A). Using this application regimen, AJ102.29m
significantly reduced ear swelling in WT mice, whereas the scrambled
control did not affect ear swelling (Figure 7B). CCL227'~ mice
showed the greatest decrease in ear swelling. Thus, pharmacological
blockage of CCL22 by intraperitoneally injected AJ102.29m signifi-
cantly reduced ear swelling after DNFB challenge.

For the potential treatment of ACD, topical application to the
affected skin would be advantageous compared to intraperitoneal
or intravenous administration, because it is non-invasive and can
be applied only to the affected sites, posing less risk of unwanted

6 Molecular Therapy: Nucleic Acids Vol. 35 September 2024

systemic side effects. Therefore, we first performed an ex vivo skin
test to evaluate whether the aptamer AJ102.29 could penetrate the
skin. In this experiment, we used fluorescently labeled AJ102.29 in
an amphiphilic DAC cream, a basic preparation according to the
German Drug Codex, which is commonly used by dermatologists
and pharmacologists for the topical application of drugs.*' Using
Franz cell diffusion chambers, we confirmed the penetration of
AJ102.29 into the epidermis and dermis of murine ear skin
(Figures 7C and 7D). The penetration was not dependent on the
ability of AJ102.29 to bind CCL22, as we also observed penetration
of AJ102.29ctrl into the epidermis and dermis similarly to AJ102.29
(Figures S6A and S6B), but detected no signal when applying DAC
cream only (Figure S6C). In addition, we tested the ability of the
non-supplemented DAC cream to ameliorate CHS, because benefi-
cial effects of emollients on contact allergy have been described.*”
However, we did not observe a difference between WT mice treated
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Figure 4. Truncation of aptamers and specificity of AJ82.51 and AJ102.29

(A) Flow cytometry-based interaction assay of truncated variants of aptamer AJ82 with CCL22. AJ82 was truncated from 80 to 51 nt, including an initial point mutation at
position 49 (dA to dC) for stabilization of the stem structure. (B and C) Structure predictions of aptamer AJ82 (B) and AJ102 (C) as predicted by Mfold web server. Shown is the
prediction for the full-length sequence. Colored nucleotides indicate the motif 1 in AJ82 and motif 2 in AJ102. Gray nucleotides were truncated. (D) Flow cytometry-based
interaction assay of truncated variants of aptamer AJ102 with CCL22. AJ102.29 was truncated from 80 to 29 nucleotides. AJ102.24 was truncated from the 5’ end, while
AJ102.25 was truncated from the 3’ end (n = 2, mean + SD). (E) Flow cytometry-based interaction analysis with AJ102 and point mutants within the motif region (n = 2,
mean + SD). Mainly dG positions are involved in target binding. (F and G) Interaction analysis of truncated 500-nM aptamers AJ82.51 (F) or AJ102.29 (G) with related
chemokines human CCL22, murine and human CCL17, human CCL3, human CXCL1, human CXCL9, human CXCL10, human CXCL11 and unrelated proteins human
serum albumin (HSA) and mitogen-activated protein kinase 1 (Erk2) measured by ELONA (n = 2, mean + SD).

with or without DAC cream and could only detect a reduction of
allergic symptoms in control mice deficient for CCL17 (Figure S7).
To investigate the potential of topically applied AJ102.29m to sup-
press allergic symptoms in CHS, 10 nmol AJ102.29m or its scram-
bled control in DAC cream was administered at the same time
points as before. Notably, mice that received AJ102.29m showed a
significant decrease in ear swelling at the DNFB-treated ears
compared with mice treated topically with the scrambled control
aptamer (Figure 7E). Compared with systemic application (Fig-
ure 7B), the inhibition of the allergic symptoms appeared slightly

more effective, close to that observed in CCL22™'~ mice. Thus,
AJ102.29m retained a similar inhibitory potential when adminis-
tered topically in DAC cream compared to systemic application
and was able to effectively suppress CHS via both routes.

DISCUSSION

In this study, we demonstrate both the importance of CCL22 for
development of CHS, as well as successful suppression of allergic
symptoms through pharmacological inhibition of CCL22 with
DNA aptamers. These findings are consistent with our previous study
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Figure 5. Inhibition of CCL22 mediated cell migration in vitro by truncated
and modified aptamers AJ82.51 and AJ102.29

(A) Schematic representation of the transwell migration assay. BW5147.3 cells were
placed in the upper layer of the insert with a permeable membrane, and CCL22 was
added at different concentrations to the lower compartment. Following an incu-
bation period, the cells that migrated through the membrane were quantified by flow
cytometry. (B and C) Migration of BW5147.3 cells toward CCL22 (12.8 nM) was
measured in a transwell migration assay in the presence of aptamers. Truncated
aptamers AJ82.51 (B) and AJ102.29 (C) and truncated and modified aptamers
AJ82.51m (B) and AJ102.29m (C) were tested in a 1:10 M ratio (1.28 nM), an
equimolar ratio (12.8 nM), and a 10:1 M ratio (128 nM). As control, migration toward
the control sequences AJ82.51 ctrl, AJ102.29 ctrl and AJ82.51m ctrl, AJ102.29m
ctrl (12.8 nM), without the addition of CCL22 or aptamers, as well as the migration
toward CCL22 only were measured. Statistical significance was calculated against
migration toward CCL22 and tested by using ordinary 1-way ANOVA with post hoc
Bonferroni test, with n = 7-15 (mean + SEM; ****p < 0.0001). ns, not significant.

in which we demonstrated that CCL17, another ligand of CCR4, was
required for ear swelling and immune cell infiltration in CHS, and
that the pharmacological blockade of CCL17 by RNA aptamers could
reverse this.'"® Despite the known biased agonism of CCL17 and
CCL22 regarding signal transduction through CCR4,””">** we
observed that genetic deficiency of either chemokine led to a similar
amelioration of CHS, whereas genetic absence or pharmacological
blockade of CCR4 enhances the allergic reaction or even induces
autoimmunity.”*>** Thus, biased agonism of CCL17 and CCL22
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apparently does not explain the different outcome of either CCL17
or CCL22 blockade and that of CCR4 deficiency or blockade. Alterna-
tively, our findings may be explained by a scenario that (1) CCL17 and
CCL22 are essential for immune cell infiltration during different
phases of extravasation into or migration within the skin’*”' or (2)
CCR4 plays a redundant role with other chemokine receptors in
the attraction of effector T cells to the skin, whereas it appears to be
essential for the recruitment of regulatory T cells to sites of inflamma-
tion or homing into the tumor microenvironment.'®>*>>* It should
also be noted that our data are not in line with earlier reports that
antibody-mediated inhibition of both CCL17 and CCL22 did not
result in the amelioration of CHS.>**® In these studies, additional
blockade of the CCR10 ligand CCL27 was required to inhibit the
CHS response. A possible explanation for this discrepancy could be
a higher affinity of the inhibitory aptamers to their targets, or a better
accessibility of the targets by aptamers as compared to antibodies
within the skin. In any case, the inhibitory efficiency of selective
blockade of either CCL17 or CCL22 is in agreement with the relative
resistance of CCL17- or CCL22-deficient mice to CHS. Consistently,
CCL22 levels are elevated in the serum of patients with ACD, sup-
porting its potential as a target for the development of therapeutics
for contact allergy.'® As administration of the CCR4 antibody moga-
mulizumab leads to severe adverse skin disorders when used as a
treatment for T cell lymphoma, Sézary syndrome, or mycosis fun-
goides,” ** blocking CCL22 by DNA aptamers might also be of rele-
vance as an alternative or supplemental option in combination with
mogamulizumab in cancer therapy.*’

Aptamers combine the advantageous properties of small molecules
and antibodies in that they are small, specific, generated by chemical
synthesis, and less likely to elicit an adverse immune response.”* >° To
date, effective topical application of nucleic acids has been reported
mainly in combination with nanoparticles, liposomes, peptides, or us-
ing lasers.”” Although topical application of RNA aptamers has been
reported,”*”” the doses applied were up to 57 times higher than the
one used in our study and required application of the aptamer before
induction of a skin lesion. A relevant feature of the aptamer
AJ102.29m used in this study is its short length of only 29 nt, which
may facilitate penetration of the aptamer through the epidermis
following topical application. To the best of our knowledge, our study
is the first to demonstrate effective topical delivery of a DNA aptamer
in a cream using the same dose that resulted in efficient systemic in-
hibition of the targets. We also performed comprehensive control ex-
periments and show direct evidence of penetration of both
AJ102.29m and its scrambled control aptamer into the epidermis
and dermis, whereas only AJ102.29m was able to functionally block
allergic skin inflammation.

In summary, we demonstrate that the chemokine CCL22 promotes
the development of CHS and that CCL22-specific DNA aptamers
significantly reduce allergic symptoms associated with CHS in mice.
Furthermore, we demonstrate that the DNA aptamers have therapeu-
tic benefit when they are applied directly to the skin in a cream formu-
lation, which extends their application beyond the current routes of
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Figure 6. AJ82.51 but not AJ102.29 induce TNF secretion in macrophages
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(A and B) Immortalized murine embryonic stem cell-derived macrophages were incubated with increasing concentrations of the immunostimulatory TLR9 ligand CpG along
with modified and unmodified aptamers AJ82.51 (A) or AJ102.29 (B) together with their respective control sequence. After 24 h of incubation, the TNF secretion in the

supernatant was measured.

administration of aptamers. For topical application, in particular, the
shorter in vivo half-life of aptamers as compared to antibodies may
also be beneficial. In this case, repeated application on the affected
skin is not problematic, and the treatment can be readily terminated
if required, depending on the actual need. Furthermore, the results of
this study have far-reaching implications, as they imply that topical
application of aptamers in creams may be effective not only in the
treatment of skin allergies but also in other skin-related diseases,
such as melanoma.

MATERIALS AND METHODS

Selection of CCL22-binding aptamers

The DNA library was purchased from Ella Biotech and is composed
of a 43-nt randomized region flanked by primer binding
sites (GCTGTGTGACTCCTGCAA-N43-GCAGCTGTATCTTGTC
TCC). Recombinant murine CCL22 (PeproTech) was immobilized
on carboxyl beads (Thermo Scientific) (Table S1). In the first selection
cycle, the SL (500 pmol) was incubated with unmodified carboxyl
beads (30 pL) in a total volume of 300 pL selection buffer (20 mM
HEPES, 110 mM NaCl, 5 mM KCl, 1 mM MgCl,, pH 7.4). The sample
was incubated for 30 min at 37°C and 1,000 rpm, and the supernatant
was used for incubation with CCL22 carboxyl beads (30 pL, ~833
pmol CCL22) for 30 min at 37°C and 1,000 rpm. The beads were
washed twice with selection buffer, and bound ssDNA was eluted
by heating the CCL22 beads in double-distilled (dd)H,O (50 pL) at
80°C for 5 min. The DNA was amplified using the forward primer
5'-GCTGTGTGACTCCTGCAA-3' and reverse primer 5'-GGAGA-
CAAGATACAGCTGC-3'. ssDNA was generated by lambda exonu-
clease (Thermo Fisher) digestion for 30 min at 37°C, and the ssDNA
was purified over silica columns (PCR Clean-up, Macherey-Nagel).
The amount of DNA obtained after purification was used for the
next selection cycle. To gradually increase the selection pressure,
the washing steps were increased while the amount of CCL22 was

decreased, and heparin was added as competitor from the 6th selec-
tion cycle on (Table S1). All oligonucleotides used in this study are
listed in Table S2.

Coupling of CCL22 to magnetic beads

Different amounts of recombinant murine CCL22 (PeproTech) as
stated in Table S1 were added to carboxyl beads (30 puL) in 25 mM
MES buffer (pH 5) and incubated for 4 h at 4°C with 20 rpm tilt rota-
tion. Beads were washed with Dulbecco’s PBS (DPBS; Gibco) contain-
ing 1 mg mL ™" BSA and 0.05% Tween 20. Unreacted carboxylic acid
groups were blocked by incubation in 50 mM Tris (pH 7.4) for 15 min
at 4°C. CCL22 beads were stored in DPBS with 0.01 mg mL ™" BSA at
4°C for a maximum of 3 days. Coupling of CCL22 on carboxyl
beads was validated by staining with an anti-CCL22 antibody
(mouse a-murine CCL22 [R&D Systems]) and fluorescently labeled
secondary antibody (goat a-mouse Alexa Fluor 647 (Jackson
ImmunoResearch) by flow cytometry.

ELONA

A total of 20 puL of a 1-pg mL™" protein solution in PBS was coated
on hydrophobic plates (96-well microplate, half-well, Microlon 600,
Greiner Bio One) overnight at 4°C while shaking slightly. Unbound
protein was removed by washing 3 times with 100 pL DPBS (Gibco)
containing 0.05% Tween 20. Wells were blocked with 5% BSA
(100 pL) solution in DPBS for 2 h at room temperature while
shaking slightly. Wells were washed 1 time with selection buffer
(see description of the respective selection) and incubated for
30 min at 37°C and 50 rpm with biotinylated aptamer solution
(500 nM, 20 pL) in selection buffer. Afterward, the wells were
washed 2 times with selection buffer (100 pL) and incubated with
a 1:1,000 dilution of streptavidin-biotin horseradish peroxidase
complex (50 pL) (GE Healthcare) in selection buffer for 30 min
at 37°C while shaking slightly. Wells were washed 2 times with
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Figure 7. Ex vivo and in vivo application of AJ102.29
results in effective reduction of contact
hypersensitivity symptoms and penetration of the
skin

(A) Time line of the contact hypersensitivity model appli-
cation time points of AJ102.29m. (B) Ear swelling of WT
mice that received PBS, 10 nmol AJ102.29m, or 10 nmol
AJ102.29mctrl intraperitoneally and of CCL22~"~ mice
24 h (day 1), 48 h (day 2), and 72 h (day 3) after application
of DNFB (solid lines) or vehicle (dashed lines). Data were
tested for statistical significance by 2-way ANOVA with
Bonferroni post hoc test (n = 6 WT PBS, WT AJ102.29
ctrl, WT AJ102.29 ctrl, n = 3 CCL227/~, mean + SEM;
*»p = 0.01-0.05; *p = 0.001-0.01; **p < 0.001;
****p < 0.0001). (C) Schematic representation of the
Franz-diffusion cell assay. Fluorescently labeled aptamer
in DAC cream was placed in the donor compartment.
The skin of a mouse ear was placed horizontally between
the donor and receptor compartment filled with RPMI
medium. After 24 h the skin sample was stained with
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Overlay

selection buffer (100 uL) and incubated with ABTS substrate solu-
tion (50 puL) (Thermo Scientific) for 30 min at room temperature
while shaking slightly. Absorbance at 405 nm was measured using
a TECAN spectrophotometer (NanoQuant Infinite M200).

Flow cytometry-based binding assay

For flow cytometry measurements, respective sequences were ampli-
fied using 5'-Cy5-labeled forward primers. Stated concentrations of
Cyb5-labeled ssDNA were incubated with protein-coupled beads
(1 pL) in selection buffer in a final volume of 20 pL. Samples were
incubated for 30 min at 37°C and 1,000 rpm. Beads were washed twice
with selection buffer (200 pL) and finally resuspended in 100 pL, and
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DAC cream + AJ102.29m

DAPI and analyzed by fluorescent micrsocopy to
investigate skin penetration of the aptamer. (D) DAPI-
stained sections of mouse ears treated with DAC cream
with or without Atto647 labeled AJ102.29 (10 pmol
mg~") in an ex vivo Franz-diffusion cell assay. (E) Ear
sweling of WT mice that received PBS, 10 nmol
AJ102.29m, or AJ102.29mctrl mixed in a DAC cream
and topically applied on the ear at the time of and 12 h
after challenge, and of CCL22~~ mice 24 h (day 1), 48 h
(day 2), and 72 h (day 3) after application of DNFB (solid
lines) or vehicle (dashed lines) (n = 4-5, mean + SEM).
Data were tested for statistical significance by 2-way
ANOVA with Bonferroni post hoc test (n = 5 per group,
mean = SEM; *p = 0.01-0.05; *p = 0.001-0.01;
***p < 0.001; “**p < 0.0001).

|Epidermis

1()0m

the fluorescence intensity was measured by flow
n— cytometry (FACSCanto II, BD Bioscience).

SPR

SPR measurements were performed using a
Reichert SR7000DC. Running buffer (20 mM
HEPES, 110 mM NaCl, 5 mM KCl, 1 mM
MgCl,, pH 7.4) and regeneration buffer
(100 mM EDTA, 50 mM NaCl, 0.01% SDS)
were filtered (0.22 um) prior to use. Biotinylated aptamer (50 nM
in 0.5 M NaCl) was immobilized on a streptavidin-coated sensor
chip (SCR SAD500L) at 25°C and a flow rate of 10 uL min ™' accord-
ing to the manufacturer’s instructions. The control aptamer was im-
mobilized as non-binding control with the same response unit on the
reference cell. The protein was injected at 37°C with a flow rate of
35 uL min~" for 270 s with a dissociation phase of 200 s. The affinity
was determined with TraceDrawer 1.9.2 using OneToOne model fit.

NGS
To identify individual aptamer sequences, DNA libraries obtained
from the 3rd, 6th, 8", and 10th selection cycle were analyzed by
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NGS. The preparation of NGS samples was performed as described in
Tolle and Mayer.*® In brief, the samples were PCR amplified using
primers containing different bar codes for each selection cycle. The
DNA of all 12 samples was then mixed and prepared using the
TruSeq DNA PCR-Free LT Kit (Illumina) according to the manufac-
turer’s instructions. Libraries were clustered at 7 pM supplemented
with PhiX on a TruSeq SR version 3 flow cell and sequenced over
75 bp on a HiSeq1500 (Illumina). The NGS data for the respective se-
lections were analyzed using in-house developed software.

Aptamer stability assay

A total of 100 pmol modified or unmodified AJ102.29 and AJ102.29ctrl
were incubated either in DPBS or mouse serum (Biowest) at 37°C for 0,
2,4,6,8,24,48,72,96,120, 168,216, or 288 h in a final volume of 100 pL.
At each time point, 1 pL sample was taken and diluted 1:500. In addi-
tion, 1 pL aptamer (t = 0 h) was digested using DNase I (Roche) for
30 min at 37°C before performing qPCR. The samples were amplified
by qPCR (Bio-Rad CFX96 Real-Time System) using the reverse primer
5'-GAGAACGCCCACCC-3' and the forward primer 5-TAGGC
GAGTGTGGGT-3' and the PowerSYBR Green PCR Master Mix
(Applied Biosystems). Forty PCR cycles were performed along with a
serial dilution of the t =0 h samples as standards. The data were analyzed
using the CFX Maestro software (Bio-Rad) and the resulting cycle
threshold values are depicted as reciprocal values.

CD spectroscopy

CD spectroscopy was performed to investigate whether AJ102 forms a
GQ structure. The spectrum of the sequence h17_11 does not contain
G-triplets and was thus recorded as negative control. The spectrum of
sequence C10.36°" folds into a parallel GQ and was recorded as pos-
itive control. For the measurement, a dilution of ssDNA (10 uM) was
prepared either in ddH,O or in selection buffer (20 mM HEPES,
110 mM NaCl, 5 mM KCl, 1 mM MgCl,, pH 7.4). Samples were heat-
ed to 85°C for 3 min, cooled to 37°C, and incubated for a further
30 min at 37°C. The samples were transferred into a cuvette directly
before the measurement with the Jasco J-810 Spectropolarimeter.
Spectra were recorded between 200 and 320 nm, and the data were
evaluated with Prism 8.0.

TNF homogeneous time-resolved fluorescence assay
Immortalized murine embryonic stem cell-derived macrophages
were seeded in 96-well plates, at 80,000 cells per well in complete
DMEM at a final volume of 90 pL. After an incubation period of 1
h, 10 pL of either the aptamer or the CpG oligonucleotide (employed
as a control) were added such that the final concentration was a series
ranging from 0.09 to 3 pM. Following the incubation period of 24 h at
37°C, 50 pL cell-free supernatant was collected from each well. The
cell-free supernatants were assessed for TNF using homogeneous
time-resolved fluorescence (Cisbio) according to the manufacturer’s
instructions as an indicator of immunogenicity.

Transwell migration assay
The transwell migration assay was performed based on the assay
described in Fille et al.'® and adapted to a 96-well system.

BW5147.3 cells were thawed 1 day prior to the assay and cultured
(RPMI + 10% fetal calf serum [FCS], penicillin-streptomycin, L-gluta-
mine). On the day of the assay, cells were starved for 3.5 h in starva-
tion medium (RPMI + 0.5% FCS, penicillin-streptomycin, L-gluta-
mine) at 37°C 5% CO,. The lower chambers of 96-well transwell
plates (5 um pores, Corning HTS Transwell 96-well permeable sup-
ports) were filled with starvation medium (235 pL) and supplemented
with recombinant murine CCL22 (PeproTech) (12.8 nM) and ap-
tamer or the matching aptamer control in a 1:10 M ratio
(1.28 nM), an equimolar ratio (12.8 nM), and a 10:1M ratio
(128 nM). The starved cells were adjusted to a concentration of
6.7 x 10° cells/mL and a 75-pL cell suspension was filled into the up-
per chambers. After a migration period of 2.5 h at 37°C 5% CO, the
transmigrated cells in the lower chamber were harvested and quanti-
fied using flow cytometry (FACS Symphony, BD Biosciences).

Mice

All mice were kept in the animal facility of the LIMES Institute, Uni-
versity of Bonn, under specific pathogen-free conditions. The exper-
iments were performed with female 8- to 12-week-old WT mice
(C57BL/6J-RCCHsd; Envigo), CCL227'™** mice or CCL17 7/~
mice.'” All experiments were performed according to German and
Institutional guidelines for animal experimentation and were
approved by the government of North Rhine-Westphalia (Az. 81-
02.04.2021.A092).

CHS

Mice were sensitized with DNFB (Sigma-Aldrich) (70 pL, 0.25%) in
acetone/olive oil (5:1) on the shaved abdomen at day —5 and
day —4. At day 0 mice were anesthetized to measure the baseline
ear thickness using a gauge caliper. Then, the animals were challenged
with DNFB (10 pL, 0.3%) in acetone/olive oil on the dorsal and
ventral side of the right ears. The left ears were treated with the vehicle
only. The ear thickness was measured blinded 24 h (day 1), 48 h (day
2), and 72 h (day 3) after the application of DNFB, and the swelling
was calculated by subtraction of the individual baseline thickness
(day 0) at the end of the experiment. For the aptamer injections,
AJ102.29m or AJ102.29mctrl (10 nmol) was administered intraperi-
toneally in PBS at the time of the challenge and 12 h post DNFB chal-
lenge. For the topical application AJ102.29m or AJ102.29mctrl
(10 nmol) was mixed in about 100 pL DAC cream and applied at
the time of the challenge and 12 h post challenge on the ventral
and dorsal sides of the ear. Mice were kept under anesthesia for
15 min to ensure absorption.

Franz-diffusion cell assay

After sacrifice, the ears of the mice were tape stripped 10 times, incu-
bated for 1 min in antibiotic/antimycotic reagent (Thermo Fisher),
and separated into dorsal and ventral halves. The dorsal side was
put on the lower chamber of an unjacketed Franz-diffusion cell
(2 mL volume, 5-mm pore), with the dermal side facing the receptor
chamber (PermeGear). DAC cream with or without fluorescently
labeled AJ102.29 or AJ102.29ctrl (10 pmol per mg) was applied on
the epidermal side of the skin. Donor and receptor chamber were
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tightly sealed with a clamp. The receptor chamber was filled with
2 mL RPMI (RPMI + 10% FCS, penicillin-streptomycin, L-gluta-
mine). After a 24-h incubation period on a magnetic stirrer at 37°C
5% CO, the Franz-diffusion cell was disassembled and the residual
cream on the skin removed. The skin was gently tapped with a Hank’s
balanced salt solution-drained tissue to remove the excess cream.
Subsequently, the skin sample was embedded into a cryo freezing me-
dium (Sakura Finetek Tissue-Tek O.C.T. Compound, Fisher Scienti-
fic), and 10-um sections were prepared for staining.

Immunofluorescence

The slides were thawed for 10 min at room temperature, washed with
DPBS for 5 min, and followed by a DAPI (Vectorlab) (1:10,000 in
PBS) staining and a second washing step with DPBS before mounting
in Mowiol/DABCO. Microscopy was performed with a BZ-9000 dig-
ital microscope (Keyence) using the 20x and 40x magnifications.

Statistical analysis

Data were tested for statistical significance with GraphPad Prism 9
(GraphPad Software) using 1-way or 2-way ANOV A with the Bonfer-
roni post hoc test for multiple comparisons. The level of significance
was denoted as *p = 0.01-0.05, *p = 0.001-0.01, **p < 0.001,
**xxp < 0.0001, as indicated in the figure legends.

DATA AND CODE AVAILABILITY
The data that support the findings of this study are available from the
corresponding authors on request.
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