1' frontiers
in Immunology

ORIGINAL RESEARCH
published: 24 April 2019
doi: 10.3389/fimmu.2019.00857

OPEN ACCESS

Edited by:
Daniela Bosisio,
University of Brescia, ltaly

Reviewed by:

Joanna Cichy,

Jagiellonian University, Poland
César Lopez-Camarillo,

Universidad Auténoma de la Ciudad
de México, Mexico

*Correspondence:

Miriam Wittmann
m.wittmann@leeds.ac.uk
Nicola J. Stonehouse
n.j.stonehouse@leeds.ac.uk

T Joint corresponding senior authors

Specialty section:

This article was submitted to
Inflammation,

a section of the journal
Frontiers in Immunology

Received: 02 October 2018
Accepted: 02 April 2019
Published: 24 April 2019

Citation:

Macleod T, Ward J, Alase AA,
Bridgewood C, Wittmann M and
Stonehouse NJ (2019) Antimicrobial
Peptide LL-37 Facilitates Intracellular
Uptake of RNA Aptamer Apt 21-2
Without Inducing an Inflammatory or
Interferon Response.

Front. Immunol. 10:857.

doi: 10.3389/fimmu.2019.00857

Check for
updates

Antimicrobial Peptide LL-37
Facilitates Intracellular Uptake of
RNA Aptamer Apt 21-2 Without
Inducing an Inflammatory or
Interferon Response

Tom Macleod’, Joseph Ward', Adewonuola A. Alase?, Charlie Bridgewood?,
Miriam Wittmann?3* and Nicola J. Stonehouse ™"

! Institute of Molecular and Cellular Biology, Faculty of Biological Sciences, University of Leeds, Leeds, United Kingdom,
2 Leeds Institute of Rheumatic and Musculoskeletal Medicine, Medicine and Health, University of Leeds, Leeds,

United Kingdom, ° National Institute for Health Research, Leeds Biomedical Research Centre, Leeds Teaching Hospitals,
Leeds, United Kingdom

RNA aptamers are synthetic single stranded RNA oligonucleotides that function
analogously to antibodies. Recently, they have shown promise for use in treating
inflammatory skin disease as, unlike antibody-based biologics, they are able to enter
the skin following topical administration. However, it is important to understand the
inflammatory milieu into which aptamers are delivered, as numerous immune-modulating
mediators will be present at abnormal levels. LL-37 is an important immune-modifying
protein upregulated in several inflammatory skin conditions, including psoriasis, rosacea
and eczema. This inflammatory antimicrobial peptide is known to complex nucleic
acids and induce both inflammatory and interferon responses from keratinocytes. Given
the attractive notion of using RNA aptamers in topical medication and the prevalence
of LL-37 in these inflammatory skin conditions, we examined the effect of LL-37
on the efficacy and safety of the anti-IL-17A RNA aptamer, Apt 21-2. LL-37 was
demonstrated to complex with the RNA aptamer by electrophoretic mobility shift and
filter binding assays. In contrast to free Apt 21-2, LL-37-complexed Apt 21-2 was
observed to efficiently enter both keratinocytes and fibroblasts by confocal microscopy.
Despite internalization of LL-37-complexed aptamers, measurement of infammatory
mediators and interferon stimulated genes showed LL-37-complexed Apt 21-2 remained
immunologically inert in keratinocytes, fibroblasts, and peripheral blood mononuclear
cells including infiltrating dendritic cells and monocytes. The findings of this study
suggest RNA aptamers delivered into an inflammatory milieu rich in LL-37 may become
complexed and subsequently internalized by surrounding cells in the skin. Whilst the
results of this study indicate delivery of RNA aptamers into tissue rich in LL-37 should not
cause an unwarranted inflammatory of interferon response, these results have significant
implications for the efficacy of aptamers with regards to extracellular vs. intracellular
targets that should be taken into consideration when developing treatment strategies
utilizing RNA aptamers in inflamed tissue.
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INTRODUCTION

RNA aptamers are synthetic single stranded RNA
oligonucleotides that bind targets with high specificity and
affinity. Whilst they function like antibodies, there are several
advantages presented by these molecules over their protein-
based counterparts, boasting improved thermostability, reduced
immunogenicity, and cheaper, more tractable production
by chemical synthesis (I, 2). RNA aptamers are becoming
an increasingly attractive immune-modulating tool for the
treatment of disease. In particular, they have great potential for
use in topical treatment of inflammatory skin conditions as they
are small in size and therefore may effectively penetrate the skin,
allowing direct treatment of diseased tissue without delivering
a systemic dose of antibody-based biologics. This has been
illustrated recently by delivering an anti-IL-23 RNA aptamer
into epidermal compartments of porcine and ex vivo skin (3).
However, when treating diseased tissue, it becomes important to
consider the altered inflammatory milieu into which the drug
is delivered.

In pathologically inflamed tissue, the upregulation of
immune-modifying cytokines and proteins may impact on
the efficacy of delivered RNA aptamers. One such protein is
the anti-microbial peptide cathelicidin (LL-37) (4-8). LL-37
is derived from the precursor hCAP18, which is proteolysed
to generate a biologically active C-terminal peptide of 37
amino acids, of which the first two are leucines (9). LL-37 is
produced in the skin primarily by keratinocytes in response to
invading micro-organisms and, once proteolytically activated,
functions as a microbicidal peptide. This cationic peptide (with
an a-helical structure) can bind the membranes of bacteria
and enveloped viruses, polymerise on membrane surfaces and
cause membrane disruption, killing invading organisms (10). In
recent years, it has become evident LL-37 possesses numerous
functions aside from its anti-microbial activity; many of which
are immunomodulatory. Interestingly with regards to RNA
aptamers, LL-37 has a high affinity for single and double
stranded nucleic acids and is capable of enhancing inflammation
through promoting toll-like receptor (TLR) activation (11-13).
Furthermore, LL-37 has been shown to shuttle complexed nucleic
acids across cell membranes (12, 14), primarily via receptor-
mediated endocytosis. However, in keratinocytes, uptake seems
to occur by mechanisms that do not require activation of specific
receptors (15, 16), promoting inflammatory and interferon
responses via both TLR and cytosolic nucleic acid sensors
such as the cGAS-STING and RIG-I Like Receptor (RLR)
pathways (17, 18).

LL-37 is found over-expressed in many of the most common
inflammatory skin conditions, including psoriasis, rosacea, and
eczema (5, 6, 19). These conditions together account for
a significant percentage of patients treated for skin-related
illnesses, with ~3%, 10-20%, and 10% of the population suffering
from psoriasis, rosacea and eczema, respectively. Recently, the
advent of biologic medicine has facilitated highly effective
treatment strategies for these conditions, yet the expense and
difficulties found in effective delivery limits biologic treatment
to the most severe of cases. Topically applied aptamer-based

treatments provide a cheaper and arguably more effective
alternative to protein-based biologics that would open the field
of biologic medicine to a much larger percentage of patients. IL-
17A is a pro-inflammatory protein that plays a central role in
initiating and perpetuating inflammation in psoriasis, and has
been targeted with great success using antibody-based biologic
treatments (20-22). Expressed by infiltrating immune cells in
the skin, IL-17 cytokines act on surrounding keratinocytes and
fibroblasts to induce expression of angiogenic and inflammatory
mediators crucial in the development of psoriatic lesions (23).
The anti-IL-17A RNA aptamer Apt 21-2 has also been shown
to effectively bind IL-17A, and we and others have previously
illustrated that Apt 21-2 may be suitable for use in treating
psoriatic plaques (24, 25). Given the attractive notion of using
RNA aptamers in topical medication and the prevalence of LL-37
in these inflammatory skin conditions, it is of great importance
to examine the effect of LL-37 on RNA aptamer efficacy and
safety. This work investigates the interaction between Apt 21-2
and LL-37, and the consequent effects on aptamer uptake and
immune activation.

METHODS

Reagents

RNA Aptamer Apt 21-2 (25) was synthesized to order
by Dharmacon GE Healthcare as 33 nucleotides (5% GGU
CUAGCCGGAGGAGUCAGUAAUCGGUAGACC 3') with 2/
fluoro-modified cytosine and uracil. A fluorescently tagged
Apt 21-2 was also synthesized by addition of a single
Cy3 molecule on the 5 end of the aptamer (Apt 21-2
Cy3) (24). Fluorochrome-conjugated antibodies were obtained
from Miltenyi Biotech (HLA-DR-FITC, CD11c-VioBlue, CD14-
VioBlue, CD19-VioBlue, IFNa-APC) or BioLegend (CD303-PE-
Cy7, CD123-BV711). For analysis of intracellular cytokines by
flow cytometry, cytokine secretion was inhibited by GolgiPlug
(BD Biosciences).

Primary Cell Isolation, Cell Culture, and
Ethics

Primary keratinocytes and fibroblasts from healthy donors
were purchased from PromoCell or isolated from healthy
volunteers respectively and were cultured as described previously
(26). The participants’ samples used for this study were
collected under ethical approval, REC 10/H1306/88, National
Research Ethics Committee Yorkshire and Humber-Leeds East.
All experiments were performed in accordance with relevant
guidelines and regulations.

PBMC Isolation

Whole blood anti-coagulated in heparin was collected from
healthy volunteers and PBMCs were isolated by density gradient,
followed by centrifugation using Greiner Leuco-Sep tubes (Sigma
Aldrich, Gillingham, UK). Isolated PBMCs were washed in
MACS buffer (D-PBS, 2mM EDTA, 0.5% BSA) followed by
1x wash in PBS. Cells were resuspended in RPMI 1640 (10%
FCS, 1% penicillin/streptomycin), plated in 24 well plates, and
immediately stimulated.
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Flow Cytometry

PBMCs were stimulated as detailed in the results in the presence
of GolgiPlug. Following stimulation, cells were washed in
PBS and resuspended in blocking buffer (10% mouse serum
and 1% IgG) for 15min at 4°C. Cells were then stained
for surface antigens (HLA-DR, CDll1c, CD14, CD19, CD303,
CD123) for 30 min at 4°C. Cells were washed and fixed and
permeabilized using IntraPrep kit (Beckman Coulter) according
to the manufacturer’s instructions. Cells were then washed and
stained for intracellular IFNa for 30 min at 4°C. Finally, cells
were washed, resuspended in PBS and analyzed by a BD LRSII
flow cytometer (BD Biosciences). Plasmacytoid dendritic cells
(pDCs) were identified as a HLA-DRMg&h, CD11cv, CD14%V,
CD19"°%, CD303Mg", CD123"8" population (gating strategy
outlined in Figure S1).

Confocal Microscopy

Cells were grown on poly-D-lycine coated coverslips to the
desired confluency prior to stimulation as detailed in the
results. Following stimulation, cells were subject to an acid
wash (200 mM acetic acid, 150 mM NaCl), were fixed in 4%
paraformaldehyde, and permeabilized with 0.3% saponin BSA
PBST before mounting on glass slides in mountant containing
DAPI. Cells were then imaged with a LSM880 confocal
microscope. Images were processed in Zen software.

Quantitative PCR

Quantitative real-time PCR was carried out by a QuantStudio
5 Real Time PCR System (ThermoFischer) and a AACT-
analysis formed from the generation of standard curves for
the housekeeping genes and genes of interest. RNA isolation
was carried out using the Direct-zol RNA MiniPrep kit
(Zymo Research). ¢cDNA was generated by SuperScript II
reverse transcriptase (Thermo Fischer Scientific) according to
the manufacturer’s protocol. Qiagen QuantiFast SYBR green
PCR was used to carry out the qRT-PCR according to the
manufacturer’s protocol.

ELISA

Nunc-ImmunoTM MicroWellTM 96 well plates (SIGMA) were
coated with capture antibody and ELISA proceeded as detailed
in manufacturer instructions using IL-8 ELISA MAX Standard
ELISA kit (BioLegend, Hatfield, UK), IFNa ELISA using
MT1/3/5 capture antibody and MT2/4/6 detection antibody
(Mabtech), and CXCL10 ELISA DuoSet (R&D Systems).

5 32p Labeling of Apt 21-2

Unlabeled Apt 21-2 (1 pg) synthesized by Dharmacon was
incubated at 37°C for 30 min in a reaction containing 2 pl of
T4 Poly nucleotide kinase (PNK) (NEB), 2 pl PNK buffer and
~30 iCi of 32p UTP in a total reaction size of 20 ul. Following
incubation, the reaction was terminated by heating to 65°C for
10 min and purified by ethanol precipitation and resuspension in
nuclease free water.

Electrophoretic Mobility Shift Assay
32p labeled aptamer and LL-37 were mixed at the concentrations
stated and incubated for 1h on ice. Native polyacrylamide gel

(7%) was prepared in TBE buffer and electrophoresis was carried
out in TBE buffer. Samples were loaded with 60 mM KCl, 10 mM
TRIS (pH 7.6), 40% glycerol and 0.01% bromophenol blue.
Following completion of the separation, the gels were fixed in
12% methanol and 10% acetic acid in dH,O, before drying in a
vacuum pumped gel dryer (Biorad) and imaged by exposure to a
phosphoscreen.

Filter Binding Assay

32P labeled aptamer and LL-37 were mixed at the concentrations
stated and incubated for 1 h on ice. Samples were drawn through
stacked nitrocellulose and nylon membranes using a slot-blot
device (Biorad). Filters were dried and imaged by exposure to a
phosphoscreen.

RNA Urea Gels

Urea gels (7% polyacrylamide, 7 M urea) were prepared in TBE
buffer for analysis of RNA stability. Samples were prepared by
addition of equal volume 2x NovexY TBE-Urea Sample Buffer
(ThermoFischer), incubated at 85°C, then cooled on ice prior to
loading on the urea gels. Gels were stained with 0.2% methylene
blue (0.4 M sodium acetate, 0.4 M acetic acid) for visualization
of RNA.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 7
software. Data were analyzed by one-way ANOVA to determine
overall differences, and a Tukey post hoc test to determine
statistical significance between groups.

RESULTS

LL-37 Interacts With RNA Aptamer Apt
21-2

LL-37 has been shown to interact with nucleic acids including
single and double stranded RNA, and this interaction is thought
to be mediated via positively charged residues on LL-37 (11,
13, 27). It therefore seems plausible for LL-37 to interact and
complex with RNA aptamers. To explore whether this is the
case, we incubated Apt 21-2 5 end labeled with 3P UTP
(100 nM) with increasing concentrations of LL-37 and separated
samples by electrophoretic mobility shift assay (EMSA). A
large observable shift in 32P-labeled aptamer occurs as the
concentration of LL-37 is increased, indicative of a higher order
protein and aptamer complex (Figure 1A). This interaction was
also observed when conducting a filter binding assay with the
same samples (Figure 1C). There is evidence of protein:RNA
complex formation at approximately the same concentration
as the observed shift in EMSA. Densitometry analysis of band
density in both EMSA and the filter binding assay show
a 50% reduction in free aptamer at ~2pM, indicating an
interaction between Apt 21-2 and LL-37 with an apparent Kp of
2 uM (Figures 1B,D).

LL-37-complexed RNA has been reported in the literature
to be less susceptible to degradation. We questioned whether
this would also be true of LL-37-complexed Apt 21-2. We
therefore incubated Apt 21-2 in the presence or absence of
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FIGURE 1 | Samples of Apt 21-2 (100 nM) combined with LL-37 (O to 100 M as indicated above lanes) were incubated for 1 h on ice. Samples were then separated
on a 7% native polyacrylamide gel (A) or by filter binding assay (C). Images are representative of 2 independent experiments. Densitometry was measured by ImageJ
software and plotted in GraphPad Prism as percentage density of control RNA band with no added LL-37 to estimate Kp Data shown are mean + SD (n = 2) (B,D).
Apt 21-2 (1 png) incubated with fetal calf serum at 37°C in the presence or absence of LL-37 (10 pg) for 5h. Samples taken at indicated time points, separated on a
7% polyacrylamide urea gel and visualized using methylene blue stain. Image representative of 3 independent experiments (E). Densitometry calculated by ImageJ
software and normalized to t = 0 band density as control. Band density plotted and half-life calculated in GraphPad Prism. Data shown are mean + SD (n = 3) (F).

LL-37 Facilitates Internalization of Apt 21-2

in Keratinocytes and Fibroblasts
LL-37 is known to cross plasma membranes through a variety of

LL-37 in fetal calf serum for 5h at 37°C and analyzed aptamer
degradation by separation of the samples on denaturing
(urea) gels. Within the 1st h Apt 21-2 alone had significantly

degraded. However, addition of LL-37 reduced the extent
of degradation (Figure 1E). Indeed, half-life of aptamer
alone was calculated as 11.5 £ 5.65min, whilst LL-37-
complexed aptamer was calculated to have a half-life of
202.4 + 82.95 min (Figure 1F).

mechanisms, and in doing so can facilitate internalization of its
binding partners. This has been shown to occur with poly(I:C)
in keratinocytes and both viral dsRNA and self-RNA released
from dying cells, as well as with other non-nucleic acid binding
partners such as LPS (28). Once LL-37 was identified to associate
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with Apt 21-2, we next examined whether this interaction (in
the presence of primary keratinocytes and fibroblasts) might
promote internalization of the RNA aptamer.

Primary keratinocytes and fibroblasts were treated with Cy3-
labeled Apt 21-2 (Apt 21-2 Cy3) and FITC-labeled poly(I:C) in
the presence or absence of LL-37 before analysis by confocal
microscopy. As previously reported, evidence of uptake (to a
low level) by keratinocytes was observable when Apt 21-2 Cy3
was added to cells alone (Figure2A). Conversely, no uptake
was observed by the fibroblasts (Figure 2B). However, with the
addition of 2.5 M LL-37 internalization of Apt 21-2 Cy3 was
greatly enhanced in both keratinocytes and fibroblasts, with
evidence of punctate aggregation and diffuse cytosolic staining
closely resembling that observed upon addition of both LL-
37 and FITC-poly(I:C). Indeed, whilst uptake of aptamer alone
was not observed in fibroblasts, significant internalization was
observed when added with LL-37 (Figure 2).

Given the hydrophobic nature of cyanine dyes and the
propensity of LL-37 to interact with various molecular partners,
it is important to confirm the observed interaction between LL-
37 and Apt 21-2 Cy3 is due to interaction with the aptamer RNA
rather than the cyanine label. To this end, reactions of FITC-LL-
37 and Apt 21-2 Cy3 were spiked with increasing concentrations
of unlabeled Apt 21-2 to compete for binding with LL-37 before
addition to cells (Figures 3B,C). As shown in Figure 3A, Apt
21-2 Cy3 appears to co-localize with the aggregated FITC-LL-
37, both in extracellular and intracellular aggregates. However,
a decrease in Cy3 fluorescence was observed corresponding with
increase in concentration of unlabeled Apt 21-2, suggesting the
uptake observed in Figures 2A,B is due to interaction between
LL-37 and RNA rather than LL-37 and Cy3. Furthermore,
addition of LL-37-FITC suggests co-localization of LL-37 and Apt
21-2 (Figure 3A), corroborating the results observed by EMSA
and the filter binding assay (Figure 1).

Apt 21-2 Does Not Induce an Inflammatory
or Interferon Response When Combined

With LL-37

Once associated with LL-37, dsRNA/LL-37 complexes can
facilitate an inflammatory and interferon response by enhancing
activation of TLRs after internalization of complexed RNA. This
has been illustrated for co-stimulation of LL-37 with poly(L:C),
self-RNA and DNA (29). Although small RNA aptamers are
known to be immunologically inert, the possibility of their
interaction with LL-37 allowing an immunological response must
be considered. We therefore stimulated primary keratinocytes
and fibroblasts with either Apt 21-2 or poly(I:C) in the presence
or absence of LL-37 and measured both IL-8 secretion and
mRNA expression of skin-relevant interferon stimulated genes
(ISGs) MxA, CXCL10, GBP-1, and the tissue-derived IFNA
(in keratinocytes), which has a significant role in tissue-based
antiviral activity (30, 31).

As has been previously reported, treatment with poly(I:C)
alone induced a strong response from primary keratinocytes,
eliciting both IL-8 secretion and ISG expression (Figures 4A,C).
Whilst addition of LL-37 alone had little effect on either IL-8

secretion or ISG expression, an additive effect was observed in
ISG expression when added in combination with poly(I:C) to
keratinocytes, and a synergistic increase in both ISG expression
and IL-8 secretion by fibroblasts. Primary keratinocytes, however,
appeared to secrete less IL-8 when challenged with both LL-37
and poly(I:C) (Figure 4). Whilst this does not seem to fit the
trend of our other results, this inhibition of poly(I:C)-induced
IL-8 secretion by LL-37 in keratinocytes has been previously
reported in the literature (13). Contrary to poly(I:C), stimulation
with Apt 21-2 did not induce IL-8 secretion or up-regulation of
measured ISGs. Furthermore, the addition of LL-37 and Apt 21-2
in combination had no significant effect on IL-8 secretion or ISG
expression in either keratinocytes or fibroblasts (Figure 4).

In addition to keratinocytes and fibroblasts, immune cells also
infiltrate into the dermis and epidermis, and are often found in
increased numbers during inflammation. Of these, plasmacytoid
dendritic cells (pDCs) and monocytes/macrophages are known
as significant producers of type 1 interferon and are known to
respond to LL-37-complexed nucleic acids (7, 11, 18, 27). We
therefore examined the response of pDCs to LL-37-complexed
Apt 21-2. Human PBMCs were stimulated with either Apt
21-2 or the TLRY agonist CpG oligodeoxynucleotide (ODN)
in the presence or absence of LL-37 for 12h, and pDC
intracellular IFNa production was assessed by flow cytometry.
Additionally, PBMCs were treated with either Apt 21-2 or
the TLR3 agonist poly(I:C) in the presence or absence of LL-
37 for 24h, and secreted IFNa and the interferon stimulated
chemokine CXCL10 were measured by ELISA (Figures 5C,D).
As shown in Figure 5A, whilst stimulation with CpG ODN
induced a modest increase in the percentage of IFNa™ pDCs,
no response was measured following Apt 21-2 stimulation.
When stimulated with both LL-37 and CpG ODN, a significant
increase in the percentage of IFNa™ pDCs was observed
over CpG ODN stimulation alone, as has been previously
reported (7) (Figure 5B). In contrast, no IFNa™ pDCs were
identifiable following stimulation with LL-37 and Apt 21-2 in
combination (Figure5A). In agreement with these findings,
PBMCs treated with poly(I:C) secreted significant amounts of
both IFNa and CXCL10, and these levels increased when treated
in combination with LL-37. However, treatment with Apt 21-
2 did not cause an elevation in secretion of IFNa or CXCL10
above that of non-stimulated cells, and the addition of LL-
37 in combination with Apt 21-2 had no significant effect
on the secretion of either IFNa or CXCL10 (Figures 5C,D).
These results suggest that despite the interaction between
Apt 21-2 and LL-37 and the increase in internalization of
the complexes, Apt 21-2 remains immunologically inert when
present with LL-37, unable to elicit an interferon or inflammatory
response. This remains true for both skin resident and infiltrating
immune cells.

DISCUSSION

In this study, we initially sought to determine whether LL-
37, a pro-inflammatory protein well documented to interact
with nucleic acid, can also complex with a single stranded
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FIGURE 2 | Healthy primary keratinocytes (A) and fibroblasts (B) were treated with Apt-21-2 Cy3 (100 nM; red) or FITC-conjugated poly(I:C) (1 wg/ml; green) in the
presence or absence of LL-37 (2.5 wM) for 24 h. Cells were washed with acid to remove extracellular RNA and imaged by confocal microscopy to assess uptake of
Apt 21-2 and poly(1:C). Nuclei were visualized with 4’-6-diamidion-2-phenylidole (DAPI) (bars = 20 um). Images are representative of three independent experiments.

FITC poly(l:C)

20 pm

20 pm

RNA aptamer. We tested this by electrophoretic mobility shift
assay, filter binding assay, and confocal microscopy, all of which
provided evidence of interaction. Analysis by EMSA and filter
binding established that, in a controlled reaction, LL-37 interacts
with Apt 21-2 with an apparent Kp of ~2 uM, and when added
to cells in combination we observed strong co-localization of the
aptamer and protein. This observation is perhaps not surprising
as LL-37 is well documented to complex with both single and
double stranded self-RNA and exogenous RNA, in addition to
DNA (11, 13, 27). Indeed, Ganguly et al. postulated that LL-
37 may preferentially bind structured RNA containing double
stranded regions and stem loops. However, by illustrating the
ability of LL-37 to complex small chemically modified RNA
aptamers we bring to light the possibility that any RNA aptamers

delivered into an environment rich in LL-37 may become
complexed and potentially sequestered by the antimicrobial
peptide. Keratinocytes have been shown to significantly increase
production of LL-37 in response to cytokines associated with
psoriasis (32). Whilst exact concentrations of LL-37 in the skin
is unclear, it has been observed that psoriatic lesions contain
a median of 304 uM LL-37 (5). Delivering an aptamer into
such high concentrations, in this case ~150 times higher than
the apparent Kp, it seems likely that a proportion of the
delivered aptamer will become complexed. Whilst this study
was conducted in the context of skin-based inflammation, LL-37
expression is found over-expressed in several diseases and tissues,
including inflammatory bowel disease and rheumatoid arthritis,
and has been measured up to ~6 uM in bronchoalveolar lavage
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FIGURE 3 | Healthy primary keratinocytes were treated with Apt-21-2 Cy3 (100 nM; red) and FITC-labeled LL-37 (2.5 wM; green) with either O wM (A), 1 wM (B), or
5 M (C) unlabeled Apt 21-2 to compete with Apt 21-2 Cy3 for binding with LL-37. Cells were washed with acid to remove extracellular RNA and imaged by confocal
microscopy to assess uptake of aptamer. Nuclei were visualized with DAPI (bars = 20 um). Images are representative of 2 independent experiments.
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fluid extracted from infants suffering systemic inflammation,
and so should be considered when treating any inflamed
area (33-35). Even in healthy human sweat, LL-37 can
be found at a concentration of ~1pM, which may have
considerable implications when using a topically administered
RNA aptamer (36).

A significant finding of the work conducted in this study
is the observation that LL-37-complexed aptamer is efficiently
internalized by both keratinocytes and fibroblasts. Whilst
keratinocytes are known to actively take up extracellular
components quite readily by macropinocytosis, fibroblasts
are not known to do so. Indeed, our previous work has
demonstrated that when added to keratinocytes and fibroblasts
alone, keratinocytes take up RNA aptamers, but the fibroblasts
do not (24). However, as demonstrated here, when complexed
with LL-37, the aptamer is internalized by both fibroblasts
and keratinocytes, with confocal microscopy exhibiting striking
intracellular staining in both keratinocytes and fibroblasts with
a slight punctate appearance in keratinocytes. Internalization
of LL-37-complexed nucleic acid has been previously reported
in the context of keratinocytes and dendritic cells, however,
to our knowledge this is the first time it has been described
in fibroblasts (11, 17, 27). Indeed, these novel observations
have significant implications when considered in the context
of using RNA aptamers to treat inflammatory skin conditions

and may influence how and where RNA aptamers might be
delivered for treatment of extracellular or intracellular targets.
As the results presented in this work show both keratinocytes
and fibroblasts will internalize RNA aptamers complexed by LL-
37, an extracellular target in either the dermis or epidermis
may prove difficult to treat in this manner in inflamed skin
tissue. Conversely, as internalization appears to be so effective
in the presence of LL-37, it may be possible to utilize this
mechanism as a method of targeting intracellular pathways and
molecules. Considering these observations, it seems natural to
suggest when using RNA aptamers to treat inflammatory skin
conditions where LL-37 is strongly expressed that intracellular
targets may be more desirable than extracellular. We have
previously reported that free RNA aptamers taken up by cells
enter the endosomal/lysosomal pathway, however whether these
aptamers escaped the endosomal network is unclear (37). It
is also unclear as to the effect that LL-37 complexing might
have on intracellular trafficking of internalized complexes,
and whether complexed aptamers might be able to access
cytosolic targets. These possibilities should be further explored
by delineating the mechanism by which LL-37 facilitates entry
of complexed aptamers to facilitate identification of the fate of
internalized complexes.

LL-37 has been reported to increase stability of complexed
RNA, inhibiting RNase-mediated degradation (27). By
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FIGURE 4 | inflammatory response supernatants were harvested 24 h post-stimulation and IL-8 measured by ELISA (A,B). Data shown are mean + SD from
independent experiments. n = 3, ANOVA, “**p < 0.0001 (A) n = 2 (B). To assess interferon response RNA was harvested at 6 h post stimulation and mRNA
expression of the interferon-stimulated genes CXCL10, GBP-1, MxA, and IFNA was measured by gPCR normalized to U6 housekeeping gene presented as AACqQ.
ANOVA, *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. Data shown are mean + SEM with individual data points of independent experiments, n = 3 (C,D).
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FIGURE 5 | PBMCs were isolated from whole blood and treated with LL-37 (2.5 LM), Apt 21-2 (100 nM; 21-2), CpG ODN (2.5 pM; CpG), LL-37 + Apt 21-2 (2.5 uM
+ 100nM), LL-37 + CpG ODN (2.5 wM each), or left untreated (NS) for 12h at 37°C 5% CO». The isotype control was treated with CpG (2.5 wM). After 1 h of
stimulation, GolgiPlug was added to all cells (1 I per ml of media). Following stimulation, the percentage of IFNa™ pDCs was determined by flow cytometry. pDCs
were identified using the gating strategy outlined in Figure S1. A representative set of dot plots for one donor is shown (A) with a graph plotting mean fluorescence
intensity (MFI) of IFN« for each donor (B). Data shown are mean + SEM with individual data points of independent donors, n = 3, ANOVA, *p < 0.01, **p < 0.001.
C- PBMCs were stimulated as in A but substituting CpG ODN with poly(l:C) (100 pwg/ml) and without addition of GolgiPlug. Cells were incubated for 24 h at 37°C 5%
CO». Supernatants were harvested and tested for [FNa (C) and CXCL10 (D) by ELISA. Data shown are mean + SEM with individual points of independent donors.
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incubating LL-37-complexed and free Apt 21-2 with fetal
calf serum we have illustrated this is also true for LL-37-
complexed RNA aptamers. This may have implications for
the efficacy of RNA aptamers in inflammatory milieu as they
may persist for longer in a LL-37 rich environment if provided
protection by complexing. Indeed, this may prove beneficial if
complexed aptamers remain functional, however, this is currently
unknown. As LL-37-nucleic acid complexes have been observed
to dissociate once internalized into acidic endosomes, it seems
plausible that complexed and internalized aptamers may also be
released and so available to bind targets (38). It may, therefore,
be interesting to examine the kinetics of binding between LL-37

and RNA aptamers under various physiological conditions as
this may provide key information on the availability of RNA
aptamers when present in LL-37-rich tissue.

An important consideration which comes to light from
demonstrating that RNA aptamers are both complexed and
internalized with LL-37 is the effect this has on immune
activation. RNA aptamers are considered immunologically inert,
however, with LL-37 known to be an immunomodulatory protein
that can significantly enhance the inflammatory properties
of nucleic acids through mechanisms that are not entirely
characterized, it is important to explore whether LL-37-
complexed RNA aptamers become immunologically stimulatory.

Frontiers in Immunology | www.frontiersin.org

April 2019 | Volume 10 | Article 857


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Macleod et al.

LL-37, Aptamer Complexes and Inflammation

Previous work has shown that LL-37 complexed with ssRNA
can initiate inflammatory signaling through TLR7 and TLR8 in
pDCs once delivered into endosomal compartments, however,
the results obtained in our study show that whilst LL-37-
complexed aptamers were delivered intracellularly, no activation
of cells was observed following treatment of either healthy
pDCs, PBMCs, keratinocytes or fibroblasts with complexed
aptamer (27). Whilst expression of TLR7 and TLR8 in healthy
keratinocytes is not clearly defined, with contradictory evidence
published in the literature, fibroblasts reportedly express both,
and the pDC response to LL-37-complexed ssRNA has been
previously described (27, 39). In addition to pDCs, monocytes
are also known to infiltrate into the epidermis in inflamed tissue
and can also contribute to IFN production in response to LL-37-
complexed nucleic acids (18). Whilst pDCs effectively respond
to ssRNA, they are poor expressers of TLR3 and therefore
do not respond well to dsRNA (40). Monocytes/macrophages,
however, express high levels of TLR3 and generate IFN in
response to dsRNA (41). Despite this, neither pDCs nor
isolated PBMCs (containing pDCs, conventional DCs and
monocytes/macrophages) generated an IFN response to LL-37-
complexed aptamer. These results therefore suggest aptamer 21-
2:LL-37 complexes are unable to activate TLR7/8 or TLR3. LL-37
is thought to enhance activation of TLR3 through complexing
dsRNA and producing crystalline structures that more effectively
initiate TLR3 by engaging several receptors, inducing receptor
clustering and immune amplification (42). The efficacy of these
crystalline structures was found to depend on the length of
dsRNA present in the crystals, so it is possible that Apt 21-2
does not contain long enough dsRNA tracts to form the correct
crystal structure with LL-37 and so does not activate TLR3 in
this manner. However, larger RNA aptamers may contain longer
stretches of duplexed RNA, therefore further research to examine
the effect of aptamer length on TLR activation may be necessary.

In conclusion, this work has illustrated the importance of
understanding the environment into which an RNA aptamer
is being delivered when treating inflammatory disease. In

REFERENCES

1. Keefe AD, Pai S, Ellington A. Aptamers as therapeutics. Nat Rev Drug Discov.
(2010) 9:537-50. doi: 10.1038/nrd3141

2. Germer K, Leonard M, Zhang X. RNA aptamers and their therapeutic and
diagnostic applications. Int ] Biochem Mol Biol. (2013) 4:27-40.
3. Lenn JD, Neil J, Donahue C, Demock K, Tibbetts CV, Cote-Sierra J, et al.
RNA aptamer delivery through intact human skin. J Invest Dermatol. (2018)
138:282-90. doi: 10.1016/j.jid.2017.07.851
. Frohm M, Agerberth B, Ahangari G, Stahle-Bickdahl M, Lidén S, Wigzell H,
et al. The expression of the gene coding for the antibacterial peptide LL-37 is
induced in human keratinocytes during inflammatory disorders. J Biol Chem.
(1997) 272:15258-63. doi: 10.1074/jbc.272.24.15258
5. Ong PY, Ohtake T, Brandt C, Strickland I, Boguniewicz M, Ganz T, et al.
Endogenous antimicrobial peptides and skin infections in atopic dermatitis.
N Engl ] Med. (2002) 347:1151-60. doi: 10.1056/NEJMo0a021481

6. Yamasaki K, Di Nardo A, Bardan A, Murakami M, Ohtake T, Coda
A, et al. Increased serine protease activity and cathelicidin promotes
skin inflammation in rosacea. Nat Med. (2007) 13:975-80. doi: 10.10
38/nm1616

particular, it has shown that RNA aptamers delivered into
inflamed tissue rich in the anti-microbial peptide LL-37 will
become complexed and internalized by surrounding cells.
Despite evidence of complexing and internalization, we did
not observe any inflammatory or interferon response from
keratinocytes, fibroblasts, or PBMCs, suggesting RNA aptamers
should be safe for use when delivered into inflamed skin.
However, the observation that LL-37-complexed aptamers
are internalized by surrounding cells should be taken into
consideration when developing an RNA aptamer-based
treatment for an extracellular target in inflamed tissue with high
levels of LL-37, as cells may sequester complexed aptamers away
from their targets.

AUTHOR CONTRIBUTIONS

TM, JW, CB, and AA undertook experimental work. NS and MW
designed and supervised the study. All authors contributed to
writing the manuscript, with TM taking the leading role.

FUNDING

The research is supported by the MRC and the National Institute
for Health Research (NIHR) Leeds Biomedical Research Center.
The views expressed are those of the author(s) and not necessarily
those of the NHS, the NIHR or the Department of Health.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the MRC Confidence in
Concept for funding.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.00857/full#supplementary-material

7. Hurtado P, Peh CA. LL-37 promotes rapid sensing of CpG
oligodeoxynucleotides by B lymphocytes and plasmacytoid dendritic
cells. J Immunol. (2010) 184:1425-35. doi: 10.4049/jimmunol.0902305

8. Kim JE, Kim BJ, Jeong MS, Seo SJ, Kim MN, Hong CK, et al. Expression
and modulation of LL-37 in normal human keratinocytes, HaCaT cells,
and inflammatory skin diseases. ] Korean Med Sci. (2005) 20:649-54.
doi: 10.3346/jkms.2005.20.4.649

9. Gudmundsson GH, Agerberth B, Odeberg ], Bergman T, Olsson B, Salcedo

R. The human gene FALL39 and processing of the cathelin precursor to the

antibacterial peptide LL-37 in granulocytes. Eur ] Biochem. (1996) 238:325-32.

doi: 10.1111/j.1432-1033.1996.0325z.x

Durr UH, Sudheendra US, Ramamoorthy A. LL-37, the only human

member of the cathelicidin family of antimicrobial peptides. Biochim

Biophys  Acta. (2006) 1758:1408-25. doi: 10.1016/j.bbamem.2006.

03.030

. Lande R, Gregorio J, Facchinetti V, Chatterjee B, Wang YH, Homey B, et

al. Plasmacytoid dendritic cells sense self-DNA coupled with antimicrobial

peptide. Nature. (2007) 449:564-9. doi: 10.1038/nature06116

Zhang X, Oglecka K, Sandgren S, Belting M, Esbjorner EK, Nordén B, et al.

Dual functions of the human antimicrobial peptide LL-37-target membrane

Frontiers in Immunology | www.frontiersin.org

10

April 2019 | Volume 10 | Article 857


https://www.frontiersin.org/articles/10.3389/fimmu.2019.00857/full#supplementary-material
https://doi.org/10.1038/nrd3141
https://doi.org/10.1016/j.jid.2017.07.851
https://doi.org/10.1074/jbc.272.24.15258
https://doi.org/10.1056/NEJMoa021481
https://doi.org/10.1038/nm1616
https://doi.org/10.4049/jimmunol.0902305
https://doi.org/10.3346/jkms.2005.20.4.649
https://doi.org/10.1111/j.1432-1033.1996.0325z.x
https://doi.org/10.1016/j.bbamem.2006.03.030
https://doi.org/10.1038/nature06116
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Macleod et al.

LL-37, Aptamer Complexes and Inflammation

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

perturbation and host cell cargo delivery. Biochim Biophys Acta. (2010)
1798:2201-8. doi: 10.1016/j.bbamem.2009.12.011

Chen X, Takai T, Xie Y, Niyonsaba F, Okumura K, Ogawa H. Human
peptide LL-37 modulates proinflammatory responses
induced by cytokine milieus and double-stranded RNA in human
keratinocytes.  Biochem  Biophys Res (2013)  433:532-7.
doi: 10.1016/j.bbrc.2013.03.024

Sandgren S, Wittrup A, Cheng E Jonsson M, Eklund E, Busch S, et
al. The human antimicrobial peptide LL-37 transfers extracellular DNA
plasmid to the nuclear compartment of mammalian cells via lipid rafts
and proteoglycan-dependent endocytosis. ] Biol Chem. (2004) 279:17951-6.
doi: 10.1074/jbc.M311440200

Xhindoli D, Morgera F, Zinth U, Rizzo R, Pacor S, Tossi A. New aspects of
the structure and mode of action of the human cathelicidin LL-37 revealed
by the intrinsic probe p-cyanophenylalanine. Biochem J. (2015) 465:443-57.
doi: 10.1042/BJ20141016

Braff MH, Hawkins MA, Di Nardo A, Lopez-Garcia B, Howell MD, Wong
C, et al. Structure-function relationships among human cathelicidin peptides:
dissociation of antimicrobial properties from host immunostimulatory
activities. ] Immunol. (2005) 174:4271-8. doi: 10.4049/jimmunol.174.7.4271
Takahashi T, Kulkarni NN, Lee EY, Zhang L], Wong GCL, Gallo RL.
Cathelicidin promotes inflammation by enabling binding of self-
RNA to cell surface scavenger receptors. Sci Rep. (2018) 8:4032.
doi: 10.1038/s41598-018-22409-3

Chamilos G, Gregorio J, Meller S, Lande R, Kontoyiannis DP, Modlin
RL, et al. Cytosolic sensing of extracellular self-DNA transported into
monocytes by the antimicrobial peptide LL37. Blood. (2012) 120:3699-707.
doi: 10.1182/blood-2012-01-401364

Ballardini N, Johansson C, Lilja G, Lindh M, Linde Y, Scheynius A, et
al. Enhanced expression of the antimicrobial peptide LL-37 in lesional
skin of adults with atopic eczema. Br ] Dermatol. (2009) 161:40-7.
doi: 10.1111/j.1365-2133.2009.09095.x

Cui L, Chen R, Subedi S, Yu Q, Gong Y, Chen Z, et al. Efficacy
and safety of biologics targeting IL-17 and IL-23 in the treatment of
moderate-to-severe plaque psoriasis: a systematic review and meta-analysis
of randomized controlled trials. Int Immunopharmacol. (2018) 62:46-58.
doi: 10.1016/j.intimp.2018.06.020

Schon MP, Erpenbeck L. The Interleukin-23/Interleukin-17 axis links
adaptive and innate immunity in psoriasis. Front Immunol. (2018) 9:1323.
doi: 10.3389/fimmu.2018.01323

Brembilla NC, Senra L, Boehncke WH. The IL-17 family of cytokines
in psoriasis: IL-17A and beyond. Front Immunol. (2018) 9:1682.
doi: 10.3389/fimmu.2018.01682

Lynde CW, Poulin Y, Vender R, Bourcier M, Khalil S. Interleukin 17A: toward
a new understanding of psoriasis pathogenesis. ] Am Acad Dermatol. (2014)
71:141-50. doi: 10.1016/j.jaad.2013.12.036

Doble R, McDermott MF, Cesur O, Stonehouse NJ, Wittmann M. IL-17A RNA
aptamer: possible therapeutic potential in some cells, more than we bargained
for in others? ] Invest Dermatol. (2014) 134:852-5. doi: 10.1038/jid.2013.399
Ishiguro A, Akiyama T, Adachi H, Inoue J, Nakamura Y. Therapeutic potential
of anti-interleukin-17A aptamer: suppression of interleukin-17A signaling
and attenuation of autoimmunity in two mouse models. Arthritis Rheum.
(2011) 63:455-66. doi: 10.1002/art.30108

Ainscough ]S, Macleod T, McGonagle D, Brakefield R, Baron JM, Alase
A, et al. Cathepsin S is the major activator of the psoriasis-associated
proinflammatory cytokine IL-36gamma. Proc Natl Acad Sci USA. (2017)
114:E2748-57. doi: 10.1073/pnas.1620954114

Ganguly D, Chamilos G, Lande R, Gregorio J, Meller S, Facchinetti
V, et al. Self-RNA-antimicrobial peptide complexes activate human
dendritic cells through TLR7 and TLR8. | Exp Med. (2009) 206:1983-94.
doi: 10.1084/jem.20090480

Shaykhiev R, Sierigk J, Herr C, Krasteva G, Kummer W, Bals R.
The antimicrobial peptide cathelicidin enhances activation of lung
epithelial cells by LPS. FASEB ]. (2010) 24:4756-66. doi: 10.1096/fj.
09-151332

antimicrobial

Commun.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Morizane S, Yamasaki K, Miihleisen B, Kotol PE, Murakami M, Aoyama Y, et
al. Cathelicidin antimicrobial peptide LL-37 in psoriasis enables keratinocyte
reactivity against TLRY ligands. ] Invest Dermatol. (2012) 132:135-43.
doi: 10.1038/jid.2011.259

Ank N, Iversen MB, Bartholdy C, Staeheli P, Hartmann R, Jensen
UB, et al. An important role for type III interferon (IFN-lambda/IL-
28) in TLR-induced antiviral activity. J Immunol. (2008) 180:2474-85.
doi: 10.4049/jimmunol.180.4.2474

Zahn S, Rehkdmper C, Kiimmerer BM, Ferring-Schmidt S, Bieber T, Tiiting
T, et al. Evidence for a pathophysiological role of keratinocyte-derived type III
interferon (IFNlambda) in cutaneous lupus erythematosus. ] Invest Dermatol.
(2011) 131:133-40. doi: 10.1038/jid.2010.244

Peric M, Koglin S, Kim SM, Morizane S, Besch R, Prinz JC, et al. IL-17A
enhances vitamin D3-induced expression of cathelicidin antimicrobial
peptide in human keratinocytes. ] Immunol. (2008) 181:8504-12.
doi: 10.4049/jimmunol.181.12.8504

Kusaka S, Nishida A, Takahashi K, Bamba S, Yasui H, Kawahara M, et
al. Expression of human cathelicidin peptide LL-37 in inflammatory bowel
disease. Clin Exp Immunol. (2018) 191:96-106. doi: 10.1111/cei.13047
Hoffmann MH, Bruns H, Bickdahl L, Neregard P, Niederreiter B, Herrmann
M, et al. The cathelicidins LL-37 and rCRAMP are associated with pathogenic
events of arthritis in humans and rats. Ann Rheum Dis. (2013) 72:1239-48.
doi: 10.1136/annrheumdis-2012-202218

Schaller-Bals S, Schulze A, Bals R. Increased levels of antimicrobial peptides in
tracheal aspirates of newborn infants during infection. Am J Respir Crit Care
Med. (2002) 165:992-5. doi: 10.1164/ajrccm.165.7.200110-020

Murakami M, Ohtake T, Dorschner RA, Schittek B, Garbe C, Gallo
RL. Cathelicidin anti-microbial peptide expression in sweat, an innate
defense system for the skin. J Invest Dermatol. (2002) 119:1090-5.
doi: 10.1046/j.1523-1747.2002.19507 x

Cesur O, Nicol C, Groves H, Mankouri J, Blair GE, Stonehouse NJ. The
subcellular localisation of the Human Papillomavirus (HPV) 16 E7 protein
in cervical cancer cells and its perturbation by RNA aptamers. Viruses. (2015)
7:3443-61. doi: 10.3390/v7072780

Singh D, Vaughan R, Kao CC. LL-37 peptide enhancement of signal
transduction by Toll-like receptor 3 is regulated by pH: identification
of a peptide antagonist of LL-37. ] Biol Chem. (2014) 289:27614-24.
doi: 10.1074/jbc.M114.582973

Yao C, Oh JH, Lee DH, Bae JS, Jin CL, Park CH, et al. Toll-like receptor
family members in skin fibroblasts are functional and have a higher
expression compared to skin keratinocytes. Int ] Mol Med. (2015) 35:1443-50.
doi: 10.3892/ijmm.2015.2146

P, Tamura T, Ozato K.
interferon induction in dendritic cells.
doi: 10.1038/sj.cr.7310018

Hansmann L, Groeger S, von Wulffenr W, Bein G, Hackstein H.
Human monocytes represent a competitive source of interferon-alpha in
peripheral blood. Clin Immunol. (2008) 127:252-64. doi: 10.1016/j.clim.2008.
01.014

Lee EY, Takahashi T, Curk T, Dobnikar J, Gallo RL, Wong GCL. Crystallinity
of double-stranded RNA-antimicrobial peptide complexes modulates toll-
like receptor 3-mediated inflammation. ACS Nano. (2017) 11:12145-55.
doi: 10.1021/acsnano.7b05234

Tailor IRF family proteins and type I

Cell Res. (2006) 16:134-40.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Macleod, Ward, Alase, Bridgewood, Wittmann and Stonehouse.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Immunology | www.frontiersin.org

11

April 2019 | Volume 10 | Article 857


https://doi.org/10.1016/j.bbamem.2009.12.011
https://doi.org/10.1016/j.bbrc.2013.03.024
https://doi.org/10.1074/jbc.M311440200
https://doi.org/10.1042/BJ20141016
https://doi.org/10.4049/jimmunol.174.7.4271
https://doi.org/10.1038/s41598-018-22409-3
https://doi.org/10.1182/blood-2012-01-401364
https://doi.org/10.1111/j.1365-2133.2009.09095.x
https://doi.org/10.1016/j.intimp.2018.06.020
https://doi.org/10.3389/fimmu.2018.01323
https://doi.org/10.3389/fimmu.2018.01682
https://doi.org/10.1016/j.jaad.2013.12.036
https://doi.org/10.1038/jid.2013.399
https://doi.org/10.1002/art.30108
https://doi.org/10.1073/pnas.1620954114
https://doi.org/10.1084/jem.20090480
https://doi.org/10.1096/fj.09-151332
https://doi.org/10.1038/jid.2011.259
https://doi.org/10.4049/jimmunol.180.4.2474
https://doi.org/10.1038/jid.2010.244
https://doi.org/10.4049/jimmunol.181.12.8504
https://doi.org/10.1111/cei.13047
https://doi.org/10.1136/annrheumdis-2012-202218
https://doi.org/10.1164/ajrccm.165.7.200110-020
https://doi.org/10.1046/j.1523-1747.2002.19507.x
https://doi.org/10.3390/v7072780
https://doi.org/10.1074/jbc.M114.582973
https://doi.org/10.3892/ijmm.2015.2146
https://doi.org/10.1038/sj.cr.7310018
https://doi.org/10.1016/j.clim.2008.01.014
https://doi.org/10.1021/acsnano.7b05234
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Antimicrobial Peptide LL-37 Facilitates Intracellular Uptake of RNA Aptamer Apt 21-2 Without Inducing an Inflammatory or Interferon Response
	Introduction
	Methods
	Reagents
	Primary Cell Isolation, Cell Culture, and Ethics
	PBMC Isolation
	Flow Cytometry
	Confocal Microscopy
	Quantitative PCR
	ELISA
	5' 32P Labeling of Apt 21-2
	Electrophoretic Mobility Shift Assay
	Filter Binding Assay
	RNA Urea Gels
	Statistical Analysis

	Results
	LL-37 Interacts With RNA Aptamer Apt 21-2
	LL-37 Facilitates Internalization of Apt 21-2 in Keratinocytes and Fibroblasts
	Apt 21-2 Does Not Induce an Inflammatory or Interferon Response When Combined With LL-37

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


