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Background: RNAs modulate immune responses. Neutrophils represent the major fraction of immune cells, but receptors
by which neutrophils sense RNA are poorly characterized.
Results:Neutrophils and differentiatedHL-60 cells express the RNA receptors RIG-I,MDA-5, andTLR8. RIG-I andMDA-5 are
localized in secretory vesicles.
Conclusion: Neutrophils express a distinct pattern of RNA receptors.
Significance: RNA receptors on neutrophils could have implications for RNA-based therapeutics.

RNAs are capable of modulating immune responses by bind-
ing to specific receptors. Neutrophils represent the major frac-
tion of circulating immune cells, but receptors andmechanisms
by which neutrophils sense RNA are poorly defined. Here, we
analyzed the mRNA and protein expression patterns and the
subcellular localization of the RNA receptors RIG-I, MDA-5,
TLR3, TLR7, and TLR8 in primary neutrophils and immortal-
ized neutrophil-like differentiated HL-60 cells. Our results
demonstrate that both neutrophils and differentiated HL-60
cells express RIG-I,MDA-5, andTLR8 at themRNAandprotein
levels, whereas TLR3 and TLR7 are not expressed at the protein
level. Subcellular fractionation, flow cytometry, confocal laser
scanning microscopy, and immuno-transmission electron
microscopy provided evidence that, besides the cytoplasm,
RIG-I andMDA-5 are stored in secretory vesicles of neutrophils
and showed that RIG-I and its ligand, 3p-RNA, co-localize at the
cell surface without triggering neutrophil activation. In sum-
mary, this study demonstrates that neutrophils express a dis-
tinct pattern of RNA recognition receptors in a non-canonical
way, which could have essential implications for future RNA-
based therapeutics.

In addition to their role in transcription, RNAs have been
shown to demonstrate immunomodulatory potential (1).
Immunostimulatory RNAs (isRNAs)2 are known to generate a

potent immune response and are currently under intense inves-
tigation for new antiviral and anticancer treatment strategies
(2–5). Recent evidence suggests that leukocytes recognize
isRNA through cytosolic receptors (6–8). The relevance of
cytosolic RNA receptors is highlighted by the fact that siRNAs
engage similar pathways (3, 4). RIG-I (retinoic acid-inducible
gene I; also known as DDX58) was identified as a key candidate
receptor for cytoplasmic viral RNA detection (7–9). Together
withMDA-5 (melanoma differentiation-associated gene 5) and
LGP2 (laboratory of genetics andphysiology 2), RIG-I forms the
family of RIG-like helicases (RLHs) based on their high similar-
ities among helicase domains (9). Activation of these receptors
by RNA triggers production of type I IFNs (1, 10). For instance,
RLHs interact with dsRNAs through their helicase domain, and
dsRNA stimulation induces their ATP catalytic activity. The
N-terminal caspase recruitment domains are then responsible
for activating downstream signaling pathways that mediate,
for example, dsRNA-induced type I IFN production (2).
5�-Triphosphorylated and uncapped viral RNAs are recognized
by RIG-I (6, 7). MDA-5 is thought to respond to uncapped,
5�-unmodified dsRNA, such as poly(I:C) (6).

One promising therapeutic approach is to stimulate RNA
receptors with modified siRNA to knock down cancer-related
target genes and simultaneously boost the innate immune sys-
tem (4). Poeck et al. (3) showed simultaneous knockdown of
Bcl-2 and RIG-I-dependent IFN induction to be superior to
either therapy alone utilizing an in vivo melanoma mouse
model. Moreover, mRNAs have recently gained further atten-
tion as potential tools for gene therapy (11). However, evidence
regarding the possible side effects of such RNA-based therapies
is still scarce. Stimulating off-target cells in the circulation, such
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as neutrophils (polymorphonuclear leukocytes), may limit the
therapeutic potential of RNA in vivo.
Neutrophils represent the major fraction of circulating

immune cells and provide the first cellular line of antibacterial
and antifungal host defense, whereas their potential contribu-
tion to viral infections is rather enigmatic. Neutrophils sense
pathogens through recognition of pathogen-associated molec-
ular patterns by innate pattern recognition receptors, such as
the prototypical family of Toll-like receptors (TLRs). Previous
studies showed that primary neutrophils express a broad range
of bacterial recognition TLRs but lack expression of TLR3 and
TLR7 (12, 13). Notably, TLR8 was found to be expressed and
was functional in mediating neutrophil effector responses (13).
Another study showed that neutrophils express RNA receptors
of the RLH family and are capable of responding to intracellu-
larly delivered poly(I:C), suggesting that neutrophils could rec-
ognize viral RNA through helicases and may play a role in anti-
viral immunity (21). Aside from these studies, the expression,
subcellular localization, and functionality of RNA receptors in
primary neutrophils and immortalized neutrophil-like differ-
entiated HL-60 (dHL-60) cells are still poorly defined.

EXPERIMENTAL PROCEDURES

Isolation and Culture of Human Neutrophils—Peripheral
bloodwas obtained fromhealthy volunteers in accordancewith
the Institutional Review Board and as approved by the Ethical
Committee of the Ludwig Maximilians University of Munich
and the University of Tübingen. After ammonium chloride
erythrocyte lysis, human neutrophils and peripheral blood
mononuclear cells (PBMCs) were prepared by Ficoll-Hypaque
density gradient centrifugation of heparinized blood from
healthy volunteers. Neutrophils were additionally positive-en-
riched using anti-CD16 MicroBeads (magnetic cell sorting,
Miltenyi Biotec). Evaluation of the neutrophil population by
FACS showed purities of 85% (S.E., 2.5%) for isolation with
Ficoll-Hypaque density gradient centrifugation and 95% (S.E.,
2%) for additional cell sorting with anti-CD16 MicroBeads.
Cells were cultured in RPMI 1640 medium (Biochrom) supple-
mented with 10% FCS, 10 mM HEPES (Sigma-Aldrich), 1.5 mM

L-glutamine, 100 units/ml penicillin, and 100�g/ml streptomy-
cin (all fromPAALaboratories) in 96-well round-bottomplates
for stimulation experiments.
Isolation of Murine Neutrophils—To isolate murine neutro-

phils, bone marrow cells or splenic cells from healthy C57BL/6
mice were obtained, suspended in PBS, and washed. Neutro-
phils were then isolated as described above. The purity of the
neutrophil populations analyzed by FACS was 93% (S.E., 3%).
Animal studies were approved by the local regulatory agency
(Regierung von Oberbayern, Munich, Germany).
HL-60 Cells—HL-60 cells were passaged at 3-day intervals

to maintain exponential growth, and all experiments were
performed with cells between passages 35 and 60. dHL-60
cells were obtained by treatment of 5 � 105 HL-60 cells/ml
with 1.25% dimethyl sulfoxide (DMSO) for 7 days as
described previously (14). The cells obtained were neutro-
philic based on microscopic and flow cytometric criteria as
described previously (15).

Subcellular Fractionation of Neutrophils—Subcellular frac-
tionation of neutrophils was performed by nitrogen cavitation
and sedimentation of the post-nuclear supernatant on a four-
layer Percoll density gradient as described previously in detail
by Clemmensen et al. (16). In brief, neutrophils isolated from
peripheral blood were resuspended in disruption buffer (100
mMKCl, 3 mMNaCl, 1 mMNa2ATP, 3.5 mMMgCl2, and 10mM

PIPES, pH7.2)with a protease inhibitormixture (11836153001,
Roche Applied Science) added as recommended by the manu-
facturer. Neutrophils were disrupted by nitrogen cavitation at
600 p.s.i. for 5min and collected in 1.5mMEGTA. Furthermore,
the cavitate was centrifuged at 400 � g for 15 min to remove
nuclei and unbroken cells, and the supernatant was added to a
Percoll solution with a density of 1.11 g/ml at a ratio of 1:1,
resulting in a final density of 1.055 g/ml. Next, 9 ml was layered
on top of a two-layer Percoll gradient (9 ml with a density of
1.12 g/ml and with 9 ml with a density of 1.09 g/ml) to separate
azurophilic, specific, and gelatinase granules. Then, 9ml of Per-
coll solution with a density of 1.03 g/ml was layered on top to
create a flotationmedium for separation of plasmamembranes/
cytosol and secretory vesicles. The pH was adjusted to 7.0 with
HCl. The four-layer gradient was centrifuged at 20,000 � g for
40 min, resulting in five major bands: the �-band enriched in
primary/azurophilic granules (marker, myeloperoxidase), the
�1-band enriched in secondary/specific granules (marker, neu-
trophil gelatinase-associated lipocalin), the �2-band enriched
in tertiary/gelatinase granules (marker, gelatinase/MMP-9),
the �1-band enriched in secretory vesicles (marker, albumin),
and the �2-band containing plasma membranes (marker,
human leukocyte antigen). Samples were subjected to ELISA
analysis or to SDS-PAGE andWestern blot analysis. Myeloper-
oxidase, neutrophil gelatinase-associated lipocalin, MMP-9,
human serum albumin, and human leukocyte antigen were
quantified in each fraction by ELISA and used as marker pro-
teins for azurophilic granules, specific granules, gelatinase
granules, secretory vesicles, and the plasmamembrane, respec-
tively (17). Where indicated, a three-layer Percoll gradient was
used (17).
Western Blotting—Neutrophil fractions were separated on

NuPAGE 4–12% Bis-Tris gels (Invitrogen), and immunoblot-
ting was performed by standard procedures using XCell II blot-
ting chambers (Invitrogen). After blocking, primary antibody
against RIG-I or MDA-5 (both from Abcam) was incubated
overnight. Blots were processed using alkaline phosphatase-
conjugated secondary antibodies (Millipore) and 5-bromo-4-
chloro-3-indolyl phosphate/nitro blue tetrazolium solution
(Millipore). Semiquantitative analysis was performed with the
Quantity One software system (Bio-Rad).
Stimulation of Cells—All TLR ligands were titrated to define

optimal stimulating conditions (activation of cells without
affecting cell survival/apoptosis). Neutrophils were stimulated
with LPS from Escherichia coli (Sigma-Aldrich), phorbol
12-myristate 13-acetate (Sigma-Aldrich), 3M-003 (3M Phar-
maceuticals), and poly(I:C) (Sigma-Aldrich). Poly(I:C) was sub-
jected to 10 precipitations and washes in ethanol to remove
endotoxin. The final concentrations of TLR ligands used for
stimulation are given below. For stimulation of TLR7 and
TLR8, we used isRNA9.2as (5�-UUGAAGGACAGGUUAA-
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GCUdTdT-3�; synthesized by Eurogentec Deutschland GmbH).
Upon stimulation, we complexed nucleic acid (200 ng) using
the polycationic polypeptide poly-L-arginine (P7762, Sigma-
Aldrich). As a control, we used non-stimulatory poly(A)
RNA repeats (Eurogentec Deutschland GmbH). Details of
the synthesized stimulants are given in Table 1.
Generation of 3p-RNA—For generation of in vitro tran-

scribed double-stranded RNA, the DNA templates of the sense
and antisense strands were transcribed for 6 h in separate reac-
tions. An extra guanosine was added to the 5�-ends of both the
sense and antisense strands to transcribe with T7 RNA poly-
merase. The reactions were then mixed and incubated over-
night at 37 °C to anneal the transcribed RNA strands. TheDNA
templatewas digested usingDNase I (Ambion), andRNAswere
subsequently purified by phenol/chloroform extraction and
alcohol precipitation. Excess salts and NTPs were removed by
passing the RNAs through a mini Quick SpinTM Oligo column
(Roche Applied Science). To test the immunostimulatory
potential of 3p-RNA, T2 cells were incubated for 24 h, and
MHC-I expression was compared with OH siRNA with the
same nucleotide sequence.
RNA Isolation, cDNA Synthesis, and Quantitative Real-time

PCR—For RNA preparation, cells were washed with 0.9%
sodium chloride, and cell pellets were lysed in 300 �l of lysis
buffer from the MagNA Pure LC mRNA isolation kit I (Roche
Applied Science) supplemented with 1% DTT and frozen at
80 °C until further handling. Preparation of mRNA was per-
formed with theMagNAPure LC device using themRNA I stan-
dardprotocol.Analiquotof 8.2�l ofRNAwas reverse-transcribed
using avian myeloblastosis virus reverse transcriptase and oli-
go(dT) as the primer (first strand cDNA synthesis kit, Roche
Applied Science) according to the manufacturer’s protocol in a
thermocycler. The reaction mixture was diluted to a final volume
of0.5ml andstoredat 20 °Cuntil PCRanalysis. Parameter-specific
primer setsoptimized for theLightCycler (RocheAppliedScience)
were developed and purchased from Search-LCGmbH (Table 2).
PCR was performed with the LightCycler FastStart DNA SYBR
Green I kit (Roche Applied Science) according to the protocol
provided in the parameter-specific kits. The transcript numbers
were normalized according to the expression of TATA box-bind-
ing protein/�l of cDNA.
Flow Cytometry—Flow cytometric data were obtained on a

FACSCalibur flow cytometer and analyzedwithCellQuest soft-
ware (BD Biosciences). Staining was performed following

standard procedures. The monoclonal antibodies used were
FITC-conjugated anti-CD62L and allophycocyanin-conju-
gated anti-CD11b (BioLegend); anti-RIG-I and FITC-conju-
gated anti-TLR7 (Santa Cruz Biotechnology); anti-MDA-5
(Abcam); and phycoerythrin-conjugated anti-TLR8, FITC-
conjugated goat anti-rabbit secondary Ab, and FITC-conju-
gated donkey anti-rat secondary Ab (Imgenex Corp.). Appro-
priate isotype controls were used for all applied detection
antibodies. For intracellular cytokine detection, cells were pre-
incubated with brefeldin A at 10 �g/ml. After surface staining,
cells were fixed with 2% paraformaldehyde, subsequently per-
meabilizedwith 0.1% saponin, and then stained for intracellular
proteins.
Confocal Microscopy—For visualization of TLR8, MDA-5,

and RIG-I, the samples were incubated with rabbit anti-human
TLR8 (clone 44C143; Imgenex), anti-MDA-5 polyclonal
(Abcam), or anti-RIG-I polyclonal (Santa Cruz Biotechnology)
antibody. The primary antibodies were detected by confocal
laser scanning microscopy using Alexa Fluor 555-conjugated
anti-rabbit secondary antibody (Invitrogen). DNA was stained
with DAPI (Sigma-Aldrich), and concanavalin A-Alexa Fluor
488 conjugate (Invitrogen) was used for detecting glycoconju-
gates in the cytoplasm. The specimens were analyzed with an
Olympus IX51 confocal laser scanning microscope.
Immuno-transmission Electron Microscopy—Isolated pe-

ripheral blood neutrophils were fixed, washed with PBS, per-
meabilized, and blocked (10% normal goat serum, 10 mM gly-
cine, and 0.2% Tween 20 in diluent containing 0.5% bovine
serum albumin and 0.5% Triton X-100 in PBS). For visualiza-
tion of RIG-I, the grids were incubated with anti-RIG-I anti-
body and a gold-conjugated secondary antibody (gold sphere
diameter, 5 nm; ab27237, Abcam). Finally, the grids were
stained with 1% uranyl acetate (Sigma-Aldrich). Negative con-
trols were obtained by omitting the primary antibody.
RNA-FITC Labeling—RNAwas labeled using anN-hydroxy-

succinimidyl-fluorescein labeling kit (Thermo Scientific)

TABLE 1
Stimulants used in this study

Stimulant Target Sequence

Stimulants synthesized by Eurogentec
Poly(A) (control) 5�-AAAAAAAAAAAAAAAAAAA-3�
RNA9.2s, unmodified TLR7/8 5�-AGCUUAACCUGUCCUUCA-3�

Stimulants synthesized by Ambion
siRNA (OHBcl2_2) RIG-I 5�-GCAUGCGACCUCUGUUUGAUU-3� (sense)

5�-UCAAACAGAGGUCGCAUGCUU-3� (antisense)
siRNA, mismatched (control) 5�-UUCUCCGAACGUGUCACGUUU-3� (sense)

5�-ACGUGACACGUUCGGAGAAUU-3� (antisense)
In house-synthesized stimulants
3p-RNA RIG-I 5�-pppGCAUGCGACCUCUGUUUGAUU-3� (sense)

5�-pppUCAAACAGAGGUCGCAUGCUU-3� (antisense)
3p-RNA (control) 5�-pppUUCUCCGAACGUGUCACGUUU-3� (sense)

5�-pppACGUGACACGUUCGGAGAAUU-3� (antisense)

TABLE 2
Sequences

Gene
Sequence

Forward Reverse

TLR3 TCCCAAGCCTTCAACGACTG TGGGTGAAGGAGAGCTATCCACA
TLR7 TTACCTGGATGGAAACCAGCTAC TCAAGGCTGAGAAGCTGTAAGCTA
TLR8 GAGAGCCGAGACAAAAACGTTC TGTCGATGATGGCCAATCC
MDA-5 ATGTGGCAGCAAGAGCATCC GGTAAGGCCTGAGCTGGAGTT
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according to the manufacturer’s instructions. Briefly, 3p-RNA
was incubatedwith theN-hydroxysuccinimidyl-fluorescein dye
for 2 h on ice. Excessive dye was removed by Zeba desalt spin
columns (Thermo Scientific) according to the manufacturer’s
instructions. The degree of fluorescein labelingwas determined
by photometry.
ELISA—ELISA kits (Invitrogen) were used to quantify

TNF-� levels in cell culture supernatants 40 min after stimula-
tion. Protocols were performed according to the manufactur-
er’s recommendations.
Statistical Analysis—Data are presented asmeans� S.E. The

statistical significance of differences was determined by Stu-
dent’s paired two-tailed t test. In all tests, differences were con-
sidered significant at p � 0.05.

RESULTS

TLR8, MDA-5, and RIG-I Are Expressed by Both Primary
Neutrophils and Immortalized Neutrophil-like dHL-60 Cells—
We analyzed TLR3, TLR7, TLR8, MDA-5, and RIG-I expres-
sion at the mRNA and protein levels in isolated primary neu-

trophils by RT-PCR, flow cytometry, and confocal microscopy
(Fig. 1). Quantitative RT-PCR showed significant TLR8,
MDA-5, and RIG-I expression levels, with the highest mRNA
expression for TLR8, whereas TLR3 or TLR7 expression was
below the detection limit (Fig. 1A, upper panel). In line with
mRNA studies, we observed a robust protein expression of
TLR8 but could not detect any expression of TLR3 andTLR7 by
human neutrophils at the protein level (Fig. 1A, lower panel). In
contrast to the low/moderate mRNA expression levels, protein
expression of MDA-5 and RIG-I in neutrophils was higher
compared with TLR8 expression. Comparison of the intracellu-
lar/cytoplasmic and cell surface/membranous expression sites
showed thatMDA-5 andRIG-I protein expressionwas detectable
in both cytoplasmic and cell surface/membrane-associated com-
partments, whereas TLR8 seemed to be restricted mainly to the
cytoplasm(Fig. 1A, lowerpanel, andFig. 1C,merged images).Con-
focal microscopy showed a more pronounced intracellular stain-
ing pattern forMDA-5 and RIG-I compared with flow cytometry
(Fig. 1A, lower panel, and Fig. 1C).

FIGURE 1. Expression of RNA receptors by neutrophils and HL-60 cells. A, upper panel, isolated neutrophils were analyzed by quantitative real-time PCR for
the expression profiles of TLR3, TLR7, TLR8, RIG-I, and MDA-5. TATA box-binding protein was used as a reference for expression. The mean � S.E. of six different
healthy donors is shown. Lower panel, intracellular (white bars) and cell surface (gray bars) expression of TLR3, TLR7, TLR8, MDA-5, and RIG-I in isolated human
neutrophils as analyzed by flow cytometry. Hatched bars indicate experiments in which isolated neutrophils were stimulated for 10 min with 40 ng/ml phorbol
12-myristate 13-acetate at 37 °C. *, p � 0.05. The mean � S.E. of six different healthy donors is shown. MFI, mean fluorescence intensity. B, upper panel, cultured
HL-60 cells were either untreated or treated with DMSO for 5 days and analyzed by quantitative real-time PCR for the expression profiles of TLRs, RIG-I, and
MDA-5. TATA box-binding protein was used as a reference for expression. *, p � 0.05. Lower panel, intracellular (white bars) and cell surface (gray bars)
expression of TLR3, TLR7, TLR8, MDA-5, and RIG-I in cultured HL-60 cells untreated or treated with DMSO for 5 days as analyzed by flow cytometry. Hatched bars
indicate experiments with DMSO treatment. *, p � 0.05. C, the subcellular localization of TLR8, MDA-5, and RIG-I (red); DAPI (DNA; blue); and cytosolic proteins
(concanavalin A (ConA); green) is shown in isolated neutrophils using confocal microscopy.
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Next, we tested whether neutrophil stimulation by PKC acti-
vation changes the expression pattern/cellular distribution of
the analyzed RNA receptors. Stimulation of neutrophils with
the PKC activator phorbol 12-myristate 13-acetate (40 ng/ml)
led to an increase in intracellularly detectable MDA-5 receptor
pools, whereas RIG-I surface expression levels decreased upon
phorbol 12-myristate 13-acetate stimulation (Fig. 1A, lower
panel), suggesting cell activation-induced redistribution/trans-
location mechanisms.
Because of the limited life span of primary neutrophils ex

vivo/in vitro, dHL-60 cells, a leukemia cell line with character-
istics and differentiation markers similar to those of human
granulocytes, are frequently used to study neutrophil-like
responses in cell culture conditions. Stimulation of HL-60 cells
with DMSO results in differentiation to mature granulocytic
cells. We compared the expression of RNA receptors in undif-
ferentiated and DMSO-stimulated dHL-60 cells. Real-time
PCR analysis showed that dHL-60 cells expressed a similar
RNA receptor repertoire as primary human neutrophils did,
with the exception of positive expression of TLR3 detectable in
dHL-60 cells, which was completely absent in primary neutro-
phils (Fig. 1C). Further studies showed that differentiation of
HL-60 cells withDMSOdecreased themRNAexpression levels
of TLR3 and TLR8, whereas those of MDA-5 and RIG-I
increased. Protein expression analysis by flow cytometry dem-
onstrated TLR8, MDA-5, and RIG-I expression in HL-60 cells.
Similar to human neutrophils, TLR3 and TLR7 were com-
pletely absent at the protein level. Intracellular flow cytometric
staining indicated that cytoplasmic TLR8, MDA-5, and RIG-I
expression levels did not change upon DMSO differentiation.
In contrast, surface MDA-5 and RIG-I expression levels were
decreased or nearly lost, respectively, after DMSO differentia-
tion. These studies demonstrate that both primary human neu-
trophils and neutrophil-like dHL-60 cells express a distinct set
of RNA receptors, namely TLR8, MDA-5, and RIG-I.
In-depth Characterization and Subcellular Localization of

RIG-I and MDA-5 in Neutrophils—In contrast to the intracel-
lular localization reported for other cell types (6, 9, 18, 19), we
initially observed that RIG-I and MDA-5 protein expression in
human neutrophils seemed not to be restricted to intracellular
sites but was also detectable in the cell surface/membrane-as-
sociated compartments (Fig. 1, lower panels in A and C). As
determined by flow cytometry, isotype control-correctedmean
fluorescence intensities of MDA-5 and RIG-I were equal or
higher, respectively, on the cell surface comparedwith intracel-
lular pools, independent of the blood donor or cell fixation/
permeabilization protocols used (Fig. 1A) (data not shown).We
used two different specific antibodies with distinct RIG-I-bind-
ing sites to reduce the risk for unspecific binding. Both antibod-
ies yielded similar staining results. We found a substantially
higher RIG-I surface expression in human versus murine neu-
trophils, with RIG-I being expressed mainly in the cytosol of
murine neutrophils (Fig. 2).
However, because these observations were based mainly on

flow cytometric detection assays, we decided to study the sub-
cellular localization of these RLH proteins in neutrophils in
more depth by comparing different protein detection and local-
ization methods. For this purpose, previously established sub-

cellular fractionation methods were used (16, 17). The subcel-
lular components were stained for RIG-I or MDA-5 and
analyzed separately by Western blotting (Fig. 3, A and B). As a
positive control, autologous PBMCs were utilized, which are
well known to express cytosolic RIG-I andMDA-5 (7–9). These
experiments demonstrated that human neutrophils expressed
both RIG-I and MDA-5 with a similar molecular mass com-
pared with PBMCs (Fig. 3B). Remarkably, RIG-I andMDA-5 in
neutrophils were detectable in fractions characteristic for
secretory vesicles and plasma membranes, whereas the RLH
proteins were absent in primary/azurophilic, secondary/spe-
cific, or tertiary/gelatinase granule fractions. Besides secretory
vesicles, the proteins were detectable in cytosolic fractions. In
immuno-transmission electron microscopy, RIG-I proteins
were frequently associated with membranous/vesicle-like
structures (Fig. 3C, red arrows). When viewed in combination,
these experiments provide evidence that, besides the well
known cytoplasmic expression sites reported for a variety of cell
types, human neutrophils store the RLHs RIG-I andMDA-5 in
secretory vesicles. Because secretory vesicles communicate and
fuse with the plasmamembrane, we speculate that the vesicular
localization of the RLHs in neutrophils could explain their
appearance on the cell surface, an issue necessitating further
investigation.
Finally, we investigated whether cell membrane-associated

RIG-I binds to its ligand, 3p-RNA, and mediates downstream
activation. We designed 3p-RNA containing a triphosphate
chemical modification at the 5�-ends of both strands as
described previously (2, 4). Confocal microscopy provided evi-
dence that FITC-labeled 3p-RNAco-localized, at least partially,
at the cell surface of neutrophils with RIG-I (Fig. 4A). There-
fore, we asked whether binding of 3p-RNA to membrane-asso-
ciated RIG-I triggers neutrophil activation. We used LPS
(ligand for TLR4), R-848 (ligand for TLR7/TLR8), 3p-RNA, a
double-stranded siRNA (with identical sequence but without
the triphosphate modification of 3p-RNA), isRNA9.2s, and
Lipofectamine or poly-L-arginine (RNA-based ligand forTLR7/
TLR8) for complexation and as controls (see Table 1 for
details). Neutrophil activation was analyzed by CD62L shed-
ding (Fig. 4B), CD11b up-regulation (Fig. 4B), and TNF-�
production (Fig. 4C). Both LPS and R-848 dose-dependently
decreased CD62L surface expression, triggered CD11b up-reg-
ulation, and elicitedTNF-� production.Whereas LPS activated
neutrophils at a concentration of 0.1 �g/ml, cell activation elic-
ited by R-848 required higher concentrations. Uncomplexed
3p-RNA or siRNA had no effects on neutrophil activation,
whereas complexed RNAs had a slight, but non-significant
effect at higher concentrations on CD62L shedding (Fig. 4B)
(data not shown). In particular, isRNA9.2s complexed with
poly-L-arginine triggered CD62L shedding, but this effect was
also observed for poly-L-arginine alone (Fig. 4B, lower panel).

DISCUSSION

Our results demonstrate that both primary human neutro-
phils and immortalized dHL-60 cells express the RNA recep-
tors TLR8, RIG-I, andMDA-5 at the mRNA and protein levels.
These studies further demonstrate that both RLHs RIG-I and
MDA-5 are stored in secretory vesicles in neutrophils, suggest-
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ing that circulating granulocytes carry an intracellular reservoir
of RNA receptors, reminiscent of other vesicle-stored recep-
tors, such as CR1/CD35, Mac-1, CD13, and CD16. Further
studies are required to understand the subcellular regulation
and functional role of these receptors in the context of RNA
recognition and their relevance for in vivo disease conditions.
Neutrophils are a substantial part of the innate immune sys-

tem and recognize pathogens through pattern recognition
receptors, such as TLRs. These professional phagocytes are
usually the first cell population to be involved in an immune
response and subsequentlymodulate the response not only due
to their potential to directly eliminate pathogens by phagocy-
tosis but also by the induction of modulatory chemokines/cy-
tokines such as CXCL8 (IL-8) and others. Previous studies
assessing TLRs in granulocytes (13) demonstrated that primary
neutrophils express TLR7 (12) and TLR8 (12, 13) and respond
toTLR8 ligands functionally (12, 13). BeyondTLRs, Ekman and
Cardell (20) showed that neutrophils express functionally
active non-TLR pattern recognition receptors, particularly
NOD-like receptors. Despite these studies, our understanding
of pattern recognition receptors mediating RNA recognition in
these immune cells is still limited. In this study, we comprehen-
sively characterized TLRs and non-TLR RNA receptors in pri-
mary neutrophils and immortalized neutrophil-like cells at the

mRNA and protein levels. Using this approach, we detected no
protein expression of TLR3 and TLR7 in human neutrophils,
regardless of their state of activation. TLR3 mRNA was
expressed in untreated HL-60 cells but was decreased upon
DMSO differentiation. As for human neutrophils, TLR7 was
not expressed in HL-60 cells. On the other hand, our results
provide evidence for the substantial expression of TLR8 in
human neutrophils, which is in line with a previous study by
Janke et al. (13). In HL-60 cells, TLR8 mRNA expression
decreased upon differentiation. We have currently no explana-
tion for this phenomenon. When viewed in combination, our
studies indicate that HL-60 cells express, with the exception of
TLR3 mRNA, a similar RNA receptor expression pattern as
primary human neutrophils do and may therefore represent a
useful tool in studying RNA receptor expression and regulation
in an immortalized cell line.
Canonically, RIG-I is regarded as an intracellular RNA recep-

tor because cytosolic expressionhas been reported for dendritic
cells, monocytes, mesothelial cells, monocytes/PBMCs, and
other cell types (1, 9, 18, 22). In line with these previously
reported cell types, we detected RIG-I protein expression in
cytosolic neutrophil fractions at a similar molecular mass as in
PBMCs, which are well known to express cytosolic RIG-I.
Unexpectedly, we also observed that RIG-I was detectable at

FIGURE 2. Localization of RIG-I in human and murine neutrophils. Shown is the cytosolic and membranous RIG-I expression in human and murine
neutrophils. For both experiments, a representative histogram of six independent experiments is shown. Intracellular flow cytometry was performed using cell
permeabilization as described under “Experimental Procedures.” PMNs, polymorphonuclear leukocytes; MFI, mean fluorescence intensity.
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the cell surface of human (but not murine) neutrophils. We
currently have no explanation for this interspecies discrepancy
in RIG-I surface expression, but we found this RIG-I staining
pattern consistently in both murine bone marrow- and periph-
eral blood-derived neutrophils independent of the isolation
procedure. However, because these initial surface expression
findings were based mainly on flow cytometric assays, which
critically depend on antibody specificity and accessibility, we
studied the expression and subcellular localization of the RLH
proteins RIG-I and MDA-5 in greater detail using subcellular
fractionation and immunoblotting. These studies demon-
strated that both RIG-I andMDA-5 were localized in secretory
vesicles, an easilymobilizable compartment, and in cytoplasmic
fractions of human neutrophils. In both compartments, the
RLH proteins were detected at a similar molecular mass as in
PBMCs. Immuno-transmission electron microscopy analyses
supported these findings by showing that RIG-I protein in neu-
trophils was associated, at least partially, with vesicle-like struc-
tures. Based on these studies, it is conceivable that RIG-I and
MDA-5, in analogy to other secretory vesicle-associated recep-
tors, such as CR1/CD35, and Mac-1, shuttle between intracel-
lular pools and the plasma membrane. The surface expression
of RIG-I and MDA-5 observed by flow cytometry could be due
to plasma membrane reorganization events after fusion with
secretory vesicles, a process occurring during neutrophil acti-
vation or after cell isolation procedures. To define the precise
subcellular localization and translocation/redistributionmech-
anisms of RLHs in neutrophil vesicles in greater detail,methods
to separate plasma membrane vesicles from secretory vesicles,
such as free-flow electrophoresis, followed by proteomic
approaches, will be required.
The effects of TLR7 and TLR8 ligands on granulocytes have

recently been investigated by Janke et al. (13). TLR8 was found

to be highly expressed by neutrophils, whereas it was absent in
eosinophils. Isolated human neutrophils were stimulated with
isRNA or R-848, and neutrophils (but not eosinophils) could be
activated through the TLR8 downstream pathway. However,
this effect was abolished when the RNA backbone of isRNA
consisted not of nuclease-stable phosphothioate but of regular
phosphodiester binding. Our findings support the data of Janke
et al. because we were unable to observe neutrophil activation
using unstable isRNA with a phosphodiester backbone but
observed robust activation elicited by the TLR7/TLR8-ligand
R-848. Taken together, these data highlight the notion that
TLR8 ligands, including nuclease-stable RNA, could bear limi-
tations for clinical applicability of RNA-based therapies due to
potential off-target effects.
In a previous study by Hornung et al. (6), 5�-triphosphate

RNA was reported to be a potent inducer of IFN-� in human
monocytes and plasmacytoid dendritic cells. In vitro transcrip-
tion was used to generate a dsRNA oligonucleotide with an
overhang of one nucleotide at the 5�-position. The two single-
stranded oligonucleotides and the double-stranded oligonu-
cleotide induced comparable levels of IFN-� in monocytes but
not in plasmacytoid dendritic cells. Cleavage of the 5�-overhang
(including the 5�-triphosphate) of the dsRNA or dephosphory-
lation of the 5�-end completely abrogated the IFN-� response.
The authors also observed that plasmacytoid dendritic cells
showed no decrease in IFN-� production when oligonucleo-
tides were dephosphorylated. When viewed in combination,
these results of Hornung et al. suggest that the 5�-triphosphate
is at least one well defined structural feature responsible for the
IFN-�-inducing activity of in vitro transcribed RNA in mono-
cytes and that a 5�-triphosphate confers IFN-�-inducing activ-
ity to both single-stranded RNA and dsRNA. In addition, Hor-
nung et al. demonstrated a direct binding of RIG-I by

FIGURE 3. Subcellular localization of RIG-I in human neutrophils. A, resting neutrophils were gently disrupted using the nitrogen cavitation method,
followed by four-layer gradient subcellular fractionation. Shown are the distribution profiles of myeloperoxidase (MPO; marker of azurophilic granules),
neutrophil gelatinase-associated lipocalin (NGAL; marker of secondary/specific granules), MMP-9 (marker of tertiary granules), human serum albumin (marker
of secretory vesicles), and MICA/human leukocyte antigen (marker of plasma membranes) as measured by ELISA. The y axis represents an arbitrary scale, where
the highest measured value of each protein is normalized to 1. B, Western blot analysis of neutrophil subcellular fractions in autologous neutrophils (polymor-
phonuclear leukocytes (PMN)) and PBMCs. Upper panel, four-layer fractionation and MDA-5 immunoblotting. Middle panel, four-layer fractionation and RIG-I
immunoblotting. PM, plasma membranes; SV, secretory vesicles; 3°, tertiary granules; 2°, tertiary granules; 1°, primary granules. Lower panel, three-layer
fractionation and RIG-I immunoblotting. Cyt., cytosol. C, immuno-transmission electron microscopy. RIG-I was immunolabeled with 5-nm gold particles. Arrows
indicate RIG-I staining. The red arrows mark RIG-I associated with a vesicle-like structure.
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5�-triphosphate RNA inHEK293 cells. In light of these findings,
the expression of RIG-I in human neutrophils and the func-
tional response of RIG-I on human neutrophils were investi-
gated in our study by treating isolated human neutrophils with
5�-triphosphate RNA and monitoring RIG-I co-localization
and neutrophil activation. We obtained evidence for the co-lo-
calization of RIG-I and its labeled ligand, 3p-RNA, on the cell
surface on neutrophils by confocal microscopy, thereby taking
the possibility of early RNA degradation into account. How-

ever, the conclusions based on these findings are limited
because they rely solely on confocal laser scanningmicroscopy,
warranting future in-depth analyses to characterize in detail the
interaction of RIG-I and 3p-RNA in primary human neutro-
phils. Despite the observed ligand-receptor co-localization at
the cell surface, we were unable to detect specific activation of
neutrophils by the RIG-I ligand 5�-triphosphate RNAunder the
experimental conditions used in this study. Of note, we did not
study the effects of RIG-I ligands on gene expression, which

FIGURE 4. Effect of RNAs on neutrophils. A, neutrophils were isolated and stained for co-localization of RIG-I (red), DAPI (DNA; blue), and FITC-labeled 3p-RNA
(green). B, isolated neutrophils were stimulated at the indicated concentrations with LPS, R-848, complexed 3p-RNA (complexed with Lipofectamine), uncom-
plexed 3p-RNA (without Lipofectamine), siRNA (complexed with Lipofectamine), isRNA9.2s (complexed with poly-L-arginine), poly(A) RNA (complexed with
poly-L-arginine), Lipofectamine only, or poly-L-arginine only. Forty minutes after stimulation, CD62L shedding and CD11b up-regulation were examined by
flow cytometry. The mean � S.E. of three donors is shown. MFI, mean fluorescence intensity. C, isolated neutrophils were stimulated for 40 min with the
indicated reagents, and supernatants were analyzed for TNF-� production by ELISA. siRNA was complexed with poly-L-arginine, and 3p-RNA was complexed
with Lipofectamine. p � 0.05.
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might bemore sensitive. A previous study clearly demonstrated
that transfection with poly(I:C), a synthetic mimetic of viral
dsRNA activating TLR3, MDA-5, and/or RIG-I in a cell-type
and length-specific manner, elicited an orchestrated immuno-
regulatory and antiviral gene expression program in primary
neutrophils (21). Although our study did not include poly(I:C)
transfection or analysis of antiviral gene expression patterns,
both studies support the notion that RLH ligands, in particular
poly(I:C) and 3p-RNA, are unable to elicit the secretion of pro-
inflammatory cytokines despite increased mRNA transcripts,
as found byTamassia et al. (21). The underlying reasons remain
to be investigated and have been previously discussed in more
detail (21).
On the basis of previous studies showing that neutrophils

express non-canonical receptors at their cell surface, as dem-
onstrated for the HIV co-receptor CCR5, and employ these
receptors as ligand-binding/scavenging instead of signaling
receptors (23), we are tempted to speculate that secretory ves-
icle-derived RIG-I in neutrophils could serve as an RNA-bind-
ing and inactivation receptor at sites of neutrophilic inflamma-
tion, a hypothesis that remains to be tested using in vitro and in
vivomodels. Overall, the pathophysiological relevance of RNA
receptors expressed by neutrophils in the modulation of
immune responses remains a subject for future investigation.
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