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Abstract

Dendritic cells (DC) are key players in the initiation and modulation of adaptive immune responses
due to their ability to acquire and present antigen and stimulate T cells. For the induction of effector
T cell functions, antigen must be presented by activated DC. In this study, we have compared uptake
of antigen by mouse DC in the presence of different Toll-like receptor (TLR) agonists, which are potent
inducers of DC activation. Here we show that the reduction in uptake of soluble antigen in the
presence of the viral double-stranded RNA (dsRNA) analogues polyinosinic—polycytidylic acid and
Ampligen is independent of TLR-mediated DC activation. A reduction in antigen uptake by bone
marrow-derived and splenic DC was also observed in response to other RNA homopolymers such as

polyinosinic and polyguanylic acids, which are known inhibitors of scavenger receptor-mediated
endocytosis. Pinocytosis and mannose receptor-mediated uptake of soluble antigen were not
affected by any of the tested nucleic acids. The reduction in antigen uptake by dsRNA did not
negatively influence the T cell stimulating properties of the DC. In summary, we conclude that the
decrease in antigen endocytosis observed in the presence of a variety of TLR agonists is independent
of TLR signalling and is caused by competition for specific surface receptors that are involved in the

uptake of these TLR agonists and the antigen.

Introduction

Dendritic cells (DC) are professional antigen-presenting cells
characterized by their unique ability to stimulate naive T cells.
Because of their key role in linking innate immune activation with
the induction of adaptive immune responses, ex vivo and in vivo
manipulation of DC is of special interest for the development of
novel vaccination strategies. In order to induce effector func-
tions in T cells, antigen has to be presented by appropriately
activated DC (1). Therefore, there has been much interest in
studying the activation of DC and how this affects their ability
to take up, process and present exogenous antigens.

In the steady state, immature DC reside in the periphery
where they act as sentinels of the immune system. Upon in-
fection, DC sense invading pathogens by means of a germ
line encoded set of pattern recognition receptors (PRR),
which have the ability to detect microbial signatures in the

form of pathogen-associated molecular patterns (PAMPs).
The most extensively characterized family of PRR is the Toll-
like receptor (TLR) family, which comprises 10 members in
humans and mice (2). The microbial signatures recognized
by this limited set of TLR include bacterial and fungal cell wall
components as well as viral and bacterial nucleic acids.
PAMPs present in the cell walls of pathogens are detected
by a set of TLR at the cell surface, such as TLR4, which rec-
ognizes LPS, and TLR2, which is triggered by lipotechoic
acid and peptidoglycans (3-6). In contrast, the TLR subfamily
that detects nucleic acids associated with viral and bacterial
infection is located in a specialized endosomal compartment
and requires the uptake of TLR ligands and the acidification
of the endosomal compartment to induce TLR-mediated im-
mune activation (7, 8). Different classes of viral nucleic acids
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are detected by different endosomal TLR with TLR3 recogniz-
ing double-stranded RNA (dsRNA), TLR7 and TLR8 sensing
viral single-stranded RNA (ssRNA) and TLR9 discerning viral
and bacterial DNA (9-13). The activation of DC via particular
PRR during the course of infection directly influences the fate
of the T cells with which they interact (14, 15).

The detection of PAMPs initiates a complex maturation
programme in DC, which affects the up-regulation of co-
stimulatory molecules, the production of pro-inflammatory
cytokines, the expression of chemokine receptors and the
migratory behaviour of the cells and also influences uptake,
processing and presentation of antigens (16). The increased
T cell stimulatory activity of activated DC in comparison to
immature DC is largely attributable to the up-regulation of
co-stimulatory molecules on DC and the induction of pro-
inflammatory cytokines such as IL-6 and IL-12 in response
to activation (17). In addition, antigen presentation is in-
creased in activated DC and contributes to more efficient
T cell stimulation (18). Immature DC are very active in the
uptake of exogenous material but do not efficiently process
and present antigens in the absence of activating stimuli
(16). The majority of MHC class Il molecules are recycled in
immature DC and are, therefore, present intracellularly (19).
Upon activation via TLR, DC undergo a transient increase in
endocytosis but then cease to take up new exogenous ma-
terial (20). The exogenous antigens taken up during this
phase are efficiently processed and trafficked into the anti-
gen-presenting pathway in a TLR-controlled phagosome au-
tonomous manner (21). Subsequently, the recycling of MHC
class Il molecules stops, leading to increased levels of
MHC class Il complexes at the cell surface of the activated
DC presenting the acquired antigens (22). This process ena-
bles DC to present a snapshot of the exogenous antigens
present in the infected tissue.

This complex process of DC maturation has to be taken
into account in the context of vaccine design to ensure the
induction of memory T cells with the capacity to differentiate
rapidly into effector T cells upon later antigen encounter.
Thus, for successful vaccination, the activation of DC by ap-
propriate adjuvants, such as TLR agonists, in parallel to the
efficient delivery of antigen is crucial. Since uptake and pro-
cessing of exogenous antigens cease upon maturation of
DC and since presentation of antigen is regulated by TLR-
mediated signalling, antigen and TLR agonists have to act
in cis in the same endocytic vesicle (21). A previous study
reported a reduction in antigen uptake by DC in the pres-
ence of TLR3 and TLR4 agonists, which was shown to affect
T cell stimulation; yet, it remained unclear whether the ob-
served phenomenon was mediated via TLR activation (23).
We, therefore, studied a variety of TLR agonists with regard
to their impact on antigen uptake and explored the mecha-
nism by which endocytosis is reduced by certain TLR stimuli
such as polyinosinic—polycytidylic acid (polyl:C).

Materials and methods

Reagents

Polyl:C was from GE Healthcare (Chalfont St Giles, UK),
R837 and LPS (from Escherichia coli K12) were from Invivo-
gen (Toulouse, France) and CpG-containing oligonucleotide

(ODN) 1668 was purchased from MWG (Edersberg, Ger-
many). Polyinosinic acid (polyl), polyguanylic acid (polyG),
polyuridylic acid (polyU) and mannan from Saccharomyces
cerevisiae were obtained from Sigma (Gillingham, Dorset,
UK). Ampligen was from Bioclones (PTY) Ltd (Sandton, Re-
public of South Africa). Alexa555-conjugated ovalbumin
(OVA-Alexab55) and lucifer yellow (LY) were ordered from
Invitrogen (Paisley, UK) and 1’-dioctadecyl-3,3,3’,3'tetrame-
thylindo-carbocyanine perchlorate-labelled acetylated low-
density lipoprotein (Dil-Ac-LDL) was obtained from Autogen
Bioclear (Calne, UK). The following antibodies (all from BD
Biosciences, Oxford, UK) were used in the experiments:
anti-CD11c, anti-CD4, anti-CD8 and anti-B220. The antibody
against PDCA-1 (clone eBio129c) was from eBioscience (In-
sight Biotechnology Ltd, Wembley, UK) and the antibody
recognizing scavenger receptor class A (SR-A; clone 2F8)
was purchased from AbD-Serotec (Kidlington, UK) (24).

Animals and cells

C57BL/6 and BALB/c mice were obtained from Harlan
UK (Bicester, UK). TIR domain-containing adaptor-inducing
IFN-B- (TRIF) and TLR4-deficient mice were bred in the bio-
logical service unit at King’s College London (25, 26). TLR3-
deficient mice were bred at Cancer Research UK (9).

Bone marrow-derived DC (BMDC) were generated from
bone marrow cell suspensions in the presence of recombi-
nant granulocyte macrophage colony-stimulating factor
(GM-CSF; produced by the Cancer Research UK protein
synthesis service) in complete RPMI medium (RPMI 1640 me-
dium containing 10% FCS, 2 mM glutamine, 100 units ml~"
penicillin, 100 ug mi~" streptomycin and 50 uM 2-mercaptoe-
thanol) as described (27). GM-CSF was produce by the Can-
cer Research UK protein synthesis service. BMDC were used
for experiments at day 5 of cultures.

Splenic DC were enriched from liberase/DNase-digested
(both from Roche, Weleyn Garden City, UK) splenocyte prep-
arations using anti-CD11c MACS beads (Miltenyi, Bergisch
Gladbach, Germany), following manufacturers instructions.
The different splenic DC subsets were classified into CD4™,
CD8*, double-negative (DN) and plasmacytoid DC (pDC)
based on their expression of CD4, CD8, B220 and PDCA-1.

Uptake assays

BMDC (1 x 10°) were seeded per well into 24-well plates
and were incubated with OVA-Alexa555 (5 pg mi~"), Dil-
Ac-LDL (0.5 pg mI~") or LY (0.1 mg ml~") in the presence or
absence of different TLR ligands. After a 4-h incubation, cells
were harvested and stained for flow cytometry. Samples
were acquired and analysed on a FACSCalibur or a FACS-
Canto Il (BD Biosciences) and the frequency of OVA-, LY- or
Dil-Ac-LDL-positive CD11c* DC was determined.

For the study of mannose receptor-mediated uptake, DC
were incubated with varying doses of mannan (300, 30 and
3 pg mi~") for 1 h prior to the addition of OVA-Alexa555
and TLR agonists. The uptake assay was performed as de-
scribed above.

Activation assays

BMDC (2 x 10°) were seeded per well in 96-well plates and
incubated overnight in the presence of polyl:.C and CpG
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Fig. 1. Reduced uptake of soluble antigen by BMDC in the presence
of TLR agonists. Granulocyte macrophage colony-stimulating factor
(GM-CSF) BMDC were cultured for 4 h with OVA-Alexa555 (5 ug mi~")
in the presence of polyl:C (50 pg mi~"), CpG (0.5 pg mi~"), R837
(1 pg mI="), LPS (1 ug mi~") or left untreated. Cells were stained with
anti-CD11c antibody and samples were acquired by flow cytometry.
(A) The mean fluorescent intensity of cells for Alexa555 was
determined after gating on the CD11c* cell population. The data of
two independent representative experiments were pooled (n = 4) and
the standard deviation is indicated. (B) The frequency of OVA-
Alexab55* cells was determined after gating on the CD11c™ cell
population. The relative percentage of OVA-Alexa555" BMDC in
samples stimulated with TLR agonists is depicted in relation to the
frequency of OVA-Alexa555" BMDC in the absence of TLR stimulation
(unst), which was set to 100%. The results of eight independent
experiments were compiled and the standard deviation is indicated.
(C) Mice were vaccinated intravenously with GM-CSF BMDC that had
been pulsed overnight with OVA in the presence or absence of
various TLR ligands. Seven days after vaccination, CFSE-labelled
target cells were injected and antigen-specific lysis of peptide-pulsed
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1668 ODN. Supernatants were collected after 18 h of culture
and levels of IL-6 were determined by sandwich ELISA
(clones MP5-20F3 and MP5-32C11 from BD Biosciences as
capture and detection antibody, respectively).

CTL priming

BMDC were incubated overnight with 50 ug mi~" polyl:C,
0.1 ug mi~! CpG 1668 or 1 pg mi~' R837 in the presence
of sterile filtered egg white as a source of OVA. Egg white
was prepared as described and the concentration of OVA in
BMDC cultures was equivalent to 150 ug mi~" (28). After
overnight incubation, 1 X 10° BMDC per mouse were
injected intravenously into C57BL/6 recipients. On day 7 af-
ter vaccination, the mice were injected intravenously with
a 1:1 mixture of splenocytes that had been pulsed with 200
nM of OVA class | peptide (SIINFEKL) or left unpulsed and
labelled with 2.5 and 0.25 puM carboxyl! fluorescein succini-
midy| ester (CFSE), respectively. One day later, mice were
sacrificed and the frequencies of the two CFSE-labelled tar-
get cell populations were analysed by flow cytometry on
a FACSCanto Il (BD Biosciences). Antigen-specific killing
was calculated using the following formula: (1 — percentage
of CFSEpepiige/percentage of CFSE, peptige) X 100.

Statistical analysis

One-way analysis of variance and Dunnett's or Tukey’s post
test were performed using GraphPad Prism 4. The symbols
represent P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***).

Results

Uptake of soluble antigen by BMDC is reduced in the
presence of certain TLR agonists

To study the effect of DC activation by different TLR agonists on
the uptake of the soluble model antigen OVA, we incubated
BMDC with fluorescently labelled OVA in the presence of vari-
ous TLR agonists at concentrations optimized for maximal DC
activation. After 4 h of incubation, cells were harvested and the
mean fluorescence intensity for OVA-Alexa555 of CD11c™ cells
was determined by flow cytometry to quantify antigen uptake.
Activation of BMDC with TLR agonists led to a reduction in
antigen uptake in the presence of polyl:C, CpG and LPS
(Fig. 1A). Interestingly, the addition of the TLR ligand R837
did not result in reduced OVA endocytosis (Fig. 1A).

To compile the results from a set of different experiments,
the percentage of CD11c* BMDC, which were positive for
OVA-Alexab55, was determined. The percentage of OVA*
BMDC found in the absence of TLR-mediated activation
(unstimulated) was set as 100% and the samples incubated
in the presence of TLR agonists were expressed in relation
to the unstimulated control sample. This analysis confirmed
that co-culture of DC with polyl:C, CpG and LPS reduced
the uptake of soluble OVA to 61.8 * 7.8%, 85.2 = 10.7%

targets cells versus unpulsed target cells was determined by flow
cytometry the following day. The graph compiles data from two
independent experiments (n = 10). For statistical analysis, one-way
analysis of variance in combination with Dunnett’s (A and B) or Tukey’s
(C) multiple comparison test was used (**P < 0.01, ***P < 0.001).
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and 77.6 = 6.9%, respectively, in comparison to unstimu-
lated cells (Fig. 1B). In contrast, no significant reduction in
antigen capture in the presence of the TLR7 agonist R837
was observed (Fig. 1B).

To exclude the possibility that a reduction in antigen uptake
reflects an increase in cell death in response to the TLR stim-
uli, we determined the percentage of live cells in the forward
versus side scatter dot plots upon analysis of the cells by flow
cytometry and also determined the percentage of apoptotic
Annexin V* cells 18 h after stimulation. In both cases, the via-
bility of cells treated with TLR agonists was comparable to
that of unstimulated cells (Supplementary Figure 1, available
at International Immunology Online). Thus, the reduction in
antigen uptake is not due to an increase in cell death.

DC activation in response to the tested concentrations of
TLR agonists was confirmed by measuring the induction of
IL-6 upon overnight incubation and was seen for all stimuli
tested in the assay (data not shown).

Reduction in antigen uptake does not correlate with levels of
CTL priming

We were interested in exploring whether the reduction in anti-
gen uptake affects the T cell stimulatory function of DC and
thereby negatively influences CTL priming. To address this,
we vaccinated mice with BMDC that were pulsed with antigen
in the presence and absence of various TLR ligands. One
week after vaccination, the induction of a CTL response was
determined by in vivo CTL assay. As expected, TLR agonist-
treated DC were more potent in inducing CTL than unstimu-
lated control DC irrespective of the TLR agonist that was used
for activation (Fig. 1C). However, polyl:C-treated DC were less
efficient in inducing CTL responses than CpG-stimulated DC
resulting in 26.62 = 7.99% and 47.21 = 13.01% of antigen-
specific killing of target cells, respectively (Fig. 1C). While
the low level of CTL induction for polyl:C-treated BMDC could
be caused by reduced antigen presentation due to a decrease
in endocytosis in the presence of dsRNA, it also could be
a consequence of differences in the activation status of
the DC. We determined the induction of IL-6 in response to
the different TLR agonists as a quantitative marker for
DC activation. While polyl:C-treated DC secreted 4.34 =+
0.14 ng mI~" IL-6, 56.64 + 2.98 ng mI~" IL-6 was detected
in the supernatant from the same number of CpG-stimulated
DC (data not shown). In comparison, R837 used at the opti-
mal dose of 1 pg ml~! does not reduce antigen uptake but
induces high levels of IL-6 (43.34 = 0.81 ng mI~"). Never-
theless, vaccination with R837-treated DC only achieves lev-
els of CTL induction similar to polyl:C (Fig. 1C). Thus, there
is no correlation between the reduction in antigen uptake,
the levels of IL-6 induced and cross-priming of CTL for DC
treated with the different TLR agonists. Consequently, we con-
clude that other, yet unidentified, factors determine the ability
of TLR-stimulated DC to induce a CTL response.

Reduction in antigen uptake in the presence of polyl.C is
independent of TLR-mediated DC activation and is seen for
various viral dsRNA analogues

Down-regulation of endocytic activity by DC in response to
polyl:C and LPS has been attributed to TRIF-mediated im-

mune activation (23). To test whether the reduction in uptake
of soluble antigen in the presence of polyl:C was a conse-
quence of DC activation mediated via TLR3, we compared
the reduction in endocytosis of fluorescently labelled OVA in
wild-type and TRIF~~ BMDC. TLR3 signals exclusively via
the adaptor molecule TRIF and consequently TRIF-deficient
cells do not respond to activation with TLR3 agonists (25,
29). Interestingly, we did not find any significant difference
in antigen uptake between wild-type and TRIF~~ BMDC
(Fig. 2A); however, the induction of IL-6 in response to
polyl:C was completely abolished in the TRIF~~ BMDC
(Fig. 2B). As expected, TRIF~/~ BMDC responded normally
to the TLR9 agonist CpG 1668 ODN showing no difference
in cytokine induction in response to TLR9-mediated activa-
tion (Fig. 2B).

While TLR3 has been described to exclusively signal via
TRIF, a role for other TIR domain-containing adaptor mole-
cules cannot be entirely excluded. We, therefore, deter-
mined the uptake of fluorescent OVA by TLR3~~ BMDC to
confirm our conclusion. As expected, TLR3™/~ BMDC
showed a reduction in the uptake of OVA in the presence of
polyl:C, further strengthening our hypothesis that reduced
antigen uptake is independent of TLR-mediated signals
(Fig. 2C).

To confirm these data and to exclude activation via cyto-
plasmic sensors for polyl:C such as retinoic acid-inducible
gene-l (RIG-I) and melanoma differentiation-associated
gene-5 (MDAB), we tested other agonists for TLR3, namely
polyl and Ampligen, a poly(l):poly(C4,U) viral dsRNA ana-
logue. The ssRNA homopolymer polyl has recently been de-
scribed as a TLR3 agonist, while Ampligen has been shown
to mediate immune activation exclusively via TLR3 and no
other PRR (30, 31). Both alternative stimuli led to a reduction
in uptake of soluble OVA (Fig. 3A). While the drop in antigen
uptake in response to polyl was similar to the decrease seen
for polyl:C, the reduction in the presence of Ampligen was
less pronounced.

Like polyl:C, Ampligen inhibited the uptake of soluble OVA
in TRIF-deficient BMDC (Fig. 3B), further supporting the
premise that down-regulation of endocytosis takes place in-
dependently of DC activation. In accordance with this, inhi-
bition of uptake in the presence of LPS was also observed
in TLR4~/~ BMDC (Fig. 3C).

Specific RNA homopolymers inhibit uptake of soluble antigen
by blocking scavenger receptor-mediated endocytosis

RNA homopolymers with the capacity to form polynucleotide
quadruplexes, such as polyl and polyG, have been shown
to bind to scavenger receptors and have been used as
inhibitors for scavenger receptor-mediated uptake of soluble
OVA by macrophages (32, 33). To test whether polyl:C inhib-
its scavenger receptor-mediated uptake of OVA by DC, we
compared the RNA homopolymer-mediated reduction in up-
take of soluble OVA with the reduction in uptake of fluores-
cently labelled acetylated low-density lipoprotein (Dil-Ac-LDL),
which is almost exclusively taken up via SR-A by BMDC
(34). The level of inhibition of Dil-Ac-LDL uptake was identi-
cal to the reduction in OVA endocytosis (Fig. 4A). As
expected, the RNA homopolymers polyl:C, polyl and polyG
led to similar reductions in OVA-Alexa555 and Dil-Ac-LDL
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Fig. 2. The reduction on the uptake of soluble antigen mediated by
polyl:C is dose dependent and TRIF independent. (A) GM-CSF
BMDC from C57BL/6 and TRIF™~ mice were cultured for 4 h with
OVA-Alexa555 (5 pg ml~') in the presence of the indicated
concentrations of polyl:C and CpG. Cells were stained with anti-
CD11c antibody and the frequency of OVA-Alexa555* CD11c* cells
was determined by flow cytometry. The relative percentage of OVA-
Alexab55" BMDC is depicted in relation to BMDC in the absence of
TLR agonists. Pooled data from three independent experiments are
shown with the standard deviation indicated. The P values are
indicated for C57BL/6 and TRIF-deficient BMDC, respectively (wild-
type/TRIF). (B) GM-CSF BMDC from C57BL/6 and TRIF~/~ mice were
cultured overnight in the presence of 50 ug mi~" polyl:C or 0.5 pg mi~"
CpG. The level of IL-6 in the supernatant of triplicate samples was
determined by sandwich ELISA and the standard deviation is
indicated. One representative of three independent experiments is
shown. (C) GM-CSF BMDC from TLR3™~ mice were treated as
described in (A). One representative experiment of three is shown
with the standard deviation of triplicate samples indicated. Data were
analysed by one-way analysis of variance in combination with
Dunnett's multiple comparison test (*P < 0.05, **P < 0.01).

uptake, while polyU, which does not form polynucleotide
quadruplexes, did not inhibit uptake of these substances.
To confirm that TLR3 ligands such as polyl:C affect scav-
enger receptor-mediated uptake but do not block other up-
take mechanisms, we studied pinocytosis and mannose
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Fig. 3. Specific RNA homopolymers partially inhibit antigen uptake
by BMDC independently of DC activation. Uptake of OVA-Alexa555
by wild-type (A), TRIF~ (B) and TLR4™'~ (C) BMDC was assessed
after 4 h of incubation in the presence of the indicated stimuli. Cells
were stained with anti-CD11c¢ antibody and the frequency of OVA-
Alexa555* CD11c* cells was determined by flow cytometry. The
relative percentage of OVA-Alexa555" BMDC is depicted in relation
to BMDC in the absence of TLR agonists. The following concen-
trations of TLR agonists were used: 0.4, 2, 10 and 50 pg ml~" for
polyl:C, Ampligen, polyl, polyG and polyU and 0.01, 0.1 and 1 pg mi™"
for LPS. The standard deviation is shown and data are representative
of at least three independent experiments. Data were analysed by
one-way analysis of variance in combination with Dunnett’s multiple
comparison test (*P < 0.05, **P < 0.01).

receptor-mediated uptake in the presence of polyl:C, polyl,
polyG and polyU. Uptake of LY, which is taken up exclu-
sively by pinocytosis (35), was determined in the presence
and absence of the RNA homopolymers. No reduction in up-
take of LY was observed in the presence of any of the tested
RNA homopolymers confirming that pinocytosis in BMDC is
not affected (Fig. 4B).

Mannose receptor-mediated endocytosis has been shown
to be involved in the uptake of OVA by DC (33, 36). To ex-
plore the effect of RNA homopolymers on mannose receptor-
mediated uptake of OVA, we blocked this pathway by adding
increasing doses of mannan to the uptake assay. As
expected, this partially blocked the uptake of OVA by
BMDC and reduced the frequency of BMDC with high lev-
els of ingested OVA (see histogram regions, Fig. 4C). In
contrast, the frequency of BMDC with high levels of endocy-
tosed OVA was not or only slightly affected by the presence
of polyl:C, indicating that the TLR3 agonist does not inter-
fere with mannose receptor-mediated uptake of the antigen
(Fig. 4C).
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Fig. 4. Scavenger receptor-mediated endocytosis, but not pinocytosis
or Mannose receptor-mediated endocytosis, is inhibited by specific
RNA homopolymers. (A) GM-CSF BMDC were cultivated for 4 h with
OVA-Alexa555 or Dil-Ac-LDL at a final concentration of 5 ug mi~" in the
presence of the indicated RNA homopolymers (50 ug mi~"). Cells were
analysed by flow cytometry and the percentage of Alexas55" or Dil*
CD11c* BMDC was determined. The results are depicted as relative
percentage of OVA*™ or Ac-LDL* BMDC in relation to unstimulated
BMDC. The figure compiles results from three independent experi-
ments. (B) Uptake of OVA-Alexa555 (5 pg mi~') was compared with
uptake of LY (0.1 pg mI~") as described in (A). The figure comprises
data from three independent experiments with the standard deviation
shown. (C) Mannan at final concentrations of 300, 30 and 3 pg mi~"
was added 1 h prior to the addition of OVA-Alexa555 (5 ug mi~") to
GM-CSF BMDC. As control, cells were incubated with OVA-Alexa555
in the absence of mannan. In addition, some cells were incubated with
the antigen in the presence of 50 ug mi~" polyl:C without mannan. The
grey filled histograms depict the uptake of OVA-Alexa555 by CD11c*
BMDC in the absence of polyl:C or mannan. The black histograms
show the uptake of OVA in the presence of the indicated reagents. The
region depicted in the histograms represents the percentage of
CD11c* cells that have ingested high levels of OVA. The data are
representative of four independent experiments.

Inhibition of scavenger receptor-mediated uptake by RNA
homopolymers also occurs in splenic DC

We were interested in examining whether the inhibition of en-
docytosis by polyl:C also affects antigen uptake by primary

splenic DC. Splenic CD11c* cells were isolated by magnetic
enrichment and the expression of the SR-A type I/l (CD204)
on the different DC subsets was determined. Immunostain-
ing of the cells with a suitable mix of antibodies allowed for
the discrimination of the different splenic DC subsets. All
splenic DC subsets expressed CD204 (Fig. 5A). To study
the extent of polyl:C-induced reduction in OVA uptake by
the different splenic DC subsets, CD11c-enriched spleno-
cytes were cultured in the presence of fluorescently labelled
OVA for 4 h before uptake of soluble antigen was analysed
by flow cytometry. Interestingly, CD8a* DC took up far more
OVA than the other DC populations while pDC ingested only
very little soluble antigen in the same time period (Fig. 5B).
In the presence of polyl:C, OVA uptake by CD4", CD8u"
and DN DC was reduced (Fig. 5B).

Since the CD8a" DC subset was the population with the
highest rate of OVA uptake, we compared the levels of
ingested OVA in the presence and absence of a wide range
of TLR ligands and RNA homopolymers for this DC subset.
As seen for BMDC, polyl:C, polyl and polyG reduced OVA
uptake to 48, 63 and 37% of the levels seen in unstimulated
CD8a* DC, respectively (Fig. 5C). The TLR7 agonist R837
did not affect OVA uptake, while CpG 1668 ODN led to
some reduction in antigen endocytosis (80% of OVA* cells
compared with unstimulated DC) similar to that which had
been observed for BMDC (Figs 1B and 2A). These results
indicate that the TLR3 ligand polyl:C and other RNA homo-
polymers with the ability to form quadruplexes affect scaven-
ger receptor-mediated uptake of soluble antigens, such as
OVA, on primary splenic DC.

Discussion

Here we show that the partial reduction in endocytosis of
soluble antigen by DC in the presence of various TLR
ligands is independent of DC activation. It has been shown
that the transient initial increase in dextran endocytosis is
completely or partially dependent on MyD88-mediated DC
activation in response to CpG ODN and LPS, respectively
(20). In line with these findings, the reduction in endocytosis
of cellular material by DC in the presence of polyl:C and
LPS has been attributed to TLR- or, more specifically, TRIF-
mediated DC activation, since it was absent in response to
TLR stimuli signalling exclusively via the adaptor molecule
MyD88 (23). We have tested this hypothesis and report here
that reduction in uptake of soluble protein in the presence
of dsRNA is independent of TRIF-mediated DC activation.
While residual activation of DC in response to polyl:C medi-
ated via cytoplasmic PRR such as RIG-I and MDA5 cannot
be formally excluded, activation of DC induced by Ampligen
is restricted to TLR3 and is, therefore, completely TRIF de-
pendent. Since reduction in endocytic activity in the pres-
ence of Ampligen is not affected in TRIF-deficient DC, we
conclude that DC activation is not involved in the down-
regulation of endocytosis by particular nucleic acid ligands
in general.

This conclusion is also supported by the fact that treatment
of DC with polyG, another RNA homopolymer, which does
not induce DC activation, also leads to a dose-dependent in-
hibition of endocytosis. RNA homopolymers such as polyG
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Fig. 5. Polyl:C leads to a reduction in uptake of soluble antigen by
splenic DC. CD11c* splenocytes were isolated by magnetic cell
sorting. (A) The different DC subsets were identified by their
differential expression of CD4, CD8, B220 and PDCA-1 as depicted.
Surface expression of SR-A type I/Il (CD204) in the different splenic
DC subsets was analysed by flow cytometry. Grey filled and black
histograms correspond to immunostaining with an isotype control and
anti-CD204 antibody, respectively. (B) Histograms showing the
uptake of OVA-Alexab55 by the different splenic DC subsets. Grey
filled and black histograms correspond to DC cultured in the absence
and presence of OVA-Alexa555, respectively. Polyl:C was used at
a final concentration of 50 ug mi~". (C) Relative percentage of OVA-
Alexa555" CD8a* DC in relation to CD8a* DC incubated with the
antigen in the absence of TLR agonists. Polyl:C, polyl, polyG and
polyU were used at 50 pg ml~' while CpG was added to final
concentration of 0.5 pg mi~'. The figure compiles data from five
independent experiments with the standard deviation depicted. For
statistical analysis, Dunnett’'s multiple comparison test was used with
the unstimulated cells serving as control group (*P < 0.05, **P <
0.01).

and polyl with the ability to form quadruplex structures have
been shown to inhibit scavenger receptor-mediated endocy-
tosis (82). Scavenger receptors bind a broad range of polya-
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nionic molecules and reports have implicated them in the
binding of CpG ODN, the lipid A component of LPS and also
polyl:C (37-39). This study adds Ampligen, as another RNA
polymer, to the list of molecules with an affinity for scavenger
receptors.

While binding of polyl:C to scavenger receptors has been
shown for epithelial cells (39), it has not so far been shown
to affect antigen uptake by DC in the context of DC vac-
cines. Cellular uptake of polyl:C can be mediated by CD14
or clathrin-dependent endocytosis depending on the cell
type that is studied (40, 41). Interestingly, polyl:C competes
with specific CoG ODN for clathrin-dependent uptake (41).
The fact that polyl:C and CpG ODN use the same uptake
mechanism supports our data showing that the reduction in
antigen endocytosis is not dependent on TLR-mediated sig-
nalling but is due to competition of OVA with nucleic acids
such as polyl:C and CpG ODN for the same uptake recep-
tors. Since reduction in endocytic activity of DC in response
to TLR-mediated activation is a widely accepted concept,
the mechanism behind polyl:C-induced down-regulation of
antigen uptake has not been investigated in detail. This
study shows, for the first time, that reduced antigen uptake
in the presence of specific TLR ligands such as polyl:C is
not dependent on DC activation.

We also have addressed the question as to whether a reduc-
tion in antigen uptake in response to TLR agonists correlates
with reduced cross-priming activity of treated DC in vivo. For
uptake of viral antigen from infected cells, it was shown that
human DC activated by polyl:C are less efficient in priming
CD8 T cells than untreated DC or DC activated with a TLR2
agonist (23). However, in our system studying responses to
soluble antigen in a mouse model, DC treated with polyl:C
achieved a similar level of CTL activity than DC treated with
R837. Since R837 does not reduce uptake of antigen and
also induces higher levels of cytokines by the treated DC, this
suggests that the reduction in antigen uptake does not di-
rectly translate into a reduction in cross-priming activity of the
affected DC. Other, yet unidentified, factors seem to influence
the ability of DC to induce a robust CTL response.

Recently, it was shown that the different mechanisms in-
volved in OVA uptake dictate the intracellular route of the
ingested antigen and its subsequent presentation (33). Anti-
gen internalized by mannose receptor-mediated endocytosis
is confined to a stable early endosomal compartment which
allows for cross-presentation of exogenous antigen on MHC
class |, while antigen that enters the cell by pinocytosis or
scavenger receptor-mediated endocytosis undergoes lyso-
somal degradation and is destined for MHC class Il presen-
tation. Our study indicates that polyl:C specifically inhibits
uptake via scavenger receptor without affecting mannose re-
ceptor-mediated endocytosis or pinocytosis. Thus, in the
presence of polyl:C, antigen is mainly ingested by mannose
receptor-mediated uptake and/or pinocytosis. Since man-
nose receptor-mediated uptake of OVA is crucial for cross-
presentation of the antigen on MHC class | molecules, it is
not surprising that the polyl:C-induced block in scavenger
receptor-mediated endocytosis of antigen does not exert
negative influence on cross-presentation in our system.

Our data show that not all aspects of DC function altered
by TLR agonists are dependent on TLR-mediated activation.
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Synthetic mimics of TLR ligands have been described previ-
ously to have side effects not mediated via the TLR they tar-
get. R837 has been shown to bind directly to adenosine
receptor and, thereby inhibits adenylyl cyclase activity and
polyl:C, in contrast to Ampligen, is known to trigger cyto-
plasmic PRR in addition to endosomal TLR3 (31, 42, 43).
The inhibition of scavenger receptor-mediated endocytosis
by polyl:C can be added to this list. Despite its down-
modulation of antigen uptake, polyl:C is a potent adjuvant
in vivo which induces immune effector functions characteris-
tic for viral infections. This suggests that for the induction of
adaptive immunity, the absolute quantity of ingested antigen
is less important than the route of antigen uptake and the
quality of the co-delivered signals, which regulate and en-
sure efficient antigen processing and presentation.

Supplementary data

Supplementary data are available at International Immunol-
ogy Online.
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Abbreviations

BMDC bone marrow-derived DC

CFSE carboxyl fluorescein succinimidy! ester

DC dendritic cells

Dil-Ac-LDL  1’-dioctadecyl-3,3,3',3'tetramethylindo-carbocyanine
perchlorate-labelled acetylated low-density lipoprotein

DN double negative

dsRNA double-stranded RNA

GM-CSF granulocyte macrophage colony-stimulating factor

LY lucifer yellow

MDA5 melanoma differentiation-associated gene-5
ODN oligonucleotide

OVA ovalbumin

PAMP pathogen-associated molecular patterns
pDC plasmacytoid DC

polyG polyguanylic acid

polyl polyinosinic acid

polyl:C polyinosinic—polycytidylic acid

polyU polyuridylic acid

PRR pattern recognition receptors

RIG-I retinoic acid-inducible gene-l

SR-A scavenger receptor class A

ssRNA single-stranded RNA

TLR Toll-like receptors

TRIF TIR domain-containing adaptor-inducing IFN-B
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