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1 | INTRODUCTION

Activated plasmacytoid dendritic cells (pDCs) and B cells are
two efficient immune regulators that interact in the interplay

| Pascal Pucholt

| Cane Amcoff | Lars Ronnblom |

Abstract

Synthetic Toll-like receptor (TLR) 7 agonists have been suggested as immune modu-
lators in a range of conditions. In contrast, self-derived TLR7 activators, such as
RNA-containing immune complexes (RNA-IC), can contribute to autoimmune dis-
eases due to endogenous immune activation. The exact difference in immune cell
response between synthetic and endogenous TLR7 triggers is only partly known. An
understanding of these differences could aid in the development of new therapeu-
tic agents and provide insights into autoimmune disease mechanisms. We therefore
compared the stimulatory capacity of two TLR7 agonists, RNA-IC and a synthetic
small molecule DSR-6434, on blood leucocytes, plasmacytoid dendritic cells (pDCs)
and B cells from healthy individuals. IFN-a, IL-6, IL-8 and TNF levels were meas-
ured by immunoassays, and gene expression in pDCs was analysed by an expression
array. DSR-6434 triggered 20-fold lower levels of IFN-a by pDCs, but higher pro-
duction of IL-6, IL-8 and TNF, compared to RNA-IC. Furthermore, IFN-a and TNF
production were increased with exogenous IFN-a2b priming, whereas IL-8 synthesis
by B cells was reduced for both stimuli. Cocultivation of pDCs and B cells increased
the RNA-IC-stimulated IFN-a and TNF levels, while only IL-6 production was en-
hanced in the DSR-6434-stimulated cocultures. When comparing pDCs stimulated
with RNA-IC and DSR-6434, twelve genes were differentially expressed (log, fold
change >2, adjusted P-value <.05). In conclusion, RNA-IC, which mimics an endog-
enous TLR7 stimulator, and the synthetic TLR7 agonist DSR-6434 trigger distinct
inflammatory profiles in immune cells. This demonstrates the importance of using

relevant stimuli when targeting the TLR7 pathway for therapeutic purposes.

between innate and adaptive immunity. 14 Pattern recognition
receptors (PRRs) are expressed by various immune cells to
sense conserved pathogen-associated molecular patterns
(PAMPs) on microorganisms and alert the immune system
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of a possible threat.>® One important PRR family consists
of Toll-like receptors 1 to 10 (TLR1-10), which upon rec-
ognition of PAMPs can evoke a powerful inflammatory re-
sponse.6 The pDCs and B cells uniquely express TLR7 and
TLR9Y in their endo-lysosomal compartments where they
sense single-stranded (ss) RNA and double-stranded DNA,
respectively.”'? In addition to natural agonists, TLR7 can be
activated by synthetic compounds such as the imidazoquino-
lines resiquimod and imiquimod structurally resembling nu-
cleic acids or by oxoadenine derivatives.'%13

The endosomal TLRs are normally protected from contact
with endogenous nucleic acids. However, when in complex
with autoantibodies they can, via autoantibody-dependent
FcyR-mediated uptake or surface Ig-receptors, get access into
endosomes of pDCs and B cells.!#16 Recognition of ssRNA
by TLR7 leads to recruitment of the adaptor molecule my-
eloid differentiation factor 88 (MyD88), and initiation of a
signalling cascade activating the transcription factors inter-
feron regulatory factor (IRF) 7 and NF-kB, finally resulting
in gene expression of type I interferons (IFN), IL-6, TNF and
other proinflammatory cytokines. 17-19

Type I IFN is an important mediator of the first line of an-
tiviral defence. The pDCs are specialized to rapidly produce
large amounts of type I IFN, especially IFN-«a, in response
to a broad range of viruses and some bacteria.'”*’ Type I
IFN also has powerful immunomodulatory effects that can
be deleterious and increase the risk for autoimmune disease
in genetically predisposed individuals.>'** For example, in
systemic lupus erythematosus (SLE) a continuous type I IFN
production by pDCs is triggered by an endogenous stimula-
tor consisting of nucleic acid containing immune complexes
(IC), for example autoantibodies and nucleic acid binding
proteins.24'27 In addition, B cells can enhance the IFN-o pro-
duction by pDCs when stimulated by immune complexes
consisting of small nuclear ribonucleoproteins and IgG
isolated from SLE patients.4 We demonstrated earlier that
blocking of the platelet endothelial cell adhesion molecule
(PECAM-l/CD31)28 by monoclonal antibodies diminished
the stimulatory effect of B cells on the RNA-IC stimulated
IFN-a production. However, whether CD31 is involved in the
regulation of other proinflammatory cytokines had not been
clarified.

Although many synthetic TLR7 agonists have been inves-
tigated for their ability to activate immune functions in pDCs
and B cells,'**! to our knowledge no studies have compared
the stimulatory effects of synthetic TLR7 agonists and RNA-
containing immune complexes, which mimic endogenous
TLR7 activation. Since pDCs and B cells play central roles in
several autoimmune diseases and are potential treatment tar-
gets, it is important to clarify how the different types of TLR7
agonists affect these cells. In the present study, we stimulated
pDCs and B cells, with RNA-IC or a synthetic 8-oxoadenine
derivative TLR7 agonist DSR-6434, to compare the pattern

of cytokine production and gene expression in pDCs of 594
immune system-related genes.

2 | MATERIALS AND METHODS

2.1 | Cellisolation and culture conditions
Blood cells were isolated from healthy blood donor buffy
coats (Department of Transfusion Medicine, Uppsala
University Hospital). Peripheral blood mononuclear cells
(PBMC) were isolated by Ficoll-Hypaque (GE Healthcare)
density-gradient centrifugation. Due to their inhibitory ef-
fect on IFN-a synthesis, CD14-positive monocytes were
depleted from PBMC by magnetic bead separation (CD14
MicroBeads (Miltenyi Biotec)).32 pDCs and B cells were iso-
lated from PBMCs using negative selection (pDC Isolation
kit IT and B cell Isolation kit II; Miltenyi Biotec). Purity of
isolated B cells and pDCs was determined by flow cytometry
after staining with anti-CD19 (clone HIB19, BD Biosciences)
and anti-BDCA2 (Miltenyi Biotec) monoclonal antibodies
(mAbs) and was found to be at least 95%. Cells were cultured
as previously described* with 0.25 x 10* pDCs alone, or to-
gether with 1 x 10* B cells, in volumes of 0.1 mL per well
in 96-well plates (Nunc) for 20 hours at 37°C with 5% CO,.
The cells were incubated in the presence of IFN-a2b (500 U/
mL: IntronA, MSD) and/or monoclonal antibody to CD31
(PECAM-1), as indicated. The study was approved by the
Regional Ethics Committee, and written informed consent
was obtained from all blood donors.

2.2 | Cell stimulation

The small molecule TLR7 agonist 6-Amino-2-(butylamino)-
9-[[6-[2-(dimethylamino)ethoxy]-3-pyridinyl]Jmethyl]-7,9-
dihydro-8H-purin-8-one (DSR-6434, Tocris Bioscience)
[EC50 = 7.2 nmol/L]12 was titrated to achieve optimal in-
duction of IFN-a and was used at a final concentration of
75 nmol/L in subsequent experiments.

Ul snRNP particles were purified from HeLa cells as
previously described,® and SLE-IgG was isolated from two
individual SLE patients’ serum containing autoantibodies to
SmB, SmD, RNP-A, RNP-C, ribosomal P antigen, histone
and dsDNA by protein G chromatography. The Ul snRNP
particles and SLE-IgG were used in cell cultures at final
concentrations of 2.5 pg/mL and 1 mg/mL, respectively.* To
exclude that differences in cytokine production triggered by
DSR-6434 and RNA-IC were due to increased cell death, the
cell viability was analysed by flow cytometry and showed no
difference between the two stimuli. The viability of the pDCs
was >80% after overnight incubation independent of stimuli
(results not shown).
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2.3 | Immunoassays

IFN-a was analysed in culture supernatants by a dissocia-
tion-enhanced lanthanide fluoroimmunoassay (DELFIA)
as previously described.*** The DELFIA assay does not
detect the IFN-a subtype 2b which was used for priming.
Cytokines IL-6, IL-8, IL-10 and TNF-a were analysed using
the cytometric bead array (CBA) Human Soluble Protein
Flex Set system (BD Biosciences) or ELISA immunoas-
says (BioLegend). The CBA samples were analysed by a
FACSCantoll flow cytometer and by FCAP 3.0 software
(BD Biosciences).

2.4 | Gene expression profiling

Plasmacytoid dendritic cells from six blood donors were
stimulated with DSR-6434, RNA-IC or culture medium
(mock), for 6 hours in the presence of IFN-a2b (IntronA,
MSD). Gene expression profiles were analysed by the
Human Immunology V2 expression array kit containing
probes for 594 immune system-related genes (NanoString
Technologies) (Table S1), as described previously.27 Briefly,
cell lysates (10 000 cells/5 pL) were hybridized at 65°C for
18-20 hours, post-hybridized immediately on the nCounter
Prep Station, and the signals were then quantified with the
nCounter Digital Analyzer (NanoString nCounter platform).
The background level was defined as the counts generated
by the negative control probes (geometric mean + 3 stand-
ard deviations). The raw counts were normalized using inter-
nal controls and housekeeping genes (nSolver v3.0 software
(NanoString).

2.5 | Statistics

Statistical analyses were performed using GraphPad Prism
Software 7.0. Differences between groups were analysed by
Wilcoxon signed-rank test. P values <.05 were considered
statistically significant. Differentially expressed genes were
defined as absolute log, fold change (FC) >2 and Benjamini
& Yekutieli adjusted P value <.05 (nSolver v3.0).

3 | RESULTS

3.1 | The small molecule TLR7 agonist
DSR-6434 induces cytokine production in
peripheral blood leucocytes

To investigate whether the small molecule TLR7 agonist
DSR-6434 could trigger cytokine production in leucocytes,
we stimulated PBMC and CD14-depleted PBMC from

healthy individuals with different concentrations of DSR-
6434. The levels of IFN-a, IL-6, IL-8, IL-10 and TNF in
the cell cultures were analysed with immunoassays after
20 hours.

Stimulation with DSR-6434 resulted in low or no IFN-a
production by both CDI14-depleted PBMC (Figure 1A,
left panel) and PBMC (results not shown). Next, we asked
whether the weak IFN-a production could be enhanced by
exogenous IFN-a (‘priming’). We found that the IFN-a lev-
els in the cell cultures with monocyte-depleted PBMC were
increased 5-6 times with IFN-a2b priming (Figure 1A, right
panel).

We also asked if DSR-6434 could stimulate synthesis
of other proinflammatory cytokines. We found that PBMC
produced high levels of IL-6 and IL-8 (mean: = 3 x 10* and
7 x 10* pg/ml, respectively), and moderate levels of TNF
(Figure 1B-D). The IL-6 and IL-8 production was lower in
the cell cultures lacking monocytes (P < .005) (Figure 1E-F),
whereas the presence of monocytes did not affect the TNF
levels (Figure 1G). In addition, priming with IFN-a2b reduced
the IL-8 production by PBMC (P < .0001), whereas TNF pro-
duction showed a trend to be increased (Figure 1C-D). No
IL-10 was detected in the cell cultures (results not shown).

Thus, the TLR7 agonist DSR-6434 triggers high levels
of IL-6 and IL-8 in PBMC and monocyte-depleted PBMC,
whereas moderate levels of IFN-a by monocyte-depleted
PBMC were observed after IFN-a2b priming.

3.2 | The IFN-« response by plasmacytoid
dendritic cells differs between the TLR7
agonists DSR-6434 and RNA-containing
immune complexes

Because depletion of monocytes from PBMC and prim-
ing with IFN-a2b increased the DSR-6434-induced IFN-a
production, we asked whether pDCs were activated in a
similar manner as previously shown for another TLR7 ago-
nist, namely RNA-IC. 43236 First, we verified that the DSR-
6434 concentration titrated in monocyte-depleted PBMC
was optimal for IFN-a production by pDCs (Figure S1).
Subsequently, pDCs were stimulated with DSR-6434 or
RNA-IC in the presence or absence of IFN-a2b, and the
produced IFN-a was quantified in the cell cultures as de-
scribed earlier.

The pDCs stimulated with RNA-IC produced approxi-
mately 20 times higher amounts of IFN-a compared to DSR-
6434 as stimulus (median: 2835 vs 131 U/mL, P = .001)
(Figure 2, left panel). Priming with IFN-a2b increased the
IFN-a production by DSR-6434 stimulated pDCs by approx-
imately threefold (P = .0068), whereas the priming had no
significant effect on the RNA-IC-stimulated pDCs (Figure 2,
left panel).
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B cells are known to potentiate the RNA-IC-induced
IFN-a production by pDCs.**” We therefore asked whether
B cells have a similar effect when using DSR-6434 as stim-
ulus. We found that presence of B cells did not regulate the
IFN-a production by pDCs, irrespective of IFN-a2b priming
(Figure 2, right panel).

Ligation of the platelet endothelial cell adhesion mole-
cule (PECAM-1/CD31) has been shown to downregulate the

RNA-IC-stimulated IFN-o response.4 Therefore, we further
asked if CD31 was involved in regulation of the DSR-6434-
stimulated IFN-a response. However, we did not find any
significant effect of anti-CD31 mAbs on the IFN-a produc-
tion by pDCs in the presence or absence of IFN-a2b priming
(Figure S2). Furthermore, no detectable levels of IFN-a were
produced by B cells, or in mock cultures with medium only
(results not shown).
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FIGURE 2

pDC + B cells

IFN-a production by plasmacytoid dendritic cells stimulated with two different TLR7 agonists. Interferon (IFN)-a production

by plasmacytoid dendritic cells (pDCs) cultured alone (left panel) or in cocultures with B cells (right panel) isolated from healthy donors was

stimulated with two different TLR7 agonists; A small molecule (DSR-6434) or RNA-containing immune complexes (RNA-IC). The cells were

cultivated without or with IFN-a2b (priming). The IFN-a levels were measured in the culture supernatants after 20 h by a DELFIA immunoassay.

The box plots show individual values (dots), median (horizontal bars) with interquartile range and minimal and maximal value

Thus, DSR-6434 was a less effective activator of IFN-a
synthesis in pDCs than RNA-IC. However, the response was
enhanced by exogenous IFN-a2b priming, but not by B cells,
indicating some differences in the regulation of the IFN-a
induction by the two TLR7 agonists.

3.3 | IL-6,IL-8 and TNF production
stimulated by the TLR7 agonists DSR-6434 or
RNA-containing immune complexes

Next, we compared the stimulatory capacity of the two TLR7
agonists, that is the small molecule DSR-6434 and RNA-IC,
on IL-6, IL-8 and TNF production by purified pDCs, B cells
and in pDC/B cell cocultures. In addition, we examined the
role of IFN-a2b priming.

DSR-6434 induced high production of IL-6, particularly
by B cells (mean 1314 pg/mL), whereas RNA-IC only in-
duced IL-6 in the pDC/B cell cocultures (Figure 3A). The
DSR-6434-induced IL-6 production was enhanced with IFN-
o2b priming, both in B cells (P =.002) and pDCs (P = .0005),
although the effect was small in pDCs. Coculturing of B
cells and pDCs had a stimulatory effect on IL-6 production
(P = .020), while no additional increase was obtained with
IFN-a2b priming.

Both DSR-6434 and RNA-IC induced IL-8 production
by B cells and pDCs (Figure 3B). The IL-8 levels were not
significantly different in the B cell cultures stimulated with
either TLR7 agonist, whereas DSR-6434 triggered signifi-
cantly higher IL-8 production by pDCs than RNA-IC (730
vs 100 pg/mL, P = .0001). Interestingly, priming of B cells

with IFN-a2b reduced the IL-8 production (P < .031),
whereas no such effect was seen in pDCs. Furthermore,
there was no additional increase of IL-8 levels in pDC/B
cell cocultures.

Hence, DSR-6434 induced higher production of IL-8 in
pDCs compared to RNA-IC, whereas almost equal IL-8 lev-
els were synthetized by B cells with either TLR7 agonist.

B cells produced low or undetectable levels of TNF
when stimulated with DSR-6434 or RNA-IC, respectively
(Figure 3C). In comparison with RNA-IC, DSR-6434 in-
duced higher TNF production in pDCs (570 pg/mL vs
143 pg/mL, P = .0015), which was increased twofold by
IFN-a2b priming (P < .001). The RNA-IC-induced TNF
response was significantly higher in the pDC/B cell cocul-
tures compared to pDCs cultured alone (P = .0020), whereas
no such increase was observed in the DSR-6434-stimulated
cocultures.

In addition, we asked whether ligation of the CD31
surface receptor could regulate IL-6, IL-8 and TNF pro-
duction. We found that anti-CD31 mAb did not alter the
DSR-6434-stimulated IL-6, IL-8 and TNF production
(data not shown). In contrast, when using RNA-IC as stim-
ulator, anti-CD31 mAb ligation reduced the levels of all
three cytokines, especially in the pDC/B cell cocultures
(Figure S3).

In summary, the small molecule TLR7 agonist DSR-6434
effectively triggered IL-6 and IL-8 production by B cells and
induced much stronger IL-8 and TNF synthesis in pDCs than
RNA-IC. Priming with IFN-a2b effectively increased the
DSR-6434-induced IL-6 and TNF production by B cells and
pDCs, respectively.
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FIGURE 3 Regulation of IL-6,

IL-8 and TNF production by plasmacytoid
dendritic cells and B cells stimulated with
two different TLR7 agonists. (A) Interleukin
(IL)-6, (B) IL-8 and (C) tumour necrosis
factor (TNF) production by healthy donors’
plasmacytoid dendritic cells (pDCs) or B
cells cultured alone or in cocultures and
stimulated with a small molecule DSR-6434
or RNA-containing immune complexes
(RNA-IC). The cells were cultivated in

the presence or absence of IFN-a2b. The
cytokine levels were measured in the culture
supernatants after 20 h by immunoassays.
The bars show mean values and SEM

based on at least 6 donors in 4 independent

experiments
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3.4 | Gene expression profiling of pDCs
stimulated with two different TLR7 agonists

To assess the gene expression profile of pDCs upon stim-
ulation with the two structurally different TLR7 ligands,
the cells were stimulated with DSR-6434 or RNA-IC for
6 hours in the presence of IFN-a2b priming and analysed
by a NanoString expression array for 594 immune system-
related genes. When comparing pDCs stimulated with DSR-
6434 and RNA-IC, 12 differentially expressed genes (DEGs)
were identified (adjusted P value <.05 and absolute log, fold
change >2, Figure 4 and Table S1). The DSR-6434 induced
significantly higher mRNA expression of the costimula-
tory molecules CD80 and CDS&6, basic leucine zipper tran-
scription factor (BATF), CCLI19, STAT5A and EBI3 (IL27
subunit beta). RNA-IC on the other hand triggered signifi-
cantly higher transcript levels of IL-18RI, NADPH oxidase
2 p-chain (CYBB), TGFBR2 and CXCR4. Notably, IL-6 and
IL-8, which were present at higher protein levels in DSR-
6434-stimulated cell cultures (see above), had a tendency of
higher expression in the DSR-6434-stimulated pDCs already
at the time of RNA sampling (6 hours), but did not reach the
significance level.

Comparison of DSR-6434 and mock-stimulated pDCs
revealed 56 differentially expressed genes, including 39

upregulated and 17 downregulated transcripts (Figure 4A
and Table S1). When comparing RNA-IC and mock
stimulated pDCs, 37 DEGs were identified, of which 33
were upregulated and 4 downregulated (Figure 4B and
Table S1).

Twenty-four DEGs were upregulated by both TLR7
agonists in comparison with mock stimulation, for exam-
ple the programmed cell death ligand 1 (PD-LI/CD274),
TNFSFIO/TRAIL and lysosomal-associated membrane
protein (LAMP) 3 as well as signalling molecules MYDSS,
STATI and STAT2. Expression of several chemokines (CCL3,
CCL4, CCR7, CXCL9, CXCLI10 and CXCLI11) and type I IFN
regulated genes was enhanced, as reported earlier for RNA-
IC-stimulated pDCs.3 % Consistent with the hi gh protein levels
of IL-8 and IL-6 measured in 20 hours cell cultures, NF-kB
expression was increased by DSR-6434 in comparison with
mock stimulated pDCs. Interestingly, PECAM-1 and TLR9Y
were among those genes that were downregulated only in
DSR-6434-treated pDCs, whereas expression of 7LR7 and
the interferon regulatory factor (IRF)7 was upregulated by
RNA-IC but not by DSR-6434.

In summary, the gene expression analysis of stimulated
pDCs showed both unique and shared DEGs for the two
TLR7 agonists. This indicates overlapping, but not identical
activation pathways via TLR7 for RNA-IC and DSR-6434.
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FIGURE 4 Differentially expressed genes in plasmacytoid dendritic cells stimulated with two different TLR7 agonists. Gene expression

profile of plasmacytoid dendritic cells (pDCs) isolated from peripheral blood of six healthy individuals and stimulated with a small molecule

DSR-6434 or RNA-containing immune complexes (RNA-IC) in the presence of IFN-a2b priming. Gene expression for 594 immune system-

related genes was analysed by a NanoString expression array at 6h. The volcano plot shows gene expression of DSR-6434-stimulated pDCs (right)

relative to RNA-IC-stimulated pDCs (left). Significantly differentially expressed genes are highlighted in red, and additional genes of interest are

highlighted in grey
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Taken together, our data showed that DSR-6434 was a
more potent inducer of TNF and IL-8 production by pDCs
than RNA-IC, whereas the latter more effectively stim-
ulated pDCs to produce high amounts of type I IFNs. We
also showed that IFN-a2b priming enhanced the weak IFN-a
production stimulated by DSR-6434, whereas B cells or li-
gation of surface CD31 did not have any effect on cytokine
production.

4 | DISCUSSION

The main finding in the present study was the observed differ-
ence in the activation of proinflammatory pathways between
the synthetic TLR7 agonist DSR-6434 and RNA-IC, the lat-
ter considered central in the pathogenesis of several systemic
autoimmune diseases. An important observation was that the
RNA-IC induced almost 20 times higher amounts of IFN-a
by pDCs compared to DSR-6434. However, the weak IFN-o
response stimulated by DSR-6434 was effectively increased
in the presence of IFN-a2b priming, whereas the latter did
not increase the IFN-a production stimulated by RNA-IC,
as previously described for the combination of IFN-a2b and
GM-CSF or IL-3.*? In fact, DSR-6434 effectively induced
production of IL-6 by B cells, and both IL-8 and TNF by
pDCs. This highlights that the stimulatory capacity of even a
weak IFN-a inducer, such as DSR-6434, can be potentiated
in the presence of endogenous type I IFN and proinflamma-
tory cytokines, which might not be desirable in individuals
prone to autoimmunity.

It has previously been shown that IFN-a and IFN-f have
an inhibitory effect on IL-8 production by PBMC and fibro-
blasts.*”*¥ We confirmed this finding in DSR-6434-stimulated
PBMC primed with [FN-a2b. Furthermore, we demonstrated
that IL-8 production was reduced by IFN-a2b priming in B
cells, but not in pDCs. Interleukin-8 is produced by various
cell types exposed to microorganisms and inflammatory
stimuli and is the principal chemoattractant for neutrophils.39
Activated neutrophils have been shown to form neutrophil
extracellular traps (NETs) and effectively induce inflamma-
tion and type I IFN synthesis in pDCs.40 Notably, RNA-IC
increased the expression of CYBB, which is a component of
NADPH oxidase, and it has been reported that IL-8 potenti-
ates the oxidative burst contributing to rapid production of
reactive oxygen species. The mechanism for downregulation
of IL-8 has not been clarified, but a possible resistance of
pDCs to downregulate their own IL-8 production in an auto-
crine manner has been suggested, which could add on to the
inflammatory cascade driven by activated pDCs. It has been
shown that TNF and IL-1 can induce IL-8 production,37 but
in our study only low levels of TNF was produced by the B
cells. This indicates that TNF was not the major stimulator of
IL-8 in our study.

In contrast to RNA-IC, the DSR-6434-induced IFN-a syn-
thesis by pDCs was not enhanced by cocultivation with B
cells, nor reduced by monoclonal antibodies to PECAM-I/
CD31.* This demonstrates a different regulatory pattern of
IFN-a synthesis between the two TLR7 agonists. This is in
line with our finding that CD31, which normally is expressed
by both pDCs and B cells, was downregulated in pDCs stim-
ulated with DSR-6434.

The observed differences in the IFN-a inducing capac-
ity between the two TLR7 agonists could be mediated by
increased TLR7 expression in pDCs after the RNA-IC stim-
ulation. This could be due to high levels of IFN-f§ induced
by RNA-IC, which is reported to upregulate the TLR7 ex-
pression in pDCs.41 One could further speculate that DSR-
6434 and RNA-IC have different capacities to localize to
and remain in the endo-lysosomal compartments and that
RNA-IC can sustain a robust TLR7 expression in pDCs
available for type I IFN induction. A previous study showed
that repeated administration of DSR-6434 into mice down-
regulated TLR7 expression, independently of signalling via
the type I IFN receptor.42 Although we did not investigate
the cellular localization of the RNA-IC and DSR-6434, it
was clear that both TLR7 agonists were acting via endo-
somes. This was because hydroxychloroquine, which inhib-
its acidification of the endosomal compartments, blocked
IFN-a production by pDCs stimulated with DSR-6434 (re-
sults not shown) similarly as previously demonstrated for
RNA-IC-stimulated pDCs. "%

We also found that TLR9 gene expression was higher in
RNA-IC-stimulated pDCs and was in fact reduced by DSR-
6434 treatment when compared with mock stimulated pDCs.
Such variation could have impact on the balance between
TLR7 and TLRO signalling, a balance that has been shown to
be important in the regulation of the inflammatory response.6
In addition, we found that RNA-IC induced particularly high
gene expression of IFN-f3, whereas both TLR7 agonists effec-
tively triggered gene expression of several chemokines and
chemokine receptors. Particularly, CXCL10 and CXCL11
were highly upregulated. Both bind to CXCR3 and primarily
play a chemotactic role for lymphocytes and regulate differ-
entiation towards a Thl profile.*> The DSR-6434 triggered
higher expression of NF-kB in pDCs which is consistent
with the higher levels of IL-8 and TNF, whereas RNA-IC
induced higher expression of IRF7 and a more potent type I
IFN response.

We conclude that the TLR7 ligands, a small molecule
DSR-6434 and RNA-containing ICs, activate pDCs and B
cells to produce several inflammatory cytokines, but the ex-
pression and regulation of their synthesis differ. Thus, a care-
ful selection of relevant immune cell activators or inhibitors
is necessary when identifying possible targets for modulation
of the immune response in patients with autoimmune dis-
eases or a compromised immune system.



BERGGREN ET AL.

ACKNOWLEDGMENTS

We thank Dr Gert Weber for contribution of the Ul snRNP
particles and Ms Lisbeth Fuxler for excellent technical as-
sistance. We also thank the staff and the blood donors at the
Department of Transfusion Medicine, Uppsala University
Hospital.

CONFLICT OF INTEREST
None.

AUTHOR CONTRIBUTION

OB, CA, MLE performed the experiments and collected data.
PP, CA, OB, LR and MLE analysed and interpreted the data.
MLE, PP and LR wrote the manuscript. All authors read and
approved the final version of the manuscript. MLE super-
vised the study.

ORCID
Maija-Leena Eloranta
org/0000-0002-8454-1351

https://orcid.

REFERENCES

1. Bekeredjian-Ding IB, Wagner M, Hornung V, et al. Plasmacytoid
dendritic cells control TLR7 sensitivity of naive B cells via type I
IEN. J Immunol. 2005;174:4043-4050.

2. Lund FE. Cytokine-producing B lymphocytes-key regulators of
immunity. Curr Opin Immunol. 2008;20: 332-338.

3. Shaw J, Wang YH, Ito T, Arima K, Liu YJ. Plasmacytoid dendritic
cells regulate B-cell growth and differentiation via CD70. Blood.
2010;115:3051-3057.

4. Berggren O, Hagberg N, Weber G, Alm GV. Ronnblom L,
Eloranta ML. B lymphocytes enhance the interferon-alpha
production by plasmacytoid dendritic cells. Arthritis Rheum.
2012;64:3409-3419.

5. Giirtler C, Bowie AG. Innate immune detection of microbial nu-
cleic acids. Trends Microbiol. 2013;21:413-420.

6. Pandey S, Kawai T, Akira S. Microbial sensing by Toll-like re-
ceptors and intracellular nucleic acid sensors. Cold Spring Harb
Perspect Biol. 2015;7:a016246.

7. Kadowaki N, Ho S, Antonenko S, et al. Subsets of human dendritic
cell precursors express different toll-like receptors and respond to
different microbial antigens. J Exp Med. 2001;194:863-870.

8. Hornung V, Rothenfusser S, Britsch S, et al. Quantitative expres-
sion of toll-like receptor 1-10 mRNA in cellular subsets of human
peripheral blood mononuclear cells and sensitivity to CpG oligode-
oxynucleotides. J Immunol. 2002;168:4531-4537.

9. Gilliet M, Cao W, Liu YJ. Plasmacytoid dendritic cells: sensing
nucleic acids in viral infection and autoimmune diseases. Nat Rev
Immunol. 2008;8:594-606.

10. Hanten JA, Vasilakos JP, Riter CL, et al. Comparison of human
B cell activation by TLR7 and TLRY agonists. BMC Immunol.
2008;9:39.

11. Hemmi H, Kaisho T, Takeuchi O, et al. Small anti-viral compounds
activate immune cells via the TLR7 MyD88-dependent signaling
pathway. Nat Immunol. 2002;3:196-200.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Nakamura T, Wada H, Kurebayashi H, Mclnally T, Bonnert R,
Isobe Y. Synthesis and evaluation of 8-oxoadenine derivatives
as potent Toll-like receptor 7 agonists with high water solubility.
Bioorg Med Chem Lett. 2013;23:669-672.

Smith AJ,LiY,Bazin HG,etal. Evaluation of novel synthetic TLR7/8
agonists as vaccine adjuvants. Vaccine. 2016;34:4304—-4312.

Bave U, Magnusson M, Eloranta M-L, Perers A, Alm GV,
Ronnblom L. FcyRlIla is expressed on natural IFN-o producing
cells (plasmacytoid dendritic cells) and is required for the IFN-a
production induced by apoptotic cells combined with lupus IgG.
J Immunol. 2003;171:3296-3302.

Lau CM, Broughton C, Tabor AS, et al. RNA-associated autoanti-
gens activate B cells by combined B cell antigen receptor/Toll-like
receptor 7 engagement. J Exp Med. 2005;202:1171-1177.

Lovgren T, Eloranta ML, Kastner B, Wahren-Herlenius M, Alm
GV, Ronnblom L. Induction of interferon-o by immune com-
plexes or liposomes containing systemic lupus erythematosus au-
toantigen- and Sjogren's syndrome autoantigen-associated RNA.
Arthritis Rheum. 2006;54:1917-1927.

Kawai T, Akira S. The role of pattern-recognition receptors in
innate immunity: update on Toll-like receptors. Nat Immunol.
2010;11:373-384.

Gay NJ, Symmons MF, Gangloff M, Bryant CE. Assembly and
localization of Toll-like receptor signalling complexes. Nat Rev
Immunol. 2014;14:546-558.

Swiecki M, Colonna M. The multifaceted biology of plasmacytoid
dendritic cells. Nat Rev Immunol. 2015;15:471-485.
Fitzgerald-Bocarsly P, Dai J, Singh S. Plasmacytoid dendritic cells
and type I IFN: 50 years of convergent history. Cytokine Growth
Factor Rev. 2008;19:3-19.

Ronnblom L, Eloranta ML, Alm GV. Role of natural interferon-a
producing cells (plasmacytoid dendritic cells) in autoimmunity.
Autoimmunity. 2003;36:463-472.

Gonzalez-Navajas JM, Lee J, David M, Raz E. Imnmunomodulatory
functions of type I interferons. Nat Rev Immunol. 2012;12:125-135.
Hertzog PJ, Williams BR. Fine tuning type I interferon responses.
Cytokine Growth Factor Rev. 2013;24:217-225.

Crow MK, Ronnblom L. Type I interferons in host defence and
inflammatory diseases. Lupus Sci Med. 2019;6:¢000336.

Eloranta M, Alm GV, Ronnblom L. Disease mechanisms in rheumatol-
ogy—tools and pathways: plasmacytoid dendritic cells and their role in
autoimmune rheumatic diseases. Arthritis Rheum. 2013;65:853-863.
Tsokos GC, Lo MS, Reis PC, Sullivan KE. New insights into the
immunopathogenesis of systemic lupus erythematosus. Nat Rev
Rheumatol. 2016;12:716-730.

Berggren O, Hagberg N, Alexsson A, Weber G, Ronnblom L,
Eloranta ML. Plasmacytoid dendritic cells and RNA-containing
immune complexes drive expansion of peripheral B cell subsets
with an SLE-like phenotype. PLoS One. 2017;12:¢0183946.
Lertkiatmongkol P, Liao D, Mei H, Hu Y, Newman PJ. Endothelial
functions of platelet/endothelial cell adhesion molecule-1 (CD31).
Curr Opin Hematol. 2016;23:253-259.

Agrawal S, Gupta S. TLR1/2, TLR7, and TLR9 signals directly ac-
tivate human peripheral blood naive and memory B cell subsets to
produce cytokines, chemokines, and hematopoietic growth factors.
J Clin Immunol. 2011;31:89-98.

Murayama G, Furusawa N, Chiba A, Yamaji K, Tamura N, Miyake
S. Enhanced IFN-alpha production is associated with increased


https://orcid.org/0000-0002-8454-1351
https://orcid.org/0000-0002-8454-1351
https://orcid.org/0000-0002-8454-1351

10 of 10

31.

32.
33.

34.

35.
36.

37.

38.

39.

BERGGREN ET AL.

TLR7 retention in the lysosomes of palasmacytoid dendritic cells
in systemic lupus erythematosus. Arthritis Res Ther. 2017;19:234.
Sakata K, Nakayamada S, Miyazaki Y, et al. Up-regulation of
TLR7-mediated IFN-alpha production by plasmacytoid den-
dritic cells in patients with systemic lupus erythematosus. Front
Immunol. 2018;9:1957.

Eloranta M-L, Lovgren T, Finke D, et al. Regulation of the interfer-
on-a production induced by RNA-containing immune complexes in
plasmacytoid dendritic cells. Arthritis Rheum. 2009;60:2418-2427.
Weber G, Trowitzsch S, Kastner B, Luhrmann R, Wahl MC.
Functional organization of the Sm core in the crystal structure of
human U1 snRNP. EMBO J. 2010;29:4172-4184.

Cederblad B, Blomberg S, Vallin H, Perers A, Alm GV, Rénnblom
L. Patients with systemic lupus erythematosus have reduced
numbers of circulating natural interferon-a-producing cells. J
Autoimmun. 1998;11:465-470.

Hedlund M, Thorlacius GE, Ivanchenko M, et al. Type I IFN sys-
tem activation in newborns exposed to Ro/SSA and La/SSB auto-
antibodies in utero. RMD Open. 2020;6:¢000989.

Hjorton K, Hagberg N, Israelsson E, et al. Cytokine production by
activated plasmacytoid dendritic cells and natural killer cells is sup-
pressed by an IRAK4 inhibitor. Arthritis Res Ther. 2018;20:238.
Oliveira IC, Sciavolino PJ, Lee TH, Vilcek J. Downregulation of
interleukin 8 gene expression in human fibroblasts: unique mecha-
nism of transcriptional inhibition by interferon. Proc Natl Acad Sci
U S A. 1992;89:9049-9053.

Aman MJ, Rudolf G, Goldschmitt J, et al. Type-I interferons are
potent inhibitors of interleukin-8 production in hematopoietic and
bone marrow stromal cells. Blood. 1993;82:2371-2378.

Baggiolini M, Clark-Lewis I. Interleukin-8, a chemotactic and in-
flammatory cytokine. FEBS Lett. 1992;307:97-101.

40.

41.

42.

43.

Pinegin B, Vorobjeva N, Pinegin V. Neutrophil extracellular traps
and their role in the development of chronic inflammation and au-
toimmunity. Autoimmun Rev. 2015;14:633-640.

Derkow K, Bauer JM, Hecker M, et al. Multiple sclerosis: modu-
lation of toll-like receptor (TLR) expression by interferon-beta in-
cludes upregulation of TLR7 in plasmacytoid dendritic cells. PLoS
One. 2013;8:€70626.

Koga-Yamakawa E, Murata M, Dovedi SJ, et al. TLR7 toler-
ance is independent of the type I IFN pathway and leads to loss
of anti-tumor efficacy in mice. Cancer Immunol Immunother.
2015;64:1229-1239.

Tokunaga R, Zhang W, Naseem M, et al. CXCL9, CXCLI10,
CXCLI11/CXCR3 axis for immune activation - A target for novel
cancer therapy. Cancer Treat Rev. 2018;63:40-47.

SUPPORTING INFORMATION
Additional supporting information may be found online in
the Supporting Information section.

How to cite this article: Berggren O, Pucholt P,
Amcoff C, Ronnblom L, Eloranta M-L. Activation of
plasmacytoid dendritic cells and B cells with two
structurally different Toll-like receptor 7 agonists.
Scand J Immunol. 2020;00:¢12880. https://doi.
org/10.1111/sji.12880



https://doi.org/10.1111/sji.12880
https://doi.org/10.1111/sji.12880

