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Background: Low affinity autoreactive B cells are activated by co-engagement of the BCR and TLRs.

Results: Endogenous RNAs that are associated with autoantigens are ligands for TLR7 and TLR3.

Conclusion: Sequence and structure of RNA determines recognition by TLRs.

Significance: B cells are activated by RNA delivered through the BCR, and the sequences of RNAs define their stimulatory

capacity as TLR ligands.

The key step in the activation of autoreactive B cells is the
internalization of nucleic acid containing ligands and delivery of
these ligands to the Toll-like Receptor (TLR) containing endoly-
sosomal compartment. Ribonucleoproteins represent a large
fraction of autoantigens in systemic autoimmune diseases. Here
we demonstrate that many uridine-rich mammalian RNA
sequences associated with common autoantigens effectively
activate autoreactive B cells. Priming with type I IFN increased
the magnitude of activation, and the range of which RNAs were
stimulatory. A subset of RNAs that contain a high degree of
self-complementarity also activated B cells through TLR3. For
the RNA sequences that activated predominantly through
TLR7, the activation is proportional to uridine-content, and
more precisely defined by the frequency of specific uridine-con-
taining motifs. These results identify parameters that define
specific mammalian RNAs as ligands for TLRs.

Systemic autoimmune diseases such as systemic lupus ery-
thematosus (SLE),> systemic sclerosis (SSc), Sjogren’s syn-
drome, and polymyositis are characterized by autoantibodies
reactive with nuclear or subcellular organelles. The targeted
autoantigens are commonly components of macromolecular
complexes involved in RNA assembly, processing, or quality
control. Intriguingly, particular autoantibody reactivities com-
monly associate with specific disease subcategories (1, 2). For
example, SLE patients often make autoantibodies against
nucleosome (DNA, histone) or splicesome components (SmD),
SSc patients make autoantibodies reactive with nucleolar pro-
teins (topoisomerase), and polymyositis patients make autoan-
tibodies against aminoacyl tRNA synthetases (Jo-1) (2—4). The
circumstances that expose such autoantigens to the immune
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system and promote a breach in B cell tolerance are incom-
pletely understood, but most likely involve detection by innate
immune receptors, such as the Toll-like receptor (TLR) family.
Previous studies from our group and others have implicated
TLR7 and TLR8 in the detection of mammalian RNA and RNA-
binding autoantigens (5-7). Numerous reports involving
TLR7-deficient mice have pointed to a critical role for TLR7 in
a wide range of murine models of SLE (8, 9). However, the RNA
motifs and/or structures that most effectively engage these
receptors in the context of various autoimmune diseases are
still unclear. A more precise delineation of these motifs is likely
to provide important insights into the etiology of systemic auto-
immune diseases.

The initial studies that identified ssRNA as the ligand for
TLR7 showed that only certain viral RNA sequences stimulated
PBMCs, and that polyuridylic acid (polyU), but no other single
base polyribonucleotide-activated DCs (10, 11). These observa-
tions raised the question as to whether TLR7 recognizes uri-
dine-rich RNA in general or has sequence specificity. One study
found that TLR7 stimulation by RNA was defined only by the
presence of uridine ribonucleotides, while another study found
that the order of the bases differentially affected TNF-o« and
IFN-a production (12, 13). Recent follow-up work by Vollmer’s
group has defined a TLR7 stimulating motif that is dependent
on the sequence surrounding a key uridine but does not need to
be uridine-rich (14). Endogenous RNA sequences, such as those
derived from the U1 snRNP, are stimulatory ligands for TLR7
(15). U1 RNA has also been shown to activate TLR3 when deliv-
ered to epithelial cells (16). A significant limitation of all of
these studies is that they all examined short, often sulfur-stabi-
lized, RNA oligonucleotides delivered to cells by conjugation
with cationic lipids, such as DOTAP. The mode of delivery is
important in determining the specificity of TLRs, as it has been
shown that DNA devoid of CG dinucleotides only activates
when delivered by DOTAP, but not via spontaneous uptake nor
by Fc receptor mediated uptake of immune complexes (ICs)
(17). Also, while it has been shown that B cells can be activated
by synthetic dsRNA through a TRIF-dependent pathway, and
that influenza virus activates B cells through a MyD88-depen-
dent pathway, the parameters that define the stimulatory
capacity of RNAs have not been examined in B cells (18, 19).

JOURNAL OF BIOLOGICAL CHEMISTRY 39789


http://www.jbc.org/cgi/content/full/M112.383000/DC1

B Cell Activation by Mammalian RNA Ligands

The nucleic acid sensing TLRs, including TLR3, -7, and -9,
are sequestered in endosomal/lysosomal compartments in
immune cells (20, 21). Compartmentalization is thought to pre-
vent inappropriate detection of self-nucleic acids (21). In order
for autoantigens to gain access to the TLR compartments, they
require directed transport, which in the case of B cells is pro-
vided by the B cell receptor (BCR) (22). Normally topologically
excluded autoantigens, including ribonucleoproteins, become
exposed on the cell surface during apoptosis (23, 24), and failure
to appropriately remove this cell debris can provide ligands for
autoreactive B cells. To examine TLR reactivity to mammalian
RNAs initially detected by the BCR, we used B cells from an
autoreactive BCR site-directed transgenic line designated
AM14 (25, 26). AM14 B cells recognize endogenous [gG2a and
can be activated by natural or defined ICs that incorporate
mammalian DNAs or RNAs (5, 22, 27). We previously used
AM14 B cells to show that TLR9 is able to discriminate between
CG-rich and CG-poor mammalian DNAs, despite a paucity of
the “canonical motif” described for bacterial DNA (28). Here,
we show that endogenous RNA sequences are capable of stim-
ulating through TLR7 and TLR3, depending on their self-com-
plementarity. Further, we show that both the frequency and the
sequence context of uridines, determine the degree to which an
RNA can activate murine B cells through TLR7.

EXPERIMENTAL PROCEDURES

Mice—AM14 mice have been described previously (26).
AM14 mice were crossed to TLR7-deficient mice (TLR7 KO)
provided by Dr. Shizuo Akira, and backcrossed 8 generations to
the BALB/c background. AM14 mice were also crossed to
FcyRIIB KO BALB/c background mice (Jackson). Unc93bl
deficient (3d) mice were a generous gift from Dr. B. Beutler.
TLR3/TLR7 double deficient mice were kindly provided by Drs.
D. Golenbock and R. Gazzinelli. All mice were maintained at
the Boston University School of Medicine Laboratory Animal
Sciences Center or University of Massachusetts Medical School
Department of Animal Medicine, in accordance with the regu-
lations of the American Association for the Accreditation of
Laboratory Animal Care.

B Cell Stimulation and Analysis—B cells were positively
selected with CD45R/B220 magnetic particles (BD Biosci-
ences). B cells purity was validated by FACS and determined to
be >98%. B cells were cultured in RPMI/5% heat-inactivated
FCS and stimulated with: 1 ug/ml CpG (s-oligodeoxynucle-
otide (ODN) 1826, Coley Pharmaceuticals); 300 ng/ml CL097
(InvivoGen); 10 ug/ml BWR4, an RNA-specific mAb provided
by Dr. D. Eilat (Hadassah University Hospital, Jerusalem, Isra-
el); defined 1D4/RNA ICs consisting of 300 ng/ml Biotin-RNA
fragments (see below) combined with 7.5 ug/ml of the IgG2a
anti-biotin mAb, 1D4 (Biolegend); or defined Fab/RNA or Fab/
DNA ICs consisting of 300 ng/ml of biotinylated nucleic acids,
1-3 pg/ml streptavidin, and 1.5 pg/ml biotinylated Fab frag-
ment of goat anti-mouse IgM. Defined ICs were initially pre-
pared in a small volume of PBS in the presence of 10 units/ul of
RNasin (Promega) (28), and then diluted to the working con-
centration in RPMI/FCS. The effect of type I IFN was deter-
mined by adding 300 U/ml IFN-« or IFN-3 (PBL) to the cells. B
cells were stimulated in 96-well plates at a final concentration of
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2 X 10° cells/ml for 24 h, then pulsed for 6 h with [3H]thymi-
dine (Amersham Biosciences). Incorporation of [3H]thymidine
was quantified via a liquid scintillation beta counter (Trilux
1450 MicroBeta, PerkinElmer).

Cytokine ELISA—Cytokine secretion by B cells stimulated in
vitro in the presence of 50 ng/ml BLyS (Human Genome Sci-
ences), were measured at 48 h. Plates were coated with anti-
murine IL-6 (BD Bioscience) at 1 ug/ml or anti-murine RAN-
TES (RND systems) at 2 ug/ml for 16 h at 4 °C. Samples were
added for 4 h and detected with biotin-anti-murine IL-6 (BD
Bioscience) or biotin- anti-murine RANTES at 0.5 pg/ml
Plates were developed with streptavidin-HRP (BD Bioscience)
and tetramethylbenzidine liquid substrate system (Sigma-Al-
drich). Standard curves were generated using recombinant
murine IL-6 (BD Bioscience) sensitive to 125 ng/ml and recom-
binant murine RANTES (RND Systems) sensitive to 62.5
ng/ml.

Quantitative Real-time PCR (gRT-PCR)—Total RNA was
extracted from AM14 and AM14 TLR7 KO B cells, reverse
transcribed, and analyzed by qPCR. Data are the means * S.E.
of seven independent experiments done in triplicate. Standard
commercial TagMan probes were used for TLR3, TLR7,
MyD88, and GAPDH (Applied Biosystems). Samples were nor-
malized to GAPDH and represented as fold change over
medium control using the AACT method previously described

In Vitro Transcribed RNA—Templates for in vitro tran-
scribed RNAs were linearized DNA plasmids with the sequence
downstream of a T7 or an SP6 promoter. The templates were
cloned by our laboratory (Alul, mt-R-loop, r11, and r13), or
were generous gifts of Dr. S. Wolin (Y4, Y5), Dr. L. Gehkre
(HCV 3'-UTR and SS1 (29)), or Dr. P. J. Utz and Dr. Ger Pruijn.
RNA was generated by in vitro transcription using RiboMAX
SP6 and T7 Large Scale RNA Production Systems (Promega), or
DuraScribe T7 kit (Epicenter Biotechnologies). Biotinylated
RNAs were made by substituting a fraction of the nucleotides
with biotin-16-aaCTP or biotin-16-aa-UTP (TriLink) (see sup-
plemental Table S1); T7 RNA polymerase has been previously
shown to efficiently accept biotinylated bases (30). Other mod-
ified bases, 2’-Ome-U and pseudo-U (TriLink) and 2'-F-dU
and 2'-F-dC (epicenter) were incorporated for further analyses.
DNA templates were removed using RNase-free DNase at 1
unit/ug of template (Promega), and RNA was isolated using
RNeasy columns (Qiagen), according to the manufacturer’s
recommendations. RNA concentration was determined by
spectrophotometry using a nanodrop spectrophotometer
(Thermo). RNA integrity, biotinylation, and concentration
were further validated by visualization with ethidium bromide
by gel electrophoresis.

RESULTS

Defined RNA ICs Activate AM14 B Cells—AM14 B cells
express a low affinity receptor for I[gG2a and do not respond to
monomeric IgG2a or IgG2a-bound protein ICs. However,
IgG2a mAbs that bind DNA, or RNA, or associated proteins
induce a robust proliferative response, dependent on TLR9 or
TLR7, respectively (5, 22). As no exogenous sources of nucleic
acid were added to these cultures, the actual autoantigen in
these “natural” ICs is, of necessity, derived from cell debris, or
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FIGURE 1. Uridine-rich RNAs activate AM14 B cells, when delivered as ICs,
through a TLR7-dependent manner. A, in vitro transcribed bio-Alu1 RNA,
alone or premixed with the indicated mAbs, was electrophoresed in a 1%
agarose gel and subsequently visualized with ethidium bromide. B, AM14 B
cells were stimulated with BWR4 or 1D4 alone (med) or premixed with bio-
AluT RNA transcribed in the presence of 0, 10, or 30% biotinylated cytodine
bases, in the absence [] or presence B of IFN-p. Proliferation was quantified
by [*Hlthymidine incorporation. Average *+ S.E. is shown, n = 3. C and D,
AM14 B cells, or AM14 TLR7-deficient B cells were stimulated with 1D4 pre-
mixed with the indicated bio-RNAs (with 8 biotins for every 100 nt) or stimu-
lated with 1D4 and bio-DNA, or the small molecule ligand CL097 and in the
absence [J or presence M of IFN-B. Proliferation is measured by [*H]thymidine
uptake, and plotted as the percent of the response to CpG-B. Average = S.E.is
shown, n = 3.

the B cells themselves, and thus ill-defined. We have previously
shown that the RNA reactive mAb, BWR4, can bind undefined
mammalian RNA ligands to form ICs that effectively activate
AM14 B cells through a TLR7-dependent mechanism (5).
BWR4 can also bind defined RNA fragments, as shown by
EMSA for an Alu RNA fragment (Fig. 14). Alu RNAs are short,
high copy number, repetitive genetic elements, which can be
transcribed during times of cellular stress (31). Since Alu RNAs
are transcribed by RNA polymerase II, they will not be capped.
The scAlu RNAs (including Alul, tested here) are shorter
sequences that lack the adenine-rich regions (32). We found
that the AM14 B cell response to BWR4 could be enhanced by
precombining BWR4 with Alu RNA or other RNAs that had
been previously described as TLR7 ligands, including VSV
genome, polyU, and ssRNA40 (Fig. 1B and supplemental Fig.
S1, A and B). However, the relatively modest increase indicated
that this would not be the optimal method for parsing differ-
ences in the stimulatory capacity of specific autoantigen-asso-
ciated RNAs. Moreover, BWR4 preferentially binds A-C-U-
containing sequences (33), which could further confound data
obtained with this reagent. Therefore, we used an approach
similar to one used previously to compare dsDNA fragments by
constructing ICs consisting of an anti-biotin mAb, 1D4, and
biotinylated dsDNA fragments (28).

Biotinylated-RNA fragments (Bio-RNAs) were generated by
incorporating biotinylated RNA bases into our in vitro tran-
scription reactions. These bio-RNAs formed ICs when com-
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bined with either BWR4 or 1D4, but not with an irrelevant
anti-hapten mAb, as shown by EMSA (Fig. 14). Importantly,
1D4 alone fails to activate AM14, but 1D4 + bio-Alul ICs
induced a robust proliferative response (Fig. 1B). A relatively
high degree of biotin incorporation and high levels of anti-bio-
tin antibody are needed to make stimulatory RNA ICs (Fig. 1B
and supplemental Fig. S1C). Presumably the antibody is both
protecting the RNA from degradation as well as delivering it to
the appropriate TLR-associated compartment. In a more phys-
iological setting, RNA-binding proteins could serve a similar
role, protection of RNA and binding to the BCR of an autore-
active B cell. Optimal activation of B cells by natural TLR7
requires exogenous type I IFN priming, and similarly, the stim-
ulation by Alu RNA containing RNA ICs is enhanced by type I
IFN-priming (Fig. 1A and supplemental Fig. S1B, and Ref. 34).
Therefore this strategy recapitulates B cell activation by natural
RNA ICs (such as BWR4) and provides a method for the precise
comparison of endogenous RNA sequences.

Uridine-rich RNAs Activate B Cells in a TLR7-dependent
Manner—We first used defined RNA ICs to compare uridine-
rich and uridine-poor RNAs. Uridine-poor (r11: 17% U), and
uridine-rich (r13: 42% U) biotinylated, in vitro transcribed,
RNAs were generated from mammalian cloned sequences
available in the laboratory (28). We also generated viral RNA
sequences from the 3’-untranslated region of hepatitis C virus
(HCV 3’-UTR: 52% U) and a uridine-poor section of the same
virus (SS1: 18% U) (29). Both the uridine-rich endogenous
sequence RNA and the uridine-rich viral sequence induced
robust B cell proliferation, whereas the uridine-poor RNAs
barely activated the cells at all (Fig. 1C). The responses to the
Alul, HCV 3'-UTR, and r13 RNAs were highly dependent on
TLR7, as these ICs did not activate AM14 TLR7 KO B cells,
similar to the small molecule TLR7 ligand CL097 (Fig. 1, C and
D). As expected, the AM14 response to a bio-dsDNA IC was
TLR7 independent (Fig. 1, C and D). These data demonstrate
that uridine-rich RNAs are effective TLR7 ligands when taken
up by B cells through a physiologically relevant mechanism.

RNAs from Major RNP Autoantigens Activate Autoreactive B
Cells—Structural RNAs, associated with RNPs that function to
process immature RNAs to their mature forms, are some of the
most abundant RNAs in the cell (35). In addition to their critical
function, these RNPs are common targets of autoantibodies. It
follows that these structural RNAs provide adjuvant like activ-
ity that can promote the activation of low affinity autoreactive B
cells. To test this assumption, we generated a panel of biotiny-
lated, in vitro transcribed RNAs corresponding to mammalian
RNP-associated sequences. The RNAs were tested, as RNA ICs,
for their capacity to activate AM14 B cells in the presence or
absence of type I [FNs. RNAs associated with the canonical SLE
autoantigen Sm were quite stimulatory, even without type [ IFN
priming (Fig. 24). Ro associated Y-RNAs (Y1, Y3, Y4, and Y5)
were somewhat less stimulatory, and La-associated RNAs
(EBER and VA-I) only induced proliferation with type I IFN-
priming (Fig. 2B). RNAs involved in splicing and post-tran-
scriptional modifications of ribosomal RNAs that contain the
highly conserved C/D or H/ACA boxes stimulated AM14 B
cells to varying degrees; for example, the fibrillarin-associated
RNA U8 induced a strong response even in the absence of IFN
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FIGURE 2. The response of AM14 B cells to endogenous, RNP-associated RNA sequences is variably enhanced by type | IFN. A-f, AM14 B cells were
stimulated with 1D4 or premixed with the indicated bio-RNAs, in the absence [J or presence B of IFN-S. Proliferation was quantified by [*H]thymidine
incorporation, and is shown as the percent of the response to CpG-B. Average = S.E.is shown, Aand C, n = 4, Band D-F n = 3. G, proliferation of the samples
from A-F in the absence of interferon plotted against the fold enhancement in the presence of IFN-B. Log-log regression line Y = 10(~0:590>leg X +1.164) ‘g2 —
0.8543. H, qRT-PCR for TLR7 and MyD88 from resting and 1 h IFN-primed AM14 B cells. Data represented as AACT fold change over media, relative to GAPDH.
Average = S.E.is shown, n = 5./, proliferation of the samples from A-F in the presence of IFN, plotted against % of uridine content in each fragment. Linear

regression line, R? = 0.3206, p = 0.0011.

(Fig. 2, C and D). tRNA His, the RNA component of the preva-
lent autoantigen in polymyositis, was more stimulatory than
the other tRNAs that occasionally are more rarely targeted by
autoimmune diseases (Fig. 2E). The RNA from the Th/To anti-
gen, RNase MRP, was not very stimulatory, but the mitochon-
drial R-loop (the stable RNA transcript at the heavy strand ori-
gin of replication) was quite stimulatory (Fig. 2F). Overall, these
data demonstrate that many, but not all of the RNAs associated
with known RNP autoantigens are likely to engage endosomal
TLRs. In general, the less stimulatory RNAs showed the great-
est fold enhancement by type I IFN priming (Fig. 2G).

We and others have previously shown that type I IFN leads to
increased TLR7 expression, and that IFN increases BCR signal-
ing (28, 34, 36). IFN priming increases the expression of TLR7
and MyD88, which most likely accounts for the increased sen-
sitivity of IFN-primed B cells to suboptimal TLR7 ligands (Fig.
2H).

Somewhat unexpectedly, the stimulatory capacity of the
RNA fragments did not correlate particularly well with uridine
content (Fig. 2/). The base content and length of our RNAs,
ranging from 73—877 nt, with an average length of 215 nt, are
summarized in supplemental Table S1. These data show that
certain endogenous sequences from RNAs associated with
known autoantigens can serve as strong TLR ligands, since they
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robustly stimulate autoreactive B cells, even in the absence of
exogenous type I IFN.

RNAs from Major RNP Autoantigens Activate Autoreactive B
Cells Independently of TLR7—To determine to what extent
AM14 B cell activation by our panel of defined RNA ICs was
TLR7-dependent, we tested our ICs on TLR7-deficient AM14 B
cells. In general, RNA ICs stimulated AM14 B cells more effec-
tively than AM14 TLR7 KO B cells (Fig. 3, A-F), with a few
notable exceptions. Ro associated Y-RNAs induced TLR7-in-
dependent B cell proliferation, as did the tRNAs (Fig. 3, B and
E). Additionally, U1 RNA, of the U1-70KDa autoantigen, and
U8, were partially TLR7 independent (Fig. 3, A and C). While it
was possible that these RNAs formed exceedingly large ICs that
were capable of activating AM14 B cells through a TLR-inde-
pendent mechanism, we have found that large protein com-
plexes that do not incorporate nucleic acids routinely fail to
activate AM14 B cells. Alternatively, activation by these ICs
depended on a pattern recognition receptor other than TLR7.

TLR3 is an endosomal receptor that recognizes dsRNA (37).
While all of the RNAs that we tested are made as single-
stranded in vitro transcribed RNAs, some are of sufficient
length and self-complementarity to potentially form partial
double-stranded structures. The stability of RNA secondary
structure is an active area of research, and the rules defining
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FIGURE 3. Endogenous RNP-associated RNA sequences with regions of sequence complementarity can activate AM14 B cells independently of TLR7.
A-F, AM14 ] or AM14 TLR7-deficient B B cells were stimulated with 1D4 premixed with the indicated bio-RNAs. Proliferation is plotted as the percent of the
response to CpG-B. Average * S.E.is shown,Aand C,n = 4, Band D-F,n = 3. G, percent of proliferation dependent of TLR7 from A-F, plotted against the number
of base-paired guanines predicted by MFOLD. Stimulatory RNAs (®) were compared for the linear regression, R* = 0.6575, p < 0.0001, weakly stimulatory
(<10% Proliferation on WT) RNAs (A) were not included in this analysis. H, qRT-PCR for TLR3 from resting and 1 h IFN-primed AM14 [ Jor AM14 TLR7 KO M B cells.
Data represented as AACT fold change over media, relative to GAPDH. Average =+ S.E.is shown, n = 3.

optimal stable structures are still being determined. Nonethe-
less, we examined the potential for secondary structure by run-
ning our RNA sequences through the mFOLD folding predic-
tion software, and the number of base-paired guanines was
enumerated (38). The extent of secondary structure, as enu-
merated by the number of paired-Gs per length of RNA, was
inversely proportional to the TLR7 dependence of the stimula-
tion (Fig. 3G). This indicates that these TLR7 independent
RNAs could have more stable double-stranded secondary
structures, and therefore might stimulate through the dsRNA
receptor TLR3. To support this idea, we used qRT-PCR to dem-
onstrate that TLR7 KO B cells express TLR3 (Fig. 3H). TLR3
expression was slightly higher in resting TLR7 KO B cells than
in TLR7-sufficient B cells, and expression level was in both
cases enhanced by the addition of type I IFN (Fig. 3H). The
correlation between TLR7 independent activity and more self-
complementary suggested that these mammalian RNA
sequences could function as TLR3 ligands.

TLR3 Is the Second Receptor for Highly Structured RNAs—
TLR3 is often overlooked in the context of autoimmune disease
because dsRNA is considered to be a viral product. Interest-
ingly, TLR3 ligands have been used to induce type I IFN in
models of SSc (39). To be able to test the role of TLR3 in non-
transgenic B cells, we developed a second method for targeting
nucleic acid ICs to the BCR; bio-RNAs (or bio-dsDNAs) were
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coupled to biotinylated-anti-IgM Fab fragments with streptavi-
din to make reagents that could target the BCR but not cause
extensive cross-linking of the receptor. Fab-nucleic acid ICs
activated WT and AM14 B cells with comparable titrations and
dependence on TLR7, demonstrating that activation of B cells
by RNA delivered to TLRs via the BCR is a general feature of B
cells (Fig. 4 and supplemental Fig. S2). We found that these
Fab-nucleic acid ICs failed to activate unc93B-deficient B cells,
and therefore activation most likely depends on endosomal
TLRs (Fig. 4). As expected, Fab DNA IC, that incorporate the
CG-rich bio-dsDNA fragment, clone 11, activated TLR3/7 dou-
ble KO B cells as well as WT B cells, but failed to activate
UNC93B-deficient cells. This shows that activation by Fab
DNA ICs remains TLR9-dependent (Fig. 44). Furthermore, the
RNA fragments previously shown to activate predominantly
through TLR7 as 1D4/bio-RNA ICs (Fig. 3), were also highly
TLR7 dependent in the form of Fab RNA ICs (Fig. 4, B and C).
Importantly, the RNA fragments that induced predominantly
TLR7-independent stimulation of AM14 B cells failed to stim-
ulate TLR3/7 double deficient B cells (Fig. 4, D—F). We there-
fore concluded that the residual TLR7-independent activity of
these RNAs was due to TLR3.

TLR3-dependent RNAs Elicit IL-6 in the Absence of Exoge-
nous Type I IFN—Since TLR3 and TLR7 signal through differ-
ent pathways, we sought to determine whether RNA ligands for
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TLR7 and for TLR3-elicited different responses. We evaluated
both AM14 and AM14 FcyRIIB-deficient (R2KO) B cells, as the
R2KO cells have previously been shown to be more responsive
to spontaneous RNA ICs (40). We found that the AM14 R2KO
B cells also proliferate better in response to defined RNA ICs,
especially with regard to the TLR7-dependent RNAs (Fig. 5A4).
The suboptimal TLR7 response of the R2+ B cells was
enhanced by the addition of type I IFN (Fig. 5B). Because the
R2KO cells proliferated comparably to both the TLR7 and
TLR3 ligands in both the presences and absence of type I IEN,
we examined these culture supernatants for cytokine produc-
tion. The two highly TLR3-dependent RNAs, Y5, and His, elic-
ited IL-6, even without type I IFN priming, whereas the RNAs
with a strong TLR7 component only made IL-6 when provided
with exogenous IFN- (Fig. 5, C and D). By contrast, the TLR7-
dependent RNAs made high levels of RANTES in the absence of
type I IFN, and RANTES production was not substantially
increased by type I IFN priming (Fig. 5, E and F). These data are
consistent with the notion that in B cells the TLR3-TRIF path-
way is more directly connected to the production of type I IFN
than the TLR7-MyD88 pathway.

Uridines Are the Key Determinant in Stimulatory TLR7
Ligands—We next applied our RNA IC strategy to the further
examination of sequence specificity of TLR7. As shown above,
the uridine content of our RNA fragments did not correlate well
with capacity to activate AM14 B cells (Fig. 3G). However, if we
exclude the RNAs with substantial TLR7 independent activity
from the analysis, then a significant correlation between TLR7-
dependent stimulation and uridine content of the RNA ligands
is revealed (Fig. 6A). Conversely, if we compare the uridine
content of the excluded RNAs to their stimulatory capacity,
there is no correlation (Fig. 6B). To determine the contribution
of uridine more precisely, we made variants of the highly TLR7-
dependent RNA, Alul, and substituted either the cytosines or
the uridines with 2’-fluoro-substituted bases, using either
Bio-U or Bio-C for 1D4-mediated BCR delivery. Incorporation
of Bio-C or Bio-U did not affect stimulatory capacity of the
RNA ICs, presumably because the 16 carbon linker that
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attaches the biotin to the base keeps the biotin at sufficient
distance to not block recognition by the TLR (Fig. 6C). By con-
trast, fluorine substitution of the 2'-OH of the ribose of the
uridines (2'-FdU) abolished the stimulatory capacity of the
RNA ICs, whereas the same substitution on cytosine (2'-FdC)
had a minimal effect (Fig. 6C). To validate the potential physi-
ological relevance of this finding, we took another two highly
TLR7 dependent RNAs and made additional uridine substitu-
tions. In addition to the artificial 2’'-FdU, we substituted with a
2’ O-methylated sugar, and the isomerized base psuedouridine.
All of these uridine modifications significantly abrogated
AM14 stimulatory activity (Fig. 6D). These data demonstrate
that there is a strict requirement for intact uridine, both at the
level of the base and the sugar, for RNA to effectively engage
TLR7 in B cells.

The Sequence Specificity of TLR7 Is Determined by the Motif
in Which the Uridines Reside—The strong dependence on
intact uridines in the stimulatory TLR7 ligands does not rule
out the possibility for even finer specificity of the receptor. To
determine whether the context of the uridine was also an
important determinant for TLR7 activation, we searched for
3-mers that were overrepresented in some of the more stimu-
latory TLR7-dependent sequences (E2, U24, HCV3'UTR), rel-
ative to less stimulatory sequences (U17, r11). The consensus
stimulatory 3-mer that emerged from this analysis is defined as
a uridine adjacent to another uridine or adenine (W), or one
nucleotide away from another uridine (U-S-U; Sis C or G). The
frequency of these triplets correlated with greater stimulatory
activity (Fig. 7A). A recent report by Vollmer and co-workers
showed that the substitution of individual bases around a single
key uridine in a stimulatory RNA motif could greatly diminish
the capacity of their RNAs to induce PBMCs to make cytokine
(14). They identified two motifs. The first motif, NNUCWN,
was associated with optimal IFN-« production. The frequency
of this motif did not correlate with the B cell stimulatory capac-
ity of our RNAs (Fig. 7B). The second motif, KNUNDK (K is U
or G, and D is any but C), optimally elicited IL-12. There was a
strong correlation between the frequency of this motif and
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TLR7-dependent B cell stimulatory capacity as defined by our
assays (Fig. 7C). By limiting the IL-12 motif to only include
sequences where the central uridine also fulfills our U-W-N/U-
S-U triplet requirement, we identified a more optimal motif for
the activation of murine B cells through TLR7. The new motif is
the IL-12 motif, KNUNDK, but with the central U being adja-
cent to a weak base or one space away from another U in either
direction. If we screen for the frequency of this B cell stimulat-
ing motif in our TLR7-dependent RNAs, the frequency of this
motif explains over 95% of the variance in stimulation by TLR7
dependent RNA ICs (Fig. 7D). To validate this analysis, we
made modified versions of one of the more TLR7-dependent
stimulatory mammalian RNAs, U24. We started with a short-
ened version of U24, U24-S, which eliminated the first 2 B cell
activating motifs, and replaced them with one initial IL-12
motif. If we then inserted adenines to disrupt all of the B cell
stimulating motifs (A-block), but not two of the IL-12 motifs, or
made inversions to accomplish the same effect (invert), the
stimulatory capacity is slightly reduced (Fig. 7E). If we then
further modify the RNA to disrupt both the B cell stimulating
motifs and the IL-12 motifs (invert-B), then the stimulation is
reduced further (Fig. 7E). These sequences are shown in Fig.
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7@G. Analysis of these four RNAs shows that stimulatory capac-
ity correlated with the frequency of both IL-12 and B cell acti-
vating motifs, whether or not the cells were primed with type I
IFN (Fig. 7F). It is also important to note that these modified
RNA sequences are still comparably uridine-rich. These data
demonstrate that TLR7 has a sequence preference beyond sim-
ply uridine density. The optimal motif for recognition of RNA
by TLR7 in B cells differs substantially from the motif associ-
ated with maximal type I IFN production in PBMCs.

DISCUSSION

Autoantibodies reactive with particular RNPs have used as a
diagnostic marker for rheumatic diseases for many years, but
the importance of innate immune receptors in breaking toler-
ance to these self-antigens has only been appreciated more
recently. It is now clear that TLR7 plays a critical role in the
pathogenesis of SLE, and that TLR7 is required for the genera-
tion of anti-RNP autoantibodies in multiple murine models of
SLE (9). We now show that RNAs associated with SLE-targeted
RNPs effectively engage TLR7 and/or TLR3. Importantly, many
of these RNAs are so stimulatory that they activate autoreactive
B cells without exogenous type I IEN priming. Such RNAs may
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play a key role in the early events associated with the loss of B
cell tolerance, the production of autoantibodies, and the subse-
quent formation of ICs. Such ICs could then contribute to the
activation of dendritic cell subsets that produce type I IFNs and
other proinflammatory cytokines that prime autoreactive B
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cells to respond to RNPs associated with less stimulatory RNAs.
It has been shown that serum levels of anti-Ro, anti-La, anti-Sm,
and anti-U1-RNP together correlate with expression of type I
IEN inducible genes in SLE patients, and the presence of
anti-Sm and anti-U1-RNP autoantibodies correlates with clin-
ical manifestations of disease (41, 42). RNPs and RNP ICs most
likely play a critical role in both the initiation of inflammation
and propagation of tissue damage in systemic autoimmune dis-
eases, through TLR recognition of their RNA.

TLR detection of endogenous RNA is prevented in part by
modifications that silence the capacity of RNA to stimulate
TLR7 (Fig. 5 and Ref. 43, 44). Many of the RNA fragments tested
in the current study are derived from small RNAs that are nor-
mally not extensively modified. One major exception is the
tRNAs, which routinely undergo extensive post-transcriptional
modifications. The two major instances where unmodified
tRNA sequences could become available to the immune system
are as pre-tRNAs, and as B2-like SINE RNAs, which are thought
to be ancient duplications of tRNA genes. Similar to the Alu
RNAs, B2-like SINEs can also be induced by cellular stress (45).
Accumulation and availability of unmodified RNAs may there-
fore serve as a danger signal leading to immune activation.
When dead cells are not appropriately cleared by phagocytic
cells in an autoimmune prone individual, autoreactive B cells
can become activated in response to these signals. Since SLE
patients may have defects in the clearance of apoptotic debris
and autoantigens can become exposed on the surface of apo-
ptotic blebs, the availability of unmodified RNAs to the
immune system may contribute to the activation of autoreac-
tive B cells and the initiation of autoimmune disease.

Autantibodies reactive with RNPs are found in autoimmune
diseases other than SLE. Many of the self-complementary stim-
ulatory RNAs analyzed in the current study are associated with
such conditions. For example, the Jo-1 autoantigen (histidyl-
tRNA synthetase), targeted in patients with polymyositis, has
been shown to stimulate the innate immune system (46). TLR3
activation in muscle cells appears to play a role in polymyositis.
In the current study we found His-tRNA to be a TLR3 ligand,
thereby causally connecting the Jo-1 antigen to disease patho-
genesis (Ref. 47 and Fig. 4D). Bacterial tRNAs can elicit IFN-«
production through TLR7 in DCs, but we find that B cell acti-
vation by tRNAs is mostly TLR7 independent. The difference
could be explained by the difference between RNA motifs for
optimal B cell proliferation and for optimal IFN-« production
from DCs (48,49) and Fig. 7). SSc is an autoimmune disease that
targets the vasculature, and major autoantibody targets in that
disease include U1-RNP and nucleolar-associated proteins
such as fibrillarin. Poly I:C is a TLR3 ligand and poly(I:C)
administration has been used to model of SSc. This report dem-
onstrates that self-complementary mammalian sequence
RNAs can act as both TLR7 and TLR3 ligands. U1 RNA has
been independently shown to be a TLR7 or a TLR3 ligand, and
here we demonstrate that it can act as both (15, 16 and Figs. 34
and 4C). The fibrillarin-associated RNA, U3, was almost com-
pletely TLR7 dependent, while another, U8, had a substantial
TLR7-independent component (Fig. 3C). Exogenous synthetic
TLR3 ligands can exacerbate glomerulonephritis and sialoade-
nitis in the context of murine models of SLE and Sjogren’s syn-
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drome, respectively (50, 51). Since many of the TLR3 reactive
RNAs we tested are also TLR7 ligands, it is reasonable to
assume that there is synergy between TRIF and MyD88 path-
ways, and TLR3 could be an important co-factor for TLR7
driven autoimmune responses. Both TLR7 and TLR3 ligands
are most likely present in a variety of autoantigen macromolec-
ular structures. Whether there is a role for TLR3 in spontane-
ous murine models of SLE is unclear. The only model that has
been closely examined for TLR3 is the MRL.lpr, where TLR3
deficiency did not ameliorate disease, but this model is domi-
nated by DNA autoantibodies (52). On the other hand, B cells
containing a genetic susceptibility locus from the New Zealand
Black autoimmune prone strain are hyperresponsive to TLR3
ligands (53). A better understanding of the role played by TLR7
and TLR3 in murine models and in patients will be useful when
paired with autoantibody profiles to identify which TLR path-
ways are most relevant as therapeutic targets.

Prior to this study, the direct activation of B cells by TLR?
ligands had not been examined. We have now identified a uri-
dine-associated stimulatory motif. The current report explains
the controversy as to whether TLR7 recognized any uridine-
rich RNA or has sequence specificity. While a variety of
sequences with as few as one central uridine can fulfill the opti-
mal motif identified here, KNUNDK (UWN/USU) (e.g. GAU-
CAG), many uridine-dense sequences, including a string of six
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consecutive uridines, also fulfill the motif. Therefore highly uri-
dine-rich RNAs are likely to make good TLR7 ligands, because
they are more likely to contain uridine in the context of the
correct motif. Further study is needed to determine whether
the sequence of RNA ligands defines the interaction with TLR7
directly or indirectly by allowing for a more optimal secondary
structure of the RNA. These data would lead to the prediction
that an RNP associated with unmodified ssRNA stimulatory
motifs would make a good TLR7 ligand. This is the case in the
pristane model of SLE, where Su (also called Ago2), is a frequent
autoantibody target. Ago2 binds a wide range of micro-RNAs,
including RNAs that have the optimal B cell activating motif
UGUGUG, overrepresented in an Ago2-binding screen (54).
Pristane-injected TLR7-deficient mice do not make Su-reactive
autoantibodies (55). Intriguingly, the optimal motif for murine
B cells is most similar to a motif previously shown to induce
IL-12, and not to the motif for optimal IFN-« production in
human PBMC:s (Fig. 6 and Ref. 14). Cell-specific optimal motifs
may reflect cell-associated differences in TLR endolysomal
trafficking and divergent conditions, such as pH, or TLR-asso-
ciated proteins may influence RNA/TLR7 interactions.

The sequence specificity of TLR7 has most likely been evo-
lutionarily selected to confer resistance to viral pathogens, with
self-RNA recognition as a counter-balancing force. The opti-
mal stimulatory uridine-containing motif (B cell-activating
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motif) is present in the highly conserved 3'-UTRs of negative
sense ssSRNA viruses, including Ebola, Rabies, VSV, Measles,
Sendai, and RSV, all of which have been previously identified as
TLR?7 ligands (56). The hypothesis of molecular mimicry pro-
poses that viral infection can promote the onset of autoimmune
disease by driving the production antibodies specific for viral
epitopes that cross-react with self-antigens. Another possible
explanation for the connection between viral infection and
autoimmune disease is that viral infections lead to elevated lev-
els of type I IFN, which in turn lowers the activation threshold
for TLR7. Elevated levels of type I IFN are associated with more
severe SLE. TLR7 detection of endogenous RNAs in B cells is
normally avoided by multiple layers of protection. For B cells to
respond to TLR7 ligands, TLR7 expression needs to be up-reg-
ulated, either in response to a strong stimulus, or through type
I IEN priming (34). The data in this report show that RNAs
from clinically relevant RNPs are able to activate resting, auto-
reactive B cells, when delivered to the endolysosomal TLRs by
the BCR. The reason that certain RNPs are frequent autoanti-
body targets is therefore due to the RNA component acting as
an adjuvant through either TLR7 or TLR3.
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