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Abstract Although autoantibodies are the hallmarks of most autoimmune diseases, the mechanisms by which autore-
active B cells are generated and accumulate are still poorly understood. Overexpression of Toll-like receptor 7 (TLR7) that
recognizes single-stranded RNAs has been implicated in systemic lupus erythematosus (SLE), although the cellular
mechanism by which this receptor drives the disease is unknown. We recently identified a population of CD11c* age-
associated B cells (ABCs) which is driven by TLR7 signaling, secretes autoantibodies and appears in autoimmune-prone
mice by the time of onset of autoimmunity. Mice lacking the Mer receptor develop autoantibodies and splenomegaly
similar to other mouse models of SLE. Here, we show that Mer '~ mice that lack TLR7 fail to develop anti-chromatin IgG
antibodies, perhaps because they also fail to develop ABCs. Moreover, depletion of CD11c™ ABCs from Mer™’~ mice
leads to rapid reduction in autoantibodies. Together, these data strongly suggest that ABCs and/or their descendants are the
primary source of autoantibodies in Mer™"~ mice and that TLR7 signaling is crucial for accumulation of ABCs and
development of autoantibodies. These data demonstrate for the first time that TLR7, and not TLRY, is responsible for
generation of anti-chromatin IgG antibodies in Mer '~ mice.
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Introduction

The majority of autoimmune diseases are often identified
and characterized by the appearance of antibodies that react
with self-antigens. Such autoantibodies often lead to the
progression of the disease although in some cases their
direct effect on the development of autoimmunity is not
clear. In the case of systemic lupus erythematosus (SLE), it
is well known that autoantibodies play an important role in
the development of kidney pathology, and therefore,
autoreactive B cells are one of the major targets in the
treatment of SLE disease [1].

There are many animal models of SLE including mice
deficient in Mer, a receptor tyrosine kinase, which has
many functions including uptake of dead cells. Mer '~
mice are characterized by inefficient clearance of dead
cells, splenomegaly, and development of autoantibodies
against self-DNA and nuclear proteins and thus behave
similarly to many mouse models of SLE [2—4]. In this
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study, we used Mer '~ mice as a model for lupus-like

autoimmunity in which the absence of one well-charac-
terized gene leads to the appearance of autoantibodies.

Recently, we and others identified a population of B
cells named age-associated B cells (ABCs), which secretes
autoantibodies and accumulates in autoimmune-prone
mice, such as Mer '~ mice, at the onset of autoimmunity
[5, 6]. We also demonstrated that accumulation of ABCs in
aged female C57BL/6 mice depends on intrinsic Toll-like
receptor 7 (TLR7) signaling in B cells. TLR7 recognizes
single-stranded RNA and potentially can be activated in
vivo by self-RNA [7, 8], for example, from necrotic cells
that are not cleared by Mer-deficient macrophages. Over-
expression of TLR7 has been shown to be sufficient to
drive accumulation of autoantibodies and mice with
spontaneous translocation of #/r7 gene develop lupus-like
disease [9, 10].

Here, we investigated whether TLR7 signaling influ-
ences autoimmunity in Mer~~ mice and whether the
number of ABCs is dependent on the amount of TLR7
expressed by immune cells in Mer™'~ mice. To address
these questions we crossed Mer ™'~ mice to TLR7 '~ mice
and analyzed mice expressing different amounts of the t/r7
gene. We compared the appearance of ABCs and autoan-
tibodies in these mice over time and demonstrated that both
these factors strongly correlate with the number of #r7
gene copies in the mice. Moreover, mice that had complete
ablation of TLR7 not only failed to accumulate ABCs but
also did not develop anti-chromatin antibodies throughout
the course of the experiment. We also demonstrated that
expression of the transcription factor T-bet in B cells cor-
relates with the number of #/r7 gene copies, further sug-
gesting that T-bet might be a lineage-defining factor for
ABCs. Additionally, since TLR7 signaling is known to be
important for the generation of anti-RNA antibodies, and
because anti-chromatin antibodies are thought to be
dependent on TLRY signaling, these data are the first
demonstration to our knowledge of the dependence of anti-
chromatin antibodies on TLR7 expression.

Research design and methods
Experimental animals

Mer™~ mice on a C57BL/6 genetic background were
obtained from Dr. Douglas Graham (University of Colo-
rado, Anschutz Medical Campus). CD11¢c-DTR/GFP mice
were purchased from Jackson Laboratories. Mer ™~
CD11c-DTR/GFP mice were obtained by breeding Mer '~
and CD11c-DTR/GFP mice to each other. Mer ™'~ mice
were also bred to TLR7 '~ and mice with different number
of #lr7 gene copies were maintained. Genotyping for Mer

was performed by PCR, and flow cytometry was performed
to determine expression of CD11c-DTR/GFP transgene.
All manipulations were performed in accordance with the
National Jewish Health Institutional Animal Care and Use
Committee.

Diphtheria toxin treatment

For depletion of CD11c™ cells, Mer '~ CD11c-DTR/GFP
mice were injected intraperitoneally with 4 ng/g body
weight Diphtheria toxin (in PBS; Sigma). The efficacy of
the depletion was examined using flow cytometry 7 and
15 days after treatment.

Detection of autoantibodies

Concentrations of anti-chromatin IgG antibodies were
determined using the protocol of Guth et al. [11]. Briefly,
96-well microplates were coated overnight at 4 °C with
mouse chromatin (10 pg/mL), followed by incubation with
blocking buffer solution at 37 °C for 2 h. Mouse sera
diluted in blocking buffer were added to the trays for 2 h.
IgG anti-chromatin antibodies were detected with an
alkaline phosphatase (AP)—conjugated goat anti-mouse IgG
antibody (Southern Biotechnology Associates, Inc.).

Flow cytometry

Cells were stained under saturating conditions with anti-
bodies to mouse CD3 (clone 145-2C11), B220 (clone RA3-
6B2), CD11b (clone M1/70), CD11c (clone N418), CD19
(clone 1D3) and T-bet (clone 4B10) purchased from
Ebiosciences or BD Pharmingen, or generated in house.
For intracellular, T-bet staining cells were surface-stained,
fixed and permeabilized with FoxP3 staining buffer set
(eBioscience) and stained with anti-human/mouse T-bet
antibodies (clone 4B10). Cells were analyzed by flow
cytometry on Cyan (Beckman Coulter) instrument, and
data were analyzed using FlowJo software (Treestar).

Results

TLR7 is required for ABCs development

in autoimmune-prone Mer~’~ mice

and for the appearance of anti-chromatin IgG
autoantibodies

We previously demonstrated that TLR7 is essential for the
development of ABCs in aged C57BL/6 female mice and
wondered whether this phenomenon persists only in aged
wild-type female mice or is it also true for autoimmune-
prone mice [5]. Since we recently demonstrated the
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Fig. 1 a TLR7 deficiency prevents accumulation of ABCs in Mer ™'~

mice. Flow cytometry was performed on splenocytes from Mer-
deficient mice with various levels of TLR7 expression. At least 5
mice per group were analyzed. ABCs were identified as
CD3 CDI19*"B220*"CD11c", and the percentage of ABCs among B
cells is demonstrated. Bars represent mean (£SEM) of at least 10
mice per group. *p < 0.001 (Student’s two-tailed ¢ test). b TLR7
deficiency results in the absence of autoantibody accumulation.

appearance of ABCs at an early age in Mer '~ mice, we
crossed Mer~’~ mice to TLR7 ™'~ mice and tested mice
with different genotypes for the presence of ABCs. Since
tlr7 is encoded on the X chromosome, females have two
copies of this gene while males posses only one copy of
tlr7. Therefore, the following genotypes were analyzed for
the presence of ABCs: Mer '~ TLR7™* females, Mer '~
TLR7Y~ females, Mer /= TLR7/~ females, Mer '~
TLR7" males, Mer '~ TLR7 ™ males. Mice were analyzed
when they were 6-8 months old, an age at which Mer ™'~
mice already possess autoantibodies, for the presence of
ABC s in their spleens. As shown in Fig. la, ABCs accu-
mulate in Mer~'~ mice that possess at least one copy, but
not in mice that completely lack, #Ir7. Moreover, the per-
centage of ABCs in these mice directly correlated with the
number of copies of #/r7 in the animals. These data are not
only in accordance with our previous findings that the
accumulation of ABCs requires TLR7 [5], but also suggest
a direct correlation between accumulation of ABCs and
TLR7 expression.

Next we tested whether the appearance of autoantibod-
ies in mice with different numbers of copies of the tlr7
gene correlated with the appearance of ABCs. We moni-
tored mice for the appearance of anti-chromatin autoanti-
bodies for 6 months by bleeding mice every month. We
determined that 85 % of female mice that possess two
copies of tr7 (TLR7™") developed autoantibodies by
4 months of age, while only 50 % of TLR7 '~ females and
TLR7" males developed anti-chromatin antibodies by this
age (Fig. 1b). Interestingly, none of the mice that com-
pletely lacked TLR7 developed autoantibodies throughout
the course of study, even by 12 months of age, suggesting
that TLR7 is responsible for the appearance of both ABCs
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Serum  from  Mer/"TLR7"*  females (solid  squares),
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was counted positive if the titer was 5 times over the titer of control
C57BL/6 mice. At least 10 animals per age group were analyzed

and anti-chromatin autoantibodies (Fig. 1b and data not
shown). Moreover, we also saw a strong correlation
between the percentage of ABCs and the amount of auto-
antibodies in Mer~'~ mice (data not shown). These data
demonstrate a very strong correlation between three dif-
ferent factors in Mer '~ mice: TLR7 expression, number of
ABCs and development of autoantibodies. We have shown
here and previously that accumulation of ABCs depends on
TLR7 expression and that ABCs are enriched in autore-
activity, and therefore, the absence of autoantibodies in
Mer™/~TLR7 '~ mice is very likely due to the absence of
ABCs in these mice.

Expression of the transcription factor T-bet in ABCs
correlates with TLR7 expression

We have previously shown that RNA levels of the tran-
scription factor, T-bet, are upregulated in ABCs isolated
from aged female C57BL/6 mice [5]. Moreover, we have
preliminary data suggesting that T-bet expression is
required for the development of ABCs (Rubtsova et al.,
manuscript in preparation). T-bet is not a transcription
factor commonly expressed by B cells but rather a char-
acteristic transcription factor for CD4* Th1 cells and also
important for the function of CD8" T cells and natural
killer (NK) cells [12-15]. There were, however, several
reports showing that T-bet can be expressed in B cells as
well as it has a role in immunoglobulin class switching
[16-19]. Since transcription factors are usually the most
accurate signature of one or another cell type, we decided
to determine whether ABCs from Mer ™'~ mice also
express T-bet. Intracellular staining of splenocytes from
Mer '~ mice demonstrated that their ABCs indeed express
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Fig. 2 a ABCs from Mer-deficient mice express higher level of T-bet
than FO B cells. Splenocytes from Mer ™~ mice were stained with
CD19, B220, CDl11c, CD3 and T-bet. ABCs (solid black line) were
identified as CD3~CD197B220"CD11c", and FO B cells (dashed
gray line) are CD3 CDI197B2207CDIlc™. Mean fluorescence
intensity (MFI) of T-bet expression is shown. Staining is a represen-
tative of at least five independent experiments. b T-bet expression in
ABCs from Mer'~ mice with different expression of TLR7. Average

higher levels of T-bet than conventional follicular (FO) B
cells (Fig. 2a). Moreover, analysis of Mer '~ mice with
different expression levels of TLR7 revealed that ABCs
from females with one or two copies of TLR7 express
significantly higher levels of T-bet than ABCs from TLR7™*
male mice or than the few ABC-like cells that appear in
TLR7 '~ mice (Fig. 2b). These data suggest that Mer '~
mice do indeed accumulate ABCs that are identical to the
cells identified by us and others previously [5, 6, 20].
Interestingly, the T-bet is also expressed at higher levels in
FO B cells from TLR7™* mice than in the same popula-
tion of cells from TLR7 '~ mice, although the level (mean
fluorescent intensity) of T-bet expression is significantly
lower in these cells compared with ABCs (Fig. 2c). Since it
has been previously shown that ABCs originate from FO B
cells [6], these data suggest that some intrinsic signals in
Mer '~ mice initiate the expression of T-bet in FO B cells,
promoting their differentiation into ABCs. In support of
this hypothesis, we found a strong correlation between the
levels of T-bet expression in B cells and the percentages of
ABCs in spleens of Mer~’~ mice (Fig. 2d).

MFI of T-bet on FOB cells o

MFI and standard error is shown for at least 3 mice per group. ¢ T-bet
expression in FO B cells from Mer~'~ mice. Average MFI and
standard error is shown for at least 3 mice per each group.
*p < 0.005; **p < 0.05 (Student’s two-tailed ¢ test). d Correlation
of percentage of ABCs with the expression of T-bet in all B cells.
Linear regression analysis was applied, and statistical significance is
demonstrated

Depletion of ABCs leads to a decrease
in autoantibodies in Mer~CD11¢c-DTR/GFP mice

Next we tested whether depletion of ABCs would affect the
level of autoantibodies in Mer ™'~ mice. Since there is no
direct way to deplete ABCs in Mer '~ mice, we crossed
these animals to mice expressing GFP and diphtheria toxin
receptor (DTR) under the control of the CD11c promoter.
In these mice, CD11c expressing cells can be depleted by
the injection of diphtheria toxin, and while CDllc is
expressed on dendritic cells, it is also expressed by ABCs
but not other B cells [5]. Although dendritic cells can play
an important role in the development and progression of
autoimmunity, their depletion most quickly affects T cell-
mediated autoimmunity and not the levels of autoanti-
bodies [21]. In addition, we have shown previously that
depletion of ABCs leads to a rapid (by day 7) reduction in
the level of autoantibodies [5]. Using Mer~/~CD11¢-DTR/
GFP mice at the age of 6—8 months which already posses
autoantibodies, we demonstrated that injection of diph-
theria toxin leads to rapid depletion of ABCs and
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Fig. 3 a Depletion of ABCs in blood by diphtheria toxin in Mer—'~

CD11c-DTR/GFP mice. Mice were bled 0, 7 and 15 days after
injection with diphtheria toxin or PBS, and blood was analyzed for the
presence of ABCs by flow cytometry. Each treatment group contained

subsequent reduction in anti-chromatin IgG autoantibodies
(Fig. 3a, b). These data suggest that ABCs are the source of
autoantibodies in Mer '~ mice. Such rapid reduction in the
level of autoantibodies in the blood shortly after diphtheria
toxin injection suggests that ABCs, not dendritic cells, are
mainly responsible for this effect. These data directly
demonstrate that ABCs are responsible for accumulation of
autoantibodies although additional experiments, such as
generation of bone marrow chimeras, are required to
exclude the role of dendritic cells in this process.
Together these data provide evidence that in Mer '~
mice, ABCs are the main source of autoantibodies and that
lack of ABCs, either due to TLR7 deficiency or due to their
depletion, leads to significant reduction in autoantibodies.

Discussion

While autoantibodies play an important role in a wide
variety of autoimmune diseases, mechanisms by which
autoantibody-producing cells are generated and get acti-
vated are poorly understood. Multiple mechanisms of tol-
erance exist to ensure that cells that possess receptors
reactive to self-antigens either do not reach the periphery or
are silenced and do not participate in the immune response.
And yet, in a majority of autoimmune diseases, autoreactive
B cells manage to escape tolerance and produce autoanti-
bodies that, in many cases, do significant damage to the
body. There are a number of explanations for this phe-
nomenon including failure of negative selection, receptor
editing, deficiency in other cells that suppress autoreactive
B cells or the nature of the antigen and molecular mimicry
[22-24]. The role of TLRs in the activation of autoreactive
B cells has also been proposed by several research groups.
Such roles include the possibility that certain TLR ligands
can bind both antigen receptor and TLRs on or in B cells,
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5 mice before treatment. b Titer of anti-chromatin IgG autoantibodies
in serum of Mer '~ CD11¢c-DTR/GFP mice was determined 0, 7 and
15 days after injection of diphtheria toxin. Each treatment group
contained 5 mice. *p < 0.01 (Student’s two-tailed 7 test)

thereby delivering two signals at once [25-28]. This idea is
particularly relevant in the case of intracellular TLRs
(TLR3, 7, 9), as their ligands, nucleic acids in complex with
proteins, can be delivered to endosomes via autoantigen-
engaging B cell receptors, the immunoglobulin proteins
expressed by individual B cells. There is a significant
amount of literature supporting the role of TLR7 and TLR9
in autoimmunity, although how these TLRs exactly act is
still largely unknown [9, 10, 28-31].

We have previously demonstrated that TLR7 is required
for accumulation of a CD11c-expressing B-cell population
that accumulates in autoimmune-prone mice and can
secrete autoantibodies [5]. Here, we demonstrated that
TLR7 ablation is sufficient to prevent accumulation of
ABCs, even in autoimmune-prone Mer '~ mice. Moreover,
the fact that the percentage of ABCs strongly correlates
with the number of copies of the X-linked TLR7 gene
expressed in the mice might explain why these cells appear
in elderly female and not male C57BL/6 mice. Although
there are no direct data suggesting unequal TLR7 expres-
sion in male and female mice, it has been demonstrated that
female mice produce more type I interferon in response to
TLR7 stimulation than male mice [32]. Interestingly, this
sex-biased difference is unique to TLR7 and does not persist
in case of TLRY stimulation [32]. Also, in humans, it has
been demonstrated that part of the X chromosome that
contains TLR7 can exist in a partially Lyonized form [33,
34]. The data presented here support the hypothesis that B
cell responsiveness to self-antigens strongly correlates with
the number of TLR7 genes encoded in the genome.

Although TLR7 recognizes single-stranded RNAs, here
we demonstrated the absence of anti-chromatin IgG anti-
bodies in Mer™'~ mice that are deficient in TLR7. To our
knowledge, this is the first demonstration of the role of
TLR7 in the generation of anti-chromatin autoantibodies.
Chromatin-specific antibodies have been previously largely
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Fig. 4 Model showing nature of appearance of autoantibodies in
Mer-deficient mice. Inefficient uptake of dead cells leads to the
appearance of autoantigens such as DNA, RNA and nucleoproteins in
blood, which in turn is recognized by autoreactive B cells through B
cell receptor (BCR). After binding, BCR gets internalized and

associated with TLR9 and not TLR7 signaling [29-31]. Our
data provide evidence that for the production of anti-chro-
matin autoantibodies, B cells have to receive TLR7 stimu-
lation and, in the absence of such a signal, they fail to
produce chromatin-specific antibodies. Since chromatin is a
mixture of DNA, RNA and nuclear proteins, it is surprising
to see the complete absence of anti-chromatin antibodies in
Mer/"TLR7 '~ mice. These data strongly suggest that
RNA/protein complexes are more dominant or more
abundant than DNA/protein complexes in Mer '~ mice.
Most immune cell populations have specific transcription
factors that define their lineage specificity and uniqueness.
Previously, we performed gene expression analysis and
determined that RNA encoding transcription factor T-bet is
expressed in ABCs from wild-type mice at significantly
higher amount than in other B-cell populations [5]. Here,
we confirmed these data using antibody staining against
T-bet in Mer '~ mice and demonstrated a strong correlation
between expression of T-bet and TLR7. These results sug-
gest that there might be a direct link between these two
proteins. Moreover, our data demonstrate that, although to a
lesser extent, T-bet is upregulated in FO B cells in Mer™/~
mice. It has been previously shown that ABCs can develop
from FO B cells, and our data provide additional support
that this is the case. We are currently investigating the role

FO B cells

T-bet

TLR7

ABC

delivers antigen to endosomes where TLR7 is localized. Recognition
of RNA and nucleoproteins delivered by BCR initiates TLR7
signaling leading to the upregulation of T-bet and accumulation of
ABCs which are the source of autoantibodies in Mer '~ mice

of T-bet in ABC’s development and the exact mechanisms
by which T-bet gets turned on in B cells.

These data lead us to propose a model for the devel-
opment of ABCs in Mer ™'~ mice (Fig. 4), which fail to
efficiently uptake dead cells and therefore possess a source
of autoantigens in their blood and secondary lymphoid
organs such as the spleen. These autoantigens often rep-
resent a complex of DNA or RNA with several nuclear
proteins and therefore can bind to specific B cell receptors
and get internalized. Alone, this event is not sufficient to
activate autoreactive B cells, but since these complexes
contain ligands for intracellular TLRs (TLR7 and 9), it is
possible that binding of antigen to the B cell receptor
allows its delivery to endosomes where intracellular TLRs
are localized. Therefore, one complex antigen provides
simultaneously two signals: B-cell receptor activation and
TLR stimulation. These stimuli together are very efficient
in upregulating T-bet and B-cell differentiation into
CDIl11ct age-associated B cells, which have an activated
phenotype and are ready to secrete autoantibodies.
Although this model still has some unanswered points, it is
strongly supported by our data, and further experiments
will elucidate the exact role of ABCs in autoimmunity. For
example, according to our model, both TLR7 and TLR9
should facilitate the activation of autoreactive B cells. We
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have shown previously that only TLR7, and not TLR9Y,
activation leads to accumulation of ABCs [5]. The opposite
roles of TLR7 and TLRY in autoimmunity, with TLR7
being harmful and TLRY playing a protective role, have
been previously described [28, 29, 31]. However, the
mechanism explaining these differences has never been
found. Similarly, the mechanism explaining why the acti-
vation of TLRY does not lead to the accumulation of ABCs
still has to be discovered.
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