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Abstract

Systemic lupus erythematosus is characterized by the production of autoantibodies against nucleic
acid-associated Ags. We previously found that Tlr7 was required for anti-Sm and TIr9 for anti-
chromatin autoantibodies. Yet, although Tlr7 deficiency ameliorated disease, TIr9 deficiency
exacerbated it. Despite the mechanistic and clinical implications of this finding, it has yet to be
elucidated. In this study, we characterize MRL/Ipr lupus-prone mice genetically deficient in Tlr7,
TIr9, both TIr7 and TIr9, or Myd88 to test whether TIr7 and TIr9 function independently or instead
regulate each other. We find that disease that is regulated by TIr9 (and hence is worse in its
absence) depends on TIr7 for its manifestation. In addition, although TIr7 and TIr9 act in parallel
pathways on different subsets of autoantibodies, TIr9 also suppresses the production of Tlr7-
dependent RNA-associated autoantibodies, suggesting previously unrecognized cross-regulation
of autoantibody production as well. By comparing disease in mice deficient for TIr7 and/or TIr9 to
those lacking Myd88, we also identify aspects of disease that have Tlr- and Myd88-independent
components. These results suggest new models for how TIr9 regulates and TIr7 enhances disease
and provide insight into aspects of autoimmune disease that are, and are not, influenced by TLR
signals.

The TLRs are a family of cell surface or endosomal pattern recognition receptors (1). Many
of the known ligands for TLRs are microbial products such as bacterial LPS, but some TLR
family members can be activated by nucleic acids that may be either pathogen or host
derived (2, 3). TLR ligation results in the activation of transcription factors including NF-xB
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and IFN regulatory factor family members (4), which both activate the innate immune
system and contribute to a robust adaptive immune response.

In addition to their role in the immune response to pathogens, TLRs have recently been
implicated in autoimmunity (5, 6). Pioneering work demonstrated that B cells transgenically
expressing a rheumatoid factor (RF) BCR can be activated ex vivo by immune complexes of
anti-DNA or anti-RNA specificity (7, 8). This activation was dependent on TIr9, the
endosomal sensor for dsDNA, or TIr7, an endosomal sensor for sSRNA,; the signaling
adaptor Myd88, which is downstream of both Tlr7 and TIr9, was also required. Subsequent
studies in RF BCR-transgenic animals confirmed and extended these findings in vivo (9).
Other studies in anti-DNA and anti-RNA BCR-transgenic models demonstrated a similar
requirement for TIr9 or TIr7, respectively, for activation of antinucleic acid B cells (10, 11).
In contrast, the roles of TLRs in activating non-B cells, such as myeloid cells, in systemic
autoimmunity are less clear. In vitro experiments implicate immune-complex, FcyR-
dependent activation of dendritic cells (DCs) and plasmacytoid DCs, in promoting IFN-I and
other cytokine secretion in a partially TLR-dependent fashion (12, 13). The roles of TLRs in
DCs in vivo have not been specifically defined with respect to systemic autoimmunity.

Using the MRL/Ipr murine model of systemic lupus erythematosus, we previously examined
the role of TIr9 and Tlr7 in spontaneous disease in vivo using mice that lacked one or the
other of these genes in all tissues. TIr9 was required for endogenous anti-DNA Ab
production (14, 15), a finding that has since been reproduced in other murine models of
lupus (10, 16, 17). Unexpectedly, in TIr9-deficient animals, despite the absence of anti-DNA
Abs—the clinical hallmark of lupus—several parameters of disease, including
hypergammaglobulinemia, lymphocyte activation, and glomerulonephritis, were
significantly worsened (14, 15). In contrast, TIr7 deficiency had no effect on anti-DNA Abs
but instead prevented the appearance of anti-Sm autoantibodies in the MRL/lpr model (15).
Disease phenotypes were partially ameliorated in the absence of TIr7 despite the continued
presence of anti-DNA and antinucleosome Abs. The discovery of a paradoxical and unique
regulatory role for TIr9 in lupus was surprising and has important implications for the design
of clinical strategies as well as for our understanding of the mechanisms of disease initiation
and propagation. So far, there has been no additional insight into how TIr9 might play a
regulatory role. Indeed, this finding raised a major question. Because TIr7 and TIr9 are
homologous receptors expressed in similar tissues with (as far as is known) identical
signaling pathways, how is it that the lack of either of these two genes results in opposite
effects on immune activation and global disease?

One hypothesis is that TIr7 and TIr9 work in parallel, independent pathways. This would be
consistent with their apparent parallel effects on distinct subsets of autoantibodies (10, 11,
15). In this view, divergent disease outcomes might arise from unsuspected differences in
signaling pathways and/or from expression in different tissues at different times coupled
with differential exposure to ligands. In contrast, it is possible that TIr7 and TIr9 are
operating in series, with signals mediated by one influencing the other either directly or
indirectly. One model of TIr9 and TIr7 interdependency postulates that TIr9-dependent anti-
chromatin Abs are important in the clearance of cellular debris, which in turn contain the
ligands for both TIr9 (i.e., DNA-related) and TIr7-dependent (i.e., RNA-related) activation
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(18-20). In the absence of TIr9, such Abs would be missing, leading to overstimulation of
TIr7 as a result of excess ligand. A second model postulates a direct interaction, with TIr9
regulating signals via TIr7 within the same cell. This could occur whether there were
competition for downstream signaling components and/or whether TIr9 signals induced
expression of genes that counterregulated both TIr9 and TIr7 signals (21). The first step in
understanding the roles of TIr7 and TIr9 and their interactions is to determine, genetically,
whether one acts upstream of the other or whether they operate in parallel. To investigate
this, we generated cohorts of mice simultaneously deficient in both TIr7 and TIr9, and we
report on their phenotype and the implications for how TIr7 and TIr9 regulate autoimmunity
in divergent directions.

In addition, though the absence of Myd88 ameliorates disease and reduces autoantibodies (8,
22), whether in regulating lupus it acts only downstream of TIr7 and TIr9 or rather has
additional upstream inputs, such as other Tlrs or IL-1/18, has not been addressed.
Furthermore, it is not known whether all immune activation and disease in the MRL/Ipr
model is dependent on Myd88/TIr signals or whether additional innate immune receptor
families or other factors also contribute. To address these issues, we produced backcrossed
mice deficient in the adaptor Myd88 and compared them to the mice doubly deficient for
TIr7 and TIr9. In this aspect of the study, we found that although TIr7 and TIr9 are important
upstream inputs for Myd88, the control of autoimmunity by innate immunity is more
complex than anticipated, with evidence for TIr7/9-independent components as well as
Myd88-independent aspects of disease.

Materials and Methods

Mice

To generate a cohort including TIr7Y/~TIr9~/~ mice and littermates for comparison,
previously described TIr9~/~ and TIr7~/~ mice on the lupusprone MRL/MpJ'Pr/lPr
background (15) were intercrossed by standard breeding techniques. To simplify the
breeding strategy, given that Tlr7 is located on the X chromosome, only male mice were
included in this analysis, except where otherwise noted. Representative animals were
genotyped using a 768 single nucleotide polymorphism Illumina mouse genotyping array
and were determined to be >98% backcrossed to the MRL/MpJ!PIPr background and were
homozygous for MRL alleles at all known MRL lupus susceptibility loci (23-26). Mice
were analyzed at 16 wk of age, except where indicated, because of the previously reported
accelerated mortality of the TIr9™~ group (15).

Myd88~/~ mice on the MRL/MpJ!P"/IPr background were generated by crossing Myd88~/~
mice (mixed C57BL/6 and 129Sv background) with MRL/MpJ!P7IPT males for six
generations. Mice heterozygous for the Myd88-deleted allele were intercrossed to generate
Myd88*/* and Myd88~" littermates. These animals were aged to 16 or 24 wk for analysis.

All animal work was approved by the Yale Institutional Animal Care and Use Committee.

J Immunol. Author manuscript; available in PMC 2014 July 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Nickerson et al.

Page 4

Measurement of serum autoantibodies and cytokines

HEp-2 immunofluorescence assays (Antibodies, Davis, CA) were performed as previously
described (14) with serum diluted at 1/200 and were scored for relative fluorescence
intensity of nuclear and cytoplasmic staining on a scale of 0-3 and for the presence or
absence of mitotic chromatin by an observer blinded to the genotype of the mice.

For anti-nucleosome ELISA, polystyrene plates were coated with poly-L-lysine (Sigma-
Aldrich, St. Louis, MO). Plates were then incubated with phenol-extracted and S1 nuclease-
treated dsDNA from calf thymus (Sigma-Aldrich), followed by calf thymus histones type 11-
AS (Sigma-Aldrich). After blocking with 1% BSA in PBS, serial dilutions of serum from
1/200 to 1/5400 were added. Specific Abs were detected with alkaline phosphatase-
conjugated goat anti-mouse 1gG (Southern Bio-technology Associates, Birmingham, AL),
and absorbance at 405/630 nm was compared with a purified PL2-3 monoclonal anti-
nucleosome standard (27) for quantitation.

Anti-Sm ELISA was performed as previously described (14) with serial dilutions of serum
from 1/200 to 1/5400. ELISAs for anti-ribosomal P Ag autoantibodies and anti-RNA Abs
were described previously (28).

Anti-lgG2a RF titers were determined by ELISA essentially as described previously (29).
Polystyrene plates were coated with purified mAb 23.3 (IgG2a,\ anti—4-hydroxy-3-nitro-
phenylacetyl) overnight. After blocking with 1% BSA in PBS, serial dilutions of serum from
1/200 to 1/5400 were added. Specific Abs were detected with biotinylated anti-x L chain
(clone 187.1; BD Pharmingen, San Diego, CA), followed by alkaline-phosphatase—
conjugated streptavidin (Invitrogen, Carlsbad, CA), and absorbance at 405/630 hm was
compared with a 400tu23 (IgM-RF) standard for quantitation.

Total serum 1gG was determined by ELISA as described previously (14). Titers of
individual 1gG isotypes were measured by cytometric bead assay (Millipore, Bedford, MA)
per the manufacturer’s protocols.

Serum IL-6, TNF-a, IL-12p40, 1L-12p70, and IL-10 were measured by multiplex cytometric
bead assay (Bio-Rad, Hercules, CA) per the manufacturer’s instructions. Serum I1L-23(p19/
p40) was measured by ELISA (eBioscience, San Diego, CA). Serum IFN-a was measured
as previously described (14) with serum diluted 1/20.

Analysis of lymphocyte subsets

Spleen cells were isolated and stained as previously described (14) with the following Abs
for FACS analysis: anti-CD90.2 (30H12), anti-CD45R (RA3-6B2, BD Biosciences), anti-
CD4 (GK1.5; Biolegend, San Diego, CA), anti-CD44 (Pgpl), and anti-CD62L (Mel-14;
eBioscience). Anti-CD90.2 and anti-CD44 were purified and fluorescence conjugated in our
laboratory. Dead cells were excluded by staining with propidium iodide. For measurement
of regulatory T cells, spleen and axillary lymph node cells were stained as above with anti-
TCRp (H57-597; BD Biosciences), anti-CD4, anti-CD25 (PC61; BD Biosciences), followed
by fixation/permeabilization and anti-Foxp3 (FJK-16s; eBioscience) staining as
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recommended by the manufacturer. Dead cells were excluded with ethidium monoazide
bromide.

Evaluation of clinical disease

Results

For skin disease, mice were scored for the extent of dorsal lesion on a scale of 0-5, with up
to one additional point for presence of ear dermatitis and facial rash or loss of whiskers as
described previously (15). Proteinurea was measured using a colorimetric dipstick assay
(Albustix; Bayer, Pittsburgh, PA). For kidney disease, formalin-fixed and paraffin-
embedded sections stained with either H&E or periodic acid Schiff stain were scored for
glomerular disease by an independent observer who was blinded to the genotype of the
mice. For interstitial disease, H&E-stained slides were photographed, and the total area of
infiltrates relative to the area of the kidney cross-section was determined using ImageJ
software (National Institutes of Health, Bethesda, MD).

Autoantibody regulation by TIr7, TIr9, and Myd88

Autoantibodies were measured in the serum of 16-wk-old TIr7Y/~ TIr9~/~ and control mice
by the HEp-2 anti-nuclear Ab (ANA) assay (Fig. 1A, 1B). As previously observed, the
intensity of nuclear-staining HEp-2 patterns was significantly reduced in the absence of TIr9
(Fig. 1B, 00). Consistent with prior results (14, 15), the remaining nuclear staining observed
in some TIr9-deficient mice was restricted to a speckled staining pattern (data not shown),
suggesting both a qualitative and a quantitative difference in the autoantibody repertoire.
Importantly, mice lacking both TIr9 and TIr7 did not develop an ANA of either the
homogenous or speckled pattern, reflecting that the speckled patterns in TIr9-de-ficient mice
were due to Tlr7-dependent autoantibodies. To confirm that the nuclear HEp-2 staining
pattern is dependent on TIr9 and Tlr7, we analyzed MRL/Ipr mice deficient in Myd88; these
mice also lacked an ANA at 16 and 24 wk of age (Fig. 1C, O), consistent with other reports
by our group and others (8, 22). Hence, the classic ANA is entirely dependent on
autoantibodies that require either TIr9 or TIr7, and Myd88, for their development.

Previously we observed an increased frequency of cytoplasm-staining autoantibodies when
TIr9 was absent (15). To evaluate this phenomenon, we scored HEp-2 slides for the intensity
of cytoplasmic staining (Fig. 1B, B). Cytoplasmic staining was increased in both frequency
and intensity in mice lacking TIr9. However, the cytoplasmic staining was reduced in both
TIr?Y=TIr9*"~ and TIr7Y/~TIr9~/~ mice, suggesting that anti-cytoplasmic autoantibodies are
TIr7 dependent regardless of the TIr9 genotype. Cytoplasmic staining was more prevalent in
24-wk than 16-wk-old mice and was significantly reduced in the absence of Myd88 (Fig.
1C, m). Thus, TIr9 suppresses Tlr7-dependent and Myd88-dependent anti-cytoplasmic Abs.

The staining of mitotic chromosomes in the HEp-2 assay indicates the presence of anti-
chromatin autoantibodies (Fig. 1A, arrows). In agreement with prior results (15), these
autoantibodies were TIr9 dependent but not TIr7 dependent (Fig. 1D); they were also absent
in Myd88-deficient mice (Fig. 1E). Overall, these data revealed that HEp-2 staining
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autoantibodies of all types in the serum of MRL/Ipr mice were reduced to near-background
levels when both TIr7 and TIr9, or their signaling adaptor Myd88, were absent.

Although it has the advantage of detecting autoantibodies binding to native structures, the
HEp-2 assay provides limited qualitative information about the identity of these
autoantigens. Therefore, we performed ELISAS to quantitate autoantibodies to defined
autoantigens. Anti-nucleosome autoantibodies were significantly reduced in the absence of
TIr9 (Fig. 2A). The residual anti-nucleosome activity observed in TIr9-deficient animals was
further reduced in TIr7Y/~TIr9~/~ mice. Anti-nucleosome Abs were also significantly reduced
in Myd88~/~ mice (Fig. 2B). These data suggest that TIr9 and Myd88 are required for the
majority of spontaneous anti-nucleosome Ab formation in vivo, whereas intact TIr7 permits
a low level of anti-nucleosome Ab to develop.

Next, we examined serum autoantibodies to RNA-associated proteins, such as Sm, a
component of the nuclear pre-mRNA spliceosome (30, 31). At 16 wk of age, few animals
had detectable anti-Sm Abs; however, the frequency and titer of anti-Sm were significantly
elevated in mice lacking TIr9 (Fig. 2C). By 24 wk of age, a greater proportion of wild-type
MRL/Ipr mice had developed anti-Sm, but mice lacking Myd88 did not develop significant
anti-Sm titers (Fig. 2D). Analysis of an independent cohort of 24-wk-old Tlr7-deficient mice
showed that anti-Sm Abs were dependent on TIr7 (Supplemental Fig. 1), consistent with
previous reports on a younger cohort (15). Similarly, Abs to ribosomal P Ag (32) were
elevated in the absence of TIr9 unless TIr7 was also absent (Fig. 2E), implying that intact
TIr9 suppresses the development of Abs to these Tlr7-dependent RNA-associated proteins.
Anti-ribosomal P Ag Abs were absent in 24-wk-old Myd88-deficient mice (Fig. 2F),
although low titers were detectable in 16-wk-old TIr7Y/~TIr9™/~ mice (Fig. 2E), suggesting
that Myd88-dependent pathways in addition to TIr7 or TIr9 may also contribute to the
production of anti-ribosomal P Abs.

Autoantibodies reactive to RNA itself (28) were significantly reduced when TIr7 was absent
(Fig. 2G). These autoantibodies were further reduced when both TIr7 and TIr9 were absent;
intriguingly, these data suggest that TIr9 may be capable of activating anti-RNA B cells to
some extent when TIr7 is absent, particularly considering that Tlr7-dependent HEp-2
cytoplasmic staining was increased in TIr9-deficient animals (Fig. 1B). Production of anti-
RNA Abs required Myd88 (Fig. 2H), as expected.

Finally, we measured titers of anti-lgG2a RF autoantibodies (33). Interestingly, although
absence of either TIr7 or TIr9 alone had no significant impact on RF titers, these titers were
significantly reduced in TIr7Y/~TIr9~/~ (Fig. 21) and Myd88-deficient (Fig. 2J) mice. These
results suggest that nucleic acid-containing immune complexes are an important immunogen
for RF B cells in vivo, as has been shown artificially in vitro (7, 8). However, both
TIr7Y~TIr9~/~ and Myd88~/~ MRL/Ipr mice had significantly greater levels of RF than did
age-matched nonautoimmune BALB/c controls, suggesting that both Myd88-dependent and
Myd88-independent pathways contribute to the production of these autoantibodies,
presumably through immune complexes that do or do not contain nucleic acids and/or
through the activation of MyD88-independent nucleic acid sensors (34).

J Immunol. Author manuscript; available in PMC 2014 July 15.
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Immune activation is regulated by TLR7, TLR9, and MyD88

Activated immune cells accumulate in MRL/Ipr mice, resulting in increased serum Ig titers,
splenomegaly, tissue damage, and lymphadenopathy (35). To assess global immune
activation, we measured serum Ig by ELISA. As previously observed, total serum Ig was
significantly elevated in mice deficient in TIr9 compared with TIr9*/* MRL/Ipr mice (Fig.
3A). Ig concentrations were lower in TIr7Y~TIr9~~ mice than in TIr9~/~, indicating that the
stimulatory effect of TIr9 deficiency requires intact TIr7. Similarly, mice deficient in Myd88
also had reduced serum Ig concentrations at 16 and 24 wk of age (Fig. 3B). Importantly,
however, although Ig titers were reduced in TIr7Y/~TIr9™~ and Myd88~/~ mice, they
remained significantly higher than in age-matched BALB/c controls. Moreover, the presence
of high IgG titers in TIr7Y/~TIr9~~ and Myd88~/~ mice indicates that the markedly reduced
amounts of selected serum autoantibodies in these mice (Figs. 1, 2) is not due to a
nonspecific defect in B cell activation and Ig class switch.

Additionally, we measured concentrations of individual 1gG isotypes. Serum 1gG2a, 1gG2b,
and 1gG3 were all elevated in TIr9™/~ mice (Fig. 3C, 3E, and Supplemental Fig. 2) as
previously reported (15) but were reduced to concentrations below those of Tlr-intact
MRL/Ipr mice when TIr7 was also absent. Hence, the hypergammaglobulinemia of TIr9-
deficient mice was again dependent on Tlr7. Amounts of each 1gG isotype were also
reduced in Myd88-deficient animals (Fig. 3D, 3F, and Supplemental Fig. 2). Nonetheless,
titers of individual 1gG isotypes remained markedly elevated in TIr7Y/~"TIr9~/~ and Myd88~/~
mice in comparison with BALB/c controls.

We also measured selected serum cytokines in a cohort of 13- to 17-wk old-animals (n = 5,
except n = 3 for Myd88~/-). There were no significant differences, as measured by
cytometric bead assay, among the groups in the concentrations of IL-6, IL-10, IL-12, IL-23,
and TNF-a (data not shown). A serum ELISA assay also did not reveal any differences in
IFN-a concentrations in this cohort, although amounts in almost all mice were near the
limits of detection (data not shown).

TIr9™~ mice had significantly exacerbated splenomegaly and lymphadenopathy compared
with TIr9-intact littermates (Fig. 4A). However, this was ameliorated in mice also lacking
TIr7, indicating that Tlr7 is required for the increased spleen and lymph node weight
observed in the TIr9-deficient animals. Although spleen and lymph nodes were also similar
in weight in both Myd88*/* and Myd88~/~ animals at 16 wk of age, by 24 wk their weights
had increased significantly in Myd88*/* but not Myd88~/~animals (Fig. 4B). Both
TIr?Y*TIr9~~and Myd88~/-MRL/Ipr mice had larger spleens and lymph nodes than age-
matched BALB/c controls.

To determine the cellular composition of the spleens, we enumerated various cell
populations by flow cytometry. In Myd88~/~ mice, we found a 2- to 3-fold reduction in the
number of T cells, plasmacytoid, and conventional DCs and CD11b*CD11c¢™ macrophages
(data not shown). Conversely, the increased spleen weight observed in TIr7Y+TIr9~~ mice
compared with other groups was attributed to an expansion of T cells, especially
CD45R*CD90™ cells, as well as an increase in CD11c* cells, whereas B cell numbers
increased only slightly (data not shown).

J Immunol. Author manuscript; available in PMC 2014 July 15.
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We evaluated CD4* T cells for the expression of the activation markers CD44 and CD62L
(Fig. 5A). TIr?Y*TIr9~/~ mice had more CD44MINCDE2LNIIN activated and
CD44N9hCDE2L'W memory T cells compared with TIr9-intact or TIr9*/~ groups (Fig. 5B).
Again, when TIr7 was also absent, the expansion of activated and memory T cells was not
observed. Similarly, 16- and 24-wk-old Myd88*/~ animals had an increase in the number of
activated and memory CD4 T cells compared with Myd88-deficient animals (Fig. 5C). No
differences were observed among any of the groups in Foxp3* regulatory T cells as a
proportion of CD4* cells (data not shown).

Kidney disease is reduced in absence of TIr7 and TIr9 or Myd88

Aged MRL/Ipr mice develop severe kidney disease characterized by glomerulonephritis and
interstitial infiltrates composed of lymphocytes and monocytes, with resultant proteinuria
(36). Proteinuria was significantly elevated in the TIr9™/~ mice but reduced in TIr7¥/"TIr9*/~
mice compared with the Tlr-intact controls (Fig. 6A). The elevated proteinuria in TIr9~~
mice was dependent on TIr7, because it was absent in the TIr7Y/=TIr9~/~ group. Proteinuria
was also significantly reduced in 24 wk old Myd88~/~ mice (Fig. 6B).

GlomerulonephritiswassignificantlymoresevereinTIr9~/~mice at 16 wk compared with
controls (Fig. 6C). This exacerbated glomerulonephritis required TIr7, because it was not
observed in the TIr7Y/~TIr9~/~ group. Glomerulonephritis was also reduced in the absence of
MyD88 (Fig. 6D). Notably, interstitial infiltrates were not significantly changed in the
absence of either TIr7 or TIr9 alone but were significantly reduced when both Tlrs or Myd88
were absent (Fig. 6E, 6F), suggesting that either Tlr7 or TIr9 is sufficient to promote
interstitial disease, but that one or the other is required.

Dermatitis incidence, but not severity, is reduced in absence of Myd88

MRL/Ipr mice develop dorsal skin lesions as they age, as well as a facial rash, loss of
whiskers, and degradation of the soft tissue of the ears (37, 38). Because few mice of any
genotype had developed dermatitis at 16 wk of age, a separate group of MRL/lpr,
TIr7Y=TIr9~~ and Myd88~/~ mice were aged to 24 wk to evaluate skin disease. Although we
did not observe significant sex-dependent differences in other aspects of disease (data not
shown), dermatitis incidence and severity were greater in female mice than male mice of
each genotype (Fig. 7A, 7B), and so males and females were analyzed separately. The
incidence of dermatitis (skin score > 1) was not different between MRL/Ipr and
TIr7Y=TIr9~/~ MRL/Ipr mice, indicating that skin disease does not require TIr7 or TIr9.
However, dermatitis incidence was reduced in mice lacking Myd88 (Fig. 7A), suggesting
that there may be a role for other TLR family members or signaling through the IL-1R
family of cytokine receptors, which have been implicated in psoriasis and other
dermatological diseases (39, 40). Notably, although the number of Myd88-deficient mice
developing dermatitis by 24 wk was reduced, animals that did develop dermatitis had lesions
of similar severity to Myd88-intact mice (Fig. 7B). The residual disease in Myd88-deficient
animals indicates that MyD88 is not required for dermatitis, although it enhances its
incidence.

J Immunol. Author manuscript; available in PMC 2014 July 15.
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Aged TIr7Y/~TIr9~/~ mice do not develop autoantibodies or lupus-like disease

To determine whether the mild disease and the absence of auto-antibodies observed in 16-
wk-old TIr7Y/=TIr9~= MRL/Ipr mice represented a delay in the progression of disease or an
absolute requirement for Tlr-dependent signals, we aged a cohort of male and female
TIr7Y=TIr9~~ MRL/Ipr mice to 48 wk of age and evaluated serum autoantibodies and other
disease parameters. Because all TIr9~/~ and most Tlr-intact MRL/Ipr mice died before 48
wk, it was not possible to provide age-matched controls of these genotypes for direct
comparison. Nonetheless, nine of nine TIr7Y/~TIr9™~ mice were negative in the HEp-2 and
anti-nucleosome ELISA assays as late as 48 wk of age (data not shown). Five of nine
animals were negative in the anti-Sm ELISA, whereas the remaining animals had levels near
the lower limit of detection in the assay (~4 pg/ml Y12 equivalents.) Serum 1gG
concentrations ranged from 4.9 to 29.4 mg/ml, similar to the amounts observed in the 16-wk
cohort, indicating that hyper-gammaglobulinemia did not become more severe with
increasing age. Kidneys were evaluated by histology; two of nine mice had moderate
glomerulonephritis (GN score of 2), whereas none had significant interstitial disease (data
not shown). Survival of mice deficient in either TIr7 or both TIr7 and TIr9 was slightly
improved compared with Tlr-intact mice, although this difference was not statistically
significant, given the small cohort size, we were able to analyze at this advanced age
(Supplemental Fig. 3). Thus, albeit in a limited study, the effects of lack of both TIr7 and
TIr9 are persistent in substantially ameliorating serologic, histologic, and clinical signs of
lupus.

Discussion

In previous studies, we described the phenotypes of MRL/Ipr lupusprone mice lacking either
TIr7 or TIr9. TIr7 had no effect on ANA and anti-DNA Ab production, but disease was
ameliorated when TIr7 was absent (15). In contrast, TIr9 was essential for anti-DNA Abs,
the clinical hallmark of lupus, but disease was unexpectedly exacerbated in TIr9-deficient
animals (14, 15). To better understand the interaction of these genes in murine lupus and
resolve the role of TIr9 in disease, we generated and analyzed cohorts of mice
simultaneously deficient in both Tlr genes, along with Tlr7-and TIr9-deficient mice for
direct comparison. Moreover, we analyzed animals deficient in the signaling adaptor
Myd88, which is required for signaling through both TIr7 and TIr9, as well as other Tlr
genes and the 111r family of cytokine receptors.

Although the design of our current experiments was straightforward, we were able to reach a
number of important conclusions that significantly advance our knowledge of how Tlr genes
and Myd88 both promote and regulate autoimmunity, as well as the relationships among
TIr7, TIr9, and Myd88. First, although we previously knew that Tlr7 and TIr9 largely
controlled independent sets of autoantibodies and were in this sense acting in parallel, we
discovered that TIr9 suppresses TIr7-dependent anti-RNA associated autoantibodies. Thus,
TIr9 acts as an upstream regulator for this class of Ab. Second, for almost all elements of
disease for which we previously ascribed a regulatory role for TIr9, the exacerbated disease
was no longer observed when Tlr7 was also absent. This implicates Tlr7 as functioning
downstream of TIr9 in promoting disease and again supports a model in which the Tlrs

J Immunol. Author manuscript; available in PMC 2014 July 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Nickerson et al.

Page 10

genetically interact. Taken together, these observations provide insight into the mechanism
of the opposing effects of TIr7 and TIr9.

Furthermore, we demonstrated that TIr7 and TIr9 together were sufficient to account for the
primary diagnostic characteristic of lupus, the ANA. The phenotypes of the TIr7Y/~TIr9~/~
mice were identical in this respect to the Myd88-deficient animals, establishing that no other
Tlr, or other innate immune sensor, is involved in producing the ANA in MRL/lpr mice. A
very recent report on the phenotype of Unc93b-deficient animals on the B6/Ipr background
similarly demonstrated reductions in antichromatin and RF, presumably due to effects of this
gene on signaling from endosomal TLRs (41). Despite the exclusive influence of these
receptors on autoantibodies, we discovered that there remained substantial aspects of disease
that were independent of both TIr and Myd88. Thus, some aspects of systemic autoimmunity
either depend on other innate immune receptors yet to be identified or, in contrast to current
theory (42), lack any need for innate stimulation. These findings support the need for further
investigation to determine the roles of other innate receptors in systemic autoimmunity, as
might be suggested by reports of TLR-independent DNA sensing pathways that lead to
autoimmunity and IFN-I production (43, 44), including the pathway downstream of Trex1
(45).

On the basis of our findings, we propose a model by which the loss of TIr9 exacerbates Tlr7-
dependent disease. This might occur in cis, in trans, or both. In a cis-interaction model, the
presence of TIr9 directly inhibits the activity of TIr7 within a single cell. This might occur
through competition for rate-limiting downstream signaling components, such as MyD88
and others, so that (for example) a B cell with anti-RNA specificity could be more
responsive to TIr7 signals when TIr9 is absent. A recent report (46) on cell lines suggested
that a truncated form of the Unc93b gene product could differentially interact with TLR7
and TLR9, providing a potential mechanism by which TLR9 could inhibit TLR7. However,
the authors could not find a naturally occurring truncated protein. Alternatively, TIr9
signaling may be constitutively active to some degree because of both the abundance and
stability of DNA ligands and the steady expression of the receptor and may tonically induce
counterregulatory molecules, which in turn would inhibit subsequent signals via Tlr7. When
TIr9 is not expressed, such inhibitors would be absent, leading to greater stimulation via
TIr7. In support of this model, there is at least one report that overexpression of TLR9 can
inhibit TLR7 signals in cell lines (47).

In a fundamentally different way, the interactions between TIr7 and TIr9 might occur in
trans, through the effects of TIr-dependent cytokine production, the activities of the different
subsets of autoantibodies themselves or competition for niches for antibody-forming cells
(48). In a limited survey of inflammatory cytokines, however, we did not observe
differences in serum concentrations among the groups. In one particular model of trans-
regulation, anti-DNA Abs controlled by TIr9 are important in the clearance of pathogenic
cellular debris, which contain ligands for both TIr9 and Tlr7 (18-20, 49, 50). In the absence
of TIr9, TIr7 might be over-stimulated because of increased availability of its ligands. To
distinguish among these cis and trans models will require lineage-specific deletion of the Tlr
genes, especially TIr9, so that the role of Tlr in generating autoantibodies can be
distinguished from effects in other cells and on end-organ damage. The key observation
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made in this study that TIr9 regulates Tlr7-dependent disease provides a framework and
strong rationale for such future studies.

Although we found that autoantibody production was mediated by parallel TIr-dependent
pathways, our findings in the doubly-deficient mice also revealed a previously
unappreciated degree of overlap between the DNA- and RNA-associated specificities. This
in turn has implications for how Tlrs recognize self-Ags in vivo. It is likely that the in vivo
autoantigens, which include dead and dying cells and cellular debris, are heterogeneous
mixtures containing both TIr9- and TIr7-activating DNA and RNA components (18, 20, 49,
50). If that is the case, then the low level of antinucleosome autoantibody in the single TIr9
knockouts and the residual anti-RNA activity in TIr7 knockouts may be explained by
activation of the opposite specificity of TIr by the mixed Ag; in the absence of both Tlr7 and
TIr9, or the common adaptor Myd88, neither type of autoantibody is generated. A second
possibility is that the paradigm of TIr7 recognizing exclusively RNA and TIr9 recognizing
exclusively DNA may be incomplete; indeed, TLR7 can bind to DNA (51). Either of these
possibilities would be consistent with our data, as well as with findings in transgenic BCR
systems of autoimmune activation (11). For example, antinucleosome immune complex
activation of RF B cells was shown to be only partially dependent on either TIr9 or TIr7
alone, although it was abrogated in the absence of both Tlrs or Myd88 (9).

Mice lacking Myd88 were equivalent to the TIr7/9-deficient animals in many respects,
having nearly undetectable autoantibody titers and little disease, suggesting that TIr7 and
TIr9 are required for the majority of disease in the MRL/Ipr model and that other Myd88-
dependent pathways are of less import. However, despite the lack of HEp-2-reactive
autoantibodies in both TIr7/9- and Myd88-deficient animals, both groups of mice developed
dermatitis. The incidence of dermatitis was diminished in Myd88-deficient mice compared
with TIr7/9-deficient animals, suggesting that there may be a contribution of other Myd88-
dependent pathways to development of dermatitis. In addition to its role in Tlr signaling,
Myd88 is required for signal transduction downstream of the I11r family of cytokine
receptors, which have been implicated in psoriasis and other dermatological conditions (39,
40). Nonetheless, the dermatitis phenotype had a substantial Myd88-independent
component. Increased spleen and lymph node weights and hypergammaglobulinemia were
also still present in both TIr7/9 or Myd88-deficient animals compared with a
nonautoimmune strain. This could in part be caused by the Ipr mutation of Fas, which
prevents Fas/Fas ligand-mediated apoptosis (52). Importantly, however, the Ipr mutation
was not sufficient to provoke development of specific lupus autoantibodies or significant
kidney disease in the absence of TIr7/9 and Myd88-mediated signaling, consistent with the
notion that the Ipr mutation is an accelerator of disease mediated by other lupus-
susceptibility loci in the MRL background. This role of Fas-deficiency has been confirmed
in numerous studies of MRL mice deficient in key genes or cell types in the immune system
(53-57). Taken together, these findings do suggest that Myd88-dependent innate signaling is
not sufficient to account for all aspects of systemic autoimmune disease. Indeed, such results
point to the possibility of other innate signaling mechanisms in stimulating certain types of
autoimmunity.
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Given the importance of nucleic acid recognition in a variety of systemic autoimmune
syndromes, other recently-described pattern recognition receptors that recognize nucleic
acids—including DAI, RIG-1, Mda5, and AIM2 (58-67)—might be playing unsuspected
roles, either accounting for Myd88-independent aspects of disease or making contributions
downstream of autoantibody production, which was largely dependent upon TIr7 and TIr9.
However, it is important to realize that even if TIr7 and/or TIr9 are essential for some
aspects of disease and autoantibody production, this does not rule out an additional essential
role for other nucleic-acid sensing pathways. Alternatively or in addition, residual aspects of
disease in the TIr7Y/~TIr9~~ and Myd88~/~ groups may depend upon protein autoantigens,
which are not nucleic acid dependent. Nonetheless, it is clear that TIr7 and TIr9 play very
essential roles in most aspects of disease. Perhaps most importantly, our results demonstrate
that the regulatory role of TIr9 is best understood in terms of regulating TIr7-dependent
signals. Work is underway to distinguish among the several possible ways in which this
could occur; resolution will require the development of conditional alleles for TIr9 and TIr7
and their deployment in autoimmune models. Biochemical approaches will also be useful in
testing some aspects of these models.

For the present, these findings have important therapeutic implications (68), as they suggest
that inhibitors that target TIr7 should be beneficial, whereas those that target TIr9 alone may
paradoxically exacerbate disease; however, inhibitors that target both may have even more
efficacy. Indeed, studies of a synthetic inhibitor of both Tlrs in the MRL/Ipr (69) and (NZB
x NZW)F; (70) models of lupus found significantly reduced lymphadenopathy and
glomerulonephritis, as well as improved survival in treated animals.
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ANA s are absent in mice lacking Myd88 or both TIr9 and TIr7. A, Representative HEp-2
ANA staining from serum of 16-wk (TIr) or 24-wk (Myd88) old MRL/Ipr mice of the
indicated genotypes. Arrows indicate mitotic chromatin staining. B and C, HEp-2 slides
were scored for intensity of nuclear (OJ) and cytoplasmic (M) staining patterns. Data are
represented as mean + SEM. Statistics were calculated by two-tailed Mann-Whitney U test.
*p < 0.05; **p < 0.01; ***p < 0.001. D and E, HEp-2 slides were scored for the presence or

absence of mitotic chromatin staining.
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FIGURE 2.

TIr7, TIr9, and Myd88 dependence of autoantibodies differs depending on the nature of the
autoantigen. 1gG serum autoantibodies were measured by ELISA in mice of the indicated
genotypes and ages. A and B, Anti-nucleosome Abs measured in units relative to
micrograms per milliliter PL2-3 binding. C and D, Anti-Sm Abs measured in units relative
to micrograms per milliliter Y12 binding. E and F, Anti-riboP Abs expressed in OD units. G
and H, Anti-RNA Abs measured in OD units. | and J, Total x* anti-lgG2a RF Abs measured
relative to micrograms per milliliter 400tu23 binding. Statistics were calculated by two-
tailed Mann-Whitney U test. *p < 0.05; **p < 0.01; ***p < 0.001.

J Immunol. Author manuscript; available in PMC 2014 July 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Nickerson et al.

Page 19
AA 60 . = B ~ 507 P

_E, e _E'

50+ £ 40
k=) S 40
£ 404 E
o o 307
D304 K= .

r

£ 20 — g 207 e
& 5]
0 104 o) 104

0+
TIr9: +l+ +/- - +/- -I-

g, o
L Myd88: +/+ - ++ - F
Tir7: yi+ yl+ yl+ yl- ylI- s 16wks 24wks Q
:30' 320'
E ]
> )
N o
104
£ 101 £
€ 5
[ Q
2] w
0+ 0-
TIr9: +/+ +/- Myd88: ++ -I-  +/+ -- 2
TIF7: yi+ yl+ yi+ yl- yl- 16wks 24wks 8
E s —— F oo, =
~ —= ~
£ E 204
o
gzo- E L
B 8 154
3’ 2 104
£ 107 E
-1 =}
@ —— 5 5 n.s.
3 2 —ne. |

0
Myd88: +/+ -I-  +/+ |-
16 wks 24 wks

0-
TIr9: +/+ +/- - +/- -/-
Tir7: yl+ yl+ yl+ yl- yl-

Balb/c
Balb/c

FIGURE 3.
Hypergammaglobulinemia is Tlr and Myd88 dependent. A and B, Total serum IgG was

measured by ELISA in mice of the indicated genotypes and ages. C—F, Total serum 1gG2a
and 1gG3 were measured by cytometric bead assay. Statistics were calculated by two-tailed
Mann-Whitney U test. *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 4.
Splenomegaly and lymphadenopathy are TIr and Myd88 dependent. Spleen (O) and axillary

lymph nodes (m) from MRL/Ipr mice of the indicated Tlr (A) or Myd88 (B) genotypes were
weighed. Data are represented as mean + SEM. Statistics were calculated by two-tailed
Mann-Whitney U test. ***p < 0.001.
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FIGURE 5.

Activation of CD4 T cells. A, Representative FACS staining of CD45R~CD90.2*CD4* T
cells from 16-wk-old Myd88*/~ and Myd88~/~ MRL/Ipr mice. B and C, Number of
CD45R~CD90.2*CD4* cells with naive (CD441°WCD62LNigN, |eft), activated
(CD44highcpe2Lhigh middle) and activated/memory (CD44N9hCD62L1OW, right)
phenotypes. Statistics were calculated by two-tailed Mann-Whitney U test. *p < 0.05; **p <
0.01.
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Kidney disease is ameliorated in TIr7/9 and Myd88-deficient mice. Disease parameters were

assessed in mice of the indicated genotypes and ages. A and B, Proteinuria. C and D,
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Severity of glomerulonephritis. E and F, The area of interstitial and perivascular infiltrates
expressed as a percentage of the total kidney area. Data are represented as mean = SEM.
Statistics were calculated by two-tailed Mann-Whitney U test. *p < 0.05; **p < 0.01; ***p <

0.001.
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MRL/Ipr mice deficient in TIr7/9 or Myd88 develop dermatitis. A, Percentage of animals of
the indicated genotypes and genders with a dorsal skin lesion of =5 mm diameter by 24 wk
of age. Statistics were calculated by Fisher’s exact test. *p < 0.05; **p < 0.01. B, Dermatitis
scores for female (solid symbols) or male (open symbols) MRL/lpr mice of the indicated
genotypes at 24 wk of age. Scores were assigned as described in Materials and Methods.
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