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Abstract

Plasmacytoid dendritic cells (pDCs) are professional type | IFN producers believed to promote
lupus. However, questions exist about whether they function at the same level throughout the
course of lupus disease. We analyzed high-purity pDCs sorted from lupus mice. Although pDCs
produced a large amount of IFN-a during disease initiation, those sorted from late-stage lupus
mice were found to be defective in producing IFN-a. These pDCs expressed an increased level of
MHC, suggesting a functional drift to Ag presentation. We examined the potential mechanism
behind the defect and identified a novel transcriptional factor, Foxj2, which repressed the
expression of several genes in pDCs, but not IFN-a. Dysregulation in pDCs appears to be
predisposed, because they exhibited an altered transcriptional profile before the onset of clinical
signs. Our results suggest that pDCs do not function the same throughout the disease course and
lose the ability to produce IFN-a in late-stage lupus mice.

It has been long recognized that type | IFNs, including IFN-a, facilitate the progression of
systemic lupus erythematosus (SLE). Based on large amounts of supporting evidence
obtained using human patient samples (1-6) and murine models (7-11), four Abs targeting
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IFN-a or type IIFNR have been tested in human clinical trials for SLE (12-16). A couple of
them showed promising efficacy (13-15). A beneficial effect was observed in SLE patients
with a low type | IFN signature (i.e., those with lower expression of IFN-responsive genes);
IFN-a blockade partially inhibited such expression. This suggests that early intervention
(when the IFN signature is still low) may be required for IFN-a—targeted therapies for SLE.
Interestingly, IFN signatures returned to pretreatment levels in all patients by 6 mo after the
last dose of anti-IFN-a Abs (17), suggesting that type | IFNs are constantly produced and
pathogenic throughout disease progression. Because virtually all cells can produce IFN-a
upon stimulation, identifying which types of cells play a predominant role in driving early-
and late-stage SLE has become an interesting, but challenging, question.

Plasmacytoid dendritic cells (pDCs) were identified as professional IFN-producing cells (18,
19). They produce a large amount of IFN-a in response to TLR7/9 ligation (20). Studies of
SLE patient samples revealed that immune complexes in the patient sera are also capable of
inducing IFN-a in pDCs (21, 22), a process in which neutrophil extracellular traps are
involved (23, 24). Recently, two groups of researchers independently showed that depletion
of pDCs from mouse models of SLE ameliorates lupus-like disease (25, 26). Deletion of
pDCs in predisease lupus-prone mice significantly reduced lymphadenopathy and improved
kidney pathology later in life. Strikingly, the benefit was sustained even after the pDC
population recovered (26). This suggests that pDCs contribute to disease early in SLE
pathogenesis and that the recovered pDCs present in late-stage lupus mice might be less
pathogenic.

In this study, we used a classical mouse model of SLE, MRL/Mp-Fas® (/pr), as well as its
parent strain, MRL, to explore pDC functions in lupus mice. Female /pr mice exhibit
systemic autoimmunity and glomerulonephritis and die at an average age of 18 wk. Like
SLE patients (27), diseased /or mice show an elevated level of IFN-a in the circulation (10,
28), but the source of this cytokine remains unclear.

Materials and Methods

Mice and cell sorting

Mice were purchased from The Jackson Laboratory and bred in-house. All mice used were
female. pDCs were sorted as CD11c¢*CD11b"PDCA1*B220". Siglec-H inhibits IFN-a
induction and was not used for sorting. Anti-mouse Abs were from eBioscience. RNA
sequencing (RNA-seq) was performed, and the data can be found under BioProject
accession PRINA284002.

Cell culture and analyses

CpG (ODN1585, 5 uM) was used to stimulate sorted pDCs or total bone marrow cells. For
gene knockdown, mouse Foxj2 small interfering RNA (siRNA) and negative control were
purchased from QIAGEN. For quantitative PCR of cDNA, iTaq Universal SYBR Green
Supermix and ABI 7500 Fast System were used, with ribosomal protein L32 as the
housekeeping gene. For FACS, cells were blocked with Fc, stained, and analyzed with a BD
FACSAria Il. Mouse IFN-a levels were measured with a PBL ELISA Kit.
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Statistical analysis

Analysis of nonsequencing data was performed with the Student #test, one-way ANOVA,
and the Tukey posttest. The results were considered statistically significant when p < 0.05.
Error bars denote SEs.

Results and Discussion

IFN signatures in lupus pDCs

Early depletion of pDCs from lupus mice ameliorates disease (26). However, whether pDCs
are the primary source of IFN-a for both early- and late-stage lupus remains unclear. We
sorted pDCs (Fig. 1A) from the bone marrow of 6- and 16-wk-old female /Jormice,
representing predisease and late-stage lupus disease, respectively, and analyzed the gene
expression profile. As controls, pDCs were sorted from the bone marrow of age-matched
female MRL mice. MRL mice carry wild-type Fasand display lupus much later than do Jor
mice. They appear normal at 6 wk and are considered to be at predisease stage at 16 wk (29).
Therefore, our mouse groups included 16-wk-old /Jor (late-stage lupus), 6 wk-old /porand 16-
wk-old MRL (predisease), and 6-wk-old MRL mice (control). Although mouse pDCs are
most enriched in the bone marrow compared with other organs, they are still a minor
population in the bone marrow (29). Rigorous quality control measures were taken to ensure
accurate processing of samples. Measurement of pDC-specific transcription factor £2-2
showed high purity of our sorted cells (Fig. 1B). Because B cell progenitors in the bone
marrow share surface markers with pDCs, we measured the expression levels of B cell genes
CdZ20, Ebf1, Vipreb3, and Igha. Less than 5% of our sorted pDCs might have been
contaminated with B cell progenitors (data not shown). With high-purity pDCs, we found
that many IFN-responsive genes were upregulated when comparing 16 wk-old /or mice with
age-matched MRL mice (Fig. 1C, highlighted with yellow bars). This suggests that bone
marrow pDCs in late-stage Jor mice exhibit both type | and Il IFN signatures, indicating
previous exposure to IFNs.

pDCs from late-disease lupus mice are unable to produce IFN-a upon CpG stimulation

We next identified signaling pathways based on the downstream transcript signatures.
Among five top canonical pathways identified, four were found in the comparison between
16-wk-old /por mice and age-matched MRL mice (Fig. 2A). A common feature of the four
pathways was upregulation of MHC molecules (data not shown). Detection of MHC class 11
(MHC-I1) on the surface of pDCs confirmed its upregulation in Jor mice with late-stage
disease (Fig. 2B). This suggests that pDCs from late-stage lupus mice might excel at Ag
presentation, a phenomenon similar to human SLE in which patient pDCs were shown to be
better APCs than normal pDCs (30).

We next questioned whether pDCs isolated from older /jprmice, expressing a higher level of
MHC-II, were still capable of producing IFN-a upon stimulation. A previous study showed
some defect in IFN-a production from a mixed population of bone marrow dendritic cells
from late-stage lupus mice (31). With sorted pDCs of high purity, we showed almost
complete loss of CpG-mediated induction of IFN-a from late-stage lupus pDCs (Fig. 2C).
Interestingly, pDCs from 16-wk-old MRL mice (predisease) showed enhanced IFN-a
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production, consistent with a significantly lower level of MHC-I1 on the surface of these
cells (Fig. 2B). This suggests that pDCs produce a large amount of IFN-a to initiate the
disease. Although the bone marrow has the highest percentage of pDCs (29), Jor mice with
late-stage disease possess very large lymph nodes, increasing the absolute numbers of pDCs.
Indeed, we found that pDCs were primarily found in lymph nodes in 16-wk-old /or mice
(Fig. 2D, Supplemental Fig. 1A). However, lymph node pDCs were also found to be
defective in producing IFN-a (Fig. 2E). This suggests that the high level of IFN-a in late-
stage /prmice (10, 28) may not have come from pDCs. Additionally, we measured the
transcript level of A#g7, a gene required for IFN-a induction by immune complexes (32) and
found it be significantly lower in pDCs from 16-wk-old Jormice compared with age-
matched MRL mice (Fig. 2F). This suggests that immune complex—mediated IFN-a
production from pDCs may be defective as well. Interestingly, we found a significantly
higher level of ScaZ in late-stage lupus pDCs; in contrast, the expression of this gene was
negligible in pDCs from 16-wk-old MRL mice (Fig. 2G). This observation is consistent with
a previous report that Scal expression on pDCs correlated negatively with their ability to
produce IFN-a (33). Lastly, we confirmed that the defective ability of pDCs to produce IFN-
a in late-stage lupus mice was not restricted to the Jor model. In another classical SLE
mouse model, NZB/W F1 pDCs exhibited a reduced ability to produce IFN-a during late-
stage disease compared with early disease (Fig. 2H). These results suggest that pDCs from
late-disease lupus mice lose their ability to produce IFN-a. Instead, they express more MHC
molecules and may become better APCs.

Defeet in IFN-a production in pDCs is independent of the transcriptional repressor Foxj2

We next investigated the mechanism behind the functional loss of pDCs to produce IFN-a.
Upstream receptors leading to IFN-a induction in pDCs, including TLR9 for DNA Ags and
FcRs for immune complexes, were expressed in pDCs isolated from late-stage lupus mice
(Fig. 3A, Supplemental Fig. 1B). We also measured the transcript level of another potential
sensor, TLR7, and found it to be overexpressed in these pDCs (Supplemental Fig. 1C). This
suggests that the defect in IFN-a production was not due to a lack of upstream receptors.
However, the problem seemed to be related to transcription or RNA stability, because pDCs
from late-stage lupus mice expressed little IFN-a mRNA upon CpG stimulation (Fig. 3B).
Thus, we explored a novel strategy of using RNA-seq data to identify differentially
expressed genes that followed the same or opposite pattern of CpG-induced IFN-a. We
reasoned that common machineries might modulate IFN-a transcripts together with other
gene transcripts. By studying regulatory elements of the other genes, we might be able to
identify the mechanism behind the defect in IFN-a production. To identify genes with the
same expression pattern as CpG-induced IFN-a (Fig. 2C), we used the following criteria:
expression in pDCs of older MRL mice had to be >2-fold higher than that of younger MRL
mice, and expression in pDCs of older /prmice had to be =2-fold lower than that of older
MRL mice. Similar criteria were applied to identify genes with the opposite pattern. Using
this strategy, we identified seven genes (Fig. 3C). We searched for shared microRNAs using
DIANA-microT but found no matches. However, promoter analysis revealed two shared cis-
regulatory elements that were present in the promoter regions of all genes except one
(Supplemental Fig. 1D). One of the two motifs, TGTTT, can be bound by three members of
the Fox family of transcription factors (Supplemental Fig. 1E). Among them, only Fox;j2
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was expressed in pDCs. In Jormice, Foxj2 was expressed significantly higher in pDCs than
in other bone marrow cells (Fig. 3D). The other shared cis-regulatory element was an Rrebl
binding site, but Rreb1 was not preferentially expressed in pDCs (data not shown).

We hypothesized that Foxj2 overexpression in pDCs repressed the transcription of both IFN-
a and genes with the same pattern (Afap1, Numb, TmemZ201). To test this hypothesis, we
used siRNA to knock down Foxj2 in pDCs from late-stage lupus mice (Supplemental Fig.
1F). Such knockdown increased the transcript levels of Afap1, Numb, and Tmem201 (Fig.
3E). Although little is known about the functions of these three genes in pDCs, our results
suggest that Foxj2 is a functional transcriptional repressor involved in shaping the gene
expression profile of pDCs in late-stage lupus mice. Unexpectedly, however, knocking down
Foxj2 did not restore IFN-a production in pDCs from /Jprmice (Fig. 3F). In fact, Foxj2
seems to be required for the production of IFN-a in pDCs, because Foxj2-specific SiRNA
decreased IFN-a levels for both Jorand MRL mice. In addition, siRNA of Foxj2 did not
change the expression of Atg7 (Supplemental Fig. 1G), a gene required for IFN-a induction
(32). These results suggest that the defect in IFN-a production in pDCs of late-stage lupus
mice is independent of Foxj2. Other potential mechanisms that we will explore in the future
to try to explain the defect include the involvement of lysosome-related organelle
complexes, such as BLOC1 (Supplemental Fig. 1H), whose downregulation might hinder
TLR7/9-induced IFN-a production in pDCs (34); a possible role for apoptosis, because
pDCs from late-stage lupus mice appeared to express a decreased level of the antiapoptotic
gene Bcl-xt and upregulation in older /Jor mice of Pion21 (also called PTPD1), a tyrosine
phosphatase that interacts with Tec family kinases to increase the activation of Stat3 (35),
and Stat3 can negatively regulate the type | IFN response (36).

Additional comparisons revealed that only 25 genes were differentially expressed when
comparing pDCs of older versus younger Jor mice (Supplemental Fig. 2A, blue, false
discovery rate < 0.1). Among these genes, only nine genes reached a p value of 0.05
(Supplemental Fig. 2B). Many of these are IFN-responsive genes, such as Ptpnlland Pde5a,
which were upregulated in pDCs of early diseased mice (Fig. 1C) but significantly
downregulated in pDCs of older Jormice. This is consistent with the observation that pDCs
from late-stage lupus mice produced less IFN-a. In contrast to the identification of very few
gene differences between pDCs of older versus younger /or mice, 207 genes were
differentially expressed when pDCs in older versus younger MRL mice were compared
(Supplemental Fig. 2A, green). This suggests that there might be more changes in transcript
abundance in pDCs prior to the onset of disease, whereas few genes change as lupus
progresses from the predisease stage to the late stage. Thus, we hypothesized that an altered
gene expression profile (i.e., a lupus-prone profile) might already be present in pDCs prior to
disease onset. To identify lupus-prone genes independent of Fas’” mutation, because few
SLE patients carry mutations of the Fas gene, we investigated whether pDCs from older
MRL mice at the predisease stage of lupus shared differentially expressed genes with pDCs
from younger Jor mice, which represents the predisease stage for the Jor mouse strain. We
identified 54 such genes, including 44 protein-coding genes (Supplemental Fig. 2C, 2D) and
10 long unannotated transcripts (Supplemental Fig. 2E, 2F). The significance of the lupus-
prone profile in pDCs remains to be explored. However, our findings raise an important
question of whether pDCs in SLE patients or lupus mice are born with the predisposed,
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dysregulated gene expression profile. In future investigations, we will study pDCs from even
younger mice to determine potential early defects, as well as whether triggers later in life
might manifest the defects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IFN signatures in pDCs sorted from lupus mice. (A) Sorting strategy. (B) Transcript level of
pDC-specific gene £2-2in sorted pDCs compared with pDC-depleted bone marrow cells
(other cells). (C) Heat maps of types | and Il IFN-responsive genes (IRGS). Red,
upregulation. Green, downregulation. Yellow bars highlight the genes that were upregulated
in older Jor mice versus older MRL mice.
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FIGURE 2.
pDCs from late-stage lupus mice unable to produce IFN-a upon CpG stimulation. (A)

Ingenuity pathway analysis showing the top canonical pathways. (B) MHC-II expression on
bone marrow pDCs. (C) Production of IFN-a in sorted bone marrow pDCs upon CpG
stimulation for 6 h. (D) Distribution of pDCs among bone marrow (black), spleen (gray),
and mesenteric lymph node (white). (E) Production of IFN-a from sorted pDCs upon CpG
stimulation for 6 h. (F) Transcript level of Afg7in sorted pDCs. (G) Transcript level of Scal
in sorted pDCs. (H) Production of IFN-a from bone marrow pDCs from 23-, 28-, and 33-
wk-old NZB/W F1 female mice upon CpG stimulation for 6 h. *p < 0.05, **p < 0.01, ***p
< 0.001, ANOVA, n= 3 mice/group. BM, bone marrow; C, older versus younger MRL; L,
older versus younger /pr, MFI, mean fluorescence intensity; MLN, mesenteric lymph node;
0, older; O, older Jprversus older MRL; y, younger; Y, younger /Jorversus younger MRL.
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Defect in IFN-a production in pDCs independent of the transcriptional repressor Foxj2. (A)
Transcript level of 7/r9in sorted pDCs. (B) Transcript level of /FNa in pDCs from older
mice stimulated with CpG for 6 h. (C) Differentially expressed genes following the same or
opposite pattern of CpG-induced IFN-a. (D) Transcript level of Foxj2in sorted pDCs and
pDC-depleted bone marrow cells (Others). (E) Transcript levels of genes identified in (C) in
bone marrow cells of 16-wk-old /Jor mice after transfection with negative-control siRNA (si-
NC) or Foxj2-specific sSiRNAs (si-Foxj2). Fold differences are shown. (F) Production of

IFN-a in bone marrow cells (BMMC) of 4-mo-old /pror MRL mice, transfected with

siRNAs and stimulated with CpG for 6 or 18 h. *p < 0.05, **p < 0.01, Student ttest (7= 3
mice per group). Log2FC, log2-fold changes.
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