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Mice with a DC-specific deletion of the transcriptional repressor B lymphocyte-induced maturation protein-1
(Blimp1) exhibit a lupus-like phenotype, secondary to enhanced DC production of IL-6. Here we explored
further phenotypic changes in Blimp1-deficient DCs, the molecular mechanism underlying these changes, and
their relevance to human disease. Blimp1-deficient DCs exhibited elevated expression of MHC II, and expo-
sure to TLR agonists increased secretion of proinflammatory cytokines. This phenotype reflects enhanced
expression of the microRNA let-7c, which is regulated by BLIMP1. Let-7c reciprocally inhibited Blimp1 and also
blocked LPS-induced suppressor of cytokine signaling-1 (SOCS1) expression, contributing to the proinflam-
matory phenotype of Blimp1-deficient DCs. DCs from Blimp1 SLE-risk allele carriers exhibited analogous phe-
notypic changes, including decreased BLIMP1 expression, increased let-7c expression, and increased expres-
sion of proinflammatory cytokines. These results suggest that let-7c regulates DC phenotype and confirm the
importance of BLIMP1 in maintaining tolerogenic DCs in both mice and humans.

Introduction

DCs have long been recognized as the key APCs (1). DCs function
at the interface of innate and adaptive immune responses and are
distributed widely throughout the body. DC precursor cells derive
from bone marrow (2), but DCs can also be differentiated from
monocytes under inflammatory conditions and migrate into lym-
phoid tissues (3). The broad functional capabilities of DCs include
the induction of antigen-specific immunity against pathogens as
well as the maintenance of immune tolerance to self antigens.
Depletion of the total DC population or specific alterations of DC
development result in severe immunodeficiency and enhanced
susceptibility to infections in humans (4), and the spontaneous
development of autoimmunity in mice (5).

B lymphocyte-induced maturation protein-1 (Blimpl) is an
important transcriptional repressor in B cells (6) and T cells (7).
Expression of Blimpl can be induced by various stimuli including
engagement of TLRs (8, 9), B cell receptors (10), or T cell recep-
tors (11). Its expression influences differentiation and functional
homeostasis in B cells and T cells, respectively. Despite its broad
range of regulatory functions, a limited number of genes directly
repressed by Blimp1 have been identified. These include Ifna, c-Myc
(13), Ciita (14), Pax5 (15) in B lymphocytes, 112 in T lymphocytes
(16), and 116 in DCs (17). Polymorphisms in Blimp1 have been asso-
ciated with risk for human autoimmune disorders such as SLE (18)
and inflammatory bowel disease (19), although the mechanisms
underlying these genetic associations have not been established.

Mice carrying a DC-specific deletion of Blimp1 develop a lupus-
like phenotype with autoantibodies and glomerular inflammation
(20). We now demonstrate a broadly activated phenotype in DCs
from these mice, and provide evidence that a specific increase in
let-7¢c microRNA (miRNA) is responsible for the change in DC
phenotype. We show that let-7c is a target of Blimp1, and Blimp1 is
reciprocally a target of let-7c in a DC-specific manner. Moreover,
we found that let-7c regulates the level of suppressor of cytokine
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signaling-1 (SOCS1), which is induced by TLR stimulation in DCs.
We propose that Blimpl deficiency allows for increased levels of
let-7¢, which results in a proinflammatory DC phenotype, medi-
ated in part through suppression of SOCS1. We also demonstrate
a similar regulatory mechanism in human DCs derived from
healthy donors carrying an SLE-risk allele of the Blimpl gene.
Thus, Blimp1 and let-7c reciprocally regulate DC activation, and
a quantitative alteration in this relationship may be involved in
autoimmune phenotypes.

Results
Activated phenotype and increased let-7c in Blimpl-deficient DCs.
Mice with a DC-specific deletion of Blimp1 (referred to herein
as DCBlimp1*°) display a lupus-like phenotype that is character-
ized by increased DC production of IL-6, leading to an increased
number of T follicular helper cellsand enhanced germinal center
formation (20). The anti-DNA response present in these mice is
generated within the germinal center. We asked whether the DCs
exhibited additional phenotypic changes beyond increased IL-6.
We performed protein arrays to characterize the phenotype of
BlimpI-deficient DCs. Purified CD11c conventional DCs (cDCs)
from the spleens of control or DCBlimpI°> mice were cultured
overnight in the absence or presence of LPS. Both control and
Blimp1-deficient spleen cDCs secrete a very limited number of
cytokines or chemokines in the absence of stimulation (Figure 1A
and Supplemental Table 1; supplemental material available online
with this article; doi:10.1172/JCI164712DS1). LPS induced a sub-
stantial increase in both cytokine and chemokine secretion. Many
cytokines were highly secreted by BlimpI-deficient DCs compared
with control DCs, including IL-6, as previously shown, IFN-y, and
TNF-o. We confirmed increased secretion of these cytokines using
a Meso Scale Discovery (MSD) assay (Supplemental Figure 1).
Together with cytokine expression, surface expression of costim-
ulatory molecules and MHC II are critical for the function of DCs
as initiators of adaptive immune responses. We compared the
expression pattern of a panel of costimulatory molecules, TLRs,
CD40, CD80, CD86, CD273, and CD27S on Blimpl-deficient
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Figure 1

Proinflammatory phenotype and increased let-7c in Blimp1-deficient DCs. (A) Cytokines and chemokines were measured by protein array in
supernatant from an overnight culture of splenic DCs purified from control or DCBIlimp1*° mice in the presence or absence of LPS (1 ug/ml).
Legend of individual proteins is provided in Supplemental Table 1. A pool of 2 mice was used for one blot. Representative pictures of 3 independent
experiments. (B) Surface expression of MHC Il was measured by flow cytometry and MFI was plotted. (Mean + SEM of 4 independent experi-
ments) (n = 8). (C) miRNA array was performed with RNAs from sorted splenic DCs from control and DCBIlimp 1% mice. A representative plot from
2 independent arrays. Pool of 6 mice were used per group and per array. Expression of let-7c was measured by gPCR and relative expression
level was calculated (right panel). Relative expression was calculated based on sno234 small RNA. Each dot represents an individual mouse, and
the bar represents the mean. (D) BM-DCs were infected with lentivirus encoding either anti-Blimp1 or control siRNA with a GFP reporter gene.
siRNA-transduced BM-DCs were sorted by expression of GFP, and total RNA was prepared. Expression of Blimp1 and let-7c was measured by
gPCR, and relative expression was normalized to indicated housekeeping genes. Flow cytometry images for sorting are representative images

from 3 independent experiments (upper panel). Graph depicts the mean + SEM of 3 independent experiments (n = 6).
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Table 1
Expression level of miRNAs of DCBlimp 1« mice

DCs CD4+ T cells

miRNA Fold changes miRNA Fold changes
Let-7¢ 476+0.18 Mir-M23-1-5p  6.29+1.18
Mir-720 3.9+1.86 Mir-27A 4.3+0.25
Mir-M23-1-5p  3.05 + 0.76 Mir-21 3.14+£0.26
Mir-27B 3.0+0.77 Mir-146A 22+0.18
Mir-181A 2.3 +0.61 Mir-720 21+0.33
Mir-93 23+042 Mir-23A 1.6+0.42
Mir-27A 2.2+0.37 Mir-93 1.6 +£0.55
Mir-150 2.06 +0.42 Mir-155 1.51+0.23
Mir-17 1.8+0.03 Mir-467A 0.46 + 0.05
Mir-30C 1.7+0.07

Mir-23B 1.6 +0.04

Mir-191 0.6 +0.01

To measure miRNAs in various immune cells, DCs (MHCIIhiCD11c*), T cells (TCRpB*CD4+CD8-), and total
B cells (CD19+TCRp-) were sorted from spleens of control or DCBlimp 1% mice. Relative ratio was calculated
as follows: intensity of cells from DCBIimp 1%°/control mice. Pool of 5-6 mice per array and average + SD of

2 independent arrays.

DCs and control DCs by flow cytometry. Expression of TLR4 and
TLR7, but not TLR3 or TLRY, was higher in BlimpI-deficient DCs
compared with the level observed in control DCs (Supplemental
Figure 2A). There were no significant differences in either percent-
age of positive cells or MFI in expression of surface costimulatory
molecules (Supplemental Figure 2B), even after stimulation with
LPS (data not shown). However, expression of MHC II was consti-
tutively increased in Blimp1-deficient DCs compared with control
DCs (Figure 1B). This may be due to a known ability of Blimp1 to
negatively regulate CIITA, a major transcription factor for MHC II
gene expression in B cells (14).

To further understand the regulatory mechanisms underlying
the proinflammatory phenotype of BlimpI-deficient DCs, we com-
pared miRNA expression in Blimpl-deficient and control DCs. A
microarray of miRNA identified 71 miRNAs expressed in DCs from
a total of 661 miRNAs on the chip (~10%). Of these, 11 miRNAs
were increased and 1 was decreased in BlimpI-deficient DCs com-
pared with control DCs (Figure 1C and Table 1). While some mi-
RNAs exhibited altered expression in T and B lymphocytes as well
as DCs of DCBlimpI*® mice (miR-720, MCMV-miR-M23-1-5P, miR-
93, and miR-27A) (Table 1), let-7c was the most highly increased
miRNA and was exclusively altered in DCs. We therefore focused on
let-7c as a candidate regulatory miRNA for DC activation.

To confirm the array results through a quantitative method, we
compared the expression level of let-7c in BlimpI-deficient DCs by
qPCR. There was an increased expression of let-7c in both BlimpI-de-
ficient splenic DCs and bone marrow-derived DCs (BM-DCs)
(Figure 1C). To determine whether the loss of Blimpl was directly
responsible for the increase in let-7c, we inhibited the expression of
Blimp1 by siRNA in DCs. Since the reporter gene GFP is expressed
concomitantly with the siRNA, we could identify cells expressing
siRNA by GFP expression. Compared with the GFP- or control DCs,
GFP* DCs transduced with siRNAs #1 and #2, which target the 5’
end of the Blimp1 gene, exhibited a significantly decreased level of
Blimpl mRNA. Interestingly, we observed an increase in the level of
let-7c when Blimp1 expression was reduced (Figure 1D).

Direct binding of Blimp1 to the let-7c regulatory region. Since Blimp1
is a known transcriptional repressor, we hypothesized that it
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might directly downregulate
expression of let-7c. To test this
hypothesis, we searched the

Total B cells sequence around the let-7c gene

miRNA Fold changes for the Blimpl consensus bind-
Mir-1195 27+1.15 ing site, A/CAGT/CGAAAGT/
Mir-M23-1-5p  2.24 + 0.86 CG/T (21). An AAGAAAGTA
Mir-148A 1.81+0.36 sequence is present immediately
Mir-21 1.58£0.15 downstream of the 3’ terminus
Mir-27A 2.24 +0.38 of the let-7c gene (Figure 2A).
Mir-223 0.28£0.22 We performed EMSA to deter-
l\ll\lllllrr33051(¢ 0043 i g?; mine whether Blimp1 binds to

this putative target sequence.
Nuclear extract was prepared
from LPS-stimulated BM-DCs,
which exhibit high expression
of Blimpl. The extract bound
to an oligonucleotide probe
containing the putative Blimpl
binding site, generating 2 bands
(Figure 2B, lane 2). These bands
were not present when the
probe was incubated with nuclear extract from BlimpI-deficient
DCs or when unlabeled probe was added to the extract (Figure
2B, lanes 3 and 4, respectively). Moreover, anti-Blimp] antibodies,
but not control antibodies, specifically inhibited the binding of
nuclear extracts to the target oligonucleotide, confirming that
Blimp1 is present in the binding complex (Figure 2B, lane 6).

To determine whether Blimpl could interact with the endoge-
nous, chromosomal let-7c gene, we performed a ChIP assay in
LPS-stimulated BM-DCs using polyclonal anti-Blimp1 antibodies
and PCR primers that detect a genomic sequence close to the let-7¢
gene, as indicated in Figure 2A. Figure 2C shows that BlimpI-spe-
cific binding was detected in control DCs (lane 3), but not in
BlimpI-deficient DCs (lane 3'). Approximately 1% of let-7c genomic
DNA was bound by Blimp1 (Figure 2C, graph). These in vitro and
in vivo results demonstrate unequivocally that the Blimp1 transcrip-
tion factor can recognize a cognate binding site on the let-7c gene.

Let-7c reciprocally downregulates Blimp1. While these data suggest
transcriptional regulation of let-7c by Blimpl binding, we noted
that the 3’ untranslated region (UTR) of Blimpl also contains a
putative target sequence of let-7c based on the database of miRNA
analysis (Sanger Center miRNA Registry). We therefore sought
to provide evidence for a reciprocal regulatory interaction. Let-
7c miRNA or control miRNA was cotransfected with a luciferase
reporter gene containing the Blimpl 3' UTR, Luc-3'UTR/Blimp1,
into the 293 cell line. There was a let-7c miRNA-mediated sup-
pression of luciferase expression (Supplemental Figure 3), demon-
strating that let-7c targets the 3' UTR of Blimp1.

Suppression of Socs1 expression in Blimp1-deficient DCs. To under-
stand the functional significance of increased let-7c in BlimpI-de-
ficient DCs, we examined the expression of putative target genes of
this miRNA. Let-7c has a large number of putative target mRNAs
such as ¢-Myc, Fasl, Ccr7, and Socs1. We focused on Socs1, asitisa
cytokine-inducible negative regulator of the Jak-Stat pathway (22),
and mediates an important negative feedback loop to attenuate
LPS-mediated immune cell activation (23). Socs1 has also been
shown to be a key molecule for the regulation of DC maturation
and activation (24). First, we examined whether Socs1 is a direct
target of let-7c. Let-7c-mediated regulation of SocsI expression
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Blimp1 binds to let-7c regulatory region in vitro and in vivo. (A) Diagram

of a mouse genome sequence encompassing let-7c. Premature let-7¢

gene encompassing mature miRNAs (in upper case) is in bold, and a putative Blimp1 binding sequence is boxed. Arrows indicate primers for
the ChIP assay. (B) EMSA was performed with nuclear extracts (NE) prepared from BM-DCs that were stimulated with LPS for 24 hours. In vitro
binding of proteins and oligos was performed under various conditions, and the reaction mixtures were separated on a 4% acrylamide gel. Images
were scanned and analyzed by Odyssey (LI-COR Biosciences). (C) ChlP assay was performed with LPS-stimulated BM-DCs generated from
control or DCBIimp 1% mice. Total input and elutions after immunoprecipitation with either control IgG or anti-Blimp1 IgG were diluted, and PCR
was performed with primers as depicted in (A). A representative image of 4 independent experiments is shown. Quantitative PCR was performed
and the amount compared with total input was calculated using mean + SEM of 4 independent experiments.

was measured by a luciferase reporter assay. There was a slight,
but statistically insignificant, decrease in the activity of a Socs1
luciferase vector by control miRNA transfection. Compared with
control miRNA transfection, however, let-7¢ significantly inhib-
ited its expression, as predicted by target sequence alignment
with the 3" UTR of Socs1 (Figure 3A). Next, we wanted to deter-
mine whether there was differential induction of SocsI in control
DCs and Blimp1-deficient DCs following stimulation with LPS.
DCs purified from spleens of both control mice and DCBlimp1k°
mice showed a minimal level of SocsI in the resting state. When
DCs were stimulated with LPS, Socs1 expression was significantly
induced in control DCs, but not in BlimpI-deficient DCs (Figure
3, B and C). This result was confirmed in BM-DCs. Expression of
Socs1 achieved a maximum level at 24 hours following LPS stim-
ulation and was downregulated at 48 hours in control DCs. In
contrast, Blimp1-deficient DCs showed only minimal induction of
Socs1 by LPS at any time up to 48 hours (Figure 3D). These data
demonstrate that expression of SocsI is compromised in Blimp1-de-
ficient DCs. Suppression of SocsI by let-7¢ is the probable mecha-
nism for the activated phenotype of BlimpI-deficient DCs, at least
after LPS stimulation.
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Reconstitution of Blimp1 in Blimp1-deficient DCs reverses inflamma-
tory phenotypes. Although we demonstrated that Blimp1 deficiency
is responsible for the increase in let-7c in DCs using a BlimpI-tar-
geting siRNA, we wished to show that reconstitution of Blimpl
expression in Blimp1-deficient DCs would diminish let-7¢ expres-
sion and the associated proinflammatory phenotype. Since splenic
DCs have a short half-life, all experiments were performed with
BM-DCs. A Blimp1 open-reading frame without the 3" UTR region
was cloned into a lentiviral vector to exclude possible regulatory
effects by the 3" UTR. Lentivirus containing either Blimpl or an
irrelevant gene, firefly luciferase (control), was transduced into DC
progenitor cells, and DCs were further differentiated for 4 days
in vitro. CD11c" and GFP" cells, which express Blimpl, or control
gene were isolated, and their gene expression pattern was analyzed.
An increase in Blimpl expression led to a significant downregu-
lation of let-7¢, suggesting that BLIMP1 protein is sufficient to
inhibit let-7c expression in DCs, even in the absence of the 3' UTR.
As expected, IL-6, a known direct target of Blimpl, was strongly
downregulated (Figure 4A).

We also analyzed the expression of SOCS1 in Blimpl-reconsti-
tuted BlimpI1-deficient DCs. There was a nonstatistically significant
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Regulation of SOCS1 by let-7c in DCs and defective induction in Blimp1-deficient DCs. (A) Regulation of expression of SOCS1 mediated by
let-7c was measured by luciferase assay. One microgram of SOCS1/luciferase vector alone or with 1.4 ug of either let-7c or control miRNA-
expressing vectors was transfected into the 293 cell line. Luciferase activity was measure at 48 hours after transfection by luminometer. The
graph represents the mean + SEM of 3 independent experiments. Induction of SOCS1 from splenic DCs (B) or BM-DCs (D) was measured by
Western blotting. (C) Quantification of SOCS1 bands from the data of splenic DCs in (B) was performed by densitometry, and the graph depicts
the mean + SEM of 3 independent experiments. DCs were purified and stimulated with LPS for 24 hours (splenic DCs) or for various durations
(BM-DCs). A proteosomal inhibitor, MG-132 (25 uM), was added 3 hours before harvest to prevent degradation of SOCS1. A representative image

of 3 independent experiments is shown.

trend toward an increase in SocsI mRNA in BlimpI-reconstituted
DCs prior to LPS stimulation (Supplemental Figure 4A). However,
when control lentivirus-transduced BM-DCs were stimulated
with LPS, we observed a significant increase in SOCS1 protein
in the control (Figure 4B). Blimpl-transduced Blimpl-deficient
DCs exhibited higher expression of SOCS1 than hLuc-transduced
Blimp1-deficient DCs after LPS stimulation (Figure 4, B and C, and
Supplemental Figure 5). These differences in the level of SOCS1
were not observed in GFP- fractions (Supplemental Figure 4B),
demonstrating a BlimpI-mediated effect on SOCS1 expression.

In these experiments, we reconstituted Blimpl in Blimpl-de-
ficient DCs. When Blimpl expression was restored, the level of
let-7c was downregulated. Decreased let-7c permitted a proper
induction of SOCS1 following LPS stimulation, demonstrating
that Blimp1 is a major component of the let-7c-SOCS1-regulated
cytokine response in DCs. Moreover, by removing the 3" UTR in
the reconstitution construct, we demonstrated that the BLIMP1
protein, and not the 3" UTR, is the major moiety responsible for
downregulation of let-7c.

Overexpression of let-7c in control BM-DCs increases IL-6 expression.
Having demonstrated the importance of BLIMP1 expression in
regulating let-7c levels in DCs, we asked whether changes in let-7c,
regardless of BLIMP1, directly induce phenotypic changes in DCs.
We therefore increased the level of let-7¢ in BM-DCs derived from
control mice by transduction of let-7c-encoding lentivirus. Figure
5A shows that the level of let-7¢ was significantly increased in let-
7c lentivirus-transduced DCs. Of note, even though expression
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of let-7c is controlled by a CMV promoter in the lentivirus, there
was only about a 2-fold change compared with control miRNA-
transduced DCs. This level of let-7c is similar to that present in
Blimp1-deficient DCs.

To assess whether increased let-7c has a functional consequence,
we measured IL-6 expression and SOCS1 induction in let-7c or
control miRNA-transduced DCs. There was a significant increase
in the level of IL-6 following LPS stimulation in let-7c-transduced
DCs (Figure 5B). This probably reflects the failure of SOCS1
induction due to a high level of let-7c (Figure 5C). These data
demonstrate that an increased level of let-7c might be a major
mechanism in regulating SOCS1 induction, and consequently,
proinflammatory cytokine production in DCs.

DCs from SLE-risk allele carriers display an activated phenotype.
Genome-wide association studies (GWAS) have shown that
Blimp1 contains risk alleles for autoimmune disease, and the
SNP rs548234 CC is a SLE-risk allele (18, 25). We therefore asked
whether the phenotype of DCs from individuals carrying the
Blimp1 SLE-risk allele was similar to that of mouse DCs with a
Blimp1 deletion. To avoid the confounding issues of medication
and disease activity, we obtained cells from healthy individuals
with or without the SLE-risk allele and from cord blood samples.

First, we compared the blood DC subsets within total PBMCs
by flow cytometry. There was no significant deficit in the num-
ber of monocytes or 2 major DC populations in SLE BlimpI-risk
allele carriers (Figure 6A; see Supplemental Figure 6A for the gating
strategy). There was a comparable percentage of monocyte-derived
Number 2 827
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DCs (Mo-DCs) differentiated with GM-CSF and IL-4 in risk allele
carriers and control individuals (Supplemental Figure 6B). Con-
sistent with the phenotype of mouse BlimpI-deficient DCs, HLA-
DR expression was significantly increased in a classical DC subset
(CD11¢*CD123") and in Mo-DCs of SLE-risk allele carriers (Figure 6,
B and C). This increase was not observed in CD14* or CD14-CD16*
monocytes, suggesting a DC-specific alteration. Interestingly, there
was a significant decrease in Blimpl mRNA and a 2-fold increase in
let-7c miRNA in Mo-DCs from SLE-risk allele carriers compared
with control Mo-DCs (Figure 6D). The level of Blimp1 and let-7¢
expression was lower in Mo-DCs differentiated from cells from cord
blood than in those from adult blood, but the relationship between
control and risk allele expression of BlimpI and let-7c was the same
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in both cord and adult blood (Supplemental Figure 7). This also
appears to be a DC-specific change, since purified B lymphocytes
showed no statistically significant change in either Blimp1 or let-7¢
mRNA in risk allele carriers (Supplemental Figure 8). We also com-
pared cytokine production in Mo-DCs from homozygous SLE-risk
allele carriers compared with homozygous non-risk allele individ-
uals. SLE-risk allele carriers secreted an increased amount of IL-6
following LPS stimulation (Figure 6E and Supplemental Figure 7
for separate analysis in cord and adult blood), but no significant
increase in secretion of TNF-o and IFN-y (Supplemental Figure 9).
Interestingly, there is a putative BlimpI binding sequence upstream
of let-7c in humans. We therefore performed a ChIP assay, which
showed that human Blimp1 bound to human let-7c (Figure 6F).
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Alteration of SOCS1 and IL-6 expression by overexpression of let-7c in DCs. (A) Lentivirus carrying either control miRNA or let-7c miRNA was
transduced into BM-DCs prepared from control mice. GFP+-transduced DCs were sorted, and the level of let-7c was measured by gPCR. (B)
miRNA-transduced BM-DCs were cultured with or without LPS (1 ug/ml) overnight. Supernatants were harvested and IL-6 was measured by
ELISA. (C) Level of SOCS1 was measured by gPCR from control miRNA or let-7c miRNA—-transduced BM-DCs. Relative expression was calcu-
lated compared with f2m. Open bar represents control miRNA, and gray bar represents let-7c—transduced BM-DCs. Values are expressed as

mean + SEM, n = 4 per group.

These data suggest that there might be common pathways regu-
lated by Blimp1 in DCs of both humans and mice.

Discussion

In this study, we identified a novel function of Blimp1 as a tran-
scriptional repressor of let-7c miRNA. Blimp1 binds to the let-7¢
regulatory region and influences the level of let-7c in DCs. In the
absence of Blimpl, an increase in let-7 miRNA results in a broad
spectrum of proinflammatory features in DCs, and we provide
evidence that this is mediated, in part, through suppression of
SOCS1 expression. We have summarized the regulatory interac-
tions among those molecules in Figure 7.

Previously, we showed that expression of the transcriptional
repressor Blimpl in DCs is required to maintain immune tolerance
(20). In this study, we show that the relative levels of the miRNA
let-7c and Blimpl determine the tolerogenic or immunogenic
potential of DCs. Let-7c miRNA was significantly increased in
Blimp1-deficient DCs, resulting in a proinflammatory phenotype
in a cell-type specific manner. We demonstrated reciprocal regu-
lation of Blimp1 and let-7c, similar to the reciprocal regulation of
miRNA-19b-21, PTEN, and its pseudogene, PTENP1 (26). How-
ever, the coordinated regulation of Blimp1 and let-7c was primarily
due to the direct binding of Blimp1 to a let-7c regulatory element.

Small RNAs are important regulators of gene expression. Among
the many types of small RNAs (27, 28), miRNAs have emerged as
key regulators of gene expression, acting either to facilitate trans-
lational repression by postinitiation repression (29), or to accel-
erate mRNA degradation (30). In particular, many recent studies
have documented a critical role of miRNAs in regulating immune
cell development, fine-tuning immune responses, and controlling
immune homeostasis. The involvement of miRNAs in immune tol-
erance and autoimmunity has also been suggested by recent stud-
ies. Some miRNAs have been shown to be aberrantly expressed in
the PBMCs of SLE patients (31) and in splenic lymphocytes from a
mouse model of lupus (32). The importance of tight regulation of
miRNAs has been demonstrated in specific cell types, such as Treg,
effector T cells (Tes), and B lymphocytes (33-35). Compared with
their role in adaptive immune cells, the contribution of miRNAs to
DC activation has been examined in only a few studies (36).
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In addition to highlighting the importance of tight regulation
of let-7c in the current study, we discovered that a specific tran-
scription factor, Blimpl, is involved in regulation of this miRNA.
The let-7 family members include 9 distinguishable mature mi-
RNAs and are widely expressed in the hematopoietic system (37).
Although the mature miRNAs of individual let-7 family mem-
bers have highly similar sequence homology, they are located
throughout the genome and in different genomic environments.
We searched for a consensus Blimp1 binding site in other family
members, and none of the other let-7 genes contain the consen-
sus sequence within 1 Kb of the coding region except let-7f-1,
which is not known to be expressed in DCs. Let-7i is expressed
in mature DCs and is known to regulate SOCS1, as we have now
shown for let-7¢; however, we did not find a putative binding site
of Blimp1 near the let-7i genomic sequence. Therefore, we believe
that Blimp1-dependent regulation is a unique mechanism for let-7¢
in DCs. To understand the consequence of Blimpl binding to let-
7¢, we are currently investigating chromatin modifications medi-
ated by Blimp1 in DCs. Previous studies have demonstrated that
Blimp1 recruits the G9a histone methyl transferases to the IFN-f3
promoter (38). BlimplI also has been shown to associate with the
transcriptional corepressor hGroucho (39) and histone deacety-
lases 1 and 2 (40). We believe, therefore, that Blimpl may lead to
histone deacetylation at the let-7c gene locus.

GWAS have identified multiple loci which are implicated in
immunologic disturbances in autoimmune disease. Despite a
large number of SNPs that have been identified, an understand-
ing of their functional significance has lagged. We decided to
study the SNP rs548234, which is located downstream of the
Blimp1 gene, and is strongly associated with SLE. We focused on
the impact of the risk allele in cells of healthy donors because
other studies have shown that once disease-specific pathways
of inflammation are activated, phenotypic changes occur that
may be independent of genotype. For example, changes in
B cell signaling attributable to the protein tyrosine phosphatase
nonreceptor 22 (PTPN22) risk allele can be seen in cells of non-
risk allele individuals once type 1 diabetes is established (41).
Mo-DCs cultured from SLE-risk allele carriers exhibit reduced
Blimp1 expression and increased let-7c expression, similar to that
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Figure 6

Proinflammatory phenotype in DCs from Blimp1 SLE-risk allele individuals. (A) Quantification of each blood monocyte per DC subset. Percentage
of monocytes and cDCs and plasmacytoid DCs (pDCs) was analyzed and calculated based on the number of total PBMCs. Each dot represents
an individual, and the bar represents the mean + SEM. Expression of HLA-DR on each cell type (B) and Mo-DCs (C) were measured from each
population (R1 = Lin"HLA*, R2 = CD14+CD11c*, R3 = CD16+*CD11c*, R4 = CD14-CD16-CD11c-CD123", and R5 = CD14-CD16-CD11¢c*CD123-,
and flow cytometry images are described in Supplemental Figure 6A) and compared by MFI. Values are expressed as the mean + SEM; n = 8 for
control and n = 7 for carrier (open bar represents controls and closed bar represents Blimp1 SLE carriers). (D) Blimp1 and let-7¢ expression was
measured from Mo-DCs by qPCR. Each dot represents an individual, and the bar represents the mean + SEM. (E) Cytokine expression was mea-
sured from Mo-DCs with or without TLR agonists (poly [I:C], 5 ug/ml; LPS, 1 ug/ml; and Gardiquimod, 2 ug/ml) overnight. IL-6 in the supernatants
was measured by MSD assay. Open circle denotes a control individual, and closed circle denotes a risk carrier individual. Each dot represents an
individual, and the bar represents the mean + SEM. (F) Blimp1 binding to let-7c was assessed by ChIP assay. Nuclear extracts were prepared
from 107 human Mo-DCs stimulated with LPS and incubated with control rabbit IgG, control goat IgG (not shown), Goat anti-Blimp1, or Rabbit
anti-Blimp1 antibodies. PCR was performed with the primers described in Methods. Representative image is from 3 independent experiments.

seen in murine Blimpl-deficient DCs. This reciprocal expres-
sion of Blimp1 and let-7c is not found in purified B lymphocytes
from the same donors. In fact, Zhou et al. also found that Blimp1
expression is not affected in SNP rs548234-carrying B cells from
SLE patients (42), consistent with our observation in B cells.
Interestingly, DCs from blood or Mo-DCs from risk allele car-
riers displayed increased HLA-DR on their surface, and secreted
an increased amount of IL-6 after LPS stimulation. In contrast
to DCs, monocytes from risk allele carriers did not overexpress
HLA-DR, again attesting to the cell-specific effects of the Blimpl
polymorphism. We do not yet know why expression of Blimpl is
decreased in SLE-risk allele carriers. The SNP for SLE is located
at the proximal region of the Blimpl 3' UTR where it might have
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enhancer activity, act as a regulatory region for Blimpl transcrip-
tion, or be a target of multiple miRNAs, leading to increased deg-
radation of Blimpl mRNA. Identification of regulatory molecules
or DNA modifications that are affecting the functional activity
of 1s548234 in DCs remains to be established.

In conclusion, we propose a novel mechanism of miRNA reg-
ulation mediated by Blimpl in both murine and human DCs.
Increased levels of let-7c that are present when Blimpl expres-
sion is low lead to a proinflammatory phenotype in DCs, partic-
ularly after TLR stimulation. Functional changes mediated by
the Blimp1/let-7c ratio may be critical in discriminating between
immune tolerance and autoimmunity. Moreover, the mouse
model of Blimp1 deficiency in DCs shares a strong similarity to
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Proposed regulatory pathways for Blimp1 and let-7c in dendritic cells.
A negative feedback loop between Blimp1 and let-7c regulates levels
of SOCS1 and IL-6, and may explain the function of Blimp1 risk alleles.
The effects of Blimp1 KO and/or siRNA knockdown (see experiments
in Figure 1) remove inhibition of let-7c, thus leading to reduced SOCS1
expression (see experiments in Figure 3). Conversely, overexpression
of Blimp1 leads to reduced let-7c expression and reduced IL-6 expres-
sion, either through enhanced SOCS1 expression or through direct
effects of Blimp1 on IL-6 (data in Figure 4). Finally, transfection of let-
7c reduces SOCS1 expression, and leads to increased expression of
IL-6 (see data in Figure 5). These relationships are consistent with data
from human cells (see Figure 6), which also relate lower Blimp1 levels
to increased HLA-DR expression, possibly through release of inhibition
of the CIITA transcription factor.

human SLE-risk allele DCs; this similarity makes the mouse model
a useful tool for studying human diseases.

Methods
Mice. Breeder cages for DCBlimpI*® mice were maintained under specific
pathogen-free conditions at the animal facility of the FIMR.

Human samples and in vitro differentiation of Mo-DCs. Healthy Blimp1 SLE-
risk allele carriers and controls (both groups were comprised of females
under the age of 55 years) were identified from the (genotype and phe-
notype) GAP Registry at the FIMR. Fresh blood was collected, and total
PBMCs were purified by Ficoll-Paque gradient centrifugation. Briefly,
whole blood was diluted with PBS and gently layered on the Ficoll. Cells
were centrifuged continuously at 750 g for 20 minutes. PBMCs were
collected from the middle layer and washed 3 times with PBS. CD14*
monocytes were purified using EasySep Kit (StemCell Technologies Inc.),
according to the manufacturer’s protocol. Purity of CD14" cells was deter-
mined by flow cytometry; a purity of 90%-95% was consistently obtained.
After purification, monocytes were cultured in RPMI 1640 with 10% FBS,
penicillin-streptomycin (P/S), L-glutamine, 10° U/ml of GM-CSF (Pepro-
Tech), and 200 U/ml of IL-4 (PeproTech) for 7 days.

Flow cytometry. For surface staining, approximately one million cells were
incubated with the appropriate antibody mixture for 20 minutes on ice.
Stained cells were washed with staining buffer (PBS with 2% FBS and 1 mM
EDTA) 3 times, and data were acquired using an LSRII (BD) and analyzed
by Flow]Jo software (Tree Star Inc.).

Cell lines and tissue culture. A human embryonic kidney cell line, 293T, and
avirus-producing packaging cell line, 293FT, were maintained at a concen-
tration of 0.5 x 106 cells/ml in DMEM (Invitrogen) supplemented with 10%
FBS, penicillin-streptomycin, and L-glutamine.

Antibodies. Antibodies for flow cytometry included APC anti-mouse
CD11c from eBioscience; PE anti-mouse TLR4/MD2; FITC anti-mouse
IAP; FITC anti-human CD3, CD19, and CD56; PerCP anti-human HLA-
DR; Pacific Blue anti-human CD14; APC anti-human CD16; PE-Cy7 anti-
human CD123; PE-CyS5 anti-human CD11¢; PE anti-human CD141; PE
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anti-human CD1a from BD Biosciences; and rabbit anti-SOCS1 (ab9870)
from Abcam. Antibodies used for the ChIP assay were as follows: goat
anti-mouse Blimpl polyclonal antibodies (sc-13206X) and normal goat
antibodies (sc-2028) purchased from Santa Cruz Biotechnology, and goat
anti-human Blimp1 antibodies (ab106766) and rabbit anti-human Blimp1
antibodies (ab59369) purchased from Abcam.

Cytokine analysis. The protein array was performed according to the man-
ufacturer’s protocol. Briefly, DCs from the spleens of control mice and
DCBlimp1*° mice were cultured overnight with or without 1 ug of LPS. The
next day, supernatants were harvested and used for either protein array exper-
iments or for quantitative assays. IL-1, IL-10, IL-12 (p70), IFN-y, TNF-a,
and KC were measured by proinflammatory 7-flex from MSD assays. IL-2
and TIMP-1 were measured by ELISA (R&D Systems). IL-6 was measured
by both MSD and ELISA (BD Biosciences).

For human cytokine analyses, CD14* monocyte-derived DCs were har-
vested at day 7, and cultured (10° cells/ml) overnight with or without vari-
ous TLR agonists. Supernatants were collected and cytokines were analyzed
by MSD assay (human tissue-culture proinflammatory cytokine 7-flex),
according to the manufacturer’s protocol. Briefly, cytokine-precoated plates
were incubated with blocking buffer (1% w/v; Blocker B) for 1 hour at room
temperature. Plates were washed 3 times with washing buffer (PBS with
0.05% Tween 20), and samples were dispensed for 2 hours at room tem-
perature. Detection antibody solution was added into each well and incu-
bated for 2 hours. All the incubations were followed with vigorous shaking
(45-130 g). After washing, Read Buffer was added, the plates were read, and
data were analyzed using a SECTOR Imager (Meso Scale Discovery).

miRNA array. Lin (CD19,CD3, CD56)-and CD11c* MHCIIM splenic DCs
were purified by cell sorting (FACSAria) from 6- to 8-week-old DCBlimp1*
and control mice. Purified cells were spun down and immediately snap-
frozen by liquid nitrogen. Total RNA was isolated and prepared by Miltenyi
Biotec for miRNA array and analysis. miRNA array data have been depos-
ited in the Gene Expression Omnibus database (GEO GSE40587).

siRNA and lentivirus transduction. siRNAs targeting the mouse Blimpl or
luciferase (control) gene conjugated with GFP cloned in lentivirus vec-
tor were purchased from GeneCopoeia. For let-7c overexpression assays,
control miRNA or let-7c miRNA cloned in GFP reporter lentivirus vec-
tors were purchased from GeneCopoeia. To produce lentivirus, 2.5 ug of
plasmid was transfected into the 293FT cell line (cells are 70%-80% con-
fluent at the moment of transfection), together with 2.5 ug of Lenti-Pac
FIV Mix by EndoFectin (GeneCopoeia). DNA-Endofectin Lenti complex
was incubated with cells for 14 hours, and replaced with fresh medium
supplemented with 5% FBS, penicillin-streptomycin, and 1:500 volume of
the Titer Boost reagent. Virus-containing supernatant was harvested at 48
hours after transfection. Following centrifugation to remove cell debris,
supernatant was filtered through 0.45 um polyethersulfone (PES) low pro-
tein-binding filters. Virus stock was aliquoted and kept at -80° C until use.

To transduce virus into DCs, 10° day 5-cultured DCs were added to
400 wl of virus stock and 100 ul medium supplemented with 5 ug/ml of
polybrene (Sigma-Aldrich). Virus and cells were spun down at 840 g for
40 minutes at 30°C. Supernatant was then removed. After a second spin,
cells were incubated for 2 hours at 37°C. Medium was changed after
2 hours of incubation, and virus transduction was monitored by GFP
expression at 48 hours after transduction.

ChIP assay. The ChIP assay was performed as previously reported (43),
with some modifications. Briefly, mouse CD11ch BM-DCs or CD14-
human Mo-DCs were stimulated with LPS for 24 hours, and cells were fixed
with 1% formaldehyde for 10 minutes at room temperature. Cells were har-
vested with ice-cold PBS and lysed by RIPA Buffer (Thermo Fisher Scientific
Inc.). The cell suspension was sonicated (Misonix Sonicator 3000; Qsonica)
15 times for 30 seconds, allowing the suspension to cool on ice for 1 minute
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between pulses. Anti-Blimp1 or control goat IgG antibodies were used for
overnight immunoprecipitation at 4°C with rotation. The next day, anti-
bodies were washed with washing buffer (500 mM LiCl, 50 mM Hepes, pH
7.6,1 mM EDTA, 0.7% DOC, and 1% NP-40), and eluted with elution buffer
(50 mM Tris, pH 8.0, 10 mM EDTA and 1% SDS). PCR was performed with
total input or elution. Primers used to amplify the mouse let-7c gene were:
5'-CACTTGAGCCATCG AGGAAT-3' (forward) and 5'-CCCGTGAGAAA-
TAGCGTTGT-3' (reverse). PCR conditions were: 94°C for 5 minutes; 94°C
for 15 seconds; 58°C for 15 seconds; 39 cycles of 72°C for 15 seconds;
and 72°C for 10 minutes. Primers used for human let-7c PCR were: set#1,
S5'-GGTTTGGACCAGGATCTGAA-3' (forward) and S'-TTGGGTTTCCAG-
CATAGGTC-3' (reverse); or set#2, 5'"-TGAAGCAACATTGGAAGCTG-3'
(forward) and 5'-GCCCAAATCAATGATCCAAG-3' (reverse). PCR condi-
tions were: 94°C for 5 minutes; 94°C for 15 seconds; 53°C for 15 seconds;
39 cycles of 72°C for 15 seconds; and 72°C for 10 minutes.

EMSA. EMSA was performed as described previously (43), with modifica-
tions. Nuclear extract was prepared from 107 BM-DCs stimulated with LPS
for 24 hours. 5" IRDye-labeled C-terminal sequences from let-7c oligos were
purchased from Integrated DNA Technologies. Oligos (100 nM) and pro-
teins (10 ug) were incubated in binding buffer (10 mM Tris, 50 mM KCl,
3.5 mM DTT) supplemented with 2 ug poly (dI-dC) and 5 mM MgCl, for
30 minutes at room temperature. For supershift, 1 ug of anti-Blimp1 anti-
bodies (Santa Cruz Biotechnology Inc.) was added, and for competition,
200-fold unlabeled oligos were added to the binding mixture. Protein-DNA
complexes were resolved on a prerun 5% TBE polyacrylamide gel (Bio-Rad
Laboratories Inc.). The image was scanned by Odyssey (LI-COR Biosciences).
Oligos used for let-7c EMSA were: 5'-ATTTCTGTTCAAGAAAGTAATGT-
GTCATGAG-3' and 5'-CTCATGACACATTACTTTCTTGAACAGAAAT-3".

Luciferase assay. Plasmids for the luciferase and miRNA assay kits were
purchased from Genecopoeia. The 293T cell line was transfected with 1 ug
of luciferase vector (MmiT026645-MTO01; Blimpl 3' UTR, MmiT028883-
MTO01; SOCS1) with or without various amounts of miRNA plasmid
(MmiR3365-MRO1; mmu-let-7¢c; CmiR0001-MRO1; control miRNA). Luci-
ferase activity was measured at 48 hours after transfection. A firefly luci-
ferase solution was directly added and incubated with cells for 10 minutes.
Luciferase activity was measured using a Victor® (PerkinElmer) luminome-
ter. Substrate for Renilla luciferase was added directly to the firefly lucifer-
ase solution, and specific activity was measured by luminometer. The ratio
of firefly/Renilla luciferase was calculated and compared between trans-
fections to prevent false results due to differential transfection efficiency.

Western blotting. 5 x 106 splenic DCs or BM-DCs with or without LPS were
lysed with 100 ul of RIPA buffer with complete protease inhibitor (Roche).

—
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Equal quantities of protein were loaded and separated in 4%-12% SDS-
PAGE gel, separated proteins were transferred to PVDF membrane, and
immunoblotting was performed. Chemiluminescent light was exposed to
x-ray film, and the film developed.

Quantitative PCR. Total RNA, including small RNA, was prepared using
a mirVana miRNA Isolation Kit (Ambion; Life Technologies). An iScript
cDNA Synthesis Kit (Bio-Rad Laboratories) was used for mRNA analysis,
and a TagMan MicroRNA Reverse Transcription Kit (Applied Biosys-
tems; Life Technologies) was used for miRNA assay. Gene-specific prim-
ers for PCR and master mix were purchased from Applied Biosystems,
and PCR was performed in a LightCycler 480 II (Roche Applied Science).
Ctvalues of f2m, HPRT, or sno234 were used as housekeeping controls,
and relative expression of a gene was calculated by AACt, as posted on
the company’s website.

Statistics. Statistical significance was determined with a nonparamet-
ric, Mann-Whitney U test. A P value less than or equal to 0.05 was con-
sidered significant.

Study approval. The use of mice for this study was approved by an Associa-
tion for Assessment and Accreditation of Laboratory Animal Care-accred-
ited (AAALAC-accredited) facility under the regulation of the Institutional
Animal Care and Use Committee. The protocol for the study of human
cells was approved by the FIMR’s institutional review board, and prior writ-
ten informed consent was obtained from all participants.
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