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Abstract

Plasmacytoid dendritic cells (pDCs) produce abundant type I IFNs (IFN-I) in response to viral
nucleic acids. Generation of pDCs from bone marrow (BM) DC progenitors and their maintenance
is driven by the transcription factor E2-2 and inhibited by its repressor 1d2. Here, we find that
mouse pDCs selectively express the receptor for leukemia inhibitory factor (LIF) that signals
through STAT3. Stimulation of pDCs with LIF inhibited IFN-1, TNF and IL-6 responses to CpG
and induced expression of the STAT3 targets SOCS3 and Bcl3 that inhibit IFN-I and NF-kB
signaling. Moreover, although STAT3 has been also reported to induce E2-2, LIF paradoxically
induced its repressor 1d2. A late stage BM DC progenitor expressed low amounts of LIFR and
developed into pDCs less efficiently after being exposed to LIF, consistent with the induction of
Id2. Conversely, pDC development and serum IFN-I responses to Lymphocytic Choriomeningitis
Virus infection were augmented in newly generated mice lacking LIFR in either CD11c* or
hematopoietic cells. Thus, a LIF-driven STAT3 pathway induces SOCS3, Bcl3 and 1d2 that render
pDCs and late DC progenitors refractory to physiological stimuli controlling pDC functions and
development. This pathway can be potentially exploited to prevent inappropriate secretion of IFN-
I in autoimmune diseases or promote IFN-I secretion during viral infections.
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INTRODUCTION

Plasmacytoid dendritic cells (pDCs) specialize in abundant production of type I IFNs (IFN-
), i.e. IFN-a and IFN-B (1, 2), and hence directly contribute to control of viral replication
and indirectly enhance virus-specific T cell responses (3-7). Secreted IFN-I also binds to the
IFN-I receptor (IFNAR) on pDCs, thereby completing an autocrine loop that sustains IFN-I
production (8). pDCs sense viral RNA and DNA or their synthetic surrogate
oligoribonucleotides (ORN) and oligodeoxyribonucleotides (ODN) through endosomal
TLRY and TLR9, respectively (9, 10). These TLRs trigger MyD88-dependent IRF7 and NF-
kB pathways that culminate in production of IFN-I and pro-inflammatory cytokines,
respectively (11-13). However, inappropriate pDC recognition of endogenous nucleic acids
elicits excessive IFN-I (11, 14-17) that can contribute to the pathogenesis of autoimmune
diseases, such as systemic lupus erythematosus (SLE). Thus, pDC development and function
must be tightly regulated to maintain homeostasis.

PDCs can derive from both the lymphoid (18) and myeloid (2, 19) developmental pathways.
In the latter, pDCs originate in the bone marrow (BM) from the common DC progenitor
(CDP), which can generate both pDCs and conventional DCs (cDCs) (20, 21). CDPs express
FMS-like tyrosine kinase 3 (FIt3), a receptor tyrosine kinase that triggers a signaling
network through PI3K and the Ras cascade, which activate the Akt, ERK and STAT
pathways (22). Engagement of FIt3 by its ligand (FIt3L) drives both pDC and cDC
development. However, pDC generation requires higher concentrations of FIt3L and
concurrent IFN-I signaling (23). Moreover, whether CDPs generate pDCs or cDCs hinges on
the balance between expression of the transcription factor E2-2 (encoded by 7¢74) and the
transcriptional repressor inhibitor of DNA binding 2 (1d2) (2). E2-2 is a basic helix-loop-
helix transcription factor that commits CDP to the pDC lineage by inducing a set of pDC-
specific target genes that include 7/r7, 7/r9, and /rf7 (24-26). Moreover, E2—-2 maintains the
identity of mature pDCs, as ablation of £2-2in pDCs induces their differentiation into cDC-
like cells (24, 25). In contrast, 1d2 propels CDP differentiation into the cDC lineage by
binding E2-2 so that this key transcription factor can no longer associate with DNA (27).
Id2 is required for the generation of resident CD8a* ¢cDCs, migratory CD103* ¢DCs, and
epidermal Langerhans cells (28, 29), while it opposes the generation of pDCs (19, 27, 29).

Leukemia inhibitory factor (LIF) is a member of the IL-6 cytokine family that is well known
for promoting the pluripotency and self-renewal of embryonic stem cells and inhibiting their
differentiation (30-32). It binds to a receptor complex formed by a ligand-specific subunit,
the LIF receptor (LIFR), and the gp130 signaling subunit, which is shared by all members of
the IL-6 family (33). The LIFR-gp130 complex recruits and phosphorylates JAKs, which in
turn phosphorylate STAT3 and other STAT family members. Phospho-STAT3 translocates to
the nucleus to direct the transcription of a wide range of target genes, including a JAK-STAT
inhibitor known as suppressor of cytokine signaling 3 (SOCS3) that provides a negative
feedback loop. LIF signaling also activates MAPKS, src family kinases, CREB, ribosomal s6
kinase and PI3K (34-37). In addition to its known impact on embryonic stem cells, LIF has
been shown to have immunoregulatory functions in various contexts. During autoimmune
neuroinflammation, LIF induces an anti-inflammatory phenotype in macrophages (38),
suppresses differentiation of pathogenic Th17 (39), augments Treg numbers (40) and
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mediates neuroprotective and neuroregenerative effects (41-43). In an animal model of
stroke, LIF attenuates the IL-12—IFN-y-mediated inflammatory response to vessel occlusion
(44). Similarly, LIF promotes tolerance by inducing Foxp3™ Tregs in transplantation models
(45). Moreover, LIF facilitates the acquisition of an M2 phenotype by macrophages and the
recruitment of myeloid-derived suppressor cells into the tumor microenvironment (46, 47).
Finally, LIF ameliorates cutaneous inflammation (48) and attenuates endotoxin shock
through induction of 1L-10 (49).

This study was prompted by the observation that LIFR is expressed on pDCs and, to a lesser
extent, on a late stage BM DC progenitor with both cDC and pDC potential, but not on
cDCs. Exposure of mature pDCs to LIF /n vitroinduced STAT3 phosphorylation, and
inhibited IFN-a, TNF and IL-6 responses to CpG oligodexyribonucleotides (ODNSs).
Analysis of the transcriptional profile of pDCs showed that LIF induces the expression of
Socs3and Bcl3, which are known STATS3 targets that inhibit the IFN-1 and NF-kB pathways.
Although STAT3 signaling has been shown to induce E2-2 (50), LIF paradoxically induced
expression of the E2-2 antagonist 1d2, which is known to inhibit pDC development and
maintenance. Consistent with this, LIF drove BM cultures with FIt3L towards the generation
of CD11b* cDCs rather than pDCs. In mice with impaired LIFR expression in the CD11c*
lineage, BM cultures with FIt3L produced more pDCs and were less sensitive to LIF
suppression than were BM cultures from control mice. Moreover, mice with defective LIFR
in the CD11c™* lineage had higher IFN-a levels in the serum than did control mice after
Lymphocytic Choriomeningitis Virus (LCMV) infection. We conclude that LIFR provides a
new paradigm of pDC inhibition based on biased STAT3 signaling. On one hand, the LIF-
STAT3 pathway effectively induces blockers of IFN-I and NF-kB; on the other hand, the
same pathway fails to induce the master pDC transcription factor E2-2 that is required for
pDC development, but rather allows induction of its inhibitor, 1d2. Overall, our results
suggest that STAT3 signaling could be potentially exploited for modulation of pDCs in
diseases.

MATERIALS AND METHODS

Generation of LIFR conditional mice

We generated /tgax©eL if"f10X by crossing Lifr'* with ltgaxCTeLif1oX/loX mice. [tgax©’
mice were obtained from Jackson. To generate the L/fr~* and L/IFr70X/floX mice, three LIFr
im1a(EUCOMM)HmMgU ES cell clones (ES line IM8A3.N1) were obtained from EuComm
(European Conditional Mouse Mutagenesis Consortium); two correctly targeted clones,
confirmed by Southern blot analysis, were introduced into B6-albino (C57BL/6J-Tyrc=2%/J)
eight-cell embryos by laser-assisted injection. Male chimeras were initially bred to B6-
albino mice to assess germline transmission; those transmitting were bred to CMV-Cre
transgenic mice (B6.C-Tg(CMV-Cre)1Cgn/J; >99% C57BL/6) to delete exon 5 of Lifr
(transcript variant 1) and the neomycin-resistance cassette; this null LacZ allele is Lif™0in
the official EuComm nomenclature and referred to simply as L/fr~in this paper. To delete
the lacZ—-neomycin-resistance cassette and generate mice with a /oxP-flanked Lifrallele
(EuComm Liff"™¢ = [ jf1oX in this paper), chimeras were bred to CAG-FLPe C57BL/6
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mice. The CMV-Cre and FLPe transgenes were bred out of the lines before intercrossing
and/or breeding to /fgax“" or Vav1©" mice.

Mice were infected with 3x10° PFU of LCMV Armstrong i.p. Serum was harvested for
IFN-a measurement.

Differentiation of DCs, sorting and treatment

Bone marrow cells were obtained by flushing femurs and tibias with RPMI, followed by
incubation with red blood cells lysis buffer (Sigma) for 5 min. After wash, cells were
cultured with RPMI containing 10% FCS, 1% kanamycin, sodium pyruvate, nonessential
amino acids, L-glutamine, B-mercaptoethanol and FIt3L (10ng/ml) for 7-10 days in the
presence or absence of LIF (10ng/ml). Medium with added LIF but without FIt3L was
refreshed on day 3 and day 6. pDCs and cDCs were sorted from FIt3L BM cultures by FACS
as CD11cMSiglecH*B220* and CD11c*CD24*Sirp-a™ cells, respectively. Sorting of pDCs
from BM was performed by magnetic beads using negative selection kit (Miltenyi Biotec),
followed by sorting of CD11ci"B220*SiglecH* cells by FACS. The purity of FACS sorting
was routinely > 92%. In some experiments, staining of LIFR was added to sort LIFR* and
LIFR~ pDCs. pDCs were treated with LIF (10ng/ml) for 1 or 24h and stimulated with CpG-
A (2216) or CpG-B (1826), both 6pg/ml, for 18-24h. Common macrophages/dendritic cells
precursors (MDP), common dendritic cells progenitors (CDP) and pre-DC were sorted from
BM by FACS for staining of lin"FIt3*ckitM9hCD115", lin"Flt3*ckit'®?CD115*~ and lin~
FIt3*CD11c™, respectively. Cells were cultured with RPMI 10% FCS and FIt3L for 2 or 4
days in the presence or not of LIF (10ng/ml).

Flow cytometry

Single-cell suspensions were treated with monoclonal antibody 197 (anti-mFcgRlI) for 15
min to block Fc receptors and stained with fluorescent monoclonal antibodies against B220
(RA3-6B2), SiglecH (551), CD11c (N418), CD11b (M1/70), Sca-1 (D7), LIFR (#673602),
CD24 (M1/69), Ly6C (HK1.4), IA/IE (2G9 or M5/114.14.2), CX3CR1 (SA011F11),
CD172a (P84), CD8a (53-6.7), CD115 (AFS98), CD117 (ACK?2) and CD135 (A2F10). The
antibodies against CD3 (145.2c11), CD19 (1D3), NK1.1 (PK136), Ly6G (1A8), CD11b
(M1/70) and TER-119 (TER-119) were used for linage staining. Intracellular staining was
performed on fixed and permeabilized cells with antibodies against Ki-67 (B56),
phosphorylated STAT3 (p-STAT3), STAT5 (p-STATS) and TLR9 (M9.D6). Apoptosis was
quantified by staining with annexin-V and 7AAD kit. All antibodies were purchased from
BD, eBioscience, BioLegend or R&D Systems. Data were acquired on a FACSCantoll (BD)
and analyzed using FlowJo software (Tree Star, Inc.).

RNA isolation and gRT-PCR

RNA was extracted from cells using RNeasy micro kit (QIAGEN) and cDNA synthesis was
carried out with SuperScript Il1 first strand (Invitrogen) according to the manufacturer’s
instructions. qRT-PCR reactions were performed with SYBR Green Supermix (BioRad)
using the following primers: /d2forward: 5’-AAAACAGCCTGTCGGACCAC-3’; 1d?
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reverse: 5’-CTGGGCACCAGTTCCTTGAG-3’; Bcl3forward: 5’-
CCTTTGATGCCCATTTACTCTA-3’; Bcl3reverse: 5°-
AGCGGCTATGTTATTCTGGAC-3’; Socs3forward: 5’- ATGGTCACCCACAGCAAG-3’;
Socs3reverse: 5’-TCAAGTGGAGCATCATACTG-3’; Dgkz forward: 5’-
CTGCCCCAAGGTGAAGAGCTG-3’; Dgkzreverse: 5’-
GCTGTCTCCTGGTCCTCACGT-3’; S/piforward: 5’-
GGCCTTTTACCTTTCACGGTG-3’; Slpireverse: 5°- TACGGCATTGTGGCTTCTCAA-
3’; ler3forward: 5’- AAGGGTGCTCTACCCTCGAGT-3’; /er3reverse: 5’-
GCAGAAATGGGCTCAGGTGT-3’; Lifrforward: 5°-
GGGCCCACGAAATACAGAATA-3’; Lifrreverse: 5’-
CGGTAGGTCTCGTTTGTAAGTC-3’. Amplification cycles were acquired using ABI7000
(Applied Biosystems), and the expression of target mMRNA was calculated and normalized to
the expression of gapdh gene using the ACT method.

Sorted pDCs or cDCs were treated with LIF and stimulated or not with CpG. After RNA
extraction, RNA amplification and hybridization to the Mouse Gene 1.0 ST arrays
(Affymetrix) were carried out. Data were processed and normalized using RMA (robust
multichip average) and analyzed with GenePattern software (Broad Institute). Heat maps
were generated with Gene-E. Microarray data have been deposited in NCBI’s Gene
Expression Omnibus repository and are accessible through accession number GSE138018.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE138018.

ELISA and Cytometric Bead Array

Serum and culture supernatant were collected and stored at —20°C until analysis. IL-6 and
TNF levels were measured by cytometric bead array (BD Biosciences). IFN-a was
quantified by ELISA (PBL Interferon).

Statistical analysis

RESULTS

Data are from at least two independent experiments, unless otherwise stated, and were
analyzed by Student’s-t or Mann-Whitney tests. Error bars represent £ SEM and p<0.05 was
considered significant.

PDC but not cDCs express LIFR

We examined the Immgen expression profiles of mouse DCs to identify genes specifically
expressed by pDCs. We noted that L/fr mRNA was highly expressed in pDCs from spleen
and skin-draining lymph nodes, while expression was minimal in CD4* and CD8a.* cDCs
from the thymus, spleen, skin-draining and mesenteric lymph nodes. In addition, pDCs had
the highest L/frexpression among all immune cells (http://www.immgen.org/databrowser/
index.html). To corroborate this observation, we assessed the expression pattern of LIFR in
primary DCs by flow cytometry. LIFR was highly expressed on cell surface of CD11c
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*B220*SiglecH* pDCs isolated from BM, spleen and lymph nodes, while it was not
expressed on CD11c*SiglecH™ ¢cDCs isolated from any of those tissues (Fig. 1A)

Like their primary counterparts, pDCs derived from BM cells cultured /n vitro with FIt3L
expressed LifrmRNA (Fig. 1B). Moreover, stimulation of FIt3L-cultured pDCs with CpG-A
and CpG-B markedly downregulated or completely abolished L/fr mRNA expression. In
contrast, cDCs derived from FIt3L cultures did not express L/ifr mRNA either before or after
CpG stimulation. We confirmed that CpG-A-induced downregulation of LIFR at the protein
level in primary pDCs isolated from BM and spleen after mice had been injected i.v with
CpG-A (Fig. 1C). LIFR downregulation was detected as soon as 6h after CpG treatment and
reached its nadir after 24h. We next verified that LIFR on pDCs was functional. A well-
characterized intracellular signal of LIFR-gp130 heterodimer is STAT3 phosphorylation
(51). We observed phospho-STAT3 in pDCs as soon as 15 minutes after incubation with LIF
(Fig. 1D). Altogether, these data show that pDCs, in contrast to cDCs, express functional
LIFR.

LIF suppresses pDC functions

To determine the role of LIFR in pDCs, we treated spleen cells or pDCs sorted from BM
with LIF for 1hr followed by stimulation with CpG-A. As expected, spleen cells and sorted
pDCs produced high amounts of IFN-a. after CpG-A stimulation. However, pre-treatment
with LIF dramatically suppressed IFN-a production by these cells (Fig. 2A). Additionally,
in vivo treatment of mice with LIF attenuated the increase of serum IFN-a induced by i.v.
injection of CpG-A (Fig. 2B). While CpG-A triggers IFN-I production through an IRF7-
dependent pathway in early endosomes, CpG-B induces production of proinflammatory
cytokines through a NF-xB-dependent pathway in late endosomes (9, 10, 12, 13). Therefore,
we asked whether LIF also affects the NF-xB pathway in pDCs. We stimulated pDCs with
CpG-B in the presence or absence of LIF and found that LIF suppressed TNF and IL-6
production by pDCs (Fig. 2C). LIF had no impact on the expression of TLR9 (Fig. 2D).
However, pDCs treated with LIF did have a phenotype slightly biased towards cDC-like
cells; they displayed more B220 and CD11c on the cell surface than did untreated cells (Fig.
2E). Taken together, these data show that LIF inhibits pDC production of IFN-a and
inflammatory cytokines in response to CpG and slightly modifies their cell surface
phenotype without affecting TLR9 expression.

pDCs modify their transcriptional profile in response to LIF

To investigate the mechanisms by which LIF suppresses pDC functions, we performed
microarray analysis of primary pDCs sorted from BM that were incubated with a) medium;
b) LIF; c) CpG; d) LIF plus CpG (Fig. 2F, G). Key results were validated by qPCR (Fig.
2H). One of the most up-regulated genes after treatment with LIF alone was Socs3, a known
target of STAT3, which inhibits JAK/STAT signaling by various cytokine receptors (52).
SOCS3 has been reported to inhibit IFN-B during vesicular stomatitis virus (VSV), influenza
A virus (53) and HIV infections (54, 55), as well as during obesity, where SOCS3 is induced
by the receptor for leptin (56). LIF also augmented the expression of Bc/3, another known
target of STAT3 that inhibits NF-kB. Exposure of pDCs to LIF also induced other genes
reportedly involved in inhibition of NF-xB signaling, such as immediate early response 3
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(/er3) and secretory leukocyte peptidase inhibitor (S/pi) (57-59) (Fig. 2F, H). LIF also
downregulated the expression of diacylglycerol kinase zeta (Dgk2); lack of Dgkz results in
impaired induction of TLR-dependent proinflammatory cytokines in cDCs and macrophages
(60) (Fig. 2F, H). Thus, exposure of pDCs to LIF alone induced a coordinated gene
expression program that inhibits secretion of IFN-I and inflammatory cytokines.
Accordingly, the transcriptional profile of pDC treated with LIF and CpG showed a marked
reduction in the expression of all IFN-a genes compared to pDC treated with CpG (Fig.
2G).

Transcriptome analysis also showed that LIF induced upregulation of /a2, which inhibits
E2-2 and hence both development and maintenance of pDCs. This result was surprising, as
LIF and FIt3 share a STAT3 signaling pathway that has been shown to induce E2-2 and
inhibit 1d2 (50). We postulate that LIF-mediated induction of SOCS3 results in a negative
feedback loop that blocks further STAT3 signaling, leaving alternative signaling pathways
that induce 1d2 unopposed, such as IL-2-, IL-12- and IL-21-induced STAT5 pathways (61).

LIF impairs pDC development in FLT3L cultures

Given that 1d2 drives CDP differentiation towards cDCs (2), we hypothesized that LIF could
affect pDC development. To test this hypothesis, we examined the output of BM cells
cultured /n vitro with FIt3L with or without LIF. While cultures with FIt3L alone contained
about 30% of SiglecH*B220*CD11c* pDCs, almost ten-fold fewer pDCs were obtained in
the presence of LIF (Fig. 3A). In contrast, LIF promoted the differentiation of CD11c
*B220-SiglecH™ cDCs, particularly the CD11b*CD24~ subset (Fig. 3A). Phenotypic
analysis of differentiating DCs at different time points during BM cultures with FIt3L
showed that addition of LIF promptly induced dowregulation of SiglecH and upregulation
CD11b by day 2, resulting in the appearance of B220*CD11b*SiglecH™ cells early during
differentiation. These changes were followed by an increase in CD11c expression by day 4
and finally by downregulation of B220 by day 6 (Fig. 3B). Ultimately, LIF promoted the
development of CD11c* cDCs with a SiglecHB220~Ly6C-MHCINCX3CR1*CD11b*
phenotype (Fig. 3C). Based on forward scatter (FSC) and side scatter (SSC) parameters,
these cells were also larger and more granular than those in control cultures without LIF
(Fig. 3D). Phenotypic analysis of proliferating Ki67* cells corroborated that cells expanding
in BM cultures containing LIF expressed more CD11b than those grown in the absence of
LIF, consistent with the expansion of CD11b* cDC at the expense of pDCs (Fig. 3E). We
excluded the possibility that LIF selectively induces apoptosis of developing pDCs, since the
percentages of annexin V7 cells in the presence of LIF were similar or even lower than in the
absence of LIF (Fig. S1). Moreover, non-DC populations, such as NK cells, neutrophils and
macrophages, were not affected by LIF (Fig. S2). Altogether, these data show that LIF
skews differentiation of DCs towards CD11b* ¢DCs at the expense of pDCs.

LIF impacts DC progenitors

We noticed that the earlier LIF was added to BM cultures, the stronger was its inhibitory
effect on pDC development (Fig. 4A). Thus, we hypothesized that LIF acted on DC
progenitors by deviating their differentiation away from pDCs towards cDCs. Immgen
expression profiles of mouse DCs depicted essentially no expression of L/frmRNA in
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macrophage-DC progenitors (MDPs) and minimal expression in common DC progenitors
(CDPs) in comparison to mature pDCs (Fig. 4B). Consistent with this, no LIFR protein was
detected on MDPs (62, 63) or CDPs (20, 21, 64) by flow cytometric analysis (Fig. 4C).
However, LIFR receptor was detected on a post-CDP CD11c* progenitor that maintains both
pDC and cDC potential (65) (Fig. 4C). Therefore, we sorted MDPs, CDPs and the post-CDP
CD11c* progenitor and assessed the generation of cDCs versus pDCs in BM cultures with
FIt3L with or without LIF. In the absence of LIF, all progenitors produced pDCs, with the
late stage post-CDP progenitor yielding pDCs more rapidly (2 days of culture) than CDPs
and MDPs (4 days of culture). LIF deviated DC differentiation from all three progenitors
towards the generation of CD11b* ¢cDCs, whereas pDC development was suppressed (Fig.
4D, E). We conclude that LIF biases differentiation of a late stage CD11c* post-CDP
progenitor towards cDCs at the expense of pDCs.

LIFR deficiency enhances pDCs development and function

We next sought to validate the role of LIFR in pDC function and development /n vivoin
mice lacking LIFR. L/fr”~mice die during or soon after birth due to disruptions of the
placental architecture that result in poor intrauterine nutrition as well as pleiotropic defects
involving the bone, nervous system and metabolism (65); therefore, we generated

ItgaxCreL jfr1oX/flox mice, which lack LIFR in CD11c™ cells. Previous work has shown that
Itgax©" mediated recombination is ~60-80% efficient in pDCs (66). Excision of the floxed
exon 5 was even less efficient in the /zgaxC'eL if7ox/floxmice, perhaps because the Lifrlocus
is relatively inaccessible. To increase the efficacy of /fgax“"-mediated deletion, we
generated /fgaxC"eLif1X by crossing Lifr'* with /tgaxCreL iffoX/flox mice, so that /fgax-
Cre had only to excise exon 5 of L/frfrom one floxed allele rather than two. We found that
primary pDCs isolated from the BM or spleen of /tgax“"eLifr~°X mice expressed
intermediate or essentially no LIFR, reflecting incomplete excision of floxed Lifrby /tga
(Fig. 5A). WT mice expressed relatively high levels of LIFR on the cell surface, whereas
those from heterozygous Lifr”f0X mice expressed about half as much.

re

Using /tgax©"eL ifr~"1oX mice, we examined the impact of LIF on pDC development i vitro.
BM cells from /zgax©"eL ifr~""0X mice cultured with FIt3L contained slightly more pDC (Fig.
5B) and less CD11b* cDC (Fig. 5C) than BM cells from Lifrf0X or WT mice. Moreover,
BM cells from /tgaxC"eLifr~"10X mice were more resiliant to the pDC suppressive activity of
LIF than Lifr”’oX or WT BM cells, yielding more pDCs and less cDCs in the presence of
LIF (Fig. 5B,C). We also isolated pDCs with the highest and lowest levels of LIFR
expression from Lifr”X mice and demonstrated that LIFR!® pDCs produce more IFN-a
upon CpG-A stimulation than do LIFRM pDCs (Fig. 5D). Finally, we demonstrated that
1tgax“eL ifr”f1oX mice had more IFN-a in the serum than did L/fr~f0X mice after LCMV
infection (Fig. 5E).

Since some pDCs in /tgax“"eLifr"X mice clearly express LIFR, we crossed L /fr70x/flox
with Vav1€" mice to obtain more efficient deletion of L/frin pDCs and DC progenitors.
Efficient depletion of LIFR in pDCs and, as expected, all hematopoietic cells was evident in
VaviCreL jfox/flox mice (Fig. 6A). However, there was no impact on the number of pDCs in
spleen, bone marrow, lymph nodes, or within intraepithelial cells (IELs) (Fig. 6B). Thus, DC
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development is not affected by the absence of LIFR /n vivo, suggesting that either DC
progenitors are under other influences that may compensate the absence of LIFR, or that
homeostatic pDC development is not regulated by LIF in7 vivo. However, VaviCreL jfiflox/flox
mice infected with LCMV produced more IFN-a in the serum than did £ /f7ox/flox
littermates (Fig. 6C), corroborating the data obtained from /tgax“"eL ifr”f0X mice showing
that LIF inhibits the function of mature pDCs /n vivo.

We sought to evalute LIFR signaling in FIt3L cultures of BM cells from Lifr70x/flox and
Vav1CreL jfrflox/flox mice. We first confirmed that LIF-induced STAT3 phosphorylation can
be detected by intracellular staining in mature pDCs enriched from Lifr70X/flox pyt not from
VaviCrel jfflox/flox mice, corroborating complete deletion of LIFR in pDCs from these mice
(Fig. 6D). However, we noticed that the cell fixation required for intracellular detection of
phospho-STATS affected various cell surface markers used to identify pDCs, such as
SiglecH, that became undetectable after fixation (Fig. 6D). Therefore, BM cultures stained
for intracellular content of phospho-STATSs were counterstained with CD11b and B220,
which were not affected by methanol fixation (Fig. 6E). In BM cultures from Ljfr7ox/flox
mice, LIF induced a clear STAT3 phosphorylation in CD11b*B220* cells, which include
post-CDP progenitors with pDC potential, as well as CD11b~B2207 cells, which encompass
mature pDCs (Fig. 6E). A more modest phosphorylation was detected in the other BM
subsets. In BM cultures from VaviC¢7eL jf1ox/flox mice, no STAT3 phosphorylation was
observed at any time, consistent with LIFR deletion (Fig. 6E). In parallel with STAT3
phosphorylation, /2 mRNA expression significantly increased after 4 and 6 days of cultures
with LIF, while £2-2mRNA expression declined (Fig. 6F), confirming the results obtained
with primary pDCs. Although Id2 has been previously shown to be induced by STAT5
signaling (50), no STAT5 phosphorylation was detected at any time in BM cultures
stimulated with LIF (Fig. 6E). We conclude that LIFR signaling during pDC development is
similar to that observed in mature pDCs.

DISCUSSION

Here we found that pDCs are unique among DCs for the expression of LIFR, which inhibits
their IFN-I and cytokine production and modifies their phenotype towards a cDC-like type.
Incubation of pDC with LIF inhibited both IRF7-dependent IFN-a and NF-xB-dependent
TNF and IL-6 secretion in response to CpG and LCMV. Comparison of IFN-a production
by LIFR!® and LIFRN pDCs isolated from L/fr*/~ mice corroborated a marked inhibitory
effect of LIFR on pDCs. Conversely, /tgax<eL ifr"foX and Vavi1CeL jfr1ox/flox mice, which
lack LIFR in the CD11c lineage and in hematopoietic cells, respectively, had higher levels of
IFN-a in the serum after LCMYV infection /n vivo than did control mice. Mechanistically,
LIFR activated the STAT3 pathway, which induced the expression of target genes known to
inhibit IFNAR and NF-kB signaling. Among these, SOCS3 is a suppressor of the JAK-STAT
pathway that negatively regulates signaling of proinflammatory cytokines (52) and inhibits
the TBK-IRF3-1FN-I pathway during vesicular stomatitis virus (VSV) and influenza A virus
infections (53). Additional STAT3-induced molecules, such as Bc/3, inhibit NF-kB
activation. Although the STAT3 pathway has been shown to induce E2-2, the pDC master
transcription factor, pDCs exposed to LIF paradoxically expressed the E2-2 antagonist 1d2,
which can inhibit development of pDCs and destabilize their phenotype and functions.
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Our study also shows that signaling through LIFR inhibits pDC development in BM

cultures. LIFR was expressed on a late CD11c* post-CDP progenitor that maintains

potential for pDCs and cDCs, whereas only a small amount of L/frmRNA was detected in
CDPs. Addition of LIF to BM cells or purified DC progenitors cultured in FIt3L biased DC
differentiation towards CD11b* cDCs rather than pDCs. Conversely, BM cells from
1tgax©eL jfr”foX mice that lack LIFR in the CD11c™ lineage spontaneously generated more
pDCs and fewer CD11b* cells than did BM cells from control mice and were more
refractory to suppression mediated by addition of LIF to the cultures. pDC numbers were not
affected in either /tgaxC"eLifr"70X or \av1CreL jfrTox/flox mice, suggesting that DC
progenitors are under other influences that may compensate for the absence of LIFR /n vivo,
or that homeostatic pDC development is not controlled by LIF. It remains possible that BM
levels of LIF increase in pathological settings, which might impact pDC development. LIFR-
mediated inhibition of pDC development /n vitro was paralleled by the induction of 1d2. It
has been shown that overexpression of 1d2 inhibits pDC development (67), while pDCs
numbers are elevated in /a2~ mice (29). In addition, cells overexpressing Id2 spontaneously
differentiate into a CX3CR1*CD8a* ¢cDC-like population (25, 68). Similarly, diminished
E2-2 activity reportedly impedes pDC development and facilitates the emergence of a non-
canonical DC subset (69) that is heterogeneous and encompasses pDC-like and cDC-like
cells (70-72). Thus, expression of 1d2 and inhibition of E2-2 in various contexts induce an
alternative fate for pDC-committed cells. In the current study, addition of LIF to FIt3L-
cultured BM cells induced the differentiation of CX3CR1*CD8a"CD11b* cDC-like cells.

The induction of 1d2 by LIF was unexpected. Previous studies have shown that FIt3, like
LIF, signals through STAT3 (73), which promotes the expression of E2-2 in CDPs; E2-2
propels their differentiation into pDCs (2) and sustains pDC phenotype and function (50).
We postulate that the paradoxical induction of 1d2 by LIF may be a consequence of SOCS3
induction. By modulating JAK-STAT signaling, SOCS3 inhibits FIt3 and IFNAR signaling.
However, since pDC generation requires FIt3 and is bolstered considerably by IFN-I (23),
curtailing FlIt3 and IFNAR signaling may attenuate pDC development from post-CDP
progenitors. Furthermore, alternative signaling pathways initiated by other cytokines, such
as IL-2, IL-12 and IL-21 (61), may be left unopposed, leading to induction of 1d2 expression
and consequent bias of post-CDPs towards differentiation of cDC-like cells.

Examination of human databases did not reveal expression of LIFR in human pDCs or their
progenitors. It remains to be seen whether LIFR is expressed during activation or in
pathological contexts, such as pDC neoplasms with leukemic presentation (74) or pDCs
infiltrating solid tumors. Regardless of whether LIFR is only expressed in mouse pDCs and
their progenitors, our study reveals a novel pDC inhibitory mechanism based on biased
STAT3 signaling that could be exploited to modulate pDCs in human. Several inhibitory
mechanisms of pDCs have been previously reported. In mice, the cell surface receptors
SiglecH and CD300c inhibit type | IFN production when crosslinked with an antibody as a
surrogate ligand (75, 76). In humans, the cell surface receptors ILT7 and BDCA-2 perform
similar functions (77, 78). Accordingly, treatment of patients with systemic lupus
erythematosus with a humanized monoclonal antibody that binds to BDCA-2 improved skin
lesions by attenuating IFN-I production (79). The protein tyrosine phosphatase receptor
sigma, PTPRS, was also identified as a pDC-specific inhibitory receptor that can prevent

J Immunol. Author manuscript; available in PMC 2020 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sesti-Costa et al. Page 11

intestinal inflammation in both humans and mice (80). Our study extends these studies
demonstrating a novel pathway for pDC modulation based on enhanced STAT3-SOCS3-1d2
expression levels that can be potentially exploited to prevent inappropriate secretion of IFN-I
in autoimmune diseases or promote IFN-1 secretion during viral infections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGEMENTS

We thank Dr. E. Lantelme and D. Brinja for FACS assistance and Gary E Grajales-Reyes for helpful discussions.
Microarray services were supplied by Genome Technology Access Center (Washington University School of
Medicine).

REFERENCES

1. Swiecki M, and Colonna M. 2015 The multifaceted biology of plasmacytoid dendritic cells. Nat.
Rev. Immunol. 15: 471-485. [PubMed: 26160613]

2. Reizis B 2019 Plasmacytoid Dendritic Cells: Development, Regulation, and Function. Immunity 50:
37-50. [PubMed: 30650380]

3. Asselin-Paturel C, and Trinchieri G. 2005 Production of type | interferons: plasmacytoid dendritic
cells and beyond. J. Exp. Med. 202: 461-465. [PubMed: 16103406]

4. Cervantes-Barragan L, Lewis KL, Firner S, Thiel V, Hugues S, Reith W, Ludewig B, and Reizis B.
2012 Plasmacytoid dendritic cells control T-cell response to chronic viral infection. Proc. Natl.
Acad. Sci. USA 109: 3012-3017. [PubMed: 22315415]

5. Swiecki M, Gilfillan S, Vermi W, Wang Y, and Colonna M. 2010 Plasmacytoid dendritic cell
ablation impacts early interferon responses and antiviral NK and CD8(+) T cell accrual. Immunity
33: 955-966. [PubMed: 21130004]

6. Webster B, Werneke SW, Zafirova B, This S, Coleon S, Decembre E, Paidassi H, Bouvier I, Joubert
PE, Duffy D, Walzer T, Albert ML, and Dreux M. 2018 Plasmacytoid dendritic cells control dengue
and Chikungunya virus infections via IRF7-regulated interferon responses. Elife 7.

7. Aiello A, Giannessi F, Percario ZA, and Affabris E. 2018 The involvement of plasmacytoid cells in
HIV infection and pathogenesis. Cytokine Growth Factor Rev. 40: 77-89. [PubMed: 29588163]

8. Asselin-Paturel C, Brizard G, Chemin K, Boonstra A, O’Garra A, Vicari A, and Trinchieri G. 2005
Type | interferon dependence of plasmacytoid dendritic cell activation and migration. J. Exp. Med.
201: 1157-1167. [PubMed: 15795237]

9. Barton GM, and Kagan JC. 2009 A cell biological view of Toll-like receptor function: regulation
through compartmentalization. Nat. Rev. Immunol. 9: 535-542. [PubMed: 19556980]

10. Blasius AL, and Beutler B. 2010 Intracellular toll-like receptors. Immunity 32: 305-315. [PubMed:

20346772]

11. Theofilopoulos AN, Gonzalez-Quintial R, Lawson BR, Koh YT, Stern ME, Kono DH, Beutler B,
and Baccala R. 2010 Sensors of the innate immune system: their link to rheumatic diseases. Nat.
Rev. Rheumatol. 6: 146-156. [PubMed: 20142813]

12. Honda K, Ohba Y, Yanai H, Negishi H, Mizutani T, Takaoka A, Taya C, and Taniguchi T. 2005
Spatiotemporal regulation of MyD88-IRF-7 signalling for robust type-I interferon induction.
Nature 434: 1035-1040. [PubMed: 15815647]

13. Guiducci C, Ott G, Chan JH, Damon E, Calacsan C, Matray T, Lee KD, Coffman RL, and Barrat
FJ. 2006 Properties regulating the nature of the plasmacytoid dendritic cell response to Toll-like
receptor 9 activation. J. Exp. Med. 203: 1999-2008. [PubMed: 16864658]

14. Sisirak V, Ganguly D, Lewis KL, Couillault C, Tanaka L, Bolland S, D’Agati V, Elkon KB, and
Reizis B. 2014 Genetic evidence for the role of plasmacytoid dendritic cells in systemic lupus
erythematosus. J. Exp. Med. 211: 1969-1976. [PubMed: 25180061]

J Immunol. Author manuscript; available in PMC 2020 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sesti-Costa et al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.
28.

29.

30.

31.

32.

Page 12

Rowland SL, Riggs JM, Gilfillan S, Bugatti M, Vermi W, Kolbeck R, Unanue ER, Sanjuan MA,
and Colonna M. 2014 Early, transient depletion of plasmacytoid dendritic cells ameliorates
autoimmunity in a lupus model. J. Exp. Med. 211: 1977-1991. [PubMed: 25180065]

Hansen L, Schmidt-Christensen A, Gupta S, Fransen-Pettersson N, Hannibal TD, Reizis B,
Santamaria P, and Holmberg D. 2015 E2-2 Dependent Plasmacytoid Dendritic Cells Control
Autoimmune Diabetes. PLoS One 10: e0144090.

Ah Kioon MD, Tripodo C, Fernandez D, Kirou KA, Spiera RF, Crow MK, Gordon JK, and Barrat
FJ. 2018 Plasmacytoid dendritic cells promote systemic sclerosis with a key role for TLR8. Sci
Transl Med 10.

Rodrigues PF, Alberti-Servera L, Eremin A, Grajales-Reyes GE, Ivanek R, and Tussiwand R. 2018
Distinct progenitor lineages contribute to the heterogeneity of plasmacytoid dendritic cells. Nat.
Immunol. 19: 711-722. [PubMed: 29925996]

Murphy TL, Grajales-Reyes GE, Wu X, Tussiwand R, Briseno CG, Iwata A, Kretzer NM, Durai V,
and Murphy KM. 2016 Transcriptional Control of Dendritic Cell Development. Annu Rev
Immunol 34: 93-119. [PubMed: 26735697]

Liu K, Victora GD, Schwickert TA, Guermonprez P, Meredith MM, Yao K, Chu FF, Randolph GJ,
Rudensky AY, and Nussenzweig M. 2009 In vivo analysis of dendritic cell development and
homeostasis. Science 324: 392-397. [PubMed: 19286519]

Naik SH, Sathe P, Park HY, Metcalf D, Proietto Al, Dakic A, Carotta S, O’Keeffe M, Bahlo M,
Papenfuss A, Kwak JY, Wu L, and Shortman K. 2007 Development of plasmacytoid and
conventional dendritic cell subtypes from single precursor cells derived in vitro and in vivo. Nat.
immunol. 8: 1217-1226. [PubMed: 17922015]

Meshinchi S, and Appelbaum FR. 2009 Structural and functional alterations of FLT3 in acute
myeloid leukemia. Clin Cancer Res 15: 4263-4269. [PubMed: 19549778]

Chen YL, Chen TT, Pai LM, Wesoly J, Bluyssen HA, and Lee CK. 2013 A type I IFN-FIt3 ligand
axis augments plasmacytoid dendritic cell development from common lymphoid progenitors. J.
Exp. Med. 210: 2515-2522. [PubMed: 24145513]

Cisse B, Caton ML, Lehner M, Maeda T, Scheu S, Locksley R, Holmberg D, Zweier C, den
Hollander NS, Kant SG, Holter W, Rauch A, Zhuang Y, and Reizis B. 2008 Transcription factor
E2-2 is an essential and specific regulator of plasmacytoid dendritic cell development. Cell 135:
37-48. [PubMed: 18854153]

Ghosh HS, Cisse B, Bunin A, Lewis KL, and Reizis B. 2010 Continuous expression of the
transcription factor e2-2 maintains the cell fate of mature plasmacytoid dendritic cells. Immunity
33: 905-916. [PubMed: 21145760]

Nagasawa M, Schmidlin H, Hazekamp MG, Schotte R, and Blom B. 2008 Development of human
plasmacytoid dendritic cells depends on the combined action of the basic helix-loop-helix factor
E2-2 and the Ets factor Spi-B. Eur. J. Immunol. 38: 2389-2400. [PubMed: 18792017]

Kee BL 2009 E and ID proteins branch out. Nat. Rev. Immunol. 9: 175-184. [PubMed: 19240756]
Ginhoux F, Liu K, Helft J, Bogunovic M, Greter M, Hashimoto D, Price J, Yin N, Bromberg J, Lira
SA, Stanley ER, Nussenzweig M, and Merad M. 2009 The origin and development of
nonlymphoid tissue CD103+ DCs. J. Exp. Med. 206: 3115-3130. [PubMed: 20008528]

Hacker C, Kirsch RD, Ju XS, Hieronymus T, Gust TC, Kuhl C, Jorgas T, Kurz SM, Rose-John S,
Yokota Y, and Zenke M. 2003 Transcriptional profiling identifies 1d2 function in dendritic cell
development. Nat. Immunol. 4: 380-386. [PubMed: 12598895]

Williams RL, Hilton DJ, Pease S, Willson TA, Stewart CL, Gearing DP, Wagner EF, Metcalf D,
Nicola NA, and Gough NM. 1988 Myeloid leukaemia inhibitory factor maintains the
developmental potential of embryonic stem cells. Nature 336: 684—687. [PubMed: 3143916]
Escary JL, Perreau J, Dumenil D, Ezine S, and Brulet P. 1993 Leukaemia inhibitory factor is
necessary for maintenance of haematopoietic stem cells and thymocyte stimulation. Nature 363:
361-364. [PubMed: 8497320]

Ying QL, Nichols J, Chambers I, and Smith A. 2003 BMP induction of Id proteins suppresses
differentiation and sustains embryonic stem cell self-renewal in collaboration with STAT3. Cell
115: 281-292. [PubMed: 14636556]

J Immunol. Author manuscript; available in PMC 2020 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sesti-Costa et al.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 13

Skiniotis G, Lupardus PJ, Martick M, Walz T, and Garcia KC. 2008 Structural organization of a
full-length gp130/LIF-R cytokine receptor transmembrane complex. Mol. Cell 31: 737-748.
[PubMed: 18775332]

Dekanty A, Sauane M, Cadenas B, Coluccio F, Barrio M, Casala J, Paciencia M, Rogers F, Coso
OA, Piwien-Pilipuk G, Rudland PS, and de Asua LJ. 2006 Leukemia inhibitory factor induces
DNA synthesis in Swiss mouse 3T3 cells independently of cyclin D1 expression through a
mechanism involving MEK/ERK1/2 activation. J. Biol. Chem. 281: 6136-6143. [PubMed:
16291739]

Paling NR, Wheadon H, Bone HK, and Welham MJ. 2004 Regulation of embryonic stem cell self-
renewal by phosphoinositide 3-kinase-dependent signaling. J. Biol. Chem. 279: 48063-48070.
[PubMed: 15328362]

Jones SA, and Jenkins BJ. 2018 Recent insights into targeting the IL-6 cytokine family in
inflammatory diseases and cancer. Nat. Rev. Immunol. 18: 773-789. [PubMed: 30254251]

Yue X, Wu L, and Hu W. 2015 The regulation of leukemia inhibitory factor. Cancer Cell
Microenviron 2 e877

Hendriks JJ, Slaets H, Carmans S, de Vries HE, Dijkstra CD, Stinissen P, and Hellings N. 2008
Leukemia inhibitory factor modulates production of inflammatory mediators and myelin
phagocytosis by macrophages. J. Neuroimmunol. 204: 52-57. [PubMed: 18771807]

Cao W, Yang Y, Wang Z, Liu A, Fang L, Wu F, Hong J, Shi Y, Leung S, Dong C, and Zhang JZ.
2011 Leukemia inhibitory factor inhibits T helper 17 cell differentiation and confers treatment
effects of neural progenitor cell therapy in autoimmune disease. Immunity 35: 273-284. [PubMed:
21835648]

Janssens K, Van den Haute C, Baekelandt V, Lucas S, van Horssen J, Somers V, Van Wijmeersch
B, Stinissen P, Hendriks JJ, Slaets H, and Hellings N. 2015 Leukemia inhibitory factor tips the
immune balance towards regulatory T cells in multiple sclerosis. Brain Behav Immun. 45: 180-
188. [PubMed: 25514345]

Slaets H, Hendriks JJ, Van den Haute C, Coun F, Baekelandt V, Stinissen P, and Hellings N. 2010
CNS-targeted LIF expression improves therapeutic efficacy and limits autoimmune-mediated
demyelination in a model of multiple sclerosis. Mol. Ther. 18: 684-691. [PubMed: 20068552]
Metcalfe SM 2011 Multiple sclerosis: One protein, two healing properties. Nature 477: 287-288.
[PubMed: 21921909]

Metcalfe SM 2018 LIF and multiple sclerosis: One protein with two healing properties. Mult Scler
Relat Disord 20: 223-227. [PubMed: 29448112]

Davis SM, Collier LA, Winford ED, Leonardo CC, Ajmo CT Jr., Foran EA, Kopper TJ, Gensel JC,
and Pennypacker KR. 2018 Leukemia inhibitory factor modulates the peripheral immune response
in a rat model of emergent large vessel occlusion. J Neuroinflammation 15: 288. [PubMed:
30322390]

Gao W, Thompson L, Zhou Q, Putheti P, Fahmy TM, Strom TB, and Metcalfe SM. 2009 Treg
versus Th17 lymphocyte lineages are cross-regulated by LIF versus IL-6. Cell cycle 8: 1444-1450.
[PubMed: 19342884]

Duluc D, Delneste Y, Tan F, Moles MP, Grimaud L, Lenoir J, Preisser L, Anegon I, Catala L, Ifrah
N, Descamps P, Gamelin E, Gascan H, Hebbar M, and Jeannin P. 2007 Tumor-associated leukemia
inhibitory factor and IL-6 skew monocyte differentiation into tumor-associated macrophage-like
cells. Blood 110: 4319-4330. [PubMed: 17848619]

Won H, Moreira D, Gao C, Duttagupta P, Zhao X, Manuel E, Diamond D, Yuan YC, Liu Z, Jones
J, D’Apuzzo M, Pal S, and Kortylewski M. 2017 TLR9 expression and secretion of LIF by
prostate cancer cells stimulates accumulation and activity of polymorphonuclear MDSCs. J
Leukoc Biol 102: 423-436. [PubMed: 28533357]

Zhu M, Oishi K, Lee SC, and Patterson PH. 2001 Studies using leukemia inhibitory factor (LIF)
knockout mice and a LIF adenoviral vector demonstrate a key anti-inflammatory role for this
cytokine in cutaneous inflammation. J. Immunol. 166: 2049-2054. [PubMed: 11160255]

Weber MA, Schnyder-Candrian S, Schnyder B, Quesniaux V, Poli V, Stewart CL, and Ryffel B.
2005 Endogenous leukemia inhibitory factor attenuates endotoxin response. Lab. Invest. 85: 276—
284. [PubMed: 15702085]

J Immunol. Author manuscript; available in PMC 2020 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sesti-Costa et al.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Page 14

Li HS, Yang CY, Nallaparaju KC, Zhang H, Liu YJ, Goldrath AW, and Watowich SS. 2012 The
signal transducers STATS and STAT3 control expression of 1d2 and E2-2 during dendritic cell
development. Blood 120: 4363-4373. [PubMed: 23033267]

Tang Y, and Tian XC. 2013 JAK-STAT3 and somatic cell reprogramming. Jak-Stat 2: e24935.
Kubo M, Hanada T, and Yoshimura A. 2003 Suppressors of cytokine signaling and immunity. Nat.
Immunol. 4: 1169-1176. [PubMed: 14639467]

Liu D, Sheng C, Gao S, Yao C, Li J, Jiang W, Chen H, Wu J, Pan C, Chen S, and Huang W. 2015
SOCS3 Drives Proteasomal Degradation of TBK1 and Negatively Regulates Antiviral Innate
Immunity. Mol. Cell Biol. 35: 2400-2413. [PubMed: 25939384]

Akhtar LN, Qin H, Muldowney MT, Yanagisawa LL, Kutsch O, Clements JE, and Benveniste EN.
2010 Suppressor of cytokine signaling 3 inhibits antiviral IFN-beta signaling to enhance HIV-1
replication in macrophages. J. Immunol. 185: 2393-2404. [PubMed: 20631305]

Akhtar LN, and Benveniste EN. 2011 Viral exploitation of host SOCS protein functions. J Virol 85:
1912-1921. [PubMed: 21084484]

Teran-Cabanillas E, and Hernandez J. 2017 Role of Leptin and SOCS3 in Inhibiting the Type |
Interferon Response During Obesity. Inflammation 40: 58-67. [PubMed: 27704310]

Sina C, Arlt A, Gavrilova O, Midtling E, Kruse ML, Muerkoster SS, Kumar R, Folsch UR,
Schreiber S, Rosenstiel P, and Schafer H. 2010 Ablation of gly96/immediate early gene-X1 (gly96/
iex-1) aggravates DSS-induced colitis in mice: role for gly96/iex-1 in the regulation of NF-
kappaB. Inflamm. Bowel Dis. 16: 320-331. [PubMed: 19714745]

Zhang Q, Didonato JA, Karin M, and McKeithan TW. 1994 BCL3 encodes a nuclear protein which
can alter the subcellular location of NF-kappa B proteins. Mol. Cell Biol. 14: 3915-3926.
[PubMed: 8196632]

Taggart CC, Cryan SA, Weldon S, Gibbons A, Greene CM, Kelly E, Low TB, O’Neill S J, and
McElvaney NG. 2005 Secretory leucoprotease inhibitor binds to NF-kappaB binding sites in
monocytes and inhibits p65 binding. J. Exp. Med. 202: 1659-1668. [PubMed: 16352738]

Liu CH, Machado FS, Guo R, Nichols KE, Burks AW, Aliberti JC, and Zhong XP. 2007
Diacylglycerol kinase zeta regulates microbial recognition and host resistance to Toxoplasma
gondii. J. Exp. Med. 204: 781-792. [PubMed: 17371930]

Yang CY, Best JA, Knell J, Yang E, Sheridan AD, Jesionek AK, Li HS, Rivera RR, Lind KC,
D’Cruz LM, Watowich SS, Murre C, and Goldrath AW. 2011 The transcriptional regulators 1d2
and 1d3 control the formation of distinct memory CD8+ T cell subsets. Nat. Immunol. 12: 1221-
1229. [PubMed: 22057289]

Fogg DK, Sibon C, Miled C, Jung S, Aucouturier P, Littman DR, Cumano A, and Geissmann F.
2006 A clonogenic bone marrow progenitor specific for macrophages and dendritic cells. Science
311: 83-87. [PubMed: 16322423]

Varol C, Landsman L, Fogg DK, Greenshtein L, Gildor B, Margalit R, Kalchenko V, Geissmann F,
and Jung S. 2007 Monocytes give rise to mucosal, but not splenic, conventional dendritic cells. J.
Exp. Med. 204: 171-180. [PubMed: 17190836]

Onai N, Obata-Onai A, Schmid MA, Ohteki T, Jarrossay D, and Manz MG. 2007 Identification of
clonogenic common FIt3+M-CSFR+ plasmacytoid and conventional dendritic cell progenitors in
mouse bone marrow. Nat. Immunol. 8: 1207-1216. [PubMed: 17922016]

Ware CB, Horowitz MC, Renshaw BR, Hunt JS, Liggitt D, Koblar SA, Gliniak BC, McKenna HJ,
Papayannopoulou T, Thoma B, and et al. 1995 Targeted disruption of the low-affinity leukemia
inhibitory factor receptor gene causes placental, skeletal, neural and metabolic defects and results
in perinatal death. Development 121: 1283-1299. [PubMed: 7789261]

Caton ML, Smith-Raska MR, and Reizis B. 2007 Notch-RBP-J signaling controls the homeostasis
of CD8- dendritic cells in the spleen. J. Exp. Med. 204: 1653-1664. [PubMed: 17591855]

Spits H, Couwenberg F, Bakker AQ, Weijer K, and Uittenbogaart CH. 2000 Id2 and 1d3 inhibit
development of CD34(+) stem cells into predendritic cell (pre-DC)2 but not into pre-DC1.
Evidence for a lymphoid origin of pre-DC2. J. Exp. Med. 192: 1775-1784. [PubMed: 11120774]
Bar-On L, Birnberg T, Lewis KL, Edelson BT, Bruder D, Hildner K, Buer J, Murphy KM, Reizis
B, and Jung S. 2010 CX3CR1+ CD8alpha+ dendritic cells are a steady-state population related to
plasmacytoid dendritic cells. Proc. Natl. Acad. Sci. USA 107: 14745-14750. [PubMed: 20679228]

J Immunol. Author manuscript; available in PMC 2020 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sesti-Costa et al.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 15

Grajkowska LT, Ceribelli M, Lau CM, Warren ME, Tiniakou I, Nakandakari Higa S, Bunin A,
Haecker H, Mirny LA, Staudt LM, and Reizis B. 2017 Isoform-Specific Expression and Feedback
Regulation of E Protein TCF4 Control Dendritic Cell Lineage Specification. Immunity 46: 65-77.
[PubMed: 27986456]

Villani AC, Satija R, Reynolds G, Sarkizova S, Shekhar K, Fletcher J, Griesbeck M, Butler A,
Zheng S, Lazo S, Jardine L, Dixon D, Stephenson E, Nilsson E, Grundberg |, McDonald D, Filby
A, Li W, De Jager PL, Rozenblatt-Rosen O, Lane AA, Haniffa M, Regev A, and Hacohen N. 2017
Single-cell RNA-seq reveals new types of human blood dendritic cells, monocytes, and
progenitors. Science 356.

Zhang H, Gregorio JD, Iwahori T, Zhang X, Choi O, Tolentino LL, Prestwood T, Carmi Y, and
Engleman EG. 2017 A distinct subset of plasmacytoid dendritic cells induces activation and
differentiation of B and T lymphocytes. Proc. Natl. Acad. Sci. USA 114: 1988-1993. [PubMed:
28167780]

Alcantara-Hernandez M, Leylek R, Wagar LE, Engleman EG, Keler T, Marinkovich MP, Davis
MM, Nolan GP, and ldoyaga J. 2017 High-Dimensional Phenotypic Mapping of Human Dendritic
Cells Reveals Interindividual Variation and Tissue Specialization. Immunity 47: 1037-1050 e1036.
[PubMed: 29221729]

Laouar Y, Welte T, Fu XY, and Flavell RA. 2003 STAT3 is required for FIt3L-dependent dendritic
cell differentiation. Immunity 19: 903-912. [PubMed: 14670306]

Pagano L, Valentini CG, Pulsoni A, Fisogni S, Carluccio P, Mannelli F, Lunghi M, Pica G, Onida
F, Cattaneo C, Piccaluga PP, Di Bona E, Todisco E, Musto P, Spadea A, D’Arco A, Pileri S, Leone
G, Amadori S, Facchetti F, and Gimema A. 2013 Blastic plasmacytoid dendritic cell neoplasm
with leukemic presentation: an Italian multicenter study. Haematologica 98: 239-246. [PubMed:
23065521]

Blasius AL, Cella M, Maldonado J, Takai T, and Colonna M. 2006 Siglec-H is an IPC-specific
receptor that modulates type | IFN secretion through DAP12. Blood 107: 2474-2476. [PubMed:
16293595]

Kaitani A, 1zawa K, Maehara A, Isobe M, Takamori A, Matsukawa T, Takahashi M, Yamanishi Y,
Oki T, Yamada H, Nagamine M, Uchida S, Uchida K, Ando T, Maeda K, Nakano N, Shimizu T,
Takai T, Ogawa H, Okumura K, Kitamura T, and Kitaura J. 2018 Leukocyte mono-
immunoglobulin-like receptor 8 (LMIR8)/CLM-6 is an FcRgamma-coupled receptor selectively
expressed in mouse tissue plasmacytoid dendritic cells. Sci Rep 8: 8259. [PubMed: 29844322]
Cao W, Rosen DB, Ito T, Bover L, Bao M, Watanabe G, Yao Z, Zhang L, Lanier LL, and Liu YJ.
2006 Plasmacytoid dendritic cell-specific receptor ILT7-Fc epsilonRI gamma inhibits Toll-like
receptor-induced interferon production. J. Exp. Med. 203: 1399-1405. [PubMed: 16735691]
Dzionek A, Sohma Y, Nagafune J, Cella M, Colonna M, Facchetti F, Gunther G, Johnston I,
Lanzavecchia A, Nagasaka T, Okada T, Vermi W, Winkels G, Yamamoto T, Zysk M, Yamaguchi
Y, and Schmitz J. 2001 BDCA-2, a novel plasmacytoid dendritic cell-specific type Il C-type lectin,
mediates antigen capture and is a potent inhibitor of interferon alpha/beta induction. J. Exp. Med.
194: 1823-1834. [PubMed: 11748283]

Furie R, Werth VP, Merola JF, Stevenson L, Reynolds TL, Naik H, Wang W, Christmann R, Gardet
A, Pellerin A, Hamann S, Auluck P, Barbey C, Gulati P, Rabah D, and Franchimont N. 2019
Monoclonal antibody targeting BDCA2 ameliorates skin lesions in systemic lupus erythematosus.
J. Clin. Invest. 129: 1359-1371. [PubMed: 30645203]

Bunin A, Sisirak V, Ghosh HS, Grajkowska LT, Hou ZE, Miron M, Yang C, Ceribelli M, Uetani N,
Chaperot L, Plumas J, Hendriks W, Tremblay ML, Hacker H, Staudt LM, Green PH, Bhagat G,
and Reizis B. 2015 Protein Tyrosine Phosphatase PTPRS Is an Inhibitory Receptor on Human and
Murine Plasmacytoid Dendritic Cells. Immunity 43: 277-288. [PubMed: 26231120]

J Immunol. Author manuscript; available in PMC 2020 October 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Sesti-Costa et al.

Page 16

Key points
pDCs express LIFR
LIF inhibits pDC production of type | IFN

LIF biases DC development towards cDC at the expenses of pDCs
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Figurel. pDCsexpressLIFR. )
(A) Expression of LIFR by pDCs (SiglecH*CD11c'™, red gates and histograms) and cDC

(SiglecHCD11c", blue gates and histograms) from BM, spleen and lymph nodes. Gray
profiles represent staining with isotype control antibody. MFI of LIFR is indicated on the
right (n = 3 mice). (B) BM cells were cultured in the presence of FIt3L. On day 7, pDCs
(SiglecH*B220*CD11¢™") and cDCs (CD11c*CD24*Sirpa*) were sorted and stimulated
with CpG-A or CpG-B. After 24h the expression of LIFR mRNA was measured by qPCR.
(C) C57BL/6 mice were injected i.v with CpG-A and BM and spleen pDCs were analyzed
for LIFR expression by flow cytometry at the indicated times after injection. Blue and red
histograms on the left represent cells from non-injected (NI) and CpG-A injected mice at
24h respectively (n = 3 or 2 mice per group). Anova analysis with Bonferroni’s multiple
comparison test was performed. The differences between pDCs from NI and CpG-A injected
mice at each time point are shown. *<0.05 and **<0.01. (D) pDCs were sorted from BM,
incubated with LIF and analyzed for intracellular content of phosphorylated STAT3
(pSTAT3) by flow cytometry at the indicated times. Blue and red histograms represent
unstimulated and stimulated cells, respectively. The data are representative of at least three
independent experiments.

o

= N|
0 3h
= 6h
0O 24h

J Immunol. Author manuscript; available in PMC 2020 October 15.

LIFR expression

Page 17

0.015+
= medium

. CPGA
= 0.010 ™ CPGB
(@]
b
<
N
~ 0.0054

0.000-

O
$ §
15 min
Medium

pSTAT3




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Sesti-Costa et al.

A

IFNo. (pg/ml)

F

Spleen Bone marrow S -
-
- o 6000 [ — 150 [ — 1Medium
500 ! 2500 ! . o o 1LIF
w g : : 2.4
4004 og g 2001 B = S 4000 £ 100 -
) S e g o E
o o =
300 8 1500 o 28 iy o P =
o 3 2000 = 50
200 § 1000 z g
[ U
100 = 500 . ==
+ b g 0 T T 0 T T
o S — Medium LIF Medium LIF TLR9 >
Medium LIF Medium LIF
3 Medium G
Medium +LIF P CpG2216 E p Medium |
Ferla +LIF LIF )
Dgkz Itgax I |
Kik1 Pilra | |
Ptprf Inatt \
Timp2 Ifna7
€D209d Ifnab
fl:lz;ga xna; 0102 103 107 105 0102 109 107 10 021031097109 102771037 107 " 10°
a na. &
Socs3 Ifna4 siglec-H B220 CD11c Sca-
Fgl2 Ifna7
Gp49a Ifna9
Ly6a Ifnb1 H
Lilrb4 Ifna? Socs3  Dgkz ler3 Slpi 1d2 Bcl3
Ccl4 Ifmat4 & o
40 25 5 10 .
ftm1 Axi s = \edium
Mt Pary13 2 > + i T LIF
Oas? 7691 o __ i 5
Cd300a Nrxn2 2 % 2
ler3 Gm12597 RS 10 2 4
Bel3 ) )
les Expression é 10 1 5 1 2
Jun o o o o o
1d2 o Ry

Sipi

Figure 2. LIF inhibits pDC function.
(A) Spleen cells (left) and BM-sorted pDCs (right) were incubated with LIF for 1h and then

left unstimulated or stimulated with CpG-A for an additional 19h. IFN-a was measured in
the supernatant (n = 3—6 mice). (B) C57BL/6 mice were treated with LIF and then injected
i.v with CpG-A. IFN-a was measured in serum after 6 hours (n = 6-7 per group). (C)
Spleen cells and BM-sorted pDCs were incubated with LIF for 1h and then left unstimulated
or stimulated with CpG-B for an additional 19h. TNF and IL-6 were measured in the
supernatant (n = 3-6 mice). (D-H) PDCs were sorted from BM and incubated with or
without LIF for 20h. (D) TLR9 expression was analyzed by flow cytometry. Blue and red
histograms represent untreated and treated pDCs, respectively. (E) Expression of pDCs
markers by flow cytometry. Blue and red histograms represent untreated and treated pDCs,
respectively. (F, G) Heatmaps showing gene expression changes induced by LIF with or
without CpG. pDCs were sorted from BM and incubated with medium containing or not LIF
in the absence or presence (G) of CpG 2216. (H) Q-PCR showing genes up-regulated or
down-regulated by LIF. The data are representative of two to three independent experiments.
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BM cells were incubated with medium containing FIt3L for 2, 4, 6 or 9 days with or without
LIF. Medium was replaced on days 3.5 and 7. (A) Flow cytometry showing the percentages
of CD11c*SiglecH* pDCs (top panels) and CD11c*SiglecH™ cDCs (bottom panels) at day 9.
cDCs are further divided based on their expression of CD11b and CD24. (B) Kinetics of
CD11c, CD11b, B220 and SiglecH expression by BM cells in culture with or without LIF
for 2, 4 or 6 days. (C) Phenotyping of cells at day 6 based on pDCs and cDCs surface
markers. (D) Forward scatter (FSC) and side scatter (SSC) of cells after 6 days of culture
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with or without LIF. (E) Flow cytometry showing CD11b expression of proliferating cells
marked by Ki67. BM cells were incubated with medium containing FIt3L with or without
LIF for the indicated times. The data are representative of at least three independent
experiments.
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Figure4. LIF actson alate DC progenitor.
(A) LIF impairs pDC development in culture. BM cells were incubated with medium

containing FIt3L for 10 days and LIF was added to the culture on day 0, 2, 5 or 8. The
percentages of differentiated pDCs were ascertained by flow cytometry. (B) L/frmRNA
expression in pDCs, CDPs, and MDPs from Immgen database. (C) LIFR expression on
pDCs (lin*SiglecH™), post-CDPs with pDC and ¢DC potential (lin"FIt3*CD11c*), MDPs
(linFlt3*ckithM-CSFR™), and CDPs (lin"FIt3*ckit!®M-CSFR*). Red histograms, LIFR;
blue histograms, isotype control. (D-E) Sorted MDPs (lin"FIt3*ckit"M-CSFR*), CDPs (lin~
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FIt3*ckit!) and post-CDPs (lin"FIt3*CD11c*) were incubated with medium containing
FIt3L with or without LIF. Development of pDCs and CD11b* cDCs was assessed by flow
cytometry on days 2 and 4 of culture. (D) Representative dot plots and (E) statistical
analysis of SiglecH*CD11b~ pDC generation. Two-way ANOVA with Bonferroni’s post-test
was performed. Statistical differences are shown as *<0.05; **<0.01; and ***<0.001. The
data are representative of two to three independent experiments.
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Figure 5. Conditional targeting of LIFR in the CD11c* lineage augments pDCs development and
function.

(A) Flow cytometry showing the expression of LIFR by pDCs from BM and spleen of WT,
Lifr’foX and [tgax©'eL ifr"7oX mice. (B, C) BM cells of WT, Lifr”f0X and /tgax<eL ifr~ox
mice were incubated with medium containing FIt3L with or without LIF for 7 days.
Development of pDCs (B) and CD11b* cDCs (C) was assessed by flow cytometry. Two-way
ANOVA with Bonferroni’s post-test was performed. Statistical differences are shown as
*<0.05; **<0.01; and ***<0.001. (D) LIFR" and LIFR!® pDCs were sorted from BM of
Lifr”* mice and incubated with CpG-A for 24h for IFN-a. measurement on the supernatant
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by ELISA. Dots represent gate strategy for cells sorting. (E) WT, Lifr”f0X and

1tgax“eL ifr”f1oX mice were infected with LCMV Armstrong and IFN-a was quantified by
ELISA in the serum 48h and 72h later. The data are representative of two to three
independent experiments.
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Figure 6. Conditional targeting of LIFR in the hematopoietic lineage impacts mature pDC
functionsand L1FR signalingin BM cultures.

(A) Flow cytometry showing the expression of LIFR on pDCs from BM of Lifr70X/flox gnd
VaviCrel jfflox/flox mice. (B) Percentages of SiglecH*B220* cells in lymph nodes (iLN),
spleen, bone marrow (BM) and within intestinal intraepithelial cells (IELs) from Ljfr7ox/flox
and Vav1CreL jfrlox/flox mice ascertained by flow cytometry. (C) Lifr7ox/flox and

Vavi©rel jff1ox/flox mice were infected with LCMV Armstrong and IFN-a was quantified by
ELISA in the serum 48h later. NI: non-infected. Student’s t test was performed. (D) Mature
pDCs enriched from spleens of Lif70X/flox and Vay1€reL jfi1oX/flox mice were pre-stained for
SiglecH and Ly6C, stimulated with LIF, methanol fixed, permeabilized and stained for
intracellular phospho-STAT3. Of note, SiglecH is no longer detectable after cell fixation,
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while the alternative pDC marker Ly6c remains viable. (E) BM cells from Lifr7ox/flox or
VaviCrel jfrflox/flox mice were cultured with FIt3L for 2 days and stimulated with LIF for 15
min or left unstimulated. Cells were stained for B220 and CD11b, methanol fixed,
permeabilized and stained for phospho-STAT3 or phospho-STATS. Histograms for phospho-
STAT3 or phospho-STATS (red) and isotype control (blue) are shown for each BM cell
subset defined by B220 and CD11b. (F) Q-PCR for 1d2 and E2-2 mRNA in BM cultures +
LIF at the indicated times. Student’s t test was performed to compare cells cultured with and
without LIF. Statistical differences are shown as *p<0.05; **p<0.01; and ***p<0.001. The
data are representative of at least two independent experiments.
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