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SUMMARY

Human plasmacytoid dendritic cells (pDCs) are interleukin-3 (IL-3)-dependent cells implicated in autoimmu-
nity, but the role of IL-3 in pDC biology is poorly understood. We found that IL-3-induced Janus kinase 2-
dependent expression of SLC7A5 and SLC3A2, which comprise the large neutral amino acid transporter,
was required for mammalian target of rapamycin complex 1 (INTORC1) nutrient sensor activation in response
to toll-like receptor agonists. mTORC1 facilitated increased anabolic activity resulting in type | interferon, tu-
mor necrosis factor, and chemokine production and the expression of the cystine transporter SLC7A11. Loss
of function of these amino acid transporters synergistically blocked cytokine production by pDCs. Compar-
ison of in vitro-activated pDCs with those from lupus nephritis lesions identified not only SLC7A5, SLC3A2,
and SLC7A11 but also ectonucleotide pyrophosphatase-phosphodiesterase 2 (ENPP2) as components of a
shared transcriptional signature, and ENPP2 inhibition also blocked cytokine production. Our data identify
additional therapeutic targets for autoimmune diseases in which pDCs are implicated.

INTRODUCTION

Plasmacytoid dendritic cells (pDCs) reside in blood and lymphoid
organs (Jegalian et al., 2009) but during inflammation they enter
tissues where they serve as a major source of type | interferons
(IFNs) (Cella et al., 1999; Liu, 2005; Siegal et al., 1999). They
play a role during viral infections (Colonna et al., 2004; Reizis,
2019) and are implicated in autoimmune diseases like systemic
lupus erythematosus (SLE) (Baccala et al., 2013; Blanco et al.,
2001; Cederblad et al., 1998; Sisirak et al., 2014). SLE is a life-
threatening disease that can affect multiple organs (Maidhof
and Hilas, 2012). Its etiology is complex, but the over-production
of IFN-a. by activated pDCs is thought to be central to the devel-
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opment of disease. The development of therapeutic approaches
that target IFN-a and its receptor are part of an ongoing effort to
improve SLE treatment (Morand et al., 2020; Murphy and Isen-
berg, 2019). The primary mechanism of activation of pDCs is
through ligation of endosomal Toll-like receptor (TLR) 7 or TLR9
by their nucleic acid agonists (Gilliet et al., 2008). Physiologically,
access of nucleic acid ligands to these TLRs is promoted by the
uptake of nucleic-acid-containing immune complexes (Lande
et al., 2007). Downstream of TLRs, type-l IFNs are induced
through an MyD88-IFN regulatory factor 7-dependent pathway,
but further signaling through MYD88-dependent NFk-B activation
leads to the additional production of tumor necrosis factor (TNF)
(Karrich et al.,, 2014). In addition, activated pDCs produce
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chemokines (Piqueras et al., 2006), which can contribute to the
development of SLE (Liao et al., 2016).

From their initial discovery, pDCs have been recognized to ex-
press high amounts of interleukin-3 receptor o (IL-3Ra, encoded
by IL3RA) compared to other leukocytes (Olweus et al., 1997).
Cultures of human pDCs incorporate IL-3 as a growth and sur-
vival factor (Ghirelli et al., 2010; Grouard et al., 1997), although
this is not the case for mouse pDCs, which do not express the
IL-3Ra. (Swiecki and Colonna, 2015). IL-3 along with granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) and IL-5
are members of the common B chain (B.) cytokine family (Dou-
gan et al., 2019). Binding of cytokines to their respective cyto-
kine-specific a. subunits results in dimerization with common
Be, Which initiates signaling through Janus kinase 2 (JAK2), which
phosphorylates signal transducer and activator of transcription 5
(STATS5), causing translocation of STAT5 to the nucleus and initi-
ation of transcription. A correlation between elevated IL-3 and
SLE incidents has been noted (Fishman et al., 1993; Gottschalk
et al., 2015), and there is a link between an IL-3-stimulated gene
signature and the type-l IFN-stimulated gene signature in SLE
patients (Oon et al., 2019). Monoclonal antibodies directed
against IL-3Ra have been shown to diminish responses by hu-
man pDCs to TLR7 or TLR9 stimulation and to selectively deplete
these cells from peripheral blood mononuclear cells (PBMCs)
(Oon et al., 2016). Despite the strong association of IL-3 with
pDC activation and SLE, the nature of the effect of IL-3 on
pDCs is unclear.

IL-3 is the prototypic example of a cytokine acting as a growth
factor to promote anabolic metabolism to support cellular
growth and proliferation (Bauer et al., 2004; Vander Heiden
et al., 2001). Previous work indicates that the production of
IFN-o by pDCs is linked to changes in cell-intrinsic metabolism
(Bajwa et al., 2016; Basit et al., 2018; Cao et al., 2008; Wu
et al., 2016). In this context, the mammalian target of rapamycin
complex 1 (mTORCH1)-inhibitor rapamycin has been found to
reduce IFN-a production by TLR9-activated human pDCs (Cao
et al., 2008). mTORCH1 is a serine/threonine protein kinase that
regulates anabolic processes such as glycolysis, lipid synthesis,
and protein translation (Saxton and Sabatini, 2017). The kinase
activity of mMTORC1 depends on the availability of nutrients like
amino acids or glucose, and in this way, mTORC1 effectively
couples upstream fuel sufficiency to downstream anabolic
metabolism (Condon and Sabatini, 2019; Sabatini, 2017).
Consistent with a role for mTORC1 in pDC activation, glycolysis
has been reported to be increased in pDCs activated by TLR ag-
onists and to be important for cytokine production (Bajwa et al.,
2016; Wu et al., 2016).

Here, we hypothesized that a major function of IL-3R ligation in
human pDCs is to synergize with TLRs to allow mTORC1 activa-
tion and the associated metabolic changes necessary for cellular
activation. We discovered a critical role for IL-3- or GM-CSF-
induced JAK2-STATS signaling in the expression of functional
system L amino acid (LAA) transporters SLC7A5 (also known
as LAT1, large neutral amino acid [LNAA] transporter 1) and
SLC3A2. System LAA transport was obligatory for establishment
of mTORC1 activity necessary for cytokine and chemokine pro-
duction in response to a range of TLR agonists. We found that
cytokine and chemokine production was restricted to a subset
of pDCs in which mTORC1 was active and that this population
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of cells was transcriptionally similar to pDCs at the site of
nephritic disease in SLE patients. SLC7A711 (a subunit of
cystine-glutamate transporter, x.~), ectonucleotide pyrophos-
phatase-phosphodiesterase 2 (ENPP2; which encodes auto-
taxin), and MYO1E (which encodes a non-muscle myosin) were
the only differentially expressed genes shared between the cyto-
kine producing clusters of pDCs activated by CpG-A in vitro and
pDCs at sites of SLE-associated pathology. We found that small
molecule inhibitors of x.~ and of ENPP2 were able to diminish
cytokine production. Moreover, the combination of x,~ and
JAK2 inhibitors effectively switched off cytokine production by
activated pDCs. These data provide a mechanistic basis for in-
hibiting pDC activation through combinatorial targeting of amino
acid transporters, a process which holds promise for treating
diseases in which pDCs are implicated.

RESULTS

IL-3 primes pDCs for mTORC1 activation in response to
TLR stimulation

Previous work has shown that production of type-I IFNs by pDCs
in response to TLR ligands (Lande et al., 2007) is mTORC1-
dependent (Cao et al., 2008). To explore this in more detail, we
measured cytokine production over time by culturing pDCs
from healthy donors (HDs) in medium containing IL-3 with or
without CpG-A, a TLR9 agonist. Maximal IFN-o secretion
occurred between 10 h and 12 h post activation, during which
time ~50% of the cells made this cytokine (Figure S1A). Stimu-
lation also resulted in TNF production, which peaked at 8 h,
and declined rapidly thereafter (Figure S1A). Production of
both cytokines ceased by ~24 h post activation (Figure S1A).
Stimulation with CpG-A and other pDC-activating TLR agonists
(TLR9: CpG-B and CpG-C; TLR7: resiquimod [R848] and imiqui-
mod [R837]) also induced the expression of proinflammatory and
homeostatic chemokines (Figure S1B).

To examine the role of IL-3 in pDC metabolism and function,
we maintained pDCs overnight in medium with or without IL-3,
after which we either left them untreated or stimulated with
CpG-A (Figure S1C). We found that cell death was increased in
the absence of IL-3 (Figure 1A) and that the addition of CpG-A
was unable to rescue viability (Figure S1D). The absence of IL-
3 had a marked inhibitory effect on CpG-A-induced IFN-o. and
TNF production (Figure 1B). This was not a reflection of cell death
in the absence of IL-3, since cytokine measurements were made
only in living cells. IL-3 was required for the CpG-A-induced tran-
scription and translation of IFN-a. (Figure 1C). However, IL-3
alone was sufficient to drive TNF transcription, but this mRNA
was translated only following stimulation with CpG-A (Figure 1D).
We found that the addition of other TLR9 or TLR7 agonists in the
absence of IL-3 also led to increased cell death (Figures S1E and
S1F) and diminished IFN-o. and TNF production compared to
when pDCs were cultured with IL-3 (Figures 1E and 1F).

Early work revealed that IL-3 acts as a growth factor to
enhance anabolic pathways (Bauer et al., 2004; Vander Heiden
et al., 2001). Since anabolism is controlled centrally by mTORCH1
(Valvezan and Manning, 2019) and mTORCH1 is important for
pDC activation (Cao et al., 2008), we asked whether mTORC1
activity in pDCs is regulated by IL-3 by measuring phosphoryla-
tion of Ser235/236 of the ribosomal protein S6 (pS6), which
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Figure 1. IL-3 primes activated pDC for cytokine production and mTORC1 activation

(A) Isolated pDCs were maintained in = IL-3 media for indicated time and probed for live cells (n = 4 in 2 experiments).

(B-1, K, and L) Isolated pDCs maintained + IL-3 and indicated inhibitors overnight (o/n) then stimulated + indicated TLRs agonists for 5 h were probed for: (B, E, F,
K, and L) IFN-o or TNF production (B, IFN-o: n =8 in 5 experiments and TNF: n = 7 in 4 experiments; E, n = 6 in 2 experiments; F, n = 7 in 3 experiments; Kand L, n =
5 in 4 experiments); (C) IFNA2 mRNA expression and IFN-a production (n = 3 in 3 experiments); (D) TNF mRNA expression and TNF production (n = 3 in 3
experiments); and (G, H, I) pS6 expression (G, n = 7 in 4 experiments; H, n = 6 in 2 experiments; |, n = 8 in 3 experiments).

(legend continued on next page)
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provides a measure of p70S6K activation, a direct mTORC1
target (Chauvin et al., 2014). We found pS6 in <20% of pDCs
maintained without IL-3, and this was not increased by stimula-
tion with CpG-A (Figure 1G). Maintenance in IL-3 alone did not
increase pS6, but the combination of IL-3 followed by stimulation
with CpG-A resulted in ~60% of pDCs becoming positive for
pS6 (Figure 1G). Similarly, pDCs maintained in IL-3 and stimu-
lated with CpG-B or CpG-C (Figure 1H) and R848 or R837 (Fig-
ure 11) had higher frequencies of pS6-positive cells compared to
their IL-3 deprived counterparts. Moreover, sera from SLE pa-
tients, which have been shown to activate pDCs, presumably
due to the presence of DNA-containing immune complexes
(Dzionek et al., 2001), also required IL-3 for induction of pS6
(Figure 1J) and sustaining cell viability (Figure S1G).

We then examined the effect of rapamycin (RAP), a selective
mTORCH1 inhibitor (Loewith et al., 2002), on activation-induced
S6 phosphorylation and found that it limited the size of the
pS6-positive population (Figure S1H). Therefore, IL-3 played a
role in priming pDCs to allow mTORC1 activation upon TLR stim-
ulation. Since pDCs were unable to make cytokines in response
to CpG-A and other TLR agonists in the absence of IL-3, we
reasoned that this could reflect the role of IL-3 in mTORCH1
priming. Consistent with this, we confirmed findings that RAP-
mediated inhibition of S6 phosphorylation was associated with
inhibition of production of IFN-a. (Figure 1K) (Cao et al., 2008)
but also TNF (Figure 1L) by CpG-A-stimulated pDCs.

mTORC1 primes pDCs for metabolic changes critical for
activation
mTORC1 controls protein synthesis (Thoreen et al., 2012). To
test if mTORC1 is driving translation in activated pDCs, we
measured the incorporation of a puromycin analog into newly
translated protein. Addition of CpG-A resulted in a significant in-
crease in translation that was prevented by treatment with RAP
or torin 1 (TOR) (Figure 2A; Figure S2A), which inhibits RAP-resis-
tant functions of mMTORC1 (Thoreen et al., 2009). Both inhibitors
were almost as effective as the translation inhibitor cyclohexi-
mide (CXH) at blocking translation in activated pDCs (Figure 2A;
Figure S2A).

mTORC1 is recognized to promote anabolic metabolism
linked to increased glycolysis (Valvezan and Manning, 2019).
Consistent with this, activated pDCs consumed more glucose
than resting cells (Figure S2B). Moreover, the extracellular acid-
ification rate (ECAR), a mark of lactate production, was
increased in activated versus unstimulated pDCs (Figures 2B
and 2C). Increased ECAR was linked to release of lactate (Fig-
ure 2D), was glucose-dependent (Figure 2B), and occurred
within minutes after the addition of CpG-A (Figure 2C). Elevated
ECAR persisted for at least 10 h, in line with the time course of
cytokine production and mTORC1 activity. Tracing of carbon
from '3C-labeled glucose supported the view that stimulation
with CpG-A led to increased incorporation of glucose carbon
into lactate but also revealed increased incorporation into tricar-
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boxylic acid (TCA) cycle intermediates (Figure 2E). Consistent
with the latter, the mitochondrial oxygen consumption rate
(OCR), a mark of mitochondrial oxidative phosphorylation, was
also increased in CpG-A-stimulated pDC (Figure S2C).

These findings indicated that metabolic changes occur early
after pDC activation. To explore the role of increased glucose us-
age in pDC biology, we incubated CpG-A-stimulated cells with
heptelidic acid (HPA), a selective inhibitor of glyceraldehyde-3-
phosphate dehydrogenase (Endo et al., 1985), the central
enzyme in the glycolysis pathway. HPA reduced lactate secre-
tion (Figure 2F) and caused reductions in overall protein synthe-
sis (Figure 2G) and production of IFN-a and TNF (Figure 2H) in the
absence of any effects on viability (not shown). Inhibition of
mTORCH1 resulted in a decline in CpG-A-induced lactate release
(Figure 2l), supporting a link between stimulation-dependent
mTORC1 activation and increased glycolysis. We also found
that the ATP synthase inhibitor oligomycin (OLI) (Lardy et al.,
1958) inhibited IFN-a production similarly to HPA (Figure S2D)
but had no effect on either TNF (Figure S2D) or viability (not
shown). HPA and OLI combined inhibited IFN-a. and TNF pro-
duction completely (Figure S2D) and resulted in partial cell death
(not shown). Taken together, these data indicate that stimulation
with CpG-A in pDCs primed by exposure to IL-3 leads to an
mTORC1-dependent increase in glucose metabolism that is crit-
ical for pDC activation.

IL-3 induces the expression of SLC7A5 and SLC3A2 that
permit mTORC1 activation in response to TLR
stimulation
mTORC1 activation depends on the presence of sufficient envi-
ronmental amounts of amino acids, among which leucine and
methionine are of particular importance (Condon and Sabatini,
2019; Valvezan and Manning, 2019). In T cells, both of these
amino acids are acquired from the environment via system
LAA transporters, which comprise a heterodimer of the solute
carriers, catalytic SLC7A5, and multifunctional protein SLC3A2
(CD98) (Sinclair et al., 2019; Sinclair et al., 2013). Other system
LAA transporters are composed of SLC7A6, SLC7A7, or
SLC7A8 paired with SLC3A2 (Verrey et al., 2004). Single-cell
RNA sequencing (scRNA-seq) revealed that the majority of
pDCs maintained in IL-3 expressed SLC7A5 regardless of
CpG-A stimulation (Figure S3A). SLC7A6 expression was limited
(Figure S3A), and SLC7A7 and SLC7A8 transcripts were not de-
tected. SLC7A5 and SLC3A2 transcripts were co-expressed in
the majority of pDCs cultured in IL-3 and stimulated with CpG-
A (Figure 3A). This was a result of the signal delivered by IL-3,
since ~97% of pDCs cultured in IL-3 but not stimulated with
CpG-A were also positive for SLC7A5 and SLC3A2 transcripts.
In contrast, significantly fewer cells maintained without IL-3 ex-
pressed these solute carriers, and stimulation with CpG-A did
not rescue their expression (Figure 3A).

To assess whether IL-3-induced expression of SLC7A5 and
SLC3A2 allowed the assembly of a functional system LAA

(J) Isolated pDCs maintained in IL-3 with no fetal bovine serum (FBS) o/n were stimulated with SLE sera (1:2) for 10 h and probed for pS6 expression (n =6 in 1

experiment).

Representative plots from individual donors (n, see above) are shown (B-D and G). Bar graphs are shown as (A, B, and E-L) mean + SD and (C and D) mean. Dots

represent individual donors (n).
Please also see Figure S1.
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Figure 2. pDC activation is coupled to mTORC1 activity and changes in metabolism

Isolated pDC maintained in IL-3 were probed for:
(A and G) Protein synthesis measured by incorporation of puromycin analog
experiment; G, n = 5 in 2 experiments).

(OPP) in cells stimulated + CpG-A for 10 h and indicated inhibitors (A, n =4 in 1

(B) ECAR before and after addition of glucose in cells stimulated + CpG-A for 5 h after o/n rest (representative of n = 3 in 2 experiments).
(C) Baseline ECAR measured by mitochondrial stress test in cells stimulated + CpG-A (mean from n = 7 in 6 experiments).
(D, F, and ) Lactate concentration in media from cells stimulated + CpG-A and + indicated inhibitors for 10 h (D and |, n = 4 in 1 experiment, untreated and CpG-A-

treated conditions shared between experiments; F, n = 5 in 2 experiments).

(E) Indicated metabolites shown as fractional contribution of newly synthesized '*C-glucose carbon-incorporation after 3 h stimulation + CpG-A (n = 5 in 2

experiments).

(H) IFN-o. or TNF production, where indicated cells were pre-treated with inhibitor o/n and then stimulated + CpG-A for 5 h (n = 7 in 4 experiments).
Bar graphs are shown as (A and D-I) mean + SD. Dots represent individual donors (n).

Please also see Figure S2.

transporter, we measured the uptake of kynurenine, a naturally
fluorescing molecule that is transported into cells via SLC7A5;
this can be used as a proxy measurement of LNAA uptake (Sin-
clair et al., 2018). The ability of pDCs to take up kynurenine
aligned with their expression of SLC7A5 and SLC3A2 and pin-
pointed IL-3 as conferring this capability (Figure 3B; Figure S3B).
Addition of BCH, a system LAA transporter-specific inhibitor
(Sinclair et al., 2013), abrogated transport of kynurenine, con-
firming that uptake was SLC7A5-dependent (Figure 3B; Fig-
ure S3B). Of interest, freshly isolated pDCs from SLE patients
and HDs also expressed SLC7A5 and SLC3A2 (Figure S3C),
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and furthermore, HD pDCs had the ability to take up kynurenine
immediately ex vivo, a process that was blocked by BCH
(Figure S3D).

To confirm that functional system LAA transport was a prereg-
uisite for mTORC1 activation in response to CpG-A, we exam-
ined the effects of IL-3 and CpG-A on combined measurements
of kynurenine uptake, S6 phosphorylation, and cytokine produc-
tion. This revealed that in the absence of IL-3, most pDCs were
negative for kynurenine transport and pS6 (Figure 3C). Stimula-
tion with CpG-A resulted in a slight increase in pS6-positive cells
that were able to take up kynurenine (Figure 3C). As expected,
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Figure 3. IL-3 induces the expression of functional system LAA transporters that license mTORC1 activation
(A-E) Isolated pDCs maintained + IL-3 o/n then stimulated + CpG-A for 5 h were probed for: (A) SLC7A5 and SLC3A2 mRNA expression (n = 7 in 4 experiments);
(B) kynurenine uptake (n = 13-18 in 9 experiments); (C) kynurenine uptake and pS6 expression (n = 7-9 in 5-6 experiments); (D) SLC7A5 mRNA expression and
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maintenance in IL-3 allowed the majority of pDCs to take up ky-
nurenine (Figure 3C), but these cells remained negative for pS6.
However, addition of CpG-A led to the emergence of a significant
population of kynurenine and pS6 double-positive cells (Fig-
ure 3C), in which S6 phosphorylation, but not kynurenine uptake,
was inhibited by RAP (Figure S3E). Stimulation with other TLR
agonists in the presence of IL-3 also led to an increase in pS6-
positive cells capable of taking up kynurenine (Figure S3F).
Moreover, IFN-a and TNF production occurred only in cells
that expressed SLC7A5 (Figure 3D) and were therefore able to
take up kynurenine (Figure 3E).

To confirm the role of system LAA transport in pDC activation,
we cultured cells in leucine- or methionine-free media and found
that phosphorylation of S6 and cytokine production were depen-
dent on added leucine (Figures 3F, G) but not methionine (Fig-
ures S3G and S3H). Further, cells in which SLC3A2 or SLC7A5
were deleted using CRISPR (Figures S31 and S3J) had dimin-
ished capacity to produce IFN-a. and TNF (Figures S3K and
S3L). Consistent with this, the SLC7A5-specific inhibitor
JPH203 (Oda et al., 2010) caused a marked dose-dependent
reduction in pDCs that were positive for both pS6 and kynure-
nine uptake (Figure 3H) and IFN-o. and TNF production (Figure 3l).
These data show that IL-3 is essential for the induction of the
system LAA transporters SLC7A5 and SLC3A2 in pDCs and
that uptake of leucine, mediated by these transporters, is neces-
sary for priming subsequent activation of mTORC1 and cytokine
production by pDCs in response to TLR agonists.

Inhibition of JAK2-dependent signaling downstream of
IL-3R prevents mTORC1 activation and cytokine and
chemokine production in response to TLR stimulation
The common B, (encoded by CSF2RB) of the IL-3R couples sig-
nals from IL-3 to the JAK2-STAT5 pathway (Mui et al., 1995;
Reddy et al., 2000). Using published data examining STAT5
chromatin immunoprecipitation sequencing in human CD4*
T cells (Schmidl et al., 2014), we found STAT5 DNA binding sites
in SLC7A5 and SLC3A2 loci (Figure S4A), suggesting that the
JAK2-STAT5 pathway could be responsible for the IL-3 induced
expression of these genes. Moreover, IL-3, but not CpG-A, was
able to induce phosphorylation of STAT5 (Y694, pSTAT5) (Fig-
ure 4A). Therefore, we examined the effects of the selective
JAK2 inhibitor AZD1480 (AZD) (loannidis et al., 2011) and the
clinically used JAK1 and 2 inhibitor baricitinib (BAR) (Markham,
2017) on CpG-A-induced activation in pDCs cultured in IL-3.
We examined BAR because a recent randomized, placebo-
controlled phase 2 clinical trial showed that it significantly
reduced disease activity in SLE patients (Wallace et al., 2018).
AZD and BAR inhibited STAT5 phosphorylation (Figure 4A),
SLC7A5 and SLC3A2 expression (Figure 4B), kynurenine uptake
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(Figure 4C), and the phosphorylation of S6 (Figure 4D). Further,
JAK2 inhibition resulted in marked reduction in IFN-o. and TNF
production linked to reduced ability to take up kynurenine (Fig-
ure 4E). Looking at the intersection between kynurenine
transport and mTORC1 activity, we found that JAK2 inhibition re-
sulted in the loss of cells that were positive for both processes
(Figure 4F), which was a similar outcome to that observed in
IL-3-deprived cells (Figure 3C). Finally, we observed that only
pDCs with both high rates of kynurenine uptake and high
mTORC1 activity made IFN-a (Figure 4G; Figure S4B) and that
cytokine production was lost following JAK2 inhibition
(Figure 4G).

As was the case for IFN-a, priming with IL-3 was necessary for
maximal chemokine production in response to CpG-A (Fig-
ure S4C). The majority of CCL3-, CCL17-, and CXCL10-positive
cells co-expressed IFNA2, while only a portion of the CXCL8-
and CXCL9-positive cells concomitantly expressed IFNA2 (Fig-
ure S4C). Absence of IL-3 priming prior to stimulation with
CpG-A resulted in diminished chemokine and IFNA2 double-
positive populations (Figure S4C). This was likely the result of
diminished JAK2-mediated signaling, since AZD and BAR treat-
ment also resulted in loss of pDC double positive for IFNA2 and
chemokine transcripts (Figure S4C).

Since system LAA transporters were expressed in pDCs circu-
lating in HD blood (Figure S3C), and their expression could be
repressed by JAK2 inhibitors in vitro (Figure 4B), we examined
expression of SLC7A5 and SLC3A2 in pDCs from rheumatoid
arthritis (RA) patients treated with tofacitinib (TOF) (Conaghan
et al., 2016), a pan-JAK inhibitor (Boor et al., 2017). For compar-
ison, we used pDCs from HDs and from RA patients treated with
rituximab (RIT, a B cell-depleting antibody [Ab]). We validated
that TOF inhibited SLC7A5 and SLC3A2 expression (Figure S4D)
and IFN-o and TNF production (Figure S4E) in pDCs stimulated
with IL-3 plus CpG-A in vitro. Consistent with this, SLC7A5-
and SLC3A2-positive pDCs were less frequent in TOF-treated
RA patients than in HDs or RIT-treated RA patients (Figure 4H;
Figure S4F). SLC7A5 and SLC3A2 expression in pDCs from
RIT-treated RA patients versus HDs was similar (Figure 4H; Fig-
ure S4F). It is plausible then that JAK2-regulated expression of
system LAA transporters in vivo is responsible for modulating
the production of cytokines in pDC-driven pathologies.

The fact that ex vivo-isolated pDCs expressed SLC7A5 and
SLC3A2 and were able to take up kynurenine (Figures S3C and
S3D) correlated with their ability to respond to CpG-A by making
cytokines and chemokines even in the absence of added IL-3
(Figure S4G). Nevertheless, pDC activation in this setting was still
inhibited by AZD and BAR (Figure S4G), indicating that the cells
retained a functional memory of signaling initiated in vivo by the
common B of the IL-3 receptor.

IFN-o. or TNF production (IFN-a:: n = 6 in 4 experiments and TNF: n = 3 in 2 experiments); (E) kynurenine uptake and IFN-a or TNF production (IFN-o: n = 5-7 and
TNF: n = 6-7 in 5 experiments); and (A-C and E) CpG-A condition shared with Figures 4B—4F.

(F and G) Isolated pDCs maintained in regular or leucine-free media plus IL-3 o/n then stimulated + CpG-A for 5 h were probed for: (F) pS6 expression and (G) IFN-
o or TNF production, untreated and CpG-A conditions shared with Figures 6D, 6F, S3G, and S3H (F and G, n = 9 in 3 experiments).

(H and I) Isolated pDCs maintained with IL-3 + JPH203 o/n then stimulated + CpG-A for 5 h were probed for: (H) kynurenine uptake and pS6 expression and (I) IFN-

o or TNF production (H and I, n = 8-9 in 3 experiments).

Representative plots from individual donors (n, see above) are shown (A, C, D, and E). Bar graphs are shown as (A and B) geometric mean + geometric SD, (C-G

and |) mean + SD, and (C and H) mean. Dots represent individual donors (n).
Please also see Figure S3.
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Figure 4. Inhibition of JAK2 prevents mTORC1 activation and cytokine production
(A-G) Isolated pDCs maintained + IL-3 and indicated inhibitors o/n then stimulated + CpG-A for 5 h were probed for: (A) pSTAT5 (Y694) expression (n = 3-6 in 2-3
experiments); (B) SLC7A5 and SLC3A2 mRNA expression (n = 3-6 in 2 experiments); (C) kynurenine uptake (n = 5-13 donors in 3-6 experiments); (D) pS6

(legend continued on next page)
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The common B, of the IL-3R is also the signaling component
of the GM-CSF and IL-5 receptors (Dougan et al., 2019).
Human pDCs express GM-CSFRa (encoded by CSF2RA) as
well as IL-3Ra. (Figure S4H) but do not express IL-5Ra (Ghirelli
et al., 2010). GM-CSF concentration can be elevated in sera
from SLE patients (Willeke et al., 2004), and like IL-3, GM-CSF
can promote pDC survival and IFN-a. production following
TLR7-stimulation in vitro (Leonard et al., 2016). We reasoned,
therefore, that effects of GM-CSF on pDCs would recapitulate
those of IL-3. We found that, like IL-3, GM-CSF supported pDC
survival (Figure S4l) and induced a population of cells with high
rates of kynurenine uptake and mTORCH1 activity (Figure 4l) that
produced IFN-« in response to CpG-A (Figure 4J). Moreover, all
of these parameters were inhibited by AZD (Figures 4l and 4J).

Taken together, these data reveal the emergence of a subpop-
ulation of pDCs capable of making cytokines and chemokines in
response to TLR agonists. These cells express functional system
LAA transporters and are able to activate mMTORC1 upon expo-
sure to CpG-A. These processes are dependent on priming by
IL-3 or GM-CSF through the JAK2-STAT5 pathway downstream
of the common B. The data highlight JAK2 as a therapeutic target
in conditions where pDC activation is implicated in disease.

TLR stimulation induces expression of SLC7A11,

ENPP2, and MYO1E in type | IFNs producing pDCs

Even at peak cytokine production, only a subset of stimulated
pDCs was positive for cytokine production and pS6 (Figures
S1A and S1H). This led us to explore heterogeneity within the
pDC population through scRNA-seq. We again used purified
pDCs (Figure S5A) maintained in IL-3 and stimulated with or
without CpG-A (Figure S1C). Individually sequenced cells
aligned into 12 transcriptionally distinct clusters (Figure S5B).
Of these, 1, C9, was apparent only after stimulation with CpG-
A (Figure S5C). We found that the contributions of C2, C4, and
C7 to the overall pDC population increased following stimulation
with CpG-A (Figure S5D). Within these clusters, only C9 and C2
were enriched in type | IFN transcripts (Figure 5A). Despite the
expected broad expression of TNF, C9 in particular was also
enriched in TNF transcripts (Figure S5E). Likewise, C9 was
enriched in expression of proinflammatory chemokines (Fig-
ure S5F). C2 and C9 had similar transcriptional profiles, evident
by their proximity on the Uniform Manifold Approximation and
Projection (UMAP) as well as in the clustering hierarchy (Figures
S5C and S5G).

We compared transcriptomes from in vitro-activated pDCs
with scRNA-seq data of pDCs isolated from lupus nephritis kid-
ney biopsies (SLE pDCs) (Arazi et al., 2019). Consistent with our
findings regarding the importance of IL-3- or GM-CSF-initiated
signaling and system LAA transporter expression for pDC activa-
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tion, we found that SLE pDCs (C22) expressed IL3RA, CSF2RA,
CSF2RB, SLC3A2, and SLC7AS5 (Figure 5B). Indeed, expression
of these genes within the immune cell populations of nephritic
kidney biopsies was highest in pDCs (C22) (Figure 5B). Next,
we identified genes differentially expressed in C2 and C9 from
in vitro-activated pDCs and in SLE pDCs compared to all other
clusters in their respective datasets using UpSet (Conway
et al., 2017). Our analysis showed that of the 43 unrelated genes
shared between C9, C2, and SLE pDCs (Figure 5C), 21 were
differentially regulated in C2 or C9 (Figure S5H), with expression
of SLC7A11 increased in both clusters. Moreover, SLC7A11,
together with ENPP2 and MYOT1E, constituted a set of 3 genes
co-expressed by all 3 groups of cells (Figure 5C) and not
included in any other cluster. These genes were enriched in the
type | IFN- and TNF-producing C9, and to a lesser degree C2
(Figure 5D; Figure S5I), and a large percentage of the cells within
these clusters expressed the genes (Figure 5E). Moreover,
among lesional immune cell populations from lupus nepbhritis
kidney biopsies, SLC7A11 and ENPP2 were expressed almost
exclusively in SLE pDCs (C22), while MYO1E was also expressed
by 2 non-pDC clusters (Figure 5F). RNA-flow analysis confirmed
that SLC7A11, ENPP2, and MYO1E were expressed when pDCs
were stimulated with CpG-A and with other TLR agonists (Fig-
ure S5J). The majority of cells expressing these genes co-ex-
pressed IFNA2 when stimulated with CpG-A (Figure S5K).

We reasoned that if expression of SLC7A11, ENPP2, and
MYO1E marked type | IFN- and TNF-producing pDCs, expres-
sion of these genes should be detectable in pDCs in other path-
ological sites in which pDC infiltration is implicated in disease.
We explored this for SLC7A11 by staining sections from
diseased skin from patients with cutaneous lupus with anti-
bodies against SLC7A11 and the IL-3Ra. The analysis revealed
an increase in SLC7A11-positive cells in the skin of cutaneous
lupus patients compared to skin from HDs (Figure S5L). Most
of these cells were IL-3Ra-positive, although other, currently
unidentified, cells also expressed SLC7A11 (Figure S5M). More-
over, we found no evidence for SLC7A711 expression in
circulating pDCs from HDs or SLE patients (SLEDAI [Lam and
Petri, 2005] from 0 to 8) (Figure S5N) or of ENPP2 or MYO1E
expression in ex vivo pDCs from HDs (Figure S50). Together,
these data suggest that SLC7A711, ENPP2, and MYOI1E
expression are marks of activated, cytokine-producing tissue-
residing pDCs.

Unlike SLC7A5 and SLC3A2 (Figure S3C), SLC7A11, ENPP2,
and MYOT1E (Figures S5N and S50) were not expressed by circu-
lating pDCs, and hence, we reasoned their expression was not
regulated by the common B.. This was confirmed for SLC7A11
when we found that IL-3 alone was incapable of inducing expres-
sion of this gene (Figures 5G and 5H). Rather, SLC7A11 was

expression (n = 5-6 in 4 experiments); (E) kynurenine uptake and IFN-a. (n = 3 in 2 experiments) or TNF production (n = 2-3 in 1-2 experiments]; (F) kynurenine
uptake and pS6 expression (n = 5 in 3 experiments); (B-F) CpG-A condition shared with Figures 3A-3C and 3E; and (G) IFN-a production (n = 4-5 in 2-3 ex-

periments).

(H) Isolated pDCs from HDs and RA patients treated with TOF or RIT were probed for SLC7A5 and SLC3A2 mRNA expression (n = 8-10 in 2 experiments).
(I and J) Isolated pDCs maintained + GM-CSF and indicated inhibitors o/n then stimulated + CpG-A for 5 h were probed for: (I) kynurenine uptake and pS6

expression and (J) IFN-a production (I and J, n = 4 in 2 experiments).

Representative plots from individual donors (n, see above) are shown (A-C, E, F, and I). Bar graphs are shown as (A-C and H) geometric mean + geometric SD, (D,
E, G, and J), mean + SD, and (F and |) mean. Dots represent individual donors (n).

Please also see Figure S4.
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Figure 5. Activated pDCs express SLC7A11, ENPP2, and MYO1E

(A, D, and E) Isolated pDCs maintained in IL-3 o/n then stimulated + CpG-A for 5 h (in vitro pDCs) were subjected for scRNA-seq analysis presented as UMAP plot
colored by clusters and violin plot of (A) IFNA2, IFNB1, and IFNL1 and (D) SLC7A11, ENPP2, and MYO1E expression across clusters; (E) bar graph with indicated
frequencies of SLC7A11, ENPP2, and MYO1E expression within C2 and C9 in in vitro pDCs (A, D, and E, n = 1 in 1 experiment).

(B and F) Re-analyzed scRNA-seq data of pDCs (SLE pDCs) and other immune cells from kidney biopsies of lupus nephritis patients (Arazi et al., 2019) presented
as UMAP plot colored by clusters and violin plots of (B) IL3RA, CSF2RA, CSF2RB, SLC7A5, and SLC3A2 and (F) SLC7A11, ENPP2, and MYO1E expression
across clusters.

(C) Comparative analysis of differentially expressed genes from in vitro pDCs and in SLE pDCs (C22) presented as UpSet plot with the intersection of differentially
expressed genes between pDCs and SLE pDCs.

(legend continued on next page)
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expressed in response to stimulation with CpG-A (Figures 5G
and 5H). SLC7A11 encodes the specific subunit of x.~, which,
when chaperoned by SLC3A2, allows cells to take up cystine
in exchange for glutamate (Bassi et al., 2001). Expression of
SLC7A11 was coupled to expression of SLC3A2 (Figure 5QG),
indicating that activated pDCs can express functional x;~ trans-
porter. While IL-3 alone was incapable of inducing SLC7A711
expression, it was critical for priming cells to express SLC7A11
in response to CpG-A, since JAK2 inhibition prevented this
from happening (Figures 5G and 5H). This was likely the result
of a requirement for IL-3-mediated system LAA transporter
expression for optimal mMTORC1 activation, because TOR (Fig-
ures 5G and 5H) and RAP (Figure S5Q) also inhibited SLC7A11
expression. Consistent with this, pDCs maintained in IL-3 and
stimulated with CpG-A had the highest frequencies of
SLC7A11 and SLC7A5 double-positive cells (Figure 5I; Fig-
ure S5P), and as a result, produced IFN-a at full capacity (Fig-
ure 5J). In contrast, pDCs deprived of IL-3 or treated with AZD
or BAR lost expression of both transporters and hence IFN-a.
production (Figures 51 and 5J; Figure S5P). Treatment with
TOR had similar, although less pronounced effects than AZD
and BAR (Figures 51 and 5J; Figure S5P).

As for SLC7A11, CpG-A-induced expression of ENPP2 and
MYO1E required priming of mTORC1 by IL-3, since it was in-
hibited by AZD, BAR (Figure 5K), TOR (Figure 5L) and RAP (Fig-
ure S5Q). Blunted ENPP2 and MYOT1E expression correlated
with loss of IFNA2 expression (Figure 5M). Together, these
data indicate that expression of SLC7A11, ENPP2, and
MYOT1E correlate with type | IFN expression in activated pDCs.

Coordinated inhibition of SLC7A11 and JAK2 potently

blocks cytokine production by CpG-A-activated pDCs

The finding that SLC7A11, ENPP2, and MYO1E expression
distinguished activated tissue-residing pDCs from circulating
pDCs makes them attractive therapeutic targets. In this context,
SLC7A11 is of particular interest since x,;~ is a target of the anti-
inflammatory drug sulfasalazine (SAZ) (Gout et al., 2001), which
is in clinical use for the treatment of RA, ulcerative colitis, and
Crohn’s disease (Choi and Fenando, 2020). x.~ is also inhibited
by erastin (ERA) (Dixon et al., 2014), which is able to suppress
septic shock and inflammatory gene expression associated
with lipopolysaccharide-activated macrophages (Oh et al,
2019). We found that both ERA and SAZ inhibited CpG-A-
induced IFN-o and TNF production (Figure 6A). This was associ-
ated with reductions of cells that had high rates of both kynure-
nine uptake and S6 phosphorylation (Figure 6B; Figure S6A),
which was consistent with the fact that only pDCs with both of
these attributes made cytokine (Figure 6C). Inhibition occurred
in the absence of appreciable cell death (Figure S6B). ERA and
SAZ have been reported to have inhibitory effects on targets
additional to x.~ (Chidley et al., 2011; Yagoda et al., 2007).
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Therefore, we directly tested the role of SLC7A11 using CRISPR
to delete SLC7A11 (Figure S6C) and, by using medium free of
cystine, the substrate for x.~ (Figures 6D-6F), found that the ef-
fects were similar to those exerted by ERA and SAZ (Figures 6A-
6C, Figure S6A), although there was less of an effect on kyneru-
nine uptake in the absence of extracellular cystine than there was
in the presence of the inhibitors (Figure S6D).

We found that ERA, SAZ (Figure 6G), or culture in cystine-free
medium (Figure S6E) inhibited the expression of ENPP2 and
MYO1E in pDCs stimulated with IL-3 plus CpG-A, indicating
that SLC7A11 could regulate both of these genes. We reasoned,
therefore, that loss of pDC effector functions due to SLC7A11 in-
hibition could reflect loss of ENNP2 or MYO1E function. We ad-
dressed this possibility, focusing on ENPP2, elevated expression
of which is found in various inflammatory and malignant condi-
tions like fibrosis (Ninou et al., 2018) and systemic sclerosis
(Castelino et al., 2016). We found that ziritaxestat (ZIR), an
ENPP2 inhibitor (Desroy et al., 2017), inhibited the activation of
pDCs by IL-3 plus CpG-A (Figures 6H and 6l; Figure S6F), sug-
gesting that the importance of SLC7A11 in pDC activation is
linked to its ability to regulate ENPP2 expression.

Given the effectiveness of targeting JAK2 and x.~ in limiting
cytokine production, we asked whether a combinatorial
approach of inhibiting both JAK2 and x.™ might result in further
loss of pDC function. We performed an in vitro dose escalation to
define the effects of BAR on viability and cytokine production by
activated pDCs. We found that production of IFN-o and TNF
(Figure 6J) declined as the concentration of BAR rose from 25
to 100 nM and that this was accompanied by increased cell
death (Figure S6G). Moreover, the doses of BAR and SAZ that
alone were suboptimal synergized to increase the inhibition of
both IFN-a and TNF production (Figure 6J) without diminishing
cell survival beyond that seen with BAR alone (Figure S6G).

To more closely model the situation in vivo, we performed ex-
periments in human plasma-like medium (HPLM), which reflects
the composition of human plasma (Cantor et al., 2017). pDCs
activated with CpG-A in HPLM showed dependency on IL-3-
mediated mMTORC1 activity for production of cytokines and
only cells with high rates of kynurenine uptake and high pS6 (Fig-
ure 6K; Figure S6H) had the capacity to produce IFN-o. and TNF
(Figure 6L). Moreover, inhibition of JAK2, x.~, or ENPP2 (Figures
6H, 6l, 6K, 6L; Figures S6F and S6H), and of JAK2 and x.™~
together (Figures 6K and 6L; Figure S6H), were able to block
pDC activation in HPLM.

Together, our data indicate that pDC activation is associated
with the expression of SLC7A171 and, in an SLC7A11-dependent
fashion, ENPP2 and MYOET1. Inhibition of x.~ or ENPP2 is able to
suppress the ability of pDCs to produce IFN-o and TNF. Further-
more, a combinatorial approach for suppressing pDC activation
by targeting both JAK2 and x.™ results in an additive inhibitory
effects that essentially prevents cytokine production.

(G-M) Isolated pDCs were maintained =+ IL-3 and indicated inhibitors o/n then stimulated + CpG-A for 5 h and probed for: (G) SLC7A711 and SLC3A2 mRNA
expression; (H) SLC7A11 mRNA expression; (I) SLC7A11 and SLC7A5 mRNA expression (G-I, n = 5-6 in 3 experiments); (J) IFN-a production (n = 3-4 in 2
experiments); (K and L) ENPP2 or MYO1E mRNA expression; untreated and/or CpG-A conditions shared with Figures 6G and S5Q; and (M) IFNA2 and ENPP2 or

MYO1E mRNA expression (K-M, n = 4 in 2 experiments).

Representative plots from individual donors (n, see above) are shown (G and I). Bar graphs are shown as (H) geometric mean + geometric SD, (J-L) mean + SD,

and (M) mean. Dots represent individual donors (n).
Please also see Figure S5.
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DISCUSSION

Our initial observations that IL-3 or GM-CSF were not only impor-
tant for pDC survival but also primed pDCs for subsequent acti-
vation prompted us to explore the causality between IL-3 or
GM-CSF and IFN-o. and TNF production. IL-3 has been shown
to promote anabolic pathways, including glycolysis (Bauer
et al., 2004). mTORCH1 coordinates cellular nutrient and energy
states with anabolic metabolism to support cell growth and pro-
liferation (Condon and Sabatini, 2019; Valvezan and Manning,
2019). The relationship between cytokine production and
mTORC1-driven anabolic metabolism in pDCs aligned with find-
ings that SLE patients who receive treatment with the mTORCH1
inhibitor sirolimus show improvements in disease signs and
symptoms (Eriksson et al., 2019; Lai et al., 2018). While IL-3-
dependent production of cytokines by TLR-stimulated pDCs
correlated with mTORC1 activity, we found that the effects of
IL-3 alone on mTORC1 were limited. However, in the absence
of IL-3 or GM-CSF, mTORC1 was not activated in response to
TLR stimulation. We reasoned that this is consistent with the
fact that the upstream activation of mTORC1 involves coordi-
nated sensing of nutrients, in particular amino acids, for lyso-
somal translocation of mMTORC1 with induction of its kinase
activity (Condon and Sabatini, 2019; Sabatini, 2017). In this
context, previous work in T cells pointed to a fundamental role
for system LAA transporters in mTORC1 activation (Sinclair
et al., 2019; Sinclair et al., 2013). Our data show that IL-3 or
GM-CSF induce expression of SLC7A5 and SLC3A2 in pDCs,
indicating that these cytokines initiate the nutrient-sensing
pathway by permitting LNAA uptake and argue that this is the
critical mTORC1-priming event that allows its activation in
response to stimulation with TLR agonists. The ability of JAK2 in-
hibitors, which are downstream of IL-3 or GM-CSF receptors, to
block SLC7A5 and SLC3A2 expression and therefore TLR-
driven mTORC1 activation and IFN-a and TNF production
strongly supports this contention.

We observed that SLC7A5 and SLC3A2 were expressed in
circulating pDCs and able to transport kynurenine, even in
HDs. This suggests that IL-3 and/or GM-CSF are available to
pDCs in blood and that the cells circulate in a state where they
are primed to respond to TLR stimulation. A critical event in path-
ological pDC activation may be the continued availability of IL-3
and/or GM-CSF to maintain pDC responsiveness as the cells
leave the bloodstream and enter inflamed tissues. Tissue cells
can make GM-CSF (Mascia et al., 2010), and tissue-infiltrating
CD4 positive T cells would be expected to serve as a source of

Immunity

these cytokines once adaptive responses are established (Kun-
nath-Velayudhan et al., 2019; Leonard et al., 2016).

We found that activation via TLR7 and TLR9 diversified other-
wise equally stimulated cells into subpopulations based on
expression of system LAA transporters and mTORC1 activity,
where only a population that acquired both of these features
was able to produce cytokines. The emergence of a subset of
type | IFN-producing cells enriched for TNF transcripts in
TLR9-activated pDCs was also apparent in scRNA-seq analysis.
This is reminiscent of a previous report that only a subset of
in vitro TLR7-activated pDCs produce IFN-o and that an equiva-
lent population can be found within pDCs from SLE patients (Al-
culumbre et al., 2018). We found that inhibitors that target JAK2
caused a decrease in IFN-a and TNF production linked to reduc-
tions in SLC7A5 and SLC3A2 expression and mTORC1 activity
in TLR-activated pDCs, arguing that the subset of activated cells
that may play a pathological role during disease could be in-
hibited in this fashion. In this context, JAK2-STAT5 signaling is
engaged upon binding of IL-3 or GM-CSF to their receptors
(Dougan et al., 2019), and JAK-STAT signaling, like type | IFN,
is implicated in the development of autoimmunity (Schwartz
et al.,, 2016). TOF, a pan-JAK inhibitor, has been reported to
reduce IFN-o production by activated pDCs in vitro (Boor
et al., 2017). More recently, BAR, a JAK1 and 2 inhibitor, has
been successfully clinically trialed in SLE patients (Wallace
et al., 2018). The mode of action of these inhibitors is believed
to be largely due to their ability to inhibit JAK1 downstream of
IFNA receptor and thereby to inhibit autocrine and paracrine ef-
fects of type I IFN. However, our data show that the effects of
BAR or TOF can be recapitulated by the JAK2-preferential inhib-
itor AZD (Hedvat et al., 2009; loannidis et al., 2011). This raises
the possibility that beneficial effects of BAR and TOF in SLE pa-
tients may reflect inhibitory effects on JAK2 rather than, or in
addition to, effects on JAK1. In this context, we also showed
that the expression of chemokines implicated in lupus was asso-
ciated with IFNA2 expression and susceptible to JAK2 inhibition.
It is likely then that therapeutic effects of these drugs in SLE may
be due to broader effects than the inhibition of type | IFN
production.

One common consequence of TLRY ligation found within the
in vitro type | IFN- and TNF-producing pDCs and pDCs from
pathological sites in SLE-induced lupus nephritis was hierarchi-
cal differential expression of 3 genes, SLC7A11, ENPP2, and
MYO1E. We found that SLC7A11 could regulate expression of
ENPP2 and MYOTE in activated pDCs. ENPP2 encodes
autotaxin, an enzyme that catalyzes formation of extracellular

Figure 6. Coordinated inhibition of JAK2 and x.~ synergize to block cytokine production

(A-C, G, and J) Isolated pDCs were maintained + IL-3 and indicated inhibitors o/n then stimulated + CpG-A for 5 h and probed for: (A and J) IFN-a. production or
TNF production (A, IFN-a: n = 9-13 in 3-5 experiments, TNF: n =4 in 1 experiment; (J) n = 6 in 2 experiments); (B) kynurenine uptake and pS6 expression (n=5-9in
2-4 experiments); (C) IFN-a. production (n = 5-9 in 2-4 experiments); and (G) ENPP2 or MYO1E mRNA expression (n = 4 in 2 experiments, CpG-A condition shared
with Figure 5K).

(D-F) Isolated pDCs were maintained in regular or cystine-free media plus IL-3 o/n then stimulated + CpG-A for 5 h and probed for: (D) IFN-a or TNF production; (E)
kynurenine uptake and pS6 expression; and (F) pS6 expression (D-F, n = 6 in 2 experiments, untreated and CpG-A conditions shared with Figures 3F, 3G, S3G,
and S3H).

(H, I, K, and L) Isolated pDCs were maintained in HPLM = IL-3 with indicated inhibitors o/n then stimulated + CpG-A for 5 h and probed for: (H and K) kynurenine
uptake and pS6 expression; (I and L) IFN-a or TNF production (H and I, n = 7 in 2 experiments, 1 experiment shown; K and L, n = 6-8 in 3 experiments).
Representative plots from individual donors (n, see above) are shown (B). Bar graphs are shown as (A and J) geometric mean + geometric SD, (C, D, F, G, |, and L)
mean + SD, and (E, H, and K) mean. Dots represent individual donors (n).

Please also see Figure S6.

2526 Immunity 54, 2514-2530, November 9, 2021



Immunity

lysophosphatidic acid (LPA), which is implicated in a variety of
autoinflammatory and autoimmune conditions (Castelino et al.,
2016; Ninou et al., 2018). Presently, we do not know whether
activated pDCs produce LPA due to increased ENPP2 activity
nor whether they are directly responsive to LPA, but neverthe-
less, our data show that the ENPP2 inhibitor ZIR is able to block
production of IFN-o. and TNF by activated pDCs. A detailed un-
derstanding of the function of ENPP2 in pDCs awaits further
study. We currently have no data on the function of MYO7TE in
pDCs but speculate that it may be involved in membrane vesic-
ular transport (Navinés-Ferrer and Martin, 2020).

Asin T and B cells, where SLC7A11 is induced upon activation
(Siska et al., 2016), we found that SLC7A11 was expressed only
by TLR-stimulated pDCs. In contrast to SLC7A5, SLC7A11 was
not expressed by circulating pDCs. These data indicate that
SLC7A11 is a marker of inflammatory cytokine-producing tissue
pDCs. SLC7A11 expression is believed to be regulated by Nrf2
(Lewerenz et al., 2013) or through mTORC1 (Park et al., 2017).
We observed that expression of SLC7A11 was inhibited by
RAP and TOR, indicating that it was under the control of
mTORC1. ENPP2 and MYOT1E expression was also regulated
by mTORCH1. IL-3 depletion and JAK2 inhibitors also prevented
expression of SLC7A11, ENPP2, and MYOT1E in response to
TLR agonists, and we argue that this is due to their ability to
effectively inhibit the upstream steps that are critical for
mTORC1 activation. Accordingly, only cells that co-expressed
SLC7A11 and SLC7A5 had the capacity to produce IFN-« after
TLR9 stimulation. In this context, loss of SLC7A11 function has
been demonstrated to have beneficial effects in experimental in-
flammatory conditions (Albertini et al., 2018; Merckx et al., 2017).
In addition, based on our data and previous findings (Daher et al.,
2019), we speculate that the dominant function of SLC7A11 may
reflect its feedback role in sustaining mTORC1 activity. Consid-
ering the importance for pDC activation of sequential IL-3- or
GM-CSF-induced expression of system LAA transporters and
TLR-regulated tissue-specific expression of SLC7A11, we spec-
ulate that combination therapy using JAK2 and x;~ inhibitors
may be beneficial for targeted inhibition of pDCs at sites of
inflammation to treat diseases such as SLE.

LIMITATION OF THE STUDY

We did not broadly assess transcriptional profiles of pDCs from a
range of autoimmune conditions and how they relate to in vitro-
activated pDCs. Therefore, we can only speculate that SLC7A11
is expressed in activated tissue-residing pDCs in diseases other
than lupus nephritis. We neither defined the mechanism(s)
through which SLC7A11 or ENPP2 play roles in pDC activation
nor explored the functional significance of MYO1E expression.
Our conclusions regarding the therapeutic potential of combina-
torial inhibition of JAK2 and SLC7A11 are based on in vitro
experiments.
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SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-CD123 (clone AC145)

Mouse monoclonal anti-HLA-DR
(clone G46-6 (L243))

Mouse monoclonal anti-CD303
(BDCA-2) (clone 201A)

Mouse monoclonal anti-CD116
(clone hGMCSFR-M1)

Rat monoclonal anti-CD4 (clone A161A1)

Mouse monoclonal anti-IFN-alpha
(clone LT27:295)

Mouse monoclonal anti-TNF-alpha (clone MAb11)

Rabbit polyclonal anti-phospho-S6 ribosomal
protein (Ser235/236) (D57.2.2E)

Rabbit monoclonal phospho-Stat5
(Tyr694) (C71E5)

Rabbit polyclonal Anti-xCT (SLC7A11)

Mouse monoclonal anti-CD123
(NCL-L-CD123) (clone BR4MS)

Goat anti-lgG (H+L) Highly Cross-
Adsorbed Secondary Antibody

Goat anti-IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody

FcR blocking reagent, human

Miltenyi Biotec
BD Biosciences

BioLegend

BD Biosciences

BioLegend
Miltenyi Biotec

BioLegend
Cell Signaling Technology

Cell Signaling Technology

Abcam
Novocastra/Leica

Thermo Fisher Scientific

Thermo Fisher Scientific

Miltenyi Biotec

Cat# 130-090-897, RRID:AB_244210
Cat# 556642, RRID:AB_396508

Cat# 354205, RRID:AB_11147168

Cat# 747410, RRID:AB_2872098

Cat# 357405, RRID:AB_2562356
Cat# 130-092-600, RRID:AB_871559

Cat# 502913, RRID:AB_315265
Cat# 2211, RRID:AB_331679

Cat# 9314, RRID:AB_2302702

Cat# ab37185,RRID:AB_778944
Cat# NCL-L-CD123, RRID:AB_10555271

Cat# A32723, RRID:AB_2633275

Cat# A32731, RRID:AB_2633280

Cat# 130-059-901

Biological samples

Healthy donor blood

Skin samples from lupus patients

PBMCs and sera from systemic
lupus erythematosus patients

PBMCs from rheumatoid patients

Institute for Transfusion Medicine

and Gene Therapy, Medical

Center — University of Freiburg
University of Cologne, biobank

of the SFB829 (Z4 project)

ImmRheum biobank in Freiburg

University Hospital Cologne

Ethics committee# 12-163 and 19-1146

Ethics committee # 507/16 and 624/14

Ethics committee # 13-091

Chemicals, peptides, and recombinant proteins

Rapamycin

Torin 1

Heptelidic acid
Oligomycin A

AZD 1480
Baricitinib

CP 690550 (Tofacitinib)
Erastin

Erastin
Sulfasalazine
JPH203
Ziritaxestat
CpG-A (ODN2216)

Calbiochem
Tocris
AdipoGen
Sigma
Selleckchem
Selleckchem
Tocris

R&D

Sigma
Tocris
Selleckchem
MCE MedChemExprress
InvivoGen

Cat# 553211, CAS 53123-88-9

Cat# 4247, CAS 1222998-36-8

Cat# AG-CN2-0118, CAS 57710-57-3
Cat# 75351, CAS 579-13-5

Cat# S2162, CAS 935666-88-9

Cat # 52851, CAS 1187594-09-7
Cat# 4556, CAS 540737-29-9

Cat# 5449, CAS 571203-78-6

Cat# E7781, CAS 571203-78-6

Cat# 4935, CAS 599-79-1

Cat# S8667, CAS 1037592-40-7
Cat# HY-101772, CAS 1628260-79-6
Cat# tIrl-2216

(Continued on next page)
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CpG-B (ODN2006) InvivoGen Cat# tIrl-2006

CpG-C (ODN2395) InvivoGen Cati tIrl-2395

R837 (imiquimod) InvivoGen Cat# tlrl-imq

R848 (resiquimod) InvivoGen Cati# tIrl-4848
2-Mercaptoethanol GIBCO Cat# 31350-010

Bovine Serum Albumin GIBCO Cat# A2153, CAS 9048-46-8
Cycloheximide Sigma Cat# 0181, CAS 66-81-9
L-kynurenine Sigma Cat# K8625, CAS 2922-83-0
BCH Tocris Cat# 5027, CAS 20448-79-7
Poly-D-Lysine GIBCO Cat# A3890401
D-(+)-Glucose solution Sigma-Aldrich Cat# G8644, CAS 50-99-7
LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit Invitrogen Cat# 34975

LIVE/DEAD Fixable Aqua Dead Cell Stain Kit Invitrogen Cat# L34957

BD GolgiPlug
D-glucose-13C6, 99 atom% 13C, 399%
Methanol

Acetonitrile

Amonium Carbonate
Amonium hydroxide solution
Hylol

Ethanol

Tris base

UltraPure 0.5M EDTA, pH 8.0
Tweeen 20

DAPI

Alt-R S.p. Cas9 Nuclease V3

BD Bioscience
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Invitrogen
Sigma
Invitrogen

IDT

Cati# 555029

Cat#389374

Cat# 34860, CAS 67-56-1
Cat# 34851, CAS 75-05-8
Cat# 207861, CAS 506-87-6
Cat# 221228, CAS 1336-21-6
Cat# 534056, CAS 1330-20-7
Cat# 1.11727, CAS 64-17-5
Cat# TRIS-RO, CAS 77-86-1
Cat# 5575020, CAS 60-00-4
Cat# P9416, Cas 9005-64-5

Cat# D1306, CAS 1H-Indole-6-
carboximidamide, 2-[4-(aminoiminomethyl)
phenyl]-, dihydrochloride 28718-90-3

1081058

Critical commercial assays

Plasmacytoid dendritic cell isolation kit Il, human

BD Cytfix/Cytoperm Fixation/Permeabilization Kit

Click-iT Plus OPP Alexa Fluor 647
Protein Synthesis Assay Kit

PrimeFlow RNA Assay Kit

LEGENDplex Human Anti-Virus
Response Panel (13-Plex)

Chromium Single Cell 3 Reagent Kit (v2 Chemistry)

Miltenyi Biotec
BD Bioscience
Invitrogen

Invitrogen

BioLegend

10X Genomics

Cat# 130-097-415
Cat# 554714
Cat# C10458

Cat# 88-18005
Cat# 7410390

Cat# v2 no longer in use

Deposited data

scRNA-sequencing data
scRNA-sequencing data
ChIP sequencing

Arazi et al., 2019
This paper
Schmidl et al., 2014

ImmPort: SDY997
GEO: GSE157305
GEO: GSE43119

Oligonucleotides

PrimeFlow Probe Set: IFNA2, type 6
PrimeFlow Probe Set: IFNA2, type 10
PrimeFlow Probe Set: TNF, type 1
PrimeFlow Probe Set: SLC7A5, type 6
PrimeFlow Probe Set: SLC3A2, type 4
PrimeFlow Probe Set: SLC7A11, type 1
PrimeFlow Probe Set: ENPP2, type 4

Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
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Assay ID# VA6-16322-PF
Assay ID# VA10-10651-PF
Assay ID# VA1-10481-PF
Assay ID# VA6-3169319-PF
Assay |D# VA4-3088288-PF
Assay ID# VA1-3007681-PF
Assay ID# VA4-3083016-PF
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PrimeFlow Probe Set: MYO1E, type 6 Invitrogen Assay ID# VA6-3168363-PF
PrimeFlow Probe Set: CCLS3, type 1 Invitrogen Assay ID# VA1-15428-PF

PrimeFlow Probe Set: CCL17, type 6 Invitrogen Assay ID# VA6-18108-PF

PrimeFlow Probe Set: CXCLS8, type 1 Invitrogen Assay ID# VA1-13103-PF

PrimeFlow Probe Set: CXCL9, type 1 Invitrogen Assay ID# VA1-14808-PF

PrimeFlow Probe Set: CXCL10, type 1 Invitrogen Assay ID# VA1-18213-PF

SLC3A2 gRNA1 IDT Hs.Cas9.SLC3A2.1.AB

SLC3A2 gRNA2 IDT Hs.Cas9.SLC3A2.1.AE

SLC7A5 gRNA1 IDT Hs.Cas9.SLC7A5.1.AA

SLC7A5 gRNA2 IDT Hs.Cas9.SLC7A5.1.AC

SLC7A11 gRNA1 IDT Hs.Cas9.SLC7A11.1.AA

SLC7A11 gRNA2 IDT Hs.Cas9.SLC7A11.1.AE

Non-targeting control gRNA IDT Hs.Cas9.GCGAGGTATTCGCTCCGCG
Software and algorithms

FlowdJo v.9.9.6 Tristar https://www.flowjo.com

Graphpad Prism 7
AssayR

Wave software version 2.4

Cell Ranger 2.2

Seurat v3
Uniform Manifold Approximation and Projection
UpSet

Graphpad software

Wills et al., 2017

Agilent

10X Genomics

Stuart et al., 2019
Mclnnes et al., 2018
Conway et al., 2017

http://www.graphpad.com

https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC5628912/
http://www.agilent.com/cs/Content
Server?c = Page&pagename = Sapphire/
Page/HomePage
https://support.10xgenomics.com/
single-cell-gene-expression/software/
pipelines/latest/using/tutorial_in

https://pubmed.ncbi.nim.nih.gov/31178118/
https://arxiv.org/abs/1802.03426
https://pubmed.ncbi.nim.nih.gov/28645171/

snakePipe Bhardwaj et al., 2019 https://snakepipes.readthedocs.io/
en/latest/index.html

MACS2 Zhang et al., 2008 https://pubmed.ncbi.nim.nih.gov/18798982/

Other

RPMI 1640 medium
RPMI 1640 w/o L-glutamine and L-leucine medium

RPMI w/o L-cystine, L-glutamine and
L-methionine medium

RPMI w/o methionine

HPLM medium

Cytiva HyClone, Fetal Bovine Serum

Cytiva HyClone, Fetal Bovine Serum, dialyzed
L-glutamine 200 mM

L-methionine

Penicilin/Streptomycin 10,000 U/ml
Recombinant human IL-3

Recombinant human GM-CSF

PBS w/o calcium chloride and magnesium

HBSS w/o calcium chloride and
magnesium and phenol red

RPMI 1640 medium, powder
Sodium Pyruvate, 100 mM
Agilent Seahorse XF Calibrant
Glucose Bio

GIBCO
MP Biomedicals
MP Biomedicals

GIBCO

GIBCO

Fisher Scientific
Fisher Scientific
GIBCO

Sigma

GIBCO
Peprotech
Peprotech
GIBCO

GIBCO

GIBCO
GIBCO
Agilent
Roche

Cat# 21875034
Cat# 09162914
Cat# 09164645

Cat# A1451701
Cat# A4899101
Cat# 16291082
Cat# 12379822
Cat# 25030149
Cat# M9625
Cat# 15140-122
Cat# 200-03
Cat# 300-03
Cat# 10010-015
Cat# 14175095

Cat# 31800105
Cat# 11360070
Cat#100840-000
Cat# 0634373200

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Lactate Bio Roche Cat# 0634375900
Normal goat serum abcam Cat# ab7481

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Edward J.
Pearce (epearce7@jhmi.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Single cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are
listed in the key resources table.

This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key re-
sources table.

Microscopy data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human cells

Buffy coats were kindly provided by the Institute for Transfusion Medicine and Gene Therapy, Medical Center — University of Freiburg
(donor consent, anonymized). Skin samples of lupus patients were obtained through the biobank of the SFB829 (Z4 project) with
informed consent from all the subjects and ethical approval obtained from the Ethics Committee at the University of Cologne (votes
12-163 and 19-1146). SLE PBMCs and sera were provided by ImmRheum biobank in Freiburg, a project that was approved by the
local ethical committee (votes 507/16 and 624/14). All patients who provided blood to the biobank had provided written informed
consent. RA PBMCs were provided by the University Hospital Cologne, a project that was approved by the local ethical committee
(number 13-091). Researchers were blinded to the identity of the donors, and age or sex matching was not performed. Sample size is
indicated in the figure legends.

METHOD DETAILS

Cell isolation and culture

PBMCs from buffy coats from healthy blood donors were isolated by density gradient centrifugation using SepMate tubes and Lym-
phoprep (both STEMCELL Technologies). pDCs were negatively selected from PBMCs using the plasmacytoid dendritic cell isolation
kit Il (Miltenyi Biotec). Isolated pDCs were maintained in RPMI (GIBCO) supplemented with 10% FBS (HyClone), 2 mM L-glutamine
(GIBCO), 10,000 U/ml Penicillin/Streptomycin (GIBCO), 55 uM B-Mercaptoethanol (Sigma) and, where indicated, 50 ng/ml recombi-
nant human IL-3 (Peprotech) or 50 ng/ml recombinant human GM-CSF (Peprotech). Where indicated, cells were cultured in RPMI
without L-leucine and L-glutamine (MP Biomedicals) supplemented 2 mM L-glutamine (GIBCO) or RPMI without methionine (GIBCO)
or RPMI without L-cystine, L-glutamine and L-methionine (MP Biomedicals) supplemented with 2 mM L-glutamine (GIBCO) and
0.1 mM L-methionine (Sigma) or HPLM (GIBCO).

Amino acid free and HPLM media were supplemented with 10% dialyzed FBS (HyClone), 10,000 U/ml Penicillin/Streptomycin
(GIBCO), 55 uM B-Mercaptoethanol (Sigma) and 50 ng/ml recombinant human IL-3 (Peprotech). Cells were stimulated with 5 uM
CpG-A (ODN2216) or 5 uM CpG-B (ODN2006) or 5 pM CpG-C (ODN2395) or 0.5 ng/ml R848 (resiquimod) or 5 ng/ml R837 (imiqui-
mod) (all from InvivoGen) for times indicated. To detect intracellular cytokines, cells were treated with GolgiPlug (BD Bioscience) for
the last 4 h of the culture. For overnight (o/n) incubations, cells were plated at 0.5 - 1x108/ml. Where indicated, cells were treated with
the following inhibitors: 20 nM rapamycin (Calbiochem), 250 nM torin1 (Tocris), 10 uM heptelidic acid (Adipogen), 1 uM oligomycin
(Sigma), 1 pM AZD1480 (Selleckchem), 25 nM - 1 uM baricitinib (LY3009104, Selleckchem), 200 ng/ml tofacitinib (CP690550, Tocris),
5 or 10 uM erastin (R&D Systems or Sigma, respectively), 100 or 200 uM sulfasalazine (Tocris), 5 or 10 uM JPH203 (KYT-0353, Sell-
eckchem), 10, 15 or 30 uM ziritaxestat (MCE MedChemExprress) or sera from SLE patients at 1:2 ratio for indicated times. A summary
of all inhibitors used in this paper and their on- and off- known targets is included as a Table 1.
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Table 1.
Family Inhibitor Target Off-targets Concentration used pDC viability
JAK AZD1480 JAK2 cell death > 1 pM 1uM reduced (Figure S6B)
baricitinib JAK2/1 NR 25 nM-1 uM reduced (Figure S6G)
tofacitinib pan JAK NR 200 ng/ml reduced (not shown)
System LAA BCH SLC7A5 SLC7A8 10 mM NA
JPH203 SLC7A5 NR 5-10 uM reduced at 10 um (not shown)
System x. ™~ erastin SLC7A11 VDACs 5-10 uM not affected (Figure S6B)
sulfasalazine SLC7A11 NFkB 100-200 uM not affected (Figure S6B)
mTORC rapamycin mTORC1 mTORC2 > 20 nM 20 nM not affected (not shown)
torin 1 mTORC1/2 NR 250 nM reduced (not shown)
Glycolysis heptelidic acid GAPDH NR 10 uM not affected (not shown)
OXPHOS oligomycin ATP synthase NR 1uM not affected (not shown)

List of inhibitors used in the paper indicating inhibitor targets and off-targets, concentration used in this study and their effects on cell viability. NR
stands for none reported, NA stands for not applicable.

Flow cytometry

The following fluorochrome-conjugated monoclonal antibodies were used for staining cell surface markers: IL-3Ra (CD123, Miltenyi
Biotec, clone AC145), HLA-DR (BD Bioscience, clone G46-6), CD303 (BDCA2, BioLegend, clone 201A), CD116 (BD Bioscience,
clone hGMCSFR-M1), CD4 (BioLegend, clone A161A1). Whole PBMC-staining was performed in 0.5% BSA in PBS for 30 min at
4°C, dead cells were excluded with the LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Invitrogen). Isolated pDC staining was per-
formed in 0.5% BSA in PBS for 10 min at RT, dead cells were excluded with the LIVE/DEAD Fixable Near-IR or Aqua Dead Cell Stain
Kits (Invitrogen). Unspecific binding was blocked with FcR blocking reagent (Miltenyi Biotec). The following fluorochrome-conjugated
Abs were used for intracellular staining: IFN-o (Miltenyi Biotec, LT27:295), TNF (BioLegend, clone Mab11), pS6 (S235/236; CST,
clone D57.2.2e), pSTAT5 (Y694; CST, clone C71E5). After surface staining, cells were fixed using Fixation/Permeabilization Kit
(BD Bioscience) for 20 min at 4°C, and then additionally permeabilized in Perm/Wash solution for 30 min at 4°C, after which cells
were incubated with antibodies against intracellular proteins, at previously determined antibody dilutions, for 30 min at RT.

De novo protein synthesis was measured using Click-iT Plus OPP Alexa Fluor 647 Protein Synthesis Assay Kit (Invitrogen) on pDCs
stained with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Invitrogen). Cycloheximide (Sigma) at 100 pg/ml was used as a positive
control for protein synthesis inhibition.

Kynurenine uptake was performed using pDCs stained with antibody against IL-3Ra (Miltenyi Biotec) and LIVE/DEAD Fixable Near-
IR Dead Cell Stain Kit (Invitrogen), as described previously (Sinclair et al., 2018). Briefly, stained cells were incubated in HBSS
(GIBCO) with 200 uM kynurenine (Sigma) for 4 min at 37°C. Cells were then fixed and additional intracellular staining was performed
as described above. Where indicated, at the time of kynurenine uptake, cells were treated with 10 mM BCH (Tocris). The 405 nm laser
and 450/50 BP filter were used for kynurenine fluorescence detection.

Detection of intracellular mMRNAs was performed using PrimeFlow RNA Assays according to manufacturer’s protocol (Thermo sci-
entific). Briefly, isolated pDCs were stained using LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Invitrogen) and fixed with fixation
buffer . Where indicated, cells were intracellularly stained with IFN-o. and/or TNF in perm/wash buffer at previously determined con-
centrations. Then cells were fixed with fixation buffer Il. Next, target-specific probes (IFNA2 (type 6, 10), TNF (type 1), SLC7AS5 (type
6), SLC3A2 (type 4), SLC7A11 (type 1), ENPP2 (type 4), MYOT1E (type 6), CCL3 (type 1), CCL17 (type 6), CXCLS8 (type 1), CXCL9 (type
1), CXCL10 (type 1)) were hybridized to the target RNA transcript and signal was amplified. All buffers and times of incubation were
provided by the manufacturer.

In all cases, cells were analyzed using LSR Fortessa flow cytometers (BD Biosciences) and data were processed using FlowJo
software v.9.9.6 (Tristar).

Cytokine and chemokine measurements

Isolated pDCs were plated at 1x10%/ml and incubated in RPMI (GIBCO) supplemented with 10% FBS (HyClone), 2 mM L-glutamine
(GIBCO), 10,000 U/ml Penicillin/Streptomycin (GIBCO), 55 uM B-Mercaptoethanol (Sigma) containing 50 ng/ml recombinant human
IL-3 (Perprotech) and 5 uM CpG-A (InvivoGen) for 24 hours. Where indicated cells were treated with either AZD or BAR (both at 1 uM,
Selleckchem). Type | IFN (IFN-a, IFN-B, IFN-2), TNF, CXCL8 and CXCL10 secretion was measured from supernatants using the
LEGENDplex human Anti-Virus responses panel (Biolegend, #7410390) according to the manufacturer protocol.

Metabolic assays

Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were measured using mitochondrial stress test in a 96
well Extracellular Flux Analyzer (Seahorse Bioscience). Cells were plated at 0.15x10° per well (coated with poly-D-lysine) and prein-
cubated at 37°C for a minimum of 45 min in the absence of CO, in un-buffered RPMI (GIBCO) with 25 mM glucose (Sigma), 1 mM
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pyruvate (Invitrogen) and 2 mM L-glutamine (GIBCO). Medium was supplemented with 10% FBS (HyClone) and 50 ng/ml recombi-
nant human IL-3. (Peprotech). OCR and ECAR were measured under basal conditions following the addition of CpG-A. Results were
collected with Wave software version 2.4 (Agilent). In Figure 2B, ECAR was measured in real time first in the absence of glucose and
then following the addition of 10 mM glucose (Sigma). In this case data is presented as baseline-corrected.

Glucose and lactate were measured in cell culture supernatants using the Cedex Bio Analyzer (Roche) and data presented as
mmol/L.

Stable-isotope tracing

Sample preparation and metabolite extraction: 10 mM uniformly-labeled *C-glucose (Sigma) was used to label isolated pDCs main-
tained in RPMI (GIBCO) supplemented with 10% FBS (HyClone), 2 mM L-glutamine (GIBCO), 10,000 U/ml Penicillin/Streptomycin
(GIBCO), 55 uM B-Mercaptoethanol (Sigma) and 50 ng/ml recombinant human IL-3 (Peprotech) for 3 h. For metabolite analysis,
0.6x10° pDCs were washed in ice-cold PBS (GIBCO) and metabolites were extracted using 30 pL extraction buffer (50:30:20, meth-
anol:acetonitrile:water, Sigma) cooled on dry ice for 30 min beforehand. Samples were centrifuged at 2000 g for 3 min to remove
protein debris and supernatants were stored at —80°C until acquisition.

Metabolite measurement by LC-MS: LC-MS was carried out using an Agilent 1290 Infinity Il UHPLC in-line with a Bruker Impact Il
QTOF operating in negative ion mode. Scan range was from 30 to 1050 Da. Mass calibration was performed at the beginning of each
run. LC separation was on a Phenomenex Luna propylamine column (50 x 2 mm, 3 um particles) using a solvent gradient of 100%
buffer B (5mM ammonium carbonate in 90% acetonitrile) to 90% buffer A (10 mM NH4 in water). Flow rate was from 1000 to 750 pl/
min. The Autosampler temperature was 5°C and injection volume was 2 pl. Metabolites were quantified using AssayR (Wills et al.,
2017), and identified by matching accurate mass and retention time to standards.

scRNA-seq

Single cell RNA sequencing was performed using a 10X Genomics Chromium Controller. Single cells were processed with GemCode
Single Cell Platform using GemCode Gel Beads, Chip and Library Kits (v2) following the manufacturer’s protocol. An estimated 1400
cells were sequenced (~700 from each condition), with a mean of 64338 reads per cell and a mean of 2200 genes detected per cell.
Libraries were sequenced on HiSeq 3000 (lllumina). Samples were demultiplexed and aligned using Cell Ranger 2.2 (10X Genomics)
to genome build GRCh38 to obtain a raw read count matrix of barcodes corresponding to cells and features corresponding to
detected genes. Raw read count matrices from single cell RNA sequencing data from lupus nephritis patients were retrieved from
ImmPort:: SDY997 where the ethical approval, sample acquisition and preparation, as well as library processing is described in detail
(Arazi et al., 2019).

Read count matrices were processed, analyzed and visualized in R using Seurat v. 3 (Stuart et al., 2019) and Uniform Manifold
Approximation and Projection (UMAP) (Mclnnes et al., 2018) as a dimensionality reduction approach. Differentially expressed genes,
with greater than a 1.2 fold change and an adjusted p value of less than 0.05, were obtained and compared across clusters using the
UpSet methodology (Conway et al., 2017).

Data and software availability
Single cell RNA sequencing data can be accessed at GEO: GSE157305.

ChIP sequencing analysis

STAT5 binding sites were identified by retrieving raw sequencing data from Gene Expression Omnibus (GEO: GSE43119), which was
produced from human T cells (Schmidl et al., 2014). The analysis performed was limited specifically to conventional T cells (samples
SRR639410 and SRR639408). Retrieved data were processed using the default settings of the snakePipe methodology developed
by the Bioinformatics core at the Max-Planck-Institute for Immunobiology and Epigenetics (Bhardwaj et al., 2019) which is described
in https://snakepipes.readthedocs.io/en/latest/index.html. Samples were mapped to GRCh38 and binding sites were identified us-
ing MACS2 (Zhang et al., 2008) with the input control used as background.

Tissue Immunostaining

Immunostaining for SLC7A11 and IL3-Ra (CD123) was performed on paraffin sections (6 mm). First, they were deparaffinized by xylol
and ethanol incubations and washed in Tris-buffered saline (TBS). Heat-induced epitope retrieval was performed using Tris-EDTA
buffer (10 mM Tris, 1 mM EDTA, pH 9) for 20 min in a heated (95°C) water bath. Samples underwent incubation with primary anti-
bodies against SLC7A11 (Abcam, ab37185), and IL-3Ra (Novocastra/Leica, clone BR4AMS, name NCL-L-CD123) diluted in TBS,
1% normal goat serum and 0.01% Tween in a humid chamber o/n at 4°C. For the immunofluorescence, Alexa Fluor 488 conjugated
secondary antibodies were used. Cell nuclei were counterstained with DAPI. Immunohistochemistry was performed in an automated
system (Leica BOND-MA, Leica Microsystem, Wetzlar, Germany). Images were captured using a BIOREVO BZ-9000 fluorescence
microscope and associated software (Keyence, Neu-Isenburg, Germany).

CRISPR-Cas9 mediated gene deletion:
RNP complexes were prepared by annealing (5 min, 98°C) equimolar amounts of crRNA and tracrRNA (180 pmol each per donor,
IDT), followed by incubation with 60 pmol Alt-R S.p. Cas9 Nuclease V3 (IDT). Two separate crRNAs per target were used and mixed.
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RNPs were delivered into purified human pDCs by electroporation in P4 Primary Cell buffer (Lonza) in the presence of 2 uM enhancer
(IDT) using the CM-137 program (4D-Nucleofector, Lonza). Cells were allowed to recover for 1 h in recovery medium (Lonza) and
rested in RPMI (GIBCO) supplemented with 10% FBS (HyClone), 2 mM L-glutamine (GIBCO), 10,000 U/ml Penicillin/Streptomycin
(GIBCO), 55 uM B-Mercaptoethanol (Sigma) and 50 ng/ml recombinant human IL-3 (Peprotech) for 72 h prior to stimulation with
CpG-A. The following guides were used: Hs.Cas9.SLC7A11.1.AA, Hs.Cas9.SLC7A11.1.AE, Hs.Cas9.SLC7A5.1.AA, Hs.Cas9.SL-
C7A5.1.AC, Hs.Cas9.SLC3A2.1.AB, Hs.Cas9.SLC3A2.1.AE, Hs.Cas9.GCGAGGTATTCGCTCCGCG (non-targeting control).

QUANTIFICATION AND STATISTICAL ANALYSIS

With the exception of scRNA-Seq, statistical analysis was performed using Prism 7 software (GraphPad) and results are represented
as mean = SD or geometric SD (indicated in legends). Comparisons for two groups were calculated using unpaired two-tailed Stu-
dent’s ttests (Figures 1A, 1J, 2D, and 2E; Figures S1D, S1G, S1H, S2B, and S3D). Comparisons of more than two groups were calcu-
lated using one-way paired (Figures 1B, 1E-11, 1K, 1L, 2A, 2F-2I, 3A, 3F, 3G, 5K, 5L, 6A (TNF), 6D, 6F, 6G, and 6J; Figures S1B, S1E,
S1F, S2D, S3G, S3H, S3J, S3L, S5Q, S6C, S6E) or nonmatched (Figures 3B, 3D, 3E, 3I, 4A-4E, 4H, 5H, and 6A (IFN-a); Figures S3l,
S3K, S4D, S4E, S4G, S4l, S5P S6A, S6B, and S6D) ANOVA with Tukeys multiple comparison tests or two-way paired (Figures 5M, 6E,
6H, and 6l; Figures S3F, S4B, and S4C) or nonmatched ANOVA (Figures 1D, 3C, 3H, 4F, 4G, 4l, 4J, 5J, 6C, 6K, and 6L; Figure S3E)
with Tukeys multiple comparison tests. Designation of p values were as follows: * < 0.05; ** < 0.01; ** < 0.001; *** < 0.00001, ns -
not significant.
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