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SUMMARY
Activated macrophages must carefully calibrate their inflammatory responses to balance efficient pathogen
control with inflammation-mediated tissue damage, but the molecular underpinnings of this ‘‘balancing act’’
remain unclear. Using genetically engineeredmousemodels and primarymacrophage cultures, we show that
Toll-like receptor (TLR) signaling induces the expression of the transcription factor Spic selectively in patrol-
ling monocytes and tissue macrophages by a nuclear factor kB (NF-kB)-dependent mechanism. Function-
ally, Spic downregulates pro-inflammatory cytokines and promotes iron efflux by regulating ferroportin
expression in activated macrophages. Notably, interferon-gamma blocks Spic expression in a STAT1-
dependent manner. High levels of interferon-gamma are indicative of ongoing infection, and in its absence,
activated macrophages appear to engage a ‘‘default’’ Spic-dependent anti-inflammatory pathway. We also
provide evidence for the engagement of this pathway in sterile inflammation. Taken together, our findings un-
cover a pathwaywherein counter-regulation ofSpic byNF-kBand STATs attune inflammatory responses and
iron metabolism in macrophages.
INTRODUCTION

Macrophages are widely distributed with impressive functional

diversity (Gordon et al., 2014; Haldar and Murphy, 2014). At

steady state, tissue macrophages help maintain local tissue ho-

meostasis (Gordon et al., 2014; Haldar and Murphy, 2014).

Injury or infection leads to the recruitment of circulating mono-

cytes that can locally differentiate into macrophages (mono-

cyte-derived macrophages [Mo-MACs]) that produce cytokines

and other factors that shape the ensuing immune response.

Resolution of inflammation is facilitated by reduced pro-inflam-

matory and increased anti-inflammatory cytokine production by

Mo-MACs (Murray, 2017; Oishi and Manabe, 2018; Wynn and

Vannella, 2016). Excessive or prolonged inflammatory re-

sponses can impair tissue repair, whereas suboptimal re-

sponses lead to poor pathogen control (Murray and Wynn,

2011). Therefore, macrophage inflammatory responses are

dynamically regulated, but the molecular underpinnings are

unclear.
This is an open access article und
Macrophages have receptors that detect pathogen-associ-

ated or endogenous danger-associated molecular patterns

(PAMPs and DAMPs, respectively) (Mukhopadhyay et al.,

2009; Zhang and Mosser, 2008). Lipopolysaccharide (LPS), the

prototypical PAMP, activates Toll-like receptor 4 (TLR4), which

induces large-scale transcriptional changes. LPS-induced

genes can be classified as primary and secondary response

genes (Medzhitov and Horng, 2009). The induction of primary

response genes does not require new protein synthesis and oc-

curs within minutes by activation of pre-existing transcription

factors, such as nuclear factor kB (NF-kB) and AP-1. Primary

response genes mainly promote inflammation; however, a sub-

set of these genes encode transcription factors that mediate

the expression of secondary response genes with more diverse

function (Medzhitov and Horng, 2009). Temporally and mecha-

nistically, the regulation of secondary response genes provides

a convenient fulcrum for calibrating macrophage inflammatory

responses. As an example, the transcription factor C/EBPb is a

secondary response gene that counteracts the pro-inflammatory
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actions of NF-kB (Kaneda et al., 2016; Ruffell et al., 2009). None-

theless, how secondary response genes regulate macrophage

inflammatory responses is not fully understood.

PAMP recognition induces cytokine production by macro-

phages that alert the rest of the immune system to the pres-

ence of pathogens. The subsequent influx and activation of

other immune cells at the site of inflammation change the cyto-

kine milieu. Sensing this evolving cytokine milieu is one way

through which macrophages can assess the status of local

inflammation to regulate their own function accordingly (Oishi

and Manabe, 2018; Wynn and Vannella, 2016). T cells and nat-

ural killer (NK) cells produce high levels of interferon-gamma

(IFNg) at sites of infection, which dissipates upon resolution

of infection (Thäle and Kiderlen, 2005). Hence, IFNg can serve

as a ‘‘second signal’’ for PAMP-activated macrophages,

corroborating the presence of pathogens. Consistent with this

notion, IFNg augments inflammatory and microbicidal functions

of macrophages (Hu and Ivashkiv, 2009). However, how acti-

vated macrophages respond to falling IFNg levels in the resolu-

tion phase of pathogen-induced inflammation and how IFNg af-

fects macrophage function during sterile inflammation remain

unclear.

Iron enters macrophages through diverse pathways and is

either stored inside the cell or released back into the surrounding

environment by the iron exporter ferroportin (Fpn, Slc40a1) (Alam

et al., 2017; Soares and Hamza, 2016). Because pathogens

require iron to thrive in the host, macrophages sequester it dur-

ing infection (Ganz and Nemeth, 2015). A key mechanism con-

trolling iron availability is the regulation of macrophage Fpn dur-

ing inflammation (Drakesmith et al., 2015). Toll-like receptor

(TLR) activation rapidly downregulates Fpn transcription (Guida

et al., 2015). Hepcidin, a peptide hormone produced by hepato-

cytes during inflammation, also causes internalization and

degradation of FPN in macrophages (Drakesmith and Prentice,

2012). Systemically, prolonged or excessive iron sequestration

can lead to iron deficiency, whereas locally this can impair

wound repair (Ganz and Nemeth, 2015; Recalcati et al., 2019).

Therefore, macrophages must release trapped iron during the

resolution phase of inflammation, but pathways linking the reso-

lution of inflammation to iron efflux in macrophages are unclear.

The transcription factor Spic was previously shown to be

required for the development of iron-recycling macrophages

(Haldar et al., 2014; Kohyama et al., 2009). Here, we show that

Spic is also induced in PAMP- or DAMP-activated macrophages

where it reduces the inflammatory response and promotes iron

efflux. In this setting, the mechanism of Spic induction is distinct

from the previously reported Bach1 and heme-dependent

pathway. Importantly, IFNg blocks Spic expression, providing

insight into how Spic-dependent functions are differentially

engaged in the presence or absence of an infectious threat.

RESULTS

TLR Ligands Selectively Induce Spic Expression in
Patrolling Monocytes and Tissue Macrophages
Spic regulates the development of iron-recycling macrophages

in the spleen and bone marrow (Haldar et al., 2014; Kohyama

et al., 2009). Because monocytes and macrophages alter iron
2 Cell Reports 31, 107825, June 30, 2020
metabolism during inflammation (Ganz and Nemeth, 2015), we

examined whether inflammation regulates Spic by treating

SpicGFP/GFP reporter mice (Haldar et al., 2014) with intraperito-

neal LPS. In the blood, LPS induced Spic selectively in mono-

cytes (Figures 1A–1C). Ly6C expression marks two major sub-

sets of murine monocytes (Geissmann et al., 2003). Notably,

Spic was induced in Ly6CloTremL4hi (patrolling) but not

Ly6ChiTremL4lo (classical) monocytes (Figures 1B and 1C). To

test whether blood monocyte subsets inherently differ in their

capacity to express Spic, we analyzed Spic expression in

Bach1-deficient SpicGFP/GFP reporter (Bach1�/�: SpicGFP/GFP)

mice. We previously showed that the transcription factor

Bach1 constitutively represses Spic expression in monocytes

(Haldar et al., 2014). Bach1 deficiency, similar to LPS treatment,

promoted Spic expression in Ly6CloTremL4hi patrolling mono-

cytes (Figure 1D). Therefore, the twomajor subsets of circulating

monocytes differ in their ability to express Spic.

Monocytes can differentiate into macrophages or dendritic

cells (DCs), and we previously showed that TREML4 expression

marks the loss of DC differentiation potential in circulatingmono-

cytes (Briseño et al., 2016). The selective expression of Spic in

TremL4+ monocytes suggests that the capacity to express

Spic is linked to macrophage identity. To further test this, we ob-

tained Zbtb46GFP reporter mice in which GFP expression is

restricted to DCs (Satpathy et al., 2012). We generated a mixed

population of macrophages and DCs in vitro by culturing

Zbtb46GFP bone marrow cells with granulocyte-macrophage

colony-stimulating factor (GM-CSF) (Helft et al., 2015). LPS

treatment in this setting strongly induced Spic in ZBTB46-

GFP�F4/80hi macrophages but not ZBTB46-GFP+F4/80� DCs,

confirming the specificity of Spic to the macrophage lineage

(Figure 1E).

We next examined whether tissue macrophages induce Spic

during inflammation. High levels of heme can induce Spic in

iron-recycling macrophages of the spleen, bone marrow, and

liver (Haldar et al., 2014). Hence, we excluded these organs

from our initial analyses to disentangle the impact of heme

from TLR activation on Spic. Intraperitoneal LPS induced Spic

in monocytes and macrophages of various tissues but not in

DCs (Figures 2A and S1A). Macrophages in the intestinal tract

are exposed to TLR ligands derived from gut microbiota (Bain

et al., 2013). Correspondingly, we detectedSpic inmacrophages

of the large intestine at steady state (Figure. 2B). Gut macro-

phages are further divided into three major subsets: (1)

CD4+Tim4+ subset that is maintained by local proliferation, (2)

CD4+Tim4� subset with slow turnover from monocytes, and

(3) CD4�Tim4� subset with rapid turnover from circulating

monocytes (Shaw et al., 2018).We detected Spic in all three sub-

sets (Figure 2B). Our findings are consistent with a recent report

that also cited Spic expression in gut macrophages (Kayama

et al., 2018). Notably, the level of Spic was higher in the colon

than in the small intestine, which likely reflects the higher density

of microbiota in the colon (Figure 2C). Correspondingly, Spic

expression was lower in the colon of germ-free than in conven-

tionally housed mice (Figure 2D).

TLR activation promotes monocyte differentiation into

macrophages (Krutzik et al., 2005). Hence, TLR-induced Spic

in tissues may represent macrophages newly differentiated
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Figure 1. TLR Activation Induces Spic in Monocytes and Macrophages
(A–C) LPS (50 mg) or PBS (control) was injected intraperitoneally (i.p.) into mice of indicated genotypes (headers). Peripheral blood was collected 3 days later.

Shown are the flow cytometry plots (FCSs) with indicated markers. (A) Cells pre-gated for CD45+ singlets expresses SPIC (GFP+) selectively in CD11B+myeloid

cells. (B) Expression of indicated markers on cells gated on SPIC expression (A, arrow). (C) FCS showing SPIC expression in monocyte subsets defined by Ly6C

(pre-gated for CD45+ singlets).

(D) FCS of circulating monocytes (CD45+LY6G�CD115+) from mice of indicated genotypes (header) showing Spic expression in circulating leukocytes.

(E) Zbtb46GFP/GFP bone marrow cells were cultured in GM-CSF for 7 days. F4/80hiZbtb46GFP� macrophages (MAC) and F4/80loZbtb46GFP+ DCs were purified

by fluorescence-assisted cell sorting (FACS), cultured in media without cytokines, and treated with LPS. Cells were harvested 24 h later, and qRT-PCR was

performed for indicated genes (y axis, normalized to 18S rRNA). MACs but not DCs induced Spic while both cell types increased Tnfa expression with LPS.

FCS, numbers represent percentage of cells within indicated gate. (A–D) RepresentsR3 experiments withR3 mice per group. qRT-PCR, data representative of

R3 independent experiments; and graphs show a single experiment with nR2 per group. Results are expressed as mean ± SEM. p% 0.05 (*), p% 0.01 (**), p%

0.001 (***), and p % 0.0001 (****). See also Figure S1.
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from infiltrating monocytes, or they may represent pre-existing

tissue-resident macrophages. To test whether tissue-resident

macrophages can induce Spic, we purified lung and peritoneal

resident macrophages and exposed them to LPS in vitro, finding

robust Spic induction (Figures 2E and 2F). Next, we asked

whether macrophages that already express high levels of Spic

at the steady state (splenic red pulp macrophages [RPMs] and

liver Kupffer cells) can further induce it upon TLR activation.

We isolated Spic-high and Spic-negative macrophages from

spleen and liver of SpicGFP/GFP mice and exposed them to LPS

ex vivo. Although LPS further increased Spic expression in

Spic-high macrophages, the level of induction was significantly

less (�23 versus >103) than that in macrophages that did

not express Spic prior to LPS exposure (Figures 2G, 2H, and

S1B). Hence, TLR-induced Spic is a conserved feature of

macrophages.
Spic Downregulates Inflammatory Responses in
Activated Macrophages
The spleen contains Spic-high RPMs and their Spic-low precur-

sors (PreRPM) (Haldar et al., 2014). Spic�/� mice lack RPM but

not PreRPMs (Figure 3A). A microarray-based gene expression

comparison of wild-type (WT) and Spic�/� PreRPM revealed a

prominent inflammatory signature in the latter, suggesting an

anti-inflammatory function of Spic (Figure 3B). Indeed, a recent

study suggested that heme-induced Spic downregulates inflam-

mation in a murine model of dextran sodium sulfate(DSS)-

induced colitis (Kayama et al., 2018). Therefore, we further

examined whether TLR-induced Spic serves an anti-inflamma-

tory function. We treated SpicGFP/GFP bone-marrow-derived

macrophages (BMDMs) with LPS in vitro and isolated SPIC+

and SPIC� macrophages. In this setting, SPIC+ macrophages

expressed lower pro- and higher anti-inflammatory cytokines
Cell Reports 31, 107825, June 30, 2020 3
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Figure 2. TLR Activation Induces Spic in the Tissue Macrophages

(A) SpicGFP/GFPmice were treatedwith i.p. LPS (75 mg in PBS) or control (PBS), and lungs were harvested 48 h after treatment. Top: FCSwith indicatedmarkers on

singlets, highlighting SPIC expression. Bottom: distribution of indicated markers on SPIC+ and SPIC� cells (gating shown in top panels, arrow).

(B) FCS with indicated markers in CD45+ live (7AAD�) singlets from large intestine of SpicGFP/GFP and wild-type (WT) mice, showing Tim4 and CD4 expression

largely restricted to SPIC+ cells.

(C) Published gene expression profiles (microarray based) of murine ileum and colon were downloaded from a public database (GEO: GSE32513). Shown are

expression values (linear scale) of Spic.

(D) qRT-PCR-based expression of Spic (normalized to Hprt) in colon obtained from conventionally raised (Cont) and germ-free (GF) mice.

(E) Lung macrophages (CD45+CD64+CD11C+) were isolated by FACS, cultured with M-CSF for 12 h, and treated with LPS (1 mg/ml). RNA was extracted 10 h

after LPS treatment, and the expression (normalized to Hprt) of Spic was measured by qRT-PCR.

(F) Peritoneal cells (PECs) were cultured with M-CSF for 12 h, followed by LPS (1 mg/ml) treatment. RNA was extracted 20 h after treatment, and the expression

(relative to Hprt) of Spic was measured by qRT-PCR.

(G) CD45+F4/80+GFP+ and CD45+F4/80+GFP� liver macrophages were purified by FACS, cultured with M-CSF for 12 h, and treated with LPS (1 mg/ml). RNA

was extracted 14 h after LPS treatment, and the expression (normalized to 18S rRNA) of Spic was measured by qRT-PCR.

(H) RPMs from SpicGFP/GFP spleen were purified by FACS, cultured with M-CSF for 12 h, and treated with LPS (1 mg/ml). RNA was extracted 16 h after LPS

treatment, and the expression (normalized to Hprt) of Spic was measured by qRT-PCR.

FCS, numbers represent percentage of cells within indicated gate. (A and B) RepresentR3 experiments withR3 mice per group. qRT-PCR, data representative

ofR 3 independent experiments; and graphs show a single experiment with nR2 per group. Results expressed as mean ± SEM. p% 0.05 (*), p% 0.01 (**), p%

0.001 (***), and p % 0.0001 (****). See also Figures S1, S6, and S7.
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(Figures 3C). These differences were maintained when SPIC+

and SPIC�macrophages were re-exposed to LPS (Figure S2A).

Hence, high levels of Spic expression marks macrophages with

lower inflammatory responses. Next, we compared LPS re-

sponses of WT and Spic�/� BMDMs. Consistent with the above

observations, Spic deficiency engendered higher pro-inflamma-

tory cytokine expression (Figures 3D and 3E). Correspondingly,

Spic�/� mice showed higher body temperature, higher levels

of circulating tumor necrosis factor a (TNF-a), and increased
4 Cell Reports 31, 107825, June 30, 2020
lungNos2 thanWTmice upon intraperitoneal LPS exposure (Fig-

ures 3F and S2B).

Bach1�/�macrophages have been shown to display an anti-in-

flammatory phenotype (Harusato et al., 2013). BecauseBach1�/�

macrophages also express high levels of Spic, we asked whether

Spicmight drive anti-inflammatory properties ofBach1�/�macro-

phages. We generated Bach1�/�: Spic�/� (double knockout

[DKO]) mice and compared inflammatory responses of DKO and

Bach1�/� BMDMs. In the setting of LPS exposure, we found
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Figure 3. Spic Controls Inflammatory Response in Macrophages

(A) FCS (pre-gated on singlets) on splenocytes fromWT andSpic�/�mice show drastically reducedRPMs but relatively normal PreRPMs inSpic-deficient spleen.

(B) PreRPM from WT and Spic�/� spleen (two mice per genotype) were purified by FACS and subjected to microarray-based gene expression profiling

(Affymetrix, mouse gene_2.0ST). Shown are the gene set enrichment analyses (GSEAs) for the signature associated with inflammatory response (left) and the

corresponding heatmap based on differentially expressed genes (nominal p = 0.504) between the two genotypes (right).

(C) BMDMs from SpicGFP/GFP mice were treated with LPS (1 mg/ml). After 48 h, GFP+ (SPIC-expressing) and GFP� (SPIC�) cells were purified by FACS and RNA

extracted, and the expression (normalized to Hprt) of indicated genes (y axis, relative to GFP� cells) was measured by qRT-PCR.

(D) Mo-MACs from WT and Spic�/� mice were treated with LPS (1 mg/ml), RNA was extracted 24 h later, and the expression (normalized to Hprt) of indicated

genes (y axis, relative to WT no treatment) was measured by qRT-PCR.

(E) BMDMs from WT and Spic�/� mice were treated with LPS (1 mg/ml). After 16 h, the amount (y axis) of indicated cytokines released into the media was

measured by ELISA.

(F) WT, Spic�/�, and Spic+/� mice were treated (i.p.) with LPS (7.5 mg/gm). Rectal temperature (right graph) and plasma TNF-a (ELISA, left graph) were measured

24 h after treatment.

(G) BMDMs from WT, Bach1�/�, and Bach1�/�: Spic�/� double knockout (DKO) were treated with LPS (1 mg/ml). RNA was extracted 24 h later, and the

expression (normalized to Hprt) of indicated genes was measured (y axis, relative to WT non-treated group) by qRT-PCR.

(H) Mo-MACs from WT mice were treated with LPS (1 mg/ml) with or without PI3Kg inhibitor, IPI549 (100 nM). RNA was extracted 20 h later, and the expression

(normalized to Hprt) of indicated genes was measured (y axis, relative to no treatment group) by qRT-PCR.

FCS, numbers represent percentage of cells within indicated gate. (A) RepresentsR3 experiments withR3mice per group. qRT-PCR, data representative ofR3

independent experiments; and graphs show single experiment with nR2 per group. Results expressed asmean ±SEM. p% 0.05 (*), p% 0.01 (**), p% 0.001 (***),

and p % 0.0001 (****). See also Figure S2.
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that the loss of Spic reversed the anti-inflammatory phenotype of

Bach1�/�BMDMs (Figure 3G). Finally, a recent study showed that

phosphatidylinositol 3 kinase (PI3K)-g signaling promotes a

‘‘switch’’ from a pro- to anti-inflammatory phenotype in activated

macrophages (Kaneda et al., 2016). Inhibiting PI3K-g in TLR-acti-

vated macrophages reduced Spic and increased pro-inflamma-

tory cytokine expression (Figure 3H). Taken together, these

findings suggest that Spic downregulates the transcription of

pro-inflammatory cytokines in activated macrophages.
Spic Promotes Iron Export in Activated Macrophages
To identify the genetic targets of Spic in inflammatory settings,

we compared the gene expression profile (microarray based)

of patrolling monocytes from Spic+/� and Spic�/� mice treated

with intraperitoneal LPS. Gene set enrichment analysis (GSEA)

of differentially expressed genes revealed a hallmark for heme

metabolism in Spic�/� monocytes, which is typically associ-

ated with cells containing high levels of heme and iron (Fig-

ure 4A). Fpn is the only known mammalian exporter of iron
Cell Reports 31, 107825, June 30, 2020 5
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Figure 4. Spic Regulates Ferroportin-Mediated Iron Export in Macrophages

(A) Spic+/� and Spic�/� mice (three mice per group) were treated with LPS (30 mg/mouse). Patrolling monocytes (CD45+CD11B+CD115+LY6C�) were purified

72 h after treatment and subjected to microarray-based (affymetrix, mouse gene 2.0_ST) gene expression profiling. Shown are the GSEA plots for the hallmark of

heme metabolism (left) and corresponding heatmap based on differentially expressed genes (nominal p < 0.01) between the two genotypes (right).

(B) Expression (y axis, linear scale) of Fpn from the microarray data.

(C) WT and Spic�/� BMDMs (two mice per group) were treated with LPS (100 ng/ml), RNA was extracted 24 h later, and microarray-based (affymetrix, mouse

gene 2.0_ST) gene expression profiling was performed. Shown are the GSEA plots for the hallmark of heme metabolism (left) and the corresponding heatmap

based on differentially expressed genes (nominal p = 0.457) between the two genotypes (right).

(D) Mo-MACs fromWT and Spic�/� mice were treated with LPS (1 mg/ml), RNA was extracted 16 h ater, and the expression (normalized to 18S rRNA) of Fpnwas

measured (y axis relative to a non-treated group) by qRT-PCR.

(E) WT or Spic�/� mice were treated (i.p.) with LPS (150 mg/mouse) twice 48 h apart. Lungs were harvested 48 h after the final LPS treatment, and levels of FPN

protein measured by flow cytometry (left). The bar graph (right) shows quantification of mean fluorescent intensity (MFI) of FPN staining.

(F) PreRPM (CD11BhiF4/80lo) from WT and Spic�/� spleen were purified by FACS, RNA was extracted, and the levels (normalized to 18S rRNA) of Spic and Fpn

were measured (y axis, relative a WT PreRPM) by qRT-PCR.

(G) BMDMs fromWTmice were treated with LPS (100 ng/ml), RNA was extracted at indicated time points (x axis), and the levels (normalized to 18S rRNA) of Fpn

were measured (y axis, relative to non-treated group) by qRT-PCR.

(H) BMDMs of indicated genotypes were cultured for 7 days, after which the medium was removed, and fresh medium containing 100 mM of FeSO4 was added,

followed by treatment with LPS (1 mg/mL) or PBS (control). Intracellular iron was measured 24 h later. Graph is representative of five independent experiments.

The replicates for each individual experiment are technical replicates for the assay.

qRT-PCR, data representative ofR3 independent experiments. Plots show a single experiment with nR2 per group. Results are expressed asmean ±SEM. p%

0.05 (*), p % 0.01 (**), p % 0.001 (***), and p % 0.0001 (****). See also Figures S2 and S3.
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and, remarkably, was one of the most downregulated genes in

LPS-exposed Spic�/� monocytes (Figure 4B). This was inde-

pendently validated by measuring Fpn expression in classical

and patrolling monocytes from mice treated with LPS (Fig-

ure S2C). We found a similar trend in vitro, where LPS-treated

Spic�/� macrophages expressed higher levels of genes
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involved in heme metabolism (Figure 4C) and lower levels of

Fpn (Figure 4D). Correspondingly, lung macrophages and cells

from the peritoneal cavity of Spic�/� mice showed lower FPN

protein expression after LPS exposure in vivo (Figures 4E and

S2D). Finally, splenic PreRPM expressed lower Fpn than their

WT counterpart (Figure 4F). These findings suggest that Spic
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promotes Fpn expression and are consistent with previous

observations of higher splenic iron in Spic�/� mice (Kohyama

et al., 2009).

LPS strongly downregulates Fpn transcription in macro-

phages to sequester iron during inflammation (Abreu et al.,

2018). Its expression gradually recovers during the resolution

of inflammation, presumably to facilitate an efflux of the seques-

tered iron (Figure 4G). Our findings suggest that the ‘‘recovery’’

of Fpn expression in activated macrophages is regulated by

Spic. In contrast, the transcription of ferritin heavy and light

chains, which are key players in intracellular iron storage, did

not show significant alterationswithSpic deficiency (Figure S2E).

Hence, Spic may selectively impact iron efflux by FPN without

directly affecting other elements of cellular iron homeostasis.

Most studies of macrophage iron sequestration during inflam-

mation have focused on the paracrine circuit involving Hepcidin

(Hamp), an inflammation-induced hormone produced by hepa-

tocytes that mediates the degradation of surface FPN onmacro-

phages (Ganz and Nemeth, 2015). Our findings show a cell-

intrinsic transcriptional circuitry that may regulate macrophage

iron efflux during the resolution of inflammation. This is reminis-

cent of RPM, suggesting that TLR activation induces an RPM-

like phenotype in macrophages. Indeed, a recent study showed

that chronic TLR7/9 signaling induces an RPM-like macrophage

differentiation from circulating monocytes (Akilesh et al., 2019).

We found that Spic deficiency is associated with a trend toward

higher liver Hamp upon TLR exposure (Figure S2F). Therefore,

the impact of Spic on FPN-mediated iron regulation is 2-fold:

(1) regulation of Fpn transcription within macrophages and (2)

regulation of FPN protein stability by Hamp. However, Hamp

expression within macrophages itself did not change signifi-

cantly with Spic deficiency, suggesting that higher Hamp in the

liver likely reflects a higher production by hepatocytes in

response to higher inflammation in Spic�/� mice (Figure S2G).

Spic�/� macrophages upregulate Fpn in response to heme,

much like their WT counterparts (Haldar et al., 2014). Hence,

Spic is not required for Fpn expression, instead promoting Fpn

transcription in specific contexts, such as PAMP-activated mac-

rophages. This raises the question of what impact, if any, does

Spic-regulated Fpn have on macrophage iron storage during

inflammation. To address this, we devised an in vitro assay

where WT, Bach1�/�, and Spic�/� BMDMs were loaded with

iron (ferrous sulfate) prior to LPS exposure, followed by mea-

surement of total intracellular iron. As expected, LPS led to

increased intracellular iron inWT and Spic�/�macrophages (Fig-

ure 4H). Bach1 is a negative regulator of Fpn, and Bach1�/�

macrophages express high levels of Fpn. Correspondingly,

Bach1�/� macrophages did not show significant increases in

intracellular iron with LPS (Figure 4H). Importantly, LPS-exposed

Spic�/� macrophages displayed higher intracellular iron than

theirWT counterparts (Figure 4H). Taken together, these findings

show that transcriptional fine-tuning of Fpn expression by Spic

regulates macrophage iron storage during inflammation.

The dramatic downregulation of Fpn with LPS appears to be

an important driver of iron accumulation in activated macro-

phages. Nonetheless, the underlying molecular mechanism is

unclear.Bach1 is a negative regulator of Fpn (Igarashi andWata-

nabe-Matsui, 2014). However, LPS downregulated Fpn in
Bach1�/� macrophages to the same extent as in the WT (Fig-

ure S3A). The transcription factor Nrf2 is known to promote

Fpn and heme oxygenase 1 (Ho1) expression (Ma, 2013). LPS

did not significantly alter Nrf2 expression, and Ho1 levels

increased with LPS, ruling out Nrf2 transcriptional downregula-

tion as a mediator of LPS-induced suppression of Fpn (Figures

S3B and S3C). Blocking new protein synthesis with cyclohexi-

mide did not affect Fpn downregulation by LPS, indicating the

role of a preformed factor (Figure S3D). Activation of preformed

components of the NF-kB pathway play a critical role in LPS

signaling, but both pharmacological inhibition and genetic

disruption of NF-kB signaling failed to block Fpn downregulation

(Figures S3E and S3F). Hence, LPS-induced activation of a pre-

formed factor likely mediates Fpn downregulation, and Spicmay

facilitate Fpn recovery by suppressing this ‘‘unidentified factor.’’

This idea is also consistent with previous observations that Spic

generally acts as a transcriptional repressor.

TLR Activation Induces Spic by a Heme-Independent
and NF-kB-Dependent Mechanism
Heme can induce Spic by proteasome-dependent degradation

of BACH1 (Haldar et al., 2014; Kayama et al., 2018). Therefore,

hemophagocytosis or heme accumulation by activated macro-

phages may explain TLR-induced Spic. However, in-vitro-

cultured BMDMs treated with TLR agonists strongly induced

Spic, suggesting a heme-independent mechanism (Figure 5A).

LPS treatment of Bach1�/� BMDMs (which constitutively ex-

press Spic) further increased Spic, supporting a BACH1-inde-

pendent pathway for Spic induction (Figure 5B). LPS induced

Spic at a later time point than heme (Figure 5C), and LPS treat-

ment did not reduce Bach1 transcript levels in macrophages

(Figure 5D). These results suggest that TLR activation induces

Spic by a mechanism distinct from the previously described

heme and BACH1-dependent pathway.

TLR4 activates several latent transcription factors, including

NF-kB and AP-1. Although AP-1 inhibition did not affect Spic

expression, blocking NF-kB by bot 64, a small molecule inhibitor

of the inhibitor of NF-kB kinase beta (Ikk-2), abrogated Spic in-

duction by LPS in vitro and reduced it in vivo (Figures 5E, 5F,

and S4A). Rel knockout BMDMs also showed reduced Spic in-

duction with LPS, further confirming a role of NF-kB (Figure 5G).

Notably, NF-kB blockade also reduced Spic in Bach1-deficient

macrophages, suggesting a central role for NF-kB in Spic regu-

lation (Figure 5H). Correspondingly, heme-mediated Spic

expression also showed dependence on NF-kB activity (Fig-

ure S4B). NF-kB may directly promote Spic transcription (pri-

mary response gene) or indirectly by transcribing another factor

(secondary response gene). To address this, we blocked new

protein synthesis by treatment with cycloheximide, which

completely blocked Spic induction by LPS (Figure 5I). Taken

together, these results show that Spic is a TLR-induced and

NF-kB-dependent secondary response gene in activated

macrophages.

IFNg Signaling Suppresses Spic Expression
The aforementioned findings show that Spic downregulates in-

flammatory responses and promotes iron-efflux in macro-

phages. Although this is beneficial during the resolution of
Cell Reports 31, 107825, June 30, 2020 7



Fo
ld

Ch
an

ge

Fo
ld

Ch
an

ge

Fo
ld

Ch
an

ge

A

Fo
ld

Ch
an

ge

Fo
l d

Ch
an

ge

Fo
ld

Ch
an

ge
Fo

ld
Ch

an
ge

Fo
ld

Ch
an

ge

Bach1

Spic

Spic

Spic C DB Spic Spic

E

G H I SpicSpic

F SpicGFP/GFP (NT) SpicGFP/GFP (LPS) SpicGFP/GFP (LPS+BOT) Spic (Lungs)

Fo
ld

Ch
an

ge

NT LPS LPS
Bot64

Figure 5. NF-kB Is Required for Spic Expression

(A) BMDMs fromWTmice were treated with LPS (100 ng/ml) or TLR9 ligand CpG (30 mg/ml), RNA was extracted 8 h later, and the expression (normalized to 18S

rRNA) of Spic was measured (y axis, relative to no treatment) by qRT-PCR.

(B) WT and Bach1�/�Mo-MACs were treated with LPS (100 ng/ml), RNA was harvested 24 h later, and the expression (normalized toHprt) of Spicwas measured

(y axis, relative to WT no treatment) by qRT-PCR.

(C) WT BMDMswere treated with LPS (100 ng/ml) or hemin (80 mM), RNAwas extracted at indicated (x axis, hours) time points, and the expression (normalized to

18S rRNA) of Spic was measured (y axis, relative to no treatment) by qRT-PCR.

(D) WT Mo-MACs were treated with LPS (1 mg/ml), RNA was extracted at indicated time points (x axis), and expression of Bach1 (normalized to 18S rRNA) was

measured (y axis, relative to no treatment) by qRT-PCR.

(E)WTMo-MACswere treatedwith LPS (1 mg/ml) with or without an Ikk-2 inhibitor, Bot64 (10 mM). RNAwas extracted 18 h later, and the expression (normalized to

18S rRNA) of Spic was measured (y axis, relative to no treatment) by qRT-PCR.

(F) Mice of indicated genotypes (header) were treated with LPS with or without Bot64 (i.p.). Bot64 treatment (60 mg/kg/day for 3 days) started 24 h before LPS

(single dose, 100 mg/mouse) treatment. Peripheral blood and lungs were collected 24 h after LPS treatment. FCS plots (left) show the distribution of indicated

markers in peripheral blood (cells pre-gated for CD45+ Ly6G� singlets). The expression (relative toHprt) of Spic in the lungs (measured by qRT-PCR) is shown in

the right plot.

(G) WT or c-rel�/�Mo-MACswere treatedwith LPS (1 mg/ml), RNAwas extracted 16 h later, and the expression (normalized toHprt) of Spicwasmeasured (y axis,

relative to WT no treatment) by qRT-PCR.

(H) WT and Bach1�/� Mo-MACs were treated with an Ikk-2 inhibitor, Bot64 (10 mM), RNA was extracted 14 h later, and the expression of Spic (normalized to 18S

rRNA) was measured (y axis, relative to WT no treatment) by qRT-PCR.

(I) WT Mo-MACs were treated with LPS (1 mg/ml) alone or with cycloheximide (10 mg/ml, added 1 h before LPS) to inhibit new protein synthesis. RNA was

harvested 8 h later, and the expression (normalized to Hprt) of Spic was measured (y axis, relative to no treatment) by qRT-PCR.

FCS, numbers represent percentage of cells within indicated gate. (F) Represents 2 experiments with R3 mice per group. qRT-PCR, representative of R3

independent experiments and graphs show single experiment with nR2 per group. Results expressed asmean ±SEM. p% 0.05 (*), p% 0.01 (**), p% 0.001 (***),

and p % 0.0001 (****). See also Figure S4.

Article
ll

OPEN ACCESS
inflammation, it is detrimental to host defense against patho-

gens. Infection that activates macrophages is unlikely to be fully

resolved within the period of Spic induction (6–8 h after TLR acti-

vation; Figure 5C). Hence, induction of Spic in the setting of a

true infection appears counter-intuitive, and we wondered

whether there are additional constraints on Spic expression.
8 Cell Reports 31, 107825, June 30, 2020
Local IFN levels are elevated during infection. Therefore, we

examined whether the presence of IFNs affect Spic expression.

Remarkably, IFNg strongly inhibited LPS-mediated Spic expres-

sion in BMDMs, which was dependent on STAT1 activity (Fig-

ure 6A). Type-1 IFNs also showed a similar trend, albeit to a

much lesser extent (Figure S5A). Correspondingly, pretreatment
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Figure 6. IFNg Suppresses Spic Expression

(A) WT BMDMs were treated with LPS (1 mg/ml), IFNg (50 ng/ml), or STAT1 blocker fludarabine (50 mM). RNA was extracted 20 h later, and the expression

(normalized to Hprt) of Spic was measured (y axis, compared to no treatment group) by qRT-PCR.

(B) Mice were treated (i.p.) with LPS (once, 100 mg/mouse) with or without recombinant IFNg (20 mg/mouse per dose for a total of five doses). IFNg treatment was

started 1 day before LPS injection. Lungs were harvested within 24 h of LPS treatment, RNA extracted, and the expression of Spicwasmeasured (relative toHprt)

by qRT-PCR. Five mice per treatment group.

(C) Anti-IFNg antibody (200 mg/mouse) was injected i.p. every 24 h for 3 days. At 24 h after the last treatment, mice were euthanized, and indicated organs were

harvested. RNA was extracted, and the levels (normalized to Hprt) of Spic (y axis, relative to a non-treated mouse) were measured by qRT-PCR.

(D) WT mice were treated (i.p.) with LPS (150 mg/mouse, three treatments 48 h apart) with or without anti-IFNg antibody (200 mg/mouse, daily, starting with LPS

treatment). Lungs were harvested 24 h after the last LPS treatment, RNA was extracted, and the expression (normalized to Hprt) of Spic (y axis, relative to non-

treated mice) was measured by qRT-PCR.

(E) WT and Spic�/� mice were treated (i.p.) with LPS (150 mg/mouse, 5 doses, 48 h apart) with or without anti-IFNg antibody (200 mg/mouse, daily, starting with

LPS treatment). Lungs were harvested 24 h after the final LPS treatment, RNA was extracted, and the levels (normalized to Hprt) of the indicated genes (y axis,

relative to non-treated mice) were measured using qRT-PCR (first two graphs). TNF-a levels were also measured using ELISA (final graph) in plasma from blood

collected 24 h before sacrificing the mice.

(F) SpicGFP/GFP mice were treated with recombinant IFNg (20 mg/mouse per dose, every 12 h, for 3 days), followed by purification of splenic RPMs by FACS (using

GFP expression). RPMs from untreated SpicGFP/GFP mice served as controls. RNA was extracted, and the expression (relative to Hprt) of indicated genes was

measured by qRT-PCR.

(G) RPMs purified from SpicGFP/GFP splenocytes by FACS were cultured with macrophage colony stimulating factor (M-CSF). After 6 h, cells were treated with

vehicle, LPS (1mg/ml), IFNg (50ng/ml), or IFNg + LPS. 16 h after treatment, RNAwas extracted, and the expression (relative toHprt) of Spicwasmeasured by qRT-

PCR.

(H) WT BMDMs were treated with heme (80 mM) with or without IFNg (50 ng/ml). 4 h after treatment, RNA was extracted, and expression (relative to Hprt) of Spic

was measured by qRT-PCR.

qRT-PCR, data representative of R3 independent experiments. Plots show a single experiment with n R2 per group. Results expressed as mean ± SEM. p %

0.05 (*), p % 0.01 (**), p % 0.001 (***), and p % 0.0001 (****). See also Figure S5.
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Figure 7. Spic Expression Is Induced in Ster-

ile Inflammation

(A) WT (C57BL/6J) mice were treated (intra-

tracheal [i.t.]) with bleomycin sulfate (3 U/kg) or

water (control). Mice were euthanized 1 or

2 weeks after treatment, RNA was extracted from

lungs, and the expression (relative to Hprt) of Spic

was measured using qRT-PCR.

(B) Kidneys were harvested from control or

30 days after inducing renal ischemia in WT

(C56BL/6J) mice, RNA was extracted, and the

expression (relative to Hprt) of Spic was measured

by qRT-PCR. Experiment representative of two

experiments with n R3 mice per group per

experiment.

(C) Mice of indicated genotypes were treated

(i.t.) with bleomycin sulfate (3 U/kg) and were

euthanized 3 weeks later, lungs were har-

vested, and the expression (normalized to Hprt)

of indicated genes was measured by qRT-

PCR. Data are representative of four inde-

pendent experiments with R 2 mice per geno-

type/condition.

(D) Representative model for the regulation and

function of Spic. PAMP, pathogen-associated

molecular pattern; DAMP, damage-associated

molecular pattern.

qRT-PCR, data representative of R2 independent experiments. Plots show a single experiment with n R2 per group. Results are expressed as mean ±

SEM. p % 0.05 (*), p % 0.01 (**), p % 0.001 (***), and p % 0.0001 (****). See also Figures S6 and S7.
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of mice with IFNg prior to LPS exposure suppressed Spic induc-

tion in vivo (Figures 6B and S5B).

We showed above that gut macrophages express Spic in

response to localmicrobiota. Consistent with the suppressive ef-

fects of IFNg, treatment with an anti-IFNg antibody led to

increased Spic in colonic macrophages but not lungs, an organ

we used as a control due to lower exposure to TLR ligands at

steady state than that in the gut (Figure 6C). Furthermore, IFNg

blockade augmented LPS-induced Spic in lungs (Figure 6D).

Based on these findings, we wondered whether some of the

known anti-inflammatory effects of blocking IFNg during inflam-

mation might be mediated by higher Spic. Therefore, we

compared inflammatory markers inWT and Spic�/�mice treated

with LPS and anti- IFNg and found higher levels of inflammatory

markers in the absence of Spic (Figure 6E).

We next askedwhether IFNg could also suppressSpic in mac-

rophages that already express high levels of this transcription

factor at the steady state (non-TLR induced). Mice treated with

recombinant IFNg showed a reduced expression of Spic and

Fpn in RPMs (Figure 6F). To confirm that a lower Spic expression

in this setting reflects the direct action of IFNg within macro-

phages, we isolated RPM and exposed them to IFNg ex vivo,

which reduced Spic (Figure 6G). IFNg also suppressed heme-

induced Spic in BMDMs (Figure 6H). Indeed, IFNg alone further

suppressed the very low levels of basal Spic and Fpn in BMDMs

(Figure S5C). Hence, the suppressive effects of IFNg on Spic is

independent of the stimuli inducing Spic expression.

Spic Induction in Sterile Inflammation
NF-kB is also activated in macrophages in PAMP-independent

sterile inflammation. Because sterile inflammation is usually not
10 Cell Reports 31, 107825, June 30, 2020
associated with high IFNs, we wondered whether this might

also be a relevant setting of Spic induction and function. We first

examined whether Spic is induced in lung macrophages upon

bleomycin exposure, a commonly used model of sterile lung

inflammation and fibrosis (Liu et al., 2017). We found significantly

elevated Spic in lungs of bleomycin-treated mice compared to

controls (Figure 7A). Spic expression was higher at later time

points, suggestive of its role during the resolution stage of the

injury (Figure 7A). We also examined Spic induction in a different

type of sterile inflammation within a different organ, namely,

ischemia-reperfusion injury in kidney (Aufhauser et al., 2016).

Consistent with our observation in lungs, Spic was significantly

elevated in the kidneys 30 days post-injury (Figure 7B). These

findings show that sterile inflammation can also induce Spic.

Tissue macrophages are heterogeneous in origin (monocyte

derived versus embryonic) and phenotype. As an example, lungs

contain SiglecFhiCD11chiCD11B� alveolar macrophages (embry-

onic origin), SiglecF�CD11c�CD11B+ MHCIIhi interstitial macro-

phages (monocyte derived), and SiglecF�CD11c�CD11B+

MHCIIlow interstitial macrophages (monocyte derived) (Chakarov

et al., 2019). We next examined whether pathogen-associated

and sterile inflammation induceSpic in specificmacrophage sub-

sets within the same tissue by using lung as the model. Intra-peri-

toneal LPS induced Spic predominantly in interstitial macro-

phages, whereas intra-tracheal bleomycin induced it in both

alveolar and interstitial macrophages in the lungs (Figure S6). A

confounding factor in this analysis is that exposure to PAMPs

and DAMPs may alter the expression of key surface markers on

macrophages, which can make it difficult to identify the different

macrophage subsets. To circumvent this limitation, we used a ge-

netic model where Spic expression does not rely on PAMP or
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DAMP activation. As described above, Bach1 is a negative regu-

lator of Spic, and Bach1-deficient mice constitutively express

high levels of Spic in macrophages. Examination of lung macro-

phages in Bach1�/� SpicGFP/GFP mice clearly showed Spic in

both alveolar and interstitial macrophages (Figures S7A and

S7B). Hence, all major macrophage subsets in the lungs appear

capable of inducing Spic with appropriate stimuli.

Next, we examined the pathophysiological implications of

Spic induction in sterile inflammation. Bleomycin-induced lung

injury appeared to engender a stronger fibrotic response in

Spic�/� mice than in WT mice based on the expression of

collagen 1a1 and Tenascin C, two markers of lung fibrosis (Fig-

ure 7C). Finally, we asked whether sterile-inflammation-associ-

ated human pathological conditions may be associated with

macrophage Spic expression by analyzing a public dataset of

single-cell RNA sequencing of renal immune cells from normal

and lupus nephritis patients (Arazi et al., 2019). Consistent with

our observations in mice, a subset of monocyte and Mo-MAC

in nephritic, but not normal, kidney expressed high levels of

Spic (Figure S7C).

In summary, we provide evidence of a transcriptional circuitry

by which macrophages sense and respond to their inflammatory

milieu (Figure 7D). At the core of this mechanism lies counter-

regulation of Spic by NF-kB and STAT (IFN signaling). NF-kB is

activated in myriad settings in various cell types; yet, the induc-

tion of Spic is highly restricted to patrolling monocytes and mac-

rophages, highlighting a lineage-restricted role of this pathway.

DISCUSSION

Activated macrophages release effector molecules that not only

control infection but also cause tissue damage. Therefore,

macrophage inflammatory responses are downregulated after

elimination of the infectious threat. Indeed, macrophages un-

dergo a switch from a pro- to anti-inflammatory phenotype dur-

ing the resolution of inflammation. Our findings support a role of

the transcription factor Spic in facilitating this switch. Although

the role of macrophages in systemic iron homeostasis is well

known, there is also a growing appreciation of their importance

in regulating local iron availability (Winn et al., 2020). Iron is an

essential element in many key biological processes, and hence,

local iron availability can affect tissue homeostasis. As an

example, iron efflux from macrophages was shown to influence

tissue repair in the skin (Recalcati et al., 2019). How tissue repair

is regulated by local macrophage iron efflux likely depends on

the tissue type and/or the nature of the injury, and our study

shows that the transcription factor Spic may have a key role in

this process.

Two recent studies reported the induction of Spic in inflamma-

tion-induced hemophagocytes, which are monocyte-derived

cells that phagocytose red cells and other leukocytes (Akilesh

et al., 2019; Wang et al., 2019). These hemophagocytes are

thought to drive inflammation and cytopenia. Our findings are

congruent with these recent reports and extend the field by un-

covering the function and regulation of Spic in these inflamma-

tory settings. Furthermore, Spic induction in sterile inflammation

and its negative regulation by IFNg indicate a general role of this

transcriptional circuit within activated macrophages.
An intriguing observation in our study is the highly restricted

nature of Spic expression. The capacity to induce this transcrip-

tion factor was restricted to macrophages but not DCs, whereas

its expression in monocytes was restricted to the patrolling sub-

set. Although the molecular basis of this specific expression

pattern awaits further studies, it underscores the functional

distinction between monocyte subsets.

The requirement of NF-kB for macrophage Spic expression is

consistent with a previous study that describes a role of NF-kB in

Spic expression during B cell development (Bednarski et al.,

2016). Macrophages activate NF-kB in response to many other

stimuli besides TLR activation. Therefore, it was somewhat sur-

prising that the role of Spic in activated macrophages has not

been widely reported. One explanation is the existence of

counter-regulatory mechanisms, one of which (IFN dependent)

we describe here. It is likely that such inhibitory pathways allow

Spic expression only in situations where the threat of infection is

very low. This type of counter-regulatory mechanism for Spic

expression allows fine-tuning of macrophage inflammatory

responses.
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Antibodies

Anti-mouse-PECY7-CD11b antibody Invitrogen Cat# 25-0112-82

Anti-mouse-APC/CY7-CD115 antibody Biolegend Cat# 135531

Anti-mouse-AF647-CD64 antibody BD Bioscience Cat# 558539

Anti-mouse-PE-CD103 antibody Biolegend Cat# 121406

Anti-mouse-BV510-Ly6G antibody Biolegend Cat# 127633

Anti-mouse-APC-CD115 antibody eBioscience Cat# 17-1152-82

Anti-mouse-APC/CY7-CD11C antibody Biolegend Cat# 117324

Anti-mouse-BV510-CD45 antibody Biolegend Cat# 103138

Anti-mouse-APC/CY7-Ly6G antibody Biolegend Cat# 127624

Anti-mouse-BV510-MHC II antibody Biolegend Cat# 107635

Anti-mouse-APC-CD11b antibody Biolegend Cat# 101212

Anti-mouse-AF488-F4/80 antibody Bio Rad Cat# MCA497A488

Anti-mouse-Percpcy5.5-Ly6G antibody Biolegend Cat# 127615

Anti-mouse-APC-F4/80 antibody Invitrogen Cat# MF48005

Anti-mouse-PECY7-MerTK antibody eBioscience Cat# 25-575-82

Anti-mouse-BV605-CD45 antibody Biolegend Cat# 103139

Anti-mouse-PECY7-CD301 antibody Biolegend Cat# 145706

Anti-mouse-AF488-CD45 antibody Biolegend Cat# 103122

Purified from rabbit-PE- FPN- antibody Novus Cat# F-1-062918-PE

Anti-mouse-PE-TremL4-antibody Biolegend Cat# 143304

Anti-mouse-BV421-CD206 antibody Biolegend Cat# 141717

Anti-mouse-BV605-Ly6C antibody Biolegend Cat# 128036

Anti-mouse-Percpcy5.5-CD45 antibody Biolegend Cat# 103132

Anti-mouse-BV605-CD11b antibody Biolegend Cat# 101257

Anti-mouse-APC/CY7-Ly6C antibody Biolegend Cat# 128026

Anti-mouse-BV421-MHC II antibody Biolegend Cat# 107631

Anti-mouse-BV421-SiglecF antibody BD Biosciences Cat# 562681

Anti-mouse-APC-SiglecF antibody Biolegend Cat# 155508

Anti-mouse-PECY7-Tim-4 antibody Biolegend Cat# 130009

Anti-mouse-BV421-CD4 antibody Biolegend Cat# 100437

Ultra-LEAF Purified anti-mouse IFN-g Antibody BioLegend Cat# 505847

Chemicals, Peptides, and Recombinant Proteins

Lipopolysaccharide Sigma-Aldrich Cat# L4391-10X1MG

Bleomycin Fresenius Kabi DIN: 02265982

BOT-64, IKK-2 inhibitor Fisher Scientific Cat# AAJ64555LB0

T-5224 (AP-1 Inhibitor) Cayman Chemical Cat# 22904

Phosphate Buffered Saline (PBS) Life Technologies Cat# 13151014

UltraPure 0.5M EDTA Invitrogen Cat# 15575-038

Penicillin-Streptomycin (10,000 U/mL) Thermo Fisher Cat# 15140122

L-Glutamine Thermo Fisher Cat# 25030081

GIBCO-Non Essential Amino Acid Fisher Scientific Cat# 11140050

Sodium Pyruvate (100 mM) Thermo Fisher Cat# 11360070

2-mercaptoethanol Fisher Scientific Cat# 21985023

Fludarabine 10mM Selleck chemicals Cat# S1491

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

7AAD Viability staining Biolegend Cat# 420404

Murine GM-CSF PeproTech Cat# 315-03-20ug

Murine M-CSF PeproTech Cat# 315-02-50ug

Murine INF-gamma PeproTech Cat# 315-05-100ug

TaqMan Universal Master Mix Thermo Fisher Cat# 4304437

Critical Commercial Assays

TNF alpha ELISA Kit, Mouse Thermo Fisher Cat# BMS607-3

Monocyte Isolation Kit (BM), mouse Miltenyi Biotec Cat# 130-100-629

High Capacity RNA to cDNA kit Thermo Fisher Cat# 4387406

Genelute Mammalian Total RNA isolation kit Sigma-Aldrich Cat# RTN70-1KT

Iron assay kit Abcam Cat# ab83366

Deposited Data

Microarray data This study GSE150520

Experimental Models: Organisms/Strains

Mouse: Spic-Knockout Kohyama et al., 2009 PMID: 19037245

Mouse: Spic-GFP Haldar et al., 2014 PMID: 24630724

Mouse: Bach1-Knockout EUCOMM MGI:5009633

Mouse: cREL-Knockout Dr. Hsiou-Chi Liou PMID: 12235116

Oligonucleotides

SpiC (TaqMan primers and probe) Thermo Fisher Mm00488428_m1

Arg1 (TaqMan primers and probe) Thermo Fisher Mm00475988_m1

IL10 (TaqMan primers and probe) Thermo Fisher Mm01288386_m1

TNFalpha (TaqMan primers and probe) Thermo Fisher Mm00443258_m1

NOS2 (TaqMan primers and probe) Thermo Fisher Mm00440502_m1

IL-1beta (TaqMan primers and probe) Thermo Fisher Mm00434228_m1

IL-6 (TaqMan primers and probe) Thermo Fisher Mm00446190_m1

Bach1 (TaqMan primers and probe) Thermo Fisher Mm01344527_m1

Ferroportin (Slc40a1) (TaqMan primers and probe) Thermo Fisher Mm01254822_m1

Fth1 (TaqMan primers and probe) Thermo Fisher Mm00850707_g1

Ftl1 (TaqMan primers and probe) Thermo Fisher Mm03030144_g1

Nrf2 (TaqMan primers and probe) Thermo Fisher Mm04231240_s1

Hamp (TaqMan primers and probe) Thermo Fisher Mm00477784_m1

Hmox1 (TaqMan primers and probe) Thermo Fisher Mm00516005_m1

Col1a1 (TaqMan primers and probe) Thermo Fisher Mm00801666_g1

Tnc (TaqMan primers and probe) Thermo Fisher Mm00495662_m1

HPRT (TaqMan primers and probe) Thermo Fisher Mm03024075_m1

Euk 18S rRNA (TaqMan primers and probe) Life Technologies Cat# 4333760F

Software and Algorithms

GraphPad Prism 8 Graph Pad Software N/A

FlowJo LLC V10.1 FlowJo LLC N/A

Gene Set Enrichment Analysis (GSEA) Broad Institute N/A

Arraystar 4 DNASTAR N/A

Other

Iscove’s Modified Dulbecco’s Medium (IMDM) Thermo Fisher Cat# 12440053

Dulbecco’s Modified Eagle Medium (DMEM) Thermo Fisher Cat# 10567014

Bovine Serum Albumin (BSA) VWR Cat# 97061-420

Fetal Bovine Serum (FBS) GeminiBio Cat#100-500

Collagenase B Roche Cat# 11088831001

DNase I Sigma-Aldrich Cat# D4527-40KU
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RESOURCE AVAILABILITY

Lead Contact
Requests for additional information about the manuscript or for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Malay Haldar (mhaldar@pennmedicine.upenn.edu).

Materials Availability
This study did not generate new unique reagents

Data and Code Availability
The accession number for the micarroarray data described in this manuscript isGEO: GSE150520.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Mice
Spic�/� and SpicGFP/GFP mice were described before (Haldar et al., 2014; Kohyama et al., 2009). Bach1�/� were generated by the

European Conditional Mouse Mutagenesis Program (EUCOMM). c-rel�/� mice were kindly provided by Dr. Youhai H. Chen from

the University of Pennsylvania. Spic�/� mice are in 129/SvEv and SpicGFP/GFP mice in C57/6J background. Both male and female

mice between 2-12 months of age were used in the experiments.

Mice were genotyped using published primer sets and PCR protocol. Germ-free C57BL/6J mice were obtained from the

PennCHOP Microbiome Program Gnotobiotic Core facility. The university of Pennsylvania Institutional Animal Care and Use Com-

mittee approved all mouse experiments.

Inflammation models
For pathogen-associated inflammation, Escherichia coli-derived lipopolysaccharides were injected intraperitoneally (100-150 mg of

LPS in sterile1X PBS, 200 mL total volume). For IFNg blockade, 200 mg of anti-mouse IFNg antibody in 200 mL of total volume was

injected (intraperitoneal).

For sterile pulmonary inflammation, bleomycin (at 3U/kg; Fresenius Kabi) or water was instilled intratracheally in wild-type C57BL/6

mice. The mice were euthanized at various time points after injury and the lungs harvested and processed for downstream

experiments.

For inducing kidney ischemia reperfusion injury (IRI), micewere anesthetizedwith pentobarbital sodium (65mg/kg IP) and placed in

a temperature-controlled operative apparatus. Core body temperature was continuously measured and maintained at 36.0 ± 0.5�C.
Under an operating microscope, the left renal pedicle exposed and clamped for 28 min with a microvascular clip (Roboz Surgical

Instrument, Gaithersburg, MD). After the clamp was released, the right kidney was exposed and removed. After closure, animals

were subcutaneously injected with 100 mL/kg of warm saline after the operation to ensure hydration. Animals were kept in an incu-

bator (37�C) until awake. Mice were given access to water ad-lib post-procedure. All animal protocols adhered to the NIH Guide for

the Care and Use of Laboratory Animals and were performed in an AAALAC accredited facility.

Cell culture
Bone marrow derived macrophage (BMDM): Total bone marrow cells were flushed out of femur, red cells removed using RBC lysis

buffer, and remaining cells cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) containing 10% FCS and supplemented with

20 ng/ml M-CSF. Macrophages were generated after 7-9 days in this culture.

Monocyte-derived macrophages (Mo-MACs): Monocytes were isolated from bone marrow cells using the ‘monocyte-isolation kit

(BM)’ fromMiltenyi Biotech and followingmanufacturer’s protocol. Monocyteswere then cultured in IMDM+ 10%FCS supplemented

with M-CSF to generate Mo-MACs after 3-5 days in culture.

In vitro treatments: Cell culture media from BMDMs or Mo-MACs were removed and replaced with fresh media (without M-CSF)

containing TLR ligands and/or drugs at indicated doses. TLR ligands: LPS (100 to 1000 ng/ml) and CpG (30 mg/ml), IKK-2 inhibitor

(10 mM), cycloheximide (10 mg/ml), AP1 inhibitor (10 mM), STAT1 blocker (50 mM), and PI3K-gamma inhibitor (100 nM).

METHOD DETAILS

Tissue harvest and flow cytometry
Organs were harvested from euthanized mice, washed with sterile PBS, and cut into small pieces (1-3 mm). Tissue pieces were then

digested with an enzyme cocktail (5 ml) comprised of DMEM (with 10% FBS) containing collagenase at 0.25 mg/ml (Roche) and

DNase I at 30 U/ml (Sigma-Aldrich). Tissue digestion occurred at 37�C for 45 min with constant stirring. After the digestion, the ma-

terials were filtered through 70-mm nylon filter (Celltreat Scientific Product), RBC lysed, and single-cell suspensions.

For flow cytometry, cells were counted and incubated with fluorescently tagged antibodies inMACS buffer (1X PBS, 0.5mMEDTA,

and 0.5% BSA).
e3 Cell Reports 31, 107825, June 30, 2020
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Gene expression profiling by microarray
Microarray was performed at the UPennMolecular Profiling Facility, including quality control tests of the total RNA samples by agilent

bioanalyzer and nanodrop spectrophotometry. All protocols were conducted as described in the Affymetrix WT Pico Reagent Kit

Manual and the Affymetrix GeneChip Expression Analysis Technical Manual. Gene expression data were normalized and values

modeled using ArrayStar4 (DNASTAR). Microarray reported here is deposited in Gene Expression Omnibus (GEO: GSE150520).

Quantitative real-time PCR (qRT-PCR)
Total RNAwas isolated from tissues and cells using the GenEluteMammalian Total RNAMiniprep Kit (Sigma-Aldrich) or RNeasyMini

Kit (QIAGEN). Reverse transcription of mRNA was performed using the High-Capacity RNA-to-cDNA Kit (Life Technologies). qRT-

PCR was performed using a ViiA7 Real-Time PCR system. All probes were obtained from TaqMan.

Iron Quantitation
BMDMswere generated in 75mm flask in I-10Fmedia (10mL), containing 20 ng/mL of M-CSF. After 7 days of culture, themedia was

replaced with 10 mL of fresh I-10F media containing 100 mM of FeSO4 (Sigma Aldrich F8633). Cells were then treated with LPS

(1000 ng/mL) or control (PBS). 24 h later the media was removed and the adherent BMDMs were washed 3X with sterile ice-cold

PBS. BMDMs were then detached with trypsin (GIBCO, 0.25%) and pelleted by centrifugation at 450xg for 5 min. Supernatant

was removed and the cells re-suspended in 1 mL of IL-10F media and cell numbers counted to ensure similar numbers of cells in

each assay condition. The cell suspension were spun down again (450xg for 5 min) and re-suspended in 400 uL of Iron assay buffer.

Cells were next sonicated (1 min/sample) and spun down at 1300xg for 5 min. The supernatant was collected and stored in �80

freezer. Iron assay was performed on the stored supernatant using the Iron Assay Kit (Abcam, catalog no: 83366) and following

the manufacturer’s protocol.

Measurement of cytokines by ELISA
Cell culture supernatant were collected and stored in �80�C until cytokines concentrations were quantified by ELISA. By following

the protocol as provided by the manufacturer, the concentrations of TNFa and IL1b were measured using the mouse TNF alpha and

IL1 beta ELISA Kit.

QUANTIFICATION AND STATISTICAL ANALYSIS

To calculate the significance for two individual groups, unpaired t test were performed. To compare the mean of three or more

groups, one-way ANOVA with Tukey’s multiple comparison tests were used. p values of < 0.05 (*), < 0.01 (**), < 0.001 (***) and <

0.0001 (****) were considered statistically significant. Statistically non-significant is indicated as ns. Data were analyzed using the

GraphPad Prism Software (Prism 5).
Cell Reports 31, 107825, June 30, 2020 e4
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Figure S1. Related to Figure 1 and 2 

(A) SpicGFP/GFP mice treated (i.p) with LPS (75 µg in 200 µl PBS) or control (200 µl PBS) and indicated organs harvested 48 hr. after
treatment. Shown are the FCS plots with indicated markers on cells pre-gated for CD45+ singlets. (B) SpicGFP/GFP mice were treated
(i.p) with LPS (7.5 µg/gm body weight). 16 hr. after the treatment, RPMs were isolated purified from spleen via FACS, RNA
extracted, and the expression (normalized to Hprt) of Spic measured by qRT-PCR. A trend towards higher Spic is observed (P≥0.05).
Statistics: unpaired t-test. ns: not significant.

FCS: numbers represent percentage of cells within indicated gate. A-D represents ≥3 experiments with ≥3 mice per group. qRT-PCR: 
data representative of ≥3 independent experiments and graphs show single experiment with n≥2 per group. Results expressed as mean 
± SEM. NS; not significant.  
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Figure S2. Related to Figure 3 and 4 

(A) SpicGFP/GFP BMDMs were treated with LPS (1 µg/ml). 48 hr. later, F4/80hiGFP+ and F4/80hiGFP- cells were purified by FACS, re-
plated in media and re-exposed to LPS (1 µg/ml). 2 hr. after LPS re-exposure, RNA was extracted and the expression (normalized to
Hprt) of indicated genes (Y-axis, relative to GFP- cells) measured by qRT-PCR. (B) WT or Spic-/- mice were treated (i.p) with LPS
(150µg per mouse) twice 48 hr. apart. Lungs were harvested 48 hr. after final LPS treatment and the expression of Nos2 (normalized
to 18S rRNA) measured (relative to expression in non-treated WT lungs) by qRT-PCR. (C) Ly6C+TremL4- classical and Ly6C-

TremL4+ patrolling monocytes were purified (via FACS) from the peripheral blood of three WT and three Spic-/- mice at steady state
as well as 72 hr. after treatment (i.p) with LPS (150 µg/mouse). Specified monocyte subsets from each genotype were pooled.  Shown
is the expression (fold change relative to untreated Ly6C+ monocytes) of Fpn (relative to Hprt). The Left panel shows Fpn expression
with and without LPS treatment in WT mice; showing that LPS-induced reduction in Fpn is largely restricted to Ly6C- monocytes.
The right panel compares Fpn expression upon LPS treatment in WT and Spic-/- monocytes, showing that loss of Spic reduces Fpn in
both monocyte subsets. (D) Mice of indicated genotype were treated (i.p) with LPS (100 µg/mouse). Peritoneal fluid (all cells,
unfractionated) was collected 24 hr later, RNA extracted, and the expression (normalized to 18S rRNA) of Fpn (Y-axis) measured by 
qRT-PCR. A combination of three independent experiments is shown (3 mice per group). (E) WT and Spic-/- Mo-MACs were treated
with LPS (100 ng/mL). 24 hr. later, RNA was extracted and the expression (normalized to Hprt) of Ferritin heavy chain (Fth1) and
Ferritin light chain (Ftl1) measured by qRT-PCR. (F) Spic-/- (n=3) and WT (n=5) mice were treated with five doses of intraperitoneal
LPS (150µg/mouse per dose) 48 hrs. apart. Liver was harvested 24 hr. after the final LPS treatment, RNA extracted and the expression
(relative to Hprt) of hepcidin (Hamp) measured by qRT-PCR. (G) WT and Spic-/- Mo-MACs were treated with LPS (100 ng/mL). 24
hr. later, RNA was extracted and the expression (normalized to Hprt) of Hamp measured by qRT-PCR.

qRT-PCR: data representative of ≥3 independent experiments and graphs show single experiment with n≥2 per group. Results 
expressed as mean ± SEM.  P ≤ 0.05 (*), P ≤0.01 (**), P ≤0.001 (***), and P ≤ 0.0001 (****), ns; not significant. 
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Figure S3. Related to Figure 4 

(A) Mo-MACs of indicated genotypes were treated with LPS (100 ng/mL). 24 hr. later, RNA was extracted and the expression
(normalized to 18S) of Fpn measured by qRT-PCR. (B and C) Mo-MACs of indicated genotypes were treated with LPS (100 ng/mL).
24 hr. later, RNA was extracted and the expression (normalized to 18S) of Fpn (B) and Ho1 (C) measured by qRT-PCR. (D) Mo-
MACs from WT mice were treated with LPS (1 µg/mL) with or without cycloheximide (10 µg/ml, added one hour before LPS). 8 hr.
later, RNA was extracted and the expression (normalized to Hprt) of Fpn measured by qRT-PCR. (E) WT mice were treated (i.p) with
LPS (single dose, 100 μg/mouse) with or without Bot64. Bot64 treatment (60 mg/Kg/day, three doses) was started 24 hr. before LPS
treatment. 24 hr. after the final Bot64 treatment, mice were euthanized and lungs harvested. Shown is the expression (normalized to
Hprt) of Fpn measured by qRT-PCR. (F)  Mo-MACs from WT or cREL-knockout mice were treated with LPS (1µg/mL). 16 hr. later,
RNA was extracted and the expression of Fpn (normalized to Hprt) measured by qRT-PCR.

qRT-PCR: data representative of ≥3 independent experiments and graphs show single experiment with n≥2 per group. Results 
expressed as mean ± SEM.  P ≤ 0.05 (*), P ≤0.01 (**), P ≤0.001 (***), and P ≤ 0.0001 (****). 
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Figure S4. Related to Figure 5 

(A) Mo-MACs were treated with LPS (1 µg/ml), IKK-2 inhibitor Bot64 (10 µM), or AP-1 inhibitor T5224 (10 µM). RNA was
extracted 20 hr. later and the expression (relative to Hprt) of indicated genes (Y-axis, relative to no treatment group) measured by
qRT-PCR. AP1 inhibitor blocked Nos2 induction, but not Spic. (B) Mo-MACs from WT mice were treated with 80 µM hemin with or
without IKK-2 inhibitor (Bot64, 10 µM). RNA was harvested 14 hr. later and the expression (normalized to Hprt) of Spic measured
(Y-axis, relative to no treatment) by qRT-PCR. All qRT-PCR data shown is representative of ≥3 independent experiments. Plots show
single experiment with n≥2 per group. To calculate the statistical significance for two individual groups, unpaired t-test were
performed. To compare the mean of three or more groups, one-way ANOVA with Tukey’s multiple comparison tests were used.

qRT-PCR: data representative of ≥3 independent experiments and graphs show single experiment with n≥2 per group. Results 
expressed as mean ± SEM.  P ≤ 0.05 (*), P ≤0.01 (**), P ≤0.001 (***), and P ≤ 0.0001 (****). 



A

Fo
ld

Ch
an

ge

Spic

Figure S5

B
SpicGFP/GFP (NT) SpicGFP/GFP (LPS)     SpicGFP/GFP (LPS + IFNγ)

Spic Fpn

NT          INFγ

***

0.0

0.5

1.0

1.5

NT          INFγ
0.0

0.5

1.0

1.5
C

**



Figure S5. Related to Figure 6 

(A) BMDMs from WT mice were treated with LPS (1 µg/ml) with or without recombinant murine interferon-alpha (IFNα, 50 ng/ml)
or interferon-beta (IFNβ, 50 ng/ml). RNA was extracted 18 hr. later and Spic expression (normalized to Hprt) were measured (Y-axis,
fold change compared to no-treatment group) by qRT-PCR. (B) SpicGFP/GFP mice were treated with LPS (100µg/mouse) once with or
without recombinant interferon-gamma (IFNγ, 20µg/mouse per injection for a total of five injections twice daily). Intraperitoneal IFNγ
treatment was started a day before LPS injection. Peripheral blood was taken about 24 hr of LPS treatment. Shown are the flow
cytometry plots with indicated markers on cells pre-gated for CD45+Ly6G- singlets. Numbers represent percentage of cells within
indicated gate. Data represents 2 or more experiments with 3 or more mice per group. (C) BMDMs were treated with LPS (1µg/mL)
with or without IFNγ, RNA extracted 20 hr. later, and the expression (normalized to Hprt) of Spic and Fpn measured (Y-axis) by
qRT-PCR.

FCS: numbers represent percentage of cells within indicated gate. B represents 2 experiments with ≥3 mice per group. qRT-PCR: 
data representative of ≥3 independent experiments and graphs show single experiment with n≥2 per group. Results expressed as mean 
± SEM. P ≤ 0.05 (*), P ≤0.01 (**), P ≤0.001 (***), and P ≤ 0.0001 (****). 
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Figure S6. Related to Figure 7 and 2 

(A) WT mice were treated (i.p) with LPS (150 µg/mouse), euthanized 48 hr. later, and their lungs analyzed by FCS using indicated
markers. Headers denote pre-gating. The initial gates (first panel) are color-coded. Alveolar macrophages (AM, fifth panel) and the
two subsets (MHC-II+ and MHC II-) of interstitial macrophages (IM, fifth and sixth panel) are clearly distinguishable. (B) SpicGFP/GFP

reporter mice were treated (i.p) with LPS (150 µg/mouse) and euthanized 48 hr. later. Shown are the FCS plots of lungs using the
gating strategy described in (A). AMs (second panel) and the two subsets of IMs (second and third panel) are clearly distinguishable.
SPIC (GFP+) expressing cells (fourth and fifth panel) resemble MHCII+ IMs (fourth and fifth panel). (C) SpicGFP/GFP reporter mice
were treated with intra-tracheal (i.t) bleomycin (3 U/kg in 50µl sterile PBS) and euthanized four weeks later. Shown are the FCS plots
using the gating strategy described in (A). AMs (second panel) and the two subsets of IMs (third panel) are clearly distinguishable. In
contrast to LPS treatment, SPIC (GFP+) expressing cells (fourth and fifth panel) appear to contain both AMs and the two subsets of
IMs.

FCS: numbers represent percentage of cells within indicated gate. Data representative of ≥ 3 experiments with ≥ 3 mice per group per 
experiment.  
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Figure S7. Related to Figure 7 and 2 

(A) Lungs from Bach1+/- SpicGFP/+ mice were analyzed by FCS using the indicated markers. The gates are color-coded and very few GFP
+ Spic-expressing cells are seen (first panel). AMs (middle panel) and the two subsets of IMs (last panel) are identified. 

(B) Lungs from Bach1-/- SpicGFP/GFP mice were analyzed by FCS using the indicated markers. The gates are color-coded and highlights the 
presence of GFP+ Spic-expressing cells in the absence of Bach1 (first panel). AMs (second panel) and the two subsets of IMs (third 
panel) are identified. SPIC (GFP+) expressing cells (fourth and fifth panel) appear to contain both AMs and the two subsets of IMs.

FCS: numbers represent percentage of cells within indicated gate. Data representative of ≥ 3 experiments with ≥ 3 mice per group per 
experiment 

(C) The expression of Spic was examined in single cell RNA-sequencing dataset from Kidneys of normal humans and patients of 
lupus nephritis (Arazi et al., 2019). This data was generated using the freely available single cell portal from the broad institute 
(https://singlecell.broadinstitute.org/single_cell/study/SCP279/amp-phase-1) using their lupus nephritis dataset. Shown is the 
expression of Spic (Y-axis) in various kidney-infiltrating immune cells (X-axis).  

As described in detail by Arazi and colleagues, cluster CM0 to CM4 were identified as myeloid cells. CM0, CM1, and CM4 were 
identified as kidney-infiltrating monocytes and macrophages as these cells were enriched in nephritic kidneys compared to normal 
kidneys. Of these, CM1 and CM4 were identified as phagocytic macrophages. CM4 was further characterized as alternatively 
activated macrophages with high expression of ferroportin. Further analyses by Arazi and colleagues uncovered a differentiation 
trajectory where blood monocytes (CM0) differentiate into phagocytic monocyte/macrophage (CM1), which further differentiates into 
an alternatively activated macrophage (CM4) in nephritic kidneys (Arazi et al., 2019).  In contrast, CM2 was the dominant myeloid 
cells in normal kidneys and characterized as tissue-resident macrophages (Arazi et al., 2019). The relatively specific expression of 
Spic within the inflammation-associated monocyte-derived lineage (CM0, CM1, and CM4), but not in dendritic cells (CM3) or tissue-
resident macrophages (CM2), is consistent with our observations in murine inflammation models.  

CM0: Patrolling CD16+ macrophages, CM1: Phagocytic CD16+ macrophages, CM2: Tissue-resident macrophages, CM3: cDCs, 
CM4: M2-like CD16+ macrophages, CT0a: Effector memory CD4+ T cells, CT0b: Central memory CD4+ T cells, CT1: 
CD56dimCD16+ NK cells, CT2: CTLs, CT3a: Treg cells, CT3b: TFH-like cells, CT4: GZMK+ CD8+ T cells, CT5a: Resident 
memory CD8+ T cells, CT5b: CD56brightCD16– NK cells, CT6: ISG-high CD4+ T cells, CB0: Activated B cells, CB1: Plasma, cells 
and plasmablasts, CB2a: Naive B cells, CB2b: pDCs, CB3: ISG-high B cells, CD0: Dividing cells, CE0: Epithelial cells.  


	CELREP107825_annotate_v31i13.pdf
	Counter Regulation of Spic by NF-κB and STAT Signaling Controls Inflammation and Iron Metabolism in Macrophages
	Introduction
	Results
	TLR Ligands Selectively Induce Spic Expression in Patrolling Monocytes and Tissue Macrophages
	Spic Downregulates Inflammatory Responses in Activated Macrophages
	Spic Promotes Iron Export in Activated Macrophages
	TLR Activation Induces Spic by a Heme-Independent and NF-κB-Dependent Mechanism
	IFNγ Signaling Suppresses Spic Expression
	Spic Induction in Sterile Inflammation

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Resource Availability
	Lead Contact
	Materials Availability
	Data and Code Availability

	Experimental Models and Subject Details
	Mice
	Inflammation models
	Cell culture

	Method Details
	Tissue harvest and flow cytometry
	Gene expression profiling by microarray
	Quantitative real-time PCR (qRT-PCR)
	Iron Quantitation
	Measurement of cytokines by ELISA

	Quantification and Statistical Analysis



	celrep_107825_mmc1.pdf
	Figure S1
	Supplementary Figure 1

	Supplementary Figure Legends_E
	Figure S2
	Slide Number 1

	Supplementary Figure Legends_E
	Figure S3
	Supplementary Figure Legends_E
	Figure S4
	Supplementary Figure 4

	Supplementary Figure Legends_E
	Figure S5
	Supplementary Figure 5

	Supplementary Figure Legends_E
	Figure S6
	Slide Number 1

	Supplementary Figure Legends_E
	Figure S7
	Slide Number 1

	Supplementary Figure Legends_E
	Figure S8
	Slide Number 1

	Supplementary Figure Legends_E


