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Abstract

Sterile tissue injury is thought to locally activate innate immune responses via damage associated 

molecular patterns (DAMPs). Whether innate immune pathways are remotely activated remains 

relatively unexplored. Here, by analyzing ~145,000 single cell transcriptomes at steady state and 

after myocardial infarction (MI) in mice and humans, we show that the type I interferon (IFN) 

response, characterized by expression of interferon-stimulated genes (ISGs), begins far from the 

site of injury, in neutrophil and monocyte progenitors within the bone marrow. In the peripheral 

blood of patients, we observed defined subsets of ISG-expressing neutrophils and monocytes. In 

the bone marrow and blood of mice, ISG expression was detected in neutrophils and monocytes 

and their progenitors; intensified with maturation at steady-state and after MI; and was controlled 

by Tet2 and Irf3 transcriptional regulators. Within the infarcted heart, ISG-expressing cells were 

negatively regulated by Nrf2 activation in Ccr2− steady-state cardiac macrophages. Our results 
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show that IFN signaling begins in the bone marrow, implicate multiple transcriptional regulators 

(Tet2, Irf3, Nrf2) in governing ISG expression, and provide a clinical biomarker (ISG score) for 

studying IFN signaling in patients.

Introduction

Ischemic tissue injury is the initiating event underlying the most common causes of death in 

the world(1). In the heart, acute ischemia causes myocardial infarction (MI), which provokes 

a distant emergency myelopoietic response in the bone marrow that rapidly increases 

production of neutrophils and monocytes, and leads to peripheral blood leukocytosis, tissue 

infiltration, and organ dysfunction (e.g. heart failure), the hallmarks of acute inflammation 

(2–7).

In response to ischemic injury, myeloid cells infiltrate the heart as overlapping waves of 

neutrophils and monocytes. Neutrophils, which peak at post-MI days 1–2, generate reactive 

oxygen species, elaborate protease- and myeloperoxidase-containing granules, and are 

thought to exacerbate tissue damage (8). Although protective neutrophil subsets have also 

been proposed, the full functional diversity of infarct neutrophils remains largely unexplored 

(9, 10). Monocytes, which peak at post-MI days 3–4, infiltrate and differentiate into 

functionally heterogeneous Ccr2+ macrophage subsets with both proinflammatory and 

reparative phenotypes (2, 8, 11, 12). Also present within the infarct are Ccr2− steady-state 

macrophages, which are proposed to play protective roles by incompletely understood 

mechanisms (13–15). Broadly speaking, myeloid cells are thought to develop their 

specialized effector functions locally, as a consequence of interactions with damage 

associated molecular patterns (DAMPs), cytokines, and other stimuli within the injured 

tissue microenvironment (16, 17). Here, we examined the possibility that innate immune 

pathways are activated remotely, prior to infiltrating the infarcted heart.

The type I IFN response is an innate immune pathway best known for its roles in the anti-

viral response and its association with auto-inflammatory diseases such as lupus (18–20). 

We and others recently discovered that pathologic type I IFN responses also occur after 

ischemic injury in the heart (21, 22). We showed that genetic or pharmacologic inhibition of 

IFN signaling reduced inflammation, limited adverse ventricular remodeling, and improved 

survival in mice (21, 22). Circumstantial evidence localized the response to monocyte-

derived macrophages within the infarcted heart; however, this was not directly confirmable 

in patients due to inherent dangers associated with biopsying the recently infarcted human 

heart. Therefore, our data did not completely rule out activation in the blood or bone 

marrow, prior to arrival at the heart. Here, we hypothesize that peripheral blood myeloid 

cells exhibit functional heterogeneity prior to entering the heart, and that it went unnoticed 

in previous studies because of reliance on ensemble measurement techniques (e.g. qPCR and 

bulk RNA-seq). To test this hypothesis, we performed single cell RNA-seq analysis of the 

bone marrow, blood, and heart after MI (23) and defined the origins, regulation, and human 

relevance of type I IFN signaling at steady state and after MI.

Our results show that myeloid IFN responses begin remotely, in the distant bone marrow, at 

the origins of emergency myelopoiesis. We analyzed ~145,000 single cell transcriptomes 
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from the hearts, blood, and bone marrow of mice and humans to define the intracardiac 

states, trajectories, and inducible programs of post-MI neutrophils and monocytes within 

multiple tissue compartments across time. In patients presenting with acute MI, we observed 

defined subsets of human peripheral blood neutrophils and monocytes expressing ISGs. In 

mice, we confirmed these findings and show that ISG expression begins in the bone marrow, 

is detectable at steady state, is positively regulated by Tet2 in the bone marrow, and is 

negatively regulated by Nrf2 in resident macrophages of the heart. These data provide 

comprehensive single cell transcriptomic maps of murine neutrophils, monocytes, and 

macrophages of the heart, blood, and bone marrow on days 1–4 after MI.

Results

Subsets of peripheral blood monocytes and neutrophils are interferon-stimulated after MI 
in humans and mice

Healthy human peripheral blood monocytes have been extensively characterized using single 

cell transcriptomics (24–26); however, it remains unknown whether innate immune signaling 

pathways are active in trafficking cells at steady-state or after tissue injury. We collected 

peripheral blood from a patient presenting 48 hours after onset of chest pain with rising 

serum cardiac troponin levels signifying a non-ST elevation MI (NSTEMI). We collected 

whole blood, performed red blood cell lysis, and resuspended all of the remaining cells for 

flow sorting. Cells were stained with DAPI and antibody to cell surface CD235a 

(glycophorin A), flow sorted to purify live non-doublet non-red blood cells (RBCs), and 

barcoded using commercial 10X Genomics single cell RNA-seq workflows (Fig. 1A). After 

demultiplexing and mapping to a reference genome, we performed coarse clustering to 

broadly define major hematopoietic lineages by expression of canonical markers (fig. 1S). 

To investigate monocyte heterogeneity, we subset, rescaled, and reclustered 

CD14HIVCANHIFCN1HI transcriptomes. This revealed five distinct subpopulations labeled 

A-E. Cluster A highly expressed several interferon stimulated genes (ISGs): IFIT1, IFIT2, 
IFIT3, RSAD2, ISG15, OAS3, RSAD2 (Fig. 1C). Clusters B and C expressed high levels of 

CYP1B1, RGS2, ALOX5AP, VNN2, RBP7, and S100A9, HMGB2, S100A12, PLBD1, 
THBS1, respectively. Clusters D and E expressed high levels of genes associated with 

dendritic cells (HLA-DPA, DLA-DPB1) and were distinguishable by differential expression 

of FCGR3A (also known as CD16) and FCER1A. To further investigate interferon 

stimulation, we constructed a single cell ISG score defined as the summed expression of top 

ISGs (see Methods). ISG expression was significantly elevated in cells from cluster A 

compared to clusters B, C, and D, but not compared to dendritic cell cluster E. This is in 

agreement with Villani et al. (25), which showed that subsets of human dendritic cells also 

express ISGs.

We next bioinformatically isolated neutrophils defined as CAMPHILCN2HIMMP8HI. Little 

is known about single cell transcriptomes of human peripheral blood neutrophils because 

they are commonly discarded by commercial clinical collection tubes. Unbiased sub-

clustering of post-MI neutrophils revealed IFN-induced (ISG+) and uninduced (ISG−) 

populations that spanned the spectrum of maturity (Fig. 1F–H). In mice, we detected 

analogous subpopulations of ISG+ and ISG− neutrophils and monocytes in the post-MO 
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peripheral blood (Fig. 1I). Taken together, these results suggest that human peripheral blood 

contains ISG+ IFN-induced cells (IFNICs) and ISG− uninduced cells of both neutrophil and 

monocyte myeloid lineages after MI.

Intracardiac neutrophils are separable into mirrored ISG+ and ISG− subsets.

We next directed our attention to the myeloid cells within the infarcted heart. Neutrophils are 

short-lived first responders to sterile tissue injuries such as MI. In contrast to monocytes and 

macrophages, little is known about how neutrophils diversify and specialize after entering 

the injured heart (27, 28). To explore MI-induced heterogeneity, we permanently ligated left 

coronary arteries and FACS sorted live single non-erythrocytes (DapiLOW, Ter119LOW) from 

flushed and enzymatically digested infarcted hearts on days 1, 2, and 4 (D1, D2, and D4) 

after MI for single cell RNA-sequencing (fig. S2A,B). Coarse clustering and bioinformatic 

subsetting of the resulting transcriptomes revealed a neutrophil-predominant distribution on 

day 1 and a monocyte-macrophage-predominant distribution on day 4 within the infarcted 

heart consistent with previously reported immunophenotyping and flow cytometry data (fig. 

S2C–E) (2). We bioinformatically subset neutrophils (S100a8, S100a9, Retnlg, Mmp9, 

Cxcr2)HI, renormalized, scaled, and reclustered them both as a unified dataset (Fig. 1) and 

sample-by-sample (fig. S2). This revealed five intracardiac neutrophil subsets with distinct 

temporal patterns between D1 and D4 post-MI (Fig. 2A–F, fig. S2, Table S1). The parent 

neutrophil subset (Hrt-N1), characterized by high expression of Retnlg, was present in every 

sample at every time point and phenotypically mirrored peripheral blood neutrophils (Fig. 

2A–F, fig. S2, Table S1). Hrt-N2 neutrophils expressed ISGs as early as day 1 after MI and 

as late as day 4 (Fig. 2A–F, fig. S2, Table S1). This was unexpected since prior work had 

only uncovered ISG expression within monocyte-derived infarct macrophages (21, 22). We 

termed these cells neutrophil IFN-induced cells (nIFNICs). The Hrt-N3 subset expressed 

genes associated with NF-κB activation, including Nfkb1, Icam1, Il1a, Sod2, and Tnip1 
(Fig. 2A–F, fig. S2, Table S1) while the Hrt-N4 population expressed genes associated with 

HIF-1α activation, including Egln3, Hilpda, and Vegfa (Fig. 2A–F, fig. S2, Table S1) (29). 
Both Hrt-N3 and Hrt-N4 were prominent on day 1 but declined by day 4 in concert with 

emergence of a new neutrophil subset (Hrt-N5), characterized by expression of Siglecf (Fig. 

2A–F, fig. S2, Table S1). Although SiglecF is best known as an eosinophil marker and is 

often gated against when flow sorting neutrophils, recent single cell transcriptomic profiling 

in the context of murine lung cancer identified a similar SiglecF-expressing neutrophil (30, 

31). Indeed, we were able to confirm, using surface antibody staining, that neutrophils 

(Cd11b+, Ly6G+) are separable into SiglecFHI and SiglecFLOW subpopulations, which 

allowed FACS sorting and qPCR validation of the single cell RNA-seq findings (fig. S3). 

These results demonstrate that neutrophils are functionally heterogeneous across time and 

that SiglecFHI neutrophils may play unrecognized roles within the infarct during late phases 

of the immune response when remodeling is thought to be dominated by macrophages.

Since we and others previously found type I IFN signaling to be detrimental after MI (21, 

22), we inquired whether there were any underlying differences between ISG+ and ISG− 

neutrophils. Surprisingly, when we bioinformatically isolated and reclustered ISG+ 

neutrophils, we recovered all of the same inducible neutrophil states present in the ISG− 

populations (Fig. 2G). To investigate transitions between neutrophil subsets, we performed 
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pseudotime trajectory analysis (Monocle 3.0) on a down-sampled population of cells (n = 

5,000 cells) from post-MI day 4 data (32). Whether analyzed together or individually, ISG+ 

and ISG− neutrophils followed mirrored trajectories (Fig. 2H), reinforcing the view that ISG 

expression is orthogonal to the other axes of neutrophil differentiation. To examine how ISG 

expression varies along the neutrophil maturation axis, we compared its expression to Retnlg 
and Siglecf (Fig. 2I), which served as markers of early and late intracardiac differentiation. 

We found that recently infiltrated RetnlgHISiglecfLOW neutrophils expressed the highest 

levels of ISGs, suggesting that ISG expression is induced prior to entry into the infarcted 

heart. Taken together, these results provide the first detailed mapping of neutrophil 

differentiation within the infarcted heart and show that ISG expression does not limit 

intracardiac differentiation potential. In addition, these data reveal a previously unrecognized 

late Siglecf+ neutrophil whose function has yet to be explored.

Intracardiac monocytes and macrophages are separable into mirrored ISG+ and ISG− 
subsets and one non-mirrored (ISG-) steady-state macrophage subset.

Next, we examined MI-induced intracardiac monocyte and macrophage heterogeneity. We 

previously found that ISG-expressing monocytes and macrophages in the infarcted heart 

were dependent on the transcription factor interferon regulatory factor 3 (Irf3) and the type I 

interferon receptor (Ifnar). Therefore, we induced MI in WT mice as well as Irf3−/−, Ifnar−/−, 

and anti-Ifnar antibody treated mice and integrated the resulting single cell transcriptomic 

datasets (Fig. 3A, fig. S4). We identified six subpopulations of mononuclear cells: Hrt-m1 

monocytes (expressing Ccr2, Plac8, and Ms4a4c, which transcriptionally phenocopy 

peripheral blood monocytes); an ISG+ Hrt-m2 population (Hrt-m2); and the following 

macrophage subsets – Hrt-M3 (expressing Arg1 and Vegfa); Hrt-M4 (expressing Gclm and 

Slc40a1, which we later reveal to be Nrf2-activated macrophages); Hrt-M5 (expressing C1qa 
C1qb, Mrc1, and Ctsd, including Ccr2− resident macrophages); and Hrt-M6 (expressing 

antigen-presenting genes) (Fig. 3B,C, fig. S4A,B,C, Table S2). We termed the ISG+ Hrt-m2 

cells monocyte-derived IFN-induced cells (mIFNICs) to distinguish them from neutrophil 

IFNICs. Hrt-M5 (C1qaHI) and Hrt-M6 (H2.AaHI) were the predominant macrophage subsets 

of the steady-state heart (Fig. 3D, fig. S4E). When analyzed independently, macrophages 

from non-infarcted mice subset into Ccr2−MHCII−, Ccr2−MHCII+, and Ccr2+ 

subpopulations, consistent with previous reports (fig. S5A, B)(33). Given their dramatic 

increases in prevalence from pre- to post-infarction, we inferred that Hrt-m2, -M3, and -M4 

were MI-induced states (fig. S4E). ISG-expressing cells from Hrt-m2 (ISG+) represented << 

1% of steady-state macrophages yet accounted for ~8% of post-MI mononuclear cells. This 

population was almost completely absent from the infarcted hearts of anti-Ifnar antibody 

treated, Ifnar−/−, and Irf3−/− mice (Fig. 3E). As an alternative method to clustering, we 

calculated ISG scores for each cell within each sample, which showed that ISG expression 

was significantly higher in WT post-MI mononuclear cells compared to pre-infarcted, anti-

Ifnar antibody-treated, Ifnar−/− and Irf3−/− mononuclear cells (Fig 3F,G). To explore the 

differentiation potential of ISG+ mononuclear cells, we bioinformatically isolated, 

renormalized, rescaled, and reclustered them. ISG cells spontaneously clustered into the 

same ISG− subpopulations with the exception of one uncharacterized macrophage subset, 

Hrt-M4 (Fig. 3H, fig. S6). Collectively, these data demonstrate that ISGs are induced prior to 

monocyte arrival to the infarcted heart in an Irf3− and Ifnar-dependent manner. Once in the 
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heart, ISG+ and ISG− monocytes have similar differentiation potentials with the exception of 

Hrt-M4 macrophages. Because of its unique asymmetry, we turned our attention to the 

uncharacterized Hrt-M4 macrophages.

MI induces Nrf2-activation in steady-state macrophages, which negatively regulates IFN 
responses of infiltrating myeloid cells

We noticed that the marker genes of Hrt-M4 were genes previously associated with the 

cytoprotective transcriptional regulator Nrf2 (Nuclear factor (erythroid-derived 2)-like 2) 

based on chromatin immunoprecipitation experiments and the presence of Nrf2-binding 

antioxidant response element (ARE) sequences in their promoters (34–36). To determine 

whether the Hrt-M4 macrophage population was Nrf2-dependent, we subjected Nrf2−/− mice 

to MI and integrated the resulting single cell transcriptomes with WT pre- and post-

infarction data (Fig. 4A,B, fig. S7A,B, Table S3). Indeed, the percentage of Hrt-M4 

macrophages decreased from ~12% to <<1% in Nrf2−/− mice relative to WT (Fig. 4C, D, fig. 

S7C–E). Furthermore, differential gene expression analysis comparing Nrf2−/− and WT 

macrophage subsets demonstrated significant reductions in Hrt-M4 cluster-defining genes 

(Fig. 4E). Based on the abrogation of its marker genes, we concluded that Hrt-M4 cells are 

Nrf2-activated macrophages and we termed its marker genes Nrf2-stimulated genes (NSGs). 

Using the top NSGs, we then created a single cell NSG score (analogous to the ISG score 

above) and confirmed it was significantly reduced in Nrf2−/− mice after MI compared to WT 

(Fig. 4F,G).

Interestingly, NSGs were predominantly expressed in Ccr2− cells, suggesting that Hrt-M4 

macrophages derive from steady-state macrophages rather than recently recruited bone 

marrow-derived macrophages. To explore this hypothesis, we separately analyzed the single 

cell transcriptomes of steady-state macrophages and identified four subpopulations as 

previously reported: Ccr2−MHCII−, Ccr2−MHCII+, and two Ccr2+ subsets (fig. S5A,B)(33). 

NSG+ (Hrt-m4) cells expressed several markers which uniquely defined resident 

Ccr2−MHCII− macrophages and also closely associated with Ccr2−MHCII− resident 

macrophages by Spearman’s rank coefficient analysis (Fig. 4H, fig. S5B–E). Furthermore, 

ISGs and NSGs were almost never induced in the same cell (Fig. 4I). Plotting the ISG and 

NSG scores of single mononuclear cells against each other confirmed the mutually exclusive 

expression of Irf3− and Nrf2-dependent gene expression programs (Fig. 4J). When placed 

on a monocyte-to-macrophage differentiation axis using pseudotime trajectory analysis 

(Monocle), post-MI day 4 Nrf2-induced macrophages associated with mature macrophages, 

while Irf3-induced cells associated with monocytes (fig. S8). This result was confirmed by 

flow sorting monocytes and macrophages based on F4/80 and Ly6C surface staining 

followed by qPCR with primers for highly expressed ISGs and NSGs (Fig. 4K). Taken 

together, these data suggest that Nrf2-activated Hrt-M4 cells derive from steady-state 

macrophages and that the ISG-NSG dichotomy is explained by cell location at the time of 

MI (ISG+ macrophages derive from monocytes of the blood and bone marrow while NSG+ 

macrophages arise from steady-state cells residing within the heart).

Nrf2 negatively regulates inflammation in many models through incompletely-defined 

mechanisms (37–41). To test whether Nrf2 signaling negatively inhibits expression of ISGs, 
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we performed mechanistic experiments in vitro and in vivo. Bone marrow derived 

macrophages were stimulated with the Irf3-activating cyclic dinucleotide, cyclic-di-GMP 

(cdGMP), with and without exogenous Nrf2-activating 4-O-itaconate (4OI) (40). Whereas 

cdGMP alone increased the expression of several ISGs, co-stimulation with cdGMP and 4OI 

significantly attenuated induction of ISGs while increasing the expression of NSGs (Fig. 

4L). In vivo, we observed significantly increased levels of ISGs in infarcted Nrf2-deficient 

mice compared to WT mice as quantified by the ISG score (Fig. 4M), providing further 

support that ISG expression is Nrf2-dependent after MI. Taken together, these results 

suggest that Nrf2-activation occurs in Ccr2− steady-state macrophages of the infarcted heart 

and negatively regulates pathologic ISG expression in infiltrating bone marrow-derived 

monocytes and neutrophils after MI.

ISGs are expressed in myeloid cells of the murine bone marrow and blood, prior to 
reaching the infarcted heart.

Since ISG expression was identified in multiple myeloid lineages (neutrophils and 

monocytes) of the heart, we hypothesized that ISG activation may be initiated within the 

bone marrow, where myeloid cells arise from a common progenitor (42). To test this, we 

performed single cell RNA-seq on bone marrow and blood leukocytes and progenitors from 

infarcted and non-infarcted WT and Irf3−/− mice (Fig. 5A, fig. S9, Table S4). After 

demultiplexing and mapping to a reference genome, transcriptomes were integrated into a 

single data set and confirmed by examining representation of clusters in independent 

sample-specific UMAPs (fig. S9A,B). We focused our attention on myeloid progenitors, 

neutrophils, monocytes (Fig. 5B, fig. S9C). Of the 87,822 total single cell transcriptomes, 

we measured roughly 40,000 neutrophils and neutrophil progenitors, which spontaneously 

clustered into 6 continuous subsets (Fig. 5C). By analyzing cluster membership in relation to 

tissue compartment (i.e. LS+/−K enriched, bone marrow, and blood), we ordered clusters 

from immature (present only in bone marrow and LS+/−K samples) to mature (present 

predominantly in blood) (Fig. 5D). We found that ISG expression increased monotonically 

with neutrophil maturation, beginning at or before the stage of CampHI neutrophils (Fig. 

5E,F). When analyzed at higher resolution (increased dimensionality), ISG+ cells 

spontaneously separated from their parent clusters, and most closely associated with the 

most mature neutrophils (Fig. 5G). This data demonstrates that the ISG signature is 

detectable in early neutrophils and intensifies with neutrophil maturation until it becomes a 

significant component of variability to drive clustering.

We performed a similar analysis for monocytes. In total, 20,295 monocyte transcriptomes 

were measured, which spontaneously clustered into 5 subsets (Fig. 5H). We ordered 

monocytes from immature to mature anchored by their relative abundance in the bone 

marrow and blood. ISG expression was lowest in replicating (Top2a, Tubb5)HI and 

monocyte progenitors (Fcnb, Cebpe, Ctsg)HI and monotonically increased in parallel with 

the production of prototypical monocyte genes (Lyc2, Ccr2, Lgals3) (Fig. 5J–L). When 

analyzed at higher resolution, ISG+ monocytes spontaneously clustered into a distinct subset 

similar to neutrophils (Fig. 5L).
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ISG expression was significantly higher in both neutrophils and monocytes isolated from 

peripheral blood compared to bone marrow, regardless of time after MI (Fig. 5M). Even at 

steady-state, we were able to detect ISG+ myeloid cells in the bone marrow and peripheral 

blood of uninjured mice. To determine if this finding also applied to humans, we analyzed 

several previously published studies of healthy human peripheral blood mononuclear cells 

and found a distinct ISG cluster in four of the six healthy subjects analyzed (URL: https://

support.10xgenomics.com/single-cell-gene-expression/datasets) [accessed June 2018]. 

Whether this is the consequence of an unmeasured environmental stimuli or part of normal 

hematopoiesis remains unclear (fig. 9S). In mice, whether analyzed at steady state or after 

MI (D2), the IFN response was Irf3-dependent, as evidenced by significantly decreased 

expression of ISGs in bone marrow and blood of Irf3−/− compared to WT mice (Fig. 5N).

The most parsimonious explanation for the observed maturation-dependent ISG expression 

in mirrored subsets of two myeloid lineages is that activation begins at or before 

granulocyte-monocyte progenitors (GMP). When we isolated LS+/−K enriched samples, we 

were unable to detect increased ISG expression in early hematopoietic cells (fig. S9E); 

however, this does not rule out ISG activation at the GMP stage since cells are maturing as 

ISG expression is increasing. Rather, a more sensitive assay may be needed to detect the 

diminutive signal expected at the earliest moments after induction. Nevertheless, our data 

demonstrates that interferon-induced neutrophils (nIFNICs) and monocytes (mIFNICs) 

begin far from the site of injury, in the bone marrow, both at steady-state and after MI, and 

that ISG expression increases with myeloid cell maturation until it becomes distinct enough 

to elicit spontaneous clustering. Having localized the pro-inflammatory type I IFN response 

to the bone marrow, we next examined whether an established model of pathologic 

hyperinflammatory bone marrow may involve alterations in myeloid type I IFN signaling.

Tet2 deficiency increases spontaneous ISG expression in bone marrow myeloid 
progenitors and their neutrophil and monocyte progeny

Clonal hematopoiesis is an age-associated condition leading to myeloid bias, 

hyperinflammatory phenotypes, increased risk of cardiovascular events, and increased 

mortality in humans (43, 44). Loss of function in TET2 (Tet methylcytosine dioxygenase 2), 

an epigenetic modifier with broad effects on transcription, is one of the most common 

mutations associated with clonal hematopoiesis in humans. Mechanistic studies of TET2-

mutated patients and Tet2-deficient mice have taken a candidate approach and focused on 

monocyte-derived macrophages, IL-6, IL-1β, and the inflammasome (44–46); however, the 

importance of other cell types (e.g. neutrophils) and innate immune pathways (e.g. type I 

IFNs) remains unexplored. We hypothesized that Tet2-deficient mice might have abnormal 

type I IFN innate immune activation in monocytes and neutrophils of the bone marrow. To 

test this, we performed single cell RNA-seq of myeloid cells in the bone marrow of Tet2−/− 

mice at steady-state and after MI. Compared to WT mice, we observed heightened and 

spontaneous induction of ISG expression as quantified by ISG score in myeloid progenitors 

and their neutrophil and monocyte progeny, both at steady state and after MI (Fig. 6A–D, 

fig. S10, Table S5). Taken together this data suggests that IFN signaling may be a 

proinflammatory mediator of Tet2-associated pathology.
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Discussion

In summary, our data demonstrate that the type I IFN response to ischemic cardiac injury 

begins in the bone marrow, far from the site of tissue injury, at the origins of emergency 

myelopoiesis. We establish that this response occurs not only in monocytes and monocyte-

derived macrophages, but also in neutrophils. We show that the type I IFN response is 

enhanced in the bone marrow of Tet2-deficient mice, is negatively regulated by Nrf2-

dependent signaling of Ccr2− steady-state cardiac macrophages, and is Irf3− and Ifnar-

dependent (Fig. 7). Our findings have translational significance because the type I IFN 

response, which was previously thought to be diagnostically inaccessible within the heart, is 

now readily quantifiable (by calculating single cell ISG scores) in clinically accessible 

peripheral blood neutrophils and monocytes of patients presenting with acute MI.

Single cell transcriptomics was essential for discrimination of ISG+ and ISG− myeloid 

subpopulations in our study because sensitive and specific antibodies for flow cytometric 

analysis of this pathway are lacking and because ensemble measurement techniques obscure 

the relative contributions of individual myeloid cell subsets (47, 48). This functional 

heterogeneity has pathologic significance because ISGs include many proinflammatory 

cytokine and chemokine genes (18, 48) and because we previously found that genetic or 

pharmacologic inhibition of IFN signaling reduces post-MI inflammation and protects 

against adverse ventricular remodeling and death due to ventricular rupture (21).

Our results raise several mechanistic questions for future studies. How is IFN signaling 

initiated in subsets of bone marrow myeloid progenitors, and how does it avoid becoming 

activated in all maturing myeloid cells? Previous studies showed that soluble stimuli such as 

exogenous poly(I:C) (18, 49) or IFN-α (49), and endogenous IL-1β (50) can induce 

proliferation of bone marrow stem and progenitor cells, but they were not shown to generate 

ISG-polarized subsets. It remains unclear how systemic and diffusible substances would 

activate ISG expression in some, but not all, neutrophils and monocytes. Sympathetic 

nervous system activation and adrenergic signaling could provide a spatiotemporally 

localized mechanism for induction, as would proximity to vasculature or another bone 

marrow niche, but these have not previously been associated with type I IFN signaling or 

ISG expression (51, 52). Plasmacytoid dendritic cells are involved in tonic IFN signaling 

(53) and may constitute a bone marrow niche which locally primes myeloid progenitors. We 

and others observed that ISG expression in the heart was decreased in Cgas−/− mice after 

MI, suggesting that cytosolic DNA sensing may play an important role (21, 22). Irf3-

activating signals downstream of cGAS-dependent DNA sensing are gap junction permeable 

and may mediate contact-dependent intercellular communication (54, 55) with cells of the 

bone marrow niche (56, 57). Alternatively, cell-autonomous Irf3 activation resulting from 

DNA damage (58), micronuclei (59, 60), or transient nuclear rupture (61, 62) could generate 

heterogeneous populations of IFN-induced cells. Finally, identification of heightened 

spontaneous type I IFN activation in the bone marrow of Tet2-deficient mice suggests IFNs 

may play an unappreciated role in mediating inflammation in human clonal hematopoiesis 

(44, 63).
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From a clinical perspective, our data provide direct evidence that type I IFN signaling is 

detectable in peripheral blood neutrophils and monocytes after MI in humans. The ability to 

quantify ISG expression in peripheral blood leukocyte subsets using single cell 

transcriptomics will enable correlation with clinical outcomes and response to therapies. 

Using the single cell ISG score as a biomarker, one can now test whether patients with an 

excessive type I IFN response to MI are likely to have worse clinical outcomes in terms of 

arrhythmias, heart failure, recurrent MI, and overall survival. Since we were able to detect 

ISG+ myeloid cells in bone marrow and blood of mice at steady state, it will be interesting to 

compare steady state ISG scores with established inflammatory biomarkers (e.g. C reactive 

protein) and cardiovascular risk (64, 65). Recent studies have demonstrated that anti-

cytokine therapy targeting IL-1β can reduce recurrent cardiovascular events in humans, and 

it has been suggested that preferential benefit is seen by subsets of patients in whom 

excessive inflammation drives the pathology (66). Whether quantification of ISG score can 

identify patients who may preferentially benefit from anti-cytokine or immune modulatory 

therapy can now be tested. Finally, if ISG scores predict worse outcomes in patients, the 

causal role of ISGs can be tested using anti-IFNAR antibody therapy, which has shown 

acceptable safety profiles during chronic administration in a recently reported positive phase 

3 clinical trial for lupus (20, 67).

Materials and Methods

Study Design

The aims of this study were to determine the origins and regulatory mechanisms of 

interferon signaling in myeloid cells at steady-state and after myocardial infarction. We 

performed single cell RNA-seq on peripheral blood of a human subject presenting with 

symptoms of MI. We implemented a mouse model of MI to control temporal dynamics and 

to probe bone marrow and cardiac tissues, which are not readily accessible in human 

subjects. We used transgenic mice, pharmacological interventions and methods including 

single cell RNA-seq, flow cytometry, polymerase chain reaction, and in vitro studies to 

perturb interferon signaling in in vitro and in vivo models of cardiac injury and 

inflammation. Experiments were conducted in replicates as indicated in figure legends. No 

outliers were removed.

Human Study

Peripheral blood was collected from a patient 48 hours after presenting with symptoms of 

non-ST elevated myocardial infarction (NSTEMI) with a troponin T Gen 5 level of 714 ng/L 

and a creatine level of 0.71 mg/dL at 12 hours post onset of chest pain. Human material was 

collected at Sulpizio Cardiovascular Center in association with UC San Diego IRB protocol 

#140621. Rather than using commercial research collection tubes that isolate peripheral 

blood mononuclear cells (PBMCs) but discard polynucleated neutrophils, we collected 

whole blood, performed red blood cell lysis, and resuspended all of the remaining cells for 

flow sorting. Cells were stained with DAPI and antibody to cell surface CD235a (PE-

conjugated HI264; BioLegend), flow sorted to purify live non-doublet non-RBCs, and 

barcoded using commercial 10X Genomics single cell RNA-seq workflows. Libraries were 

sequenced on Illumina HiSeq 2500. Sequences were aligned to human genome build 
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GRCh38 3.0.0, demultiplexed, and filtered using Cell Ranger pipeline (10X Genomics) with 

standard configurations. The resulting counts matrix was analyzed using R package Seurat 

v3. We performed recursive unsupervised clustering to first coarsely define major cell 

lineages and then to examine cell-type specific heterogeneity. ISG were analyzed in publicly 

available single RNA-seq data sets composed of peripheral blood mononuclear cells from 

healthy human subjects as indicated in text. Datasets were integrated by projecting PCA 

structures to reference data, which was selected based on highest ISG expression during 

independent sample analysis. We increased clustering resolution by increments of 0.1 until 

an ISG+ cluster emerged, at which point relative cluster membership was assessed and 

reported.

Animals

Adult C57BL/6J (WT, stock 000664) and Nrf2-deficient mice (stock 017009) mice were 

purchased from the Jackson Laboratory. Irf3−/− mice (72) were a generous gift from 

Tadatsugu Taniguchi and provided by Michael Diamond. IFNAR knockout mice (Ifnar−/−) 

were originally from J. Sprent and were backcrossed for 12 generations at the University of 

Massachusetts Medical School and provided by Kate Fitzgerald. Genotyping was performed 

in-house using methods recommended by Jackson Laboratory, or by Transnetyx. All 

experiments were performed with 10 to 14-week-old animals and were carried out using age 

and gender matched groups without randomization. All mice were maintained in a pathogen-

free environment of the UC San Diego or Massachusetts General Hospital animal facilities, 

and all animal experiments were approved by the Subcommittee on Animal Research Care at 

UC San Diego or Massachusetts General Hospital.

Myocardial Infarction and IFNAR Antibody Treatment

Mice were intubated and ventilated with 2% isoflurane. After exposing the heart via 

thoracotomy at the fourth left intercostal space, the left coronary artery was permanently 

ligated with an 8–0 nylon monofilament suture. The thorax was closed with a 5–0 suture. 

Mice were treated with buprenorphine for analgesia on the day of surgery and twice daily 

thereafter for 72 hours. For cardioprotection experiments, mice were treated with two 

intraperitoneal doses of 500 μg of MAR1–5A3 IFNAR neutralizing antibody (BioXCell) at 

8–12 hours and at 48 hours after permanent coronary ligation. Surgeries were performed in a 

blinded fashion unless genotype was obviated by unavoidable ascertainment of features such 

as coat color.

Tissue Processing

Bone marrow cells were collected by flushing femurs with ice-cold PBS. The resulting 

solution was filtered through a 40 μm nylon mesh and treated with RBC lysis buffer 

(BioLegend). Blood was collected by cardiac puncture. The cellular fraction was collected 

into EDTA-containing tubes (Sigma), and erythrocytes were eliminated using RBC lysis. 

Heart tissue was collected by incising the right atrium and perfusing 10 mL of ice-cold 

saline into the left ventricular apex. Heart tissue was then removed and used for one of 

several assays detailed below. To obtain single cell suspensions for surface immunostaining, 

flow cytometric analysis, FACS sorting, or single cell RNA-seq, hearts were enzymatically 

digested for 1 hour under continuous agitation in 450 U/ml collagenase I, 125 U/ml 
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collagenase XI, 60 U/ml DNase I, and 60 U/ml hyaluronidase (Sigma) for 1 hour at 37°C, 

and filtered through a 40 μm nylon mesh cell strainer in FACS buffer (DPBS with 2.5% 

bovine serum albumin) for enumeration by flow cytometry. For single cell RNA-seq, the 

enzymatic digestion was limited to 45 minutes to minimize transcript degradation.

Flow cytometry and Cell sorting

Isolated cells from enzymatically digested hearts were stained at 4°C in FACS buffer with 

DAPI to exclude dead cells, Ter119 (BioLegend, clone TER-119) to remove unlysed red 

blood cells, and mouse hematopoietic lineage markers directed against B220 (BioLegend, 

clone RA3–6B2), CD49b (BioLegend, clone DX5), CD90.2 (BioLegend, clone 53–2.1), 

NK1.1 (BioLegend, clone PK136). Secondary staining of leukocyte subsets was performed 

using CD45.2 (BioLegend, clone 104), CD11b (BioLegend, clone M1/70), Ly6G 

(BioLegend, clone 1A8), F4/80 (Biolegend, clone BM8) and/or Ly6C (BioLegend, clone 

HK1.4 or BD Bioscience, clone AL-21). Neutrophils were identified as (DAPI/B220/

CD49b/CD90.2/NK1.1/Ter119)low CD45.2high CD11bhigh Ly6Ghigh. Monocytes were 

identified as (DAPI/B220/CD49b/CD90.2/Ly6G/NK1.1/Ter119)low CD45.2high CD11bhigh 

and sub-classified as pro-inflammatory monocytes (F4/80lowLy6Chigh) or macrophages 

(F4/80highLy6Clow/int). Flow cytometry was performed on an LSRII (BD Biosciences), 

SONY SH800, or SONY MA900, and analyzed with FlowJo software (Tree Star).

Quantitative real-time PCR (qPCR)

Total RNA was extracted from FACS sorted cells or cultured cells using the RNeasy Micro 

kit (Qiagen) according to the manufacturer’s protocol. First-strand cDNA was synthesized 

using the High-Capacity RNA-to-cDNA kit (Applied Biosystems) according to the 

manufacturer’s instructions. TaqMan gene expression assays (Applied Biosystems) were 

used to quantify target genes (Gapdh: Mm99999915_g1, Rsad2: Mm00491265_m1, Isg15: 

Mm01705338_s1, Isg20: Mm00469585_m1, Gclm: Mm00514996_m1, Gstm1: 

Mm00833915_g1, Slc40a1: Mm01254822_m1, Nqo1: Mm01253561_m1). Relative changes 

were normalized to Gapdh mRNA using the 2−ΔΔCT method.

Single Cell RNA-seq

Single cell RNA-seq was performed by microfluidic droplet-based encapsulation, barcoding, 

and library preparation, (inDrop and 10X Genomics) as previously described (30). Paired 

end sequencing was performed on an Illumina HiSeq 2500 and HiSeq 4000 instrument. Low 

level analysis, including demultiplexing, mapping to a reference transcriptome (Ensembl 

Release 85 - GRCm38.p5), and eliminating redundant UMIs, was performed according to 

custom inDrops software (URL: https://github.com/indrops/indrops) [accessed April, 2017] 

or with CellRanger pipeline for 10X samples.

Single-cell RNA-seq Data Quality Control, Normalization and Integration

To account for variations in sequencing depth, total transcript count for each cell was scaled 

to 10,000 molecules, and raw counts for each gene were normalized to the total transcript 

count associated with that cell and then natural log transformed. Cells with between 200 and 

2,500 uniquely expressed genes and < 5% mitochondrial counts were retained for further 
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analysis. Highly variable genes across individual datasets were identified with the 

FindVariableFeatures method from the Seurat R package (version 3.0) by selecting 4,000 

genes with the highest feature variance after variance-stabilizing transformation. Integration 

of multiple single-cell RNA-seq datasets was performed in Seurat to enable harmonized 

clustering and downstream comparative analyses across conditions(32, 68, 69). Anchoring 

cell pairs between datasets were identified by Canonical Correlation Analysis (CCA) and the 

mutual nearest neighbors (MNN) method using the Seurat FindIntegrationAnchors function.

Dimensional Reduction, Unsupervised Clustering, Sub-clustering

After scaling and centering expression values for each variable gene, linear dimensionality 

reduction was performed on integrated data using principal component analysis (PCA). 

Clustering was performed using the shared nearest neighbor (SNN) clustering algorithm 

with the Louvain method for modularity optimization, as implemented in the Seurat 

FindNeighbors and FindClusters functions. To visualize data in two-dimensional space, 

Uniform Manifold Approximation and Projection (UMAP) dimensional reduction was 

performed. Differentially expressed genes between clusters were determined using a 

Wilcoxon Rank Sum test.

As the highly-variable differentially expressed genes (DEGs) which drive unsupervised 

clustering are primarily composed of cell-type specific marker genes, we utilized a sub-

clustering technique to examine cell-state heterogeneity within cell types in an unbiased 

manner. This involved serially subsetting particular cell-type clusters, identifying a new set 

of DEGs within the subset, and re-clustering the subset based on the newly determined 

DEGs.

Pseudotime

Monocle (v3) package in R was utilized to order cells in pseudotime based on transitional 

expression patterns within the DEGs (32, 70, 71). Pseudotime trajectories were used to 

visualize the relationship between cell populations and pseudotime heatmaps were used to 

determine the dynamics of gene expression patterns in pseudotime. Only genes expressed in 

greater than 5% of cells were considered for dimensional reduction and differential analysis. 

For dimensional reduction, the number of dimensions was serially adjusted until branching 

local minimums were identified. Branching expression analysis modeling was implemented 

to determine branch dependent gene expression.

ISG and NSG scores

In human samples, ISG scores were measured as the sum of raw reads for the following 

ISGS: IFI44L, OAS3, HERC5, IFI6, SAMD9L, IFI44, ISG15, IFIT3, IFIT1, RSAD2, IFIT2, 
OAS2, EIF2AK2, UBE2L6, SIGLEC1, IFIH1, DDX58, GBP1. In murine samples, ISG 

scores were measured as the sum of the raw reads for ten of the top ISGS: Rsad2, Ifit2, Ifit3, 

Cmpk2, Cxcl10, Irf7, Isg15, Oasl1, Mx1, and Usp18. NSG scores were measured as the sum 

of the raw reads for ten of the top NSGs: Gclm, Slc40a1, Gstm1, Rnf128, Ptgr1, Treml4, 

Igf1, Cat, Ednrb, and Cd36. Both ISG and NSG scores were normalized to reads per cell and 

scaled by 104. ISG product scores were calculated per cell by multiplying ISG scores by the 

relative abundance of its subset identity as a proportion of total monocytes and macrophages. 
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The resulting quantities were then averaged within each subset and displayed as a single 

score per subset per mouse.

Spearman’s Rank Correlation Coefficients

Intracardiac neutrophil subsets were averaged and ranked by subset defining DEGs (scaled 

data) to create a comparator ranked gene list. A Spearman’s rank correlation coefficient (ρ) 

for each cell was calculated by ρ =
1 − 6∑di

2

n(n2 − 1)
 (where d is the distance between gene ranks, n 

is number of genes) and averaged within subsets.

Bone Marrow Derived Macrophage Stimulation

For in vitro stimulation, cyclic-di-GMP (Invivogen) (10ug/mL of media) and 4-octyl-

itaconate (Tocris Bioscience) (100 μM) were added to each well of a 6-well plate. After 24 

hours of stimulation, RNA was extracted and quantified by qPCR as above.

Statistics

Statistical analysis was performed using GraphPad Prism software. All data are represented 

as mean values +/− standard error of mean (S.E.M.) unless indicated otherwise. A statistical 

method was not used to predetermine sample size. For comparisons of the qPCR data and 

ISG/NSG scores, a 2-tailed t-test with Welch’s correction was to determine statistical 

significance. All analyses were unpaired. P values are indicated by P values less than 0.05 

were considered significant and are indicated by asterisks as follows: *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ISG expression in peripheral blood myeloid cells of humans and mice after MI.
(A) Peripheral blood from an NSTEMI patient (714 ng/L Troponin T Gen 5 at 12 hrs post 

onset-time) was collected 28 hours post-onset and FACS sorted for 10X Genomics single 

cell RNA-sequencing (n = 3,102 cells). (B) UMAP and heatmap of bioinformatically 

isolated and reclustered mononuclear cells (n = 468 cells). (C) Volcano plot of top 

differential expressed genes (Wilcoxon Rank Sums test) in cluster A versus rest of clusters. 

All genes shown had significant (< 0.001) Bonferroni corrected p-values. (D,E) ISG scores, 

defined as the summed expression of top ISGs (see methods), were calculated for each cell 
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and shown by intensity on UMAP (D) and by cluster (E). (F) UMAP and heatmap of 

bioinformatically isolated and reclustered neutrophils. (G,H) ISG score shown by intensity 

on neutrophil UMAP (n = 112 cells) (G), and by subset (H). (I) ISG score of subclustered 

murine peripheral blood monocytes and neutrophils on D4 (n = 532 cells), and D1 (n = 

2,651 cells) post-MI, respectively. **** P< 0.0001, Mann-Whitney test.
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Figure 2. Intracardiac neutrophils are separable into mirrored ISG+ and ISG− subsets within 
the infarcted mouse heart.
(A) Infarcted hearts D1, D2, and D4 after MI were enzymatically digested, FACS sorted 

(singlets, DAPI−Ter119−) and barcoded for single cell RNA sequencing using custom 

inDrop barcoding platform (N = 3 biological replicates per day post-MI; 10,666 cells). (B) 

UMAP of bioinformatically isolated and integrated neutrophils (S100a8, S100a9, Cxcr2, 
Csf3r)HI. (C) Spearman’s rank correlation coefficient comparing heart and blood neutrophil 

subsets. (D) Integrated heatmap. (E,F) Distribution of neutrophil subsets by time (data are 

Calcagno et al. Page 22

Sci Immunol. Author manuscript; available in PMC 2021 March 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



shown as mean +/− S.E.M). (G) Violin plots of subclustered ISG− and ISG+ cells (D1, D2 

and D4 post-MI combined). Top marker gene for each neutrophil subset shown. (H, I) 

Pseudotime trajectory (Monocle) on ISG− and ISG+ (H) and heatmap of neutrophil 

maturation and ISG expression vs pseudotime (I) from RetnlgHISiglecfLOW to 

RetnlgLOWSiglecfHI.
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Figure 3. Intracardiac monocytes and macrophages are separable into mirrored ISG+ and ISG− 

subsets and one non-mirrored subset within the infarcted mouse heart.
(A) Healthy (N=1) and infarcted hearts from WT (N=2), Irf3−/− (N=1), Ifnar−/− (N=1), and 

Ifnar antibody treated (N=1) mice were enzymatically digested, FACS sorted (singlets, 

DAPI−Ter119−) and barcoded for single cell RNA sequencing. (n = 20,206 total cells). 

Infarcts were harvested on D4-post MI. (B) UMAP of integrated dataset with monocytes and 

macrophages shown in color. (C) Heatmap of monocyte and macrophage subpopulations 

with MI-induced states noted above. (D) Pie charts showing distribution of subpopulations 

in WT, anti-Ifnar antibody treated, Ifnar−/− and Irf3−/− mice. (E) Percentage of Hrt-m2 (ISG
+) monocytes and macrophages. (F,G) ISG score (per cell) of monocytes and macrophages 

shown by UMAP (F) and bar plots (G). Data are shown as mean +/− S.E.M. (H) Violin plots 

of subclustered ISG+ and ISG− cells with ISGs and Hrt-M5 marker genes. **** P< .0001, 

Mann-Whitney test.
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Figure 4. Nrf2-activation in non-mirrored (ISG-) steady-state macrophages limits ISG expression 
in the infarcted heart.
(A) Healthy (N=1) and infarcted hearts from WT (N=2) and Nrf2−/− (N=2) mice were 

enzymatically digested, FACS sorted (singlets, DAPI−Ter119−) and barcoded for single cell 

RNA sequencing (n = 25,957 total cells). Infarcts were harvested on D4-post MI. (B) UMAP 

of integrated dataset showing monocytes and macrophages (full UMAP shown in fig. S8). 

(C) Pie chart showing distribution of monocyte and macrophage subpopulation in Nrf2−/− 

mice. (D) Percentage of Hrt-M4 monocytes and macrophages. (E) Down-regulated genes in 

Nrf2−/− compared to WT macrophages. (F,G) Nrf2-stimulated gene (NSG) score (see 

methods) in WT and Nrf2−/− monocytes and macrophages. (H) Pearson’s rank correlation 

coefficients comparing steady-state to post-MI mononuclear subsets. (I) Heatmap 

illustrating dichotomous expression of ISGs and NSGs in wild type mice on day 4 after MI. 

(J) Scatterplot of ISG-score and NSG-score for WT mono-mac single cells. (K) qPCR of 

ISGs (Rsad2, Isg15, Isg20) and NSGs (Gclm, Slc40a1,Nqo1) in sorted infarct monocytes 

(Cd11b+Ly6C+F4/80−) and macrophages (Cd11b+Ly6C−F4/80+). (L) qPCR of ISGs 

(Cxcl10, Isg20), and NSGs (Gclm, Nqo1) from bone marrow derived macrophages treated 

with cyclic-di-GMP and itaconate. (M) ISG scores of monocytes and macrophages from WT 

and Nrf2−/− mice D4 after MI. Data are shown as mean +/− S.E.M. * P< .05, ** P< .01, *** 

P< .001, **** P< .0001, Mann-Whitney test (G,M), Student’s t-test (K,L).
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Figure 5. ISGs are expressed in myeloid cells of the murine bone marrow and blood, prior to 
reaching the infarcted heart.
(A) Bone marrow and blood leukocytes from non- and post-infarcted WT (D0, D1, D2, D4) 

and Irf3−/− (D0, D2) mice were FACS sorted for single cell barcoding (10X Genomics, N = 

1). Lin−Sca1+/−c-Kit+ progenitor cells from WT (pre- and D1 post-infarct) mice were also 

sorted for single cell barcoding (N = 1). (B) Integrated UMAP plot of 87,822 cells color 

coded by major lineage type as indicated in plot. (C,H) UMAP plots of clustered (C) 

neutrophils (39,611 cells) and (H) monocytes (20,295 cells). (D,I) Cluster membership by 

sample (WT only, normalized by column) for (D) neutrophils and (I) monocytes. (E,J) 

Feature plots of ISG scores of (E) neutrophils and (J) monocytes. (F,K) Violin plots of ISG 

scores by cluster of (F) neutrophil and (K) monocyte populations. (G, L) Heatmaps showing 

select differential expressed genes of (G) neutrophil and (L) monocyte subsets. (M) ISG 

scores from bone marrow and blood leukocytes on D0, D1, D2 after MI. (N) ISG scores of 

bone marrow and blood leukocytes from WT and Irf3−/− mice on D0 and D2 post-MI. Data 

are shown as mean +/− S.D. with individual points (cells). **** P< .0001, Kolmogorov-

Smirnov test.
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Figure 6. Tet2-deficient mice exhibit potent and spontaneous ISG induction in bone marrow 
myeloid progenitors and their progeny after MI.
(A) Schematic of experimental workflow. (B-D) Single-cell RNA-seq data of bone marrow 

myeloid cells isolated on post-MI day 1 from WT control mouse (N = 1 mouse, 4,184 cells) 

and Tet2−/− mouse (N = 1 mouse, 11,965 cells). (B) Integrated UMAP plot of all CD11b+ 

bone marrow myeloid cells enriched for Lin−Sca1+c-Kit+ cells. Violin plots depict 

expression of top marker genes used to annotate major cell-type identities. Arrows indicate 

inferred maturation trajectory along monocyte and neutrophil lineages. (C) Feature plot of 

ISG score in WT control and Tet2−/− mice after myocardial infarction. (D) ISG scores of 

bone marrow myeloid cells (split by cell type) from WT control and Tet2−/− mouse after MI. 

Data are displayed as mean ± SEM. **** p<0.0001, Mann-Whitney test.
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Figure 7. Myocardial infarction induces a type I interferon response in myeloid cells.
A subset of pre-neutrophils and pre-monocytes are interferon-stimulated (pink) during 

hematopoiesis resulting in the concerted expression of a multitude of ISGs dependent on 

Ifnar and Irf3. ISG expression increases with myeloid maturation and is restrained by Tet2. 

After myocardial infarction, ISG+ myeloid cells infiltrate the infarcted myocardium and 

specialize into several time-dependent transcriptional programs with a differentiation 

potential equivalent to their ISG− counterparts (gray) with the exception of Nrf2 activation. 

In response to myocardial ischemia, a Nrf2-dependent program in cardiac macrophages 

negatively regulates ISG expression.
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